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Preface 

Of the diverse ways to study the living world, molecu
lar biology has been most remarkable in the speed and 
breadth of its expansion. New data are acquired daily, 
and new insights into well-studied processes come on a 
scale measured in weeks or months rather than years. 
It's difficult to believe that the first complete organi s
mal genome sequence was obtained less than 20 years 
ago. The structure and function of genes and genomes 
and their associated cellular processes are sometimes 
elegantly and deceptively simple but frequently amaz
ingly complex, and no single book can do justice to the 
realities and diversities of natural genetic systems. 

This book is aimed at advanced students in molecu
lar genetics and molecular biology. In order to provide 
the most current understanding of the rapidly chang
ing subjects in molecular biology, we have enlisted 21 

scientists to provide revisions and content updates in 
their individual fields of expertise. Their expert knowl
edge has been incorporated throughout the text. Much 
of the revision and reorganization of this edition fol
lows that of the third edition of Lewin 's Essential GENES, 
but there are many updates and features that are new 
to this book. This edition follows a logical flow of top
ics; in particular, discussion of chromatin organization 
and nucleosome structure precedes the discussion of 
eukaryotic transcription, because chromosome organi 
zation is critical to all DNA transactions in the cell, and 
current research in the field of transcriptional regulation 
is heavily biased toward the study of the role of chro

matin in this process. Many new figures are included 
in this book, some reflecting new developments in the 
field, particularly in the topics of chromatin structure 
and function, epigenetics, and regulation by noncoding 
and microRNAs in eukaryotes. 

This book is organized into four parts. Part 1 (Genes 
and Chromosomes) comprises Chapters 1 through 

10. Chapters 1 and 2 serve as an introduction to the 
structure and function of DNA and contain basic cover
age of DNA replication and gene expression. Chapter 3 

provides infotmation on molecular laboratory tech
niques. Chapter 4 introduces the interrupted structures 
of eukaryotic genes, and Chapters 5 through 8 discuss 

genome:: structure and evolution. Chapters 9 and 10 dis
cuss the structure of eukaryotic chromosomes. 

Part 2 (DNA Replication and Recombination) 
comprises Chapters I I  through 18. Chapters 1 1  to 
14 provide detailed discussions of DNA replication 

in plasmids, viruses, and prokaryotic and eukaryotic 

cells. Chapters 1 5  through 1 8  cover recombination 

and its roles in DNA repair and the human immune 
system, with Chapter 16 discussing DNA repair path

ways in detail and Chapter 1 7  focusing on different 
types of transposable elements. 

Part 3 (Transcription and Posttranscriptional 
Mechanisms) includes Chapters 1 9  through 25. 

Chapters 19  and 20 provide more in-depth coverage 
of bacterial and eukaryotic transcription. Chapters 21 

through 23 are concerned with RNA, discussing mes

sengc::r RNA, RNA stability and localization, RNA pro

cessing, and the catalytic roles of RNA. Chapters 24 and 
25 discuss translation and the genetic code. 

Part 4 (Gene Regulation) comprises Chapters 26 

through 30. In Chapter 26, the regulation of bacterial 
gene:: expression via operons is discussed. Chapter 27 

cov c::rs the regulation of expression of genes during 
phage:: development as they infect bacterial cells. 

Chapters 28 and 29 cover eukaryotic gene regulation, 
including epigenetic modifications. Finally, Chapter 

30 covers RNA -based control of gene expression in 
prokaryotes and eukaryotes. 

For instructors who prefer to order topics with the 
essc::ntials of DNA replication and gene expression fol

lowc::d by more advanced topics, the following chapter 
sequc:: nce is suggested: 

Introduction: Chapters 1-2 

Gc::ne and Genome Structure: Chapters 5-7 

DNA Replication: Chapters 1 1-14 

Transcription: Chapters 19-22 

Translation: Chapters 24-25 

Rc::gulation of Gene Expression: Chapters 9-10 
and 26-30 

Othc::r chapters can be covered at the instructor's 
di sere ti on. 

xix 



Pedagogical Features 
This edition contains several features to help students 

learn as they read. Each chapter begins with a Chapter 
Outline, and each section is summarized with a bul
leted list of Key Concepts. Key Terms are highlighted in 
bold type in the text and compiled in the Glossary at 
the end of the book. Finally, each chapter concludes 
with an expanded and updated list of References, 
which provides both primary literature and current 
reviews t o  supplement and reinforce the chapter con
tent. Additional instructional tools are available on
line and on the Instructor's Media CD. 

Ancillaries 
Jones & Bartktt Learning offers an impressive array of 
traditional and interactive multimedia supplements to 
assist instructors and aid students in mastering molecu

lar biology. Additional information and review copies 
of any of the following items are available through 
your Jones & Bartlett sales representative or by visiting 
http://www.jbleaming.com/science/molecular/. 

For the Student 

Interactive Student Study Guide 
Jones & Bartlett Learning has developed an interac
tive, electronic study guide dedicated exclusively to 
this title. Students will find a variety of study aids 
and resources at http://biology.jbpub.com/lewin/ 
genesxi I, all designed to explore the concepts of 
molecular biology in more depth and to help students 
master the material in the book. A variety of activities 
are available to help students review class material, 
such as chapter summaries, Web-based learning exer
cises, study quizzes, a searchable glossary, and links to 
animations, videos, and podcasts, all to help students 
master important terms and concepts. 

For Instructors 

l11structor's Media CD 
The Instructor's Media CD provides the instmctor with 

the following resources: 
• The PowerPoint• Image Bank provides all 

of the illustrations, photographs, and tables 
{to which Jones & Bartlett Learning holds the 
copyright or has pennission t o  reprint digi-

xx Preface 

tally) inserted into PowerPoint slides. With 
the Microsoft• PowerPoint program, you can 
quickly and easily copy individual image slides 
into your existing lecture slides. 

• The PowerPoint Lecture Outline presen

tation package developed by author Stephen 
Kilpatrick, of the University of Pittsburgh at 
Johnstown, provides outline summaries and 
relevant images for each chapter of Lewin 's 
GENES XI. A PowerPoint viewer is provided 
on the CD, and instructors with the Microsoft 
PowerPoint software can customize the out

lines, figures, and order of presentation. 

Online l11structor Resources 
The Test Bank, updated and expanded by author 
Stephen Kilpatrick, is provided as a text file with 750 

questions in a variety of formats. The Test Bank is easily 
compatible with most course management software. 
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Genes Are DNA 

CHAPTER OUTLINE J 
••• Introduction 

••• DNA Is the Genetic Material of Bacteria and Viruses 

• Bacterial transformation provided the first support 
that DNA is the genetic material of bacteria. Genetic 
properties can be transferred from one bacterial strain 
to another by extracting DNA from the first strain and 
adding it to the second strain. 

• Phage infection showed that DNA is the genetic mate
rial of viruses. When the DNA and protein components 
of bacteriophages are labeled with different radioac
tive isotopes, only the DNA is transmitted to the prog
eny phages produced by infecting bacteria. 

••• DNA Is the Genetic Material of EukaJYotic Cells 

2 

• DNA can be used to introduce new genetic traits into 
animal cells or whole animals. 

• In some viruses, the genetic material is RNA. 

Polynucleotide Chains Have Nitrogenous Bases 
Linked to a Sugar-Phosphate Backbone 

• A nucleoside consists of a purine or pyrimidine base 
linked to the 1' carbon of a pentose sugar. 

• The difference between DNA and RNA is in the 
group at the 2'  position of the sugar. DNA has a 
deoxyribose sugar (2'-H); RNA has a ribose sugar (2'-0H). 

• A nucleotide consists of a nucleoside linked to a 
phosphate group on either the 5 '  or 3 '  carbon of the 
(deoxy)ribose. 

• Successive (deoxy)ribose residues of a polynucleotide 
chain are joined by a phosphate group between the 
3 '  carbon of one sugar and the 5 '  carbon of the next 
sugar. 

• One end of the chain (conventionally written on the 
left) has a free 5 '  end and the other end of the chain 
has a free 3 '  end. 

• DNA contains the four bases adenine, guanine, cyto
sine, and thymine; RNA has uracil instead of thymine. 

Supercoiling Affects the Structure of DNA 
• Supercoiling occurs only in "closed" DNA with no free 

ends. 
• Closed DNA is either circular DNA or linear DNA in 

which the ends are anchored so that they are not free 
to rotate. 

• A closed DNA molecule has a linking number (L), which 
is the sum of twist (T) and writhe (W). 

• The linking number can be changed only by breaking 
and reforming bonds in the DNA backbone. 

•n DNA Is a Double Helix 
• The B-form of DNA is a double helix consisting of two 

polynucleotide chains that run antiparallel. 



CHAPTER OUTLINE, CONTINUED J 
• The nitrogenous bases of each chain are flat purine or 

pyrimidine rings that face inward and pair with one 
another by hydrogen bonding to form only A-T or G-C 
pa1 rs. 

• The diameter of the double helix is 20 A, and there is • 
a complete turn every 34 A, with 10 base pairs per turn 
(-10.4 base pairs per turn in solution). 

• The double helix has a major (wide) groove and a 
minor (narrow) groove. 

DNA Replication Is Semiconservative 
• The Meselson-Stahl experiment used "heayy" isotope 

labeling to show that the single polynucleotide strand 
is the unit of DNA that is conserved during replication. 

• Each strand of a DNA duplex acts as a template for 
synthesis of a daughter strand. 

• The sequences of the daughter strands are determined 
by complementary base pairing with the separated 
parental strands. 

.0 Polymerases Act on Separated DNA Strands at the 
Replication Fork 
• Replication of DNA is undertaken by a complex of 

enzymes that separate the parental strands and 
synthesize the daughter strands. 

• The replication fork is the point at which the parental 
strands are separated. 

• The enzymes that synthesize DNA are called DNA 
polyme rases. 

• Nucleases are enzymes that degrade nucleic acids; they 
include DNases and RNases and can be categorized as 
endonucleases or exonucleases. 

Genetic Information Can Be Provided by DNA or RNA 
• Cellular genes are DNA, but viruses may have genomes 

of RNA. 
• DNA is converted into RNA by transcription, and RNA 

may be converted into DNA by reverse transcription. 
• The translation of RNA into protein is unidirectional. 

111•1 Nucleic Acids Hybridize by Base Pairi ng 
• Heating causes the two strands of a DNA duplex to 

separate. 
• The Tm is the midpoint of the temperature range for 

denaturation. 
• Complementary single strands can renature when the 

temperature is reduced. 
• Denaturation and renaturation/hybridization can occur 

with DNA-DNA, DNA-RNA, or RNA-RNA combinations 
and can be intermolecular or intramolecular. 

Bl Introduction 

• The ability of two single-stranded nucleic acids to 
hybridize is a measure of their complementarity. 

1111 Mutations Change the Sequence of DNA 
• All mutations are changes in the sequence of DNA. 
• Mutations may occur spontaneously or may be induced 

by mutagens. 

llr.l Mutations May Affect Single Base Pairs or 
Longer Sequences 
• A point mutation changes a single base pair. 
• Point mutations can be caused by the chemical 

conversion of one base into another or by errors that 
occur during replication. 

• A transition replaces a G-C base pair with an A-T base . . 
pa1r or v1ce versa. 

• A transversion replaces a purine with a pyrimidine, 
such as changing A-T toT -A. 

• Insertions andjor deletions can result from the 
movement of transposable elements . 

lid The Effects of Mutations Can Be Reversed 
• Forward mutations alter the function of a gene, and 

back mutations (or revertants) reverse their effects. 
• Insertions can revert by deletion of the inserted 

material, but deletions cannot revert. 
• Suppression occurs when a mutation in a second gene 

bypasses the effect of mutation in the first gene. 

11$ Mutations Are Concentrated at Hotspots 
• The frequency of mutation at any particular base pair 

is statistically equivalent, except for hotspots, where 
the frequency is increased by at least an order of 
magnitude. 

1110'1 Many Hotspots Result from Modified Bases 
• A common cause of hotspots is the modified base 

5-methylcytosine, which is spontaneously deaminated 
to thymine. 

• A hotspot can result from the high frequency of 
change in copy number of a short, tandemly repeated 
sequence. 

IIMI Some Hereditary Agents Are Extremely Small 
• Some very small hereditary agents do not encode 

polypeptide, but consist of RNA or protein with 
heritable properties. 

lltl Summary 

The hereditary basis of every living organism 
is its genome, a long sequence of deoxyri
bonucleic acid (DNA) that provides the com· 
plete set of hereditary information carried by 
the organism as well as its individual cells. 

The genome includes chromosomal DNA as 
well as DNA in plasmids and (in eukaryotes) 
organellar DNA, as found in mitochondria 
and chloroplasts. We use the term informa· 
tion because the genome does not itself per· 
form an active role in the development of 
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the organism. The products of expression 
of nucleotide sequences within the genome 
determine development. By a complex series 
of interactions, the DNA sequence produces 
all of the proteins of the organism at the 
appropriate time and within the appropriate 
cells. Proteins serve a diverse series of roles 
in the development and functioning of an 
organism; they can form part of the struc
ture of the organism, have the capacity to 
build the structures, perform the metabolic 
reactions necessary for life, and participate in 
regulation as transcription factors, receptors, 
key players in signal transduction pathways, 
and other molecules. 

Physically, the genome may be divided 
into a number of different DNA molecules, 
or chromosomes. The ultimate definition 
of a genome is the sequence of the DNA of 
each chromosome. Functionally, the genome 
is divided into genes. Each gene is a sequence 
of DNA that encodes a single type of RNA and 
in many cases, ultimately a polypeptide. Each 
of the discrete chromosomes comprising the 
genome may contain a large number of genes. 
Genomes for living organisms may contain 
as few as -500 genes (for a mycoplasma, a 
type of bacterium), -20,000 to 25,000 for 
a human being, or as many as -50,000 to 
60,000 for rice. 

In this chapter, we explore the gene in terms 
of its basic molecular construction. FIGURE 1.1 

1850 

1900 

1950 

2000 

1865 Genes are particulate factors 

1871 Discovery of nucleic acids 

1903 Chromosomes are hereditary units 

1910 Genes lie on chromosomes 

1913 Chromosomes are linear arrays of genes 

1927 Mutations are physical changes in genes 

1931 Recombination occurs by crossing over 

1944 DNA is the genetic material 

1945 A gene codes for protein 

1951 First protein sequence 

........_1953 DNA is a double helix 

1958 DNA replicates semiconservatively 

1961 Genetic code is triplet 

t--1977 Eukaryotic genes are interrupted 

1977 DNA can be sequenced 

1995 Bacterial genomes sequenced 

2001 Human genome sequenced 

FIGURE 1.1 A brief history of genetics. 
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Gene Chemical nature 

DNA Sequence of nucleotides 

RNA Sequence of nucleotides 

Polypeptide� Sequence of amino acids 

FIGURE 1.2 A gene encodes an RNA, which may encode 
a polypeptide_ 

summarizes the stages in the transition from 
the historical concept of the gene to the modern 
definition of the genome. 

The first definition of the gene as a func
tional unit followed from the discovery that 
individual genes are responsible for the pro
duction of specificproteins. Later, the chemical 
differences between the DNA of the gene and 
its protein product led to the suggestion that a 
gene encodes a protein. This in turn led to the 
discovery of the complex apparatus by which 
the DNA sequence of a gene determines the 
amino acid sequence of a polypeptide. 

Understanding the process by which a 
gene is expressed allows us to make a more 
rigorous definition of its nature. FIGURE 1.2 

shows the basic theme of this book. A gene 
is a sequence of DNA that directly produces 
a single strand of another nucleic acid, RNA, 
with a sequence that is  identical to one of 
the two polynucleotide strands of DNA. In 
many cases, the RNA is in turn used to direct 
production of a polypeptide. In other cases, 
such as rRNA and tRNA genes, the RNA tran
scribed from the gene is  the functional end 
product. Thus, a gene is a sequence of DNA 
that encodes an RNA, and in protein-coding, 
or structural, genes, the RNA in turn encodes 
a polypeptide. 

From the demonstration that a gene con
sists of DNA, and that a chromosome consists 
of a long stretch of DNA representing many 
genes, we will move to the overall organiza
tion of the genome. In the chapter titled The 
Interrupted Ge11e, we take up in more detail 
the organization of the gene and its repre
sentation in proteins. In the chapter titled The 
Content of the Genome, we consider the total 
number of genes, and in the chapter titled 
Clusters a11d Repeats, we discuss other compo
nents of the genome and the maintenance of 
its organization. 



Ill DNA Is the Genetic 
Material of Bacteria 
and Viruses 

Key concepts 

• Bacterial transformation provided the first support 
that DNA is the genetic material of bacteria. 
Genetic properties can be transferred from one 
bacterial strain to another by extracting DNA from 
the first strain and adding it to the second strain. 

• Phage infection showed that DNA is the genetic 
material of viruses. When the DNA and protein 
components of bacteriophages are labeled with 
different radioactive isotopes, only the DNA is 
transmitted to the progeny phages produced by 
infecting bacteria. 

The idea that the genetic material of organ
isms is DNA has its roots in the discovery of 
transformation by Frederick Griffith in 1928. 

The bacterium Streptococcus (formerly PHeu

mococcus) pHeumoniae kills mice by causing 

pneumonia. The virulence of the bacterium 
is determined by its capsular polysaccharide, 
which allows the bacterium to escape destruc

ti on by its host. Several types of S. p11eumo11iae 

have different capsular polysaccharides, but 

they all have a smooth (S) appearance. Each 
of the S types can give rise to variants that fail 
to  produce the capsular polysaccharide and 

therefore have a rough (R) surface (consisting 
of the material that was beneath the capsu

lar polysaccharide). The R types are avirulent 
and do not kill the mice because the absence of 
the polysaccharide capsule allows the animal's 

immune system to destroy the bacteria. 
When S bacteria are killed by heat treat

ment, they can no longer harm the animal. 
FIGURE 1.3, however, shows that when heat
killed S bacteria and avirulent R bacteria are 
jointly injected into a mouse, it dies as the result 

Pneumococcus types Injection of cells 

Capsule Living S 
smooth (S) 
appearance 

'""'- Heat-killed S 

Living R 

No ca'l� Heat-killed S 
rough (R) � Living R 
appearance 

Result 

Die� 
Live� 
Live� 
Die� 

FIGURE 1.3 Neither heat-killed S-type nor live R-type 
bacteria can kill mice, but simultaneous injection of both 
can kill mice just as effectively as the live S type. 

Mouse injected 
with heat-killed S 
and living R bacteria 

. t;: :�> \i Living S bacteria \\ recovered from 
'--" dead mouse \Extract 

DNA 

�� 
R b t . Transform 

ac ena S bacteria 

FIGURE 1.4 The DNA of S-type bacteria can transform 
R-type bacteria into the same S type. 

of a pneumonia infection. Virulent S bacteria 
can be recovered from the mouse's blood. 

In this experiment, the dead S bacteria 
were of type III. The live R bacteria had been 
derived from type IT. The virulent bacteria 
recovered from the mixed infection had the 
smooth coat of type III. So, some property of 
the dead IllS bacteria can transform the live IIR 

bacteria so that they make the capsular polysac
charide and become virulent. FIGURE 1.4 shows 
the identification of the component of the dead 
bacteria responsible for transformation. This 
was called the transforming principle. It was 
purified in a cell-free system in which extracts 
from the dead III$ bacteria were added to the 
live IIR bacteria before being plated on agar and 
assayed for transformation (FIGURE 1.5) .  Puri
fication of the transforming principle in 1944 
by Avery, MacLeod, and McCarty showed that 
it is DNA. 

FIGURE 1.5 Rough (left) and smooth (right) colonies of S. pneumoniae. �P Avery, 
et al., 1944. Originally published in The Journal of Experimental Medicine, 79: 137-158. 
Used with permission ofT he Rockefeller University Press. 
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FIGURE 1.6 The genetic material of phage T2 is DNA. 

Having shown that DNA is  the genetic 
material of bacteria, the next step was to 
demonstrate that DNA is the genetic mate
rial in a quite different system. Phage T2 is a 
virus that infects the bacterium Escherichia coli. 
When phage particles are added to bacteria, 
they attach to the outside surface, some mate
rial enters the cell, and then -20 minutes later 
each cell bursts open, or lyses, to release a large 
number of progeny phage. 

FIGURE 1.6 illustrates the results of an ex peri
ment conducted in 1952 by Alfred Hershey and 
Martha Chase in which bacteria were infected with 
T2 phages that had been radioactively labeled either 
in their DNA component (with phosphorus-32 
[32P]) or in their protein component (with sulfur-
35  [35S]). The infected bacteria were agitated in 
a blender, and two fractions were separated by 
centrifugation. One fraction contained the empty 
phage "ghosts" that were released from the sur
face oft he bacteria and the other consisted oft he 
infected bacteria themselves. Previously, it had 
been shown that phage replication occurs intra
cellularly, so thatthe genetic material ofthe phage 
would have to enter the cell during infection. 

Most of the 32P label was present in the frac
tion containing infected bacteria. The progeny 
phage particles produced by the infection con
tained -30% of the original 32P label. The 
progeny received less than 1 %  of the protein 
contained in the original phage population. The 
phage ghosts consisted of protein and therefore 
carried the 35S radioactive label. This experiment 
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directly showed that only the DNA ofthe parent 
phages enters the bacteria and becomes part 
of the progeny phages, which is  exactly the 
expected behavior of genetic material. 

A phage reproduces by commandeering the 
replication machinery of an infected host cell to 
manufacture more copies of itself. The phage 
possesses genetic material with properties anal
ogous to those of cellular genomes: Its traits are 
faithfully expressed and are subject to the same 
rules that govern inheritance of cellular traits. 
The case ofT2 reinforces the general conclusion 
that DNA is the genetic material of the genome 
of a cell or a virus. 

ID DNA Is the Genetic 
Material of Eukaryotic 
Cells 

Key concepts 

• DNA can be used to introduce new genetic traits 
into animal cells or whole animals. 

• In some viruses, the genetic material is RNA. 

When DNA is added to eukaryotic cells grow

ing in culture, it can enter the cells, and in 
some of them this results in the production of 

new proteins. When an isolated gene is used, 
its incorporation leads to the production of a 

particular protein, as depicted in FIGURE 1.7 . 

Cells that lack TK gene cannot produce 
thymidine kinase and die in absence of thymidine 

• •  
• • • 

• • • 

Colony of ---=-.r-,::::-
TK+ cells 

8 Dead cells 
8 Live cells 

Some cells take up TK gene; descendants of 
transfected cell pile up into a colony 

FIGURE 1.7 Eukaryotic cells can acquire a new phenotype 
as the result of transfection by added DNA. 



Although for historical reasons these ex peri 

ments are described as transfection when per
formed with animal cells, they are analogous to 

bacterial transformation. The DNA that is intro
duced into the recipient cell becomes part of its 
genome and is inherited with it, and expression 

of the new DNA results in a new trait upon the 
cells (synthesis of thymidine kinase in the exam

ple of Figure 1.7). At first, these experiments 
were successful only wi th individual cells grow

ing in culture, but in later experiments DNA was 
introduced into mouse eggs by microinjection 
and became a stable part of the genome of the 

mouse. Such experiments show directly that 
DNA is the genetic material in eukaryotes and 

that it can be transferred between different spe
cies and remain functional. 

The genetic material of all known organ
isms and many viruses is DNA. Some viruses, 

though, use RNA as the genetic material. As a 
result, the general nature of the genetic mate
rial is that it is always nucleic acid; specifically, 

it is DNA, except in the RNA viruses. 

Ill Polynucleotide Chains 
Have Nitrogenous Bases 
Linked to a Sugar
Phosphate Backbone 

Key concepts 
• A nucleoside consists of a purine or pyrimidine 

base linked to the 1' carbon of a pentose sugar_ 
• The difference between DNA and RNA is in the group 

at the 2' position of the sugar. DNA has a deoxyri
bose sugar {2'-H); RNA has a ribose sugar {2'-0H). 

• A nucleotide consists of a nucleoside linked to a 
phosphate group on either the S '  or 3 '  carbon of 
the (deoxy)ribose. 

• Successive (deoxy)ribose residues of a 
polynucleotide chain are joined by a phosphate 
group between the 3' carbon of one sugar and the 
S' carbon of the next sugar. 

• One end of the chain (conventionally written on 
the left) has a free S' end and the other end of 
the chain has a free 3' end. 

• DNA contains the four bases adenine, guanine, cyto
sine, and thymine; RNA has uracil instead of thymine. 

The basic building block of nucleic adds (DNA 
and RNA) is the nucleotide, which has three 
components: 

I .  A nitrogenous base 
2. A sugar 

3. One or more phosphates 
The nitrogenous base is a purine or pyrimi
dine ring. The base is linked to the 1 '  ("one 

prime") carbon on a penrose sugar by a glyco
sidic bond from the N 1 of pyrimidines or the N9 
of purines. The penrose sugar linked to a nitro
genous base is called a nucleoside. To avoid 
ambiguity between the numbering systems of 
the heterocyclic rings and the sugar, positions 
on the penrose are given a prime (').  

Nucleic acids are named for the type of 
sugar: DNA has 2'-deoxyribose, whereas RNA 
has ribose. The difference is that the sugar in 
RNA has a hydroxyl (-OH) group on the 2' 
carbon of the penrose ring. The sugar can be 
linked by its 5' or 3' carbon to a phosphate 
group. A nucleoside linked to a phosphate is a 
nucleotide. 

A polynucleotide is a long chain of nucleo
tides. FIGURE 1.8 shows that the backbone of the 
polynucleotide chain consists of an alternating 
series of pentose (sugar) and phosphate resi
dues. The chain is formed by linking the 5' car
bon of one pen tose ring to the 3' carbon of the 
next pentose ring via a phosphate group; thus 
the sugar-phosphate backbone is said to consist 
of 5'-3' phosphodiester linkages. Specifically, 
the 3' carbon of one penrose is bonded to one 
oxygen of the phosphate, while the 5' carbon 
of the other penrose is bonded to the opposite 
oxygen of the phosphate. The nitrogenous bases 
#stick outN from the backbone. 

Each nucleic acid contains four types of 
nitrogenous bases. The same two purines, 
adenine (A) and guanine (G), are present in 
both DNA and RNA. The two pyrimidines in 
DNA are cytosine (C) and thymine (T); in RNA 

Sugar-phosphate- H backbone 2 

5'-3' phospho
diester bonds 

!---Nucleotide subunit 

Pyrimidine base 

Purine base 

0 
\3, 

FIGURE 1.8 A polynucleotide chain consists of a series of 
5 '-3' sugar-phosphate links that form a backbone from 
which the bases protrude. 
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uracil (U) is found instead of thymine. The only 
difference between uracil and thymine is the 
presence of a methyl group at position c5. 

The terminal nucleotide at one end of the 
chain has a free 5 '  phosphate group, whereas 
the terminal nucleotide at the other end has 

a free 3 '  hydroxyl group. It i s  conventional 
to write nucleic acid sequences in the 5 '  to 3' 

direction-that is, from the 5 '  terminus at the 
left to the 3 '  terminus at the right. 

Ill Supercoiling Affects 
the Structure of DNA 

Key concepts 

• Supercoiling occurs only in "closed" DNA with no 
free ends. 

• Closed DNA is either circular DNA or linear DNA in 
which the ends are anchored so that they are not 
free to rotate. 

• A closed DNA molecule has a linking number 
(L), 

which is the sum of twist (T) and writhe (W). 
• The linking number can be changed only by breaking 

and reforming bonds in the DNA backbone. 

The two strands of DNA are wound around 

each other to form a double helical structure 
(described in detail in the next section); the 
double helix can also wind around itself to 

change the overall conformation, or topology, 
of the DNA molecule in space. This is called 

supercoiling. The effect can be imagined like a 
rubber band twisted around itself. Supercoiling 
creates tension in the DNA, and thus can only 

occur if the DNA has no free ends (otherwise 
the free ends can rotate to relieve the ten· 
sion) or in linear DNA (FIGURE 1.9, top) if it is 

anchored to a protein scaffold, as in eukaryotic 
chromosomes. The simplest example of a DNA 

with no free ends is a circular molecule. The 
effect of supercoiling can be seen by comparing 
the nonsupercoiled circular DNA lying flat in 

Figure 1.9 (center) with the supercoiled circular 
molecule that forms a twisted (and therefore 

more condensed) shape (Figure l .  9, bottom) .  
The consequences of supercoiling depend 

on whether the DNA is twisted around itself in 
the same direction as the two strands within 
the double helix (clockwise) or in the opposite 
direction. Twisting in the same direction pro· 
duces positive supercoiling, which overwinds the 
DNA so that there are fewer base pairs per turn. 
Twisting in the opposite direction produces 
negative supercoiling, or underwinding, so there 
are more base pairs per turn. Both types of 
supercoiling of the double helix in space are 
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FIGURE 1.9 Linear DNA is extended (top); a circular 
DNA remains extended if it is relaxed (nonsupercoiled; 
center); but a supercoiled DNA has a twisted and con
densed form (bottom). Photos courtesy of Nirupam Roy 
Choudhury, International Centre for Genetic Engineering 
and Biotechnology (ICGEB). 

tensions in the DNA (which is why DNA mole
cules with no supercoiling are called "relaxed"). 
Negative supercoiling can be thought of as 
creating tension in the DNA that is relieved by 
the unwinding of the double helix. The effect 
of severe negative supercoiling is to generate a 
region in which the two strands of DNA have 
separated (technically, zero base pairs per turn). 

Topological manipulation of DNA is a cen
tral aspect of all its functional activities (recom
bination, replication, and transcription) as well 
as of the organization of its higher order struc
ture. All synthetic activities involving double
stranded DNA require the strands to separate . 
The strands do not simply lie side by side though; 
they are intertwined. Their separation therefore 
requires the strands to rotate about each other 
in space. Some possibilities for the unwinding 
reaction are illustrated in FIGURE 1.10. 

Unwinding a short linear DNA presents 
no problems, as the DNA ends are free to spin 
around the axis of the double helix to relieve 
any tension. DNA in a typical chromosome, 
however, is not only extremely long, but is also 
coated with proteins that serve to anchor the 
DNA at numerous points. As a result, even a 
linear eukaryotic chromosome does not func
tionally possess free ends. 



Rotation about a free end 

Rotation at fixed ends 

Strand separation compensated 
by positive supercoiling 

Nicking, rotation, and ligation 
Nick 

� 

FIGURE 1.10 Separation of the strands of a DNA double 
helix can be achieved in several ways. 

Consider the effects of separating the two 
strands in a molecule whose ends are not free 
to rotate. When two intertwined strands are 
pulled apart from one end, the result is to 
iucrease their winding about each other farther 
along the molecule, resulting in positive super
coiling elsewhere in the molecule to balance the 
underwinding generated in the single-stranded 
region. The problem can be overcome by intro
ducing a transient nick in one strand. An inter
nal free end allows the nicked strand to rotate 
about the intact strand, after which the nick can 
be sealed. Each repetition of the nicking and 
sealing reaction releases one superhelical turn. 

A closed molecule of DNA can be charac
terized by its linking number (L), which is 
the number of times one strand crosses over 
the other in space. Closed DNA molecules of 
identical sequence may have different linking 
numbers, reflecting different degrees of super
coiling. Molecules of DNA that are the same 
except for their linking numbers are called 
topological isomers. 

The linking number is made up oftwo com
ponents: the writhing number (W) and the 
twisting number (T). The twisting number, 
T, is a property of the double helical structure 

itself, representing the rotation of one strand 
about the other. It represents the total number 
of turns of the duplex and is determined by the 
number of base pairs per turn. For a relaxed 
closed circular DNA lying flat in a plane, the 
twist is the total munber of base pairs divided by 
the number of base pairs per tmn. The writhing 
number, W, represents the turning of the axis 
of the duplex in space. It corresponds to the 
intuitive concept of supercoiling, but does not 
have exactly the same quantitative definition or 
measurement. For a relaxed molecule, W = 0, 
and the linking number equals the twist. 

We are often concerned with the change 
in linking nwnber, �L. given by the equation: 

�L = �W + �T 

The equation states that any change in the total 
ntm1ber of revolutions of one DNA strand about 
the other can be expressed as the sum of the 
changes of the coiling of the duplex axis in 
space (�W) and changes in the helical repeat 
of the double helix itself (�T}. In the absence of 
protein binding or other constraints, the twist of 
DNA does not tend to vary-in other words, the 
10.5 base pairs per turn (bp/nnn) helical repeat 
is a very stable conformation for DNA in solu
tion. Thus, any M (change in linking number) 
is mostly likely to be expressed by a change in 
W; that is, by a change in supercoiling. 

A decrease in linking number (that is, a 
change of-�L) corresponds to the introduction 
of some combination of negative supercoiling 
(� W) and/or underwinding (�T}. An increase 
in linking number, measured as a change of 
+ �L, corresponds to an increase in positive 
supercoiling and/ or overwinding. 

We can describe the change in state of 
any DNA by the specific linking difference, 
a =  &/LO, for which LO is the linking number 
when the DNA is relaxed. If all of the change in 
linking number is due to change in W (that is, 
�T = 0), the specific linking difference equals 
the supercoiling density. In effect, a as defined 
in terms of MILO can be assumed to correspond 
to supercoiling density so long as the strucntre 
of the double helix itself remains constant. 

The critical feature about the use of the 
linking number is that this panuneteris an invari
ant property of any individual closed DNA mol
ecule. The linking number cannot be changed 
by any defonnation short of one that involves 
the breaking and rejoining of strands. A circular 
molecule with a particular linking number can 
express the number in terms of different com
binations ofT and W, but it cannot change their 
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sum so long as the strands are unbroken. (In 
fact, the partitioning of L between T and W pre
vents the assignment of fixed values for the lat
ter parameters for a DNA molecule in solution.) 

The linking number is related to the actual 
enzymatic events by which changes are made in 

the topology of DNA. The linking number of a 
particular closed molecule can be changed only 

by breaking one or both strands, using the free 
end to rotate one strand about the other, and 

rejoining the broken ends. When an enzyme 
performs such an action, it must change the 

linking number by an integer; this value can be 
determined as a characteristic of the reaction. 

The reactions to control supercoilingin the cell 
are performed by topoisomerase enzymes (this 

is explored in more detail in the chapter titled 
DNA Replication) .  

Ill DNA Is a Double Helix 
Key concepts 

• The B-form of DNA is a double helix consisting of 
two polynucleotide chains that run anti parallel. 

• The nitrogenous bases of each chain are flat pu
rine or pyrimidine rings that face inward and pair 
with one another by hydrogen bonding to form 
only A-T or G-C pairs. • 

• The diameter of the double helix is 20 A, and there 
is a complete turn every 34 A, with 10 base pairs 
per turn ( -10.4 base pairs per turn in solution). 

• The double helix has a major (wide) groove and a 
minor (narrow) groove. 

By the I950s, the observation by Erwin Chargaff 

that the bases are present in different amounts 
in the DNAs of different species led to the con

cept that the sequence of bases is the form in 
which genetic information is carried. Given this 

concept, there were two remaining challenges: 
working out the structure of DNA and explain

ing how a sequence of bases in DNA could deter
mine the sequence of amino acids in a protein. 

Three pieces of evidence contributed to the 
construction of the double helix model for DNA 

by James Watson and Francis  Crick in I953: 
• X-ray diffraction data collected by 

Rosalind Franklin and Maurice Wilkins 
showed that the B-form of DNA (which 

is more hydrated than the A-form) is a 
regular helix, making a complete turn 

every 34 A (3.4 nm), with a diameter 
of -20 A (2 nm). The distance between 

adjacent nucleotides is 3.4 A (0.34 nm); 
thus there must be I 0 nucleotides per 

tum. (In aqueous solution, the structure 
averages I0.4 nucleotides per turn.) 
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• The density of DNA suggests that the 
helix must contain two polynucleotide 
chains. The constant diameter of the 

helix can be explained if the bases in 
each chain face inward and are restricted 
so that a purine is always paired with 
a pyrimidine, avoiding partnerships of 
purine-purine (which would be too 
wide) or pyrimidine-pyrimidine (which 
would be too narrow). 

• Chargaff also observed that regardless 

of the absolute amounts of each base, 
the proportion of G is always the same 
as the proportion of C in DNA, and the 
proportion of A is always the same as 
that ofT. Consequently, the composi
tion of any DNA can be described by its 
G-C content, or the sum ofthe propor
tions of G and C bases. (The proportions 
of A and T bases can be determined by 

subtracting the G-C content from I . )  
G-C content ranges from 0.26 to 0.74 
for different species. 

Watson and Crick proposed that the two 
polynucleotide chains in the double helix asso
ciate by hydrogen bonding between the nitro
genous bases. Normally, G can hydrogen bond 
most stably with C, whereas A can bond most 

stably with T. This hydrogen bonding between 
bases is described as base pairing and the paired 
bases (G forming three hydrogen bonds with C, 
or A forming two hydrogen bonds with T) are 
said to be complementary. Complementary 
base pairing occurs because of complementary 
shapes of the complementary bases at the inter
faces of where they pair, along with the location 

of just the right functional groups in just the 
right geometry along those interfaces so that 
hydrogen bonds can form. 

The Watson-Crick model has the two poly
nucleotide chains running in opposite directions, 
so they are said to be antiparallel, as illustrated 
in FIGURE 1.11. Looking in one direction along 
the helix, one strand runs in the 5' to 3 '  direc
tion, whereas its complement runs 3 '  to 5' 

The sugar-phosphate backbones are on the 
outside of the double helix and carry negative 
charges on the phosphate groups. When DNA 
is in solution in vitro, the charges are neutral
ized by the binding of metal ions, typically Na+. 
In the cell, positively charged proteins provide 
some of the neutralizing force. These proteins 
play important roles in determining the orga

nization of DNA in the cell. 
The base pairs are on the inside of the dou

ble helix. They are flat and lie perpendicular to 
the axis of the helix. Using the analogy of the 
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FIGURE 1.11 The double helix maintains a constant width because purines always 
face pyrimidines in the complementary A-T and G-C base pairs. The sequence in the 
figure is T -A, C-G, A-T, G-C. 

double helix as a spiral staircase, the base pairs 
form the steps, as illustrated schematically in 
FIGURE 1.12. Proceeding up the helix, bases are 
stacked above one another like a pile of plates. 

the DNA double helix or by the binding of pro
teins to specific sites on the DNA. 

Each base pair is rotated -36° around the 
axis of the helix relative to the next base pair, 
so - 1 0  base pairs make a complete turn of 
360°. The twisting of the two strands around 
one another forms a double helix with a 
minor groove that is - 1 2  A ( 1.2 nm) across 
and a major groove that is -22 A (2.2 nm) 
across, as can be seen from the scale model of 
FIGURE 1.13 . In B-DNA, the double helix is said 
to be "right-handed"; the turns run clockwise 
as viewed along the helical axis. (The A-form 
of DNA, observed when DNA is dehydrated, 
is also a right-handed helix and is shorter and 
thicker than the B-form. A third DNA structure, 
Z-ONA, is longer and narrower than the B-form 
and is a left-handed helix.) 

It is important to realize that the Watson
Crick model of the B-form represents an 
average structure and that there can be local 
variations in the precise structure. If DNA 
has more base pairs per turn it is said to be 
overwound; if it has fewer base pairs per tum 
it is underwound. The degree of local winding 
can be affected by the overall conformation of 

Another structural variant is bent DNA. 
A series 8 to 10 adenine residues on one strand 
can result in intrinsic bending of the double 
helix. This structure allows tighter packing with 
consequences fornucleosome assembly (see the 
chapter titled Chromatin) and gene regulation. 

5 

Sugar Base Phosphate 

5 

FIGURE 1.12 Flat base pairs lie perpendicular to the 
sugar-phosphate backbone. 
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!=IGURE 1.13 The two strands of DNA form a double helix. 
\1) Photodisc. 

Ill DNA Replication Is 
Semi co nservative 

Key co nee pts 

• The Meselson-Stahl experiment used "heavy" iso
tope labeling to show that the single polynucleo
tide strand is the unit of DNA that is conserved 
during replication. 

• Each strand of a DNA duplex acts as a template for 
synthesis of a daughter strand. 

• The sequences of the daughter strands are deter
mined by complementary base pairing with the 
separated parental strands. 

It is crucial that DNA is reproduced accurately. 
The two polynucleotide strands are joined only 
by hydrogen bonds, so they are able to sepal'ate 
without the breakage of covalent bonds. The 
specificity of base pairing suggests that both of 
the separated parental strands could act as tern
plate stl'ands for the synthesis of complementaJy 
daughter strands. FIGURE 1.14 shows the prin
ciple that a new daughter strand is assembled 
from each parental strand. The sequence of the 
daughter strand is detennined by the parental 
strand: An A in the parental strand causes a Tto 
be placed in the daughter strand, a parental G 
directs incorporation of a daughter C, and so on. 

The top partofFigure 1 . 1 4  shows an unrep
licated parental duplex with the original two 
parental strands. The lower part shows the two 
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FIGURE 1.14 Base pairing provides the mechanism for 
replicating DNA. 

daughter duplexes produced by complemen
tary base pairing. Each of the daughter duplexes 
is identical in sequence to the original parent 
duplex, containing one paiental strand and 
one newly synthesized strand. The structure 
of DNA carries the information needed for 
its own replication. The consequences of this 
mode of replication, caJ1ed semiconservative 

repJication, are illustrated in FIGURE 1.15. 

The parental duplex is replicated to fonn two 
daughter duplexes, each of which consists of 
one parental strand and one newly synthesized 
daughter strand. The unit conserved from one 
generation to the next is one of the two indi
vidual strands comprising the parental duplex. 

Figure l.  l 5 illustrates a prediction of this 
model. If the parental DNA carries a "heavy" 
density label because the organism has been 
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FIGURE 1.15 Replication of DNA is semiconservative. 



grown in a medium con tammg a sui table 
isotope (such as 15N), its strands can be dis
tinguished from those that are synthesized 
when the organism is transferred to a medium 
containing "lightw isotopes. The parental DNA 
is a duplex of two "heavyw strands (red). After 
one generation of growth in a "lightw medium, 
the duplex DNA is "hybrid" in density-it 
consists of one "heavy" parental strand (red) 
and one "light" daughter strand (blue). After 
a second generation, the two strands of each 
hybrid duplex have separated. Each strand 
gains a "light" partner, so that now one half of 
the duplex DNA remains hybrid and the other 
half is entirely "light" (both strands are blue). 

The individual strands of these duplexes are 
entirely "heavy" or entirely "light." This pattem 
was confirmed experimentally by Matthew 
Meselson and Franklin Stahl in 1958. Meselson 
and Stahl followed the semiconservative 
replication of DNA through three generations of 
growth of £. coli. When DNA was extracted from 
bacteria and separated in a demity gradient by 
centrifugation, the DNA formed bands corre
sponding to its density-heavy for parental, 
hybrid for the first generation, and half hybrid 
and half light in the second generation. 

Polymerases Act on 
Separated DNA Strands at 
the Replication Fork 

Key concepts 

• Replication of DNA is undertaken by a complex of 
enzymes that separate the parental strands and 
synthesize the daughter strands. 

• The replication fork is the point at which the 
parental strands are separated. 

• The enzymes that synthesize DNA are called DNA 
polymerases. 

• Nucleases are enzymes that degrade nucleic 
acids; they include DNases and RNases and can be 
categorized as endonucleases or exonucleases. 

Replication requires the two strands of the 
parental duplex to undergo separation, or 
denaturation. The disruption of the duplex, 
however, is transient and is reversed, or under
goes renaturation, as the daughter duplex is 
formed. Only a small stretch of the duplex DNA 
is denatured at any moment during replication. 
("Denaturationw is also used to describe the loss 
of functional protein structure; it is a general 
term implying that the natural conformation of 
a macromolecule has been converted to some 
nonfunctional form.) 

Replicated DNAs 
Parental DNA 

Replication fork 

FIGURE 1.16 The replication fork is the region of DNA 
in which there is a transition from the unwound parental 
duplex to the newly replicated daughter duplexes. 

The helical structure of a molecule of DNA 
during replication is illustrated in FIGURE 1.16. 

The unreplicated region consists of the paren
tal duplex opening into the replicated region 
where the two daughter duplexes have formed. 
The duplex is disrupted at the junction between 
the two regions, which is called the replication 

fork. Replication involves movement of the 
replication fork along the parental DNA, so that 
there is continuous denaturation of the paren
tal strands and formation of daughter duplexes. 

The synthesis of DNA is aided by specific 
enzymes (DNA polymerases) that recognize 
the template strand and catalyze the addition of 
nucleotide subunits to the polynucleotide chain 
that is being synthesized. They are accompanied 
in DNA replication by ancillary enzymes such 
as helicases that unwind the DNA duplex, a pri
mase that synthesizes an RNA primer required 
by DNA polymerase, and ligase that connects 
discontinuous DNA strands. Degradation of 
nucleic acids also requires specific enzymes: 
deoxyribonucleases (DNases) degrade DNA, 
and ribonucleases (RNases) degrade RNA. 
The nucleases fall into the general classes of 
exonucleases and endonucleases: 

• Endonucleases break individual phos
phodiester linkages within RNA or DNA 
molecules, generating discrete fragn1ents. 
Some DNases cleave both strands of a 
duplex DNA at the target site, whereas 
others cleave only one of the two strands. 
Endonucleases are involved in cutting 
reactions, as shown in FIGURE 1.17. 

• Exonudeases remove nucleotide residues 
one at a time from the end of the mol
ecule, generating mononucleotides. They 
always function on a single nucleic add 

FIGURE 1.17 An endonuclease cleaves a bond within a 
nucleic acid. This example shows an enzyme that attacks 
one strand of a DNA duplex. 
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FIGURE 1.18 An exonuclease removes bases one at a 
time by cleaving the last bond in a polynucleotide chain. 

strand and each exonuclease proceeds in 
a specific direction, that is, starting either 
at a 5 '  or a 3' end and proceeding toward 
the other end. They are involved in trim
ming reactions, as shown in FIGURE 1.18. 

Ill Genetic Information 
Can Be Provided by DNA 
or RNA 

Key concepts 

• Cellular genes are DNA, but viruses may have 
genomes of RNA. 

• DNA is converted into RNA by transcription, and RNA 
may be converted into DNA by reverse transcription. 

• The translation of RNA into protein is unidirectional. 

The central dogma is the dominant paradigm 
of molecular biology. Structural genes exist 
as sequences of nucleic acid but function by 
being expressed in the form of polypeptides. 
Replication makes possible the inheritance of 
genetic information, whereas transcription and 
translation are responsible for its expression to 
another form. 

FIGURE 1.19 illustrates the roles of replica
tion, transcription, and translation in the con
text of the so-called central dogma: 

• Transcription of DNA by a DNA -dependent 
RNA polymerase generates RNA mol-

@ �Q DNA �· · • • • • • • •: 
Replication I 

Replication 

Transcription 1 Revers
t
e 

ranscnp 10n 
� . 

RNA • • 
• • • • • • • • • • 

� Polypeptide 

FIGURE 1.19 The central dogma states that information 
in nucleic acid can be perpetuated or transferred, but the 
transfer of information into a polypeptide is irreversible. 
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ecules. Messenger RNAs (mRNAs} are 
translated to polypeptides. Other types 
of RNA, such as rRNAs and tRNAs, 
are functional themselves and are not 
translated. 

• A genetic system may involve either 
DNA or RNA as the genetic material. 
Cells use only DNA. Some viruses use 
RNA, and replication of viral RNA by 
an RNA-dependent RNA polymerase 
occurs in the infected cell. 

• The expression of cellular genetic 
information is usually unidirectional. 
Transcription of DNA generates RNA 
molecules; the exception is the reverse 
transcription of retroviral RNA to DNA 
that occurs when retroviruses infect cells 
(discussed shortly) .  Generally, poly
peptides cannot be retrieved for use as 
genetic information; translation of RNA 
into polypeptide is always irreversible. 

These mechanisms are equally effective for 
the cellular genetic information of prokaryotes 
or eukaryotes and for the information carried 
by viruses. The genomes of all living organisms 
consist of duplex DNA. Viruses have genomes 
that consist of DNA or RNA and there are 
examples of each type that are double-stranded 
(dsDNA or dsRNA) or single-stranded (ssDNA 
or ssRNA). Details of the mechanism used to 
replicate the nucleic acid vary among viruses, 
but the principle of replication via synthesis of 
complementary strands remains the same, as 
illustrated in FIGURE 1.20. 

Cellular genomes reproduce DNA by the 
mechanism of semiconservative replication. 

Double-stranded 
template � Old strand 

�--< "" 
} New strands 

� Old strand 

Replication generates two daughter duplexes, each 
containing one parental strand and one newly 
synthesized strand 

Single-stranded 
template 

Single parental strand 
is used to synthesize 
complementary strand 

Complementary strand 
is used to synthesize 
copy of parental strand 

FIGURE 1.20 Double-stranded and single-stranded 
nucleic acids both replicate by synthesis of complemen
tary strands governed by the rules of base pairing. 



Double-stranded viral genomes, whether DNA 
or RNA, also replicate by using the individual 
strands of the duplex as templates to synthesize 
complementary strands. 

Viruses with single-stranded genomes use 
the single strand as a template to  synthesize 
a complementary strand; this complementary 
strand in turn is used to synthesize its com
plement (which is, of course, identical to the 
original strand). Replication may involve the 
formation of stable double-stranded intermedi
ates or use double-stranded nucleic acid only 
as a transient stage. 

The restriction of a unidirectional transfer 
of information from DNA to RNA in cells is 
not absolute. It is broken by the retroviruses, 
which have genomes consisting of a single
stranded RNA molecule. During the retroviral 
cycle of in[ection, the RNA is converted into a 
single-stranded DNA by the process of reverse 

transcription, which is accomplished by the 
enzyme reverse transcriptase, an RNA-dependent 
DNA polymerase. The resulting ssDNA is in tum 
converted into a ds DNA. This duplex DNA 
becomes part of the genome of the host cell and 
is inherited like any other gene. Thus reverse 
transcription allows a sequence of RNA to be 
retrieved and used as DNA in a cell. 

The existence of RNA replication and 
reverse transcription establishes the general 
principle that information in the form of either 
type of nucleic acid sequence can be converted 
into the other type. In the usual course of events, 
however, the cell relies on the processes of DNA 
replication, transcription, and translation. On 
rare occasions though (possibly mediated by an 
RNA virus). information from a cellular RNA 
is converted into DNA and inserted into the 
genome. Although retroviral reverse transcrip
tion is not necessary for the regular operations 
of the cell, it becomes a mechanism of potential 
importance when we consider the evolution of 
the genome. 

The same principles for the perpetua
tion of genetic information apply to the mas
sive genomes of plants or amphibians as well 
as the tiny genomes of mycoplasma and the 
even smaller genomes of DNA or RNA viruses. 
FIGURE 1.21 presents some examples that illus
trate the range of genome types and sizes. The 
reasons for such variation in genome size and 
gene number will be explored in the chapters 
titled The Conteut of the Geuome and Geuome 
Sequwces and Gwe Numbers. 

Among the various living organisms, with 
genomes varying in size over a 100,000-fold 
range, a common principle prevails: The DNA 

Genome Gene Number Base Pairs 

Organisms 
Plants <50,000 <1011 
Mammals 30,000 -3 X 109 
Worms 14,000 -108 
Flies 12,000 1.6 X 108 
Fungi 6,000 1.3 X 107 
Bacteria 2�.000 <107 
Mycoplasma 500 <106 

dsONA Viruses 
Vaccinia <300 187,000 
Papova (SV40) -6 5,226 
Phage T4 -200 165,000 

ssONA Viruses 
Parvovirus 5 5,000 
Phage IX174 11 5,387 

dsRNA Viruses 
Reovirus 22 23,000 

ssRNA Viruses 
Coronavirus 7 20,000 
Influenza 12 13,500 
TMV 4 6,400 
Phage MS2 4 3,569 
STNV 1 1 ,300 

Viroids 
PSTV RNA 0 359 

FIGURE 1.21 The amount of nucleic acid in the genome 
varies over an enormous range. 

encodes all the proteins that the cell(s) of the 
organism must synthesize and the proteins 
in  turn (directly or indirectly) provide the 
functions needed for survival. A similar prin
ciple describes the function of the genetic infor
mation of viruses, whether DNA or RNA: The 
nucleic acid encodes the protein(s) needed to 
package the genome and for any other func
tions in addition to those provided by the host 
cell that are needed to reproduce the virus. (The 
smallest virus-the satellite tobacco necrosis 
virus [STNV]-cannot replicate independently . 
It requires the presence of a "helper" virus-the 
tobacco necrosis virus [TNV ]. which is itself a 
normally infectious virus.) 

Nucleic Acids Hybridize 
by Base Pairi ng 

Key concepts 

• Heating causes the two strands of a DNA duplex to 
separate. 

• The T m is the midpoint of the temperature range 
for denaturation. 

• Complementary single strands can renature when 
the temperature is reduced. 

• Denaturation and renaturation/hybridization can 
occur with DNA-DNA, DNA-RNA, or RNA-RNA combi
nations and can be intermolecular or intramolecular. 

• The ability of two single-stranded nucleic acids to 
hybridize is a measure of their complementarity. 
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DNA 
DNA 

Intramolecular 
pairing within 
RNA 

Intermolecular 
pairing between 
short and long 
RNAs 

RNA 
Long RNA 

VV ShortRNA 

vv� 
FIGURE 1.22 Base pairing occurs in duplex DNA and 
also 

in intra- and intermolecular interactions in s
i
ngle

stranded RNA (or DNA). 

A crucial property of the double helix is the 
capacity to separate the two strands without 
disrupting the covalent bonds that form the 
polynucleotides and at the (very rapid) rates 
needed to sustain genetic functions. The speci
fici ry of the processes of denaturation and rena
turation is determined by complementary base 
pairing. 

The concept of base pairing is central to all 
processes involving nucleic acids. Disruption of 
the base pairs is crucial to the function of a double
stranded nucleic acid, whereas the ability to 
form base pairs is essential for the activity 
of a single-stranded nucleic acid. FIGURE 1.22 

shows that base pairing enables complementary 
single-stranded nucleic acids to form a duplex. 

• An intramolecular duplex region can 
form by base pairing between two com
plementary sequences that are part of a 
single-stranded nucleic acid. 

• A single-stranded nucleic acid may base 
pair with an independent, complemen
tary single-stranded nucleic acid to form 
an intermolecular duplex. 

Formation of duplex regions from single
stranded nucleic acids is most important for 
RNA, but is also important for single-stranded 
viral DNA genomes. Base pairing between inde
pendent complementary single strands is not 
restricted to DNA-DNA or RNA-RNA, but can 
also occur between DNA and RNA. 

The lack of covalent bonds between comple
mentary strands makes it possible to manipulate 
DNA in vitro . The hydrogen bonds that stabilize 
the double helix are disrupted by heating or low 
salt concentration. The two strands of a double 
helix separate entirely when all the hydrogen 
bonds between them are broken. 

Denaturation of DNA occurs over a nar
row temperature range and results in striking 
changes in many of its physical properties. 
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The midpoint of the temperature range over 
which the strands of DNA separate is called the 
melting temperature (Tm} and it depends on 
the G-C content of the duplex. Each G-C base 
pair has three hydrogen bonds; as a result it is 
more stable than an A-T base pair, which has 
only two hydrogen bonds. The more G-C base 
pairs in a DNA, the greater the energy that is 
needed to separate the two strands. In solu
tion under physiological conditions, a DNA 
that is 40% G -C (a value typical of mammalian 
genomes) denatures with a Tm of about 87°C, 
so duplex DNA is stable at the temperature of 
the cell. 

The denaturation of DNA is reversible 
under appropriate conditions. Renaturation 
depends on specific base pairing between the 
complementary strands. FIGURE 1.23 shows that 
the reaction takes place in two stages. First, 
single strands of DNA in the solution encoun
ter one another by chance; if their sequences 
are complementary, the two strands base pair 
to generate a short double-stranded region. 
This region of base pairing then extends along 
the molecule, much like a zipper, to form a 
lengthy duplex. Complete renaturation restores 
the properties of the original double helix . The 
property of renaturation applies to any two 
complementary nucleic acid sequences. This is 
sometimes called annealing, but the reaction 
is more generally called hybridization when
ever nucleic acids from different sources are 
involved, as in the case when DNA hybridizes 
to RNA. The ability of two nucleic acids to 
hybridize constitutes a precise test for their 
complementarity because only complementary 
sequences can form a duplex. 

The purpose of the hybridization reaction 
is to combine two single-stranded nucleic 

Double
stranded DNA 

! (Denaturation) 
Single
stranded DNA 

Renatured 
DNA 

FIGURE 1.23 Denatured single strands of 
DNA can rena

ture to give t
h

e duplex form. 



Denature DNA 
and adsorb to filter 

� 
Denature DNA 
in solution 

� 

Dip filter in solution 

� 

FIGURE 1.24 Filter hybridization establishes whether 
a solution of denatured DNA (or RNA) contains 
sequences complementary to the strands immobilized 
on the filter. 

acids in solution and then to measure the 
amount of double-stranded material that 
forms. FIGURE 1.24 illustrates a procedure in 
which a DNA preparation is denatured and the 
single strands are attached to a filter. A second 
denatured DNA (or RNA) preparation is then 
added. The filter is treated so that the second 
preparation can attach to it only if it is able 
to base pair with the DNA that was originally 
attached. Usually the second preparation is 
labeled so that the hybridization reaction can 
be measured as the amount of label retained 
by the filter. Alternatively, hybridization in 
solution can be measured as the change in 
UV-absorbance of a nucleic acid solution at 
260 nm as detected via spectrophotometry. 
As DNA denatures to single strands with 
increasing temperature, UV-absorbance of 
the DNA solution increases; UV -absorbance 
consequently decreases as ssDNA hybridizes to 
complementary DNA or RNA with decreasing 
temperature. 

The extent of hybridization between two 
single-stranded nucleic acids is determined by 
their complementarity. Two sequences need 
not be perfectly complementary to hybridize. 
If they are similar but not identical, an imper
fect duplex is formed in which base pairing is 
interrupted at positions where the two single 
strands are not complementary. 

Mutati ons Change 
the Sequence of DNA 

Key concepts 

• All mutations are changes in the sequence of DNA. 
• Mutations may occur spontaneously or may be 

induced by mutagens. 

Mutations provide decisive evidence that DNA 
is the genetic material. When a change in the 
sequence of DNA causes an alteration in the 
sequence of a protein, we may conclude that 
the DNA encodes that protein. Furthermore, a 
corresponding change in the phenotype of the 
organism may allow us to identify the function 
of that protein . The existence of many mutations 
in a gene may allow many variant forms of a pro
tein to be compared, and a detailed analysis can 
be used to identify regions of the protein respon

sible for individual enzymatic or other functions. 
All organisms experience a certain num

ber of mutations as the result of normal cellu
lar operations or random interactions with the 
environment. These are called spontaneous 

mutations, and the rate at which they occur 
(the "background level") is characteristic for any 
particular organism. Mutations are rare events, 
and of course those that have deleterious effects 
are selected against during evolution. lt is there
fore difficult to observe large numbers of spon
taneous mutants from natural populations. 

The occurrence of mutations can be 
increased by treatment with certain compounds. 
These are called mutagens, and the changes 
they cause are called induced mutations. 

Most mutagens either modify a particular base 
of DNA or become incorporated into the nucleic 
acid. The potency of a mutagen is judged by how 
much it increases the rate of mutation above 
background. By using mutagens, it becomes 
possible to induce many changes in any gene. 

Mutation rates can be measured at several 
levels of resolution: mutation across the whole 
genome (as the rate per genome per genera
tion), mutation in a gene (as the rate per locus 
per generation), or mutation at a specific nucle
otide site (as the rate per base pair per genera
tion). These rates correspondingly decrease as 
a smaller unit is observed. 

Spontaneous mutations that inactivate 
gene function occur in bacteriophages and bac
teria at a relatively constant rate of 3-4 X I 0-3 
per genome per generation. Given the large 
variation in genome sizes between bacterio
phages and bacteria, this corresponds to great 
differences in the mutation rate per base pair. 
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.... T A G  C C T  GAAT G G CCAAT .... 

Mutation rate 

Any base pair 
1 in 109-1010 
generations 

Any gene 
1 in 105-106 
generations 

The genome 
1 in 300 
generations 

FIGURE 1.25 A base pair is mutated at a rate of 10-9-10-10 
per generation, a gene of 1000 bp is mutated at -10-6 
per generation, and a bacterial genome is mutated at 
3 X 10-3 per generation. 

This suggests that the overall rate of muta
tion has been subject to selective forces that have 
balanced the deleterious effects of most muta
tions against the advantageous effects of some 
mutations. Such a conclusion is strengthened 
by the observation that an archaean that lives 
under harsh conditions of high temperature and 
acidity (which are expected to damage DNA) 
does not show an elevated mutation rate, but 
in fact has an overall mutation rate just below 
the average range. FIGURE 1.25 shows that in bac
teria, the mutation rate corresponds to -10-6 
events per locus per generation or to an aver
age rate of change per base pair of w-9-10-10 
per generation. The rate at individual base pairs 
varies very widely, over a 1 0,000-fold range. 
We have no accurate measurement of the rate 
of mutation in eukaryotes, although usually it 
is thought to be somewhat similar to that of 
bacteria on a per-locus, per-generation basis. 

Mutati ons May Affect 
Single Base Pairs or 
Longer Sequences 

Key concepts 

• A point mutation changes a single base pair. 
• Point mutations can be caused by the chemical 

conversion of one base into another or by errors 
that occur during replication. 

• A transition replaces a G-C base pair with an A-T 
base pair or vice versa. 

• A transversion replaces a purine with a pyrimidine, 
such as changing A-T toT -A. 

• Insertions and/or deletions can result from the 
movement of transposable elements. 
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Any base pair of DNA can be mutated. A 
point mutation changes only a single base 
pair and can be caused by either of two types 
of event: 

• Chemical modification of DNA directly 
changes one base into a different base. 

• An error during the replication of DNA 
causes the wrong base to be inserted 
into a polynucleotide. 

Point mutations can be divided into two 
types, depending on the nature of the base 
substitution: 

• The most common class is the transi
tion, which results from the substitu
tion of one pyrimidine by the other, or 
of one purine by the other. This replaces 
a G-C pair with an A-T pair or vice 
versa. 

• The less common class is the transver

sion, in which a purine is replaced by a 
pyrimidine or vice versa, so that an A-T 
pair becomes a T-A or C-G pair. 

As shown in FIGURE 1.26, the mutagen 
nitrous acid performs an oxidative deamina
tion that converts cytosine into uracil, result
ing in a transition. In the replication cycle 
following the transition, the U pairs with an 
A, instead of the G with which the original C 
would have paired. So the C-G pair is replaced 
by a T-A pair when the A pairs with the T in 
the next replication cycle. (Nitrous acid can 
also deaminate adenine, causing the reverse 
transition from A-T to G-C.) 

Transitions are also caused by base mispair
ing, which occurs when noncomplementary 
bases pair instead of the usual Watson-Crick 
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FIGURE 1.26 Mutations can be induced by chemical 
modification of a base. 
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FIGURE 1.27 Mutations can be induced by the incorpo
ration of base analogs into DNA. 

pairs. Base mispairing usually occurs as an 
aberration resulting from the incorporation 
into DNA of an abnormal base that has flex
ible pairing properties. FIGURE 1.27 shows the 
example of the mutagen bromouracil (BrdU), 
an analog of thymine that contains a bromine 
atom in place of thymine's methyl group and 
can be incorporated into DNA in place of thy
mine. BrdU has flexible pairing properties, 
though, because the presence of the bromine 
atom allows a tautomeric shift from a keto (=0) 
form to an enol (-OH) form. The enol form of 
BrdU can pair with guanine, which after repli
cation leads to substitution of the original A-T 
pair by a G-C pair. 

The mistaken pairing can occur either dur
ing the original incorporation of the base or in 
a subsequent replication cycle. The transition 
is induced with a certain probability in each 
replication cycle, so the incorporation of BrdU 
has continuing effects on the sequence of DNA. 

Point mutations were thought for a long 
time to be the principal means of change in 

individual genes. We now know, though, 
that insertions of short sequences are quite 
frequent. Often, the insertions are the result 
oftransposable elements, which are sequences 
of DNA with the ability to move from one site 
to another (see the chapter titled Transposable 
Eleme1!ts and Retroviruses). An insertion within 
a coding region usually abolishes the activity 
of the gene because it may alter the reading 
frame; such an insertion is a frameshift mutation. 

(Similarly, a deletion within a coding region 
is usually a frameshift mutation.) Where such 
insertions have occurred, deletions of part or 
all of the inserted material, and sometimes of 
the adjacent regions, may subsequently occur. 

A significant difference between point 
mutations and insertions is that mutagens can 
increase the frequency of point mutations, but 
do not affect the frequency of transposition. 
Both insertions and deletions of short sequences 
(often called indels) can occur by other mecha
nisms, however-for example, those involving 
errors during replication or recombination. In 
addition, a class of mutagens called the acridines 
introduces very small insertions and deletions. 

The Effects of M utations 
Can Be Reversed 

Key concepts 

• Forward mutations alter the function of a gene, 
and back mutations (or revertants) reverse their 
effects. 

• Insertions can revert by deletion of the inserted 
material. but deletions cannot revert. 

• Suppression occurs when a mutation in a second 
gene bypasses the effect of mutation in the first 
gene. 

FIGURE 1.28 shows that the possibility of rever
sion mutations, or revertants, is an important 
characteristic that distinguishes point muta
tions and insertions from deletions: 

• A point mutation can revert either 
by restoring the original sequence or 
by gaining a compensatory mutation 
elsewhere in the gene. 

• An insertion can revert by deletion of 
the inserted sequence. 

• A deletion of a sequence cannot revert 
in the absence of some mechanism to 
restore the lost sequence. 

Mutations that inactivate a gene are called 
forward mutations. Their effects are reversed 
by back mutations, which are of two types: 
true reversions and second-site reversions. 
An exact reversal of the original mutation is 
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ATCGGACTTACCGGTTA 
TAGCCTGAATGGCCAAT 

Point I 
mutation f 

ATCGGACTAACCGGTTA 
TAGCCTGAGTGGCCAAT 

Reversion � 
ATCGGACTTACCGGTTA 
TAGCCTGAATGGCCAAT 

ATCGGACTTACCGGTTA 
TAGCCTGAATGGCCAAT 

Insertion � 
ATCGGACTTXXXXXACCGGTTA 
TAGCCTGAAYYYYYTGGCCAAT 

Reversion I 
by deletion f 

ATCGGACTTACCGGTTA 
TAGCCTGAATGGCCAAT 

ATCGGACTTACCGGTTA 
TAGCCTGAATGGCCAAT 

Deletion � 
ATCGGACGGTTA 
TAGCCTGCCAAT 

No reversion possible 
FIGURE 1.28 Point mutations and insertions can revert, 
but deletions cannot revert. 

called a true reversion. Consequently, if 
an A-T pair has been replaced by a G-C pair, 
another mutation to restore the A-T pair will 
exactly regenerate the original sequence. The 
exact removal of a transposable element fol
lowing its insertion is another example of a true 
reversion. The second type of back mutation, 
second-site reversion, may occur elsewhere 
in the gene, and its effects compensate for the 
first mutation. For example, one amino acid 
change in a protein may abolish gene function, 
but a second alteration may compensate for the 
first and restore protein activity. 

A forward mutation results from any 
change that alters the function of a gene 
product, whereas a back mutation must restore 
the original function to the altered gene prod
uct. The possibilities for back mutations are thus 
much more restricted than those for forward 
mutations. The rate of back mutations is cor
respondingly lower than that of forward muta
tions, typically by a factor of -10.  

Mutations in other genes can also occur 
to circumvent the effects of mutation in the 
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original gene. This is called a suppression 

mutation. A locus in which a mutation sup
presses the effect of a mutation in another locus 
is called a suppressor. For example, a point 
mutation may cause an amino acid substitu
tion in a polypeptide, while a second mutation 
in a tRNA gene may cause it to recognize the 
mutated codon, and as a result insert the origi
nal amino acid during translation. (Note that 
this suppresses the original mutation but causes 
errors during translation of other mRNAs. )  

Mutati ons Are 
Concentrated at Hotspots 

Key concept 

• The frequency of mutation at any particular 
base pair is statistically equivalent. except for 
hotspots, where the frequency is increased by at 
least an order of magnitude. 

So far we have dealt with mutations in terms of 
individual changes in the sequence of DNA that 
influence the activity of the DNA in which they 
occur. When we consider mutations in terms 
of the alteration of function of the gene, most 
genes within a species show more or less similar 
rates of mutation relative to their size. This sug
gests that the gene can be regarded as a target 
for mutation, and that damage to any part of it 
can alter its function. As a result, susceptibility 
to mutation is roughly proportional to the size 
of the gene. Are all base pairs in a gene equally 
susceptible, though, or are some more likely to 
be mutated than others? 

What happens when we isolate a large 
number of independent mutations in the same 
gene? Each is the result of an individual muta
tional event. Most mutations will occur at dif
ferent sites, but some will occur at the same 
position. Two independently isolated muta
tions at the same site may constitute exactly 
the same change in DNA (in which case the 
same mutation has happened more than once), 
or they may constitute different changes (three 
different point mutations are possible at each 
base pair). 

The histogram in FIGURE 1.29 shows the fre
quency with which mutations are found at each 
base pair in the lad gene of E. coli. The statistical 
probability that more than one mutation occurs 
at a particular site is given by random-hit kinet
ics (as seen in the Poisson distribution) .  Some 
sites will gain one, two, or three mutations, 
whereas others will not gain any. Some sites 
gain far more than the number of mutations 
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FIGURE 1.29 Spontaneous mutations occur throughout 
the loci gene of E. coli, but are concentrated at a hotspot. 

expected from a random distribution; they may 
have I OX or even lOOX more mutations than 
predicted by random hits. These sites are called 
hotspots. Spontaneous mutations may occur 
at hotspots, and different mutagens may have 
different hotspots. 

Ill Many H otspots Result 
from M odified Bases 

Key concepts 

• A common cause of hotspots is the modified 
base 5-methylcytosine, which is spontaneously 
deaminated to thymine. 

• A hotspot can result from the high frequency 
of change in copy number of a short, tandemly 
repeated sequence. 

A major cause of spontaneous mutation is the 
presence of an unusual base in the DNA. In 
addition to the four standard bases of DNA, 
modified bases are sometimes found. The 
name reflects their origin; they are produced by 
chemical modification of one of the four stan
dard bases. The most common modified base is 
5-methylcytosine, which is generated when a 
methylase enzyme adds a methyl group to cyto
sine residues at specific sites in the DNA. Sites 
containing 5-merhylcytosine are hotspots for 
spontaneous point mutation in E. coli. In each 
case, the mutation is a G-C to A-T transition. 
The hotspots are not found in mutant strains of 
E. coli that cannot methylate cytosine. 

The reason for the existence of these 
hotspots is that cytosine bases suffer a higher 
frequency of spontaneous deamination. In 
this reaction, the amino group is replaced by a 
keto group. Recall that deamination of cytosine 
generates uracil (see Figure 1.26). FIGURE 1.30 

compares this reaction with the deamination of 
5-methylcytosine where deamination gener
ates thymine. The effect is to generate the mis
matched base pairs G-U and G-T, respectively. 

Cytosine H 
� � 'H 

_......N"l(N 
0 

Uracil 0 � N N / "r( ' H 
0 

5-methyl- CH3 H 
cytosrne �� 

'? 'H I _...... N'lt 
0 

CH3 
Thymine 1 �O �If" 

_,N'lt 'H 
0 

FIGURE 1.30 Deamination of cytosine produces ura
cil, whereas deamination of 5-methylcytosine produces 
thymine. 

All organisms have repair systems that cor
rect mismatched base pairs by removing and 
replacing one of the bases. The operation of 
these systems determines whether ntismatched 
pairs such as G-U and G-T result in mutations. 

FIGURE 1.31 shows that the consequences of 
deamination are different for 5-methylcytosine 
and cytosine. Deaminating the (rare) 5-methyl
cytosine causes a mutation, whereas deaminating 
cytosine does not have this effect. This happens 
because the DNA repair systems are much more 
effective in accurately repairing G-U than G-T. 

c 

G G 
Oxidative deamination 

T replaces Me-C I U replaces C 
T t U 

T Uracil removed 

Replication 

c � c 

T 
and 

T pairs with A 
I 

Mutation No mutation 
FIGURE 1.31 The deamination of 5-methylcytosine pro
duces thymine (by C-G to T -A transitions), whereas the 
deamination of cytosine produces uracil (which usually 
is removed and then replaced by cytosine). 
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E. coli contain an enzyme, uracil-DNA
glycosidase, that removes uracil residues from 
DNA (see the chapter titled Repair Systems) .  This 
action leaves an unpaired G residue, and a repair 
system then inserts a complementary C base. 
The net result of these reactions is to restore the 
original sequence of the DNA. Thus, this system 
protects DNA against the consequences of spon
taneous deamination of cytosine. (This system 
is not, however, efficient enough to prevent the 
effects of the increased deamination caused by 
nitrous acid; see Figure 1.26.) 

Note that the deamination of 5-methyl
cytosine creates thymine and results in a mis
matched base pair, G-T. If the mismatch is not 
corrected before the next replication cycle a 
mutation results. The bases in the mispaired 
G-T first separate and then pair with the correct 
complements to produce the wild-type G-C in 
one daughter DNA and the mutant A-T in the 
other. 

Deamination of 5 -methylcytosine is the 
most common cause of mismatched G-T pairs 
in DNA. Repair systems that act on G-T mis
matches have a bias toward replacing the T with 
a C (rather than the alternative of replacing the 
G with an A), which helps to reduce the rate of 
mutation (see the chapter titled Repair Systems). 
These systems are not, however, as effective 
as those that remove U from G-U mismatches. 
As a result, deamination of 5-methylcytosine 
leads to mutation much more often than does 
deamination of cytosine. 

Additionally, 5-methylcytosine creates 
hotspots in eukaryotic DNA. It is common in 
CpG dinucleotides that are concentrated in 
regions called CpG islands (see the chapter 
titled Epigenetic Effects Are lllherited). Although 5-
methylcytosine accounts for - I %  of the bases 
in human DNA, sites containing the modified 
base account for -30% of all point mutations. 

The importance of repair systems in reduc
ing the rate of mutation is emphasized by the 
effects of eliminating the mouse enzyme MBD4, 
a glycosylase that can remove T (or U)  from 
mismatches with G. The result is to increase the 
mutation rate at CpG sites by a factor of 3 .  The 
reason the effect is not greater is that MBD4 
is only one of several systems that act on G-T 
mismatches; most likely the elimination of all 
the systems would increase the mutation rate 
much more. 

The operation of these systems casts an 
interesting light on the use of T in DNA as 
compared to U in RNA. It may relate to the 
need for stability of DNA sequences; the use 
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of T means that any deaminations of C are 
immediately recognized because they gener
ate a base (U) that is not usually present in the 
DNA. This greatly increases the efficiency with 
which repair systems can function (compared 
with the situation when they have to recognize 
G-T mismatches, which can also be produced 
by situations where removing the T would not 
be the appropriate correction). In addition, the 
phosphodiester bond of the backbone is more 
easily broken when the base is U .  

Another type of hotspot, though not 
often found in coding regions, is the "slippery 
sequence" --a homopolymer run, or region 
where a very short sequence (one or a few 
nucleotides) is repeated many times in tandem. 
During replication, a DNA polymerase may 
skip one repeat or replicate the same repeat 
twice, leading to a decrease or increase in repeat 
number. 

Some Hereditary Agents 
Are Extremely Small 

Key concept 

• Some very small hereditary agents do not encode 
polypeptide, but consist of RNA or protein with 
heritable properties_ 

Viroids (or subviral pathogens) are infectious 
agents that cause diseases in some plants. They 
are very small circular molecules of RNA. 
Unlike viruses-for which the infectious agent 
consists of a virion, a genome encapsulated in a 
protein coat-the viroid RNA is itself the infec
tious agent. The viroid consists solely of the 
RNA molecule, which is extensively folded by 
imperfect base pairing, forming a characteristic 
rod as shown in FIGURE 1.32. Mutations that 
interfere with the structure of this rod reduce 
the infectivity of the viroid. 

A viroid RNA consists of a single molecule 
that is replicated autonomously and accurately 
in infected cells. Yiroids are categorized into 
several groups. A particular viroid is assigned to 
a group according to sequence similarity with 
other members of the group. For example, four 
viroids in the potato spindle tuber viroid (PSTV) 
group have 70%-83% sequence similarity with 
PSTV. Different isolates of a particular viroid 
strain vary from one another in sequence, 
which may result in phenotypic differences 
among infected cells. For example, the "mild" 
and "severe" strains of PSTV differ by three 
nucleotide substitutions. 



I+U A+UI 
FIGURE 1.3 2 PSTV RNA is a circular molecule that forms an extensive double-stranded structure, interrupted by many 
interior loops. The severe and mild forms of PSTV have RNAs that differ at three sites. 

Viroids are similar to viruses in having 
heritable nucleic acid genomes, but differ 
from viruses in both structure and function. 
Viroid RNA does not appear to be translated 
into polypeptide, so it cannot itself encode the 
functions needed for its survival. This situa
tion poses two as yet unanswered questions: 
How does viroid RNA replicate, and how does it 
affect the phenotype of the infected plant cell? 

Replication must be carried out by enzymes 
of the host cell. The heritability of the viroid 
sequence indicates that viroid RNA is the tem
plate for replication. 

Viroids are presumably pathogenic because 
they interfere with normal cellular processes. 
They might do this in a relatively random way
for example, by taking control of an essential 
enzyme for their own replication or by inter
fering with the production of necessary cellu
lar RNAs. Alternatively, they might behave as 
abnormal regulatory molecules, with particular 
effects upon the expression of individual genes. 

An even more unusual agent is the cause 
of scrapie, a degenerative neurological disease 
of sheep and goats. The disease is similar to the 
human diseases of kuru and Creutzfeldt-Jakob 
disease, which affect brain function. The infec
tious agent of scrapie does not contain nucleic 
acid. This extraordinary agent is called a prion 

(proteinaceous infectious agent). It is a 28 kD 
hydrophobic glycoprotein, PrP. PrP is encoded 
by a cellular gene (conserved among the mam
mals) that is expressed in normal brain cells. 
The protein exists in two forms: The version 
found in normal brain cells is called PrPc and 
is entirely degraded by proteases; the version 
found in infected brains is called PrP•c and is 
extremely resistant to degradation by proteases. 
PrPc is converted to PrPsc by a conformational 
change that confers protease-resistance, and 
which has yet to be fully defined. 

As the infectious agent of scrapie, PrP•c 
must in some way modify the synthesis of its 
normal cellular counterpart so that it becomes 
infectious instead of harmless (see the chapter 
titled Epigenetic Effects Are bzherited) . Mice that 
lack a PrP gene cannot develop scrapie, which 
demonstrates that PrP is essential for develop
ment of the disease. 

Summary 
Two classic experiments provided strong evi
dence that DNA is the genetic material of bac
teria, viruses, and eukaryotic cells. DNA isolated 
from one strain of P11eumococcus bacteria can 
confer properties of that strain upon another 
strain. In addition, DNA is the only component 
that is inherited by progeny phages from paren
tal phages. DNA can be used to transfect new 
properties into eukaryotic cells. 

DNA is a double helix consisting of anti
parallel strands in which the nucleotide units 
are linked by 5 '  to 3 '  phosphodiester bonds. 
The backbone is on the exterior; purine and 
pyrimidine bases are stacked in the interior in 
pairs in which A is complementary toT and G is 
complementary to C.  In semiconservative rep
lication, the two strands separate and daughter 
strands are assembled by complementary base 
pairing. Complementary base pairing is also 
used to transcribe an RNA from one strand of 
a DNA duplex. 

A stretch of DNA may encode a polypep
tide. The genetic code describes the relationship 
between the sequence of DNA and the sequence 
of the polypeptide. In general, only one of the 
two strands of DNA encodes a polypeptide. A 
codon consists of three nucleotides that encode 
a single amino acid. A coding sequence of DNA 
consists of a series of codons, which are read 
from a fixed starting point. In most cases only 
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one of the three possible reading frames can be 
translated into polypeptide. 

A mutation consists of a change in the 
sequence of A-T and G-C base pairs in DNA. A 
mutation in a coding sequence may change the 
sequence of amino acids in the corresponding 
polypeptide. A frameshift mutation alters the 
subsequent reading frame by inserting or delet
ing a base; this causes an entirely new series of 
amino acids to be coded after the site of mutation. 
A point mutation changes only the amino acid 
represented by the codon in which the mutation 
occurs. Point mutations may be reverted by back 
mutation of the original mutation. Insertions 
may revert by loss of the inserted material, but 
deletions cannot revert. Mutations may also be 
suppressed indirectly when a mutation in a dif
ferent gene counters the original defect. 

The natural incidence of mutations is 
increased by mutagens. Mutations may be 
concentrated at hotspots. A type of hotspot 
responsible for some point mutations is  
caused by deamination of the modified base 
5 -methylcytosine. Forward mutations occur at 
a rate of -10-6 per locus per generation; back 
mutations are rarer. Not all mutations have an 
effect on the phenotype. 

Although all genetic information in cells 
is carried by DNA, viruses have genomes of 
double-stranded or single-stranded DNA or 
RNA. Viroids are subviral pathogens that con
sist solely of small molecules of RNA with no 
protective packaging. The RNA does not code 
for protein and its mode of perpetuation and of 
pathogenesis is unknown. Scrapie results from 
a proteinaceous infectious agent, or prion. 
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Genes Encode RNAs 
and Pol e tides 

CHAPTER OUTLINE 

R.IM Introduction 

••• Most Genes Encode Polypeptides 
• The one gene-one enzyme hypothesis summarizes 

the basis of modern genetics: that a typical gene is 
a stretch of DNA encoding one or more isoforms of a 
single polypeptide chain. 

• Some genes do not encode polypeptides, but encode 
structural or regulatory RNAs. 

• Most mutations damage gene function and are 
recessive to the wild-type allele. 

R..IM Mutations in the Same Gene Cannot Complement 

26 

• A mutation in a gene affects only the product 
(polypeptide or RNA) encoded by the mutant copy of 
the gene and does not affect the product encoded by 
any other allele. 

• Failure of two mutations to complement (produce 
wild-type phenotype when they are present in trans 
configuration in a heterozygote) means that they are 
alleles of the same gene. 

Mutations May Cause Loss of Function 
or Gain of Function 

• Recessive mutations are due to loss of function by the 
polypeptide product. 

• Dominant mutations result from a gain of function. 

• Testing whether a gene is essential requires a null 
mutation (one that completely eliminates its function). 

• Silent mutations have no phenotypic effect, either 
because the base change does not change the 
sequence or amount of polypeptide or because the 
change in polypeptide sequence has no effect. 

A Locus May Have Many Different Mutant Alleles 
• The existence of multiple alleles allows the possibility 

of heterozygotes representing any pairwise 
combination of alleles. 

*M A Locus May Have More Than One Wild-Type Allele 

• A locus may have a polymorphic distribution of alleles 
with no individual allele that can be considered to be 
the sole wild type. 

Recombination Occurs by Physical Exchange of DNA 

• Recombination is the result of crossing over that 
occurs at a chiasma during meiosis and involves two of 
the four chromatids. 

• Recombination occurs by a breakage and reunion 
that proceeds via an intermediate of heteroduplex 
DNA that depends on the complementarity of the two 
strands of DNA. 

• The frequency of recombination between two genes is 
proportional to their physical distance; recombination 
between genes that are very closely linked is rare. 
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• The gene is coli near with both its mRNA and 

polypeptide products. 
• For genes that are very far apart on a single 

chromosome, the frequency of recombination is 
not proportional to their physical distance because 
recombination happens so frequently. 

t.lll Several Processes Are Required to Express 
the Product of a Gene 

The Genetic Code Is Triplet 

• The genetic code is read in triplet nucleotides called 
codons. 

• The triplets are nonoverlapping and are read from a 
fixed starting point. 

• Mutations that insert or delete individual bases cause 
a shift in the triplet sets after the site of mutation; 
these are frameshift mutations. 

• A typical bacterial gene is expressed by transcription 
into mRNA and then by translation of the mRNA into 
polypeptide. 

• In eukaryotes, a gene may contain introns that are not 
represented in the polypeptide product. 

• Introns are removed from the pre-mRNA transcript 
by splicing to give an mRNA that is colinear with the 
polypeptide product. 

• Each mRNA consists of an untranslated 5 '  leader, a 
coding region, and an untranslated 3 '  trailer. 

• Combinations of mutations that together insert or 
delete three bases (or multiples of three) insert or 
delete amino acids, but do not change the reading of 
the triplets beyond the last site of mutation. 

Every Coding Sequence Has Three Possible 
Reading Frames 

t.lt.l Proteins Are trans-Acti ng but Sites on DNA Are 
ds-Acting 

• Usually only one of the three possible reading frames 
is translated and the other two are closed by frequent 
termination signals. 

t.lt•l Bacterial Genes Are Coli near with Their Products 

• All gene products (RNA or polypeptides) are trans
acting. They can act on any copy of a gene in the cell. 

• cis-acting mutations identify sequences of DNA that 
are targets for recognition by trans-acting products. 
They are not expressed as RNA or polypeptide and 
affect only the contiguous stretch of DNA. 

• A bacterial gene consists of a continuous length of 3N 
nucleotides that encodes N ami no acids. 

t.ld Summary 

Ill Introducti o n  
The gene is the functional unit of heredity. Each 
gene is a sequence within the genome that func
tions by giving rise to a discrete product, which 
may be a polypeptide or an RNA. The basic 
pattern of inheritance of a gene was proposed 
by Mendel nearly 150 years ago. Summarized 
in his two major principles of segregation and 
independent assortment, the gene was recognized 
as a "particulate factor" that passes largely 
unchanged from parent to progeny. A gene 
may exist in alternative forms, called alleles. 

In diploid organisms with two sets of chro
mosomes, one of each chromosome pair is inher
ited from each parent. This is the same pattern 
of inheritance that is displayed by genes. One 
of the two copies of each gene is the paternal 
allele (inherited from the father); the other is 
the maternal allele (inherited from the mother). 
The shared pattern of inheritance of genes and 
chromosomes led to the discovery that chromo
somes in fact carry the genes. 

Each chromosome consists of a linear array 
of genes and each gene resides at a particular 
location on the chromosome. The location is 
more formally called a genetic locus. The alleles 
of a gene are the different forms that are found 

at its locus. Although generally there are up to 
two alleles per locus in an individual, a popula
tion may have many alleles. 

The key to understanding the organization 
of genes into chromosomes was the discovery of 
genetic linkage-the tendency for genes on the 
same chromosome to remain together in the 
progeny instead of assorting independently as 
predicted by Mendel's principle. Once the unit 
of recombination (reassortment) was introduced 
as the measure of linkage, the construction of 
genetic maps became possible. 

The resolution of the recombination map 
of a multicellular eukaryote is restricted by the 
small number of progeny that can be obtained 
from each mating. Recombination occurs so 
infrequently between nearby points that it is 
rarely observed between different variable sites 
in the same gene. As a result, classical linkage 
maps of eukaryotes can place the genes in order 
but cannot resolve the locations of variable sites 
within a gene. By using a microbial system in 
which a very large number of progeny can be 
obtained from each genetic cross, researchers 
could demonstrate that recombination occurs 
within genes and that it follows the same rules 
as those for recombination between genes. 
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A chromosome is a very long molecule of DNA oo�;;;;;=� 
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The chromosome 
c ontai ns 

Each gene is 
part of a continuous 

sequence of DNA 

1 
Start of gene End of gene 

CATATAAGGTGAGGTAGGATCAGTTGCTCCTCACAATGC 
GTATATTOCACTCCATCCTAGTCAACQAGGAGTG�TACG 

FIGURE 2.1 Each chromosome has a single, long mol
ecule of DNA within which are the sequences of individual 
genes. 

Variable nucleotide sites among alleles of 
a gene can be arranged into a linear order, 
showing that the gene itself has the same lin
ear construction as the array of genes on a 
chromosome. In other words, the genetic map 
is linear within, as well as between, loci as an 
unbroken sequence of nucleotides. This con
clusion leads naturally to the modern view 
summarized in FIGURE 2.1 that the genetic 
material of a chromosome consists of an unin
terrupted length of DNA representing many 
genes. Having defined the gene as an uninter
rupted length of DNA, it should be noted that 
in eukaryotes many genes are interrupted by 
sequences in the DNA that are then excised 
from the mRNA (see the chapter titled The 
ltzterrupted Gene). 

Ill Most Genes Encode 
Polypeptides 

Key concepts 

• The one gene-one enzyme hypothesis summarizes 
the basis of modern genetics: that a typical gene 
is a stretch of DNA encoding one or more isoforms 
of a single polypeptide chain_ 

• Some genes do not encode polypeptides, but 
encode structural or regulatory RNAs-

• Most mutations damage gene function and are 
recessive to the wild -type allele_ 
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The first systematic attempt to associate genes 
with enzymes, carried out by Beadle and Tatum 
in the 1940s, showed that each stage in a meta
bolic pathway is catalyzed by a single enzyme 
and can be blocked by mutation in a single 
gene. This led to the one gene-one enzyme 

hypothesis. A mutation in a gene alters the 
activity of the protein enzyme it encodes. 

A modification in the hypothesis is needed 
to apply to proteins that consist of more than 
one polypeptide subunit. If the subunits are all 
the same, the protein is a homomultimer and 
is encoded by a single gene. If the subunits are 
different, the protein is a heteromultimer, 

and each different subunit may be encoded by 
a different gene. Stated as a more general rule 
applicable to any heteromultimeric protein, 
the one gene-one enzyme hypothesis becomes 
more precisely expressed as the one gene-one 

polypeptide hypothesis. (Even this modifica
tion is not completely descriptive oft he relation
ship between genes and proteins, as many genes 
encode alternate versions of a polypeptide; this 
concept can be explored further under the topic 
of alternative splicing in multicellular eukaryotes 
in the chapter titled RNA Splicing and Processing. 

Identifying the biochemical effects of 
a particular mutation can be a protracted 
task. The mutation responsible for Mendel's 
wrinkled-pea phenotype was identified only in 
1990 as an alteration that inactivates the gene 
for a starch-debranching enzyme! 

It is important to remember that a gene 
does not directly generate a polypeptide. A gene 
encodes an RNA, which may in turn encode a 
polypeptide. Most genes are structuralgmes that 
encode polypeptides, but some genes encode 
RNAs that are not translated to polypeptides. 
These RNAs may be structural components of 
the protein synthesis machinery or may have 
roles in regulating gene expression (see the 
chapter titled Regulatory RNA). The basic prin
ciple is that the gme is a sequence of DNA that 
specifies the sequence of an independmt product. The 
process of gene expression may terminate in a 
product that is either RNA or polypeptide. 

A mutation in a coding region is generally a 
random event with regard to the structure and 
function of the gene; mutations can have little 
or no effect (as in the case of neutral mutations), 
or they can damage or even abolish gene func
tion. Most mutations that affect gene function 
are recessive: They result in an absence of function, 
because the mutant gene does not produce its usual 
polypeptide. FIGURE 2.2 illustrates the relationship 
between recessive and wild-type alleles. When a 
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FIGURE 2.2 Genes encode proteins; dominance is 
explained by the properties of mutant proteins. A reces
sive allele does not contribute to the phenotype because 
it produces no protein (or protein that is nonfunctional). 

heterozygote contains one wild-type allele and 
one mutant allele, the wild-type allele is able to 
direct production of the enzyme and is there
fore dominant. (This assumes that an adequate 
amount of product is made by the single wild
type allele. When this is not true, the smaller 
amount made by one allele as compared to two 
alleles results in the intennediate phenotype of 
a partially dominant allele in a heterozygote.) 

Ill Mutati ons in the Same 
Gene Cannot Complement 

Key concepts 

• A mutation in a gene affects only the product 
(polypeptide or RNA) encoded by the mutant 
copy of the gene and does not affect the product 
encoded by any other allele. 

• Failure of two mutations to complement (produce 
wild-type phenotype when they are present in 
trans configuration in a heterozygote) means that 
they are alleles of the same gene. 

How do we determine whether two mutations 
that cause a similar phenotype have occurred 
in the same gene? If they map to positions 
that are very close together (i.e., they recom
bine very rarely), they may be alleles. How
ever, in the absence of information about 
their relative positions, they could also rep
resent mutations in two different genes whose 
proteins are involved in the same function. 

The complementation test is used to deter
mine whether two recessive mutations are 
alleles of the same gene or in different genes. 
The test consists of generating a heterozygote 
for the two mutations (by mating parents 
homozygous for each mutation) and observ
ing its phenotype. 

If the mutations are alleles of the same gene, 
the parental genotypes can be represented as: 

m, 
d 

m, 
- an --m, m2 

The first parent provides an m1 mutant allele 
and the second parent provides an m2 allele, 
so that the heterozygote progeny have the 
genotype: 

m, 

No wild-type allele is present, so the heterozy
gotes have mutant phenotypes and the alleles 
fail to complement. If the mutations lie in dif
ferent linked genes, the parental genotypes can 
be represented as: 

m,+ 
and 

+m2 
m +  +m I 2 

Each chromosome has one wild-type allele at 
one locus (represented by the plus sign, + )  and 
one mutant allele at the other locus. Then the 
heterozygote progeny have the genotype: 

m,+ 
+m 2 

in which the two parents between them have 
provided a wild-type allele from each gene. The 
heterozygotes have wild-type phenotypes, and 
thus the two genes are said to complemmt. 

The complementation test is shown in 
more detail in FIGURE 2.3. The basic test consists 
of the comparison shown in the top part of the 
figure. If two mutations are alleles of the same 
gene, we see a difference in the phenotypes 
of the tra11s configuration (both mutations are 
not in the same allele) and the cis configura
tion (both mutations are in the same allele). 
The trans configuration is mutant because each 
allele has a (different) mutation, whereas the 
cis configuration is wild-type because one allele 
has two mutations and the other allele has no 
mutations. The lower part of the figure shows 
that if the two mutations are in different genes, 
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FIGURE 2.3 The cistron is defined by the complementation test. Genes 
are represented by DNA helices; red stars identify sites of mutation. 

we always see a wild phenotype. There is always 
one wild-type and one mutant allele of each 
gene in both the cis and trans configurations. 
"Failure to complement" means that two muta
tions occurred in the same gene. Mutations 
that do not complement one another are said 
to comprise part of the same complementation 
group. Another term used to describe the unit 
defined by the complementation test is the 
cistron. This is the same as the gene. Basically 
these three terms all describe a stretch of DNA 
that functions as a unit to give rise to an RNA or 
polypeptide product. The properties of the gene 
with regard to complementation are explained 
by the fact that this product is a single molecule 
that behaves as a functional unit. 

M utations May Cause 
Loss of Function or 
Gain of Function 

Key concepts 

• Recessive mutations are due to loss of function by 
the polypeptide product. 

• Dominant mutations result from a gain of function. 

• Testing whether a gene is essential requires a null mu
tation (one that completely eliminates its function). 

• Silent mutations have no phenotypic effect. either 
because the base change does not change the 
sequence or amount of polypeptide or because the 
change in polypeptide sequence has no effect. 
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The various possible effects of mutation in a gene 
are summarized in FIGURE 2.4. In principle, when 
a gene has been identified, insight into its func
tion in principle can be gained by generating a 
mutant organism that entirely lacks the gene. 
A mutation that completely eliminates gene 
function-usually because the gene has been 
deleted-is called a null mutation. If a gene is 
essential to the organism's survival, a null muta
tion is lethal when homozygous or hemizygous. 

To determine how a gene affects the pheno
type, it is essential to characterize the effect of a 
null mutation. Generally, if a null mutant fails to 
affect a phenotype, we may safely conclude that 
the gene function is not essential. Some genes 
are duplicated or have overlapping functions, 
though, and loss of function of one of the genes 
is not sufficient to significantly affect the phe
notype. Null mutations, or other mutations that 
impede gene function (but do not necessarily 
abolish it entirely), are called loss-of-function 

mutations. A loss-of-function mutation is 
recessive (as in the example of Figure 2.2).  
Loss-of-function mutations that affect protein 
activity but retain sufficient activity so that the 
phenotype is not altered are referred to as leaky 
mutations. Sometimes a mutation has the oppo
site effect and causes a protein to acquire a new 
function or expression pattern; such a change 
is called a gain-of-function mutation. A 
gain-of-function mutation is dominant. 

Wild-type gene codes for protein 

Silent mutation 
does not affect protein 

Null mutation 
makes no protein 

Point mutation 
may damage function 

Point mutation 
may create new function 

FIGURE 2.4 Mutations that do not affect protein 
sequence or function are silent. Mutations that abolish 
all protein activity are null. Point mutations that cause 
loss of function are recessive; those that cause gain of 
function are dominant. 



Not all mutations in protein-coding genes 
lead to a detectable change in the phenotype. 
Mutations without apparent phenotypic effect 
are called silent mutations. They fall into 
two categories: ( l )  base changes in DNA that 
do not cause any change in the amino acid in 
the resulting polypeptide; and (2) base changes 
in DNA that change the amino acid, but the 

replacement in the polypeptide does not affect 
its activity (called neutral substitutions). 

Ill A Locus May Have Many 
Different M utant Alleles 

Key concept 

• The existence of multiple alleles allows the 
possibility of heterozygotes representing any 
pairwise combination of alleles. 

If a recessive mutation is  produced by every 
change in a gene that prevents the production 
of an active protein, there should be a large 
potential number of such mutations for any 
one gene. Many amino acid replacements may 
change the structure of the protein sufficiently 
to impede its function. 

Different variants of the same gene are 
called multiple alleles, and their existence makes 
it possible to generate heterozygotes with two 
mutant alleles. The relationships between these 
multiple alleles can take various forms. 

In  the simplest case, a wild-type allele 
encodes a polypeptide product that is  func
tional, whereas mutant allele(s) encode poly

peptides that are nonfunctional. However, 
there are often cases in which a series of mutant 
alleles have different phenotypes. For example, 
wild-type function ofthe X-linked white locus of 
Drosophila mela11ogaster is required for develop

ment of the normal red color of the eye. The 
locus is named for the effect of null mutations 
which, in homozygous females or hemizygous 

males, cause the fly to have white eyes. 
In Drosophila, the symbol for the wild-type 

allele is indicated by a "plus" superscript after the 

name of the locus, which is usually named after a 
mutant phenotype. For example, w+ is the wild
type allele for red eye color in D. mela11ogaster, and 
the locus is named for the mutant "white" eye 
color phenotype. Sometimes +is used by i tselfto 
describe the wild-type allele, and only the mutant 
alleles are indicated by the name of the locus. 

An entirely defective form of the gene (or 
absence of phenotype) may be indicated by a 
"minus� superscript. To distinguish among a 

Allele Phenotype of homozygote 
w

+ 
red eye (wild type) 

wbl blood 
w"h cherry 
wbf buff 
wh honey 
W0 apricot 
W0 eosin 
w1 ivory 
w

• 
zeste (lemon-yellow) 

w•P mottled, color varies 
w 1 white (no color) 

FIGURE 2.5 The w locus in Drosophila melanogaster has 
an extensive series of alleles whose phenotypes extend 
from wild-type (red) color to complete lack of pigment. 

variety of mutant alleles with different effects , 
other superscripts may be introduced, such as 
wi (ivory eye color) or w• (apricot eye color). 

The w+ allele is dominant over any other 
allele in heterozygotes and there are many differ
ent mutant alleles for this locus. FIGURE 2.5 shows 
a small sample. Although some alleles produce 
no visible pigment, and therefore the eyes are 
white, many alleles produce some color. There
fore, each of these mutant alleles must represent 
a different mutation of the gene, many of which 
do not eliminate its function entirely but leave 
a residual activity that produces a characteristic 
phenotype. These alleles are named for the color 
of the eye in a homozygous female or hemizy
gous male. (Most w alleles affect the quantity of 
pigment in the eye. The examples in the [igure 
are arranged in roughly declining amount of 
color, but others, such as wsp, affect the pattern 
in which pigment is deposited.) 

When multiple alleles exist, an organism 
may be a heterozygote that carries two differ
ent mutant alleles. The phenotype of such a het
erozygote depends on the nature of the residual 
activity of each allele. The relationship between 
two mutant alleles is, in principle, no different 
from that between wild-type and mutant alleles: 
One allele may be dominant, there may be partial 
dominance, or there may be codominance. 

Ill A Locus May Have More 
Than One Wild-Type Allele 

Key concept 

• A locus may have a polymorphic distribution 
of alleles with no individual allele that can be 
considered to be the sole wild type. 

There is not necessarily a unique wild-type 
allele for any particular locus. Control of the 
ABO human blood group system provides an 
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Phenotype Genotype Transferase Activity 
0 00 None 
A AO or AA N-Ac-gal transferase 
S SO or SS Gal transferase 
AS AS GaiN-Ac-Gal-transferase 

FIGURE 2.6 The ABO human blood group locus encodes 
a galactosyltransferase whose specificity determines the 
blood group. 

example. Lack of function is represented by the 
null, or 0, allele. However, the functional alleles 
A and B are codominant with one another and 
dominant to the 0 allele. The basis for this rela
tionship is illustrated in FIGURE 2.6. 

The 0 antigen is generated in all individuals 
and consists of a particular carbohydrate group 
that is added to proteins. The ABO locus codes 
for a galactosyltransferase enzyme that puts an 
additional sugar group on the 0 antigen. The 
specificity ofthis enzyme determines the blood 
group. The A allele produces an enzyme that 
uses the cofactor UDP -N -acetylgalactose to form 
the A antigen. The B allele produces an enzyme 
that uses the cofactor UDP-galactose to form the 
B antigen. The A and B versions of the trans
ferase enzyme differ in four amino acids that 
presumably affect its recognition of the type of 
cofactor. The 0 allele has a small deletion that 
eliminates the activity ofthe transferase, so no 
modification of the 0 antigen occurs. 

This explains why A and B alleles are domi
nant in the AO and BO heterozygotes: The 
corresponding transferase activity forms the A 
orB antigen. The A and B alleles are codominant 
in AB heterozygotes because both transferase 
activities are expressed. The 00 homozygote is 
a null that has neither activity and therefore 
lacks both antigens. 

Neither A nor B alleles can be regarded 
as uniquely wild type because they represent 
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alternative activities rather than loss or gain 
of function. A situation such as this, in which 
there are multiple functional alleles in a popula
tion, is described as a polymorphism (see the 
chapter titled The C01ztent of the Genome) . 

1!1 Recombination Occurs by 
Physical Exchange of DNA 

Key concepts 

• Recombination is the result of crossing over that 
occurs at a chiasma during meiosis and involves 
two of the four chromatids . 

• Recombination occurs by a breakage and reunion 
that proceeds via an intermediate of heteroduplex 
DNA that depends on the complementarity of the 
two strands of DNA. 

• The frequency of recombination between two 
genes is proportional to their physical distance; 
recombination between genes that are very closely 
linked is rare. 

• For genes that are very far apart on a single 
chromosome, the frequency of recombination 
is not proportional to their physical distance 
because recombination happens so frequently. 

The term genetic recombination describes 
the generation of new combinations of alleles 
at each generation in diploid organisms. The 
two homologous copies of each chromosome 
may have different alleles at some loci. By the 
exchange of corresponding segments between 
the homologs, called crossing over, recombi
nant chromosomes that are different from the 
parental chromosomes can be generated. 

Recombination results from a physical 
exchange of chromosomal material. For exam
ple, recombination may result from the crossing 
over that occurs during meiosis (the special
ized division that produces haploid gametes). 
Meiosis starts with a cell that has duplicated 
its chromosomes so that it has four copies of 
each chromatid (one of two identical copies of a 
chromosome that remain joined following the 
chromosome's duplication). Early in meiosis, all 
four copies are closely associated (synapsed) in 
a structure called a bivale11t and, later, a tetrad. 

At this point, pairwise exchanges of material 
between two nonidentical (nonsister) chroma
tids (of the four total) may occur. 

The point of synapsis between homologs 
is called a chiasma and is illustrated diagram
matically in FIGURE 2.7 . A chiasma represents a 
site at which one DNA strand in each of two 
nonsister chromatids in a tetrad has been broken 
and exchanged. If during the resolution of the 
chiasma the previously unbroken strands are also 
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contains 4 
chromatids, 2 from each 
parent 

Chiasma 
is caused by 
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2 of the non sister chromatids 

Two chromatids remain 
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Recombinant chromatids 
contain material from each 
parent, and have new genetic 
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FIGURE 2.7 Chiasma formation at Prophase I of meiosis 
is responsible for generating recombinant chromosomes. 

broken and exchanged, recombinant chromatids 
will be generated. Each recombinant chroma
tid consists of material derived from one cluo
matid on one side ofthe chiasma, with material 
from the other chromatid on the opposite side. 
The two recombinant chromatids have reciprocal 
structures. The event is described as a "breakage 
and reunion." Because each individual crossing
over event involves only two of the four associ
ated chromatids, a single recombination event 
can produce only 50% recombinants. 

The complementarity ofthe two strands of 
DNA is essential for the recombination process. 
Each of the chromatids shown in Figure 2.7 
consists of a very long duplex of DNA. For them 
to be broken and reconnected without any loss 
of material requires a mechanism to recognize 
exactly corresponding positions; this mecha
nism is complementary base pairing. 

Recombination results from a process in 
which the single strands in the region of the 
crossover exchange their partners, resulting in 
a branch that may migrate for some distance 
in either direction. FIGURE 2.8 shows that this 
creates a stretch of heteroduplex DNA in which 
the single strand of one duplex is paired with 
its complement from the other duplex. Each 
duplex DNA corresponds to one of the cluo
matids involved in recombination in Figure 2.7. 
The mechanism, of course, involves other stages 
in which strands must be broken and religated, 
which we discuss in more detail in the chapter 
titled Homologous and Site-Specific RecombiTzation, 
but the crucial feature that makes precise 
recombination possible is the complementarity 
of DNA strands. Figure 2.8 shows only some 
stages of the reaction, but we see that a stretch of 
heteroduplex DNA forms in the recombination 

Parental DNA molecules 

DlUUUUUO�UU( 
:mum1rmurm�r: 

l 
Recombination intermediate 

Recombinants 

JDIDlDlD nmmr 
:mnlmumrmm 

FIGURE 2.8 Recombination involves pairing between 
complementary strands of the two parental duplex ON As. 

intermediate when a single strand crosses over 
from one duplex to the other. Each recombinant 
consists of one parental duplex DNA at the left, 
which is connected by a stretch of heteroduplex 
DNA to the other parental duplex at the right. 

The formation ofheteroduplex DNA requires 
the sequences of the two recombining duplexes 
to be close enough to allow pairing between the 
complementary strands. If there are no differ
ences between the two parental genomes in this 
region, formation of heteroduplex DNA will be 
perfect. However, pairing can still occur even 
when there are small differences. In this case, 
the heteroduplex DNA has points of mismatch, 
at which a base in one strand is paired with a base 
in the other strand that is not complementary to 
it. The correction of such mismatches is another 
feature of genetic recombination (see the chapter 
titled Repair Systems). 

Over chromosomal distances, recombina
tion events occur more or less at random with 
a characteristic frequency. The probability that 
a crossover will occur within any specific region 
of the chromosome is more or less proportional 
to the length of the region, up to a saturation 
point. For example, a large human chromo
some usually has three or four crossover events 
per meiosis, whereas a small chromosome may 
have only one on average. 

FIGURE 2.9 compares three situations: two 
genes on different chromosomes, two genes 
that are far apart on the same chromosome, and 
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FIGURE 2.9 Genes on different chromosomes segregate inde- Genes on dmerent chromosomes show 50% recombination 
pendently so that all possible combinations of alleles are pro
duced in equal proportions. Crossing over occurs so frequently 
between genes that are far apart on the same chromosome that 
they effectively segregate independently. But recombination 
is reduced when genes are closer together, and for adjacent 
genes it may hardly ever occur. 
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two genes that are close together on the same 
chromosome. Genes on different chromosomes 
segregate independently according to Mendel's 
principles, resulting in the production of 50% 
"parental" types and 50% "recombinant" types 
during meiosis. When genes are sufficiently far 
apart on the same chromosome, the probability 
of at least one crossover in the region between 
them becomes so high that their association 
is the same as that of genes on different chro
mosomes and they show 50% recombination. 

When genes are close together, though, 
the probability of a crossover between them 
is reduced, and recombination occurs only in 
some proportion of meioses. For example, if it 
occurs in one-quarter of the meioses, the overall 
rate of recombination is 12.5% (because a sin
gle recombination event produces 50% recom
bination, and this occurs in 25% of meioses). 
When genes are very close together, as shown 
in the bottom panel of Figure 2.9, recombina
tion between them may never be observed 
in phenotypes of multicellular eukaryotes 
(because they produce few offspring). 

This leads us to the concept that a cluo
mosome is an array of many genes. Each 
protein-coding gene is an independent unit 
of expression and is represented in one or 
more polypeptide chains. The properties of a 
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gene can be changed by mutation. The allelic 
combinations present on a chromosome can be 
changed by recombination. We can now ask, 
"What is the relationship between the sequence 
of a gene and the sequence of the polypeptide 
chain it encodes?" 

The Genetic Code Is Trip let 

Key concepts 

• The genetic code is read in triplet nucleotides 
called codons. 

• The triplets are nonoverlapping and are read from 
a fixed starting point. 

• Mutations that insert or delete individual bases 
cause a shift in the triplet sets after the site of 
mutation; these are frame shift mutations. 

• Combinations of mutations that together insert 
or delete three bases (or multiples of three) insert or 
delete amino acids, but do not change the reading 
of the triplets beyond the last site of mutation. 

Each protein -coding gene encodes a particular 
polypeptide chain. The concept that each poly
peptide consists of a particular series of amino 
acids dates from Sanger's characterization of 
insulin in the 1950s. The discovery that a gene 
consists of DNA presents us with the issue 
of how a sequence of nucleotides in DNA i s  



used to construct a sequence of amino acids 
in protein. 

The sequence of nucleotides in DNA is 
important not because of its structure per se, 
but because it wcodes the sequence of amino 
acids that constitutes the corresponding poly
peptide. The relationship between a sequence 
of DNA and the sequence of the corresponding 
polypeptide is called the genetic code. 

The structure and/or enzymatic activity of 
each protein follow from its primary sequence 
of amino acids and its overall conformation, 
which is determined by interactions between 
the amino acids. By determining the sequence 
of amino acids in each protein, the gene is able 
to carry all the information needed to specify an 
active polypeptide chain. In this way, a single 
type of structure-the gene-is able to direct 
the synthesis of many thousands of polypeptide 
types in a cell. 

Together the various proteins of a 
cell undertake the catalytic and structural 
activities that are responsible for establish
ing its phenotype. Of course, in addition to 
sequences that encode proteins, DNA also 
contains certain control sequences that are 
recognized by regulator molecules, usually 
proteins. Here the function of the DNA is 
determined by its sequence directly, not via 
any intermediary molecule. Both types of 
sequence-genes expressed as proteins and 
sequences recognized by proteins-constitute 
genetic information. 

The coding region of a gene is deciphered 
by a complex apparatus that interprets the 
nucleic acid sequence. This apparatus is essen
tial if the information carried in DNA is to have 
meaning. In any particular region, it is usually 
the case that only one of the two strands of 
DNA encodes a functional RNA, so we write the 
genetic code as a sequence of bases (rather than 
base pairs). (Recent evidence, discussed else
where in this text, suggests that both strands are 
transcribed in some regions, but in most cases it 
is not clear that both resulting transcripts have 
functional importance.) 

A coding sequence is read in groups of three 
nucleotides, each group representing one amino 
acid. Each trinucleotide sequence is called a 
codon. A gene includes a series of codons that 
is read sequentially from a starting point at one 
end to a termination point at the other end. 
Written in the conventional 5' to 3 '  direction, 
the nucleotide sequence of the DNA strand that 
encodes a polypeptide corresponds to the amino 

acid sequence of the polypeptide written in the 
direction from N-terminus to C-terminus. 

A coding sequence is read in 11onoverlapping 
triplets from a fixed starting point: 

• Nonoverlapping implies that each codon 
consists of three nucleotides and that 
successive codons are represented by 
successive trinucleotides. An individual 
nucleotide is part of only one codon. 

• The use of a fixed starting point means that 
assembly of a polypeptide must start at 
one end and work to the other, so that 
different parts of the coding sequence 
cannot be read independently. 

The nature of the code predicts that two 
types of mutations, base substitution and base 
insertion/deletion, will have different effects. If a 
particular sequence is read sequentially, such as 

UUU AAA GGG CCC (codons) 

aa 1 aa2 aa3 aa4 (amino acids) 

then a nucleotide substitution, or point muta
tion, will affect only one amino acid. For exam
ple, the substitution of an A by some other base 
(X) causes aa2 to be replaced by aa5 

UUU AAX GGG CCC 

a a 1 aa5 aa3 aa4 

because only the second codon has been 
changed. 

However, a mutation that inserts or deletes a 
single 11ucleotide will chmzge the triplet sets for the 
wtire subsequwt sequwce. A change of this sort 
is called a frameshift. An insertion might take 
the form 

UUU AAX AGG GCC C 

a a 1 aa5 aa6 aa7 

Because the new sequence of triplets is com
pletely different from the old one, the entire 
amino acid sequence of the polypeptide is 
altered downstream from the site of mutation, 
so the function ofthe protein is likely to be lost 
completely. 

Frameshift mutations are induced by the 
acridines, compounds that bind to DNA and 
distort the structure oft he double helix, causing 
additional bases to be incorporated or omitted 
during replication. Each mutagenic event in the 
presence of an acridine results in the addition 
or removal of a single base pair. 

If an acridine mutant is produced by, say, 
addition of a nucleotide, it should revert to wild 
type by deletion of the nucleotide. However, 
reversion also can be caused by deletion of a 
different base at a site close to the first. Combi
nations of such mutations provided revealing 
evidence about the nature of the genetic code. 
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• Wild-type sequence Mutant sequence 
FIGURE 2.10 Frameshift mutations show that the genetic 
code is read in triplets from a fixed starting point. 

FIGURE 2.10 illustrates the properties of 
frameshift mutations. An insertion or deletion 
changes the entire polypeptide sequence fol
lowing the site of mutation. However, the com
bination of an insertion a!ld a deletion of the 
same number of nucleotides causes the code 
to be read incorrectly only between the two 
sites of mutation; reading in the original frame 
resumes after the second site. 

In 1961, genetic analysis of acridine muta
tions in the rll region of the phage T4 showed 
that all the mutations could be classified into 
one of two sets, described as ( + ) and (-) . Either 
type of mutation by itself causes a frameshift: 
the ( +)  type by virtue of a base addition, and 
the (-) type by virtue of a base deletion. Double 
mutant combinations of the types ( + + )  and 
( - - )  continue to show mutant behavior. 
However, combinations of the types ( + - )  or 
( - + ) suppress one another, so that one muta
tion is described as a frameshift suppressor of the 
other. (In the context ofthis work, "suppressor" 
is used in an unusual sense because the second 
mutation is in the same gene as the first; in fact, 
these are second-site reversions.) 

These results show that the genetic code 
must be read as a sequence that is fixed by the 
starting point. Therefore, a single nucleotide 
addition and deletion compensate for each 
other, whereas double additions or double dele
tions remain mutant. However, these obser
vations do not suggest how many nucleotides 
make up each codon. 
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When triple mutants are constructed, only 
( + + + ) and (---)  combinations show the 
wild-type phenotype, whereas other combi
nations remain mutant. If we take three single 
nucleotide additions or three deletions to cor
respond respectively to the addition or omis
sion overall of a single amino acid, this implies 
that the code is read in triplets. An incorrect 
amino acid sequence is found between the two 
outside sites of mutation and the sequence on 
either side remains wild type, as indicated in 
Figure 2 .10 .  

Ill Every Coding Sequence 
Has Three Possible 
Reading Frames 

Key concept 
• Usually only one of the three possible reading 

frames is translated and the other two are closed 
by frequent termination signals. 

If the genetic code is read in nonoverlapping 
triplets, there are three possible ways of trans
lating any nucleotide sequence into polypep
tide, depending on the starting point. These are 
called reading frames. For the sequence 

A C G A C G A C G A C G A C G A C G  

the three possible reading frames are 

ACG ACG ACG ACG ACG ACG ACG 

CGA CGA CGA CGA CGA CGA CGA 

GAC GAC GAC GAC GAC GAC GAC 

A reading frame that consists exclusively 
of triplets encoding amino acids is called an 
open reading frame (ORF). A sequence 
that is translated into polypeptide has a read
ing frame that starts with a special initiation 

codon (AUG) and then extends through a 
series of triplets encoding amino acids until 
it ends at one of three termination codons 

(see the chapter ti tied Using the Ge11etic Code). 

A reading frame that cannot be read into 
polypeptide because termination codons occur 
frequently is said to be closed, or blocked. 

If a sequence is closed in all three reading 
frames, it cannot have the function of en cod
ing polypeptide. 

When the sequence of a DNA region of 
unknown function is obtained, each possible 
reading frame can be analyzed to determine 
whether it is open or closed. Usually no more 
than one of the three possible reading frames is 
open in any single stretch of DNA. FIGURE 2.11 



shows an example of a sequence that can 
be read in only one reading frame because 
the alternative reading frames are closed by 
frequent termination codons. A long, open 
reading frame is unlikely to exist by chance; 
if it had not been translated into polypeptide, 
there would have been no selective pres
sure to prevent the accumulation of termi
nation codons. Therefore, the identification 
of a lengthy open reading frame is  taken to 
be prima facie evidence that the sequence is 
(or until recently has been) translated into a 
polypeptide in that frame. An ORF for which 
no protein product has been identified is 
sometimes called an unidentified reading 

frame (URP). 

fll Bacterial Genes Are 
Coli near with Their 
Products 

Key concepts 
• A bacterial gene consists of a continuous length 

of 3N nucleotides that encodes N amino acids_ 

• The gene is coli near with both its m RNA and 
polypeptide products. 

By comparing the nucleotide sequence of a 
gene with the amino acid sequence of its poly
peptide product, we can determine whether 
the gene and the polypeptide are colinear

that is, whether the sequence of nucleotides in 
the gene exactly corresponds to the sequence 
of amino acids in the polypeptide. In bacteria 
and their viruses, genes and their products are 

colinear. Each gene is a continuous stretch of 
DNA with a coding region that is three times 
the number of amino acids in the polypeptide 
that it encodes (due to the triplet nature of the 
genetic code). In other words, if a polypeptide 

contains N amino acids, the gene encoding that 
polypeptide contains 3N nucleotides. 

The equivalence of the bacterial gene and 
its product means that a physical map of DNA 
will exactly match an amino acid map of the 
polypeptide. How well do these maps match 

the recombination map? 
The colinearity of gene and polypeptide 

was originally investigated in the tryptophan 
synthetase gene of E. coli. Genetic distance was 
measured by the percentage of recombination 
between variable sites; amino acid distance was 
measured as the number of amino acids sepa
rating sites of replacement. FIGURE 2.12 com-

Initiation Only one open reading frame Termination 
rl, 

Second reading frame is closed Third reading frame is closed 
FIGURE 2.11 An open reading frame starts with AUG and continues 
in triplets to a termination codon. Closed reading frames may be 
interrupted frequently by termination codons. 

pares the two maps. The order of seven variable 
sites is the same as the order of the correspond

ing sites of amino acid replacement, and the 
recombination distances are roughly sintilar to 

the actual distances in the protein. The recom
bination map expands the distances between 

some variable sites, but otherwise there is little 
distortion of the recombination map relative to 
the physical map. 

The recombination map leads to two 
further general points about the organization 
of the gene. Different mutations may cause a 
wild-type amino acid to be replaced with differ
ent alternatives. If two such mutations cannot 
recombine, they must involve different point 
mutations at the same position in DNA. If the 
mutations can be separated on the genetic map 
but affect the same amino acid on the upper 
map (the connecting lines converge in the 
figure), they must involve point mutations at  
different positions in the same codon. This hap
pens because the unit of genetic recombination 
( I  bp) is smaller than the unit encoding the 
amino acid (3 bp). 

'it Wild-type protein 
' 
' 
' 

..__.,.-A ... mino acid map of 

' 
:-Distance between ' 
I I 

@ ' 

:e " 
" 
" 

�ecombination ma� be•n• 
' 

Mutant protein e � 

Different mutations 
at same position 

Mutations can be 
separated but 
affect same position 

FIGURE 2.12 The recombination map of the trypto
phan synthetase gene corresponds with the amino acid 
sequence of the polypeptide. 
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fill Several Processes Are 
Required to Express 
the Product of a Gene 

Key concepts 
• A typical bacterial gene is expressed by transcrip

tion into mRNA and then by translation of the 
m RNA into polypeptide. 

• In eukaryotes, a gene may contain introns that are 
not represented in the polypeptide product. 

• Introns are removed from the pre-mRNA transcript 
by splicing to give an m RNA that is colin ear with 
the polypeptide product. 

• Each mRNA consists of an u ntranslated 5 '  leader, a 
coding region, and an u ntranslated 3 '  trailer. 

In comparing a gene and its polypeptide 
product, we are restricted to the sequence of 
DNA that lies between the points corresponding 
to the N-terminus and C-terminus of the poly
peptide. However, a gene is not directly trans
lated into polypeptide but is expressed via the 
production of a messenger RNA (mRNA), a 
nucleic acid intermediate actually used to syn
thesize a polypeptide (as we see in detail in the 
chapter titled Translatiou) .  

Messenger RNA is synthesized by the same 
process of complementary base pairing used to 
replicate DNA, with the important difference 
that it corresponds to only one strand of the 
DNA double helix. FIGURE 2.13 shows that 
the sequence of mRNA is complementary to 
the sequence of one strand of DNA-called the 
antisense (or template) strand-and is iden
tical (apart from the replacement ofT with U )  
to the other strand of DNA-called the coding 

(or sense) strand. The convention for writing 
DNA sequences is that the top strand is the cod
ing strand and runs 5 '  to 3' .  

The process by which information from 
a gene is used to synthesize an RNA or poly
peptide product is called gene expression. In 
bacteria, expression of a structural gene consists 

DNA consists of two base-paired strands 
top strand 

5' ATGCCGTTAGACCGTTAGCGGACCTGAC 
3 '  TACGGCAATCTGGCAATCGCCTGGACTG 

bottom strand I RNA "'synthesis 

5'AUGCCGUUAGACCGUUAGCGGACCUGAC 3' 
RNA has same sequence as DNA top strand: 
is complementary to DNA bottom strand 

FIGURE 2.13 RNA is synthesized by using one strand 
of DNA as a template for complementary base pairing. 

38 CHAPTER 2 Genes Encode RNAs and Polypeptides 

S'UTR 
s' 

Length of RNA defines region of gene 

N 
t 

� · � · · � · · · � · � � · � ·· · · · · · · · · � · ·· . .. .. . . .. . . . . 

Protein defines coding region 

c Protein 

FIGURE 2.14 The gene is usually longer than the 
sequence encoding the polypeptide. 

of two stages. The first stage is transcription, 

when an mRNA copy of the coding strand 
of the DNA is produced. The second stage is 
translation of the mRNA into polypeptide. 
This is the process by which the sequence of 
an mRNA is read in triplets to give the series 
of amino acids that make the corresponding 
polypeptide. 

An mRNA includes a sequence of nucleo
tides that corresponds with the sequence of 
amino acids in the polypeptide. This part of the 
nucleic acid is called the coding region. How
ever, the mRNA includes additional sequences 
on either end that do not encode amino acids. 
The 5' untranslated region is called the leader, 

or 5 '  UTR, and the 3'  untranslated region is 
called the trailer, or 3' UTR. 

The gene includes the entire sequence 
represented in messenger RNA. Sometimes 
mutations impeding gene function are found 
in the additional, noncoding regions, confirm
ing the view that these comprise a legitimate 
part of the genetic unit. FIGURE 2.14 illustrates 
this situation, in which the gene is considered to 
comprise a continuous stretch of DNA needed 
to produce a particular polypeptide, including 
the leader, the coding region, and the trailer. 

A bacterial cell has only a single compart
ment, so transcription and translation occur in 
the same place, as illustrated in FIGURE 2.15. In 
eukaryotes transcription occurs in the nucleus, 
but the mRNA product must be transported to 
the cytoplasm in order to be translated. This 
results in a spatial separation between tran
scription (in the nucleus) and translation (in the 
cytoplasm). However, for eukaryotic genes, the 
primary transcript of the gene is a pre-mRNA 

that requires processing to generate the mature 
mRNA. The basic stages of gene expression in a 
eukaryote are outlined in FIGURE 2.16. 

The most important stage in RNA process

ing is splicing. Many genes in eukaryotes (and 
a majority in multicellular eukaryotes) contain 
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FIGURE 2.15 Transcription and translation take place in 
the same compartment in bacteria. 

internal regions called introns that do not carry 
coding information for the polypeptide prod
ucts encoded by those genes. The process of 
splicing removes introns from the pre-mRNA 
to generate an RNA that has a continuous, open 
reading [rame. The remaining expressed regions 
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� � 
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CYTOPLASM 

Ribosome 

( Translation) 
� � 

Protein 

FIGURE 2.16 In eukaJYotes, transcription occurs in the 
nucleus and translation occurs in the cytoplasm. 

of the mRNA are called exons. Other pro

cessing events that occur at this stage involve 
the modification of the 5 '  and 3' ends of the 
pre-mRNA. 

Translation is accomplished by a complex 
apparatus that includes both protein and RNA 
components. The actual "machine" that under
takes the process is the ribosome, a large com
plex thatindudes some large RNAs-ribosomal 

RNAs (rRNAs)-and many small proteins. 
The process of recognizing which amino acid 
corresponds to  a particular nucleotide trip
let requires an intermediate transfer RNA 

(tRNA); there is at least one tRNA species for 
every amino acid. Many ancillary proteins are 
involved. We describe translation in the chap
ter titled Trauslatio11, but note for now that the 
ribosomes are the large structures in Figure 2 .16  
that translate the mRNA. 

It is an important point to note that the 
process of gene expression involves RNA not 
only as the essential substrate but also in pro
viding components of the apparatus. The rRNA 
and tRNA components are encoded by genes 
and are generated by the process of transcrip
tion (like 1nRNA), but they are not translated 
to polypeptide. 

Proteins Are trans -Acting 
but Sites on DNA Are 
cis-Acti ng 

Key concepts 

• All gene products (RNA or polypeptides) are 
trans-acting. They can act on any copy of a gene 
in the cell. 

• cis-acting mutations identify sequences of DNA that 
are targets for recognition by trans-acting products. 
They are not expressed as RNA or polypeptide and 
affect only the contiguous stretch of DNA. 

A crucial progression in the definition of 
the gene was the realization that all its parts 
must be present on one contiguous stretch 
of DNA. In genetic terminology, sites that 
are located on the same DNA are said to be 
in cis. Sites that are located on two different 

molecules of DNA are described as being in 
tra11s. So two mutations may be in cis (on the 
same DNA) or in trans (on different DNAs). 
The complementation test uses this concept 
to determine whether two mutations are in 
the same gene (see the section earlier in this 
chapter ti tied Mutations in the Same Gene Ca11110t 

Complement). We may now extend the concept 
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Protein binds 
at control site 

RNA 

FIGURE 2.17 Control sites in DNA provide binding 
sites for proteins; coding regions are expressed via the 
synthesis of RNA. 

of the difference between cis and trans effects 
from defining the coding region of a gene to 
describing the interaction between a gene and 
its regulatory elements. 

Suppose that the ability of a gene to be 
expressed is controlled by a protein that binds 
to the DNA close to the coding region. In the 
example depicted in FIGURE 2.17, RNA can be 
synthesized only when the protein is bound to 
a control site on the DNA. Now suppose that a 
mutation occurs in the control site so that the 
protein can no longer bind to it. As a result, the 
gene can no longer be expressed. 

Both alleles synthesize RNA in wild type 

Control site mutation affects only contiguous DNA 
Mutation 

NO RNA SYNTHESIS FROM ALLELE 1 

RNA synthesis I 
continues from allele 2 .., 

FIGURE 2.18 A cis-acting site controls expression of the 
adjacent DNA but does not influence the homologous 
allele. 
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Gene expression can be inactivated either by a 
mutation ill a control site or by a mutation i1z a codi11g 
regi01z. The mutations cannot be distinguished 
genetically because both have the property of 
acting only on the DNA sequence of the single 
allele in which they occur. They have identical 
properties in the complementation test, so a 
mutation in a control region is defined as com
prising part of the gene in the same way as a 
mutation in the coding region. 

FIGURE 2.18 shows that a deficiency in the 
control site affects o11ly the coding region to which it 
is comzeded; it does 11ot affect the ability of the homo
logous allele to be expressed. A mutation that acts 
solely by affecting the properties of the con
tiguous sequence of DNA is called cis-acting. 

It should be noted that in many eukaryotes the 
control region can influence the expression of 
DNA at some distance, but nonetheless the con
trol region is on the same DNA molecule as the 
coding sequence. 

We may contrast the behavior of the cis
acting mutation shown in Figure 2 . 1 8  with the 
result of a mutation in the gene encoding the 
regulatory protein. FIGURE 2.19 shows that 
the absence of regulatory protein would prevent 
both alleles from being expressed. A mutation 
of this sort is said to be trans-acting. 

The active protein acts on both alleles 

t ! 

! 
Mutant protein cannot bind to either allele 

NO RNA SYNTHESIZED FROM ALLELE 1 

NO RNA SYNTHESIZED FROM ALLELE 2 

FIGURE 2.19 A trans-acting mutation 
in a gene for a 

regulatory protein affects both alleles of a gene that it 
controls. 



Reversing the argument, if a mutation 
is trans-acting, we know that its effects must 
be exerted through some diffusible product 
(either a protein or a regulatory RNA) that acts 
on multiple targets within a cell. However, if 
a mutation is cis-acting, i t  must function by 
directly affecting the properties of the contigu
ous DNA, which means that it is not expressed ill 

the form of RNA or protein . 

11!1 Summary 
A chromosome consists of an uninterrupted 
length of duplex DNA that contains many 
genes. Each gene (or cistron) is transcribed 
into an RNA product, which in turn is trans
lated into a polypeptide sequence if i t  is a 
structural gene. An RNA or protein product 
of a gene is said to be trails-acting. A gene is 
defined as a unit of a single stretch of DNA by 
the complementation test. A site on DNA that 
regulates the activity of an adjacent gene is said 
to be cis-acting. 

When a gene encodes a polypeptide, the 
relationship between the sequence of DNA 
and sequence of the polypeptide is given by 
the genetic code. Only one of the two strands of 
DNA encodes polypeptide. A codon consists of 
three nucleotides that represent a single amino 
acid. A coding sequence of DNA consists of a 
series of codons, read from a fixed starting point 
and nonoverlapping. Usually only one of the 
three possible reading frames can be translated 
into polypeptide. 

A gene may have multiple alleles. Recessive 
alleles are caused by loss-of-function mutations 
that interfere with the function of the protein . A 
null allele has total loss of function. Dominant 
alleles are caused by gain-of-function muta
tions that create a new property in the protein. 
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Methods in Molecular Biology 
and Genetic Engineering 

CHAPTER OUTLINE J 
UM Introduction 

•• Nucleases 
• Nucleases hydrolyze an ester bond within a 

phosphodiester bond. 
• Phosphatases hydrolyze the ester bond in a 

phosphomonoester bond. 
• Nucleases have a multiplicity of specificities. 
• Restriction endonucleases can be used to cleave DNA 

into defined fragments. 
• A map can be generated by using the overlaps between 

the fragments generated by different restriction 
enzymes. 

MW Cloning 

42 

• Cloning a fragment of DNA requires a specially 
engineered vector. 

• Bluejwhite selection allows the identification of 
bacteria that contain the vector plasmid and vector 
plasmids that contain an insert. 

Cloning Vectors Can Be Specialized for 
Different Purposes 

• Cloning vectors may be bacterial plasmids, phages, 
cosmids, or yeast artificial chromosomes. 

• Shuttle vectors can be propagated in more than one 
type of host cell. 

• Expression vectors contain promoters that allow 
transcription of any cloned gene. 

• Reporter genes can be used to measure promoter 
activity or tissue-specific expression. 

• Numerous methods exist to introduce DNA into 
different target cells. 

Nucleic Acid Detection 

• Hybridization of a labeled nucleic acid to complemen
tary sequences can identify specific nucleic acids. 

*D DNA Separation Techniques 

• Gel electrophoresis separates DNA fragments by size, 
using an electric current to cause the DNA to migrate 
toward a positive charge. 

• DNA can also be isolated using density gradient 
centrifugation. 

DNA Sequencing 

• Classical chain termination sequencing uses 
dideoxynucleotides (ddNTPs) to terminate DNA 
synthesis at particular nucleotides. 

• Auorescently tagged ddNTPs and capillary gel 
electrophoresis allow automated, high-throughput 
DNA sequencing. 

• The next generation of sequencing techniques aims 
to increase automation and decrease time and cost of 
sequencing. 



CHAPTER OUTLINE, CONTINUED J 
WI:M PCR and RT-PCR 

• PCR permits the exponential amplification of a desired 
sequence, using primers that anneal to the sequence 
of interest. 

• RT -PCR uses reverse transcriptase to convert RNA to 
DNA for use in a PCR reaction. 

• Real-time, or quantitative, PCR detects the products of 
PCR amplification during their synthesis, and is more 
sensitive and quantitative than conventional PCR. 

• PCR depends on the use of thermostable DNA 
polymerases that can withstand multiple cycles of 
template denaturation. 

Blotti ng Methods 
• Southern blotting involves the transfer of DNA from a 

gel to a membrane, followed by detection of specific 
sequences by hybridization with a labeled probe. 

• Northern blotting is similar to Southern blotting, but 
involves the transfer of RNA from a gel to a membrane. 

• Western blotting entails separation of proteins on 
a sodium dodecyl sulfate (SDS) gel, transfer to a 
nitrocellulose membrane, and detection of proteins of 
interest using antibodies. 

Ut•l DNA Microarrays 
• DNA microarrays comprise known DNA sequences 

spotted or synthesized on a small chip. 
• Genome-wide transcription analysis is performed using 

labeled eDNA from experimental samples hybridized to 
a microarray containing sequences from all ORFs of the 
organism being used. 

• SNP arrays permit genome-wide genotyping of single 
nucleotide polymorphisms. 

• Array-comparative genomic hybridization (array-CGH) 
allows the detection of copy number changes in any 
DNA sequence compared between two samples. 

Ull Chromatin Immunoprecipitation 
• Chromatin immunoprecipitation allows detection of 

specific protein-DNA interactions in vivo. 
• "ChiP on chip" or "ChiP-seq" allows mapping of all the 

protein-binding sites for a given protein across the 
entire genome. 

Ut.l Gene Knockouts and Transgenics 
• Embryonic stem (ES) cells that are injected into a 

mouse blastocyst generate descendant cells that 
become part of a chimeric adult mouse. 

• When the ES cells contribute to the germline, the next 
generation of mice may be derived from the ES cell. 

• Genes can be added to the mouse germline by 
transfecting them into ES cells before the cells are 
added to the blastocyst. 

• An endogenous gene can be replaced by a transfected 
gene using homologous recombination. 

• The occurrence of successful homologous recombina
tion can be detected by using two selectable markers, 
one of which is incorporated with the integrated gene, 
the other of which is lost when recombination occurs. 

• The Crejlox system is widely used to make inducible 
knockouts and knock-ins. 

UU Summary 

Introducti o n  
Today, the field of molecular biology focuses 
on the mechanisms by which cellular pro
cesses are carried out by the various biological 
macromolecules in the cell, with a particular 
emphasis on the structure and function of 
genes and genomes. Molecular biology as a 
field, however, was originally born from the 
development of tools and methods that allow 
the direct manipulation of DNA both in vitro 
and in vivo in numerous organisms. 

Two essential items in the molecular biolo
gist's toolkit are restriction endonucleases, 

which allow DNA to be cut into precise pieces, 
and cloning vectors, such as plasmids or 
phages used to "carry" inserted foreign DNA 
fragments for the purpose of producing more 
material or a protein product. The term genetic 
wgineering was originally used to describe the 
range of manipulations of DNA that become 
possible with the ability to clone a gene by 
placing its DNA into another context in which 

it could be propagated. From this beginning, 
when recombinant DNA was used as a tool 
to analyze gene structure and expression, we 
moved to the ability to change the DNA con
tent of bacteria and eukaryotic cells by directly 
introducing cloned DNA that could become 
part of the genome. Then, by changing the 
genetic content in conjunction with the ability 
to develop an animal from an embryonic cell, 
it became possible to generate multicellular 
eukaryotes with deletions or additions of spe
cific genes that are inherited via the germline. 
We now use genetic engineering to describe a 
range of activities including the manipulation of 
DNA, the introduction of changes into specific 
somatic cells within an animal or plant, and 
even changes in the germline itself. 

As research has advanced, more and more 
sensitive methods for detecting and amplify
ing DNA have been developed. Now that we 
have entered the era of routine whole-genome 
sequencing, methods to assess the content, 
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nGURE 3.1 The target of a phosphatase is shown in (a), a 
terminal phosphomonoester bond. The target of a nuclease is 
shown in (b), the phosphodiester bond between two adjacent 
nucleotides. Note that the nuclease can cleave either the 
first ester bond from the 3 ' end of the terminal nucleotide 
(b1) or the second ester bond from the 5 '  end of the next 
nucleotide (b2). Nucleases can cleave internal bonds (c) as 
an endonuclease, or start from an end and progress into the 
fragment (d) as an exonuclease. 

function, and expression of entire genomes 
have become commonplace . This chapter dis
cusses some of the most common methods 
used in molecular biology, ranging from the 
very first tools developed by molecular biolo
gists, to some of the most recently developed 
methods now in use. 

Nudeases 

Key concepts 

• Nucleases hydrolyze an ester bond within a 
phosphodiester bond. 

• Phosphatases hydrolyze the ester bond in a 
phosphomonoester bond. 

• Nucleases have a multiplicity of specificities. 

• Restriction endonucleases can be used to cleave 
DNA into defined fragments. 

• A map can be generated by using the overlaps 
between the fragments generated by different 
restriction enzymes. 
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Nucleases are one of the most valuable tools 
in a molecular biology laboratory. One class 
of enzymes, the restriction endonucleases dis
cussed shortly, was critical for the cloning revo
lution. Nucleases are enzymes that degrade 
nucleic acids, the opposite function ofpolymer
ases. They hydrolyze, or break, an ester bond 
in a phosphodiester linkage between adjacent 
nucleotides in a polynucleotide chain as shown 
in FIGURE 3.1. 

There is another, related class of enzymes 
that can hydrolyze an ester bond in a nucleo
tide chain-a monoesterase, usually called a 
phosphatase. The critical difference between 
a phosphatase and a nuclease is shown in 
Figure 3 . I .  A phosphatase can only hydrolyze a 
terminal ester bond linking a phosphate (or di · 

or triphosphate) to a terminal nucleotide at the 
3 '  or 5' end, while a nuclease can hydrolyze an 
internal ester bond in a diester link, between 
adjacent bases. 

Phosphatases are important enzymes in 
the laboratory because they allow the removal 
of a terminal phosphate from a polynucleotide 
chain. This is often required for a subsequent 
step of connecting, or ligating, chains together. 
This also allows one to replace the phosphate 
with a radioactive 32P molecule. 

Nucleases can be divided into groups 
based on a number of different features. First, 
we can distinguish between endonucleases 

and exonucleases as shown in Figure 3 . I .  An 
endonuclease can hydrolyze internal bonds 
within a polynucleotide chain, whereas an 
exonuclease must start at the end of a chain 
and hydrolyze from that end position. 

The specificity of nucleases ranges from 
none to extreme. Nucleases may be specific for 
DNA, as DNases, or RNA, as RNases, or even 
be specific for a DNA/RNA hybrid, as RNaseH 
(which cleaves the RNA strand of a hybrid 
duplex). Nucleases may be specific for either 
single-strand nucleotide chains, duplex chains, 
or both. 

When a nuclease, either endo- or exo-, 
hydrolyzes an ester bond in a phosphodiester 
linkage, it will have specificity for either of the 
two ester bonds, generating either 5 '  nucleo
tides or 3 '  nucleotides, as seen in Figure 3 . I .  An 
exonuclease may attack a polynucleotide chain 
from either the 5 '  end and hydrolyze 5 '  to 3 '  or 
attack from the 3 '  end and hydrolyze 3 '  to 5 ', 
as shown in Figure 3 . I .  

Nucleases may have a sequence prefer
ence, such as pancreatic RNase A, which pref
erentially cuts after a pyrimidine, or T I  RNase, 



which cuts single-stranded RNA chains after a 
G. At the extreme end of sequence specificity 
lie the restriction endonucleases, usually called 
restriction euzymes. These are endonucleases 
from eubacteria and archaea that recognize a 
specific DNA sequence. Their name typically 
derives from the bacteria in which they were dis
covered. For example, EcoR I is the first restric
tion enzyme from an Escherichia coli R strain. 

Broadly speaking, there are three differ
ent classes of restriction enzymes and several 
subclasses. In I978, the Nobel Prize in Medi
cine was awarded to Daniel Nathans, Werner 
Arber, and Hamilton Smith for the discovery of 
restriction endonucleases. It was this discovery 
that enabled scientists to develop the methods 
to clone DNA, as shown in the next section. 
Thousands of restriction enzymes are known, 
many of which are now commercially available. 
Restriction enzymes have to do two things: ( I )  
recognize a specific sequence, and (2) cut, or 
restrict, at or near that sequence. 

The type II restriction enzymes (with sev
eral subgroups) are the most common. Type 
II enzymes are distinguished because the 
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recognition site and cleavage site are the same. 
These sites range in length from 4 to 8 bp. The 
sites are typically inversely palindromic, that is, 
reading the same forward and backward on 
complementary strands as shown in FIGURE 3.2. 

Restriction enzymes can cut the DNA in two dif
ferent ways, as shown in Figure 3 .2. The first and 
more common is a staggered cut, which leaves 
single-stranded overhangs, or "sticky ends." 
The overhang may be a 3 '  or a 5 '  overhang. 
The second way is a blunt double-stranded cut, 
which does not leave an overhang. An addi
tional level of specificity determines whether 
or not the enzyme will cut DNA containing a 
methylated base. The degree of specificity in the 
site also varies. Most enzymes are very specific, 
while some will allow multiple bases at one or 
two positions within the site. 

Restriction enzymes from different bacteria 
may have the same recognition site but cut the 
DNA differently. One may make a blunt cut 
and the other may make a staggered cut, or one 
may leave a 3 '  overhang while the second may 
leave a 5 '  overhang. These different enzymes 
are called isoschizomers. 

(b) 
Haelll 

y 
3 ·  \IV GGCC \IV 
s·/V\. CCGG IV\ 

A 

l 
3 .  \IVGG 

s-/V\ cc 

+ 
cc \IV 
GG /V\. 

FIGURE 3.2 (a) A restriction endonuclease may cleave its recognition site and make a 
staggered cut, leaving a 5 '  overhang or a 3 ' overhang_ (b) A restriction endonuclease 
may cleave its recognition site and make a blunt end cut 
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FIGURE 3.3 A restriction map is a linear sequence of 
sites separated by defined distances on DNA. The map 
identifies the three sites cleaved by enzyme A and the 
two sites cleaved by enzyme B. Thus A produces four frag
ments, which overlap those of 8, and B produces three 
fragments, which overlap those of A. 

Types I and III enzymes differ from type II 
enzymes in that the recognition site and cleav
age site are different and are usually not palin
dromes. With a type I enzyme, the cleavage site 
can be up to l 000 bp away from the recognition 
site. Type III enzymes have closer cleavage sites, 
usually 20 to 30 bp away. 

A restriction map represents a linear sequence 
of the sites at which particular restriction 
enzymes find their targets. When a DNA mol
ecule is cut with a suitable restriction enzyme, 
it is cleaved into distinct, negatively charged 
fragments. These fragments can be separated 
on the basis of their size by gel electrophore
sis (described later, in the section titled DNA 

Separation Techniques). By analyzing the restric
tion fragments of DNA, it is possible to gener
ate a map of the original molecule in the form 
shown in FIGURE 3.3 . The map shows the posi
tions at which particular restriction enzymes 
cut DNA. The DNA is divided into a series of regions 

of defined lmgths that lie betwem sites recognized by 
the restriction mzymes. A restriction map can be 
obtained for any sequence of DNA, irrespec
tive of whether we have any knowledge of its 
function. If the sequence of the DNA is known, 
a restriction map can be generated in silica by 
simply searching for the recognition sites of 
known enzymes. Knowing the restriction map 
of a DNA sequence of interest is extremely valu
able in DNA cloning, which is described in the 
next section. 

Cloning 

Key concepts 

• Cloning a fragment of DNA requires a specially 
engineered vector. 

• Bluejwhite selection allows the identification 
of bacteria that contain the vector plasmid and 
vector plasmids that contain an insert. 

Cloning has a simple definition: To clone is 
to make identical copies, whether it is done by 
a copy machine on a piece of paper, cloning 
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Dolly the sheep, or cloning DNA, which is 
discussed here. Cloning can also be considered 
an amplification process, in which we cur
rently have one copy and we want many iden
tical copies. Cloning DNA typically involves 
recombinant DNA. This also has a simple 
definition: a DNA molecule from two (or more) 
different sources. 

In order to clone a fragment of DNA, a 
recombinant DNA molecule must be created 
and copied many times. There are two different 
DNAs needed: a vector, or cloning vehicle, and 
an insert, or the molecule to be cloned. The 
two most popular classes of vectors are derived 
from plasmids and viruses, respectively. 

Over the years, vectors have been speci fi
cally engineered for safety, selection ability, 
and high growth rate. "Safety" means that the 
vector will not integrate into a genome (unless 
engineered specifically for that purpose) and 
the recombinant vector will not autotransfer 
to another cell. (We discuss selectio11 later.) In 
general, about a microgram of vector DNA will 
be ligated with about a microgram of the insert 
DNA that we wish to clone. Both the vector 
and insert should be restricted with the same 
restriction endonuclease to create compatible 
DNA ends. 

Let us now examine the details and the 
variables that will affect the process, begin
ning with the insert, the DNA fragment that 
we want to amplify. The insert could come 
from one of many different sources, such as 
restricted genomic DNA-either size selected 
on an agarose gel or unselected, a larger frag
ment from another clone to be subcloned (i.e., 
taking a smaller part of the larger fragn1ent), 
a PCR fragment (see the section later in this 
chapter titled PCR and RT-PCR), or even a DNA 
fragment synthesized i11 vitro. The size and the 
nature of the fragment ends must be known. 
Are the ends blunt or do they have overhanging 
single strands (recall the section titled Nucleases 
earlier in this chapter), and if so, what are 
their sequences? The answer to this question 
comes from how the fragments were created 
(what restriction enzyme[s] were used to cut 
the DNA, or what PCR primers were used to 
amplify the DNA). 

The vector is selected based on the answers 
to these questions. For this exercise, a com
mon type of plasmid cloning vector called a 
blue/white selection vector is used, as shown in 
FIGURE 3.4. This vector has been constructed 
with a number of important elements. It has 
an ori, or origin of replication (see the chapter, 
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FIGURE 3.4 (a) A plasmid that contains three key sites (an origin of replication, ori; a gene for a mpicillin resistance, amp'; and tacZ 
with an MCS), together with the insert DNA to be cloned, is restricted with EcoRl. (b) Restricted insert fragments and vector will be 
combined, and (c) ligated together. The final pool of this DNA will be transformed into E. coli. 

DNA Replication), to allow plasmid replication, 
which will provide the actual amplification 
step, in a bacterial cell. It contains a gene that 
codes for resistance to the antibiotic ampicillin, 
amp', which will allow selection of bacteria that 
contain the vector. It also contains the E. coli 
lacZ gene (see the chapter, The Opero11), which 
will allow selection of an insert DNA fragment 
in the vector. 

The lacZ gene has been engineered to 
contain a multiple cloning site (MCS ) . 
This is an oligonucleotide sequence with a 
series of different restriction endonuclease 
recognition sites arranged in tandem in the 
same reading frame as the lacZ gene itself. 
This is the heart of blue/white selection. 
The lacZ gene codes for the 13-galactosidase 
(13-gal) enzyme, which cleaves the galactoside 
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bond in lactose. It will also cleave the galac
toside bond in an artificial substrate called 
X -gal ( 5 -bromo-4-chloro-3 -indolyl-beta -D
galactopyranoside), which can be added to 
bacterial growth media and has a blue color 
when cleaved by the intact enzyme. !fa frag
ment of DNA is cloned (inserted) into the MCS, the 
lacZ gene will be disrupted, inactivating it, and 
the resulting 13-gal will no longer be able to cleave 
X-gal, resulting in white bacterial colonies rather 
than blue colonies. This is the blue/white selec
tion mechanism. 

Let us now begin the cloning experiment. 
Following along in Figure 3.4, both the vector 
and the insert are cut with the same restric
tion enzyme in order to generate compatible 
single-stranded sticky ends. The variables here 
are the ability to select different enzymes that 
recognize different restriction sites as long as 
they generate the same overhang sequence. 
An enzyme that makes a blunt cut can also be 
used, although that will make the next step, 
ligation, less efficient. Two completely differ
ent ends with different overhangs can also be 
used if an exonuclease is used to trim the ends 
and produce blunt ends. (Continuing with 
the same reasoning, randomly sheared DNA 
can also be used if the ends are then blunted 
for ligation.) If forced to use a type I or type 
III restriction enzyme, the ends must also be 
blunted. An important alternative is to use two 
different restriction enzymes that leave differ
ent overhangs on each end. The advantages to 
this are that neither the vector nor the insert 
will self-circularize, and the orientation of how 
the insert goes into the vector can be controlled; 
this is called directional cloning. Select the vec
tor that has the appropriate restriction endo
nuclease sites. 

The next step is to combine the two pools 
of DNA fragments, vector and insert, in order 
to connect or ligate them. A 5 - or I 0-to-l 
molar ratio of insert to vector is usually used. 
Too much vector and vector-vector dimers 
will be produced. Too much insert and mul
tiple inserts per vector will be produced. The 
size of the insert is important; too large (over 
- 1 0  kilobases [kb]) an insert will not be effi 
ciently cloned in a plasmid vector, which will 
necessitate using an alternative virus-based 
vector. Ligation is often performed overnight 
on ice to slow the ligation reaction down and 
generate fewer multimers. 

The pool of randomly generated ligated 
DNA molecules is now used to "transform" 
E. coli. Transformation is the process by which 
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DNA is introduced into a host cell. E. coli does 
not normally undergo physiological transfor
mation. As a result, DNA must be forced into 
the cell. There are two common methods of 
transformation: washing the bacteria in a high 
salt wash of CaC12, or electroporation, in which 
an electric current is applied. Both methods 
create small pores or holes in the cell wall. 
Even with these methods, only a tiny frac
tion of bacterial cells will be transformed. The 
strain of E. coli is important. It should not have 
a restriction system or a modification system 
to methylate the incoming DNA. The strain 
should also be compatible with the blue/white 
system, which means that it should contain the 
a-complementing fragment of LacZ (the lacZ 
gene contained in most plasmids does not func
tion without this fragment). DH5a is a com
monly used strain. 

Transformation results in a pool of mul
tiple types of bacteria, most of which are not 
wanted because they either contain vector 
with no insert or have not taken up any DNA 
at all. Select the handful of bacteria that con
tain recombinant plasmid from the millions 
that do not. The transformed bacterial cells 
are plated on an agar plate containing both 
the antibiotic ampicillin and an artificial l3-gal 
inducer called isopropylthiogalactoside (IPTG) .  
The ampicillin in the plate will kill the vast 
majority of bacterial cells, namely all of those 
that have not been transformed with the ampr 
plasmid. The remaining bacteria can now 
grow and form visible colonies. As shown in 
FIGURE 3.5, there are two different types of colo
nies: blue ones that contain a vector without 
an insert-because 13-gal cleaved X-gal into a 
blue compound-and white ones, for which 
the inactivated 13-gal did not cleave X-gal and 
so remained colorless. 

This is not quite the end of the story. False
positive clones, such as those that were formed 

• •
• 

• • 
• 

FIGURE 3.5 After transformation into E. coli of restricted 
and ligated vector plus insert DNA, the bacterial cells 
are plated onto agar plates containing ampicillin, IPTG, 
and the color indicator, X-gal. Overnight incubation at 
37•c will yield both blue and white colonies. The white 
colonies will be used to prepare DNA for further analysis. 



as vector-only dimers, must be identified and 
removed. In order to do so, plasmid DNA must 
be at least partly purified from each candidate 
colony, restricted, and run on a gel to check 
for the insert size. Sequencing the fragment 
to be absolutely certain a random contami
nant has not been cloned is also suggested 
(see the section later in this chapter titled DNA 
Sequmcing) .  

Cloning Vectors Can 
Be Specialized for 
Different Purposes 

Key concepts 

• Cloning vectors may be bacterial plasmids, phages, 
cosmids, or yeast artificial chromosomes. 

• Shuttle vectors can be propagated in more than 
one type of host cell. 

• Expression vectors contain promoters that allow 
transcription of any cloned gene_ 

• Reporter genes can be used to measure promoter 
activity or tissue-specific expression_ 

• Numerous methods exist to introduce DNA into 
different target cells. 

In the example in the section of this chapter 
titled Cl01zing we described the use of a vector 
that is designed simply for amplifying insert 
DNA, with inserts up to -10 kb. It is often desir
able to clone larger inserts, though, and some
times the goal is not just to amplify the DNA, 
but also to express cloned genes in cells, investi
gate properties of a promoter, or create various 
fusion proteins (defined shortly) .  FIGURE 3.6 

summarizes the properties of the most common 
classes of cloning vectors. These include vectors 
based on bacteriophage genomes, which can 
be used in bacteria but have the disadvantage 
that only a limited amount of DNA can be pack
aged into the viral coat (although more than 
can be carried in a plasmid).  The advantages of 
plasmids and phages are combined in the cos
mid, which propagates like a plasmid but uses 
the packaging mechanism of phage lambda to 
deliver the DNA to the bacterial cells. Cosmids 
can carry inserts of up to 47 kb (the maximum 
length of DNA that can be packaged into the 
phage head). 

The vector used for cloning the largest 
possible DNA inserts is the yeast artificial 

chromosome (YAC). A YAC has a yeast origin 
to support replication, a centromere to ensure 
proper segregation, and telomeres to afford sta
bility. In effect, it is propagated just like a yeast 

Isolation 
Vector Features of DNA DNA limit 

Plasmid High copy Physical 1 0  kb 
number 

Phage Infects Via phage 20 kb 
bacteria packaging 

Cos mid High copy Via phage 48 kb 
number packaging 

SAC Based on Physical 300 kb 
F plasmid 

YAC Origin + Physical >1 Mb 
centromere + 
telomere 

FIGURE 3.6 Cloning vectors may be based on plasmids or 
phages or may mimic eukaryotic chromosomes_ 

chromosome. Y ACs have the largest capacity 
of any cloning vector, and can propagate with 
inserts measured in the megabase (Mb) length 
range. 

An extremely useful class of vectors known 
as shuttle vectors can be used in more than 
one species of host cell. The example shown in 
FIGURE 3.7 contains origins of replication and 
selectable markers for both E. coli and the yeast 
Saccharomyces cerevisiae. It can replicate as a cir
cular multi copy plasmid in E. coli. It has a yeast 
centromere, and also has yeast telomeres adj a
cent to BamHI restriction sites, so that cleav
age with Bam HI generates a Y AC that can be 
propagated in yeast. 

Other vectors, such as expression vectors, 

may contain promoters to drive expression 
of genes. Any open reading frame can be 
inserted into the vector and expressed with
out further modification. These promoters can 
be continuously active, or may be inducible so 
that they are only expressed under specific 
conditions. 

Alternatively, the goal may be to study 
the function of a cloned promoter of interest 
in order to understand the normal regulation 
of a gene. In this case, rather than using the 
actual gene, we can use an easily detected 
reporter gene under control of the promoter 
of interest. 

The type of reporter gene that is most 
appropriate depends on whether we are 
interested in quantitating the efficiency of 
the promoter (and, for example, determin
ing the effects of mutations in it or the activi
ties of transcription factors that bind to it), 
or determining its tissue-specific pattern of 
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AGURE 3.7 pYAC2 is a cloning vector with features to allow replication and selection in both 
bacteria and yeast. Bacterial features (shown in blue) include an origin of replication and anti
biotic resistance gene. Yeast features (shown in red and yellow) include an origin, centromere, 
two selectable markers, and telomeres. 

expression. FIGURE 3.8 sunm1arizes a conunon 
system for assaying promoter activity. A cion
ing vector is created that has a eukaryotic pro
moter linked to the coding region of luciferase, 
a gene that encodes the enzyme responsible 
for bioluminescence in the firefly . In general, 
a transcription termination signal is added to 

2 8000 
c 

� 6000 
.c 
Ol � 

4000 Q) .> 
«i 2000 Q) ([ 
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FIGURE 3.8 Luciferase (derived from fireflies such as the 
one shown here) is a popular reporter gene. The graph 
shows the results from mammalian cells transfected with 
a luciferase vector driven by a minimal promoter or the 
promoter plus a putative enhancer. The levels of luciferase 
activity correlate with the activities of the promoters. 
Photo <0 Cathy KeiferjDreamstime.com. 
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ensure the proper generation of the mRNA. 
The hybrid vector is introduced into target 
cells, and the cells are grown and subjected 
to any appropriate experimental treatments. 
The level of luciferase activity is measured by 
addition of its substrate luciferin. Luciferase 
activity results in light emission that can be 
measured at 562 nanometers (nm) and is 
directly proportional to the amount of enzyme 
that was made, which in turn depends upon 
the activity of the promoter. 

Some very striking reporters are now avail
able for visualizing gene expression. The lacZ 
gene, described in tbe blue-white selection 
strategy earlier, also serves as a very useful 
reporter gene. FIGURE 3.9 shows what happens 
when the lacZ gene is placed under the control 
of a promoter that regulates the expression of a 
gene in the mouse nervous system. The tissues 
in which this promoter is normally active can 
be visualized by providing the X-gal substrate 
to stain the embryo. 

One of the most popular reporters that can 
be used to visualize patterns of gene expression 



FIGURE 3.9 Expression of a /acZ gene can be followed in 
the mouse by staining for (3-galactosidase (in blue). In 
this example, /acZ was expressed under the control of a 
promoter of a mouse gene that is expressed in the nervous 
system. The corresponding tissues can be visualized by 
blue staining. Photo courtesy of Robb Krumlauf, Stowers 
Institute for Medical Research. 

is green fluorescent protein (GFP), which is 
obtained from jellyfish. GFP is a naturally 
fluorescent protein that, when excited with 
one wavelength of light, emits fluorescence in 
another wavelength. In addition to the original 
GFP, numerous variants that fluoresce in dif
ferent colors, such as yellow (YFP), cyan (CFP), 
and blue (BFP), have been developed. GFP and 
its variants can be used as reporter genes on 
their own, or they can be used to generate 
jusio11 protei11s in which a protein of interest 
is fused to GFP and can thus be visualized in 
living tissues, as is shown in the example in 
FIGURE 3.10. 

Vectors are introduced into different spe
des in a variety of different ways. Bacteria and 
simple eukaryotes like yeast can be transfom1ed 
easily, using chemical treatments that permea
bilize the cell membranes (as discussed earlier 
in this chapter in the section titled Clo11i11g) .  
Many types of cells cannot be transformed 
so easily, though, and other methods must 
be used, as sunm1arized in FIGURE 3.1 1. Some 
types of cloning vectors use nan1ral methods of 
infection to pass the DNA into the cell, such as a 
viral vector that uses the viral inJective process 

(a) 

(b) 

FIGURE 3.10 (a) Since the discovery of GFP, derivatives 
that fluoresce in different colors have been engineered. 
Photo courtesy of Joachim Goedhart, Molecular Cytol
ogy, SILS, University of Amsterdam. (b) A live transgenic 
mouse expressing human rhodopsin (a protein expressed 
in the retina of the eye) fused to GFP. Reprinted from 
Vision Res., vol. 45, T. G. Wensel, et al., Rhodopsin-EGFP 
knock-ins for imaging quantal gene alterations, pp. 
3445-3453. Copyright 2005, with permission from Else
vier [http:/ jwww. sciencedi rect. com jscie ncejarti clef pii/ 
50042698905003597]. Photo courtesy of Theodore G. 
Wensel, Baylor College of Medicine. 

to enter tl1e cell. Liposomes are small spheres 
made from artificial membranes, which can 
contain DNA or other biological materials. 
Liposomes can fuse with plasma membranes 
and release their contents into the cell. Micro
i11jectio11 uses a very fine neeclle to puncture tlle 
cell membrane. A solution containing DNA can 
be introduced into the cytoplasm, or directly 
in to the nucleus in the case where the nucleus 
is large enough to be chosen as a target (such 
as an egg). The thick cell walls of plants are an 
impediment to many transfer methods, and the 
"gene gun" was invented as a means for over
coming this obstacle. A gene gun shoots very 
small particles into the cell by propelling them 
through the wall at high velocity. The particles 
can consist of gold or nanospheres coated with 
DNA. This method now has been adapted for 
use with a variety of spedes, including mam
malian cells. 
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FIGURE 3.11 DNA can be released into target cells by 
methods that pass it across the membrane naturally, 
such as by means of a viral vector (in the same way as 
a viral infection) or by encapsulating it in a liposome 
(which fuses with the membrane). Alternatively, it can 
be passed manually, by microinjection, or by coating it 
on the exterior of nanoparticles that are shot into the 
cell by a gene gun that punctures the membrane at very 
high velocity. 

Nucleic Acid Detection 

Key concept 

• Hybridization of a labeled nucleic acid to comple
mentary sequences can identify specific nucleic 
acids. 

There are a number of different ways to detect 
DNA and RNA. The classical method relies on 
ability of nucleic acids to absorb light at 260 
nanometers. The amount of light absorbed 
is proportional to the amount of nucleic acid 
present. There is a slight difference in the 
amount of absorption by single-stranded as 
compared to double-stranded nucleic acids, but 
not DNA versus RNA. Protein contamination 
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can affect the outcome, but because proteins 
absorb maximally at 280 nm, tables have been 
published of 260/280 ratios that allow quan
titation of the amount of nucleic acid present. 

DNA and RNA can be nonspecifically 
stained with ethidium bromide (EtBr) to make 
visualization more sensitive. EtBris an organic 
tricyclic compound that binds strongly to dou
ble-stranded DNA (and RNA) by intercalating 
into the double helix between the stacked base 
pairs. It binds to DNA, and as a result it is a 
strong mutagen and care must be taken when 
using it. EtBr fluoresces when exposed to ultra
violet (UV) light, which increases the sensitiv
ity. SYBR green is a safer alternate DNA stain. 

We now focus on the detection of specific 
sequences of nucleic acids. The ability to iden
tify a specific sequence relies on hybridization 
of a probe with a known sequence to a target. 
The probe can detect and bind to a sequence to 
which it is complementary. The percentage of 
match does not have to be perfect, but as the 
match percentage decreases, the stability of the 
nucleic acid hybrid decreases. G-C base pairs 
are more stable than A-T base pairs so that base 
composition (usually referred to as % G-C) is 
an important variable. The second set of vari
abies that affects hybrid stability is extrinsic; it 
includes the buffer conditions (concentration 
and composition) and the temperature at 
which hybridization occurs. This is called the 
stringency, under which the hybridization is 
carried out. 

The probe functions as a single-stranded 
molecule (if it is double stranded, it must be 
melted). The target may be single stranded or 
double stranded. If the target is double stranded, 
it also must be melted to single strands to begin 
the hybridization process. The reaction can take 
place in solution (e.g., during sequencing or 
PCR; see the sections titled DNA Sequwci11g and 
PCR a11d RT-PCR later in this chapter), or it can 
be performed when the target has been bound 
to a membrane support such as a nitrocellulose 
filter (see the section later in this chapter titled 
Blotting Methods) . The target may be DNA (called 
a Southern blot) or RNA (called a northern 
blot); the probe is usually DNA. 

For this exercise, let us use a Southern blot 
from an experiment in which we have restricted 
a large DNA fragment into smaller fragments 
and subcloned the individual fragments (see 
the section titled Clo11ing earlier in this chapter). 
Starting with the clones on the plate from 
Figure 3.5, we can isolate plasmid DNA from 
each white clone and restrict the DNA with the 



same restriction enzymes used to clone the frag
ments. The DNA fragments will be separated on 
an agarose gel and blotted onto nitrocellulose 
(see the section titled DNA Separatio!l Techniques 
earlier in this chapter). 

In order to increase the sensitivity from the 
optical range, the probe must be labeled. Begin 
with radio labeling and then describe alternate 
labeling without radioactivity. For most reac
tions, 32P is used, but 33P (with a longer half-life 
but less penetrating ability) and 3H (for special 
purposes described later) are also used. Probes 
can be radiolabeled in several different ways. 
One is end labeling, in which a strand of DNA 
(that has no 5 '  phosphate) is labeled using a 
kinase and 32P. Alternatively, a probe can be 
generated by nick-trallslation or rmzdom priming 
with 32P using the Klenow DNA polymerase 
fragment and labeled nucleotides (see the 
chapter titled DNA Replication) or during a PCR 
reaction (see the section titled PCR and RT-PCR 
later in this chapter) .  

In performing nucleic acid hybridization 
studies, standard procedures are typically used 
that allow hybridization over a large range 
of G-C content. Hybridization experiments 
are performed in a standardized buffer called 
standard sodium citrate (SSC), which is usually 
prepared as a 20X concentrated stock solution. 
Hybridization is typically carried out within a 
standard temperature range of 45°C to 65°C, 

depending upon the required stringency. 
The actual hybridization between a labeled 

probe and a target DNA bound to a membrane 
usually takes place in a closed (or sealed) con
tainer in a buffer that contains a set of mole
cules to reduce background hybridization of the 
probe to the filter. Hybridization experiments 
typically are performed overnight to ensure 
maximum probe-to-target hybridization. The 
hybridization reaction is stochastic and depends 
upon the abundance of each different sequence. 
The more copies of a sequence, the greater the 
chance of a given probe molecule encountering 
its complementary sequence. 

The next step is to wash the fi Iter to remove 
all of the probe that is not specifically bound 
to a complementary sequence of nucleic acid. 
Depending on the type of experiment, the strin
gency of the wash is usually set quite high to 
avoid spurious results. Higher stringency condi
tions include higher temperature (closer to the 
melting temperature of the probe) and lower 
concentration of cations. (Lower salt concen
trations result in less shielding of the negative 
phosphate groups of the DNA backbone, which 

in turn inhibits strand annealing.) In some 
experiments, however, where one is looking 
specifically for hybridization to targets with 
a lower percentage of match (e.g., finding a 
copy of species X DNA using a probe from spe
cies Y), hybridization would be performed at 
lower stringency. 

The last step is the identification of which 
target DNA band on the gel (and thus the filter) 
has been bound by the radiolabeled probe. 
The washed nitrocellulose filter is  subjected 
to autoradiography. The dried filter will be 
placed against a sheet of X-ray film. To amplify 
the radioactive signal, intensifying screens 
can be used. These are special screens placed 
on either side of the filter/film pair that act to 
bounce the radiation back through the film. 
Alternatively, a phosphorimaging screen (a solid
state liquid scintillation device) can be used. 
This is more sensitive and faster than X-ray film, 
but results in somewhat lower resolution. The 
length of time for autoradiography is empiri
cal. An estimate of the total radioactivity can 
be made with a handheld radiation monitor. 
Sample results are shown in FIGURE 3.12. One 
band on the filter has blackened the X-ray film. 
The film can be aligned to the filter to determine 
which band corresponds to the probe. 

A simple modification of the autoradiog
raphy procedure called in situ hybridization 

allows one to peer into a cell and determine 
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Gel photo Autorad 
FIGURE 3.12 A cartoon of an auto-radiogram of a gel 
prepared from the colonies described in Figure 3.5. 
The gel was blotted onto nitrocellulose and probed with 
a radioactive gene fragment. Lane 1 contains a set of 
standard DNA size markers. Lane 2 is the original vector 
cleaved with EcoRl. Lanes 3 to 6 each contain plasmid 
DNA from one of the white clones from Figure 3.4 that 
was restricted with EcoRl. A cartoon of the photograph 
of the gel is on the left; the radioactive bands are marked 
with an asterisk. 
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FIGURE 3.13 Fluorescence in situ hybridization (FISH). Adapted from an illustration by Darryl 
Leja, National Human Genome Research Institute (www.genome.gov). 

the location, at a microscopic level, of specific 
nucleic acid sequences. We simply modify a 
few steps in the process to perform the hybrid
ization between our probe, usually labeled 
with 3H, and complementary nucleic acids in 
an intact cell or tissue. The goal is to determine 
exactly where the target is located. The cell or 
tissue slice is mounted on a microscope slide. 
Following hybridization, a photographic emul
sion instead of film is applied to the slide, cov
ering it. The emulsion, when developed, is 
transparent to visible light so that it is possible 
to see the exact location in the cell where the 
grains in the emulsion blackened by the radio
activity are located. Development time can be 
weeks to months because 3H has less energetic 
radiation and its longer half-life results in lower 
activity . 

There are nonradioactive alternatives 
to the procedures described here that use 
either colorimetric or fluorescence labeling. 
A digoxygenin-labeled probe is a commonly 
used colorimetric procedure . The probe bound 
to target is localized with an anti-digoxygenin 
antibody coupled to alkaline phosphatase 
to develop color. The advantage is the time 
required to see the results. It is typically a single 
day, but sensitivity is usually less than with 
radioactivity. Fluorescence in situ hybridization 
(FISH) is another very common nonradioac
tive procedure that uses a fluorescently labeled 
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probe. This method is illustrated in FIGURE 3.13 . 

Multiple fluorophores in different colors are 
available-about a dozen now-but ratios of 
different probe colors combinations can be 
used to create additional colors. 

These procedures are more picturesque but 
less quantitative than traditional scintillation 
counting. At best, they can be called semiquan
titative. It is possible to use an optical scanner 
to quantitate the amount of signal produced on 
film, but care must be taken to ensure the time 
of exposure during the experiment is within a 
linear range. 

DNA Separation 
Techniques 

Key concepts 

• Gel electrophoresis separates DNA fragments by 
size, using an electric current to cause the DNA to 
mig rate toward a positive charge. 

• DNA can also be isolated using density gradient 
centrifugation. 

With a few exceptions, the individual pieces 
of DNA (chromosomes) making up a living 
organism's genome are on the order of 
megabases in length, making them too physi
cally large to be manipulated easily in the 
laboratory . Individual genes or chromosomal 



regions of interest by contrast are often quite 
small and readily manageable, on the order 
of hundreds or a few thousand base pairs in 
length. A necessary first step, therefore, in 
many experimental processes investigating a 
specific gene or region, is to break the large 
original chromosomal DNA molecule down 
into smaller manageable pieces and then begin 
isolation and selection of the particular rele
vant fragment or fragments of interest. This 
breakage can be done by mechanical shearing 
of chromosomes, in a process that produces 
breakages randomly to produce a uniform 
size distribution of assorted molecules. This 
approach is useful if a randomness in break
points is required, such as to create a library 
of short DNA molecules that "tile" or partially 
overlap each other while together represent
ing a much larger genomic region, such as an 
entire chromosome or genome. Alternatively, 
restriction endonucleases (see the section in 
this chapter ti tied Nucleases) may be employed 
to cut large DNA molecules into defined shorter 
segments in a way that is reproducible. This 
reproducibility is frequently useful, in that a 
DNA section of interest can be identified in part 
by its size. Consider a hypothetical gene genX 
on a bacterial chromosome, with the entire 
gene lying between two EcoRI sites spaced 
2.3 kb apart. Digestion of the bacterial DNA 
with EcoRI will yield a range of small DNA mol
ecules, butgenX will always occur on the same 
2.3 kb fragment. Depending on the size and 
complexity of the starting genome, there may 
be several other DNA segments of similar size 
produced, or in a simple enough system, this 
2.3 kb size may be unique to thegenXfragment. 
In this latter case, detection or visualization of a 
2.3 kb fragment is enough to definitively iden
tify the presence ofgenX. Many of the earliest 
laboratory techniques developed in working 
with DNA relate to separating and concentrat
ing DNA molecules based on size expressly to 
take advantage ofthese concepts. An ability to 
separate DNA molecules based on size allows 
for taking a complex mixture of many frag
ment sizes and selecting a much smaller, less 
complex subset of interest for further study. 

The simplest method for separation and 
visualization of DNA molecules based on size 
is gel electrophoresis. In neutral agarose gel 
(the most basic type of gel) electrophoresis is 
done by preparing a small slab of gel in an 
electrically conductive, mildly basic buffer. 
While similar to the gelatins used to make 
dessert dishes, this type of gel is made from 

agarose, a polysaccharide that is derived from 
seaweed and has very uniform molecular 
sizes. Preparation of agarose gels of a specific 
percentage of agarose by mass (usually in the 
range of 0.8%-3%) creates, in effect, a molec
ular sieve, with a "mesh" pore size being deter
mined by the percentage of agarose (higher 
percentages yielding smaller pores). The gel 
is poured in a molten state into a rectangular 
container, with discrete wells being formed 
near one end of the product. After cooling 
and solidifying, the slab is submerged in the 
same conductive, mildly alkaline buffer and 
samples of mixed DNA fragments are placed 
in the preformed wells. A DC electric current 
is then applied to the gel, with the positive 
charge being at the opposite end of the gel 
from the wells. The alkalinity of the solution 
ensures that the DNA molecules have a uni
form negative charge from their backbone 
phosphates, and the DNA fragments begin to 
be drawn electrostatically toward the positive 
electrode. Shorter DNA fragments are able 
to move through the agarose pores with less 
resistance than longer fragments, and so over 
time the smallest DNA molecules move the fur
thest from the wells and the largest move the 
least. All fragments of a given size will move 
at about the same rate, effectively concentrat
ing any population of equal-sized molecules 
into a discrete band at the same distance from 
the well. Addition of a DNA-binding fluores
cent dye, such as ethidium bromide or SYBR 
green, to the gel stains these DNA bands such 
that they can be directly seen by eye when 
the gel is exposed to fluorescence-exciting 
light. In practice, a standard sample consist
ing of a set of DNA molecules of a known size 
is run in one of the wells, with sizes of bands 
in other wells estimated in comparison to the 
standard, as shown in FIGURE 3.14. DNA mol
ecules of roughly 50 to 10,000 base pairs can 
be quickly separated, identified, and sized to 
within about 1 0 %  accuracy by this simple 
method, which remains a common laboratory 
technique. DNAs can be separated not only 
by size, but also by shape. Supercoiled DNA, 
which is compact compared to relaxed or lin
ear DNA, migrates more rapidly on a gel, and 
the more supercoiling, the faster the migra
tion, as shown in FIGURE 3.15. 

Variations on this method primarily relate 
to changing the gel matrix from agarose to other 
molecules such as synthetic polyacrylamides, 
which can have even more precisely controlled 
pore sizes. These can offer finer size resolution 
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FIGURE 3.14 DNA sizes can be determined by gel electro
phoresis. A DNA of standard size and a DNA of unknown 
size are run in two lanes of a gel, depicted schematically. 
The migration of the DNAs of known size in the standard 
is graphed to create a standard curve (migration distance 
in em vs. log bp). The point shown in green is for the DNA 
of unknown size. Adapted from an illustration by Michael 
Blaber, Florida State University. 

of DNA molecules from roughly 10 to 1500 base 
pairs in size. Both resolution and sensitivity are 
further improved by making these types of gels 
as thin as possible, norma!Jy requiring they be 
formed between glass plates for mechanical 
strength. When chemical denaturants such as 
urea are added to the buffer system, the DNA 
molecules are forced to unfold (losing any sec
ondary structures) and take on hydrodynamic 
properties related only to molecule length. This 
approach can clearly resolve DNA molecules 
differing in length by only a single nucleotide. 
Denaturing polyacrylamide electrophoresis is a 
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FIGURE 3. 15 Su perc oiled DNAs separated by agarose gel 
electrophoresis. Lane 1 contains untreated negatively 
supercoiled DNA (lower band). lanes 2 and 3 contain the 
same DNA that was treated with a type 1 topoisomerase 
for 5 and 30 minutes, respectively. The topoisomerase 
makes a single-strand break in the DNA and relaxes nega
tive supercoils in single steps (one supercoil relaxed per 
strand broken and reformed). Reproduced from W. Keller, 
Proc. Nat/. Acad. Sci. USA 72 (1975 ): 2550-2554. Photo 
courtesy of Walter Keller, University of Basel. 

key component oft he classical DNA sequencing 
technique whereby the separation and detec
tion of a series of single nucleotide-length dif
ference DNA products allows for the reading of 
the underlying order of nucleotide bases (see 
the section titled DNA Sequencing later in this 
chapter). 

Another method for separating DNA mol
ecules from other contaminating biomolecules, 
or in some cases for fractionation of specific 
small DNA molecules from other DNAs, is 
through the use of gradients, as depicted in 
FIGURE 3.16. The most frequent implementation 
of this is isopyc11ic banding, which is based on the 
fact that specific DNA molecules have unique 
densities based on their G-C content. Under the 
influence of extreme g-forces, such as through 
ultracentrifugation, a high-concentration solu
tion of a salt (such as cesium chloride) will form 
a stable density gradient from low density (near 
top of tube/center of rotor) to high density 
(near bottom of tube or outside ohotor). When 
placed on top of this gradient (or even mixed 
uniformly within the gradient) and subjected 
to continued centrifugation, individual DNA 
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FIGURE 3.16 Gradient centrifugation separates samples based on  their density. 

molecules will migrate to a position in the gra
dient where their density matches that of the 
surrounding medium. Individual DNA bands 
can then be either visualized (e.g., through 
the incorporation of DNA-binding fluorescent 
dyes in the gradient matrix and exposure to 
fluorescence exdtation) or recovered by careful 
puncture of the centrifuge tube and fractional 
collection of the tube contents. This method 
can also be used to separate double-stranded 
from single-stranded molecules and RNA from 
DNA molecules, again based solely on density 
differences. 

Choice of the gradient matrix material, 
its concentration, and the centrifugation con
ditions can influence the total density range 
separated by the process, with very narrow 
ranges being used to fractionate one particular 

type of DNA molecule from others and wider 
ranges being used to separate DNAs in general 
from other biomolecules. Historically, one of 
the best known uses of this technique was 
in the Meselson-Stahl experiment of 1958 
(introduced in the Genes Are DNA chapter}, 
in which the stepwise density changes in the 
DNA genomes of bacteria shifted from growth 
in "heavy" nitrogen ('5N) to "regular" nitro
gen (14N) were observed. The method's capac
ity to differentially band DNA with pure 15N, 
half 15N/half 14N, and pure 14N conclusively 
demonstrated the semiconservative nature 
of DNA replication. Now, the method is most 
frequently employed as a large-scale prepara
tive purification technique with wider density 
ranges to purify DNAs as a group away hom 
proteins and RNAs. 
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DNA Sequencing 
Key concepts 

• Classical chain termination sequencing uses 
dideoxynucleotides (ddNTPs) to terminate DNA 
synthesis at particular nucleotides. 

• Fluorescently tagged ddNTPs and capillary gel 
electrophoresis allow automated, high-throughput 
DNA sequencing. 

• The next generations of sequencing techniques 
aim to increase automation and decrease time and 
cost of sequencing. 

The classical method of DNA sequencing called 
dideoxy sequmci11g has not changed significantly 
since Frederick Sanger and colleagues devel
oped the technique in 1977 .  This method 
requires many identical copies of the DNA, 
either through cloning or by PCR, an oligo
nucleotide primer that is complementary to 
a short stretch of the DNA, DNA polymerase, 
deoxynucleotides (dNTPS: dATP, dCTP, 
dGTP, and dTTP), and dideoxynucleotides 

( ddNTPS). Dideoxynucleotides are modified 
nucleotides that can be incorporated into the 
growing DNA strand but lack the 3 '  hydroxyl 
group needed to attach the next nucleotide. 
Thus, their incorporation terminates the syn
thesis reaction. The ddNTPs are added at much 
lower concentrations than the normal nucleo
tides so that they are incorporated at low rates, 
randomly. 

Originally, four separate reactions were 
necessary, with a single different ddNTP added 
to each one. The reason for this was that the 
strands were labeled with radioisotopes and 
could not be distinguished from each other on 
the basis of the label. Thus, the reactions were 
loaded into adjacent lanes on a denaturing 
acrylamide gel and separated by electrophore
sis at a resolution that distinguished between 
strands differing by a length of one nucleotide. 
The gel was transferred to a solid support, dried, 
and exposed to film. The results were read from 
top to bottom, with a band appearing in the 
ddATP lane indicating that the strand termi
nated with an adenine, the next band appearing 
in the ddTTP lane indicating that the next base 
was a thymine, and so on. Read lengths were 
typically 500 to 1000 base pairs. 

A major advance was the use of a differ
ent fluorescent label for each ddNTP in place 
of radioactivity. This allowed a single reaction 
to be run that is read as the strands are hit 
with a laser and pass by an optical sensor. The 
information about which ddNTP terminated 
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the fragment is fed directly into a computer. 
The second modification was the replacement 
of large slabs of polyacrylamide gels with very 
thin, long, glass capillary tubes filled with gel 
(as described previously in the section DNA 
Separatio11 Techniques). These tubes can di ssi
pate heat more rapidly, allowing the electro
phoresis to be run at a higher voltage, greatly 
reducing the time required for separation. A 
schematic illustrating this process is shown in 
FIGURE 3.17 . As the figure illustrates, the pro
cess is automated and machine based. These 
modifications, with their resulting automation 
and increased throughput, ushered in the era of 
whole-genome sequencing. This was the pro
cess used to sequence the first set of genomes, 
including the human genome. It was relatively 
slow and very expensive. The determination of 
the human genome sequence took several years 
and cost several billion dollars to complete. 

The next generation of sequencing tech
nologies that followed sought to eliminate the 
need for time-consuming gel separation and 
reliance on human labor. Modifications of pro
cedures and new instrumentation beginning in 
about 2005, sometimes called next generation 
sequencing (NGS) or (now) second generation 
NGS, aided in the automation and scaling up 
of the procedure. This still required PCR ampli
fication of the starting material, which is first 
randomly fragmented and then amplified. 
Individual amplified fragments (typically very 
short, a few hundred bp) are anchored to a 
solid support and read out one base, in one set 
of fragments, at a time, in a massively parallel 
array. These modifications allow sequencing on 
a very large scale at a much lower cost per kb of 
DNA than the original first generation methods. 

This technology, sometimes called 
sequencing-by-synthesis or wash-and-scan 
sequencing, relies on the detection and iden
tification of each nucleotide as it is added to a 
growing strand. In one such application, the 
primer is tethered to a glass surface and the 
complementary DNA to be sequenced anneals 
to the primer. Sequencing proceeds by adding 
polymerase and fluorescently labeled nucleo
tides individually, washing away any unused 
dNTPs. After illuminating with a laser, the 
nucleotide that has been incorporated into the 
DNA strand can be detected. Other versions use 
nucleotides with reversible termination, so that 
only one nucleotide can be incorporated at a 
time even if there is a stretch of homopoly
meric DNA (such as a run of adenines). Still 
another version, called pyrosequencing, detects 
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FIGURE 3.17 DideoxyNTP sequencing using fluorescent tags. Inset photo courtesy of Jan Kieteczawa. 

the release of pyrophosphate from the newly 
added base. These second generation systems 
utilize amplification of material to produce mas
sively paraUel analysis runs, but the drawback is 
that there are typically very short read lengths. 
The data then requires computation to stitch 
them together into what are called contigs (con
tiguous sequences). 

Technology is now moving from this 
second generation to a set of third generatio11 
NGS systems. Third generation sequencing is 
a collection of methods that avoids the prob
lems of amplification by direct sequencing of 
the material, DNA or RNA, still giving mul
tiple short (but longer than second generation 
sequencing) reads by using single-molecule 
sequencing {SMS) templates fixed to a surface 
for sequencing. Again, different companies are 
proposing different platforms that use different 
methods to examine the single molecules of 
DNA. Among these real-time sequencing meth
ods in development is nanopore sequencing, 
which aims to detect individual nucleoli des as 
a DNA sequence is run through a silicone nano
pore. Tiny transistors are used to control a cur
rent passing through the pore. As a nucleotide 
passes through the pore, it disturbs the current 
in a manner unique to its chemical structtue. If 
successful, this technology has the advantage of 
reading DNA by simply using electronics, with 

no chemistry or optical detection required. 
Nevertheless, there are many kinks to work out 
of the process before it becomes feasible . Other 
methods under development include exami
nation by electron microscopy and single-base 
synthesizing. Accuracy may not be as high as 
second generation, but read lengths are longer, 
approaching 1000 bp. 

Ill PCR and RT -PCR 

Key concepts 

• PCR permits the exponential amplification of a 
desired sequence, using primers that anneal to the 
sequence of interest. 

• RT -PCR uses reverse transcriptase to convert RNA 
to DNA for use in a PCR reaction. 

• Real-time, or quantitative, PCR detects the 
products of PCR amplification during their 
synthesis, and is more sensitive and quantitative 
than conventional PCR. 

• PCR depends on the use of thermostable DNA 
polymerases that can withstand multiple cycles 
of template denaturation. 

Few advances in the life sciences have had the 
broad-reaching and even paradigm-shifting 
impact of the polymerase chain reaction 

(PCR). While evidence exists that the under
lying core principles of the method were 
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FIGURE 3.18 Denaturation (a) and rapid cooling (b) of a DNA template 
molecule in the presence of excess primer allows the primer to hybrid
ize to any complementary sequence region of the template (c). This 
provides a substrate for polymerase action and primer extension (d), 
creating a complementary copy of one template strand downstream 
from the primer. 
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understood and in fact used in practice by a 
few isolated people prior to 1983, credit for 
independent conceptualization of the mature 
technology and foresight of its applications 
must go to Kary Mullis, who was awarded the 
1993 Nobel Prize in Chemistry for his insight. 

The underlying concepts are simple and 
based on the knowledge that DNA polymerases 
require a template strand with an annealed 
primer containing a 3 '  hydroxyl to commence 
strand extension. The steps of PCR are illus
trated in FIGURE 3. 18. While in the context of 
normal cellular DNA replication (see the chap
ter titled DNA Replicatio11 )  this primer is in the 
form of a short RNA molecule provided by DNA 
primase, it can equally well be provided in the 
form of a short, single-stranded synthetic DNA 
oligonucleotide having a defined sequence 
complementary to the 3 '  end of any known 
sequence of interest. Heating of the double
stranded target sequence of interest (known 
as the "template molecule," or just "template" 
for short) to near 100°C in an appropriate buf
fer causes thermal denaturation as the template 
strands melt apart from each other (Figure 3. 18a 
and b). Rapid cooling to the annealing tem
perature (or Tm) of the primer/template pair 
and a vast molar excess of the short, kinetically 
active synthetic primer ensures that a primer 
molecule finds and appropriately anneals to its 
complementary target sequence more rapidly 
than the original opposing strand can do so 
(Figure 3 . 18c) .  If presented to a polymerase, 
this annealed primer presents a defined loca
tion from which to commence primer exten
sion (Figure 3.18d).  In general, this extension 
will occur until either the polymerase is forced 
off the template or it reaches the 5' end of the 
template molecule and effectively runs out of 
template to copy. 

The ingenuity of PCR arises from simulta
neously incorporating a nearby second primer 
of opposing polarity (i.e., complementary to 
the opposite strand the first primer anneals to) 
and then subjecting the mixture of template, 
two primers (at high concentrations), ther
mostable DNA polymerase, and dNTP con
taining polymerase buffer to repeated cycles 
of thermal denaturation, annealing, and primer 
extension. Consider just the first cycle of the 
process: Denaturation and annealing occur as 
described earlier, but with both primers, cre
ating the situation depicted in FIGURE 3.19. If 
polymerase extension is allowed to proceed for 
a short period of time (on the order of 1 minute 
per 1000 base pairs), each of the primers will 
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FIGURE 3.19 Thermally driven cycles of primer extension where primers of opposite polarity have nearby priming sites on each of the two template 
strands leads to the exponential production of the short, primer-to-primer-defined sequence (the "amplicon"). 

be extended out and past the location of the 
other, thus creating a new complementary 
annealing site for the opposing primer. Rais
ing the temperature back to denaturation stops 
the primer elongation process and displaces the 
polymerases and newly created strands. As the 
system is cooled once more to the annealing 
temperature, each of the newly formed short, 

single DNA strands serves as an annealing site 
for its opposite polarity primer. In this second 
thermal cycle, extension of the primers pro
ceeds only as far as the template exists-that 
is, the 5' end ofthe opposing primer sequence. 
The process has now made both strands of the 
short, defined, precisely primer-to-primer 
DNA sequence. Repeating the thermal steps of 
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denaturation, annealing, and primer extension 
lead to an exponential increase (2N, where N is 
the number of thermal cycles) in the number 
of this defined product, allowing for phenom
enal levels of "sequence amplification." Close 
consideration of the process reveals that while 
this also creates uncertain length products from 
the extension of each primer off the original 
template molecule with each cycle, these prod
ucts accrue in a linear fashion and are quickly 
vastly outnumbered by the primer-to-primer 
defined product, known as the amplicon. In 
fact, within 40 thermal cycles of an idealized 
PCR reaction, a single template DNA molecule 
generates approximately I 012 amplicons-more 
than enough to go from an invisible target to a 
clearly visible fluorescent dye-stained product. 

Perhaps not surprisingly, there are many 
technical complexities underlying this decep
tively simple description. Primer design must 
take into account issues such as DNA secondary 
structures, uniqueness of sequence, and simi
larity of T m between primers. Use of a ther
mostable polymerase (that is, one that is not 
inactivated by the high temperatures used in 
the denaturation steps) is an essential concept 
identified by Mullis and coworkers. Within this 
constraint, however, different enzyme sources 
with differing properties (e.g., ex on uclea se 
activities for increased accuracy) can be 
exploited to meet individual application needs. 
Buffer composition (including agents such as 
DMSO to help reduce secondary structural bar
riers to effective amplification, and inclusion 
of divalent cations such as Mg2+ at sufficient 
concentration not to be depleted by chelation 
to nucleotides) often needs some optimization 
for effective reactions. In general, the PCR pro
cess works best when the primers are within 
short distances of each other ( I  00 to 500 base 
pairs), but well optimized reactions have been 
successful at distances into the tens of kilobases. 
"Hot start" techniques-frequently through 
covalent modification of the polymerase-can 
be employed to ensure that no inappropriate 
primer annealing and extension can occur 
prior to the first denaturation step, thereby 
avoiding the production of incorrect prod
ucts. Generally, somewhere around 40 ther
mal cycles marks an effective limit for a PCR 
reaction with good kinetics in the presence of 
appropriate template, as depletion of dNTPs 
into amplicons effectively occurs around this 
point and a "plateau phase" occurs wherein no 
more product is made. Conversely, i f the appro
priate template was not present in the reac-
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tion, proceeding beyond 40 cycles primarily 
increases the likelihood of production of rare, 
incorrect products. 

Pairing PCR with a preliminary reverse 
transcription step (either random-primed or 
using one of the PCR primers to direct activity of 
the RNA-dependent DNA polymerase [reverse 
transcriptase]) allows for RNA templates to be 
converted to eDNA and then subject to regu
lar PCR, in a variation known as reverse 

transcription PCR (RT-PCR). In general, 
the subsequent discussion uses the term PCR 
to refer to both PCR and RT-PCR. 

Detection of PCR products can be done in a 
number of ways. Post-reaction " endpoint tech
niques" include gel electrophoresis and DNA
specific dye staining. Long a staple of molecular 
biological techniques (described earlier in the 
section titled DNA Separation Techniques), this 
is a simple but effective technique to rapidly 
visualize both that an amplicon was produced 
and that it is of an expected size. If the particular 
application requires exact, to-the-nucleotide 
product sizing, capillary electrophoresis can be 
used instead. Hybridization ofPCR products to 
microarrays or suspension bead arrays can be 
used to detect specific amplicons when more 
than one product sequence may come out of 
an assay. These in tum use a variety of methods 
for amp Iicon labeling, including chemilumi
nescence, fluorescence, and electrochemical 
techniques. Alternatively, real-time PCR 

methodologies employ some way of directly 
detecting the ongoing production of amplicons 
in the reaction vessel, most commonly through 
monitoring a direct or indirect fluorescence 
change linked to amplicon production by optical 
methods. These methods allow the reaction 
vessel to stay sealed throughout the process. 
In contrast to endpoint methods where final 
amplicon concentration bears little relationship 
to starting template concentration, real-time 
methods show good correlations between the 
thermocycle number at which clear signals are 
measurable-usually referred to as the thresh

old cycle(Cy)-and the starting template con
centration. Thus, real-time methods are effec
tive template quantification approaches. As a 
result, these methods are often referred to as 
quantitative PCR (qPCR) methods. 

Conceptually, the simplest method for real
time PCR detection is based on the use of dyes 
that selectively bind and become fluorescent 
in the presence of double-stranded DNA, such 
as SYBR green. Production of a PCR product 
during thermocycling leads to an exponential 



increase in the amount of double-stranded 
product present at the annealing and exten
sion thermal steps of each cycle. The real-time 
instrument monitors fluorescence in each reac
tion tube during these thermal steps of each 
cycle and calculates the change in fluorescence 
per cycle to generate a sigmoidal amplification 
curve. A cutoff threshold value placed approxi
mately midrange in the exponential phase of 
this curve is used for calculating the Cr of each 
sample and can be used for quantitation if 
appropriate controls are present. 

A potential issue with this approach is that 
the reporter dyes are not sequence specific, so 
any spurious products produced by the reaction 
can lead to false-positive signals. In practice, 
this is usually controlled for by performance 
of a melt point analysis at the end of regular 
thermocycling. The reaction is cooled to the 
annealing temperature, and then the tem
perature is slowly raised while fluorescence is 
constantly monitored. Specific amplicons will 
have a characteristic melt point at which fluo
rescence is lost, while nonspecific amplicons 
will demonstrate a broad range of melt points, 
giving a gradual loss in sample fluorescence. 

A number of alternate approaches use 
probe-based fluorescence reporters, which 
avoid this potential nonspecific signal. Probe
based approaches work through the applica
tion of a process called fluorescence resonant 

energy transfer (FRET). In simple terms, 
FRET occurs when two fluorophores are in 
close proximity and the emission wavelength 
of one (the reporter) matches the excitation 
wavelength of the other (the quencher). Pho
tons emitted at the reporter dye emission wave
length are effectively captured by the nearby 
quencher dye and reemitted at the quencher 
emission wavelength. In the simplest form of 
this approach, two short oligonucleotide probes 
with homology to adjoining sequences within 
the expected amplicon are included in the assay 
reaction; one probe carries the reporter dye, and 
the other the quencher. If specific PCR product 
is formed in the reaction, then at each anneal
ing step these two probes can anneal to the 
single-stranded product and thereby place the 
reporter and quencher molecules close to each 
other. Illumination of the reaction with the 
excitation wavelength of the reporter dye will 
lead to FRET and fluorescence at the quencher 
dye's characteristic emission frequency. By con
trast, if the homologous template for the probe 
molecules is not present (i.e., the expected PCR 
product), the two dyes will not be co localized 

and excitation of the reporter dye will lead to 
fluorescence at its emission frequency. This is 
illustrated in FIGURE 3.20. As with the DNA
binding dye approach, the real-time instrument 
monitors the quencher emission wavelength 
during each cycle and generates a similar sig
moidal amplification curve. Multiple alter
nate ways of exploiting FRET for this process 
exist, including 5 '  fluorogenic nuclease assays, 
molecular beacons, and molecular scorpions. 
Although the details of these differ, the under
lying concept is similar and all generate data in 
a similar fashion. 

The applications of the PCR process are 
incredibly diverse. The simple appearance or 
nonappearance of an amplicon in a properly 
controlled reaction can be taken as evidence 
for the presence or absence, respectively, of 
the assay target template. This leads to medi
cal applications such as the detection of infec
tious disease agents at sensitivities, specifici 
ties, and speeds much greater than alternate 
methods. While the two primer sites must be of 
known sequence, the internal section may be 
any sequence of a general length, which leads 
directly to applications where a PCR product 
for a region known to vary between species 
(or even between individuals) can be produced 
and subject to sequence analysis to identify the 
species (or individual identity, in the latter case) 
of the sample template. Coupled with single
molecule sensitivity, this has provided criminal 
forensics with tools powerful enough to identify 
individuals from residual DNA on crime scene 
evidence as small as cigarette butts, smudged 
fingerprints, or a single hair. Evolutionary biol
ogists have made use of PCR to amplify DNA 
from well preserved samples, such as insects in 
amber millions of years old, with subsequent 
sequencing and phylogenetic analysis, yielding 
fascinating results on the continuity and evo
lution of life on Earth. Quantitative real-time 
approaches have applications in medicine (e.g., 
monitoring viral loads in transplant patients), 
research (e.g., ex a mining transcriptional activa
tion of a specific target gene in a single cell), or 
environmental monitoring (e.g., water purifica
tion quality control). 

In general, PCR reactions are run with 
carefully optimized T01 values that maximize 
sensitivity and amplification kinetics while 
ensuring that primers will only anneal to their 
exact hybridization matches. Lowering the T m 

of a PCR reaction-in effect, relaxing the reac
tion stringency and allowing primers to anneal 
to not quite perfect hybridization partners-has 
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FIGURE 3.20 Fluorescence resonant energy transfer (FRET) only occurs when the reporter and quencher fluorophores 
are very close to each other, leading to the detection of light at the quencher emission frequency when the reporter is 
sti mutated by light of its excitation frequency. If the reporter and quencher are not colocalized, stimulation of the reporter 
instead leads to detection of light at the reporter emission frequency. By placing the reporter and quencher fluorophores 
on single-stranded nucleic acid probes complementary to the expected amplicon, different variations on this method can 
be designed such that the occurrence of FRET can be used to monitor the production of sequence-specific amplicons. 
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useful applications as well, such as in searching 
a sample for an unknown sequence suspected 
to be similar to a known one. This technique has 
been successfully employed for the discovery 
of new virus species, when primers matching 
a similar virus species are employed. Similarly, 
during a PCR-directed cloning of a gene or 
region of interest, use of planned mismatches 
in the primer sequence and slightly lowered T111s 
can be used to introduce wanted mutations in 
a process called site-directed mutagenesis. Differ
ential detection of single nucleotide polymor
phisms (SNPs) (see the chapter titled The Content 

of the Ge11ome), which can be directly indicative 
of particular genotypes or serve as surrogate 
linked markers for nearby genetic targets of 
interest, can be done through design of PCR 
primers with a 3' terminal nucleotide sped fie to 
the expected polymorphism. At the optimal T111, 
this final crucial nucleotide can only hybridize 
and provide a 3' hydroxyl to the waiting poly
merase if the matching SNP occurs, in a process 
known by several names, including amplifica
tion refTactory mutation selection (ARMS) or 
allele-specific PCR extension (ASP.E). 

The PCR process described thus far has 
been restricted to amplification of a single target 
per reaction, or usimplexN PCR. Although this is 
the most common application, it is possible to 
combine multiple, independent PCR reactions 
into a single reaction, allowing for an experi
ment to query a single, minute specimen for 
the presence, absence, or possibly the amount 
of multiple unrelated sequences. This multiplex 
PCR is particularly useful in forensics applica
tions and medical diagnostic situations, but 
entails rapidly increasing levels of complexity 
in ensuring that multiple primer sets do not 
have unwanted interactions that lead to unde
sired false products. At  best, multiplexing 
tends to result in loss of some sensitivity for 
each individual PCR due to effective competi
tion between them for limited polymerase and 
nucleotides. 

A final point of interest to many stu
dents with regard to PCR is its consideration 
from a philosophical perspective. In practice, 
performance of this now incredibly pervasive 
method requires the use of a thermostable 
polymerase, as previously indicated. These 
polymerases (of which there are a number of 
varieties) primarily derive from bacterial DNA 
polymerases originally identified in extremo
philes living in boiling hot springs and deep-sea 
volcanic thermal vents. Few people would have 
been likely to suspect that studying deep-sea 

thermal vent microbes would be of such direct 
importance in so many other aspects of science, 
including ones with impact on their daily Lives. 
These unexpected links between topics serve 
to  highlight the importance of basic research 
on all manner of subjects; critical discoveries 
can come from the least expected avenues of 
research. 

Ill Blotting Methods 
Key concepts 

• Southern blotting involves the transfer of DNA 
from a gel to a membrane, followed by detection 
of specific sequences by hybridization with a 
labeled probe. 

• Northern blotting is similar to Southern blotting, 
but involves the transfer of RNA from a gel to a 
membrane. 

• Western blotting entails separation of proteins 
on a sodium dodecyl sulfate {SDS) gel, transfer 
to a nitrocellulose membrane, and detection of 
proteins of interest using antibodies. 

After nucleic acids are separated by size in a gel 
matrix, they can be detected using dyes that 
are non sequence specific, or specific sequences 
can be detected using a method generically 
referred to as blotting. Although slower and 
more involved than direct visualization b y  
fluorescent dye staining, blotting techniques 
have two major advantages: They have a greatly 
increased sensitivity relative to dye staining, 
and they allow for the specific detection of 
defined sequences of interest among many 

similarly sized bands on a gel. 
The method was first developed for appli 

cation to DNA agarose gels, and was briefly 
introduced in the section Nucleic Acid Detection .  
In this form, the method is referred to as 
Southern blotting (after the method's inven

tor, Dr . .Edwin Southern) .  A schematic of this 
process is shown in FIGURE 3.21. A regular aga

rose gel is made, run (and if desired, stained) 
as described previously. Following this, the gel 

is soaked in alkali buffer to denature the DNA, 
then placed in contact with a sheet of porous 
membrane (commonly nitrocellulose or nylon) 
and a buffer is drawn through the gel and then 
the membrane either by capillary action (e.g., 
by wicking into a stack of dry paper towel) or 
by a gentle vacuum pressure. This slow flow 
of buffer in turn draws each nucleic acid band 

in the gel out of the gel matrix  and onto the 
membrane surface. Nucleic acids bind to the 
membrane, which in many cases is positively 
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FIGURE 3.21 To perform a Southern blot, DNA digested with restriction enzymes is electrophoresed to separate fragments by size. Double-stranded 
DNA is denatured in an alkali solution either before or during blotting. The gel is placed on a wick (such as a sponge) in a container of transfer 
buffer and a membrane (nylon or nitrocellulose) is placed on top of the gel. Absorbent materials such as paper towels are placed on top. Buffer 
is drawn from the reservoir through the gel by capillary action, transferring the DNA to the membrane. The membrane is then incubated with a 
labeled probe (usually DNA). The unbound probe is washed away, and the bound probe is detected by autoradiography or phosphorimaging. In 
northern blotting, RNA is run on a gel rather than DNA. 

charged to increase efficiency of DNA binding. 
This in effect creates a "contact print" of the 
order and position of all nucleic acid bands as 
size resolved in the gel. To make the elution of 
large DNA molecules from the gel matrix more 
efficient, the gel is sometimes treated with a 
mild acid after electrophoresis but before trans
fer. This induces acid depurination and creates 
random strand breaks in the DNA within the 
gel, such that large molecules are broken into 
smaller subsections that elute more readily, but 
remain in the same physical location as their 
original gel band. 

Following transfer, the nucleic acids are 
fixed to the membrane either through drying 
or through exposure to ultraviolet light, which 
can create physical crosslinks between the 
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membrane and the nucleic acids (primarily 
pyrimidines). The blot is now ready for block
ing, where it is immersed in a warmed, low
salt buffer containing materials that will bind 
to and block areas of the blot that may bind 
organic compounds non specifically. Follow
ing blocking, a probe molecule is introduced. 
The probe consists of a labeled (isotopically or 
chemically, e.g., through incorporation ofbioti
nylated nucleotides) copy of the target sequence 
of interest, which has been heat denatured and 
rapidly cooled to place it in a single-stranded 
form. When this is added to the warmed buf
fer and allowed to incubate with the blocked 
membrane, the probe will attempt to hybridize 
to homologous sequences on the membrane 
surface. Following this hybridization step, the 



membrane is generally washed in warm buffer 
without a probe or blocking agent to remove 
non specifically associated probe molecules, and 
then visualized; in the case of isotopically labeled 
probes, this can be done by simply exposing the 
membrane to a piece of film or a phosphor
imager screen. Decay of the label (usually 32p or 
35S) leads to the production of an image in which 
any hybridized DNA bands become visible on the 
developed film or scanned phosphor screen. For 
chemically labeled probes, chemiluminescent or 
fluorescent detection strategies are used in an 
analogous manner. 

A final benefit of the Southern blotting tech
nique is that the observed band intensity is related 
to the amount of target on the membrane-in 
other words, it  is a quantitative method. If a 
suitable standard (e.g., a dilution series of unla
beled probe sequence) is included in the gel, then 
compa1ison of this standard to target band inten
sities allows for detennination of target quantity 
in the starting sample. This inforn1ation can be 
useful for applications such as detennining viral 
copy number in a host cell sample. 

Numerous variations on the Southern blot 
approach exist, including use of specialized gel 
systems for the initial separation of DNAs. For 
example, two-dimensional gels can be used 
to separate DNAs by shape as well as size. 
FIGURE 3.22 illustrates a two-dimensional map
ping technique used to identify replication 
intermediates, a method used extensively in 
studies of replication and replication repair. In 
this method, restriction fragments of replicating 
DNA are electrophoresed in a first dimension 
that separates by mass and a second dimension 
where movement is determined more by shape. 
Different types of replicating molecules follow 
characteristic paths, measured by their devia
tion from the line that would be followed by a 
linear molecule of DNA that doubled in size. A 
simple Y -structure (which occurs when a frag
ment is in the midst of replication, but does not 
itself contain an origin of replica tion) follows 
a continuous path in which one fork moves 
along the linear fragment. An inflection point 
occurs when all three branches are the same 
length and the structure therefore deviates 
most extensively from linear DNA. Analogous 
considerations determine the paths of double 
Y -structures or bubbles (bubbles indicate a 
bidirectional fork, thus an origin of replication, 
within the fragment). An asymmetric bubble 
follows a discontinuous path, with a break a t  
the point at which the bubble is converted to a 
Y-structure as one fork runs off the end. 
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FIGURE 3.22 One application of Southern blotting allows detection of frag
ments separated by shape as well as size. In this example, the position of a 
replication origin and the number of replicating forks determine the shape of 
a replicating restriction fragment, which can be followed by its electrophoretic 
path (solid line). The dashed line shows the path for a linear DNA. 

Another variation of the Southern blot 
approach is use of a denaturing gel matrix 
for an otherwise analogous process on RNA 
molecules (referred to as "northern blotting"). 
In this case, there is no initial digestion step, 
so intact RNAs are separated by size, usually 
on a formaldehyde or other denaturing gel, 
which eliminates RNA secondary structures. 
This allows measurement of actual RNA sizes, 
and like Southern blotting, provides a simi
larly quanti ta ti ve method for detection of any 
type of RNA. H mRNA is the target of interest, 
it  is possible to separate mRNA from all the 
other classes of RNA in the cell. mRNA (and 
some noncoding RNA) differs from other RNAs 
in that it  is polyadenylated (it has a string of 
adenine residues added to the 3' end; see the 
RNA Spliciug aud Processing chapter). Poly(A)+ 
mRNA can therefore be enriched by use of 
an oligo(dT) column, in which oligomers of 
oligo(dT) are immobilized on a solid support 
and used to capture mRNA from the total RNA 
in a sample. This is illustrated in FIGURE 3.23. 

A conceptually similar process for proteins 
based on protein-separation gels and blotting 
to membrane is known as "western blotting." 
This method is depicted in FIGURE 3.24. There are 
some key differences between the procedures 
for blotting proteins compared to nucleic acids. 
First, protein-separation gels typically contain 
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FIGURE 3.23 Poly(A)+ RNA can be separated from other 
RNAs by fractionation on an oligo(dT) column. 

the detergent SDS, which both serves to unfold 
the proteins so that they will migrate according 
to size rather than shape, and also provides a 
uniform negative charge to all proteins so that 
they will migrate toward the positive pole of 
the gel. (In the absence of SDS, each protein 
has a specific individual charge at a given pH; 
it is possible to separate proteins based on these 
charges, rather than size, in a technique called 
isoelectric focusing. ) 

Once the proteins are separated on the 
gel, they are transferred to a nitrocellulose 
membrane using an electric current to effect 
the transfer, rather than the capillary or vac
uum methods used for nucleic acids. The most 
significant difference in western blotting is the 
method of detecting proteins on the membrane. 
Complementary base pairing can't be used to 
detect a protein, so westerns use antibodies to 
recognize the protein of interest. The antibody 
can either recognize the protein itself, if such 
an antibody is available, or can recognize an 
epitope tag that has been fused to the pro
tein sequence. An epitope tag is a short peptide 
sequence that is recognized by a commercially 
available antibody; the DNA encoding the tag 
can be cloned in-frame to a gene of interest, 
resulting in a product containing the epitope 
(typically at theN- or C-terminus oft he protein) . 
Sequences for the most commonly used epitope 
tags (such as the HA, FLAG, and myc tags) are 
often available in expression vectors for ease 
of fusion (see the section titled Cloning Vectors 
Can Be Specialized for Different Purposes earlier in 
this chapter). 

The antibody that recognizes the target on 
the membrane is known as the primary antibody. 
The final stage of western blotting is detection 
oft he primary antibody with a secondary atztibody, 
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FIGURE 3.24 In a western blot, proteins are separated by size on an SDS gel, transferred to a nitrocel
lulose membrane, and detected using an antibody. The primary antibody detects the protein and the 
enzyme-linked secondary antibody detects the primary antibody. The secondary antibody is detected in 
this example via addition of a chemiluminescent substrate, which results in emission of light that can be 
detected on X-ray film. 
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which is the antibody that can be visualized. 
Secondary antibodies are raised in a different 
species from the primary antibody used and 
recognize the constant region of the primary 
antibody (e.g., a "goat anti rabbit" antibody will 
recognize a primary antibody raised in a rab
bit; see the chapter titled Somatic Recombi11atio11 
and Hypermutation ill the Immune System for a 
review of antibody structure) .  The secondary 
antibody is typically linked to a moiety that 
allows its visualization-for example, a fluo
rescent dye or an enzyme such as alkaline 
phosphatase or horseradish peroxidase. These 
enzymes serve as visualization tools because 
they can convert added substrates to a colored 
product (colorimetric detection), or can release 
light as a reaction product (chemiluminesce11t 
detectio11 ) .  Use of primary and secondary anti
bodies (rather than linking a visualizer to the 
primary antibody) increases the sensitivity of 
western blotting. The result is semiquantitative 
detection of the protein of interest. 

Continuing in the same vein, techniques 
used to identify interactions between DNA and 
proteins (through protein gel separation and 
blotting followed by probing with a DNA) are 
"southwestern blotting." When an RNA probe is 
used the technique is "northwestern blotting." 

DNA Microarrays 

Key concepts 

• DNA microarrays comprise known DNA sequences 
spotted or synthesized on a small chip_ 

• Genome-wide transcription analysis is performed 
using labeled eDNA from experimental samples 
hybridized to a microarray containing sequences 
from all ORFs of the organism being used. 

• SNP arrays permit genome-wide genotyping of 
single-nucleotide polymorphisms_ 

• Array-comparative genomic hybridization 
(array-CGH) allows the detection of copy number 
changes in any DNA sequence compared between 
two samples_ 

A logical technical progression from Southern 
and northern blotting is the microarray. Instead 
of having the unknown sample on the mem
brane and the probe in solution, this effectively 
reverses the two. These originated in the form 
of "slot-blots" or "dot-blots," where a researcher 
would spot individual DNA sequences of 
interest directly onto a hybridization membrane 
in an ordered pattern, with each spot consisting 
of a different, single, known sequence. Drying 
of the membrane immobilized these spots, 

creating a premade blotting array. In use, the 
researcher would then take a nucleic acid sam
ple of interest, such as total cellular DNA, and 
then fragment and randomly and uniformly 
label this DNA (originally with a radioisotopic 
label). This labeled mix of sample DNA could 
then be used exactly as in a Southern blot 
as a probe to hybridize to the premade blot. 
Labeled DNA sequences homologous to any of 
the array spots would hybridize and be retained 
in the known, fixed location of that spot and 
be visualized by autoradiography. By viewing 
the autoradiogram and knowing the physical 
location of each specific probe spot, the pattern 
of hybridized versus nonhybridized spots could 
be read out to indicate the presence or absence 
of each of the corresponding known sequences 
in the unknown sample. 

Technological improvements to this 
approach followed rapidly through miniatu
rization of the size and physical density of the 
immobilized spots, going from membranes 
with 30 to 100 spots to glass microscope slides 
with up to 1000 spots. Today, silicon chip sub
strates have hundreds of thousands, and up to 
a million or more, of individual spots in an area 
about the size of a postage stamp. 

In order to visualize the distinct spots in such 
a high-density array, automated optical micros
copy is used and fluorescence has replaced 
radiolabeling both to allow for increased spa
tial resolution (higher spot density) and easier 
quantification of each hybridization signal. In 
parallel with the increased total number of spots 
per array, the length of each unique probe has 
generally become shorter, allowing for each 
spot in the array to be specific to a smaller target 
area-in effect, giving greater "resolution" on a 
molecular scale. Although the potential applica
tions of microarrays are really only limited by 
the user's imagination, there are a number of 
particular applications where they have become 
standard tools. 

The first of these is  in gene expression 
profiling, where a total mRNA sample from a 
specimen of interest (e.g., tissue in a disease state 
or under a particular environmental challenge) 
is collected and converted en masse to eDNA by a 
random primed reverse transcription. A label is 
incorporated into the eDNA during its synthesis 
(either through use of labeled nucleotides or 
having the primers themselves with a label); this 
can either be a fluorophore ("direct labeling") 
or another hapten (such as biotin), which can 
at a later stage be exposed to a fluorophore con
jugate that will bind the hapten (in the present 
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example, streptavidin-phycoerythrin conju
gate might be used) in what is called "indirect 
labeling." This labeled eDNA is then hybrid
ized to an array where the immobilized spots 
consist of complementary strands to a number 
of known mRNAs from the target organism. 
Hybridization, washing, and visualization allow 
for the detection of those spots that have bound 
their complimentary labeled eDNA, and thus 
the readout of which genes are being expressed 
in the original sample . This process is depicted 
in FIGURE 3.25. This method is fairly quantita
tive, meaning that the observed signal on each 
spot corresponds reasonably well to the original 
level of its particular mRNA. Clever selection of 
the sequence of each of the immobilized spots, 
such as choosing short probe sequences that are 
complementary to particular alternate exons 
of a gene, can even allow the method to dif
ferentiate and quantitate the relative levels of 
alternate splicing products from a single gene. 
By comparison of the data from such experi
ments performed in parallel on experimental 
tissue and control tissue, an experiment can 
collect a snapshot of the total cellular "global" 
changes in gene expression patterns, often with 
useful insight into the state or condition of the 
experimental tissue. 

A second major application is in gena
typing. Analysis of the human genome (and 
other organisms) has led to the identifica
tion of large numbers of single nucleotide 

polymorphisms (SNPs), which are single 
nucleotide substitutions at a specific genetic 
locus (see the chapter titled The Co!ltent of the 
Genome). Individual SNPs occur at known fre
quencies, which often differ between popula
tions. The most straightforward examples are 
where the SNP creates a missense mutation 
within a gene of interest, such as one involved 
in metabolism of a drug. People carrying one 
allele of the SNP may clear a drug from circula
tion at a very different rate from those with an 
alternate allele, and thus determination of a 
patient's allele at this SNP may be an important 
consideration in choosing an appropriate drug 
dosage. An example of this that has come all the 
way from theory into everyday use is CYP450 
SNP genotyping to determine appropriate dos
age of the anticoagulant warfarin. Another is 
in SNP genotyping of the K-Ras oncogene in 
some types of cancer patients in order to deter
mine whether EGFR-inhibitory drugs will be 
of therapeutic value. Other SNPs may be of no 
direct biological consequence but can become 
a valuable genetic marker if found to be closely 
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associated to a particular allele of interest-that 
is, if in genetic terms it is closely linked. Hun
dreds of thousands of SNPs have been mapped 
in the human genome, and arrays that can 
be probed with a subject's DNA allow for the 
genotype at each of these to be simultaneously 
determined, with concurrent determination of 
what the linked genetic alleles are. In effect, this 
allows for much of the genotype of the subject 
to be inferred from a single experiment at vastly 
less time and expense than actually sequencing 
the entire subject genome. With a view toward 
the future, however, i t  should be noted that 
SNP genotyping, in the common case oflinked 
alleles as opposed to direct missense mutation 
alleles, is indirect inference and has at least 
some potential for being inaccurate. 

Sequencing, on the other hand, is defini
tive. If emerging sequencing technologies 
improve to the point of offering an entire 
human genome in 24 hours for a competitive 
cost to SNP genotyping, it may move to become 
the dominant approach for genotyping. 

A third major application of DNA micro
arrays is array-comparative genomic hybridiza
tion (array-CGH). This is  a technique that is 
augmenting, and in some cases replacing, 
cytogenetics for the detection and localization 
of chromosomal abnormalities that change 
the copy number of a given sequence-that 
is, deletions or duplications. In this technique, 
the array chip, known as a tiling array, is 
spotted with an organism's genomic sequences 
that together represent the entire genome; the 
higher the density of the array, the smaller the 
genetic region each spot represents and thus the 
higher resolution the assay can provide. Two 
DNA samples (one from normal control tissue 
and one from the tissue of interest) are each 
randomly labeled with a different fluorophore, 
such that one sample, for example, is green and 
the other is red (similar to the mRNA label
ing described earlier for the expression arrays). 
These two differentially labeled specimens are 
mixed at exactly equal ratios for total DNA, 
and then hybridized to the chip. Regions of 
DNA that occur equally in the two samples 
will hybridize equally to their complementary 
array spots, giving a "mixed" color signal. By 
com pari son, any DNA regions that occur more 
in one sample than the other will outcompete 
and thus show a stronger color on its comple
mentary probe spot than the deficient sample 
will. Computer-assisted image analysis can read 
out and quantitate small color changes on each 
array spot and thus detect hemizygous loss or 
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FIGURE 3.25 Gene expression arrays are used to detect the levels of all the expressed genes in an experimental sample. mRNAs are isolated 
from control and experimental cells or tissues and reverse transcribed in the presence of fluorescently labeled nucleotides (or primers), 
resulting in labeled cDNAs with different fluorophores (red and green strands) for each sample. Competitive hybridization of the red and 
green cDNAs to the microarray is proportional to the relative abundance of each mRNA in the two samples. The relative levels of red and 
green fluorescence are measured by microscopic scanning and are displayed as a single color. Red or orange indicates increased expression 
in the red (experimental) sample, green or yellow-green indicates lower expression, and yellow indicates equal levels of expression in the 
control and experiment. 
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duplication of even very small regions in a test 
sample. The resolution and facility for auto
mation provided by this technique compared 
to conventional cytogenetics is leading to its 
increasing adoption in diagnostic settings for 
the detection of chromosomal copy number 
changes associated with a range of hereditary 
diseases. 

Tiling arrays are also often used for chro
matin immunoprecipitation (ChiP) studies, 
which can identify sequences interacting with a 
DNA-binding protein or complex on a genome
wide scale; this is described in the section titled 
Chromatin Immunoprecipitation. 

In addition to the chip-like solid-phase 
arrays described, lower density arrays for 
focused applications (with up to a few hundred 
targets, as opposed to millions) can be made in 
microbead-based formats. In these approaches, 
each microscopic bead has a distinct optical sig
nal or code, and its surface can be coated with 
the target DNA sequence. Different bead codes 
can be mixed and matched into a single labeled 
sample of DNA or eDNA, and then sorted, 
detected, and quantitated by optical and/or 
flow sorting methods. Although of much lower 
density than chip-type arrays, bead arrays can 
be modified and adapted much more readily to 
suit a particular focused biological question, and 
in practice they show faster three-dimensional 
hybridization kinetics than chips, which effec
tively have two-dimensional kinetics. 

Chro matin 
Immunoprecipitation 

Key concepts 

• Chromatin i m munoprecipitation allows detection 
of specific protein-DNA interactions in vivo. 

• "ChiP on chip" or "ChiP-seq" allows mapping of 
all the protein-binding sites for a given protein 
across the entire genome. 

Most of the methods discussed thus far in this 
chapter are in vitro methods that allow the detec
tion or manipulation of nucleic acids or proteins 
that have been isolated from cells (or produced 
synthetically) .  Many other powerful molecular 
techniques have been developed, however, that 
allow either direct visualization of the in vivo 

behavior of macromolecules (e.g., imaging of 
GFP fusions in live cells), or that allow research
ers to take a "snapshot" of the in vivo localization 
or interactions of macromolecules at a particu
lar condition or point in time. 
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There are numerous proteins that func
tion by interacting directly with DNA, such as 
chromatin proteins, or the factors that perform 
replication, repair, and transcription. While 
much of our understanding of these processes 
is derived from in vitro reconstitution experi
ments, it i s  critical to map the dynamics of 
protein-DNA interactions in living cells in 
order to fully understand these complex func
tions. The powerful technique of chromatin 

immunoprecipitation (ChiP) was developed 
to capture such interactions. (Chromatin refers 
to the native state of eukaryotic DNA in vivo, in 
which it is packaged extensively with proteins; 
this is discussed in the Chromatinchapter. )  ChiP 
allows researchers to detect the presence of any 
protein of interest at a specific DNA sequence 
. . 
Ill ViVO. 

FIGURE 3.26 shows the process of ChiP. This 
method depends on the use of an antibody to 
detect the protein of interest. As was discussed 
earlier for western blots (see the section in this 
chapter ti tied Blotting Methods), this antibody 
can be against the protein itself, or against an 
epitope-tagged target. 

The first step in ChiP is typically the cross
linking ofthe cell (or tissue or organism) of interest 
by fixing it with formaldehyde. This serves two 
purposes: ( 1) It kills the cell and arrests all ongoing 
processes at the time of fixation, providing the 
snapshot of cellular activity; and (2) it covalently 
links any protein and DNA that are in very close 
proximity, thus preserving protein-DNA interac
tions through the subsequent analysis. ChiP can 
be perfom1ed on cells or tissues under different 
experimental conditions (e.g., different phases of 
the cell cycle, or after specific treatments) to look 
for changes in protein-DNA interactions under 
different conditions. 

After crosslinking, the chromatin is then 
isolated from the fixed material and cleaved 
into small chromatin fragments, usually 200 to 
1000 bp each. This can be achieved by sonica
tion, which uses high intensity sound waves to 
nonspecifically shear the chromatin. Nucleases 
(either sequence-specific or nonsequence
specific) can be used to fragment the DNA. These 
small chromatin fragments are then incubated 
with the antibody against the protein target of 
interest. These antibodies can then be used to 
immunoprecipitate the protein by pulling the 
antibodies out of the solution using heavy beads 
coated with a protein (such as Protein A) that 
binds to the antibodies. 

After washing away unbound material, 
the remaining material contains the protein 
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FIGURE 3.26 Chromatin immunoprecipitation detects protein-DNA interactions in the native chromatin context in vivo. 
Proteins and DNA are crosslinked, chromatin is broken into small fragments, and an antibody is used to immunoprecipi
tate the protein of interest. Associated DNA is then purified and analyzed by either identifying specific sequences by PCR 
(as shown), or by labeling the DNA and applying to a tiling array to detect genome-wide interactions. 

of interest still crosslinked to any DNA it was 

associated with ill vivo. This is sometimes called 

a "guilt by association" assay, because the DNA 

target is only isolated due to its interaction with 

the protein of interest. The final stages of ChiP 

entail reversal of the crosslinks so that the DNA 

can be purified, and specific DNA sequences 

can be detected using PCR or blotting methods. 

Quantitative (real-time) PCR is usually the 

method of choice for detecting the DNA of a 

limited number of targets of interest. 

In addition to revealing the presence of a 

specific protein at a given DNA sequence (e.g., 

a transcription factor bound to the promoter of 

a gene of interest), highly specialized antibodies 

can provide even more detailed information. 

For example, antibodies can be developed that 

di sti ngui sh between different posttran sla ti onal 

modifications of the same protein. As a result, 

ChiP can distinguish the difference between 

RNA polymerase II engaged in initiation at 

the promoter of a gene from pol II that has 

entered the elongation phase of transcription, 

because pol II is differentially phosphorylated in 

these two states (see the Eukaryotic Transcription 
chapter), and antibodies exist that recognize 

these phosphorylation events. 

Certain variations on the ChiP procedure 

allow researchers to query the localization of a 

given protein (or modified version of a protein) 

across large genomic regions-or even entire 

genomes. In two of the most popular varia

tions, known as "ChiP on chip" and "ChiP-seq," 

the only difference from a conventional ChiP 

is the fate of the DNA that is purified from the 

immunoprecipitated material. Rather than que

rying specific sequences in this DNA via PCR, 

the DNA is either labeled in bulk and hybridized 

to a DNA microarray (ChiP on chip; usually a 

genome tiling array, such as described in the 

previous section), or is directly subjected to 

deep sequencing (ChiP-seq). Either method 

allows a researcher to obtain a genome-wide 

footprint of all oft  he binding sites of the protein 
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of interest. For example, putative origins ofrep

lication (which are difficult to identify in mul

ticellulaT eukaryotes) can be detected en masse 

by performing a ChiP against proteins in the 

origin recognition complex (ORC). 

1111 Gene Knockouts 
and Transgenics 

l<ey concepts 

• Embryonic stem (ES) cells that are injected into a 
mouse blastocyst generate descendant cells that 
become part of a chimeric adult mouse. 

• When the ES cells contribute to the germline, the 
next generation of mice may be derived from the 
ES cell. 

• Genes can be added to the mouse germline by 
transfecting them into ES cells before the cells are 
added to the blastocyst. 

• An endogenous gene can be replaced by a trans
fected gene using homologous recombination. 

• The occurrence of successful homologous 
recombination can be detected by using two 
selectable markers, one of which is incorporated 
with the integrated gene, the other of which is 
lost when recombination occurs. 

• The Crejlox system is widely used to make 
inducible knockouts and knock-ins. 

An organism that gains new genetic infor
mation from the addition of foreign DNA is 

described as transgenic. For simple organisms, 

such as bacteria or yeast, it is easy to generate 

tramgenics by transformation vvith DNA con

structs containing sequences of interest. Trans

genesis in multicellular organisms, however, 

can be mud1 more challenging. 

The approach of directly injecting DNA 

can be used with mouse eggs, as shown in 

FIGURE 3.27. Plasmids carrying the gene of inter

est are injected into the nucleus of the oocyte 

or into the pronucleus of the fertilized egg. 

The egg is implanted into a pseudopregnant 

mouse (a mouse that has mated with a vasec

tomized male to trigger a receptive state). After 

birth, the recipient mouse can be examined 

to see whether it has gained the foreign DNA, 

and, if so, whether it is expressed. Typically, 

a minority ( -15%) of the injected mice carry 

the tramfected sequence. In general, multiple 

copies of the plasmid appear to have been inte

grated in a tandem array into a single cluo

mosomal site. The number of copies varies 

from 1 to 150, and they are inherited by the 

progeny of the injected mouse. The level of 

gene expression from tra11sgwes introduced 

in this way is highly variable, both due to 

copy number and the site of integration. A 

gene may be highly expressed if it integrates 

within an active chromatin domain, but not 

if it integrates in or near a silenced region of 

the duomosome. 

'J'ransgenesis with novel or mutated genes 

can be used to study genes of interest in the 

whole animal. ln addition, defective genes can 
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FIGURE 3.27 Transfection can introduce DNA directly into the germline of animals. Photo reproduced 
from P. Chambon, Sci. Am. 244 (1981): 60-71. Used with permission of Pierre Cham bon, Institute of 
Genetics and Molecular and Cellular Biology, College of France. (Inset photo courtesy of Jan Kieleczawa, 
Wyzer Biosciences.) 
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be replaced by functional genes using trans

genic techniques. One example is the cure of 

the defect in the hypogouadal mouse. The hpg 

mouse has a deletion that removes the distal 

part of the gene coding for the precursor to 

gonadotropin-releasing hormone (GnRH) and 

GnRH-associated peptide (GAP). As a result, the 

mouse is infertile. When an intact hpg gene is 

introduced into the mouse by transgenic tech

niques, it is expressed in the appropriate tissues. 

FIGURE 3.28 summarizes experiments to intro

duce a transgene into a line of hpg-homozygous 

mutant mice. The resulting progeny are normal. 

This provides a striking demonstration that 

expression of a transgene under normal regu

latory control can be indistinguishable from the 

behavior of the normal allele. 

Although promising, there are impediments 

to using such techniques to cure human genetic 

defects. The transgene must be introduced into 

the germline of the p receding generation, the 

ability to express a transgene is not predictable, 

and an adequate level of expression of a trans

gene may be obtained in only a small minority 

of the transgenic individuals. In addition, 

the large number of transgenes that may be 

introduced into the germline, and their erratic 

expression, could pose problems in cases in 

which overexpression ofthe transgene is harm

ful. In other cases, the transgene can integrate 

near an oncogene and activate it, promoting 
. . 

carcmogenest s. 

A more versatile approach for studying 

the functions of genes is to eliminate the gene 

of interest. Transgenesis methods allow DNA 

to be added to cells or animals, but in order to 

understand the function of a gene, it is most 

useful to be able to remove the gene or its func

tion and observe the resulting phenotype. The 

most powerful techniques for changing the 

genome use gme targeti119 to delete or replace 

genes by homologous recombination. Gene 

deletions are usually referred to as knockouts, 
whereas replacement of a gene with an alter

native mutated version is called a knock-in. 
In simple organisms such as yeast, this 

is again a very simple process in which DNA 

encoding a selectable marker flanked by short 

regions of homology to a target gene is trans

formed into the yeast. As little as 40 bp or so 

of homology will result in extremely efficient 

replacement of the target gene by the intro

duced marker gene, via homologous recom

bination using the short regions of homology. 

In some organisms, and in mammalian cells 

in culture, there is no good method for deleting 

endogenous genes. Instead, researchers use 

knockdown approaches, which reduce the 

amount of a gene product (RNA or protein) 

produced, even while the endogenous gene is 

intact. There are several different knockdown 

methods, but one of the most powerful is the 

use of RNA interference (RNAi) to selectively 
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FIGURE 3.28 Hypogonadism can be averted in the progeny 
of hpg mice by introducing a transgene that has the wild-type 
sequence. 
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ES cells in which there is a high proportion 
carrying the marker. 

These ES cells are then injected into a 
recipient blastocyst. The ability of the ES cells 
to participate in normal development of the 
blastocyst forms the basis of the technique. The 
blastocyst is implanted into a foster mother, and 
in due course develops into a chimeric mouse. 
Some of the tissues of the chimeric mice are 
derived from the cells of the recipient blasto
cyst; other tissues are derived from the injected 
ES cells. The proportion of tissues in the adult 
mouse that are derived from cells in the recipi
entblastocyst and from injected ES cells varies 
widely in individual progeny; if a visible marker 
(e.g., coat-color gene) is used, areas of tissue 
representing each type of cell can be seen. 

To determine whether the ES cells contrib
uted to the germline, the chimeric mouse is 
crossed with a mouse that lacks the donor trait. 
Any progeny that have the trait must be derived 
from germ cells that have descended from the 
injected ES cells. By this means, it is known 
that an entire mouse has been generated from 
an original ES cell! 

When a donor DNA is introduced into the 
cell, it may insert into the genome by either 
nonhomologous or homologous recombina
tion. Homologous recombination is relatively 
rare, probably representing < 1 %  of all recom
bination events, and thus occurring at a fre
quency of - 1  o-7. By designing the donor DNA 
appropriately, though, we can use selective 
techniques to identify those cells in which 
homologous recombination has occurred. 

FIGURE 3.30 illustrates the knockout tech
nique that is used to disrupt endogenous 
genes. The basis for the technique is the design 
of a knockout construct with two different 
markers that will allow nonhomologous and 
homologous recombination events in the ES 
cells to be distinguished. The donor DNA is 
homologous to a target gene, but has two key 
modifications. First, the gene is inactivated by 
interrupting or replacing an exon with a gene 
encoding a selectable marker (most often the 
neoR gene that confers resistance to the drug 
G418 is used). Second, a counterselectable marker 
(a gene that can be selected against) is added on 
one side of the gene; for example, the thymidine 
kinase (TK) gene of the herpes simplex virus. 

When this knockout construct is intro
duced into an ES cell, homologous and 
nonhomologous recombinations will result in 
different outcomes. Nonhomologous recom
bination inserts the entire construct, including 
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FIGURE 3.30 A transgene containing neo within an exon 
and TK downstream can be selected by resistance to G418 
and loss of TK activity. 

the flanking TK gene. These cells are resistant 
to neomycin, and they also express thymidine 
kinase, which makes them sensitive to the drug 
ganciclovir (thymidine kinase phosphory
lates ganciclovir, which converts it to a toxic 
product). In contrast, homologous recom
bination involves two exchanges within the 
sequence of the donor gene, resulting in the loss 
of the flanking TK gene. Cells in which homo
logous recombination has occurred therefore 
gain neomycin resistance in the same way as 
cells that have nonhomologous recombination, 
but they do not have thymidine kinase activity, 
and so are resistant to ganciclovir. Thus, plat
ing the cells in the presence of neomycin plus 
ganciclovir specifically selects those in which 
homologous recombination has replaced the 
endogenous gene with the donor gene. 

The presence of the neoR gene in an ex on of 
the donor gene disrupts translation, and thereby 
creates a null allele. A particular target gene can 
therefore be knocked out by this means; once a 
mouse with one null allele has been obtained, it 
can be bred to generate the homozygote. This is 
a powerful technique for investigating whether 
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FIGURE 3.31 The Cre recombinase catalyzes a site-specific recom
bination between two identical/ox sites, releasing the DNA between 
them. Structure from Protein Data Bank: lOUQ. E. Ennifar, et al.. 
Nucleic Acids Res. 31 (2003): 5449-5460. 
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FIGURE 3.3 2 By placing the Cre recombinase under the con
trol of a regulated promoter, it is possible to activate the exci
sion system only in specific cells. One mouse is created that 
has a promoter-ere construct, and another that has a target 
sequence flanked by lox sites. The mice are crossed to gener
ate progeny that have both constructs. Then excision of the 
target sequence can be triggered by activating the promoter. 
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a particular gene is essential, and what func
tions in the animal are perturbed by its loss. 
Sometimes phenotypes can even be observed 
in the heterozygote. 

A major extension of ability to manipu
late a target genome has been made possible 
by using tl1e phage Cre!lox system to engineer 
site-specific recombination in a eukaryotic cell. 
The Cre enzyme catalyzes a site-specific recom
bination reaction between two lox sites, which 
are identical 34-bp sequences (see the Homolo
gous al!d Site-Specific Recombiuatio11 chapter; this 
chapter also discusses the yeast-derived Flp/ FRT 
system). FIGURE 3.31 shows that the conse
quence of the reaction is to excise the stretch 
of DNA between the two lox sites. 

The great utility of the Cre!lox system is 
that it requires no additional components and 
works when the Cre enzyme is produced in any 
cell that has a pair of lox sites. FIGURE 3.32 shows 
that we can control the reaction to make it 
work in a particular cell by placing the ere gene 
under the control of a regulated promoter. The 
procedure starts with two mice. One mouse 
has the ere gene, typically controlled by a pro
moter that can be turned on specifically in a 
certain cell or under certain conditions. The 
other mouse has a target sequence flanked 
by lox sites. When we cross the two mice, the 
progeny have both elements of the system; 
the system can be turned on by controlling 
the promoter of the ere gene. This allows the 
sequence between the lox sites to be excised in 
a controlled way. 

The Cre/ lox system can be combined with 
the knockout technology to give us even more 
control over the genome. Inducible knockouts 
can be made by flanking the neaR gene (or any 
other gene that is used similarly in a selective 
procedure) with lox sites. After the knockout 
has been made, the target gene can be reac
tivated by causing Cre to excise the neaR gene 
in some particular circumstance (such as in a 
specific tissue). 

FIGURE 3.33 shows a modification of tl1is 
procedure that allows a knock-in to be created. 
Basically, we use a construct in which some 
mutant version of the target gene is used to 
replace the endogenous gene, relying on the 
usual selective procedures. Then, when the 
inserted gene is reactivated by excising the neaR 
sequence, we have in effect replaced the origi
nal gene with a different version. 

A useful variant of this method is to intro
duce a wild-type copy of the gene of interest 
in which the gene itself (or one of its exons) 
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FIGURE 3.33 An endogenous gene is replaced in the same way as when a 
knockout is made (see Figure 330), but the neomycin gene is flanked by 
lox sites. After the gene replacement has been made using the selective 
procedure, the neomycin gene can be removed by activating Cre, leaving 
an active insert. 

is flanked by lox sites. This results in a normal 
animal that can be crossed to a mouse con
taining Cre under control of a tissue-specific or 
otherwise regulated promoter. The offspring 
of this cross are c01zditioHal k11ockouts, in which 
the function of the gene is  lost only in cells 
that express Cre. This is particularly useful for 
studying genes that are essential for embryonic 
development; genes in this class would be lethal 
in homozygous embryos and thus are very dif
ficult to study. 

With these techniques, we are able to 
investigate the functions and regulatory fea
tures of genes in whole animals. The ability to 
introduce DNA into the genome allows us to 
make changes in it, add new genes that have 
had particular modifications introduced in vitro, 
or inactivate existing genes. Thus, it becomes 
possible to delineate the features responsible for 
tissue -specific gene expression. Ultimately, we 
may expect routinely to replace defective genes 
in the genome in a targeted manner. 

Summary 
DNA can be manipulated and propagated 
using the techniques of cloning. These include 
digestion by restriction endonucleases, which 
cut DNA at specific sequences, and insertion 
into cloning vectors, which permit DNA to be 

maintained and amplified in host cells such as 
bacteria. Cloning vectors can have specialized 
functions as well, such as allowing expression 
of the product of a gene of interest, or fusion 
of a promoter of interest to an easily assayed 
reporter gene. 

DNA (and RNA) can be detected nonspeci
fically by the use of dyes that bind independent 
of sequence. Specific nucleic acid sequences can 
be detected using base complementarity. Spe
cific primers can be used to detect and amplify 
particular DNA targets via PCR. RNA can be 
reverse transcribed into DNA to be used in PCR; 
this is known as reverse transcription {RT-PCR). 
Labeled probes can be used to detect DNA or 
RNA on Southern or northern blots, respec
tively. Proteins are detected on western blots 
using antibodies. 

Sequencing technology is advancing 
rapidly. The original cost to determine the 
human genome sequence was -$1 billion. By 
the beginning of 2012, multiple individuals had 
their sequence determined. For some, normal 
and tumor-derived sequences have been deter
mined and their sequences compared for a price 
near $ 10,000. The goal of the next generation of 
sequencing methodologies is a $ 1 000 genome. 

DNA microarrays are solid supports (usually 
silicon chips or glass slides) on which DNA 
sequences corresponding to ORFs or complete 
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genomic sequences are arrayed. Microarrays 
are used to detect gene expression, for SNP 
genotyping, and to detect changes in DNA copy 
number, as well as many other applications. 

Protein-DNA interactions can be detected 
i11 vivo using chromatin immunoprecipitation. 
The DNA obtained in a chromatin immunopre
cipitation experiment can be used as a probe 
on a genome tiling array, or can be sequenced 
directly, to map all localization sites for a given 
protein in the genome. 

New sequences of DNA may be introduced 
into a cultured cell by transfection or into an 
animal egg by microinjection. The foreign 
sequences may become integrated into the 
genome, often as large tandem arrays. The 
array appears to be inherited as a unit in a cul
tured cell. The sites of integration appear to 
be random. A transgenic animal arises when 
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the integration event occurs in a genome that 
enters the genn cell lineage. Often a transgene 
responds to tissue and temporal regulation in a 
manner that resembles the endogenous gene. 
Under conditions that promote homologous 
recombination, an inactive sequence can be 
used to replace a functional gene, thus creat
ing a knockout, or deletion, of the target locus. 
Extensions of this technique can be used to 
make conditional knockouts, where the activity 
of the gene can be turned on or off (such as by 
ere-dependent recombination), and knock-ins, 
where a donor gene specifically replaces a target 
gene. Transgenic mice can be obtained by inject
ing recipient blastocysts with ES cells that carry 
transfected DNA. Knockdowns, most conunonly 
achieved using RNA interference, can be used to 
eliminate gene products in cell types for which 
knockout technologies are not available. 



The Interrupted Gene 
CHAPTER OUTLINE J 

Introduction 

An Interrupted Gene Consists of Exons and Introns 

• Introns are removed by RNA splicing, which occurs in 
cis in individual RNA molecules. 

• Mutations in exons can affect polypeptide sequence; 
mutations in introns can affect RNA processing and 
hence may influence the sequence andjor production 
of a polypeptide. 

Exon and Intron Base Compositions Differ 

• The four "rules" for DNA base composition are the first 
and second parity rules, the cluster rule, and the GC 
rule. Exons and introns can be distinguished on the 
basis of all rules except the first. 

• The second parity rule suggests an extrusion of struc
tured stem-loop segments from duplex DNA, which 
would be greater in introns. 

• The rules relate to genomic characteristics, or 
"pressures," that constitute the genome phenotype. 

Organization of Interrupted Genes May Be 
Conserved 
• Introns can be detected when genes are compared with 

their RNA transcription products by either restriction 
mapping, electron microscopy, or sequencing. 
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• The positions of introns are usually conserved when 
homologous genes are compared between different or
ganisms. The lengths of the corresponding introns may 
vary greatly, though. 

• Introns usually do not encode proteins. 

Ex on Sequences Under Negative Selection 
Are Conserved but Introns Vary 

• Comparisons of related genes in different species show 
that the sequences of the corresponding exons are 
usually conserved but the sequences of the introns are 
much less similar. 

• Introns evolve much more rapidly than exons 
because of the lack of selective pressure to produce a 
polypeptide with a useful sequence. 

Exon Sequences Under Positive Selection Vary 
but lntrons Are Conserved 
• Under positive selection an individual with an 

advantageous mutation survives (i.e., is able to 
produce more fertile progeny) relative to others 
without the mutation. 

• Due to intrinsic genomic pressures, such as that which 
conserves the potential to extrude stem-loops from du
plex DNA, i ntrons evolve more slowly than exons that 
are under positive selection pressure. 
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CHAPTER OUTLINE, CONTINUED J 
Genes Show a Wide Distribution of Sizes Due 
Primarily to Intron Size and Number Variation 

• The exons of some genes appear homologous to 
the exons of others, suggesting a common exon 
ancestry. 

• Most genes are uninterrupted in Saccharomyces cerev'.siae 
but are interrupted in multicellular eukaryotes. 

• Exons are usually short, typically encoding fewer than 
100 amino acids. 

Hlel Members of a Gene Family Have a Common 
Organization 

• Introns are short in unicellularjoligocellular eukary
otes but can be many kilobases (kb) in multicellular 
eukaryotes. 

• The overall length of a gene is determined largely by 
its i ntrons. 

• A set of homologous genes should share common 
features that preceded their evolutionary separation. 

• All globin genes have a common form of organization 
with three exons and two i ntrons, suggesting that they 
are descended from a single ancestral gene. 

• Intron positions in the actin gene family are highly 
variable, which suggests that introns do not separate 
functional domains. 

Some DNA Sequences Encode More Than One 
Polypeptide 
• The use of alternative initiation or termination codons 

allows multiple variants of a polypeptide chain. 

Hll There Are Many Forms of Information in DNA 

• Different polypeptides can be produced from the same 
sequence of DNA when the mRNA is read in different 
reading frames (as two overlapping genes). 

• Otherwise identical polypeptides, differing by the 
presence or absence of certain regions, can be gener
ated by differential (alternative) splicing when certain 
exons are included or excluded. This may take the form 
of including or excluding individual exons, or of choos
ing between alternative exons. 

Some Exons Can Be Equated with Protei n Functional 
Domains 

• Genetic information includes not only that related to 
characters corresponding to the conventional pheno
type, but also that related to characters (pressures) 
corresponding to the genome "phenotype." 

• In certain contexts, the definition of the gene can be 
seen as reversed from "one gene-one protein" to "one 
protein-one gene." 

• Positional information may be important in 
development. 

• Sequences transferred "horizontally" from other 
species to the germline could land in introns or 
intergenic DNA and then transfer "vertically" through 
the generations. Some of these sequences may be 
involved in intracellular nonself-recognition. • Proteins can consist of independent functional mod

ules, the boundaries of which, in some cases, can be 
equated with those of exons. 

HtJ Summary 

Introduction 
The simplest fom1 of a gene is a length of DNA 
that directly corresponds to its polypeptide 
product. Bacterial genes are almost always of 
this type, in which a continuous sequence of 
3N bases encodes a polypeptide of N amino 
adds. However, in eukaryotes ribosomal RNAs 
(rRNAs), transfer RNAs (tRNAs), and mes
senger RNAs (mRNAs) are first synthesized 
as long precursor transcripts that are subse
quently shortened (see the chapter titled RNA 
Splicing and Processing). Thus eukaryotic genes 
are much longer than the functional transcripts 
they produce. It is reasonable to assume that 
the shortening involved a trimming of addi
tional, perhaps regulatory, sequences at the 
5' and/or 3' ends of transcripts, leaving the 
rRNA or protein-encoding sequence of the 
precursor intact. 

However, as it happens a eukaryotic 
gene can include additional sequences that 
lie both within and outside the region that 
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is operational with respect to phenotype. 
Protein-encoding sequences can be inter
rupted, as can the 5' and 3 '  sequences (UTRs) 
that flank the protein-encoding sequences 
within mRNA. The interrupting sequences 
are removed from the primary (RNA) 

transcript (or pre-mRNA) during gene 
expression, generating an mRNA that includes 
a continuous base sequence corresponding to 
the polypeptide product as determined by the 
genetic code. The sequences of DNA compris
ing an interrupted protein -encoding gene are 
divided into the two categories depicted in 
FIGURE 4.1: 

• Exons are the sequences retained in the 
mature RNA product. A mature tran

script starts and ends with exons that 
correspond to the 5'  and 3' ends of the 
RNA. 

• Introns are the intervening sequences 
that are removed when the primary 
RNA transcript is processed to give the 
mature RNA product. 



The exon sequences are in the same order in 
the gene and in the RNA, but an interrupted 

gene is longer than its mature RNA product 
because of the presence of the introns. 

The processing of interrupted genes 
requires an additional step that is not necessary 
in uninterrupted genes. The DNA of an inter
rupted gene is transcribed to an RNA copy 
(a transcript) that is exactly complementary to 
the original DNA sequence. This RNA is only 
a precursor, though; it cannot yet be used to 
produce a polypeptide. First, the introns must 
be removed from the RNA to give a messenger 
RNA that consists only of a series of exons. This 
process is called RNA splicing (see the chapter 
titled Genes Encode RNAs and Polypeptides) and 
involves precisely deleting the introns from the 
primary transcript and then joining the ends of 
the RNA on either side of each intron to form 
a covalently intact molecule (see the chapter 
titled RNA Splicing and Processing). 

The original eukaryotic gene comprises 
the region in the genome between points 
corresponding to the 5 '  and 3' terminal bases 
of mature RNA. We know that transcription 
starts at the DNA template corresponding to 
the 5' end of the mRNA and usually extends 
beyond the complement to the 3 '  end of the 
mature RNA, which is generated by cleavage 
ofthe 3 '  extension. The gene is also considered 
to include the regulatory regions on both sides 
of the gene that are required for the initiation 
and (sometimes) termination of transcription. 

An Interrupted Gene 
Consists of Exons 
and Introns 

Key concepts 

• Introns are removed by RNA splicing, which occurs 
in cis in individual RNA molecules. 

• Mutations in exons can affect polypeptide 
sequence; mutations in introns can affect RNA 
processing and hence may influence the sequence 
andjor production of a polypeptide. 

How does the existence of introns change our 
view of the gene? During splicing, the exons 
are always joined together in the same order 
they are found in the original DNA, so the cor
respondence between the gene and polypeptide 
sequences is maintained. FIGURE 4.2 shows that 
the order of exons in a gene remains the same 
as the order of exons in the processed mRNA, 
but the distances between sites in the gene 

DNA 

pre-mANA 

mANA 

Protein 

l RNA synthesis 

lf' INTRON 2 

Splicing removes 
introns 

l Protein synthesis 

Length of precursor RNA (not mANA) defines region of gene 
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FIGURE 4.1 Interrupted genes are expressed via a precursor RNA. 
Introns are removed when the exons are spliced together. The m RNA 
has only the sequences of the exons. 
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FIGURE 4.2 Exons remain in the same order in mRNA as in DNA, but 
distances along the gene do not correspond to distances along the mRNA 
or polypeptide products. The distance from A-B in the gene is smaller 
than the distance from B-C, but the distance from A-B in the mRNA (and 
polypeptide) is greater than the distance from B-C. 

(as determined by recombination analysis) do 
not correspond to the distances between sites 
in the processed mRNA. The length of a gene is 
defined by the length of the primary mRNA tran
script instead of the length of the mature mRNA. 
All exons of a gene are on one RNA molecule, 
and their splicing together is an intramolecular 
reaction. There is usually no joining of exons 
carried by different RNA molecules, so there is 
rarely cross-splicing of sequences. (However, 
in a process known as trans-splicing, sequences 
from different mRNAs are ligated together into 
a single molecule for translation.) 

Mutations that directly affect the sequence 
of a polypeptide must occur in exons. What 
are the effects of mutations in the introns? 
The introns are not part of the mature mRNA, 
so mutations in them cannot directly affect 
the polypeptide sequence. However, they may 
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affect the processing of the mRNA production 
by inhibiting the splicing of exons. A mutation 
of this sort acts only on the allele that carries it. 

Mutations that affect splicing are usually 
deleterious. The majority are single-base sub
stitutions at the junctions between i ntrons and 
exons. They may cause an ex on to be left out of 
the product, cause an intron to be included, or 
make splicing occur at a different site. The most 
common outcome is a termination codon that 
shortens the polypeptide sequence. Thus, intron 
mutations may affect not only the production 
of a polypeptide, but also its sequence. About 
15% of the point mutations that cause human 
diseases disrupt splicing. 

Some eukaryotic genes are not interrupted 
and, like prokaryotic genes, correspond directly 
with the polypeptide product. In the yeast 
Saccharomyces cerevisiae, most genes are unin
terrupted. In multicellular eukaryotes most 
genes are interrupted, and the introns are usu
ally much longer than exons, so that genes are 
considerably larger than their coding regions. 

Dl Exon and Intron Base 
Compositions Differ 

Key concepts 

• The four "rules" for DNA base composition are 
the first and second parity rules, the cluster rule, 
and the GC rule_ Exons and introns can be distin
guished on the basis of all rules except the first_ 

• The second parity rule suggests an extrusion of 
structured stem-loop segments from duplex DNA, 
which would be greater in introns. 

• The rules relate to genomic characteristics, or 
"pressures," that constitute the genome phenotype. 

In the 1940s Erwin Chargaff initiated studies of 
DNA base composition that led to four "rules," 
beginning with the first parity rulefor duplex DNA 
(see the chapter titled Genes Are DNA). This rule 
applies to most regions of DNA, including both 
exons and introns. Base A in one strand of the 
duplex is matched by a complementary base (T) 
in the other strand, and base G in one strand of 
the duplex is matched by a complementary base 
(C) in the other strand. By extension, the rule 
applies not only to single bases, but also to dinu
cleotides, trinucleotides, and oligonucleotides. 
Thus, GT pairs with its reverse complement AC, 
and ATG pairs with its reverse complement CAT. 
In addition to the well known first parity rule, 
later work by Chargaff led him to propose a sec-
01td parity rule. The little-known second parity 
rule is that, to a close approximation, there are 
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equal amounts of A and T, and equal amounts 
of C and G, in each single strand of the duplex. 
Like the first parity rule, this extends to oligo
nucleotide sequences: For example, in a very 
long strand there are approximately equal num
bers of AC and TG dinucleotides. The reasons 
for the existence of this rule are not clear, but 
sequencing of many genomes has shown it to be 
nearly universally true. The second parity rule 
applies more closely to introns than to exons, 
partly due to a further rule-that purines tend 
to cluster on one DNA strand and pyrimidines 
tend to cluster on the other. This cluster rule as 
applied to exons is that the purines, A and G, 
tended to be clustered in one DNA strand of the 
DNA duplex (usually the nontemplate strand) 
and these are complemented by clusters of the 
pyrimidines, T and C, in the template strand. 

The fact that in single-stranded DNA an 
oligonucleotide is accompanied in series by 
equal quantities of its reverse complementary 
oligonucleotide suggests that duplex DNA has 
the potential to extrude folded stem-loop struc
tures, the stems of which can display base parity 
and the loops of which can display some degree 
of base clustering. Indeed, the potential for such 
secondary structure is found to be greater in 
introns than exons, especially in exons under 
positive selection pressure (see the section titled 
Exon Seque11ces U11der Positive Selection Vary but 
bztro11s Are Co11served later in this chapter). 

Finally, there is the GC rule, which is that 
the overall proportion of G +C in a genome 
(GC contmt) tends to be a species-specific character 
(although individual genes within that genome 
tend to have distinctive values). The GC con
tent tends to be greater in exons than in introns. 
Chargaff's four rules are seen to relate to charac
ters or "pressures" that are itztrinsicto the genome, 
contributing to what was termed the ge11ome 
phenotype (see the section titled There Are Many 
Forms of bzformation in DNA later in this chapter). 

Organization of 
Interrupted Genes 
May Be Conserved 

Key concepts 

• Introns can be detected when genes are compared 
with their RNA transcription products by either restric
tion mapping, electron microscopy, or sequencing. 

• The positions of introns are usually conserved 
when homologous genes are compared between 
different organisms. The lengths of the corre
sponding introns may vary greatly. 

• Introns usually do not encode proteins. 



When a gene is uninterrupted, the restriction 
map of its DNA corresponds with the map of 
its mRNA. When a gene possesses an intron, 
the map at each end of the gene corresponds to 
the map at each end of the message sequence. 
Within the gene, however, the maps diverge 
because additional regions that are found in 
the gene are not represented in the mature 
mRNA. Each such region corresponds to an 
intron. The example in FIGURE 4.3 compares 
the restriction maps of a 13-globin gene and its 
mRNA. There are two introns, each of which 
contains a series of restriction sites that are 
absent from the eDNA. The pattern of restric
tion sites in the exons is the same in both the 
eDNA and the gene. The finer comparison of 
the base sequences of a gene and its mRNA per
mits precise identification of introns. An intron 
usually has no open reading frame. An intact 
reading frame is created in an mRNA sequence 
by the removal of the introns from the primary 
transcript. 

The structures of eukaryotic genes show 
extensive variation. Some genes are uninter
rupted and their sequences are colinear with 
those of the corresponding mRNAs. Most 
multicellular eukaryotic genes are interrupted, 
but the introns vary enormously in both 
number and size. 

Genes encoding polypeptides, rRNA, or 
tRNA may all have introns. Introns also are 
found in mitochondrial genes of plants, fungi, 

Genomic DNA 

eDNA 

eDNA map corresponds to 
exon1 + exon2 + exon3 of genomic map 

protists, and one metazoan (a sea anemone), 
and in chloroplast genes. Genes with introns 
have been found in every class of eukary
otes, archaea, bacteria, and bacteriophages, 
although they are extremely rare in prokaryotic 
genomes. 

Some interrupted genes have only one 
or a few introns. The globin genes provide a 
much studied example (see the section ti tied 
Members of a Gene Family Have a Commo11 Orga
nization later in this chapter). The two general 
classes of globin gene, a and 13, share a common 
organization. They originated from an ancient 
gene duplication event and are described as 
paralogous genes, or paralogs. The consis
tent structure of mammalian globin genes is 
evident from the "generic" globin gene pre
sented in nGURE 4.4. 

Introns are found at homologous posi
tions (relative to the coding sequence) in all 
known active globin genes, including those of 
mammals, birds, and frogs. Although intron 
lengths vary, the first intron is always fairly 
short and the second is usually longer. Most 
of the variation in the lengths of different 
globin genes results from length variation 
in the second intron. For example, the sec
ond intron in the mouse a-globin gene is 
only 150  bp of the total 850 bp of the gene, 
whereas the homologous intron in the mouse 
major 13-globin gene is 585 bp of the total 
1382 bp. The difference in length of the genes 
is much greater than that of their mRNAs 

(a-globin mRNA = 5 8 5  bases; 
13-globin mRNA = 620 bases). 

The example of dihydrofo
late reductase (DHFR), a some
what larger gene, is  shown in 
FIGURE 4.5 . The mammalian 
DHFR gene i s  organized into 
six exons that correspond to a 
2000-base mRNA. The gene itself 
is long because the introns are 

FIGURE 4.3 Comparison of the restriction maps of eDNA and genomic DNA 
for mouse 13-globin shows that the gene has two introns that are not present 
in the eDNA- The exons can be aligned exactly between eDNA and the gene. 

very long. In three mammal spe
cies the exons are essentially the 
same and the relative positions of 
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FIGURE 4.4 All functional globin genes have an interrupted structure with three exons. The 
lengths indicated in the figure apply to the mammalian 13-globin genes. 
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FIGURE 4.5 Mammalian genes for DHFR have the same 
relative organization of rather short exons and very long 
introns, but vary extensively in the lengths of introns. 

the introns are unaltered, but the lengths of 
individual introns vary extensively, resulting 
in a variation in the length of the gene from 
25 to 3 1  kb. 

The globin and DHFR genes are examples 
of a general phenomenon: genes that share a 
common ancestry have similar organizations with 
conservation of the positions (of at least some) of 
the introns. 

Ill Exon Sequences Under 
Negative Selection 
Are Conserved but 
Introns Vary 

Key concepts 

• Comparisons of related genes in different species 
show that the sequences of the corresponding 
exons are usually conserved but the sequences of 
the introns are much less similar. 

• Introns evolve much more rapidly than exons 
because of the lack of selective pressure to pro
duce a polypeptide with a useful sequence. 

Is a single-copy structural gene completely 
unique among other genes in its genome? 
The answer depends on how "completely 
unique" is defined. Considered as a whole, the 
gene is unique, but its exons may be related 
to those of other genes. As a general rule, 
when two genes are related, the relationship 
between their exons is closer than the rela
tionship between their introns. In an extreme 
case, the exons of two genes may encode the 
same polypeptide sequence while the introns 
are different. This situation can result from 
the duplication of a common ancestral gene 
followed by unique base substitutions in 
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FIGURE 4.6 The sequences of the mouse r3maj_ and f3min_ 
globin genes are closely related in coding regions but differ 
in the flanking UTRs and the long intron. Data provided by 
Philip Leder, Harvard Medical School. 

both copies, with substitutions restricted in 
the exons by the need to encode a functional 
polypeptide. 

As we will see in the chapter titled Genome 
Evolution, where we consider the evolution of 
the genome, exons can be considered basic 
building blocks that may be assembled in vari · 
ous combinations. It is possible for a gene to 
have some exons related to those of another 
gene, with the remaining exons unrelated. 
Usually, in such cases, the introns are not 
related at all. Such homologies between genes 
may result from duplication and translocation 
of individual exons. 

The homology between two genes can be 
plotted in the form of a dot matrix compari· 
son, as in FIGURE 4.6. A dot is placed in each 
position that is identical in both genes. The 
dots form a solid line on the diagonal of the 
matrix if the two sequences are completely 
identical. If they are not identical, the line 
is broken by gaps that lack homology and 
is displaced laterally or vertically by nucle
otide deletions or insertions in one or the 
other sequence. 

When the two mouse 13-globin genes are 
compared in this way, a line of homology 
extends through the three exons and the small 
intron. The line disappears in the flanking UTRs 
and in the large intron. This is a typical pattern 
in related genes; the coding sequences and 
areas of introns adjacent to exons retain their 



similarity, but there is greater divergence in lon
ger introns and in the regions on either side of 
the coding sequence. 

The overall degree of divergence between 
two homologous exons in related genes 
corresponds to the differences between the 
polypeptides. It is mostly a result of base sub
stitutions. In the translated regions, changes 
in exon sequences are constrained by selec
tion against mutations that alter or destroy the 
hmction of the polypeptide. In other words, the 
exon sequences are conserved by the negative 
selection of individuals in which the sequences 
have changed (have not been conserved) to 
result in a phenotype that is less able to sur
vive and produce fertile progeny. Many of 
the preserved changes do not affect codon 
meanings because they change a codon into 
another for the same amino acid (i.e., they 
are synonymous substitutions). In this case, 
the polypeptide will not change and negative 
selection will not operate on the phenotype 
conferred by the polypeptide. Similarly, there 
are higher rates of change in untranslated 
regions of the gene (specifically, those that are 
transcribed to the 5' UTR [leader] and 3' UTR 
[trailer] of the mRNA). 

In homologous introns, the pattern of 
divergence involves both changes in length 
(due to deletions and insertions) and base 
substitutions. Introns evolve much more rap
idly than exons when the exons are under 
negative selection pressure. When a gene is 
compared among different species, there are 
instances where its exons are homologous but 
its introns have diverged so much that very lit
tle homology is retained. Although mutations 
in certain intron sequences (branch site, splic
ing junctions, and perhaps other sequences 
influencing splicing) will be subject to selec
tion, most intron mutations are expected to be 
selectively neutral. 

In general, mutations occur at the same rate 
in both exons and introns, but exon mutations 
are eliminated more effectively by selection. 
However, because of the low level of functional 
constraints, introns may more fTeely accumu
late point substitutions and other changes. 
Indeed, it is sometimes possible to locate exons 
in uncharted sequences by virtue of their con
servation relative to introns (see the chapter 
The Contwt of the Genome). From this description 
it is all too easy to conclude that introns do not 
have a sequence-specific function. Genes under 
positive selection, however, cast a different light 
on the problem. 

Ill Exon Sequences Under 
Positive Selection Vary 
but Introns Are Conserved 

Key concepts 

• Under positive selection an individual with an 
advantageous mutation survives (i.e., is able to 
produce more fertile progeny) relative to others 
without the mutation. 

• Due to intrinsic genomic pressures, such as that 
which conserves the potential to extrude stem-loops 
from duplex DNA, introns evolve more slowly than 
exons that are under positive selection pressure. 

A mutation that confers a more advanta
geous phenotype to an organism, relative to 
individuals in the same population without the 
mutation, may result in the preferential survival 
(positive selection ) of that organism. Pathogenic 
bacteri a are killed by an antibiotic, but a bac
terium with a mutation that confers antibiotic 
resistance survives (i.e., is positively selected). 
Mutations conferring venom-resistance to prey 
of venomous snakes can result in the positive 
selection of that prey relative to its fellows that 
succumb to the poison (i.e., are negatively 
selected). Likewise, a snake that, when con
fronted by a venom-resistant prey population, 
has a mutation that enhances the power of its 
venom, will be positively selected. This can trig
ger an attack-defense cycle-an Harm's race" 
between two protagonist species. 

In such situations the pattern of exon con
servation and intron vari ation seen in genes 
under negative selection can be reversed because 
exons evolve faster than introns. Thus, a plot 
similar to Figure 4.6 will have lines in introns 
and gaps in exons. Another way of showing this 
is to plot base substitutions along the length of 
a gene. FIGURE 4.7 shows a plot of the substitu
tions observed when two snake venom alkaline 
phosphatase genes are compared. The protein
encodingparts ofexons (2, 3, and the first half of 
ex on 4) have many base substitutions (i.e., they 
are varying), whereas the three introns have 
relatively few (i.e., they are conserved). 

What is being conserved in introns? First, 
intron sequences needed for RNA splicing-the 
5' and 3' splice sites and the branch site-are 
conserved (see the chapter titled RNA Splicing 

a11d Processi11g). In addition to these, base order 
has been adapted to promote the potential of 
the duplex DNA in the region to extTude stem
loop structures (fold potential). Thus, a plot of 
base order-dependent fold potential along the 
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FIGURE 4. 7 The sequences of snake venom phospholipase genes differ in coding regions, but are 
closely related in introns and flanking regions. Fold potential (here the contribution of base order 
to the potential to extrude stem-loop structures) is low (more positive) in the protein-encoding 
exons and high (more negative) in introns. The positions of the four exons are shown as numbered 
boxes. Modified from D. R. Forsdyke, Conservation of Stem-Loop Potential in Introns of Snake 
Venom Phospholipase A2 Genes: An Application of FORS-0 Analysis, Mol. Bioi. Evol., vol. 12(6), 
pp. 1157-1165, by permission of Oxford University Press. 

length of the gene shows that fold potential 
(measured in negative units) is high (more 
negative) in introns, and low (more positive) 
in exons (Figure 4.7). This reciprocal relation
ship between substitution frequency and the 
contribution of base order to fold potential is a 
characteristic of DNA sequences under positive 
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selection. Indeed, the low (more positive) value 
of fold potential in an ex on provides evaluation 
of the extent to which it has been under posi
tive selection, without the need to compare two 
sequences (the classical way of determining if 
selection is positive or negative). 

Genes Show a Wide 
Distribution of Sizes Due 
Primarily to Intron Size 
and Number Variation 

Key concepts 

• Most genes are uninterrupted in Saccharomyces 
cerevisiae but are interrupted in multicellular 
eukaryotes. 

• Exons are usually short, typically encoding fewer 
than 100 amino acids. 

• Introns are short in unicellularjoligocellular 
eukaryotes but can be many kb in multicellular 
eukaryotes. 

• The overall length of a gene is determined largely 
by its introns. 

FIGURE 4.8 Most genes are uninterrupted in yeast, but most genes are interrupted 
in flies and mammals. (Uninterrupted genes have only one exon and are totaled in 
the leftmost column in red.) 

FIGURE 4.8 compares the organization of genes 
in a yeast, an insect, and mammals. In the yeast 
Saccharomyces cerevisiae, the majority of genes 
(>96%) are uninterrupted, and those that have 
exons generally have three or fewer. There are 
virtually no S. cerevisiae genes with more than 
four exons. 
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In insects and mammals the situation is 
reversed. Only a few genes have uninterrupted 
coding sequences (6% in mammals). Insect 
genes tend to have a small number of exons, 
typically fewer than I 0. Mammalian genes are 
split into more pieces and some have more 
than 60 exons. Approximately 50% of mam
malian genes have more than 10 introns. If we 
examine the effect of intron number variation 
on the total size of genes, we see in FIGURE 4.9 

that there is a striking difference between yeast 
and multicellular eukaryotes. The average yeast 
gene is I .4 kb long, and very few are longer than 
5 kb. The predominance of interrupted genes in 
multicellular eukaryotes, however, means that 
the gene can be much larger than the sum total 
of the exon lengths. Only a small percentage of 
genes in flies or mammals are shorter than 2 
kb, and most have lengths between 5 kb and 
100 kb. The average human gene is 27 kb long. 
The dystrophin gene, with a length of 2000 kb, 
is the longest known human gene. 

The switch from largely uninterrupted 
to largely interrupted genes seems to have 
occurred vvith the evolution of multicellular 
eukaryotes. In fungi other than S. cerevisiae, 
the majority of genes are interrupted, but they 
have a relatively small number of exons (<6) 
and are fairly short (<5 kb). In the fruit fly, 
gene sizes have a bimodal distribution-many 
are short but some are quite long. With this 
increase in the length of the gene due to the 
increased number of introns, the correlation 
between genome size and organism complexity 
becomes weak. 
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FIGURE 4.9 Yeast genes are short, but genes in flies and 
mammals have a dispersed bimodal distribution extending 
to very long sizes. 
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FIGURE 4.10 Exons encoding polypeptides are 
usually short. 

FIGURE 4.10 shows that exons encoding 
stretches of protein tend to be fairly small. In 
multicellular eukaryotes, the average exon 
codes for -50 amino acids, and the general dis
tribution is consistent with the hypothesis that 
genes have evolved by the gradual addition of 
exon units that encode short, functionally inde
pendent protein domains (see the Ge11ome Evo
lutioll chapter) .  There is no significant difference 
in the average size of exons in different mul
ticellular eukaryotes, although the size range 
is smaller in vertebrates for which there are 
few exons longer than 200 bp. In yeast, there 
are some longer exons that represent uninter
rupted genes for which the coding sequence is 
intact. There is a tendency for exons containing 
untranslated 5' and 3' regions to be longer than 
those that encode proteins. 

FIGURE 4.11 shows that introns vary widely 
in size among multicellular eukaryotes. (Note 
that the scale of the x-axis differs from that of 
Figure 4.1 0.) In worms and flies, the average 
intron is not longer than the exons. There are 
no very long introns in worms, but flies con
tain many. In vertebrates, the size distribution 
is much wider, extending from approximately 
the same length as the exons (<200 bp) up to 
60 kb in extreme cases. (Some fish, such as fugu, 
have compressed genomes with shorter introns 
and intergenic regions than mammals have.) 
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FIGURE 4.11 Introns range from very short to very long. 
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FIGURE 4.12 Two proteins can be generated from a single gene by starting 
(or terminating) expression at different points. 
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FIGURE 4.13 Two genes may overlap by reading the same DNA sequence in 
different frames. 
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Very long genes are the result of very 
long introns, not the result of encoding Ion-
ger products. There is no correlation between 
total gene size and total exon size in multicel-
lular eukaryotes, nor is there a good correlation 
between gene size and number of exons. The 
size of a gene is therefore determined primarily 
by the lengths of its individual introns. In 
mammals and insects, the "average" gene is 
approximately 5X that of the total length of 
its exons. 

Some DNA Sequences 
Encode More Than 
One Polypeptide 

Key concepts 

• The use of alternative initiation or termination 
codons allows multiple variants of a polypeptide 
chain. 

• Different polypeptides can be produced from the 
same sequence of DNA when the mRNA is read 
in different reading frames (as two overlapping 
genes). 

• Otherwise identical polypeptides, differing by the 
presence or absence of certain regions, can be 
generated by differential (alternative) splicing 
when certain exons are included or excluded. This 
may take the form of including or excluding indi
vidual exons, or of choosing between alternative 
exons. 

Many structural genes consist of a sequence that 
encodes a single polypeptide, although the gene 
may include noncoding regions at both ends 
and introns within the coding region. However, 
there are some cases in which a single sequence 
of DNA encodes more than one polypeptide. 

In one simple example, a single DNA 
sequence may have two alternative start codons 
in the same reading frame (see FIGURE 4.12) . 
Thus, under different conditions one or the 
other of the start codons may be used, allowing 
the production of either a short form of the poly
peptide or a full-length form, where the short 
form is the last portion of the full-length form. 

An actual overlapping gene occurs 
when the same sequence of DNA encodes 
two nonhomologous proteins because it uses 
more than one reading frame. Usually, a cod
ing DNA sequence is read in only one of the 
three potential reading frames. In some viral 
and mitochondrial genes, however, there is 
some overlap between two adjacent genes that 
are read in different reading frames, as illus
trated in FIGURE 4.13 . The length of overlap is 
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FIGURE 4.14 Alternative splicing generates the et and 
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usually short, so that most oft he DNA sequence 
encodes a unique polypeptide sequence. 

In some cases, genes can be nested. This 
occurs when a complete gene is found within 
the intron of a larger "host" gene. Nested genes 
often lie on the strand opposite to that of the 
host gene. 

In some genes there are switches in the 
pathway for splicing the exons that result in 
altemative patterns of gene expression. A single 
gene may generate a variety of mRNA products 
that differ in their ex on content. Certain exons 
may be optional; in other words, they may be 
included or spliced out. There also may be a pair 
of exons treated as mutually exclusive-one or 
the other is included in the mature transcript, 
but not both. The alternative proteins have one 
part in common and one unique part. 

In some cases, the alternative means of 
expression do not affect the sequence of the 
polypeptide. For example, changes that affect 
the 5 '  UTR or the 3'  UTR may have regula
tory consequences, but the same polypeptide is 
made. In other cases, one ex on is substituted for 
another, as in FIGURE 4.14. In this example, the 
polypeptides produced by the two mRNAs con
tain sequences that overlap extensively, but are 
different within the alternatively spliced region. 
The 3' half of the troponin T gene of rat muscle 
contains five exons, but only four are used to 
construct an individual mRNA. Three exons ( W, 
X, and Z) are included in all mRNAs. However, 
in one alternative splicing pattern the a ex on 
is included between X and Z, whereas in the 
other pattern it is replaced by the � exon. The 
a and � forms of troponin T therefore differ in 
the sequence of the amino acids between Wand 
Z, depending on which of the alternative exons 
(a or�) is used. Either one ofthe a and � exons 
can be used in an individual mRNA, but both 
cannot be used in the same mRNA. 

FIGURE 4.15 shows that alternative splicing 
can lead to the inclusion of an exon in some 
mRNAs while leaving it out of others. A single 
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FIGURE 4.15 Alternative splicing uses the same pre-mRNA to generate mRNAs 
that have different combinations of exons. 

primary transcript can be spliced in either of 
two ways. In the first (more standard) path
way, two introns are spliced out and the three 
exons arejoi11ed together. In the second path
way, the second exon is excluded as if a single 
large intron is spliced out. This intron consists of 
intron l + exon 2 + intron 2. In effect, exon 2 
has been treated iJ1 this pathway as if it were 
part of a single intron. The pathways produce 
two polypeptides that are the same at their 
ends, but one has an additional sequence in the 
m.iddle. (Other types of combinations that are 
produced by altemative splicing are discussed 
in the RNA Spliciug a11d Processillg chapter). 

Sometimes tvvo alternative splicing path
ways operate simultaneously, with a certain 
proportion of the primary RNA transcripts 
being spliced in each way. However, sometimes 
the pathways are alternatives that are expressed 
under different conditions, for example, one 
in one cell type and one in another cell type. 

So, alternative (or differential) splic
ing can generate different polypeptides vvith 
related sequences from a single stretch of DNA. 
It is curious that the multicellular eukaryotic 
genome is often extremely large with long 
genes that are often widely dispersed along a 
chromosome, but at the same time there may 
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be multiple products Erom a single locus. Due 
to alternative splicing, there are - 1 5% more 
polypeptides than genes in flies and worms, but 
it is estimated that the majority of human genes 
are alternatively spliced (see the chapter titled 
Ge11ome Sequwces a11d Gene Numbers). 

Dl Some Exons Can Be 
Equated with Protein 
Functional Domains 

Key concepts 

• Proteins can consist of independent functional 
modules, the boundaries of which, in some cases, 
can be equated with those of exons. 

• The exons of some genes appear homologous to 
the exons of others, suggesting a common ex on 
ancestry. 

The issue of the evolution of interrupted genes 
is more fully considered in the Ge11ome Evolutio11 
chapter. If proteins evolve by recombining 
parts of ancestral proteins that were originally 
separate, the accumulation of protein domains 
is likely to have occurred sequentially, with 
one ex on added at a time. Each addition wouJd 
have to improve upon the advantages of prior 
additions in a sequence of positive selection 
events. Are the different function·encoding 
segments from which these genes may have 
originally been pieced together reflected i11 
their present structures? If a protein sequence 
were randomly intenupted, sometimes the 
interruption would intersect a domain and 
sometimes it would lie betvveen domains. If 

L exon V-J exon C exon 

we can equate the functional domains of ctu
rent proteins with the individual exons of the 
corresponding genes, then this would suggest 
selective interdomain interruptions rather than 
random ones. 

In some cases there is a clear relationship 
between the structures of a gene and its protein 
product, but these may be special cases. The 
example par excellence is provided by the immu
noglobulin (antibody) proteins-an extracel
lular system for self-/nonself-discrimination 
that aids in the elimination of foreign patho
gens. Immunoglobulins are encoded by genes 
in which every exon corresponds exactly to 
a known functional protein domain. Banks 
of alternate sequence domains are tapped so 
that each cell acquires the ability to secrete a 
cell-specific immunoglobulin with distinctive 
binding capacity for a foreign antigen that the 
organism may one day encounter again (see 
the chapter titled Somatic Recombinatiou and 
Hypermutatio11 in the Immune System) .  FIGURE 4.16 
compares the structure of an immunoglobulin 
with its gene. 

An imnmnoglobulin is a tetramer of two 
light chains and two l1eavy chains that cova
lently bond to generate a protein with several 
distinct domains. Light chains and heavy chains 
differ in structure, and there are several types 
of heavy chains. Each type of chain is pro
duced from a gene that has a series of exons 
corresponding to the structural domains of 
the protein. 

In many instances, some of the exons of 
a gene can be identified with particular hmc
tions. In secretory proteins, such as insulin, 
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FIGURE 4.16 Immunoglobulin light chains and heavy chains are encoded by genes whose structures 
(in their expressed forms) correspond to the distinct domains in the protein. Each protein domain 
corresponds to an exon; introns are numbered 11 to 15. 
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the first exon that encodes for theN-terminal 
region of the polypeptide often specifies a 
signal sequence needed for transfer across a 
membrane. 

The view that exons are the functional 
building blocks of genes is supported by cases 
in which two genes may share some related 
exons but also have unique exons. FIGURE 4.17 
summarizes the relationship between the 
receptor for human LDL (plasma low den
sity lipoprotein) and other proteins. The LDL 
receptor gene has a series of exons related 
to the exons of the EGF (epidermal growth 
factor) precursor gene and another series of 
exons related to those of the blood protein 
complement factor C9. Apparently, the LDL 
receptor gene evolved by the assembly of 
modules for its various functions. These mod
ules are also used in different combinations 
in other proteins. 

Exons tend to be fairly small and are 
around the size of the smallest polypeptide that 
can assume a stable folded structure (-20 to 
40 residues). It may be that proteins were orig
inally assembled from rather small modules. 
Each individual module need not correspond 
to a current function; several modules could 
have combined to generate a new functional 
unit. Larger genes tend to have more exons, 
which is consistent with the view that proteins 
acquire multiple functions by successively 
adding appropriate modules. 

This suggestion might explain another 
aspect of protein structure. It appears that the 
sites represented at exon-intron boundaries 
often are located at the surface of a pro
tein. As modules are added to a protein, the 
connections-at least of the most recently 
added modules-could tend to lie at the surface. 
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FIGURE 4.17 The LDL receptor gene consists of 18 exons, 
some of which are related to EGF precursor exons and some 
of which are related to the C9 blood complement gene. 
Triangles mark the positions of introns. 

Ill M embers of a Gene 
Family Have a 
Common Organization 

Key concepts 

• A set of homologous genes should share common 
features that preceded their evolutionary separation. 

• All globin genes have a common form of organization 
with three exons and two introns, suggesting that 
they are descended from a single ancestral gene. 

• Intron positions in the actin gene family are 
highly variable, which suggests that introns do 
not separate functional domains. 

Many genes in a multicellular eukaryotic 
genome are related to others in the same 
genome, either in series (nonallelic) or i11 parallel 
(allelic). A gene family is defined as a group of 
genes that encode related or identical products 
as a result of gene-duplication events. After the 
first duplication event, the two copies are iden
tical, but then they diverge as different muta
tions accumulate in them. Further duplications 
and divergence extend the family. The globin 
genes are an example of a family that can be 
divided into two subfamilies (a globin and � 
globin), but all its members have the same basic 
structure and function (see the Genome Evolution 
chapter). In some cases, we can find genes that 
are more distantly related but that still can be 
recognized as having common ancestry. Such a 
group of gene families is called a superfamily. 

A fascinating case of evolutionary conser
vation is presented by the a and � globins and 
two other proteins related to them. Myoglo
bin is a monomeric oxygen-binding protein 
in animals. Its amino acid sequence suggests a 
common (though ancient) origin with a and � 
globins. Leghemoglobins are oxygen-binding 
proteins present in legume plants; like myoglo
bin, they are monomeric and share a common 
origin with the other heme-binding proteins. 
Together, the globins, myoglobins, and leghe
moglobins make up the globin superfamily
a set of gene families all descended from an 
ancient common ancestor. 

Both a - and �-globin genes have three 
exons and two introns in conserved positions 
(see Figure 4.4). The central exon represents 
the heme-binding domain of the globin chain. 
There is a single myoglobin gene in the human 
genome and its structure is essentially the 
same as that of the globin genes. The con
served three-exon structure therefore predates 
the common ancestor of the myoglobin and 
globin genes. 
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Leghemoglobin genes contain three introns, 
the first and last of which are homologous to the 
two introns in the globin genes. This remark
able similarity suggests an exceedingly ancient 
origin for the interrupted structure of heme
binding proteins, as illustrated in FIGURE 4.18. 
The central intron of leghemoglobin separates 
two exons that together encode the sequence 
corresponding to the single central exon in 
globin; the functional heme-binding domain 
is split into two by an intron. Could the central 
exon of the globin gene have been derived by 
a fusion o[ two central exons in the ancestral 
gene? Or, is the single central exon the ancest-..al 
form? In this case, an intron must have been 
inserted into it early in plant evolution. 

Orthologous genes, or orthologs, are 
genes that are homologous (homologs) due 
to speciation; in other words, they are related 
genes in different species. Comparison of 
orthologs that differ in structure may provide 
information about their evolution. An exam
ple is insulin. Mammals and birds have only 
one gene for insulin, except for rodents, which 
have two. FIGURE 4.19 illustrates the structures 
of these genes. 

We use the principle of parsimony in com
paring the organization of orthologous genes 
by assuming that a common feature predates the 
evolutionary separation of the two species. In chick
ens, the single insulin gene has two introns; 
one of the two homologous rat genes has the 
same structure. The common structure implies 
that the ancestral insulin gene had two introns. 
However, because the second rat gene has only 
one intron, it must have evolved by a gene 
duplication in rodents that was followed by 
the precise removal of one intron from one of 
the homologs. 

The organizations of some orthologs show 
extensive discrepancies between species. In 
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FIGURE 4.18 The exon structure of globin genes cor
responds to protein function, but leghemoglobi n has an 
extra intron in the central domain. 
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FIGURE 4.19 The rat insulin gene with one intron evolved 
by loss of an i ntron from an ancestor with two i ntrons. 

these cases, there must have been exten
sive deletion or insertion of introns during 
evolution. A well characterized case is that 
of the actin genes. The common features 
of actin genes are an untranslated leader of 
< I  00 bases, a coding region of - 1 200 bases, 
and a trailer of -200 bases. Most actin genes 
have introns, and their positions can be 
aligned with regard to the coding sequence 
(except for a single intron sometimes found 
in the leader). 

FIGURE 4.20 shows that almost every 
actin gene is different in its pattern of intron 
positions. Among all the genes being com
pared, introns occur at 19  different sites. 
However, the range of intron number per 
gene is zero to six.  How did this situation 
arise? If we suppose that the ancestral actin 
gene had introns, and that all current actin 
genes are related to it by loss of introns, differ
ent introns have been lost in each evolution
ary branch. Probably some introns have been 
lost entirely, so the ancestral gene could well 
have had 20 introns or more. The alternative 
is to suppose that a process of intron inser
tion continued independently in the different 
lineages. 

Whether introns were present in actin 
genes early or late, there appears to have been 
no consistent influence from actin protein 
domains or subdomains as to where introns 
should locate. On the other hand, when 
exons are under negative selection (resulting 
in homology conservation), in-series recom
bination between members of an expanding 
gene family (that could cause a contrac
tion in family size) would be decreased by 
intron diversification (resulting in loss of 
some homology), and introns would come 
to reside where this could best be achieved. 
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FIGURE 4.20 Actin genes vary widely in their organization. The sites of introns are indicated by 
dark boxes. The bar at the top summarizes all the intron positions among the different orthologs. 

Alleles would have similar exons and introns, 
so in-parallel interallelic recombination 
(as in meiosis) would be unimpaired until 
speciation occurred-a process that could 
be accompanied by intron relocations. The 
relationships between the intron locations 
among different species could then be used 
to construct a phylogenetic tree illustrating 
the evolution of the actin gene. 

The relationship between individual 
exons and functional protein domains is 
somewhat erratic. In some cases there is a 
clear I :  I relationship; in others no pattern 
can be discerned. One possibility is  that the 
removal of introns has fused the previously 
adjacent exons. This means that the intron 
must have been precisely removed without 
changing the integrity of the coding region. 
An alternative is that some introns arose 
by insertion into an exon encoding a single 
domain. Together with the variations that 
we see in exon placement in cases such as 
the actin genes, the conclusion is that intron 
positions can evolve. 

The correspondence of  at least some 
exons with protein domains and the pres
ence of related exons in different proteins 
leave no doubt that the duplication and 
juxtaposition of exons have played impor
tant roles in evolution. It is possible that the 
number of ancestral exons-l'rom which all 
proteins have been derived by duplication, 
variation, and recombination-could be rela
tively small, perhaps as little as a few thou
sand. The idea that exons are the building 
blocks of new genes is consistent with the 
"introns earlyn model for the origin of genes 
encoding proteins (see the Gwome Evolution 
chapter). 

1111 There Are Many Forms 
of Information in DNA 

Key concepts 

• Genetic information includes not only that related 
to characters corresponding to the conventional 
phenotype, but also that related to charac-
ters (pressures) corresponding to the genome 
"phenotype." 

• In certain contexts, the definition of the gene can 
be seen as reversed from "one gene-one protein" 
to "one protein-one gene." 

• Positional information may be import.ant in 
development. 

• Sequences transferred "horizontally" from other spe
cies to the germline could land in introns or inter
genic DNA and then transfer "verticallyn through 
the generations. Some of these sequences may be 
involved in intracellular nonself-recognition. 

The term genetic information can include all 
information that passes "vertically" through the 
germline, notjust genic information. The word 
"gene" and its adjective "genic" have different 
meanings in different contexts, but in most 
circumstances there is little confusion when 
context is considered. In situations in which a 
sequence of DNA is responsible for production 
of one particular polypeptide, current usage 
regards the entire sequence of DNA-from the 
first point represented in the messenger RNA 
to the last point corresponding to its end-as 
comprising the "gene": exons, introns, and all. 

When sequences encoding polypeptides 
overlap or have alternative forms of expres
sion, we may reverse the usual description of 
the gene. lnstead of saying "one gene-one poly
peptide," we may describe the relationship as 
"one polypeptide-one gene." So we regard the 
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sequence involved in production of the poly
peptide (including introns and exons) as con
stituting the gene, while recognizing that part 
of this same sequence also belongs to the gene 
of another polypeptide. This allows the use of 
descriptions such as " overlapping" or "altern a
tive" genes. 

We can now see how far we have come 
from the one gene-one enzyme hypothesis of 
the early part of the 20th century. The driving 
question at that time was the nature of the gene. 
It was thought that genes represented "fer
ments" (enzymes), but what was the fundamen
tal nature of ferments? Once it was discovered 
that most genes encode proteins, the paradigm 
became fixed as the concept that every genetic 
unit functions through the synthesis of a par
ticular protein. Either directly or indirectly, 
protein-encoding pressure was responsible for 
what we can now refer to as the conventio11al 
phmotype. We now recognize that genetic units 
encoding polypeptides may also include infor
mation corresponding to the getzome phe11otype, 
manifestations of which include fold pressure, 
puriue-loading (AG) pressure, and GC pressure. 
There may be conflict between different pres
sures, such as competition for space in the gam
ete that will transfer genomic information to the 
next generation. For example, a protein might 
function most efficiently with the basic amino 
acid lysine (codon AAA) in a certain position, 
but GC pressure might require the substitution 
of another basic amino acid, such as arginine 
(codon CGG). Alternatively, fold pressure might 
require the corresponding nucleic acid to fold 
into a stem-loop structure where CCG would 
pair with the antiparallel arginine codon. A 
lysine codon in this position would disrupt the 
structure, so again a less efficient polypeptide 
would have to suffice. 

The conventional phenotype, however, 
remains the central paradigm of molecular 
biology: A genic DNA sequence either directly 
encodes a particular polypeptide or is adja
cent to the segment that actually encodes that 
polypeptide. How far does this paradigm take 
us beyond explaining the basic relationship 
between genes and proteins? 

The development of multicellular organ
isms requires the use of different genes to 
generate the different cell phenotypes of each 
tissue. The expression of genes is determined 
by a regulatory network that takes the form of 
a cascade. Expression of the first set of genes 
at the start of embryonic development leads to 
expression of the genes involved in the next 
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stage of development, which in turn leads to 
a further stage, and so on, until all the tissues 
of the adult are formed and functioning. The 
molecular nature of this regulatory network is 
still somewhat unknown, but we assume that 
it consists of genes that encode products (often 
protein, but sometimes RNA) that can influence 
the expression of other genes. 

Although such a series of interactions 
is almost certainly the means by which the 
developmental program is executed, we can 
ask whether it is entirely sufficient. One spe
cific question concerns the nature and role of 
positional information. We know that all parts of 
a fertilized egg are not equal; one of the fea
tures responsible for development of different 
tissue parts from different regions of the egg is 
location of information (presumably specific 
macromolecules) within the cell. 

We do not fully understand how these 
particular regions are formed, though particu
lar examples have been well studied (see the 
mRN A Stability aud Localizatio11 chapter). We 
assume, however, that the existence of posi
tional information in the egg leads to the dif
ferential expression of genes in the cells making 
up the tissues formed from these regions. This 
leads to the development of the adult organism, 
which in the next generation leads to the 
development of an egg with the appropriate 
positional information. 

This possibility of positional information 
suggests that some information needed for 
development of the organism is contained in 
a form that we cannot directly attribute to a 
sequence of DNA (although the expression 
of particular sequences may be needed to 
perpetuate the positional information). Put in a 
more general way, we might ask the following: 
If we have the entire sequence of DNA compris
ing the genome of some organism and interpret 
it in terms of proteins and regulatory regions, 
could we in principle construct an organism (or 
even a single living cell) by controlled expres
sion of the proper genes? 

Once tissues and organs have developed, 
they not only have to be maintained, but also 
protected against potential pathogens. Groups 
of variable genes have diversified in the germ
line, and continue to diversify somatically, to 
allow multicellular organisms to ( I )  respond 
extracellularly by the synthesis of immunoglo
bulin antibodies directed against pathogens, 
and (2) "remember" past pathogens so that 
future responses will be faster and stronger 
(immunological memory; see the chapter titled 



Somatic Recombi11atioll i11 the Immune System ). 
Should it escape such extracellular defenses, 
though, the nucleic acid of a pathogenic 
virus could gain entry to cells and intracellular 
defenses would be needed. 

We know that in bacteria infected by 
bacteriophages (see the chapter titled Phage 
Strategies), host defenses include rapid local or 
genome-wide transcription of DNA (which has 
been documented in eukaryotes in response 
to environmental insult or infection) to pro
duce "antisense" transcripts that are capable of 
base-pairing with pathogen "sense" transcripts 
to form double-stranded RNAs. These RNAs 
then act as an alarm signal to nigger secondary 
defenses (see the example of bacterial CRIS
PRs discussed in the Regulatory RNA chapter). 
The host could store a "memory" of previ
ous intracellular invaders by converting some 
pathogen transcripts into DNA through reverse 
transcription and inserting them into its genome 
in an inactive fonn for future rapid transcription 
of antisense RNAs in times of active infection 
by that pathogen. Thus, some pathogen nucleic 
acid might enter the germline "horizontally" 
(within a generation) and the parental memory 
of the pathogen could subsequently be trans
ferred "vertically" to offspring. The diversity of 
some elements found within introns and extra
genic DNA (see the chapter titled Transposable 
Elemwts and Retroviruses) could in part reflect 
such past pathogen attacks. There is recent evi
dence of such inherited antiviral immunity in 
several animal and plant spedes. 

Ill Summary 
Most eukaryotic genomes contain genes that 
are interrupted by intron sequences. The pro
portion of interrupted genes is low in some 
fungi, but few genes are uninterrupted in mul
ticellular eukaryotes. The size of a gene is deter
mined primarily by the lengths of its introns. 
The range of gene sizes in mammals is  generally 
from I to 100 kb, but there are some that are 
even larger. 

Introns are found in all classes of eukary
otic genes, both those encoding protein products 
and those encoding independently functioning 
RNAs. The structure of an interrupted gene is  
the same in all tissues: Exons are spliced together 
in RNA in the same order as they are found 
in DNA, and the introns, which usually have 
no coding function, are removed from RNA by 
splicing. Some genes are expressed by alter
native splicing patterns, in which a particular 

sequence is removed as an intron in some situ
ations but retained as an exon in others. 

Often, when the organizations of ortholo
gous genes are compared, the positions ofintrons 
are conserved. ln genes under negative selection 
pressure, intron sequences vary-and may even 
appear unrelated-although exon sequences 
remain closely related. This conservation of 
exons, which allows the conservation of impor
tant phenotypic characters, can be used to iden
tify related genes in different species. In genes 
under positive selection pressure, however, 
ex on sequences vary, although inn·on sequences 
can remain more similar. This conservation of 
introns relates to characters corresponding to the 
genome phenotype, such as fold pressure, which 
may relate to enor correction in DNA. 

Some genes share only some of their exons 
with other genes, suggesting that they have 
been assembled by addition of exons represent
ing functional "modular units" of the protein. 
Such modular exons may have been incorpo
rated into a variety of different proteins and 
sometimes correspond to functional domains of 
those proteins. The idea that genes have been 
assembled by sequential addition of exons is  
consistent with the hypothesis that introns 
were present in the genes of ancestral organ
isms, thus facilitating the assembly process. 
Some of the relationships between homologous 
genes can be explained by loss of introns from 
the ancestral genes, with different introns being 
lost in different lines of descent. 

References 

Introduction 

Reviews 
Crick, F. (1 979) Split genes and RNA splicing. 

Science 204, 264-271 .  
Harris, H. ( 1994) An RNA heresy in the fifties. 

Trmds Biochem. Sci. 19, 303-305. 
Hong, X . •  Schofiel d, D. G., and Lynch, M.  (2006) . 

lntron size, abundance, and distribution 
within untranslated regions or genes. Mol. Bioi. 

Evol. 23, 2392-2404. 

Research 
Glover, D. M .• and Hogness, D. S.  (1977). A novel 

arrangement of the 8$ and 28$ sequences in a 
repeating unit or D. melauogaster rONA. Cell i 0, 
167-176. 

Scherrer, K ., et a!. ( 1970). Nuclear and cytoplas
mic messenger-like RNAs and their relation to 
the active messenger RNA in polyribosomes of 
He La cells. Cold Spring Harb. Symp. Quant. Bioi. 

3 5, 5 39-5 54. 

References 97 



Review 

An Interrupted Gene Consists of Exons 
and Introns 

Forsdyke, D. R. ( 20 1 1 ) .  Exons and introns. ln: 
Evolutionary Bioinformatics, 2nd ed. Springer, 
New York, pp. 249-266. (See also http://post 
.q ueensu .ca/-forsdyke /in trans. h tm.) 

al Exon and Intron Base Compositions Differ 

Reviews 
Forsdyke, D. R., and Mortimer, J. R. (2000). 

Chargaff'slegacy. Gene 261, 127-137. (See http:// 
post. q ueensu .ca 1-fo rsdyke lbi oi nfo2. h tm.) 

Forsdyke, D. R., and Bell, S.  J. (2004). Purine
loading, stem-loops, and Chargaff's second 
parity rule: a discussion of the application of 
elementary principles to early chemical observa
tions. Applied Bioinformatics 3, 3-8. (See http:// 
post.queensu.ca/-forsdyke/bioinfo 5.htm.) 

Research 
Babak, T., Blencowe, B .  J., and Hughes, T. R.  

(2007). Considerations in the identification 
of functional RNA structural elements in ge
nomic alignments. BMC Bioinf. 8, article num
ber 33.  

Bechtel, J. M., et al. (2008). Genomic mid-range 
inhomogeneity correlates with an abundance 
of RNA secondary structure. BMCGenomics 9, 

article number 284. 

Bultrini, E., et al. (2003).  Pentamer vocabularies 
characterizing introns and intron-like inter
genic tracts from Caenorhabditis e/egans and 
Drosophila melanogaster. Gene 304, 183-192. 

Ko, C. H., et al. (1998).  U-richness is a defining 
feature of plant introns and may function as 
an intron recognition signal in maize. Plant 

Mol. Bioi. 36, 573-583. 

Zhang, C., Li, W.-H., Krainer, A. R., and Zhang, 
M.  Q. (2008). RNA landscape of evolution for 
optimal exon and intron discrimination. ?roc. 

Nat/. Acad. Sci. USA 1 0 5, 5797-5802. 

Review 

Organization of Interrupted Genes 
May Be Conserved 

Fedoroff, N. V. ( 1 979). On spacers. Cell 16, 697-7 1 0 .  

Research 
Berget, S. M., Moore, C., and Sharp, P. ( 1977). 

Spliced segments at the 5' terminus of adeno
virus 2 late mRNA. ?roc. Nat/. Acad. Sci. USA 

74, 3171-3175. 

Chow, L. T., Gelinas, R. E., Broker, T. R., and 
Roberts, R.  J. ( 1977). An amazing sequence 
arrangement at the 5 '  ends of adenovirus 
2 mRNA. Ce// 1 2, 1-8. 

Jeffreys, A. J., and FlavelL R.  A. (1977).  The rab
bit 13-globin gene contains a large insert in the 
coding sequence. Ce// 12, I 097-1 1 0 8 .  

98 CHAPTER 4 The Interrupted Gene 

Ex on Sequences Under Positive Selection 
Vary but Introns Are Conserved 

Forsdyke, D. R. ( 1 9 9  5) .  Conservation of stem-loop 
potential in introns of snake venom phos
pholipase A2 genes: an application of FORS-D 
analysis. Mol. Bioi. Evo/. 12, 1 1 57-1165. 

Forsdyke, D. R. ( 1 9 9  5) .  Reciprocal relationship 
between stem-loop potential and substitu
tion density in retroviral quasispecies under 
positive Darwinian selection. J. Mol. Evol. 4 1 ,  

1022-1037. (See http://post.queensu 
.ca/-forsdyke/hivO l .htm.) 

Forsdyke, D. R. (1996).  Stem-loop potential in 
MHC genes: a new way of evaluating posi
tive Darwinian selection. Immunogenetics 43, 

182-189. 

Genes Show a Wide Distribution of Sizes 
Due Primarily to Intron Size and 
Number Variation 

Hawkins, J .  D. ( 1988).  A survey of intron and 
ex on lengths. Nucleic Acids Res. 16, 9893-9905. 

Naora, H., and Deacon, N. J. ( 1982) .  Relationship 
between the total size of exons and introns in 
protein-coding genes of higher eukaryotes. 
?roc. Nat/. Acad. Sci. USA 79, 6 1 96-6200. 

Research 

Some DNA Sequences Encode More Than 
One Polypeptide 

Pan, Q., et al. (2008). Deep surveying of alterna
tive splicing complexity in the human tran
scriptome by high-throughput sequencing. 
Nature Genetics 40, 1 4 1 3 - 1 4 1  5. 

Sultan, M., et al. (2008).  A global view of gene 
activity and alternative splicing by deep se
quencing of the human transcriptome. Science 
3 2 1 , 956-960. 

Dl Some Exons Can Be Equated with Protein 
Functional Domains 

Reviews 
Blake, C. C.  (1985).  Exons and the evolution of 

proteins. Int. Rev. Cytol. 93, 149-185. 

Doolittle, R. F. (1985).  The genealogy of some 
recently evolved vertebrate proteins. Trends 

Biochem. Sci. 10, 233-237. 

&JI!I Members of a Gene Family Have 
a Common Organization 

Review 
Dixon, B., and Pohajdek, B .  (1992).  Did the 

ancestral globin gene of plants and animals 
contain only two introns" Trends Biochem. Sci. 

I 7, 486-488. 

Research 
Matsuo, K ., et al. ( 1 994).  Short introns 

interrupting the Oct-2 POU domain may 
prevent recombination between POU family 



members without interfering with potential 
POU domain "shuffling" in evolution. Bioi. 

Chem. Hopp-Seyler 375, 675-683. 
Weber, K., and Kabsch, W. ( 1 994). Intron posi

tions in actin genes seem unrelated to the sec
ondary structure of the protein. EM BO. J. 13,  
I 280-I 286. 

liD There Are Many Forms of Information 
in DNA 

Reviews 
Barrangou, R., et al. (2007). CRISPR provides 

acquired resistance against viruses in prokar
yotes. Science 3 1  5, I 709-I 7 I 2 .  

Bernardi, G., and Bernardi, G.  ( 1 986) .  
Composi tiona I constraints and genome evolu
tion. J. Mol. Evo/. 24, 1-1 1 .  

Forsdyke, D.  R. (20 I I ) .  Evolutionary Bioinformatics, 

2nd ed. Springer, New York, 509 pp. 
Forsdyke, D.  R., Madill, C. A., and Smith, S. D. 

(2002). Immunity as a function of the 

unicellular state: implications of emerging 
genomic data. Trends Immzmol. 23, 575-579. 
(See http://post.queensu.ca/ �forsdyke/ 
theorimm.htm.) 

Jeffares, D. C., Penkett, C. J., and Biihler, J. 
(2008). Rapidly regulated genes are intron 
poor. Trends in Genetics 24, 375-378. 

Research 
Bertsch, C., Beuve, M., Dolja, V. V., Wirth, M., 

Pelsy, F., Herrbach, E., and 0. Lemaire. (2009). 
Retention of the virus-derived sequences in 
the nuclear genome of grapevine as a potenti al 
pathway to virus resistance. Biology Direct 4, 2 I . 

Flegel, T. W. (2009). Hypothesis for heritable, anti
viral immunity in crustaceans and insects. 
Biology Direct 4, 3 2 .  

Saleh, M.-C., Tassetto, M., van Rij, R.  P., Goic. B., 
Gausson, V. Berry, B., Jacquier, C., Antoniewski, 
C., and R. Andino. (2009). Antiviral immunity 
in Drosophila requires systemic RNA interference 
spread. Nature 458, 346-350. 

References 99 



The Content of the Genome 
CHAPTER OUTLINE J 

IO'IM Introduction 

*'*• Genomes Can Be Mapped at Several Levels 

of Resolution 
• Linkage maps are based on the frequency of recom bi

nation between genetic markers; restriction maps are 
based on the physical distances between markers. 

• Molecular characterization of mutations can be used to 
reconcile linkage maps with physical maps. 

IOWM Individual Genomes Show Extensive Variation 

100 

• Polymorphism may be detected at the phenotypic 
level when a sequence affects gene function, at the 
restriction trag ment level when it affects a restriction 
enzyme target site, and at the sequence level by direct 
analysis of DNA. 

• The alleles of a gene show extensive polymorphism at 
the sequence level, but many sequence changes do not 
affect function. 

RFLPs and SNPs Can Be Used for Genetic Mapping 

• RFLPs and SNPs can be the basis for linkage maps 
and are useful for establishing parent-offspring 
relationships. 

Eukaryotic Genomes Contain Non repetitive and 
Repetitive DNA Sequences 
• The kinetics of DNA reassociation after a genome 

has been denatured distinguish sequences by their 
frequency of repetition in the genome. 

• Polypeptides are generally encoded by sequences in 
nonrepetitive DNA. 

• Larger genomes within a taxonomic group do not 
contain more genes but have large amounts of 
repetitive DNA. 

• A large part of moderately repetitive DNA may be made 
up of transposons. 

lOW Eukaryotic Protein-Coding Genes Can Be Identified 
by the Conservatio n of Exons 
• Conservation of exons can be used as the basis for 

identifying coding regions by identifying fragments 
whose sequences are present in multiple organisms. 

• Human disease genes are identified by mapping 
and sequencing DNA of patients to find differences 
from normal DNA that are genetically linked to the 
disease. 



CHAPTER OUTLINE, CONTINUED J 
The Conservation of Genome Organization Helps 
to Identify Genes 
• Methods for identifying functional genes are not 

perfect and many corrections must be made to 
preliminary estimates. 

• Pseudogenes must be distinguished from functional 
genes. 

• Organelle genomes encode some, but not all, of the 
proteins used in the organelle. 

• Animal cell mitochondrial DNA is extremely compact 
and typically encodes 13 proteins, 2 rRNAs, and 
22 tRNAs. 

• Yeast mitochondrial DNA is 5X longer than animal cell 
mtDNA because of the presence of long introns. 

• There are extensive syntenic relationships between the 
mouse and human genomes, and most functional genes 
are in a syntenic region. 

The Chloroplast Genome Encodes Many Protei ns 
and RNAs 
• Chloroplast genomes vary in size, but are large enough 

to encode 50 to 100 proteins as well as the rRNAs and 
tRNAs. 

&f:M Some Organelles Have DNA 
• Mitochondria and chloroplasts have genomes that 

show non-Mendelian inheritance. Typically they are 
maternally inherited. 

• Organelle genomes may undergo somatic segregation 
in plants. 

11111 Mitochondria and Chloroplasts Evolved by 
Endosymbiosis 
• Both mitochondria and chloroplasts are descended 

from bacterial ancestors. 
• Comparisons of human mitochondrial DNA suggest that 

it is descended from a single population that existed 
-200,000 years ago in Africa. 

• Most of the genes of the mitochondrial and chloroplast 
genomes have been transferred to the nucleus during 
the organelle's evolution. 

&1fM Organelle Genomes Are Circular ONAs That Encode 
Organelle Proteins 

111t.l Summary 

• Organelle genomes are usually {but not always) circular 
molecules of DNA. 

Ill Introduction 
One key question about any genome is how 
many genes i t  contains. However, an even 
more fundamental question is "what is a gene?" 
Clearly, genes cannot solely be defined as a 
sequence of DNA that encodes a polypeptide, 
because many genes encode multiple polypep· 
tides and many encode RNAs that serve other 
functions. Given the variety of RNA functions 
and the complexities of gene expression, it seems 
prudent to focus on the gene as a unit of tran· 
scription. However, large areas of chromosomes 
previously thought to be devoid of genes now 
appear to be extensively transcribed, so at pres
ent the definition of a "gene" is a moving target. 

We can attempt to characterize both the 
total number of genes and the number of 
protein-coding genes at four levels, which cor
respond to successive stages in gene expression: 

• The genome is the complete set of 
genes of an organism. Ultimately, it is 
defined by the complete DNA sequence, 
although as a practical matter i t  may 
not be possible to identify every gene 
unequivocally solely on the basis of 
sequence. 

• The transcriptome i s  the complete 
set of genes expressed under particular 

conditions. It is defined in terms of the 
set of RNA molecules present in a single 
cell type, a more complex assembly of 
cells, or a complete organism. Because 
some genes generate multiple mRNAs, 
the transcriptome is likely to be larger 
than the actual number of genes in the 
genome. The transcriptome includes 
noncoding RNAs such as  tRNAs, 
rRNAs, miRNAs, and others (see the 
chapter titled Regulatory RNA), as well 
as mRNAs. 

• The proteome is the complete set of 
polypeptides encoded by the whole 
genome or produced in any particu· 
Jar cell or tissue. It should correspond 
to the mRNAs in the transcriptome, 
although there can be differences of 
detail reflecting changes in the rela
tive abundance or stabilities of mRNAs 
and proteins. There may also be post
translational modifications to proteins 
that allow more than one protein to be 
produced from a single transcript (this 
is called protein splicitzg; see the Catalytic 
RNA chapter). 

• Proteins may function independently or 
as part of multiprotein or multimolecu
Jar complexes, such as holoenzymes and 
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metabolic pathways where enzymes 
are clustered together. The RNA poly
merase holoenzyme (see the Prokaryotic 
Transcription chapter) and the spliceo
some (see the RNA Splicing and Processing 
chapter) are two examples. If we could 
identify all protein-protein interac
tions, we could define the total number 
of independent complexes of proteins. 
This is sometimes referred to as the 
interactome. 

The maximum number of polypeptide-encoding 
genes in the genome can be identified directly 
by characterizing open reading frames (ORFs). 
Large-scale analysis of this nature is complicated 
by the factthat interrupted genes may consist of 
many separated open reading frames, and alter
native splicing can result in the use of variously 
combined portions of these ORFs. We do not 
necessarily have information about the func
tions of the polypeptide products-or indeed 
proof that they are expressed at all-so this 
approach is restricted to defining the potential 
of the genome. However, it is presumed that 
any conserved ORF is likely to be expressed. 

Another approach is to define the num
ber of genes directly in terms of the transcrip
tome (by directly identifying all the RNAs) or 
proteome (by directly identifying all the poly
peptides). This gives an assurance that we are 
dealing with bona fide genes that are expressed 
under known circumstances. It allows us to ask 
how many genes are expressed in a particular 
tissue or cell type, what variation exists in the 
relative levels of expression, and how many 
of the genes expressed in one particular cell 
are unique to that cell or are also expressed 
elsewhere . In addition, analysis ofthe transcrip
tome can reveal how many different mRNAs 
(e.g., mRNAs containing different combinations 
of exons) are generated from a particular gene. 

Also, we may ask whether a particular gene 
is essential: What is the phenotypic effect of a 
null mutation in that gene? If a null mutation 
is lethal or the organism has a clear defect, 
we may conclude that the gene is essential or 
at least beneficial. However, the functions of 
some genes can be eliminated without apparent 
effect on the phenotype. Are these genes really 
dispensable, or does a selective disadvantage 
result from the absence of the gene, perhaps in 
other circumstances or over longer periods of 
time? In some cases, the absence of the func
tions of these genes could be offset by a redun
dant mechanism, such as a gene duplication, 
providing a backup for an essential function. 
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Genomes Can Be Mapped 
at Several Levels of 
Resolution 

Key concepts 

• Linkage maps are based on the frequency of 
recombination between genetic markers; restric
tion maps are based on the physical distances 
between markers_ 

• Molecular characterization of mutations can be 
used to reconcile linkage maps with physical maps. 

Defining the contents of a genome essentially 
means making a map of the genetic loci found on 
the organism's chromosome(s). We can map loci 
and genomes at several levels ofresolution: 

• A linkage map presents the distance 
between loci in units based on recom
bination frequencies. It is limited by 
its dependence on the observation 
of recombination between variable 
markers that are either directly visible 
(e.g., phenotypic traits) or that can 
otherwise be visualized (e.g., by elec
trophoresis) .  For example, a linkage 
map can be constructed by measuring 
recombination frequencies between 
sites in genomic DNA that have 
sequence variations generating differ
ences in the ability to be cut by certain 
restriction enzymes. Because such vari
able sites are common, maps are easily 
prepared for any organism. Because 
recombination frequencies can be dis
torted relative to the physical distance 
between sites, a linkage map does not 
accurately represent physical distances 
along chromosomes. 

• A restriction map is constructed by cut
ting DNA into fragments with restriction 
enzymes and measuring the physical dis
tances, in tenns of the length of DNA in 
base pairs (determined by migration on 
an electrophoretic gel) between the cut 
sites. A restriction map does not intrinsi
cally identify sites of interest, such as a 
gene. For it to be compared to the linkage 
map, mutations have to be characterized 
in tenns of their effects upon the restric
tion sites. Large changes in the genome 
can be recognized because they affect the 
sizes or numbers of restriction fragments. 
Point mutations are more difficult to 
detect because they change only a single 
restriction site or they may lie between 
restriction sites and be undetectable. 



• The ultimate genomic map i s  the 
DNA sequence of the genome. From 
the sequence, we can identify genes 
and the distances between them. By 
analyzing the protein-coding poten
tial of a sequence of the DNA, we can 
hypothesize about its function. The 
basic assumption is that natural selec
tion prevents the accumulation of 
deleterious mutations in sequences that 
encode functional products. Reversing 
the argument, we may assume that an 
intact coding sequence with accompa
nying transcription signals is likely to 
produce a functional polypeptide. 

By comparing a wild-type DNA sequence with that 
of a mutant allele, we can determine the nature of 
a mutation and its exact location in the sequence. 
This provides a way to determine the relation
ship between the linkage map (based entirely on 
variable sites) and the physical map (based on, or 
even comprising, the sequence of DNA). 

Similar techniques are used to identify 
and sequence genes and to map the genome, 
although there is, of course, a difference of 
scale. In each case, the approach is to charac
terize a series of overlapping fragn1ents of DNA 
that can be connected into a continuous map. 
The crucial feature is that each segment is iden · 

tified as adjacent to the next segn1ent on the 
map by the overlap between them, so that we 
can be sure no segments are missing. This prin
ciple is applied both at the level of assembling 
large fragments into a map and in connecting 
the sequences that make up the fragments. 

Ill Individual Genomes Show 
Extensive Variation 

Key concepts 

• Polymorphism may be detected at the phenotypic 
level when a sequence affects gene function, 
at the restriction fragment level when it affects 
a restriction enzyme target site, and at the 
sequence level by direct analysis of DNA. 

• The alleles of a gene show extensive polymorphism 
at the sequence level. but many sequence changes 
do not affect function. 

The original Mendelian view of the genome 
classified alleles as either wild type or mutant. 
Subsequently, the existence of multiple alleles 
for a gene in a population has been recognized, 
each with a different effect on the phenotype. 
In some cases i t  may not even be appropriate 
to define any one allele as wild type. 

The coexistence of multiple alleles at a locus 
in a population is called genetic polymorphism. 
Any site at which multiple alleles exist as stable 
components of the population is by definition 
polymorphic. A locus is usually defined as poly
morphic if two or more alleles are present at a 
frequency of> I% in the population. 

What is the basis for the polymorphism 
among the varying alleles? They possess dif
ferent mutations that may alter their product's 
function, thus producing changes in pheno
type. The population dynamics of these dif
ferent alleles are partly detennined by their 
selective effects on phenotype. If we compare 
the restriction maps or the DNA sequences of 
these alleles they will also be polymorphic in 
the sense that each map or sequence will be 
different from the others. 

Although not evident from the phenotype, 
the wild type may itself be polymorphic. M ul
tiple versions of the wild-type allele may be 
distinguished by differences in sequence that do 
not affect their hmction and therefore do not 
produce phenotypic variants. A population may 
have extensive polymorphism at the level of 
the genotype. Many different sequence variants 
may exist at a particular locus; some of them are 
evident because they affect the phenotype, but 
others are "hidden" because they have no vis
ible effect. These mutant alleles are selectively 
neutral, with their population dynamics mainly 
a result of random genetic drift. 

There may be a variety of changes at a 
locus, including those that change the DNA 
sequence but do not change the sequence 
of the polypeptide product, those that change 
the polypeptide sequence without changing 
its function, those that result in polypeptides 
with different functions, and those that result 
in altered polypeptides that are nonfunctional. 

When alleles of the same locus are compared, 
a difference in a single nucleotide is called a single 
nucleotide polymorphism (SNP). On average, one 
SNP occurs for approximately every 1330 bases 
in the human genome. Defined by SNPs, every 
human being is unique. SNPs can be detected by 
various means, ranging from direct comparisons 
of sequences to mass spectroscopy or biochemi
cal methods that produce differences based on 
sequence variations within a defined region. 

One aim of genetic mapping is to obtain 
a catalog of common variants. The observed 
frequency of SNPs per genome predicts that, in 
the human population as a whole (considering 
the genomes of all living human individuals), 
there should be > 10 million SNPs that occur 
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FIGURE 5.1 A point mutation that affects a restriction site is detected 
by a difference in restriction fragment lengths. 
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at a frequency of > 1%.  More than 6 million 
human SNPs have already been identified. 

Some polymorphisms in the genome can be 
detected by comparing the restriction maps of 
different individuals. lf a mutation occurs in the 
target site of a restriction enzyme, then the pat
tern of fragments produced by digestion with 
that enzyme will also be changed. FIGURE 5.1 
shows that when a target site is present in the 
genome of one individual and absent from that 
of another individual, the extra digestion in the 
first genome will generate two fragments cor
responding to the single fragment in the sec
ond genome. A difference in restriction maps 
between two individuals is called a restriction 
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FIGURE 5. 2 Restriction site polymorphisms are inherited according to 
Mendelian rules. As visualized by Southern blotting and probe hybridiza
tion, four alleles for a restriction marker are found in all possible pairwise 
combinations and segregate independently at each generation. Photo cour
tesy of Ray l. White, Ernest Gallo Clinic and Research Center, University of 
California, San Francisco. 
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fragment length polymorphism (RFLP), 

or "rimp." Basically, an RFLP is an SNP that 
is located in the target site for a restriction 
enzyme. It can be used as a genetic marker 
in exactly the same way as any other marker. 
Instead of detecting some visible feature of the 
phenotype, we directly assess the genotype 
as revealed by the restriction map. FIGURE 5. 2 
shows a pedigree of an RFLP followed through 
three generations. It displays Mendelian segre
gation at the level of DNA marker fragments. 

The restriction map is independent of gene 
function; as a result, an RFLP at this level can be 
detected whether or not the sequence change 
affects the phenotype. Probably very few of 
the RFLPs in a genome actually affect the phe
notype. Most involve sequence changes that 
have no effect on the production of proteins 
(e.g., because they lie between genes). 

The sequencing of complete individual 
genomes is now possible and allows the assess
ment of individual DNA-level variations, both 
neutral SNPs and those linked to diseases or dis
ease susceptibilities. Although the seq uendng of 
"celeb1ity" genomes (e.g., those of James Watson 
and Craig Venter) receive more press coverage, 
rapid genome sequencing of anonymous indi
viduals is potentially more informative. Hun
dreds of individual human genomes of all major 
racial groups have now been sequenced, includ
ingthose ofDenisovans (a Paleolithic Homo spe
cies that lived more than 30,000 years ago) and 
Neanderthals (more than 25,000 years old). 

RFLPs and SNPs Can Be 
Used for Genetic Mapping 

l<ey concept 

• RFLPs and SNPs can be the basis for linkage maps 
and are useful for establishing parent-offspring 
relationships. 

Recombination frequency between a restriction 
marker and a visible phenotypic marker can be 
measured, as illustrated in FIGURE 5.3 . Thus a 
genetic map can include both genotypic and 
phenotypic markers. 

Restriction markers are not limited to those 
genetic changes that affect the phenotype; as a 
result, they provide the basis for an extremely 
powerful technique foridentifyinggeneticvari
ants at the molecular level. A typical problem 
concerns a mutation with known effects on the 
phenotype, where the relevant genetic locus 
can be placed on a genetic map but for which 
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FIGURE 5.3 A restriction polymorphism can be used as a 
genetic marker to measure recombination distance from a 
phenotypic marker (e.g., eye color). The figure simplifies 
the situation by showing only the DNA bands correspond
; ng to the allele on one of the two chromosomes. 

we have no knowledge about tl1e correspond
ing gene or its product. Many damaging or 
fatal human diseases fall into this category. For 
example, cystic fibrosis shows recessive Men
delian inheritance, but the molecular nature 
of the mutant function was unknown until it 
could be identified as a result of characterizing 
the gene. 

If restriction polymorphisms occur at ran
dom in the genome, there should be some 
near or within any particular target gene. We 
can identify such restriction markers by virtue 
of their close linkage to the gene responsible 
for the mutant phenotype. lf we compare the 
restriction map of DNA trom patients suffer
ing from a single-gene disorder with the DNA 
of healthy people, we may find that a particu
lar restriction site is always present (or always 
absent) from the patients. 

A hypothetical example is shown in 
FIGURE 5.4. This situation corresponds to finding 
100% linkage between the restriction marker 
and the locus producing the phenotype. It 
would imply that the restJiction marker lies so 
dose to the mutant gene that it is never sepa
rated trom it by recombination; in fact, it may 
be the same mutation. 

Screen DNA patterns of 
patients with disease 

Screen DNA pattern s  of 
unaffected people as control 

! ! 
- - - -

� � � 1-+- Band is same in patient and unaffected -1--1 - - -
� � hi-- Unlinked polymorphism varies - -� �fl in all samples --1 _ � � � Band is common to patients 

-

Band is common to unaffected people -+-1 - - -
- - - -

FIGURE 5.4 If a restriction marker is associated with a phenotypic charac
teristic, the restriction site must be located near the gene responsible for 
the phenotype. The mutation changing the band that is common in healthy 
people into the band that is common in patients is very closely linked to the 
disease gene. 

The identification of such a marker l1as two 
important consequences: 

• It may offer a diagnostic procedure 
for detecting the disease. Some of the 
human diseases that have a known 
inheritance pattern but are not well 
defined in molecular terms cannot be 
easily diagnosed. If a restriction marker 
is closely linked to tl1e phenotype, then 
its presence can be used to diagnose the 
probability of carryiJ1gthe disease allele. 

• It may lead to isolation of the gene. The 
restriction marker must lie relatively 
near the gene on the linkage map if 
the two loci rarely or never recombine. 
"Relatively near" in genetic terms can 
be a substantial distance in terms of base 
pairs of DNA, but it provides a starting 
point from which one can proceed to 
track down the gene itself. 

The frequent occurrence of SNPs in the 
human genome makes them useful for genetic 
mapping. From the several million SNPs that 
have already been identified, there is on aver
age one SNP for every - 1  kb. This should allow 
rapid localization of new disease genes using 
the nearest SNPs. 

Following the same principle, RFIP map
ping has been in use for some time. Once an 
RFIP has been assigned to a linkage group 
(i.e., a chromosome), it can be placed on the 
linkage map. RFIP mapping of both the human 
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and mouse genomes has led to the construc
tion of linkage maps for both. Any site with 
an unknown position can be tested for linkage 
to these sites and by this means can be rapidly 
placed on the map. There are fewer RFLPs than 
SNPs, so the resolution of the RFLP map is in 
principle more limited. 

The large proportion of polymorphic sites 
means that every individual has a unique set 
of SNPs and RFLPs. The particular combina
tion of sites found in a specific region is called 
a haplotype and represents a small portion of 
the complete genotype. The term haplotype was 
originally introduced to describe the genetic 
content of the human major histocompatibility 
locus, a region specifying proteins of impor
tance in the immune system (see the chapter 
titled Somatic Recombinatiou mzd Hypermutation 
iu the Immune System). The term has now been 
extended to describe the particular combina
tion of alleles, restriction sites, or any other 
genetic markers present in some defined area 
of the genome. Using SNPs, a detailed haplo
type map of the human genome has been made; 
this enables disease-causing genes to be mapped 
more easily. 

The existence of RFLPs provides the basis 
for a technique to establish unequivocal parent
offspring relationships. In cases for which par
entage is in doubt, a comparison of the RFLP 
map in a suitable genomic region between 
potential parents and child allows verification 
of the relationship. The use of DNA restriction 
analysis to identify individuals has been called 
DNA fingerprinting. Analysis of especially 
variable "minisatellite" sequences is used in 
mapping the human genome (see the Clusters 
and Repeats chapter). 

Ill Eukaryotic Genomes 
Contain Nonrepetitive 
and Repetitive DNA 
Sequences 

Key concepts 

• The kinetics of DNA reassociation after a genome 
has been denatured distinguish sequences by their 
frequency of repetition in the genome. 

• Polypeptides are generally encoded by sequences 
in nonrepetitive DNA. 

• Larger genomes within a taxonomic group do not 
contain more genes but have large amounts of 
repetitive DNA. 

• A large part of moderately repetitive DNA may be 
made up of transposons. 
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The general nature of the eukaryotic genome 
can be assessed by the kinetics of reassociation 
of denatured DNA. This technique was used 
extensively before large-scale DNA sequencing 
became possible. 

Reassociation kinetics identifies two gen
eral types of genomic sequences: 

• Nonrepetitive DNA consists of se
quences that are unique: There is only 
one copy in a haploid genome. 

• Repetitive DNA consists of sequences 
that are present in more than one copy 
in each genome. 

Repetitive DNA may be divided into two 
general types: 

• Moderately repetitive DNA consists of rela
tively short sequences that are repeated 
typically 10 to 1000X in the genome. 
The sequences are dispersed through
out the genome and are responsible for 
the high degree of secondary structure 
formation in pre-mRNA when inverted 
repeats in the introns pair to form 
duplex regions. Genes for tRNAs and 
rRNAs are also moderately repetitive. 

• Highly repetitive DNA consists of very 
short sequences (typically < 100 bp) 
that are present many thousands of 
times in the genome, often organized as 
long regions of tandem repeats (see the 
Clusters and Repeats chapter). Neither 
class is found in exons. 

The proportion of the genome occupied by 
nonrepetitive DNA varies widely among taxo
nomic groups. FIGURE 5.5 summarizes the genome 
organization of some representative organisms. 
Prokaryotes contain nonrepetitive DNA almost 
exclusively. For unicellular eukaryotes, most of 
the DNA is nonrepetitive: <20% fall into one or 
more moderately repetitive components. In ani
mal cells, up to half of the DNA is represented by 
moderately and highly repetitive components. 
In plants and amphibians, the moderately and 
highly repetitive components may account for 
up to 80% of the genome, so that the nonrepeti
tive DNA is reduced to a small component. 

A significant part of the moderately repet
itive DNA consists of transposons, short 
sequences of DNA (up to -5 kb) that have the 
ability to move to new locations in the genome 
and/or to make additional copies of themselves 
(see the Transposable Elemmts aud Retroviruses 
chapter). In some multicellular eukaryotic 
genomes they may even occupy more than half 
of the genome (see the Genome Sequences and 
Gene Numbers chapter). 
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FIGURE 5.5 The proportions of different sequence com
ponents vary in eukaryotic genomes. The absolute con
tent of nonrepetitive DNA increases with genome size 
but reaches a plateau at -2 X 109 bp. 

Transposons are sometimes viewed as 
selfish DNA, which is defined as sequences 
that propagate themselves within a genome 
without contributing to the development and 
functioning of the organism. Transposons may 
cause genome rearrangements, which could 
confer selective advantages. It i s  fair to say, 
though, that we do not really understand why 
selective forces do not act against transpo
sons becoming such a large proportion of the 
eukaryotic genome. It may be that they are 
selectively neutral as long as they do not inter
rupt or delete coding or regulatory regions. 
Many organisms actively suppress transposi
tion, perhaps because in some cases deleteri
ous chromosome breakages result. Another 
term used to describe the apparent excess of 
DNA in some genomes is junk DNA, mean
ing genomic sequences without any appar
ent function, though this name may simply 
reflect our failure to understand the functions 
of many of these sequences. Of course, it is 
likely that there is a balance in the genome 
between the generation of new sequences 
and the elimination of unneeded sequences, 
and some proportion of DNA that apparently 
lacks function may be in the process of being 
eliminated. 

The length of the nonrepetitive DNA com
ponent tends to increase with overall genome 
size up to a total genome size of -3 X 109 bp 
(characteristic of mammals). However, further 

increases in genome size generally reflect an 
increase in the amount and proportion of the 
repetitive components, so that it is rare for an 
organism to have a nonrepetitive DNA com
ponent greater than 2 X 109 bp. Therefore, the 
nonrepetitive DNA content ofgenomes is a bet
ter indication of the relative complexity of the 
organism. E. coli has 4.2 X 106 bp of nonrepeti
tive DNA, C. elegans has an order of magnitude 
more at 6.6 X 107 bp, D. melanogaster has -108 
bp, and mammals have yet another order of 
magnitude more at -2 X 109 bp. 

What type of DNA corresponds to 
polypeptide-coding genes? Reassociation kin
etics typically shows that mRNA is transcribed 
from nonrepetitive DNA. Therefore, the 
amount of nonrepetitive DNA is a better indi
cation of the coding potential than is the size of 
the genome. (However, more detailed analysis 
based on genomic sequences shows that many 
exons have related sequences in other exons 
[see the chapter titled The l1zterrupted Gene] . 
Such exons evolve by duplication to result in 
copies that initially are identical but that then 
diverge in sequence during evolution.) 

Ill Eukaryotic Protein
Coding Genes Can Be 
Identified by the 
Conservation of Exons 

Key concepts 

• Conservation of exons can be used as the basis 
for identifying coding regions by identify-
ing fragments whose sequences are present in 
multiple organisms. 

• Human disease genes are identified by mapping 
and sequencing DNA of patients to find 
differences from normal DNA that are genetically 
linked to the disease. 

Some major approaches to identifying eukary
oticprotein-codinggenes are based on the con
trast between the conservation of exons and 
the variation of introns. In a region containing 
a gene whose function has been conserved 
among a range of species, the sequence repre
senting the polypeptide should have two dis
tinctive properties: 

l .  It must have an open reading frame. 
2 .  I tis likely to have a related (orthologous) 

sequence in other species. 
These features can be used to identify func
tional genes. 

Suppose we know by linkage analysis that 
a gene influencing a particular trait is located 
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in a certain chromosomal region. If we lack 
knowledge about the nature of the gene prod
uct, how are we to identify the gene in a region 
that may be, for example, > 1 megabase (Mb) 
in size? 

An approach that has proved successful 
with some genes of medical importance is to 
screen relatively short fragments from the 
region for the two properties expected of a con
served gene. First we seek to identify fragments 
that crosshybridize with the genomes of other 
species, and then we examine these fragments 
for open reading frames. 

Sections of DNA that are conserved among 
species can be identified by performing a zoo 

blot. We use short fragments from the region 
as labeled probes to test for homologous DNA 
from a variety of species by Southern blot
ting (a technique for transferring DNA frag
ments from an electrophoretic gel to a filter 
membrane, followed by hybridization of a 
probe to detect the complementary or near
complementary sequence; see the Methods i11 
Molecular Biology a11d Gwetic Engineering chap
ter). If we find hybridizing fragments in several 
species related to that of the probe (which is 
usually prepared from human DNA), the probe 
becomes a candidate for an exon of the gene 
being sought. 

The candidates are sequenced, and if they 
contain open reading frames, they are used to 
isolate surrounding genomic regions. If these 
appear to be part of an exon, they can then 
be used to identify the entire gene, to isolate 
the corresponding eDNA (DNA reverse tran
scribed from the mRNA) or mRNA itself, and, 
ultimately, to identify the protein. Alterna
tively, now that whole-genome sequencing has 
become more common, much of this analysis 
can done by searching computer databases of 
complete genomes for homo logs of the candi
date gene of interest. 

When a human disease is caused by a 
change in a known protein, the gene that is 
responsible can be identified because it encodes 
the protein, and its responsibility for the disease 
can be confirmed by showing that it has inac
tivating mutations in the DNA of patients but 
not in DNA of unaffected individuals. However, 
in many cases we do not know the cause of a 
disease at the molecular level and it is necessary 
to identify the gene without any information 
about its protein product. 

The basic criterion for identifying a gene 
involved in a human disease is to show that in 
every patient with the disease the gene has a 
mutation that is not present in normal DNA. 

108 CHAPTER 5 The Content of the Genome 

However, the extensive neutral polymorphism 
between individual genomes means that we 
may find many changes when we compare 
patient DNA with a standard reference DNA. 
Before the sequencing of the human genome, 
genetic linkage could be used to identify 
a region containing a disease gene, but the 
region could contain many candidate genes. 
For a very large gene, with introns spread 
over a long stretch of the genome, it was 
difficult to identify the critical mutations in 
patients. The availability of high-resolution 
SNP maps and the genome sequence now 
makes it much easier to pinpoint a smaller 
region containing the gene in which sequences 
of standard reference and patient DNA can be 
directly compared. 

Another technique that allows genomic 
fragments to be rapidly scanned for the 
presence of exons is called exon trapping. 

FIGURE 5.6 shows that it starts with a vector that 
contains a strong promoter and has a single 
intron between two exons. When this vector 
is transfected into cells, its transcription gen
erates large amounts of an RNA containing 
the sequences of the two exons. A restriction 
site lies within the intron and is used to insert 
genomicfragments from a region of interest. If 
a fragment does not contain an ex on, there is 
no change in the splicing pattern, and the RNA 
contains only the same sequences as the paren
tal vector. However, if the genomic fragment 
contains an ex on flanked by two partial intron 
sequences, the splicing sites on either side of 
this exon are recognized and the sequence of 
the exon is inserted into the RNA between 
the two exons of the vector. This can be eas
ily detected by reverse transcribing the cyto
plasmic RNA into eDNA and using PCR (called 
RT-PCR, described in the next section of this 
chapter; see also the M ethods in Molecular Biology 
and Gwetic Engineering chapter) to amplify the 
sequences between the two exons of the vec
tor. The appearance of sequences from the 
genomic fragment in the amplified products 
indicates that an exon has been "trapped." 
In mammalian protein-coding genes, introns 
are usually large and exons are small, so there 
is a high probability that a random piece of 
genomic DNA will have the required structure 
of an exon surrounded by partial introns. In 
fact, ex on trapping may mimic the events that 
have occurred naturally during evolution of 
genes (see the Genome Evolution chapter). 

Ultimately, exons can be identified by the 
large-scale sequencing of cellular mRNAs that 
is now commonplace. 
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FIGURE 5.6 A special splicing vector is used for ex on trapping. If an ex on is pres
ent in the genomic fragment, its sequence will be recovered in the cytoplasmic 
RNA. If the genomic fragment consists solely of sequences from within an intron, 
though, splicing does not occur, and the mRNA is not exported to the cytoplasm. 

The Conservation of 
Genome Organization 
Helps to Identify Genes 

Once we have determined the sequence of a 
genome, we still have to identify the genes within 
it. Coding sequences represent a very small frac
tion of the total genome. Potential exons can be 
identified as uninterrupted open reading frames 
flanked by appropriate sequences. What crite
ria need to be satisfied to identify a functional 
(intact) gene from a series of exons? 

Key concepts 

• Methods for identifying functional genes are not 
perfect and many corrections must be made to 
preliminary estimates. 

• Pseudogenes must be distinguished from func
tional genes. 

• There are extensive syntenic relationships 
between the mouse and human genomes, and 
most functional genes are in a syntenic region. 

Promoter GT AG 
splicing splicing sequence junction junction 

FIGURE 5.7 shows that a functional gene 
should consist of a series of exons for which 
the first ex on immediately follows a promoter, 
the internal exons are flanked by appropriate 
splicing junctions, the last exon is followed by 
3 '  processing signals, and a single open reading 

GT AG 3 '  
splicing splicing processing 
junction junction signals 

First exon Internal exons Last exon 

5' UTR + ORF ORF ORF + 3 '  UTR 

.,_ __ AUG . .. . . . . ... .. . . . . ... .. .. . . . . . .. .. . . . . . .. .. . U GA ------!� 
Exons form continuous open reading frame 

FIGURE 5.7 Exons of protein-coding genes are identified as coding sequences flanked by 
appropriate signals (with untranslated regions at both ends). The series of exons must generate 
an open reading frame with appropriate initiation and termination codons. 
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frame starting with an initiation codon and end
ing with a termination codon can be deduced 
by joining the exons together. Internal exons 
can be identified as open reading frames flanked 
by splicing junctions. In the simplest cases, the 
first and last exons contain the start and end of 
the coding region, respectively (as well as the 
5 '  and 3 '  untranslated regions). In more com
plex cases, the first or last exons may have only 
untranslated regions and may therefore be more 
difficult to identify. 

The algorithms that are used to connect 
exons are not completely effective when the 
gene is very large and the exons may be sepa
rated by very large distances. For example, the 
initial analysis of the human genome mapped 
I70,000 exons into 32,000 genes. This is incor
rect because it gives an average of 5 . 3  exons per 
gene, whereas the average of individual genes 
that have been fully characterized is 10.2. Either 
we have missed many exons, or they should be 
connected differently into a smaller number of 
genes in the whole genome sequence. 

Even when the organization of a gene is 
correctly identified, there is the problem of dis
tinguishing functional genes from pseudogenes. 
Many pseudogenes can be recognized by obvi
ous defects in the form of multiple mutations 
that result in a nonfunctional coding sequences. 
Pseudogenes that have originated more recently 
have not accumulated so many mutations and 
thus may be more difficult to identify. In an 
extreme example, the mouse has only one 
functional encoding glyceraldehyde phosphate 
dehydrogenase gene (GAPDH), but has -400 
homologous pseudogenes. Approximately I 00 
of these pseudogenes initially appeared to be 
functional in the mouse genome sequence, 
and individual examination was necessary to 
exclude them from the list of functional genes. 
Pseudogenes with relatively intact coding 
sequences but mutated transcription signals are 
more difficult to identify. (Some pseudogenes 
encode functional RNAs that play a role in gene 
regulation; see the Regulatory RNA chapter.) 

How can suspected protein-codinggenes be 
verified? If it can be shown that a DNA sequence 
is transcribed and processed into a translatable 
mRNA, it is assumed that it is functional. One 
technique for doing this is reverse transcrip
tio1! polymerase chai11 reactio11 (RT-PCR) (see the 
Methods ill Molecular Biology and Ge11etic Engineer
ing chapter), in which RNA isolated from cells 
is reverse transcribed to DNA and subsequently 
amplified to many copies using the polymerase 
chain reaction. The amplified DNA products can 
then be sequenced or otherwise analyzed to see 
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if they have the appropriate structural features 
of a mature transcript. 

RT-PCR can also be used for quantitative 
assessment of gene expression, although there 
are now better techniques for this purpose. High 
throughput sequencing of reverse-transcribed 
RNAs from a cell sample (known as deep RNA 
sequmci11g or RNA-seq) allows rapid analysis and 
quantitation of the sample's transcriptome. The 
application of this technique to the genetic 
model organisms Drosophila and Caerzorhabditis 
elegans has revealed details about gene expres
sion across the genome and the characterization 
of regulatory networks during development. 

Confidence that a gene is functional can be 
increased by comparing regions of the genomes 
of different species. There has been extensive 
overall reorganization of sequences between 
the mouse and human genomes, as seen in the 
simple fact that there are 23 chromosomes in the 
human haploid genome and 20 chromosomes 
in the mouse haploid genome. However, at the 
level of individual chromosomal regions, the 
order of genes is generally the same: When pairs 
of human and mouse homo logs are compared, 
the genes located on either side also tend to be 
homologs. This relationship is called synteny. 

FIGURE 5.8 shows the relationship between 
mouse chromosome I and the human chromo
somal set. Twenty-one segments in this mouse 
chromosome that have syntenic counterparts in 
human chromosomes have been identified. The 
extent of reshuffling that has occurred between 
the genomes is shown by the fact that the seg
ments are spread among six different human 
chromosomes. The same types of relationships 
are found in all mouse chromosomes except for 
the X chromosome, which is syntenic only with 
the human X chromosome. This is explained 
by the fact that the X is a special case, subject 
to dosage compensation to adjust for the dif
ference between the one copy of males and the 
two copies offemales (see the chapter titled Epi
gmetic Effects Are l11herited) . This restriction may 
apply selective pressure against the transloca
tion of genes to and from the X chromosome. 

1 0  20 30 40 50 60 70 80 90 100 Mb 

Mouse chromosome 1 

1 
I 1111 

2 1 4  5 2 
Corresponding human chromosome 

FIGURE 5.8 Mouse chromosome 1 has 21 seg
ments between 1 and 25 Mb in length that are 
syntenic with regions corresponding to parts of 
six human chromosomes. 



Comparison of the mouse and human 
genome sequences shows that >90% of each 
genome lies in syntenic blocks that range widely 
in size from 300 kb to 65 Mb. There is a total of 
342 syntenic segments, with an average length 
of 7 Mb (0.3% of the genome). Ninety-nine 
percent of mouse genes have a homolog in the 
human genome; for 96% that homolog is in a 
syntenic region. 

Comparison ofgenomes provides interesting 
infonnation about the evolution of species. The 
nwnberofgene families in the mouse and human 
genomes is the same, and a major difference 
between the species is the differential expansion 
of particular families in the mouse genome. This 
is especially noticeable in genes that affect pheno
typic features that are unique to the species. Of25 
fan'lilies for which the size has been expanded in 
the mouse genome, 14 contain genes specifically 
involved in rodent reproduction, and five contain 
genes specific to the immune system. 

A validation of the importance of the identi
fication of syntenic blocks comes from pairwise 
comparisons of the genes within them. For exam
ple, a gene that is not in a syntenic location (i.e., 
its context is different in the two species being 
compared) is twice as likely to be a pseudogene. 
Put another way, gene translocation away from 
the original locus tends to be associated with the 
fom1ation of pseudogenes. Therefore, the lack of 
a related gene in a syntenicposition is grounds for 
suspecting that an apparent gene may really be 
a pseudogene. Overall, > I  0% of the genes that 
are initially identified by analysis of the genome 
are likely to turn out to be pseudogenes. 

As a general rule, comparisons between 
genomes add signil'icantly to the effectiveness 
of gene prediction. When sequence features 
indicating functional genes are conserved
for example, between human and mouse 
genomes-there is an increased probability that 
they identify functional orthologs. 

I den ti fyi ng genes encoding RN As other than 
mRNA is more difficult because we cannot use 
the criterion of the open reading Era me. It is cer
tainly true that the comparative genome analy
sis described earlier has increased the rigor of 
the analysis. For example, analysis of either the 
human or the mouse genome alone identifies 
-500 genes encoding tRNAs, but comparison 
of their features suggests that fewer than 350 of 
these genes are in fact functional in each genome. 

A functional gene can be located through 
the use of an expressed sequence tag (EST), 

a short portion of a transcribed sequence usu
ally obtained from sequencing one or both ends 
of a cloned fragment fTom a eDNA library. An 

EST can confirm that a suspected gene is actually 
transcribed or help identify genes that influence 
particular disorders. Through the use of a physical 
mapping technique such as i11 situ hybridization 
(see the Clusters a11d Repeats chapter), the chro
mosomal location of an EST can be determined. 

Ill Some Organelles 
Have DNA 

Key concepts 

• Mitochondria and chloroplasts have genomes that 
show non-Mendelian inheritance. Typically they 
are maternally inherited. 

• Organelle genomes may undergo somatic 
segregation in plants. 

• Comparisons of human mitochondrial DNA suggest 
that it is descended from a single population that 
existed -200,000 years ago in Africa. 

The first evidence for the presence of genes out
side the nudeus was provided by non-Mendelian 

inheritance in plants (observed in the early years 
of the 20th century, just after the rediscovery of 
Mendelian inheritance). Non-Mendelian inheri
tance is defined by the failure of the offspring of 
a mating to display Mendelian segregation for 
parental characters, therefore indicating the pres
ence of genes that are outside the nucleus and are 
not distributed to gametes or to daughter cells by 
segregation on the meiotic or mitotic spindles. 
FIGURE 5.9 shows that this happens when the 
mitochondria are inherited f1'0m both male and 
female parents and they have different alleles, so 
that a daughter cell can receive an unbalanced 
distribution of mitochondria fTOm only one parent 
(see the Extrachromosomal Replico11s chapter). This 
is also true of chloroplasts in some plants; both 
mitochondria and chloroplasts contain genomes 
with functional genes. 

The extTeme form of non-Mendelian inheri
tance is uniparental inheritance, which occurs 
when the genotype of only one parentis inherited 
and that of the other parent is not passed on to the 
offspring. In less extreme examples, one parental 
genotype exceeds the other genotype in the off
spring. In animals and most plants it is the mother 
whose genotype is preferentially (or solely) inher
ited. This effect is sometimes described as mater

nal inheritance. The important point is that the 
organellar genotype connibuted by the parent 
of one particular sex predominates, as seen in 
abnormal segregation ratios when a cross is made 
between mutant and wild type. This contrasts 
with the expected Mendelian pattern, which 
occurs when reciprocal crosses show the contri
butions of both parents to be equally inherited. 
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Cell has mitochondria from both parents 
Paternal 
mitochondria 

Maternal 
mitochondria 

Possible outcomes of stochastic segregation 
Cells usually have both types of mitochondria , 

, 

Uneven distribution results in cells with only one type 

, � , , 
FIGURE 5.9 When mitochondria are inherited from both 
parents and paternal and maternal mitochondrial alleles 
differ, a cell has two sets of mitochondrial DNAs. Mitosis 
usually generates daughter cells with both sets. Somatic 
variation may result if unequal segregation generates 
daughter cells with only one set. 

The bias in parental genotypes is established 
at, or soon after, the formation of a zygote. 
There are various possible causes. The contribu
tion of maternal or paternal information to the 
organelles of the zygote may be unequal; in the 
most extreme case, only one parent contributes. 
In other cases, the contributions are equal, but 
the information provided by one parent does 
not persist. Combinations of both effects are 
possible. Whatever the cause, the unequal rep
resentation of the information from the two 
parents contrasts with nuclear genetic informa
tion, which derives equally from each parent. 

Some non-Mendelian inheritance results 
from the presence of DNA genomes that are 
inherited independently of nuclear genes, in 
mitochondria and chloroplasts. In effect, the 
organelle genome is a DNA molecule that has 
been physically sequestered in an isolated 
part of the cell and is subject to its own form 
of expression and regulation. An organelle 
genome can encode some or all of the tRNAs 
and rRNAs used within that organelle, but 
encodes only some of the polypeptides needed 
for normal functioning of the organelle. The 
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other polypeptides are encoded in the nucleus, 
expressed via the cytoplasmic protein synthetic 
apparatus, and imported into the organelle. 

Genes not residing within the nucleus are 
generally described as extranuclear genes; 

they are transcribed and translated in the same 
organelle compartment (mitochondrion or 
chloroplast) in which they are carried. By con
trast, nuclear genes are expressed by means of 
cytoplasmic protein synthesis. (The term cyto
plasmic inheritance sometimes is used to describe 
the inheritance of genes in organelles. This term 
shall not be used here because it is important 
to distinguish between processes in the general 
cytosol and those in specific organelles.) 

Animals show maternal inheritance of 
mitochondria, which can be explained if the 
mitochondria are contributed entirely by the 
ovum and not at all by the sperm. FIGURE 5.10 
shows that the sperm contributes only copies 
of the nuclear chromosomes. Thus the mito
chondrial genes are inherited exclusively from 
the mother, and males do not pass these genes 
to their offspring. Chloroplasts are generally 
also maternally inherited, though some plant 
taxonomic groups show paternal or biparental 
inheritance of chloroplasts. 

The chemical environment of organelles is 
different from that of the nucleus, and organelle 

�tochondr, 
Sperm 

Male 

FIGURE 5.10 DNA from the sperm enters the oocyte to 
form the male pronucleus in the fertilized egg, but all the 
mitochondria are provided by the oocyte. 



DNA therefore evolves at its own distinct rate. 
If inheritance is uniparental, there can be no 
recombination between parental genomes. In 
fact, recombination usually does not occur in 
those cases in which organelle genomes are 
inherited from both parents. Organelle DNA 
has a different replication system from that of 
the nucleus; as a result, the error rate during 
replication may be different. Mitochondrial 
DNA accumulates mutations more rapidly than 
nuclear DNA in mammals, but in plants the 
accumulation of mutations in the mitochon
drial DNA is slower than in nuclear DNA; chlo
roplast DNA has an intermediate mutation rate. 

One consequence of maternal inheri
tance is that the sequence of mitochondrial 
DNA is more sensitive than nuclear DNA to 
reductions in the size of the breeding popu
lation. Comparisons ol mitochondrial DNA 
sequences in a range of human populations 
allow an evolutionary tree to be constructed. 
The divergence among human mitochondrial 
DNAs spans 0.57%. A tree can be constructed 
in which the mitochondrial variants diverged 
from a common (African) ancestor. The rate at 
which mammalian mitochondrial DNA accu
mulates mutations is 2% to 4% per million 
years, which is > l O X  faster than the rate for 
globin gene substitutions. Such a rate would 
generate the observed divergence over an evo
lutionary period of 140,000 to 280,000 years. 
This implies that human mitochondrial DNA is 
descended [Tom a single population that lived 
in Africa -200,000 years ago. This cannot be 
interpreted as evidence that there was only a 
single population at that time, however; there 
may have been many populations, and some 
or all of them may have contributed to modern 
human 11uclear genetic variation. 

Ill Organelle Genomes Are 
Circular DNAs That Encode 
Organelle Proteins 

Key concepts 

• Organelle genomes are usually (but not always) 
circular molecules of DNA. 

• Organelle genomes encode some, but not all, of 
the proteins used in the organelle. 

• Animal cell mitochondrial DNA is extremely 
compact and typically encodes 13 proteins, 
2 rRNAs, and 22 tRNAs. 

• Yeast mitochondrial DNA is sx longer than animal 
cell mtDNA because of the presence of long 
introns. 

Most organelle genomes take the form of a 
single circular molecule of DNA of unique 
sequence (denoted mtDNA in the mitochon
drion and ctDNA or cpDNA in the chloro
plast). There are a few exceptions in unicellular 
eukaryotes for which mitochondrial DNA is a 
linear molecule. 

Usually there are several copies of the 
genome in the individual organelle. There are 
multiple organelles per cell; therefore, there 
are many organelle genomes per cell, so the 
organelle genome can be considered a repeti
tive sequence. 

Chloroplast genomes are relatively large, 
usually -140 kb in higher plants and <200 kb 
in unicellular eukaryotes. This is comparable to 
the size of a large bacteriophage genome, such 
as that of T4 at - 1 65 kb. There are multiple 
copies of the genome per organelle, typically 20 
to 40 in a higher plant, and multiple copies of 
the organelle per cell, typically 20 to 40. 

Mitochondrial genomes vary in total size by 
more than an order of magnitude. Animal cells 
have small mitochondrial genomes (approxi
mately 16.6 kb in mammals). There are several 
hundred mitochondria per cell and each mito
chondrion has multiple copies of the DNA. The 
total amount of mitochondrial DNA relative to 
nuclear DNA is small; it is estimated to be < I%.  

In yeast, the mitochondrial genome is much 
larger. In Saccharomyces cerevisiae, the exact size 
varies among different strains but averages -80 
kb. There are -22 mitochondria per cell, which 
corresponds to -4 genomes per organelle. In 
dividing cells, the proportion of mitochondrial 
DNA can be as high as 18%. 

Plants show an extremely wide range of 
variation in mitochondrial DNA size, with 
a minimum size of - 1 00 kb. The size of the 
genome makes i t  difficult to isolate, but 
restriction mapping in several plants suggests 
that the mitochondrial genome is usually a 
single sequence that is organized as a circle. 
Within this circle there are multiple copies of 
short homologous sequences. Recombination 
between these elements generates smaller, 
subgenomic circular molecules that coexist 
with the complete "master" genome-a good 
example of the apparent complexity of plant 
mitochondrial DNAs. 

With mitochondrial genomes sequenced 
from many organisms, we can now see some 
general patterns in the representation of func
tions in mitochond1ial DNA. FIGURE 5.11 summa
rizes the distribution of genes in mitochondrial 
genomes. The total number of protein-coding 
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Protein- RNA-
Size coding coding 

Species (kb) genes genes 

Fungi 1 9-100 8-14 1 0-28 
Protists 6-100 3-62 2-29 
Plants 186-366 27-34 21-30 
Animals 16-17 1 3  4-24 

FIGURE 5.11 Mitochondrial genomes have genes encod-
ing (mostly complex I-IV) proteins, rRNAs, and tRNAs. 

genes is rather small and does not correlate with 
the size of the genome. The 16.6 kb mammalian 
mitochondrial genomes encode 1 3  proteins, 
whereas the 60 to 80 kb yeast mitochondrial 
genomes encode as few as eight proteins. The 
much larger plant mitochondrial genomes 
encode more proteins. Introns are found in 
most mitochondrial genes, although not in the 
very small mammalian genomes. 

The two major rRNAs are always encoded 
by the mitochondrial genome. The number of 
tRNAs encoded by the mitochondrial genome 
varies from none to the full complement (25 to 
26 in mitochondria).  This accounts for the vari
ation in Figure 5 . 1 1 .  

The major part of the protein -coding activ
ity is devoted to the components of the mul
tisubunit assemblies of respiration complexes 
I-IV. Many ribosomal proteins are encoded 
in protist and plant mitochondrial genomes, 
but there are few or none in fungi and ani
mal genomes. There are genes encoding pro
teins involved in cytoplasm-to-mitochondrion 
import in many protist mitochondrial genomes. 

Animal mitochondrial DNA is extremely 
compact. There are extensive differences in the 
detailed gene organization found in different 
animal taxonomic groups, but the general prin
ciple of a small genome encoding a restricted 
number of functions is maintained. In mam
malian mitochondria, the genome is particu
larly compact. There are no introns, some genes 
actually overlap, and almost every base pair can 
be assigned to a gene. With the exception of the 
D-loop, a region involved with the initiation 
of DNA replication, no more than 87 of the 
16,569 bp of the human mitochondrial genome 
lie in intergenic regions. 

The complete nucleotide sequences of 
animal mitochondrial genomes show exten
sive homology in organization. The map of 
the human mitochondrial genome is shown 
in FIGURE 5.12. There are 1 3  protein-coding 
regions. All of the proteins are components 
of the electron transfer system of cellular res-
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N03 
C03 

ATPase 
ATPase 

• tRNA genes 
II Coding regions 

12S 

16S rRNA 

1 

�Indicates direction of gene, 5' to 3 '  
CO: cytochrome oxidase 
NO: NAOH dehydrogenase 

FIGURE 5.12 Human mitochondrial DNA has 22 tRNA 
genes, 2 rRNA genes, and 13 protein-coding regions. 
Fourteen of the 15 protein-cadi ng or rRNA-codi ng regions 
are transcribed in the same direction. Fourteen of the 
tRNA genes are expressed in the clockwise direction and 
8 are read counterclockwise. 

piration. These include cytochrome b, three 
subunits of cytochrome oxidase, one of the sub
units of ATPase, and seven subunits (or associ
ated proteins) of NADH dehydrogenase. 

The fivefold discrepancy in size between 
the S. cerevisiae (84 kb) and mammalian 
( 16.6 kb) mitochondrial genomes alone alerts 
us to the fact that there must be a great differ
ence in their genetic organization in spite of 
their common function. The number of endog
enously synthesized products concerned with 
mitochondrial enzymatic functions appears to 
be similar. Does the additional genetic material 
in yeast mitochondria encode other proteins, 
perhaps concerned with regulation, or is  it 
unexpressed? 

The map in FIGURE 5.13 accounts for the 
major RNA and protein products of the yeast 
mitochondrion. The most notable feature is the 
dispersion of loci on the map. 

The two largest loci are the interrupted genes 
box (encoding cytochrome b) and oxi3 (encod
ing subunit 1 of cytochrome oxidase). Together 
these two genes are almost as long as the entire 
mitochondrial genome in mammals! Many of 
the long introns in these genes have open read
ing frames in register with the preceding exon 
(see the Catalytic RNA chapter) . This adds several 
proteins, all synthesized in low amounts, to the 
complement of the yeast mitochondrion. 
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Genes 

84 kb 
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C01 Products 

ii Exons - lntrons 
o/i } = subunits of oligomycin-sensitive 
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box = cytochrome b 
par = unknown functions 
var = small ribosome subunit protein 

FIGURE 5.13 The mitochondrial genome of S. cerevisiae 
contains both interrupted and uninterrupted protein
coding genes, rRNA genes, and tRNA genes (positions 
not indicated). Arrows indicate direction of transcription. 

The remaining genes are uninterrupted. 
They correspond to the other two subunits of 
cytochrome oxidase encoded by the mitochon
drion, to the subunit(s) of the ATPase, and (in 
the case of var I)  to a mitochondrial ribosomal 
protein. The total number of yeast mitochon
drial genes is unlikely to exceed -25 . 

Ell The Chloroplast Genome 
Encodes Many Proteins 
and RNAs 

Key concept 

• Chloroplast genomes vary in size, but are large 
enough to encode SO to 100 proteins as well as 
the rRNAs and tRNAs. 

What genes are carried by chloroplasts? Chlo
roplast DNAs vary in length from -120 to 217  
kb (the largest in geranium). The sequenced 
chloroplast genomes (> 100 in total) have 87 
to 183 genes. FIGURE 5.14 summarizes the func
tions encoded by the chloroplast genome in 
land plants. There is more variation in the chlo
roplast genomes of algae. 

The chloroplast genome is generally similar 
to that of mitochondria, except that there are 
more genes. The chloroplast genome encodes all 

Genes Types 
RNA-coding 
16S rRNA 1 
238 rRNA 1 
4.58 rRNA 1 
58 rRNA 1 
!RNA 30-32 
Gene Expression 
r-proteins 2D-21 
RNA polymerase 3 
Others 2 
Chloroplast functions 
Rubisco and thylakoids 31-32 
NADH dehydrogenase 1 1  
Total 105-1 1 3  

FIGURE 5.14 The chloroplast genome in land plants 
encodes 4 rRNAs, 30 tRNAs, and -60 proteins. 

the rRNAs and tRNAs needed for protein syn
thesis in the chloroplast. The ribosome includes 
two small rRNAs in addition to the major ones. 
The tRNA set may include all of the necessary 
genes. The chloroplast genome encodes -50 
proteins, including RNA polymerase and ribo
somal proteins. Again, the rule is that organelle 
genes are transcribed and translated within the 
organelle. About half of the chloroplast genes 
encode proteins involved in protein synthesis. 

Introns in chloroplasts fall into two gen
eral classes. Those in tRNA genes are usually 
(although not inevitably) located in the antico
don loop, like the introns found in yeast nuclear 
tRNA genes (see the RNA Splicing and Process
ing chapter). Those in protein-coding genes 
resemble the introns of mitochondrial genes 
(see the Catalytic RNA chapter). This places 
the endosymbiotic event at a time in evolu
tion before the separation of prokaryotes with 
uninterrupted genes. 

The chloroplast is the site of photosynthesis. 
Many of its genes encode proteins of photo
synthetic complexes located in the thylakoid 
membranes. The constitution of these com
plexes shows a different balance from that of 
mitochondrial complexes. Although some com
plexes are like mitochondrial complexes in that 
they have some subunits encoded by the organ
elle genome and some by the nuclear genome, 
other chloroplast complexes are encoded 
entirely by one genome. For example, the gene 
for the large subunit of ribulose bisphosphate 
carboxylase (RuBisCO, which catalyzes the car
bon fixation reaction ofthe Calvin cycle), rbcL, 
is contained in the chloroplast genome; varia
tion in this gene is frequently used as a basis 
for reconstructing plant phylogenies. How
ever, the gene for the small RuBisCO subunit, 
rbcS, is usually carried in the nuclear genome. 
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On the other hand, genes for photo system pro
tein complexes are found on the chloroplast 
genome, while those for the light-harvesting 
complex (LHC) proteins are nuclear encoded. 

Mitochondria and 
Chloroplasts Evolved 
by Endosymbiosis 

Key concepts 

• Both mitochondria and chloroplasts are descended 
from bacterial ancestors_ 

• Most of the genes of the mitochondrial and chlo
roplast genomes have been transferred to the 
nucleus during the organelle's evolution. 

How is it that an organelle evolved so that it 
contains genetic information for some of its 
functions, whereas the information for other 
functions is encoded in the nucleus? FIGURE 5.15 
shows the endosymbiotic hypothesis for mito
chondrial evolution, in which primitive cells 
captured bacteria that provided the function of 
cellular respiration and over time evolved into 
mitochondria. At first, the proto-organelle 
must have contained all of the genes needed to 

Bacterium 

Endosymbiosis 

Bacterium evolves into 
mitochondrion, losing genes that 
are necessary for independent life 
Genes are transferred 
from mitochondrion 
to nucleus 

FIGURE 5.15 Mitochondria originated by an endosymbiotic 
event when a bacterium was captured by a eukaryotic cell. 
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specify its functions. A similar mechanism has 
been proposed for the origin of chloroplasts. 

Sequence homologies suggest that mito
chondria and chloroplasts evolved separately 
from lineages that are common with different 
eubacteria, with mitochondria sharing an origin 
with a-purple bacteria and chloroplasts shar
ing an origin with cyanobacteria. The closest 
known relative of mitochondria among the bac
teria is Rickettsia (the causative agent of typhus), 
which is an obligate intracellular parasite that 
is probably descended from free-living bacte
ria. This reinforces the idea that mitochondria 
originated in an endosymbiotic event involving 
an ancestor that is also common to Rickettsia. 

The endosymbiotic origin of the chloroplast 
is emphasized by the relationships between its 
genes and their counterparts in bacteria. The 
organization of the rRNA genes in particular 
is closely related to that of a cyanobacterium, 
which pins down more precisely the last common 
ancestor between chloroplasts and bacteria. Not 
surprisingly, cyanobacteria are photosynthetic. 

At least two changes must have occurred 
as the bacterium became integrated into the 
recipient cell and evolved into the mitochon
drion (or chloroplast). The organelles have far 
fewer genes than an independent bacterium 
and have lost many of the gene functions that 
are necessary for independent life (such as 
metabolic pathways). The majority of genes 
encoding organelle functions are in fact now 
located in the nucleus, so these genes must have 
been transferred there from the organelle. 

Transfer of DNA between an organelle and 
the nucleus has occurred over evolutionary 
history and still continues. The rate of transfer 
can be measured directly by introducing a gene 
that can function only in the nucleus (because 
it contains a nuclear intron, or because the 
protein must function in the cytosol) into an 
organelle. In terms of providing the material 
for evolution, the transfer rates from organelle 
to nucleus are roughly equivalent to the rate 
of single gene mutation. DNA introduced into 
mitochondria is transferred to the nucleus at a 
rate of 2 X 10-s per generation. Experiments to 
measure transfer in the reverse direction, from 
nucleus to mitochondrion, suggest that the 
rate is much lower, <10-10. When a nuclear
specific antibiotic resistance gene is introduced 
into chloroplasts, its transfer to the nucleus and 
successful expression can be detected by screen
ing seedlings for resistance to the antibiotic. 
This shows that transfer occurs at a rate of I in 
16,000 seedlings, or 6 X 10-5 per generation. 



Transfer of a gene from an organelle to the 
nucleus requires physical movement of the 
DNA, of course, but successful expression also 
requires changes in the coding sequence. Organ
elle proteins that are encoded by nuclear genes 
have special sequences that allow them to be 
imported into the organelle after they have been 
synthesized in the cytoplasm. These sequences 
are not required by proteins that are synthe
sized within the organelle. Perhaps the process of 
effective gene transfer occurred at a period when 
compartments were less rigidly defined, so that 
it was easier both for the DNA to be relocated 
and for the proteins to be incorporated into the 
organelle regardless of the site of synthesis. 

Phylogenetic analyses show that gene 
transfers have occurred independently in many 
dil'ferent lineages. It appears that transfers of 
mitochondrial genes to the nucleus occurred 
only early in animal cell evolution, but it is 
possible that the process is still continuing in 
plant cells. The number of transfers can be large; 
there are >800 nuclear genes in Arabidopsis, 

whose sequences are related to genes in the 
chloroplasts of other plants. These genes are 
candidates for evolution from genes that origi
nated in the chloroplast. 

liD Summary 
The DNA sequences composing a eukaryotic 
genome can be classified into three groups: 

• Nonrepetitive sequences that are 
. 

umque 
• Moderately repetitive sequences that 

are dispersed and repeated a small num
ber of times, with some copies not being 
identical 

• Highly repetitive sequences that are 
short and usually repeated as tandem 
arrays 

The proportions of these types of sequences 
are characteristic for each genome, although 
larger genomes tend to have a smaller pro
portion of nonrepetitive DNA. Almost 50% 
of the human genome consists of repetitive 
sequences, the majority corresponding to 
transposon sequences. Most structural genes 
are located in nonrepetitive DNA. The amount 
of nonrepetitive DNA is a better reflection of 
the complexity of the organism than the total 
genome size; the greatest amount of nonrepeti 
tive DNA in genomes is -2 X 109 bp. 

Non-Mendelian inheritance is explained 
by the presence of DNA in organelles in the 
cytoplasm. Mitochondria and chloroplasts are 

membrane-bounded systems in which some pro
teins are synthesized within the organelle, while 
others are imported. The organelle genome is usu
ally a circular DNA that encodes all the RNAs and 
some of the proteins required by the organelle. 

Mitochondrial genomes vary greatly in size, 
from the small 16.6 kb mammalian genome to 
the 570 kb genome of higher plants. The larger 
genomes may encode additional functions. 
Chloroplast genomes range in size from -120 
to 2 17 kb. Those that have been sequenced 
have similar organizations and coding func
tions. In both mitochondria and chloroplasts, 
many of the major proteins contain some sub
units synthesized in the organelle and some 
subunits imported from the cytosol. Transfers 
of DNA have occurred between chloroplasts or 
mitochondria and nuclear genomes. 
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• The minimum number of genes for a parasitic 
prokaryote is about 500; for a free-living 
nonparasitic prokaryote, it is about 1500. 

Total Gene Number Is Known for Several Eukaryotes 

• There are 6000 genes in yeast; 21,700 in a nema
tode worm; 17,000 in a tty; 25,000 in the small plant 
Arabfdopsis; and probably 20,000 to 25,000 in mice 
and humans. 

How Many Different Types of Genes Are There? 

• The sum of the number of unique genes and the num
ber of gene families is an estimate of the number of 
types of genes. 

• The minimum size of the proteome can be estimated 
from the number of types of genes. 

The Human Genome Has Fewer Genes 
Than Originally Expected 

• Only 1% of the human genome consists of exons. 
• The exons comprise -5% of each gene, so genes 

(exons plus introns) comprise -25% of the genome. 
• The human genome has 20,000 to 25,000 genes. 

• -60% of human genes are alternatively spliced. 

• Up to 80% of the alternative splices change protein 
sequence, so the human proteome has -50,000 to 
60,000 members. 

How Are Genes and Other Sequences Distributed 
in the Genome? 

• Repeated sequences (present in more than one copy) 
account for >50% of the human genome. 

• The great bulk of repeated sequences consist of copies 
of nonfunctional transposons. 

• There are many duplications of large chromosome 
regions. 

The Y Chromosome Has Several Male-Specific Genes 

• The Y chromosome has -60 genes that are expressed 
specifically in the testis. 

• The male-specific genes are present in multiple copies 
in repeated chromosomal segments. 

• Gene conversion between multiple copies allows the 
active genes to be maintained during evolution. 

l3l:W How Many Genes Are Essential? 
• Not all genes are essential. In yeast and flies, dele

tions of <50% of the genes have detectable effects. 

• When two or more genes are redundant. a mutation in 
any one of them may not have detectable effects. 
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• We do not fully understand the persistence of genes 

that are apparently dispensable in the genome. 

About 10,000 Genes Are Expressed at Widely 
Differing Levels in a Eukaryotic Cell 

• In any particular cell, most genes are expressed at a 
low level. 

11111•1 Expressed Gene Number Can Be Measured En Masse 

• DNA microarray technology allows a snapshot to be 
taken of the expression of the entire genome in a 
yeast cell. 

• -75% ( -4500 genes) of the yeast genome is ex
pressed under normal growth conditions. 

• Only a small number of genes, whose products are spe
cialized for the cell type, are highly expressed. 

• DNA microarray technology allows for detailed com
parisons of related animal cells to determine (for ex
ample) the differences in expression between a normal 
cell and a cancer cell. 

• mRNAs expressed at low levels overlap extensively 
when different cell types are compared. 

• The abundantly expressed mRNAs are usually specific 
for the cell type. 

filii Summary 

• -10,000 expressed genes may be common to most cell 
types of a multicellular eukaryote. 

Introduction 
Since the first complete organismal genomes 
were sequenced in 1995, both the speed and 
range of sequencing have greatly improved. 
The first genomes to be sequenced were small 
bacterial genomes, <2 Mb in size. By 2002, 
the human genome of >3000 Mb had been 
sequenced. Genomes have now been sequenced 
from a wide range of organisms, including bac
teria, archaeans, yeasts and other unicellular 
eukaryotes, plants, and animals, including 
worms, flies, and mammals. 

Perhaps the single most important piece of 
information provided by a genome sequence 
is the number of genes. (See the chapter titled 
The Content oftlze Ge11ome for a discussion about 
the difficulties of defining a gene; for our pur
poses, the term gene refers to a DNA sequence 
transcribed to a functional RNA molecule.) 
Mycoplasma genitalium, a free-living parasitic 
bacterium, has the smallest known genome 
of any organism, with only -470 genes. The 
genomes of free-living bacteria have from 
1700 to 7500 genes. Archaean genomes have a 
smaller range of 1500 to 2700 genes. The small
est unicellular eukaryotic genomes have about 
5300 genes. Nematode worms and fruit flies 
have roughly 21 ,700 and 17,000 genes, respec
tively. Surprisingly, the number rises only to 
-25,000 for the mouse and human genomes. 

500 genes 
Intracellular (parasitic) 
bacterium 

1500 genes 
Free-living bacterium 

5000 genes 
Unicellular eukaryote 

1 3.000 genes 
Multicellular eukaryote 

25,000 genes 
Higher plants 

25.000 genes 
Mammals 

FIGURE 6.1 summarizes the minimum num
ber of genes found in six groups of organisms. A 
cell requires a minimum of about 500 genes, a 
free-living cell requires - 1500 genes, a eukar
yotic cell requires >5000 genes, a multicel
lular organism requires > 10,000 genes, and 
an organism with a nervous system requires 

FIGURE 6.1 The minimum gene number required for any 
type of organism increases with its complexity. 
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> 13,000 genes. Many species have more than 
the minimum number of genes required, so the 
number of genes can vary widely even among 
closely related species. 

Within prokaryotes and unicellular 
eukaryotes, most genes are unique. Within 
multicellular eukaryotic genomes, however, 
some genes are arranged into families of related 
members. Of course, some genes are unique 
(meaning the family has only one member), 
but many belong to families with I 0 or more 
members. The number of different families may 
be a better indication ofthe overall complexity 
of the organism than the number of genes. 

Some of the most insightful information 
comes from comparing genome sequences. 
With the sequences now available for both the 
human and chimpanzee genomes, it is possible 
to begin to address some ofthe questions about 
what makes humans unique. 

Ill Prokaryotic Gene 
Numbers Range Over 
an Order of M agnitude 

Key concept 

• The minimum number of genes for a parasitic pro
karyote is about 500; for a free-living nonparasitic 
prokaryote it is about 1500. 

Large-scale efforts have now led to the sequenc
ing of many genomes. The range of known 
genome sizes (as summarized in FIGURE 6.2) 
extends from the 0.6 X I 06 bp of a mycoplasma 
to the 3 .3  X I 09 bp of the human genome, and 
includes several important experimental ani
mals, such as yeasts, the fruit fly, and a nema
tode worm. Many plant genomes are much 
larger; the genome of bread wheat (Triticum 
aestivum L.) is I 7  gigabases (Gb; five times the 
size of the human genome), though it should 
be noted that the species is hexaploid. 

The sequences of the genomes of pro
karyotes show that most of the DNA (typi
cally 85%-90%) encodes RNA or polypeptide. 
FIGURE 6.3 shows that the range of prokaryotic 
genome sizes is an order of magnitude and that 
the genome size is proportional to the number 
of genes. The typical gene averages just under 
1000 bp in length. 

All of the prokaryotes with genome sizes 
below I . 5  Mb are parasites-they can live 
within a eukaryotic host that provides them 
with small molecules. Their genome sizes 
suggest the minimum number of functions 

122 CHAPTER 6 Genome Sequences and Gene Numbers 

Genomes Lethal 
Species (Mb) Genes loci 

Mycoplasma 0.58 470 -300 
genitalium 

Rickettsia 1 .11  834 
prowazekii 

Haemophilus 1.83 1743 
influenzae 

Methanococcus 1.66 1738 
jannaschi 

B. subtilis 4.2 4100 

E. coli 4.6 4288 1800 

S. cerevisiae 13.5 6034 1 090 

S. pombe 12.5 4929 

A. thaliana 1 1 9  25,498 

0. sativa (rice) 466 -30,000 

D. melanogaster 165 13,601 3100 

C. elegans 97 18,424 

H. sapiens 3,300 -25,000 

FIGURE 6.2 Genome sizes and gene numbers are known 
from complete sequences for several organisms. Lethal 
loci are estimated from genetic data. 

required for a cellular organism. All classes of 
genes are reduced in number compared to pro
karyotes with larger genomes, but the most sig
nificant reduction is in loci that encode enzymes 
involved with metabolic functions (which are 
largely provided by the host cell) and with regu
lation of gene expression. Mycoplasma genitalium 
has the smallest genome, with -470 genes. 

Archaeans have biological properties that 
are intermediate between those of other pro
karyotes and those of eukaryotes, but their 
genome sizes and gene numbers fall in the 
same range as those of bacteria. Their genome 

8000 
• 

6000 
Average: 950 genes/Mb "' Q) c Q) (!) 4000 

• 

2000 
• 

8 
Genome size (Mb) 

• Obligate parasitic bacteria 
• Other bacteria 
• Archae a 

FIGURE 6.3 The number of genes in bacterial and 
archaeal genomes is proportional to genome size. 



sizes vary from 1 . 5  to 3 Mb, corresponding to 
1 500 to 2700 genes. Methanococcus jmmaschii is a 
methane-producing species that lives under high 
pressure and temperature. Its total gene num
ber is similar to that of Haemophilus influenzae, 
but fewer of its genes can be identified on the 
basis of comparison with genes known in other 
organisms. Its apparatus for gene expression 
resembles that of eukaryotes more than that of 
prokaryotes, but its apparatus for cell division 
better resembles that of prokaryotes. 

The genomes of archaea and the smallest 
free-living bacteria suggest the minimum num
ber of genes required to make a cell able to 
function independently in its environment. The 
smallest archaeal genome has - 1 500 genes. 
The free-living nonparasitic bacterium with 
the smallest known genome is  the thermo
phile Aquifex aeolicus, with a 1 . 5  Mb genome 
and 1 5 1 2  genes. A "typical" Gram-negative 
bacteri urn, H. influenzae, has 17 43 genes, the 
average size of which is -900 bp. So we can 
conclude that -1 500 genes are required by an 
exclusively free-living organism. 

Prokaryotic genome sizes extend over 
about an order of magnitude, from 0.6 Mb to 
<8 Mb. As expected, the larger genomes have 
more genes. The prokaryotes with the largest 
genomes, Sinorhizobium meliloti and Mesorhizo
bium loti, are nitrogen-fixing bacteria that live 
on plant roots. Their genome sizes (-7 Mb) 
and total gene numbers (>7500) are similar to 
those of yeasts. 

The size of the genome of Escherichia coli is 
in the middle of the range for prokaryotes. The 
common laboratory strain has 4288 genes, with 
an average length of -950 bp and an average 
separation between genes of 1 1 8  bp. There can 
be quite significant differences between strains, 
however. The known extremes in genome size 
among strains of E. coli are from 4.6 Mb with 
4249 genes to 5 .5  Mb with 5361 genes. 

We still do not know the functions of all 
of these genes; functions have been identi
fied for -80% of the genes. In most of these 
genomes, -60% of the genes can be identified 
on the basis of homology with known genes in 
other species. These genes fall approximately 
equally into classes whose products function 
in metabolism, cell structure or transport of 
components, and gene expression and its regu
lation. In virtually every genome, -20% of the 
genes have not yet been ascribed any function. 
Many of these genes can be found in related 
organisms, which implies that they have a con
served function. 

There has been some emphasis on sequenc
ing the genomes of pathogenic bacteria, 
given their medical significance. An impor
tant insight into the nature of pathogenicity 
has been provided by the demonstration that 
pathogenicity islands are a characteris
tic feature of their genomes. These are large 
regions (-10 to 200 kb) that are present in 
the genomes of pathogenic species but absent 
from the genomes of nonpathogenic variants 
of the same or related species. Their GC con
tent often differs from that of the rest of the 
genome, and it is likely that these regions are 
spread among bacteria by a process of horizon

tal transfer. For example, the bacterium that 
causes anthrax (Bacillus anthracis) has two large 
plasmids (extrachromosomal DNA molecules), 
one of which has a pathogenicity island that 
includes the gene encoding the anthrax toxin. 

Ill Total Gene Number Is 
Known for Several 
Eukaryotes 

Key concept 

• There are 6000 genes in yeast; 21,700 in a 
nematode worm; 17,000 in a fty; 25,000 in the 
small plant Arabidopsis; and probably 20,000 to 
25,000 in mice and humans. 

As we look at eukaryotic genomes, the relation
ship between genome size and gene number is 
weaker than that of prokaryotes. The genomes 
of unicellular eukaryotes fall in the same size 
range as the largest bacterial genomes. Multi
cellular eukaryotes have more genes, but the 
number does not correlate well with genome 
size, as can be seen in FIGURE 6.4. 

40,000 ............. 

"' 30,000 
Rice • 

····Mouse • 

Q) c • Arabidopsis Human . Q) 
e) 20,000 ............. 

• C. e/egans 

• D. melanogaster 

10,000 ............. 
S. cerevisiae • • S. pombe 

100 200 300 400 500 

Genome size (Mb) 

3000 

FIGURE 6.4 The number of genes in a eukaryote varies from 6000 
to 32,000 but does not correlate with the genome size or the 
complexity of the organism. 

6.3 Total Gene Number Is Known for Several Eukaryotes 123 



Gene � 

5% of S. cerevisiae genes have 1 intron on average 

lntergenic space � 
' 
lntrons 

\ 
43% of S. pombe genes have introns 
Average interrupted gene has 2 introns 

FIGURE 6.5 The 5. cerevisiae genome of 13.5 Mb has 6000 genes, almost all 
uninterrupted. The 5. pombe genome of 12.5 Mb has 5000 genes, almost half 
having introns. Gene sizes and spacing are fairly similar. 

The most extensive data for unicellular 
eukaryotes are available from the sequences 
of the genomes of the yeasts Saccharomyces cere
visiae and Schizosaccharomyces pombe. FIGURE 6.5 
summarizes the most important features. The 
yeast genomes of 13 .5  Mb and 12.5 Mb have 
-6000 and -5000 genes, respectively. The 
average open reading frame (ORF) is - 1 .4 kb, 
so that -70% of the genome is occupied by 
coding regions. The major difference between 
them is that only 5 %  of S. cerevisiae genes 
have introns, compared to 43% in S. pombe. 
The density of genes is high; organization is 
generally similar, although the spaces between 
genes are a bit shorter in S. cerevisiae. About half 
of the genes identified by the sequence were 
either known previously or related to known 
genes. The remaining genes were previously 
unknown, which gives some indication of the 
number of new types of genes that may be dis
covered by sequence analysis. 

The identification of long reading frames on 
the basis of sequence is quite accurate. How
ever, ORFs encoding fewer than 100 amino 
acids cannot be identified solely by sequence 
because of the high occurrence of false posi
tives. Analysis of gene expression suggests that 
only -300 of 600 such ORFs in S. cerevisiae are 
likely to be functional genes. 

A powerful way to validate gene structure 
is to compare sequences in closely related spe
cies: If a gene is functional, it is likely to be con
served. Comparisons between the sequences 
of four closely related yeast species suggest 
that 503 of the genes originally identified in 
S. cerevisiae do not have orthologs in the other 
species and therefore should not be considered 
functional genes. This reduces the total esti
mated gene number for S. cerevisiae to 5726. 

The genome of Camorhabditis elegmzs varies 
between regions rich in genes and regions in 
which genes are more sparsely distributed. The 
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total sequence contains -21,700 genes. Only 
-42% of the genes have suspected orthologs 
outside Nematoda. 

The fruit fly genome is larger than the 
nematode worm genome, but there are fewer 
genes in the various species for which com
plete genome information is available (rang
ing from - 14,400 in Drosophila melanogaster 
to - 1 7,300 in D. persimilis).  The number of 
different transcripts is somewhat larger as the 
result of alternative splicing. We do not under
stand why C. elegans-arguably, a similarly com
plex organism-has 30% more genes than the 
fly, but it may be because C. elega11s has a larger 
average number of genes per gene family than 
does D. melanogaster, so the numbers of unique 
genes of the two species are more similar. A 
comparison of 12 Drosophila genomes reveals 
that there can be a fairly large range of gene 
number ( -20%) among closely related species. 
In some cases, there are several thousand genes 
that are species-specific. This forcefully empha
sizes the lack of an exact relationship between 
gene number and complexity ofthe organism. 

The plant Arabidopsis thalia11a has a genome 
size intermediate between those of the worm 
and the fly, but has a larger gene number 
(-25,000) than either. This again shows the 
lack of a clear relationship between complexity 
and gene number and also emphasizes a special 
quality of plants, which may have more genes 
(due to ancestral duplications) than animal cells 
(except for vertebrates; see the Genome Evolution 
chapter). A majority of the Arabidopsis genome 
is found in duplicated segments, suggesting that 
there was an ancient doubling of the genome (to 
result in a tetraploid).  Only 3 5% of Arabidopsis 
genes are present as single copies. 

The genome of rice ( Oryza sativa) is -4X 
larger than that of Arabidopsis, but the num
ber of genes is  only -25% larger, probably 
-32,000. Repetitive DNA occupies 42%-45% 
of the genome. More than 80% of the genes 
found in Arabidopsis are also found in rice. 
Of these common genes, -8000 are found 
in Arabidopsis and rice but not in any of the 
bacterial or animal genomes that have been 
sequenced. This is probably the set of genes 
that encodes plant-specific functions, such as 
photosynthesis. 

From 12 sequenced Drosophila genomes, we 
can form an impression of how many genes are 
devoted to each type of function. (In 20 1 1, nine 
additional complete Drosophila species genome 
sequences were made available, but these have 
not yet been fully analyzed.) FIGURE 6.6 breaks 
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0 Cytoskeletal protein binding (133) 
• Electron carrier activity (127) 

0 Transcription regulator/factor activity (846) 
11 I on binding (732) 

II I on channel activity (1 03) 
II Transcription factor binding (77) 
0 Odorant binding (65) II Nucleotide binding (682) 

II Transporter activity (602) 0 Translation regulator activity (63) 
0 Chromatin binding (59) 0 Receptor activity (all types) (488) 

II Structural molecule activity (449) 

II Other binding (345) 
II Other molecular function (51) 
II Other signal transducer activity (21) 
0 Unknown (394 7) 0 Enzyme regulator activity (238) 

II Receptor binding (190) Total 15,408 
FIGURE 6.6 Functions of Drosophila genes based on comparative genomics of 12 species. The functions of about a quarter 
of the genes of Drosophila are unknown. Adapted from Drosophila 12 Genomes Consortium, "Evolution of genes and genomes 
on the Drosophila phylogeny," Nature 450 (2007): 203-218. 

down the functions into different categories. 
Among the genes that are identified, we find 
more than 3000 enzymes, -900 transcription 
factors, and -700 transporters and ion chan
nels. About a quarter of the genes encode 
products of unknown function. 

Eukaryotic polypeptide sizes are greater 
than those of prokaryotes. The archaean M. 
jarmaschii and bacterium E. coli have average 
polypeptide lengths of 287 and 3 1 7  amino 
acids, respectively, whereas S. cerevisiae and 
C. elegans have average polypeptide lengths of 
484 and 442 amino acids, respectively. Large 
polypeptides (>500 amino acids) are rare in pro
karyotes but comprise a significant component 
(-113) in eukaryotes. The increase in length is 
due to the addition of extra domains, with each 
domain typically constituting 100 to 300 amino 
acids. However, the increase in polypeptide size 
is responsible for only a very small part of the 
. . . 
mcrease m genome stze. 

Another insight into gene number is  
obtained by counting the number of expressed 
protein-codinggenes. If we relied upon the esti
mates of the number of different mRNA species 
that can be counted in a cell, we would con
clude that the average vertebrate cell expresses 
- I  0,000 to 20,000 genes. The existence of sig
nificant overlaps between the mRNA popu
lations in different cell types would suggest 
that the total expressed gene number for the 
organism should be within the same order of 
magnitude. The estimate for the total human 
gene number of 20,000 to 25,000 (see the 
section later in this chapter titled The Human 
Gmome Has Fewer Gmes Thmz Originally Expected) 
would imply that a significant proportion of the 
total gene number is actually expressed in any 
particular cell. 

Eukaryotic genes are transcribed indivi
dually, with each gene producing a mono

cistronic mRNA. There is only one gen
eral exception to this rule: In the genome of 
C. elegans, - 1 5 %  of the genes are organized 
into units transcribed to polycistronic mRNAs, 
which are associated with the use of trans
splicing to allow expression of the downstream 
genes in these units (see the RNA Splicing mzd 
Processing chapter). 

Ill How Many Different 
Types of Genes 
Are There? 

Key concepts 

• The sum of the number of unique genes and the 
number of gene families is an estimate of the 
number of types of genes. 

• The minimum size of the proteome can be esti
mated from the number of types of genes. 

Some genes are unique; others belong to fami
lies in which the other members are related (but 
not usually identical). The proportion of unique 
genes declines, and the proportion of genes in 
families increases, with increasing genome size. 

Some genes are present in more than one 
copy or are related to one another, so the num
ber of different types of genes is less than the 
total number of genes. We can divide the total 
number of genes into sets that have related 
members, as defined by comparing their exons. 
(A gene family arises by repeated duplication 
of an ancestral gene followed by accumulation 
of changes in sequence among the copies. Most 
often the members of a family are similar but 
not identical.) The number of types of genes 
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FIGURE 6. 7 Many genes are duplicated, and as a result the 
number of different gene families is much smaller than the 
total number of genes. This histogram compares the total 
number of genes with the number of distinct gene families. 

is calculated by adding the number of unique 
genes (for which there is no other related gene 
at all) to the numbers of families that have two 
or more members. 

FIGURE 6.7 compares the total number of 
genes with the number of distinct families in 
each of six genomes. In bacteria, most genes 
are unique, so the number of distinct families 
is close to the total gene number. The situation 
is different even in the unicellular eukaryote 
S. cerevisiae, for which there is a significant pro
portion of repeated genes. The most striking 
effect is that the number of genes increases quite 
sharply in the multicellular eukaryotes, but the 
number of gene families does not change much. 

FIGURE 6.8 shows that the proportion of 
unique genes drops sharply with increasing 
genome size. When there are gene families, 
the number of members in a family is small in 
bacteria and unicellular eukaryotes, but is large 
in multicellular eukaryotes. Much of the extra 

Families Families 
Unique with 2-4 with >4 
genes members members 

H. influenzae 89% 10% 1% 

S. cerevisiae 72% 19% 9% 

D. melanogaster 72% 14% 14% 

C. e/egans 55% 20% 26% 

A. tha/iana 35% 24% 41% 
FIGURE 6.8 The proportion of genes that are present in 
multiple copies increases with genome size in multicel
lular eukaryotes. 
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genome size of Arabidopsis is due to families 
with more than four members. 

If every gene is expressed, the total num
ber of genes will account for the total number 
of polypeptides required by the organism (the 
proteome). However, there are two factors that 
can cause the proteome to be different from the 
total gene number. First, genes can be dupli
cated, and, as a result, some of them encode the 
same polypeptide (although it may be expressed 
at a different time or in a different type of cell) 
and others may encode related polypeptides 
that also play the same role at different times 
or in different cell types. Second, the proteome 
can be larger than the number of genes because 
some genes can produce more than one poly
peptide by alternative splicing or other means. 

What is  the core proteome-the basic 
number of the different types of polypeptides 
in the organism? Although difficult to estimate 
because of the possibility of alternative splicing, 
a minimum estimate is provided by the number 
of gene families, ranging from 1400 in bacte
ria, to -4000 in yeast, to 1 1 ,000 for the fly, to 
14,000 for the worm. 

What is the distribution of the proteome 
by type of protein? The 6000 proteins of the 
yeast proteome include 5000 soluble proteins 
and 1000 transmembrane proteins. About half 
of the proteins are cytoplasmic, a quarter are 
in the nucleus, and the remainder are split 
between the mitochondrion and the endoplas
mic reticulum (ER)/Golgi system. 

How many genes are common to all organ
isms (or to groups such as bacteria or multicel
lular eukaryotes), and how many are specific 
to lower-level taxonomic groups? FIGURE 6.9 

80% 

60% 

40% 

20% 

Common Additional in 
to all multicellular 
eukaryotes eukaryotes 

Specific 
to genus 

FIGURE 6.9 The fruit fly genome can be divided into 
genes that are (probably) present in all eukaryotes, addi
tional genes that are (probably) present in all multicel
lular eukaryotes, and genes that are more specific to 
subgroups of species that include flies. 



shows the comparison of fly genes to those of 
the worm (another multicellular eukaryote) 
and yeast (a unicellular eukaryote). Genes 
that encode corresponding polypeptides in 
different species are called orthologous gmes, or 
orthologs (see the chapter titled The llzterrupted 
Gene). Operationally, we usually consider that 
two genes in different organisms are orthologs 
if their sequences are similar over >80% of 
the length. By this criterion, -20% of the fly 
genes have orthologs in both yeast and the 
worm. These genes are probably required by 
all eukaryotes. The proportion increases to 30% 
when the fly and worm are compared, probably 
representing the addition of gene functions 
that are common to multicellular eukaryotes. 
This still leaves a major proportion of genes as 
encoding proteins that are required specifically 
by either flies or worms, respectively. 

A minimum estimate of the size of an 
organismal proteome can be deduced from the 
number and structures of genes, and a cellular 
or organismal proteome size can also be directly 
measured by analyzing the total polypeptide 
content of a cell or organism. Using such 
approaches, some proteins have been identified 
that were not suspected on the basis of genome 
analysis; this has led to the identification of new 
genes. Several methods are used for large-scale 
analysis of proteins. Mass spectrometry can be 
used for separating and identifying proteins in 
a mixture obtained directly from cells or tissues. 
Hybrid proteins bearing tags can be obtained 
by expression of cDNAs made by ligating the 
sequences of ORFs to appropriate expression 
vectors that incorporate the sequences for 
affinity tags. This allows array analysis to be 
used to analyze the products. These methods 
also can be effective in comparing the proteins 
of two tissues-for example, a tissue from a 
healthy individual and one from a patient with 
a disease-to pinpoint the differences. 

Once we know the total number of pro
teins, we can ask how they interact. By defi
nition, proteins in structural multiprotein 
assemblies must form stable interactions with 
one another. Also, proteins in signaling path
ways interact with one another transiently . In 
both cases, such interactions can be detected 
in test systems where essentially a readout 
system magnifies the effect of the interaction. 
Such assays cannot detect all interactions; for 
example, if one enzyme in a metabolic pathway 
releases a soluble metabolite that then interacts 
with the next enzyme, the proteins may not 
interact directly. 

As a practical matter, assays of pairwise 
interactions can give us an indication of the 
minimum number of independent structures 
or pathways. An analysis of the ability of all 
6000 predicted yeast proteins to interact in pair
wise combinations shows that -1000 proteins 
can bind to at least one other protein. Direct 
analyses of complex formation have identified 
1440 different proteins in 232 multiprotein 
complexes. This is the beginning of an analysis 
that will lead to defining the number of func
tional assemblies or pathways. A comparable 
analysis of 8100 human proteins identified 
2800 interactions, but this is more difficult to 
interpret in the context of the larger proteome. 

In addition to functional genes, there are also 
copies of genes that have become nonfunctional 
(identified as such by mutations in their protein
coding sequences). These are called pseudogenes 
(see the Gwome Evolution chapter). The number 
of pseudogenes can be large. In the mouse and 
human genomes, the number of pseudogenes is 
-10% of the number of (potentially) functional 
genes (see the chapter titled The Contwt of the 
Gmome). Some of these pseudogenes may serve 
the function of producing regulatory micro
RNAs; see the Regulatory RNA chapter. 

Ill The Human Genome Has 
Fewer Genes Than 
Originally Expected 

Key concepts 

• Only 1% of the human genome consists of exons. 

• The exons comprise -5% of each gene, so genes 
(exons plus introns) comprise -25% of the 
genome. 

• The human genome has 20,000 to 25,000 genes. 

• -60% of human genes are alternatively spliced. 

• Up to 80% of the alternative splices change 
protein sequence, so the human proteome has 
-50,000 to 60,000 members. 

The human genome was the first vertebrate 
genome to be sequenced. This massive task 
has revealed a wealth of information about 
the genetic makeup of our species and about 
the evolution of genomes in general. Our 
understanding is deepened further by the abi
lity to compare the human genome sequence 
with other sequenced vertebrate genomes. 

Mammal genomes generally fall into a 
narrow size range, averaging about 3 X 109 bp 
(see the Gwome Evolution chapter). The mouse 
genome is -14% smaller than the human 
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FIGURE 6.10 The mouse genome has -23,000 protein-coding 
genes, which have -1200 pseudogenes. There are -3000 
RNA-coding genes, 

genome, probably because it has had a higher 
rate of deletion, The genomes contain simi
lar gene families and genes, with most genes 
having an ortholog in the other genome but 
with differences in the number of members 
of a family, especially in those cases for which 
the functions are specific to the species (see 
the chapter titled The Contmt of the Ge11ome), 
Originally estimated to have -30,000 genes, 
the mouse genome is now thought to have 
about the same number of genes as the 
human genome, 20,000 to 25,000, FIGURE 6.10 
plots the distribution of the mouse genes, The 
23,000 protein-coding genes are accompanied 
by -3000 genes representing RNAs that do 
not encode proteins; these are generally small 
(aside from the ribosomal RNAs), Almost half of 
these genes encode transfer RNAs, In addition 
to the functional genes, -I200 pseudogenes 
have been identified, 

The haploid human genome contains 
22 autosomes plus the X and Y chromosomes, 
The chromosomes range in size from 45 to 
279 Mb, making a total genome size of 3286 Mb 

Repetitive DNA 

FIGURE 6.11 Genes occupy 25% of the human genome, 
but protein-coding sequences are only a small part of 
this fraction, 

(-3,3 X I09 bp), On the basis of chromosome 
structure, the genome can be divided into 
regions of euchromatin (containing many 
functional genes) and heterochromatin, with a 
much lower density of functional genes (see the 
Chromosomes chapter), The euchromatin com
prises the majority of the genome, -2,9 X I 09 
bp, The identified genome sequence represents 
>90% of the euchromatin, In addition to pro
viding information on the genetic content of the 
genome, the sequence also identifies features 
that may be of structural importance, 

FIGURE 6.11 shows that a very small propor
tion (-I%) oft he human genome is accounted 
for by the exons that actually encode polypep
tides, The introns that constitute the remain
ing sequences of protein-coding genes bring 
the total of DNA involved with producing pro
teins to -25%, As shown in FIGURE 6.12, the 
average human gene is 27 kb long with nine 
exons that include a total coding sequence 
of I340 bp, Therefore, the average coding 
sequence is only 5 %  of the length of an average 
protein-coding gene, 

7 internal exons of average length 145 bp 

� � � � � 
1 2 3 4 7 8 9 

-7 
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7 
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FIGURE 6.12 The average human gene is 27 kb long and has nine exons, usually comprising two longer exons at each 
end and seven internal exons, The UTRs in the terminal exons are the untranslated (noncoding) regions at each end of 
the gene. (This is based on the average, Some genes are extremely long, which makes the median length 14 kb with 
seven exons,) 
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FIGURE 6.13 The two sets of genes identified in the 
human genome overlap only partially, as shown in the 
two large upper circles. However, they include almost all 
previously known genes, as shown by the overlap with 
the smaller, lower circle. 

Two independent sequencing efforts for the 
human genome produced estimates of -30,000 
and -40,000 genes, respectively. One measure 
of the accuracy of the analyses is whether they 
identify the same genes. The surprising answer 
is that the overlap between the two sets of genes 
is only -50%, as summarized in FIGURE 6.13. An 
earlier analysis of the human gene set based on 
RNA transcripts had identified -1 1,000 genes, 
almost all of which are present in both the large 
human gene sets, and which account for the 
major part of the overlap between them. So 
there is no question about the authenticity of 
half of each human gene set, but we have yet 
to establish the relationship between the other 
half of each set. The discrepancies illustrate the 
pitfalls of large-scale sequence analysis! As the 
sequence is analyzed further (and as other 
genomes are sequenced with which it can be 
compared), the number of actual genes has 
declined, and is now generally thought to be 
-20,000 to 25,000. 

By any measure, the total human gene 
number is much less than was originally 
estimated-most estimates before the genome 
was sequenced were - 100,000. This repre
sents a relatively small increase over the gene 
number of fruit flies and nematode worms 
(recent work suggests as many as 17,000 and 
21,700, respectively), not to mention the plants 
Arabidopsis (25,000) and ri ce (32,000). How
ever, we should not be particularly surprised by 
the notion that it does not take a great number 
of additional genes to make a more complex 
organism. The difference in DNA sequences 
between the human and chimpanzee genomes 
is extremely small (there is >99% similarity), 
so it is clear that the functions and interactions 
between a similar set of genes can produce 

different results. The functions of specific 
groups of genes may be especially important 
because detailed comparisons of orthologous 
genes in humans and chimpanzees suggest 
that there has been rapid evolution of certain 
classes of genes, including some involved in 
early development, olfaction, and hearing
all functions that are relatively specialized in 
these species. 

The number of protein-coding genes is  
less than the number of potential polypeptides 
because of mechanisms such as alternative splic
ing, alternate promoter selection, and alternate 
poly(A) site selection that can result in several 
polypeptides from the same gene (see the RNA 
Splicing and Processing chapter). The extent of 
alternative splicing is greater in humans than in 
flies or worms; it affects more than 60% of the 
genes (perhaps more than 90% ), so the increase 
in size of the human proteome relative to that 
of the other eukaryotes may be larger than the 
increase in the number of genes. A sample of 
genes from two chromosomes suggests that 
the proportion of the alternative splices that 
actually result in changes in the polypeptide 
sequence is about 80%. If this occurs genome
wide, the size of the proteome could be 50,000 
to 60,000 members. 

However, in terms of the diversity of the 
number of gene families, the discrepancy 
between humans and the other eukaryotes 
may not be so great. Many of the human 
genes belong to gene families. An analysis of 
-25,000 genes identified 3500 unique genes 
and 10,300 gene pairs. As can be seen from 
Figure 6.7, this extrapolates to a number of 
gene families only slightly larger than that of 
worms or flies. 

Ill How Are Genes and Other 
Sequences Distributed 
in the Genome? 

Key concepts 

• Repeated sequences (present in more than one 
copy) account for >SO% of the human genome. 

• The great bulk of repeated sequences consist of 
copies of nonfunctional transposons. 

• The
.
re are many duplications of large chromosome 

reg1ons. 

Are genes uniformly distributed in the genome? 
Some chromosomes are relatively "gene 
poor" and have >25% of their sequences as 
"deserts"-regions longer than 500 kb where 
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FIGURE 6.14 The largest component of the human 
genome consists of transposons. Other repetitive 
sequences include large duplications and simple repeats. 

there are no ORFs. Even the most gene-rich 
chromosomes have > I  0% of their sequences 
as deserts. So overall, -20% of the human 
genome consists of deserts that have no protein
coding genes. 

Repetitive sequences account for -50% of 
the human genome, as seen in FIGURE 6.14. The 
repetitive sequences fall into five classes: 

I .  Transposons (either active or inactive) 
account for the majority of repeti· 
tive sequences (45% of the genome). 
All transposons are found in multiple 
coptes. 

2. Processed pseudogenes, -3000 in 
all, account for -0 . 1% of total DNA. 
(These are sequences that arise by 
insertion of a reverse transcribed 
DNA copy of an mRNA sequence into 
the genome; see the Gel!ome Evolutioll 
chapter.) 

3 .  Simple sequence repeats (highly repeti · 
tive DNA such as CA repeats) account 
for -3%. 

4. Segmental duplications (blocks of 10 to 
300 kb that have been duplicated into 
a new region) account for -5%. For a 
small percentage of cases, these dupli · 
cations are found on the same chromo
some; in the other cases, the duplicates 
are on different chromosomes. 

5 .  Tandem repeats form blocks of one type 
of sequence. These are especially found 
at centromeres and telomeres. 

The sequence of the human genome empha
sizes the importance of transposons. Many 
transposons have the capacity to replicate 
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themselves and insert into new locations. 
They may function exclusively as DNA ele
ments or may have an active form that is RNA 
(see the chapter titled Trallsposable Elements and 
Retroviruses) .  Most of the transposons in the 
human genome are nonfunctional; very few 
are currently active. However, the high propor
tion of the genome occupied by these elements 
indicates that they have played an active role in 
shaping the genome. One interesting feature is 
that some currently functional genes originated 
as transposons and evolved into their present 
condition after losing the ability to transpose. 
At least 50 genes appear to have originated in 
this manner. 

Segmental duplication at its simplest 
involves the tandem duplication of some 
region within a chromosome (typically because 
of an aberrant recombination event at meiosis; 
see the Clusters and Repeats chapter). However, 
in many cases the duplicated regions are on 
different chromosomes, implying that either 
there was originally a tandem duplication fol
lowed by a translocation of one copy to a new 
site or that the duplication arose by some dif
ferent mechanism altogether. The extreme 
case of a segmental duplication is  when a 
whole genome is duplicated, in which case the 
diploid genome initially becomes tetraploid. 
As the duplicated copies evolve differences 
from one another, the genome may gradually 
become effectively a diploid again, although 
homologies between the diverged copies leave 
evidence of the event. This is especially com
mon in plant genomes. The present state of 
analysis of the human genome identifies many 
individual duplicated regions, and there is evi · 
dence for a whole-genome duplication in the 
vertebrate lineage (see the Genome Evolutioll 
chapter). 

One curious feature of the human genome 
is the presence of sequences that do not appear 
to have coding functions but that nonethe
less show an evolutionary conservation higher 
than the background level. As detected by com
parison with other genomes (e.g., the mouse 
genome), these represent about 5% of the total 
genome. Are these sequences associated with 
protein-coding sequences in some functional 
way? Their density on chromosome 18 is the 
same as elsewhere in the genome, although 
chromosome 1 8  has a significantly lower 
concentration of protein-coding genes. This 
suggests indirectly that their function is not 
connected with structure or expression of 
protein-coding genes. 



The Y Chromosome Has 
Several Male-Specific 
Genes 

Key concepts 

• The Y chromosome has -60 genes that are 
expressed specifically in the testis. 

• The male-specific genes are present in multiple 
copies in repeated chromosomal segments. 

• Gene conversion between multiple copies 
allows the active genes to be maintained during 
evolution. 

The sequence of the human genome has signifi 
cantly extended our understanding of the role 
of the sex chromosomes. It is generally thought 
that the X and Y chromosomes have descended 
from a common, very ancient autosome pair. 
Their evolution has involved a process in which 
the X chromosome has retained most of the 
original genes, whereas the Y chromosome has 
lost most of them. 

The X chromosome is like the autosomes 
insofar as females have two copies and recom
bination can take place between them. The 
density of genes on the X chromosome is  
comparable to the density of genes on other 
chromosomes. 

The Y chromosome is much smaller than 
the X chromosome and has many fewer genes. 
Its unique role results from the fact that only 
males have the Y chromosome, of which there 
is only one copy, soY -linked lod are effectively 
haploid instead of diploid like all other human 
genes. 

For many years, the Y chromosome was 
thought to carry almost no genes except for one 
or a few genes that determine maleness. The 

large majority of the Y chromosome (>95% of 
its sequence) does not undergo crossing over 
with the X chromosome, which led to the view 
that it could not contain active genes because 
there would be no means to prevent the accu
mulation of deleterious mutations. This region 
is flanked by short pseudoautosoma/ regions that 
frequently exchange with the X chromosome 
during male meiosis. I t  was originally called 
the nonrecombining region but now has been 
renamed the male-specific region. 

Detailed sequencing of the Y chromosome 
shows that the male-spedfic region contains 
three types of sequences, as illustrated in 
FIGURE 6.15: 

• The X-tra11sposed seque11ces consist of a 
total of 3.4 Mb comprising some large 
blocks that result from a transposition 
from band q2 1 in the X chromosome 
about 3 or 4 million years ago. This is 
specific to the human lineage. These 
sequences do not recombine with 
the X chromosome and have become 
largely inactive. They now contain only 
two functional genes. 

• The X-degeuerate segments of the Y cluo
mosome are sequences that have a 
common origin with the X chromo
some (going back to the common auto
some from which both X and Y have 
descended) and contain genes or pseu
dogenes related to X-linked genes. There 
are 14 functional genes and 1 3  pseu
dogenes. Thus far, the functional genes 
have defied the trend for genes to be 
eliminated from chromosomal regions 
that cannot recombine at meiosis. 

• The amplico11ic segments have a total 
length of I 0.2 Mb and are internally 

Yp Centromere P8 P7P6 P5 P4 P3 P2 P1 Yq 

• 

Ampliconic regions 

X-transposed 
regions 

X -degenerate 

( i Palindromes in 
ampliconic regions 
Pseudoautosomal 
regions 

Centromere and 
regions heterochromatin 

� Multiple-copy genes 

� Single-copy genes 

FIGURE 6.15 The Y chromosome consists of X-transposed regions, X-degenerate regions, and am plicons. The X-trans
posed and X-degenerate regions have 2 and 14 single-copy genes, respectively. The amplicons have 8 large palindromes 
(P1-P8), which contain 9 gene families. Each family contains at least 2 copies. 
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repeated on the Y chromosome. There 
are eight large palindromic blocks. 
They include nine protein-coding gene 
families, with copy numbers per family 
ranging from 2 to 35. The name amplico11 
reflects the fact that the sequences 
have been internally amplified on the 
Y chromosome. 

Totaling the genes in these three regions, the 
Y chromosome contains 156 transcription units, 
of which half represent protein-coding genes 
and half represent pseudogenes. 

The presence of the functional genes is 
explained by the fact that the existence of 
closely related gene copies in the ampliconic 
segments allows gene conversion between mul
tiple copies of a gene to be used to regenerate 
functional copies. The most common needs 
for multiple copies of a gene are quantitative 
(to provide more protein product) or qualita
tive (to encode proteins with slightly different 
properties or that are expressed at different 
times or in different tissues). However, in this 
case the essential function is evolutionary. In 
effect, the existence of multiple copies allows 
recombination within theY chromosome itself 
to substitute for the evolutionary diversity that 
is usually provided by recombination between 
allelic chromosomes. 

Most of the protein-coding genes in the 
ampliconic segments are expressed specifically 
in testes and are likely to be involved in male 
development. If there are -60 such genes out 
of a total human gene set of -25,000, then the 
genetic difference between male and female 
humans is only -0.2%. 

Ill How Many Genes 
Are Essential? 

Key concepts 

• Not all genes are essential. In yeast and flies, 
deletions of <SO% of the genes have detectable 
effects. 

• When two or more genes are redundant, a muta
tion in any one of them may not have detectable 
effects. 

• We do not fully understand the persistence of 
genes that are apparently dispensable in the 
genome. 

The force of natural selection ensures that 
functional genes are retained in the genome. 
Mutations occur at random, and a common 
mutational effect in an ORF will be to dam
age the protein product. An organism with a 
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damaging mutation will be at a disadvantage in 
competition and ultimately the mutation may 
be eliminated from a population. However, the 
frequency of a disadvantageous allele in the 
population is balanced between the generation 
of new copies of the allele by mutation and the 
elimination of the allele by selection. Revers
ing this argument, whenever we see an intact, 
expressed ORF in the genome, we assume that 
its product plays a useful role in the organism. 
Natural selection must have prevented muta
tions from accumulating in the gene. The ulti
mate fate of a gene that ceases to be functional 
is to accumulate mutations until it is no longer 
recognizable. 

The maintenance of a gene implies that it 
does not confer a selective disadvantage to the 
organism. However, in the course of evolu
tion even a small relative advantage may be 
the subject of natural selection, and a pheno
typic defect may not necessarily be immediately 
detectable as the result of a mutation. Also, in 
diploid organisms, a new recessive mutation 
may be "hidden" in heterozygous form for 
many generations. However, we would like 
to know how many genes are actually essen
tial, meaning that their absence is lethal to the 
organism. In the case of diploid organisms, it 
means, of course, that the homozygous null 
mutation is lethal. 

We might assume that the proportion of 
essential genes will decline with an increase in 
genome size, given that larger genomes may 
have multiple related copies of particular gene 
functions. So far this expectation has not been 
borne out by the data. 

One approach to the issue of gene number 
is to detennine the number of essential genes by 
mutational analysis. If we saturate some speci
fied region of the chromosome with mutations 
that are lethal, the mutations should map into 
a number of complementation groups that cor
respond to the number of lethal loci in that 
region. By extrapolating to the genome as a 
whole, we may estimate the total essential gene 
number. 

In the organism with the smallest known 
genome (M. genitalium), random insertions 
have detectable effects in only about two
thirds of the genes. Similarly, fewer than half 
of the genes of E. coli appear to be essential. 
The proportion is  even lower in the yeast S. 
cerevisiae. When insertions were introduced 
at random into the genome in one early 
analysis, only 12% were lethal and another 
14% impeded growth. The majority (70%) 



of the insertions had no effect. A more sys
tematic survey based on completely deleting 
each of 5 9 1 6  genes (>96% of the identified 
genes) shows that only 18.7% are essential for 
growth on a rich medium (i.e., when nutri
ents are fully provided). FIGURE 6.16 shows that 
these include genes in all categories. The only 
notable concentration of defects is in genes 
encoding products involved in protein syn
thesis, where -50% are essential. Of course, 
this approach underestimates the number of 
genes that are essential for the yeast to live in 
the wild when it is not so well provided with 
n u tri en ts. 

FIGURE 6.17 summarizes the results of a sys
tematic analysis of the effects of loss of gene 
function in the nematode worm C. elegans. The 
sequences of individual genes were predicted 
from the genome sequence, and by targeting 
an inhibitory RNA against these sequences (see 
the Regulatory RNA chapter) a large collection 
of worms was made in which one predicted 
gene was prevented from functioning in each 
worm. Detectable effects on the phenotype 
were only observed for 10% of these knock
downs, suggesting that most genes do not play 
essential roles. 
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FIGURE 6.16 Essential yeast genes are found in all 
classes. Blue bars show the total proportion of each class 
of genes, and red bars show those that are essential. 
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FIGURE 6.17 A systematic analysis of loss of function for 
86% of worm genes shows that only 10% have detectable 
effects on the phenotype. 

There is a greater proportion of essential 
genes (21%)  among those worm genes that 
have counterparts in other eukaryotes, sug
gesting that highly conserved genes tend to 
have more basic functions. There is also an 
increased proportion of essential genes among 
those that are present in only one copy per 
haploid genome, compared with those for 
which there are multiple copies of related 
or identical genes. This suggests that many 
of the multiple genes might be relatively 
recent duplications that can substitute for one 
another's functions. 

Extensive analyses of essential gene num
ber in a multicellular eukaryote have been made 
in Drosophila through attempts to correlate vis
ible aspects of chromosome structure with the 
number of functional genetic units. The notion 
that this might be possible originated from the 
presence of bands in the polytene chromo
somes of D. melmzogaster. (These chromosomes 
are found at certain developmental stages and 
represent an unusually extended physical form 
in which a series of bands [more formally called 
chromomeres] are evident; see the Chromosomes 
chapter.) From the time of the early concept 
that the bands might represent a linear order 
of genes, there has been an attempt to correlate 
the organization of genes with the organization 
of bands. There are -5000 bands in the D. mela
nogaster haploid set; they vary in size over an 
order of magnitude, but on average there are 
-20 kb of DNA per band. 

The basic approach is to saturate a cluo
mosomal region with mutations. Usually the 
mutations are simply collected as lethals with
out analyzing the cause of the lethality. A11y 
mutatiou that is lethal is taken to identify a locus that 
is essential for the orgauism. Sometimes mutations 
cause visible deleterious effects short of lethality, ill 
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FIGURE 6.18 Most known genetic defects i n  human 
genes are due to

. 
point mutations. The majority directly 

affect the prote1n sequence. The remainder is due to 
insertions, deletions, or rearrangements of varying sizes. 

which case we also define them as essential loci. When 
the mutations are placed into complementation 
groups, the number can be compared with the 
number of bands in the region, or individual 
complementation groups may even be assigned 
to individual bands. The purpose of these exper
iments has been to determine whether there 
is a consistent relationship between bands and 
genes. For example, does every band contain 
a single gene? 

Totaling the analyses that have been carried 
out since the 1970s, the number of essential 
complementation groups is -70% of the num
ber of bands. lt is an open question whether 
there is any functional significance to this rela
tionship. Regardless of the cause, the equiva
lence gives us a reasonable estimate for the 
essential gene number of -3600. By any mea
sure, the number of essential loci in Drosophila is 
significantly less than the total number of genes. 

If the proportion of essential human genes 
is similar to that of other eukaryotes, we would 
predict a range of -4000 to 8000 genes in which 
mutations would be lethal or produce evidently 
damaging effects. At present, 1300 genes in 
which mutations cause evident defects have 
been identified. This is a substantial proportion 
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FIGURE 6.19 AU 132 mutant test genes have some combinations that are 
lethal when they are combined with each of 4700 nonlethal mutations. This 
chart shows how many lethal interacting genes there are for each test gene. 
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of the expected total, especially in view of the 
fact that many lethal genes may act so early in 
development that we never see their effects. 
This sort of bias may also explain the results in 
FIGURE 6.18, which show that the majority of 
known genetic defects are due to point muta
tions (where there is more likely to be at least 
some residual function of the gene). 

How do we explain the persistence of genes 
whose deletion appears to have no effect? The 
most likely explanation is that the organism has 
alternative ways of fulfilling the same function. 
The simplest possibility is that there is redun

dancy, with some genes present in multiple 
copies. This is certainly true in some cases, in 
which multiple related genes must be knocked 
out in order to produce an effect. In a slightly 
more complex scenario, an organism might have 
two separate biochemical pathways capable of 
providing some activity. Inactivation of either 
pathway by itself would not be damaging, but 
the simultaneous occurrence of mutations in 
genes from both pathways would be deleterious. 

Such situations can be tested by combining 
mutations. In this approach, deletions in two 
genes, neither of which is lethal by itself, are 
introduced into the same strain. If the double 
mutant dies, the strain is called a synthetic 

lethal. This technique has been used to great 
effect with yeast, where the isolation of dou
ble mutants can be automated. The procedure 
is called synthetic genetic array analysis 

(SGA) . FIGURE 6.19 summarizes the results of 
an analysis in which an SGA screen was made 
for each of 132  viable deletions by testing 
whether it could survive in combination with 
any one of 4700 viable deletions. Every one of 
the tested genes had at least one partner with 
which the combination was lethal, and most of 
the tested genes had many such partners; the 
median is -25 partners and the greatest num
ber is shown by one tested gene that had 146 
lethal partners. A small proportion ( -10%) of 
the interacting mutant pairs encode polypep
tides that interact physically. 

This result goes some way toward explain
ing the apparent lack of effect of so many dele
tions. Natural selection will act against these 
deletions when they are found in lethal pair
wise combinations. To some degree, the organ
ism is  protected against the damaging effects 
of mutations by built-in redundancy. There is, 
however, a price in the form of accumulating 
the "genetic load" of mutations that are not 
deleterious in themselves, but that may cause 
serious problems when combined with other 



such mutations in future generations. Presum
ably, the loss of the individual genes in such 
circumstances produces a sufficient disadvan
tage to maintain the functional gene during the 
course of evolution. 

Ill About 10,000 Genes Are 
Expressed at Widely 
Differing Levels in 
a Eukaryotic Cell 

Key concepts 

• In any particular cell, most genes are expressed at 
a low level. 

• Only a small number of genes, whose products are 
specialized for the cell type, are highly expressed. 

• mRNAs expressed at low levels overlap extensively 
when different cell types are compared. 

• The abundantly expressed mRNAs are usually 
specific for the cell type. 

• -10,000 expressed genes may be common to most 
cell types of a multicellular eukaryote. 

The proportion of DNA containing protein
coding genes being expressed in a specific cell 
at a specific time can be determined by the 
amount of the DNA that can hybridize with the 
mRNAs isolated from that cell. Such a satura
tion analysis conducted for many cell types at 
various times typically identifies - 1 %  of the 
DNA being expressed as mRNA. From this we 
can calculate the number of protein-coding 
genes, as long as we know the average length 
of an mRNA. For a unicellular eukaryote such 
as yeast, the total number of expressed protein
coding genes is -4000. For somatic tissues of 
multicellular eukaryotes, including both plants 
and vertebrates, the number is usually 10,000 
to 1 5,000. (The only consistent exception to 
this type of value is presented by mammalian 
brain cells, for which much larger numbers of 
genes appear to be expressed, although the 
exact number is not certain.) 

Kinetic analysis of the reassociation of an 
RNA population can be used to determine its 
sequence complexity. This type of analysis typi
cally identifies three components in a eukaryotic 
cell. Just as with a DNA reassociation curve, a sin
gle component hybridizes over about 2 decades 
of Rot values (RNA concentration X time), and 
a reaction extending over a greater range must 
be resolved by computer curve-fitting into indi
vidual components. Again, this represents what 
is really a continuous spectrum of sequences. 

An example of an excess mRNA X eDNA 
reaction that generates three components is 
given in FIGURE 6.20: 

• The first component has the same 
characteristics as a control reaction of 
ovalbumin mRNA with its DNA copy. 
This suggests that the first component 
is in fact just ovalbumin mRNA (which 
indeed is about half of the mRNA mass 
in oviduct tissue). 

• The next component provides 1 5 %  
of the reaction, with a total length of 
1 5  kb. This corresponds to seven to 
eight mRNA species with an average 
length of 2000 bases. 

• The last component provides 35% of 
the reaction, which corresponds to a 
length of 26 Mb. This corresponds to 
- 13,000 mRNA species with an average 
length of 2000 bases. 

From this analysis, we can see that about half 
of the mass of mRNA in the cell represents a 
single mRNA, - 1 5 %  of the mass is provided 
by a mere seven to eight mRNAs, and -35% 
of the mass is divided into the large number of 
13,000 mRNA types. I t is  therefore obvious that 
the mRNAs comprising each component must 
be present in very different amounts. 

The average number of molecules of each 
mRNA per cell is called its abundance. It can 
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FIGURE 6.20 Hybridization between excess mRNA and 
eDNA identifies several components in chick oviduct cells, 
each characterized by the Rot.12 of reaction. 
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be calculated quite simply if the total mass of 
a specific mRNA type in the cell is known. In 
the example of chick oviduct cells shown in 
Figure 6.20, the total mRNA can be accounted 
for as I 00,000 copies of the first component 
(ovalbumin mRNA), 4000 copies of each of 
seven or eight other mRNAs in the second 
component, and only -5 copies of each of the 
1 3,000 remaining mRNAs that constitute the 
last component. 

We can divide the mRNA population 
into two general classes, according to their 
abundance: 

• The oviduct is an extreme case, with 
so much of the mRNA represented by 
only one type, but most cells do con
tain a small number of RNAs present 
in many copies each. This abundant 

mRNA component typically consists of 
< IOO different mRNAs present in IOOO 
to I 0,000 copies per cell. It often cor
responds to a major part of the mass, 
approaching 50% of the total mRNA. 

• About half of the mass of the mRNA 
consists of a large number of sequences, 
oft he order of I 0,000, each represented 
by only a small number of copies in the 
mRNA-say, < I O .  This is the scarce 

mRNA (or complex mRNA) class. 
It is this class that drives a saturation 
reaction. 

Many somatic tissues of multicellular 
eukaryotes have an expressed gene number 
in the range of IO,OOO to 20,000. How much 
overlap is there between the genes expressed 
in different tissues? For example, the expressed 
gene number of chick liver is - I I,OOO to 
I7,000, compared with the value for oviduct 
of -13 ,000 to I 5,000. How much do these two 
sets of genes overlap? How many are specific 
for each tissue? These questions are usually 
addressed by analyzing the transcriptome-the 
set of sequences represented in RNA. 

We see immediately that there are likely 
to be substantial differences among the genes 
expressed in the abundant class. Ovalbumin, 
for example, is synthesized only in the oviduct 
and not at all in the liver. This means that 50% 
of the mass of mRNA in the oviduct is specific 
to that tissue. 

However, the abundant mRNAs repre
sent only a small proportion of the number of 
expressed genes. In terms of the total number 
of genes of the organism, and of the number 
of changes in transcription that must be made 
between different cell types, we need to know 
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the extent of overlap between the genes repre
sented in the scarce mRNA classes of different 
cell phenotypes. 

Com pari sons between different tissues 
show that, for example, -75% of the sequences 
expressed in liver and oviduct are the same. In 
other words, - I2,000 genes are expressed in 
both liver and oviduct, -5000 additional genes 
are expressed only in liver, and -3000 addi
tional genes are expressed only in oviduct. 

The scarce mRNAs overlap extensively. 
Between mouse liver and kidney, -90% of the 
scarce mRNAs are identical, leaving a differ
ence between the tissues of only 1000 to 2000 
expressed genes. The general result obtained 
in several comparisons of this sort is that only 
-IO% of the mRNA sequences of a cell are 
unique to it. The majority of mRNAs are com
mon to many-perhaps even all-cell types. 

This suggests that the common set of 
expressed gene functions, numbering perhaps 
- IO,OOO in mammals, comprise functions that 
are needed in all cell types. Sometimes this type 
of function is referred to as a housekeeping 
gene or constitutive gene. It contrasts with 
the activities represented by specialized func
tions (such as ovalbumin or globin) needed 
only for particular cell phenotypes. These are 
sometimes called luxury genes. 

Expressed Gene Number 
Can Be Measured 
En Masse 

Key concepts 

• DNA microarray technology allows a snapshot to 
be taken of the expression of the entire genome in 
a yeast cell. 

• -75% ( -4500 genes) of the yeast genome is 
expressed under normal growth conditions. 

• DNA microarray technology allows for detailed 
comparisons of related animal cells to determine 
(for example) the differences in expression 
between a normal cell and a cancer cell. 

Recent technology allows more systematic and 
accurate estimates of the number of expressed 
protein-coding genes. One approach (serial 
analysis of gene expression, or SAGE) allows a 
unique sequence tag to be used to identify each 
mRNA. The technology then allows the abun
dance of each tag to be measured. This approach 
identifies 4665 expressed genes in S. cerevisiae 
growing under normal conditions, with abun
dances varying from 0.3 to >200 transcripts/ 
cell. This means that -75% of the total gene 
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FIGURE 6.21 The abundances of yeast mRNAs vatyfrom <1 
per cell (meaning that not evety cell has a copy of the mRNA) 
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number (-6000) is expressed under these con· 
ditions. FIGURE 6.21 summarizes the number of 
different mRNAs that is found at each different 
abundance level. 

One powerful technology uses chips that 
conrain microarrays, arrays of many ti ny DNA 
oligonucleotide samples. Their construction is 
made possible by knowledge of the sequence 
of the entire genome. ln the case of S. cerevisiae, 
each of 6181  ORFs is represented on the micro· 
array by twenty 25-mer oligonucleotides that 
perfectly match the sequence of the mRNA 
and 20 mismatched oligonucleotides that dif
fer at one base position. The expression level 
of any gene is calculated by subtracting the 
average signal of a mismatch Erom its perfect 
match partner. The entire yeast genome can 
be represented on four chips. This technology 

is sensitive enough to detect transcripts of 5460 
genes (-90% of rhe genome), and shows that 
many genes are expressed at low levels, with 
abundances of 0.1 to 0.2 transcript/cell. (An 
abundance of < I transcript/cell means that not 
all cells have a copy of the transcri p t  at any 
given moment.) 

The technology allows not only mea
surement of levels of gene expression, but 
also detection of difierences in expression in 

mutant cells compared to wild-type cells grow
ing under different conditions, and so on. The 
results of comparing two states are expressed in 
the form of a grid, in which each square repre
sents a particular gene and the relative change 
in expression is indicated by color. These data 
can be converted to a heat map showing wild
type vs. mutant expression of genes under 
different conditions. FIGURE 6.22 shows the 

FIGURE 6. 22 Heat map of 59 invasive breast tumors from 
women who breastfed =::6 months (red lines above map) or 
who never breastfed (blue lines). Different tumor subtypes 
are denoted by the blue, green, red, and purple bars above 
the map. In the map, the expression of a number of genes 
(listed at the right) in the tumor is com pared to their 
expression in normal breast tissue: red = higher expres
sion, blue = lower expression, grey = equal expression . 
Image courtesy of Rachel E. Ellsworth, Clinical Breast Care 
Project, Windber Research Institute. 

difference in expression of a number of genes 

between normal human breast tissue and can
cerous breast tumors. The heat map compares 
women who breast fed with those who did not, 
and overall shows that for many genes women 
who breastfed had increased gene expression. 

The extension of this and newer technolo
gies (e.g., deep RNA sequendng; see the chapter 
titled The Col/tent of the Gmome) to animal cells 
will allow the general descriptions based on RNA 
hybridization analysis to be replaced by exact 
descriptions of the genes that are expressed, 
and the abundances of their products, in any 
particular cell type. A gene expression map of 
D. melauogaster detects transcriptional activity in 

some stage of the life cycle in almost all (93%) 
of predicted genes and shows that 40% have 
aJtematively spliced forms. 

Summary 
Genomes that have been sequenced include 
those of many bacteria and archaea, yeasts, 
nematode worms, fruit flies, mice, many 
plants, humans, and other species. The mini
mum number of genes required for a Living 
cell (though a parasite) is -470. The mini
mum number required for a Eree-living cell is 
-1 500. A typical Gram-negative bacterium has 
-1 500 genes. Genomes of strains of E. coli vary 
from 4300 to 5400 genes. The average bacrerial 
gene is -1000 bp long and is separated from 
the next gene by a space of -100 bp. The yeasts 
S. pombe and S. cerevisiae have 5000 and 6000 
genes, respectively. 
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Although the fruit fly D. melanogaster has 
a larger genome than the nematode worm 
C. elegmzs, the fly has fewer genes ( 17,000) than 
the worm (21, 700). The plant Arabidopsis has 
2 5,000 genes, and the lack of a clear relation
ship between genome size and gene number 
is shown by the fact that the rice genome is 
4X larger but contains only 28% more genes 
(�32,000). Mice and humans each have 20,000 
to 25,000 genes, many fewer than had been 
originally expected. The complexity of develop
ment of an organism may depend on the nature 
of the interactions between genes as well as 
their total number. In each organismal genome 
that has been sequenced, only �50% of the 
genes have defined functions. Analysis of lethal 
genes suggests that only a minority of genes is 
essential in each organism. 

The sequences comprising a eukaryotic 
genome can be classified in three groups: 
nonrepetitive sequences are unique; moder
ately repetitive sequences are dispersed and 
repeated a small number of times in the form 
of related, but not identical, copies; and highly 
repetitive sequences are short and usually 
repeated as tandem arrays. The proportions of 
the types of sequence are characteristicfor each 
genome, although larger genomes tend to have 
a smaller proportion of nonrepetitive DNA. 
Almost 50% of the human genome consists of 
repetitive sequences, the majority correspond
ing to transposon sequences. Most structural 
genes are located in nonrepetitive DNA. The 
complexity of nonrepetitive DNA is  a better 
reflection of the complexity of the organism 
than the total genome complexity. 

Genes are expressed at widely varying 
levels. There may be 105 copies of mRNA for an 
abundant gene whose protein is the principal 
product of the cell, 103 copies of each mRNA 
for < 10 moderately abundant transcripts, and 
< 10 copies of each mRNA for > 10,000 scarcely 
expressed genes. Overlaps between the mRNA 
populations of cells of different phenotypes are 
extensive; the majority of mRNAs are present 
in most cells. 
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Clusters and Repeats 
CHAPTER OUTLINE J 

Introduction 

•• Unequal Crossing Over Rearranges Gene Clusters 
• Whe n a genome contains a cluster of genes with 

related sequences, mispairing between nonallelic 
loci can cause unequal crossing over. This produces 
a deletion in one recombinant chromosome and a 
corres ponding duplication in the other. 

• Different thalassemias are caused by various deletions 
that eliminate a- or 13-globin genes. The severity of 
the disease depends on the individual deletion. 

UM Genes for rRNA Form Tandem Repeats, 
Including an Invariant Transcription U nit 

• Ribosomal RNA is encoded by a large number of 
identical genes that are tandemly repeated to form 
one or more clusters. 

• Each rONA cluster is organized so that transcription 
units giving a joint precursor to the major rRNAs 
alternate with nontranscribed spacers. 

• The genes in an rONA cluster all have a n  identical 
sequence. 

• The nontranscribed spacers consist of shorter 
repeating units whose number varies so that the 
lengths of individual spacers are different. 

Crossover Fixation Could Maintain Identical Repeats 
• Unequal crossing over changes the size of a cluster of 

tandem repeats. 
• Individual repeating units can be eliminated or can 

spread through the cluster. 

Satellite DNAs Often Lie in Heterochromatin 
• Highly repetitive DNA (or satellite DNA) has a very 

short repeating sequence and no coding function. 

• Satellite DNA occurs in large blocks that can have 
distinct physical properties. 

• Satellite DNA is often the major constituent of 
centromeric heterochromatin. 

WD Arthropod Satellites Have Very Short Identical 
Repeats 

• The repeating units of arthropod satellite DNAs are 
only a few nucleotides long. Most of the copies of the 
sequence are identical. 

Mammalian Satellites Consist of Hierarchical Repeats 

• Mouse satellite DNA has evolved by duplication and 
mutation of a short repeating unit to give a basic 
repeating unit of 234 bp in which the original half-, 
quarter-, and eighth-repeats can be recognized. 
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CHAPTER OUTLINE, CONTINUED J 
M:W Minisatellites Are Useful for Genetic Mapping 

• The variation between microsatellites or minisatellites 
in individual genomes can be used to identify heredity 

Bl Introduction 
A set of genes descended by duplication and 
variation from a single ancestral gene is called 
a gene family. Its members may be clustered 
together or dispersed on different chromo
somes (or a combination of both). Genome 
analysis to identify paralogous sequences 
shows that many genes belong to families; 
the 20,000 to 25,000 genes identified in the 
human genome fall into - 1 5,000 families, 
so the average gene has -2 relatives in the 
genome. Gene families vary enormously in the 
degree of relatedness among members, from 
those consisting of multiple identical members 
to those for which the relationship is quite dis
tant. Genes are usually related only by their 
exons, with introns having diverged (see the 
chapter titled The Interrupted Cme). Genes may 
also be related by only some of their exons, 
whereas others are unique. 

Some members of the gene family may 
evolve to become pseudogenes. Pseudo
genes (�(!) are defined by their possession of 
sequences that are related to those of the func
tional genes but that cannot be transcribed 
or translated into a functional polypeptide. 
(See the Cwome Evolutioll chapter for further 
di scu ssi on.) 

Some pseudogenes have the same general 
structure as functional genes, with sequences 
corresponding to exons and introns in the 
usual locations. They may have been rendered 
inactive by mutations that prevent any or all 
of the stages of gene expression. The changes 
can take the form of abolishing the signals for 
initiating transcription, preventing splicing at 
the exon-intron junctions, or prematurely 
terminating translation. 

The initial event that allows the formation 
of related exons or genes is a duplication, when 
a copy of some sequence is generated within 
the genome. Talldem duplicatio11 (when the 
duplicates are in adjacent positions) may arise 
through errors in replication or recombination. 
Separation of the duplicates can occur by a 
translocation that transfers material from 
one chromosome to another. A duplicate at 
a new location may also be produced directly 
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unequivocally by showing that 50% of the bands in an 
individual are inherited from a particular parent. 

Summary 

by a transposition event that is associated with 
copying a region of DNA from the vicinity of 
the transposable element. Duplications of 
intact genes, collections of exons, or even 
individual exons may occur. When an intact 
gene is involved, duplication generates two 
copies of a gene whose activities are initially 
indistinguishable, but then the copies usu
ally diverge as each accumulates different 
su bsti tu ti on s. 

The members of a structural gene fam
ily usually have related or even identical 
functions, although they may be expressed at 
different times or in different cell types. For 
example, different human globin proteins are 
expressed in embryonic and adult red blood 
cells, whereas different actins are utilized in 
muscle and nonmuscle cells. When genes have 
diverged significantly or when only some exons 
are related, the proteins may have different 
functions. 

Some gene families consist of identical 
members. Clustering is a prerequisite for 
maintaining identity between genes, although 
clustered genes are not necessarily identical. 
Gene clusters range from the extreme case 
in which a duplication has generated two adja
cent related genes to cases where hundreds of 
identical genes lie in a tandem array. Extensive 
tandem repetition of a gene may occur when 
the product is needed in unusually large 
amounts. Examples are the genes for rRNA or 
histone proteins. This creates a special situation 
with regard to the maintenance of identity and 
the effects of selective pressure. 

Gene clusters offer us an opportunity to 
examine the forces involved in evolution ofthe 
genome over regions larger than single genes. 
Duplicated sequences, especially those that 
remain in the same vicinity, provide a means 
for further evolution by recombination. A 
population evolves by the classical homologous 
recombination illustrated in FIGURES 7.1 and 7 .2, 
in which an exact crossing over occurs (see 
the Homologous aJld Site-Specific Recombillatioll 
chapter). The recombinant chromosomes have 
the same organization as the parental chromo
some; they contain precisely the same loci in the 
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FIGURE 7.1 Chiasma formation can result in the genera
tion of recombinants. 

Parental DNA molecules 

�uum�uuurmu 
]XU I [ffii !11 I rn iII�: 

l 
Recombination intermediate 

Recombinants 

FIGURE 7.2 Recombination involves pairing between 
complementary strands of the two parental duplex DNAs. 

same order but include different combinations 
of alleles, providing the raw material for natural 
selection. However, the existence of duplicated 
sequences allows aberrant events to occur 
occasionally, which changes the number of 
copies of genes and not just the combination 
of alleles. 

Unequal crossing over (also known 
as nonreciprocal recombination) describes 
a recombination event occurring between 
two sites that are similar or identical but not 
precisely aligned. The feature that makes such 
events possible is the existence of repeated 
sequences. FIGURE 7.3 shows that this allows 
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FIGURE 7.3 Unequal crossing over results from pairing 
between nonequivalent repeats in regions of DNA consisting 
of repeating units. Here the repeating unit is the sequence 
ABC, and the third repeat of the light blue chromosome has 
aligned with the first repeat of the dark blue chromosome. 
Throughout the region of pairing, ABC units of one chro
mosome are aligned with ABC units of the other chromo
some. Crossing over generates chromosomes with 10 and 
six repeats each instead of the eight repeats of each parent. 

one copy of a repeat in one chromosome to 
misalign for recombination with a different 
copy of the repeat in the homologous chromo
some instead of with the strictly homologous 
copy. When recombination occurs, it increases 
the number of repeats in one chromosome 
and decreases it in the other. In effect, one 
recombinant chromosome has a deletion and 
the other has an insertion. This mechanism 
is responsible for the evolution of clusters of 
related sequences. We can trace its operation 
in expanding or contracting the size of an array 
in both gene clusters and regions of highly 
repeated DNA. 

The highly repetitive fraction of the genome 
consists of multiple tandem copies of very short 
repeating units. These often have unusual 
properties. One is that they may be identified 
as a separate peak on a density gradient analysis 
of DNA (see the Methods in Molecular Biology and 
Genetic Engineeri11g chapter); this is the origin 
of the name satellite DNA. They often are 
associated with heterochromatic regions of the 
chromosomes and in particular with centro
meres (which contain the points of attachment 
for segregation on a mitotic or meiotic spindle). 
As a result of their repetitive organization, they 
show some of the same evolutionary patterns 
as the tandem gene clusters. In addition to the 
satellite sequences, there are shorter stretches 
of DNA called minisatellites, tandem repeats 
in which each repeat is between - 1 0  and -100 
base pairs (bp) in length, and they have similar 
properties. They are useful in showing a high 
degree of divergence between individual 
genomes that can be used for mapping or iden
tification purposes. 

All of these events that change the con
stitution of the genome are rare, but they are 
significant over the course of evolution. 

7.1 Introduction 143 



Dl Unequal Crossing Over 
Rearranges Gene Clusters 

Key concepts 

• When a genome contains a cluster of genes 
with related sequences, mispairing between 
nonallelic loci can cause unequal crossing over. 
This produces a deletion in one recombinant 
chromosome and a corresponding duplication in 
the other. 

• Different thalassemias are caused by various 
deletions that eliminate a.- or 13-globin genes. 
The severity of the disease depends on the 
individual deletion. 

Over a sufficiently long period of time, there 
are many opportunities for rearrangement in 
a cluster of related or identical genes. We can 
see the results by comparing the mammalian 
13-globin clusters (see the Genome Evolutio11 

chapter for discussion of the evolution of the 
globin gene family). Although all 13-globin 
dusters serve the same function and have the 
same general organization, each is different in 
size, there is variation in the total number and 

types of 13-globin genes, and the numbers and 
structures of pseudogenes are different. All of 
these changes must have occurred since the 
mammalian radiation -85 million years ago 
(the time of the common ancestor to all the 
mammals). 

The comparison makes the general point 
that gene duplication, rearrangement, and 
variation is as important a factor in evolution 
as the slow accumulation of point mutations 
in individual genes (see the chapter titled 
Genome Evolutio11). What types of mechanisms 
are responsible for gene reorganization? 

As described in the introduction, unequal 
crossing over can occur as the result of pairing 
between two sites that are not homologous 
in position. Usually, recombination involves 
corresponding sequences of DNA held in exact 
alignment between the two homologous chro
mosomes. However, when there are two copies 
of a gene on each chromosome, an occasional 
misalignment allows pairing between them. 
(This requires some of the adjacent regions to go 
unpaired . )  This can happen in a region of short 
repeats or in a gene cluster. FIGURE 7.4 shows 

Normal crossing over 

Gene 1 Gene2 

Chromosome 1 

Chromosome 2 

Reciprocal 
recombinant 
chromosomes 

Crossover 

Unequal crossing over 

Crossover � t 

. .. .. 
-

Mispaired 
parental 
chromosomes 

Nonreciprocal 
recombinant 
chromosomes 

FIGURE 7.4 Gene number can be changed by unequal crossing over. If gene 1 of one 
chromosome pairs with gene 2 of the other chromosome, the other gene copies are 
excluded from pairing. Recombination between the mispaired genes produces one chro
mosome with a single (recombinant) copy of the gene and one chromosome with three 
copies of the gene (one from each parent and one recombinant). 
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that unequal crossing over in a gene cluster 
can have two consequences-quantitative and 
qualitative: 

• The number of repeats increases in 
one chromosome and decreases in 
the other. In effect, one recombinant 
chromosome has a deletion and the 
other has an insertion. This happens 
regardless of the exact location of the 
crossover. In the example in Figure 7 .4, 
the first recombinant has an increase 
in the number of gene copies from 
two to three, whereas the second has a 
decrease from two to one. 

• If the recombination event occurs 
within a gene (as opposed to between 
genes), the result depends on whether 
the recombining genes are identical or 
only related. If the nonhomologous 
gene copies l and 2 are identical in 
sequence, there is no change in the 
sequence of either gene. However, 
unequal crossing over can also occur 
when the sequences of adjacent 
genes are very similar (although the 
probability is less than when they are 
identical). In this case, each of the 
recombinant genes has a sequence that 
is different from either of the original 
sequences. 

The determination of whether the chromo
some has a selective advantage or disadvantage 
will depend on the consequence of any change 
in the sequence of the gene product as well as 
on the change in the number of gene copies. 

An obstacle to unequal crossing over is pre
sented by the interrupted structure of the genes. 
In a case such as the globins, the corresponding 
exons of adjacent gene copies are likely to be 
similar enough to support pairing; however, the 
sequences of the introns have diverged appre
ciably. The restriction of pairing to the exons 
considerably reduces the continuous length 
of DNA that can be involved, lowering the 
chance of unequal crossing over. So divergence 
between introns could enhance the stability of 
gene clusters by hindering the occurrence of 
unequal crossing over. 

Thalassemias result from mutations that 
reduce or prevent synthesis of either a- or 
13-globin. The occurrence of unequal crossing 
over in the human globin gene clusters is 
revealed by the nature of certain thalassemias. 

Many of the most severe thalassemias 
result from deletions of part of a cluster. In 
at least some cases, the ends of the deletion 
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FIGURE 7.5 cx-thalassemias result from various deletions 
in the ex-globin gene cluster. 

lie in regions that are homologous, which is 
exactly what would be expected if it had been 
generated by unequal crossing over. 

FIGURE 7.5 summarizes the deletions that 
cause the a-thalassemias. a-thal-1 deletions 
are long, varying in the location of the left end, 
with the positions of the right ends located 
beyond the known genes. They eliminate both 
of the a genes. The a-thal-2 deletions are short 
and eliminate only one of the two a genes. The 
L deletion removes 4.2 kb of DNA, including 
the a2 gene. It probably results from unequal 
crossing over because the ends of the deletion 
lie in homologous regions, just to the right oft he 
ljia and a2 genes, respectively. The R deletion 
results from the removal of exactly 3.7 kb of 
DNA, the precise distance between the a l  and 
a2 genes. It appears to have been generated by 
unequal crossing over between the a l  and a2 
genes themselves. This is precisely the situation 
depicted in Figure 7 .4. 

Depending on the diploid combination of 
thalassemic alleles, an affected individual may 
have any number of a chains from zero to three. 
There are few differences from the wild type 
(four a genes) in individuals with three or two 
a genes. However, if an individual has only one 
a gene, the excess 13 chains form the unusual 
tetramer 134, which causes hemoglobin H 

(HbH) disease. The complete absence of a 
genes results in hydrops fetalis, which is fatal 
at or before birth. 

The same unequal crossing over that gen
erated the thalassemic chromosome should 
also have generated a chromosome with three 
a genes. Individuals with such chromosomes 
have been identified in several populations. 
In some populations, the frequency of the 
triple a locus is about the same as that of the 
single a locus; in others, the triple a genes 
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FIGURE 7.6 Deletions in the [3-globin gene cluster cause 
several types of thalassemia. 

are much less common than single a genes. 
This suggests that (unknown) selective factors 
operate in different populations to adjust the 
gene numbers. 

Variations in the number of a genes are 
found relatively frequently, which suggests that 
unequal crossing over in the cluster must be 
fairly common. It occurs more often in the a 

cluster than in the 13 cluster, possibly because 
the introns in a genes are much shorter and 
therefore present less of an impediment to 
mispairing between nonhomologous loci. 

The deletions that cause 13-thalassemias 
are summarized in FIGURE 7 .6. In some (rare) 
cases, only the 13 gene is affected. These have a 
deletion of 600 bp, extending from the second 
intron through the 3' flanking regions. In the 
other cases, more than one gene of the cluster 
is affected. Many of the deletions are very long, 
extending from the 5 '  end indicated on the map 
for >50 kb toward the right. 

The Hb Lepore type provides the classic 
evidence that deletion can result from unequal 
crossing over between linked genes. The 13 and 8 
genes differ by only -7% in sequence. Unequal 
crossing over deletes the material between 
the genes, thus fusing them together (see 
Figure 7.4). The fused gene produces a single 
13-like chain that consists of the N-terminal 
sequence ofo joined to the C-terminal sequence 
of 13. 

Several types of Hb Lepore are known, the 
difference between them lying in the point of 
transition from 8 to 13 sequences. Thus when the 
8 and 13 genes pair for unequal crossing over, 
the exact point of recombination determines 
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the position at which the switch from 8 to 13 
sequence occurs in the amino acid chain. 

The reciprocal of this event has been found 
in the form of Hb anti-Lepore, which is pro
duced by a gene that has the N-terminal part of 
13 and the C-terminal part of 8 .  The fusion gene 
lies between normal 8 and 13 genes. Although 
heterozygotes for this mutation are phenotypi
cally normat those that also carry a 13 deletion 
in trans show a mild 13-thalassemia. 

Evidence that unequal crossing over can 
occur between more distantly related genes is pro
vided by the identification ofHb Kenya, another 
fused hemoglobin. This contains the N-terminal 
sequence of the A-y gene and the C-terminal 
sequence of the 13 gene. The fusion must have 
resulted from unequal crossing over between A-y 
and 13, which differ -20% in sequence. 

From the differences between the globin 
gene clusters of various mammals, we see that 
duplication (usually followed by diversification) 
has been an important feature in the evolu
tion of each cluster. The human thalassemic 
deletions demonstrate that unequal crossing 
over continues to occur in both globin gene 
clusters. Each such event generates a duplica
tion as well as a deletion and we must account 
for the fate of both recombinant loci in the 
population. Deletions can also occur (in prin
ciple) by recombination between homologous 
sequences lying on the same chromosome. This 
does not generate a corresponding duplication. 

It is difficult to estimate the natural fre
quency of these events, because evolutionary 
forces rapidly adjust the frequencies of the 
variant clusters in the population. Generally, 
a contraction in gene number is likely to be 
deleterious and selected against. However, in 
some populations, there may be a balancing 
advantage that maintains the deleted form at 
a low frequency. In small populations, genetic 
drift is likely to play a role in eliminating effec
tively neutral new duplications. 

The structures of the present human 
clusters show several duplications that attest to 
the importance of such mechanisms. The func
tional sequences include two a genes encoding 
the same polypeptide, fairly similar 13 and 8 
genes, and two almost identical -y genes. These 
comparatively recent independent duplications 
have persisted in the species, not to mention 
the more ancient duplications that originally 
generated the various types of globin genes. 
Other duplications may have given rise to pseu
dogenes or have been lost. We expect continual 
duplication and deletion to be a feature of all 
gene clusters. 



ID Genes for rRNA Form 
Tandem Repeats 
Including an Invariant 
Transcription Unit 

Key concepts 

• Ribosomal RNA is encoded by a large number of 
identical genes that are tandemly repeated to 
form one or more clusters. 

• Each rONA cluster is organized so that 
transcription units giving a joint precursor to 
the major rRNAs alternate with nontranscribed 
spacers. 

• The genes in an rONA cluster all have an identical 
sequence. 

• The nontranscribed spacers consist of shorter 
repeating units whose number varies so that the 
lengths of individual spacers are different. 

In the case of the globin genes discussed earlier, 
there are differences between the individual 
members of the cluster that allow selective 
pressure to act somewhat differently (but 
because of linkage, not independently) upon 
each gene. A contrast is provided by two cases 
of large gene clusters that contain many iden
tical copies of the same gene or genes. Most 
eukaryotic organisms contain multiple copies 
of the genes for the histone proteins that are 
a major component of the chromosomes, and 
in most organismal genomes there are multiple 
copies of the genes that encode the ribosomal 
RNAs. These situations pose some interesting 
evolutionary questions. 

Ribosomal RNA is the predominant product 
of transcription, constituting some 80%-90% 
of the total mass of cellular RNA in both 
eukaryotes and prokaryotes. The number of 
major rRNA genes varies from 1 (in Coxiella 

bumetii, an obligate intracellular bacteri urn, and 
in Mycoplasma p11eum01ziae), to 7 in Escherichia 

coli, to 100 to 200 in unicellular/oligocellular 
eukaryotes, to several hundred in multicel
lular eukaryotes. The genes for the large and 
small rRNAs (found in the large and small sub
units of the ribosome, respectively) usually 
fonn a tandem pair. (The sole exception is the 
yeast mitochondrion.) 

The lack of any detectable variation in 
the sequences of the rRNA molecules implies 
that all of the copies of each gene must be 
identical. A point of major interest is what 
mechanism(s) are used to prevent varia
tions from accumulating in the individual 
sequences. 
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FIGURE 7.7 A tandem gene cluster has an alternation of transcription 
unit and nontranscribed spacer and generates a circular restriction map. 

In bacteria, the multiple rRNA genes 
are dispersed. In most eukaryotic genomes, 
the rRNA genes are contained in a tandem 
cluster or clusters. Sometimes these regions 
are called rDNA. (In some cases, the pro
portion of rDNA in the total DNA, together 
with its atypical base composition, is great 
enough to allow its isolation as a separate 
fraction directly from sheared genomic 
DNA.) An important diagnostic feature of a 
tandem cluster is that it generates a circular 
restriction map (see the Methods ill Molecu
lar Biology and Genetic Engineering chapter 
for a description of restriction mapping), as 
shown in FIGURE 7.7 . 

Suppose that each repeat unit has three 
restriction sites. When we map these fragments 
by conventional means, we find that A is next 
to B, which is next to C, which is next to A, 
generating the circular map. If the cluster is 
large, the internal fragments (A, B, and C) will 
be present in much greater quantities than the 
terminal fragments (X and Y) that connect the 
cluster to adjacent DNA. In a cluster of 100 
repeats, X and Y would be present at 1 %  of the 
level of A, B, and C. This can make it difficult to 
obtain the ends of a gene cluster for mapping 
purposes. 

The region of the nucleus where 18S and 
28S rRNA synthesis occurs has a characteristic 
appearance, with a fibrillar core surrounded 
by a granular cortex. The fibrillar core is where 
the rRNA is transcribed from the DNA tem
plate, and the granular cortex is formed by 
the ribonucleoprotein particles into which the 
rRNA is assembled. The whole area is called 
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I=IGURE 7 .'8 The nucleolar core identifies rONA under 
transcription and the surrounding granular cortex 
consists of assembling ribosomal subunits. This thin 
section shows the nucleolus of the newt Notophthalmus 
viridescens. Photo courtesy of Oscar Miller. 

the nucleolus. Its characteristic morphology 
is evident in FIGURE 7 .8. 

The particular chromosomal regions asso
ciated with a nucleolus are called nucleolar 

organizers. Each nucleolar organizer cor
responds to a cluster of tandemly repeated 
l8/28S rRNA genes on one chromosome. The 
concentration of the tandemly repeated rRNA 
genes, together with their very intensive tran
scription, is responsible for creating the char
acteristic morphology of the nucleoli. 

The pair of major rRNAs i s  transcribed 
as a single precursor in both bacteria (where 
5S and l6/23S rRNAs are cotranscribed) and 
the eukaryotic nucleolus (where the l8S and 
28S rRNAs are transcribed). In eukaryotes, 
5S genes are also typically found in tandem 
clusters transcribed as a precursor with tran
scribed spacers. Following transcription, the 
precursor is cleaved to release the individual 
rRNA molecules. The transcription unit is 
shortest in bacteria and is longest in mammals 
(where it is known as 45S RNA, according to 
its rate of sedimentation). An rDNA cluster 
contains many transcription units, each sep
arated from the next by a nontranscribed 

spacer. The alternation of transcription tmit 
and nontranscribed spacer can be directly 
seen in electron micrographs. The example 
shown in FIGURE 7 .9 is taken from the newt 
Notophthalmus viridescens, in which each tran
scription unit is intensively expressed, so that 

148 CHAPTER 7 Clusters and Repeats 

FIGURE 7.9 Transcription of rONA clusters generates a 
series of matrices, each corresponding to one transcrip
tion unit and separated from the next by the nontran
scribed spacer. <0 Don W. Fawcett/Photo Researchers, Inc. 

many RNA polymerases are simultaneously 
engaged in transcription on one repeating unit. 
The polymerases are so closely packed that the 
RNA transcripts form a characteristic matrix 
displaying increasing length along the tran
scription unit. 

The length of the nontranscribed spacer 
varies a great deal between and (sometimes) 
within species. In yeast there is a short non
transcribed spacer that is relatively constant 
in length. In the fruit fly Drosophila melano
gaster there is nearly twofold variation in the 
length of the nontranscribed spacer between 
different copies of the repeating unit. A similar 
situation is seen in the amphibian X. laevis. In 
each of these cases, all of the repeating units 
are present as a single tandem cluster on one 
particular chromosome. (In the example of 
D. mela11ogaster, this happens to be the sex chro
mosomes. The cluster on the X chromosome 
is larger than the one on the Y chromosome, 
so female flies have more copies of the rRNA 
genes than male flies do.) 

In mammals the repeating unit is much 
larger, comprising the transcription unit 
of - 1 3  kb and a nontranscribed spacer of 
-30 kb. Usually, the genes lie in several dis
persed clusters; in the cases of humans and 
mice the clusters reside on five and six duo
mosomes, respectively. One interesting (but 
tmanswered) question is how the corrective 
mecl1anisms that presumably function within 
a single cluster to ensure that rRNA copies are 
identical are able to work when there are sev
eral clusters. 

The variation in length of the nontran
scribed spacer in a single gene cluster con
trasts with the conservation of sequence of 
the transcription unit. In spite of this varia
tion, the sequences of longer non transcribed 



spacers remain homologous with those of the 
shorter nontranscribed spacers. This implies 
that each nontranscribed spacer is internally 
repetitious, so that the variation in length 
results from changes in the number of repeats 
of some subunit. 

The general nature of the non transcribed 
spacer is illustrated by the example of Xwopus 
laevis (FIGURE 7.10) . Regions that are fixed in 
length alternate with regions that vary in 
length. Each of the three repetitive regions 
comprises a variable number of repeats of a 
rather short sequence. One type of repeti
tious region has repeats of a 97 -bp sequence; 
the other, which occurs in two locations, has 
a repeating unit found in two forms, both 
60 bp and 8 1  bp long. The variation in the 
number of repeating units in the repetitive 
regions accounts for the overall variation in 
spacer length. The repetitive regions are sepa
rated by shorter constant sequences called 
Bam islands. (This description takes its 
name from their isolation via the use of the 
BamHI restriction enzyme.) From this type 
of organization, we see that the cluster has 
evolved by duplications involving the pro
moter region. 

We need to explain the lack of variation 
in the expressed copies of the repeated genes. 
One hypothesis would be that there is a 
quantitative demand for a certain number of 
"good" sequences. However, this would enable 
mutated sequences to accumulate up to a point 
at which their proportion ofthe cluster is great 
enough for selection to act against them. We 
can exclude this hypothesis because of the lack 
of such variation in the cluster. 

The lack of variation implies that there is 
negative selection against individual variations. 
Another hypothesis would be that the entire 
cluster is regenerated periodically from one or 
a very few members. As a practical matter, any 
mechanism would need to involve regeneration 
every generation. We can exclude this hypoth
esis because a regenerated cluster would not 
show variation in the nontranscribed regions 
of the individual repeats. 

We are left with a dilemma. Variation 
in the nontranscribed regions suggests that 
there is frequent unequal crossing over. This 
will change the size of the cluster but will not 
otherwise change the properties of the individ
ual repeats. So how are mutations prevented 
from accumulating? The following section 
shows that continuous contraction and expan
sion of a cluster may provide a mechanism for 
homogenizing its copies. 
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FIGURE 7.10 The nontranscribed spacer of X. laevis rONA has an internally 
repetitious structure that is responsible for its variation in length. The 
Bam islands are short, constant sequences that separate the repetitious 
reg10ns. 

Ill Crossover Fixation 
Could Maintain 
Identical Repeats 

Key concepts 

• Unequal crossing over changes the size of a cluster 
of tandem repeats. 

• Individual repeating units can be eliminated or 
can spread through the cluster. 

Not all duplicated copies of genes become 
pseudogenes. How can selection prevent the 
accumulation of deleterious mutations? 

The duplication of a gene is likely to result 
in an immediate relaxation of the selection 
pressure on the sequence of one of the two 
copies. Now that there are two identical copies, 
a change in the sequence of one will not deprive 
the organism of a functional product, because the 
original product can continue to be encoded by 
the other copy. Then the selective pressure on the 
two genes is diffused until one of them mutates 
sufficiently away from its original function to 
refocus all the selective pressure on the other. 

Immediately following a gene duplication, 
changes might accumulate more rapidly in one 
of the copies, eventually leading to a new func
tion (or to its disuse in the form of a pseudo
gene). If a new function develops, the gene 
then evolves at the same, slower rate charac
teristic of the original function. Probably this 
is the sort of mechanism responsible for the 
separation of functions between embryonic and 
adult globin genes. 

Yet there are instances in which dupli
cated genes retain the same function, encoding 
identical or nearly identical products. Identical 
polypeptides are encoded by the two human 
a-globin genes, and there is only a single amino 
acid difference between the two )'-globin 
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polypeptides. How does selection maintain 
their sequence identities? 

The most obvious possibility is that the 
two genes do not actually have identical func
tions, but instead differ in some (undetected) 
property, such as time or place of expression. 
Another possibility is that the need for two 
copies is quantitative because neither by itself 
produces a sufficient amount of product. 

However, in more extreme cases of repeti
tion, i t  is impossible to avoid the conclusion 
that no single copy of the gene is essential. 
When there are many copies of a gene, the 
immediate effects of mutation in any one 
copy must be very slight. The consequences 
of an individual mutation are diluted by the 
large number of copies of the gene that retain 
the wild-type sequence. Many mutant copies 
could accumulate before a lethal effect is 
generated. 

Lethality becomes quantitative, a concltl
sion reinforced by the observation that half of 
the units of the rDNA cluster of X. laevis or 
D. melanogaster can be deleted without ill effect. 
So how are these units prevented from gradu
ally accumulating deleterious mutations? What 
chance is there for the rare favorable mutation 
to display its advantages in the cluster? 

The basic principle of hypotheses that 
explain the maintenance of identity among 
repeated copies is to suppose that nonallelic 
genes are continually regenerated from one of 
the copies of a preceding generation. In the 
simplest case of two identical genes, when a 
mutation occurs in one copy, either it is by 
chance eliminated (because the sequence of 
the other copy takes over) or it is spread to 
both duplicates. Spreading exposes a mutation 
to selection. The result is that the two genes 
evolve together as though only a single locus 
existed. This is called concerted evolution or 
coincidental evolution. It can be applied to a 
pair of identical genes or (with further assump
tions) to a cluster containing many genes. 

One mechanism for this concerted evo
lution is that the sequences of the nonallelic 
genes are directly compared with one another 
and homogenized by enzymes that recog
nize any differences. This can be done by 
exchanging single strands between them to 
form a duplex in which one strand derives 
from one copy and one strand derives from 
the other copy. Any differences are revealed 
as improperly paired bases, which are recog
nized by enzymes able to excise and replace a 
base, so that only A-T and G-C pairs remain. 
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This type of event is called gene conversion 

and is associated with genetic recombination. 
We should be able to ascertain the scope of 
such events by comparing the sequences of 
duplicate genes. If they are subject to concerted 
evolution, we should not see the accumula
tion of synonymous substitutions (those that 
do not change the amino acid sequence; see 
the Genome Evolution chapter) between them 
because the homogenization process applies 
to these as well as to the nonsynonymous 
substitutions (those that do change the amino 
acid sequence). We know that the extent of 
the maintenance mechanism need not extend 
beyond the gene itselfbecause there are cases of 
duplicate genes whose flanking sequences are 
entirely different. Indeed, we may see abrupt 
boundaries that mark the ends of the sequences 
that were homogenized. 

We must remember that the existence of 
such mechanisms can invalidate the determi
nation of the history of such genes via their 
divergence, because the divergence reflects 
only the time since the last homogenization/ 
regeneration event, not the original duplication. 

The crossover fixation model suggests 
that an entire cluster is subject to continual 
rearrangement by the mechanism of unequal 
crossing over. Such events can explain the con
certed evolution of multiple genes if unequal 
crossing over causes all the copies to be physi
cally regenerated from one copy. 

Following the sort of event depicted in 
Figure 7 .4, for example, the chromosome car
rying a triple locus could suffer deletion of one 
of the genes. Of the two remaining genes, l Y.z 
represent the sequence of one of the original 
copies; only 1h of the sequence of the other 
original copy has survived. Any mutation in 
the first region now exists in both genes and is 
subject to selection. 

Tandem clustering provides frequent 
opportunities for "mispairing" of loci whose 
sequences are the same, but that lie in differ
ent positions in their clusters. By continually 
expanding and contracting the number of units 
via unequal crossing over, it is possible for all 
the units in one cluster to be derived from 
rather a small proportion of those in an ances
tral cluster. The variable lengths of the spacers 
are consistent with the idea that unequal 
crossing-over events take place in spacers that 
are internally mispaired. This can explain the 
homogeneity of the genes compared with the 
variability oft he spacers. The genes are exposed 
to selection when individual repeating units 



are amplified within the cluster; however, the 
spacers are functionally irrelevant and can 
accumulate changes. 

In a region of nonrepetitive DNA, recom
bination occurs between precisely matching 
points on the two homologous chromosomes, 
thus generating reciprocal recombinants. The 
basis for this precision is the ability of two 
duplex DNA sequences to align exactly. We 
know that unequal recombination can occur 
when there are multiple copies of genes whose 
exons are related, even though their flanking 
and intervening sequences may differ. This 
happens because of the mispairing between 
corresponding exons in nonallelic genes. 

Imagine how much more frequently mis
alignment must occur in a tandem cluster of 
identical or nearly identical repeats. Except 
at the very ends of the cluster, the close rela
tionship between successive repeats makes it 
impossible even to define the exactly corre
sponding repeats! This has two consequences: 
There is continual adjustment of the size of 
the cluster; and there is homogenization of the 
repeating unit. 

Consider a sequence consisting of a repeat
ing unit Uab� with ends uxn and Uy." If we rep
resent one chromosome in black and the other 
in red, the exact alignment between uallelic" 
sequences would be: 

xababababababababababababababababy 
xababababababababababababababababy 

It is likely, however, that any sequence 
ab in one chromosome could pair with a11y 
sequence ab in the other chromosome. In a 
misalignment such as: 

xababababababababababababababababy 
xababababababababababababababababy 

the region of pairing is no less stable than in 
the perfectly aligned pair, although it is shorter. 
We do not know very much about how pairing 
is initiated prior to recombination, but very 
likely it starts between short, corresponding 
regions and then spreads. If it starts within 
highly repetitive satellite DNA, it is more likely 
than not to involve repeating units that do not 
have exactly corresponding locations in their 
clusters. 

Now suppose that a recombination event 
occurs within the unevenly paired region. The 
recombinants will have different numbers of 
repeating units. In one case, the cluster has 
become longer; in the other, it has become 
shorter, 

xababababababababababababababababy 
X 

xababababababababababababababababy 
.!. 

xababababababababababababababababababy 
+ 

xababababababababababababababy 

where uxn indicates the site of the crossover. 
If this type of event is common, clusters 

of tandem repeats will undergo continual 
expansion and contraction. This can cause a 
particular repeating unit to spread through the 
cluster, as illustrated in FIGURE 7.11. Suppose 
that the cluster consists initially of a sequence 
abcde, where each letter represents a repeating 
unit. The different repeating units are related 
closely enough to one another to mispair for 
recombination. Then, by a series of unequal 
recombination events, the size of the repetitive 
region increases or decreases, and one unit 
spreads to replace all the others. 

5 abcdeel 
6 

abb e de atp:de l 
7 abbbcde 

abbbcde l 
9 abbbcdcde 

1 1 rbbbbbcdcde 
�bbl:itiCdpde 1 

10 bbbbbcdcde 
bbbbbccfi:de 1 

8 bbbbbcde 
bbbbbCl::le 1 

1 0  
l:lbbbbbbcde 

bbbbbbb�de l 
7 bbbbbbb 

FIGURE 7.11  Unequal recombination allows one 
particular repeating unit to occupy the entire cluster. 
The numbers indicate the Length of the repeating unit 
at each stage. 
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The crossover fixation model predicts that 
any sequence of DNA that is not under selective 
pressure will be take11 over by a series of idwtical 
ta11dem repeats gwerated in this way. The critical 
assumption is  that the process of crossover 
fixation is fairly rapid relative to mutation, 
so that new mutations either are eliminated 
(their repeats are lost) or come to take over the 
entire cluster. In the case oft he rDNA cluster, of 
course, a further factor is imposed by selection 
for a functional transcribed sequence. 

Ill Satellite DNAs Often Lie 
in Heterochromatin 

Key concepts 

• Highly repetitive DNA (or satellite DNA) has a very 
short repeating sequence and no coding function. 

• Satellite DNA occurs in large blocks that can have 
distinct physical properties. 

• Satellite DNA is often the major constituent of 
centromeric heterochromatin. 

Repetitive DNA is characterized by its relatively 
rapid rate of renaturation. The component that 
renatures most rapidly in a eukaryotic genome 
is called highly repetitive DNA and consists of 
very short sequences repeated many times in 
tandem in large clusters. As a result of its short 
repeating unit, it i s  sometimes described as 
simple sequence DNA. This component is 
present in almost all multicellular eukaryotic 
genomes, but its overall amount is extremely 
variable. In mammalian genomes it is typically 
less than 10%, but in (for example) the fruit 
fly Drosophila virilis, it amounts to -50%. In 
addition to the large clusters in which this type 
of sequence was originally discovered, there are 
smaller clusters interspersed with nonrepetitive 
DNA. It typically consists of short sequences 
that are repeated in identical or related copies 
in the genome. 

In addition to simple sequence DNA, mul
ticellular eukaryotes have complex satellites with 
longer repeat units, usually in heterochromatin 
(but sometimes in euchromatic) regions. 
For example, Drosophila species have the 
1.688 g-cm-3 class of satellite DNA that con
sists of a 359-bp repeat unit. In humans, the a 

satellite family, found in centromeric regions, 
has a repeat unit length of 171  bp. The human 
13 satellite family has +68-bp repeat units inter
spersed with a longer 3 .3  kb repeat unit that 
includes pseudogenes. 

The tandem repetition of a short sequence 
often has distinctive physical properties that 
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can be used to isolate it. In some cases, the 
repetitive sequence has a base composition 
distinct from the genome average, which 
allows it to form a separate fraction by 
virtue of its distinct buoyant density. A frac
tion of this sort is called satellite DNA. The 
term satellite DNA is essentially synonymous 
with simple sequence DNA. Consistent with 
its simple sequence, this DNA may or may 
not be transcribed, but it is not translated. 
(In some species there is evidence that short 
RNAs are required for heterochromatin for
mation, suggesting that there is  transcription 
of sequences in heterochromatic regions of 
chromosomes, which contain satellite DNA; 
see the Regulatory RNA chapter.) 

Tandemly repeated sequences are espe
cially liable to undergo misalignments dur
ing chromosome pairing, and therefore the 
sizes of tandem clusters tend to be highly 
polymorphic, with wide variations between 
individuals. In fact, the smaller clusters of 
such sequences can be used to characterize 
individual genomes in the technique of 
"DNA fingerprinting" (see the section in this 
chapter titled Minisatellites Are Useful for Gwetic 
Mapping). 

The buoyant density of a duplex DNA 
depends on its GC content according to the 
empirical formula: 

p = 1.660 + 0.00098 (%GC) g-cm-3  

Buoyant density is  usually determined by 
centrifuging DNA through a density gradient 
of cesium chloride (CsCI). The DNA forms a 
band at the position corresponding to its own 
density. Fractions of DNA differing in GC con· 
tent by more than 5 %  can usually be separated 
on a density gradient. 

When eukaryotic DNA is centrifuged on a 
density gradient, two categories of DNA may 
be distinguished: 

• Most of the genome forms a continuum 
of fragments that appear as a rather 
broad peak centered on the buoyant 
density corresponding to the average 
GC content ofthe genome. This is called 
the main ba11d. 

• Sometimes an additional, smaller peak 
(or peaks) is seen at a different value. 
This material is the satellite DNA. 

Satellites are present in many eukaryotic 
genomes. They may be either heavier or lighter 
than the main band, but it is uncommon for 
them to represent more than 5 %  of the total 
DNA. A clear example is provided by mouse 
DNA, as shown in FIGURE 7.12. The graph is a 
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FIGURE 7.12 Mouse DNA is separated into a main band 
and a satellite band by centrifugation through a density 
gradient of CsCl. 

quantitadve scan of the bands formed when 
mouse DNA is centrifuged through a CsCI den
sity gradient. The main band contains 92% 
of the genome and is centered on a buoyant 
density of 1.701 g-cm-l (corresponding to its 
average GC content of42%, typical for a mam
mal). The smaller peak represents 8% of the 
genome and has a distinct buoyant density of 
1.690 g-em->. It contains the mouse satellite 
DNA, whose GC content (30%) is much lower 
than any other part of the genome. 

The behavior of satellite DNA on density 
gradients is often anomalous. When the actual 
base composition of a satellite is determined, 
it is different from the prediction based on its 
buoyant density. The reason is that p i s  a func
tion not just of base composi tion, but also of the 
constitution in terms of nearest neighbor pairs. 
For simple sequences, these are likely to deviate 
[ rom the random pairwise relationships needed 
to obey the equation for buoyant density. In 
addition, satellite DNA may be methylated, 
which changes its density. 

Often, most ofthe highly repetitive DNA of 
a genome can be isolated in the form of satel
lites. When a highly repetitive DNA component 
does not separate as a satellite, on isolation its 
properties often prove to be similar to those 
of satellite DNA. That is to say, highly repeti
tive DNA consists of multiple tandem repeats 
with anomalous centrifugation. Material iso
lated in this manner is sometimes referred to 
as a cryptic satellite. Together the cryptic 
and apparent satellites usually account for all 
the large tandemly repeated blocks of highly 
repetitive DNA. When a genome has more than 
one type of highly repetitive DNA, each exists 
in its own satellite block (although sometimes 
different blocks are adjacent). 

Where in the genome are the blocks of 
highly repetitive DNA located? An exten
sion of nucleic acid hybridization techniques 
allows the location of satellite sequences 
to be directly determined in the chromo
some complement. In the technique of in 
situ hybridization, the chromosomal DNA is 
denatured by treating cells that have been 
squashed on a cover slip. Next, a solution con
taining a labeled single-stranded DNA or RNA 
probe is added. The probe hybridizes with its 
complementary sequences in the denatured 
genome. The location of the sites of hybrid
ization can be determined by a technique to 
detect the label, such a s  autoradiography or 
fluorescence. 

Satellite DNAs are found in regions of 
heterochromatin. Heterochromatin is the term 
used to describe regions of chromosomes that 
are permanently tightly coiled up and inert, 
in contrast with the euduomatin that repre
sents most of the genome (see the Chromo
somes chapter). Heterochromatin is commonly 
found at centromeres (the regions where the 
kinetochores are formed at mitosis and meiosis 
for controlling chromosome segregation). 
The centromeric location of satellite DNA 
suggests that it has some structural function 
in the chromosome. This function could be 
connected with the process of chromosome 
segregation. 

An example of the localization of satellite 
DNA for the mouse chromosomal complement 
is shown in FIGURE 7 .13. £n this case, one end 
of each chromosome is labeled because this 
is where the centromeres are located in Mus 
musculus chromosomes. 
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FIGURE 1.13 Cytological hybridization shows that 
mouse satellite DNA is located at the centromeres. Photo 
courtesy of Mary Lou Pardue and Joseph G. Gall, Carnegie 
Institution. 
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Ill Arthropod Satellites Have 
Very Short Identical 
Repeats 

Key concept 

• The repeating units of arthropod satellite DNAs are 
only a few nucleotides long. Most of the copies of 
the sequence are identical. 

In arthropods, as typified by insects and crusta
ceans, each satellite DNA appears to be rather 
homogeneous. Usually, a single, very short 
repeating unit accounts for more than 90% of 
the satellite. This makes i t  relatively straight
forward to determine the sequence. 

The fly D. virilis has three major satellites 
and a cryptic satellite; together they represent 
more than 40% of the genome. The sequences 
ofthe satellites are summarized in FIGURE 7.14. 
The three major satellites have closely related 
sequences. A single base substitution is 
sufficient to generate either satellite II or III 
from the sequence of satellite I.  

The satellite I sequence is present in other 
species of Drosophila related to D. virilis and so 
may have preceded speciation. The sequences 
of satellites II and III seem to be specific to 
D. virilis and so may have evolved from satellite 
I following speciation. 

The main feature of these satellites is 
their very short repeating unit of only 7 bp. 
Similar satellites are found in other species. 
D. melanogaster has a variety of satellites, sev
eral of which have very short repeating units 
(5, 7, 10, or 12  bp). Comparable satellites are 
found in crustaceans. 

The close sequence relationship found 
among the D. virilis satellites is not necessarily 
a feature of other genomes, for which the 
satellites may have unrelated sequences. Each 
satellite has arism by a lateral amplification of a very 
short sequmce. This sequence may represent a 

Predominant Total Genome 
Satellite Sequence Length Proportion 

A C A A A C T  1 . 1  x 1 o7 25% 
T G T T T G A 

II A T A A A C T  3.6 X 106 8% 
T A T T T G A 

Ill A C A A A T T  3.6 X 106 8% 
T G T T T A A  

Cryptic A A T A T A G  
T T A T A T C  

FIGURE 7.14 Satellite DNAs of D. virilis are related. More 
than 95% of each satellite consists of a tandem repetition 
of the predominant sequence. 
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variant of a previously existing satellite (as in 
D. virilis), or could have some other origin. 

Satellites are continually generated and 
lost from genomes. This makes it difficult to 
ascertain evolutionary relationships, because 
a current satellite could have evolved from 
some previous satellite that has since been lost. 
The important feature of these satellites is that 
they represwt very long stretches of DNA of very 
low sequmce complexity, within which constancy of 
sequence can be maintained. 

One feature of many of these satellites is a 
pronounced asymmetry in the orientation of 
base pairs on the two strands. In the example 
of the major D. virilis satellites shown in 
Figure 7 .14, one of the strands is much richer 
in T and G bases. This increases its buoyant 
density, so that upon denaturation this heavy 
strand (H) can be separated from the comple
mentary light strand (L). This can be useful in 
sequencing the satellite. 

Mammalian Satellites 
Consist of H ierarchical 
Repeats 

Key concept 

• Mouse satellite DNA has evolved by duplication 
and mutation of a short repeating unit to give 
a basic repeating unit of 234 bp in which the 
original half-, quarter-, and eighth-repeats can be 
recognized. 

In mammals, as typified by various rodent 
species, the sequences comprising each sat
ellite show appreciable divergence between 
tandem repeats. Common short sequences can 
be recognized by their preponderance among 
the oligonucleotide fragments produced by 
chemical or enzymatic treatment. However, 
the predominant short sequence usually 
accounts for only a small minority of the copies. 
The other short sequences are related to the 
predominant sequence by a variety of substitu
tions, deletions, and insertions. 

However, a series of these variants of the 
short unit can constitute a longer repeating 
unit that is itself repeated in tandem with some 
variation. Thus mammalian satellite DNAs 
consist of a hierarchy of repeating units that 
can be detected by reassociation analyses or 
restriction enzyme digestion. 

When any satellite DNA is digested with 
an enzyme that has a recognition site in its 
repeating unit, one fragment will be obtained 
for every repeating unit in which the site occurs. 



1 0  20 30 40 50 60 70 G 80 90 100 1 1 0  
GGACCTGGAATATGGCGAGAAAACTGAAAATCACGGAAAATGAGAAATACACACTTTAGGACGTGAAATATGGOGAGAAAACTGAAAAAGGTGGAAAATT1GAAATGTCCACTGTA 

GGACGTGGAATATGGCAAGAAAACTGAAAATCATGGAAAATGAGAAACATCCACTTGACGACTTGAAAAATGAOGAAATCACTAAAAAACGTGAAAAATGAGAAATGCACACTGAA 
120 1 3 0  140 150 160 1 70 180 190 200 210 220 230 

FIGURE 7.15 The repeating unit of mouse satellite DNA contains two half-repeats, which are aligned to show the identities (in blue). 

In fact, when the DNA of a eukaryotic genome 
is digested with a restriction enzyme, most of it 
gives a general smear due to the random distri
bution of cleavage sites. However, satellite DNA 
generates sharp bands because a large number 
offragments of identical or almost identical size 
are created by digestion at restriction sites that 
lie a regular distance apart. 

Determining the sequence of satellite DNA 
can be difficult. For example, we can cut the 
region into fragments with restriction endo
nucleases and attempt to obtain a sequence 
directly. However, if there is appreciable diver
gence between individual repeating units, dif
ferent nucleotides will be present at the same 
position in different repeats, so the sequencing 
gels will not clearly identify the sequence. If 
the divergence is not too great-say, within 
-2%-it may be possible to determine an aver
age repeating sequence. 

Individual segments of the satellite can 
be inserted into plasmids for cloning. A diffi
culty is that the satellite sequences tend to be 
excised from the chimeric  plasmid by recom
bination in the bacterial host. However, when 
the cloning succeeds i t  is possible to deter
mine the sequence of the cloned segment 
unambiguously. Although this gives the actual 
sequence of a repeating unit or units, we would 
need to have many individual such sequences 
to reconstruct the type of divergence typical of 
the satellite as a whole. 

Using either sequencing approach, the 
information we can gain is limited to the 

1 0  20 

distance that can be analyzed on one set of 
sequence gels. The repetition of divergent 
tandem copies makes it difficult to recon
struct longer sequences by obtaining overlaps 
between individual restriction fragments. 

The satellite DNA of the mouse M. musculus 
is digested by the enzyme EcoRII into a series 
of bands, including a predominant monomeric 
fragment of 234 bp. This sequence must be 
repeated with few variations throughout the 
60% to 70% of the satellite that is  digested 
into the monomeric band. We may analyze this 
sequence in terms of its successively smaller 
constituent repeating units. 

FIGURE 7.15 depicts the sequence in terms 
of two half-repeats. By writing the 234-bp 
sequence so that the first 1 I 7 bp are aligned 
with the second 1 1 7  bp, we see that the two 
halves are quite similar. They differ at 22 posi
tions, corresponding to I 9% divergence. This 
means that the current 234-bp repeating unit 
must have been generated at some time in the 
past by duplicating a I 1 7  -bp repeating unit, 
after which differences accumulated between 
the duplicates. 

Within the 1 1 7  -bp unit we can recognize 
two further subunits. Each of these is a quarter
repeat relative to the whole satellite. The four 
quarter-repeats are aligned in FIGURE 7.16. The 
upper two lines represent the first half-repeat of 
Figure 7 . 15 ;  the lower two lines represent the 
second half-repeat. We see that the divergence 
between the four quarter-repeats has increased 
to 23 out of 58 positions, or 40%. The first three 

30 40 50 

GGACCTGGAATATGGCGAGAAAACTGAAAATCACGGAAAATGAGAAATACACACTTTA 

60 70 8 0 90 1 00 1 1  0 
G T 

GGACGTGAAATATGGCGAGAAAACTGAAAAAGGTGGAAAATTAGAAATGTCCACTGTA 

120 130 140 150 160 1 ro  

GGACGTGGAATATGGCAAGAAAACTGAAAATCATGGAAAATGAGAAACATCCACTTGA 

180 190 200 210 220 230 

CGACTTGAAAAATGACGAAATCACTAAAAAACGTGAAAAATGAGAAATGCACACTGAA 

FIGURE 7.16 The alignment of quarter-repeats identifies homologies between the first and 
second half of each half-repeat. Positions that are the same in all four quarter-repeats are 
shown in green. Identities that extend only through three-quarters of the quarter repeats 
are in black, with the divergent sequences in red. 
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G G A C C T G G A A T A T G G C G A G A A  AA C T G A A 

� A A T C A C G G A A A A T G A  G A A A T A C A C A C T T T A  

G G A C G T G AA A T A T G G C G A G �A AA C T G A A 

�2 A A A G G T G GA A A A T TTA G A A A T G T C C A C T G T A  

G G A C G T G G A A T A T G G C A A G A A  AA C T G A A 

�3 A A T C A T G G A A A A T G A  G A A A C A T C C A C T T G A 

a4 C G A C T T G AA A A A T G A C G A A A T  C A C T A A A 

� A A A C G T G A A A A A T G A  G A A A T G C A C A C T G A A  
Consen��.s.,. li. li. c G li. li. T G ..,G;;;.,;,;li.;.;li.,;,;.li.;..T.._ __ .;;co.;/i.o;..;;C...., -....;..;.a • •. 
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Ancestral? A A A C G T G A A A A A T G A G A A A T G C A C A C T G A A 
FIGURE 7.17 The alignment of eighth-repeats shows that each quarter-repeat consists 
of an a and a 13 half. The consensus sequence gives the most common base at each 
position. The "ancestral" sequence shows a sequence very closely related to the con
sensus sequence, which could have been the predecessor to the a and 13 units. (The 
satellite sequence is continuous, so that for the purposes of deducing the consensus 
sequence we can treat it as a circular permutation, as indicated by joining the last 
GAA triplet to the first 6 bp.) 

quarter-repeats are somewhat more similar and 
a large proportion of the divergence is due to 
changes in the fourth quarter-repeat. 

Looking within the quarter-repeats, we 
find that each consists of two related subunits 
(one-eighth-repeats), shown as the a and 13 
sequences in FIGURE 7.17 . The a sequences all 
have an insertion of a C and the 13 sequences all 
have an insertion of a trinucleotide sequence 
relative to a common consensus sequence. This 
suggests that the quarter-repeat originated by 
the duplication of a sequence like the cons en
sus sequence, after which changes occurred to 
generate the components we now see as a and 
13. Further changes then took place between 
tandemly repeated al3 sequences to generate 
the individual quarter- and half-repeats that 
existtoday. Among the one-eighth-repeats, the 
present divergence is 19/31  = 61%.  

The consensus sequence is analyzed directly 
in FIGURE 7 .18, which demonstrates that the cur
rent satellite sequence can be treated as deriva
tives of a 9-bp sequence. We can recognize three 
variants ofthis sequence in the satellite, as indi
cated atthe bottom ofthe figure. If in one ofthe 
repeats we take the next most frequent base at 
two positions instead of the most frequent, we 
obtain three similar 9 bp sequences: 

G A A A A A C G T  
G A A A A A T G A  
G A A A A A A C T  

The origin of the satellite could well lie in 
an amplification of one ofthese three nonamers 

156 CHAPTER 7 Clusters and Repeats 

G G A c c T 
G G A A T A T G G c 
G A G A A A A c T 
G A A A A T c A c 
G G A A A A T G A 
G A A A T c A c T 
T T A G G A c G T 
G A A A T A T G G c 
G A G AG A A A c T 
G A A A A A G G T 
G G A A A A TT T A 
G A A A T* c A c T 
G T A G G A c G T 
G G A A T A T G G c 
A A G A A A A c T 
G A A A A T c A T 
G G A A A A T G A 
G A A A c· c A c T 
T G A c G A c T T 
G A A A A A T G A c 
G A A A T c A c T 
A A A A A A c G T 
G A A A A A T G A 
G A A A T* C A c T 
G A A 
�OA16�1�0A12A17 Ta G1 1 A5 

T7 Cs A a Cg T15 
0 

• indicates inserted triplet in � sequence 
C in position 1 0  is extra base in a sequence 

FIGURE 7.18 The existence of an overall consensus 
sequence is shown by writing the satellite sequence as 
a 9-bp repeat. 

(9-bp units). The overall consensus sequence 
of the present satellite is GAAAAA �2 T, which 
is effectively an amalgam of the three 9-bp 
repeats. 

The average sequence of the monomeric 
fragment of the mouse satellite DNA explains 
its properties. The longest repeating unit of 
234 bp is identified by the restriction diges
tion. The unit of reassociation between single 
strands of denatured satellite DNA is probably 
the 1 17-bp half-repeat, because the 234-bp 
fragments can anneal both in register and in 
half-register (in the latter case, the first half
repeat of one strand renatures with the second 
half-repeat of the other). 

So far, we have treated the present satel
lite as though it consisted of identical copies 
of the 234-bp repeating unit. Although this 
unit accounts for the majority of the satellite, 
variants of it also are present. Some of them are 



scattered at random throughout the satellite, 
whereas others are clustered. 

The existence of variants is implied by 
the description of the starting material for the 
sequence analysis as the "monomeric" frag
ment. When the satellite is digested by an 
enzyme that has one cleavage site in the 234-bp 
sequence, it also generates dimers, trimers, and 
tetramers relative to the 234-bp length. They 
arise when a repeating unit has lost the enzyme 
cleavage site as the result of mutation. 

The monomeric 234-bp unit is generated 
when two adjacent repeats each have the rec
ognition site. A dimer occurs when one unit 
has lost the site, a trimer is generated when 
two adjacent units have lost the site, and so on. 
With some restriction enzymes, most of the sat
ellite is cleaved into a member of this repeating 
series, as shown in the example of FIGURE 7.19. 
The declining number of dimers, trimers, and so 
forth shows that there is a random distribution 
of the repeats in which the enzyme's recogni
tion site has been eliminated by mutation. 

Other restriction enzymes show a different 
type of behavior with the satellite DNA. They 
continue to generate the same series of bands. 
However, they digest only a small proportion 
of the DNA, say 5%-10%. This implies that a 
certain region of the satellite contains a con
centration of the repeating units with this par
ticular restriction site. Presumably the series of 
repeats in this domain all are derived from an 
ancestral variant that possessed this recognition 
site (although some members since have lost 
it by mutation). 

1 

2 

Size 

FIGURE 7.19 Digestion of mouse satellite DNA with the 
restriction enzyme EcoRII identifies a series of repeating 
units (1, 2, 3) that are multimers of 234 bp and also a 
minor series (1/z, 11/z, 21/z) that includes half-repeats (see 
accompanying text). The band at the far left is a fraction 
resistant to digestion. 

A satellite DNA suffers unequal recombina
tion. This has additional consequences when 
there is  internal repetition in the repeating 
unit. Let us return to our cluster consisting 
of "ab" repeats. Suppose that the "a" and "b" 
components of the repeating unit are them
selves sufficiently similar to allow them to pair. 
Then the two clusters can align in halfregister, 
with the "a" sequence of one aligned with the 
"b" sequence of the other. How frequently this 
occurs will depend on the similarity between 
the two halves of the repeating unit. In mouse 
satellite DNA, reassociation between the dena
tured satellite DNA strands in vitro commonly 
occurs in the half-register. 

When a recombination event occurs out of 
register, it changes the length of the repeating 
units that are involved in the reaction: 

xababababababababababababababababy 
X 

xababababababab�abababababababa�b,. 
j, 

xababababababababaababababababababy 
+ 

xababababababababbabababababababy 

In the upper recombinant cluster, an "ab" unit 
has been replaced by an "aab" unit. In the lower 
cluster, an "ab" unit has been replaced by a 
"b" unit. 

This type of event explains a feature of 
the restriction digest of mouse satellite DNA. 
Figure 7 . 19  shows a fainter series of bands at 
lengths of Y.z, 1 Y.z, 2 Y.z, and 3 Y.z repeating units, in 
addition to the stronger integral length repeats. 
Suppose that in the preceding example, "ab" 
represents the 234-bp repeat of mouse satellite 
DNA, generated by cleavage at a site in the "b" 
segn1ent. The " a" and "b" segments correspond 
to the 1 1 7  -bp half-repeats. 

Then, in the upper recombinant cluster, the 
"aab" unit generates a fragment of 1 Y.z times the 
usual repeating length. In the lower recombi
nant cluster, the "b" unit generates a fragment 
of half of the usual length. (The multiple frag
ments in the half-repeat series are generated 
in the same way as longer fragments in the 
integral series, when some repeating units have 
lost the restriction site by mutation.) 

Turning the argument around, the 
identification of the half-repeat series on the 
gel shows that the 234-bp repeating unit 
consists of two half-repeats closely related 
enough to pair sometimes for recombination. 
Also visible in Figure 7 . 1 9  are some rather faint 
bands corresponding to lA - and ¥.-spacings. 
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Parents 

GGGCAGGAXG 
CCCGTCCTXC 

These will be generated in the same way as 
the \-2-spacings, when recombination occurs 
between clusters aligned in a quarter-register. 
The decreased relationship between quarter
repeats compared with half-repeats explains 
the reduction in frequency of the 1-4- and 
¥.-bands compared with the \-2-bands. 

Minisatellites Are Useful 
for G en etic Mapping 

Key concept 

• The variation between microsatellites or minisatel
lites in individual genomes can be used to identify 
heredity unequivocally by showing that 50% of 
the bands in an individual are inherited from a 
particular parent. 

Sequences that resemble satellites (in that they 
consist of tandem repeats of a short unit) but 
that overall are much shorter-consisting of 
(for example) 5 to 50 repeats-are common in 
mammalian genomes. They were discovered by 
chance as fragments whose size is extremely 
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FIGURE 7.20 Alleles may differ in the number of repeats at a minisatellite locus, so 
that digestion on either side generates restriction fragments that differ in length. 
By using a minisatellite with alleles that differ between parents, the pattern of inheri
tance can be followed. 
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variable in genomic libraries of human DNA. 
The variability is observed when a population 
contains fragments of many different sizes that 
represent the same genomic region; when 
individuals are examined, there is extensive 
polymorphism and many different alleles can 
be found. 

Whether a repeat cluster is called a minis
atellite or a microsatellite depends on both the 
length of the repeat unit and the number of 
repeats in the cluster. The name microsat

ellite is usually used when the length of the 
repeating unit is less than 10 bp; the number 
of repeats is smaller than that of mini satellites. 
The name millisatellite is used when the length 
of the repeating unit is -10  to -100 bp and 
there is a greater number of repeats. However, 
the terminology is not precisely defined. These 
types of sequences are also called variable 

number tandem repeat (VNTR) regions. 
VNTRs used in human forensics are microsatel
lites that generally have fewer than 20 copies 
of a 2- to 6-bp repeat. 

The cause of the variation between indi
vidual genomes at microsatellites or minisat
ellites is that individual alleles have different 
numbers of the repeating unit. For example, 
one minisatellite has a repeat length of 64 bp 
and is found in the population with the follow
ing approximate distribution: 

7% 18 repeats 
I I %  16 repeats 

43% 14 repeats 

36% 1 3  repeats 

4% 10 repeats 

The rate of genetic exchange at mini satel
lite sequences is high, -I0-4 per kb of DNA . 
(The frequency of exchanges per actual locus 
is assumed to be proportional to the length of 
the minisatellite . )  This rate is - l O X  greater 
than the rate of homologous recombination at 
meiosis for any random DNA sequence . 

The high variability of mini satellites makes 
them especially useful for genomic mapping, 
because there is a high probability that indi
viduals will vary in their alleles at such a 
locus. An example of mapping by minisatel
lites is illustrated in FIGURE 7.20. This shows 
an extreme case in which two individuals are 
both heterozygous at a minisatellite locus, 
and in fact all four alleles are different. All 
progeny gain one allele from each parent in 
the usual way and it is possible to unambigu
ously determine the source of every allele in 
the progeny. In the terminology of human 



genetics, the meioses described in this figure 
are highly informative because of the variation 
between alleles. 

One family of mini satellites in the human 
genome shares a common Ncore" sequence. 
The core is a GC-rich sequence of l O  to 15  bp, 
showing an asymmetry of purine/pyrimidine 
distribution on the two strands. Each individual 
mini satellite has a variant of the core sequence, 
but -1000 minisatellites can be detected on 
a Southern blot (see the Methods in Molecular 
Biology a11d Ge11etic E11gineeri119 chapter) by a 
probe consisting of the core sequence. 

Consider the situation shown in Figure 7 .20, 
but multiplied many times by the existence of 
many such sequences. The effect of the varia
tion at individual loci is to create a unique pat
tern for every individual. This makes it possible 
to unambiguously assign heredity between 
parents and progeny by showing that 50% of 
the bands in any individual are inherited from 
a particular parent. This is the basis of the tech
nique known as DNA fingerprinting. 

Both microsatellites and minisatellites are 
unstable, although for different reasons. Micro
satellites undergo intrastrand mispairing, when 
slippage during replication leads to expansion 
of the repeat, as shown in FIGURE 7 .21. Systems 
that repair damage to DNA--in particular, those 
that recognize mismatched base pairs-are 
important in reversing such changes, as shown 
by a large increase in frequency when repair 
genes are inactivated. Mutations in repair sys
tems are an important contributory factor in 
the development of cancer, so tumor cells often 
display variations in microsatellite sequences. 
Minisatellites undergo the same sort of unequal 
crossing over between repeats that we have 
discussed for other repeating units. One tell
ing case is that increased variation is associated 
with a recombination hotspot. The recombina
tion event is not usually associated with recom
bination between flanking markers but has a 
complex form in which the new mutant allele 
gains information from both the sister chroma
tid and the other (homologous) chromosome. 

It is not clear at what repeating length the 
cause of the variation shifts from replication 
slippage to unequal crossing over. 

&I Summary 
Most genes belong to families, which are defined 
by the presence of similar sequences in the 
exons of individual members. Families evolve 
by the duplication of a gene (or genes), followed 
by divergence between the copies. Some copies 
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of one 
repeat 
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of one 
repeat 
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FIGURE 7.21 Replication slippage occurs when the daughter strand slips 
back one repeating unit in pairing with the template strand. Each slippage 
event adds one repeating unit to the daughter strand. The extra repeats are 
extruded as a single-strand loop. Replication of this daughter strand in the 
next cycle generates a duplex DNA with an increased number of repeats. 

suffer inactivating mutations and become pseu. 
dogenes that no longer have any function. 

A tandem cluster consists of many copies 
of a repeating unit that includes the transcribed 
sequence(s) and a nontranscribed spacer(s}. 
rRNA gene clusters encode only a single rRNA 
precursor. Maintenance of active genes in clus
ters depends on mechanisms such as gene con
version or unequal crossing over, which cause 
mutations to spread through the cluster so that 
they become exposed to evolutionary forces 
such as selection. 

Satellite DNA consists of very short 
sequences repeated many times in tandem. 
Its distinct centrih•gation properties reflect its 
biased base composition. Satellite DNA is con
centrated in centromeric heterochromatin, but 
its function (if any) is unknown. The individual 
repeating units of arthropod satellites are identi
cal. Those of mammalian satellites are related 
and can be organized into a hierarchy reflecting 
the evolution of the satellite by the amplification 
and divergence of randomly chosen sequences. 
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Unequal crossing over appears to have 
been a major determinant of satellite DNA 
organization. Crossover fixation explains the 
ability of variants to spread through a cluster. 

Minisatellites and microsatellites consist 
of even shorter repeating sequences than sat
ellites, generally < 10 bp for microsatellites 
and - 1 0  to -100 bp for minisatellites, with a 
shorter cluster length than satellites have. The 
number of repeating units is usually 5 to 50. 
There is high variation in the repeat number 
between individual genomes. A microsatellite 
repeat number varies as the result of slippage 
during replication; the frequency is affected by 
systems that recognize and repair damage in 
DNA. Mini satellite repeat number varies as the 
result of recombination events. Variations in 
repeat number can be used to detennine hered
itary relationships by the technique known as 
DNA fingerprinting. 
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Genome Evolution 

I:IM Introduction 

CHAPTER OUTLINE J 
l:t• DNA Sequences Evolve by Mutation and a Sorting 

Mechanism 
• The probability of a mutation is influenced by the 

likelihood that the particular error will occur and 
the Likelihood that it will be repaired. 

• In small populations, the frequency of a mutation will 
change randomly and new mutations are likely to be 
eliminated by chance. 

• The frequency of a neutral mutation largely depends 
on genetic drift, the strength of which depends on the 
size of the population. 

• The frequency of a mutation that affects phenotype 
will be i nftuenced by negative or positive selection. 

I:IM Selection Can Be Detected by Measuring Sequence 
Variation 
• The ratio of nonsynonymous to synonymous substitu

tions in the evolutionary history of a gene is a measure 
of positive or negative selection. 

• Low heterozygosity of a gene may indicate recent 
selective events. 

• Comparing the rates of substitution among related 
species can indicate whether selection on the gene has 
occurred. 

• Most functional genetic variation in the human species 
affects gene regulation and not variation in proteins. 

A Constant Rate of Sequence Divergence 
Is a Molecular Clock 
• T�e sequences of orthologous genes in different spe

Cies vary at non synonymous sites (where mutations 
have caused amino acid substitutions) and synony
mous sites (where mutation has not affected the 
amino acid sequence). 

• Synonymous substitutions accumulate -lOX faster 
than nonsynonymous substitutions. 

• The evolutionary divergence between two DNA 
sequences is measured by the corrected percentage 
of positions at which the corresponding nucleotides 
differ. 

• Substitutions may accumulate at a more or less 
constant rate after genes separate, so that the 
divergence between any pair of globin sequences is 
proportional to the time since they shared common 
ancestry. 

The Rate of Neutral Substitution Can Be Measured 
fro m  Divergence of Repeated Sequences 
• The rate of substitution per year at neutral sites is 

greater in the mouse genome than in the human 
genome, probably because of a higher mutation rate. 
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CHAPTER OUTLINE. CONTINUED J 
M:M How Did Interrupted Genes Evolve? • Once a gene has been inactivated by mutation, it may 

accumulate further mutations and become a pseu
dogene (\jf), which is homologous to the functional 
gene(s) but has no functional role. 

• An interesting evolutionary question is whether genes 
originated with introns or whether they were originally 
uninterrupted. 

• Interrupted genes that correspond either to proteins 
or to independently functioning nonprotein-encoding 
RNAs probably originated in an interrupted form (the 
"i ntrons early" hypothesis). 

1:111 Pseudogenes Are Nonfunctional Gene Copies 

• The interruption allowed base order to better satisfy 
the potential for stem-loop extrusion from duplex DNA, 
perhaps to facilitate recombination repair of errors. 

• A special class of introns is mobile and can insert 

• Processed pseudogenes result from reverse 
transcription and integration of mRNA transcripts. 

• Nonprocessed pseudogenes result from incomplete dupli
cation or second-copy mutation of functional genes. 

• Some pseudogenes may gain functions different from 
those of their parent genes, such as regulation of gene 
expression, and take on different names. 

themselves into genes. 

Why Are Some Genomes So Large? 
l:ltl Genome Duplication Has Played a Role in Plant and 

Vertebrate Evolution 
• There is no clear correlation between genome size and 

genetic complexity. 
• There is an increase in the minimum genome size as

sociated with organisms of increasing complexity. 
• There are wide variations in the genome sizes of organ

isms within many taxonomic groups. 

M:I:W Morphological Complexity Evolves by Adding New 
Gene Functions 

• Genome duplication occurs when polyploidization in
creases the chromosome number by a multiple of two. 

• Genome duplication events can be obscured by the 
evolution andjor loss of duplicates as well as by chro
mosome rearrangements. 

• Genome duplication has been detected in the evolu
tionary history of many flowering plants and of verte
brate animals. 

• In general. comparisons of eukaryotes to prokaryotes, 
multicellular to unicellular eukaryotes, and vertebrate to 
invertebrate animals show a positive correlation between 
gene number and morphological complexity as additional 
genes are needed with generally increased complexity. 

1:10 What Is The Role of Transposable Elements in 
Genome Evolution? 

• Transposable elements tend to increase in copy number 
when introduced to a genome but are kept in check 
by negative selection and transposition regulation 
mechanisms. • Most of the genes that are unique to vertebrates are 

concerned with the immune or nervous systems. 

M:I!M Gene Duplication Contributes to Genome Evolution 
l:lfll There May Be Biases in Mutation, Gene Conversion, 

and Codon Usage 
• Duplicated genes may diverge to generate different 

genes, or one copy may become an inactive pseudogene. 

l:ltel Globin Clusters Arise by Duplication and Divergence 

• All globin genes are descended by duplication and mu
tation from an ancestral gene that had three exons. 

• The ancestral gene gave rise to myoglobin, leg hemo
globin, and a and 13 globins. 

• Mutational bias may account for a high AT content in 
organismal genomes. 

• Gene conversion bias, which tends to increase 
GC content, may act in partial opposition to the 
mutational bias. 

• Codon bias may be a result of adaptive mechanisms 
that favor particular sequences, and of gene conver
sion bias. 

• The a- and 13-globin genes separated in the period of earty 
vertebrate evolution, after which duplications generated 
the individual clusters of separate a- and 13-like genes. 

1:110'1 Summary 

Ill Introduction 
The growing number of complete genome 
sequences has provided valuable opportunities 
to study genome structure and organization. As 
genome sequences of related species become 
available, there are opportunities to compare 
not only individual gene differences, but also 
large-scale genomic differences in such aspects 
as gene distribution, the proportions of nonre
petitive and repetitive DNA and their functional 
potentials, and the number of copies of repetitive 
sequences. By making these comparisons, we can 
gain insight into the historical genetic events that 
have shaped the genomes of individual species 
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and of the adaptive and nonadaptive forces at 
work following these events. 

The availability of the genome sequences of 
genetic "model organisms" (e.g., E. coli, yeast, 
Drosophila, Arabidopsis, and humans) in the late 
1990s and early 2000s allowed comparisons 
between major taxonomic groups such as pro
karyote vs. eukaryote, animal vs. plant, or verte
brate vs. invertebrate. More recently, data from 
multiple genomes within lower-level taxonomic 
groups (classes down to genera) have allowed 
closer examination of genome evolution. Such 
comparisons have the advantage of highlighting 
changes that have occurred much more recently 



and are less obscured by additional changes, such 
as multiple mutations at the same site. In addi
tion, evolutionary events specific to a taxonomic 
group can be explored. For example, human
chimpanzee comparisons can provide informa
tion about primate-specific genome evolution, 
particularly when compared with an outgroup 
(a species that is less closely related, but close 
enough to show substantial similarity) such as 
the mouse. One recent milestone in this field of 
comparative genomics is the completion of genome 
sequences of 2 1  species of the genus Drosophila. 
These types of fine-scale comparisons will con
tinue as more genomes from the same species 
become available . 

What questions can be addressed by com
parative genomics? First, the evolution of indi
vidual genes can be explored by comparing 
genes descended from a common ancestor. To 
some extent, the evolution of a genome is a 
result of the evolution of a collection of indi
vidual genes, so comparisons of homologous 
sequences within and between genomes can 
help to answer questions about the adaptive (i.e., 
naturally selected) and nonadaptive changes 
that occur to these sequences. The forces that 
shape coding sequences are usually quite dif
ferent from those that affect noncoding regions 
(e.g., introns, untranslated regions, or regula
tory ) of the same gene: Coding and regula
tory regions more directly influence phenotype 
(though in different ways), making selection a 
more important aspect of their evolution than 
for noncoding regions. Second, one can also 
explore the mechanisms that result in changes 
in the structure of the genome, such as gene 
duplication, expansion and contraction of repeti
tive arrays, transposition, and polyploidization. 

DNA Sequences Evolve by 
Mutation and a Sorting 
Mechanism 

Key concepts 

• The probability of a mutation is influenced by the 
likelihood that the particular error will occur and 
the likelihood that it will be repaired. 

• In small populations, the frequency of a mutation 
will change randomly and new mutations are likely 
to be eliminated by chance. 

• The frequency of a neutral mutation largely 
depends on genetic drift, the strength of which 
depends on the size of the population. 

• The frequency of a mutation that affects 
phenotype will be influenced by negative or 
positive selection. 

Biological evolution is  based on two sets of 
processes: the generation of genetic variation 
and the sorting of that variation in subsequent 
generations. Variation among chromosomes 
can be generated by recombination (see the 
chapter titled Homologous and Site-Specific 
Recombination);  variation among sexually 
reproducing organisms results from the com
bined processes of meiosis and fertilization. 
Ultimately, however, variation among DNA 
sequences is a result of mutation. 

Mutation occurs when DNA is altered 
by replication error or chemical changes to 
nucleotides, or when electromagnetic radia
tion breaks or forms chemical bonds, and the 
damage remains unrepaired at the time of the 
next DNA replication event (see the chapter 
titled Repair Systems). Regardless of the cause, 
the initial damage can be considered an "error." 
In principle, a base can mutate to any of the 
other three standard bases, though the three 
possible mutations are not equally likely due 
to biases incurred by the mechanisms of dam
age (see the section in this chapter titled There 
May Be Biases ill Mutation, Gene Conversion, and 
Codon Usage) and differences in the likelihood 
of repair of the damage. 

For example, if mutation from one base to 
any of the other three is equally probable, then 
transversion mutations (from a pyrimidine to a 
purine, or vice versa) would be twice as frequent 
as transition mutations (from one pyrimidine to 
another, or one purine to another; see the Gwes 
Are DNA chapter). However, the observation is 
usually the opposite: Transitions occur roughly 
twice as frequently as transversions. This may 
be because: ( l )  Spontaneous transitional errors 
occur more frequently than transversional 
errors; (2) transversional errors are more likely 
to be detected and corrected by DNA repair 
mechanisms; or (3) both ofthese are true. Given 
that transversional errors result in distortion of 
the DNA duplex as either pyrimidines or purines 
are paired together, and that base-pair geometry 
is used as a fidelity mechanism (see the DNA 
Replication chapter), it is less likely for a DNA 
polymerase to make a transversional error. The 
distortion also makes it easier for transversional 
errors to be detected by postreplication repair 
mechanisms. As shown in FIGURE 8.1, a basic 
model of mutation would be that the probabili
ties of transitions are equal (a), as are those of 
transversions (13), and that a >  13. More complex 
models could have different probabilities for the 
individual substitution mutations, and could be 
tailored to individual taxonomic groups from 
actual data on mutation rates in those groups. 
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FIGURE 8.1 A simple model of mutational change in 
which a is the probability of a transition and j3 is the 
probability of a transversion. Reproduced from MEGA 
(Molecular Evolutionary Genetics Analysis) by S. Kumar, K. 
Tamura, and J. Dudley. Used with permission of Masatoshi 
Nei, Pennsylvania State University. 

If a mutation occurs in the coding region 
of a protein-coding gene, it can be character
ized by its effect on the polypeptide product of 
the gene. A substitution mutation that does not 
change the amino acid sequence of the poly
peptide product is a synonymous mutation; 

this is a specific type of silent mutation. (Silent 
mutations include those that occur in non cod
ing regions.) A nonsynonymous mutation 

in a coding region does alter the amino acid 
sequence of the polypeptide product, result
ing in either a missense codon (for a different 
amino acid) or a nonsense (termination) codon. 
The effect of the mutation on the phenotype 
of the organism will influence the fate of the 
mutation in subsequent generations. 

Mutations in genes other than those encod
ing polypeptides and mutations in noncoding 
sequences may, of course, also be subject to selec
tion. In non coding regions, a mutational change 
may alter the regulation of a gene by directly 
changing a regulatory sequence or by changing 
the secondary structure of the DNA in such a way 
that some aspect of the gene's expression (such 
as transcription rate, RNA processing, or mRNA 
structure influencing translation rate) is affected. 
However, many changes in noncoding regions 
may be selectively neutral mutations, having 
no effect on the phenotype of the organism. 

If a mutation is selectively neutral or near 
neutral, then its fate is predictable only in terms 
of probability. The random changes in the fre
quency of a mutational variant in a population 
are called genetic drift; this is a type of "sam
pling error" in which, by chance, the offspring 
genotypes of a particular set of parents do not 
precisely match those predicted by Mendelian 
inheritance. In a very large population, the 
random effects of genetic drift tend to average 
out, so there is little change in the frequency of 
each variant. However, in a small population, 
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these random changes can be quite signifi
cant and genetic drift can have a major effect 
on the genetic variation of the population. 
FIGURE 8.2 shows a simulation comparing the 
random changes in allele frequency for seven 
populations of I 0 individuals each with those of 
seven populations of I 00 individuals each. Each 
population begins with two alleles, each with a 
frequency of 0.5.  After 50 generations, most of 
the small populations have lost one or the other 
allele (p = I means only one allele is left and 
p = 0 means only the other allele is left), while 
the large populations have retained both alleles 
(though their allele frequencies have randomly 
drifted from the original 0.5) .  

Genetic drift is a random process. The even
tual fate of a particular variant is not strictly 
predictable, but the current frequency of the 
variant is a measure of the probability that it will 
eventually be fixed (replacing all other variants) 
in the population. In other words, a new muta
tion (with a low frequency in a population) is 
very likely to be lost from the population by 
chance. However, if by chance it becomes more 
frequent, it has a greater probability of being 
retained in the population. Over the long term, 
a variant may either be lost from the population 
or fixed, but in the short term there may be 
randomly fluctuating variation for a particular 
locus, especially in smaller populations where 
fixation or loss occurs more quickly. 

On the other hand, if a new mutation is not 
selectively neutral and does affect phenotype, 
natural selection will play a role in its increase 
or decrease in frequency in the population. 
The speed of its frequency change will partly 
depend on how much of an advantage or disad
vantage the mutation confers to the organisms 
that carry it. It will also depend on whether it 
is dominant or recessive; in general, because 
dominant mutations are "exposed" to natu
ral selection when they first appear, they are 
affected by selection more rapidly. 

Mutations are random with regard to their 
effects, and thus the common result of a non
neutral mutation is for the phenotype to be neg
atively affected, so selection often acts primarily 
to eliminate new mutations (though this may be 
somewhat delayed in the likely event that the 
mutation is recessive). This is called l!egative (or 
purifying) selection (see the chapter titled The 
Interrupted Ge11e). The overall result of negative 
selection is for there to be little variation within 
a population as new variants are generally elimi
nated. More rarely, a new mutation may be sub
ject to positive selection (see the chapter titled 
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FIGURE 8.2 The fixation or loss of alleles by random genetic drift occurs more rapidly in 
populations of 10 (a) than in populations of 100 (b). pis  the frequency of one of two alleles 
at a locus in the population. Data courtesy of Kent E. Holsinger, University of Connecticut 
(http:/ jdarwi n.eeb.uconn.edu ). 

The illterrupted Gene) if it happens to confer an 
advantageous phenotype. This type of selection 
will also tend to reduce variation within a popu
lation, as the new mutation eventually replaces 
the original sequence, but may result in greater 
variation between populations, provided they are 
isolated from one another, as different mutations 
occur in these different populations. 

The question of how much observed genetic 
variation in a population or species (or the lack 
of such variation) is due to selection and how 
much is due to genetic drift is a long-standing 
one in population genetics. In the next section, 
we look at some ways that selection on DNA 
sequences may be detected by testing for sig
nificant differences from the expectations of 
evolution of neutral mutations. 

Ill Selection Can Be 
Detected by M easuring 
Sequence Variation 

Key concepts 

• The ratio of nonsynonymous to synonymous sub
stitutions in the evolutionary history of a gene is 
a measure of positive or negative selection. 

• Low heterozygosity of a gene may indicate recent 
selective events. 

• Comparing the rates of substitution among related 
species can indicate whether selection on the 
gene has occurred. 

• Most functional genetic variation in the human 
species affects gene regulation and not variation 
in proteins. 
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Many methods have been used over the years 
for analyzing selection on DNA sequences. 
With the development of DNA sequenc
ing techniques in the I970s (see the chapter 
titled Methods ill Molecular Biology and Genetic 
Engiueeriug), the automation of sequencing 
in the I990s, and the development of high
throughput sequencing in the 2 I  st century, 
large numbers of partial or complete genome 
sequences are becoming available. Coupled 
with the polymerase chain reaction (PCR), 
which amplifies specific genomic regions, DNA 
sequence analysis has become a valuable tool 
in many applications, including the study of 
selection on genetic variants. 

There i s  now an abundance of DNA 
sequence data from a wide range of organisms 
in various publicly available databases. Homol
ogous gene sequences have been obtained 
from many species as well as from different 
individuals of the same species. This allows 
for determination of genetic changes among 
species with common ancestry as compared to 
changes within a species. These comparisons 
have led to the observation that some species 
(e.g., Drosophila melanogaster) have high lev
els of DNA sequence polymorphism among 
individuals, most likely as a result of neutral 
mutations and random genetic drift within 
populations. (Other species, such as humans, 
have moderate levels of polymorphism, and 
without further investigation, the relative 
roles of genetic drift and selection in keeping 
these levels low is not immediately clear. This 
is one use for techniques to detect selection on 
sequences.) By conducting both interspecific 
and intraspecific DNA sequence analysis, the 
level of divergence due to species differences 
can be determined. 

Some neutral mutations are synonymous 
mutations, but not all synonymous muta
tions are neutral. While at first this may seem 
unlikely, the concentrations of individual 
tRNAs that specify a particular amino acid 
in a cell are not equal. Some cognate tRNAs 
(different tRNAs that carry the same amino 
acid) are more abundant than others, and 
a specific codon may lack sufficient tRNAs, 
whereas a different codon for the same amino 
acid may have a sufficient number. In the case 
of a codon that requires a rare tRNA in that 
organism, ribosomal frameshifting or other 
alterations in translation may occur (see the 
chapter titled Usitzg The Genetic Code). It also 
may be that a particular codon is necessary 
to maintain mRNA structure. Alternatively, 
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there may be a nonsynonymous mutation to 
an amino acid with the same general charac
teristics, with little or no effect on the folding 
and activity of the polypeptide. In either case 
neutral sequence changes have little effect on 
the organism. However, a nonsynonymous 
mutation may result in an amino acid with 
different properties, such as a change from 
a polar to a nonpolar amino acid, or from 
a hydrophobic amino acid to a hydrophilic 
one in a protein embedded in a phospholipid 
bilayer. Such changes are likely to have func
tional effects that are deleterious to the role 
of the polypeptide and thus to the organism. 
Depending on the location of the amino acid 
in the polypeptide, such a change may cause 
only a slight disruption of protein folding and 
activity. Only in rare cases is  an amino acid 
change advantageous; in this case the muta
tional change may become subjected to posi
tive selection and ultimately lead to fixation 
of this variant in the population. 

One common approach for determin
ing selection is to use codon-based sequence 
information to study the evolutionary hi story 
of a gene. This can be done by counting the 
number of synonymous (Ks) and nonsynony
mous (Ka) amino acid substitutions in ortholo
gous genes (see the Genome Sequwces and Gene 
Numbers chapter), and determining the Kat Ks 
ratio. This ratio is indicative of the selective 
constraints on the gene. A Ka!Ks ratio of I is 
expected for those genes that evolve neutrally, 
with amino acid sequence changes being nei
ther favored nor disfavored. In this case the 
changes that occur do not usually affect the 
activity of the polypeptide, and this serves as 
a suitable control. A Ka!Ks ratio < I  is most 
commonly observed and indicates negative 
selection, where amino acid replacements are 
disfavored because they affect the activity of 
the polypeptide. Thus there is selective pres
sure to retain the original functional amino 
acid at these sites in order to maintain proper 
protein function. 

Positive selection is  indicated when the 
Kal Ks ratio is > I ,  but is rarely observed. This 
means that the amino acid changes are advan
tageous and may become fixed in the popu
lation. One example of this is  the antigenic 
proteins of some pathogens, such as viral 
coat proteins, which are under strong selec
tion pressure to evade the immune response 
of the host. A second example is some repro
ductive proteins that are under sexual selectio11 
(selection on traits found in one sex). As a 



third example, the Kat Ks ratios for the peptide
hi nding regions of mammalian MHC genes, the 
products of which function in immunologi
cal self-recognition by displaying both "self" 
and "nonself" antigens, are typically in the 
range of 2 to 10, indicating strong selection for 
new variants. This is expected because these 
proteins represent the cellular uniqueness of 
individual organisms. 

The detection of a positive Kal Ks ratio may 
be rare in part because the average value must 
be greater than one over a length of sequence. 
If a single substitution in a gene is being posi
tively selected, but flanking regions are under 
negative selection, the average ratio across the 
sequence may actually be negative. In contrast, 
the Kal Ks ratios for histone genes are typically 
much less than one, suggesting strong nega
tive selection on these genes. Histones are 
DNA-binding proteins that make up the basic 
structure of chromatin (see the chapter titled 
Chromatin) and alterations to their structures 
are likely to result in deleterious effects on chro
mosome integrity and gene expression. 

In addition to the difficulty of detecting 
strong selection on a single substitution vari
ant when Kal Ks is averaged over a stretch of 
DNA, mutational hotspots may also affect this 
measure. There have been reports of unusu
ally highly mutable regions of some protein
coding genes that encode a high proportion of 
polar amino acids; such a bias may influence 
the interpretation of the KaiKs ratio because a 
higher point mutation rate may be incorrectly 
interpreted as a higher substitution rate. The 
lesson seems to be that although codon-based 
methods of detecting selection can be useful, 
their limitations must be taken into account. 

Intraspecific DNA sequence analysis can 
be used to detect positive selection by com
paring the nucleotide sequence between two 
alleles or two individuals of the same species. 
Nucleotide sequences are expected to evolve 
neutrally at a rate proportional to the mutation 
rate; variation in this rate at specific nucleo
tides affects the heterozygosity of a population 
(the proportion of heterozygotes for a particu
lar locus). If a variant sequence is favored, the 
variant will increase in frequency and even
tually become fixed in the population, and 
the site will show a reduction in nucleotide 
heterozygosity. Closely linked neutral vari
ants may also become fixed, a phenomenon 
termed genetic hitchhiking. These regions 
are characterized by having a lower level of 
DNA sequence polymorphism. (However, it is 

important to remember that reduced polymor
phism can have other causes, such as negative 
selection or genetic drift . )  

In practice it is more reliable to carry 
out both interspecific and intraspecific DNA 
sequence comparisons to detect deviations from 
neutral evolutionary expectations. By including 
sequence information from at least one closely 
related species, species-specific DNA polymor
phisms can be distinguished from ancestral 
polymorphisms, and more accurate informa
tion regarding the link between the polymor
phisms and between species differences can 
be obtained. With this combined analysis, the 
degree of nonsynonymous changes between 
species can be determined. If evolution is pri
marily neutral, the ratio of nonsynonymous to 
synonymous changes within species is expected 
to be the same as the ratio between species. An 
excess of nonsynonymous changes may be 
evidence for positive selection on these amino 
acids, whereas a lower ratio may indicate that 
negative selection is conserving sequences. 

One example is the comparison of 12  
sequences of the Adh gene in Drosophila mela
nogaster to each other and to Adh sequences 
from D. simula11s and D. yakuba, as shown in 
FIGURE 8.3 . A simple contingency chi-square 
test on these data shows that there are signifi 
cantly more fixed nonsynonymous changes 
between species than similar polymorphisms 
in D. mela11ogaster. The high proportion of non
synonymous differences among species sug
gests positive selection on Adh variants in these 
species, as does the lower proportion of such 
differences in one species, given that nonneu
tral variation would not be expected to persist 
for very long within a species. 

Relative rate tests can also be used to detect 
the signature of selection. This involves (at a 
minimum) three related species, two that are 
closely related and one outgroup representa
tive. The substitution rate is compared between 
the close relatives, and each is compared to the 
outgroup species to see if the substitution rates 
are similar. This removes the dependence of the 

Nonsynonymous Synonymous 

Fixed 7 

Polymorphic 2 

FIGURE 8.3 Nonsynonymous and synonymous variation in the Adh locus 
in Drosophila me/anogaster ("polymorphic") and between D. melanogaster, 
D. simulans, and D. yakuba ("fixed"). Adapted from J. H. McDonald and M. 
Kreitman, Nature 351 (1991): 652-654. 
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FIGURE 8.4 A higher number of nonsynonymous substi
tutions in lysozyme sequences in the cowjdeer lineage as 
compared to the pig lineage is a result of adaptation of 
the protein for digestion in ruminant stomachs. Adapted 
from N. H. Barton, et al. Evolution. Cold Spring Harbor 
Laboratory Press, 2007. Original figure appeared in J. 
H. Gillespie, The Causes of Molecular Evolution. Oxford 
University Press, 1994. 

analysis on time, as long as the phylogenetic 
relationships between the species are certain. 
If the rate of substitutions between related spe
cies compared to the rate between these and 
the outgroup species is different, this may be 
an indication of selection on the sequence. 
For example, the protein lysozyme, which 
functions to digest bacterial cell walls and is a 
general antibiotic in many species, has evolved 
to be active at low pH in ruminating mammals, 
where it functions to digest dead bacteria in 
the gut. FIGURE 8.4 shows that the number of 
amino acid (i.e., nonsynonymous) substitutions 
for lysozyme in the cow/deer (ruminant) lin
eage is higher than that of the nonruminant 
pig outgroup. 

This method must take into account that 
some genes accumulate nucleotide or amino 
acid substitutions more rapidly (these are said to 
be fast-clock; see the next section titled A Consta11t 
Rate of Seque11ce Divergwce Is a Molecular Clock) 
in some species than in others, possibly due to 
differences in metabolic rate, generation time, 
DNA replication time, or DNA repair efficiency. 
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To deal with this difference, additional related 
species need to be examined in order to identify 
and eliminate fast-clock effects. The reliability 
of this approach is improved if larger numbers 
of distantly related species are included. How
ever, it is difficult to make accurate comparisons 
between taxonomic groups due to the inherent 
rate differences. As more work in this area has 
been done, corrections to adjust for differences 
in substitution rates have been developed. 

Another method for detecting selection 
utilizes estimates of polymorphism at specific 
genetic loci. For example, sequence analysis of 
the Teosi11te bra11ched I (tbl) locus, an important 
gene in domesticated maize, has been used to 
characterize the nucleotide substitution rate in 
domesticated and wild maize (teosinte) variet
ies, with an estimate of 2.9 X 10-s to 3.3 X 10-s 
base substitutions per year. FIGURE 8.5 shows 
the ratio of a measure of nucleotide diversity 
('IT) of the tb I region in domesticated maize to '1T 

in wild teosinte. For a neutrally evolving gene 
in these two species, this ratio is -0.75, but 
it is <0.1  in this region. The interpretation is 
that strong selection in domesticated maize has 
severely reduced variation for this gene. 

As genome-wide data on nucleotide diver
sity become available, regions of low diversity 
may indicate recent selection. Millions of single 
nucleotide polymorphisms (SNPs) are being 
characterized in humans, nonhuman animals, 
and plants, as well as in other species. One 
approach that has been applied to the human 
genome is to look for an association between 
an allele's frequency and its linkage disequi

librium with other genetic markers surround
ing it. (Linkage disequilibrium is a measure of 

80 60 40 20 0 kb 

tb1 

ry 
7.1 2.5 1 .  7 0.4 5' eDNA 

Very low density or relative diversity in maize 

FIGURE 8.5 Nucleotide diversity (-rr) of the tbl region in domesticated maize is much lower than in wild teosinte, indicating strong 
selection on this locus in maize. Reproduced from R. M. Clark, et al., Proc. Nat/. Acad. Sci. USA 101 {2004 ): 700-707. «> 2004 National 
Academy of Sciences, U.S.A. Courtesy of John F. Doebley, University of Wisconsin, Madison. 
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an association between an allele at one locus 
and an allele at a different locus.) When a 
new mutation occurs on one chromosome, it 
initially has high linkage disequilibrium with 
alleles at other polymorphic loci on the same 
chromosome. In a large population, a neutral 
allele is expected to rise to fixation slowly, so 
recombination and mutation will break up 
associations between loci and linkage disequi
librium will decrease. On the other hand, an 
allele under positive selection will rise to fixa
tion more quickly and linkage disequilibrium 
will be maintained. By sampling SNPs across the 
genome, a general background level of linkage 
disequilibrium that accounts for local variations 
in rates of recombination can be established, 
and any significantly higher measures of link
age disequilibrium can be detected. FIGURE 8.6 
shows the slowly decreasing linkage disequi
librium (measured by the increasing fraction 
of recombinant chromosomes) with increasing 
chromosomal distance from a variant of the 
G6PD locus that confers resistance to malaria 
in African human populations. This pattern 
suggests that this allele has been under strong 
recent selection-carrying along with it linked 
alleles at other loci-and that recombination 
has not yet had time to break up these interlo
cus associations. 

The availability of multiple complete human 
genome sequences and the ability to rapidly 
resequence specific regions of the genome in 
many individuals allows large-scale measure
ment of genetic variation in the human species. 
As described earlier, a lack of genetic varia
tion in a stretch of DNA can indicate negative 
selection on that sequence, implying that the 

0.4 �--------------------------� 
-
c "' 
:.5 (/) 0.3 
E ., o E 0 0 
� :g 0.2 - E 0 0 c � o .s:::: ·- 0 0 0 .1 
"' � 

LL 
. . . 

0 ..... ·-·-----------------.....11 
0 100 200 300 400 500 

Distance from selected site (Kb) 

FIGURE 8.6 The fraction of recombinants between an 
allele of G6PO and alleles at nearby loci on a human 
chromosome remains low, suggesting that the allele 
has rapidly increased in frequency by positive selection. 
The allele confers resistance to malaria. Adapted from 
E. T. Wang, et al., Proc. Nat/. Acad. Sci. USA 103 (2006): 
135-140. 

sequence is functional. If the analysis includes 
individuals from many populations, it can be 
determined whether individual variations are 
unique, shared by other members of a specific 
population, or found globally. Surprisingly, 
such studies show that the majority offwzctiollal 
variations in the human genome are not nonsyn
onymous changes in coding sequences, but are 
found in noncoding sequences such as introns 
or intergenic regions! In other words, protein 
variations account for only a small percent
age of functional differences among humans. 
Presumably, the large percentage of functional 
variation in noncoding regions reflects differ
ences in regulatory regions (see the chapters 
in the part of the book titled Gwe Regulatio11). 
Also, most of these variations are found in most 
or all sampled populations and are not limited 
to one or a few populations. Clearly, despite 
many apparent differences among individual 
humans, there is genetic unity to the human 
species, and most of the differences are not with 
the proteins being produced in cells, but with 
when and where they are being produced. 

With the goal of sequencing at least 1000 
(and perhaps more than 2000) individual anon
ymous human genomes in order to assess com
prehensive human genetic variation, the 1000 
Genomes Project began in 2008. During the first 
2 years ofthe project, sequencing progressed at 
a rate that was the equivalent of two genomes 
per day using reduced-cost, next generation 
sequencing techniques. The sequence data are 
available in free-access public databases. 

Ill A Constant Rate of 
Sequence Divergence 
Is a Molecular Clock 

Key concepts 

• The sequences of orthologous genes in different 
species vary at nonsynonymous sites (where 
mutations have caused amino acid substitutions) 
and synonymous sites (where mutation has not 
affected the amino acid sequence). 

• Synonymous substitutions accumulate -lOX faster 
than nonsynonymous substitutions_ 

• The evolutionary divergence between two 
DNA sequences is measured by the corrected 
percentage of positions at which the 
corresponding nucleotides differ. 

• Substitutions may accumulate at a more or less 
constant rate after genes separate, so that the 
divergence between any pair of globin sequences 
is proportional to the time since they shared 
common ancestry. 
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Most changes in gene sequences occur by 
mutations that accumulate slowly over time. 
Point mutations and small insertions and 
deletions occur by chance, probably with 
more or less equal probability in all regions 
of the genome. The exceptions to this are 
hotspots, where mutations occur much more 
frequently. Recall from the section earlier 
in this chapter titled DNA Sequences Evolve by 
Jvlutatiol! aud a Sortiug Mechal!ism that most 
nonsynonymous mutations are deleterious 
and will be eliminated by negative selec
tion, whereas the rare advantageous substi
tution will spread through the population 
and eventually replace the original sequence 
(fixation). Neutral variants are expected to be 
lost or fixed in the population due to random 
genetic drift. What proportion of mutational 
changes in a protein-coding gene sequence 
are selectively neutral is a historically con
tentious issue. 

The rate at which substitutions accumu
late is a characteristic of each gene, pre sum
ably depending at least in part on its functional 
flexibility with regard to change. Within a spe
cies, a gene evolves by mutation followed by 
fixation within the single population. Recall 
that when we study the genetic variation of a 
species, we see only the variants that have been 
maintained, whether by selection or genetic 
drift. When multiple variants are present they 
may be stable, or they may in fact be transient 
because they are in the process of being fixed 
(or lost). 

When a single species separates into two 
new species, each of the resulting species 
constitutes an independent evolutionary lin
eage. By comparing orthologous genes in two 
species, we see the differences that have accu
mulated between them since the time when 
their ancestors ceased to interbreed. Some 
genes are highly conserved, showing little or 
no change from species to species. This indicates 
that most changes are deleterious and therefore 
eliminated. 

The difference between two genes is  
expressed as their divergence, the percent
age of positions at which the nucleotides are 
different, corrected for the possibility of con
vergent mutations (the same mutation at the 
same site in two separate lineages) and true 
revertants. There is usually a difference in the 
rate of evolution among the three codon posi
tions within genes, because mutations at the 
third base position often are synonymous, as 
are some at the first position. 
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In addition to the coding sequence, a gene 
contains untranslated regions. Here again, most 
mutations are potentially neutral, apart from 
their effects on either secondary structure or 
(usually rather short) regulatory signals. 

Although synonymous mutations are 
expected to be neutral with regard to the poly
peptide, they could affect gene expression via 
the sequence change in RNA (see the section 
earlier in this chapter titled DNA Sequences Evolve 
by Mutatiol! mzd a Sorting Mechanism) .  Another 
possibility is that a change in synonymous 
codons calls for a different tRNA to respond, 
influencing the efficiency of translation. Spe
cies generally show a codon bias; when there 
are multiple codons for the amino acid, one 
codon is  found in protein-coding genes in 
a high percentage, whereas the remaining 
codons are found in low percentages. There 
is a corresponding percentage difference in 
the tRNA types that recognize these codons. 
Consequently, a change from a common to a 
rare synonymous codon may reduce the rate 
of translation due to a lower concentration of 
appropriate tRNAs. (Alternatively, there may 
be a nonadaptive explanation for codon bias; 
see the section later in this chapter titled There 
May Be Biases i11 Mutation, Gene Col!versiou, al!d 
Codal! Usage.) 

FIGURE 8.7 shows the divergence of three 
types of proteins (representing nonsynony
mous changes in their genes) over time by com
paring species for which there is paleontological 
evidence for the time of divergence. There are 
two striking features of these data. First, the 
three types of proteins evolve at different rates: 
fibrinopeptides evolve quickly, cytochrome c 
evolves slowly, and hemoglobin evolves at an 
intermediate rate. Second, for each protein type, 
the rate of evolution is approximately constant 
over millions of years. In other words, for a 
given type of protein, the divergence between 
any pair of sequences is (more or less) propor
tional to the time since they separated. This 
provides a molecular clock that measures the 
accumulation of substitutions at an approxi
mately constant rate during the evolution of a 
particular protein -coding gene. 

There can also be molecular clocks for 
paralogous proteins diverging within a spe
cies lineage. To take the example of the human 
13- and 8-globin chains (see the Clusters and 
Repeats chapter and the section later in this 
chapter titled Globiu Clusters Arise by Duplica
tiou aud Divergel!ce), there are I 0 differences in 
146 amino acids, a divergence of 6.9%. The 
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FIGURE 8. 7 The rate of evolution of three types of proteins over time. The approximately constant rate of evolution 
of each protein type is a molecular clock. Reproduced with kind permission from Springer Science+ Business 
Media: J. Mol. Evol., The structure of cytochrome and the rates of molecular evolution, vol. 1, 1971, pp. 26-45, 
R. E. Dickerson, fig. 3. Courtesy of Richard Dickerson, University of California, Los Angeles. 

DNA sequence has 3 1  changes in 441 nucleo
tides (7%).  However, the nonsynonymous 
and synonymous changes are distributed very 
differently. There are 1 1  changes in the 330 
nonsynonymous sites (3 .3%),  but 20 changes 
in only 1 1 1  synonymous sites ( 1 8%) .  This 
gives corrected rates of divergence of 3.7% 
in the nonsynonymous sites and 32% in the 
synonymous sites, an order of magnitude in 
difference. 

The striking difference in the divergence 
of nonsynonymous and synonymous sites 
demonstrates the existence of much greater 
constraints on nucleotide changes that alter 
polypeptide sequences compared to those that 
do not. Many fewer amino acid changes are 
neutral. 

Suppose we take the rate of synonymous 
substitutions to indicate the underlying rate of 
mutational fixation (assuming there is no selec
tion at all at the synonymous sites). Then over 
the period since the 13 and 8 genes diverged, 
there should have been changes at 32% of the 
330 nonsynonymous sites, for a total of 105. 

All but 1 1  ofthem have been eliminated, which 
means that -90% of the mutations were not 
retained. 

The rate of divergence can be measured 
as the percent difference per million years 
or as its reciprocal, the unit evolutionary 
period (UEP)-the time in millions of years 
that it takes for 1 %  divergence to accumulate. 
Once the rate of the molecular clock has been 
established by pairwise comparisons between 
species (remembering the practical difficul
ties in establishing the actual time since the 
existence of the common ancestor), it can be 
applied to paralogous genes within a species. 
From their divergence, we can calculate how 
much time has passed since the duplication 
that generated them. 

By comparing the sequences of orthologous 
genes in different species, the rate of divergence 
at both nonsynonymous and synonymous sites 
can be determined, as plotted in FIGURE 8.8. 

In pairwise comparisons, there is an aver
age divergence of 10% in the nonsynony
mous sites of either the a- or 13-globin genes 
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FIGURE 8.8 Divergence of DNA sequences depends on 
evolutionary separation. Each point on the graph repre
sents a pairwise comparison. 

of mammal lineages that have been separated 
since the mammalian radiation occurred 
-85 million years ago. This corresponds to a 
nonsynonymous divergence rate of 0.12% per 
million years. 

The rate is approximately constant when 
the comparison is extended to genes that 
diverged in the more distant past. For exam
ple, the average nonsynonymous divergence 
between orthologous mammalian and chicken 
globin genes is 23%. Relative to a common 
ancestor at -270 million years ago, this gives 
a rate of 0.09% per mmion years. 

Going farther back, we can compare the 
a- with the 13-globin genes within a species. 
They have been diverging since the origi
nal duplication event -500 million years 
ago (see FIGURE 8.9 ) . They have an average 
nonsynonymous divergence of -50%, which 
gives a rate of 0 . 1% per million years. 

The summary of these data in Figure 8.8 
shows that nonsynonymous divergence in the 
globin genes has an average rate of -0.096% 
per million years (for a UEP of 10.4). Consid
ering the uncertainties in estimating the times 
at which the species diverged, the results lend 
good support to the idea that there is a constant 
molecular clock. 

The data on synonymous site divergence 
are much less clear. In every case, it is evi
dent that the synonymous site divergence 
is much greater than the nonsynonymous 
site divergence, by a factor that varies from 
2 to I 0. However, the range of synonymous 
site divergences in pairwise comparisons is 
too great to establish a molecular clock, so 
we must base temporal comparisons on the 
nonsynonymous sites. 
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FIGURE 8.9 All globin genes have evolved by a series 
of duplications, transpositions, and mutations from a 
single ancestral gene. 

From Figure 8.8, it is clear that the rate of 
evolution at synonymous sites is only approxi
mately constant over time. lf we assume that 
there must be zero divergence at zero years 
of separation, we see that the rate of syn
onymous site divergence is much greater 
for the first - 100 million years of separa
tion. One interpretation is that roughly half 
of the synonymous sites are rapidly (within 
100 million years) saturated by mutations; 
this half behaves as neutral sites. The other 
half accumulates mutations more slowly, at 
a rate appmximately the same as that of the 
nonsynonymous sites; this half represents sites 
that are synonymous with regard to the poly
peptide, but that are under selective constraint 
for some other reason. 

Now we can reverse the calculation of 
divergence rates to estimate the times since 
paralogous genes were duplicated. The differ
ence between the human 13 and 8 genes is 3.7% 
for nonsynonymous sites. At a UEP of 10.4, 
these genes must have diverged 10.4 X 3.7 = 
-40 million years ago-about the time of the 
separation of the major primate lineages: New 
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FIGURE 8.10 Nonsynonymous site divergences between 
pairs of 13-globin genes allow the history of the human 
cluster to be reconstructed. This tree accounts for the 
separation of classes of globin genes. 

World monkeys, Old World monkeys, and great 
apes (including humans). All of these taxo
nomic groups have both � and 8 genes, which 
suggests that the gene divergence began just 
before this point in evolution. 

Proceeding farther back, the divergence 
between the nonsynonymous sites of 'Y and E 

genes is  10%, which corresponds to a duplica
tion event -100 million years ago. The separa
tion between embryonic and fetal globin genes 
therefore may have just preceded or accompa
nied the mammalian radiation. 

An evolutionary tree for the human globin 
genes is presented in FIGURE 8.10. Paralogous 
groups that evolved before the mammalian 
radiation-such as the separation of �/8 from 
"(-should be found in all mammals. Paralo
gous groups that evolved afterward-such 
as the separation of �- and 8-globin genes
should be found in individual lineages of 
mammals. 

In each species, there have been com para
tively recent changes in the structures of the 
clusters. We know this because we see dif
ferences in gene number (one adult �-globin 
gene in humans, two in the mouse) or in type 
(most ohen concerning whether there are sepa
rate embryonic and fetal genes). 

When sufficient data have been collected 
on the sequences of a particular gene or gene 
family, the analysis can be reversed and com
parisons between orthologous genes can be 
used to assess taxonomic relationships. If a 
molecular clock has been established, the time 
to common ancestry between the previously 
analyzed species and a species newly intro
duced to the analysis can be estimated. 

Ill The Rate of Neutral 
Substitution Can 
Be Measured from 
Divergence of Repeated 
Sequences 

Key concept 

• The rate of substitution per year at neutral sites is 
greater in the mouse genome than in the human 
genome, probably because of a higher mutation rate. 

We can make the best estimate of the rate 
of substitution at neutral sites by examining 
sequences that do not encode polypeptide. 
(We use the term neutral here rather than 
sy11o11ymous because there is no coding poten
tial.) An informative comparison can be made 
by comparing the members of a common repet
itive family in the human and mouse genomes. 

The principle of the analysis is summa
rized in FIGURE 8.11. We start with a family of 
related sequences that have evolved by dupli
cation and substitution from an original ances
tral sequence. We assume that the ancestral 
sequence can be deduced by taking the base 
that is most common at each position. Then we 
can calculate the divergence of each individual 
family member as the proportion of bases that 
differ from the deduced ancestral sequence. In 
this example, individual members vary from 
0.13 to 0.18 divergence and the average is 0. 16. 

One family used for this analysis in the 
human and mouse genomes derives from a 

GCCAGCGTAGCTTCCATTACCCGTACGT'l'CAT ATTCGG 
GCTGGCGTAGCCTACGTTAGCGGTACGTGCATATTGGG 
GGTAGCCTACCTTAGGCTACCGGTTCGTGCTTGTTCGG 
GGTAGCCTAGCTTAGGTTATTGGTAGGTGCATGTCCGG 
GCTACCCTAGGTTACGTTATCGGTACGTGTCCGTTCGG 
GCCACCCCAGCTCACGTTACCGG\ACGTGCATGATCGC 
CCTAGCCTCGCTTTCGTTAGCGGTAC\TGCATCTTCCG 
GCTTGCCTAGTTTACGTTACTGGTACGeGCATGTTGGG 
GCCAGGCTAGCTTACG�CACCGGTACGTGGA7GTCCGG 

Calculate consensus sequence 

� 
GC7AGCCTAGCTTACGTTACCGGTACGTGCATGTTCGG 

7/38 = 0.18 
6/38 = 0.16 
6/38 = 0.16 
6/38 = 0.16 
6/38 = 0.16 
7/38 = 0.18 
7/38 = 0.18 
5/38 =0.13 
6/38 = 0.16 

t 
Calculate 
divergence 
from 
consensus 
sequence 

FIGURE 8.11 An ancestral consensus sequence for a family is 
calculated by taking the most common base at each position. 
The divergence of each existing current member of the family 
is calculated as the proportion of bases at which it differs from 
the ancestral sequence. 
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sequence that is thought to have ceased to be 
functional at about the time of the common 
ancestor between humans and rodents (the 
LINEs family; see the Trausposable Elements a11d 
Retroviruses chapter) .  This means that it has 
been diverging under limited selective pres
sure for the same length of time in both spe
cies. Its average divergence in humans is -0.17 
substitutions per site, corresponding to a rate 
of 2.2 X 10-9 substitutions per base per year 
over the 75 million years since the separa
tion. However, in the mouse genome, neutral 
substitutions have occurred at twice this rate, 
corresponding to 0.34 substitutions per site in 
the family, or a rate of 4.5 X w-9 Note, how
ever, that if we calculated the rate per genera
tion instead of per year, it would be greater in 
humans than in the mouse (-2.2 X w-s as 
opposed to - 1 0-9). 

These figures probably underestimate the 
rate of substitution in the mouse; at the time 
of divergence the rates in both lineages would 
have been the same and the difference must 
have evolved since then. The current rate of 
neutral substitution per year in the mouse is 
probably two to three times greater than the 
historical average. At first glance, these rates 
would seem to reflect the balance between the 
occurrence of mutations (which may be higher 
in species with higher metabolic rates, like the 
mouse) and the loss of them due to genetic 
drift, which is largely a function of population 
size, because genetic drift is a type of "sampling 
error" where allele frequencies fluctuate more 
widely in smaller populations. In addition to 
eliminating neutral alleles more quickly, smaller 
population sizes also allow faster fixation and 
loss of neutral alleles. Rodent species tend to 
have short generation times (allowing more 
opportunities for substitutions per year), but 
species with short generation times also tend 
to have larger population sizes, so the effects of 
more substitutions per year but less fixation of 
neutral alleles would cancel each other out. The 
higher substitution rate in mice is probably due 
primarily to a higher mutation rate. 

Comparing the mouse and human 
genomes allows us to assess whether syntenic 
(homologous) regions show signs of conser
vation or have differed at the rate predicted 
from accumulation of neutral substitutions. The 
proportion of sites that show signs of selection 
is -5%. This is much higher than the propor
tion found in exons (-1%).  This observation 
implies that the genome includes many more 
stretches whose sequence is important for 
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functions other than encoding RNA. Known 
regulatory elements are likely to comprise only 
a small part of this proportion. This number 
also suggests that most (i.e., the rest) of the 
genome sequences do not have any function 
that depends on the exact sequence. 

Ill How Did Interrupted 
Genes Evolve? 

Key concepts 

• An interesting evolutionary question is whether 
genes originated with introns or whether they 
were originally uninterrupted. 

• Interrupted genes that correspond either 
to proteins or to independently functioning 
non protein-encoding RNAs probably originated 
in an interrupted form (the "introns early" 
hypothesis). 

• The interruption allowed base order to better 
satisfy the potential for stem-loop extrusion from 
duplex DNA, perhaps to facilitate recombination 
repair of errors. 

• A special class of introns is mobile and can insert 
themselves into genes. 

The structure of many eukaryotic genes sug
gests a concept of the eukaryotic genome as a 
sea of mostly unique DNA sequences in which 
exon "islands" separated by intron "shallows" 
are strung out in individual gene "archipela
goes." What was the original form of genes? • The "'introns early" hypothesis is 

the proposal that introns have always 
been an integral part of the gene. Genes 
originated as interrupted structures, 
and those now without introns have 
lost them in the course of evolution. • The "'introns late" hypothesis is the 
proposal that the ancestral protein-cod
ing sequences were uninterrupted and 
that introns were subsequently inserted 
into them. 

In simple terms, can the difference between 
eukaryotic and prokaryotic gene organizations 
be accounted for by the acquisition of introns 
in the eukaryotes or by the loss of introns in 
the prokaryotes? 

One point in favor of the "introns early" 
model is that the mosaic structure of genes sug
gests an ancient combinatorial approach to the 
construction of genes to encode novel proteins, 
a hypothesis known as exon shuffling. Sup
pose that an early cell had a number of separate 
protein-coding sequences; it is likely to have 
evolved by reshuffling different polypeptide 



units to construct new proteins. Although we 
recognize the advantages of this mechanism for 
gene evolution, that does not necessarily mean 
that it was the primary reason for the initial 
evolution of the mosaic structure. In tron s may 
have greatly assisted, but might not have been 
critical for, the recombination of protein-coding 
gene segments. Thus, a disproof of the com
binatorial hypothesis would neither disprove 
the "introns early" hypothesis nor support the 
"introns late" hypothesis. 

If a protein -coding unit (now known as an 
exon) must be a continuous series of codons, 
every such reshuffling event would require a 
precise recombination of DNA to place sepa
rate protein-coding units in sequence and in 
the same reading frame (a one-tl1ird probability 
in any one random joining event). However, if 
this combination does not produce a functional 
protein, tl1e cell might be damaged because the 
original sequence of protein-coding units might 
have been lost. 

The cell might survive, though, if some of 
the experimental recombination occurs in RNA 
transcripts, leaving the DNA intact. If a trans
location event could place two protein-coding 
units in the same transcription unit, various 
RNA splicing "experiments" to combine the 
two proteins into a single polypeptide chain 
couJd be explored. 1f some combinations are 
not successful, the miginal protein-codingunits 
remain available for further trials. ll1 addition, 
this scenario does not require the two protein
coding units to be recombined precisely into 
a continuous coding sequence. There is evi
dence supporting this scenario: Different genes 
have related exons, as if each gene had been 
assembled by a process of exon shuffling (see 
the chapter titled The Interrupted Gene). 

FIGURE 8.12 illustrates the result of a trans
location of a random sequence that includes an 
exon into a gene. ln some organisms, exons are 
very small compared to introns, so it is likely 
that the exon will insert witl1in an intron and 
be flanked by functional 5' and 3' splice sites. 
Splice sites a�re recognized in sequential pairs, 
so the splicing med1anism should recognize tl1e 
5' splice site of the original intron and the 3' 
splice site ofthe introduced ex on, instead of the 
3' splice site of the original intron. Similarly, the 
5' splice site of the new exon and the 3'  splice 
site of the original intron may be recognized as 
a pair, so the new exon will remain between 
the original two exons in the mature RNA tran
script. As long as the new exon is in the same 
reading frame as the original exons (a one-third 

lntrons are much longer than exons 
5' splice junction 3' splice junction 

I I exo exo 

intron intron 

RNA 
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RNA liiiiiiiiiiiiiiii 
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FIGURE 8.12 An exon surrounded by flanking sequences that is translocated 
into an intron may be spliced into the RNA product. 

probability at each end), a new, longer poly
peptide will be produced. Ex on shuffling events 
could have been responsible for generating new 
combinations of exons during evolution. (Note 
that the mechanism of this process is mimicked 
by the technique of exon trapping that is used 
to screen for functional exons [see the chapter 
titled The Co11twtojthe Gel!ome]) .  

Given that it is difficult to envision ( l )  the 
assembly oflong chains of amino acids by some 
template-independent process and (2) that such 
assembled chains would be able to self-repli 
cate, it is widely believed that the most success
ful early self-replicating molecules were nucleic 
adds-probably RNA. Indeed, RNA molecules 
can act both as coding templates and as catalysts 
(i.e., ribozymes; see the chapter titled Catalytic 
RNA). It was probably by virtue of their catalytic 
activities that prototypic molecules in the early 
"RNA world" were able to self-replicate; the 
templating property would have emerged later. 

Many functions mediated by nucleic acid 
could have competed for genome space in 
the RNA world. As suggested elsewhere in 
this text (see the chapter titled The lllterrupted 
Gene), these functions can be seen as exert
ing pressures: AG pressure (the pressure for 
purine-enrichment in exons); GC pressure 
(the genome-wide pressure for a distinctive bal
ance between the proportions of the two sets 
of Watson-Crick pairing bases); single-strand 
parity pressure (the genome-wide pressure for 
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parity between A and T, and between G and C, 
in single-stranded nucleic acids); and, probably 
related to the latter, fold pressure (the genome
wide pressure for single-stranded nucleic acid, 
whether in free form or extruded from duplex 
forms, to adopt secondary and higher order 
stem-loop structures). For present purposes, 
the functions served by these pressures need 
not concern us. The fact that the pressures are 
so widely spread among organisms suggests 
important roles in the economy of life (survival 
and reproduction), rather than mere neutrality. 

To these pressures competing for genome 
space would have been added pressures for 
increased catalytic activities, ribozyme pressure 
being supplemented or superseded by protein 
pressure (the pressure to encode a sequence of 
amino acids with potential enzymatic activity) 
once a translation system had evolved. Muta
tion that happened to generate protein-coding 
potential would have been favored, but would 
also be competing against pre-existing nucleic 
acid level pressures. In other words, exons may 
have been latecomers to an evolving molecular 
system. Given the redundancy of the genetic 
code, especially at the third base positions of 
codons, accommodations could have been 
explored in the course of evolution so that a 
protein-encoding region would, to a degree, 
have been subject to selection by nucleic acid 
pressures withi11 itself Thus, coding sequences 
could be selected for both their protein-coding 
potential and their effects on DNA structure. 

Constellations of exons that were slowly 
evolving under negative selection (see the 
chapter titled The luterrupted Gene) would have 
been able to adapt to accommodate nucleic acid 
pressures. Exon sequences that could accom
modate both protein and nucleic acid pres
stues would have been conserved. However, 
those evolving more rapidly under positive 
selection (see the chapter titled The luterrupted 
Gene) would not have been able to afford this 
luxury. Thus, some nucleic acid level pressures 
(e.g., fold pressure) would have been diverted 
to neighboring introns, resulting in the conser
vation of the latter. 

Some RNA transcripts perform functions 
by virtue of their secondary and higher order 
structures, not by acting as templates for 
translation. These RNAs, which often interact 
with proteins, include Xist that is involved in 
X-chromosome inactivation (see the Epige11etic 
Effects Are !tzherited chapter) and the tRNAs and 
rRNAs that facilitate the translation of mRNAs. 
Generally, these single-stranded RNAs have 
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the same sequence of bases as one strand (the 
RNA-synonymous strand) of the correspond
ing DNA. 

It is important to note that because these 
RNAs have structures that serve their distinc
tive functions (often cytoplasmic), it does not 
follow that the same structures will serve the 
(nuclear) functions of the corresponding DNAs 
equally well. Thus, we should not be surprised 
that, even though there is no ultimate pro
tein product, RNA genes are interrupted and 
the transcripts are spliced to generate mature 
RNA products. Similarly, there are sometimes 
introns in the 5' and 3'  untranslated regions of 
pre-mRNAs that must be spliced out. 

Therefore, information for the overtly 
functional parts of genes can be seen as having 
had to intrude into genomes that were already 
adapted to numerous pre-existing pressures 
operating at the nucleic acid level. A recon
figuration of pressures usually could not have 
occurred if the genic function-encoding parts 
existed as contiguous sequences. The outcome 
was that DNA segments corresponding to the 
genicfunction-encoding parts were often inter
rupted by other DNA segments catering to the 
basic needs of the genome. A further fortuitous 
outcome would have been a facilitation of the 
intermixing offunctional parts to allow the evo
lutionary testing of new combinations. 

Apart from these pressures on genome 
space, there are selection pressures acting at 
the organismal level. For example, birds tend to 
have shorter introns than mammals, which has 
led to the controversial hypothesis that there 
has been selection pressure for compaction of 
the genome because of the metabolic demands 
of flight. For many microorganisms (such as 
bacteria and yeast), evolutionary success can 
be equated with the ability to rapidly replicate 
DNA. Smaller genomes can be more rapidly 
replicated than larger ones, so it may be the 
pressure for compaction of genomes that led 
to uninterrupted genes in most microorgan
isms. Long protein-encoding sequences had to 
accommodate numerous genomic pressures in 
addition to protein pressure. 

There is evidence that introns have been 
lost from some members of gene families. See 
the chapter ti tied The I11terrupted Gene for exam
pies from the insulin and actin gene families. In 
the case of the actin gene family, it is sometimes 
not clear whether the presence of an intron in 
a member of the family indicates the ancestral 
state or an insertion event. Overall, current 
evidence suggests that genes originally had 



sequences now called introns but can evolve 
with both the loss and gain of introns. 

Organelle genomes show the evolution
ary connections between prokaryotes and 
eukaryotes. There are many general simi
larities between mitochondria or chloroplasts 
and certain bacteria because those organelles 
originated by endosymbiosis, in which a bac
terial cell dwelled within the cytoplasm of a 
eukaryotic prototype. Although there are simi
larities to bacterial genetic processes-such as 
protein and RNA synthesis-some organelle 
genes possess introns and therefore resemble 
eukaryotic nuclear genes. lntrons are found in 
several chloroplast genes, including some that 
are homologous to E. coli genes. This suggests 
that the endosymbiotic event occurred before 
introns were lost from the prokaryotic lineage. 

Mitochondrial genome comparisons are 
particularly striking. The genes of yeast and 
mammalian mitochondria encode virtually 
identical proteins in spite of a considerable 
difference in gene organization. Vertebrate 
mitochondrial genomes are very small and 
extremely compact, whereas yeast mitochon
drial genomes are larger and have some com
plex interrupted genes. Which is the ancestral 
form? Yeast mitochondrial introns (and certain 
other in trons) can be mobile-they are i nde
pendent sequences that can splice out of the 
RNA and insert DNA copies elsewhere-which 
suggests that they may have arisen by insertions 
into the genome (see the Catalytic RNA chapter). 
While most evidence supports Nintrons early," 
there is reason to believe that, in addition to 
the introduction of mobile elements, ongo
ing accommodations to various extrinsic and 
intrinsic (genomic) pressures might result, from 
time to time, in the emergence of new introns 
("introns late" ) .  

As for the role ofintrons, it is easy to dismiss 
intronic characteristics such as an enhanced 
potential to  extrude stem-loop structures as an 
adaptation to assist accurate splicing. An anal
ogy has been drawn between the transmission 
of genic messages and the transmission of elec
tTonic messages, in which a message sequence is 
normally interrupted by error-correcting codes. 
While there is  no evidence that similar types 
of code operate in genomes, it is possible that 
fold pressure arose to aid in the detection and 
correction of sequence errors by recombina
tion repair. So important would be the latter 
that in many circumstances fold pressure might 
trump protein pressure (see the Repair Systems 
chapter). 

Ill Why Are Some Genomes 
So Large? 

Key concepts 

• There is no clear correlation between genome size 
and genetic complexity. 

• There is an increase in the minimum genome size 
associated with organisms of increasing complexity. 

• There are wide variations in the genome sizes of 
organisms within many taxonomic groups. 

The total amount of DNA in the (haploid) 
genome is a characteristic of each Living species 
known as its C-value. There is enormous varia
tion in the range of C-values, from <I 06 base 
pairs (bp) for a mycoplasma to > I  011 bp for 
some plants and amphibians. 

FIGURE 8.13 summarizes the range of 
C-values found in different taxonomic groups. 
There is an increase in the minimum genome size 
found in each group as the complexity increases. 
Although C-values are greater in the multicellu
lar eukaryotes, we do see some wide variations 
in the genome sizes within some groups. 

Plotting the minimum amount of DNA 
required for a member of each group sug
gests in FIGURE 8.14 that an increase in genome 
size is required for increased complexity in 
prokaryotes, fungi, and invertebrate animals. 

Mycoplasma are the smallest prokaryotes 
and have genomes only -3X the size of a large 
bacteriophage and smaller than those of some 
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FIGURE 8.14 The minimum genome size found in each 
taxonomic group increases from prokaryotes to mammals. 

megaviruses. More typical bacterial genome 
sizes start at -2 X 106 bp. Unicellular eukary
otes (whose lifestyles may resemble those of 
prokaryotes) also get by with genomes that 
are small, although their genomes are larger 
than those of most bacteria. However, being 
eukaryotic does not imply a vast increase in 
genome size per se; a yeast may have a genome 
size of -1.3 X 107 bp, which is only about twice 
the size of an average bacterial genome. 

A further twofold increase in genome size is 
adequate to support the slime mold Dictyostelium 
discoideum, which is able to live in either unicel
lular or multicellular modes. Another increase 
in complexity is necessary to produce the first 
fully multicellular organisms; the nematode 
worm Caetzorhabditis elega11s has a DNA content 
of 8 X 107 bp. 

We also can see the steady increase in 
genome size with complexity in the listing in 
FIGURE 8.15 of some of the most commonly 

Phylum Species Genome (bp) 

Algae Pyrenomas salina 6.6 X 105 
Mycoplasma M. pneumoniae 1 . 0 x 106 
Bacterium E. coli 4.2 X 106 
Yeast S. cerevisiae 1 . 3 x 107 
Slime mold D. discoideum 5.4 X 107 
Nematode C. e/egans 8.0 X 107 
Insect D. melanogaster 1 .8  X 108 
Bird G. domesticus 1.2 X 109 
Amphibian X. laevis 3.1 X 109 
Mammal H. sapiens 3.3 X 1 09 

FIGURE 8.15 The genome sizes of some commonly 
studied organisms. 
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studied organisms. It is necessary for insects, 
birds, amphibians, and mammals to have larger 
genomes than those of unicellular eukaryotes. 
However, after this point there is no clear rela
tionship between genome size and morphologi
cal complexity of the organism. 

We know that eukaryotic genes are much 
larger than the sequences needed to encode 
polypeptides because exons may comprise 
only a small part of the total length of a gene. 
This explains why there is much more DNA 
than is needed to provide reading frames for 
all the proteins of the organism. Large parts of 
an interrupted gene may not encode amino 
acids. In addition, in  multicellular organ
isms there may be significant lengths of DNA 
between genes, some of which function in gene 
regulation. So it may not be possible to deduce 
anything about the number of genes or the 
complexity of the organism from the overall 
size of the genome. 

The C-value paradox refers to the lack of 
correlation between genome size and genetic 
and morphological complexity (e.g., the num
ber of different cell types). There are some 
extremely curious observations about relative 
genome size, such as that the toad Xwopus and 
humans have genomes of essentially the same 
size. In some taxonomic groups there are large 
variations in DNA content between organisms 
that do not vary much in complexity, as seen 
in Figure 8.13. (This is especially marked in 
insects, amphibians, and plants, but does not 
occur in birds, reptiles, and mammals, which 
all show little variation within the group-an 
-2X range of genome sizes.) A cricket has a 
genome 11 X the size of that of a fruit fly. In 
amphibians, the smallest genomes are < 109 
bp, whereas the largest are -1011 bp. There is 
unlikely to be a large difference in the number 
of genes needed for the development of these 
amphibians. Some fish species have about the 
same number of genes as mammals have, but 
other fish genomes (such as that of the puff
erfish fugu) are more compact, with smaller 
introns and shorter intergenic spaces. Still oth
ers are tetraploid. The extent to which this vari
ation is selectively neutral or subject to natural 
selection is not yet fully understood. 

In mammals, additional complexity is also a 
consequence of the alternative splicing of genes 
that allows two or more protein variants to be 
produced from the same gene (see the chapter 
titled RNA Splici11g a11d Processi11g). With such 
mechanisms, increased complexity need not be 
accompanied by an increased number of genes. 



..... .... Morphological Complexity 
Evolves by Adding New 
Gene Functions 

Key concepts 

• In general. comparisons of eukaryotes to 
prokaryotes, multicellular to unicellular 
eukaryotes, and vertebrate to invertebrate animals 
show a positive correlation between gene number 
and morphological complexity as add itional genes 
are needed with generally increased complexity. 

• Most of the genes that are unique to vertebrates 
are concerned with the immune or nervous 
systems. 

Comparison of the human genome sequence 
with sequences found in other species is reveal
ing about the process of evolution. FIGURE 8.16 
shows an analysis of human genes according to 
the breadth of their distribution among all cel
lular organisms. Starting with the most gener
ally distributed (top right corner of the figure), 
-21% of genes are common to eukaryotes and 
prokaryotes. These tend to encode proteins that 
are essential for all living forms-typically basic 
metabolism, replication, transcription, and 
translation. Moving clockwise, another -32% 

of genes are found in eukaryotes in general
for example, they may be found in yeast. These 
tend to encode proteins involved in functions 
that are general to eukaryotic cells but not to 
bacteria-for example, they may be concerned 
with the activities of organelles or cytoskeletal 
components. Another -24% of genes are gen
erally found in animals. These include genes 
necessary for multicellularity and for develop
ment of different tissue types. Approximately 
22% of genes are unique to vertebrate animals. 
These mostly encode proteins of the immune 
and nervous systems; they encode very few 
enzymes, consistent with the idea that enzymes 
have ancient origins, and that metabolic path
ways originated early in evolution. Therefore, 
we see that the evolution of more complex 
morphology and specialization requires the 
addition of groups of genes representing the 
necessary new functions. 

One way to define essential proteins is to 
identify the proteins present in all proteomes. 
Comparing the human proteome in more detail 
with the proteomes of other organisms, 46% of 
the yeast proteome, 43% of the worm proteome, 
and 6 1 % of the fruit fly proteome are repre
sented in the human proteome. A key group of 
-1300 proteins is present in all four proteomes. 

Increasing Functions 
complexity necessary for life 

Nervous 
AI 

Vertebrates proUryatH 
system only &.ukarydu 

ompartments 

Immune 22% 21"" 
system I Vertebrates Eukaryotes 

& animals Multicellularity only 
only 32% 
24% 

FI.GURE 8. �6 H uman genes can be classified according to how 
w1dely the1r homologs are distributed in othe r species. 

The common proteins are basic "housekeeping" 
proteins required for essential functions, falling 
int.o the types summarized in FIGURE 8.17 . The 
main functions are transcription and translation 
(35%), metabolism (22%), transport ( 12%), 

DNA replication and modification (I 0% ), pro
tein folding and degradation (8% ), and cellular 
processes (6%), with the remaining 7% dedi
cated to various other functions. 

One of the striking features of the human 
proteome is that it has many unique proteins 
compared with those of other eukaryotes but 
has relatively few unique protein domains (por
tions of proteins having a specific function). 
Most protein domains appear to be common to 
the animal kingdom. However, there are many 
unique protein architectures, defined as unique 
combinations of domains. FIGURE 8.18 shows 
that the greatest proporTion of unique proteins 
consists of transmembrane and extracellular 
proteins. In yeast, the majority of architec
tures are associated with intracellular proteins. 
About twice as many intracellular architectures 
are found in fruit flies (or nematode worms), 
but there is a strikingly higher proportion of 
transmembrane and extracellular proteins, as 

• Transcription/ 
translation (35%) 

• Metabolism (22%) 
0 Transport (12%) 
0 DNA replication and 

modification (1 0%) 
• Protein folding and 

degradation (8%) 
• Cellular 

processes (6%) 
• Other (7%) 

FIGURE 8.17 Common eukaryotic proteins are concerned 
with essential cellular functions. 
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FIGURE 8.18 Increasing complexity in eukaryotes is 
accompanied by accumulation of new proteins for trans
membrane and extracellular functions. 

might be expected from the additional func
tions required for the interactions between the 
cells of a multicellular organism. The additions 
in intracellular architectures required in a ver
tebrate (typified by the human genome) are 
relatively small, but there is, again, a higher 
proportion of transmembrane and extracellular 
architectures. 

It has long been known that the genetic 
difference between humans and chimpanzees 
(our nearest relative) is very small, with -99% 
identity between genomes. The sequence of the 
chimpanzee genome now allows us to investi
gate the 1 %  of differences in more detail to see 
whether features responsible for "humanity" 
can be identified. (Genome sequences for the 
nonhuman primates orangutan and gorilla, as 
well as the Paleolithic human species of Nean
derthals and Denisovans, are also now available 
for comparison.) The comparison shows 35 X 
106 nucleotide substitutions ( 1 .2% sequence 
difference overall), 5 X 106 deletions or inser
tions (making - 1 .5 %  of the euchromatic 
sequence specific to each species), and many 
chromosomal rearrangements. Homologous 
proteins are usually very similar: 29% are 
identical, and in most cases there are only one 
or two amino acid differences between the 
species in the protein. In fact, nucleotide sub
stitutions occur less often in genes encoding 
polypeptides than are likely to be involved in 
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specifically human traits, suggesting that pro
tein evolution is not a major factor in human
chimpanzee differences. This leaves larger scale 
changes in gene structure and/or changes in 
gene regulation as the major candidates. Some 
25% of nucleotide substitutions occur in CpG 
dinucleotides (among which are many poten
tial regulator sites). 

Ill Gene Duplicati on 
Contributes to Genome 
Evoluti on 

Key concept 

• Duplicated genes may diverge to generate 
different genes, or one copy may become an 
inactive pseudogene. 

Exons act as modules for building genes that 
are tried out in the course of evolution in vari
ous combinations (see the chapter titled The 
illterrupted Gwe). At one extreme, an individual 
ex on from one gene may be copied and used in 
another gene. At the other extreme, an entire 
gene, including both exons and introns, may 
be duplicated. In such a case, mutations can 
accumulate in one copy without elimination 
by natural selection as long as the other copy is 
under selection to remain functional. The selec
tively neutral copy may then evolve to a new 
function, become expressed at a different time 
or in a different cell type from the first copy, or 
become a nonfunctional pseudogene. 

FIGURE 8.19 summarizes the present view of 
the rates at which these processes occur. There is 
a - 1 %  probability that a particular gene will be 
included in a duplication in a period of 1 million 
years. After the gene has duplicated, differences 
evolve as the result ofthe occurrence of different 
mutations in each copy. These accumulate at a 
rate of -0.1% per million years (see the section 
earlier in this chapter titled A Constant Rate of 
Sequence Divergence Is a Molecular Clock) .  

Unless the gene encodes a product that is 
required in high concentration in the cell, the 
organism is not likely to need to retain two 
identical copies of the gene. As differences 
evolve between the duplicated genes, one of 
two types of event is likely to occur: • Both of the gene copies remain neces

sary. This can happen either because 
the differences between them gener
ate proteins with different functions, or 
because they are expressed specifically at 
different times or in different cell types. 



Duplication occurs at 1 %/gene/million years 

Divergence accumulates at 0.1 %/million years 

Silencing of one copy takes -4 million years 

Active 

FIGURE 8.19 After a globin gene has been duplicated, 
differences may accumulate between the copies. The 
genes may acquire different functions or one of the copies 
may become nonfunctional. 

• If this does not happen, one of the 
genes is likely to become a pseudo
gene because it will by chance gain a 
deleterious mutation and there will be 
no purifying selection to eliminate this 
copy, so by genetic drift the mutant 
version may increase in frequency and 
fix in the species. Typically this takes 
-4 million years for globin genes; in 
general, the time to fixation of a neutral 
mutant depends on the generation time 
and the effective population size, with 
genetic drift being a stronger force in 
smaller populations. In such a situation, 
it is purely a matter of chance which of 
the two copies becomes nonfunctional. 
(This can contribute to incompatibil
ity between different individuals, and 
ultimately to speciation, if different cop
ies become nonfunctional in different 
populations.) 

Analysis of the human genome sequence 
shows that -5% of the genome comprises 
duplications of identifiable segments ranging 
in length from 10 to 300 kb. These duplications 
have arisen relatively recently; that is, there has 
not been sufficient time for divergence between 
them for their homology to become obscured. 
They include a proportion a I share ( -6%) of the 
expressed exons, which shows that the duplica
tions are occurring more or less without regard 
to genetic content. The genes in these duplica
tions may be especially interesting because of 
the implication that they have evolved recently 
and therefore could be important for recent 

evolutionary developments (such as the sepa
ration of the human lineage from that of other 
primates). 

Ill Globin Clusters Arise 
by D uplication and 
Divergence 

Key concepts 

• All globin genes are descended by duplication and 
mutation from an ancestral gene that had three 
exons. 

• The ancestral gene gave rise to myoglobin, 
leg hemoglobin, and a and 13 globi ns. 

• The a- and 13-globin genes separated in the 
period of early vertebrate evolution, after which 
duplications generated the individual clusters of 
separate a- and 13-like genes. 

• Once a gene has been inactivated by mutation, 
it may accumulate further mutations and become 
a pseudogene ($).which is homologous to the 
functional gene(s) but has no functional role. 

The most common type of gene duplication 
generates a second copy of the gene close to 
the first copy. In some cases, the copies remain 
associated and further duplication may gener
ate a cluster of related genes. The best char
acterized example of a gene cluster is that of 
the globin genes, which constitute an ancient 
gene family fulfilling a function that is central 
to animals: the transport of oxygen. 

The major constituent of the vertebrate red 
blood cell is the globin tetramer, which is associ 
ated with its heme (iron-binding) group in the 
form of hemoglobin.  Functional globin genes 
in all species have the same general structure: 
They are divided into three exons. We conclude 
that all globin genes have evolved from a single 
ancestral gene, and by tracing the history of 
individual globin genes within and between 
species we may learn about the mechanisms 
involved in the evolution of gene families. 

In red blood cells of adult mammals, 
the globin tetramer consists of two identical 
et chains and two identical l3 chains. Embryonic 
red blood cells contain hemoglobin tetramers 
that are different from the adult Iorm. Each 
tetramer contains two identical a-like chains 
and two identical l3-like chains, each of which 
is related to the adult polypeptide and is later 
replaced by it in the adult form of the protein. 
This is an example of developmental control, in 
which different genes are successively switched 
on and off to provide alternative products that 
fulfill the same function at different times. 
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The division of globin chains into a-like and 
13-like reflects the organization of the genes. 
Each type of globin is encoded by genes orga
nized into a single cluster. The structures of the 
two clusters in the primate genome are illus
trated in FIGURE 8.20. Pseudogenes are indicated 
by the symbol ljl. 

Stretching over 50 kb, the 13 cluster con
tains five functional genes (E, two"(, 8, and 13) 
and one nonfunctional pseudogene (ljll3). The 
two 'Y genes differ in their coding sequence in 
only one amino acid: The G variant has gly
cine at position 136, whereas the A variant has 
alanine. 

The more compact a cluster extends over 
28 kb and includes one functional �gene, one 
nonfunctional� pseudogene, two a genes, two 
nonfunctional a pseudogenes, and the e gene 
of unknown function. The two a genes encode 
the same protein.  Two (or more) identical genes 
present on the same chromosome are described 
as nonallelic genes. 

The details of the relationship between 
embryonic and adult hemoglobins vary with 
the species. The human pathway has three 
stages: embryonic, fetal, and adult. The distinc
tion between embryonic and adult is common 
to mammals, but the number of preadult stages 
varies. In humans, �and a are the two a-like 
chains. The 13-like chains are E, "(, 8, and 13 .  
FIGURE 8.21 shows how the chains are expressed 
at different stages of development. There is also 
tissue-specific expression associated with the 
developmental expression: Embryonic hemo
globin genes are expressed in the yolk sac, fetal 
genes are expressed in the liver, and adult genes 
are expressed in bone marrow. 

In the human pathway,� is the first a-like 
chain to be expressed, but it is soon replaced by 
a. In the 13-pathway, E and 'Yare expressed first, 
with 8 and 13 replacing them later. In adults, the 
a2132 form provides 97% of the hemoglobin, 

10 20 

� �cluster 

30 40 50 kb 

�Functional gene 
0

Pseudogene 
FIGURE 8.20 Each of the a-like and 13-like globin gene 
families is organized into a single cluster, which includes 
functional genes and pseudogenes (ljl)-
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FIGURE 8.21 Different hemoglobin genes are expressed 
during embryonic, fetal, and adult periods of human 
development_ 

a282 provides -2%, and - 1 %  is provided by 
persistence of the fetal form a2"(2. 

What is the significance of the differences 
between embryonic and adult globins? The 
embryonic and fetal forms have a higher affin
ity for oxygen, which is necessary in order to 
obtain oxygen from the mother's blood. This 
helps to explain why there is no direct equiva
lent (although there is temporal expression 
of globins) in, for example, the chicken, for 
which the embryonic stages occur outside the 
mother's body (i.e., within the egg). 

Functional genes are defined by their 
transcription to RNA and ultimately (for 
protein-coding genes) by the polypeptides they 
encode. Pseudogenes are defined as such by 
their inability to produce functional polypep
tides. The reasons for their inactivity vary: The 
deficiencies may be in transcription, translation, 
or both. A similar general organization is found 
in all vertebrate globin gene clusters, but details 
of the types, numbers, and order of genes all 
vary, as illustrated in FIGURE 8.22. Each clus
ter contains both embryonic and adult genes. 
The total lengths of the clusters vary widely. 
The longest known cluster is found in the goat 
genome, where a basic cluster of four genes 
has been duplicated twice . The distribution of 
functional genes and pseudogenes differs in 
each case, illustrating the random nature of 
the evolution of one copy of a duplicated gene 
to a pseudogene. 

The characterization of these gene clus
ters makes an important general point. There 
may be more members of a gene family, both 
functional and nonfunctional, than we would 



suspect on the basis of protein analysis. The 
extra functional genes may represent duplicates 
that encode identical polypeptides, or they may 
be related to-but different from-known pro
teins (and presumably expressed only briefly or 
in low amounts). 

With regard to the question of how much 
DNA is needed to encode a particular function, 
we see that encoding the �-like globins requires 
a range of 20 to 120 kb in different mammals. 
This is much greater than we would expect just 
from scrutinizing the known �-globin proteins 
or even from considering the individual genes. 
However, clusters of this type are not common; 
most genes are found as individual loci .  

From the organization of globin genes in 
a variety of species, we should be able to trace 
the evolution of present globin gene clusters 
from a single ancestral globin gene. Our present 
view of the evolutionary history was pictured 
in Figure 8.9. 

The leghemoglobin gene of plants, which is 
related to the globin genes, may provide some 
clues about the ancestral form, though of course 
the modern leghemoglobin gene has evolved 
for just as long as the animal globin genes. 
(Leghemoglobin is an oxygen carrier found in 
the nitrogen-fixing root nodules of legumes.) 
The furthest back that we can trace a true globin 
gene is to the sequence of the single chain of 
mammalian myoglobin, which diverged from 
the globin lineage -800 million years ago in the 
ancestors of vertebrates. The myoglobin gene 
has the same organization as globin genes, so 
we may take the three-exon structure to rep
resent that of their common ancestor. 

Some members of the class Chondrichthyes 
(cartilaginous fish) have only a single type of 
globin chain, so they must have diverged from 
the lineage of other vertebrates before the 
ancestral globin gene was duplicated to give 
rise to the a and � variants. This appears to have 
occurred -500 million years ago, during the 
evolution of the Osteichthyes (bony fish). 

The next stage of globin evolution is rep
resented by the state of the globin genes in the 
amphibian Xenopus laevis, which has two globin 
clusters. However, each cluster contains both 
a and � genes, of both larval and adult types. 
Therefore, the cluster must have evolved by 
duplication of a linked a-� pair, followed by 
divergence between the individual copies. 
Later, the entire cluster was duplicated. 

The amphibians separated from the reptil
ian/mammalian/avian line -350 million years 
ago, so the separation of the a - and �-globin 
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FIGURE 8.22 Clusters of 13-globin genes and pseudogenes are found in vertebrates. 
Seven mouse genes include two early embryonic genes, one late embryonic gene, 
two adult genes, and two pseudogenes. Rabbits and chickens each have four genes. 

genes must have resulted from a transposition 
in the reptilian/mammalian/avian forerunner 
after this time. This probably occurred in the 
period of early tetrapod evolution. There are 
separate clusters for a and � globins in both 
birds and mammals; therefore the a and � genes 
must have been physically separated before 
the mammals and birds diverged from their 
common ancestor, an event estimated to have 
occurred -270 million years ago. Evolutionary 
changes have taken place within the separate a 

and � clusters in more recent times, as we saw 
from the description of the divergence of the 
individual genes in the section earlier in this 
chapter titled A Constant Rate of Sequence Diver
gence Is a Molecular Clock. 

Pseudogenes Are 
Nonfunctional Gene 
Copies 

Key concepts 

• Processed pseudogenes result from reverse 
transcription and integration of mRNA 
transcripts. 

• Non processed pseudogenes result from incomplete 
duplication or second-copy mutation of functional 
genes. 

• Some pseudogenes may gain functions different 
from those of their parent genes, such as 
regulation of gene expression, and take on 
different names. 

As discussed earlier in this chapter, pseu
dogenes are copies of functional genes that 
have altered or missing regions such that they 
presumably do not produce functional poly
peptide products (although the RNA products 
may serve regulatory functions). For example, 

8.11 Pseudogenes Are Nonfunctional Gene Copies 183 



as compared to their functional counterparts, 
many pseudogenes have frameshift or non
sense mutations that disable their protein
coding functionality. There are two types of 
pseudogenes characterized by their modes of 
ongm. 

Processed pseudo genes result from the 
reverse transcription of mature mRNA tran
scripts into eDNA copies, followed by their 
integration into the genome. This may occur 
at a time when active reverse transcriptase is 
present in the cell, such as during active retro
viral infection or retroposon activity (see the 
Transposable Elements and Retroviruses chapter) .  
The transcript has undergone processing (see 
the RNA Splicing and Processing chapter), so a 
processed pseudogene usually lacks the regula
tory regions necessary for normal expression. 
While it initially contains the coding sequence 
of a functional polypeptide, it is nonfunctional 
as soon as it is formed. Such pseudogenes also 
lack introns and may contain the remnant of 
the mRNA's poly(A) tail (see the RNA Splicing 
and Processing chapter) as well as the flanking 
direct repeats characteristic of insertion of ret
roelements (see the Transposable Elements and 
Retroviruses chapter). 

The second type, nonprocessed pseu

dogenes, arises from inactivating mutations 
in one copy of a multiple-copy or single-copy 
gene or from incomplete duplication of a 
functional gene. Often, these are formed by 
mechanisms that result in tandem duplica
tions. An example of a 13-globin pseudogene 
is shown in FIGURE 8.23 . If a gene is duplicated 
in its entirety with intact regulatory regions, 
there may be two functional copies for a time, 

Features of active gene Changes in pseudogene 

Promoter mutations IJ Promoter 

Splicing junctions Splicing junctions lost 

Open reading frames --i)l'� Nonsense mutation 

Missense mutations 

FIGURE 8.23 Many changes have occurred i n  a 13-globin gene since it 
became a pseudogene. 
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but inactivating mutations in one copy would 
not necessarily be subject to negative selection. 
Thus, gene families are ripe for the origin of 
nonprocessed pseudogenes, as evidenced by 
the existence of several pseudogenes in the glo
bin gene family (see the section earlier in this 
chapter titled Globin Clusters Arise by Duplication 
and Divergence). Alternatively, an incomplete 
duplication of a functional gene, resulting in a 
copy missing regulatory regions and/ or coding 
sequence, would be "dead on arrival" as an 
instant pseudogene. 

There are approximately 20,000 pseu
dogenes in the human genome. Ribosomal 
protein (RP) pseudogenes comprise a large 
family of pseudogenes, with approximately 
2000 copies. These are processed pseudo
genes; presumably the high copy number 
is a function of the high expression rate of 
the approximately 80 copies of functional 
RP genes. Their insertion into the genome is 
apparently mediated by the L l  retrotranspo
son (see the Transposable Elements and Retrovi
ruses chapter). RP genes are highly conserved 
among species, so it is possible to identify RP 
pseudogene orthologs in species with a long 
history of separate evolution and for which 
whole genome sequences are available. For 
example, as shown in FIGURE 8.24, more than 
two-thirds of human RP pseudogenes are 
found in the chimpanzee genome, whereas 
less than a dozen are shared between humans 
and rodents. This suggests that most RP pseu
dogenes are of more recent origin in both pri
mates and rodents, and that most ancestral 
RP pseudogenes have been lost by deletion or 
mutational decay beyond recognition. 

Interestingly, the rate of evolution of RP 
pseudogenes is slower than that ofthe neutral 
rate (as determined by the rate of substitu
tion in ancient repeats across the genome), 
suggesting negative selection and implying a 
functional role for RP pseudogenes. Although 
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FIGURE 8.24 Most human RP pseudogenes are of recent 
origin; many are shared with the chi mpanzee but absent 
from rodents. Adapted from S. Balasubramanian, et al., 
Genome Bioi. 20 {2009): R2. 



pseudogenes are nonfunctional when initially 
formed, there are clear examples of former 
pseudogenes (originally identified as pseudo
genes because of sequence differences with 
their functional counterparts that would 
presumably render them nonfunctional) 
becoming neofunctionalized (taking on a new 
function) or subfunctiOizalized (taking on a 
subfunction or complementary function of 
the parent gene). Once functional again, they 
would be subject to selection and thus evolve 
more slowly than expected under a neutral 
model. 

How might a pseudogene gain a new 
function? One possibility is that translation, 
but not transcription, of the pseudogene has 
been disabled. The pseudogene encodes an 
RNA transcript that is no longer translatable 
but can affect expression or regulation of the 
still functional "parent" gene. In the mouse, 
the processed pseudogene Makorin l-pl sta
bilizes transcripts of the functional Makorinl 
gene. Several endogenous siRNAs (see the 
Regulatory RNA chapter) are encoded by 
pseudogenes. A second possibility is that a 
processed pseudogene may be inserted in a 
location that provides them with new regula
tory regions, such as transcription factor bind
ing sites, which allow them to be expressed 
in a tissue-specific manner unlike that of the 
parent gene. 

Genome Duplicati on Has 
Played a Role in Plant 
and Vertebrate Evolution 

Key concepts 

• Genome duplication occurs when polyploidization 
increases the chromosome number by a multiple 
of two. 

• Genome duplication events can be obscured by the 
evolution and for loss of duplicates as well as by 
chromosome rearrangements. 

• Genome duplication has been detected in the 
evolutionary history of many flowering plants 
and of vertebrate animals. 

As discussed in an earlier section of this chapter 
(Gene Duplication Contributes to Genome Evolution), 
genomes can evolve by duplication and diver
gence of individual genes or of chromosomal 
segments carrying blocks of genes. However, it 
appears that some of the major metazoan lin
eages have had genome duplications in their 
evolutionary histories. Genome duplication is 

accomplished by polyploidization, as when 
a tetraploid (4n) variety arises from a diploid 
(2tz) ancestral lineage. 

There are two major mechanisms of poly
ploidization. Autopolyploidy occurs when 
a species endogenously gives rise to a poly
ploid variety; this usually involves fertilization 
by unreduced gametes. Allopolyploidy is a 
result of hybridization between two reproduc
tively compatible species such that diploid sets 
of chromosomes from both parental species are 
retained in the hybrid offspring. As with auto
polyploids, the process generally involves the 
accidental production of unreduced gametes. In 
both cases, new tetraploids are usually repro
ductively isolated from the diploid parental spe
cies because backcrossed hybrids are triploid 
and sterile, as some chromosomes are without 
homologs during meiosis. 

Following the successful establishment of 
a polyploidy species, many mutations may be 
essentially neutral. As with gene duplications, 
nonsynonymous substitutions are "covered" 
by the redundant functional copy of the same 
gene. In the case of a genome duplication, the 
deletion of a gene or chromosomal segment 
or the loss of a chromosome pair may have 
little phenotypic effect. In addition to the loss 
of chromosomal segments, chromosomal rear
rangements such as inversions and transloca
tions will shuffle the locations and orders of 
blocks of genes. Over a long period of time, 
such events can obscure ancestral polyploidi
zation. However, there may still be evidence 
of polyploidization in the presence of redun
dant chromosomes or chromosomal segments 
within a genome. 

One successful approach to detecting 
ancient polyploidization is to compare many 
pairs of paralogous (duplicated) genes within 
a species and establish an age distribution 
of gene duplication events. Many events of 
approximately the same age can be taken 
as evidence of polyploidization. As seen in 
FIGURE 8.25, genome duplication events will 
appear as peaks above the general pattern of 
random events of gene duplication and copy 
loss. This approach, along with an analysis of 
chromosomal locations of gene duplications, 
suggests that the evolutionary histories of 
the unicellular yeast Saccharomyces cerevisiae 
and many flowering plants include one or 
more genome duplication events. The genetic 
model of the land plant Arabidopsis thaliana, for 
example, has a history of two, or possibly three, 
polyploidization events. 
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FIGURE 8.25 (A) A constant rate of gene duplication 
and loss shows an exponentially decreasing age distribu
tion of duplicated gene pairs. (B) A genome duplication 
event shows a secondary peak in the age distribution as 
many genes are duplicated at the same time. Adapted 
from G. Blanc and K. H. Wolfe, Plant Cell 16 (2004): 
1667-1678. 

Because polyploidization is more common 
in plants than in animals, it is not surprising 
that most detected examples of genome dupli
cation are in plant species. However, genome 
duplication appears to have played an impor
tant role in vertebrate evolution, specifically 
in ray-finned fishes. As evidence, the zebrafish 
genome contains seven Hox clusters as com
pared to four clusters in tetrapod genomes, 
suggesting that there was a tetraploidization 
event followed by secondary loss of one cluster. 
The analysis of other fish genomes suggests that 
this event occurred before the diversification 
of this taxonomic group. The presence of four 
Hox clusters in tetrapods (and at least four in 
other vertebrates), together with the observa
tion of other shared gene duplications as com
pared to invertebrate animal genomes, itself 
suggests that there may have been two major 
polyploidization events prior to the evolution 
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of vertebrates. In reference to "two rounds of 
polyploidization," this has been termed the 2R 

hypothesis. 

This hypothesis leads to the prediction that 
many vertebrate genes, like the Hox clusters, will 
be found in 4X the copy number as compared to 
their orthologs in invertebrate species. The sub
sequent observation that less than 5% of verte
brate genes show this 4: 1 ratio seems weak sup
port for the hypothesis at best. However, it is to 
be expected that after nearly 500 million years 
of evolution, many of the additional copies of 
genes would have been deleted, evolved sig
nificantly to take on new functions, or become 
pseudogenes and decayed beyond recognition. 
Stronger support, however, comes from analy
ses that take into account the map position of 
duplications that date to the time of the com
mon ancestor of vertebrates. The ancient gene 
duplications that do show the 4:1 pattern tend 
to be found in clusters, even after a half-billion 
years of chromosomal rearrangements. The 
vertebrates evidently began their evolution
ary history as octoploids. The 2R hypothesis is 
tempting as an explanation for the burst of mor
phological complexity that accompanied the 
evolution of vertebrates, although as yet there 
is little evidence of a direct correlation between 
the genomic and morphological changes in this 
taxonomic group. 

What Is the Role of 
Transposable Elements i n  
Genome Evoluti on? 

Key concept 

• Transposable elements tend to increase in copy 
number when introduced to a genome but are kept 
in check by negative selection and transposition 
regulation mechanisms. 

Transposable elements (TEs) are mobile 
genetic elements that can be integrated into 
the genome at multiple sites and (for some ele
ments) also excised from an integration site. 
(See the chapter titled Transposable Elements atzd 
Retroviruses for an extensive discussion of the 
types and mechanisms of TEs.) The insertion 
of a TE at a new site in the genome is called 
transposition. One type ofTE, the retrotrans
poson, transposes via an RNA intermediate; 
a new copy of the element is created by tran
scription, followed by reverse transcription to 
DNA and subsequent integration at a new site. 



Most TEs integrate at sequences that are 
random (at least with respect to their func
tions). As such, they are a major source of the 
problems associated with insertion mutations: 
frameshifts if inserted into coding regions and 
altered gene expression if inserted into regula
tory regions. The number of copies of a particu
lar TE in a species' genome therefore depends 
on several factors: the rate of integration of the 
TE, its rate of excision (if any), selection on 
individuals with phenotypes altered byTE inte
gration, and regulation of transposition. 

TEs effectively act as intracellular parasites 
and, like other parasites, may need to strike 
an evolutionary balance between their own 
proliferation and the detrimental effects on 
the "host" organism. Studies on Drosophila TEs 
confirm that the mutational integration ofTEs 
generally have deleterious, sometimes lethal, 
phenotypic effects. This suggests that nega
tive selection plays an important role in the 
regulation of transposition; individuals with 
high levels of transposition are less likely to 
survive and reproduce. However, one might 
expect that both TEs and their hosts may evolve 
mechanisms to limit transposition, and in fact 
both are observed. In one example ofTE self
regulation, the Drosophila P element encodes 
a transposition repressor protein that is active 
in somatic tissue (see the Trausposable Elemeuts 
aud Retroviruses chapter). In addition, there are 
two major cellular mechanisms for transposi
tion regulation: • In an RNA interference-like mechanism 

(see the Regulatory RNA chapter) involv
ing piRNAs, the RNA intermediates of 
retrotransposons can be selectively 
degraded. • In mammals, plants, and fungi,  a DNA 
methyltransferase methylates cytosines 
within TEs, resulting in transcriptional 
silencing (see the Epigwetic Effeds Are 
Inherited chapter). 

In any case, it is rare forTE proliferation 
to continue unchecked but rather to be lim
ited by negative selection and/or regulation of 
transposition. However, following introduction 
of a TE to a genome, the copy number may 
increase to many thousands or millions before 
some equilibrium is achieved, particularly ifTEs 
are integrated into introns or intergenic DNA 
where phenotypic effects will be absent or mini
mal. As a result, genomes may contain a high 
proportion of moderately or highly repetitive 
sequences (see the chapter ti tied The Content of 
the Geuome). 

Ill There May Be Biases 
in M utation,  Gene 
Conversion, and 
Codon Usage 

Key concepts 
• Mutat ional bias may account for a high AT content 

in organismal genomes. 
• Gene conversion bias, which tends to increase 

GC content. may act in partial opposition to the 
mutational bias. 

• Codon bias may be a result of adaptive mecha
nisms that favor particular sequences, and of gene 
conversion bias. 

As discussed in the section titled DNA Seque11ces 
Evolve by Mutatiou aud a Sorting Mechanism earlier 
in this chapter, the probability of a particular 
mutation is a function of the probability that a 
particular replication error or DNA-damaging 
event will occur and the probability that the 
error will be detected and repaired before the 
next DNA replication. To the extent that there 
is bias in these two events, there is bias in the 
types of mutations that occur (for example, 
a bias for transition mutations over transver
sion mutations despite the greater number of 
possible transversions). 

Observations of the distributions of types 
of mutations over a taxonomically wide range 
of species (including prokaryotes and unicel
lular and multicellular eukaryotes), assessed 
by direct observation of mutational variants 
or by comparing sequence differences in 
pseudogenes, show a consistent pattern of a 
bias toward a high AT genomic content. The 
reasons for this are complex, and different 
mechanisms may be more or less important in 
different taxonomic groups, but there are two 
likely mechanisms. First, the common muta
tional source of spontaneous deamination of 
cytosine to  uracil, or of 5-methylcytosine to  
thymine, promotes the transition mutation of 
C-G to T-A. Uracil in DNA is  more likely to 
be repaired than thymine (see the Gwes Are 
DNA chapter), so methylated cytosines (often 
found in CG doublets) are not only mutation 
hotspots but specifically biased toward produc
ing a T-A pair. Second, oxidation of guanine 
to 8-oxoguanine can result in a C-G to A-T 
transversion because 8-oxoguanine pairs more 
stably with adenine than with cytosine. 

Despite this mutatioual bias, in  analy
ses in which the expected equilibrium base 
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composition is predicted from the observed rates 
of specific types of mutations, the observed AT 
content is generally lower than expected. This 
suggests that some mechanism or mechanisms 
are working to counteract the mutational bias 
toward A-T. One possibility is that this is adap
tive; a highly biased base composition limits the 
mutational possibilities and consequently limits 
evolutionary potential. However, as discussed 
next, there may be a nonadaptive explanation. 

A second possible source of bias in genomic 
base composition is gene col!versiou, which 
occurs when heteroduplex DNA containing 
mismatched base pairs, often resulting from 
the resolution of a Holliday j unction during 
recombination or double-strand break repair, 
is repaired using the mutated strand as a tem
plate (see the Clusters aud Repeats chapter and 
the Homologous and Site-Specific Recombination 
chapter) .  Interestingly, observations of gene 
conversion events in animals and fungi show 
a clear bias toward G-C, though the mechanism 
is unclear. In support of this observation, chro
mosomal regions of high recombinational activ
ity show more mutations to G-C, and regions 
with low recombinational activity tend to be 
A-T rich. The observed rates of gene conversion 
per site tend to be of the same order of magni
tude or higher than mutation rates; thus gene 
conversion bias alone may account for the 
lower than expected AT content being driven 
higher by mutational bias. Gene c01zversion bias 
may also be partly responsible for another uni
versally observed bias in genome composition, 
codon bias (see the section earlier in this chapter 
ti tied A Col!stant Rate of Sequmce Divergwce Is a 
Molecular Clock). 

Due to the degeneracy of the genetic code, 
most of the amino acids found in polypeptides 
are represented by more than one codon in a 
genetic message. However, the alternate co dons 
are not generally found in equal frequencies in 
genes; particularly in highly expressed genes, 
one codon of the two, four, or six that call for 
a particular amino acid is often used at a much 
higher frequency than the others. One expla
nation for this bias is that a particular codon 
may be more efficient at recruiting an abundant 
tRNA type, such that the rate or accuracy of 
translation is greater with higher usage of that 
codon. There may be additional adaptive con
sequences of particular ex on sequences: Some 
may contribute to splicing efficiency, form sec
ondary structures that affect mRNA stability, or 
be less subject to frameshift mutations than oth
ers (e.g., mononucleotide repeats that promote 
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slippage) .  However, biased gene conversion 
remains a (nonadaptive) possibility as well. 
Intriguingly, the synonymous site for most 
codons is the 3'  end, and high-usage codons 
in eukaryotes almost always end in G or C, as 
is consistent with the hypothesis that biased 
gene conversion drives codon bias. Clearly, 
the causes of codon bias are complex and 
may involve both adaptive and nonadaptive 
mechanisms. 

Summary 
New variation in a genome is introduced by 
mutation. Although mutation is random with 
respect to function, the types of mutations that 
actually occur are biased by the probabilities 
of various changes to DNA and of types of 
DNA repair. This variation is sorted by random 
genetic drift (if variation is selectively neutral 
and/or populations are small) and negative 
or positive selection (if the variation affects 
phenotype). 

The past influence of selection on a gene 
sequence can be detected by comparing homol
ogous sequences among and within species. 
The Kat Ks ratio compares nonsynonymous 
with synonymous changes; either an excess or 
a deficiency of nonsynonymous mutations may 
indicate positive or negative selection, respec
tively. Comparing the rates of evolution or the 
amount of variation for a locus among different 
species can also be used to assess past selection 
on DNA sequences. Applying these techniques 
to human genome sequences reveals that most 
functional variation is in noncoding (presum
ably regulatory) regions. 

Synonymous substitutions accumulate 
more rapidly than nonsynonymous substitu
tions (which affect the amino acid sequence) .  
The rate of divergence at nonsynonymous sites 
can sometimes be used to establish a molecu
lar clock, which can be calibrated in percent 
divergence per million years. The clock can 
then be used to calculate the time of divergence 
between any two members of the family. 

Certain genes share only some of their 
exons with other genes, suggesting that they 
have been assembled by addition of exons 
representing functional "modular units" of 
the protein. Such modular exons may have 
been incorporated into a variety of different 
proteins. The hypothesis that genes have been 
assembled by accumulation of exons implies 
that introns were present in the genes of proto
eukaryotes. Some of the relationships between 



orthologous genes can be explained by loss of 
introns from the primordial genes, with dif
ferent introns being lost in different lines of 
descent. 

The proportions of repetitive and nonrepet
itive DNA are characteristic for each genome, 
although larger genomes tend to have a smaller 
proportion of unique sequence DNA. The 
amount of nonrepetitive DNA is a better reflec
tion of the complexity of the organism than 
the total genome size; the greatest amount of 
nonrepetitive DNA in genomes is �2 X 109 bp. 

About 5000 genes are common to prokary
otes and eukaryotes (though individual spe
cies may not carry all of these genes) and most 
are likely to be involved in basic functions. A 
further 8000 genes are found in multicellu
lar organisms. Another 5000 genes are found 
in animals, and an additional 5000 (largely 
involved with the immune and nervous sys
tems) are found in vertebrates. 

An evolving set of genes may remain 
together in a cluster or may be dispersed to 
new locations by chromosomal rearrange
ment. The organization of existing clusters 
can sometimes be used to infer the series of 
events that has occurred. These events act 
with regard to sequence rather than function 
and therefore include pseudogenes as well as 
functional genes. Pseudogenes that arise by 
gene duplication and inactivation are nonpro
cessed, whereas those that arise via an RNA 
intermediate are processed. Pseudogenes may 
become secondarily functional due to gain of 
function mutations or via their untranslatable 
RNA products. 

In some taxonomic groups, genome dupli
cation (or polyploidization) can provide raw 
material for subsequent genome evolution. 
This process has shaped many flowering plant 
genomes and appears to have been a factor in 
early vertebrate evolution. 

Copies of transposable elements can propa
gate within genomes and sometimes result in 
a large proportion of repetitive sequences in 
genomes. The number of copies of an element 
is kept in check by selection, self-regulation, 
and host regulatory mechanisms. 

There are several sources of bias affect
ing the base composition of a genome. Muta
tional bias tends to result in higher AT content, 
whereas gene conversion bias acts to lower it 
somewhat. The universally observed codon 
biases of protein -coding sequences in genomes 
may be influenced by selection as well as gene 
conversion bias. 
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Chro mosomes 
CHAPTER OUTLINE J 

UM Introduction 

•• Viral Genomes Are Packaged into Their Coats 
• The length of DNA that can be incorporated into a 

virus is limited by the structure of the headshell. 
• Nucleic acid within the headshell is extremely 

condensed. 
• Filamentous RNA viruses condense the RNA genome as 

they assemble the headshell around it. 
• Spherical DNA viruses insert the DNA into a preas

sembled protein shell. 

UW The Bacterial Genome Is a Nucleoid 

192 

• The bacterial nucleoid is -80% DNA by mass and can 
be unfolded by agents that act on RNA or protein. 

• The proteins that are responsible for condensing the 
DNA have not been identified. 

The Bacterial Genome Is Supercoiled 

• The nucleoid has -400 independent negatively super
coiled domains. 

• The average density of supercoiling is -1 turn/100 bp. 

Eukaryotic DNA Has Loops and Domains Attached to 
a Scaffold 
• DNA of interphase chromatin is negatively supercoiled 

into independent domains of -85 kb. 

Edited by Hank W. Bass 

• Metaphase chromosomes have a protein scaffold to 
which the loops of supercoiled DNA are attached. 

C!U Specific Sequences Attach DNA to an 

Interphase Matrix 
• DNA is attached to the nuclear matrix or scaffold at 

specific sequences called MARs or SARs. 
• The MARs are A-T rich but do not have any specific 

consensus sequence. 

Chromatin Is Divided into Euchromatin and 
Heterochromatin 
• Individual chromosomes can be seen only during 

mitosis. 
• During interphase, the general mass of chromatin is in 

the form of euchromatin, which is slightly less tightly 
packed than mitotic chromosomes. 

• Regions of heterochromatin remain densely packed 
throughout interphase. 

U:W Chromosomes Have Banding Patterns 

• Certain staining techniques cause the chromosomes to 
have the appearance of a series of striations, which are 
called G-bands. 

• The bands are lower in G-C content than the 
interbands. 

• Genes are concentrated in the G-C-rich interbands. 
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Lampbrush Chromosomes Are Extended 
• Sites of gene expression on lampbrush chromosomes 

show loops that are extended from the chromosomal axis. 

Ul•l Polytene Chromosomes Form Bands 
• Polytene chromosomes of dipterans have a series of 

bands that can be used as a cytological map. 

Ull Polytene Chromosomes Expand at Sites of Gene 
Expression 
• Bands that are sites of gene expression on polytene 

chromosomes expand to give "puffs." 

Ut.l The Eukaryotic Chromosome Is a Segregation Device 
• A eukaryotic chromosome is held on the mitotic spin

dle by the attachment of microtubules to the kineto
chore that forms in its centromeric region. 

MD Regional Centromeres Contain a Centromeric 
Histone H3 Variant and Repetitive DNA 
• Centromeres are characterized by a centromere-specific 

histone H3 variant and often have heterochromatin 
that is rich in satellite DNA sequences. 

• Centromeres in higher eukaryotic chromosomes contain 
large amounts of repetitive DNA and unique histone 
variants. 

• The function of repetitive DNA is not known. 

B!l Point Centromeres in 5. cerevisiae Contain Short, 
Essential DNA Sequences 
• C£N elements are identified in 5. cerevisiae by the 

ability to allow a plasmid to segregate accurately at 
mitosis. 

• CEN elements consist of the short, conserved 
sequences CDE-I and CDE-III that flank the A-T -rich 
region CDE-II. 

Bl:l The 5. cerevisiae Centromere Binds a Protein Complex 
• A specialized protein complex that is an alternative to 

the usual chromatin structure is formed at CD£-II. 

• The histone H3 variant Cse4 is incorporated in the cen
tromeric nucleosome. 

• The CBF3 protein complex that binds to CDE-III is 
essential for centromeric function. 

• The proteins that bind CEN serve as an assembly plat
form for the kinetochore and provide the connection to 
microtubules. 

MD Telomeres Have Simple Repeating Sequences 
• The telomere is required for the stability of the chro

mosome end. 
• A telomere consists of a simple repeat where a C+A

rich strand has the sequence C>J(A/Th-4· 

Btl Telomeres Seal the Chromosome Ends and Function 
in Meiotic Chromosome Pairing 
• The protein TRF2 catalyzes a reaction in which the 3 '  

repeating unit of the G + T -rich strand forms a loop by 
displacing its homolog in an upstream region of the 
telomere. 

Hl:l Telomeres Are Synthesized by a Ribonucleoprotein 
Enzyme 
• Telomerase uses the 3 '-OH of the G + T telomeric 

strand to prime synthesis of tandem TTGGGG repeats. 
• The RNA component of telomerase has a sequence that 

pairs with the C+A-rich repeats. 
• One of the protein subunits is a reverse transcriptase 

that uses the RNA as template to synthesize the G+ T
rich sequence. 

BtJ Telomeres Are Essential for Survival 
• Telomerase is expressed in actively dividing cells and is 

not expressed in quiescent cells. 
• Loss of telomeres results in senescence. 
• Escape from senescence can occur if telomerase is 

reactivated, or via unequal homologous recombination 
to restore telomeres. 

I!Jt.l•l Summary 

Ill Introduction 
A general principle is evident in the organi
zation of all cellular genetic material. It exists 
as a compact mass that is confined to a lim
ited volume, and its various activities, such as 
replication and transcription, must be accom
plished within this space. The organization of 
this material must accommodate local transi
tions between inactive and active states. 

and eukaryotic nuclei. The length of the DNA as 
an extended molecule would vastly exceed the 
dimensions of the compartment that contains 
it. The DNA (or in the case of some viruses, the 
RNA) must be compressed exceedingly tightly to 
fit into the space available. Thus, in contrast with the 
customary picture of DNA as an exte11ded double helix, 
structural deformation of DNA to bmd or fold it into a 
more compact form is the rule rather thmz the exception . 

The condensed state of nucleic acid results 
from its binding to basic proteins. The positive 
charges of these proteins neutralize the negative 
charges of the nucleic acid. The structure of the 
nucleoprotein complex is detemuned by the inter
actions ofthe proteins with the DNA (or RNA). 

A common problem is presented by the pack
aging of DNA into phages, viruses, bacterial cells, 

The magnitude of the discrepancy between 
the length of the nucleic acid and the size of its 
compartment is evident in the examples sum
marized in FIGURE 9.1 . For bacteriophages and 
eukaryotic viruses, the nucleic acid genome, 
whether single-stranded or double-stranded DNA 
or RNA, effectively fills the container (i.e., the 
viral capsid, which can be rodlike or spherical). 
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Compartment Shape Dimensions Type of Nucleic Acid Length 

TMV filament 0.008 x 0.3 IJm One single-stranded RNA 2 1-1m =  6.4 kb 
Phagefd filament 0.006 x 0.85 1-1m One single-stranded DNA 2 1-1m =  6.0 kb 
Adenovirus icosahedron 0. 07 IJm diameter One double-stranded DNA 11  1-1m = 35. 0 kb 
Phage T4 icosahedron 0.065 x 0.10 1-1m One double-stranded DNA 55 1Jm = 170.0 kb 
E. coli cylinder 1 . 7 x 0.65 1Jm One double-stranded DNA 1 . 3  mm = 4.2 x 103 kb 

Mitochondrion oblate 3.0 x 0.5 1Jm -1 0 identical 50 1-1m = 1 6. 0 kb 
(human) spheroid double-stranded DNAs 

Nucleus spheroid 6 IJm diameter 46 chromosomes of 1.8 m = 6 x 106 kb 
(human) double-stranded DNA 

FIGURE 9.1 The length of nucleic acid is much greater than the dimensions of the surrounding 
compartment. 

For bacteria or eukaryotic cell compart
ments, the discrepancy is hard to calculate 
exactly, because the DNA is contained in a 
compact area that occupies only part of the 
compartment. The genetic material is seen in 
the form of the nucleoid in bacteria, and as 
the mass of chromatin in eukaryotic nuclei at 
interphase (between divisions), or as maximally 
condensed chromosomes during mitosis. 

The density of DNA in these compartments 
is high. In a bacterium it is -10  mg/mL, in a 
eukaryotic nucleus it is -100 mg/mL, and in 
the phage T4 head it is >500 mg/mL. Such a 
concentration in solution would be equivalent 
to a gel of great viscosity. We do not entirely 
understand the physiological implications of 
such high concentrations of DNA, such as the 
effect this has upon the ability of proteins to 
find their binding sites on DNA. 

The packaging of chromatin is flexible; it 
changes during the eukaryotic cell cycle. At 
the time of division (mitosis or meiosis), the 
genetic material becomes even more tightly 
packaged, and individual chromosomes become 
recognizable. 

The overall compression of the DNA can be 
described by the packing ratio, which is the 
length of the DNA divided by the length of the 
unit that contains it. For example, the smallest 
human chromosome contains -4.6 X 107 bp 
of DNA ( -10  times the genome size of the 
bacterium Escherichia coli).  This is equivalent 
to 14,000 J.Lm (= 1.4 em) of extended DNA. 
At the point of maximal condensation during 
mitosis, the chromosome is -2 f-1-m long. Thus, 
the packing ratio of DNA in the chromosome 
can be as great as 7000. 

Packing ratios cannot be established with 
such certainty for the more amorphous overall 
structures of the bacterial nucleoid or eukaryotic 
chromatin. The usual reckoning, however, is 
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that mitotic chromosomes are likely to be five to 
10 times more tightly packaged than interphase 
chromatin, which indicates a typical packing 
ratio of 1000 to 2000. 

A major unanswered question concerns the 
specificity of higher order packaging. Is the DNA 
folded into a particular pattern, or is it different 
in each individual copy of the genome? How 
does the pattern of packaging change when a 
segment of DNA is replicated or transcribed? 

Viral Genomes Are 
Packaged into 
Their Coats 

Key concepts 
• The length of DNA that can be incorporated into a 

virus is limited by the structure of the heads hell. 
• Nucleic acid within the headshell is extremely 

condensed. 
• Filamentous RNA viruses condense the RNA 

genome as they assemble the headshell around it. 
• Spherical DNA viruses insert the DNA into a pre

assembled protein shell. 

From the perspective of packaging the individual 
sequence, there is an important difference 
between a cellular genome and a virus. The cel
lular genome is essentially indefinite in size; the 
number and location of individual sequences 
can be changed by duplication, deletion, and 
rearrangement. Thus, it requires a generalized 
method for packaging its DNA-one that is 
insensitive to the total content or distribution of 
sequences. By contrast, two restrictions define 
the needs of a virus. The amount of nucleic 
acid to be packaged is predetermi11ed by the size 
of the genome, and it must all fit within a coat 
assembled from a protein or proteins coded by 
the viral genes. 



A virus particle is deceptively simple in its 
superficial appearance. The nucleic add genome 
is contained within a capsid, which is a sym
metrical or quasi symmetrical structure assem
bled from one or only a few proteins. Attached 
to the capsid (or incorporated into it) are other 
structures; these structures are assembled from 
distinct proteins and are necessary for infection 
of the host cell. 

The virus particle is tightly constructed. The 
internal volume of the capsid is rarely much 
greater than the volume of the nucleic acid it 
must hold. The difference is usually less than 
twofold, and often the internal volume is barely 
larger than the nucleic acid. 

In its most extreme form, the restriction 
that the capsid must be assembled from pro
teins encoded by the virus means that the 
entire shell is constructed from a single type 
of subunit. The rules for assembly of identical 
subunits into closed structures restrict the cap
sid to one of two types. For the first type, the 
protein subunits stack sequentially in a helical 
array to form a filamentous or rodli ke shape. For 
the second type, they form a pseudospherical 
shell-a type of structure that conforms to a 
polyhedron with icosahedral symmetry. Some 
viral capsids are assembled from more than a 
single type of protein subunit. Although this 
extends the exact types of structures that can 
be formed, viral capsids still all conform to the 
general classes of quasicrystalline filaments or 
icosahedrons. 

There are two general solutions to the prob
lem of how to construct a capsid that contains 
nucleic acid: 

• The protein shell can be assembled 
around the nucleic acid, thereby con
densing the DNA or RNA by protein
nucleic acid interactions during the 
process of assembly. 

• The capsid can be constructed from its 
component(s) in the form of an empty 
shell, into which the nucleic acid must 
be inserted, being condensed as it enters. 

The capsid is assembled around the genome 
for single-stranded RNA viruses. The principle 
of assembly is that the position of the RNA 
within the capsid is determined directly by its 
binding to the proteins of the shell. The best 
characterized example is tobacco mosaic virus 
(TMV) .  Assembly starts at a duplex hairpin 
that lies within the RNA sequence. From this 
nucleation center, assembly proceeds bidi
rectionally along the RNA until it reaches the 
ends. The unit of the capsid is a two-layer disk, 

FIGURE 9.2 A helical path for TMV RNA is created by 
the stacking of protein subunits in the virion (the entire 
virus particle). 

with each layer containing 17 identical protein 
subunits. The disk is a circular structure, which 
forms a helix as it interacts with the RNA. At 
the nucleation center, the RNA hairpin inserts 
into the central hole in the disk, and the disk 
changes conformation into a helical structure 
that surrounds the RNA. Additional disks are 
added, with each new disk pulling a new stretch 
of RNA into its central hole. The RNA becomes 
coiled in a helical array on the inside of the 
protein shell, as illustrated in FIGURE 9.2. 

The spherical capsids of DNA viruses are 
assembled in a different way, as best charac
terized for the phages lambda and T4. In each 
case, an empty headshell is assembled from a 
small set of proteins. The duplex genome then 
is inserted into the head, accompanied by a 
structural change in the capsid. 

FIGURE 9.3 summarizes the assembly of 
lambda. It starts with a small headshell that 
contains a protein "core." This is converted to 
an empty head shell of more distinct shape. At 
this point the DNA packaging begins, the head
shell expands in size (though it remains the 
same shape), and finally the full head is sealed 
by the addition of the tail. 

A double-stranded DNA that spans short 
distances is a fairly rigid rod, yet it must be com
pressed into a compact structure to fit within the 
capsid. We would like to know whether packag
ing involves a smooth coiling of the DNA into 
the head or whether it requires abrupt bends. 

Inserting DNA into a phage head involves 
two types of reaction: translocatio11 and 
condensation. Both are energetically unfavorable. 
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Prohead I has protein core 

0 
Prohead I I  is empty 

DNA packaging begins 

Headshell expands 
as DNA enters 

@ 
Headshell reaches full size 

Tail is attached 

Prohead I 

Mature phage particle 

FIGURE 9.3 Maturation of phage lambda passes through 
several stages. The empty head changes shape and 
expands when it becomes filled with DNA. The electron 
micrographs on the right show the particles at the start 
and the end of the maturation pathway. Top photo repro
duced from D. Cue and M. Feiss, Proc. Nat/. Acad. Sci. USA 
90 (1993): 9240-9294. Copyright I!> 2004 National Acad
emy of Sciences, U.S.A. Bottom photo courtesy of Michael 
G. Feiss, University of Iowa. Bottom photo courtesy of 
Robert Duda, University of Pittsburgh. 

Translocation is an active process in which 
the DNA is driven into the head by an ATP
dependent mechanism. A common mechanism 
for translocation is used for many viruses that 
replicate by a rolling circle mechanism to gen
erate long tails that contain multimers of the 
viral genome. The best characterized example 
is phage lambda. The genome is packaged into 
the empty capsid by the terminase enzyme. 
FIGURE 9.4 summarizes the process. 

The terminase was first recognized (and 
named) for its role in generating the ends of 
the linear phage DNA by cleaving at cos sites. 
(The name cos reflects the fact that it generates 
cohesive ends that have complementary 
single-stranded tails.) The phage genome 
encodes two subunits that make up the termi
nase. One subunit binds to a cos site; at this point 
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Rolling circle generates lambda multimers 

Terminase binds to cos site on DNA 

DNA is cleaved 

Terminase recruits capsid 

Terminase translocates DNA into capsid 

FIGURE 9.4 Terminase protein binds to specific sites on 
a multi mer of virus genomes generated by rolling circle 
replication. It cuts the DNA and binds to an empty virus 
capsid, and then uses energy from hydrolysis of ATP to 
insert the DNA into the capsid. 

it is joined by the other subunit, which cuts the 
DNA. The terminase assembles into a hetero
oligomer in a complex that also includes inte
gration host factor (IHF, a dimer that is encoded 
by the bacterial genome). It then binds to an 
empty capsid and uses ATP hydrolysis to power 
translocation along the DNA. The translocation 
drives the DNA into the empty capsid. 

Another method of packaging uses a struc
tural component of the phage. In the Bacillus 
subtilis phage <p29, the motor that inserts the 
DNA into the phage head is an integral structure 
that connects the head to the tail. It functions as a 
rotary motor, where the motor action effects the 
linear translocation of the DNA into the phage 
head. The same motor is used to eject the DNA 
from the phage head when it infects a bacterium. 

Little is known about the mechanism(s) of 
condensation into an empty capsid, except that 
capsids typically contain "internal proteins" as 
well as DNA. One possibility is that they provide 
some sort of scaffolding onto which the DNA 
condenses. This would be similar to the use of 
the proteins ofthe shell in the plant RNA viruses 
(e.g., TMV, described earlier in this section). 



How specific is the packaging? It cannot 
depend on particular sequences, because dele
tions, insertions, and substitutions all fail to inter
fere with the assembly process. The relationship 
between DNA and the headshell has been inves
tigated directly by detem1ining which regions of 
the DNA can be chemically crosslinked to the 
proteins of the capsid. The surprising answer 
is that all regions of the DNA are more or less 
equally susceptible. This probably means that 
when DNA is inserted into the head it follows 
a general rule for condensing, but the pattern is 
not determined by particular sequences. 

These varying mechanisms of virus assem
bly all accomplish the same end: packaging a 
single DNA or RNA molecule into the capsid. 
Some viruses, however, have genomes that 
consist of multiple nucleic acid molecules. 
Reovirus contains 1 0  double-stranded RNA 
segments, all of which must be packaged into 
the capsid. Specific sorting sequences in the 
segments may be required to ensure that the 
assembly process selects one copy of each dif
ferent molecule in order to collect a complete 
set of genetic infom1ation. ln the simpler case of 
phage <p6, which packages three different seg
ments of double-stranded RNA into one capsid, 
the RNA segments must bind in a specific order: 
As each is incorporated into the capsid, i t  trig
gers a change in the conformation of the capsid 
that creates binding sites for the next segment. 

Some plant viruses are multipartite: Their 
genomes consist of segments, each of which is 
packaged into a differwt capsid. An example is 
alfalfa mosaic virus (AMY), which has four dif
ferent single-stranded RNAs, each of which is 
packaged independently into a coat comprising 
the same protein subunit. A successful infec
tion depends on the entry of one of each type 
into the cell. 

The four components of AMY exist as par
ticles of different sizes. This means that the 
same capsid protein can package each RNA into 
its own characteristic particle. This is a depar
ture fTom the packaging of a unique length of 
nucleic acid into a capsid of fixed shape. 

The assembly pathway of viruses whose 
capsids have only one authenti c  form may be 
diverted by mutations that cause the formation 
of aberrant monster particles in which the head 
is longer than usual. These mutations show that 
a capsid protein(s) has an intrinsic ability to 
assemble into a particular type of sttucture, but 
the exact size and shape may vary. 

Some of the mutations occur in genes that 
code for assembly factors, which are needed for 

head formation, but are not themselves part of 
the headshell. Such ancillary proteins limit the 
options oft he capsid protein, reducing variation 
in the assembly pathway. Comparable proteins 
are employed in the assembly of cellular duo
marin (see the chapter titled Chromatin). 

Ill The Bacterial Genome 
Is a Nucleoid 

Key concepts 
• The bacterial nucleoid is -80% DNA by mass and 

can be unfolded by agents that act on RNA or 
protein. 

• The proteins that are responsible for condensing 
the DNA have not been identified. 

Although bacteria do not display structures 
with the distinct morphological features of 
eukaryotic chromosomes, their genomes 
nonetheless are organized into definite sub
structures within the cell. The genetic mate
rial can be seen as a fairly compact clump (or 
series of clumps) that occupies about a third 
of the volume of the cell. FIGURE 9.5 displays a 
thin section through a bacteri um in which this 
nucleoid is evident. 

When E. coli cells are lysed, fibers are 
released in the form of loops attached to the bro
ken envelope of the cell, as shown in FIGURE 9.6. 
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FIGURE 9.5 A thin section shows the bacterial nucleoid 
as a compact mass in the center of the cell. Photo courtesy 
of the Molecular and Cell Biology Instructional Laboratory 
Program, University of California, Berkeley. 
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FIGURE 9.6 The nucleoid spills out of a lysed E. coli 
cell in the form of loops of a fiber. <9 G. Murti/Photo 
Researchers, Inc. 

The DNA of these loops is  not found in the 
extended form of a free duplex, but instead is 
compacted by association with proteins. 

Several DNA-binding proteins with a super
ficial resemblance to eukaryotic chromosomal 
proteins have been isolated in E. coli. What 
criteria should we apply for deciding whether 
a DNA-bindingprotein plays a structural role in 
the nucleoid? It should be present in sufficient 
quantities to bind throughout the genome, and 
mutations in its gene should cause some disrup· 
tion of structure or of functions associated with 
genome survival (e.g., segregation to daughter 
cells). None of the known candidate proteins 
fully satisfies these genetic conditions. 

Protein HU is a dimer that condenses DNA, 
possibly wrapping it into a beadlike structure. 
It is related to IHF, which has a structural role 
in building a protein complex in specialized 
recombination reactions. Null mutations in 
either ofthe genes coding for the subunits ofHU 
(hupA and -B) have little effect, but loss of both 
functions causes a cold-sensitive phenotype and 
some loss of superhelicity in DNA. These results 
raise the possibility that HU plays some general 
role in nucleoid condensation. 

Protein H l  (also known as H-NS) binds 
DNA, interacting preferentially with sequences 
that are bent. Mutations in its gene have turned 
up in a variety of guises (osmZ, bglY, pi/C), each 
of which is identified as an apparent regula
tor of a different system. These results prob
ably reflect the effect that H l has on the local 
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topology of DNA, with effects on gene expres
sion that depend on the particular promoter. 

We might expect that the absence of a pro
tein required for nucleoid structure would have 
serious effects upon viability. Why, then, are 
the effects of deletions in the genes for proteins 
HU and H l relatively restricted? One explana
tion is that these proteins are redUtzdant, and 
that any one can substitute for the others so 
that deletions of all of them would be neces
sary to interfere seriously with nucleoid struc
ture. Another possibility is that we have yet to 
identify the proteins responsible for the major 
features of nucleoid integrity. Yet another pos
sibility is  that we have underestimated their 
contribution to fitness by using laboratory tests 
that evaluate some, but not all, of the condi
tions in which these proteins contribute to 
reproduction or survival. 

The nucleoid can be isolated directly in the 
form of a very rapidly sedimenting complex, 
which consists of -80% DNA by mass. (The 
analogous complexes in eukaryotes contain 
-50% DNA by mass.) The bacterial nucleoid 
can be unfolded by treatment with reagents 
that destroy RNA or protein. The possible role 
of proteins in stabilizing its structure is evident. 
The role of RNA has been quite refractory to 
analysis. 

Ill The Bacterial Genome 
Is Supercoiled 

Key concepts 
• The nucleoid has -400 independent negatively 

supercoiled domains. 
• The average density of supercoiling is 

-1 turn/100 bp. 

The DNA of the bacterial nucleoid isolated 
ill vitro behaves as a closed duplex structure, 
as judged by its response to ethidium bromide. 
This small molecule intercalates between base 
pairs to generate positive superhelical turns 
in "closed" circular DNA molecules; that is, 
molecules in which both strands have cova
lent integrity. (In "open" circular molecules, 
which contain a nick in one strand, or with 
linear molecules, the DNA can rotate freely in 
response to the intercalation, thus relieving 
the tension. )  

In a natural closed DNA that is negatively 
supercoiled, the intercalation of ethidium 
bromide first removes the negative supercoils 
and then introduces positive supercoils. The 
amount of ethidium bromide needed to achieve 



zero supercoiling is a measure of the original 
density of negative supercoils. 

Some nicks occur in the compact nucleoid 
during its isolation; they can also be generated 
by limited treatment with DNase. This does 
not, however, abolish the ability of ethidium 
bromide to introduce positive supercoils. This 
capacity of the genome to retain its response to 
ethidium bromide in the face of nicking means 
that it must have many independent chromo
somal domains, and that the supercoiling in each 
domaill is not affected by evwts ill the other domains. 

This autonomy suggests that the structure 
of the bacterial chromosome has the general 
organization depicted diagrammatically in 
FIGURE 9.7 . Each domain consists of a loop of 
DNA, the ends of which are secured in some 
(unknown) way that does not allow rota
tional events to propagate from one domain 
to another. 

Early data suggested that each domain con
sists of -40 kilobases (kb) of DNA, but more 
recent analysis suggests that the domains may 
be smaller, -10  kb each. This would correspond 
to -400 domains in the E. coli genome. The 
ends of the domains appear to be randomly 
distributed instead of located at predetermined 
sites on the chromosome. 

The existence of separate domains could 
permit different degrees of supercoiling to be 
maintained in different regions of the genome. 
This could be relevant in considering the 
different susceptibilities of particular bacterial 
promoters to supercoiling (see the chapter titled 
Prokaryotic Trallscription) .  

Loops secured at 
base by unknown 
mechanism 

Loop consists of 
duplex DNA 
condensed by basic 
proteins 

Average loop 
contains 
-10-40 kb DNA 

FIGURE 9.7 The bacterial genome consists of a large 
number of loops of duplex DNA (in the form of a fiber), 
each of which is secured at the base to form an indepen
dent structural domain. 

As shown in FIGURE 9.8, supercoiling in 
the genome can in principle take either of two 
forms: • If a supercoiled DNA is free, its path is 

unconstrained, and negative supercoils 
generate a state of torsional tension 
that is transmitted freely along the DNA 
within a domain. Torsional tension 
resulting from negative supercoils can 
be relieved by unwinding the double 
helix, as described in the chapter titled 
Gwes Are DNA. The DNA is in a dynamic 
equilibri urn between the states of ten
sion and unwinding. • Supercoiling can be constrailled if pro
teins are bound to the DNA to hold it 
in a particular three-dimensional con
figuration. In this case, the supercoils 
are represented by the path the DNA 
follows in its fixed association with 
the proteins. The energy of interaction 
between the proteins and the super
coiled DNA stabilizes the nucleic acid, 
so that no tension is transmitted along 
the molecule. 

Are the supercoils in E. coli DNA con
strained in vivo or is the double helix subject to 
the torsional tension characteristic of free DNA? 
Measurements of supercoiling in vitro encoun
ter the difficulty that constraining proteins may 
have been lost during isolation. However, vari
ous approaches suggest that DNA is under tor
simla! stress ill vivo. 

One approach is to measure the effect of 
nicking the DNA. Unconstrained supercoils are 
released by nicking, whereas constrained super
coils are unaffected.  Nicking releases -50% 
of the overall supercoiling. This suggests that 
about half of the supercoiling is transmitted as 
tension along DNA, with the other half being 
absorbed by protein binding. 

Unconstrained 
path is supercoiled 
in space and 
creates tension 

Constrained 
path is supercoiled 
around protein but 
creates no tension 

FIGURE 9.8 An unrestrained supercoil in the DNA path 
creates tension, but no tension is transmitted along DNA 
when a supercoil is restrained by protein binding_ 
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Another approach uses the crosslinking 
reagent psoralen, which binds more readily to 
DNA when it is under torsional tension. The 
reaction of psoralen with E. coli DNA in vivo 
corresponds to an average density of I negative 
superhelical turn/200 bp (a = -0.05). 

We can also examine the ability of cells to 
form alternative DNA structures; for example, 
to generate cruciforms (intra-strand base pair
ing) at palindromic sequences. From the change 
in linking number that is required to drive such 
reactions, it is possible to calculate the original 
supercoiling density. This approach suggests an 
average density of a =  -0.025, or I negative 
superhelical turn/ 1 00 bp. 

Thus supercoils do create torsional ten
sion ill vivo. There may be variation about an 
average level, and the precise range of densities 
is difficult to measure. It is, however, clear that 
the level is sufficient to exert significant effects 
on DNA structure-for example, in assisting 
melting in particular regions such as origins or 
promoters. 

Many of the important features of the 
structure of the compact nucleoid still need 
to be established. What is the specificity with 
which domains are constructed? Do the same 
sequences always lie at the same relative 
locations, or can the contents of individual 
domains shift? How is the integrity of the 
domain maintained? Biochemical analysis 
by itself is unable to answer these questions 
fully, butifitis possible to devise suitable selec
tive techniques, the properties of structural 
mutants should lead to a molecular analysis 
of nucleoid construction. 

Ill Eukaryotic DNA Has 
Loops and Domains 
Attached to a Scaffold 

Key concepts 
• DNA of interphase chromatin is negatively super

coiled into independent domains of -85 kb. 

• Metaphase chromosomes have a protein scaf
fold to which the loops of supercoiled DNA are 
attached. 

Interphase chromatin is a tangled-appearing 
mass occupying a large part of the nuclear vol
ume, in contrast with the highly organized and 
reproducible ultrastructure of mitotic chromo
somes. What controls the distribution of inter
phase chromatin within the nucleus? 

Some indirect evidence about its nature is 
provided by the isolation of the genome as a 

200 CHAPTER 9 Chromosomes 

single, compact body. Using the same technique 
that was developed for isolating the bacterial 
nucleoid (see the previous section, The Bacterial 
Gmome Is Supercoiled), nuclei can be lysed on top 
of a sucrose gradient. This releases the genome 
in a form that can be collected by centrifugation. 
As isolated from Drosophila melanogaster, it can be 
visualized as a compactly folded fiber ( I  0 nm in 
diameter) consisting of DNA bound to proteins. 

Supercoiling measured by the response to 
ethidium bromide corresponds to about I nega
tive supercoil/200 bp. These supercoils can be 
removed by nicking with DNase, although the 
DNA remains in the form of the 10-nm fiber. 
This suggests that the supercoilingis caused by 
the arrangement of the fiber in space, and that 
it represents the existing torsion. 

Full relaxation of the supercoils requires 
I nick/85 kb, thus identifying the average 
length of "closed" DNA. This region could 
comprise a loop or domain similar in nature to 
those identified in the bacterial genome. Loops 
can be seen directly when the majority of pro
teins are extracted from mitotic chromosomes. 
The resulting complex consists of the DNA 
associated with -8% of the original protein 
content. As shown in FIGURE 9.9, the protein
depleted chromosomes reveal an underlying 
structure of a metaphase scaffold that still 

FIGURE 9.9 Histone-depleted chromosomes consist of 
a protein scaffold to which loops of DNA are anchored. 
Reprinted from Cell, vol. 12, J. R. Paulson and U. K. Laem
mli, The structure of histone-depleted metaphase chro
mosomes, pp. 817-828. Copyright 1977, with permission 
from Elsevier (http:ffwww.sciencedirect.comjsciencef 
articlefpii/00928674 7790280X). Photo courtesy of Ulrich 
K. La em mli, University of Geneva, Switzerland. 



resembles the general form of a mitotic chro
mosome, surrounded by a halo of DNA. 

The metaphase scaffold consists of a 
dense network of fibers. Threads of DNA ema
nate from the scaffold, apparently as loops of 
average length 10 to 30 11-m (30 to 90 kb). The 
DNA can be digested without affecting the integ
rity of the scaffold, which consists of a set of 
specific proteins. This suggests a form of orga
nization in which loops of DNA of -60 kb are 
anchored in a central proteinaceous scaffold. In 
interphase nuclei, this underlying proteinaceous 
structure changes its organization to occupy the 
entire nucleus; during interphase the structure is 
referred to as the matrix rather than the scaffold. 

The appearance of the scaffold resembles 
a mitotic pair of sister chromatids. The sister 
scaffolds usually are tightly connected (but 
sometimes are separate), and are joined only 
by a few fibers. Could this be the structure 
responsible for maintaining the shape of the 
mitotic chromosomes? Could it be generated by 
bringing together the protein components that 
usually secure the bases of loops in interphase 
chromatin? 

Ill Specific Sequen ces 
Attach DNA to an 
Interphase Matrix 

Key concepts 

• DNA is attached to the nuclear matrix or scaffold 
at specific sequences called MARs or SARs. 

• The MARs are A-T rich but do not have any specific 
consensus sequence. 

Is DNA attached to the scaffold via specific 
sequences? DNA sites attached to proteinaceous 
structures in interphase nuclei are called matrix 

attachment regions (MARs); they are some
times also called scaffold attachment regions 
(SARs), or Sf MARs, as the same sequences appear 
to attach to the protein substructure in both 
metaphase and interphase cells. The nature of 
the scaffold structure in interphase cells to which 
they are connected is not clear, and the protein 
components necessary for the scaffold have not 
been identified. Chromatin appears to be attached 
to an underlying structure in vivo, and there have 
been many suggestions that this attachment is 
necessary for transcription or replication. 

Are particular DNA regions associated with 
this matrix? Two approaches to detect specific 
S/MARs are summarized in FIGURE 9.10. Both 
start by isolating the matrix as a crude nuclear 

Cleave with 
restriction 
nucleases 

Prepare nuclei I Extract � histones 

Degrade all DNA 
with DNase 
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FIGURE 9.10 Matrix-associated regions (MARs) may 
be identified by characterizing the DNA retained by the 
matrix isolated in vivo {left) or by identifying the frag
ments that can bind to the matrix from which all DNA has 
been removed (right). 

preparation containing chromatin and nuclear 
proteins. Different treatments can then be used 
to characterize DNA in the matrix or to iden
tify DNA able to attach to it. The same general 
approaches can be applied to metaphase scaf
fold preparations. 

To analyze existing MARs that are bound 
to the matrix in vivo, chromosomal loops can 
be decondensed by extracting the chromatin 
proteins. Removal of the DNA loops by treat
ment with restriction nucleases leaves only the 
(presumptive) ill vivo MAR sequences attached 
to the matrix. 

The complementary approach is to remove 
all of the DNA from the matrix by treatment 
with DNase, at which point isolated fragments 
of DNA can be tested for their ability to bind to 
the matrix in vitro. 

The same sequences should be associated 
with the matrix in vivo or ill vitro. Once a potential 
MAR has been identified, the size of the mini
mal region needed for association ill vitro can be 
detem1ined by deletions. This enables us to iden
tify proteins that bind to the MAR sequences. 

A surprising feature is the lack of conser
vation of sequence in MAR fragments. They 
are usually -70% A-T rich, but otherwise lack 
any consensus sequences. Other interesting 
sequences, however, often are in the DNA 
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stretch containing the MAR. cis-acting sites that 
regulate transcription a.re common, as are 5 '  
introns, and a recognition site for topoisomer
ase II is usually present in the MAR. It is there
fore possible that a MAR serves more than one 
function by provicting a site for attachment to 
the matrix and containing otl1er sites at which 
topological changes in DNA are effected. 

What is the relationship between the cluo
mosome scaffold of divicting cells and the matrix 
of interphase cells? Are the same DNA sequences 
attached to both structures? In several cases, the 
same DNA fragments that are found within the 
nuclear matrix in vivo can be retrieved from the 
metaphase scaffold. Fragments that contain MAR 
sequences can bind to a metaphase scaffold, so 
it therefore seems likely that DNA contains a 
single type of attachment site. In interphase cells 
the attachment site is connected to the nuclear 
matrix, whereas in mitotic cells it is cotmected to 
the chromosome scaffold. Interestingly, it is also 
clear that while some Sf MARs are constitutive 
(continuously bound to the matrix or scaffold), 
others appear to be facultative and change their 
interactions with the matTix depending on cell 
type or other conditions. 

The nuclear matrix and chromosome scaf
fold consist of different proteins, although there 
are some colllJllon components. Topoisomer
ase II is a prominent component of the cluo
mosome scaffold, and is  a constituent of the 
nuclear matrix, suggesting that the control of 
topology is important in both cases. Recently, 
researchers have begun to identify other pro
teins that can bind to S/MARs. One of these, 
SATB l ,  is a protein that appears to regulate 
the association of MARs with the matrix in 
order to regulate transcription of genes in the 
vicinity of the MAR. These results indicate that 
the dynamic organization of chromatin on the 
matrix or scaffold may play a key regulatory 
function. 

Chromatin Is Divided 
into Euch romatin and 
Heteroch romatin 

Key concepts 
• Individual chromosomes can be seen only during 

mitosis. 
• During interphase, the general mass of chromatin 

is in the form of euchromatin, which is slightly 
less tightly packed than mitotic chromosomes. 

• Regions of heterochromatin remain densely 
packed throughout interphase. 
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Each chromosome contains a single, very long 
duplex of DNA, folded into a fiber that runs 
continuously throughout the chromosome. 
Thus, in accounting for interphase chromatin 
and mitotic cluomosome structure, we have to 
explain the packaging of a single, exceedingly 
long molecule of DNA into a form in which 
it can be transcribed and replicated, and can 
become cyclically more and less compressed. 

Individual eukaryotic chromosomes come 
visibly into the limelight for a brief period, dur
ing the act of cell division. Only then can each be 
seen as a compact unit. FIGURE 9.11 is an electron 
micrograph of a replicated chromosome isolated 
and photographed at metaphase. The sister 
chromatids are evident at this stage, and will 
give rise to the daughter chromosomes upon 
their separation during the anaphase stage of 
mitosis. Each chromatid consists of a fiber with 
a diameterof -30 nm and a nubbly appearance. 
The DNA is five to 10 times more condensed 
in chromosomes than in interphase chromatin. 

During most of the lifecycle of the eukary
otic cell, however, its genetic material occupies 
an area of the nucleus in which individual duo
mosomes camwt be distinguished by conven
tional microscopy. The global stTucture of the 
interphase chromatin does not change visibly 
between divisions. No disruption is evident dur
ing tl1e period ofreplication, when tl1e amount 
of chromatin doubles. Chromatin is fibrillar, 
although the overaU configuration of the fiber 
in space is hard to discern in detail. The fiber 
itself is similar or identical to that ofthe mitotic 
chromosomes. 

FIGURE 9.11 The sister chromatids of a mitotic pair 
each consist of a fiber ( -30 nm in diameter) compactly 
folded into the chromosome. <P Biophoto Associates/ 
Photo Researchers, Inc. 



As can be seen in the nuclear section of 
FIGURE 9.12, chromatin can be divided into two 
types of material: 

• In most regions, the fibers are much less 
densely packed than in the mitotic chro
mosome. This material is called euchro

matin. It has a relatively dispersed 
appearance in the nucleus and occupies 
most of the nuclear region in Figure 9.12.  

• Some regions of chromatin are very 
densely packed with fibers, displaying 
a condition comparable to that of the 
chromosome at mitosis. This material is 
called heterochromatin. lt is typically 
found at centromeres, but occurs at 
other locations as well, including telo
meres and highly repetitive sequences. 
It passes through the cell cycle with 
relatively little change in its degree of 
condensation. It forms a series of dis
crete clumps, visible in Figure 9.12,  
and is most often found at the nuclear 
periphery and at the nucleolus. In some 
cases, the various heterochromatic 
regions, especially those associated with 
centromeres, aggregate into a densely 
staining chromocenter. The common 
form of heterochromatin that always 
remains heterochromatic is  called 
constitutive heterochromati11. In contrast, 
there is another category of heterochro
matin, called facultative heterochromatin, 
in which regions of euchromatin are 
converted to a heterochromatic state. 

The same fibers run continuously between 
euchromatin and heterochromatin, as these 
states simply represent different degrees of con
densation of the genetic material. In the same 
way, euchromatic regions exist in different 

FIGURE 9.12 A thin section through a nucleus stained 
with Feulgen shows heterochromatin as compact regions 
clustered near the nucleolus and nuclear membrane_ 
Photo courtesy of Edmund Puvion, Centre National de la 
Recherche Scientifique. 

states of condensation during interphase and 
mitosis. Thus, the genetic material is organized 
in a manner that permits alternative states to 
be maintained side by side in chromatin, and 
allows cyclical changes to occur in the pack
aging of euchromatin between interphase and 
division. We discuss the molecular basis for 
these states in the chapters titled Chromati11 and 
Epigenetic Effects Are Inherited. 

The structural condition of the genetic mate
rial is correlated with its activity. The common 
features of constitutive heterochromatin are: 

• It is permanently condensed. 
• It replicates late in S phase and has a 

reduced frequency of genetic recom
bination relative to euchromatic gene
rich areas of the genome. 

• It often consists of multiple repeats of 
a few sequences of DNA that are not 
transcribed or are transcribed at very 
low levels. (Genes that reside in het
erochromatic regions are generally 
less transcriptionally active than their 
euchromatic counterparts, but there are 
exceptions to this general rule.) 

• The density of genes in this region is very 
much reduced compared with euchro
matin, and genes that are translocated 
into or near it are often inactivated. The 
one dramatic exception to this is  the 
ribosomal DNA in the nucleolus, which 
has the general compacted appearance 
and behavior of heterochromatin (such 
as late replication), yet is engaged in 
very active transcription. 

There are numerous molecular markers 
for changes in the properties of the DNA and 
protein components (see the chapter titled 
Epigenetic Effects Are Inherited). They include 
reduced acetylation of hi stone proteins, 
increased methylation at particular sites on 
hi stones, and methylation of cytidine bases in 
DNA. These molecular changes result in the 
condensation ofthe chromatin and the recruit
ment of heterochromatin-specific proteins, 
which are responsible for its inactivity. 

Although active genes are contained within 
euchromatin, only a minority ofthe sequences 
in euchromatin are transcribed at any time. 
Thus, location in euchromatin is necessary for 
most gene expression, but is not sufficient for it. 

In addition to the general distributions 
observed for heterochromatin and euchro
matin, studies have addressed whether there 
is an overall chromosome organization within 
the nucleus. The answer in many cases is yes; 
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nucleolus 

FIGURE 9.13 Chromosomes occupy chromosome territo
ries in the nucleus and are not entangled with each other. 
Heterochromatic regions, silenced genes, and gene-sparse 
regions of chromosomes are typically localized to the 
nuclear periphery. Active genes are often found at the 
borders of chromosome territories, and active genes from 
several chromosomes may cluster in inter-chromosomal 
territories that are enriched in transcription machinery 
(circled at the center of the figure). 

chromosomes appear to occupy distinct three
dimensional spaces known as chromosome 

territories. The chromosomes occupying these 
territories are not entangled with each other, 
but do share areas of interaction and some com
mon functional organization, as shown in FIGURE 

9.13 . For example, heterochromatic and other 
silent regions are found primarily at the nuclear 
periphery, while gene-dense regions are inter
nally located. Active genes are often found at 
the borders of territories, sometimes clustered 
together in interchromosomal spaces that are 
enriched in transcriptional machinery, known 
as "transcription factories." How chromosome 
territories are established, and how they vary by 
cell cycle and cell type, are not yet understood. 

Chromosomes Have 
Banding Patterns 

Key concepts 
• Certain staining techniques cause the chromo

somes to have the appearance of a series of stria
tions, which are called G-bands. 

• The G-bands are lower in G-C content than the 
i nte rba nds. 

• Genes are concentrated in the G-C-rich interbands. 

As a result ofthe diffuse state of chromatin, it is 
difficult to directly determine the specificity of 
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FIGURE 9.14 G-banding generates a characteristic lat
eral series of bands in each member of the chromosome 
set. Photo courtesy of Lisa Shaffer, Washington State 
University-Spokane. 

its organization. Three-dimensional sequence
level mapping techniques are beginning to give 
us insights into the organization of interphase 
chromatin. However, it i s  more tractable to 
ask whether the structure of the mitotic chro
mosome is ordered. Do particular sequences 
always lie at particular sites, or is the folding 
of the fiber into the overall structure a more 
random event? 

At the level of the chromosome, each 
member of the complement has a different 
and reproducible ultrastructure . When mitotic 
chromosomes are subjected to proteolytic 
enzyme (trypsin) treatment followed by stain
ing with the chemical dye Giemsa, they gener
ate distinct chromosome-specific patterns called 
G-bands. FIGURE 9.14 presents an example of 
the human set. 

Until the development of this technique, 
human chromosomes could be distinguished 
only by their overall size and the relative loca
tion of the centromere. G-banding allows each 
chromosome to be identified by its characteris
tic banding pattern. This pattern allows trans
locations from one chromosome to another to 
be identified by comparison with the original 
diploid set. FIGURE 9.15 shows a diagram of the 
bands ofthe human X chromosome. The bands 
are large structures, each -I 07 bp of DNA, and 
each of which can include many hundreds of 
genes. 

The banding technique is  of enormous 
practical use, but the mechanism of band
ing remains a mystery. All that is certain is 
that the dye stains untreated chromosomes 
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FIGURE 9.15 The human X chromosome can be divided 
into distinct regions by its banding pattern. The short arm 
is p and the long arm is q; each arm is divided into larger 
regions that are further subdivided. This map shows a 
low-resolution structure; at higher resolution, some bands 
are further subdivided into smaller bands and interbands, 
e.g., p21 is divided into p21.1, p21.2, and p21.3. 

more or less uniformly. Thus, the generation 
of bands depends on a variety of treatments, 
such as proteolytic digestion, that change the 
response of the chromosome (presumably by 
extracting the component that binds the stain 
from the nonbanded regions). Similar bands 
can be generated by an assortment of other 
treatments. 

G -bands are distinguished from inter bands 

by their lower G-C content. This is a peculiar 
result. If there are - I  0 bands on a large chro
mosome with a total content of - I  00 mega
bases (Mb), this means that the chromosome 
is divided into regions of -5 Mb in length that 
alternate between low G -C (band) and high 
G-C (interband) content. There is a tendency 
for genes to be enriched in the interband 
regions. All of this argues for some long-range, 
sequence-dependent organization. 

The human genome sequence confirms 
this basic observation. FIGURE 9.16 shows that 
there are distinct fluctuations in G-C content 
when the genome is divided into small tranches 
(DNA segments or lengths). The average of4I % 
G-C is common to mammalian genomes. There 
are regions as low as 30% or as high as 65%. 
The average length of regions with >43% G-C 
is 200 to 250 kb. This makes it clear that the 
band/interband structure does not correspond 
directly with the more numerous homogeneous 
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FIGURE 9.16 There are large fluctuations in G-C content 
over short distances. Each bar shows the percent of 20-kb 
fragments with the given G-C content. 

segments that alternate in G -C content, although 
the bands do tend to contain a higher content of 
low G-C segments. Genes are concentrated in 
regions of higher G-C content. We have yet to 
understand how the G-C content affects chro
mosome structure. 

Ill Lampbrush Chromosomes 
Are Extended 

Key concept 

• Sites of gene expression on lampbrush chromo
somes show loops that are extended from the 
chromosomal axis_ 

It would be extremely useful to observe gene 
expression in its natural state in order to see 
what structural changes are associated with 
transcription. The compression of DNA in chro
matin, coupled with the difficulty of identifying 
particular genes within intact chromatin, makes 
it impossible to visualize the transcription of 
individual active genes. 

Gene expression can be observed directly 
in certain unusual situations in which the cluo
mosomes are found in a highly extended form 
that allows individual loci (or groups of loci) 
to be distinguished. Lateral differentiation of 
structure is evident in many chromosomes 
when they first appear for meiosis. At this 
stage, the chromosomes resemble a series of 
beads on a string. The beads are densely staining 
granules, properly known as chromomeres. 

Chromomeres are larger and distinct from indi
vidual nucleosomes, which are also sometimes 
referred to as beads on a string (see the chapter 
titled Chromati!l}. In general, though, there is lit
tle gene expression at meiosis, and it is not prac
tical to use this material to identify the activities 
of individual genes. An exceptional situation 
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that allows the material to be examined is pre
sented by lampbrush chromosomes, which 
have been best characterized in certain amphib
ians and birds. 

Lampbrush chromosomes are formed dur
ing an unusually extended meiosis, which can 
last up to several months. During this period, 
the chromosomes are structured as a stretched
out form in which they can be visualized in 
the light microscope. At a later point during 
meiosis, the chromosomes revert to their usual 
compact size. The extended state provides 
unique visual accessibility to the structure of 
the chromosome. 

The lampbrush chromosomes are meiotic 
bivalents, each consisting of paired homologous 
chromosomes that have been replicated. The 
sister chromatids remain connected along their 
lengths and each homolog appears, therefore, 
as a single fiber. FIGURE 9.17 shows an example 
in which the homologs have desynapsed, and 
are held together only by chiasmata that indi
cate points of chromosome crossover. Each sis
ter chromatid pair forms a series of ellipsoidal 
chromomeres, - 1  to 2 11-m in diameter, which 
are connected by a very fine thread. This thread 
contains the two sister duplexes of DNA and 
runs continuously along the chromosome, 
through the chromomeres. 

The lengths of the individual lampbrush 
chromosomes in the newt Notophthalmus viri
descens range from 400 to 800 11-m, compared 
with the range of 1 5  to 20 11-m seen later in 
meiosis. Thus, the lampbrush chromosomes 
are - 3 0  times less compacted along their 
axes than their somatic counterparts. The 
total length of the entire lampbrush chromo
some set is 5 to 6 mm and is organized into 
-5000 chromomeres. 

100 !Jill 

FIGURE 9.17 A lampbrush chromosome is a meiotic 
bivalent in which the two pairs of sister chromatids are 
held together at chiasmata (indicated by arrows). Photo 
courtesy of Joseph G. Gall, Carnegie Institution. 
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The lampbrush chromosomes take their 
name from the lateral loops that extrude from 
the chromomeres at certain positions. The 
arrangement of fibers around the chromo
some axis resembles the cleaning fibers of a 
lampbrush (a more commonly encountered 
tool when lampbrush chromosomes were first 
observed in 1882). The loops extend in pairs, 
one from each sister chromatid. The loops are 
continuous with the axial thread, representing 
chromosomal material extruded from its more 
compact organization in the chromomere. The 
loops are surrounded by a matrix of ribonu
cleoproteins that contain nascent RNA chains. 
Often, a transcription unit can be defined by 
the increase in the length of the RNP moving 
around the loop. The loop is an extruded seg
ment of DNA that is being actively transcribed. 
In some cases, loops corresponding to particu
lar genes have been identified. For these cases, 
the structure of the transcribed gene-and 
the nature of the product-can be scrutinized 
in situ. 

1111 Polytene Chromosomes 
Form Bands 

Key concept 

• Polytene chromosomes of dipterans have a 
series of bands that can be used as a cytologi
cal map. 

The interphase nuclei of some tissues oft he lar
vae of dipteran flies contain chromosomes that 
are greatly enlarged relative to their usual con
dition. They possess both increased diameter 
and greater length. FIGURE 9.18 shows an exam
ple of a chromosome set from the salivary gland 
of D. melatzogaster. The members of this set are 
called polytene chromosomes. 

FIGURE 9.18 The polytene chromosomes of D. melanogaster 
form an alternating series of bands and interbands. Photo 
courtesy of Jose Bonner, Indiana University. 



Each member of the polytene set consists 
of a visible series of bands (more properly, but 
rarely, described as chromomeres). The bands 
range in size from the largest, with a breadth 
of -0.5 fA-ill, to the smallest, at -0.05 fA-ill. (The 
smallest can be distinguished only under an 
electron microscope.) The bands contain most 
of the mass of DNA and stain intensely with 
appropriate reagents. The regions between 
them stain more lightly and are called inter
bands. There are -5000 bands in the D. mela
nogaster set. 

The centromeres of all four chromosomes 
of D. melanogaster aggregate to form a chromo
center that consists largely of heterochromatin. 
(In the male it includes the entire Y chromo
some.) The remaining -75% of the genome is 
organized into altemating bands and interbands 
in the polytene chromosomes. The length of 
the chromosome set is -2000 fA-ill. The DNA in 
extended form would stretch for -40,000 fA-ill, 
so the packing ratio is -20. This demonstrates 
vividly the extension of the genetic material 
relative to the usual states of interphase chro
matin or mitotic chromosomes. 

What is the structure of these giant chro
mosomes? Each is produced by the succes
sive replications of a synapsed diploid pair of 
chromosomes. The replicas do not separate, 
but instead remain attached to each other 
in their extended state, a process known as 
endoreduplication. At the start of the process, 
each synapsed pair has a DNA content of 2C 
(where C represents the DNA content of the 
individual chromosome) .  This amount then 
doubles up to nine times, at its maximum giv
ing a content of 1024C. The number of dou
blings is different in the various tissues of the 
D. melanogaster larva. 

Each chromosome can be visualized as a 
large number of parallel fibers running longitu
dinally that are tightly condensed in the bands 
and less so in the interbands. It is likely that 
each fiber represents a single (C) haploid chro
mosome. This gives rise to the name polytene 
("many threads"). The degree of polyteny is the 
number of haploid chromosomes contained in 
the giant chromosome. 

The banding pattern is characteristic for 
each strain of Drosophila. The constant number 
and linear arrangement of the bands was first 
noted in the 1930s, when it was realized that 
they form a cytological map of the chromosomes. 
Rearrangements-such as deletions, inversions, 
or duplications-result in alterations of the 
order of bands. 
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FIGURE 9.19 Individual bands containing particular 
genes can be identified by in situ hybridization. 

The linear array of bands can be equated 
with the linear array of genes. Thus, genetic 
rearrangements, as seen in a linkage map, can 
be correlated with structural rearrangements 
ofthe cytological map. Ultimately, a particular 
mutation can be located in a particular band. 
The total number of genes in D. melanogaster 
exceeds the number of bands, so there are prob
ably multiple genes in most or all bands. 

The positions of particular genes on the 
cytological map can be determined directly by 
the technique of in situ hybridization. The mod
em version of this protocol using fluorescent 
probes is described in in the chapter Methods 
in Molecular Biology and Genetic Eugineering. 
Although fluorescent probes are currently 
preferred, when the method was originally 
developed a radioactive probe representing the 
gene of interest was used; this protocol is sum
marized in FIGURE 9.19 . A probe representing 
a gene is hybridized with the denatured DNA 
of the polytene chromosomes in situ, and the 
excess unbound probe is washed away. Auto
radiography identifies the position or positions 
of the corresponding genes by the superimpo
sition of grains at a particular band or bands. 
(The principle is the same when fluorescent 
probes are used; the only fundamental dif
ference is the detection of the label by fluo
rescence microscopy.)  An example is shown 
in FIGURE 9.20. Using in situ hybridization, it is 
possible to determine directly the band within 
which a particular sequence lies. 
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FIGURE 9.20 A magnified view of bands 87  A and 87C 
shows their hybridization in situ with labeled RNA 
extracted from heat-shocked cells. Photo courtesy of 
Jose Bonner, Indiana University. 

1111 Polytene Chromosomes 
Expand at Sites of 
Gene Expression 

Key concept 

• Bands that are sites of gene expression on 
polytene chromosomes expand to give "puffs." 

One of the intriguing features of polytene 
chromosomes is that transcriptionally active 
sites can be visualized. Some of the bands pass 
transiently through an expanded state in which 
they appear like a puff on the chromosome, 
when chromosomal material is extruded from 
the axis. Examples of some very large puffs 
(called Balbiani rings) are shown in FIGURE 9.21. 

What is the nature of the puff? It consists 
of a region in which the chromosome fibers 
unwind from their usual state of packing in 
the band. The fibers remain continuous with 
those in the chromosome axis. Puffs usually 
emanate from single bands, although when 
they are very large, as typified by the Balbiani 
rings, the swelling may be so extensive as to 
obscure the underlying array of bands. 

The pattern of puffs is related to gene expres· 
sion. During larval development, puffs appear 
and regress in temporal and tissue·specific pat· 
terns. A characteristic pattern of puffs is found 
in each tissue at any given time. Many puffs are 
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FIGURE 9.21 Chromosome IV of the insect C. tentans 
has three Balbiani rings in the salivary gland. Reprinted 
from Cell, vol. 4, B. Daneholt, Transcription in polytene 
chromosomes, pp. 1-9. Copyright 1975, with permission 
from Elsevier [http:jjwww.sciencedirect.comjsciencej 
journal/00928674]. Photo courtesy of BertH Daneholt, 
Karoli nska Institutet. 

induced by the hormone ecdysone that controls 
Drosophila development. Some puffs are induced 
directly by the hormone; others are induced 
indirectly by the products of earlier puffs. 

The puffs are sites where RNA is being syn· 
thesized. The accepted view of puffing has been 
that expansion of the band is a consequence 
of the need to relax its structure in order to 
synthesize RNA. Puffing has therefore been 
viewed as a consequence of transcription. A 
puff can be generated by a single active gene. 
The sites of puffing differ from ordinary bands 
in that they accumulate additional proteins, 
including RNA polymerase II and other pro· 
teins associated with transcription. The bands 
87 A and 87C indicated in Figure 9.20 encode 
heat shock proteins and form puffs upon heat 
shock. The accumulation of RNA polymerase II 
can be observed at these puffs by immunofluo· 
rescence, as shown in FIGURE 9.22. 

The features displayed by lampbrush and 
polytene chromosomes suggest a general con· 
elusion. In order to be transcribed, the genetic 
material is dispersed from its usual, more tightly 
packed state. The question to keep in mind is 
whether this dispersion at the gross level of the 
chromosome mimics the events that occur at 
the molecular level within the mass of ordinary 
interphase euchromatin. 

Do the bands of a polytene chromosome 
have a functional significance? That is, does 
each band correspond to some type of genetic 
unit? You might think that the answer would be 
immediately evident from the sequence of the 
fly genome, because by mapping interbands to 



FIGURE 9.22 Heat-shock-induced puffing at major heat 
shock loci 87 A and C. Displayed is a small segment of 
chromosome 3 before (left) and after (right) heat shock. 
Chromosomes are stained for DNA (blue) and for RNA 
polymerase II (yellow). Photo courtesy of Victor G. Corces, 
Emory University. 

the sequence it should be possible to determine 
whether a band has any fixed type of identity. 
'Thus far, however, no pattern has been found that 
identifies a functional significance for the bands. 

riD The Eukaryotic 
Chromosome Is a 
Segregation Device 

Key concept 

• A eukaryotic chromosome is held on the mitotic 
spindle by the attachment of microtubules to the 
kinetochore that forms in its centromeric region. 

During mitosis, the sister chromatids move 
to opposite poles of rhe cell. Their movement 

Metaphase 

M ic rotubule;-::s:o--

depends on the attachment of the chromosome 
to microtubules, which are connected at their 
other end to the poles. The microtubules com
prise a cellular filamentous system, which is  
reorganized at mitosis so that they connect the 
chromosomes to the poles of the cell. The sites 
in the t\.Yo regions where microtubule ends are 
organized-in the vicinity of the centrioles at 
the poles and at the chromosomes-are called 
microtubule organizing centers (MTOCs). 

FIGURE 9.23 illustrates the separation of sister 
chromatids as mitosis proceeds (Tom metaphase 
to telophase. The region oft he chromosome that 
is responsible for its segregation at mitosis and 
meiosis is called the centromere. The centro
meric region on each sister chromatid is moved 
along microtubules to the opposite pole. Oppos
ing this motive force, "glue" proteins called 
cohesins bold the sister chromatids together. 
Initially the sister chromatids separate at their 
centromeres, then they are released completely 
from one another during anaphase when the 
cohesins are degraded. The centromere is 
moved toward the pole during mitosis, and the 
attached chromosome appears to be "dragged 
along behind it. The chromosome therefore 
provides a device for attaching a large number 
of genes to the apparatus for division. The cen
tromere essentially acts as the luggage handle 
for the entire chromosome and its location typi
cally appears as a constricted region connecting 
all four duomosome arms, as can be seen in the 
photo in Figure 9.1  J ,  which shows the sister 
chromatids at the metaphase stage of mitosis. 

The centromere is essential for segregation, 
as show11 by the behavior of chromosomes that 
have been broken. A single break generates one 
piece that retains the centromere, and another, 
an acentric frag1nent, that lacks it. The acen
tric fragment does not become attached to the 
mitotic spindle, and as a result it fails to be 
included in either of the daughter nuclei. When 

Anaphase Telophase 

FIGURE 9.2.3 Chromosomes are pulled to the poles via microtubules that attach at the 
centromeres. The sister chromatids are held together until anaphase by glue proteins 
(cohesins). The centromere is shown here in  the middle of the chromosome (metacentric), 
but can be located anywhere along its length, including close to the end (acrocentric) and 
at the end (telocentric). 
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chromosome movement relies on discrete cen
tromeres, there can be only one centromere 
per chromosome. When translocations gener
ate chromosomes with more than one centro
mere, aberrant structures form at mitosis. This is 
because the two centromeres on the same sister 
chromatid can be pulled toward different poles, 
thus breaking the chromosome. In some species, 
thougl1 (such as the nematode Cae11orhabditis 
elega11s}, the centromeres are holocentric, being 
diffuse and spread along the entire length of the 
chromosome. Species with holocentric chro
mosomes still make spindle fiber attachments 
for mitotic chromosome separation, but do not 
require one and only one regional or point cen
tromere per chromosome. Most of the molecu
lar analysis of centromeres has been done on 
canonical point (budding yeast) or regional (fly, 
man1ma.lian, rice) centromeres. 

The regions flanking the centromere often 
are rich in satellite DNA sequences and display 
a considerable amount of heterochromatin. 
The entire chromosome is condensed, though, 
so centromeric heterochromatin is not innne
diately evident in mitotic chromosomes. It can, 
however, be visualized by a technique that gen
erates "C-bands." For example, in FIGURE 9.24 all 
the centromeres show as darkly staining regions. 
Although it is common, heterochromatin cannot 
be identified around every known centromere, 
which suggests that it is unlikely to be essential 
for the division mechanism. 

The centromeric chromatin comprises DNA 
sequences, specialized centromeric histone vari
ants, and a. group of specific proteins that are 
responsible for establishing the structure that 
attaches the chromosome to the microtubules. 
This structure is called the kinetochore. It is 
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FIGURE 9.24 C-banding generates intense staining at the 
centro meres of all chromosomes. Photo courtesy of Lisa 
Shaffer, Washington State University-Spokane. 
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a darkly staining fibrous object of diameter 
or length -400 nm. The kinetochore pro
vides a microtubule attachment point on the 
chromosome. 

Ill Regional Centromeres 
Contain a Centromeric 
Histone H3 Variant and 
Repetitive DNA 

l<ey concepts 

• Centromeres are characterized by a centromere
specific histone H3 variant and often have 
heterochromatin that is rich in satellite DNA 
sequences. 

• Centro meres in higher eukaryotic chromosomes 
contain large amounts of repetitive DNA and 
unique histone variants. 

• The function of repetitive DNA is not known. 

The region of the chromosome at which the 
cennomere forms was originally thought to be 
defined by DNA sequences, yet recent studies 
in plants, animals, and fungi have shown that 
centromeres are specified epigenetically by chro
matin structure. Centromere-specific histone 
H3 (known as Cse4 in yeast, CENP-A in higher 
eukaryotes, and more generically as CenH3; 
see the chapter titled Chromati11 ) appears to be 
a primary determinant in establishing func
tional centromeres and kinetochore assembly 
sites. This finding explains the old puzzle of why 
specific DNA sequences could not be identi
fied as "the centromeric DNA'' and why there 
is so much variation in centromere-associated 
DNA sequences among closely related species. 
FIGURE 9.25 shows a model for the epigenetic spec
ification of centromeres, with the kinetochore 
connecting to the clusters of CenH3 nucleo
somes, which protrude hom the bulk duoma
tin. Tllis model explains how cenn·omeres can 
reposition themselves without concomitant 
transposition of satellite DNA sequences. New 
questions of centromere function include: What 
determines or restricts the sites of CenH3 instal
lation, and how do chromosomes maintain one 
sud1 region per chromosome? 

Centromeres are highly specialized duo
matin structures that occupy the same site for 
many generations, despite the fact that they 
can be repositioned without DNA transposition. 
In eukaryotic  chromosomes, the centromere
specific histone H3 variant CenH3 replaces the 
normal H3 histone at sites where centromeres 
reside and ki11etochores attach chromosomes 
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FIGURE 9.25 A model of the overall structure of a regional centromere. The 
CenH3-containing nucleosomes (orange) occur in clusters that protrude from the 
chromosome and bind to kinetochore proteins that in turn connect to spindle 
microtubules. Adapted from Y. Datal, et al., Proc. Nat/. Acad. Sci. USA 104 (2007): 
15974-15981. 

to spindle fibers. This specialized centromeric 
chromatin is the foundation for binding of other 
centromere-associated proteins. In addition, 
other histones at the centromere (including 
H2A and canonical H3) are subject to post
translational modifications that are required 
for normal binding of centromeric proteins and 
accurate chromosome segregation, indicating 
that the epigenetic pattern that defines a cen
tromere is  complex. This view represents a 
paradigm shift in how we understand cen
tromere formation, identity, and function. 
CenH3 is  a nucleosomal protein and not a 
DNA sequence per se; thus, the centromere is 
now regarded as being primarily epigenetic 
in its specification. The role of satellite DNA 
sequences, which are also characteristic of cen
tromeres, remains difficult to ascertain, despite 
their prevalence and conservation. 

The length of DNA required for centromeric 
function is often quite long. The short, discrete 

elements of Saccharomyces cerevisiae appear to be 
an exception to the general rule. S. cerevisiae is 
the only case so far in which centromeric DNA 
can be identified by its ability to confer stabil
ity on plasmids. A related approach has been 
used with the yeast Schizosaccharomyces pombe. 
S. pombe has only three chromosomes, and the 
region containing each centromere has been 
identified by deleting most of the sequences 
of each chromosome to create a stable mini
chromosome. This approach locates the centro
meres within regions of 40 to 100 kb that consist 
largely or entirely of repetitious DNA. Attempts 
to localize centromeric functions in Drosophila 
chromosomes suggest that they are dispersed in 
a large region of 200 to 600 kb. The large size 
of this type of centromere may reflect multiple 
specialized functions, including kinetochore 
assembly and sister chromatid pairing. 

The size of the centromere in Arabidopsis is 
comparable . Each of the five chromosomes has 
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a centromeric region in which recombination 
is very largely suppressed. This region occu
pies >500 kb. The primary motif comprising 
the heterochromatin of primate centromeres 
is the a-satellite DNA, which consists of tan
dem arrays of a 171-bp repeating unit (see the 
chapter titled Clusters and Repeats). There is sig
nificant variation between individual repeats, 
although those at any centromere tend to be 
better related to one another than to members 
of the family in other locations. 

Current models for regional centromere 
organization and function invoke alternating 
chromatin domains, with clusters of CenH3 
nucleosomes interspersed among clusters of 
nucleosomes with H3 and some of the histone 
variant H2A.Z. Different hi stones are subject to 
centromere-specific patterns of modification. 
The CenH3 nucleosomes form the chromatin 
foundation for recruitment and assembly of the 
other proteins that eventually comprise a func
tional kinetochore. The formation of neocen
tromeres that contain CenH3 but not a -satellite 
DNA provide important evidence for the idea of 
centromeres being epigenetically determined. 
Key questions remain as to the role of repeti
tive DNA and alternating chromatin domains 
in forming the large bipartite kinetochore struc
ture on replicated sister centromeres. 

liD Point Centromeres i n  
5. cerevisiae Contain 
Short, Essential 
DNA Sequences 

Key concepts 
• CEN elements are identified in 5. cerevisiae by the 

ability to allow a plasmid to segregate accurately 
at mitosis. 

• CEN elements consist of the short, conserved 
sequences CDE-I and CDE-III that flank the A-T -rich 
region CDE-II. 

If a centromeric sequence of DNA is responsible 
for segregation, any molecule of DNA possess
ing this sequence should move properly at cell 
division, whereas any DNA lacking it should 
fail to segregate. This prediction has been 
used to isolate centromeric DNA in the yeast 
S. cerevisiae. Yeast chromosomes do not display 

visible kinetochores comparable to those of 
multicellular eukaryotes, but otherwise divide 
at mitosis and segregate at meiosis by the same 
mechanisms. 

Genetic engineering has produced plasmids 
of yeast that are replicated like chromosomal 
sequences (see the chapter titled The Replicon: Ini
tiation of Replication). They are unstable at mitosis 
and meiosis, though, and disappear from a major
ity ofthe cells because they segregate erratically. 
Fragments of chromosomal DNA containing cen
tromeres have been isolated by their ability to 
confer mitotic stability on these plasmids. 

A centromeric DNA region (CEN) frag
ment is  identified as the minimal sequence 
that can confer stability upon such a plasmid. 
Another way to characterize the function of 
such sequences is to modify them in vitro then 
reintroduce them into the yeast cell where 
they replace the corresponding centromere on 
the chromosome. This allows the sequences 
required for CEN function to be defined directly 
in the context of the chromosome. 

A CENfragmentderived from one chromo
some can replace the centromere of another 
chromosome with no apparent consequence. 
This result suggests that centromeres are inter
changeable. They are used simply to attach 
the chromosome to the spindle, and play no 
role in distinguishing one chromosome from 
another. 

The sequences required for centromeric 
function fall within a stretch of -120 bp. The 
centromeric region is packaged into a nuclease
resistant structure and binds a single microtu
bule. We may therefore look to the S. cerevisiae 
centromeric region to identify proteins that 
bind centromeric DNA and proteins that con
nect the chromosome to the spindle. 

As summarized in FIGURE 9.26, three types 
of sequence element can be distinguished in 
the CEN region: • Cell cycle-dependent element (CDE)-l 

is a sequence of 9 bp that is conserved 
with minor variations at the left bound
ary of all centromeres. • CDE-Il is a >90% A-T-rich sequence 
of 80 to 90 bp found in all centro
meres; its function could depend on 
its length rather than exact sequence. 
Its constitution is reminiscent of some 

lt:At:AiuAi uAIAI I I uAI I I IA I IAIAI I I I IAAAAAAAuiAAAAAAIAAAAA(; IA(; I I IAI I I I IAAAAAAIAAAAI I IAAAAIA I I I t:At:AAAAI (;AI I It:t:uAA 
AGTGTACTACTATAAACTAAAATAATATAAAAATTTTTTTCATTTTTTATTTTTCATCAAATAAAAATTTTTTATTTTAAATTTTATAAAGTGTTTTACTAAAGGCTT 
COE-1 COE-11 80-90 bp, >90% A +  T COE-111 

FIGURE 9.26 Three conserved regions can be identified by the sequence homologies between yeast CE N elements. 
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short, tandemly repeated (satellite) 
DNA (see the chapter ti tied Clusters and 
Repeats). Its base composition may cause 
some characteristic distortions of the 
DNA double helical structure. 

• CDE-Ill is an 1 1 -bp sequence highly 
conserved at the right boundary of all 
centromeres. Sequences on either side 
of the element are less well conserved, 
and may also be needed for centromeric 
function. (CDE-l/1 could be longer than 
1 1  bp if it turns our that the flanking 
sequences are essential.) 

Mutations in CDE-1 or CD E-ll reduce but do 
not inactivate centromere function. However 
point mutations in the central CCG of CD B-Ill 
completely inactivate the centromere. 

liD The S. cerevisiae 
Centro mere Binds a 
Protein Com plex 

Key concepts 

• A specialized protein complex that is an alterna
tive to the usual chromatin structure is formed at 
COE-II. 

• The histone H3 variant Cse4 is incorporated in the 
centromeric nucleosome. 

• The CBF3 protein complex that binds to COE-IIIis 
essential for centromeric function. 

• The proteins that bind CEN serve as an assembly 
platform for the kinetochore and provide the con
nection to microtubules. 

Can we identify proteins that are necessary 
for the function of CEN sequences? There are 
several genes in which mutations affect chro
mosome segregation and whose proteins are 
localized at centromeres. The contributions of 
these proteins to the centromeric structure are 
summarized in FIGURE 9.27 . 

The CENregion recruits three DNA-binding 
factors: Cbfl, CBF3 (an essential four-protein 
complex ), and Mif2 (CENP-C in multicellular 
eukaryotes). In addition, a specialized cluo
matin structure is built by binding the CDE-ll 
region to a protein called Cse4, a histone H3 
variant (analogous to CENP-A in multicellu
lar eukaryotes), probably in the context of an 
otherwise nonnal nucleosome. A protein called 
Scm3 is required for proper association of Cse4 
with GEN. Inclusion of CenH3 histone variants 
related to Cse4 are a universal aspect of cen
tromere construction in all species. The basic 
interaction consists of bending the DNA of the 
CD E-ll region around a protein aggregate; the 
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FIGURE 9.27 The DNAatCOE-IIis wound around an alter
native nucleosome containing Cse4, COE-III is bound by 
the CBF3 complex, and COE-Iis bound by a Cbfl homodi
mer. These proteins are connected by the group of Ctf19, 
Mcm21. and Okpl proteins, and numerous other factors 
serve to link this complex to a microtubule. 

reaction is probably assisted by the occurrence 
of intrinsic bending in the CDE·lf sequence. 

CDE-1 is bound by a bomodimer of Cbfl; 
this interaction i s  not essential for centro
mere function, but in its absence the fidelity 
of chromosome segregation is reduced - 1  OX. 
The 240-kD heterotetramer, CBF3, binds to 
CDE-111. This interaction is essential for centro
meric function. 

The proteins bound at CDE-1, CDE-Il, and CD E
ll/ also interact with another group of proteins 
(Ctfl9, Mm12 1, and Okpl}, which in rum link the 
centromeric complex to the kinetochore proteins 
( -70 individual kinetochore proteins have been 
identi6ed in yeast) ;md to the microtubule. 

The overall model suggests that the complex 
is localized at the centromere by a protein struc
ture that resembles the normal building block 
of chromatin (the nucleosome). The bending 
of DNA at this structure allows proteins bound 
to the flanking elements to become part of a 
single complex. The DNA-binding components 
of the complex form a scaffold for assembly of 
the kinetochore, linking the centromere to the 
microtubule. The construction of kinetochores 
follows a similar pattern, and uses related com
ponents, in a wide variety of organisms. 

Ill Telomeres Have Sim ple 
Repeati ng Sequences 

Key concepts 

• The telomere is required for the stability of the 
chromosome end. 

• A telomere consists of a simple repeat where a 
C +A-rich strand has the sequence C> ,(A/T)J-4· 
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Another essential feature in all chromosomes is 
the telomere, which "seals" the chromosome 
ends. We know that the telomere must be a 
special structure, because chromosome ends 
generated by breakage are "sticky" and tend to 
react with other chromosomes, whereas natu
ral ends are stable. 

We can apply two criteria in identifying a 
telomeric sequence: 

• It must lie at the end of a chromosome 
(or, at least at the end of an authentic 
linear DNA molecule). 

• It must confer stability on a linear 
molecule. 

The problem of finding a system that offers 
an assay for function again has been brought to 
the molecular level by using yeast. All ofthe plas
mids that survive in yeast (by virtue of possess
ing ARS [autonomously replicating sequence] 
and CEN elements) are circular DNA molecules. 
Linear plasmids are unstable (because they are 
degraded). Could an authentic telomeric DNA 
sequence confer stability on a linear plasmid? 
Fragments from yeast DNA that prove to be 
located at chromosome ends can be identified 
by such an assay, and a region from the end of a 
known natural linear DNA molecule-the extra
chromosomal rDNA of Tetrahyme11a-is able to 
render a yeast plasmid stable in linear form. 

Telomeric sequences have been character
ized from a wide range of eukaryotes. The same 
type of sequence is found in plants and humans, 
so the construction of the telomere seems to 
follow a nearly universal principle (Drosophila 
telomeres are an exception, consisting of ter
minal arrays of retrotransposons). Each telo
mere consists of a long series of short, tan
demly repeated sequences. There may be 100 
to 1000 repeats, depending on the organism. 

Telomeric sequences can be written in the 
general form Cn(A/T)m, where n > 1 and m is 1 
to 4. FIGURE 9.28 shows a generic example. One 
unusual property of the telomeric sequence is 
the extension ofthe G-T-rich strand, which for 
14 to 16 bases is usually a single strand. The 

CCCCAACCCCAACCCCAACCCCAACCCCAACCCCAA 
GGGGT TGGGGTTGGGGTTGGGGT TGGGGTTGGGGTT 

CCCCAACCCCAACCCCAAS' 
GGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGT T3' 

FIGURE 9.28 A typical telomere has a simple repeating 
structure with a G-T -rich strand that extends beyond 
the C-A-rich strand. The G-tail is generated by a limited 
degradation of the C-A-rich strand. 
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G-tail is probably generated because there is 
a specific limited degradation of the C-A-rich 
strand. 

Some indications about how a telomere 
functions are given by some unusual properties 
of the ends of linear DNA molecules. In a try
panosome population, the ends vary in length. 
When an individual cell clone is followed, the 
telomere grows longer by 7 to 10 bp (one to 
two repeats) per generation. Even more reveal
ing is the fate of ciliate telomeres introduced 
into yeast. After replication in yeast, yeast telo
meric repeats are added onto the ends of the 
Tetrahymma repeats. 

Addition of telomeric repeats to the end 
of the chromosome in every replication cycle 
could solve the difficulty of replicating linear 
DNA molecules (discussed in the chapter 
Extrachromosomal Replicous). The addition of 
repeats by de novo synthesis would counter
act the loss of repeats resulting from failure 
to replicate up to the end of the chromosome. 
Extension and shortening would be in dynamic 
equilibrium. 

If telomeres are continually being length
ened (and shortened), their exact sequence 
may be irrelevant. All that is required is for the 
end to be recognized as a suitable substrate for 
addition. This explains how the ciliate telomere 
functions in yeast. 

Ill Telomeres Seal the 
Chromosome Ends and 
Function in Meiotic 
Chromosome Pairi n g  

Key concept 
• The protein TRF2 catalyzes a reaction in which the 

3 '  repeating unit of the G+ T -rich strand forms 
a loop by displacing its homolog in an upstream 
region of the telomere. 

Isolated telomeric fragments do not behave 
as though they contain single-stranded DNA; 
instead, they show aberrant electrophoretic 
mobility and other properties. 

Guanine bases have an unusual capacity to 
associate with one another. The single-stranded 
G-rich tail of the telomere can form "quartets" 
of G residues. Each quartet contains four gua
nines that hydrogen bond with one another to 
form a planar structure. Each guanine comes 
from the corresponding position in a successive 
TTAGGG repeating unit. FIGURE 9.29 shows an 
organization based on a crystal structure. The 
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FIGURE 9.29 The crystal structure of a short repeating sequence from the human telomere forms three stacked G quartets. The top quartet 
contains the first G from each repeating unit. This is stacked above quartets that contain the second G (G3, G9, G15, G21) and the third G 
(G4, GlO, G16, G22). 

quartet that is illustrated represents an associa
tion between the first guanine in each repeating 
unit. It is stacked on top of another quartet that 
has the same organization, but is formed from 
the second guanine in each repeating unit. A 
series of quartets could be stacked like this in a 
helical manner. Although the formation of this 
structure attests to the unusual properties of the 
G-rich sequence ilz vitro, it does not demonstrate 
whether the quartet forms in vivo, for which 
there is only limited evidence to date. 

What feature of the telomere is respon
sible for the stability of the chromosome end? 
FIGURE 9.30 shows that a loop of DNA forms 
at the telomere. The absence of any free end 
may be the crucial feature that stabilizes the 
end of the chromosome. The average length 
of the loop in animal cells is 5 to I 0 kb. The 
loop is formed when the 3'  single-stranded 
end of the telomere (TTAGGG)11 displaces the 
same sequence in an upstream region of the 
telomere. This converts the duplex region into 
a structure called a t-loop, where a series of 
TTAGGG repeats are displaced to form a single
stranded region, and the tail of the telomere is 
paired with the homologous strand. 

The reaction is catalyzed by the telomere
binding protein TRF2, which together with 
other proteins forms a complex that stabi
lizes the chromosome ends. Its importance in 
protecting the ends is indicated by the fact the 

deletion of TRF2 causes chromosome rear
rangements to occur. 

In mammals, six telomericproteins (TRFI, 
TRF2, Rap I ,  TIN2, TPP I, and POTI)  comprise a 
complex called shelterin, depicted in FIGURE 9.31. 

Shelterin functions to protect telomeres from 
DNA damage repair pathways and to regulate 
telomere length control by telomerase (dis
cussed in the next section). Increasing roles for 
telomeres in aging, cancer, and cell differentia
tion reveal that telomeres are more than static 
caps at the ends of linear chromosomes. 

Besides their role in capping the ends of 
linear chromosomes, telomeres also have an 
ancient and conserved function in meiosis, 
where they cluster on the nuclear envelope 
just prior to homologous chromosome synapsis. 
This clustering defines the "bouquet" stage of 
meiosis, as shown in FIGURE 9.32, and represents 
a once-in-a-lifecycle configuration. The telo
mere clustering involves motility forces that act 
across the nuclear envelope via microtubules, 
actin, or other filamentous systems. Genetic dis
ruption of meiotic telomere clustering results 
in chromosome recombination and segregation 
defects, including the production of aneuploid 
daughter cells or sterility. Interestingly, fruit 
flies, which lack canonical telomerase-based 
telomeres, do not exhibit meiotic telomere 
clustering, but have evolved other mechanisms 
to ensure homologous chromosome pairing. 
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FIGURE 9.30 A loop forms at the end of chromosomal 
DNA. The 3 '  single-stranded end of the telomere (TT AGGG) 
n displaces the homologous repeats from duplex DNA to 
form a t-loop. The reaction is catalyzed by TRF2. 

TIN2 

/ TRF2 

3 TTGGGATTGGGATTGGGATTGGG 
s • CTAACCCTAACCCTAACCCTAACCC 

FIGURE 9.31 A schematic of how shelteri n might be positioned on 
telomeric DNA, highlighting the duplex telomeric DNA interactions 
ofTRF1 and TRF2 and the binding of POT1 to the single-stranded 
TIAGGG repeats. Although one of the shelterin complexes may have 
the depicted structure, telomeres contain numerous copies of the 
complex bound along the double-stranded n AGGG repeat array. 
It is not known whether all (or even most) shelterins are present 
in six-protein complexes. Nudeosomes are omitted for simplicity. 
Reprinted with permission from the Annual Review of Genetics, 
Volume 42 <9 2008 by Annual Reviews www.annualreviews.org. 
Courtesy ofTitia de Lange, The Rockefeller University. 
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FIGURE 9.3 2 The meiotic telomere duster is visualized 
by telomere fluorescent in situ hybridization (FISH). 
Microscopic image of a maize nucleus fixed at mei
otic prophase (zygotene stage), subjected to telomere 
(green) and centromere (white) FISH, and counter
stained for total DNA with DAPI (red). This pseudo
colored image is a two-dimensional projection of a 
three-dimensional, multi-color image dataset. Photo 
courtesy of S. P. Murphy and H. W. Bass, Florida State 
University. 

liD Telomeres Are 
Synthesized by a 
Ribonucleoprotein 
Enzyme 

l<ey concepts 

• Telomerase uses the 3'-0H of the G+ T telomeric 
strand to prime synthesis of tandem TTGGGG 
repeats. 

• The RNA component of telomerase has a sequence 
that pairs with the C +A-rich repeats. 

• One of the protein subunits is a reverse transcrip
tase that uses the RNA as tern plate to synthesize 
the G+ T -rich sequence. 

The telomere has three widely conserved 
functions: • The first is to protect the chromosome 

end. Any other DNA end-for example, 
the end generated by a double-strand 
break-becomes a target for repair sys
tems. The cell has to be able to distin
guish the telomere . • The second is to aUow the telomere to 
be extended. If it is not extended, it 
becomes shorter witl1 each replication 



cycle (because replication cannot start 
at the very end). 

• The third is to facilitate meiotic chromo
some reorganization for efficient pair
ing and recombination of homologous 
chromosomes. 

Proteins that bind to the telomeres con
tribute to the solution of all of these. In yeast, 
different sets of proteins solve the first two 
problems, but both are bound to the telomere 
via the same protein, Cdc l3 :  

• The Stn 1 protein protects against degra
dation (specifically, against any exten
sion of the degradation of the C-A 
strand that generates the G-tail). 

• A telomerase enzyme extends the 
C -A-rich strand. Its activity is influ
enced by two proteins that have ancil
lary roles, such as controlling the length 
of the extension. 

The telomerase uses the 3'-0H of the G+T 
telomeric strand as a primer for synthesis of 
tandem TTGGGG repeats. Only dGTP and dTTP 
are needed for the activity. The telomerase is a 
large ribonucleoprotein that consists of a tern
plating RNA (encoded by TLCJ in yeast, hTERC 
in humans) and a protein with catalytic activity 
(encoded by EST2 in yeast, hTERTin humans). 
The RNA component is typically short ( 159 bases 
long in Tetrahymena, and 451  bases long in 
humans, though 1.3 kb in yeast) and includes a 
sequence of 15 to 22 bases that is identical to two 
repeats of the C-rich repeating sequence. This 
RNA provides the template for synthesizing the 
G-rich repeating sequence. The protein compo
nent oft he telomerase is a catalytic subunit that 
can act only upon the RNA template provided 
by the nucleic acid component. 

FIGURE 9.33 shows the action of telomerase. 
The enzyme progresses discontinuously: The 
template RNA is positioned on the DNA primer, 
several nucleotides are added to the primer, and 
then the enzyme translocates to begin again. 
The telomerase is a specialized example of a 
reverse transcriptase, an enzyme that synthe
sizes a DNA sequence using an RNA template 
(see the chapter titled Trallsposable Elements and 
Retroviruses). We do not know how the comple
mentary (C-A-rich) strand of the telomere is 
assembled, but we may speculate that it could 
be synthesized by using the 3 '-OH of a terminal 
G-T hairpin as a primer for DNA synthesis. 

Telomerase synthesizes the individual 
repeats that are added to the chromosome ends, 
but does not itself control the number of repeats. 
Other proteins are involved in determining the 

Binding: RNA template pairs with DNA primer 

DNA primer 

\ 3' .--li-5' LU:GGGG I !GGGG L tG 

3' fAACC�ffiAC�yAACCCCM?/.5, 
RNA template 

Polymerization: RNA template directs addition 
of nucleotides to 3' end of DNA 

3'(dGTP 5' �c.-.n1.1nG�G�G�G�L�IG�G�G�G�In.I7G�G 

• 3' 
Polymerization continues I 
to end of template region f 

3'"' 5' L •• LI GGGG Ll GGGG 1.1 GGGG 1.1 !J 

3' L..MCCCC)\ACCCCAAC.CCCAACAAQ • • 3' 5' 
Translocation: Enzyme moves to template 3' end 

3' 5' L ... llGGGGJ.I GGGQu GGGG 1.1 G 
3' L-MCCCCI 5' MCCCCAAq:cCAAQ. 

3' 
/ 5' �----------------� 

FIGURE 9.33 Telomerase positions itself by base pairing 
between the RNA template and the protruding single
stranded DNA primer. It adds G and T bases, one at a 
time to the primer, as directed by the template. The cycle 
starts again when one repeating unit has been added. 

length of the telomere. Some have been identi
fied by the estl and est3 mutants in yeast, which 
have altered telomere lengths. These proteins 
bind telomerase, and may influence the length 
of the telomere by controlling the access of 
telomerase to its substrate. Proteins that bind 
telomeres in mammalian cells have been found, 
including homologs of BSTJ, but less is known 
about their functions. 

Each organism has a characteristic range of 
telomere lengths. They are long in mammals 
(typically 5 to 1 5  kb in humans) and short in 
yeast (typically -300 bp in S. cerevisiae). The 
basic control mechanism is that the probability 
that a telomere will be a substrate for telomerase 
increases as the length of the telomere shortens; 
we do not know if this is a continuous effect or 
if it depends on the length falling below some 
critical value. When telomerase acts on a telo
mere, it may add several repeating units. The 
enzyme's intrinsic mode of action is to dissoci
ate after adding one repeat; addition of several 
repeating units depends on other proteins that 
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cause telomerase to undertake more than one 
round of extension. The number of repeats that 
is added is not influenced by the length of the 
telomere itself, but instead is controlled by ancil
lary proteins that associate with telomerase. 

The minimum features required for exis-
tence as a chromosome are: • Telomeres to ensure survival • A centromere to support segregation • An origin to initiate replication 

All of these elements have been put 
together to construct a yeast artificial chro
mosome (Y AC; see the chapter titled Methods 
in Molecular Biology and Gwetic E11gineering). 
This is a useful method for perpetuating large 
sequences. It turns out that the synthetic chro
mosome is stable only if it is longer than 20 to 
50 kb. We do not know the basis for this effect, 
but the ability to construct a synthetic chromo
some allows us to investigate the nature of the 
segregation device in a controlled environment. 

Ill Telomeres Are Essential 
for Survival 

Key concepts 
• Telomerase is expressed in actively dividing cells 

and is not expressed in quiescent cells. 

• Loss of telomeres results in senescence. 
• Escape from senescence can occur if telomerase is 

reactivated, or via unequal homologous recombina
tion to restore telomeres. 

Telomerase activity is found in most dividing 
cells (such as embryonic cells, stem cells, and in 
unicellular eukaryotes) and is generally turned 
off in terminally differentiated cells that do not 
divide. FIGURE 9.34 shows that if telomerase is 

Telomere 

� --- -' -

Telomere 

FIGURE 9.34 Mutation in telomerase causes telomeres 
to shorten in each cell division_ Eventual loss of the 
telomere causes chromosome breaks and rearrangements_ 
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mutated in a dividing cell, the telomeres become 
gradually shorter with each cell division. 

Loss of telomeres has dire effects. When the 
telomere length reaches zero, it becomes diffi
cult for the cells to divide successfully. Attempts 
to divide typically generate chromosome breaks 
and translocations. This causes an increased rate 
of mutation. In yeast this is associated with a loss 
of viability, and the culture becomes predomi
nantly occupied by senescent cells (which are 
elongated and nondividing, and eventually die). 

Some cells grow out of the senescing yeast 
culture. They have acquired the ability to extend 
their telomeres by an alternative to telomer
ase activity. The survivors fall into two groups. 
The members of one group have circularized 
their chromosomes: They now have no tela
meres, and as a result they have become inde
pendent of telomerase. The other group uses 
unequal crossing over to extend their telomeres 
(see FIGURE 9.35). The telomere is a repeating 
structure, so it is possible for two telomeres to 
misalign when chromosomes pair. Recombina
tion between the mispaired regions generates 
an unequal crossing over (as discussed in the 
chapter Clusters a11d Repeats): When the length 
of one recombinant chromosome increases, the 
length of the other decreases. 

Cells usually suppress unequal crossing 
over because of its potentially deleterious con
sequences. Two systems are responsible for sup
pressing crossing over between telomeres. One 
is provided by telomere-binding proteins. In 
yeast, the frequency of recombination between 
telomeres is increased by deletion of the gene 
TAZJ, which codes for a protein that regulates 
telomerase activity. The second is a general sys
tem that is responsible for mismatch repair. In 
addition to correcting mismatched base pairs 

Mismatch repair systems suppress 
crossi over between telomeres 

Crossing over occurs when 
mismatch repair is absent X 

FIGURE 9.35 Crossing over in telomeric regions is usu
ally suppressed by mismatch-repair systems, but can 
occur when they are mutated_ An unequal crossing-over 
event extends the telomere of one of the products, 
allowing the chromosome to survive in the absence of 
telomerase. 



that may arise in DNA, this system suppresses 
recombination between mispaired regions. As 
shown in Figure 9.35, this includes telomeres. 
When it is mutated, a greater proportion of 
telomerase-deficient yeast survives the loss 
of telomeres because recombination between 
telomeres generates some chromosomes with 
longer telomeres. 

When eukaryotic cells from multicelluar 
eukaryotes are placed in culture, they usually 
divide for a fixed number of generations and 
then enter senescence. The reason appears to 
be a decline in telomere length because of the 
absence of telomerase expression. Cells enter 
a crisis from which some emerge, but typically 
the cells that emerge have chromosome rear
rangements that have resulted from lack of 
protection of chromosome ends. These rear
rangements may cause mutations that contrib
ute to the tumorigenic state. The absence of 
telomerase expression in this situation is due 
to failure to express the gene (a normal condi
tion of differentiated cells), and reactivation of 
telomerase is one of the mechanisms by which 
these cells then survive continued culture. The 
vast majority of cancer cells reactivate telom
erase, though a small percentage also utilize 
unequal recombination to maintain telomeres 
during prolonged proliferation. 

It has long been suggested that within a 
species, greater telomere length could lead to 
greater cellular lifespans in tissues, and thus 
to increased lifespan of the organism. While 
data to support this has been generally lack
ing, recent work in zebra finches has shown 
that telomere length measured very early in 
life can in fact predict lifespan. It is not yet clear 
whether these results will apply to other spe
cies, including humans, but this work is the 
first clear evidence that telomere length can in 
fact correlate with natural aging and lifespan. 

1m Summary 
The genetic material of all organisms and viruses 
takes the form of tightly packaged nucleopro
tein. Some virus genomes are inserted into 
preformed virions, whereas others assemble a 
protein coat around the nucleic acid. The bac
terial genome forms a dense nucleoid, with 
-20% protein by mass, but details of the inter
action oft he proteins with DNA are not known. 
The DNA is organized into -100 domains that 
maintain independent supercoiling, with a den
sity of unrestrained supercoils corresponding to 
-11  l 00 to 200 bp. In eukaryotes, interphase 

chromatin and metaphase chromosomes both 
appear to be organized into large loops. Each 
loop may be an independently supercoiled 
domain. The bases of the loops are connected 
to a metaphase scaffold or to the nuclear matrix 
by specific DNA sites. 

Most transcriptionally active sequences 
reside within the euchromatin that com
prises the majority of interphase chromatin. 
The regions of heterochromatin are packaged 
-5 to lOX more compactly, and are mostly 
transcriptionally inert. All chromatin becomes 
densely packaged during cell division, when the 
individual chromosomes can be distinguished. 
The existence of a reproducible ultrastructure 
in mammalian chromosomes is indicated by the 
production of G -bands through treatment with 
Giemsa stain. The bands are very large regions 
(- 107 bp) that can be used to map chromo
somal translocations or other large changes in 
structure. 

Lampbrush chromosomes of amphibians 
and polytene chromosomes of insects have 
unusually extended structures, with packing 
ratios < l 00. Polytene chromosomes of D. mela
ltogaster are divided into -5000 bands. These 
bands vary in size by an order of magnitude, 
with an average of -25 kb. Transcriptionally 
active regions can be visualized in even more 
unfolded ("puffed") structures, in which mate
rial is extruded from the axis of the chromo
some. This may resemble the changes that 
occur on a smaller scale when a sequence in 
euchromatin is transcribed. 

The centromeric region contains the 
kinetochore, which is responsible for attach
ing a chromosome to the mitotic spindle. The 
centromere often is surrounded by hetero
chromatin. Centromeric sequences have been 
identified only in the yeastS. cerevisiae, where 
they consist of short, conserved elements. 
These elements, CDE-1 and CDE-Ill, bind Cbfl 
and the CBF3 complex, respectively, and a 
long A-T-rich region called CDE-II binds the 
histone H3 variant Cse4 to form a specialized 
nucleosome. Another group of proteins that 
binds to this assembly provides the connection 
to microtubules. 

Telomeres make the ends of chromosomes 
stable. Almost all known telomeres consist of 
multiple repeats in which one strand has the 
general sequence C11(A/T)m, where 11 > l and 
m = l to 4. The other strand, G11(T/A)m, has a 
single protruding end that provides a template 
for addition of individual bases in defined order. 
The enzyme telomerase is a ribonucleoprotein 
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whose RNA component provides the template 
for synthesizing the G-rich strand. This over
comes the problem of the inability to replicate at 
the very end of a duplex. The telomere stabilizes 
the chromosome end because the overhanging 
single strand G11(T/ A)m displaces its homolog in 
earlier repeating units in the telomere to form 
a loop, so there are no free ends that resemble 
double-strand breaks. 
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Chromatin 

lt•ll Introduction 

CHAPTER OUTLINE J 
lt•t.l DNA Is Organized in Arrays of Nucleosomes 

• M Nase cleaves linker DNA and releases individual 
nucleosomes from chromatin. 

• >95% of the DNA is recovered in nucleosomes or 
multimers when MNase cleaves DNA in chromatin. 

• The length of DNA per nucleosome varies for i ndividual 
tissues or species in a range from 154 to 260 bp. 

• Nucleosomal DNA is divided into the core DNA and 
linker DNA depending on its susceptibility to MNase. 

• The core DNA is the length of 146 bp that is found on 
the core particles produced by prolonged digestion 
with MNase. 

• Linker DNA is the region of 8 to 114 bp that is suscep
tible to earty cleavage by nucleases. 

II•D The Nucleosome Is the Subunit of All Chromatin 
• A nucleosome contains -200 bp of DNA and two 

copies of each core histone (H2A, H2B, H3, and H4). 
• DNA is wrapped around the outside surface of the 

protein octamer. 
• The histone octamer has a structure of an H3rH41 

tetramer associated with two H2A-H2B dimers. 
• Each histone is extensively interdigitated with its 

partner. 

• All core histones have the structural motif of the his
tone fold. N-and C-terminal histone tails extend out 
of the nucleosome. 

• H 1 is associated with linker DNA and may lie at the 
point where DNA enters or exits the nucleosome. 

11•1• Nucleosomes Are Covalently Modified 
• Histones are modified by methylation, acetylation, 

phosphorylation, ubiquitylation, sumoylation, ADP
ribosylation, and other modifications. 

• Combinations of specific histone modifications define 
the function of local regions of chromatin; this is 
known as the histone code. 

• The bromodomain is found in a variety of proteins 
that interact with chromatin; it is used to recognize 
acetylated sites on histones. 

• Several protein motifs recognize methyllysines, 
such as chromodomains, PHD domains, and Tudor 
domains. 

11•11 Histo ne Variants Produce Alternative Nucleosomes 
• All core histones except H4 are members of families of 

related variants. 
• Histone variants can be closely related or highly diver

gent from canonical histones. 
• Different variants serve different functions in the cell. 
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CHAPTER OUTLINE, CONTINUED 

DNA Structure Varies on the Nucleosomal Surface 

• DNA is wrapped 1.67 times around the histone octamer. 
• DNA on the nucleosome shows regions of smooth cur

vature and regions of abrupt kinks. 
• The structure of the DNA is altered so that it has an 

increased number of base pairs/turn in the middle, but 
a decreased number at the ends. 

• -0.6 n�gative turns of DNA are absorbed by the 
change 1n bpjturn from 10.5 in solution to an average 
of 10.2 on the nucleosomal surface, which explains the 
linking-number paradox. 

The Path of Nucleosomes in the Chromatin Fiber 

• 10-nm chromatin fibers consist of a string of 
nucleosomes. 

• 30-nm fibers have six nucleosomesjturn, which are 
organized into a two-start helix. 

• Histone H1, histone tails, and increased ionic strength 
all promote the formation of the 30-nm fiber. 

Replicati on of Chromatin Requires Assembly 
of Nucleosomes 

• Histone octamers are not conserved during replication, 
but H2A-H2B dimers and H3z-H42 tetramers are. 

• There are different pathways for the assembly of 
nucleosomes during replication and also independent 
of replication. 

• Accessory proteins are required to assist the assembly 
of nucleosomes. 

• �AF-1 and ASF1 are histone assembly proteins that are 
Linked to the replication machinery. 

• A different assembly protein, HIRA, and the histone H3.3 
variant are used for replication-independent assembly. 

Do Nucleosomes Lie at Specific Positions? 
• Nucleosomes may form at specific positions as the 

result of either the local structure of DNA or proteins 
that interact with specific sequences. 

• A co�mon
_ 
ca�se of nucleosome positioning is when 

prote1 ns bmdmg to DNA establish a boundary. 
• Positioning may affect which regions of DNA are in the 

linker and which face of DNA is exposed on the nucleo
some surface. 

• D�A 
_
sequence determinants (exclusion or preferential 

b1 ndmg) may be responsible for half of the in vivo 
nucleosome positions. 

lltll•l Nucleosomes Are Displaced and Reassembled 
During Transcription 

• Most transcribed genes retain a nucleosomal structure 
though the organization of the chromatin changes 

' 

during transcription. 
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• S?me heavily transcribed genes appear to be excep
tiOnal cases that are devoid of nucleosomes. 

• RNA po
_
ly�era�e displaces histone octamers during 

transcn pt10n m v1tro, but octamers reassociate with 
DNA as soon as the polymerase has passed. 

• Nucleosomes are reorganized when transcription 
passes through a gene. 

• Addi
_
tional factors are required for RNA polymerase 

to displace octamers during transcription and for 
the histones to reassemble into nucleosomes after 
transcription. 

DNase Sensitivity Detects Changes in Chromatin 
Structure 
• Hypersensitive sites are found at the promoters of 

expressed genes, as well as other important sites such 
as origins of replication and centro meres. 

• Hypersensitive sites are generated by the binding of 
factors that exclude histone octamers. 

• � domain cont�i
_
ni

_
ng a transcribed gene is defined by 

1 ncreased sens1t1v1ty to degradation by DNase I. 

Insulators Define Transcriptionally Independent 
Domains 
• Ins

_
ulat�rs a:e able to block passage of any activati ng 

or 1nact1Vat1 ng effects from enhancers, silencers, and 
other control elements. 

• Insulators can provide barriers against the spread of 
heterochromatin. 

• Insulators are specialized chromatin structures that 
typically contain hypersensitive sites. 

• In most cases, two insulators can protect the region 
between them from all external effects. 

• Different insulators are bound by different factors and 
may use alternative mechanisms for enhancer blocking 
and/or heterochromatin barrier formation. 

11•111 An LCR May Control a Domain 
• LCRs are located at the 5' end of a chromosomal 

dom�i� an? typically consist of multiple DNAse hyper
sensitive s1tes. 

• LCRs regulate gene clusters. 
• LCRs usually regulate loci that show complex 

develop
_
mental or cell-type specific patterns of gene 

ex p ress10 n .  
• LCRs control the transcription of target genes in the 

locus by direct interactions, forming looped structures. 

Summary 



Ill Introduction 
Chromatin has a compact organization in 
which most DNA sequences are structurally 
inaccessible and functionally inactive. Within 
this mass is the minority of active sequences. 
What is the general structure of chromatin, 
and what is the difference between active and 
inactive sequences? The high overall packing 
ratio of the genetic material immediately sug
gests that DNA cannot be directly packaged into 
the final structure of chromatin. There must be 
hierarchies of organization. 

The fundamental subunit of chromatin 
has the same type of design in all eukaryotes. 
The nucleosome contains -200 bp of DNA, 
organized by an octamer of small, basic pro
teins into a beadlike structure. The protein 
components are histones. They form an inte
rior core; the DNA lies on the surface of the 
particle. Additional regions of the histones, 
known as the histone tails, extend from the 
surface. Nucleosomes are an invariant compo
nent of euchromatin and heterochromatin in 
the interphase nucleus and of mitotic chromo
somes. The nucleosome provides the first level 
of organization, compacting the DNA -6-fold 
over the length of naked DNA, resulting in a 
fiber -10 nm in diameter. Its components and 
structure are well characterized. 

The second level of organization is the coil
ing of the 10-nm fiber of nucleosomes into a 
helical array to constitute the fiber of diameter 
-30 nm that is found in interphase chromatin 
and in mitotic chromosomes. This compacts 
the DNA -40-fold. The structure of this fiber 
requires the histone tails and is stabilized by 
linker histones. 

This 30-nm fiber is then further folded 
and compacted into interphase chromatin 
or into mitotic chromosomes. This results in 
-1000-fold compaction in euchromatin, cycli
cally interchangeable with packing into mitotic 
chromosomes to achieve an overall -10,000-
fold compaction. Heterochromatin generally 
maintains - 1 0,000-fold compaction in both 
interphase and mitosis. 

In this chapter, we describe the structure of 
and relationships between these levels of orga
nization to characterize the events involved in 
cyclical packaging, replication, and transcrip
tion. Association with additional proteins, as 
well as modifications of existing chromosomal 
proteins, is involved in changing the strucniTe of 
chromatin. Replication and transcription, and 
most DNA repair processes, require unwinding 

of DNA, and thus first involve an unfolding of 
the structure that allows the relevant enzymes 
to manipulate the DNA. This is likely to involve 
changes in all levels of organization. 

When chromatin is replicated, the nucleo
somes must be reproduced on both daughter 
duplex molecules. In addition to asking how 
the nucleosome itself is assembled, we must 
inquire what happens to other proteins present 
in chromatin. Replication disrupts the struc
ture of chromatin, which indicates that it poses 
a problem for maintaining regions with spe
cific structure but also offers an opportunity to 
change the structure. 

The mass of chromatin contains up to twice 
as much protein as DNA. Approximately half of 
the protein mass is accounted for by the nucleo
somes. The mass of RNA i s <  10% of the mass of 
DNA. Much of the RNA consists of nascent tran
scripts still associated with the template DNA. 

The nonhistones include all the proteins 
found in chromatin except the histones. They 
are more variable between tissues and species, 
and they comprise a smaller proportion of the 
mass than the histones. They also comprise a 
much larger number of proteins, so that any 
individual protein is present in amounts much 
smaller than any histone. The functions of 
nonhistone proteins include control of gene 
expression and higher order structure. Thus 
RNA polymerase may be considered to be a 
prominent nonhistone. The high-mobility 
group (HMG) proteins comprise a discrete and 
well defined subclass of nonhistones (at least 
some of which are transcription factors). 

DNA Is Organized in 
Arrays of Nu cleosomes 

Key concepts 
• MNase cleaves linker DNA and releases individual 

nucleosomes from chromatin. 
• >95"/o of the DNA is recovered in nucleosomes or 

multimers when MNase cleaves DNA in chromatin. 
• The length of DNA per nucleosome varies for indi

vidual tissues or species in a range from 154 to 
260 bp. 

• Nucleosomal DNA is divided into the core DNA 
and linker DNA depending on its susceptibility to 
MNase. 

• The core DNA is the length of 146 bp that is found 
on the core particles produced by prolonged diges
tion with MNase. 

• Linker DNA is the region of 8 to 114 bp that is 
susceptible to early cleavage by nucleases. 
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FIGURE 10.1 Chromatin spilling out of lysed nuclei con
sists of a compactly organized series of particles. The 
bar is 100 nm. Reprinted from Cell, vol. 4, P. Oudet, M. 
Gross-Bella rd. and P. Cham bon, Electron microscopic and 
biochemical evidence . . .  , pp. 281-300. Copyright 1975, 
with permission from Elsevier [http:/ jwww.sciencedirect. 
comjsciencejjournalj00928674] . Photo courtesy of Pierre 
Cham bon, College of France. 

When interphase nuclei are suspended in a 
solution of low ionic strength, they swell and 
rupture to release fibers of chromatin. FIG
URE 10.1 shows a lysed nucleus in which fibers 
are streaming out. In some regions, the fibers 
consist of tightly packed material, but in regions 
that have become stretched they consist of dis· 
crete particles. These are the nudeosomes. In 
especially extended regions, individual nucleo
somes are visibly connected by a fine thread, 
which is a free duplex of DNA. A continuous 
duplex thread of DNA runs through the series 
of particles. 

Individual nucleosomes can be obtained 
by treating chromatin with the endonuclease 
micrococcal nuclease (MNase), which 
cuts the DNA between nucleosomes, a region 
known as linker DNA. Ongoing digestion 
with MNase releases groups of particles, 
and eventually single nucleosomes. Individ
ual nucleosomes can be seen in FIGURE 10.2 
as compact particles measuring -10 nm in 
diameter. 

When chromatin is digested with MNase, 
the DNA is cleaved into integral multiples of a 
unit length. Fractionation by gel electrophoresis 
reveals the "ladder" presented in FIGURE 10.3 . 
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FIGURE 10.2 Individual nucleosomes are released by 
digestion of chromatin with micrococcal nuclease. The 
bar is 100 nm. Reprinted from Cell, vol. 4, P. Oudet, M. 
Gross-Bellard, and P. Cham bon, Electron microscopic and 
biochemical evidence . . .  , pp. 281-300. Copyright 1975, 
with permission from Elsevier [http:/ jwww.sciencedirect. 
comjsciencejjournalj00928674]. Photo courtesy of Pierre 
Cham bon, College of France. 

Such ladders extend for multiple steps (-10 
are distinguishable in this figure), and the unit 
length, determined by the increments between 
successive steps, is -200 bp. 

FIGURE 10.4 shows that the ladder is gener
ated by groups ofnucleosomes. When nucleo
somes are fractionated on a sucrose gradient, 
they give a series of discrete peaks that corre
spond to monomers, dimers, trimers, and so on. 
When the DNA is extracted from the individual 
tractions and electrophoresed, each fraction 
yields a band of DNA whose size corresponds 
with a step on the micrococcal nuclease ladder. 
The mm10meric nucleosome contains DNA of 
the unit length, the nucleosome dimer con
tains DNA of twice the unit length, and so on. 

Length 

605 

405 

205 

FIGURE 10.3 Micrococcal nuclease digests chromatin in 
nuclei into a multimeric series of DNA bands that can 
be separated by gel electrophoresis. Photo courtesy of 
Markus Noll, Universitat ZUrich. 
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FIGURE 10.4 Each multimer of nu cleosomes contains 
the appropriate number of unit lengths of DNA. In the 
photo, artificial bands simulate a DNA ladder that would 
be produced by MNase digestion. The image was con
structed using PCR frag ments with sizes corresponding 
to actual band sizes. Photo courtesy of Jan Kieleczawa, 
'Nyzer Biosciences. 

More than 95% of nuclear DNA can be recov
ered in the form of the 200-bp ladder, indicat
ing that almost all DNA must be organized in 
nucleosomes. 

The length of DNA present in the nucleo
some can vary from the Htypical" value of 
200 bp. The chromatin of any particular cell 
type has a characteristic average value ( + 5 bp ). 
The average most often is between 180 and 200, 
but there are extremes as low as 154 bp (in 
a fungus) or as high as 260 bp (in sea urchin 
sperm). The average value may be different in 
individual tissues of the adult organism, and 

there can be differences between different parts 
of the genome in a single cell type. Variations 
from the genome average often include tan
demly repeated sequences, such as clusters of 
5S RNA genes. 

A common structure underlies the varying 
amount of DNA that is contained in nucleo
somes of different sources. The association of 
DNA with the histone octamer forms a core 
particle containing 146 bp of DNA, irrespec
tive of the total length of DNA in the nucleo
some. The variation in total length of DNA per 
nucleosome is superimposed on this basic core 
structure. 

The core particle is defined by the effects 
of MNase on the nucleosome monomer. The 
initial reaction of the enzyme is to cut the easily 
accessible DNA between nucleosomes, but if it 
is allowed to continue after monomers have 
been generated, it proceeds to digest some 
of the DNA of the individual nucleosome, as 
shown in FIGURE 10.5. Initial cleavage results in 
nucleosome monomers with (in this example) 
-200 bp of DNA. After the first step, some 
monomers are found in which the length of 
DNA has been Htrimmed" to - 1 65 bp. Finally, 
this is reduced to the length of the DNA of the 
core particle, 146 bp. After this, the core particle 
is resistant to further digestion by MNase. 

As a result of this type of analysis, nucleo
somal DNA is functionally divided into two 
regwns: 

• Core DNA has an invariant length of 
146 bp, the minimum length of DNA 
needed to form a stable monomeric 
nucleosome, and is relatively resistant 
to digestion by nucleases. 

• Linker DNA comprises the rest of the 
repeating unit. Its length varies from 
as little as 8 bp to as many as 114 bp 
per nucleosome. 

Core particles have properties similar to 
those of the nucleosomes themselves, although 
they are smaller. Their shape and size are similar 

Mono- Trimmed 

\ .. -�
..... ,. 146bp 

Core particles 
nucleosomes nucleosomes 

FIGURE 10.5 Micrococcal nuclease initially cleaves between 
nucleosomes. Mononucleosomes typically have -200 bp DNA. 
End-trimming reduces the length of DNA first to -165 bp, and 
then generates core particles with 146 bp. 
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to those of nucleosomes; this suggests that the 
essential geometry ofthe particle is established 
by the interactions between DNA and the pro
tein octamer in the core particle. Core particles 
are readily obtained as a homogeneous popu
lation, and as a result they are often used for 
structural studies in preference to nucleosome 
preparations. 

The Nucleosome Is the 
Subunit of All Ch romatin 

Key concepts 
• A nucleosome contains -200 bp of DNA and two 

copies of each core histone (H2A, H2 8, H3, and H4 ). 
• DNA is wrapped around the outside surface of the 

protein octamer. 

• The histone octamer has a structure of an H3z-H4z 
tetramer associated with two H2A-H2B dimers. 

• Each histone is extensively interdigitated with its 
partner. 

• All core hi stones have the structural motif of 
the histone fold. N- and C-terminal histone tails 
extend out of the nucleosome. 

• H1 is associated with linker DNA and may lie at the 
point where DNA enters or exits the nucleosome. 

The 10-nm particles shown in Figure 10.2 rep
resent the fundamentaJ building block of all 
chromatin, the uucleosome. The nucleosome 
contains -200 bp of DNA associated with a 
histone octamer that consists of two copies 
each of hi stones H2A, H2B, H3, and H4. These 
are known as the core histones. Their associa
tion and dimensions are illustrated diagram
matically in FIGURE 10.6. 

C)() H2A X 2 = 28 kD 
......... ��� ()() H2B X 2 =28 kD 

()C) H3 X 2 = 30 kD 

�1;;;7 () C) H4 X 2 = 22 kD 

200 bp DNA = 130 kD 
Length = 67 nm 

Total protein = 1 08 kD 

l;J -H1 =24 kD 

1 1  nm 

FIGURE 10.6 The nucleosome consists of approximately 
equal masses of DNA and histones (including Hl). The 
predicted mass of the nucleosome is 262 kD. 
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FIGURE 10.7 The nucleosome is a cylinder with DNA 
organized into -12/s turns around the surface. 

The histones are small, basic proteins 
(rich in arginine and lysine residues), result
ing in a high affinity for DNA. Histones 
H3 and H4 are among the most conserved 
proteins known, and the core histones are 
responsible for DNA packaging in all eukary
otes. H2A and H2B are also conserved among 
eukaryotes, but show appreciable species
specific variation in sequence, particularly 
in the histone tails. The core regions of the 
histones are even conserved in archaea and 
appear to play a similar role in compaction 
of archaeal DNA. 

The shape of the nucleosome corresponds 
to a flat disk or cylinder of diameter 1 1  nm 
and height 6 nm. The length of the DNA is 
roughly twice the -34-nm circumference of 
the particle. The DNA follows a symmetrical 
path around the octamer. FIGURE 10.7 shows 
the DNA path diagrammatically as a helical 
coil that makes -1¥3 turns around the cylin
drical octamer. Note that the DNA "enters" and 
"exits" on one side of the nucleosome. 

Viewing a cross-section through the nudeo
some in FIGURE 10.8, we see that the two cir
Cllmferences made by the DNA lie close to one 

j.. DNA = 5.2 nm )I 
I
• 

I; n� I /2 nm •I • • • • , ....... ___ --,.. :--

Radius 
of 

gyration 
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ON� 

ON� 

• 
Axis of symmetry 

T 
2 nm i T 6 nm 
2 nm i 

FIGURE 10.8 DNA occupies most of the outer surface of 
the nucleosome. 



Sites 80 bp apart on linear DNA 
are close together on nucleosome 

FIGURE 10.9 Sequences on the DNA that lie on different 
turns around the nucleosome may be close together. 

another. The height of the cylinder is 6 nm, of 
which 4 nm are occupied by the two turns of 
DNA (each of diameter 2 nm). The pattern of 
the two turns has a possible functional conse
quence. One turn around the nudeosome takes 
-80 bp of DNA, so two points separated by 80 
bp in the free double helix may actually be 
dose on the nucleosome surface, as illustrated 
in FIGURE 10.9 . 

The core histones tend to forn1 two types 
of subcomplexes. H3 and H4 form a very stable 
tetramer in solution (H3rH42). H2A and H2B 
most typically form a dimer (H2A-H2B). A 
space-filling model of the structure of the his
tone octamer (from the crystal structure at 3.1  
A resolution) is shown in FIGURE 10.10. Tracing 
the paths of the individual polypeptide back
bones in the crystal structme shows that the 
hi stones are not orga11ized as individual globu
lar proteins, but that each is interdigitated with 
its partner: H3 with H4, and H2A with H2B. 
This figtue emphasizes the H32-H42 tetramer 
(white) and the H2A-H2B dimer (blue) sub
strucUire ofthe nucleosome, but does not show 
individual histones. 

In the top view, it can be seen that the 
H3rH42 tetramer accounts for the diameter 
of the octamer. It forms the shape of a horse
shoe. The H3rR42 tetramer alone can organize 
DNA i11 vitro into particles that display some of 
the properties of the core particle. The H2A
H2B pairs fit in as two dimers, but only one 
can be seen in this view. In the side view, the 
responsibiHties of the H3rH42 tetramer and 
of the separate H2A-H2B dimers can be dis
tinguished. The protein forms a sort of spool, 
with a superhelical path that could correspond 
to the binding site for DNA, which would be 
wound in - B'l turns in a nucleosome. The 
model displays twofold symmetry about an 
axis that would run perpendicular through 
the side view. 

All four core histones show a similar type 
of structure in which three a-helices are con
nected by two loops. This highly conserved 
structure is called the histone fold and is 
shown in FIGURE 10.11. These regions interact 
to form crescent-shaped heterodimers; each 
heterodimer binds 2.5 turns of the DNA double 
heHx. Binding is mostly to the phospl10dies
ter backbone through ionic interactions with 
the many basic amino acids in the histones 
(consistent with the need to package any DNA 
irrespective of sequence). A high-resolution 
view of the nucleosome (based on the crystal 
structure at 2.8 A) is shown in FIGURE 10.12. 
The H32-H42 tetramer is formed by interac
tions between the two H3 subunits, as can be 
seen at the top of the nudeosome (in green) 
in the top panel of the figure. The association 
of the two H2A-H2B dimers on opposite faces 
of the nucleosome is visible in the lower panel 
(in turquoise and yellow). 

FIGURE 10.10 The crystal structure of the histone core 
octamer is represented in a space-filling model with 
the H3rH42 tetramer shown in white and the H2A-H2B 
dimers shown in blue. Only one of the H2A-H2B dimers 
is visible in the top view, because the other is hidden 
underneath. The path of the DNA is modeled in green. 
Photos courtesy of E. N. Moudrianakis, the Johns Hopkins 
University. 
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(A) 

(B) 
FIGURE 10.11  The histone fold (A) consists of two short 
a-helices flanking a longer a-helix. Histone pairs (H3 + 
H4 and H2A + H2B) interact to form histone dimers (B). 
Structures from Protein Data Bank 1HIO. G. Arents, et al., 
Proc. Nat/. Acad. Sci. USA 88 (1991): 10145-10152. 

Each ofthe core hi stones has a histm1e fold 
domain that contributes to the central protei11 
mass of the nucleosome, sometimes referred 
to as the globular core. Each histone also has 
a flexible N-terminal tail (H2A and H2B have 
C-terminal tails as well), which contains sites 
for covalentmodification that are important in 
chromatin function. The tails, which account 
for about one-quarter of the protein mass, 
are too flexible to be visualized by X-ray crys
tallography; therefore, their positions in the 
nucleosome are not well defined, and they are 
generally depicted schematically, as shown i11 
FIGURE 10.13 . However, the points at which 
the tails exit the nucleosome core are known, 
and the tails of both H3 and H2B can be seen 
passing between the turns of the DNA super
helix and extending out of the nucleosome, 
as shown in FIGURE 10.14. The tails of H4 and 
H2A extend from both faces ofthe nucleosome. 
When histone tails are crosslinked to DNA by 
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(B) 

FIGURE 10.12 The crystal structure of the histone core 
octamer is represented in a ribbon model, including the 
146-bp DNA phosphodiester backbones (orange and blue) 
and eight histone protein main chains (green: H3; purple: 
H4; turquoise: H2A; yellow: H2B). Structures from Protein 
Data Bank lAOI. K. Luger, et al., Nature 389 (1997): 
251-260. 

U V  irradiation, more products are obtai11ed 
with nucleosomes compared to core panicles, 
which could mean that the tails contact the 
linker DNA. The tail ofH4 is able to contact an 
H2A-H2B dimer in an adjacent nucleosome, 
which may contribute to the formation of 
higher order structures (see the section titled 
The Path of Nucleosomes in the Chromatin Fiber 
later in this chapter). 

The linker histones also play an important 
role in the formation of higher order duo
marin structures. The linker histone family, 

(A) 



typified by histone H l ,  comprises a set of 
closely related proteins that show appreciable 
variation among tissues and among species. 
The role of H I  is different from that oft he core 
hi stones. H l  can be removed without affecting 
the structure of the nucleosome, consistent 
with a location external to the particle, and 
only a subset of nucleosomes are associated 
with linker hi stones in vivo. Nucleosomes that 
contain linker hi stones are sometimes referred 
to as chromatosomes. 

The interaction of histone H1 with the 
nucleosome is poorly understood. H 1  is 
retained on nucleosome monomers that have 
at least 165 bp of DNA, but does not bind to 
the 146-bp core particle. This suggests that H 1 
could be located in the region of the linker 
DNA immediately adjacent to the core DNA. 
While the precise positioning of linker his
tones remains somewhat controversial, recent 
models suggest H 1  may interact with either 
the entry or exit DNA in addition to the cen
tral turn of DNA on the nucleosome, as shown 
in FIGURE 10.15. In this position, H l  has the 
potential to influence the angle of DNA entry 
or exit, which may contribute to the forma
tion of higher order structures (see The Path of 
Nucleosomes in the Chromatin Fiber later in this 
chapter). 

Nudeosomes Are 
Covalently M odified 

Key concepts 

• Histones are modified by methylation, 
acetylation, phosphorylation, ubiquitylation, 
su moylation, ADP-ribosylation, and other 
modifications. 

• Combinations of specific histone modifications 
define the function of local regions of chromatin; 
this is known as the histone code. 

• The bromodomain is found in a variety of proteins 
that interact with chromatin; it is used to recog
nize acetylated sites on histones. 

• Several protein motifs recognize methyl lysines, 
such as chromodomains, PHD domains, and Tudor 
domains. 

All of the histones are subject to numerous 
covalent modifications, most of which occur 
i11 the histone tails. All of the hi stones can be 
modified at numerous sites by methylation, 
acetylation, or phosphorylation, as shown 
schematically in FIGURE 10.16 . While these 
modifications are relatively small, other, 
more dra1natic modifications occur as well, 
such as mono-ubiquitylation, sumoylation, 

FIGURE 10.13 The histone fold domains of the hi stones are located 
in the core of the nucleosome. The N- and C-terminal tails, which 
carry many sites for modification, are flexible and their positions 
cannot be determined by crystallography. 

and ADP-ribosylation. While different his
tone modifications have known roles in 
replication, chromatin assembly, transcrip
tion, splicing, a11d DNA repair, functions of 
a number of specific modifications are yet to 
be characterized. 

Lysines in the histone tails are the most 
common targets of modification. Acetylation, 
methylation, ubiquitylation, and sttmoylation 

FIGURE 10.14 The histone tails are disordered and exit from both 
faces of the nucleosome and between turns of the DNA. Note this 
figure shows only the first few amino acids of the tails, as the 
complete tails were not present in the crystal structure. Structure 
from Protein Data Bank 1AOI. K. Luger, et at., Nature 389 {1997): 
251-260. 
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FIGURE 10.15 Possible model for the interaction of his
tone Hl with the nucleosome. Hl  may interact with the 
central gyre of the DNA at the dyad axis, as well as with 
the linker DNA at either the entry or exit. 

all occur on the free epsilon (e) amino group 
of lysine. As shown in FIGURE 10.11, acetyla
tion neutralizes the positive charge that resides 
on the NH3 form of the e-amino group. h1 
contrast, lysine methylation retains the posi
tive charge, and lysine can be mono-, di-, 
or trimethylated. Arginine can be mono- or 
dimethylated. Phosphorylation occurs on the 
hydroxyl group of serine and threonine. This 
introduces a negative charge in the form of the 
phosphate group. 

All of these modifications are reversible, 
and a given modification may exist only traJ1-
siently, or can be maintained stably through 
multiple cell divisions. Some modifications 
change the charge of the protein molecule, 

H4 
H3 H2B 

C-TERM 
H2A 

5 
H2A 

C-TERM 

H3 
2 

e acK = acetyl lysine 
0 meR = methyl arginine 
e meK = methyl lysine 
8 pS = phospho serine 
• uK = ubiquity! lysine 

:::'> H2B 

FIGURE 10.16 The histone tails can be acetylated, methylated, 
phosphorylated, and ubiquitylated at numerous sites. Not all 
possible modifications are shown. Adapted from The Scientist 
17 (2003): p. 27. 
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and as a result they are potentially able to 
change the functional properties of the octam
ers. For example, extensive lysine acetylation 
reduces the overall positive charge ofthe tails, 
leading to release of the tails from interac
tions with DNA on their own or other nucleo
somes. Modification of histones is associated 
with structural changes that occur in chroma
tin at replication and transcription, and spe
cific modifications also facilitate DNA repair. 
Modifications at specific positions on specific 
hi stones can define different functional states 
of chromatin. Newly synthesized core hi stones 
carry specific patterns of acetylation tl1at are 
removed aEter the hi stones are assembled into 
chromatin, as shown in FIGURE 10.18. Other 
modifications are dynamically added and 
removed to regulate transcription, replica
tion, repair, and chromosome condensation. 
These other modifications are usually added 
and removed from hi stones that are incorpo
rated into chromatin, as depicted for acetyla
tion in FIGURE 10.19 . 

The specificity of the modifications is con
trolled by the fact that many of the modifying 
enzymes have individual target sites in specific 
histones. FIGURE 10.20 summarizes the effects 
of some of the modifications that occur on 
histones H3 and H4. Many modified sites are 
subject to only a single type of modification 
i11 vivo, but others can be subject to alternative 
modification states (such as lysine 9 of histone 
H3, which is acetylated or methylated under 
different conditions). In some cases, modi
fication of one site may activate or inhibit 
modification of another site. The idea that 
combinations of signals may be used to define 
chromatin function has sometimes been called 
the histone code. This hypothesis proposes 
that the collective impact of multiple modifica
tions at particular sites defines the function 
of a chromatin domain. These modifications 
are not restricted to a single histone; the func
tional state of a region of chromatin is derived 
from all the modifications within a nucleo
some or set of nudeosomes. Some modifica
tions of particular histone residues can also 
prevent or promote other specific histone 
modification events (or even modification 
of non-histone proteins); these "cross-talk" 
pathways add another level of complexity to 
signaling through chromatin. 

The changes in charge caused by some his
tone modifications can directly alter the structure 
of chromatin, but a major function of histone 
modification lies in the creatio11 of hi11di11g sites 
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nGURE 10.17 The positive charge on lysine is neutralized upon acetylation, while methylated lysine and 
arginine retain their positive charges. Lysine can be mono-, di-, or triacetylated, while arginine can be mono
or diacetylated. Serine or threonine phosphorylation results in a negative charge. 

for the attachment of nonhistone proteins that 
change the properties of chromatin. In recent 
years, a number of protein domains have been 
identified that bind to specifically modified his
tone tails. A few examples are provided here. 

The bromodomain is found in a variety 
of proteins that interact with chromatin. Bro
modomains recognize acetylated lysine, and 
different bromodomai n ·containing proteins 
recognize different acetylated targets. The bro
modomain itself recognizes only a very short 
sequence of four amino acids, including the 
acetylated lysine, so specificity for target recog
nition must depend on interactions involving 
other regions. The structure of a bromodomain 
bound to its acetylated lysine target is shown 

in nGURE 10.21. The bromodomain is found in a 
range of proteins that interact with chromatin, 
including components of the transcription appa · 
ratus and some of the enzymes that remodel or 
modify hi stones (discussed in the chapter titled 
Eukaryotic Transcription Regulation) .  

Methylated lysines (and arginines) are 
recognized by a number of different domains, 
which not only can recognize specific modified 
sites but also can distinguish between mono-, di
or trimethylated lysines. The chromodomain 

is a common protein motif of 60 amino acids 
present in a number of chromatin-associated 
proteins. A number of other methyl-lysine 
binding domains have been identified, as shown 
in FIGURE 10.22, such as the plant homeodomain 
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Acetyl groups are removed � 

FIGURE 10.18 Acetylation during replication occurs on 
specific sites on histones before they are incorporated 
into nucleosomes. 

(PHD) and the Tudor domain; the number of 
different motifs designed to recognize particular 
methylated sites emphasizes the importance 
and complexity of histone modifications. 

The idea that combinations of modifications 
are critical, as proposed in the histone code 
hypothesis, has been reinforced by discoveries 
of proteins or complexes that can recognize 
multiple sites of modification simultaneously. 
For example, some proteins have tandem bro
modomains or chromodomains with particular 
spacing, which can promote binding to histones 
that are acetylated or methylated at two specific 
sites. There are also cases in which modification 
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FIGURE 10.19 Acetylation associated with gene activa
tion occurs by directly modifying specific sites on his
tones that are already incorporated into nucleosomes. 

at one site can prevent a protein from recogniz
ing its target modification at another site. It is 
clear that the effects of a single modification 
may not always be predictable, and the con
text of other modifications must be accounted 
for in order to assign a function to a region of 
chromatin. 

Histone Variants Produce 
Alternative N ucleosomes 

Key concepts 
• All core hi stones except H4 are members of fami

lies of related variants. 
• Histone variants can be closely related to or highly 

divergent from canonical histones. 
• Different variants serve different functions in 

the cell. 

Function 

Transcription activation 
Chromatin condensation 
Required for DNA methylation 
Transcription activation 
Transcription activation 
Prevents methylation at Lys-9 
Telomeric silencing 

Transcription regulation 
Nucleosome assembly 
Nucleosome assembly 
Nucleosome assembly, 

fly X activation 

FIGURE 10.20 Most modified sites in histones have a single, specific type 
of modification, but some sites can have more than one type of modifica
tion. Individual functions can be associated with some of the modifications. 
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FIGURE 10.2.1 Bromodomains are protein motifs that bind acetyl-lysines. 
The bromodomain fold consists of a cluster of four a-helices with an acetyl
lysine binding pocket at one end. This figure shows the bromodomain of 
yeast Gcn5 bound to an H4K16ac peptide. Structure from Protein Data Bank 
1E6I. D. J. Owen, et al., EMBO J. 19 (2000): 6141-6149. 

While aU nucleosomes share a related core 
structure, some nucleosomes exhibit subtle or 
dramatic differences resulting from the incor
poration of histone variants. Histone vari
ants comprise a large group of histones that 
are related to the hi stones we have already dis
cussed, but have differences in sequence from 
the "canonical" histones. These sequence dif
ferences can be small (as few as four amino acid 
differences) or extensive (such as alten1ative 
tail sequences). 

Variants have been identified for all core 
histones except histone H4. The best charac
terized histone variants are summarized in 
FIGURE 10.23 . Most variants have significant 
differences between them, particularly in the 

(A) 

C..( �·\ 4�)�\ ' )_ "' ) 

(B) 

N- and C-tenninal tails. At one extreme, mac
roH2A is nearly three times larger than conven
tional H2A, and contains a large C -terminal tail 
that is not related to any other histone. At the 
other end of the spectrum, canonical H3 (also 
known as H3. l )  differs from the H3.3 variant 
at only four amino acid positions-three in the 
histone core and one in the N-terminal tail. 

Histone variants have been implicated in a 
number of different functions, and their incor
poration changes the natme of the chromatin 
containing the variant. We have previously dis
cussed one type of histone variant, the centro
meric H3 (or CenH3) histone, known as Cse4 
in yeast. CenH3 hi stones are incorporated into 
specialized nudeosomes present at centromeres 

(C) 

FIGURE 10.22 Numerous protein motifs recognize methylated lysines. (A) The chromodomain of HP1 binds trimethyl
ated K9 of histone H3. Structure from Protein Data Bank 1KNE. S. A. Jacobs and S. Khorasanizadeh, Science 295 (2002): 
2080-2083. (B) The Tudor domain of JMJ D2A binds trimethylated K4 of histone H3. Chromodomains and Tudor domains 
are members of the "royal superfamily," which bind their targets via a partial l3-barrel structure. Structure from Protein 
Data Bank 2GFA. Y. Huang, et al., Science 12 (2006): 748-751. (C) The PHD finger of BPTF also binds trimethylated 
K4 of histone H3, using a structure related to DNA-binding zinc finger domains. Photo courtesy of Sean D. Taverna, 
the Johns Hopkins University School of Medicine, and Haitao Li, Memorial Sloan-Kettering Cancer Center. Additional 
information at S. D. Taverna, et al., Nat. Struct. Mol. Bioi. 14 (2007): 1025-1040. 
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FIGURE 10.23 The major core histones contain a conserved histone-fold domain. In the histone H3.3 variant the residues 
that differ from the major histone H3 (also known as H3.1) are highlighted in yellow. The centromeric histone CenH3 has a 
unique N terminus, which does not resemble other core histones. Most H2A variants contain alternative C-termini, except 
H2ABbd, which contains a distinct N terminus. The sperm-specific SpH2B has a long N-terminus. Proposed functions of the 
variants are listed. Adapted from K. Sarma and D. Reinberg, Nat. Rev. Mol. Cell Bioi. 6 (2005): 139-149. 

in all eukaryotes (see the chapter titled Chromo
somes). In yeast, these centromericnucleosomes 
consist of Cse4, H4, and a nonhistone protein 
Scm3, which replaces H2A-H2B dimers. In Dro
sophila, the centromeric chromatin appears to 
consist of "hemisomes" containing one copy 
each of CenH3, H4, H2A, and H2B. It is not 
known whether any centromeric chromatin in 
higher eukaryotes contains an Scm3-like pro
tein at a subset of centromeric nucleosomes. 

The other major H3 variant is histone H3.3. 
In multicellular eukaryotes this variant is a 
minority component of the total H3 in the cell, 
but in yeast, the major H3 is actually of the 
H3.3 type. H3.3 is expressed throughout the 
cell cycle, in contrast to most hi stones that are 
expressed during S phase, when new chromatin 
assembly is required during DNA replication. 
As a result, H3.3 is available for assembly at 
any time in the cell cycle, and is incorporated 
at sites of active transcription, where nucleo
somes become disrupted. For this reason H3.3 
is often referred to as a "replacement" histone, 
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in contrast to the "replicative" histone H3.1  
(see Replication of Chromatin Requires Assembly 
of Nucleosomes later in this chapter) .  

The H2A variants are the largest and 
most diverse family of core histone variants, 
and have been implicated in a variety of dis
tinct functions. One that has been extensively 
studied is the variant H2AX. H2AX is normally 
present in only 10%-15% of the nucleosomes 
in multicellular eukaryotes, though again (like 
H3.3) this subtype is the major H2A present 
in yeast. It has a C-terminal tail that is distinct 
from the canonical H2A, characterized by a 
SQEL/Y motif at the end. This motif is the tar
get of phosphorylation by ATM/ATR kinases, 
activated by DNA damage, and this histone 
variant is involved in DNA repair, particularly 
repair of double-strand breaks (see the chapter 
titled Repair Systems). H2AX phosphorylated at 
the SQEL!Y motif is sometimes referred to as 
"-y-H2AX," and is required to stabilize binding 
of various repair factors at DNA breaks and to 
maintain checkpoint arrest. -y-H2AX appears 



within moments at broken DNA ends, as can 
be seen in FIGURE 10.24, which shows foci of 
')'-H2AX forming along the path of double
strand breaks induced by a laser. 

Other H2A variants have different roles. 
The H2AZ variant, which has -60% sequence 
identity with canonical H2A, has been shown 
to be important in several processes, sucb as 
gene activation, heterochromatin-euchromatin 
boundary formation, cell-cycle progression, and 
may be enriched at the centromere, at least in 
some spedes. The vertebrate-sped fie macroH2A 
is named for its extremely long C-tenninal tail, 
which contains a leucine-zipper dimerization 
motif that may mediate chromatin compac
tion by facilitating internucleosome interac
tions. Mammalian macroH2A is enriched in the 
inactive X chromosome in females, which is 
assembled into a silent, heterochromatic state. 
In contrast, the mammalian H2ABbd variant 
is excluded from the inactive X and fom1s a Jess 
stable nucleosome than canonical H2A; per
haps this histone is designed to be more easily 
displaced in transcriptionally active regions of 
euchromatin. 

Still other variants are expressed in lim
ited tissues, such as spH2B, which is present in 
sperm and required for chromatin compaction. 
The presence and distribution o( histone vari
ants shows that individual chromatin regions, 
entire chromosomes, or even specific tissues 
can have unique "flavorsH of chromatin spe
dalized for different functions. FIGURE 10.25 is 
a schematic iUustrating some typical distribu
tion patterns of some of the better characterized 
histone variants. In addition, the histone vari 
ants, like the ca11onical hi stones, are subject to 
numerous covalent modifications, adding levels 
of complexity to the roles chromatin plays in 
nuclear processes. 

B DNA Structure Varies on 
the Nudeosomal Surface 

Key concepts 

• DNA is wrapped 1.67 times around the histone 
octamer. 

• DNA on the nucleosome shows regions of smooth 
curvature and regions of abrupt kinks. 

• The structure of the DNA is altered so that it has 
an increased number of base pairs/turn in the 
middle, but a decreased number at the ends. 

• -0.6 negative turns of DNA are absorbed by the 
change i n  bpjtu rn from 10.5 in solution to an 
average of 10.2 on the nucleosomal surface, which 
explains the linking-number paradox. 

FIGURE 10.24 -y-H2AX is detected by an antibody (yellow) and appears along the 
path traced. by a lase r that produ�es double-strand breaks. The percentages refer 
to the relat1ve laser energy used 1n each transit. Nuclei are red. <P Rogakou et at., 
1999. Origi natty pu blished in  The Journal of Cell Biology, 146: 905-915. Photo 
courtesy of William M. Bonner, National Cancer Institute, NIH. 

So far we have focused on the protein compo
nents of the nucleosome. The DNA wrapped 
around these proteins is in an unusual confor
mation. The exposure ofDNA on the surface of 
the nucleosome explains why it is accessible to 
cleavage by certain nucleases. The reaction with 
nucleases that attack single strands has been 
especially informative. The enzymes DNase I 
and DNase 11 make single-strand nicks in DNA; 
they cleave a bond in one strand, but the other 
strand remains intact. No effect is visible in lin
ear double-stranded DNA, but when this DNA 
is denatured, shorter fragments are released 

')'-H2AX at H2ABbd enriched in active 
chromatin and excluded from 
inactive X 

site of DNA break 

H3.3 at site of 
active transcription 

CenH3 
at centromere 

H3.1, unmodified 
H2AX throughout -,,----......... ....,._

�c�h�romosome 

H2AZ at macroH2A at 
boundary of transcriptionally silent 
heterochromation regions (also on inactive X) 

FIGURE 10.25 Some histone variants are spread throughout all or most of the 
chromosome, whereas others show specific distribution patterns. Characteristic 
patterns are shown for several histone variants on a cartoon autosome. Note 
that histone variant distributions can be dramatically different on dosage
compen�ated sex chr�mosomes. (l.ike the mammalian inactive X), in sperm 
chromat10, or other h1ghly spec1ahzed chromatin states. 
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FIGURE 10.26 Nicks in double-stranded DNA are revealed by fragments when the DNA is denatured to 
give single strands. For example, if the DNA is labeled at the 5 '  ends, only the 5 '  fragments are visible 
by autoradiography. The size of the fragment identifies the distance of the nick from the labeled end. 

instead of full-length single strands. If the DNA 
has been labeled at its ends, the end fragments 
can be identified by detection of the label, as 
summarized in FIGURE 10.26. When DNA is free 
in solution, it is nicked (relatively) at random. 
The DNA on nucleosomes can also be nicked 
by the enzymes, but only at regular intervals. 
When the points of cutting are determined by 
using end-labeled DNA and the DNA is dena
tured and electrophoresed, a ladder of the sort 
displayed in FIGURE 10.27 is obtained. 

812 
811  
810 
S9 
sa 
S7 

86 

85 

84 

83 

FIGURE 10.27 Sites for nicking lie at regular intervals 
along core DNA, as seen in  a DNase I digest of nuclei. 
Photo courtesy of Leonard C. Lutter, Molecular Biology 
Research Program, Henry Ford Hospital. 
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The interval between successive steps on 
the ladder is 10-1 1  bases. The ladder extends for 
the full distance of core DNA. The cleavage sites 
are numbered as S l  th.rough S 1 2  (where S1  is 
-10 bases from the labeled 5 '  end, S2 is -20 
bases from it, and so on). The enzymesDNase I 
and DNase II generate essentially the same lad
der, and the same pattern is obtained by cleav
ingwith a hydroxyl radical, which argues that 
the pattern reflects the structure of the DNA 
itselfrather than any sequence preference. The 
sensitivity of nucleosomal DNA to nuclea.ses is 
analogous to a footprinting experiment. Thus, 
we can assign the lack ofreaction at particuJa.r 
target sites to the structure of the nucleosome, 
in which certain positions on DNA are rendered 
inaccessible. 

There are lwo strands of DNA in the core 
particle, so in an end-labeling experiment both 
of the 5 '  (or 3 ' ) ends are labeled, one on each 
strand. Thus, the cutting pattern includes frag
meu ts derived from both strands. This is visible 
in Figure 10.26, where each labeled fragment 
is derived from a different strand. The corollary 
is that, in au experiment, ead1 labeled band 
may actually represent two fragments that are 
generated by cutting the same distance from 
either of the labeled ends. 

How, then, should we interpret discrete 
preferences at particular sites? One view is 
that the path of DNA on the particle is sym
metrical (about a horizontal axis tluough the 
nucleosome, as illustrated in Figure 10.7). If, for 
example, no 80-base fragment is generated by 
DNase I, this must mean that the position at 
80 bases from the 5 '  end of either strand is not 
susceptible to the enzyme. 



Sites exposed to DNase I 

FIGURE 10.28 The most exposed positions on DNA recur 
with a periodicity that reflects the structure of the 
double helix. (For clarity, sites are shown for only one 
strand.) 

When DNA is immobilized on a flat sur
face, sites are cut with a regular separation. 
FIGURE 10.28 shows that this reflects the recur
rence of the exposed site with the helical peri
odicity ofB-form DNA. The cutting periodicity 
(the spacing between cleavage points) coincides 
with-indeed, is  a reflection of-the struc
tural periodicity (the number of base pairs per 
turn of the double helix). Thus, the distance 
between the sites corresponds to the number 
of base pairs per turn. Measurements of this 
type yield the average value for double-helical 
B-type DNA of -10.5 bp/turn. 

A similar analysis of DNA on the surface 
ofthe n ucleosome reveals striking variation in 
the structural periodicity at different points. 
At the ends of the DNA, the average distance 
between pairs of DNase I digestion sites is 
about 10.0 bases each, significantly less than 
the usual 10.5 bp/turn. In the center of the 
particle, the separation between cleavage sites 
averages 10.7 bases. This variation in cutting 
periodicity along the core DNA means that 
there is variation in the structural periodicity 
of core DNA. The DNA has more bp/turn than 
its solution value in the middle, but has fewer 
bp/turn at the ends. The average periodicity 
over the entire nucleosome is only 10.17 bpi 
turn, which is significantly less than the 10.5 
bp/turn of DNA in solution. 

The crystal structure of the core particle 
(Figure 10.12)  shows that DNA is wound into 
a sole11oidal (spring-shaped) supercoil, with 1 .67 
turns wound around the histone octamer. The 
pitch ofthe superhelix varies and has a discon
tinuity in the middle. Regions of high curvature 
are arranged symmetrically, and are the sites 
least sensitive to DNase I. 

The high-resolution structure of the 
nucleosome core shows in detail how the struc
ture of DNA is distorted. Most of the super
coiling occurs in the central 129 bp, which 
are coiled into 1 .59 left-handed superheli
cal turns with a diameter of 80 A (only four 
times the diameter of the DNA duplex itself). 
The terminal sequences on either end make 

only a very small contribution to the overall 
curvature. 

The central 129 bp are in the form of 
B-DNA, but with a substantial curvature that 
is needed to form the superhelix.  The major 
groove is smoothly bent, but the minor groove 
has abrupt kinks, as shown in FIGURE 10.29 . 
These conformational changes may explain 
why the central part of nucleosomal DNA is not 
usually a target for binding by regulatory pro
teins, which typically bind to the terminal parts 
of the core DNA or to the linker sequences. 

Some insights into the structure of nucleo
somal DNA emerge when we compare predic
tions for supercoiling in the path that DNA fol
lows with actual measurements of supercoiling 
of nucleosomal DNA. Circular "mini -chromo
somes" that are fully assembled into nucleo
somes can be isolated from eukaryotic cells. 
The degree of supercoiling on the individual 
nucleosomes of the minichromosome can be 
measured as illustrated in FIGURE 10.30. First, the 
free supercoils of the minichromosome itself 
are relaxed, so that the nucleosomes form a 
circular string with an unconstrained super
helical density of 0. Next, the histone octamers 
are extracted. This releases the DNA to follow 
a free path. Every negative supercoil that was 
present but constrained in the nucleosomes will 
appear in the deproteinized DNA as - 1  turn. 
Now the total number of supercoils in the DNA 
is measured. 

The observed value is  close to the num
ber of nucleosomes. Thus the DNA follows a 
path on the n ucleosomal surface that gener
ates - 1  negative supercoiled turn when the 
restraining protein is removed. The path that 
DNA follows on the nucleosome, however, 
corresponds to - 1 .67 superhelical turns. This 
discrepancy is sometimes called the linking 
number paradox. 

The discrepancy is explained by the dif
ference between the 10 . 17  average bp/turn 
of nucleosomal DNA and the 10.5 bp/turn of 
free DNA. In a nucleosome of 200 bp, there are 
2001 10. 17 = 19.67 turns. When DNA isreleased 
from the nucleosome, it now has 200/10.5 = 
19.0 turns. The path of the less tightly wound 
DNA on the nucleosome absorbs -0.67 turns, 
which explains the discrepancy between the 
physical path of - 1 .67 and the measure
ment of - 1 .0 superhelical turns. In effect, 
some of the torsional strain in nucleosomal 
DNA goes into increasing the number of bp/ 
turn; only the rest is left to be measured as a 
supercoil. 
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into minor groove 

Kin ked bending 
Into min or groove 

(B) 
FIGURE 10.29 DNA structure in nucleosomal DNA. (A) The trace of the DNA backbone in the nucleosome is shown in the absence of protein for 
clarity. Structures from Protein Data Bank: 1P34. U. M .  Muthurajan, et al., EMBO J. 23 (2004): 260-271. (B) Regions of curvature in nucleosomal 
DNA. Actual structures (left) and schematic representations (right) show uniformity of curvature along the major groove (blue) and both smooth 
and kinked bending into the minor groove (orange). Also indicated are the DNA axes for the experimental (pink) and ideal (gray) superhelices. 
Adapted from T. J. Richmond, and C. A. Davey, Nature 423 (2003): 145-150. 

The Path of Nucleosomes 
in the Chromatin Fiber 

Key concepts 
• 10-nm chromatin fibers consist of a string of 

nucleosomes. 

• 30-nm fibers have six nucleosomesjtu rn, which 
are organized into a two-start helix. 

• Histone H 1, histone tails, and increased ionic 
strength all promote the formation of the 
30-nm fiber. 

When chromatin is examined with an elec
tron microscope, two types of fibers are seen: 
the 10-nm fiber and the 30-nm fiber. They are 
described by the approximate diameter of the 
thread (that of the 30-nm fiber actually varies 
from -25-30 nm). 

The 10-nm fiber is essentially a continu
ous string of nucleosomes and represents the 
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least compacted level of chromatin structure. In 
fact, in a stretched-out 1 0-nm fiber, linker DNA 
and nucleosomes can be easily distinguished 
and the fiber resembles a string of beads, as 
can be seen in FIGURE 10.3 1. The 10-nm fiber 
structure is obtained under conditions of low 
ionic strength and does not require the presence 
of histone H I .  This means that it is a function 
strictly ofthe nucleosomes thentselves. A depic
tion of the continuous series of nucleosomes in 
this fiber is shown in FIGURE 10.32. 

When chromatin is visualized in condi
tions of greater ionic strength, the 30-nm fiber 
is obtained. An example is given in FIGURE 10.33. 
The fiber can be seen to have an underlying 
coiled structure. It has -6 nucleosomes for 
every turn, which corresponds to a packing 
ratio of 40 (i.e., each JLm along the axis of the 
fiber contains 40 JLITI of DNA). The formation 
of this fiber requires the histone tails, which are 
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FIGURE 10.30 The supercoils of the SV40 minichromosome 
can be relaxed to generate a circular structure, whose loss 
of histones then generates supercoils in the free DNA. 

involved in iutemucleosomal contacts, and is 
facilitated by the presence of a linker histone 
such as H l .  This fiber is thought to be the basic 
constituent of both interphase chromatin and 
mitotic chromosomes, though it has been dif
ficult to observe this directly in vivo. 

The most likely arrangement for packing 
uucleosomes into the fiber is a solenoid, in 
which the nucleosomes tum in a helical array 
that is coiled around a central cavity (whicl1 is 

FIGURE 10.31 The 10-nm fiber in partially unwound state 
can be seen to consist of a string of nucleosomes. Photo 
courtesy of Barbara Hamkalo, U niversity of California, 
Irvine. 
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FIGURE 10.32 The 10-nm fiber is a continuous string of 
nucleosomes. 

likely occupied by linker DNA). The two main 
forms of a solenoid are a single-start, which 
forms from a single linear array, and a two
start, which in effect consists of a double row 
of nucleosomes. FIGURE 10.34 shows a two-start 
model suggested by crosslinkiug data identify
ing a double stack ofnucleosomes in the 30-nm 
fiber. This model is also supported by the crystal 
structure of a tetrauucleosome complex and 
recent cryoelectTon tomography studies. 

Levels of folding beyond the 30-nm fiber 
are very poorly understood, but it is obvious 
that the 40-fold compaction provided by the 
30-nm fiber is stiU a long way from the levels of 
compaction required for interphase or mitotic 
packaging of chromosomes. Chromatin fibers 
with diameters of 60-300 nm (called "cbro
monema fibers") have been observed by both 
light and electron microscopy. Such fibers are 
presumed to consist of folded 30-mn fibers and 
would represent a major level of compaction 

FIGURE 10.33 The 30-nm fiber has a coiled structure. 
Photo courtesy of Barbara Hamkalo, University of Cali
fornia, Irvine. 
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FIGURE 10.34 The 30-nm fiber is a two-start helix con
sisting of two rows of nucleosomes coiled into a solenoid. 
Reprinted from Cell, vol. 128, D. J. Tremethick, Higher-order 
structure of chromatin . . .  , pp. 651-654. Copyright 2007, 
with permission from Elsevier [http:/ jwww.sciencedirect. 
comjsciencejjournalj00928674]. 

(a 30-nm fiberrunningjust across the width of 
a 100-nm fiberwouJd contain > l O kb ofDNA), 
but the actual substructures of these large fibers 
remain unknown. FIGURE 10.3 5 shows a hypo
thetical depiction of higher order folding. 

Replication of Chromatin 
Requires Assembly of 
Nucleosomes 

l<ey concepts 
• Histone octamers are not conserved during 

replication, but H2A-H2B dimers and H32-H42 
tetramers are. 

• There are different pathways for the assembly of 
nucleosomes during replication and also indepen
dent of replication. 

• Accessory proteins are required to assist the 
assembly of nucleosomes. 

• CAF-1 and ASFl are histone assembly proteins that 
are linked to the replication machinery. 

• A different assembly protein, HIRA, and the 
histone H3.3 variant are used for replication
independent assembly. 

Replication separates the strands of DNA and 
therefore must inevitably disrupt the structure 
of the nucleosome. However, this disruption 
is confined to the immediate vicinity of the 
replication fork. Once DNA has been repli
cated, nucleosomes are quickly generated on 
both of the duplicates. The transience of the 
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FIGURE 10.35 Levels of chromatin packaging. 10-nm fibers are folded into 30-nm fibers as a result of short
range internucleosomal interactions, stabilized by linker histones. 30-nm fibers are further folded into large 
chromonema fibers, which are ultimately organized through long-range, fiber-fiber interactions and other 
interactions to form interphase chromatids or metaphase chromosomes. Modified courtesy of Karolin Luger and 
Jeffrey C. Hansen, Colorado State University. 

242 CHAPTER 10 Chromatin 



Non replicated 

Replicated 

Nonreplicated 
I 

FIGURE 10.36 Replicated DNA is immediately incor
porated into nucleosomes. Photo courtesy of Steven L. 
McKnight, UT Southwestern Medical Center at Dallas. 

replication event is a major difficulty in analyz
ing the structure of a particular region while it 
is being replicated. 

Replication of chromatin does not involve 
any protracted period during which the DNA 
is free of histones. This point is illustrated by 
the electron micrograph of FIGURE 10.36, which 
shows a recently replicated stretch of DNA that 
is already packaged into nucleosomes on both 
daughter duplex segments. 

Biochemical analysis and visualization of 
the replication fork indicate that the disruption 

of nucleosome structure is limited to a short 
region immediately around the fork. Progress 
ofthe fork disrupts nucleosomes, but they form 
very rapidly on the daughter duplexes as the 
fork moves forward. In fact, the assembly of 
nucleosomes is directly linked to the replisome 
that is replicating DNA. 

How do histones associate with DNA to 
generate nucleosomes? Do the histones pre
form a protein octamer around which the 
DNA is subsequently wrapped? Or, does the 
histone octamer assemble on DNA from free 
hi stones? Either of these pathways can be used 
in vitro to assemble nucleosomes, depending 
on the conditions that are employed. In one 
pathway, a preformed octamer binds to DNA. 
In the other pathway, a tetra mer of H32-H42 
binds first, and then two H2A-H2B dimers 
are added. This latter stepwise assembly is the 
pathway that is used in replication, shown in 
FIGURE 10.37 . 

Accessory proteins are involved in assisting 
hi stones to associate with DNA. Accessory pro
teins can act as "molecular chaperones" that 
bind to the histones in order to release either 
individual histones or complexes (H3rH42 or 
H2A-H2B) to the DNA in a controlled manner. 
This could be necessary because the histones, 

H2A-H2B dimer 

DNA entry DNA exit 

1 .  2. 

FIGURE 10.37 During nucleosome assembly in vivo, H3-H4 tetramers form and bind DNA first, then two H2A-H2B dimers are added to form the 
complete nucleosome. 
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as basic proteins, have a generally high affinity 
for DNA. Such interactions allow histones to 
form nucleosomes without becoming trapped 
in other kineticintennediates (i.e., other com
plexes resulting from indiscreet binding of his
tones to DNA). 

Numerous histone chaperones have 
been identified. Chromatin assembly factor 
(CAF)-1 and anti-silencingfunction 1 (ASF1) 
are two chaperones that function at the rep
lication fork. CAF-1 is a conserved three
subunit complex that is directly recruited 
to the replication fork by proliferating cell 
nuclear antigen (PCNA), the processivity fac
tor for DNA polymerase. ASF1 interacts with 
the replicative helicase that unwinds the rep
lication fork. Furthermore, CAF-1 and ASF1 
interact with each other. These interactions 
provide the link between replication and 
nucleosome assembly, ensuring that nucleo
somes are assembled as soon as DNA has been 
replicated. 

CAF-1 acts stoichiometrically, and func
tions by binding to newly synthesized H3 and 
H4. New nucleosomes form by assembling 

first the H3rH42 tetramer, and then adding 
the H2A-H2B dimers. ASF1 appears to play an 
important role in transfer of parental nucleo
somes from ahead of the replication fork to 
the newly synthesized region behind the fork, 
although ASF1 can bind and assemble newly 
synthesized hi stones as well. 

The pattern of disassembly and reassembly 
has been difficult to characterize in detail, but 
a working model is illustrated in FIGURE 10.38. 
The replication fork displaces histone octamers, 
which then dissociate into H32-H42 tetramers 
and H2A-H2B dimers. These "old" tetramers 
and dimers enter a pool that also includes 
"new" tetramers and dimers, which are assem
bled from newly synthesized hi stones. Nucleo
somes assemble -600 bp behind the replication 
fork. Assembly is initiated when H32-H42 tet
ramers bind to each of the daughter duplexes, 
assisted by CAF-1 or ASF1 .  Two H2A-H2B 
dimers then bind to each H3rH42 tetramer to 
complete the histone octamer. The assembly of 
tetramers and dimers is random with respect 
to "old" and "new" subunits. It appears that 
nucleosomes are disrupted and reassembled 
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FIGURE 10.38 Replication fork passage displaces histone octamers from DNA. They disassemble into H3-H4 tetramers and 
H2A-H2B dimers. H3-H4 tetramers (blue) are directly transferred behind the replication forks. Newly synthesized histones 
(orange) are assembled into H3-H4 tetramers and H2A-H2B dimers. The old and new tetramers and dimers are assembled with 
the aid of histone chaperones into new nucleosomes immediately behind the replication fork_ H2A-H2B dimers are omitted 
from the figure for simplicity; chaperones responsible for dimer assembly have not been identified. Adapted from w_ Rocha 
and A. Verreault, FEBS Lett. 582 (2008): 1938-1949. 
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in a similar way during transcription, though 
different histone chaperones are involved in 
this process (see the section Nucleosomes Are 
Displaced and Reassembled During Transcription 
later in this chapter). 

During S phase (the period of DNA repli
cation) in a eukaryotic cell, the duplication of 
chromatin requires synthesis of sufficient his
tone proteins to package an entire genome
basically the same quantity of histones must 
be synthesized that are already contained in 
nucleosomes. The synthesis of histone mRNAs 
is controlled as part of the cell cycle, and 
increases enormously in S phase. The pathway 
for assembling chromatin from this equal mix 
of old and new hi stones during S phase is called 
the replication-coupled pathway. 

Another pathway, called the replication
independmt pathway, exists for assembling 
nucleosomes during other phases of the cell 
cycle, when DNA is not being synthesized. This 
may become necessary as the result of damage 
to DNA or because nucleosomes are displaced 
during transcription. The assembly process 
must necessarily have some differences from 
the replication-coupled pathway, because it 
cannot be linked to the replication apparatus. 
The replication -independent pathway uses the 
histone H3.3 variant, which was introduced 
earlier in the section titled Histone Variants Pro
duce Alternative Nucleosomes. 

The histone H3 .3 variant differs from the 
highly conserved H3 histone at four amino 
acid positions (see Figure 10.21) .  H3.3 slowly 
replaces H3 in differentiating cells that do not 
have replication cycles. This happens as the 
result of assembly of new histone octamers to 
replace those that have been displaced from 
DNA for whatever reason. The mechanism that 
is used to ensure the use ofH3.3 in the replica
tion-independent pathway is different in two 
cases that have been investigated. 

In the protozoan Tetrahymena, histone 
usage is  determined exclusively by avail
ability. Histone H3 is synthesized only dur
ing the cell cycle; the variant replacement 
histone is synthesized only in nonreplicating 
cells. In Drosophila, however, there is an active 
pathway that ensures the usage of H3 .3  by 
the replication-independent pathway. New 
nucleosomes containing H3.3 assemble at 
sites of transcription, presumably replacing 
nucleosomes that were displaced by RNA 
polymerase. The assembly process discrimi
nates between H3 and H3.3 on the basis of 
their sequences, specifically excluding H3 from 

being utilized. By contrast, replication-coupled 
assembly uses both types ofH3 (although H3 .3 
is available at much lower levels than H3, and 
therefore enters only a small proportion of 
nucleosomes). 

CAF-1 is not involved in replication-inde
pendent assembly. (There also are organisms 
such as yeast and Arabidopsis for which its 
gene is not essential, implying that alternative 
assembly processes may be used in replication
coupled assembly.) Instead, replication -inde
pendent assembly uses a factor called HIRA. 
Depletion of HIRA from in vitro systems for 
nucleosome assembly inhibits the formation 
of nucleosomes on nonreplicated DNA, but 
not on replicating DNA, which indicates that 
the pathways do indeed use different ass em
bly mechanisms. Like CAF-1 and ASFl, HIRA 
functions as a chaperone to assist the incor
poration of histones into nucleosomes. This 
pathway appears to be generally responsible for 
replication-independent assembly; for example, 
HIRA is required for the decondensation of the 
sperm nucleus, when protamines are replaced 
by histones, in order to generate chromatin 
that is competent to be replicated following 
ferti li za ti on. 

As described earlier, assembly of nucleo
somes containing an alternative to H3 also 
occurs at centromeres (see the chapter titled 
Chromosomes) .  Centromeric DNA replicates 
early during S phase. The incorporation of H3 at 
the centromeres is inhibited during replication, 
and instead a CenH3 variant is preferentially 
(though not exclusively) incorporated. This 
occurs by the replication-independent assembly 
pathway, apparently because the replication
coupled pathway is inhibited for a brief period 
while centromeric DNA replicates. 

Do N ucleosomes Lie at 
Specific Positions? 

Key concepts 
• Nucleosomes may form at specific positions as the 

result of either the local structure of DNA or pro
teins that interact with specific sequences. 

• A common cause of nucleosome positioning 
is when proteins binding to DNA establish a 
boundary. 

• Positioning may affect which regions of DNA are 
in the linker and which face of DNA is exposed on 
the nucleosome surface. 

• DNA sequence determinants (exclusion or prefer
ential binding) may be responsible for half of the 
in vivo nucleosome positions. 
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Does a particular DNA sequence always lie 
in a certain position in vivo with regard to 
the topography of the nucleosome? Or, are 
nucleosomes arranged randomly on DNA so 
that a particular sequence may occur at any 
location-for example, in the core region in 
one copy of the genome and in the linker 
region in another? 

To investigate this question, it is necessary 
to use a defined sequence of DNA; more pre
cisely, we need to determine the position rela
tive to the n ucleosome of a defined point in the 
DNA. FIGURE 10.39 illustrates the principle of a 
procedure used to achieve this. 

Positioning places target sequence (red) at unique position 

Micrococcal nuclease releases monomers 

( 
! 

Restriction enzyme cleaves at target sequence 

I I 

! 
Fragment has restriction cut at one end, micrococcal 
cut at other end; electrophoresis gives unique band 

FIGURE 10.39 Nucleosome positioning places restric
tion sites at unique positions relative to the linker sites 
cleaved by micrococcal nuclease. 
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Suppose that the DNA sequence is orga
nized into nucleosomes in only one particu
lar configuration so that each site on the DNA 
always is located at a particular position on 
the nucleosome. This type of organization is 
called nucleosome positioning (or some
times nucleosome phasing). In a series of posi
tioned nucleosomes, the linker regions of DNA 
comprise unique sites. 

Consider the consequences for just a single 
nucleosome. Cleavage with MNase generates a 
monomeric fragment that constitutes a specific 
sequence. If the DNA is isolated and cleaved 
with a restriction enzyme that has only one 
target site in this fragment, it should be cut at 
a unique point. This produces two fragments, 
each of unique size. 

The products of the MNase/restriction 
enzyme double digest are separated by gel 
electrophoresis. A probe representing the 
sequence on one side of the restriction site is 
used to identify the corresponding fragment 
in the double digest. This technique is called 
indirect end Ia be ling (because it is not pos
sible to label the end of the nucleosomal DNA 
fragment itself, it must be detected indirectly 
with a probe) .  

Reversing the argument, the identifica
tion of a single sharp band demonstrates that 
the position of the restriction site is uniquely 
defined with respect to the end of the nucleoso
mal DNA (as defined by the MNase cut). Thus, 
the nucleosome has a unique sequence of DNA. 

What happens if the nucleosomes do not 
lie at a single position? Now the linkers con
sist of different DNA sequences in each copy 
of the genome. Thus, the restriction site lies 
at a different position each time; in fact, it lies 
at all possible locations relative to the ends of 
the monomericnucleosomal DNA. FIGURE 10.40 
shows that the double cleavage then generates a 
broad smear, ranging from the smallest detect
able fragment (-20 bases) to the length of the 
monomeric DNA. 

In discussing these experiments, we have 
treated MNase as an enzyme that cleaves DNA 
at the exposed linker regions without any sort 
of sequence specificity. MNase does have some 
sequence specificity, though, which is biased 
toward selection of A-T-rich sequences. Thus, 
we cannot assume that the existence of a spe
cific band in the indirect end-labeling technique 
represents the distance from a restriction cut to 
the linker region. It could instead represent the 
distance from the restriction cut to a preferred 
micrococcal nuclease cleavage site. 
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FIGURE 10.40 In the absence of nucleosome positioning, 
a restriction site can lie at any possible location in differ
ent copies of the genome. Fragments of all possible sizes 
are produced when a restriction enzyme cuts at a target 
site (red) and micrococcal nuclease cuts at the junctions 
between nucleosomes (green). 

This possibility is controlled by treating 
the naked DNA in exactly the same way as 
the chromatin. If there are preferred sites for 
MNase in the particular region, specific bands 
are found. This pattern of bands can then be 
compared with the pattern generated from 
chromatin. 

A difference between the control DNA band 
pattern and the chromatin pattern provides 
evidence for nucleosome positioning. Some of 
the bands present in the control DNA digest 
may disappear from the nucleosome digest, 
indicating that preferentially cleaved positions 
are unavailable. New bands may appear in the 
nucleosome digest when new sites are rendered 
preferentially accessible by the nucleosomal 
organization. 

Nucleosome positioning might be accom
pli shed in either of two ways: • Intrinsic mechanisms: Nucleosomes are 

deposited specifically at particular DNA 
sequences, or are excluded by specific 
sequences. This modifies our view of the 
nucleosome as a subunit able to form 
between any sequence of DNA and a 
histone octamer. 

• Extrinsic mechanisms: The first nucleo
some in a region is preferentially assembled 
at a particular site due to action of other 
protei11(s) . A preferential starting point 
for nucleosome positioning can result 
either from the exclusion of a nucleo
some from a particular region (due to 
competition with another protein bind
ing that region), or by specific deposi
tion of a nucleosome at a particular 
site. The excluded region of the posi
tioned nucleosome provides a bound
ary that restricts the positions available 
to the adjacent nucleosome. A series of 
nucleosomes may then be assembled 
sequentially, with a defined repeat 
length. 

We know that the deposition of histone 
octamers on DNA is not random with regard 
to sequence. The pattern is intrinsic in cases in 
which it is determined by structural features 
in DNA. It is extrinsic in other cases, resulting 
from the interactions of other proteins with the 
DNA and/or hi stones. 

Certain structural features of DNA affect 
placement of histone octamers. DNA has intrin
sic tendencies to bend in one direction rather 
than another. For example, AT dinucleotides 
bend easily, and thus A-T-rich sequences are 
easier to wrap tightly in a nucleosome. A-T
rich regions locate so that the minor groove 
faces in toward the octamer, whereas G -C-rich 
regions are arranged so that the minor groove 
points outward. Long runs of dA-dT (>8 bp), in 
contrast, stiffen the DNA and avoid positioning 
in the central, tight, superhelical turn of the 
core. lt is not yet possible to sum all of the rele
vant structural effects and thus entirely predict 
the location of a particular DNA sequence with 
regard to the nucleosome, although recently 
some predictive models have been developed 
that appear to match at least some in vivo posi
tioning data. Sequences that cause DNA to take 
up more extreme structures have effects such 
as the exclusion of nucleosomes, and thus 
cause boundary effects or nucleosome-free 
regwns. 

Positioning of nucleosomes near boundar
ies is common. If there is some variability in 
the construction of nucleosomes-for exam
ple, if the length of the linker can vary by, say, 
10 bp-the specificity of positioning would 
decline proceeding away from the first, defined 
nucleosome at the boundary. In this case, we 
might expect the positioning to be maintained 
rigorously only relatively near the boundary. 
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FIGURE 10.41 Translational positioning describes the 
linear position of DNA relative to the histone octamer. 
Displacement of the DNA by 10 bp changes the sequences 
that are in the more exposed linker regions, but does not 
necessarily alter which face of DNA is protected by the 
histone surface and which is exposed to the exterior. 

The location of DNA on nucleosomes can 
be described in two ways. FIGURE 10.41 shows 
that translational positioning describes the 
position of DNA with regard to the boundar
ies of the nucleosome. In particular, it deter
mines which sequences are found in the linker 
regions. Shifting the DNA by 10 bp brings the 
next turn into a linker region. Thus, transla
tional positioning determines which regions are 
more accessible (at least as judged by sensitivity 
to MNase). 

DNA lies on the outside of the histone 
octamer. As a result, one face of any particular 
sequence is obscured by the hi stones, whereas 
the other face is exposed on the surface of the 
nucleosome. Depending upon its positioning 
with regard to the nucleosome, a site in DNA 
that must be recognized by a regulatory pro
tein could be inaccessible or available. The exact 
position of the histone octamer with respect 
to DNA sequence can therefore be important. 
FIGURE 10.42 shows the effect of rotational 

positioning of the double helix with regard 
to the octamer surface . If the DNA is moved by 
a partial number of turns (imagine the DNA as 
rotating relative to the protein surface), there 
is a change in the exposure of sequence to the 
outside. 

Both translational and rotational position
ing can be important in controlling access to 
DNA. The best characterized cases of positioning 
involve the specific placement of nucleosomes 
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FIGURE 10.42 Rotational positioning describes the 
exposure of DNA on the surface of the nucleosome. Any 
movement that differs from the helical repeat ( -10.2 bp/ 
turn) displaces DNA with reference to the histone surface. 
Nucleotides on the inside are more protected against 
nucleases than nucleotides on the outside. 

at promoters. Translational positioning and/ 
or the exclusion of nucleosomes from a par
ticular sequence may be necessary to allow a 
transcription complex to fonn. Some regulatory 
factors can bind to DNA only if a nucleosome 
is excluded to make the DNA freely accessible, 
and this creates a boundary for translational 
positioning. In other cases, regulatory factors 
can bind to DNA on the surface of the nucleo
some, but rotational positioning is important to 
ensure that the face of DNA with the appropri
ate contact points is exposed. 

We discuss the connection between 
nucleosomal organization and transcription 
in the chapter titled Eukaryotic Transcription 
Regulation, but note for now that promoters 
(and some other structures) often have short 
regions that exclude nucleosomes. These 
regions typically form a boundary next to 
which nucleosome positions are restricted. 
A survey of an extensive region in the Sac
charomyces cerevisiae genome (mapping 2278 
nucleosomes over 482 kb ofDNA) showed that 
in fact 60% of the nucleosomes have specific 



positions as the result of boundary effects, most 
often from promoters. Nucleosome positioning 
is a complex output of intrinsic and extrin
sic positioning mechanisms. Thus it has been 
difficult to predict nucleosome positioning 
based on sequence alone, though there have 
been some successes. Large-scale sequencing 
studies of isolated nucleosomal DNA have 
revealed intriguing sequence patterns found 
in positioned nucleosomes in vivo, and it is esti
mated that 50% or more of i11 vivo nucleosome 
positioning is the result of intrinsic sequence 
determinants encoded in the genomic DNA. 
It is also important to note that even when 
a dominant nucleosome position is detected 
experimentally, it is not likely to be completely 
invariant (i.e., the nucleosome is not in that 
exact position in every cell in a sample), and 
instead represents the most common location 
for a nucleosome in that region out of larger 
set of related positions. 

Nudeosomes Are 
Displaced and 
Reassembled During 
Transcription 

Key concepts 

• Most transcribed genes retain a nucleosomal struc
ture, though the organization of the chromatin 
changes during transcription. 

• Some heavily transcribed genes appear to be 
exceptional cases that are devoid of nucleosomes. 

• RNA polymerase displaces histone octamers dur
ing transcription fn vitro, but octame rs reassociate 
with DNA as soon as the polymerase has passed. 

• Nucleosomes are reorganized when transcription 
passes through a gene. 

• Additional factors are required for RNA polymerase 
to displace octamers during transcription and for 
the histones to reassemble into nucleosomes after 
transcription. 

Heavily transcribed chromatin adopts struc
tures that are visibly too extended to still be 
contained in nucleosomes. In the intensively 
transcribed genes coding for rRNA shown in 
FIGURE 10.43, the extreme packing of RNA poly
merases makes it hard to  see the DNA. We can
not directly measure the lengths of the rRNA 
transcripts because the RNA is compacted by 
proteins, but we know (fTom the sequence of 
the rRNA) how long the transcript must be. The 
length of the transcribed DNA segment, which 
is measured by the length of the axis of the 
"Christmas tree" shape shown, is -85% of the 

Transcription 
matrix 

FIGURE 10.43 Individual rONA transcription units alter
nate with nontranscribed DNA segments. Reproduced 
from 0. L. Miller and B. R. Beatty, Science 164 {1969): 
955-957. Photo courtesy of Oscar Miller. 

length of the rRNA. This means that the DNA 
is almost completely extended. 

On the other hand, transcriptionally active 
complexes of SV40 minichromosomes can be 
extracted from infected cells. They contain the 
usual complement of histones and display a 
beaded structure. Chains of RNA can be seen 
to extend from the minichromosome, as in 
FIGURE 10.44. This argues that transcription can 

FIGURE 10.44 An SV40 minichromosome is transcribed 
while maintaining a nucleosomal structure. Reprinted 
from J. Mol. Bio., vol. 131, P. Gariglio, et al., The template 
of the isolated native . . .  , pp. 75-105. Copyrig ht 1979, 
with permission from Elsevier [http:/ jwww.sciencedirect. 
comjsciencejjournal/00222836). Photo courtesy of Pierre 
Cham bon, College of France. 
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proceed while the SV40 DNA is organized into 
nucleosomes. Of course, the SV40 mini chromo
some is transcribed less intensively than the 
rRNA genes. 

Transcription involves the unwinding of 
DNA, thus it seems obvious that some "elbow 
room" must be needed for the process. In think
ing about transcription, we must bear in mind 
the relative sizes of RNA polymerase and the 
nucleosome. Eukaryotic RNA polymerases are 
large multi subunit proteins, typically >500 kD. 
Compare this with the -260 kD of the nucleo
some. FIGURE 10.45 itlustrates the relative sizes 
of RNA polymerase and the n ucleosome. Con
sider the two turns that DNA makes around 
the nucleosome. Would RNA polymerase have 
sufficient access to DNA if the nucleic acid were 
confined to this path? During transcription, as 
RNA polymerase moves along the template, it 
binds tightly to a region of -so bp, including a 
locally unwound segment of -12  bp. The need 
to unwind DNA makes it seem unlikely that 
the segment engaged by RNA polymerase could 
remain on the surface of the histone octamer. 

It therefore seems inevitable that transcrip
tion must involve a structural change. Thus, 

FIGURE 10.45 RNA polymerase is nearly twice the size of 
the nucleosome and might encounter difficulties in fol
lowing the DNA around the histone octamer. Top photo 
courtesy of E. N. Moudrianakis, the Johns Hopkins Univer
sity. Bottom photo courtesy of Roger Kornberg, Stanford 
University School of Medicine. 
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FIGURE 10.46 An experiment to test the effect of tran
scription on nucleosomes shows that the histone octamer 
is displaced from DNA and rebinds at a new position. 

the first question to ask about the structure of 
active genes is whether DNA being transcribed 
remains organized in nucleosomes. Experiments 
to test whether an RNA polymerase can tran
scribe directly through a nucleosome suggest 
that tl1e histone octamer is displaced by tl1e act of 
transcription. FIGURE 10.46 shows what happens 
when the phage T7 RNA polymerase transcribes 
a short piece of DNA containing a single octamer 
core i11 vitro. The core remains associated with 
the DNA after the polymerase passes, but it is 
found in a different location. The core is most 
likely to rebind to the same DNA molecule from 

which it was displaced. Crosslinking tl1e hi stones 
within the octamer does not create an obstacle 
to transcription, suggesting that (at least in vitro) 
transcription does not require dissociation oftl1e 
octamer into its component hi stones. 

Thus a small RNA polymerase can displace 
a single nucleosome, which reforms behind 
it, during transcription. Of course, the situa
tion is more complex in a eukaryotic nucleus. 
Eukaryotic RNA polymerases are much larger, 
and the impediment to progress is a string of 
connected nucleosomes (which can also be 
folded into higher order structures). Overcom
ing these obstacles requires additional factors 
that act on chromatin (discussed in the chap
ter titled Eukaryotic Transcription, and in detail 
in the chapter titled Eukaryotic Tra11scription 
Regulation). 



The organization of nucleosomes may be 
dramatically changed by transcription. This is 
easiest to observe in inducible genes that have 
distinct on and off states under different condi
tions. In many cases, before activation a gene 
may display a single dominant pattern of nucleo
somes that are organized from the promoter and 
throughout the coding region. When the gene 
is activated, the nucleosomes become highly 
mobilized and adopt a number of alternative 
positions. One or a few nucleosomes may be 
displaced from the promoter region, but overall 
nucleosomes typically remain present at a similar 
density. (However they are no longer organized 
in phase.) The action ofATP-dependentchroma
tin remodelers and histone modifiers are typically 
required to alter the nucleosomal positioning 
(ATP-dependent chromatin remodelers use the 
energy of ATP hydrolysis to move or displace 
nucleosomes; this is discussed in the chapter 
titled Eukaryotic Transcription Regulation) .  When 
repression is reestablished, positioning reappears. 

The unifying model is  to suppose that 
RNA polymerase, with the assistance of cluo
matin remodelers displaces histone octamers 
(either as a whole, or as dimers and tetramers) 
as transcription progresses. If the DNA behind 
the polymerase is available, the nucleosome is 
reassembled there. If the DNA is not available
for example, because another polymerase con
tinues immediately behind the first-then the 
octamer may be permanently displaced, and the 
DNA may persist in an extended form. 

Other factors that are critical during tran
scription elongation, when nucleosomes are 
being rapidly displaced and reassembled, have 
been identified. The first of these to be character
ized is a heterodimericfactor called FACT (facili
tates chromatin transcription), which behaves 
like a transcription elongation factor. FACT 
is not part of RNA polymerase, but associates 
with it specifically during the elongation phase 
of transcription. FACT consists of two subunits 
that are well conserved in all eukaryotes, and it 
is associated with the chromatin of active genes. 

When FACT is added to isolated nucleosomes, 
it causes them to lose H2A-H2B dimers. During 
transcription in vitro, it converts nucleosomes to 
"hexasomes" that have lost H2A -H2B dimers. This 
suggests that FACT is part of a mechanism for 
displacing octamers during transcription. FACT 
may also be involved in the reassembly of nucleo
somes after transcription, because it assists for
mation of nucleosomes from core hi stones, thus 
acting like a histone chaperone. There is evidence 
in vivo that H2A-H2B dimers are displaced more 

readily during transcription than H3-H4 tetra
mers, suggesting that tetramers and dimers may 
be reassembled sequentially after transcription as 
they are after passage of a replication fork (see the 
section earlier in this chapter titled Replication of 
Chromatin Requires Assembly of Nucleosomes). 

This suggests a model like that shown in 
FIGURE 10.47, in which FACT (or a similar factor) 

I 

Transcription 

H2BH2A 
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RNA polymerase 
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release H3-H4 
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FIGURE 10.47 Histone octamers are disassembled ahead 
of transcription to remove nucleosomes. They reform fol
lowing transcription. Release of H2A-H28 dimers probably 
initiates the disassembly process. 
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detaches H2A-H2B from a nucleosome in front 
of RNA polymerase and then helps to add it to 
a nucleosome that is reassembling behind the 
enzyme. Other factors are likely to be required 
to complete the process. FACT's role may be 
more complex than this, as FACT has also been 
implicated in transcription initiation and rep
lication elongation. Another intriguing model 
that has been proposed is that FACT stabilizes a 
"reorganized" nudeosome, in which the dimers 
and tetra mer remain locally tethered via FACT 
but are not stably organized into a canonical 
nucleosome. The model presumes the H2A
H2B dimers are less stable in this reorganized 
state, and thus more easily displaced. In this 
state, the nucleosomaJ DNA is highly accessi 
ble, and the reorganized nucleosome can either 
revert to the stable canonical organization or be 
displaced as needed for transcription. 

Several other factors have been identi
fied that play key roles in either nudeosome 
displacement or reassembly during transcrip
tion. These include the Spt6 protein, a factor 
involved in "resetting" chromatin structure after 
transcription. Spt6, like FACT, colocalizes with 
actively transcribed regions and can act as a his
tone d1aperone to promote nucleosome assem
bly. Although CAF-1 is known to be involved 
only in replication-dependent histone deposi
tion, one of CAF-l 's  partners in replication may 
in fact play a role in transcription as weU. The 
CAF-1-assodated protein Rttl06 is an H3-H4 
chaperone that has recently been shown to play 
a role in H3 deposition during transcription. 

D Nase Sensitivity 
Detects Changes in 
Chromatin Structure 

Key concepts 
• Hypersensitive sites are found at the promoters 

of expressed genes, as well as other important 
sites such as origins of replication and 
centro meres. 

• Hypersensitive sites are generated by the binding 
of factors that exclude histone octamers. 

• A domain containing a transcribed gene is defined 
by increased sensitivity to degradation by DNase I. 

Nlllnerous changes occur to cluomatin in active 
or potentially active regions. These include dis
tinctive structural changes that occur at sped fie 
sites associated with initiation of transcription 
or with certain strucntral features in DNA. 
These changes were first detected by tl1e effects 
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of digestion vvith very low concentrations of the 
enzyme DNase I. 

When cluomatin is digested with DNase I, 
the first effect is the introduction of breaks in the 
duplex at spedfic, hypersensitive sites. Suscep
tibility to DNase I reflects the availability of DNA 
in chromatin, tl1us these sites represent chro
matin regions in which the DNA is particularly 
exposed because it is not organized in the usual 
nudeosomal structure. A typical hypersensitive 
site is lOOX more sensitive to enzyme attack than 
bulk chromatin. These sites are also hypersensi
tive to other nucleases and to chemical agents. 

Hypersensitive sites are created by the local 
structure of chromatin, which may be tissue 
spedfic. Their locations can be detennined by 
the technique of indirect end labeling that we 
introduced earlier in the context of nudeosome 
positioning. This application of the technique is 
recapitulated in FIGURE 10.48. In this case, deav-
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fragment cut at one 
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FIGURE 10.48 Indirect end labeling identifies the dis
tance of a DNase hypersensitive site from a restriction 
cleavage site. The existence of a particular cutting site 
for DNase I generates a discrete fragment, whose size 
indicates the distance of the ONase I hypersensitive site 
from the restriction site. 



age at the hypersensitive site by DNase I is used to 
generate one end of the fragment. Its distance is 
measured from the other end, which is generated 
by cleavage with a restriction enzyme. 

Many hypersensitive sites are related to 
gene expression. Every active gene has a hyper
sensitive site, or sometimes more than one, in 
the region of the promoter. Most hypersensi
tive sites are found only in chromatin of cells 
in which the associated gene is either being 
expressed or is poised for expression; they do 
not occur when the gene is inactive. The 5 '  
hypersensitive site(s) appear before transcrip
tion begins and occur in DNA sequences that 
are required for gene expression. 

What is the structure of a hypersensitive 
site? Its preferential accessibility to nudeases 
indicates that it is not protected by histone 
octamers, but this does not necessarily imply 
that it is free of protein. A region of free DNA 
might be v·ulnerable to damage, and would be 
unable to exclude nucleosomes. ln fact, hyper
sensitive sites typicaJly result from the bind
ing of specific regulatory proteins that exclude 
nucleosomes. It is very common to find pairs of 
hypersensitive sites that flank a nuclease-resis
tant core; the binding ofnudeosome-excluding 
proteins is probably the basis for the existence 
of the protected region within the hypersensi
tive sites. 

The proteins that generate hypersensi
tive sites are likely to be regulatory factors of 
various types, because hypersensitive sites are 
found associated with promoters and other 
elements that regulate transcription, origins of 
replication, centromeres, and sites with other 
structural significance. ln some cases, they are 
associated with more extensive organization 
of chromatin stmcture. A hypersensitive site 
may provide a boundary for a series of posi
tioned nucleosomes. Hypersensitive sites asso
ciated with transcription may be generated by 
transcription factors when they bind to the 
promoter as part of the process that makes it 
accessible to RNA polymerase. 

In addition to detecting hypersensitive 
sites, DNase I digestion can also be used to assess 
the relative accessibility of a genomic region. A 
region of the genome that contains an active 
gene may l1ave an altered overall structure, 
often typified by a general increase in over
aU DNase sensitivity, in addition to specific 
hypersensitive sites. The change in structure 
precedes, and is different from, the disruption 
of nucleosome structure that may be caused by 
the actual passage of RNA polymerase. DNase I 

sensitivity defines a chromosomal domain, which 
is a region of altered structure including at least 
one active transcription m1it, and sometimes 
extending farther. (Note that use of the term 
domain does not imply any necessary connec
tion with the structural domains identified by 
the loops of chromatin or chromosomes.) 

When chromatin is extensively digested with 
DNase I, it is eventually degraded into very small 
fragments of DNA. The fate of individual genes 
can be followed by quantitating the amount of 
DNA that survives to react with a specific probe. 
The protocol is outlined in FIGURE 10.49. The prin
ciple is d1at the loss of a particular band indicates 
that the corresponding region of DNA bas been 
degraded by the enzyme. 

Studies using these methods reveal that 
the bulk of chromatin is relatively resistant 
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in which chromatin was digested with increasing 
concentrations of DNase 
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FIGURE 10.49 Sensitivity to DNase I can be measured 
by determining the rate of disappearance of the material 
hybridizing with a particular probe. 
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to DNase I and contains nonexpressed genes 
(as well as other sequences). A gene becomes 
relatively susceptible to nuclease digestion 
specifically in the tissue(s) in which it is  
expressed or is poised to be expressed, and 
remains nuclease resistant in lineages in which 
the gene is silent. 

What is the extent of a preferentially sen si
tive region? This can be determined by using 
a series of probes representing the flanking 
regions and the transcription unit itself. The 
sensitive region always extends over the entire 
transcribed region; an additional region of sev
eral kb on either side may show an intermediate 
level of sensitivity (probably as the result of 
spreading effects). 

The critical concept implicit in the descrip
tion of the domain is that a region of high sen
sitivity to DNase I extends over a considerable 
distance. Often we think of regulation as 
residing in events that occur at a discrete site 
in DNA-for example, in the ability to initi
ate transcription at the promoter. Even if this 
is true, such regulation must determine, or 
must be accompanied by, a more wide-ranging 
change in structure. 

Insulators Define 
Transcriptionally 
Independent Domains 

Key concepts 
• Insulators are able to block passage of any acti

vating or inactivating effects from enhancers, 
silencers, and other control elements_ 

• Insulators can provide barriers against the spread 
of heterochromatin. 

• Insulators are specialized chromatin structures 
that typically contain hypersensitive sites. 

• In most cases, two insulators can protect the 
region between them from all external effects. 

• Different insulators are bound by different 
factors and may use alternative mechanisms for 
enhancer blocking andjor heterochromatin barrier 
formation. 

Different regions of the chromosome have 
different functions that are typically marked 
by specific chromatin structures or modi fica
tion states. We will see later that many of the 
elements that control gene transcription can 
act from very large distances (see the chapter 
ti tied Eukaryotic Trmzscriptio11), and that highly 
compacted heterochromatin (introduced in 
the chapter titled Chromosomes) can also spread 
over large distances (see also the chapter titled 
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FIGURE 10.50 An enhancer activates a promoter in its 
vicinity but can be blocked from doing so by an insulator 
located between them_ 

Epigmetic Effects Are I11herited). The existence 
of these long-range interactions suggests that 
chromosomes must also contain functional ele
ments that serve to partition chromosomes into 
domains that can be regulated independently 
of one another. Insulators are a class of ele
ments that appear to fulfill this function. Insu
lators (also known as "barrier" or "boundary" 
elements) prevent the passage of activating or 
inactivating effects. They have either or both of 
two key properties: • When an insulator is located between 

an enhancer and a promoter, it prevents 
the enhancer from activating the pro
moter. This enhancer-blocking effect 
is shown in FIGURE 10.50. This activ
ity may explain how the action of an 
enhancer is limited to a particular pro
moter despite the ability of enhancers to 
activate promoters from long distances 
away (and the ability of enhancers to 
indiscriminately activate any promoter 
in the vicinity). • When an insulator is located between 
an active gene and heterochromatin, 
it provides a barrier that protects the 
gene against the inactivating effect that 
spreads from the heterochromatin. This 
barrier effect is shown in nGURE 10.51. 

Some insulators possess both of these prop
erties, but others have only one, or the block
ing and barrier functions can be separated. 
Although both actions are likely to be mediated 
by changing chromatin structure, they may 
involve different effects. In either case, how
ever, the insulator defines a limit for long-range 
effects. By restricting enhancers so they can act 
only on specific promoters, and preventing the 
inadvertent spreading of heterochromatin into 
active regions, insulators function as elements 
for increasing the precision of gene regulation. 



An active insulator is a barrier to heterochromatin 

Spreading )Ill 

Heterochromatin 

Insulator 
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FIGURE 10.51 Heterochromatin may spread from a center and then block 
any promoters that it covers. An i nsutator may be a barrier to propagation 
of heterochromatin that allows the promoter to remain active. 

Insulators were first discovered during 
the analysis of a region of the Drosophila mela
nogaster genome shown in FIGURE 10.52 . Two 
genes for Hsp (heat-shock protein) 70 lie within 
an 18-kb region that constitutes band 87 A7. 
Researchers had noted that when subjected to 
heat shock, a puff forms at 87 A 7 in polytene 
chromosomes, and there is a distinct bound
ary between the decondensed and condensed 
regions of the chromosomes. Special struc
tures, called scs and scs' (specialized chromatin 
structures), are found at the ends of the band. 
Each element consists of a region that is highly 
resistant to degradation by DNase I, flanked 
on either side by hypersensitive sites that are 
spaced at about l 00 bp. The cleavage pattern at 
these sites is altered when the genes are turned 
on by heat shock. 

The scs elements insulate the hsp70 genes 
hom the effects of mrrounding regions (and 

presumably also protect the surrounding 
regions from the effects of heat-shock activa
tion at the hsp70 loci). In the first assay for insu
lator function, scs elements were tested for their 
ability to protect a reporter gene from "posi
tion effects." In this experiment, scs elements 
were placed in constructs flanking the white 
gene, the gene responsible for producing red 
pigment in the Drosophila eye, and these con
structs were randomly integrated into the fly 
genome. If the white gene is integrated without 
scs elements, its expression is subject to posi
tion effects; that is, the chromatin context in 
which the gene is inserted strongly influences 
whether the gene is transcribed. This can be 
detected as a variegated color phenotype in 
the fly eye, as shown in FIGURE 10.53 . How
ever, when scs elements are placed on either 
side of the white gene, the gene ca11 function 
anywhere it is placed in the genome-even in 
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FIGURE 10.52 The 87 A and 87C loci, containing heat
shock genes, expand upon heat shock in Drosophila poly
tene chromosomes. Specialized chromatin structures that 
include hypersensitive sites mark the ends of the 87 A7 
domain and insulate genes between them from the effects 
of surrounding sequences. Photo courtesy of Victor G. 
Corces, Emory University. 
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FIGURE 10.53 Position effects are often observed when an inversion or other 
chromosome rearrangement repositions a gene normally in euchromatin to a new 
location in or near heterochromatin. In this example, an inversion in the X chro
mosome of Drosophila melanogaster repositions the wild-type allele of the white 
gene near heterochromatin. Differences in expression due to position effects on 
the w+ allele are observed as mottled red and white eyes. 

sites where it would normally be repressed by 
context (such as in heteroduomatic regions), 
resulting in uniformly red eyes. 

The scs and scs' elements, like many other 
insulators, do not themselves play positive or 
negative roles in controlling gene expression, 
but restrict effects from passing from one region 
to the next. Unexpectedly, the scs elements 
themselves are not responsible for controlling 
the precise boundary between the condensed 
and decondensed regions at the heat shock puff, 
but instead serve to prevent regulatory cross
talk between the hsp70 genes and the many 
other genes in the region. 

The scs and scs' elements have different 
structures, and each appears to have a dif
ferent basis for its insulator activity. The key 
sequence in the scs element is a stretch of 24 bp 
that binds the product of the zw5 (zeste white 5)  
gene. The insulator pmperty of scs' resides in a 
series of CGATA repeats. The repeats bind a pair 
of related proteins (encoded by the same gene) 
called BEAF-32. BEAF-32 is localized to -50% 
of the interbands on polytene chromosomes, 
suggesting that there are many BEAF-32-
dependent insulators in the genome (though 
BEAF-32 may bind noninsulators as well). 

Another insulator that has been exten
sively d1aracterized in Drosophila is found in the 
transposon gypsy. Some experiments that i ni
tially defined the behavior ofthis insulator were 
based on a series of gypsy insertions into the 
yellow (y) locus. Different insertions cause loss 
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FIGURE 10.54 The insulator of the gypsy transposon 
blocks the action of an enhancer when it is placed 
between the enhancer and the promoter. 

of y gene function in some tissues, but not in 
others. The reason is that they locus is regulated 
by four enhancers, as shown in FIGURE 10.54. 
Wherever gypsy is inserted, it blocks expression 
of all enhancers that it separates hom the pm
moter, but not those that lie on the other side. 
The sequence responsible for this effect is an 
insulator that lies at one end of the transposon. 
The insulator works irrespective of its orienta
tion of insertion. 

The function of the gypsy insulator 
depends on several proteins, including Su (Hw) 
(Suppressor of Hairy wing), CP190, mod(mdg4), 
and dTopors. Mutations in the su(Hw) gene 
completely abolish insulation; su(Hw) encodes 
a protein that binds 12 26-bp reiterated sites 
in the insulator and is necessary for its action. 
Su(Hw) has a zinc finger DNA-motif; mapping 
to polytene chromosomes shows that Su(Hw) 
is bound to hundreds of sites that include both 
gypsy insertions and non-gypsy sites. Manipula
tions show that the strength of the insulator is 
determined by the number of copies ofthe bind
ing sequence. CP 190 is a centrosomal protein 
that assists Su(Hw) in binding site recognition. 

mod(mdg4) and dTopors have a specific 
role in the creation of "insulator bodies," which 
appear to be clusters of Su(Hw)-bound insu
lators that can be observed in normal diploid 
nuclei. Despite the presence of >500 Su(Hw) 
binding sites in the Drosophila genome, visu
alization of Su(Hw) or mod(mdg4) shows 
that they are colocalized at -25 discrete sites 
around the nuclear periphery. This suggests 
the model of FIGURE 10.55, in which Su(Hw) 
pmteins bound at different sites on DNA are 
brought together by binding to mod(mdg4). 
The Su(Hw)/mod(mdg4) complex is localized 
at the nuclear periphery. The DNA bound to 
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FIGURE 10.55 Su(Hw)jmod(mdg4) complexes are found 
in clusters at the nuclear periphery. They may organize 
DNA into loops that limit enhancer-promoter interactions. 

it is organized into loops. An average com
plex might have -20 such loops. Enhancer
promoter actions can occur only within a loop, 
and cannot propagate between them. This 
model is supported by "insulator bypass" exper
iments, in which placing a pair of insulators 
between an enhancer and promoter actually 
eliminates insulator activity-somehow the 
two insulators cancel each other out. This could 
be explained by the formation of a minidomain 
between the duplicated insulator (perhaps too 
small to create an anchored loop), which would 
essentially result in what should have been two 
adjacent loops fused into one. Not all insulators 
can be bypassed in this way, however; this and 
other evidence suggests that there are multiple 
mechanisms for insulator function. 

The complexity of insulators and their 
roles is indicated by the behavior of another 
Drosophila insulator: the Fab-7 element found 
in the bithorax locus (EX-C). This locus contains 
a series of cis-acting regulatory elements that 
control the activities of three homeotic genes 
(Ubx, abd-A, and Abd-B), which are differen
tially expressed along the anterior-posterior 
axis of the Drosophila embryo.  The locus also 
contains at least three insulators that are not 
interchangeable; Fab-7 i s  the best studied of 
these. The relevant part of the locus is shown in 
FIGURE 10.56. The regulatory elements iab-6 and 
iab-7 control expression of the adjacent gene 
Abd-B in successive regions of the embryo (seg
ments A6 and A7). A deletion of Fab-7 causes 
A6 to develop like A7, resulting in two " A7 -like" 
segments (this is known as a homeotic transfor
mation). This is a dominant effect, which sug
gests that iab-7 has taken over control from iab-
6. We can interpret this in molecular terms by 
supposing that Fab-7 provides a boundary that 
prevents iab-7 from acting when iab-6 is usually 
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FIGURE 10.56 Fab-7 is a boundary element that is neces
sary for the independence of regulatory elements iab-6 
and iab-7. 

active. In fact, in the absence of Fab-7it appears 
that iab-6 and iab-7 fuse into a single regula
tory domain, which shows different behavior 
depending on the position along the AP axis. 
The insulator activity of Fab-7 is also develop
mentally regulated, with a protein called Elba 
(Early boundary activity) responsible for Fab-Ts 
blocking function early in development, but 
not later in development or in the adult. Fab-7 
is also associated with the Drosophila homolog 
of the CTCF protein, a mammalian insulator
binding protein that shows regulated binding to 
its targets (see the chapter titled Epigmetic Effects 
Are l11herited). Finally, both Fab-7 and a nearby 
insulator (Fab-8) are known to lie near "anti
insulator elements" (also called promoter-tar
geting sequences or PTS elements), which may 
allow an enhancer to overcome the blocking 
effects of an insulator. 

The diversity of insulator behaviors and 
of the factors responsible for insulator func
tion makes it impossible to propose a single 
model to explain the behavior of all insulators. 
Instead, it is clear that the term i11sulator refers 
to a variety of elements that use a number of 
distinct mechanisms to achieve similar (but not 
identical) functions. Notably, the mechanisms 
used to block enhancers may be very differ
ent from those used to block the spread of 
heterochromatin. 
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An LCR May Control 
a Domain 

Key concepts 
• LCRs are located at the 5 '  end of a chromosomal 

domain and typically consist of multiple DNase 
hypersensitive sites. 

• LCRs regulate gene clusters. 
• LCRs usually regulate loci that show complex 

developmental or cell-type specific patterns of 
gene express10n. 

• LCRs control the transcription of target genes in 
the locus by direct interactions, forming looped 
structures. 

Every gene is controlled by its proximal pro
moter, and most genes also respond to enhanc
ers (containing similar regulatory elements 
located farther away); see the chapter titled 
Eukaryotic Transcriptio11. These local controls are 
not sufficient for all genes though. In some cases, 
a gene lies within a domain of several genes, all 
of which are influenced by specialized regula
tory elements that act on the whole domain. 
The existence of these elements was identified 
by the inability of a region of DNA including a 
gene and all its known regulatory elements to 
be properly expressed when introduced into an 
animal as a transgene. 

The best characterized example of a 
regulated gene cluster is  provided by the 
mammalian 13-globin genes. Recall from the 
chapter titled Genome Evolution that the a
and 13-globin genes in mammals each exist 
as clusters of related genes that are expressed 
at different times and in different tissues 
during embryonic and adult development. 
These genes are associated with a large num
ber of regulatory elements, which have been 
analyzed in detail. In the case of the adult 
human 13 -globin gene, regulatory sequences 
are located both 5 '  and 3'  to the gene. The 
regulatory sequences include positive and 
negative elements in the promoter region, as 
well as additional positive elements within 
and downstream of the gene. 

All of these control regions are not, how
ever, sufficient for proper expression of the 
human 13-globin gene in a transgenic mouse 
within an order of magnitude of wild-type 
levels. Some further regulatory sequence is 
required. Regions that provide the additional 
regulatory function are identified by DNase I 
hypersensitive sites that are found at the ends 
ofthe 13-globin cluster. The map in FIGURE 10.57 
shows that the 20 kb upstream of the s gene 
contains a group of five hypersensitive sites, 
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FIGURE 10.57 The 13-globin locus is marked by hyper
sensitive sites at either end. The group of sites at the 5 '  
side constitutes the LCR and is essential for the function 
of all genes in the cluster. 

and that there is a single site 30 kb downstream 
of the 13 gene. 

The 5' regulatory sites are the primary reg
ulators, and the region containing the cluster of 
hypersensitive sites is called the locus control 

region (LCR). The role ofthe LCR is complex; 
in some ways it behaves as a "super enhancer" 
that poises the entire locus for transcription. 
The precise function of the 3'  hypersensitive 
site in the mammalian locus is not clear, but it 
is known to physically interact with the LCR. 
A 3'  hypersensitive site in the chicken 13-glo
bin locus acts as an insulator, as does a fifth 
5' site upstream of the mammalian LCR. The 
LCR is absolutely required for expression of 
each of the globin genes in the locus. Each gene 
is then further regulated by its own specific 
controls. Some of these controls are autono
mous: Expression of the s and 'Y genes appears 
intrinsic to those loci in conjunction with the 
LCR. Other controls appear to rely upon posi
tion in the cluster, which provides a suggestion 
that gene order in a cluster is important for 
regulation. 

The entire region containing the globin 
genes, and extending well beyond them, consti
tutes a chromosomal domain. It shows increased 
sensitivity to digestion by DNase I. Deletion of 
the 5' LCR restores normal resistance to DNase 
over the whole region. In addition to increases 
in the general accessibility of the locus, the LCR 
is also apparently required to directly activate 
the individual promoters. The exact nature of 
the sequential interactions between the LCR 
and the individual promoters has not yet been 
fully defined, but it has recently become clear 
that the LCR contacts individual promoters 
directly, forming loops when these promot
ers are active. The domain controlled by the 
LCR also shows distinctive patterns of histone 
modifications (see the chapter titled Eukaryotic 
Trmzscriptio11 Regulation)  that are dependent on 
LCR function. 

This model appears to apply to other gene 
clusters as well. The a-globin locus has a similar 



organization of genes that are expressed at dif
ferent times, with a group of hypersensitive 
sites at one end of the cluster and increased 
sensitivity to DNase I throughout the region. 
So far, though, only a small number of other 
cases are known in which an LCR controls a 
group of genes. 

One of these cases involves an LCR that 
controls genes on more than one chromosome. 
The TH2 LCR coordinately regulates the T helper 
type 2 cytokine locus, a group of genes encoding 
a number of interleukins (important signaling 
molecules in the immune system). These genes 
are spread out over 120 kb on chromosome 1 1 , 
and the TH2 LCR controls them by interacting 
with their promoters. It also interacts with the 
promoter ofthe IFN"f gene on chromosome 10. 
The two types of interaction are alternatives 
that comprise two different cell fates; that is, in 
one group of cells the LCR causes expression of 
the genes on chromosome 1 1 , whereas in the 
other group it causes the gene on chromosome 
10 to be expressed. 

The idea that looping interactions are 
important for chromosome structure and 
function (introduced in the chapter titled 

A. 

B. !?>-globin 

Formaldehyde 
crosslinking 

3 '  HS 

Restriction enzyme 
digestion 

Chromosomes) was discussed earlier in models 
for insulator function. New methods have 
been developed to begin to dissect the physi
cal interactions between chromosomal loci i11 
vivo, leading to fresh understanding of how 
these interactions result in regulatory func
tions. Direct interactions between the 13-globin 
and TH2 LCRs and their target loci have been 
mapped using a method known as chromosome 
conformation capture (3C).  There are now 
many variations of this procedure; the basic 
method is outlined in the top panel of FIGURE 
10.58. Interacting regions of chromatin in vivo 
are captured using formaldehyde treatment to 
crosslink to fix the DNA and proteins that are 
in close contact. Next, the chromatin is digested 
with a restriction enzyme and ligated under 
dilute conditions to favor intra-molecular liga
tion. This results in preferential ligation of DNA 
fragments that are held in close proximity as a 
result of crosslinking. Finally, the proteins are 
removed by reversing the crosslinking and the 
new ligated junctions are detected by PCR or 
seq uencmg. 

As shown in the lower part of the figure, 3C 
and similar methods have allowed researchers 

Intramolecular 
ligation 

Reversal of 
crosslinks and PCR 

! 
113 114 

FIGURE 10.58 Chromosome conformation capture (3C) is one method to detect physical interactions between regions 
of chromatin in vivo. Looping interactions controlled by the 13-globin and T H2 LCRs have been mapped by 3C and some 
of the known contacts are shown. Adapted from A. Miele and J. Dekker, Mol. Biosyst. 4 {2008): 1046-1057. 
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to begin to unravel the complex and dynamic 
interactions that occur at loci regulated by 
LCRs. The 13-globin LCR sequentially interacts 
with each globin gene at the developmental 
stage in which that gene is active; the figure 
shows the interactions that occur between the 
LCR, 3 '  HS, and the-y-globin genes in the fetal 
stage. Interestingly, the TH2 LCR appears to 
interact with all three of its target genes (113, 
-4, and -5) simultaneously. These interactions 
occur in all T -cells whether or not these genes 
are expressed, but the precise organization of 
loops alters upon activation of the interleukin 
genes. This reorganization, which depends on 
the protein SATE I (special AT-rich binding pro
tein), suggests that the TH2 LCR brings all the 
genes together in a poised state in T cells, await
ing the trigger of specific transcription factors to 
activate the genes rapidly when needed. 

Summary 
All eukaryotic chromatin consists of nucleo
somes. A nucleosome contains a characteris
tic length of DNA, usually -200 bp, which is 
wrapped around an octamer containing two 
copies each of histones H2A, H2B, H3, and 
H4. A single H I  (or other linker histone) may 
associate with a nucleosome. Virtually all 
genomic DNA is organized into nucleosomes. 
Treatment with micrococcal nuclease shows 
that the DNA packaged into each nucleosome 
can be divided operationally into two regions. 
The linker region is digested rapidly by the 
nuclease; the core region of I46 bp is  resis
tant to digestion. Hi stones H3 and H4 are the 
most highly conserved, and an H3rH42 tetra
mer accounts for the diameter of the particle. 
Histones H2A and H2B are organized as two 
H2A-H2B dimers. Octamers are assembled by 
the successive addition of two H2A-H2B dimers 
to the H3rH42 tetramer. A large number of 
histone variants exist that can also be incor
porated into nucleosomes; different variants 
perform different functions in chromatin and 
some are cell-type specific. 

The path of DNA around the histone 
octamer creates -I.67 supercoils. The DNA 
"enters" and "exits" the nucleosome on the 
same side, and the entry or exit angle could 
be altered by histone H l .  Removal of the core 
hi stones releases -I.O supercoils. The difference 
can be largely explained by a change in the heli
cal pitch of DNA, from an average of I0.2 bpi 
turn in nucleosomal form to I0.5 bplturn 
when free in solution. There is variation in the 
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structure of DNA from a periodicity of I 0.0 bpi 
turn at the nucleosome ends to I0.7 bp/turn in 
the center. There are kinks in the path of DNA 
on the nucleosome. 

Nucleosomes are organized into a fiber with 
a 30-nm diameter that has six nucleosomes 
per turn and a packing ratio of 40. Removal of 
HI or reduced ionic strength allows this fiber 
to unfold into a IO-nm fiber that consists of a 
linear string of nucleosomes. The 30-nm fiber 
probably consists of the IO-nm fiber wound 
into a two-start solenoid. The 30-nm fiber is 
the basic constituent of both euchromatin and 
heterochromatin; nonhistone proteins are 
responsible for further organization of the fiber 
into chromatin or chromosome ultrastructure. 

There are two pathways for nucleosome 
assembly . In the replication-coupled pathway, 
the PCNA processivity subunit of the repli
some recruits CAP-I, which is a nucleosome 
assembly factor or histone chaperone. CAP-I 
assists the deposition of H32-H42 tetramers 
onto the daughter duplexes resulting from 
replication. The tetramers may be produced 
either by disruption of existing nucleosomes 
by the replication fork or as the result of 
assembly from newly synthesized histones. 
CAP-I assembles newly synthesized tetramers, 
while the ASFI chaperone also assists with 
deposition of H32-H42 tetramers that have 
been displaced by the replication fork. Simi
lar sources provide the H2A-H2B dimers that 
then assemble with the H3rH42 tetramer to 
complete the nucleosome. The H32-H42 tet
ramer and the H2A-H2B dimers assemble at 
random, so the new nucleosomes may include 
both preexisting and newly synthesized his
tones. Nucleosome placement is not random 
throughout the genome, but is controlled by 
a combination of intrinsic (DNA sequence
dependent) and extrinsic (dependent on trans
factors) mechanisms that result in specific pat
terns ofnucleosome deposition. 

RNA polymerase displaces histone octam
ers during transcription. Nucleosomes reform 
on DNA after the polymerase has passed, unless 
transcription is very intensive (such as in rDNA) 
when they may be displaced completely. The 
replication-independent pathway for nucleo
some assembly is  responsible for replacing 
histone octamers that have been displaced by 
transcription. It uses the histone variant H3.3 
instead ofH3. A similar pathway, with another 
alternative to H3, is used for assembling nucleo
somes at centromeric DNA sequences following 
replication. 



Two types of changes in sensitivity to  
nucleases are associated with gene activity. 
Chromatin capable of being transcribed has 
a generally increased sensitivity to DNase I, 
reflecting a change in structure over an exten
sive region that can be defined as a domain 
containing active or potentially active genes. 
Hypersensitive sites in DNA occur at discrete 
locations, and are identified by greatly increased 
sensitivity to DNase I. A hypersensitive site 
consists of a sequence of typically >200 bp 
from which nucleosomes are excluded by the 
presence of other proteins. A hypersensitive 
site forms a boundary that may cause adja
cent nucleosomes to be restricted in position. 
Nucleosome positioning may be important in 
controlling access of regulatory proteins to 
DNA. 

An insulator blocks the transmission 
of activating or inactivating effects in cluo
matin. An insulator that is located between 
an enhancer and a promoter prevents the 
enhancer from activating the promoter. Two 
insulators define the region between them as 
a regulatory domain; regulatory interactions 
within the domain are limited to it, and the 
domain is insulated from outside effects. Most 
insulators block regulatory effects from passing 
in either direction, but some are directional. 
Insulators usually can block both activating 
effects (enhancer-promoter interactions) and 
inactivating effects (mediated by spread of 
heterochromatin), but some are limited to one 
or the other. Insulators are thought to act via 
changing higher order chromatin structure, but 
the details are not certain. 

Hypersensitive sites occur at several types 
of regulators. Those that regulate transcription 
include promoters, enhancers, and LCRs. Other 
sites include insulators, origins of replication, 
and centromeres. A promoter or enhancer typi
cally acts on a single gene, whereas an LCR con
tains a group of hypersensitive sites and may 
regulate a domain containing several genes. 

LCRs function at a distance and may be 
required for any and all genes in a domain to 
be expressed. When a domain has an LCR, 
its function is essential for all genes in the 
domain, but LCRs do not seem to be common. 
LCRs contain enhancer-like hypersensitive 
site(s) that are needed for the full activity of 
promoter(s) within the domain, and to create a 
general domain ofDNase sensitivity. LCRs also 
act by creating loops between LCR sequences 
and the promoters of active genes within the 
domain. 
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Replication Is Connected 
to the Cell Cycle Edited by Barbara Funnell 

CHAPTER OUTLINE J 
1111 Introduction 

llf.l Bacterial Replication Is Connected to the Cell Cycle 

• The doubling time of f. coif can vary over a range of up 
to lOX, depending on growth conditions. 

• It requires 40 minutes to replicate the bacterial 
chromosome (at normal temperature). 

• Completion of a replication cycle triggers a bacterial 
division 20 minutes later. • If the doubling time is -60 minutes, a replication 
cycle is initiated before the division resulting from 
the previous replication cycle. 

• Fast rates of growth therefore produce multiforked 
chromosomes. 

IIU The Septum Divides a Bacterium into Progeny 
That Each Contain a Chromosome 

266 

• Bacterial chromosomes are specifically arranged and 
positioned inside cells. 

• Septum formation is initiated mid-cell, 50% of 
the distance from the septum to each end of the 
bacterium. 

• The septum consists of the same peptidoglycans 
that comprise the bacterial envelope. 

• The rod shape of f. coif is dependent on MreB, PBP2, 
and RodA. 

• FtsZ is necessary to recruit the enzymes needed to 
form the septum. 

lit• Mutations i n  Division or Segregation Affect 

Cell Shape 

• fts mutants form long filaments because the septum 
that divides the daughter bacteria fails to form. 

• Minicells form in mutants that produce too many 
septa; they are small and lack DNA. 

• Anucleate cells of normal size are generated 
by partition mutants, in which the duplicate 
chromosomes fail to separate. 

111'1 FtsZ Is Necessary for Septum Formation 
• The product of ftsZ is required for septum formation 

at preexisting sites. 

• FtsZ is a GTPase that forms a ring on the inside of 
the bacterial envelope. It is connected to other 
cytoskeletal components. 

110 min and nocjslm Genes Regulate the Location of 

the Septum 

• The location of the septum is controlled by mfnC, -D, 
and -E, and by nocjslmA. 

• The number and location of septa are determined by 
the ratio of MinE/MinCO. 



CHAPTER OUTLINE, CONTINUED J 
• Dynamic movement of the Min proteins in the cell sets 

up a pattern in which inhibition of Z-ring assembly is 
highest at the poles and lowest at mid-cell. 

• SlmAjNoc proteins prevent septation from occurring in 
the space occupied by the bacterial chromosome. 

IIU Chromosomal Segregation May Require Site-Specific 
Recombination 

• The Xer site-specific recombination system acts on a 
target sequence near the chromosome terminus to re
create monomers if a generalized recombination event 
has converted the bacterial chromosome to a dimer. 

111:1 Partition Involves Separation of the Chromosomes 

• Replicon origins are attached to the inner bacterial 
membrane. 

• Chromosomes make abrupt movements from the 
mid-center to the one-quarter and three-quarter 
positions. 

IIU The Eukaryotic Growth Factor Signal Transduction 
Pathway 

• The function of a growth factor is to cause dimerization 
of its receptor and subsequent phosphorylation of the 
cytoplasmic domain of the receptor. 

• The function of the growth factor receptor is to 
recruit the exchange factor SOS to the membrane 
to activate RAS. 

• The function of activated RAS is to recruit RAF to the 
membrane to become activated. 

• The function of RAF is to initiate a phosphorylation 
cascade leading to the phosphorylation of a set of 
transcription factors that can enter the nucleus and 
begin S phase. 

1111•1 Checkpoint Control for Entry into S Phase: p53, 
a Guardian of the Checkpoint 

• The tumor suppressor proteins p53 and Rb act as 
guardians of the cell. 

• A set of serine/threonine protein kinases called CDKs 
control cell cycle progression. 

• Cyclin proteins are required to activate CDK proteins. 

• A set of inhibitor proteins negatively regulate the 
cycli n/CDKs. 

• A set of activator proteins called CAKs positively 
regulate the cyclin/CDKs. 

IIIII Checkpoint Control for Entry into S Phase: 
Rb, a Guardian of the Checkpoint 

• Rb is the major guardian of the cell cycle, integrating 
information about DNA damage and cell growth. 

• Rb binds the activation domains of a set of essential 
transcription factors, the E2F family, in the cytoplasm 
to prevent them from turning on the genes required 
for cell cycle progression. 

• When Rb is phosphorylated by a cyclin/CDK complex, 
it releases E2 F to permit cell cycle progression. 

llltl Summary 

Dll Introduction 
A major difference between prokaryotes and 
eukaryotes is the way in which replication is 
controlled and linked to the cell cycle . 

by DNA replication and then cell division. After 
the cell divides into two daughter cells, each 
has the option to continue dividing or stop 
and enter GO. If the decision is to continue to 
divide, then the cell must grow back to the size 

In eukaryotes, the following are true: 
• Chromosomes reside in the nucleus. 
• Each chromosome consists of many 

units of replication called replicons. 
• Replication requires coordination of 

these replicons to reproduce DNA 
during a discrete period of the cell 
cycle. 

• The decision about whether to replicate 
is determined by a complex pathway 
that regulates the cell cycle . 

• Duplicated chromosomes are segre
gated to daughter cells during mitosis 
by means of a special apparatus. 

In eukaryotic cells, replication of DNA is 
confined to the second part of the cell cycle 
called S phase, which follows G 1 phase (see 
FIGURE 11.1) . The eukaryotic cell cycle is com
posed of alternating rounds of growth followed 

Mother 

Divide ! Mitosis 

Daughter 

,rl \ _ _, 
Grow 

Daughter 

Start 

0 ! Interphase = G1 + S + G2 

FIGURE 11.1 A growing cell alternates between cell 
division of a mother cell into two daughter cells and 
growth back to the original size. 
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of the original parent cell before cell division 
can occur agam. 

The G 1 phase of the cell cycle is con
cerned primarily with growth (although G 1 is 
an abbreviation for first gap because the early 
cytologists could not see any activity). In G 1 
everything except DNA begins to be doubled: 
RNA, protein, lipids, and carbohydrates. The 
progression from G 1 into S is very tightly 
regulated and is controlled by a checkpoint. 

In order for a cell to be allowed to progress 
into S phase, there must be a certain mini
mum amount of growth that is biochemically 
monitored. In addition, there must not be any 
damage to the DNA. Damaged DNA or too little 
growth prevents the cell from progressing into 
S phase. When S phase is complete, G2 phase 
commences; there is no control point and no 
sharp demarcation. 

The start of S phase is signaled by the acti
vation of the first replicon, usually in euchro
matin, in areas of active genes. Over the next 
few hours, initiation events occur at other rep
licons in an ordered manner. 

However, replication in bacteria, as shown 
in FIGURE 11. 2, is triggered at a single origin 
when the cell mass increases past a threshold 

A unit cell has a 
circular chromosome 

Replication initiates 
when cell passes critical size 

Replication generates 
catenated daughter 
chromosomes 

Daughter chromosomes 
are separated 

(6] 
l C o J 
l 

0 

Septum divides cell < I o ) 
l 

Daughter cells separate (�;=0=;;;;;;;;;;];;:,. c�=a""u""� 
FIGURE 11.2 Replication initiates at the bacterial 
origin when a cell passes a critical threshold of size. 
Completion of replication produces daughter chromo
somes that may be linked by recombination or that 
may be catenated. They are separated and moved to 
opposite sides of the septum before the bacterium is 
divided into two. 
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level, and the segregation of the daughter 
chromosomes is accomplished by ensuring 
that they find themselves on opposite sides of 
the septum that grows to divide the bacterium 
into two. 

How does the cell know when to initiate 
the replication cycle? The initiation event 
occurs once in each cell cycle and at the same 
time in every cell cycle. How is this timing 
set? An initiator protein could be synthe
sized continuously throughout the cell cycle; 
accumulation of a critical amount would 
trigger initiation. This is consistent with the 
fact that protein synthesis is  needed for the 
initiation event. Another possibility is  that 
an inhibitor protein might be synthesized or 
activated at a fixed point then diluted below 
an effective level by the increase in cell vol
ume. Current models suggest that variations 
of both possibilities operate to turn initiation 
on and then off precisely in each cell cycle. 
Synthesis of active DnaA protein, the bac
terial initiator protein, reaches a threshold 
that turns on initiation, and the activity of 
inhibitors turns subsequent initiations off 
for the rest of the cell cycle, as described in 
the chapter titled The Replicol!: luitiatiou of 
Replicatioll. 

Bacterial chromosomes are specifically 
compacted and arranged inside the cell, and 
this organization is important for proper 
segregation, or partition, of daughter chromo
somes at cell division. Some of the events in 
partitioning the daughter chromosomes are 
consequences of the circularity of the bacte
rial chromosome. Circular chromosomes are 
said to be catenated when one passes through 
another, connecting them. Topoisomerases 

are required to separate them. An alternative 
type of structure is formed when a recombi
nation event occurs: A single recombination 
between two monomers converts them into a 
single dimer. This is resolved by a specialized 
recombination system that recreates the inde
pendent monomers. 

The key goals in the chapters that fol
low are to define the DNA sequences that 
function in replication and to determine how 
they are recognized by appropriate proteins 
of the replication apparatus. In subsequent 
chapters we examine: the unit of replication 
and how that unit is regulated to start rep
lication; the biochemistry and mechanism 
of DNA synthesis; and autonomously repli
cating units in bacteria, mitochondria, and 
chloroplasts. 



Bacterial Replication 
Is Conn ected to the 
Cell Cycle 

Key concepts 

• The doubling time of E. coli can vary over a range 
of up to lOX, depending on growth conditions. 

• It requires 40 minutes to replicate the bacterial 
chromosome (at normal temperature). 

• Completion of a replication cycle triggers a 
bacterial division 20 minutes Later. 

• If the doubling time is -60 minutes, a replication 
cycle is initiated before the division resulting from 
the previous replication cycle. 

• Fast rates of growth therefore produce multiforked 
chromosomes. 

Bacteria have two links between replication 
and cell growth: • The frequency of initiation of cycles of 

replication is adjusted to fit the rate at 
which the cell is growing. • The completion of a replication cycle is 
connected with division of the cell. 

The rate of bacterial growth is assessed by 
the doubling time, the period required for the 
number of cells to double. The shorter the dou
bling time, the faster the bacteria are growing. 
Escherichia coli growth rates can range from 
doubling times as fast as 18 minutes to slower 
than 180 minutes. The bacterial chromosome 
is a single rep !icon; thus, the frequency of rep
lication cycles is controlled by the number of 
initiation events at the single origin. The rep
lication cycle can be defined in terms of two 
constants: • C is the fixed time of -40 minutes 

required to replicate the entire E. coli 
chromosome. Its duration corresponds 
to a rate of replication fork movement 
of -50,000 bp/minute. (The rate of 
DNA synthesis is more or less invariant 
at a constant temperature; it proceeds 
at the same speed unless and until the 
supply of precursors becomes limiting.) • D is the fixed time of -20 minutes that 
elapses between the completion of a 
round of replication and the cell divi
sion with which it is connected. This 
period may represent the time required 
to assemble the components needed for 
division. 

The constants C and D can be viewed a s  
representing the maximum speed with which 
the bacterium is capable of completing these 

processes. They apply for all growth rates 
between doubling times of 18 and 60 minutes, 
but both constant phases become longer when 
the cell cycle occupies >60 minutes. 

A cycle of chromosome replication must be 
initiated at a fixed time of C + D = 60 minutes 
before cell division. For bacteria dividing more 
frequently than every 60 minutes, a cycle of 
replication must be initiated before the end of 
the preceding division cycle. You might say that 
a cell is born "already pregnant" with the next 
generation. 

Consider the example of cells dividing 
every 35  minutes. The cycle of replication 
connected with a division must have been ini
tiated 25 minutes before the preceding divi
sion. This situation is illustrated in FIGURE 11.3, 

which shows the chromosomal complement of 
a bacterial cell at 5 -minute intervals throughout 
the cycle. 

At division (35/0 minutes), the cell receives 
a partially replicated chromosome. The replica
tion fork continues to advance. At 10 minutes, 
when this "old" replication fork has not yet 
reached the terminus, initiation occurs at both 
origins on the partially replicated chromosome. 
The start of these "new" replication forks cre
ates a multiforked chromosome. 

At 1 5  minutes-that is, at 20 minutes 
before the next division-the old replication 
fork reaches the terminus. Its arrival allows the 
two daughter chromosomes to separate; each 
of them has already been partially replicated by 
the new replication forks (which now are the 

3:= Termination 

FIGURE 11.3 The fixed interval of 60 min utes between 
initiation of replication and cell division produces 
multiforked chromosomes in rapidly growing cells. Note 
that only the replication for1<s moving in one direction 
are shown; the chromosome actually is re plicated 
symmetrically by two sets of forks moving in opposite 
directions on circular chromosomes. 
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only replication forks). These forks continue 
to advance. 

At the point of division, the two partially 
replicated chromosomes segregate. This recre
ates the point at which we started. The single 
replication fork becomes "old," it terminates 
at 15  minutes, and 20 minutes later, there is a 
division. We see that the initiation event occurs 
}25/35 cell cycles before the division event with 
which it is associated .  

The general principle of the link between 
initiation and the cell cycle is that as cells 
grow more rapidly (the cycle is shorter), the 
initiation event occurs an increasing number 
of cycles before the related division. There are 
correspondingly more chromosomes in the 
individual bacterium. This relationship can be 
viewed as the cell's response to its inability to 
reduce the periods of C and D to keep pace with 
the shorter cycle. 

The Septum Divides a 
Bacterium into Progeny 
That Each Contain a 
Chromosome 

Key concepts 

• Bacterial chromosomes are specifically arranged 
and positioned inside cells. 

• Septum formation is initiated mid-cell, 50% of 
the distance from the septum to each end of the 
bacterium. 

• The septum consists of the same peptidoglycans 
that comprise the bacterial envelope. 

• The rod shape of E. coli is dependent on MreB, 
PB P2, and Rod A. 

• FtsZ is necessary to recruit the enzymes needed 
to form the septum. 

Chromosome segregation in bacteria is especially 
interesting because the DNA itself is involved in 
the mechanism for partition. (This contrasts with 
eukaryotic cells, in which segregation is achieved 
by the complex apparatus of mitosis.) The bacte
rial apparatus is quite accurate; anucleate cells, 

which lack a nucleoid, constitute <0.03% of a 
bacterial population. 

E. coli cells are shaped like cylindrical rods 
that end in two curved poles. Bacterial cells 
have an internal cytoskeleton that is similar 
to what is found in eukaryotes. There are low 
homology homologs of actin, tubulin, and 
intermediate filaments. The bacterial chromo
some is compacted into a dense protein-DNA 
structure called the llucleoid, which takes up 

270 CHAPTER 11 Replication Is Connected to the Cell Cycle 

most of the space inside the cell. It is not a 
disorganized mass of DNA; instead, specific 
DNA regions are localized to specific regions 
in the cell, and this positioning depends on the 
cell cycle . The arrangement is summarized in 
FIGURE 11.4. In newborn cells, the origin and ter
minus regions of the chromosome are at mid
cell. Following initiation, the new origins move 
toward the poles, or the one-quarter and three
quarters positions, and the terminus remains 
at mid-cell. Following cell division, the origins 
and termini reorient to mid-cell. 

The division of a bacterium into two daugh
ter cells is accomplished by the formation of a 
septum, a structure that fonns in the center of 
the cell as an invagination from the surround
ing envelope. The septum forms an impene
trable barrier between the two parts of the cell 
and provides the site at which the two daughter 
cells eventually separate entirely. The septum 
then becomes the new pole of each daughter 
cell. Two related questions address the role of 
the septum in division: "What determines the 
location at which it forms?" and "What ensures 
that the daughter chromosomes lie on opposite 
sides of it?" 

The septum consists of the same compo
nents as the cell envelope. There is a rigid layer 
of peptidoglycan in the periplasm, between the 
inner and outer membranes. The peptidoglycan 
is made by polymerization of tri- or pentapep
tide-disaccharide units in a reaction involving 
connections between both types of subunit 
(transpeptidation and transglycosylation). The 
rodlike shape ofthe bacterium is maintained by 
three proteins: MreB, PBP2, and RodA. Muta
tions in any one of their genes and/or depletion 
of one of these proteins cause the bacterium 
to lose its extended shape and become round. 

The structure of MreB protein resembles 
that of the eukaryotic protein actin, which 
polymerizes to form cytoskeletal filaments in 
eukaryotic cells. In bacteria, MreB polymer
izes and appears to move in patches around the 
circumference of the cell attached to the pepti
doglycan synthesis machinery, includingPBP2. 
These interactions are necessary for the lateral 
integrity of the cell walls, because the lack of 
MreB results in round, rather than rod-shaped, 
cells. RodA is a member of the SEDS (shape, 
elongation, division, and sporulation) family 
present in all bacteria that have a peptidoglycan 
cell wall. Each SEDS protein functions together 
with a specific transpeptidase, which catalyzes 
the formation of the crosslinks in the peptido
glycan. PBP2 (penicillin-binding protein 2) is 
the transpeptidase that interacts with RodA. 



Origin and terminus 
at mid-cell in 
newborn cells 

Newly replicated 
origins move apart 

Cell septum divides 
cell at mid-cell 

Origins and termini 
reorient and cell divides 

FIGURE 11.4 Attachment of bacterial DNA to the membrane could provide a mechanism 
for segregation. 

This demonstrates the important principle that 
shape and rigidity can be determined by the 
simple extension of a polymeric structure. 

Another enzyme is responsible for gen
erating the peptidoglycan in the septum. The 
septum initially forms as a double layer of pep
tidoglycan, and the protein Env A is required to 
split the covalent links between the layers so 
that the daughter cells may separate. 

M utati ons in Division or 
Segregati on Affect 
Cell Shape 

Key concepts 
• jts mutants form long filaments because the 

septum that divides the daughter bacteria fails 
to form. 

• Minicells form in mutants that produce too many 
septa; they are small and lack DNA. 

• Anucleate cells of normal size are generated 
by partition mutants, in which the duplicate 
chromosomes fail to separate. 

A difficulty in isolating mutants that affect cell 
division is that mutations in the critical func
tions may be lethal and/or pleiotropic. Most 
mutations in the division apparatus have been 
identified as conditional mutants (whose divi
sion is affected under nonpermissive conditions; 
typically they are temperature sensitive). Muta
tions that affect cell division or chromosome 
segregation cause striking phenotypic changes. 
FIGURES 11.5 and 11.6 illustrate the opposite con
sequences of failure in the division process and 
failure in segregation: 

• Long filaments form when septum 
formation is inhibited, but chromo
some replication is  unaffected. The 
bacteria continue to grow-and even 
continue to segregate their daughter 
chromosomes-but septa do not form. 
Thus, the cell consists of a very long fila
mentous structure, with the nucleoids 
(bacterial chromosomes) regularly dis
tributed along the length of the cell. This 
phenotype is displayed by fts mutants 
(named for temperature-sensitive fila
mentation), which identify a defect or 
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FIGUR£ 11.5 Top panel: Wild type cells. Bottom panel: 
Failure of cell division under nonpermissive temperatures 
generates multinucleated filaments. Photos courtesy of 
Sota Hiraga, Kyoto University. 

multiple defects that lie in the division 
process itself. 

• Minicells form when septum for
matiou occurs too frequently or in 
the wrong place, with the result that 
one of the new daughter cells lacks 
a chromosome. The minicell bas a 
rather small size and lacks DNA, but 
otherwise appears morphologically 
normal. Anucleate celJs form when 
segregation i s  aberrant; like mini
cells, they lack a chromosome, but 
because septum formation is normal, 
their size is unaltered. This phenotype 
is caused by par (partition) mutants 
(named because they are defective in 
chromosome segregation). 

FIGURE 11.6 f. coli generate anucleate cells when 
chromosome segregation fails. Cells with chromosomes 
stain blue; daughter cells lacking chromosomes have no 
blue stain. This field shows cells of the mukB mutant; 
both normal and abnormal divisions can be seen. Photo 
courtesy of Sota Hi raga, Kyoto University. 
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FtsZ Is Necessary for 
Septum Formation 

Key concepts 

• The product of jtsZis required for septum forma
tion at pre-existing sites. 

• FtsZ is a GTPase that forms a ring on the inside of 
the bacterial envelope. It is connected to other 
cytoskeletal components. 

The gene ftsZ plays a central role in division. 
Mutations in ftsZ block septum formation and 
generate filaments. Overexpression induces 
minicells by causing an increased number of 
septation events per unit cell mass. FtsZ (the 
protein) recruits a battery of cell division pro
teins that are responsible for synthesis of the 
new septum. 

FtsZ functions at an early stage of septum 
formation. Early in the division cycle, FtsZ is 
localized throughout the cytoplasm, but prior 
to cell division FtsZ becomes localized in a 
ring around the circumference at the mid-cell 
position. The structure is called the Z-ring, 

which is shown in FIGURE 11.7. The formation 
of the Z-ring is the rate-limiting step in septum 
formation, and its assembly defines the posi
tion of the septum. In a typical division cycle, 
it fomu in the center of the cell l to 5 minutes 
after division, remains for 15  minutes, and then 
quickly constricts to pinch the cell into two. 

The structme of FtsZ resembles tubulin, 
suggesting that assembly of the ring could 
resemble the formation of microtubules in 
eukaryotic celJs. FtsZ has GTPase activity, and 
GTP cleavage is used to support the oligomeriza
tion of FtsZ monomers into the ring structme. 
The Z-ring is a dynamic structure, in which 
there is continuous exd1ange of subunits with 
a cytoplasmic pool. 

Two other proteins needed for division, 
ZipA and FtsA, interact directly and indepen
dently with FtsZ. ZipA is an integral membrane 
protein that is located in the inner bacterial 

FIGURE 11.7 Immunofluorescence with an antibody 
against FtsZ shows that it is localized at the mid-cell. 
Photo courtesy of William Margolin, University of Texas 
Medical School at Houston. 



membrane. It provides the means for linking 
FtsZ to the membrane. FtsA is a cytosolic pro
tein, but is often found associated with the 
membrane. The Z-ring can form in the absence 
of either Zip A or FtsA, but it cannot form if both 
are absent. Both are needed for subsequent 
steps. This suggests that they have overlapping 
roles in stabilizing the Z-ring and perhaps in 
linking it to the membrane. 

The products of several other fts genes join 
the Z-ring in a defined order after FtsA has been 
incorporated. They are all transmembrane pro
teins. The final structure is sometimes called 
the septal ring. It consists of a multiprotein 
complex that is presumed to have the ability to 
constrict the membrane. One of the last compo
nents to be incorporated into the septal ring is 
FtsW, which is a protein belonging to the SEDS 
family. The fts W gene is expressed as part of an 
operon with ftsl, which codes for a transpep
tidase (also called PBP3 for penicillin-binding 
protein 3), a membrane-bound protein that 
has its catalytic site in the periplasm. FtsW is 
responsible for incorporating Ftsl into the septal 
ring. This suggests a model for septum forma
tion in which the transpeptidase activity then 
causes the peptidoglycan to grow inward, thus 
pushing the inner membrane and pulling the 
outer membrane. 

min and nocjslm Genes 
Regulate the Location of 
the Septum 

Key concepts 
• The location of the septum is controlled by minC, 

-0, and -E, and by nocjslmA-

• The number and location of septa are determined 
by the ratio of MinE/MinCO. 

• Dynamic movement of the Min proteins in the 
cell sets up a pattern in which inhibition of Z-ring 
assembly is highest at the poles and lowest at 
mid -cell. 

• SlmAjNoc proteins prevent septation from 
occurring in the space occupied by the bacterial 
chromosome. 

Clues to the localization of the septum were 
first provided by mini cell mutants. The original 
minicell mutation lies in the locus minE; dele
tion of minE generates minicells by allowing 
septation to occur at the poles instead of at mid
cell. As a result, the cell possesses the ability to 
initiate septum formation at mid-cell or at the 
poles, and the role of the wild-type minE locus 

is to suppress septation at the poles. The minE 
locus consists of three genes, mine, -D, and -E. 
The products of mine and minD form a division 
inhibitor. MinD is required to activate MinC, 
which prevents FtsZ from polymerizing into 
the Z-ring. 

Expression of MinCD in the absence of 
MinE, or overexpression even in the presence 
of MinE, causes a generalized inhibition of divi
sion. The resulting cells grow as long filaments 
without septa. Expression of MinE at levels 
comparable to MinCD confines the inhibition 
to the polar regions, thus restoring normal 
growth. The determinant of septation at the 
proper (mid-cell) site is, therefore, the ratio of 
MinCD to MinE. 

The localization activities of the Min system 
are due to a remarkable dynamic behavior 
of MinD and MinE, which is illustrated in 
FIGURE 1 1.8. MinD, an ATPase, oscillates from 
one end of the cell to the other on a rapid time 
scale. MinD-ATP binds to and accumulates at 
the bacterial lipid membrane at one pole of 
the cell, is released, and then rebinds to the 

Oscillation of Min proteins in E. coli 

.. MinE 
� MinD 

• MinC 

MinD binds to membrane at one pole 
MinC binds to MinD 
A MinE ring forms at the edge of MinD 

MinE ring promotes dissociation 
of MinD from the membrane 

.. � 
• 

MinD diffuses and binds to opposite pole 
MinE ring dissociates and reforms 
at edge of new MinD zone 

FIGURE 11.8 MinCO is a division inhibitor whose action 
is confined to the polar sites by MinE. 
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opposite pole. The periodicity of this process 
takes about 30 seconds, so that multiple oscilla
tions occur within one bacterial cell generation. 
MinC, which cannot move on its own, oscillates 
as a passenger protein bound to MinD. MinE 
forms a ring around the cell at the edge of the 
zone of MinD. The MinE ring moves toward 
MinD at the poles and is necessary for ATP 
hydrolysis and the release of MinD from the 
membrane. The MinE ring then disassembles 
and reforms at the edge of the MinD zone that 
forms at the opposite pole. MinD and MinE are 
each required for the dynamics of the other. 
The consequence of this dynamic behavior is 
that the concentration of the MinC inhibitor 
is lowest at mid -cell and highest at the poles, 
which directs FtsZ assembly at mid-cell and 
inhibits its assembly at the poles. 

Another process, called nucleoid occlusion, 
prevents Z-ring formation over the bacterial 
chromosome and thus prevents the septum 
from bisecting an individual chromosome at 
cell division. A protein called SimA, which is 
an inhibitor of FtsZ, is necessary for nucleoid 
occlusion in E. coli. SimA binds specifically to 
at least 24 sites on the bacterial chromosome. 
DNA binding activates SimA to antagonize 
the polymerization of FtsZ, which prevents 
septum formation in this region of the cell. In 
Bacillus subtilis, a different DNA-binding protein 
called Noc possesses a similar nucleoid occlu
sion function. The bacterial nucleoid takes up 
a large volume of the cell, and as a result this 
process restricts Z-ring assembly to the limited 
nucleoid-free spaces at the poles and mid-cell. 
The combination of nucleoid occlusion and the 
Min system promotes the Z-rings to form, and 
thus cell division to occur, at mid-cell. 

Chromosomal Segregation 
May Require Site-Specific 
Recombination 

Key concept 

• The Xer site-specific recombination system acts 
on a target sequence near the chromosome 
terminus to recreate monomers if a generalized 
recombination event has converted the bacterial 
chromosome to a di mer. 

After replication has created duplicate copies of 
a bacterial chromosome or plasmid, the copies 
can recombine. FIGURE 11.9 demonstrates the 
consequences. A single intermolecular recom
bination event between two circles generates a 
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Monomeric circles 

: : 
Recombination 

: : 
Dimeric circle 

Recombination 

Monomeric circles 

FIGURE 11.9 Intermolecular recombination merges 
monomers into dimers, and intramolecular recombination 
releases individual units from oligomers_ 

dim eric circle; further recombination can gen
erate higher multimeric forms. Such an event 
reduces the number of physically segregating 
units. In the extreme case of a single-copy 
plasmid that has just replicated, formation of 
a dimer by recombination means that the cell 
only has one unit to segregate, and the plas
mid therefore must inevitably be lost from one 
daughter cell. To counteract this effect, plas
mids often have site-specific recombination 

systems that act upon particular sequences 
to sponsor an intramolecular recombination 
that restores the monomeric condition. For 
example, plasmid PI encodes the Cre protein
/ox site recombination system for this purpose. 
Scientists have further exploited the Cre-lox 
system extensively for genetic engineering in 
many different organisms, as discussed in the 
chapter ti tied Methods in Molecular Biology a11d 
Genetic E11gineering. 

The same type of events can occur with 
the bacterial chromosome; FIGURE 11.10 shows 
how such an event affects its segregation. If no 
recombination occurs, there is no problem, and 
the separate daughter chromosomes can segre
gate to the daughter cells. A dimer will be pro
duced, however, if homologous recombination 
occurs between the daughter chromosomes 
produced by a replication cycle. If there has 
been such a recombination event, the daughter 
chromosomes cannot separate. In this case, a 
second recombination is required to achieve 
resolution in the same way as a plasmid dimer. 

Most bacteria with circular chromo
somes possess the Xer site-specific recombi
nation system. In E. coli, this consists of two 
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FIGURE 11.10 A circular chromosome replicates to 
produce two monomeric daughters that segregate to 
daughter cells. A generalized recombination event, 
however, generates a single dimeric molecule. This 
can be resolved into two monomers by a site-specific 
recombination. 

recombinases, XerC and XerD, which act on 
a 28-bp target site called dif that is  located 
in the terminus region of the chromosome. 
The use of the Xer system is related to cell 
division in an interesting way. The relevant 
events are summarized in FIGURE 11.11 . XerC 
can bind to a pair of dif sequences and form 
a Holliday j unction between them. The com
plex may form soon after the replication fork 
passes over the dif sequence, which explains 
how the two copies ofthe target sequence can 
find one another consistently. Resolution of 
the junction to give recombinants, however, 
occurs only in the presence of FtsK, a pro
tein located in the septum that is required 
for chromosome segregation and cell division. 
In addition, the dif target sequence must be 
located in a region of -30 kb; if it is moved 
outside of this region, it cannot support the 
reaction. Remember that the terminus region 
of the chromosome is located near the septum 
prior to cell division as discussed earlier in this 

chapter (see the section, The Septum Divides 
a Bacterium into Progeny That Each C01ztain a 
Chromosome). 

The bacterium, however, should have site
specific recombination at dif only when there 
has already been a general recombination event 
to generate a dimer. (Otherwise the site-specific 
recombination would create the dimer!) How 
does the system know whether the daughter 
chromosomes exist as independent mono
mers or have been recombined into a dimer? 
One answer may be that segregation of chro
mosomes starts soon after replication. If there 
has been no recombination, the two chromo
somes move apart from one another. The abil
ity to move apart from one another, however, 
will be constrained if a dimer has been formed. 
This forces the terminus region to remain in the 
vicinity ofthe septum, where sites are exposed 
to the Xer system. 

Bacteria that have the Xer system always 
have an FtsK homolog, and vice versa, which 
suggests that the system has evolved so that 
resolution is connected to the septum. FtsK is 
a large transmembrane protein. Its N-tenninal 
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FIGURE 11.11 A recombination event creates two linked 
chromosomes. Xer creates a Holliday junction at the dif 
site, but can resolve it only in the presence of FtsK. 
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domain is associated with the membrane and 
causes it to be localized to the septum. Its 
C-terminal domain has two functions. One is 
to cause Xer to resolve a dimer into two mono
mers. It also has an ATPase activity, which it 
can use to translocate along DNA ill vitro. This 
could be used to pump DNA through the sep
tum, in the same way that SpoiiiE transports 
DNA from the mother compartment into the 
prespore during sporulation. 

1111 Partition Involves 
Separation of the 
Chromosomes 

Key concepts 
• Replicon origins are attached to the inner bacte

rial membrane. 

• Chromosomes make abrupt movements from the 
mid-center to the one-quarter and three-quarter 
positions_ 

Partition is the process by which the two daugh
ter chromosomes find themselves on either side 
of the position at which the septum forms. Two 
types of event are required for proper partition: • The two daughter chromosomes must be 

released from one another so that they 
can segregate following termination. This 
requires disentangling of DNA regions 
that are coiled around each other in the 
vicinity ofthe tem1inus. Most mutations 
affecting partition map in genes coding 
for topoisomerases-enzymes with the 
ability to pass DNA strands through 
one another. The mutations prevent 
the daughter chromosomes from segre
gating, with the result that the DNA is 
located in a single, large mass at mid
cell. Septum formation then releases 
an anucleate cell and a cell containing 
both daughter chromosomes. This tells 
us that the bacterium must be able to dis
entangle its chromosomes topologically 
in order to be able to segregate them into 
different daughter cells. • Mutations that affect the partition pro
cess itself are rare. We expect to find 
two classes: ( I )  cis-acting mutations 
should occur in DNA sequences that are 
the targets for the partition process; and 
(2) trans-acting mutations should occur 
in genes that encode the protein(s) that 
cause segregation, which could include 
proteins that bind to DNA or activities 
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that control the locations in the cell. 
Both types of mutation have been found 
in the systems responsible for partition 
plasmids, but only trans-acting func
tions have been found in the bacterial 
chromosome. In addition, mutations 
in plasmid site-specific recombination 
systems increase plasmid loss (because 
the dividing cell has only one dimer to 
partition instead of two monomers}, 
and therefore have a phenotype that is 
similar to partition mutants. 

The original models for chromosome 
segregation suggested that the cell envelope 
grows by insertion of material between mem
brane-attachment sites of the two chromo
somes, thus pushing them apart. In fact, the cell 
wall and membrane grow heterogeneously over 
the whole cell surface. Furthermore, replicated 
chromosomes are capable of abrupt movements 
to their final positions at one-quarter and three
quarters of the cell length. If protein synthesis is 
inhibited before the termination of replication, 
the chromosomes fail to segregate and thus 
remain close to the mid-cell position. When 
protein synthesis is allowed to resume, though, 
the chromosomes move to the quarter positions 
in the absence of any further envelope elonga
tion. This suggests that an active process-one 
that requires protein synthesis-may move the 
chromosomes to specific locations. 

Segregation is interrupted by mutations 
of the muk class, which give rise to anucleate 
progeny at a much increased frequency: Both 
daughter chromosomes remain on the same side 
ofthe septum instead of segregating. Mutations 
in the muk genes are not lethal, and they may 
identify components of the apparatus that seg
regate the chromosomes. The gene mukB codes 
for a large ( 180-kD) protein, which has the same 
general type of organization as the two groups of 
structural maintenance of chromosomes (SMC) 
proteins that are involved in condensing and 
in holding together eukaryotic chromosomes. 
SMC-like proteins have also been found in 
other bacteria and mutations in their genes also 
increase the frequency of anucleate cells. 

The insight into the role of MukB was the 
discovery that some mutations in mukB can be 
suppressed by mutations in top A, the gene that 
codes for topoisomerase I. MukB forms a com
plex with two other proteins, MukE and MukF, 
and the MukBEF complex is considered to be a 
condensin analogous to eukaryotic condensins. 
It uses a supercoiling mechanism to condense 
the chromosome. A defect in this function is the 
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FIGURE 11.12 The DNA of a single parental nucleoid 
becomes decondensed during replication. MukB is an 
essential component of the apparatus that recondenses 
the daughter nucleoids. 

cause offailure to segregate properly. The defect 
can be compensated for by preventing topoi
somerases from relaxing negative supercoils; 
the resulting increase in supercoil density helps 
to restore the proper state of condensation and 
thus allows segregation. 

We still do not understand how genomes 
are positioned in the cell, but the process may 
be connected with condensation. FIGURE 11.12 
shows a current model. The parental genome is 
centrally positioned. It must be decondensed in 
order to pass through the replication apparatus. 
The daughter chromosomes emerge from rep
lication, are disentangled by topoisomerases, 
and then passed in an uncondensed state to 
MukBEF, which causes them to form con
densed masses at the positions that will become 
the centers of the daughter cells. 

A physical link either directly or indirectly 
through chromosome-bound proteins exists 
between bacterial DNA and the membrane. 
Bacterial DNA can be found in membrane 
fractions, which tend to be enriched in genetic 
markers near the origin, the replication fork, 
and the terminus. The proteins present in these 
membrane fractions may be affected by muta
tions that interfere with the initiation of rep
lication. The growth site could be a structure 
on the membrane to which the origin must be 
attached for initiation. 

During sporulation in B. subtilis, one 
daughter chromosome must be segregated into 
the small forespore compartment. This is an 
unusual process that involves transfer of the 
chromosome across the nascent septum. One 
of the sporulation genes, spoiiiE, is required for 
this process. The SpoiiiE protein is located at 
the septum and has a translocation function 
that pumps DNA through to the forespore com
partment. In addition, a protein called RacA 
tethers the replication origin to the pole of the 
new spore. 

11J The Eukaryotic 
Growth Factor Signal 
Transduction Pathway 

Key concepts 

• The function of a growth factor is to stabilize 
dimerization of its receptor and subsequent 
phosphorylation of the cytoplasmic domain of 
the receptor. 

• The function of the growth factor receptor is to 
recruit the exchange factor SOS to the membrane 
to activate RAS. 

• The function of activated RAS is to recruit RAF to 
the membrane to become activated. 

• The function of RAF is to initiate a phosphoryla
tion cascade leading to the phosphorylation of 
a set of transcription factors that can enter the 
nucleus and begin S phase. 

The vast majority of eukaryotic cells in a 
multicellular individual are not growing; 
that is, they are in the cell cycle stage of GO, 
as we saw in the beginning of this chapter. 
Stem cells and most embryonic cells, however, 
are actively growing. A growing cell exiting 
mitosis has two choices-it can enter G I and 
begin a new round of cell division or it can 
stop dividing and enter GO, a quiescent stage 
and, if so programmed, begin differentiation. 
This decision is controlled by the develop
mental history of the cell and the presence or 
absence of growth factor hormones and their 
receptors. 

In order for a cell to begin the cell cycle 
from GO, or continue to divide after M phase, 
it must be programmed to express the proper 
growth factor receptor gene. Elsewhere in the 
organism, typically in a master gland, the gene 
for the proper growth factor must be expressed. 
The signal transduction pathway is the 
biochemical mechanism by which the growth 
factor signal to grow is communicated from its 
source outside of the cell into the nucleus to 
ultimately cause that cell to begin replication 
and growth. The pathway that we describe in 
this section is universal in eukaryotes ranging 
from yeast to humans. 

The genes that code for the elements of 
the signal transduction pathway are proto
oncogenes, genes that when altered may 
cause cancer. As an example of this pathway, 
we examine Epidermal Growth Factor (EGF) 
and its receptor, EGFR-a member of the erbB 
family of four related receptors. These two pro
teins, EGF and EGFR, and the genes that encode 
them are the first two elements in the path
way. EGF is a peptide hormone (as opposed to 
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(a) 

(c) 

a steroid hormone such as estrogen). The EGFR 
specifically binds EGF in a lock-and-key type 
of mechanism. EGFR is a one-pass membrane 
protein in the family known as receptor tyrosine 
kinases (RTK) as shown in FIGURE 11.13A. The 
receptor has an external domain (that is outside 
the cell) that binds EGF, a single membrane
spanning domain, and an internal cytoplasmic 
domain with intrinsic tyrosine kinase activity. 
The local membrane composition (e.g., choles
terol) can modulate the dynamics of the signal 
transduction pathway. 

Hormone binding to receptor stabilizes 
receptor dimerization (usually homodimeriza
tion, but heterodimers with other erbB family 
members can occur), which leads to multiple 
cross-phosphorylation events of each recep
tor's cytoplasmic domain. The only function of 
the hormone is to stabilize receptor dimerization. 
Each receptor phosphorylates the other on a 
set of five tyrosine amino acid residues in the 
cytoplasmic domain as shown in FIGURE 11.138 . 

{b) 

Cytoplasm 

(d) 

GDP 

Each phosphorylated tyrosine (Tyr-P) serves as 
a docking site for a specific adaptor protein to 
bind to the receptor as shown in FIGURE 11.13C. 
We will examine a single pathway, but it is 
important to keep in mind that cells contain 
many different receptors that are active at the 
same time, and each receptor has multiple 
docking sites for multiple proteins. The reality 
is that it is not a pathway but rather an infor
mation network. 

Paradoxically, hormone binding to the 
receptor also causes clathrin-mediated endo
cytosis of the hormone receptor complex to 
the lysosomal complex, where it is targeted for 
destruction, and thus turnover. This traffick
ing is regulated by microtubule deacetylation, 
which controls the proportion of receptors that 
are returned to the surface. This is part of an 
important attenuation mechanism to prevent 
accidental triggering of the pathway and it 
means that growth factor must be continually 
present to propagate a sustained signal. 

Grb2 

GTP 

p 

FIGURE 11.13 The signal transduction pathway. (a) Growth factors and growth factor receptors: The growth factor extracellular domain will 
bind the growth factor in a lock-and-key fashion. The growth factor receptor intracellular domain contains an intrinsic protein kinase domain 
called RTK. {b) Growth factor binding to its receptor will stabilize receptor dimerization, leading to phosphorylation of each cytoplasmic domain 
on tyrosine. The phosphotyrosine residues can serve as binding sites for proteins such as Grb2, shown here. (c) Grb2 binds the Tyr-P so that its 
binding partner SOS, a guanosine nucleotide exchange factor, is brought to the membrane and can activate the inactive RAS-G DP. (d) SOS removes 
the GDP, replacing it with GTP, activating RAS. 
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The third member of the signal transduc
tion pathway is the RAS protein (encoded by 
the ras gene). RAS is a member of a large family 
of G-proteins, proteins that bind a guanosine 
nucleotide, either GTP (for the active form of 
RAS) or GDP (for the inactive form). RAS is 
connected to the membrane by a prenylated 
(lipid) tail. To continue the flow ofinfonnation 
through the signal transduction pathway com
municating that a hormone is present, inactive 
RAS must be converted from RAS-GDP to RAS
GTP by a protein called SOS (Son of Sevenless), 
a guanosine nucleotide exchange factor (GEP) 
that exchanges GTP for GDP. Its function is to 
remove the GDP from RAS and replace it with 
GTP as shown in nGURE 11.130. RAS also has a 
weak intrinsic phosphatase (GTPase) activity 
that slowly converts GTP back to GDP. Again, 
this provides a mechanism to ensure that 
growth factor must be present continually for 
the signal to propagate . 

To activate RAS, SOS must be specifically 
recruited to the membrane in order to interact 
with RAS-GDP. It is the membrane phospho
lipids themselves that serve to unlock an auto
inhibitory domain so that SOS can bind to RAS. 
SOS is in a complex with an adaptor protein 
called Grb2, an interesting protein with two 
domains, an SH2 domain that binds Tyr-P and 
an SH3 domain that binds proteins containing 
another SH3 domain. The specificity for binding 
to the receptor lies in the amino acids surround
ing each Tyr-P. The only function of the hormone is 
to stabilize dimerization of the receptor, which leads 
to its phosphorylation, which in tum leads to recruit
ment ofSOS to the membra11e to activate RAS. 

Inactive RAS-GDP and active RAS-GTP 
are in a dynamic equilibrium controlled by the 
exchange factor GEP and another set of proteins 
that stimulate the intrinsic GTPase of RAS, such 
as RAS GAP (GTPase activating protein). 

ras oncogenic mutations are among the 
most frequent in tumors. The most common 

GTP 

KSR!} CNK 

mutation is a single nucleotide change that 
causes a single amino acid change. The altered 
protein now has altered function. RAS0NC has 
altered properties: It binds GTP with a higher 
affinity than GDP. The consequence is that it 
no longer requires a growth factor to trigger 
activation; it is constitutively active. This kind 
of mutation is referred to as a dominant gain of 
fu11 ction m uta ti on. 

Activated RAS, RAS-GTP, now itself serves 
as a docking site to recruit the fourth member 
of the pathway to be activated: an inactive RAP 
(also known as MAPKKK or mitogen-activated 
protein kinase kinase kinase), a ser/thr protein 
kinase. The activation ofRAF on the membrane 
has been one of the most baffling steps, only 
recently elucidated. The only function ofRAS-GTP 
is to recruit RAP to the membrmze; it does 11othi11g else. 
The most recent models describe the following 
sequence of events. Inactive RAP is brought to 
the membrane on CNK (fonnector enhancer of 
KSR), a molecular scaffold platform containing 
an inactive protein kinase called KSR (kinase 
suppressor of RAS), along with a required 
novel protein called HYP (FIGURE 11.14) . KSR 
is another interesting protein. It was originally 
thought to be a pseudogene homolog of RAP 
because it did not appear to have a fully func
tional kinase domain; it is now shown to be 
involved structurally in the activation of RAP. 
Activation on the membrane involves dimeriza
tion of KSR with RAP leading to the unfolding 
of both KSR and RAP, which allows phosphOI)'
Iation by another membrane associated kinase, 
SRC, and release of the RAP/KSR dimer from 
the platform. KSR now assumes the function 
of a scaffold itself, but not simply a scaffold
a scaffold with some enzymatic function in 
regulating the downstream activity of RAP. 

KSR organizes a phosphorylation cascade 
of ser/thr protein kinases beginning with RAP. 
Activated RAP phosphorylates a second kinase, 
such as one of the MEK (or mitogen-activated 

GTP 

FIGURE 11.14 CNK serves as a molecular scaffold platform for KSR-mediated RAF activation on the membrane after being 
recruited by active RAS-GTP. Adapted from Genes & Development 20 (2006): 807. 
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kinase kinase) factors, which then phosphory
lates a third kinase, such as one of the ERK 
(extracellular signal-regulated kinase) factors, 
which can then phosphorylate and activate 
the set of transcription factors such as MYC, 
JUN, and FOS. This allows their entry into the 
nucleus to begin transcribing the genes to pre
pare for transit through G 1 and then entry into 
S phase. ERK also phosphorylates RAF/KSR 
in order to attenuate the growth factor signal. 
Again, note that this is a description of a single 
pathway within a network that has extensive 
crosstalk between members. In addition, this 
kinase cascade is modulated by an extensive 
network of phosphatases. 

Checkpoint Control for 
Entry Into S Phase: 
p53, a Guardian of the 
Checkpoint 

Key concepts 

• The tumor suppressor proteins p53 and Rb act as 
guardians of the cell cycle. 

• A set of serjthr protein kinases called CDKs control 
cell cycle progression. 

• Cyclin proteins are required to activate CDK pro
teins. 

• A set of inhibitor proteins negatively regulate the 
cycli n/CDKs. 

• A set of activator proteins called CAKs positively 
regulate the cyclin/CDKs. 

Progression through the cell cycle, after the 
initial activation by growth factor, requires 
continuous growth factor presence and is 
tightly controlled by a second set of ser/thr pro
tein kinases called cydin-dependent kinases 

(CDKs; and sometimes cell division-dependent 
kinases). The CDKs themselves are controlled in 
a very complex fashion as shown in FIGURE 11.15 . 

They are inactive by themselves and are acti
vated by the binding of cell cycle-specific pro
teins called cydins. This means that the CDKs 
can be synthesized in advance and left in the 
cytoplasm. In addition to cyclins, the CDKs are 
regulated by multiple phosphorylation events. 
One set of kinases, the Wee1 family of ser/thr 
kinases, inhibits the CDKs while another, the 
CAKs (CDK -activating kinases), activates them. 
(Wee 1 kinases inhibit cell cycle progression and 
if they are mutant, cell cycle progression results 
in wee, tiny cells.) This also means that the bal
ance of kinases and phosphatases regulates the activ
ity of the CDKs. We will focus on the G 1 to S 
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FIGURE 11.15 Formation of an active CDK requires 
binding to a cyclin. The process is regulated by positive 
and negative factors. 

phase transition. (There is similar tight control 
at the G2 to M transition and within various 
stages of mitosis and meiosis.) The signal for 
entry into S phase is a positive signal controlled 
by negative regulators. There is no regulation at 
the S to G2 transition; it occurs when replica
tion is completed. 

In order for a cell to be allowed to progress 
from G 1 to S phase, two major requirements 
must be met. The cell must have grown a spe
cific amount in size. There must be no DNA 
damage. The worst thing that a cell can do is 
to replicate damaged DNA. In order to ensure 
that both requirements are met, the CDK/ 
cyclin complexes are controlled by checkpoint 
proteins. Two of the most important are the 
transcription factors p53 and Rb. These two pro
teins are in a class called tumor suppressor 

proteins. As guardians of the cell cycle, these 
proteins ensure that the cell size and absence 
of DNA damage criteria are met. Even in the 
presence of an oncogenic mutant RAS protein, 
tumor suppressors will prevent the cell from 
progressing from G 1 to S; they are the brakes 
on the cell cycle. Mutations in tumor suppres
sor proteins allow damaged and undersized 
cells to replicate. These recessive, loss-offunction 
mutations, especially in p53 and Rb, are the 
most common tumor suppressor mutations in 
tumors; frequently both are seen together. 

The DNA damage checkpoint controlled 
by p53 is the one that is best understood 
(FIGURE 11.16) . The function of p53 is to relay 
information to the CDK/cyclins that damage has 
occurred to prevent entry into S phase; that is, 
it ultimately causes cell cycle arrest. In addition, 
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FIGURE 11.16 DNA damage pathway. p53 is activated by 
DNA damage. Activated p53 halts the cell cycle through 
Rb and stimulates DNA repair. p53 is regulated by a 
complex set of activators and inhibitors. 

in the event that damage is very extensive, p53 
will initiate an alternate pathway, apoptosis, or 
programmed cell death (PCD). p53 transcription 
is upregulated by growth factor stimulation, as 
the cell begins preparation for its trip through 
G I and the important G I to S transition. 

The p53 protein product is regulated by 
multiple complex pathways. The major regu
lator is a protein called MDM2, which works 
through a negative feedback loop. MDM2 
transcription is increased by p53, and it in turn 
inhibits p53 in a positive feedback loop, by tar
geting it to the ubiquitin-dependent proteoso
mal degradation pathway, as described further 
in the next section (Checkpoint Co1ltrolfor E11try 
i11to S Phase: Rb, a Guardia11 of the Checkpoint). It 
also binds to p53 and prevents it from activating 
transcription. DNA damage leads to phosphory
lation of MDM2, which inhibits its ability to 
promote p53 degradation, allowing p53 levels 
to increase. Growth factor stimulation of cell 
cycle progression also leads to an increase in 
transcription of the p i 9ARF protein (pi4 in 
humans), which binds to and inhibits MDM2's 
ability to inhibit p53 .  The human pi4ARF is 
transcribed from an interesting genetic locus, 
the INK4a/ ARF locus, which gives rise to three 
proteins by alternative splicing and alternative 
promoter usage: p i 51NK, p i 61NK, and p i4ARF 
(ARF stands for alternate reading frame). 

p53 is activated by DNA damage or different 
kinds of stress through a protein kinase relay 
system from the nucleus that ultimately phos
phorylates and stabilizes p53 from degradation. 
This leads to an increased level of p5 3 and acti
vates its ability to serve as a transcription factor 
to turn on some genes and repress other genes. 
Among those genes turned on are GADD45 to 

stimulate DNA repair; p2 I/WAF-I, which binds 
to and inhibits the CDK/cyclin complexes for 
G I arrest (or promotes apoptosis if the DNA 
damage is too great); sets of large intergenic 
noncoding RNAs (lincRNAs) to mediate tran
scription repression; and miRNAs (as described 
in the chapter titled Regulatory RNA). A specific 
lincRNA, p2 I-IincRNA, mediates the repressive 
properties of p53 by binding to specific chro
matin complexes. 

DNA damage also independently activates 
a pair of protein kinases, Chk I and Chk2, 
which phosphorylate and inhibit CDKs, and 
phosphorylate and inhibit the phosphatase 
Cdc25 (cell division cycle), which is required 
to activate the CDKs. 

Checkpoint Control for 
Entry into S Phase: 
Rb, a Guardian of the 
Checkpoint 

Key concepts 
• Rb is the major guardian of the cell cycle, 

integrating information about DNA damage and 
cell growth. 

• Rb binds the activation domains of a set of 
essential transcription factors, the E2F family, in 
the cytoplasm to prevent them from turning on 
the genes required for cell cycle progression. 

• When Rb is phosphorylated by a cycli n/CDK 
complex, it releases E2F to permit cell cycle 
progresswn. 

Let's now examine how an undamaged cell 
progresses through G I (FIGURE 11.17). A growth 
factor signal, executed through the signal trans
duction pathway, is required to turn on the gene 
for the first cyclin expressed, Cyclin D (humans 
have three different forms of this gene while 
Drosophila has one). Its partners, already in the 
cytoplasm, are CDK4 and -6. Cyclins are the 
positive regulators ofthe CDK protein kinases; 
by themselves CDKs are inactive. Cyclin D is 
required for entry into S phase. Growth factor 
must be continuously present for at least the 
first half of G I .  

The key for cell cycle progressio11 is the tumor 
suppressor protein Rb. While Rb has multiple 
roles in the nucleus as direct regulator of chro
matin structure and transcription, we focus in 
this section on its role in the cytoplasm as the 
major guardian of entry into S phase. Rb binds 
to the transcription factor E2F and inhibits its 
ability to enter the nucleus to turn on those 
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FIGURE 11.17 Growth factors are required to start the 
cell cycle and continue into S phase. The CDK-cyclin 
complex phosphorylates Rb to cause it to release the 
transcription factor E2F to go into the nucleus to turn 
on genes for progression through Gl and into S phase. 

genes required for progression through G 1 and 
entry into S phase. Within G 1 is a critical point 
controlled by Rb, called the restriction point 

(different in different species), at which the cell 
becomes committed to continuing. Ultimately, 
Rb integrates signals concerning both DNA 
damage as described in the section on p53, and 
cell size (or growth of the cell) pathways and is 
thus the key guardian of progression to S phase. 

In order for cell cycle progression to occur, 
Rb must be phosphorylated by CDK/cyclin; 
phosphorylation ofRb releases E2F. The ultimate 
control of cell cycle progression is thus the regulation 
of CDK adivity by a set of inhibitor proteins, CK!s 
(cyclin kinase inhibitors). p21, induced by DNA 
damage through p5 3, is a CKI. It is the major 
link between the DNA damage checkpoint and 
Rb. Another major CKI is p27, a member of 
the Cip/Kip family. It is present in fairly high 
levels in GO cells to prevent activation to G 1 .  
EGFR activation leads to its reduction. p27 is 
also activated in G 1 by the cytokine TGF-13, a 
major growth inhibitor. p19/p16/INK/ARF is 
another major class of CKI proteins that control 
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Cyclin D activity (these two different proteins, 
INK and ARF, are made from the same gene 
from alternate reading frames). 

Cell size or growth of the cell is monitored 
by a titration mechanism. A cell entering G 1 has 
a fixed set of different classes of CKI proteins to 
prevent cell cycle progression. In order for the 
cell to progress through G 1, this inhibition must 
be overcome by the synthesis of more Cyclin D. 
The length of G 1 is determined by how long it takes 
to synthesize a sufficient level of cyclins to overcome 
the level of CK!s. 

During G 1 ,  three different cyclins are 
made. Cyclin D, as described earlier, is the first 
synthesized, activated by growth factor. As 
the cell continues to grow, the level of Cyclin 
D reaches a point of titrating out the CKis, 
and the Cyclin D/cdk4/6 complex can begin 
phosphorylating Rb/E2F. This will cause Rb to 
begin to release E2F, which can then activate 
genes for progression through the cell cycle and 
ultimately S phase. Among the genes activated 
are the E2F gene to increase the abundance 
of the E2F protein and Cyclin E .  Cyclin E is 
activated by the middle of G 1, and it is also 
required for progression into S phase, adding 
to and amplifying the initial phosphorylation of 
Rb. Finally, just before S phase begins, Cyclin A 
is synthesized, and it is also required for entry 
and continuation through S phase. 

Summary 
A fixed time of40 minutes is required to repli
cate the E. coli chromosome, and an additional 
20 minutes is required before the cell can divide. 
When cells divide more rapidly than every 
60 minutes, a replication cycle is initiated before 
the end of the preceding division cycle. This 
generates multiforked chromosomes. The ini
tiation event occurs once and at a specific time 
in each cell cycle. Initiation timing depends on 
accumulating the active initiator protein DnaA 
and on inhibitors that turn off newly synthe
sized origins until the next cell cycle . 

E. coli grows as a rod -shaped cell that divides 
into daughter cells by formation of a septum 
that forms at mid-cell. The shape is maintained 
by an envelope of peptidoglycan that surrounds 
the cell. The rod shape is dependent on the 
MreB actin-like protein that forms a scaffold 
for recruiting the enzymes necessary for pep
tidoglycan synthesis. The septum is dependent 
on FtsZ, which is a tubulin-like protein that can 
polymerize into a filamentous structure called 
a Z-ring. FtsZ recruits the enzymes necessary 



to make the septum. Absence of septum for
mation generates multinucleated filaments; an 
excess of septum formation generates a nucleate 
mini cells. 

Many transmembrane proteins interact to 
form the septum. ZipA is located in the inner 
bacterial membrane and binds to FtsZ. Several 
other fts products, most of which are transmem
brane proteins, join the Z-ring in an ordered 
process that generates a septal ring. The last 
proteins to bind are the SEDS protein FtsW and 
the transpeptidase Ftsl (PBP3), which together 
function to produce the peptidoglycans of the 
septum. Plasmids and bacteria have site-sped fie 
recombination systems that regenerate pairs 
of monomers by resolving dimers created by 
general recombination. The Xer system acts on 
a target sequence located in the terminus region 
ofthe chromosome. The system is active only in 
the presence of the FtsK protein of the septum, 
which may ensure that it acts only when a dimer 
needs to be resolved. Chromosome segregation 
involves several processes, including separa
tion of catenated products by topoisomerases, 
site-spedfic recombination, and the action of 
MukB/SMC proteins in chromosome conden
sation following DNA replication. 

The eukaryotic cell cycle is governed by 
a complex set of regulatory factors. Licensing 
to begin the cell cycle, as opposed to enter or 
remain in GO, requires a positive growth factor 
signal interacting with its receptor to initiate the 
signal transduction pathway. This biochemi
cal relay of infonnation from outside the cell 
through the RAS-GTP and RAF protein kinase 
ultimately results in the activation of a set of 
transcription factors in the cytoplasm. These 
can then enter the nucleus to begin the tran
scription of genes required for the progression 
through G I and ultimate entry into S phase and 
replication of the chromosomes. 

The cell cycle-that is, progression from 
G I to S phase and beyond-is regulated by 
phosphorylation events carried out by a set 
of protein kinases, the CDKs, and balanced by 
phosphatases. The kinases are controlled by a 
set of cell cycle stage-sped fie proteins called 
cyclins that bind to the CDKs and convert an 
inactive CDK into an active kinase. Progression 
through G I into S phase is allowed only if there 
is no DNA damage and the cell has grown a suf
fident amount in size. These two requirements 
are enforced by a pair of tumor-suppressor pro
teins. p53 guards the DNA damage checkpoint 
to prevent the replication of damaged DNA. Rb 
is the guardian that integrates DNA damage 
and cell-size information to ultimately control 

whether the gene regulator E2F is allowed into 
the nucleus to begin transcription. 
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The Replicon: Initiation 
of Replication Edited by Stephen D. Bell 

CHAPTER OUTLINE J 
lt..ll Introduction 

ltl'l An Origin Usually Initiates Bidirectio nal Replication 
• A replicated region appears as a bubble within 

nonreplicated DNA. • A replication fork is initiated at the origin and then 
moves sequentially along DNA. • Replication is unidirectional when a single replication 
fork is created at an origin. • Replication is bidirectional when an origin creates two 
replication forks that move in opposite directions. 

11'..11 The Bacterial Genome Is (Usually) a Single 
Circular Replicon 

• Bacterial replicons are usually circles that replicate 
bidirectionally from a single origin. 

• The origin of E. coli, oriC. is 245 bp in length. 

lt.l.• Methylation of the Bacterial Origin Regulates 
Initiation 

286 

• oriC contains binding sites for DnaA: dnaA-boxes. 
• oriC also contains 11 GATC/CTAG repeats that are 

methylated on adenine on both strands. 
• Replication generates hemimethylated DNA, which 

cannot initiate replication. 
• There is a 13-minute delay before the GATC/CT AG 

repeats are remethylated. 

lt4'1 Initiation: Creating the Replication Forks at the 
Origin oriC 
• Initiation at orfC requires the sequential assembly of a 

large protein complex on the membrane. • oriC must be fully methylated. • DnaA-ATP binds to short repeated sequences and forms 
an oligomeric complex that melts DNA. • Six DnaC monomers bind to each hexamer of DnaB, and 
this complex binds to the origin. • A hexamer of DnaB forms the replication fork. Gyrase 
and SSB are also required. 

• A short region of A-T -rich DNA is melted. 
• DnaG primase is bound to the helicase complex and 

creates the replication forks. 

ltD Multiple Mechanisms Exist to Prevent Premature 
Reinitiation of Replication 
• SeqA binds to hemimethylated DNA and is required for 

delaying rereplication. 
• SeqA may interact with DnaA. 
• As the origins are hemi methylated they bind to the 

cell membrane and may be unavailable to methylases. 
• The dot locus contains DnaA-binding sites that titrate 

availability of DnaA protein. 

• Hda protein is recruited to the replication origin to 
convert DnaA-ATP to DnaA-ADP. 



CHAPTER OUTLINE, CONTINUED J 
lr.IJ Archaeal Chromosomes Can Contain 

Multiple Replicons 

• Some archaea have multiple replication origins. 

lr.ll•l Licensing Factor Controls Eukaryotic Rereplication 

• Licensing factor is necessary for initiation of 
replication at each origin. 

• These origins are bound by homologs of eukaryotic 
replication initiation factors. 

• Licensing factor is present in the nucleus prior to 
replication, but is removed, inactivated, or destroyed 
by replication. lr.l:l Each Eukaryotic Chromosome Contains 

Many Replicons 

• A chromosome is divided into many replicons. 

• Initiation of another replication cycle becomes 
possible only after licensing factor re-enters the 
nucleus after mitosis. 

• The progression into S phase is tightly controlled. lr.lll Licensing Factor Binds to ORC 
• Eukaryotic replicons are 40 to 100 kb in length. 
• Individual replicons are activated at characteristic 

times during S phase. 

• ORC is a protein complex that is associated with yeast 
origins throughout the cell cycle. 

• Cdc6 is an unstable protein that is synthesized only 
• Regional activation patterns suggest that replicons 

near one another are activated at the same time. 
in Gl. 

• Cdc6 binds to ORC and allows MCM proteins to bind. lr.I!J Replication Origins Can Be Isolated in Yeast • Cdtl facilitates MCM loading on origins. 
• Origins in 5. cerevisiae are short A-T sequences that 

have an essential 11-bp sequence. 
• When replication is initiated, Cdc6 and Cdtl are 

displaced. The degradation of Cdc6 prevents 
reinitiation. • The ORC is a complex of six proteins that binds to an ARS. 

• Related ORC complexes are found in multicellular 
eukaryotes. 

lfll Introducti o n  
Whether a cell has only one chromosome (as in 
most prokaryotes) or has many chromosomes (as 
in eukaryotes), the entire genome must be repli
cated precisely, once for every cell division. How is 
the act of replication linked to the cell cycle (see the 
chapter titled Replication is Connected to the Cell Cycle)? 

Two general principles are used to compare 
the state of replication with the condition of 
the cell cycle: • Initiation of DNA replication commits the 

cell (prokaryotic or eukaryotic) to a further 
division. From this standpoint, the num
ber of descendants that a cell generates 
is determined by a series of decisions 
about whether or not to initiate DNA 
replication. Replication is controlled at 
the stage of initiation. Once replication 
has started, it continues until the entire 
gmome has been duplicated. • If replication proceeds, the consequent 
division cannot be permitted to occur 
until the replication event has been 
completed. Indeed, the completion of 
replication may provide a trigger for cell 
division. The duplicate genomes are then 
segregated, one to each daughter cell. The 
unit of segregation is the chromosome. 

lr.lr.l Summary 

The unit of DNA in which an individual 
act of replication occurs is called the replicon. 

Each replicon "fires" once, and only once, in 
each cell cycle. The replicon is defined by its 
possession of the control elements needed for 
replication. It has an origin at which replica
tion is initiated. It may also have a terminus at 
which replication stops. Any sequence attached 
to an origin-or, more precisely, not separated 
from an origin by a terminus-is replicated as 
part of that replicon. The origin is a cis-acting 
site, able to affect only that molecule of DNA 
on which it resides. 

(The original formulation of the replicon 
[in bacteria] viewed it as a unit possessing 
both the origin and the gene coding for the 
regulator protein. Now, however, "replicon" 
is usually applied to eukaryotic chromosomes 
to describe a unit of replication that contains 
an origin; trans-acting regulator protein(s) may 
be encoded elsewhere.) 

Bacteria and archaea may contain 
additional genetic information in the form of 
plasmids. A plasmid is an autonomous circular DNA 
that constitutes a separate replicon. Each invading 
phage or virus DNA also constitutes a rep Iicon, 
and thus is able to initiate many times during an 
infectious cycle. Perhaps a better way to view 
the prokaryotic rep Iicon, therefore, is to reverse 
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the definition: Any DNA molecule that contains 
an origin can be replicated autonomously in 
the cell. 

A major difference in the organization of 
bacterial, archaeal, and eukaryotic genomes 
is seen in their replication. A genome in a 
bacterial cell has a single replication ori
gin and thus constitutes a single replicon; 
therefore, the units of replication and segre
gation coincide. Initiation at a single origin 
sponsors replication of the entire genome, 
once for every cell division. Each haploid 
bacterium typically has a single chromo
some, so this type of replication control is 
called single copy. The other prokaryotic 
domain of life, the archaea, is more com
plex. While some archaeal species have 
chromosomes with a bacterial-like situation 
of a single replication origin, other species 
initiate replication from multiple sites on a 
single chromosome. For example, the single 
circular chromosomes of Sulfolobus species 
have three origins and thus are composed of 
three replicons. This complexity is further 
heightened in eukaryotes. Each eukaryotic 
chromosome (usually a very long linear mol
ecule of DNA) contains a large number of 
replicons spaced unevenly throughout the 
chromosomes. The presence of multiple 
origins per chromosome adds another dimen
sion to the problem of control: All of the rep
licons on a chromosome must be fired during 
one cell cycle. They are not necessarily, how
ever, active simultaneously. Each replicon 
must be activated over a fairly protracted 
period, and each must be activated no  more than 
o11ce in each cell cycle. Multiple mechanisms 
exist to prevent premature reinitiation of 
replication. 

Some signal must distinguish replicated 
from nonreplicated replicons to ensure that 
replicons do not fire a second time. Many rep
licons are activated independently, so another 
signal must exist to indicate when the entire 
process of replicating all replicons has been 
completed. 

In contrast with nuclear chromosomes, 
which have a single-copy type of control, 
the DNA of mitochondria and chloroplasts 
may be regulated more like plasmids that 
exist in multiple copies per bacterium. There 
are multiple copies of each organelle DNA 
per cell, and the control of organelle DNA 
replication must be related to the cell cycle 
(see the chapter titled Extrach romosomal 
Replico11s). 
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An Origin Usually 
Initiates Bidirecti onal 
Replication 

Key concepts 
• A replicated region appears as a bubble within 

nonreplicated DNA. 
• A replication fork is initiated at the origin and 

then moves sequentially along DNA. 
• Replication is unidirectional when a single 

replication fork is created at an origin. 
• Replication is bidirectional when an origin creates 

two replication forks that move in opposite 
directions. 

Replication starts at an origin by separating or 
melting the two strands of the DNA duplex. 
FIGURE 12.1 shows that each of the parental 
strands then acts as a template to synthesize a 
complementary daughter strand. This model of 
replication, in which a parental duplex gives rise 
to two daughter duplexes, each containing one 
original parental strand and one new strand, is 
called semiconservative replication. 

A molecule of DNA engaged in replication 
has two types of regions. FIGURE 12.2 shows that 
when replicating DNA is viewed by electron 
microscopy, the replicated region appears as a 
replication bubble within the nonreplicated 
DNA. The nonreplicated region consists of the 

DNA strands 
separate at origin 

Each parental 
strand is template 
for synthesis of 
complementary strand 

! 

FIGURE 12.1 An origin is a sequence of DNA at which 
replication is initiated by separating the parental strands 
and initiating synthesis of new DNA strands_ Each new 
strand is complementary to the parental strand that acts 
as the template for its synthesis. 
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FIGURE 12.2 Replicated DNA is seen as a replication 
bubble flanked by nonreplicated DNA. 

parental duplex; this opens into the replicated 
region where the two daughter duplexes have 
formed. 

The point at which replication occurs is 
called the replication fork (also known as the 
growing point). A replication fork moves sequen
tially along the DNA from its starting point at the 
origin. The origin may be used to start either 
unidirectional replication or bidirectional 

replication. The type of event is determined 
by whether one or two replication forks set out 
fTom the origin. In unidirectional replication, 

UNIDIRECTIONAL REPLICATION 

ORIGIN 

Parental 
DNA 

BIDIRECTIONAL REPLICATION 

ORIGIN 

Replication fork Replication fork 

FIGURE 12.3 Replicons may be unidirectional or 
bidirectional, depe nding on whether one or two 
replication forks are formed at the origin. 

Replicating a structure 

Appearance of a 
structure by 
electron 
microscopy 

FIGURE 12.4 A replication bubble forms a 9 structure 
in circular DNA. 

one replication fork leaves the origin and pro
ceeds along the DNA. In bidirectional replica
tion, two replication forks are formed; they 
each proceed away from the origin in opposite 
directions. 

The appearance of a replication bubble 
does not distinguish between unidirectional 
and bidirectional replication. As depicted in 
FIGURE 12.3, the bubble can represent either of 
two structures. If generated by unidirectional 
replication, the bubble represents one fixed 
origin and one moving replication fork. 
If generated by bidirectional replication, the 
bubble represents a pair of replication forks. In 
either case, the progress of replication expands 
the bubble until ultimately it encompasses the 
whole replicon. When a replicon is circular, 
the presence of a bubble forms the e (theta) 
structure shown in FIGURE 12.4. 

The Bacterial Genome 
Is (Usually) a Single 
Circular Replicon 

Key concepts 
• Bacterial replicons are usually circles that repli

cate bidirectionally from a single origin. 

• The origin of E. coli, oriC, is 245 bp in length. 
Prokaryotic replicons are usually circular, so 
that the DNA forms a closed circle with no free 
ends. Circular structures include the bacterial 
chromosome itself, all plasmids, and many 
bacteriophages, and are also common in chlo
roplasts and mitochondrial DNAs. FIGURE 12.5 

summarizes the stages of replicating a circular 
chromosome. After replication has initiated 
at the origin, two replication forks proceed in 
opposite directions. The circular chromosome 
is sometimes described as a e structure at this 
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FIGURE 12.5 Bidirectional replication of a circular bacterial chromosome is 
initiated at a single origin. The replication forks move around the chromosome. 
If the replicated chromosomes are catenated, they must be disentangled before 
they can segregate to daughter cells. 

stage, because of its appearance. An impor
tant consequence of circularity is that the 
completion of the process can generate two 
chromosomes that are linked because one 
passes through the other (they are said to be 
catenated), and spedfic enzyme systems may be 
required to separate them (see the chapter titled 
Replicatio11 Is Connected to the Cell Cycle) .  

The genome of E. coli is replicated bidirec
tionally from a single unique site called the 
origin, identified as the genetic locus oriC. Two 
replication forks initiate atoriCand move around 
the genome at approximately the same speed 
to a spedal termination region (see the chapter 
titled DNA Replication) .  One interesting question 
is what ensures that the DNA is replicated right 
across the region where the two forks meet. 

What happens when a replication fork 
encounters a protein bound to DNA? We 
assume that repressors, for example, are dis
placed and then rebind. A particularly interest
ing question is what happens when a replication 
fork encounters an RNA polymerase engaged 
in transcription. A replication fork moves lOX 
faster than RNA polymerase. Under the best 
of conditions, in log phase growth, collisions 
between the replication machinery and RNA 
polymerase do occur. In times of stress, such 
as amino acid starvation, it increases. A set of 
transcription factors acting as elongation fac
tors interact with RNA polymerase to facili
tate replication read through by removing 
transcription roadblocks, but this requires active 
transcription. It is not yet clear what the mech
anism of action is.  Most active transcription 
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units are oriented so that they are expressed 
in the same direction as the replication fork 
that passes them. Many exceptions comprise 
small transcription units that are infrequently 
expressed. The difficulty of generating inver
sions containing highly expressed genes sug
gests that head-on encounters between a rep
lication fork and a series of transcribing RNA 
polymerases may be lethal. 

Methylati on of the 
Bacterial Origin 
Regulates Initiation 

Key concepts 

• oriC contains binding sites for DnaA: dnaA-boxes. 

• oriC also contains 11 GATC/CTAG repeats that are 
methylated on adenine on both strands. 

• Replication generates hemimethylated DNA, which 
cannot initiate replication. 

• There is a 13-minute delay before the GATC/CTAG 
repeats are remethylated. 

The bacterial DnaA protein is the replication ini
tiator; it binds sequence specifically to multiple 
sites (dnaA boxes) in oriC, the replication origin . 
DnaA is an ATP-bindingprotein and its binding 
to DNA is affected depending on whether ATP, 
ADP, or no nucleotide is bound. One mechanism 
by which the activity of the replication origin is 
controlled is DNA methylation. The E. coli oriC 
contains I I  copies of the sequence g¢1�, which 
is a target for methylation at the N6 position of 



adenine by the Dam methylase enzyme. These 
sites are also found scattered throughout the 
genome. Note, though, that several of these 
methylation sites overlap d11aA boxes. This is 
illustrated in FIGURE 12.6. 

Before replication, the palindromic target 
site is methylated on the adenines of each strand. 
Replication inserts the normal (nonmodified) 
bases into the daughter strands. This generates 
hemimethylated DNA, in which one strand 
is methylated and one strand is unmethylated. 
Thus, the replication event converts Dam target 
sites from fully methylated to hemimethylated 
condition. 

What is the consequence for replication? 
The ability of a plasmid relying upon oriC to 
replicate in dam- E. coli depends on its state 
of methylation. If the plasmid is methylated, 
it undergoes a single round of replication, and 
then the hemimethylated products accumulate, 
as described in FIGURE 12.7. The hemimethylated 
plasmids then accumulate, rather than being 
replaced by unmethylated plasmids, suggesting 
that a hemimethylated origin cannot be used 
to initiate a replication cycle. 

This suggests two explanations: Initiation 
may require full methylation of the Dam target 
sites in the origin, or it may be inhibited by 
hemimethylation of these sites. The latter seems 
to be the case, because an origin of nonmethyl
ated DNA can function effectively. 

Thus hemimethylated origins cannot initiate 
again until the Dam methylase has converted 
them into fuJiy methylated origins. The GATC 
sites at the origin remain hemimethylated 
for -13  minutes after replication. This long 
period is unusual because at typical GATC 
sites elsewhere in the genome, remethylation 
begins immediately (<1.5 minutes) following 
replication. One other region behaves like oriC: 
The promoter of the dnaA gene also shows a 
delay before remethylation begins. While 
it is hemimethylated, the dnaA promoter is 
repressed, which causes a reduction in the level 
of DnaA protein. Thus, the origin itself is inert, 
and production of the crucial initiator protein 
is repressed during this period. 

DNA methylation in bacteria serves a 
second function as well: It allows the DNA mis
match recognition machinery to distinguish the 
old template strand from the new strand. If the 
DNA polymerase has made an error, such as cre
ating an A-C base pair, the repair system will use 
the methylated strand as a template to replace 
the base on the nonmethylated strand. Without 
that methylation, the enzyme would have no 
way to determine which is the new strand. 

High affinity DnaA binding sites 0 GATC Dam methylation site 

DnaA-ATP binding sites 

Architecture of E. coli oriC 
FIGURE 12.6 The E. coli origin of replication, oriC, contains multiple binding 
sites for the DnaA initiator protein. In a number of cases these sites overlap 
Dam methylation sites. 

Replication ! 

Dam methylase! 

Active origin 

Inactive 
origins 

Active origin 

FIGURE 12.7 Only fully methytated origins can initiate 
replication ; hemi methylated daughter origins cannot be 
used again until they have been restored to the fully 
methylated state. 

Initiation:  Creatin g  the 
Replication Forks at the 
Origin oriC 

Key concepts 
• Initiation at oriC requires the sequential assembly 

of a large protein complex on  the membrane. 

• oriC must be fully methylated. 

• DnaA-ATP binds to short repeated sequences and 
forms an oligomeric com plex that melts DNA. 

• Six DnaC monomers bind to each hexamer of DnaB, 
and this complex binds to the origin. 

• A hexamer of DnaB forms the replication fork. 
Gyrase and SSB are also required. 

• A short region of A-T -rich DNA is melted. 
• DnaG primase is bound to the helicase complex 

and creates the replication forks. 

Initiation of replication of duplex DNA in 
E. coli at the origin of replication, oriC, requires 
several successive activities. Some events that 
are required for initiation occur uniquely at the 
origin; others recur with the initiation of each 
Okazaki fragment during the elongation phase 
(see the chapter titled DNA Rep/icatio11): • Protein synthesis is required to syn

thesize the origin recognition protein, 
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DnaA. This is the E. coli licensing 

factor that must be made anew for each 
round of replication. Drugs that block 
protein synthesis block a new round 
of replication, but not continuation of 
replication. 

• There is a requirement for transcrip
tion activation. This is  not synthesis 
of the mRNA for DnaA, but rather 
either one of two genes that flank oriC 
must be transcribed. This transcription 
near the origin aids DnaA in twist
ing open the origin. 

• There must be membrane/cell wall 
synthesis. Drugs (like penicillin) that 
inhibit cell wall synthesis block initia
tion of replication. 

Initiation of replication at oriC starts 
with formation of a complex that ultimately 
requires six proteins: DnaA, DnaB, DnaC, HU, 
gyrase, and SSB. Of the six proteins, DnaA 
draws our attention as  the one uniquely 
involved in the initiation process. DnaB, 
an ATP hydrolysis-dependent 5'to 39 heli

case, provides the "engine" of initiation after 
the origin has been opened (and the DNA 
is single-stranded) by its ability to further 
unwind the DNA. These events will only hap
pen if the DNA at the origin is fully methylated 
on both strands. 

DnaA is an ATP-binding protein. The first 
stage in initiation is binding of the DnaA-ATP 
protein complex to the fully methylated oriC 
sequence. This takes place in association with 
the inner membrane. DnaA is in the active 
form only when bound to ATP. Dna A has 
intrinsic ATPase activity that hydrolyzes ATP 
to ADP and thus inactivates itself when the 
initiation stage ends. This ATPase activity is 
stimulated by membrane phospholipids and 
single-stranded DNA. Single-stranded DNA 
forms once the origin is open. This is part of 
the mechanism used to prevent reinitiation of 
replication. The origin of the replication region 
remains attached to the membrane for about 
one-third of the cell cycle as another part of 
the mechanism to prevent reinitiation. While 
sequestered in the membrane, the newly syn
thesized strand of oriC cannot be methylated 
and so oriC remains hemimethylated until 
DnaA is degraded. 

Opening oriC involves action at two types 
of sequence in the origin: 9-bp and 13 -bp 
repeats. Together the 9-bp and 13 -bp repeats 
define the limits of the 245-bp minimal ori
gin, as indicated in FIGURE 12.8. An origin is 
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13-mers 9-mers 

�----------245bp ----------� 

FIGURE 12.8 The minimal origin is defined by the 
distance between the outside members of the 13-mer 
and 9-mer repeats. 

activated by the sequence of events summa
rized in FIGURE 12.9, in which binding ofDnaA
ATP is succeeded by association with the other 
proteins. 

The four 9-bp consensus sequences on 
the right side of oriC provide the initial bind
ing sites for DnaA-ATP in an extended multi
meric state promoted by the accessory protein 
DiaA, which stimulates cooperative binding of 
DnaA. DnaA-ATP binds cooperatively to form 
a helical central core around which oriC DNA 
is wrapped. DnaA then acts at three A-T-rich 
13 -bp tandem repeats located on the left side 
of oriC. In its active form, DnaA-ATP transitions 
from the extended state to a compact form, 
twisting open the DNA strands in an unknown 
manner to form an open bubble complex and 
stabilizing the single-stranded DNA. All three 
13 -bp repeats must be opened for the reaction 
to proceed to the next stage. Transcription of 
either of the two genes flanking oriC provides 
additional torsional stress to help snap apart the 
double-stranded DNA. 

Altogether, two to four monomers of Dna A
A TP bind at the origin, and after release of DiaA, 
they recruit two "pre-priming" complexes of 
the DnaB helicase bound to DnaC-ATP, so that 
there is one DnaB-DnaC-ATP complex for each 
of the two (bidirectional) replication forks. 
The function of DnaC is that of a chaperone 
to repress the helicase activity of DnaB until it 
is needed. Each DnaB-DnaC complex consists 
of six DnaC monomers bound to a hexamer of 
DnaB. Note that the DnaB helicase cannot open 
double-stranded DNA; it can only unwind DNA 
that has already been opened, in this case by 
DnaA. DnaB binding to single-stranded DNA 
is the signal to hydrolyze ATP and for release 
of Dna C.  

The prepriming complex generates a pro
tein aggregate of 480 kD, which corresponds 
to a sphere of radius 6 nm. The formation of 
a complex at oriC is detectable in the form of 
the large protein blob visualized in Figure 12.9. 
When replication begins, a replication bubble 
becomes visible next to the blob. The region of 
strand separation in the open complex is large 
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FIGURE 12.9 A two-state assembly model during initiation. DnaA-ATP monomers in an extended state associate with the 
high-affinity 13-mer sequences. DnaA-ATP transitions to a compact state as the 9-mer region begins to melt, stabilizing the 
single-stranded DNA. Adapted from Journal of Biological Chemistry, vol285, Kart E. Duderstadt, et al., Origin Remodeling 
and Opening in Bacteria ... , pp. 28229-28239. <9 2010 The American Society for Biochemistry and Molecular Biology. 

enough for both DnaB hexamers to bind, which 
initiates the two replicatio11 forks. As DnaB 
binds, it displaces DnaA from the 13 -bp repeats 
and extends the length oft he open region using 
its helicase activity. It then uses its helicase 
activity to extend the region of unwinding. 
Each DnaB activates a DnaG primase-in one 
case to initiate the leading strand, and in the 
other to initiate the first Okazaki fragment of 
the lagging strand. 

Some additional proteins are required to 
support the unwinding reaction. Gyrase, a type 
n topoisomerase, provides a swivel that allows 
one DNA strand to rotate around the other. 
Without this reaction, unwinding would gener
ate torsional strain (overwinding) in the DNA 
that would resist unwinding by the belicase. 
The protein single-strand binding protein 

(SSB) stabilizes the single-stranded DNA as it is 
formed and modulates the helicase activity. The 
length of duplex DNA that usually is unwound 
to initiate replicati011 is probably <60 bp. The 
protein HU is a general DNA-bindingprotein in 

E. coli. Its presence is not absolutely required to 
initiate replication i11 vitro, but it stimulates the 
reaction. HU has the capacity to bend DNA, and 
is involved in building the structure that leads 
to formation of the open complex. 

Input of energy in the form of  ATP is 
required at several stages for the preprim
ing reaction, a11d it is required for unwinding 
DNA. The helicase action of DnaB depends 
on ATP hydrolysis, and the swivel action of 
gyrase requires ATP hydrolysis. ATP also is 
needed for the action of primase and to load 
the 13 subunit of Pol III in order to initiate DNA 
synthesis. 

Once the prepriming complex is loaded 
onto the replication forks, the next step is the 
recruitment of the primase, DnaG, which 
is then loaded onto the DnaB hexamer. This 
entails release of DnaC, which allows the DnaB 
helicase to become active. DnaC hydrolyzes 
ATP in order to release DnaB. This step marks 
the transition from initiation to elongation (see 
the chapter titled DNA Replicatiou). 
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lfll M u ltiple Mechanisms 
Exist to Prevent 
Premature Reinitiation 
of Replication 

Key concepts 
• Seq A binds to hemi methylated DNA and is required 

for delaying rereplication. 

• SeqA may interact with DnaA. 

• As the origins are hemimethylated they bind to the 
cell membrane and may be unavailable to methylases. 

• The dat locus contains DnaA-binding sites that 
titrate availability of DnaA protein. 

• Hda protein is recruited to the replication origin 
to convert DnaA-ATP to DnaA-ADP. 

Replication in bacteria and in eukaryotes is 
licensed and permitted to occur only once 
per cell cycle. Each replicon is allowed to fire 
only once. What mechanisms are in place to 
ensure reinitiation does not occur? Because it 
is critical to maintain genomic integrity, mul
tiple mechanisms exist to ensure that each 
replicon fires once and only once during each 
cell cycle. 

As described earlier in this chapter, the 
E. coli oriC is fully methylated at the beginning 
of replication. After semiconservative replica
tion has occurred, oriC is hemimethylated and 
remains in that condition for approximately 
13 minutes. What is responsible for this delay 
in remethylation atoriC? The most likely expla · 
nation is that these regions are sequestered in 
a form in which they are inaccessible to the 
Dam methylase. 

A circuit responsible for controlling reuse 
of origins is identified by mutations in the gene 
seqA. The mutants reduce the delay in remeth
ylation at both oriC and dllaA. As a result, they 
initiate DNA replication too soon, thereby accu
mulating an excessive number of origins. This 
suggests that seqA is part of a negative regu
latory circuit that prevents origins from being 
remethylated. SeqA binds to hemimethylated 
DNA more strongly than to fully methylated 
DNA. It may initiate binding when the DNA 
becomes hemimethylated, at which point its 
continued presence prevents formation of an 
open complex at the origin . SeqA does not have 
specificity for the oriC sequence, and it seems 
likely that this is conferred by DnaA. This would 
explain the genetic interactions between seqA 
and dnaA. 

As the only member of the replication 
apparatus uniquely required at the origin, 
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DnaA has attracted much attention. DnaA is a 
target for several regulatory systems. It may be 
that no one of these systems alone is adequate 
to control frequency of initiation, but that when 
combined they achieve the desired result. Some 
mutations in dnaA render replication asynchro
nous, which suggests that DnaA could be the 
"titrator" or" clock" that measures the number 
of origins relative to cell mass. Overproduction 
of DnaA yields conflicting results, which vary 
from no effect to causing initiation to take place 
at reduced mass. 

The availability ofthe amount ofDnaA for 
binding at the origin is the result of competi· 
tion for its binding to other sites on the chro
mosome. In particular, a locus called dat has a 
large concentration of DnaA-binding sites. It 
binds about 80 more DnaA molecules than the 
origin. Deletion of dat causes initiation to occur 
more frequently. This significantly increases 
the amount of DnaA available to the origin, 
but we do not yet understand exactly what 
role this may play in controlling the timing 
of initiation. 

It has been difficult to identify the protein 
component(s) that mediate membrane attach
ment of oriC. A hint that this is a function of 
DnaA is provided by its response to phospho
lipids. Phospholipids promote the exchange of 
ATP with ADP bound to DnaA. We do not know 
what role this plays in controlling the activity 
ofDnaA (which requires ATP), but the reaction 
implies that DnaA is likely to interact with the 
membrane. This would imply that more than 
one event is involved in associating with the 
membrane. Perhaps a hemimethylated origin 
is bound by the membrane-associated inhibitor, 
but when the origin becomes fully methylated, 
the inhibitor is displaced by DnaA associated 
with the membrane. 

Because DnaA is the initiator that triggers a 
replication cycle, the key event will be its accu · 
mulation at the origin to a critical level. There 
are no cyclic variations in the overall concen
tration or expression of DnaA, which suggests 
that local events must be responsible. To be 
active in initiating replication, DnaA must be in 
the ATP-bound form. Thus, hydrolysis of ATP 
to ADP by DnaA has the potential to regulate 
its activity. While DnaA has a weak intrinsic 
activity that converts the ATP to ADP, this is 
enhanced by a factor termed Hda. In a concep
tually elegant feedback loop, Hda is recruited 
to a replication origin via the 13 subunit of the 
DNA polymerase. Thus, only once the origin 
has been activated and the full replication 



machinery assembled is Hda recruited, it acts 
to switch offDnaA, preventing a second round 
of replication. 

The full scope of the system used to control 
reinitiation is not clear, but multiple mecha
nisms are involved: physical sequestration of 
the origin, delay in remethylation, competition 
for DnaA binding, hydrolysis of DnaA-bound 
ATP, and repression of dna A transcription. It is 
not immediately obvious which of these events 
cause the others, and whether their effects on 
initiation are direct or indirect. Indeed, we still 
have to come to grips with the central issue of 
which feature has the basic responsibility for 
timing. The period of sequestration appears 
to increase with the length of the cell cycle, 
which suggests that it directly reflects the clock 
that controls reinitiation. One aspect of the 
control may lie in the observation that hemi
methylation of oriC is required for its associa
tion with cell membranes in vitro. This may 
reflect a physical repositioning to a region of 
the cell that is not permissive for replication 
initiation. 

Archaeal Chromosomes 
Can Contain Multiple 
Replicons 

Key concepts 

• Some archaea have multiple replication origins. 

• These origins are bound by homologs of eukaryotic 
replication initiation factors. 

Archaea are an interesting group of organisms. 
Like the other prokaryotes, the eubacteria, they 
have small, circular chromosomes that are not 
located within a nuclear membrane. However, 
archaea transcription, translation, and replica
tion, in many respects, more closely resemble 
that of eukaryotes. 

Some archaea possess multiple replica
tion origins. Sequence motifs within these 
origins are recognized and bound specifically 
by archaeal homo logs of the eukaryotic repli
cation initiation factors Orcl and Cdc6. These 
proteins bind to several sites in the origin and, 
in doing so, deform the DNA. In the archaeal 
species Sulfolobus all three of its origins are 
activated within a few minutes of each other. 
Termination of replication is also similar to that 
of eukaryotes in that replicons terminate by 
stochastic fork collisions rather than by discrete 
terminator sequences as eubacteria do. 

lfD Each Eukaryotic 
Chromosome Contains 
Many Replicons 

Key concepts 

• A chromosome is divided into many replicons. 

• The progression into S phase is tightly controlled. 

• Eukaryotic replicons are 40 to 100 kb in length. 
• Individual replicons are activated at characteristic 

times during S phase. 

• Regional activation patterns suggest that replicons 
near one another are activated at the same time. 

In eukaryotic cells, the replication of DNA is 
confined to the second part of the cell cycle, 
called S phase, which l'ollows the G 1 phase 
(see the chapter titled Replication Is Connected to 
the Cell Cycle) .  The eukaryotic cell cycle is com
posed of alternating rounds of growth followed 
by DNA replication and cell division. After the 
cell divides into two daughter cells, each has 
to grow back to approximately the size of the 
original mother cell before cell division can 
occur again. The G I phase of the cell cycle is 
primarily concerned with growth (although 
G 1 is an abbreviation for first gap because the 
early cytologists could not see any activity). In 
G 1, everything except DNA begins to be dou
bled: RNA, protein, lipids, and carbohydrate. 
The progression from G1 into S is very tightly 
regulated and is controlled by a checkpoint. 

In order for a cell to be allowed to progress 
into S phase, there must be a certain minimum 
amount of growth, which is biochemically 
measured. In addition, there must not be any 
damage to the DNA. Damaged DNA or too little 
growth prevents the cell from progressing into 
S phase. When S phase is completed, G2 phase 
commences. There is no control point and no 
sharp demarcation. 

Replication of the large amount of DNA con
tail1ed in eukaryotic chromatin is accomplished 
by dividing it into many individual replicons 
as shown in FIGURE 12.10. Only some of these 
rep !icons are engaged in replication at any point 
in S phase. Presumably, each replicon is acti
vated at a spedfic time during S phase, although 
the evidence on this issue is  not decisive. Note 
that a crudal difference between replication in 
bacteria and replication in eukaryotes is that 
in bacteria replication is occurring on DNA, 
while in eukaryotes replication is occurring on 
chromatin and nucleosomes play a role so their 
presence must be taken into account. This is 
discussed in the chapter ti tied Chromati11. 
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FIGURE 12.10 A eukaryotic chromosome contains multiple origins of 
replication that ultimately merge during replication. 

The start of S phase is signaled by the acti
vation of the first replicons. Over the next few 
hours, initiation events occur at other replicons 
in an ordered manner. Chromosomal replicons 
usually display bidirectional replication. 

Individual replicons in eukaryotic genomes 
are relatively small, typically -40 kb in yeast 
or flies and -100 kb in animal cells. They 
can, however, vary more than ten fold in 
length within a genome. The rate of replica
tion is -2000 bp/min, which is much slower 
than the 50,000 bp/min of bacterial replica
tion fork movement, presumably because the 
chromosome is assembled into chromatin, not 
naked DNA. 

Prom the speed of replication, it is evi
dent that a mammalian genome could be 
replicated in - 1  hour if all replicons func
tioned simultaneously. S phase actually lasts 
for >6 hours in a typical somatic cell, though, 
which implies that no more than 1 5 %  of the 
replicons are likely to be active at any given 
moment. There are some exceptional cases, 
such as the early embryonic divisions of Dro
sophila embryos, and other organisms that do 
not have the leisure of placental development, 
where the duration of S phase is compressed 
by the simultaneous functioning of a large 
number of replicons. 
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How are origins selected for initiation at 
different times during S phase? In Saccharomy
ces cerevisiae, the default appears to be for repli
cons to replicate early, but cis-acting sequences 
can cause origins linked to them to replicate 
at a later time. In other organisms, there is a 
general hierarchy to the order of replication. 
Replicons near active genes are replicated ear
liest and replicons in heterochromatin repli
cate last. 

Available evidence suggests that most cluo
mosomal replicons do not have a termination 
region like that of bacteria at which the replica
tion forks cease movement and (presumably) 
dissociate from the DNA. It seems more likely 
that a replication fork continues from its ori 
gin until it meets a fork proceeding toward it 
from the adjacent replicon. We have already 
mentioned the potential topological problem 
of joining the newly synthesized DNA at the 
junction of the replication forks. 

The propensity of replicons located in the 
same vicinity to be active at the same time could 
be explained by "regional" controls, in which 
groups of replicons are initiated more or less 
coordinately, as opposed to a mechanism in 
which individual replicons are activated one 
by one in dispersed areas of the genome. Two 
strucn1ral features suggest the possibility of 
large-scale organization. Quite large regions of 
the chromosome can be characterized as" early 
replicating" or "late replicating," implying that 
there is  little interspersion of replicons that 
fire at early or late times. Visualization of rep
licating forks by labeling with DNA precursors 
identifies 100 to 300 "foci" instead of uniform 
staining; each focus shown in FIGURE 12.11 

FIGURE 12.11 Replication forks are organized into foci 
in the nucleus. Cells were labeled with BrdU. The left 
panel was stained with propidium iodide to identify bulk 
DNA. The right panel was stained using an antibody to 
BrdU to identify replicating DNA. Photos of Anthony D. 
Mills and Ron Laskey, HutchinsonjMRC Research Center, 
University of Cambridge. 



probably contains >300 replication forks. The 
foci could represent fixed structures through 
which replicating DNA must move. 

lfD Replication Origins Can 
Be Isolated in Yeast 

Key con ce pt5 
• Origins in 5. cerevisiae are short A-T sequences 

that have an essential 11-bp sequence. 

• The ORC is a complex of six proteins that binds to 
an ARS. 

• Related ORC complexes are found in multicellular 
eukaryotes. 

Any segment of DNA that has an origin should 
be able to replicate, so although plasmids are 
rare in eukaryotes, it may be possible to con
struct them by suitable manipulation in vitro. 
This has been accomplished in yeast, although 
not in multicellular eukaryotes. 

S. cerevisiae mutants can be "transformed" 
to the wild-type phenotype by addition of DNA 
that carries a wild-type copy of the gene. The 
discovery of yeast origins resulted from the 
observation that some yeast DNA fragments 
(when circularized) are able to transform 
defective cells very efficiently. These fragments 
can survive in the cell in the unintegrated 
(autonomous) state; that is, as self-replicating 
plasmids. 

A high-frequency transforming fragment 
possesses a sequence that confers the ability 
to replicate efficiently in yeast. This segment 
is called an ARS for autonomously replicating 
sequence. ARS elements are derived from ori
gins of replication. 

Where ARS elements have been system
atically mapped over extended chromosomal 
regions, it seems that only some of them are 
actually used to initiate replication at any one 
time. The others are silent, or possibly used only 
occasionally. If it is true that some origins have 
varying probabilities of being used, it follows 
that there can be no fixed termini between rep
licons. In this case, a given region of a chromo
some could be replicated from different origins 
in different cell cycles. 

An ARS element consists of an A-T-rich 
region that contains discrete sites in which 
mutations affect origin function. Base com
position rather than sequence may be impor
tant in the rest of the region. FIGURE 12.12 
shows a systematic mutational analysis along 
the length of an origin. Origin function is 
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FIGURE 12.12 An ARS extends for -so bp and includes a 
consensus sequence (A} and additional elements (81-83}-

abolished completely by mutations in a 14-bp 
"core" region, called the A domain, which 
contains an 1 1 -bp consensus sequence consist
ing of A-T base pairs. This consensus sequence 
(sometimes called the ACS, for ARS consen
sus sequence) is the only homology between 
known ARS elements. 

Mutations in three adjacent elements, 
numbered B1 to B3, reduce origin function. 
An origin can function effectively with any two 
of the B elements, as long as a functional A ele
ment is present. (Imperfect copies of the core 
consensus, typically conforming at 91 1 1  posi
tions, are found close to, or overlapping with, 
each B element, but they do not appear to be 
necessary for origin function.) 

The origin recognition complex (OR C) 
is a highly conserved complex found in all 
eukaryotes. It is composed of six proteins with 
a mass of -400 kD. ORC binds to the yeast 
A and B 1 elements on the A-T-rich strand 
and is associated with ARS elements through
out the cell cycle. This means that initiation 
depends on changes in its condition rather 
than de novo association with an origin (see the 
section titled Licensing Factor Binds to the ORC 
later in this chapter). By counting the number 
of sites to which ORC binds, we can estimate 
that there are about 400 origins of replica
tion in the yeast genome. This means that the 
average length of a replicon is -35,000 bp. 
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Counterparts to ORC are found in cells of mul
ticellular eukaryotes. 

ORC was first found in S. cerevisiae (where 
it may be called scORC), but similar complexes 
have now been characterized in Schizosaccha
romyces pombe (spORC), Drosophila (DmORC ), 
and Xenopus (XIORC). All of the ORC com
plexes bind to DNA. Although none of the 
binding sites have been characterized in the 
same detail as in S. cerevisiae, in several cases 
they are at locations associated with the initia
tion of replication. It seems clear that ORC is 
an initiation complex whose binding identifies 
an origin of replication. Details of the interac
tion, however, are clear only in S. cerevisiae; 
it is possible that additional components 
are required to recog11i ze the origin in the 
other cases. 

The yeast ARS elements satisfy the classic 
definition of an origin as a cis-acting sequence 
that causes DNA replication to initiate. The 
conservation of the ORC suggests that origins 
are likely to  take the same sort of fom1 in other 
eukaryotes, but in spite of this, there is little 
to no conservation of sequence among puta
tive origins in different organisms. Difficulties 
in finding consensus origin sequences suggest 
the possibility that origins may be more com
plex (or determined by features other than 
discrete cis-acting sequences). There are sug
gestions that some animal cell replicons may 
have complex patterns of initiation: In some 
cases, many small replication bubbles are found 
in one region, posing the question of whether 
there are alternative or multiple starts to rep
lication, and whether there is a small discrete 
origin. Replication origins are often associated 
with promoters of genes. 

Reconciliation between this phenomenon 
and the use of ORCs is suggested by the discov
ery that environmental effects can influence the 
use of origins. At one location where multiple 
bubbles are found, there is a primary origin that 
is used predominantly when the nucleotide 
supply is high. When the nucleotide supply is 
limiting, though, many secondary origins are 
also used, giving rise to a pattern of multiple 
bubbles. One possible molecular explanation 
is that ORCs dissociate from the primary origin 
and initiate elsewhere in the vicinity ifthe sup
ply of nucleotides is insufficient for the initia
tion reaction to occur quickly. At all events, it 
now seems likely that we will be able in due 
course to characterize discrete sequences that 
function as origins of replication in multicel
lular eukaryotes. 
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Licensing Factor Co ntrols 
Eukaryotic Rereplication 

Key concepts 

• Licensing factor is necessary for initiation of 
replication at each origin. 

• Licensing factor is present in the nucleus prior 
to replication, but is removed, inactivated, or 
destroyed by replication. 

• Initiation of another replication cycle becomes 
possible only after licensing factor reenters the 
nucleus after mitosis. 

A eukaryotic genome is divided into multiple 
replicons, and the origin in each replicon is acti. 
vated once and only once in a single division 
cycle. This could be achieved by the provision 
of some rate-limiting component that func
tions only once at an origin or by the presence 
of a repressor that prevents rereplication at 
origins that have been used. The critical ques
tions about the nature of this regulatory system 
are how the system detem1ines whether any 
particular origin has been replicated and what 
protein components are involved. 

Insights into the nature of the protein 
components have been provided by using a 
system in which a substrate DNA undergoes 
only one cycle of replication. Xeuopus eggs 
have all the components needed to replicate 
DNA-in the first few hours after fertilization 
they undertake I I  division cycles without new 
gene expression-and they can replicate the 
DNA in a nucleus that is injected into the egg. 
FIGURE 12.13 summarizes the features of this 
system. 

When a sperm or interphase nucleus is 
injected into the egg, its DNA is replicated only 
once. (This can be followed by use of a density 
label, just like the original experiment of Mes
selson and Stahl that characterized semiconser
vative replication; see the chapter titled Genes 
Are DNA.)  If protein synthesis is blocked in the 
egg_ the membrane around the injected mate
rial remains intact and the DNA cannot repli
cate again. In the presence of protein synthesis, 
however, the nuclear membrane breaks down 
just as it would for a normal cell division, and 
in this case subsequent replication cycles can 
occur. The same result can be achieved by using 
agents that permeabilize the nuclear mem
brane. This suggests that the nucleus contains 
a protein(s) needed For replication that is used 
up in some way by a replication cycle, so even 
though more ofthe protein is present in the egg 
cytoplasm, it can only enter the nucleus if the 
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FIGURE 12.13 A nucleus injected into a Xenopus egg 
can replicate only once unless the nuclear membrane 
is permeabilized to allow subsequent replication cycles. 

nuclear membrane breaks down. The system 
can in principle be taken further by developing 
an in vitro extract that supports nuclear repli
cation, thus allowing the components of the 
extract to be isolated and the relevant factors 
identified. 

FIGURE 12.14 explains the control of reinitia
tion by proposing that this protein is a licensing 
factor. It is present in the nucleus prior to replica
tion. One round of replication either inactivates 
or destroys the factor, and another round cannot 
occur until additional factor is provided. Factor 
in the cytoplasm can gain access to the nuclear 
material only at the subsequent mitosis when 
the nuclear envelope breaks down. This regula
tory system achieves two purposes. By remov
ing a necessary component after replication, 
it prevents more than one cycle of replication 
from occurring. It also provides a feedback loop 
that makes the initiation of replication depen
dent on passing through the cell cycle. 

Prior to replication, nucleus contains active licensing factor 

After replication, licensing factor in nucleus is 
inactive; licensing factor in cytoplasm cannot 
enter nucleus 

Dissolution of nuclear membrane during 
mitosis allows licensing factor to associate 
with nuclear material 

• •  

.. . . . . . . . . . . . . . . . . . . . . . . .  : 
Cell division generates daughter nuclei 
competent to support replication 

FIGURE 12.14 Licensing factor in the nucleus is inacti
vated after replication. A new supply of licensing factor 
can enter only when the nuclear membrane breaks down 
at mitosis_ 

Licensi n g  Factor 
Binds to ORC 

Key concepts 
• ORC is a protein complex that is associated with 

yeast origins throughout the cell cycle. 
• Cdc6 protein is an unstable protein that is 

synthesized only in Gl. 

• Cdc6 binds to ORC and allows MCM proteins to bind. 
• Cdtl facilitates MCM loading on origins. 
• When replication is initiated, Cdc6, and Cdt1 

are displaced. The degradation of Cdc6 prevents 
reinitiation. 

The key event in controlling replication is the 
behavior of the ORC complex at the origin. 
Recall that in S. cerevisiae, ORC is a 400-kD com
plex that binds to the ARS sequence (see the 
section earlier in this chapter titled Replication 
Origins Can Be Isolated in Yeast). Its origin 
(ARS) consists of the A consensus sequence 
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and three B elements (see Figure I2.12) .  The 
ORC complex of six proteins (all of which are 
encoded by essential genes) binds to the A and 
adjacent B I element. Orc2-5 binds strongly; 
Orc6 binds weakly and has a nudear localiza
tion signal that must be activated by the cyclin/ 
CDK kinase dming the G I to S transition (see 
the chapter titled Replicatio11 Is Co11nected to the 
Cell Cycle) . A TP is required for t he binding, but is 
not hydrolyzed until a later stage. The n·anscrip
tion factor ABFI binds to the B3 element; this 
assists initiation by affecting chromatin struc
ture, but it is the events that occur at the A and 
B l elements that actually cause initiation. Most 
origins are localized in regions ben-veen genes, 
which suggests that it may be important for the 
local chromatin structure to be in a nontran
scribed condition. 

The striking feature is that ORC remains 
bound at the origin through the entire cell 
cycle. However, d1anges occur in the pattern 
of protection of DNA as a result of binding of 
other proteins to the ORC-origin complex. 

At the end of the cell cycle, ORC is bound to 
A-B I elements of tl1e origin. There is a change 
during G 1 that results from the binding ofCdc6 
and Cdt 1 proteins to the ORC. In yeast, Cdc6 
is a highly unstable protein, with a half-life of 
<5 minutes. It is synthesized during G I and 
typically binds to ORC between the exit from 
mitosis and late G l .  Its rapid degradation means 
that no protein is available later in the cycle. 
In mrumnalian cells Cdc6 is controlled differ
ently; it is phosphorylated during S phase, and 
as a result it is degraded by the ubiquitination 
pathway. Cdt l is initially stabilized by the pro
tein Geminin, which prevents its degradation, 
and subsequent Geminin binding prevents its 
reuse. These features make Cdc6 and Cdtl the 
key licensing factors. These n-vo proteins also 
provide the connection between ORC and a 
complex of proteins that is involved in initiation 
ofreplication. Cdc6 has an ATPase activity that 
is required for it to support initiation. 

In yeast, the replication helicase MCM2-7 
(minichromosome maintenance) complex 
enters the nucleus as an inactive double hex
amer during mitosis. The presence of Cdc6 
and Cdtl at the yeast origin allows the MCM 
proteins to bind to the complex in G I in the 
inactive state. Their presence is necessary for 
initiation. FIGURE 12.15 summarizes the cycle 
of the events that follow at the origin. The 
origin enters S phase in the condition of a 
prereplication complex, which contains 
ORC, Cdc6, Cdtl,  and the inactive helicase, 
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the MCM proteins. The MCM2-7 proteins 
form a six-member ring-shaped complex 
around DNA. MCM2,3,5  are regulatory, 
while M CM4,6,7 have the helicase activity. 
When initiation occurs, Cdc6 and Cdtl are 
displaced, returning the origin to the state of 
the postreplication complex, which con
tains only ORC. Cdc6 is rapidly degraded dur
ing S phase, and as a result it is not available 
to support reloading of MCM proteins. Thus, 
the origin crumot be used for a second cycle of 
initiation during S phase. In man1malian cel1s, 
Cdtl is targeted for degradation by the action 
of a protein complex that is recruited to the 
origin of replication by PCNA, the eukaryotic 
counterpart of the bacterial l3 dan1p. 

If Cdc6 is made available to bind to the ori
gin during G2 (by ectopic expression), MCM 
proteins do not bind until the following G l ,  
which suggests that there is a secondary mecha
nism to ensure that they assodate with origins 
only at the right time. This could be another 
part of licensing control. At least in S. cerevisiae, 
this control does not seem to be exerdsed at the 
level of nuclear en try, but this could be a differ
ence between yeasts and animal cells. Some of 
the ORC proteins have similarities to replication 
proteins that load DNA polymerase onto DNA. 
It is possible that ORC uses hydrolysis of ATP 
to load the MCM ring onto DNA. In Xe11opus 
extracts, replication can be initiated if ORC is 
removed after it has loaded Cdc6 and MCM 
proteins. This shows that the major role of ORC 
is to identify the origin to the Cdc6 and MCM 
proteins that control i ni tia tiou and licensing. 

As the transition from G I to S phase 
begins, CDK/cyclins recruit cdc45 and the 
GINS complex to the MCM helicase, which 
then becomes known as the CMG complex 
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FIGURE 12.15 Proteins at the origin control suscepti
bility to initiation. Adapted from R. C. Heller, et al., Cell 
146 (2011): 80-91. 



(for Cdc45-MCM-GINS) for activation. This 
marks the transition from initiation to DNA 
replication, that is, the elongation phase of rep
lication that entails the two different modes 
of synthesis on the leading (forward) strand 
and the lagging (discontinuous) strand. The 
MCM proteins, once activated, are required for 
elongation as well as for initiation, and they 
continue to function at the two bidirectional 
replication forks as the replication helicase. 

Summary 
Replicons in bacterial or eukaryotic chromo
somes have a single unifying feature: Replica
tion is initiated at an origin once, and only once, 
in each cell cycle. The origin is located within 
the replicon, and replication typically is bidirec
tional, with replication forks proceeding away 
from the origin in both directions. Replication 
is not usually terminated at specific sequences, 
but continues until DNA polymerase meets 
another DNA polymerase halfway around a 
circular replicon, or at the junction between 
two linear replicons. 

An origin consists of a discrete sequence at 
which replication of DNA is initiated. Origins 
of replication tend to be rich in A-T base pairs. 
A eubacterial chromosome contains a single 
origin, which is responsible for initiating repli
cation once every cell cycle . The oriC in E. coli is 
a sequence of 245 bp. Any DNA molecule with 
this sequence can replicate in E. coli. Replication 
of the circular bacterial chromosome produces a 
9 structure, in which the replicated DNA starts 
out as a small replicating eye. Replication pro
ceeds until the eye occupies the whole chromo
some. The bacterial origin contains sequences 
that are methylated on both strands of DNA. 
Replication produces hemimethylated DNA, 
which cannot function as an origin. There is 
a delay before the hemimethylated origins are 
remethylated to convert them to a functional 
state, and this is  responsible for preventing 
improper reinitiation. 

Several sites that are methylated by the 
Dam methylase are present in the E. coli origin, 
including those of the 13-mer binding sites for 
DnaA. The origin remains hemimethylated and 
is in a sequestered state for -I 0 minutes follow
ing initiation of a replication cycle. During this 
period it is associated with the membrane and 
reinitiation of replication is repressed. 

The common mode of origin activation 
involves an initial limited melting of the dou
ble helix, followed by more general unwinding 

to create single strands. Several proteins act 
sequentially at the E. coli origin. Replication is 
initiated at oriC in E. coli when DnaA binds in 
an elongated form to a series of 9-bp repeats. 
This is followed by binding to a series of I3 -bp 
repeats, where it uses hydrolysis of ATP to cata
lyze the transition to a compact form to separate 
the DNA strands. The prepriming complex of 
DnaC-DnaB displaces DnaA. DnaC is released 
in a reaction that depends on ATP hydrolysis; 
DnaB is joined by the replicase enzyme, and 
replication is initiated by two forks that set out 
in opposite directions. 

The availability of DnaA at the origin is an 
important component of the system that deter
mines when replication cycles should initiate. 
Following initiation of replication, Dna A hydro
lyzes its ATP under the stimulus of the � sliding 
clamp, thereby generating an inactive form of 
the protein. 

A eukaryotic chromosome is divided into 
many individual replicons. Replication occurs 
during a discrete part of the cell cycle called 
S phase. Not all replicons are active simultane
ously, though, so the process may take several 
hours. Eukaryotic replication is at least an order 
of magnitude slower than bacterial replication. 
Origins sponsor bidirectional replication and 
are probably used in a fixed order during S 
phase. Each replicon is activated only once in 
each cycle. Origins of replication were isolated 
as ARS sequences in yeast by virtue of their 
ability to support replication of any sequence 
attached to them. The core of an ARS is an 
I I -bp A-T-rich sequence that is bound by the 
ORC protein complex, which remains bound 
throughout the cell cycle. Utilization of the ori
gin is controlled by several licensing factors that 
associate with the ORC and recruit the MCM 
helicase proteins. 

After cell division, nuclei of eukaryotic cells 
have licensing factors that are needed to initi
ate replication. In yeast, their destruction after 
initiation of replication prevents further repli
cation cycles from occurring. Licensing factor 
cannot be imported into the nucleus from the 
cytoplasm, and can be replaced only when the 
nuclear membrane breaks down during mito
sis (or when resynthesized and imported into 
the nucleus during G I in yeast, in which the 
nuclear membrane never breaks down). 

The origin in yeast is recognized by the 
ORC proteins, which in yeast remain bound 
throughout the cell cycle. The proteins Cdc6 
and Cdti are available only at S phase. In yeast 
they are synthesized during S phase and rapidly 
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degraded. In animal cells they are synthesized 
continuously, but are exported from the 
nucleus during S phase. The presence of Cdc6 
and Cdtl allow the MCM proteins to bind to 
the origin. The MCM proteins are required 
for initiation (and then for elongation as the 
replicative helicase). The combined action of 
Cdc6, Cdtl, and the MCM proteins provides 
the licensing function. 
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DNA Replication 
CHAPTER OUTLI N E  J 

1111 Introduction 

ld'.l DNA Polymerases Are the Enzymes That Make DNA 
• DNA is synthesized in both semiconservative 

replication and repair reactions. 
• A bacterium or eukaryotic cell has several different 

DNA polymerase enzymes. 
• One bacterial DNA polymerase undertakes 

semiconservative replication; the others are involved 
in repair reactions. 

IW DNA Polymerases Have Various Nuclease Activities 

• DNA polymerase I has a unique 5 '-3' exonuclease 
activity that can be combined with DNA synthesis to 
perform nick translation. 

IR. DNA Polymerases Control the Fidelity of Replication 

• High-fidelity DNA polymerases involved in replication 
have a precisely constrained active site that favors 
binding of Watson-Crick base pairs. 

• DNA polymerases often have a 3 '-5' exonuclease 
activity that is used to excise incorrectly paired bases. 

• The fidelity of replication is improved by proofreading 
by a factor of -100. 

IR'I DNA Polymerases Have a Common Structure 
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• Many DNA polymerases have a large cleft composed of 
three domains that resemble a hand. 

• DNA lies across the "palm" in a groove created by the 
"fingers" and "thumb." 

EdUed by Peter Burgers 

IN The Two New DNA Strands Have Different Modes 
of Synthesis 
• The DNA polymerase advances continuously when it 

synthesizes the leading strand (5'-3'), but synthesizes 
the lagging strand by making short fragments that are 
subsequently joined together. 

IM Replication Requires a Helicase and a Single-Strand 
Binding Protein 

• Replication requires a helicase to separate the strands 
of DNA using energy provided by hydrolysis of ATP. 

• A single-stranded DNA-binding protein is required to 
maintain the separated strands. 

10:1 Priming Is Required to Start DNA Synthesis 

• All DNA polymerases require a 3'-0H priming end to 
initiate DNA synthesis. 

• The priming end can be provided by an RNA primer, 
a nick in DNA, or a priming protein. 

• For DNA replication, a special RNA polymerase called 
a primase synthesizes an RNA chain that provides the 
priming end. 

• E. coli has two types of priming reaction, which occur 
at the bacterial origin (oTiC) and the <I>X174 origin. 

• Priming of replication on double-stranded DNA always 
requires a replicase, SSB, and primase. 

• DnaB is the helicase that unwinds DNA for replication 
in £. coli. 
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CHAPTER OUTLINE, CONTINUED J 
Coordinating Synthesis of the Lagging 
and Leading Strands 
• Different enzyme units are required to synthesize the 

leading and lagging strands. 
• In f. coli, both of these units contain the same 

catalytic subunit (DnaE). 
• In other organisms, different catalytic subunits may be 

required for each strand. 

DNA Polymerase Holoenzyme Consists 
of Subcomplexes 
• The E. coli DNA polymerase III catalytic core contains 

three subunits, including a catalytic subunit and a 
proofreading subunit. 

• The DNA Pol III holoenzyme has at least two catalytic 
cores, a processivity clamp, and a dimerization 
clamp-loader complex. 

• A clamp loader places the processivity subunits on 
DNA, where they form a circular clamp around the 
nucleic acid. 

• At least one catalytic core is associated with each 
template strand. 

• The E. coli replisome is composed of the holoenzyme 
complex and the additional enzymes required for 
chromosome replication. 

The Clamp Controls Association of Core Enzyme 
with DNA 
• The core on the leading strand is processive because 

its clamp keeps it on the DNA. 
• The clamp associated with the core on the lagging 

strand dissociates at the end of each Okazaki fragment 
and reassembles for the next fragment. 

• The helicase DnaB is responsible for interacting with 
the primase DnaG to initiate each Okazaki fragment. 

Introducti o n  
Replication of duplex DNA is  a complicated 
endeavor involving multiple enzyme com
plexes. Different activities are involved in the 
stages of initiation, elongation, and termination. 
Before initiation can occur, however, the super
coiled chromosome must be relaxed (see the 
chapter titled Genes Are DNA). This occurs in 
segments beginning with the replication origin 
region. This alteration to the structure of the 
chromosome is accomplished by the enzyme 
topoisomerase. Replication cannot occur 
on supercoiled DNA, only the relaxed form. 
FIGURE 13.1 shows an overview of the first stages 
of the process. • Initiation involves recognition of an ori

gin by a complex of proteins. Before DNA 
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Okazaki Fragments Are Linked by Ligase 

• Each Okazaki fragment starts with a primer and stops 
before the next fragment. 

• DNA polymerase I removes the primer and replaces it 
with DNA. 

• DNA ligase makes the bond that connects the 3 '  end of 
one Okazaki fragment to the 5 '  beginning of the next 
fragment. 

Separate Eukaryotic DNA Polymerases Undertake 
Initiation and Elongation 

• A replication fork has one complex of DNA polymerase 
cxjprimase, one complex of DNA polymerase 3, and one 
complex of DNA polymerase e. 

• The DNA polymerase cxjprimase complex initiates the 
synthesis of both DNA strands. 

• DNA polymerase e elongates the leading strand and 
a second DNA polymerase 3 elongates the lagging 
strand. 

Lesion Bypass Requires Polymerase Replacement 

• A replication fork stalls when it arrives at 
damaged DNA. 

• The replication complex must be replaced by a 
specialized DNA polymerase for lesion bypass. 

• After the damage has been repaired, the primosome 
is required to reinitiate replication by reinserting the 
replication complex. 

Termination of Replication 

• The two replication forks usually meet halfway 
around the circle, but there are ter sites that cause 
termination if the replication forks go too far. 

Summary 

synthesis begins, the parental strands 
must be separated and (transiently) 
stabilized in the single-stranded state, 
creating a replication bubble. After this 
stage, synthesis of daughter strands can 
be initiated at the replication fork (see 
the chapter titled The Rep/icon: Initiation 
of Replication) .  • Elongation i s  undertaken by another 
complex of proteins. The replisome 

exists only as a protein complex asso
ciated with the particular structure 
that DNA takes at the replication fork. 
It does not exist as an independent 
unit (e.g., analogous to the ribosome), 
but assembles de novo at the origin for 
each replication cycle. As the replisome 
moves along DNA, the parental strands 
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Proteins bind to origin and separate DNA strands 

DNA polymerase and other proteins assemble into replisome 

Replisome synthesizes daughter strands 

FIGURE 13.1 Replication initiates when a protein 
complex binds to the origin and melts the DNA there. 
Then the components of the replisome, including DNA 
polymerase, assemble. The replisome moves along DNA, 
synthesizing both new strands. 

unwind and daughter strands are 
synthesized. 

• At the end of the replicon, joining and/ 
or termination reactions are necessary. 
Following termination, the duplicate 
chromosomes must be separated from 
one another, which requires manipula
tion of higher order DNA structure. 

Inability to replicate DNA is fatal for a 
growing cell. Mutants for replication must 
therefore be obtained as conditional lethals. 

These are able to accomplish replication under 
permissive conditions (typically provided by the 
normal temperature of incubation}, but they 
are defective under nonpermissive, or restrictive, 
conditions (provided by the higher tempera
ture of 42°C}. A comprehensive series of such 
temperature-sensitive mutants in Escherichia 
coli identifies a set of loci called the dna genes. 
The dna mutants distinguish two stages of 
replication by their behavior when the tem
perature is raised: 

• The members of the major class of 
quick-stop mutants cease replica
tion immediately upon a temperature 
increase. They are defective in the com
ponents of the replication apparatus, 
typically in the enzymes needed for 
elongation (but also include defects in 
the supply of essential precursors). 
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• The members of the smaller class of 
slow-stop mutants complete the cur
rent round of replication, but cannot 
start another. They are defective in the 
events involved in initiating a new cycle 
of replication at the origin. 

An important assay used to identify the 
components of the replication apparatus is 
called in 11itro complementation. An in vitro 
system for replication is prepared from a dna 
mutant and is operated under conditions in 
which the mutant gene product is inactive. 
Extracts from wild-type cells are tested for 
their ability to restore activity. The protein 
encoded by the dna locus can be purified 
by identifying the active component in the 
extract. 

Each component of the bacterial replication 
apparatus is now available for study in vitro as a 
biochemically pure product, and is implicated 
in vivo by mutations in its gene. Analogous 
eukaryotic chromosomal replication systems 
have largely been developed. Studies of indi
vidual replisome components show a high 
structural and functional similarity with the 
bacterial replisome. 

DNA Polymerases Are the 
Enzymes That Make DNA 

Key concepts 
• DNA is synthesized in both semiconservative 

replication and repair reactions. 
• A bacterium or eukaryotic cell has several different 

DNA polymerase enzymes. 
• One bacterial DNA polymerase undertakes semi

conservative replication; the others are involved 
in repair reactions. 

There are two basic types of DNA synthesis: 
• FIGURE 13.2 shows the result of semi

conservative replication. The two 
strands of the parental duplex are 
separated, and each serves as a tem
plate for synthesis of a new strand. 
The parental duplex is replaced with 
two daughter duplexes, each of which 
has one parental strand and one newly 
synthesized strand. An enzyme that 
can synthesize a new DNA strand on 
a template strand is called a DNA 

polymerase (or more properly, DNA
dependent DNA polymerase) .  

• FIGURE 13.3 shows the consequences of 
a DNA repair reaction. One strand of 
DNA has been damaged. It is excised and 
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FIGURE 13.2 Semiconservative replication synthesizes 
two new strands of DNA. 

new material is synthesized to replace it. 
Both prokaryotic and eukaryotic cells 
contain multiple DNA polymerase 
activities. Only a few of these enzymes 
actually undertake replication; those 
that do sometimes are called DNA 

replicases. The remaining enzymes are 
involved in repair synthesis (discussed 
in the Repair Systems chapter) or partici
pate in subsidiary roles in replication. 

All prokaryotic and eukaryotic DNA poly
merases share the same fundamental type of 
synthetic activity, antiparallel synthesis from 
5' to 3' from a template that is 3' to 5 ' .  This 
means adding nucleotides one at a time to a 
3'-0H end, as illustrated in FIGURE 13.4. The 
choice of the nucleotide to add to the chain is 
dictated by base pairing with the complemen
tary template strand. 

Some DNA polymerases, such as the 
repair polymerases, function as indepen
dent enzymes, whereas others (notably the 
replication polymerases) are incorporated into 
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FIGURE 13.3 Repair synthesis replaces a short stretch of 
one strand of DNA containing a damaged base. 

Primer has free 3'-0H end 

Incoming nucleotide has 5'-triphosphate 

Diphosphate is released when 
nucleotide is added to chain 
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FIGURE 13.4 DNA is synthesized by adding nucleotides 
to the 3'-0H end of the growing chain, so that the new 
chain grows in the 5' to 3' direction. The prec�rsor for 
DNA synthesis is a nucleoside triph�sphate, wh�ch loses 
the terminal two phosphate groups 1n the reaction. 

large protein assemblies called holoenzymes. 

The DNA-synthesizing subunit is only one of sev
eral functions of the holoenzyme, which typically 
contains other activities concemed with fidelity. 

FIGURE 13.5 summarizes the DNA polyme
rases that have been characterized in E. coli. 
DNA polymerase III, a multisubunit protein, 
is the replication polymerase responsible for 
de novo synthesis of new strands of DNA. DNA 
polymerase I (coded by polA) is involved in 
the repair of damaged DNA and, in a sub
sidiary role, in semiconservative replication. 
DNA polymerase II i s  required to restart a 
replication fork when its progress is blocked 
by damage in DNA. DNA polymerases IV 
and V are involved in allowing replication to 
bypass certain types of damage and are called 
error-prone polymerases. 

Enzyme Gene Function 

pol A major repair enzyme 

I I  po/B replication restart 

Ill po/C replicase 

IV dinB translesion replication 

v umuD' 2C translesion replication 

FIGURE 13.5 Only one DNA polymerase is the replication 
enzyme. The others participate in repair of da�aged DNA, 
restarting stalled replication forks, or bypass1ng damage 
in DNA. 
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When extracts of E. coli are assayed for their 
ability to synthesize DNA, the predominant 
enzyme activity is DNA polymerase I. Its activity 
is so great that it makes it impossible to detect 
the activities of the enzymes actually respon
sible for DNA replication! To develop in vitro 
systems in which replication can be followed, 
extracts are therefore prepared from polA 
mutant cells. 

Several classes of eukaryotic DNA 
polymerases have been identified. DNA polymer
ases 8 and s are required for nuclear replication; 
DNA polymerase a is concemed with "priming" 
(initiating) replication. Other DNA polymerases 
are involved in repairing damaged nuclear DNA, 
or in translesion replication of damaged DNA 
when repair of damage is impossible. Mito
chondrial DNA replication is carried out by DNA 
polymerase "' while chloroplasts have their own 
replication system (see the section titled Separate 
Eukaryotic DNA Polymerases Undertake Initiation 
and El01zgation later in this chapter) .  

Ill DNA Polymerases Have 
Various Nuclease Activities 

Key concept 
• DNA polymerase I has a unique 5 '-3' exonuclease 

activity that can be combined with DNA synthesis 
to perform nick translation. 

Replicases often have nuclease activities as well 
as the ability to synthesize DNA. A 3'-5' exo
nuclease activity is typically used to excise bases 
that have been added to DNA incorrectly. This 
provides a "proofreading" error-control system 
(see the next section, DNA Polymerases Control 
the Fidelity of Replication) .  

The first DNA-synthesizing enzyme to be 
characterized was DNA polymerase I, which is a 
single polypeptide of 103 kD. The chain can be 
cleaved into two parts by proteolytic treatment. 
The larger cleavage product (68 kD) is called 
the Klenow fragment. It is used in synthetic 
reactions in vitro. It contains the polymerase and 
the proofreading 3'-5' exonuclease activities. 
The active sites are -30 A apart in the protein, 
which indicates that there is spatial separation 
between adding a base and removing one. 

The small fragment (3 5 kD) possesses a 5 '-3' 
exonucleolytic activity, which excises small 
groups of nucleotides, up to -10  bases at a time. 
This activity is coordinated with the synthetic/ 
proofreading activity. It provides DNA polymerase 
I with a unique ability to start replication in vitro 
at a nick in DNA. (No other DNA polymerase has 
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FIGURE 13.6 Nick translation replaces part of a preexisting 
strand of duplex DNA with newly synthesized material. 

this ability.) At a point where a phosphodiester 
bond has been broken in a double-stranded DNA, 
the enzyme extends the 3'-0H end. As the new 
segment of DNA is synthesized, it displaces the 
existing homologous strand in the duplex. The 
displaced strand is degraded by the 5'-3' exonu
cleolytic activity ofthe enzyme. 

This process of nick translation is illus
trated in FIGURE 13.6. The displaced strand is 
degraded by the 5'-3' exonuclease activity 
of the enzyme. The properties of the DNA 
are unaltered, except that a segment of one 
strand has been replaced with newly synthe
sized material, and the position of the nick has 
been moved along the duplex. This is of great 
practical use; nick translation has been a major 
technique for introducing radioactively labeled 
nucleotides into DNA in vitro. 

The coupled 5'-3' synthetic/3'-5' exo
nucleolytic action is used most extensively 
for filling in short single-stranded regions in 
double-stranded DNA. These regions arise 
during lagging strand DNA replication (see the 
section titled DNA Polymerases Have a Common 
Structure later in this chapter), and during DNA 
repair (see Figure 13 .3) .  

DNA Polymerases Control 
the Fidelity of Replication 

Key concepts 
• High-fidelity DNA polymerases involved in replica

tion have a precisely constrained active site that 
favors binding of Watson-Crick base pairs. 

• DNA polymerases often have a 3 '-5' exonuclease 
activity that is used to excise incorrectly paired 
bases_ 

• The fidelity of replication is improved by proof
reading by a factor of -100. 



The fidelity of replication poses the same sort 
of problem encountered in considering (for 
example) the accuracy of translation. It relies 
on the specificity of base pairing. Yet when we 
consider the energetics involved in base pairing, 
we would expect errors to occur with a fre
quency of -10-2 per base pair replicated. The 
actual rate in bacteria seems to be - 1 0-s to 
10-•o.  This corresponds to - 1  error per genome 
per 1000 bacterial replication cycles, or - 10-6 
per gene per generation. 

We can divide the errors that DNA poly
merase makes during replication into two 
classes: 

• Substitutions occur when the wrong 
(improperly paired) nucleotide is incor
porated. The error level is determined 
by the efficiency of proofreading, 
in which the enzyme scrutinizes the 
newly formed base pair and removes 
the nucleotide if it is mi spai red. • Frameshifts occur when an extra nucle
otide is inserted or omitted. Fidelity 
with regard to frames hi fts is affected 
by the processivity of the enzyme: the 
tendency to remain on a single template 
rather than to dissociate and reassoci
ate. This is particularly important for 
the replication of a homopolymeric 
stretch-for example, a long sequence 
of dT0:dA0-in which "replication slip
page" can change the length of the 
homopolymeric run. As a general rule, 
increased processivity reduces the likeli
hood of such events. In muhimeric DNA 
polymer a ses, processivi ty is usually 
increased by a particular subunit that 
is not needed for ca ta lytic activity per se. 

Bacterial replication enzymes have 
multiple error reduction systems. As discussed 
in the chapter Gwes Are DNA, the geometry of 
an A-T base pair is very similar to that of a G-C 
base pair. This geometry is used by high-fidelity 
DNA polymerases as a fidelity mechanism. Only 
an incoming dNTP that base pairs properly with 
the template nucleotide fits in the active site, 
whereas mispairs such as A-C or A-A have the 
wrong geometry to fit into the active site. On 
the other hand, low-fidelity DNA polymerases, 
such as E. coli DNA polymerase IV used for 
damage bypass replication, have a more open 
active site that acconm1odates damaged nucleo
tides, but also incorrect base pairs. Thus, either 
the expression or activity of these error-prone 
DNA polymerases is tightly regulated so that 
they are only active after DNA damage occurs. 

Enzyme adds base to growing strand 
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FIGURE 13.7 DNA polymerases scrutinize the base pair 
at the end of the growing chain and excise the nucleotide 
added in the case of a misfit. 

All of the bacterial enzymes possess a 3'-5' 

exonucleolytic activity that proceeds in the 
reverse direction from DNA synthesis. This pro
vides a proofreading function, as illustrated in 
FIGURE 13.7. In the chain elongation step, a pre
cursor nucleotide enters the position at the end 
of the growing chain. A bond is formed. The 
enzyme moves one base pair farther, and then is 
ready for the next precursor nucleotide to enter. 
If a mistake has been made, the DNA is structur
ally warped by the incorporation of the incorrect 
base that will cause the polymerase to pause or 
slow down. This will allow the enzyme to back 
up and remove the incorrect base (see the DNA 
Replication chapter). In some regions errors occur 
more frequently than in others; that is, mutation 

hotspots occur in the DNA. This is caused by 
the underlying sequence context; that is, some 
sequences cause the polymerase to move faster or 
slower, which a[fects the ability to catch an error. 

As noted earlier in this chapter in the section 
titled DNA Polymerases Are the Enzymes That Make 
DNA, replication enzymes typically are found as 
multisubunit holoenzyme complexes, whereas 
repair DNA polymerases are typicaiJy found as 
single subunit enzymes. An advantage to a holo
enzyme system is the availability of a specialized 
subunit responsible for error correction. In E. coli 
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DNA polymerase lli, this activity, a 3 '  to 5' exo
nuclease, resides in a separate subU11it, the 8 sub
tmit. This subunit gives the replication enzyme a 
greater fidelity than the repair enzymes. 

Different DNA polymerases handJe the rela
tionship between the polymerizing and proof
reading activities in different ways. In some 
cases, the activities are part of the same pro
tein subunit, but in others they are contained 
in different subunits. Each DNA polymerase 
has a characteristic error rate that is reduced 
by its proofreading activity. Proofreading typi
cally dee1·eases the error rate in replication from 
-10-5 to -10-7 per base pairreplicated. Systems 
that recognize errors and correct them following 
replication then eliminate some of the errors, 
bringing the overall rate to < 10-9 per base pair 
replicated (see the chapter titled Repair Systems). 

The replicase activity of DNA polymerase 
III was origiua11y discovered by a conditional 
lethal mutation in the d11aE locus, whicl1 codes 
for the 130 kD, a subunit that possesses the 
DNA synthetic activity. The 3 '-5' exonucleo
lytic proofreading activity is fotmd in a110ther 
subtmit, 8, coded by the dnaQ gene. The basic 
role of the 8 subunit in controlling the fidel
ity of replication in vivo is demonstrated by the 
effect of mutations in d11aQ: The frequency with 
which mutations occur in the bacterial strain is 
increased by > 103-fold. 

DNA Polymerases Have a 
Common Structure 

Key concepts 
• Many DNA polymerases have a large cleft 

composed of three domains that resemble a hand. 
• DNA lies across the "palm" in a groove created by 

the "fingers" and "thumb." 

The first DNA polymerase for which tl1e struc
ture was determined was the Klenow fragment 
of the E. coli DNA polymerase I. From that data, 
FIGURE 13.8 shows the common structural fea
tures that a11 DNA polymerases share. The 
enzyme structure can be divided into several 
independent domains, which are described by 
analogy with a human right hand. DNA binds 
in a large cleft composed of three domains. 
The "palm" domain has important conserved 
sequence motifs that provide the catalytic active 
site. The "fingers" are involved in positioning 
the template correctly at the active site. The 
"thumb" binds the DNA as it exits the enzyme, 
and is important in processivity. The most 
important conserved regions of each of these 
three domains converge to fom1 a continuous 
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FIGURE 13.8 The structure of the Klenowfragmentfrom 
E. coli DNA polymerase I. It has a right hand with fingers 
(blue), a palm (red), and a thumb (green). The Klenow 
fragment also includes an exonuclease domai n.Structu re 
from Protein Data Bank 1KFD. L. S. Beese, J. M. Friedman, 
and T. A. Steitz, Biochemistry 32 (1993): 14095-14101. 

surface at the catalytic site. The exonuclease 
activity resides in an independent domain with 
its own catalytic site. The N-terminal domain 
extends into the nuclease domain. DNA poly
merases fall into five families based on sequence 
homologies; the palm is well conserved among 
them, but the thumb and fingers provide 
analogous secondary structure elements from 
different sequences. 

The catalytic reaction in a DNA polymerase 
occurs at an active site in which a nucleotide 
triphosphate pairs with an (unpaired) single 
strand of DNA. The DNA lies across the palm 
in a groove that is created by the thumb and 
fingers. FIGURE 13.9 shows the crystal structure 
of the <l>T7 enzyme complexed with DNA (in the 

FIGURE 13.9 The crystal structure of phage T7 DNA poly
merase shows that the template strand takes a sharp 
turn that exposes it to the incoming nucleotide. Photo 
courtesy of Charles Richardson and Thomas Ellenberger, 
Washington University School of Medicine. 



form of a primer annealed to a template strand) 
and an incoming nucleotide that is about to be 
added to the primer. The DNA is in the classic 
B-form duplex up to the last two base pairs at 
the 3'  end of the primer, which are in the more 
open A-form. A sharp turn in the DNA exposes 
the template base to the incoming nucleotide. 
The 3 '  end of the primer (to which bases are 
added) is anchored by the fingers and palm. 
The DNA is held in position by contacts that 
are made principally with the phosphodiester 
backbone (thus enabling the polymerase to 
function with DNA of any sequence). 

In structures of DNA polymerases of this 
family complexed only with DNA (i.e., lacking 
the incoming nucleotide), the orientation of 
the fingers and thumb relative to the palm is 
more open, with the 0 helix (0, 0 I, 02; see 
Figure 13.9) rotated away from the palm. This 
suggests that an inward rotation of the 0 helix 
occurs to grasp the incoming nucleotide and cre
ate the active catalytic site. When a nucleotide 
binds, the fingers domain rotates 60° toward 
the palm, with the tops of the fingers moving by 
30 A. The thumb domain also rotates toward the 
palm by go. These changes are cyclical: They are 
reversed when the nucleotide is incorporated 
into the DNA chain, which then translocates 
through the enzyme to recreate an empty site. 

The exonuclease activity is responsible 
for removing mispaired bases. The catalytic 
site of the exonuclease domain is distant from 
the active site of the catalytic domain, though. 
The enzyme alternates between polymerizing 
and editing modes, as determined by a com
petition between the two active sites for the 
3 '  primer end of the DNA. Amino acids in the 
active site contact the incoming base in such a 
way that the enzyme structure is affected by 
the structure of a mismatched base. When a 
mismatched base pair occupies the catalytic 
site, the fingers cannot rotate toward the palm 
to bind the incoming nucleotide. This leaves 
the 31 end free to bind to the active site in the 
exonuclease domain, which is accomplished by 
a rotation of the DNA in the enzyme structure. 

The Two New DNA 
Strands Have Different 
Modes of Synthesis 

Key concept 
• The DNA polymerase advances continuously when 

it synthesizes the leading strand (S '-3 '), but 
synthesizes the lagging strand by making short 
fragments that are subsequently joined together. 

The anti parallel structure of the two strands of 
duplex DNA poses a problem for replication. 
As the replication fork advances, daughter 
strands must be synthesized on both of the 
exposed parental single strands. The fork tern
plate strand moves in the direction from 5 '-3 1 
on one strand and in the direction from 31-51 
on the other strand. Yet DNA is synthesized 
only from a 5 1  end toward a 3 '  end (by adding 
a new nucleotide to the growing 31  end) on a 
template that is 3 '  to 5 ' .  The problem is solved 
by synthesizing the new strand on the 5 '  to 3 1  
template in a series of short fragments, each 
synthesized in the "backward" direction; that 
is, with the customary 5'-3' polarity. 

Consider the region immediately behind the 
replication fork, as illustrated in nGURE 13.10. 
We describe events in terms of the different 
properties of each of the newly synthesized 
strands: 

• On the leading strand (sometimes 
called the[orwardstra11d) DNA synthesis 
can proceed continuously in the 5 '  to 
3 1  direction as the parental duplex is 
unwound. 

• On the lagging strand a stretch of 
single-stranded parental DNA must be 
exposed, and then a segment is synthe
sized in the reverse direction (relative 
to fork movement). A series of these 
fragments are synthesized, each 5 '-3 '; 
they then are joined together to create 
an intact lagging strand. 

Discontinuous replication can be followed 
by the fate of a very brief label of radioactivity. 
The label enters newly synthesized DNA in the 
form of short fragments of- I 000 to 2000 bases 
in length. These Okazaki fragments are 
found in replicating DNA in both prokary
otes and eukaryotes. After longer periods of 
incubation, the label enters larger segments of 
DNA. The transition results from covalent link
ages between Okazaki fragments. 

Leading strand synthesis 
Nucleotides added continuously to 3 '  end 

Previous fragment Last fragment Single strand 
Lagging strand synthesis 

Parental DNA 

FIGURE 13.10 The leading strand is synthesized continuously, whereas 
the lagging strand is synthesized discontinuously. 
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The lagging strand must be synthesized in 
the form of Okazaki fragments. For a long time 
it was unclear whether the leading strand is 
synthesized in the same way or is synthesized 
continuously. All newly synthesized DNA 
is found as short fragments in E. coli. Super
ficially, this suggests that both strands are 
synthesized discontinuously. It turns out, how
ever, that not all of the fragment population 
represents bona fide Okazaki fragments; some 
are pseudofragments that have been generated 
by breakage in a DNA strand that actually was 
synthesized as a continuous chain. The source 
of this breakage is the incorporation of some 
uracil into DNA in place of thymine. When 
the uracil is removed by a repair system, the 
leading strand has breaks until a thymine is 
inserted. Thus, the lagging strand is synthe
sized discontinuously and the leading strand is 
synthesized continuously. This is called semi

discontinuous replication. 

Replication 
Requires a Helicase 
and a Single-Strand 
Bindi n g  Protein 

Key concepts 
• Replication requires a helicase to separate 

the strands of DNA using energy provided by 
hydrolysis of ATP_ 

• A single-stranded DNA-binding protein is required 
to maintain the separated strands. 

As the replication fork advances, it unwinds 
the duplex DNA. One of the template strands 
is rapidly converted to duplex DNA as the 
leading daughter strand is synthesized. The 
other remains single stranded until a sufficient 
length has been exposed to initiate synthesis 
of an Okazaki fragment complementary to 
the lagging strand in the backward direction. 
The generation and maintenance of single
stranded DNA is therefore a crucial aspect of 
replication. Two types of function are needed 
to convert double-stranded DNA to the single
stranded state: • A helicase is an enzyme that separates 

(or melts) the strands of DNA, usually 
using the hydrolysis of ATP to provide 
the necessary energy. • A single-strand binding (SSE) protein binds 
to the single-stranded DNA, protecting 
it and preventing it from reforming the 
duplex state. The SSB binds typically 
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in a cooperative manner in which the 
binding of additional monomers to the 
existing complex is enhanced. The E. coli 
SSB is a tetramer; eukaryotic SSB (also 
known as RPA) is a trimer. 

Helicases separate the strands of a duplex 
nucleic acid in a variety of situations, ranging 
from strand separation at the growing point 
of a replication fork to catalyzing migration of 
Holliday (recombination) junctions along DNA. 
There are 12 different helicases in E. coli. A heli
case is generally multimeric. A common form of 
helicase is a hexamer. This typically translocates 
along DNA by using its multimeric structure to 
provide multiple DNA-binding sites. 

FIGURE 13.11 shows a generalized schematic 
model for the action of a hexameric helicase. 
It is likely to have one conformation that binds 
to duplex DNA and another that binds to single
stranded DNA. Alternation between them drives 
the motor that melts the duplex and requires ATP 
hydrolysis-typically 1 ATP is hydrolyzed for each 
base pair that is unwound. A helicase usually 
initiates unwinding at a single-stranded region 
adjacent to a duplex. Note that it cannot unwind 
a segment of duplex DNA; it can only continue 
to unwind a sequence that has been started (see 
the chapter titled The Rep/icon :  ltzitiation of Replica
tion). It may function with a particular polarity, 
preferring single-stranded DNA with a 3 '  end 
(3'-5' helicase) or with a 5' end (5'-3' helicase). 
A 5'-3' helicaseis shown in Figure 13.1 1 .  Hexa
meric helicases typically encircle the DNA, which 
allows them to unwind DNA processively for 
many kilobases. This property makes them ide
ally suited as replicative DNA helicases. 

Unwinding of double-stranded DNA by a 
helicase generates two single strands that are 

Helicase 
encircles 
one strand 

Helicase binds 
to duplex DNA 

Base pairs 
are separated; 
helicase 
releases duplex 

5' 
FIGURE 13.11 A hexameric helicase moves along one 
strand of DNA. It probably changes conformation when 
it binds to the duplex, uses ATP hydrolysis to separate 
the strands, and then returns to the conformation it has 
when bound only to a single strand. 



then bound by SSB. E. coli SSB is a tetramer 
of 74 kD that binds single-stranded DNA 
cooperatively. The significance of the coop
erative mode of binding is that the binding of 
one protein molecule makes it much easier for 
another to bind. Thus, once the binding reac
tion has started on a particular DNA molecule, 
it is rapidly extended until all of the single
stranded DNA is covered with the SSB protein. 
Note that this protein is not a DNA-unwinding 
protein; its function is to stabilize DNA that is 
already in the single-stTanded condition. 

Under normal circumstances in vivo, the 
unwinding, coating, and replication reactions 
proceed in tandem. The SSB binds to DNA as 
the replication fork advances, keeping the two 
parental strands separate so that they are in 
the appropriate condition to act as templates. 
SSB is needed in stoichiometric amounts at the 
replication fork. lt is required for more than one 
stage of replication; ssb mutants have a quick
stop phenotype, and are defective in repair and 
recombination as well as in replication. 

1111 Priming Is Required to 
Start DNA Synthesis 

Key concepts 
• All DNA polymerases require a 3'-0H priming end 

to initiate DNA synthesis. 
• The priming end can be provided by an RNA 

primer, a nick in DNA, or a priming protein. 
• For DNA replication, a special RNA polymerase 

called a pri mase synthesizes an RNA chain that 
provides the priming end. 

• E. call has two types of priming reaction, which 
occur at the bacterial origin (oriC) and the <I>X174 
ong1n. 

• Priming of replication on double-stranded DNA 
always requires a replicase, SSB, and primase. 

• DnaB is the helicase that unwinds DNA for replica
tion in f. coli. 

A common feature of all DNA polymerases is 
that they cannot initiate synthesis of a chain 
of DNA de novo, but can only elongate a chain. 
FIGURE 13.12 shows the features required for 
initiation. Synthesis of the new strand can only 
start from a preexisting 3'-0H end, and the 
template strand must be converted to  a single
stranded condition. 

The 3'-0H end is  called a primer. The 
primer can take various forms. Types of priming 
reaction are summarized in FIGURE 13.13 . • A sequence of RNA is synthesized on 

the template, so that the free 3 '-0H 
end of the RNA chain is extended by 

Priming terminus 
I :: ""''""'lii ..... IIP"'IP"ll!UI""''"''i� 1 ...... 1 il"''l""'!i 1 ....... � � �·-;; 1111 • s· I 

Single-stranded template 

FIGURE 13.12 A DNA polymerase requires a 3 '-0H end 
to initiate replication. 

DNA polymerases cannot initiate DNA synthesis 
on duplex or single-stranded DNA without a primer 

:: � � 1111111111 !U Ill ! IIIII :: 
or 

5' 3 '  ldlllldl�hllldlltdllll 
RNA primer is synthesized by a primase 
(or provided by base pairing) 

5' .....r 

3' 

5' 

3' 

5' 

5' 
3' 
5' 
3' 

Duplex DNA is nicked to provide 
free end for DNA polymerase 

Nick 

A priming nucleotide is provided by 
a protein that binds to DNA 

3' 

,.. 3' 

.&A s · 

5' 

FIGURE 13.13 There are several methods for providing 
the free 3'-0H end that DNA polymerases require to 
initiate DNA synthesis. 

the DNA polymerase. This is commonly 
used in replication of cellular DNA and 
by some viruses. • A prefom1ed RNA (often a tRNA) pairs 
with the template, allowing its 3 '-0H 
end to be used to prime DNA synthesis. 
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This mechanism is used by retroviruses 
to prime reverse transcription of RNA 
(see the chapter titled Transposable 
Eleme11ts a11d Retroviruses) .  • A primer terminus is generated within 
duplex DNA. The most common mech
anism is the introduction of a nick, as 
used to initiate rolling circle replication. 
In this case, the preexisting strand is 
displaced by new synthesis. • A protein primes the reaction directly 
by presenting a nucleotide to the DNA 
polymerase. This reaction is used by 
certain viruses (see the chapter titled 
Extrachromosomal Replico11s) . 

Priming activity is required to provide 3'-0H 
ends to start off the DNA chains on both the lead
ing and lagging strands. The leading strand requires 
only one such initiation event, which occurs at the 
origin. There must be a series of initiation events on 
the lagging strand, though, because each Okazaki 
fragment requires its own start de novo. Each Oka
zaki fragment starts with a primer sequence of 
RNA -I 0 bases long that provides the 3'-0H end 
for extension by DNA polymerase. 

A primase is required to catalyze the actual 
priming reaction. In E. coli, this is provided by 
a special RNA polymerase activity, the product 
of the dnaG gene. The enzyme is a single poly
peptide of 60 kD (much smaller than the RNA 
polymerase used for transcription) . The primase 
is an RNA polymerase that is used only under 
specific circumstances; that is, to synthesize 
short stretches of RNA that are used as prim
ers for DNA synthesis. DnaG primase associates 
transiently with the replication complex, and 
typically synthesizes a -I 0-base primer. Primers 
start with the sequence pppAG positioned oppo
site the sequence 3 '-GTC-5' in the template. 

There are two types of priming reaction in 
E. coli: • The oriCsystem, named for the bacterial 

origin, basically involves the association 
of the DnaG primase with the protein 
complex at the replication fork. • The <PX system, named originally for 
phage <PXI74, requires an initiation com
plex consisting of additional components, 
called the primosome. This system is used 
when damage causes the replication fork 
to collapse and it must be restarted. 

At times replicons are referred to as being 
of the <PX or oriC type. The types of activities 
involved in the initiation reaction are summa
rized in FIGURE 13.14. Although other replicons 
in E. coli may have altematives for some of these 
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Helicase DnaB 5'-3' helicase (5'-3 ') 
3 '  � ...... --

SSB single-strand binding protein (-60/lork) 

DnaG primase synthesizes RNA 

FIGURE 13.14 Initiation requires several enzymatic 
activities, including helicases, single-strand binding 
proteins, and synthesis of the primer. 

particular proteins, the same general types of 
activity are required in every case. A helicase 
is required to generate single strands, a single
strand binding protein is required to maintain 
the single-stranded state, and the primase syn
thesizes the RNA primer. 

DnaB is the central component in both <PX 
and oriC replicons. It provides the 5 '-3' heli
case activity that unwinds DNA. Energy for the 
reaction is provided by cleavage of ATP. Basi
cally, DnaB is the active component required to 
advance the replication fork. In oriC replicons, 
DnaB is initially loaded at the origin as part 
of a large complex (see the chapter titled The 
Replicon: Initiation of Replication ) .  It forms the 
growing point at which the DNA strands are 
separated as the replication fork advances. It is 
part of the DNA polymerase complex and inter
acts with the DnaG primase to initiate synthesis 
of each Okazaki fragment on the lagging strand. 

Ill Coordinating Synthesis 
of the Lagging and 
Leading Strands 

Key concepts 
• Different enzyme units are required to synthesize 

the leading and lagging strands. 
• In f. coli, both of these units contain the same 

catalytic subunit (DnaE). 
• In other organisms, different catalytic subunits 

may be required for each strand. 



Each new DNA strand, leading and Jagging, 
is synthesized by an individual catalytic unit. 
FIGURE 13.15 shows that the behavior of these 
two units is different because the new DNA 
strands are growing in opposite directions. One 
enzyme unit is moving in the same direction as 
the unwinding point of the replication fork and 
synthesizing the leading strand continuously. 
The other unit is moving "backwardw relative to 
the DNA, along the exposed single strand. Only 
short segments of template are exposed at any 
one time. When synthesis of one Okazaki frag
ment is completed, synthesis of the next Okazaki 
fragment is required to start at a new location 
approximately in the vicinity of the growing 
point for the leading strand. This requires that 
DNA polymerase III on the lagging strand disen
gage from the template, move to a new location, 
and be reconnected to the template at a primer 
to start a new Okazaki fTagment. 

The term enzyme unit avoids the issue of 
whether the DNA polymerase that synthesizes 
the leading strand is the same type of enzyme as 
the DNA polymerase that synthesizes the lagging 
strand. In the case we know best, E. coli, there is 
only a single DNA polymerase catalytic subunit 
used in replication, the DnaE polypeptide. Some 
bacteria and eukaryotes have multiple replica
tion DNA polymerases (see the section titled 
Separate Eukaryotic DNA Polymerases Undertake 
Initiation and Elongation later in this chapter). 
The active replicase is an asymmetrical dimer 
with one unit on the lagging strand and one on 
the leading strand (see the section titled DNA 
Polymerase Holoei/Zyme Consists of Subcomplexes 
later in this chapter). Each half of the dimer 
contains DnaE as the catalytic subunit. DnaE 
is supported by other proteins (which differ 
between the leading and lagging strands). 

The use of a single type of catalytic subunit, 
however, may be atypical. In the bacterium 
Bacillus subtilis, there are two different catalytic 
subunits. PoiC is the homolog to E. coli's DnaE, 
and is responsible for synthesizing the leading 
strand. A related protein, DnaE8s. is the cata
lytic subunit that synthesizes the lagging strand. 
.Eukaryotic DNA polymerases have the same 
general structure, with different enzyme units 
synthesizing the leading and lagging strands 
(see the section titled Separate Eukaryotic DNA 
Polymerases Undertake Initiation and Elongation 
later in this chapter). 

A major problem of the semidiscontinuous 
mode of replication follows from the use of 
different enzyme units to synthesize each new 
DNA strand: How is synthesis of the lagging 
strand coordinated with synthesis of the leading 

Leading enzyme elongates continuously 

Lagging enzyme starts new fragments 

FIGURE 13.15 A replication complex contains separate catalytic units 
for synthesizing the leading and lagging strands. 

strand? As the replisome moves along DNA, 
unwinding the parental strands, one enzyme 
unit elongates the leading sn·and. Periodically, 
the primosome activity initiates an Okazaki 
fragment on the lagging strand, and the other 
enzyme unit must then move in the reverse 
direction to synthesize DNA. We will see in next 
sections how leading and lagging strand repli
cation is coordinated by interactions between 
the leading and lagging strand enzyme units. 

DNA Polymerase 
H o loenzyme Con sists 
of Subcom plexes 

Key concepts 
• The f. coli DNA polymerase III catalytic core 

contains three subunits, including a catalytic 
subunit and a proofreading subunit. 

• The DNA Pol III holoenzyme has at least two 
catalytic cores. a processivity clamp, and a 
di merization damp-loader complex. 

• A clamp loader places the processivity subunits on 
DNA, where they form a circular clamp around the 
nucleic acid. 

• At least one catalytic core is associated with each 
template strand. 

• The E. coli replisome is composed of the 
holoenzyme complex and the additional enzymes 
required for chromosome replication. 

We can now relate the subunit structure of 
E. coli DNA polymerase Ill holoenzyme (also 
called a repli some) to the acti viti es required 
for DNA synthesis and propose a model for 
its action. The replisome consists of the DNA 
polymerase Ill holoenzyme complex and asso
ciated proteins, primase and helicase, neces
sary for replication function. A new model 
for the structure of the DNA Pol Ill complex 
proposes a three-polymerase core structure, 
with two Pol lll catalytic cores responsible for 
synthesis of the Jagging strand and one for the 
leading strand. Each Okazaki fragment is syn
thesized by a new alternating core polymerase. 
The holoenzyme is a complex of 900 kD that 
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contains 10 different proteins organized into 
four types of subcomplex: • There are at least two copies ofthe cata

lytic core. Each catalytic core contains 
the a subunit (the DNA polymerase 
activity), the s subunit (the 3'-5' proof
reading exonuclease), and the e subunit 
(which stimulates the exonuclease) .  • There are two copies of the dimerizing 
subunit, ,., which link the two catalytic 
cores together. • There are two copies of the clamp, 

which is responsible for holding catalytic 
cores onto their template strands. Each 
clamp consists of a homodimer of 13 sub
units, the 132 ring, which binds around 
the DNA and ensures processivity. • The 'Y complex is a group of seven 
proteins, encoded by five genes, that 
comprise the clamp loader; the clamp 
loader places the clamp on DNA. 

One of the models for the assembly of DNA 
polymerase III is shown in FIGURE 13.16 . The 
holoenzyme assembles on DNA in three stages: • First the clamp loader uses hydrolysis of 

ATP to bind 13 subunits to a template
primer complex. • Binding to DNA changes the conforma
tion of the site on 13 that binds to the 
clamp loader, and as a result it now has 
a high affinity for the core polymerase. 
This enables core polymerase to bind, 
and this is the means by which the core 
polymerase is brought to DNA. • A ,.  dimer binds to the core polymerase, 
and provides a dimerization function that 
binds a second core polymerase (associ
ated with another 132 clamp). The repli
some is an asymmetric dimer because it 
has only one clamp loader and (at least) 
two copies of the catalytic core. The clamp 
loader is responsible for adding a pair of 
132 dimers to each parental strand of DNA. 

Each of the core complexes of the holoen
zyme synthesizes one of the new strands ofDNA. 
The clamp loader is also needed for unloading the 
132 clamp from DNA; as a result, the two cores have 
different abilities to dissociate from DNA. This cor
responds to the need to synthesize a continuous 
leading strand (where polymerase remains asso
ciated with the template) and a discontinuous 
lagging strand (where polymerase repetitively 
dissociates and reassociates). The clamp loader is 
associated with the core polymerase that synthe
sizes the lagging strand, and plays a key role in the 
ability to synthesize individual Okazaki fragments. 
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Clamp loader cleaves ATP to load clamp on DNA 

Clamp loader 
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Leading strand 
synthesis 

a 
E E 
9 9 

Lagging strand 
synthesis 

a 

1 subunits maintain 
dimeric structure 

FIGURE 13.16 DNA polymerase III holoenzyme assembles 
in stages, generating an enzyme complex that synthesizes 
the DNA of both new strands. 

The Clamp Controls 
Association of Core 
Enzyme with DNA 

Key concepts 
• The core on the leading strand is processive 

because its clamp keeps it on the DNA. 
• The clamp associated with the core on the lagging 

strand dissociates at the end of each Okazaki 
fragment and reassembles for the next fragment_ 

• The helicase DnaB is responsible for interacting 
with the primase DnaG to initiate each Okazaki 
fragment. 

The 132-ring dimer makes the holoenzyme highly 
processive. 13 is strongly bound to DNA, but can 
slide along a duplex molecule. The crystal struc
ture of 13 shows that it forms a ring-shaped dimer. 
The model in FIGURE 13.17 shows the 132 ring in 
relationship to a DNA double helix. The ring 
has an external diameter of 80 A and an inter
nal cavity of 35 A, almost twice the diameter 
of the DNA double helix (20 A). The space 
between the protein ring and the DNA is filled 



FIGURE 13.17 The subunit of DNA polymerase III holo
enzyme consists of a head-to-tail dimer (the two subunits 
are shown in red and orange) that forms a ring completely 
surrounding a DNA duplex (shown in the center). Reprinted 
from Cell, vol. 69, X. P. Kong, et al., Three-dimensional 
structure of the i3 . . .  , pp. 425-437. Copyright 1992, 
with permission from Elsevier [http:/ jwww.sciencedirect 
.comjsciencejjournal/00928674]. Photo courtesy of John 
Kuriyan, University of California, Berkeley. 

by water. Each ofthe P subunits has three globu
lar domains with similar organization (although 
their sequences are different). As a result., the 
dimer has sixfold symmeny that is reflected in 
12 a-helices that line the inside ofthe ring. 

The Prring dimer surrounds the duplex, 
providing the "sliding clamp" that allows the 
holoenzyme to slide along DNA. The structure 
explains the high processivity-the enzyme can 
transiently dissociate, but cannot fall off and 
diffuse away. The a-helices on the inside have 
some positive charges that may interact with 
the DNA via the intermediate water molecules. 
The protein damp does not directly contact the 
DNA, and as a result it may be able to "ice skate" 
along the DNA, making and breaking contacts 
via the water molecules. 

How does the clamp get onto the DNA 7 The 
clamp is a circle of subw1its surrounding DNA, 
thus its assembly or removal requires the use 
of an energy-dependent process by the clamp 
loader. The"' clamp loader is a pen tam eric drcular 
strucnue d1at binds an open form of the P2 ring 
preparatory to loading it onto DNA. In effect, d1e 

ring is opened at one of the interfaces between 
the two P subunits by the 8 subnnit of the clamp 
loader. The binding of 8 to the ring destabilizes 
and opens it, facilitated by ATP. The role of ATP 
is not clear, whether hydrolysis is used to open 
the �2 ring or for release of the damp loader. The 
SSB proteins that coat the DNA are not passive, 
but rather are required to stimulate the process. 

The relationship between the P2 damp and 
the "' clamp loader is a paradigm for similar sys
tems used by DNA polymerases ranging from 
bacteriophages to animal cells. The damp is a 
heteromer (possibly a dimer or trimer) that forms 
a ring around DNA with a set of 12 a-helices 
forming sixfold symmetry for the structure as a 
whole. The damp loader has some subunits that 
hydrolyze A TP to provide energy for the reaction. 

The basic principle that is established by the 
dimericpolymerase model is tl1at, while one poly
merase subunit synthesizes the leading strand 
continuously, the other cyclically initiates and 
terminates the Okazaki fragments of the lagging 
strand within a large, single-stranded loop formed 
by its template strand. FIGURE 13.18 draws a genetic 
model for the operation of such a replicase. The 
replication fork is created by a helicase-whicb 
typically fonns a hexameric ring-that translo
cates in the 5'-3' direction on the template for 
the lagging strand. The helicase is connected to 
two DNA polymerase catalytic subtmits, each of 
whid1 is assodated with a sliding clamp. 

We can describe this model for DNA poly
merase III in terms of the individual compo
nents of the enzyme complex, as illustrated in 
FIGURE 13.19 . A catalytic core is associated with 
each template strand of DNA. The holoenzyme 
moves continuously along the template for 
the leading strand; the template for the lag
ging strand is "pulled through," thus creating a 
loop in the DNA. DnaB creates the unwinding 
point, and translocates along the DNA in the 
"forward" direction. 

DnaB contacts the-r subtmit(s) of the clamp 
loader. This establishes a direct connection 
between the helicase-primase complex and the 
catalytic cores. The link has two effects. One 
is to increase the speed of DNA synthesis by 
increasing the rate of movement by DNA poly
merase core by tenfold. The second is to prevent 
the leading strand polymerase from falling off, 
that is, to increase its processivity. 

Synthesis of the leading strand creates 
a loop of single-stranded DNA that provides 
the template for lagging strand synthesis, and 
this loop becomes larger as the unwinding 
point advances. After initiation of an Okazaki 
fragment, the lagging strand core complex pulls 
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FIGURE 13.18 The helicase creating the repli
cation fork is connected to two DNA polymerase 
catalytic subunits, each of which is held onto 
DNA by a sliding clamp. The polymerase that 
synthesizes the leading strand moves continu
ously. The polymerase that synthesizes the lag
ging strand dissociates at the end of an Okazaki 
fragment and then reassociates with a primer in 
the single-stranded template loop to synthesize 
the next fragment. 
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the single-stranded template through the 132 
clamp while synthesizing the new strand. The 
single-stranded template must extend for the 
length of at least one Okazaki fragment before 
the lagging polymerase completes one fragment 
and is ready to begin the next. 

What happens when the Okazaki fragment 
is completed? All of the components of the repli
cation apparatus function processively (i.e., they 
remain associated with the DNA), except for the 
primase and the 132 clamp. FIGURE 13.20 shows 
that the 132 clamp must be cracked open by the 'Y 

c�� DnaB 

Lagging strand 

0 kazaki fragment 

3' 5' 3' 5' 

FIGURE 13.19 Each catalytic core of Pol III synthesizes 
a daughter strand. DnaB is responsible for forward move
ment at the replication fork. 
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1 .  Initiation of 
Okazaki fragment 

t 
4. � clamp associates 

'5' 

5' 

2. Termination of 
Okazaki fragment 

3 '5' 

3. � clamp dissociates 

FIGURE 13.20 Core polymerase and the clamp dissociate at comple
tion of Okazaki fragment synthesis and reassociate at the beginning. 



clamp loader when the synthesis of each fragment 
is completed, releasing the loop. We can think of 
the clamp loader here as a molecular wrench that 
is modulated by ATP. The clamp loader causes the 
132 clamp to alter its conformation to an unstable 
configuration, which then springs open. A new 
132 clamp is then recruited by the clamp loader to 
initiate the next Okazaki fragment. The lagging 
strand polymerase transfers from one 132 clamp to 
the next in each cycle, without dissociating from 
the replicating complex. 

What is responsible for recognizing the sites 
for initiating synthesis of Okazaki fragments? 
In oriCreplicons, the connection between prim
ing and the replication fork is provided by the 
dual properties of DnaB: It is the helicase that 
propels the replication fork, and it interacts with 
the DnaG primase at an appropriate site. Fol
lowingprimer synthesis, the primase is released. 
The length of the priming RNA is limited to eight 
to 14 bases. Apparently, DNA polymerase III is 
responsible for displacing the primase. 

I 

� 

Ill 

Okazaki Fragments 
Are Linked by Ligase 

Key concepts 
• Each Okazaki fragment starts with a primer and 

stops before the next fragment. 
• DNA polymerase I removes the primer and replaces 

it with DNA. 
• DNA ligase makes the bond that connects the 3 '  

end of one Okazaki fragment to the 5 '  beginning 
of the next fragment. 

We can now expand our view of the actions 
involved in joining Okazaki fragments, as 
illustrated in FIGURE 13.21. The complete order 
of events is uncertain, but i t  must involve 
synthesis of RNA primer, its extension with 
DNA, removal of the RNA primer, its replace
ment by a stretch of DNA, and the covalent 
linking of adjacent Okazaki fragments. 

Synthesis of an Okazaki fragment termi
nates just before the start of the RNA primer 
of the preceding fragment. When the primer is 

I Primase ,. synthesizes RNA 

l DNA polymerase Ill 
extends RNA primer 
into Okazaki fragment 

DNA polymerase I I uses nick translation ,. to replace RNA primer 
with DNA 

��UUII I IIY l 
Ligase seals the nick 

I�UIUIIIIU 
I 

FIGURE 13.21 Synthesis of Okazaki fragments require priming, extension, 
removal of RNA primer, gap filling, and nick ligation. 
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RNA 
primer 

RNA 
primer 

I Okazaki fragment t is synthesized 

Ligase seals gap 

FIGURE 13.22 FENl is an exo-jendonuclease that recognizes the 
structure created when one strand of DNA is displaced from a duplex 
as a "flap." In replication it cleaves at the base of the flap to remove 
the RNA primer. 

removed, there will be a gap. The gap is filled 
by DNA polymerase I; po!A mutants fail to join 
their Okazaki fragments properly. The 5 '-3' 
exonuclease activity removes the RNA primer 
while simultaneously replacing it with a DNA 
sequence extended from the 3 '-OH end of 
the next Okazaki fragment. This is equivalent 
to nick translation, except that the new DNA 
replaces a stretch of RNA rather than a segment 
of DNA. 

In mammalian systems (where the DNA 
polymerase does not have a 5 '  -3' exonuclease 
activity), Okazaki fragments are connected by a 
two-step process. Synthesis of an Okazaki frag
ment displaces the RNA primer of the preceding 
fragment in the form of a "flap." FIGURE 13.22 
shows that the base of the flap is cleaved by the 
enzyme FEN1 (flap endonuclease 1 ) .  In this 
reaction, FEN 1 functions as an endonuclease, 
but it also has a 5 '-3' exonuclease activity. In 
DNA repair reactions, FEN 1 may cleave next 
to a displaced nucleotide and then use its exo
nuclease activity to remove adjacent material. 

Failure to remove a flap rapidly can have 
important consequences in regions of repeated 
sequences. Direct repeats can be displaced and 
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misaligned with the template; palindromic 
sequences can form hairpins. These structures 
may change the number of repeats (see the 
chapter titled Cluster and Repeats) .  The general 
importance of FEN 1 is that it prevents flaps of 
DNA from generating structures that may cause 
deletions or duplications in the genome. 

Once the RNA has been removed and 
replaced, the adjacent Okazaki fragments must 
be linked together. The 3 '-0H end of one frag
ment is adjacent to the 5 '-phosphate end ofthe 
previous fragment. The enzyme DNA ligase 

makes a bond by using a complex with AMP. 
FIGURE 13.23 shows that the AMP of the enzyme 
complex becomes attached to the 5 '  phosphate 
of the nick and then a phosphodiester bond is 
formed with the 3'-0H terminus of the nick, 
releasing the enzyme and the AMP. Ligases are 
present in both prokaryotes and eukaryotes. 

The E. coli and <PT4 ligases share the 
property of sealing nicks that have 3 '-OH 
and 5 '-phosphate termini, as illustrated in 
Figure 13.23. Both enzymes undertake a two
step reaction that involves an enzyme-AMP 
complex. (The E. coli and T4 enzymes use dif
ferent cofactors. The E. coli enzyme uses NAD 



o
-o-P-o ' 
OH O 

Enzyme +ATP 
or 1 Enzyme + NAD f 

Enzyme-AMP 
' <? Adenine-Ribose-0 -P-O 

6 ' -o-P-o-oHo 

FIGURE 13.23 DNA ligase seals nicks between adjacent 
nucleotides by employing an enzyme-AMP intermediate. 

[nicotinamide adenine dinucleotide] as a cofac
tor, whereas the T4 enzyme uses ATP. ) The AMP 
of the enzyme complex becomes attached to the 
5'  phosphate ofthe nick, and then a phosphodi
ester bond is formed with the 3'-0H terminus 
of the nick, releasing the enzyme and the AMP. 

Separate Eukaryotic DNA 
Polymerases U n dertake 
Initiati on and Elongation 

Key concepts 

• A replication fork has one complex of DNA poly
merase ajprimase, one complex of DNA polymerase 
8, and one complex of DNA polymerase e. 

• The DNA polymerase afprimase complex initiates 
the synthesis of both DNA strands. 

• DNA polymerase e elongates the leading strand 
and a second DNA polymerase 8 elongates the 
lagging strand. 

Eukaryotic replication is similar in most aspects 
to bacterial replication. It is semiconserva
tive, bidirectional, and semidiscontinuous. As 
a result of the greater amount of DNA in a 
eukaryote, the genome has multiple replicons. 
Replication takes place during S phase of the 
cell cycle. Replicons in euchromatin initiate 
before replicons in heterochromatin; replicons 

near active genes initiate before replicons near 
inactive genes. Origins of replication in eukary
otes are not well defined, except for those in 
yeast (called ARS, autonomously replicating 
sequences in S. cerevisiae). The number of repli
cons used in any one cycle is tightly conn·olled. 
During rapid embryonic development more are 
activated than in slower growing adult cells. 

Eukaryotes have a much larger number of 
DNA polymerases. They can be broadly divided 
into those required for replication and repair 
polymerases involved in repairing damaged DNA. 
Nuclear DNA replication requires DNA poly
merases a, �. and s. All the other nuclear DNA 
polymerases are concerned with synthesizing 
stretches of new DNA to replace damaged 
material or using damaged DNA as a template. 
FIGURE 13.24 shows that most of the nuclear repli
cases are large heterotetramericenzymes. In each 
case, one of the subunits has the responsibility 
for catalysis, and the others are concerned with 
ancillary functions, such as priming or processiv
ity. These enzymes all replicate DNA with high 
fidelity, as does the slightly less complex mito
chondrial enzyme. The repair polymerases have 
much simpler structures, which often consist of a 
single monomeric subunit (although it may func
tion in the context of a complex of other repair 
enzymes). Of the enzymes involved in repair, 
DNA polymerase � has an intermediate fidelity; 

DNA 
polymerase Function Structure 

High fidelity replicases 
Cl Nuclear replication 350 kD tetramer 

8 Lagging strand 250 kD tetramer 

E Leading strand 350 kD tetramer 

Mitochondrial 200 kD dimer 
replication 

High-fidelity repair 

Base excision repair 39 kD monomer 

Low-fidelity repair 

Base damage bypass heteromer 

Thymine dimer bypass monomer 

Required in meiosis monomer 

K Deletion and monomer 
base substitution 

FIGURE 13.24 Eukaryotic cells have many DNA polymerases. 
The replication enzymes operate with high fidelity. Except 
for the 13 enzyme, the repair enzymes all have low fidelity. 

Replication enzymes have large structures, with separate 
subunits for different activities. Repair enzymes have much 
simpler structures. 
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Function E. coli Eukaryote Phage T4 

Helicase DnaB MCM complex 41 
Loading helicase/primase DnaC cdc6 59 
Single-strand maintenance SSB RPA 32 
Priming DnaG Polct/primase 61 

Sliding clamp !?. PCNA 45 
Clamp loading (ATPase) Jill complex RFC 44/62 

Catalysis Po! II/ core Polll +Pole 43 
Holoenzyme dimerization T ? 43 

RNA removal 
Ligation 

FIGURE 13.25 

Poll FEN1 43 
Ligase Ligase 1 T4 ligase 

Similar functions are required at all replication forks. 

all of the others have much greater error rates 
and are called error-prone polymerases. All mito
chondrial DNA replication and recombination is 
undertaken by DNA polymerase 'Y· 

Each of the three nuclear DNA replication 
polymerases has a different function, as sum
marized in FIGURE 13.25. • DNA polymerase a/primase initiates the 

synthesis of new strands. • DNA polymerase e then elongates the 
leading strand. • DNA polymerase 8 then elongates the 
lagging strand. 

DNA polymerase a is unusual because it 
has the ability to initiate a new strand. It is used 
to initiate both the leading and lagging strands. 
The enzyme exists as a complex consisting of 
a 180-kD catalytic (DNA polymerase) subunit, 
which is associated with three other subunits: 
the B subunit that appears necessary for assem
bly, and two small subunits that provide the 
primase (RNA polymerase) activity. Reflecting 
its dual capacity to prime and extend chains, 
this complex is often called pol a/primase. 

As shown in FIGURE 13.26, the pol a/pri
mase enzyme binds to the initiation complex at 
the origin and synthesizes a short strand con
sisting of -10  bases of RNA followed by 20 to 
30 bases of DNA (sometimes called iDNA). It is 
then replaced by an enzyme that will extend the 
chain. On the leading strand, this is DNA poly
merase e; on the lagging strand this is DNA 
polymerase 8. This event is called the polymerase 
switch . It involves interactions among several 
components of the initiation complex. 

DNA polymerase e is a highly processive 
enzyme that continuously synthesizes the 
leading strand. Its processivity results from its 
interaction with two other proteins, RFC clamp 
loader and trimeric PCNA processivity clamp 

322 CHAPTER 13 DNA Replication 

(PCNA is called proliferating cell nuclear anti
gen for historical reasons). 

As shown in Figure 13.25, the conserved 
function of the replication components extends 
to the clamp loader and processivity clamp as well 
other functions oft he replisome. The roles ofRFC 
and PCNA are analogous to the E. coli 'Y clamp 
loader and �2 processivity unit (see the section 
titled The Clamp Controls Association of Core Enzyme 
with DNA earlier in this chapter). RFC is a clamp 
loader that catalyzes the loading of PCNA onto 
DNA. It binds to the 3' end of the DNA and uses 
ATP hydrolysis to open the ring of PCNA so that 
it can encircle the DNA. The processivity of DNA 
polymerase 8 is maintained by PCNA, which teth
ers DNA polymerase 8 to the template. The crystal 
structure of PCNA closely resembles the E. coli � 
subunit: A trimer forms a ring that surrounds the 
DNA. The sequence and subunit organization are 
different from the dim eric �2 clamp; however, the 
function is likely to be similar. 

DNA polymerase 8 elongates the lagging 
strand. Like DNA polymerase e on the leading 

FIGURE 13.26 Three different DNA polymerases make up 
the eukaryotic replication fork. Pol cxjpri mase is responsible 
for primer synthesis on the lagging strand. The MCM helicase 
(the eukaryotic homolog of Dna B )  unwinds the dsDNA, while 
PCNA (homolog of ex) endows the complex with processivity. 



strand, DNA polymerase 8 forms a processive 
complex with the PCNA clamp. The exonuclease 
FEN I removes the RNA primers of Okazaki frag
ments. The complex of DNA polymerase 8 and 
FEN 1 carries out the same type of nick translation 
that E. coli DNA polymerase I carries out during 
Okazaki fragment maturation (see Figure 13.22). 
The enzyme DNA ligase I is specifically required 
to seal the nicks between the completed Okazaki 
fragments. Currently, it is not known what factor 
takes on the function of the E. coli ,. dimer that 
dimerizes the polymerase complexes in order to 
ensure coordinated DNA replication. 

Lesion Bypass Requires 
Polymerase Replacement 

Key concepts 
• A replication fork stalls when it arrives at 

damaged DNA. 
• The replication complex must be replaced by a 

specialized DNA polymerase for lesion bypass. 
• After the damage has been repaired, the prima

some is required to reinitiate replication by 
reinserting the replication complex. 

Damage to chromosomes that is not repaired 
before replication can be catastrophic and lethal. 
When the replication complex encounters dam
aged and modified bases such that it cannot place 
a complementary base opposite it, the polymerase 
stops and the replication fork may collapse. A cell 
has two options to avoid death: recombination 
(see the chapter titled Homologous and Site-Specific 
Recombination) or lesion bypass. On the leading 
strand in E. coli, replication can bypass a thymine 
dimer and can, with the DnaG primase, reinitiate 
forward DNA synthesis downstream. This leaves 
a gap behind the fork, which can be repaired by 
recombination, described as follows. 

In addition, bacteria and eukaryotes have 
multiple error-prone DNA polymerases that 
have the ability to synthesize past a lesion on the 
template (see the chapter titled Repair Systems). 
These enzymes have this ability because they 
are not constrained to follow standard base 
pairing rules. Note that this DNA synthesis is 
not to repair the lesion, but simply to bypass it, 
to continue replication. That will allow the cell 
to return to the lesion to repair it. 

FIGURE 13.27 compares an advancing rep
lication fork with what happens when there 
is damage to a base in the DNA or a nick in 
one strand. In either case, DNA synthesis is 
halted, and the replication fork either is stalled 
or is disrupted and collapses. Replication-fork 

stalling appears to be quite common; estimates 
for the frequency in E. coli suggest that 18%-
50% of bacteria encounter a problem during 
a replication cycle. E. coli has two error-prone 
DNA polymerases that can replicate through 
a lesion, DNA polymerases IV and V (see the 
chapter titled Repair Systems), plus the repair 
DNA polymerase II, that are used fortranslesion 
synthesis. Eukaryotes have five error-prone 
DNA polymerases with different specificities. 

There are two consequences when lesion 
bypass occurs. First, when the replication com
plex stalls at a lesion, the polymerase on the strand 
with the lesion must be removed from the tem
plate and replaced by an error-prone polymerase. 
Second, when the damage has been bypassed, 
the repair polymerase must be removed and the 
replication complex reinserted. When used for 
lesion bypass during replication, these error
prone DNA polymerases replace the replisome 
and are connected to the PCNA clamp temporar
ily to allow the lesion bypass polymerase to insert 
nucleotides opposite the lesion. DNA polymerase 
III then replaces the error-prone polymerase. The 
consequences may be different, depending on 
whether the lesion has occurred on the lagging 
or leading strand. The replication polymerase on 
the lagging strand may be more easily replaced. 

Alternatively, the situation can be rescued 
by a recombination event that excises and 
replaces the damage or provides a new duplex 

Replication fork advances on normal DNA 

OR double-strand break occurs at nick 

.IIIIUUIUIIIUI� 
FIGURE 13.27 The replication fork stalls and may collapse 
when it reaches a damaged base or a nick in DNA. Arrowheads 
indicate 3 '  ends. 
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Damage is excised 

1 IIIIIIIDIUIUI!nm 

Single strand invades from other daughter duplex 
Crossover is resolved 

Replication resumes 

FIGURE 13.28 When replication halts at damaged DNA, 
the damaged sequence is excised and the complementary 
(newly synthesized) strand of the other daughter duplex 
crosses over to repair the gap. Replication can now 
resume, and the gaps are filled in. 

to replace the region containing the double
strand break. The principle of the repair event 
is to use the built-in redundancy of informa
tion between the two DNA strands. nGURE 13.28 
shows the key events in such a repair event. 
Basically, information from the undamaged 
DNA daughter duplex is used to repair the dam
aged sequence. This creates a typical recombi
nationjunction that is resolved by the same sys
tems that perform homologous recombination. 
In fact, one view is that the major importance 
of these systems for the cell is in repairing dam
aged DNA at stalled replication forks. 

After the damage has been repaired, the 
replication fork must be restarted. FIGURE 13.29 
shows that this may be accomplished by assem
bly of the primosome, which in effect reloads 
DnaB so that helicase action can continue. 
Early work on replication made extensive use 
of phage <I> X 17 4, and led to the discovery of 
a complex system for priming. A primosome 
assembles at a unique phage site on its single
stranded DNA called the assembly site (pas). 
The pas is the equivalent of an origin for synthe
sis ofthe complementary strand of <I> X 174. The 
primosome consists of six proteins: PriA, PriB, 
PriC, DnaT, DnaB, and DnaC. Two alternative 

324 CHAPTER 13 DNA Replication 

FIGURE 13.29 The primosome is required to restart a 
stalled replication fork after the DNA has been repaired. 

assembly pathways exist, one beginning with 
PriA and the other with PriC.  This may reflect 
the many types of DNA damage that can occur. 

On <I> X 174 DNA, the primosome forms ini
tially at the pas; primers are subsequently initi
ated at a variety of sites. PriA translocates along 
the DNA, displacing SSB, to reach additional 
sites at which priming occurs. As in the E. coli 
oriCreplicon, DnaB plays a key role in unwind
ing and priming in <I>X174 replicons. The role 
of PriA is to load DnaB, which in turn recruits 
DnaG primase to prime DNA synthesis for the 
conversion of single-stranded viral DNA to the 
double-stranded DNA form. 

It has always been puzzling that when repli
eating in E. coli, <I> X 17 4 origins should use a com
plex structure that is not required to replicate 
the bacterial chromosome. Why does the bacte
rium provide this complex? The answer is pro
vided by the fate of the stalled replication fork. 
The mechanism used at oriCi s specific for origin 
DNA sequence and cannot be used to restart 
replication following lesion bypass because each 
lesion occurs in a different sequence. A separate 
mechanism employing structural rather than 
sequence recognition is used. 

The proteins encoded by the E. coli pri genes 
form the core of the primosome. <I> X 17 4 has 
simply co-opted the primosome for its own 
replication. The PriA DNA helicase binds first 
to the single-strand region in cooperation 
with SSB. The key event in localizing the pri
mosome is the ability of PriA to displace SSB 
from single-stranded DNA. PriA then recruits 



PriB and DnaT, which is then able to recruit 
the DnaB/C complex as described earlier (see 
the chapter titled The Rep/icon: Initiatio11 of 
Replicatio11). The alternate repli some loading 
system only requires PriC. 

Replication fork reactivation is a common 
(and therefore important) reaction. It may 
be required in most chromosomal replication 
cycles. It is impeded by mutations in either the 
retrieval systems that replace the damaged DNA 
or in the components of the primosome. 

Termination of 
Replication 

Key concept 
• The two replication forks usually meet halfway 

around the circle, but there are ter sites that cause 
termination if the replication forks go too far. 

Sequences that are involved with termination 
are called ter sites. A ter site contains a short, 
-23-bp sequence. The termination sequences 
are unidirectional; that is, they function in only 
one orientation. The ter site is recognized by a 
unidirectional contrahelicase (called Tus in E. 
coli and RTP in B. subtilis) that recognizes the 
consensus sequence and prevents the replica
tion fork from proceeding. The E. coli enzyme 
acts by antagonizing the replication helicase in 
a direction a) manner by direct contact between 
the DnaB helicase and Tus. Deletion of the ter 
sites does not, however, prevent normal repli
cation cycles from occurring, although it does 
affect segregation of the daughter chromosomes. 

Tennination in E. coli has the interesting fea
tures shown in FIGURE 13.30. The two replication 
forks meet and halt in a region approximately 
halfway around the chromosome from the ori
gin. In E. coli, two clusters of five ter sites each, 
including terl<, -I, -E, -D, and -A on one side and 
terC, -B, -F, -G, and -H on the other, are located 
-100 kb on either side of this tennination region. 
Each set of ter sites is specific for one direction of 
fork movement; that is, each set of ter sites allows 
a replication fork into the tennination region, 
but does not allow it out the other side. For 
example, replication fork 1 can pass through terC 
and terB into the region, but it cannot continue 
pastt erE, -D, and -A. This arrangement creates a 
"replication fork trap." If, for some reason, one 
fork is delayed so that the forks fail to meet in the 
middle, the faster fork will be trapped at the distal 
ter sites to wait for the slower fork. The situation 
is different in eukaryotes because of their linear 
chromosomes with multiple replicons. 

Replication 
fork 2 

Forks meet here 

D A C B 

Origin 
Replication 

fork 1 

FIGURE 13.30 Replication termini in E. coli are located 
in a region between two sets of ter sites. 

Summary 
DNA synthesis occurs by semidiscontinuous 
replication, in which the leading strand of 
DNA growing 5'-3' is extended continuously, 
but the lagging strand that grows overall in 
the opposite 3'-5' direction is made as short 
Okazaki fragn1ents, each synthesized 5'-3'. The 
leading strand and each Okazaki fragment of 
the lagging strand initiate with an RNA primer 
that is extended by DNA polymerase. Bacteria 
and eukaryotes each possess more than one 
DNA polymerase activity. DNA polymerase III 
synthesizes both lagging and leading strands 
in E. coli. Many proteins are required for DNA 
polymerase III action and several constitute part 
of the replisome within which it functions. 

The replisome contains an asymmetric 
dimer of DNA polymerase III; each new DNA 
strand is synthesized by a different core complex 
containing a catalytic (a) subunit. Processivity 
of the core complex is maintained by the �2 
clamp, which forms a ring around DNA. The 
clamp is loaded onto DNA by the clamp loader 
complex. Clamp-clamp loader pairs with simi
lar structural features are widely found in both 
prokaryotic and eukaryotic replication systems. 

The looping model for the replication fork 
proposes that, as one half of the dimer advances 
to synthesize the leading strand, the other half 
of the dimer pulls DNA through as a single loop 
that provides the template for the lagging strand. 
The transition from completion of one Okazaki 
fragment to the start of the next requires the 
lagging strand catalytic subunit to dissociate 
from DNA and then reattach to a �2 clamp at 
the priming site for the next Okazaki fragment. 
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DnaB provides the helicase activity at a 
replication fork; this depends on ATP cleavage. 
DnaB may function by itself in oriC replicons 
to provide primosome activity by interacting 
periodically with DnaG, which provides the 
primase that synthesizes RNA. 

The <I>X priming event also requires PriA, 
DnaB, DnaC, and DnaT. The importance of the 
primosome for the bacterial cell is that it is used 
to restart replication at forks that stall when 
they encounter damaged DNA. 
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CHAPTER OUTLINE J 
lt:.WI Introduction 

lt:.Jt.l The Ends of Linear DNA Are a Problem for 

Replication 

• Special arrangements must be made to replicate the 
DNA strand with a 5 '  end. 

lt:M Terminal Proteins Enable Initiation at the Ends of 
Viral DNAs 

• A terminal protein binds to the 5 '  end of DNA and 
provides a cytidine nucleotide with a 3'-0H end that 
primes replication. 

lft..W Rolli ng Circles Produce Multimers of a Replicon 

• A rolling circle generates single-stranded multimers of 
the original sequence. 

lt:JOt Rolling Circles Are Used to Replicate Phage 
Genomes 

• The cJ>X A protein is a cis-acting relaxase that gener
ates single-stranded circles from the tail produced by 
rolling circle replication. 

lt:U The F Plasmid Is Transferred by Conjugation 
Between Bacteria 

328 

• The free F plasmid is a replicon that is maintained at 
the level of one plasmid per bacterial chromosome. 

• An F plasmid can integrate into the bacterial chro
mosome, in which case its own replication system is 
suppressed. 

• The F plasmid codes for a DNA translocation com
plex and specific pili that form on the surface of the 
bacterium .  

• An F-pilus enables an F-positive bacterium to contact 
an F-negative bacterium and to initiate conjugation. 

lt:*l Conjugation Transfers Single-Stranded DNA 

• Transfer of an F plasmid is initiated when rolling circle 
replication begins at oriT. 

• The formation of a relaxosome initiates transfer into 
the recipient bacterium. 

• The transferred DNA is converted into double-stranded 
form in the recipient bacterium. 

• When an F plasmid is free, conjugation uinfects" the 
recipient bacterium with a copy of the F plasmid. 

• When an F plasmid is integrated, conjugation causes 
transfer of the bacterial chromosome until the process 
is interrupted by (random) breakage of the contact 
between donor and recipient bacteria. 

lt\1:1 Single-Copy Plasmids Have a Partitioning System 

• Single-copy plasmids exist at one plasmid copy per 
bacterial chromosome origin. 



CHAPTER OUTLINE, CONTINUED J 
• Multicopy plasmids exist at >1 plasmid copy per 

bacterial chromosome origin. 
• Partition systems ensure that duplicated plasmids are 

segregated to different daughter cells produced by a 
division. 

lhfl Plasmid Incompatibility Is Determined by the 
Replicon 

• Plasmids in a single compatibility group have origins 
that are regulated by a common control system. 

lt.Wt•l The ColE1 Compatibility System Is Controlled by an 
RNA Regulator 

• Replication of ColE1 requires transcription to pass 
through the origin, where the transcript is cleaved by 
RNase H to generate a primer end. 

• The regulator RNA I is a short antisense RNA that pairs 
with the transcript and prevents the cleavage that 
generates the priming end. 

• The Rom protein enhances pairing between RNA I and 
the transcript. 

lt.WII How Do Mitochondria Replicate and Segregate? 

• mtDNA replication and segregation to daughter 
mitochondria is stochastic. 

• Mitochondrial segregation to daughter cells is also 
stochastic. 

lt.Wt.l D Loops Maintain Mitochondrial Origins 

• Mitochondria use different origin sequences to initiate 
replication of each DNA strand. 

• Replication of the H strand is initiated in a D loop. 
• Replication of the L strand is initiated when its origin is 

exposed by the movement of the first replication fort<. 
lt.Wg The Bacterial Ti Plasmid Causes Crown Gall Disease 

in Plants 

• Infection with the bacterium A. tumefaciens can trans
form plant cells into tumors. 

• The infectious agent is a plasmid carried by the 
bacterium. 

• The plasmid also carries genes for synthesizing and 
metabolizing opines (arginine derivatives) that are 
used by the bacterium. 

lt.JI[. T-DNA Carries Genes Required for Infection 

• Part of the DNA of the Ti plasmid is transferred to the 
plant cell nucleus. 

• The vir genes of the Ti plasmid are located outside the 
transferred region and are required for the transfer 
process. 

• The vir genes are induced by phenolic compounds 
released by plants in response to wounding. 

• The membrane protein VirA is autophosphorylated on 
histidine when it binds an inducer. 

• VirA activates VirG by transferring the phosphate group 
to it. 

• The VirA-VirG is one of several bacterial two-component 
systems that use a phosphohistidine relay. 

lt.WIO'W Transfer ofT-DNA Resembles Bacterial Conjugation 

• T -DNA is generated when a nick at the right boundary 
creates a primer for synthesis of a new DNA strand. 

• The preexisting single strand that is displaced by 
the new synthesis is transferred to the plant cell 
nucleus. 

• Transfer is terminated when DNA synthesis reaches a 
nick at the left boundary. 

• The T -DNA is transferred as a complex of single
stranded DNA with the VirE2 single-strand binding 
protein. 

• The single-stranded T-DNA is converted into double
stranded DNA and integrated into the plant genome. 

• The mechanism of integration is not known. T -DNA can 
be used to transfer genes into a plant nucleus. 

lt.Wtil Summary 

1111 Introduction 
A bacterium may be a host for independently 
replicating genetic units in addition to its chro
mosome. These extrachromosomal genomes 
fall into two general types: plasmids and bac
teriophages (phages). Some plasmids, and all 
phages, have the ability to transfer from a donor 
bacterium to a recipient by an infective pro
cess. An important distinction between them is 
that plasmids exist only as free DNA genomes, 
whereas bacteriophages are viruses that pack
age a nucleic acid genome into a protein coat 
and are released from the bacterium at the end 
of an infective cycle . 

is, the average number remains constant from 
generation to generation. Low-copy number 
plasmids are maintained at a constant quantity 
relative to the bacterial host chromosome, often 
between one and l 0 per bacterium, depending 
on the plasmid. As with the host chromosome, 
they rely on a specific apparatus to be segregated 
equally at each bacterial division. Multicopy 
plasmids exist in many copies per unit bacte
rium and may be segregated to daughter bacteria 
stochastically (meaning that there are enough 
copies to ensure that each daughter cell always 
gains some by a random distribution). 

Plasmids are self-replicating circular mol
ecules of DNA that are maintained in the cell in 
a stable and characteristic number of copies; that 

Plasmids and phages are defined by their 
ability to reside in a bacterium as independent 
genetic units. Certain plasmids, and some 
phages, can also exist as sequences integrated 
within the bacterial genome, though. In this 

14.1 Introduction 329 



case, the same sequence that constitutes the 
independent plasmid or phage genome is inher
ited like any other bacterial gene. Phages that 
are found as part of the bacterial chromosome 
are said to show lysogeny; plasmids that also 
have the ability to integrate into the chromo
some are called episomes. All episomes are 
plasmids, but not all plasmids are episomes. 
Related processes are used by phages and epi
somes to insert into and excise from the bacte
rial chromosome. 

A parallel between lysogenic phages and 
plasmids and episomes is  that they maintain 
a selfish possession of their bacterium and 
often make i t  impossible for another ele
ment of the same type to become established. 
This effect i s  called immunity, although 
the molecular basis for plasmid immunity 
is different from lysogenic immunity, and 
is a consequence of the replication control 
system. 

Several types of genetic units can be prop
agated in bacteria as independent genomes. 
Lytic phages may have genomes of any type 
of nucleic acid; they transfer between cells by 
release of infective particles. Lysogenic phages 
have double-stranded DNA genomes, as do 
plasmids and episomes. Some plasmids trans
fer between cells by a conjugative process (with 
direct contact between donor and recipient 
cells). A feature of the transfer process in both 
cases is that on occasion some bacterial host 
genes are transferred with the phage or plas
mid DNA, so these events play a role in allow
ing exchange of genetic information between 
bacteria. 

The key feature in determining the behav
ior of each type of unit is how its origin is 
used. An origin in a bacterial or eukaryotic 
chromosome is used to initiate a single rep
lication event that extends across the repli
con. Replicons, however, can also be used to 
sponsor other forms of replication. The most 
common alternative is used by the small, inde
pendently replicating units of viruses. The 
objective of a viral replication cycle is to pro
duce many copies of the viral genome before 
the host cell is lysed to release them. Some 
viruses replicate in the same way as a host 
genome, with an initiation event leading to 
production of duplicate copies, each of which 
then replicates again, and so on. Others use 
a mode of replication in which many copies 
are produced as a tandem array following a 
single initiation event. A similar type of event 
is triggered by episomes when an integrated 
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plasmid DNA ceases to be inert and initiates a 
replication cycle. 

Many prokaryotic replicons are circular, 
and this indeed is a necessary feature for rep
lication modes that produce multiple tandem 
copies. Some extrachromosomal replicons are 
linear, though, and in such cases we have to 
account for the ability to replicate the end of 
the replicon. (Of course, eukaryotic chromo
somes are linear, so the same problem applies 
to the replicons at each end. These replicons, 
however, have a special system for resolving 
the problem.) 

The Ends of Linear 
DNA Are a Problem 
for Replication 

Key concept 
• Special arrangements must be made to replicate 

the DNA strand with a 5 '  end. 

None of the replicons that we have considered 
so far have a linear end: Either they are circular 
(as in the Escherichia coli genome), or they are 
part of longer segregation units (as in eukary
otic chromosomes). Linear replicons do occur, 
though-in some cases as single extrachromo
somal units, and at the ends, or telomeres, of 
eukaryotic chromosomes. 

The ability of all known nucleic acid poly
merases, DNA or RNA, to proceed only in the 
5 '  �3' direction poses a problem for synthesiz
ing DNA at the end of a linear replicon. Con
sider the two parental strands depicted in FIG
URE 14.1. The lower strand presents no problem: 
It can act as a template to synthesize a daughter 
strand that runs right up to the end, where pre
sumably the polymerase falls off. To synthesize 
a complement at the end of the upper strand, 
however, synthesis must start right at the very 
last base, or else this strand would become 
shorter in successive cycles of replication. 

We do not know whether initiation right 
at the end of a linear DNA is feasible. We usu
ally think of a polymerase as binding at a site 
surroulldiug the position at which a base is to 
be incorporated. Thus, a special mechanism 
must be employed for replication at the ends 
of linear replicons. Several types of solutions 
may be imagined to accommodate the need to 
copy a terminus: • The problem may be circumvented by 

converting a linear rep Iicon into a circu
lar or multimeric molecule. Phages such 
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FIGURE 14.1 Replication could run off the 3 '  end of a newly synthesized 
linear strand, but could it initiate at a 5 '  end? 

as T4 or lambda use such mechanisms 
(see the section later in this chapter 
titled Rolli11g Circles Produce Multimers of 
a Rep/icon). • The DNA may form an unusual struc
ture-for example, by creating a hairpin 
at the terminus, so that there is no free 
end. Formation of a crosslink is involved 
in replication of the linear mitochon
drial DNA of Paramecium. • Instead of being precisely determined, 
the end may be variable. Eukaryotic 
chromosomes may adopt this solution, 
in which the number of copies of a short 
repeating unit at the end of the DNA 
changes (see the chapter Chromosomes). 
A mechanism to add or remove units 
makes it unnecessary to replicate right 
up to the very end. • A protein may intervene to make ini
tiation possible at the actual termi
nus. Several linear viral nucleic acids 
have proteins that are covalmtly linked 
to the 5 '  terminal base. The best char
acterized examples are adenovirus 
DNA, phage <1>29 DNA, and poliovi
rus RNA. 

Terminal Proteins Enable 
Initiati on at the Ends of 
Viral DNAs 

Key concept 
• A terminal protein binds to the 5 '  end of DNA and 

provides a cytidine nucleotide with a 3'-0H end 
that primes replication. 

An example of initiation at a linear end is pro
vided by adenovirus and <1>29 DNAs, which 
actually replicate from both ends using the 

mechanism of strand displacement illus
trated in FIGURE 14.2. The same events can occur 
independently at either end. Synthesis of a new 
strand starts at one end, displacing the homolo
gous strand that was previously paired in the 
duplex. When the replication fork reaches the 
other end of the molecule, the displaced strand 

5' Linear DNA 3' lil" l11' 11' 1"111' 1" 1' 1"111' 1' 1; 1· 1111 1' 1i l l111 1' 1: 1 1111 1:1· 1 11 I " I : I I , I I , I I I , I I I , I I , I I I I , I 3' 5' 
� s :Dff DNA 'Yoth"i' '"""" " '"' 5' ood 

' :. ;tlliiiOIIUlOWDnmlllU :. 
Fork proceeds � 5' 

5' 3' 
3' 5' 

� 
Single strand is displaced when fork reaches end 5' I Iii I I I hI I Iii I I Iii I I I I I I J Iii I hI I 3' 

5'����yy���������� 
3' urn I WUllDlllDlllDllDL 5' 

� 
Termini base pair to form duplex origin 

� 5'rurr• DNA synthesis proceeds 

3 , dllYIUU1U_uuLUULUIILWII 5, 
FIGURE 14.2 Adenovirus DNA replication is initiated 
separately at the two ends of the molecule and proceeds 
by strand displacement. 
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FIGURE 14.3 The 5 '  terminal phosphate at each end of 
adenovirus DNA is covalently linked to serine in the 55-kD 
Ad-binding protein. 

is released as a free single strand. It is then rep
licated independently; this requires the forma
tion of a duplex origin by base pairing between 
some short complementary sequences at the 
ends of the molecule. 

In several viruses that use such mecha
nisms, a protein is found covalently attached 
to each 5 '  end. In the case of adenovirus, a 
terminal protein is linked to the mature viral 
DNA via a phosphodiester bond to serine, as 
indicated in FIGURE 14.3 . 

How does the attachment of the protein 
overcome the initiation problem? The termi
nal protein has a dual role: It carries a cytidine 
nucleotide that provides the primer -OH, and 
it is associated with DNA polymerase . In fact, 
linkage of terminal protein to a nucleotide is 
undertaken by DNA polymerase in the pres
ence of adenovirus DNA. This suggests the 
model illustrated in FIGURE 14.4. The complex 
of polymerase and terminal protein, bearing the 
priming C nucleotide, binds to the end of the 
adenovirus DNA. The free 3'-0H end of the C 
nucleotide is used to prime the elongation reac
tion by the DNA polymerase. This generates a 
new strand whose 5 '  end is covalently linked 
to the initiating C nucleotide. (The reaction 
actually involves displacement of protein from 
DNA rather than binding de novo. The 5'  end of 
adenovirus DNA is bound to the terminal pro
tein that was used in the previous replication 
cycle. The old terminal protein is displaced by 
the new terminal protein for each new replica
tion cycle . )  
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FIGURE 14.4 Adenovirus terminal protein binds to the 5 '  
end of DNA and provides a C-OH end to prime synthesis 
of a new DNA strand. 

Terminal protein binds to the region located 
between 9 and 18 bp from the end of the DNA. 
The adjacent region, between positions 17 and 
48, is essential for the binding of a host protein, 
nuclear factor I, which is also required for the 
initiation reaction. The initiation complex may 
therefore form between positions 9 and 48, a 
fixed distance from the end of the DNA. 

Rolling Circles Produce 
M u ltimers of a Replicon 

Key concept 
• A rolling circle generates single-stranded 

multimers of the original sequence. 

The structures generated by replication depend 
on the relationship between the template and 
the replication fork. The critical features are 
whether the template is circular or linear, and 
whether the replication fork is engaged in syn
thesizing both strands of DNA or only one. 

Replication of only one strand is used to gen
erate copies of some circular molecules. A nick 
opens one strand, and then the free 3 '-OH end 
generated by the nick is extended by the DNA 
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After one revolution displaced strand 
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_. ... lengths 

FIGURE 14.5 The rolling circle generates a multimeric 
single-stranded tail. 

polymerase. The newly synthesized strand dis
places the original parental strand. The ensuing 
events are depicted in FIGURE 14.5. 

This type of structure is called a rolling 
circle, because the growing point can be envis
aged as rolling around the circular template 
strand. It could in principle continue to do so 
indefinitely. As it moves, the replication fork 
extends the outer strand and displaces the 
previous partner. An example is shown in the 
electron micrograph of FIGURE 14.6. 

The newly synthesized material is cova
lently linked to the original material, and as 
a result the displaced strand has the original 
unit genome at its 5 '  end. The original unit 
is followed by any number of unit genomes, 
synthesized by continuing revolutions of the 
template. Each revolution displaces the mate
rial synthesized in the previous cycle. 

FIGURE 14.6 A rolling circle appears as a circular molecule 
with a linear tail by electron microscopy. Photo courtesy 
of Ross B. Inman, Institute of Molecular Virology, Bock 
Laboratory and Department of Biochemistry, University of 
Wisconsin, Madison, Wisconsin, USA. 

The rolling circle is put to several uses 
i11 vivo. Some pathways that are used to repli
cate DNA are depicted in FIGURE 14.7 . 

Cleavage of a unit length tail generates a 
copy of the original circular replicon in linear 
fonn. The linear fonn may be maintained as a 
single strand, or may be converted into a duplex 

Cleavage of 
multimers 

D 
r 

/ 

Cleavage at 
unit length 

Multimeric single strand 
Unit sin:;, 
strand 

Multimeric duplex \.. � 
Circular 
single strand 

/ 
Circular duplex 

FIGURE 14.7 The fate of the displaced tail determines the 
types of products generated by rolling circles. Cleavage at 
unit length generates monomers, which can be converted 
to duplex and circular forms. Cleavage of multimers gener
ates a series of tandemly repeated copies of the original 
unit. Note that the conversion to double-stranded form 
could occur earlier, before the tail is cleaved from the 
rolling circle. 
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by synthesis of the complementary strand 
(which is identical in sequence to the template 
strand of the original rolling circle). 

The rolling circle provides a means for 
amplifying the original (unit) replicon. This 
mechanism is used to generate amplified ribo
somal DNA (rDNA) in the Xenopus oocyte. The 
genes for ribosomal RNA (rRNA) are organized 
as a large number of contiguous repeats in 
the genome. A single repeating unit from the 
genome is converted into a rolling circle. The 
displaced tail, which contains many units, is 
converted into duplex DNA; later it is cleaved 
from the circle so that the two ends can be joined 
together to generate a large circle of amplified 
rDNA. The amplified material therefore consists 
of a large number of identical repeating units. 

Rolling Circles Are 
Used to Replicate 
Phage Genomes 

Key concept 

• The ci>X A protein is a cis-acting relaxase that 
generates single-stranded circles from the tail 
produced by rolling circle replication. 

Replication by rolling circles is common among 
bacteriophages. Unit genomes can be cleaved 
from the displaced tail, generating monomers 
that can be packaged into phage particles or 
used for further replication cycles. A more 
detailed view of a phage replication cycle that 
is centered on the rolling circle is given in 
FIGURE 14.8. 

Phage <I> X 17 4 consists of a single-stranded 
circular DNA known as the plus ( +) strand. 
A complementary strand, called the minus (-)  
strand, is synthesized. This action generates the 
duplex circle shown at the top of the figure, 
which is  then replicated by a rolling circle 
mechanism. 

The duplex circle is converted to a cova
lently closed form, which becomes supercoiled. 
A protein coded by the phage genome, the A 
protein, nicks the ( + )  strand of the duplex 
DNA at a specific site that defines the origin 
for replication. After nicking the origin, the A 
protein remains connected to the 5 '  end that 
it generates, while the 3'  end is extended by 
DNA polymerase. 

The structure of the DNA plays an impor
tant role in this reaction, for the DNA can be 
nicked o11ly whm it is negatively supercoiled (i.e., 
wound around its axis in space in the opposite 
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FIGURE 14.8 ci>X174 RF DNA is a template for synthesiz
ing single-stranded viral circles. The A protein remains 
attached to the same genome through indefinite revolu
tions, each time nicking the origin on the viral (+) strand 
and transferring to the newS' end. At the same time, the 
released viral strand is circularized. 

sense from the handedness of the double helix; 
supercoiling is discussed in the chapter titled 
Genes Are DNA}.  The A protein is able to bind 
to a single-stranded decamer fragment of DNA 
that surrounds the site of the nick. This sug
gests that the supercoiling is needed to assist 
the formation of a single-stranded region that 
provides the A protein with its binding site. (An 
enzymatic activity in which a protein cleaves 
duplex DNA and binds to a released 5 '  end is 
sometimes called a relaxase.) The nick gen
erates a 3 '-OH end and a 5 '-phosphate end 
(covalently attached to the A protein), both of 
which have roles to play in <I> X 17 4 replication. 

Using the rolling circle, the 3' -OH end of 
the nick is extended into a new chain. The chain 
is elongated around the circular (-) strand tem
plate until it reaches the starting point and dis
places the origin. Now the A protein functions 



again. It remains connected with the rolling 
circle as well as to the 5 '  end of the displaced 
tail, and is therefore in the vicinity as the grow
ing point returns past the origin. Thus, the same 
A protein is available again to recognize the 
origin and nick it, now attaching to the end 
generated by the new nick. The cycle can be 
repeated indefinitely. 

Following this nicking event, the displaced 
single (+) strand is freed as a circle. The A protein 
is involved in the circularization. In fact, the join
ing of the 3' and 5 '  ends of the ( +) strand product 
is accomplished by the A protein as part of the 
reaction by which it is released at the end of one 
cycle of replication, and starts another cycle. 

The A protein has an unusual property that 
may be connected with these activities. It is cis
acting in vivo. (This behavior is not reproduced 
in vitro, as can be seen from its activity on any 
DNA template in a cell-free system.) The impli
cation is that in vivo the A protei11 synthesized by a 
particular genome can attach o11ly to the DNA of that 
gwome. We do not know how this is accom
plished. Its activity in vitro, however, shows how 
it remains associated with the same parental ( - ) 
strand template . The A protein has two active 
sites; this may allow it to cleave the "new" ori
gin while still retaining the "old" origin. It then 
ligates the displaced strand into a circle. 

The displaced ( + ) strand may follow either 
of two fates after circularization. During the rep
lication phase of viral infection, it may be used 
as a template to synthesize the complementary 
( - ) strand. The duplex circle may then be used 
as a rolling circle to generate more progeny. 
During phage morphogenesis, the displaced ( +)  
strand is packaged into the phage virion. 

Btl The F Plasmid 
Is Transferred 
by Conjugation 
Between Bacteria 

Key concepts 
• The free F plasmid is a replicon that is maintained at 

the level of one plasmid per bacterial chromosome. 

• An F plasmid can integrate into the bacterial 
chromosome, in which case its own replication 
system is suppressed. 

• The F plasmid codes for a DNA translocation 
complex and specific pili that form on the surface 
of the bacterium. 

• An F-pilus enables an F-positive bacterium to 
contact an F-negative bacterium and to initiate 
conjugation. 

Another example of a connection between rep
lication and the propagation of a genetic unit is 
provided by bacterial conjugation, in which a 
plasmid genome or part of a host chromosome 
with an integrated episome is transferred from 
one bacterium to another. 

Conjugation is mediated by the F plasmid, 

which is the classic example of an episome-an 
element that may exist as a free circular plas
mid, or that may become integrated into the 
bacterial chromosome as a linear sequence (like 
a lysogenic bacteriophage) .  The F plasmid is a 
large, circular DNA -100 kb in length. 

The F plasmid can integrate at numerous 
sites in the E. coli chromosome, often by a recom
bination event involving certain sequences 
(called IS sequences; see the chapter titled Trans
posable Elements a11d Retroviruses) that are present 
on both the host chromosome and F plasmid. 
In its free (plasmid) form, the F plasmid utilizes 
its own replication origin (oriV) and control sys
tem, and is maintained at a level of one copy 
per bacterial chromosome. When it is integrated 
into the bacterial chromosome, this system is 
suppressed, and F DNA is replicated as a part of 
the chromosome. 

The presence of the F plasmid, whether free 
or integrated, has important consequences for 
the host bacterium. Bacteria that are F-positive 
are able to conjugate (or mate) only with bacteria 
that are F-negative. Conjugation involves direct, 
physical contact between donor (F-positive) 
and recipient (F-negative) bacteria; contact is 
followed by one-way transfer of the F plasmid 
from the donor to the recipient (but never the 
other way). If the F plasmid exists as a free plas
mid in the donor bacterium, it is transferred as 
a plasmid, and the infective process converts the 
F-negative recipient into an F-positive state. If 
the F plasmid is present in an integrated fonn in 
the donor, the transfer process may also cause 
some or (rarely) all ofthe bacterial chromosome 
to be transferred .  Many plasmids have conjuga
tion systems that operate in a generally similar 
manner, but the F plasmid was the first to be 
discovered and remains the paradigm for this 
type of genetic transfer. 

A large (-33 kb) region of the F plasmid 
called the transfer region is required for con
jugation. It contains -40 genes that are required 
for the transmission of DNA; their organiza
tion is summarized in FIGURE 14.9 . The genes 
are arranged in loci named tra and trb. Most 
of them are expressed coordinately as part of 
a single polycistronic 32-kb transcription unit 
(the traY-/ unit). traM and traJ are expressed 
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FIGURE 14.9 The tra region of the F plasmid contains the genes needed for 
bacterial conjugation. 

separately. traJis a regulator that turns on both 
traM and traY· I. On the opposite strand, ji11P is a 
regulator that codes for a small antisense RNA 
that turns off traJ. Its activity requires expression 
of another gene, ji110. Only fom of the tra and 
trb genes, traD, tral, traM, and traY, in the major 
transcription tmit are concerned directly with 
the transfer ofDNA; most of these genes encode 
proteins that fonn a large membrane-spanning 
protein complex called a type 4 secretion system 
(T4SS). These systems are common in bacteria, 
where they have been shown to be involved in 
the transport of various proteins and DNA across 
the bacteiial cell envelope and are responsible for 
maintaining contacts between mating bacteria. 

F-positive bacteria possess surface append
ages called pili (singular pilus) that are encoded 
by the F plasmid. The gene traA codes for the 
single subunit protein, pilin, that is polymer
ized into the pilus extending from the inner 
to the outer membrane at the T4SS. At least 
1 2  tra genes are required for the modification 
and assembly of pi lin into the pilus and the 
stabilization of the T4SS. The F-pili are hair
like structures, 2 to 3 J.Lm long, that protrude 
from the bacterial surface. A typical F-positive 
cell has two to three pili. The pilin subunits are 
polymerized into a hollow cylinder, -8 nm in 
diameter, with a 2-nm axial hole. 

Mating is initiated when the tip of the 
F-pilus contacts the surface of the recipient cell. 
FIGURE 14.10 shows an exan1ple of E. coli cells 
beginning to mate. A donor cell does not contact 
other cells carrying the F plasmid, because the 
genes traS and traTcode for "surface exclusion" 
proteins that make the cell a poor recipient in 
sud1 contacts. This effectivelv restricts donor ceiJs • 
to mating vvi th F-negative cells. (The presence of 
F-pili has secondary consequences; they provide 
the sites to which RNA phages and some single
stranded DNA phages attach, so F-positive bacte
ria are susceptible to infection by these phages, 
whereas F-negative bacteria are resistant.) 
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FIGURE 14.10 Mating bacteria are initially connected 
when donor F-pili contact the recipient bacterium. Photo 
courtesy of Emeritus Professor Ron Skurray, School of 
Biological Sciences, University of Sydney. 

The initial contact between donor and 
recipient cells is easily broken, but other tra 
genes act to stabilize the association; this brings 
the mating cells closer together. The F-pili are 
essential for initiating pairing, but retract or 
disassemble as part of the process by which 
the mating cells are brought into close contact. 
It is proposed that the T4SS provides the chan
nel tluough which DNA is transferred. TraD 
is a so-called coupling protein encoded by F 
plasmids that is necessary for recruitment of 
plasmid DNA to the T4SS, and it may associ
ate with the T4SS to be involved in the actual 
plasmid transfer. 

Conjugation Transfers 
Single-Stranded DNA 

Key concepts 
• Transfer of an F plasmid is initiated when rolling 

circle replication begins at oriT. 

• The formation of a relaxosome initiates transfer 
into the recipient bacterium. 

• The transferred DNA is converted into double
stranded form in the recipient bacterium. 

• When an F plasmid is free, conjugation "infects" the 
recipient bacterium with a copy of the F plasmid. 

• When an F plasmid is integrated, conjugation 
causes transfer of the bacterial chromosome until 
the process is interrupted by (random) break-
age of the contact between donor and recipient 
bacteria. 

Transfer of the F plasmid is initiated at a site 
called oriT, the origin of transfer, which is 
located at one end of the transfer region. The 
transfer process may be initiated when TraM 



recognizes that a mating pair has formed. TraY 
then binds near oriT and causes Trai to bind 
to form the relaxosome in conjunction with 
host-encoded DNA-binding proteins called 
integration host factor (IHF). Trai is a relax
ase, like <I>X174 A protein. Trai nicks oriT at a 
unique site (called Hie), and then forms a cova
lent link to the 5 '  end that has been generated. 
Trai also catalyzes the unwinding of-200 bp of 
DNA and remains attached to the DNA 5 '  end 
throughout the conjugation process (this is a 
helicase activity). The Trai-bound DNA is then 
transferred to the T4SS by the coupling protein 
TraD, where it is exported to the recipient cell. 
FIGURE 14.11 shows that the relaxase-bound 5'  
end leads the way into the recipient bacterium. 
The transferred single strand is circularized and 

DONOR 

TraY II nick DNA at or iT 

TraY II multi mer migrates 
around circle, unwinding DNA 

single strand 
enters recipient 

Donor gap is closed 

RECIPIENT 

Recipient circularizes 

FIGURE 14.11 Transfer of DNA occurs when the F plasmid 
is nicked at oriTand a single strand is led by the 5 '  end 
bound to Tral into the recipient. Only one unit length 
is transferred. Complementary strands are synthesized 
to the single strand remaining in the donor and to the 
strand transferred into the recipient. 

a complement strand is synthesized in the recip
ient bacterium, which as a result is converted 
to the F-positive state. 

A complementary strand must be synthe
sized in the donor bacterium to replace the 
strand that has been transferred. If this hap
pens concomitantly with the transfer process, 
the state of the F plasmid will resemble the 
rolling circle of Figure 14.5.  DNA synthesis 
could occur instantly, using the freed 3'  end 
as a starting point. Conjugating DNA usually 
appears like a rolling circle, but replication as 
such is not necessary to provide the driving 
energy, and single-strand transfer is indepen
dent of DNA synthesis. Only a single unit length 
of the F plasmid is transferred to the recipi
ent bacterium. This implies that some feature 
(perhapsTrai) terminates the process after one 
revolution, after which the covalent integrity 
of the F plasmid is restored. Trai may also be 
involved in recircularization of the transferred 
DNA to which a complementary strand is then 
synthesized. 

When an integrated F plasmid initiates con
jugation, the orientation of transfer is directed 
away from the transfer region and into the bac
terial chromosome. FIGURE 14.12 shows that, 
following a short leading sequence of F DNA, 
bacterial DNA is transferred. The process con
tinues until it is interrupted by the breaking of 
contacts between the mating bacteria .  It takes 
-100 minutes to transfer the entire bacterial 
chromosome, and under standard conditions 
contact is often broken before the completion 
of transfer. 

Donor DNA that enters a recipient bac
terium is converted to double-stranded form 
and may recombine with the recipient chromo
some. (Note that two recombination events are 
required to insert the donor DNA in order to 
avoid converting the circular chromosome to a 
linear form.) Thus, conjugation affords a means 
to exchange genetic material between bacteria, 
a contrast to their usual asexual growth (hence 
the original name Fertility factor or F factor). 
A strain of E. coli with an integrated F plasmid 
supports such recombination at relatively high 
frequencies (compared to strains that lack inte
grated F plasmids); such strains are described as 
Hfr (for high frequency recombination). Each 
position of integration for the F plasmid gives 
rise to a different Hfr strain, with a characteristic 
pattern of transferring bacterial markers to a 
recipient chromosome. 

Contact between conjugating bacteria 
is usually broken before transfer of DNA is 
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FIGURE 14.12 Transfer of chromosomal DNA occurs when a n i  nte
grated F plasmid is nicked at oriT. Transfer of DNA starts with a 
short sequence of F DNA and continues until prevented by loss of 
contact between the bacteria. 

complete. As a result, the probability that 
a region of the bacterial chromosome will 
be transferred depends on its distance from 
oriT Bacterial genes located close to the site 
of F integration (in the direction of transfer) 
enter recipient bacteria first, and are therefore 
found at greater frequencies than those that 
are located farther away and enter later. This 
gives rise to a gradient of transfer frequen
cies around the chromosome, declining from 
the position ofF integration. Marker positions 
on the donor chromosome can be assayed in 
terms of the time at which transfer occurs; 
this gave rise to the standard description of 
the E. coli chromosome as a map divided into 
100 minutes. The map refers to transfer times 
from a particular Hfr strain; the starting point 
for the gradient of transfer is different for each 
Hfr strain because it is determined by the site 
where the F plasmid has integrated into the 
bacterial genome. 
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1111 Single-Copy Plasmids 
Have a Partitioning 
System 

Key concepts 

• Single-copy plasmids exist at one plasmid copy per 
bacterial chromosome origin. 

• Multicopy plasmids exist at >1 plasmid copy per 
bacterial chromosome origin. 

• Partition systems ensure that duplicated plasmids 
are segregated to different daughter cells pro
duced by a division. 

The type of system that a plasmid uses to ensure 
that it is distributed to both daughter cells at 
division depends upon its type of replication 
system. Each type of plasmid is maintained in its 
bacterial host at a characteristic copy number: • Single-copy control systems resemble 

that of the bacterial chromosome and 
result in one replication per cell divi
sion. A single-copy plasmid effectively 
maintains parity with the bacterial 
chromosome. • Multicopy control systems allow mul
tiple initiation events per cell cycle, with 
the result that there are several copies 
of the plasmid per bacterium. Multi copy 
plasmids exist in a characteristic num
ber (typically 1 0  to 20) per bacterial 
chromosome. 

Copy number is primarily a consequence 
of the type of replication control mechanism. 
The system responsible for initiating replication 
detennines how many origins can be present in 
the bacterium. Each plasmid consists of a single 
replicon, and as a result the number of origins is 
the same as the number of plasmid molecules. 

Single-copy plasmids have a system for rep
lication control whose consequences are similar 
to those of the system for replication govern
ing the bacterial chromosome. A single origin 
can be replicated once, and then the daughter 
origins are segregated to the different daughter 
cells. 

Multicopy plasmids have a replication 
system that allows a pool of origins to exist. If 
the number is great enough (in practice, > 10 
per bacterium), an active segregation system 
becomes unnecessary, because even a statistical 
distribution of plasmids to daughter cells will 
result in the loss of plasmids at frequencies of 
<1o-6. 

Plasmids are maintained in bacterial popu
lations with very low rates of loss (<10-7 per 
cell division is typical, even for a single-copy 



plasmid). The systems that control plasmid 
segregation can be identified by mutations 
that increase the frequency of loss, but that do 
not act upon replication itself. Several types of 
mechanisms are used to ensure the survival of a 
plasmid in a bacterial population. It is common 
for a plasmid to carry several systems, often 
of different types, all acting independently 
to ensure its survival. Some of these systems 
act indirectly, whereas others are concerned 
directly with regulating the partition event. In 
terms of evolution, however, all serve the same 
purpose-to help ensure perpetuation of the 
plasmid to the maximum number of progeny 
bacteria. 

Single-copy plasmids require partition sys
tems to ensure that the duplicate copies find 
themselves on opposite sides of the septum at 
cell division and are therefore segregated to a dif
ferent daughter cell. In fact, functions involved 
in partition were first identified in plasmids. The 
components of a common system are summa
rized in FIGURE 14.13 . Typically, there are two 
trans-acting loci (usually called parA and parE) 
and a cis-acting element (usually called parS) 
located next to the two genes. Par A is a parti
tion ATPase. lt binds to ParB, which binds to the 
parS site on DNA. Deletions of any of the three 
loci prevent proper partition of the plasmid. Sys
tems of this type have been characterized for the 
plasmids F, P 1, and R 1 .  Partition systems gener
ally fall into two major classes that depend on 
properties of the system's ATPase. In one group, 
such as the system in plasmid R1,  the ATPase 
resembles actin and acts via polymerization (dis
cussed further in subsequent paragraphs). The 
other group, which includes plasmids P 1 and F, 
has a different type of ATPase (based on protein 
sequence homologies) . These ParAs use the bac
terial nucleoid for positioning plasmids, although 
the mechanisms by which this is accomplished 
are not yet clear. 

parS plays a role for the plasmid that is 
equivalent to the centromere in a eukaryotic 
cell. Binding of the ParB protein to it creates 
a structure that segregates the plasmid copies 

parA parB 
� 
parS 

FIGURE 14.13 A common segregation system consists of 
genes parA and parB and the target site parS. 

to opposite daughter cells. In some plasmids, 
such as P 1, a bacterial protein, IHF, also binds 
at this site to form part of the structure. The 
complex of ParB (and IHF in some cases) with 
parS is called the partition complex. Fonnation of 
this initial complex enables further molecules 
of ParB to bind cooperatively, forming a very 
large protein-DNA complex. These complexes 
hold daughter plasmids together in pairs until 
ready to interact with ParA. The activity of ParA 
is necessary to position the plasmids in the cell 
so that at least one copy is on each side of the 
dividing cell septum. 

The partition ATPase of plasmid R 1, called 
ParM in this system, acts as a cytoskeletal ele
ment. The structure ofParM resembles eukary
otic actin and bacterial MreB protein (see the 
chapter titled Replication Is Connected to the Cell 
Cycle) and polymerizes into filamentous struc
tures in the presence of ATP. In the R 1 system, 
the partition site is called pare and the ParB-like 
protein is called ParR. Binding of ParM to the 
ParR!parC partition complexes stimulates the 
polymerization of ParM between complexes on 
daughter plasmids, effectively pushing the plas
mids apart and to opposite ends of the dividing 
cell (illustrated in FIGURE 14.14) . 

ParM polymerization drives 
R 1 plasmid partition 

pare 

Pa: "'DR1 plasmid 

ParR binds to the pare site 

00 
ParR-pare complexes hold daughter 
R1 plasmids together 

.... ParM 

polymerization of the actin-like ParM 
ATPase pushes R1 plasmids apart 

FIGURE 14.14 The partition of plasmid Rl involves 
polymerization of the ParM ATPase between plasm ids. 
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In the other, nonactin class of partition 
ATPases, it is not known how these ParA proteins 
work to position plasmids. There are no sequences 
or structural similarities with ParM. It is possible 
that ParA proteins of plasmids such as P I and F 
also act via polymerization. These ParA proteins 
do share some sequence similarities with the 
MinD ATPase that helps position the septum (see 
the chapter titled Replication Is Connected to the Cell 
Cycle). Intriguingly, some ParAs have been shown 
to oscillate over the bacterial nucleoid. The role of 
this oscillation is still a mystery, but these proper
ties suggest that dynamic behavior of the ParA 
proteins is necessary for the partition reaction. 

Proteins related to ParA and ParB are found 
in several bacteria. In B. subtilis, they are called 
Soj and SpoOJ, respectively. Mutations in these 
loci prevent sporulation because of a failure to 
segregate one daughter chromosome into the 
fore spore. Mutations in the spoOJ gene cause a 
IOO-fold increase in the frequency of anucleate 
cells in vegetatively growing cells, suggesting 
that wild -type SpoOJ contributes to chromosome 
segregation in nonnal cell cycles as well as during 
sporulation. SpoOJ binds to a parS sequence that 
is present in multiple copies that are dispersed 
over -20% of the chromosome in the vicinity 
of the origin. lt is possible that SpoOJ binds both 
old and newly synthesized origins, maintaining 
a status equivalent to chromosome pairing until 
the chromosomes are segregated to the opposite 
poles. In Caulobacter crescentus, ParA and ParB 
localize to the poles of the bacterium and ParB 
binds sequences close to the origin, thus local
izing the origin to the pole. These results sug
gest that a specific apparatus is responsible for 
localizing the origin to the pole. The next stage 
of the analysis will be to identify the cellular 
components with which this apparatus interacts. 

The importance to the plasmid of ensuring 
that all daughter cells gain replica plasmids is 
emphasized by the existence of multiple, inde
pendent systems in individual plasmids that 
ensure proper partition. Addiction systems, 

which operate on the basis that "we hang 
together or we hang separately," ensure that a 
bacterium carrying a plasmid can survive only 
as long as it retains the plasmid. There are sev
eral ways to ensure that a cell dies if it i s "  cured" 
of a plasmid, all of which share the principle 
illustrated in FIGURE 14.15 that the plasmid pro
duces both a poison and an antidote. The poi
son is a killer substance that is relatively stable, 
whereas the antidote consists of a substance that 
blocks killer action but is relatively short lived. 
When the plasmid is lost the antidote decays, 
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FIGURE 14.15 Plasm ids may ensure that bacteria cannot 
live without them by synthesizing a long-lived killer and 
a short-lived antidote_ 

and then the killer substance causes the death 
of the cell. Thus, bacteria that lose the plasmid 
inevitably die, and the population is condemned 
to retain the plasmid indefinitely. These systems 
take various forms. One specified by the F plas
mid consists of killer and blocking proteins. The 
plasmid R I has a killer that is the mRNA for a 
toxic protein; the antidote is a small antisense 
RNA that prevents expression of the mRNA. 

Ill Plasmid In com patibility 
Is Determined by the 
Replicon 

Key concept 

• Plasmids in a single compatibility group have 
origins that are regulated by a common control 
system_ 

The phenomenon of plasmid incompatibility 
is related to the regulation of plasmid copy 
number and segregation. A compatibility 

group is defined as a set of plasmids whose 
members are unable to coexist in the same 
bacterial cell. The reason for their incompat
ibility is that they cannot be distinguished from 
one another at some stage that is essential for 



Cell cycle of one plasmid 

1 Cell grows and 't plasmid replicates 

�Cell divides 

0 0 

Cell cycle of incompatible plasmids 

�0 

0 0 
Cell grows but 1 plasmids do not f replicate because 
two origins are 
already present 

� Cell divides 

0 
Each cell has copy of same plasmid Incompatible plasmids have been 

distributed to different cells 

FIGURE 14.16 Two plasmids are incompatible (they belong to the same 
compatibility group) if their origins cannot be distinguished at the stage 
of initiation. The same model could apply to segregation. 

plasmid maintenance. DNA replication and 
segregation are stages at which this may apply. 

The negative control model for plasmid 
incompatibility follows the idea that copy 
number control is achieved by synthesizing a 
repressor that measures the concentration of 
origins. (Formally, this is the same as the titra· 
tion model for regulating replication ofthe bac
terial chromosome.) 

The introduction of a new origin in the form 
of a second plasmid of the same compatibility 
group mimics the result of replication of the 
resident plasmid; two origins now are present. 
Thus, any further replication is prevented until 
after the two plasmids have been segregated to 
different cells to create the correct prereplica
tion copy number, as illustrated in FIGURE 14.16. 

A similar effect would be produced if the 
system for segregating the products to daugh· 
ter cells could not di sti ngui sh between two 
plasmids. For example, if two plasmids have 
the same cis-acting partition sites, competition 
between them would ensure that they would 
be segregated to different cells, and therefore 
could not survive in the same line. 

The presence of a member of one compat
ibility group does not directly affect the survival 
of a plasmid belonging to a different group. Only 
one replicon of a given compatibility group (of a 
single-copy plasmid) can be maintained in the 
bacterium, but it does not interact with repli
cons of other compatibility groups. 

The ColEl Compatibility 
System Is Controlled by 
an RNA Regulator 

Key concepts 

• Replication of ColEl requires transcription to pass 
through the origin, where the transcript is cleaved 
by RNase H to generate a primer end. 

• The regulator RNA I is a short antisense RNA that 
pairs with the transcript and prevents the cleav
age that generates the priming end. 

• The Rom protein enhances pairing between RNA I 
and the transcript. 

The best characterized copy number and incom
patibility system is that of the plasmid ColE l ,  a 
multi copy plasmid that is maintained at a steady 
level of -20 copies per E. coli cell. The system 
for maintaining the copy number depends on 
the mechanism for initiating replication at the 
ColE! origin, as illustrated in FIGURE 14.17 . 

Replication starts with the transcription of 
an RNA that initiates 555 bp upstream of the 
origin. Transcription continues through the ori
gin. The enzyme RNase H (whose name reflects 
its specificity for a substrate of RNA hybridized 
with DNA) cleaves the transcript at the origin. 
This generates a 3'-0H end that is used as the 
"primer" at which DNA synthesis is initiated (the 
use of primers is discussed in more detail in the 
chapter titled DNA Replication) .  The primer RNA 
forms a persistent hybrid with the DNA. Pairing 
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FIGURE 14.17 Replication of ColE1 DNA is initiated by 
cleaving the primer RNA to generate a 3'-0H end_ The 
primer forms a persistent hybrid in the origin region_ 

between the RNA and DNA occurs just upstream 
of the origin (around position -20) and also 
farther upstream (around position -265).  

Two regulatory systems exert their effects 
on the RNA primer. One involves synthesis of 
an RNA complementary to the primer; the other 
involves a protein encoded by a nearby locus. 

The regulatory species RNA I is a molecule of 
- I  08 bases and is coded by the opposite strand 
from that specifying primer RNA. The relation
ship between the primer RNA and RNA I is illus
trated in FIGURE 14.18. The RNA I molecule is 
initiated within the primer region and tem1inates 
close to the site where the primer RNA initiates. 
Thus, RNA I is complementary to the 5'-tenninal 
region of the primer RNA. Base pairing between 
the two RNAs controls the availability of the 
primer RNA to initiate a cycle of replication. 

An RNA molecule such as RNA I that func
tions by virtue of its complementarity with 

RNA I (180 bases) 

Primer RNA (555 bases) 
FIGURE 14.18 The sequence of RNA I is complementary 
to the 5 '  region of primer RNA-
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another RNA coded in the same region is called 
a countertranscript. This type of mechanism, 
is another example of the use of antisense RNA 
(see the chapter titled Regulatory RNA). 

Mutations that reduce or eliminate incom
patibility between plasmids can be obtained by 
selecting plasmids of the same group for their 
ability to coexist. Incompatibility mutations in 
ColE I map in the region of overlap between 
RNA I and primer RNA. This region is repre
sented in two different RNAs, so either or both 
might be involved in the effect. 

When RNA I is added to a system for replicat
ing ColE I DNA in vitro, it inhibits the formation of 
active primer RNA. The presence of RNA I, how
ever, does not inhibit the initiation or elongation 
of primer RNA synthesis. This suggests that RNA 
I prevents RNase H from generating the 3' end 
of the primer RNA. The basis for this effect lies 
in base pairing between RNA I and primer RNA. 

Both RNA molecules have the same poten
tial secondary structure in this region, with three 
duplex hairpins terminating in single-stranded 
loops. Mutations reducing incompatibility are 
located in these loops, which suggests that the ini
tial step in base pairing between RNA I and primer 
RNA is contact between the unpaired loops. 

How does pairing with RNA I prevent 
cleavage to form primer RNA? A model is illus
trated in FIGURE 14.19 . In the absence of RNA I, 
the primer RNA forms its own secondary struc
ture (involving loops and stems). When RNA 
I is present, though, the two molecules pair 
and become completely double-stranded for 
the entire length of RNA I. The new secondary 
structure prevents the formation of the primer, 
probably by affecting the ability of the RNA to 
form the persistent hybrid. 

The model resembles the mechanism 
involved in attenuation of transcription, in 
which the alternative pairings of an RNA 
sequence penni t or prevent formation oft he sec
ondary structure needed for termination by RNA 
polymerase (see the chapter titled The Opero11). 
The action of RNA I is exercised by its ability to 
affect distant regions of the primer precursor. 

Formally, the model is equivalent to postu
lating a control circuit involving two RNA spe
cies. A large RNA primer precursor is a positive 
regulator and is needed to initiate replication. 
The small RNA I is a negative regulator that is 
able to inhibit the action ofthe positive regulator. 

In its ability to act on any plasmid pres
ent in the cell, RNA I provides a repressor that 
prevents newly introduced DNA from function
ing. This is analogous to the role of the lambda 
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Transcription continues 

Duplex RNA 
FIGURE 14.19 Base pairing with RNA I may change the 
secondary structure of the primer RNA sequence and thus 
prevent cleavage from generating a 3'-0H end. 

lysogenic repressor (see the chapter titled Phage 
Strategies). Instead of a repressor protein that 
binds the new DNA, an RNA binds the newly 
synthesized precursor to the RNA primer. 

Binding between RNA I and primer RNA 
can be influenced by the Rom protein, which 
is coded by a gene located downstream of the 
origin. Rom enhances binding between RNA 
I and primer RNA transcripts of >200 bases. 
The result is to inhibit formation of the primer. 

How do mutations in the RNAs affect in com
patibility? FIGURE 14.20 shows the situation when 
a cell contains two types of RNA I! primer RNA 
sequence. The RNA I and primer RNA made 
from each type of genome can interact, but RNA 
I from one genome does not interact with primer 
RNA from the other genome. This situation 
would arise when a mutation in the region that 
is common to RNA I and primer RNA occurred at 
a location involved in the base pairing between 
them. Each RNA I would continue to pair with 
the primer RNA coded by the same plasmid, but 
might be unable to pair with the primer RNA 
coded by the other plasmid. This would cause 
the original and the mutant plasmids to behave 
as members of different compatibility groups. 

RNA I acts on any RNA primer coded by its 
own genome 

type I 
)II 

type II 
.. 

RNA I with different sequence cannot act on 
RNA primer 

� type�+ !� I? � Cleavage 
FIGURE 14.20 Mutations in the region coding for RNA 
I and the primer precursor need not affect their ability 
to pair, but they may prevent pairing with the comple
mentary RNA coded by a different plasmid. 

How Do Mitochon dria 
Replicate and Segregate? 

Key concepts 
• mtDNA replication and segregation to daughter 

mitochondria is stochastic. 
• Mitochondrial segregation to daughter cells is also 

stochastic. 

Mitochondria must be duplicated during the 
cell cycle and segregated to the daughter cells. 
We understand some of the mechanics of this 
process, but not its regulation. 

At each stage in the duplication of mito
chondria-DNA replication, DNA segrega
tion to duplicated mitochondria, and organ
elle segregation to daughter cells-the process 
appears to be stochastic, governed by a ran
dom distribution of each copy. The theory of 
distribution in this case is analogous to that of 
multicopy bacterial plasmids, with the same 
conclusion that - 1 0  copies are required to 
ensure that each daughter gains at least one 
copy. When there are mtDNAs with allelic vari
ations in the same cell, called heteroplasmy 

(either because of inheritance from different 
parents or because of mutation), the stochastic 
distribution may generate cells that have only 
one of the alleles. 

Replication of mtDNA may be stochastic 
because there is no control over which particu
lar copies are replicated, so that in any cycle 
some mtDNA molecules may replicate more 
times than others. The total number of copies 
of the genome may be controlled by titrating 
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mass in a way similar to bacteria (see the chap
ter titled Replication Is Connected to the Cell Cycle) .  

A mitochondrion divides by developing a 
ring around the organelle that constricts to pinch 
it into two halves. The mechanism is similar in 
principle to that involved in bacterial division. 
The apparatus that is used in plant cell mito
chondria is similar to that used in bacteria and 
uses a homolog of the bacterial protein FtsZ (see 
the chapter titled Replication Is Connected to the 
Cell Cycle) .  The molecular apparatus is different 
in animal cell mitochondria and uses the pro
tein dynamin, which is involved in formation of 
membranous vesicles. An individual organelle 
may have more than one copy of its genome. 

We do not know whether there is a partition 
mechanism for segregating mtDNA molecules 
within the mitochondrion, or whether they 
are simply inherited by daughter mitochondria 
according to which half ofthe mitochondrion they 
happen to lie in. FIGURE 14.21 shows that the com
bination of replication and segregation mecha
nisms can result in a stochastic assignment of DNA 
to each of the copies; that is, so that the distribution 
of mitochondrial genomes to daughter mitochon
dria does not depend on their parental origins. 

The assignment of mitochondria to daugh
ter cells at mitosis also appears to be random. 
Indeed, it was the observation of somatic varia
tion in plants that first suggested the existence 
of genes that could be lost from one of the 
daughter cells because they were not inher
ited according to Mendel's Jaws (see the chapter 
ti tied The Contents of the Genome). 

In some situations a mitochondrion has 
both paternal and maternal alleles. This has 
two requirements: that both parents provide 
alleles to the zygote (which of course is not the 
case when there is maternal inheritance; see 
the chapter titled TheContentofthe Genome), and 
that the parental alleles are found in the same 
mitochondrion. For this to happen, parental 
mitochondria must have fused. 

The size of the individual mitochondrion 
may not be precisely defined. Indeed, there is a 
continuing question about whether an individual 
mitochondrion represents a unique and discrete 
copy of the organelle or whether it is in a dynamic 
flux in which it can fuse with other mitochondria. 
We know tl1at mitochondria can fuse in yeast, 
because recombination between mtDNAs can 
occur after two haploid yeast strains have mated 
to produce a diploid strain. This implies that the 
two mtDNAs must have been exposed to one 
another in the same mitochondrial compartment. 
Attempts have been made to test for the occur-
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0 e Nucleoids of mtDNA 

FIGURE 14.21 Mitochondrial DNA replicates by increas
ing the number of genomes in proportion to mitochondrial 
mass, but without ensuring that each genome replicates 
the same number of times_ This can lead to changes in the 
representation of alleles in the daughter mitochondria. 

renee of similar events in animal cells by looking 
for complementation between alleles after two 
cells have been fused, but the results are not clear. 

D Loops Maintain 
Mito chondrial Origins 

Key concepts 
• Mitochondria use different origin sequences to 

initiate replication of each DNA strand_ 

• Replication of the H strand is initiated in a 
D loop. 

• Replication of the L strand is initiated when its 
origin is exposed by the movement of the first 
replication fork. 

The origins of replicons in both prokary
otic and eukaryotic chromosomes are static 
structures: They comprise sequences of DNA 
that are recognized in duplex form and used 



to initiate replication at the appropriate time. 
Initiation requires separating the DNA strands 
and commencing bidirectional DNA synthesis. 
A different type of arrangement is found in 
mitochondria. 

Replication starts at a specific origin in the 
circular duplex DNA. Initially, though, only one 
of the two parental strands (the H strand in 
mammalian mitochondrial DNA) is used as a 
template for synthesis of a new strand. Synthe
sis proceeds for only a short distance, displacing 
the original partner (L) strand, which remains 
single-stranded, as illustrated in FIGURE 14.22. 
The condition of this region gives rise to its 
name as the displacement loop, or D loop. 

DNA polymerases cannot initiate synthesis, 
but require a priming 3'  end (see the chapter 
on DNA Replication) .  Replication at the H -strand 
origin is initiated when RNA polymerase tran
scribes a primer. The 3'  ends are generated in 
the primer by an endonuclease that cleaves the 
DNA-RNA hybrid at several discrete sites. The 
endonuclease is specific for the triple structure 
of DNA-RNA hybrid plus the displaced DNA 
single strand. The 3 '  end is then extended into 
DNA by the DNA polymerase. 

A single D loop is found as an opening of 
500 to 600 bases in mammalian mitochondria. 
The short strand that maintains the D loop 
is unstable and turns over; it i s  frequently 
degraded and resynthesized to maintain the 
opening of the duplex at this site. Some mito
chondrial DNAs possess several D loops, reflect
ing the use of multiple origins. The same mech
anism is employed in chloroplast DNA, where 
(in complex plants) there are two D loops. 

To replicate mammalian mitochondrial 
DNA, the short strand in the D loop is extended. 
The displaced region of the original L strand 
becomes longer, expanding the D loop. This 
expansion continues until it reaches a point 
about two-thirds of the way around the circle. 
Replication of this region exposes an origin in 
the displaced L strand. Synthesis of an H strand 
initiates at this site, which is used by a special 
primase that synthesizes a short RNA. The RNA 
is then extended by DNA polymerase, proceed
ing around the displaced single-stranded L tem
plate in the opposite direction from L-strand 
synthesis. 

As a result of the lag in its start, H-strand 
synthesis has proceeded only a third of the 
way around the circle when L-strand synthe
sis finishes. This releases one completed duplex 
circle and one gapped circle, the latter of which 
remains partially single-stranded until synthesis 

RNA primer initiates 
replication at 
origin on H strand 

L strand 

Synthesis of new L strand 
creates 0 loop by displacing 

RNA synthesis initiated 

DNA is synthesized 

parental strand ��"'-

When displaced strand 
passes origin on L 
strand, synthesis of 
new H strand starts 

0 loop expands 

L strand origin 

Completion of new L strand releases daughter genomes 
I \ r�] Completion 

generates L� duplex circle 

Released 
genome is 
partially 
replicated 

Completion 
generates 
duplex circle 

Gaps in new strands are sealed 

FIGURE 14.22 The D loop maintains an opening in mammalian 
mitochondrial DNA, which has separate origins for the replica
tion of each strand. 

of the H strand is completed. Finally, the new 
strands are sealed to become covalently intact. 

The existence of D loops exposes a general 
principle: An origin cmz be a sequence of DNA that 
serves to initiate DNA syllthesis using om strand as a 
template. The opening ofthe duplex does not nec
essarily lead to the initiation of replication on the 
other strand. In the case of mitochondrial DNA 
replication, the origins for replicating the comple
mentary strands lie at different locations. Origins 
that sponsor replication of only one strand are also 
found in the rolling circle mode of replication (see 
the discussion earlier in this chapter in the section 
Rolling Circles Produce Multimers of a Rep/icon). 
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The Bacterial Ti Plasmid 
Causes Crown Gall 
Disease in  Plants 

Key concepts 
• Infection with the bacterium A. tumefadens can 

transform plant cells into tumors. 

• The infectious agent is a plasmid carried by the 
bacterium. 

• The plasmid also carries genes for synthesizing 
and metabolizing opines (arginine derivatives) 
that are used by the bacterium. 

Most events in which DNA is rearranged or 
amplified occur within a genome, but the 
interaction between bacteria and certain plants 
involves the transfer of DNA from the bacte
rial genome to the plant genome. Crown gall 

disease, shown in FIGURE 14.23, can be induced 
in most dicotyledonous plants by the soil bacte
rium Agrobaderium tumefacieus. The bacterium 
is a parasite that effects a genetic change in the 
eukaryoric host cell, with consequences for 
both parasite and host: Jt improves condi rions 
for survival of the parasite and causes the plant 
cell to grow as a tumor. 

Agrobaderia are required to induce tumorfor
mation, but the n1mor cells do not require the 
continued presence of bacteria. As with animal 
tumors, the plant cells have been transformed into 
a state in whid1 new mechanisms govem growth 
and differentiation. Transfonnation is caused by 
the expression within the plant cell of genetic 
infom1ation transferred from the bacterium. 

FIGURE 14.23 An Agrobacterium carrying a Ti plasmid 
of the nopaline type induces a teratoma, in which dif
ferentiated structures develop. Photo courtesy of the 
estate of Jeff Schell. Used with permission of the Max 
Planck Institute for Plant Breeding Research, Cologne. 
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The tumor-inducing principle of Agrobac
terium resides in the Ti plasmid, which is per
petuated as an independent replicon within the 
bacterium. Tbe plasmid carries genes involved 
in various bacterial and plant cell activities, 
including those required to generate the trans
formed state, and a set of genes concemed with 
synthesis or utilization of opines (novel deriva
ti ves of arginine). 

Ti plasmids (and thus the Agrobacteria in 
which they reside) can be divided into four 
groups, according to the types of opine that 
are made: 

• Nopaline plasmids carry genes for 
synthesizing nopaline in tumors and 
for utilizing it in bacteria. Nopaline 
tumors can diEferentiate into shoots 
with abnormal structures. They have 
been called teratomas by analogy with 
certain mammalian tumors that retain 
the ability to differentiate into early 
embryonic structures. • Octopine p]asmids are similar to 
nopaline plasmids, but the relevant 
opine is different. Octopine n1mors are 
usually undifferentiated, however, and 
do not form teratoma shoots. • Agropine plasmids carry genes for 
agropine metabolism; the tumors do not 
differentiate, and they develop poorly 
and die early. • Ri plasm ids can induce hairy root dis
ease on some plants and crown gall on 
others. They have agropine-type genes, 
and may have segments derived from 
both nopaline and octopine plasmids. 

The types of genes carried by a Ti plasmid 
are summarized in FIGURE 14.24. Genes utilized 
in the bacterium code for plasmid replication 
and incompatibility, transfer between bacteria, 
sensitivity to phages, and synthesis of other 

Locus Function Ti Plasmid 

vir DNA transfer into plant all 
sh/ shoot in du clion all 
ro/ root induction all 

nos nopaline synthesis nopaline 
noc nopaline catabolism nopaline 
ocs octopine synthesis octop1ne 
occ octopine catabolism oct opine 
tra bacterial transfer genes all 
Inc incompatibility genes all 
oriV origin for replication all 

FIGURE 14.24 Ti plasm ids carry genes involved in both 
plant and bacterial functions. 



compounds, some of which are toxic to other 
soil bacteria. Genes used in the plant cell code for 
transfer of DNA into the plant, induction of the 
transformed state, and shoot and root induction. 

The spedficity of the opine genes depends 
on the type of plasmid. Genes needed for opine 
synthesis are linked to genes whose products 
catabolize the same opine; thus each strain of 
Agrobacterium causes crown gall tumor cells to 
synthesize opines that are useful for survival of 
the parasite. The opines can be used as the sole 
carbon and/or nitrogen source for the indudng 
Agrobacterium strain. The prindple is that the 
transformed plant cell synthesizes those opines 
that the bacterium can use. 

T -DNA Carries Genes 
Required for Infection 

Key concepts • Part of the DNA of the Ti plasmid is transferred to 
the plant cell nucleus. 

• The vir genes of the Ti plasmid are located outside 
the transferred region and are required for the 
transfer process. • The vir genes are induced by phenolic com pounds 
released by plants in response to wounding. • The membrane protein VirA is autophosphorylated 
on histidine when it binds an inducer. • Vi rA activates VirG by transferring the phosphate 
group to it. • The VirA-VirG is one of several bacterial two
component systems that use a phosphohistidine 
relay. 

The interaction between Agrobacterium and a 
plant cell i s  illustrated in FIGURE 14.25. The bac
terium does not enter the plant cell, but rather 
transfers part of the Ti plasmid to the plant 
nucleus. The transferred part of the Ti genome 
is called T-DNA. lt becomes integrated into the 
plant genome, where it expresses the functions 
needed to synthesize opines and to transform 
the plant cell. 

Transformation of plant cells requires three 
types of function carried in the Agrobacterium: 

• Three lod on the Agrobacterium chromo
some, chvA, chvB, and pscA, are required 
for the initial stage of binding the bacte
rium to the plant cell. They are respon
sible for synthesizing a polysaccharide 
on the bacterial cell surface. 

• The vir region carried by the Ti plasmid 
outside the T -DNA region is required to 
release and initiate transfer of the T -DNA. 

• The T -DNA is required to transform the 
plant cell. 

Agrobacterium 

• • • • • • • • • 

Ti plasmid 

� 

Plant cell 

/ 
'-. II I� Genome -

: Bacterium transfers ,;.��===-----. ... • • T-DNA to plant / .. . . . . . . . . . . . .  ·� 

\.. I 
T-DNA -• • 

Plant cells • • 
grow into tumor : 

Tumor synthesizes 
opines on which • • • • 
bacterium can grow 

• 
' 

FIGURE 14.25 T -DNA is transferred from Agrobacterium 
carrying a Ti plasmid into a plant cell, where it becomes 
integrated into the nuclear genome and expresses func
tions that transform the host cell. 

The organization of the major two types of 
Ti plasmid is illustrated in FIGURE 14.26. About 
30% of the -200 kb Ti genome is  common to 
nopaline and octopine plasmids. The common 
regions include genes involved in all stages of 
the interaction between Agrobacterium and a 
plant host, but considerable rearrangement 
of the sequences has occurred between the 
plasmids. 

The T-region occupies -23 kb. Some 9 kb 
is the same in the two types of plasmid. The Ti 

Vir 

Nopaline 
Ti plasmid 

Tra 

Vir 

Oct opine 
Ti plasmid 

OriV Inc 

FIGURE 14.26 Nopali ne and octopi ne Ti plasm ids carry a 
variety of genes, including T-regions that have overtap
ping functions. 
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plasmids carry genes for opine synthesis (Nos or 
Ocs) within the T -region; corresponding genes 
for opine catabolism (Noc or Occ) reside else
where on the plasmid. The plasmids code for 
similar, but not identical, morphogenetic func
tions, as seen in the induction of characteristic 
types of tumors. 

Functions affecting oncogenicity-the 
ability to form tumors-are not confined to 
the T-region. Those genes located outside the 
T-region must be concerned with establishing 
the tumorigenic state, but their products are 
not needed to perpetuate it. They may be con
cerned with transfer of T -DNA into the plant 
nucleus or perhaps with subsidiary functions 
such as the balance of plant hormones in the 
infected tissue. Some ofthe mutations are host 
specific, preventing tumor formation by some 
plant species but not by others. 

K. - - - -- - • - -
Plant signals 

region 

T-DNA 
left� borders� Right 
<l <I 

Vir01/02 l 0 
�-strand......_ Ver0�2 VirE2 I I ·-· Immature .j, 

T-complex • � __, __ ..., ,+.;v. virFO 

The virulence genes code for the functions 
required for the transfer of the T-DNA to the 
plant cell (whereas the proteins needed for con
jugal transfer of the entire Ti plasmid to recipi
ent bacteria are encoded by the tra region). 
Six loci (virA, -B, -C, -D, -E, and -G) reside in a 
40-kb region outside the T-DNA. Each locus is 
transcribed as an individual unit; some contain 
more than one open reading frame. Some of 
the most important components and their role 
in the transformation process are illustrated in 
FIGURE 14.27. 

We may divide the transforming process 
into (at least) two stages: • Agrobacterium contacts a plant cell, and 

the vir genes are induced. • vir gene products cause T-DNA to be 
transferred to the plant cell nucleus, 
where it is integrated into the genome. 

Mature 
T-complex 

• 
• 

CYTOPLASM 

o _o 

FIGURE 14.27 A model for the Agrobacterium-mediated genetic transformation. The transformation process comprises 
10 major steps and begins with recognition and attachment of the Agrobacterium to the host cell (1) and the sensing of 
specific plant signals by the Agrobacterium VirA-VirG two-component, signal-transduction system (2). Following activa
tion of the vir gene region (3}, a mobile copy of the T-DNA is generated by the VirD1-VirD2 protein complex (4) and 
delivered as a Vir02-DNA complex (immature T -complex), together with several other Vir proteins, into the host cell 
cytoplasm (5). Following the association of VirE2 with the T -strand, the mature T -complex forms, travels through the 
host-cell cytoplasm (6), and is actively imported into the host-cell nucleus (7). Once inside the nucleus, the T-DNA is 
recruited to the point of integration (8), stripped of its escorting proteins (9), and integrated into the host genome 
(10). Reprinted from Curr. Opin. Biotechnol., vol. 17, T. Tzfira and V. Citovsky, Agrobacterium-mediated genetic trans
formation of plants . . .  , pp. 147-154. Copyright 2006, with permission from Elsevier (http:/ jwww.sciencedirect.comj 
scie ncejjournal/09581669). 
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FIGURE 14.28 Acetosyringone (4-acetyl-2,6-dimethoxy
phenol) is produced by N. tabacum upon wounding and 
induces transfer ofT -DNA from Agrobacterium. 

The vir genes fall inro two groups that cor
respond to these stages. Genes virA and virG 
are regulators that respond to a change in 
the plant by inducing the other genes. Thus, 
mutants in vir A and virG are avirulent and can· 
not express the remaining vir genes. Genes 
virB, -C. -D, and -E code for proteins involved 
in the transfer of DNA. Mutants in virB and 
virD are avirulent in all plants, but the effects 
of mutations in virC and virE vary with the 
type of host plant. 

vir A and virG are expressed constitutively 
(at a rather low level). The signal to which 
they respond is provided by phenolic com
pounds generated by plants as a response to 
wounding. FIGURE 14.28 presents an example. 
Nicotiana tabacum (tobacco) generates the 
molecules acetosyringone and a-hydroxyace
tosyringone. Exposure to these compounds 
activates virA, which acts on virG, which in 
turn induces the expression de uovo of virB, 
-C, -D, and -E. This reaction explains why 
Agrobacterium infection succeeds only on 
wounded plants. 

VirA and YirG are an example of a classic 
type of bacterial system in which stimulation 
of a sensor protein causes autophosphoryla
tion and transfer of the phosphate to the sec
ond protein. The relationship is illustrated in 
FIGURE 14.29 . 

YirA forms a homodimer that is located 
in the inner membrane; it may respond to the 
presence of the phenolic compounds in the 
periplasmic space. Exposure to these com
pounds causes Vir A to become autophosphor
ylated on histidine. The phosphate group is 
then transferred to an Asp residue in VirG. The 
phosphorylated YirG binds to promoters ofthe 
virB, -C, -D. and -E genes to activate transcrip
tion. When virG is activated, its transcription 
is induced from a new start point-a different 
one from the one used for constitutive expres
sion-with the result that the amount of VirG 
protein is increased. 

e Acetosyringone • • • 
y 

• • • 
y 

VirA (sensor) 

Stimulus triggers 
autophosphorylation 

Phosphates 
transferred to effector 

VirG (eHector) 

Phosphorylated protein 
activates transcription 

FIGURE 14.29 The two-component system of VirA-VirG 
responds to phenolic signals by activating transcription 
of target genes. 

Transfer of T-DNA 
Resembles Bacterial 
Conjugation 

Key concepts 

• T -DNA is generated when a nick at the right 
boundary creates a primer for synthesis of a new 
DNA strand. 

• The preexisting single strand that is displaced by 
the new synthesis is transferred to the plant cell 
nucleus. 

• Transfer is terminated when DNA synthesis reaches 
a nick at the left boundary. 

• The T-DNA is transferred as a complex of single
stranded DNA with the VirE2 single-strand binding 
protein. 

• The single-stranded T -DNA is converted into 
double-stranded DNA and integrated into the 
plant genome. 

• The mechanism of integration is not known. 
T -DNA can be used to transfer genes into a plant 
nucleus. 
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TGGCAGGATATATTGNNTGTAAAC TGACAGGATATATTGNNGGTAAAC 
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Junction is <1 00 bp 1 to 2 bp remain 
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FIGURE 14.30 T -DNA has almost identical repeats of 25 bp at each end in the Ti 
plasmid. The right repeat is necessary for transfer and integration to a plant genome. 
T-DNA that is integrated in a plant genome has a precise junction that retains 1 
to 2 bp of the right repeat, but the left junction varies and may be up to 100 bp 
short of the left repeat. 

The transfer process actually selects the 
T-region for entry into the plant. FIGURE 14.30 
shows that the T-DNA of a nopaline plasmid 
is demarcated from the flanking regions in the 
Ti plasmid by repeats of 25 bp, which differ at 
only two positions between the left and right 
ends. When T-DNA is integrated into a plant 
genome, it has a well defined right junction, 
which retains 1 to 2 bp of the right repeat. 
The left junction is variable; the boundary of 
T-DNA in the plant genome may be located at 
the 25-bp repeat or at one of a series of sites 
extending over -100 bp within the T-DNA. 
At times multiple tandem copies ofT-DNA are 
integrated at a single site. 

The virD locus has four open reading 
frames. Two of the proteins coded at virD
VirD 1 and VirD2-provide an endonuclease 
that initiates the transfer process by nicking 
T-DNA at a specific site. A model for transfer is 
illustrated in FIGURE 14.31 . A nick is made at the 
right 25 -bp repeat. lt provides a priming end for 
synthesis of a DNA single strand. Synthesis of 
the new strand displaces the old strand, which 
is used in the transfer process. Transfer is ter
minated when DNA synthesis reaches a nick 
at the left repeat. This model explains why the 
right repeat is essential, and it accounts for the 
polarity of the process. If the left repeat fails to 
be nicked, transfer could continue farther along 
the Ti plasmid. 

The transfer process involves production 
of a single molecule of single-stranded DNA in 
the infecting bacterium. It is transferred in the 
form of a DNA-protein complex, sometimes 
called the T -complex. The DNA is covered by 
the VirE2 single-strand binding protein, which 
has a nuclear localization signal and is respon
sible for transportingT -DNA into the plant cell 
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E2 SSB 

Second nick 

T-DNA released! 

! 
First nick 7¥ 

Endonuclease ! 

! 

To plant nucleus 
FIGURE 14.31 T -DNA is generated by displacement when 
DNA synthesis starts at a nick made at the right repeat. 
The reaction is terminated by a nick at the left repeat. 

nucleus. A single molecule of the D2 subunit of 
the endonuclease remains bound at the 5 '  end. 
The virB operon codes for 1 1  products that are 
involved in the transfer reaction. 

Outside T-DNA, immediately adjacent to 
the right border, is another short sequence 
called overdrive, which greatly stimulates the 
transfer process. Overdrive functions like an 
enhancer: It must lie on the same molecule 
of DNA, but enhances the efficiency of trans
fer even when located several thousand base 
pairs away from the border. VirC 1, and possibly 
VirC2, may act at the overdrive sequence. 

Octopine plasmids have a more complex 
pattern of integrated T-DNA than nopaline 
plasmids. The pattern ofT -strands is also more 
complex, and several discrete species can be 
found, corresponding to elements of T -DNA. 
This suggests that octopine T -DNA has several 
sequences that provide targets for nicking and/ 
or termination of DNA synthesis. 

This model for transfer of T-DNA closely 
resembles the events involved in bacterial 
conjugation, when the E. coli chromosome is 



transferred from one cell to another in single
stranded form. The genes of the virB operon 
are homologous to the tra genes of certain bac
terial plasmids (including the tra operons on 
Ti-plasmids) that are involved in conjugation 
(see the section earlier in this chapter titled Con
jugation Transfers Single-Stra11ded DNA}. Together 
with VirD4 (a coupling protein), the gene prod
ucts of the virB genes form a T4SS. 

The T strand, along with several other Vir 
proteins, is then exported into the plant cell by 
the T4SS, a step that requires interaction of the 
bacterial T-pilus with at least one host-specific 
protein. The T-strand molecule is coated with 
numerous VirE2 molecules when entering the 
plant-cell cytoplasm. These molecules confer 
to the T-DNA the structure and protection 
needed for its travel to the plant-cell nucleus 
(see Figure 14.27). 

We do not know how the transferred DNA 
is integrated into the plant genome. At some 
stage, the newly generated single strand must 
be converted into duplex DNA. Circles ofT -DNA 
that are found in infected plant cells appear to 
be generated by recombination between the left 
and right 25-bp repeats, but we do not know 
if they are intermediates. The actual event is 
likely to involve nonhomologous recombina
tion, because there is no homology between the 
T-DNA and the sites of integration. 

What is the structure of the target site? 
Sequences flanking the integrated T-DNA tend 
to be rich in A-T base pairs (a feature displayed 
in target sites for some transposable elements). 
The sequence rearrangements that occur at 
the ends of the integrated T-DNA make it dif
ficult to analyze the structure. We do not know 
whether the integration process generates new 
sequences in the target DNA comparable to the 
target repeats created in transposition. 

T-DNA is expressed at its site of integra
tion. The region contains several transcription 
units, each of which probably contains a gene 
expressed from an individual promoter. Their 
functions are concerned with the state of the 
plant cell, maintaining its tumorigenic prop
erties, controlling shoot and root formation, 
and suppressing differentiation into other tis
sues. None ofthese genes is needed forT -DNA 
transfer. 

The Ti plasmid presents an interesting orga
nization of functions. Outside the T-region, it 
carries genes needed to initiate oncogenesis; at 
least some are concerned with the transfer of 
T-DNA, and we would like to know whether 
others function in the plant cell to affect its 

behavior at this stage . Also outside the T -region 
are the genes that enable the Agrobacterium to 
catabolize the opine that the transformed plant 
cell will produce. Within the T -region are the 
genes that control the transformed state of 
the plant, as well as the genes that cause it to 
synthesize the opines that will benefit the Agro
bacterium that originally provided the T-DNA. 

As a practical matter, the ability of Agrobac
terium to transfer T-DNA to the plant genome 
makes it possible to introduce new genes into 
plants. The transfer/integration and oncogenic 
functions are separate; thus, it i s  possible to 
engineer new Ti plasmids in which the onco
genic hmctions have been replaced by other 
genes whose effect on the plant we wish to test. 
The existence of a natural system for delivering 
genes to the plant genome has greatly facilitated 
genetic engineering of plants. 

Summary 
The rolling circle is an alternative form of rep
lication for circular DNA molecules in which 
an origin is nicked to provide a priming end. 
One strand of DNA is synthesized from this 
end; this displaces the original partner strand, 
which is extruded as a tail. Multiple genomes 
can be produced by continuing revolutions of 
the circle. 

Rolling circles are used to replicate some 
phages. The A protein that nicks the <I> X 174 
origin has the unusual property of cis action. It 
acts only on the DNA from which it was syn
thesized. It remains attached to the displaced 
strand until an entire strand has been syn
thesized, and then nicks the origin again; this 
releases the displaced strand and starts another 
cycle of replication. 

Rolling circles also characterize bacterial 
conjugation, which occurs when an F plasmid 
is transferred from a donor to a recipient cell 
following the initiation of contact between the 
cells by means of the F-pili. A free F plasmid 
infects new cells by this means; an integrated F 
plasmid creates an Hfr strain that may similarly 
transfer chromosomal DNA. In conjugation, 
replication is used to synthesize complements 
to the single strand remaining in the donor 
and to the single strand transferred to the recipi 
ent, but does not provide the motive power. 

Plasmids have a variety of systems that 
ensure or assist their stable inheritance in 
bacterial cells, and an individual plasmid may 
carry systems of several types. Plasmid localiza
tion is promoted by ParA and ParB partition 
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proteins that act on a plasmid site called parS. 
The copy number of a plasmid describes 
whether it is present at the same level as the 
bacterial chromosome (one per unit cell) or in 
greater numbers. Plasmid incompatibility can 
be a consequence ofthe mechanisms involved 
in either replication or partition (for single-copy 
plasmids. 

Agrobacteria induce tumor formation in 
wounded plant cells. The wounded cells secrete 
phenolic compounds that activate vir genes car
ried by the Ti plasmid of the bacterium. The 
vir gene products cause a single strand of DNA 
from the T-DNA region of the plasmid to be 
transferred to the plant-cell nucleus. Transfer is 
initiated at one boundary ofT -DNA, but ends at 
variable sites. The single strand is converted into 
a double strand and integrated into the plant 
genome. Genes within the T-DNA transform 
the plant cell and cause it to produce particular 
opines (derivatives of arginine). Genes in the 
Ti plasmid allow Agrobacteria to metabolize the 
opines produced by the transformed plant cell. 
T-DNA has been used to develop vectors for 
transferring genes into plant cells. 
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Homologous and Site-Specific 
Recombination 

CHAPTER OUTLINE J 
110 .. 1 Introduction 

• Homologous recombination is essential in meiosis for 
generating diversity and for chromosome segregation, 
and in mitosis to repair DNA damage and stalled 
replication forks. 

• Site-specific recombination involves specific DNA 
sequences. 

• Recombination systems have been adapted for 
experimental use. 

1101tl Homologous Recombination Occurs Between 
Synapsed Chromosomes in Meiosis 

• Chromosomes must synapse (pair) in order for 
chiasmata to form where crossing over occurs. 

• The stages of meiosis can be correlated with the 
molecular events at the DNA level. 

11010 Double-Strand Breaks Initiate Recombination 

354 

• The double-strand break repair (DSBR) model of 
recombination is initiated by making a double-strand 
break in one (recipient) DNA duplex and is relevant for 
meiotic and mitotic homologous recombination. 

• Exonuclease action generates 3 '-single-stranded ends 
that invade the other (donor) duplex. 

• When a single strand from one duplex displaces its 
counterpart in the other duplex, it creates a branched 
structure called a D-loop. 

Edited by Hannah L. Klein 
and Samantha Hoot 

• Strand exchange generates a stretch of heteroduplex 
DNA consisting of one strand from each parent. 

• New DNA synthesis replaces the material that has been 
degraded. 

• Capture of the second DSB end by annealing generates 
a recombinant joint molecule in which the two DNA 
duplexes are connected by heteroduplex DNA and two 
Holliday junctions. 

• The joint molecule is resolved into two separate 
duplex molecules by nicking two of the connecting 
strands. 

• Whether recombinants are formed depends on if the 
strands involved in the original exchange or the other 
pair of strands are nicked during resolution. 

I'D Gene Conversion Accounts for Interallelic 
Recombination 

• Heteroduplex DNA that is created by recombination 
can have mismatched sequences where the 
recombining alleles are not identical. 

• Repair systems may remove mismatches by changing 
one of the strands so its sequence is complementary to 
the other. 

• Mismatch repair of heteroduplex DNA generates 
nonreciprocal recombinant products called gene 
conversions. 
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CHAPTER OUTLINE, CONTINUED J 
The Synthesis-Dependent Strand-Annealing Model 
• The synthesis-dependent strand-annealing {SDSA) 

model is relevant for mitotic recombination as it 
produces gene conversions from double-strand breaks 
without associated crossovers. 

The Single-Strand Annealing Mechanism Functions 
at Some Double-Strand Breaks 
• Single-strand annealing {SSA) occurs at double-strand 

breaks between direct repeats. 
• Resection of double-strand break ends results in 

3'-si ngle-stranded tails. 
• Complementarity between the repeats allows for 

annealing of the single strands. 
• The sequence between the direct repeats is deleted 

after SSA is completed. 

Break-Induced Replication Can Repair 
Double-Strand Breaks 
• Break-induced replication (SIR) is initiated by a 

one-ended double-strand break. 
• SIR at repeated sequences can result in translocations. 

Recombining Meiotic Chromosomes Are Connected 
by the Synaptonemal Complex 
• During the early part of meiosis, homologous 

chromosomes are paired in the synaptonemal complex. 
• The mass of chromatin of each homolog is separated 

from the other by a proteinaceous complex. 

The Synaptonemal Complex Forms After 
Double-Strand Breaks 
• Double-strand breaks that initiate recombination occur 

before the synaptonemal complex forms. 
• If recombination is blocked, the synaptonemal 

complex cannot form. 
• Meiotic recombination involves two phases: one that 

results in gene conversion without crossover, and one 
that results in crossover products. 

Pairing and Synaptonemal Complex Formation 
Are Independent 
• Mutations can occur in either chromosome pairing or 

synaptonemal complex formation without affecting the 
other process. 

The Bacterial RecBCD System Is Sti mulated 
by chi Sequences 
• The RecBCD complex has nuclease and helicase 

activities. 
• RecBCD binds to DNA downstream of a chi sequence, 

unwinds the duplex, and degrades one strand from 
3'-5' as it moves to the chi site. 

• The chi site triggers loss of the ReeD subunit and 
nuclease activity. 

Strand-Transfer Proteins Catalyze Single-Strand 
Assimilation 
• RecA forms filaments with single-stranded or duplex DNA 

and catalyzes the ability of a single-stranded DNA with a 
free 3 '  end to displace its counterpart in a DNA duplex. 
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Holliday Junctions Must Be Resolved 
• The bacterial Ruv complex acts on recombinant 

junctions. 
• RuvA recognizes the structure of the junction. 
• RuvB is a helicase that catalyzes branch migration . 
• RuvC cleaves junctions to generate recombination 

intermediates. 
• Resolution in eukaryotes is less well understood, 

but a number of meiotic and mitotic proteins are 
implicated. 

Eukaryotic Genes Involved in Homologous 
Recombination 
• The MRX complex, Exol, and SgsljDna2 in yeast and 

the MRN complex and BLM in mammalian cells resect 
double-strand breaks . 

• The Rad51 recombinase binds to single-stranded DNA 
with the aid of mediator proteins, which overcome the 
inhibitory effects of RPA. 

• Strand invasion is dependent on Rad54 and Rdh54 in 
yeast and Rad54 and Rad548 in mammalian cells. 

• Yeast Sgsl, Mus81/Mms4 and human BLM, MUS81/ 
EME1 are implicated in resolution of Holliday 
junctions. 

Specialized Recombination Involves Specific Sites 
• Specialized recombination involves reaction between 

specific sites that are not necessarily homologous. 
• Phage lambda integrates into the bacterial chromo-

some by recombination between a site on the phage 
and the ott site on the E. coli chromosome. 

• The phage is excised from the chromosome by 
recombination between the sites at the end of the 
linear prophage. 

• Phage lambda int codes for an integrase that catalyzes 
the integration reaction. 

Site-Specific Recombination Involves Breakage 
and Reunion 
• Cleavages staggered by 7 bp are made in both attB and 

attP, and the ends are joined crosswise. 

Site-Specific Recombination Resembles 
Topoisomerase Activity 
• Integ rases are related to topoisomerases, and the 

recombination reaction resembles topoisomerase 
action except that nicked strands from different 
duplexes are sealed together. 

• The reaction conserves energy by using a catalytic 
tyrosine in the enzyme to break a phosphodiester bond 
and link to the broken 3 '  end. 

• Two enzyme units bind to each recombination site and 
the two dimers synapse to form a complex in which the 
transfer reactions occur. 

Lambda Recombi nation Occurs in a n  Intasome 
• Lambda integration takes place in a large complex that 

also includes the host protein IHF. 
• The excision reaction requires Int and Xis and 

recognizes the ends of the prophage DNA as 
substrates. 
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CHAPTER OUTLINE, CONTINUED J 
110111!) Yeast Can Switch Silent and Active Loci 

for Mating Type 
1101t.ll Antigenic Variation in Trypanosomes Uses 

Homologous Recombination 

• The yeast mating type locus MAT has either the MATa or 
MATa. genotype. 

• Yeast with the dominant allele HO switch their mating 
type at a frequency of -10-6• 

• Variant surface glycoprotein (VSG) switching in 
Trypanosoma brucei evades host immunity. 

• VSG switching requires recombination events to 
move VSG genes to specific expression sites. 

• The allele at MATis called the active cassette. 1101t.t.l Recombination Pathways Adapted 
• There are also two silent cassettes, HMLa. and HMRa. 
• Switching occurs if MATa is replaced by HMRa. or MAT a. 

is replaced by HMRa. 

1101t.l•l Unidirectional Gene Conversion Is Initiated 
by the Recipient MAT Locus 

• Mating type switching is initiated by a double-strand 
break made at the MATlocus by the HO endonuclease. 

for Experimental Systems 

• Mitotic homologous recombination allows for targeted 
transformation. 

• The Crejtox and Flp/fRTsystems allow for targeted 
recombination and gene knockout construction. 

• The Flp/fRTsystem has been adapted to construct 
recyclable selectable markers for gene deletion. 

• The recombination event is a synthesis-dependent 
strand-annealing reaction. 

1101t.U Summary 

&II Introduction 
Key concepts 

• Homologous recombination is essential in meiosis 
for generating diversity and for chromosome 
segregation, and in mitosis to repair DNA damage 
and stalled replication forks. 

• Site-specific recombination involves specific DNA 
sequences. 

• Recombination systems have been adapted for 
experimental use. 

Homologous recombination is an essential cel
lular process required for generating genetic 
diversity, ensuring proper chromosome seg
regation, and repairing certain types of DNA 
damage. Evolution could not happen without 
genetic recombination. If it were not possible 
to exchange material between (homologous) 
chromosomes, the content of each individual 
chromosome would be irretrievably fixed in its 
particular alleles. When mutations occurred, 
it would not be possible to separate favorable 
and unfavorable changes. The length of the tar
get for mutation damage would effectively be 
increased from the gene to the chromosome. 
Ultimately, a chromosome would accumulate 
so many deleterious mutations that it would 
fail to function. 

By shuffling the genes, recombination 
allows favorable and unfavorable mutations 
to be separated and tested as individual units 
in new assortments. It provides a means of 
escape and spreading for favorable alleles, and 
a means to eliminate an unfavorable allele 
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without bringing down all the other genes with 
which this allele is associated. This is the basis 
for natural selection. 

In addition to its role in genetic diversity, 
homologous recombination is also required 
in mitosis for repair of lesions at replication 
forks and for restarting replication that has 
stalled at these lesions. The importance of 
mitotic recombination events is highlighted 
by examples of human diseases that result 
from defects in recombination repair of DNA 
damage where altered activity of homologous 
recombination proteins is seen in some types 
of cancers. Homologous recombination is also 
essential for a process known as antigenic 
switching, which allows disease-causing para
sites called trypanosomes to evade the human 
immune system. 

Recombination occurs between pre
cisely corresponding sequences, so that not 
a single base pair is added to or lost from the 
recombinant chromosomes. Three types of 
recombination share the feature that the pro
cess involves physical exchange of material 
between duplex DNAs: 

• Recombination involving reaction 
between homologous sequences of DNA 
is called generalized or homologous 

recombination. In eukaryotes, it 
occurs at meiosis, usually both in males 
(during spermatogenesis) and females 
(during oogenesis). Recombination hap
pens at the "four strand" stage of meiosis 
and involves only two non sister strands 



of the four strands (see the chapter titled 
Genes E11code RNAs and Polypeptides) .  

• Another type of event sponsors recom
bination between specific pairs of 
sequences. This was first character
ized in prokaryotes where specialized 
recombi11ation, also known as site

specific recombination, is responsible 
for the integration of phage genomes into 
the bacterial chromosome. The recombi
nation event involves specific sequences 
of the phage DNA and bacterial DNA, 
which include a short stretch of homol
ogy. The enzymes involved in this event 
act only on the particular pair of target 
sequences in an intermolecular reaction. 
Some related intramolecular reactions 
are responsible during bacterial divi
sion for regenerating two monomeric 
circular chromosomes when a dimer has 
been generated by generalized recom
bination. This latter class also includes 
recombination events that invert specific 
regions of the bacterial chromosome. 

• In special circumstances, gene rear
rangement is used to control expression. 
Rearrangement may create new genes, 
which are needed for expression in par
ticular circumstances, as in the case of 
the immunoglobulins. This example of 
somatic recombination is discussed 
in the chapter titled Somatic Recombina
tion and Hypermutation in the Immu11e 
System. Recombination events also may 
be responsible for switching expression 
from one preexisting gene to another, 
as in the example of yeast mating type, 
where the sequence at an active locus 
can be replaced by a sequence from a 
silent locus. Rearrangements are also 
required to control expression of surface 
antigens in the parasites known as try
panosomes, in which silent alleles of 
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FIGURE 15.1 No crossing over between the A and B genes gives rise to only 
nonrecombinant gametes. Crossing over between the A and B genes gives rise to 
the recombinant gametes Ab and aB and the nonrecombinant gametes AB and a b. 

surface antigen genes are duplicated into 
active expression sites. Some of these 
types of rearrangement share mechanis
tic similarities with transposition; in fact, 
they can be viewed as specially directed 
cases of transposition. 

Let's consider the nature and consequences 
of the generalized and specialized recombina
tion reactions. FIGURE 15.1 demonstrates that 
generalized recombination occurs between two 
homologous DNA duplexes and can occur at 
any point along their length. The crossover is 
the point at which each becomes joined to the 
other. There is no change in the overall orga
nization of DNA; the products have the same 
structure as the parents, and both parents and 
products are homologous. 

Specialized recombination occurs only 
between specific sites. The results depend on 
the locations of the two recombining sites. 
FIGURE 15.2 shows that an intermolecular 

y 

FIGURE 15.2 Site-specific recombination occurs between the circular and linear DNAs at 
the boxed region {A). Integration results in an insertion of the A and B sequences between 
the X and Y sequences {B). The reaction is promoted by integrase enzymes. Reversal of the 
reaction results in a precise excision of the A and B sequences. Adapted from B. Alberts, et al. 
Molecular Biology of the Cell, Fourth edition. Garland Science, 2002. 
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recombination between a circular DNA and 
a linear DNA inserts the circular DNA into 
the linear DNA. Specialized recombination is 
often used to make changes such as this in the 
organization of DNA. The change in organiza
tion is a consequence of the locations of the 
recombining sites. We have a large amount of 
information about the enzymes that undertake 
specialized recombination, which are related 
to the topoisomerases that act to change the 
supercoiling of DNA in space (see the chapter 
titled Geues Are DNA}.  

H o m o logous 
Recombination Occurs 
Between Synapsed 
Chromosomes in Meiosis 

Key concepts 

• Chromosomes must synapse (pair) in order for 
chiasmata to form where crossing over occurs. 

• The stages of meiosis can be correlated with the 
molecular events at the DNA level. 

Homologous recombination is a reaction 
between two duplexes of DNA. Its critical 
feature is that the enzymes responsible can 
use any pair of homologous sequences as 
substrates (although some types of sequences 
may be favored over others). In fact, in most 
species a crossover event is required for accu
rate separation of homologs at the first mei
otic division, thus there is usually at least one 
crossover per homologous chromosome pair. 
The frequency of recombination is not con
stant throughout the genome, but is influ
enced by both global and local effects, and 
both recombination hotspots and coldspots 
can be identified. The short region of homol
ogy between the mammalian X and Y cluo
mosomes (the "pseudoautosomal" region) is 
the only available region of crossover between 
the X and Y, and thus is  subject to l O X  higher 
rates of crossover per length than the average 
for the rest of the genome. The phenomenon 
of crossover interfereuce refers to the tendency 
(but not a rule) of a crossover event to reduce 
the likelihood of another crossover nearby. 
Crossovers are also rare in or near centro
meres, are uncommon near telomeres in some 
species, and are generally suppressed in het
erochromatic regions. Certain histone modi
fications can also influence recombination 
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both positively and negatively. The overall 
frequency of recombination may be differ
ent in oocytes and in sperm; recombination 
occurs twice as frequently in female as in male 
humans. 

Recombination occurs during the pro
tracted prophase of meiosis. nGURE 15.3 shows 
the visible progress of chromosomes through 
the five stages of meiotic prophase. Studies 
in yeast have shown that all of the molecular 
events of homologous recombination are fin
ished by late pachytene. 

Progress through meiosis 

Leptotene 
Condensed 
chromosomes 
become visible, often 
attached to nuclear 
envelope 

Zygotene 
Chromosomes begin 
pairing in limited 
region(s) 

Pachytene 
Synaptonemal 
complex extends 
along entire length of 
paired chromosomes 

Diplotene 
Chromosomes 
separate, but are 
held together by 
chiasmata 

Diakinesis 
Chromosomes 
condense, detach 
from envelope; 
chiasmata remain. 
All four chromatids 
become visible 

FIGURE 15.3 Recombination occurs during the first mei
otic prophase. The stages of prophase are defined by the 
appearance of the chromosomes, each of which consists of 
two replicas (sister chromatids), although the duplicated 
state becomes visible only at the end_ 



The beginning of meiosis is  marked by 
the point at which individual chromosomes 
become visible. Each of these chromosomes 
has replicated previously and consists of two 
sister chromatids, each of which contains a 
duplex DNA. The homologous chromosomes 
approach one another and begin to pair in one 
or more regions, forming bivalents. Pairing 
extends until the entire length of each chromo
some is apposed with its homolog. The process 
is called synapsis or chromosome pairing. 

When the process is completed, the chromo
somes are laterally assodated in the form of a 
synaptonemal comp lex, which has a char
acteristic structure in each species, although 
there is wide variation in the details between 
spec1es. 

Recombination between chromosomes 
involves a physical exchange of parts (achieved 
through a double-strand break on one chroma
tid to initiate recombination), formation of a 
joint molecule between the chromatids, and 
resolution to break the joint and form intact 
chromatids that have new genetic information. 
When the chromosomes begin to separate, they 
can be seen to be held together at discrete sites 
called chiasmata. The number and distribu
tion of chiasmata parallel the features of genetic 
crossing over. Traditional analysis holds that 
a chiasma represents the crossing-over event. 
The chiasmata remain visible when the cluo
mosomes condense and all four chromatids 
become evident. 

What i s  the molecular basis for these 
events? Each sister chromatid contains a sin
gle DNA duplex, so each bivalent contains four 
duplex molecules of DNA. Recombination 
requires a mechanism that allows the duplex 
DNA of one sister chromatid to interact with 
the duplex DNA of a sister chromatid from the 
other chromosome. It must be possible for this 
reaction to occur between any pair of corre
sponding sequences in the two molecules in a 
highly spedfic manner that allows material to  
be exchanged with predsion at the level of the 
individual base pair. 

We know of only one mechanism for 
nucleic acids to recognize one another on the 
basis of sequence: complementarity between 
single strands. If (at least) one strand displaces 
the corresponding strand in the other duplex, 
the two duplex molecules will be specifically 
connected at corresponding sequences. If the 
strand exchange is extended, there can be more 
extensive connection between the duplexes. 

1111 Double-Strand Breaks 
In itiate Recombination 

Key concepts 

• The double-strand break repair (DSBR) model of 
recombination is initiated by making a double
strand break in one (recipient) DNA duplex and 
is relevant for meiotic and mitotic homologous 
recombination. 

• Exonuclease action generates 3 '-single-stranded 
ends that invade the other (donor) duplex. 

• When a single strand from one duplex displaces 
its counterpart in the other duplex, it creates a 
branched structure called a D-loop. 

• Strand exchange generates a stretch of 
heterodu plex DNA consisting of one strand from 
each parent. 

• New DNA synthesis replaces the material that has 
been degraded . 

• Capture of the second DSB end by annealing 
generates a recombinant joint molecule in 
which the two DNA duplexes are connected by 
heteroduplex DNA and two Holliday junctions. 

• The joint molecule is resolved into two separate 
duplex molecules by nicking two of the 
connecting strands. 

• Whether recombinants are formed depends on 
if the strands involved in the original exchange 
or the other pair of strands are nicked during 
resolution. 

Genetic exchange is initiated by a double

strand break (DSB). The double-straud break 
repair (DSBR) model is illustrated in FIGURE 15.4. 
Recombination is initiated by an endonuclease 
that cleaves one of the partner DNA duplexes, 
the Hrecipient." In meiosis this is performed 
by the Spo 1 1  protein, which is related to DNA 
topoisomerases (FIGURE 15.5). DNA topoisom
erases are enzymes that catalyze changes in the 
topology of DNA by transiently breaking one 
or both strands of DNA, passing the unbroken 
strand (s) through the gap, and then resealing 
the gap. The ends that are generated by the 
break are never free, but instead are manip
ulated exclusively within the confines of the 
enzyme-in fact, they are covalently linked to 
the enzyme. Spa l l  undergoes a similar cova
lent attachment when it forms DSBs during 

. . 
meiOSIS. 

In mitotic cells DSBs form spontaneously as 
a result of DNA damage or through the action 
of speci fie processes that are programmed to 
form breaks, such as V(D)J recombination or 
mating-type switching in yeast. The DSB is 
enlarged to a gap by exonuclease action. The 
exonuclease(s), which can work in concert 

15.3 Double-Strand Breaks Initiate Recombination 359 



5' :=== 3' 3' 5' 
3' ======= 5' 

5' 
3' f DSB resection 

3' 3' 3' 5' 5' :=:---3' 
5' 
3' 3' ======= 5' 

f Strand invasion, 
repair synthesis 

3' 3' 
�' � 5' 

5' 
5' :=:-== 
3' 

3' f Second end capture, 
synthesis and ligation 

t t 3' �� �* 5' 
5' 

t t 3' 

5' ==:t;:=�=== 
3' 
3' ==�=�== 5' 

f Resolution 

3' ======== 5' 
5' 3' DSB repair without crossing over 

or 

5' ======== 3' 3' 5' 
3' 5' 5' 3' 

DSB repair with crossing over 
FIGURE 15.4 The double-strand break repair model of 
homologous recombination. Recombination is initiated 
by a double-strand break. Following nuclease degrada
tion of the ends, called DNA resection, single-strand 
tails with 3'-0H ends are formed. Strand invasion by 
one end into homologous sequences forms a D-loop. 
Extension of the 3'-0H end by DNA synthesis enlarges 
the D-loop. Once the displaced loop can pair with the 
other side of the break, the second double-strand break 
end is captured. DNA synthesis to complete the break 
repair, followed by ligation, results in the formation of 
two Holliday junctions. Resolution at the blue arrow
heads results in a noncrossover product. Resolution of 
one Holliday junction at the blue arrowheads and the 
other Holliday junction at the red arrowheads results in 
a crossover product. 

with a DNA helicase, degrade one strand on 
either side of the break, generating 3'-single
stranded termini; this process is  known as 
5 '-end resection. One of the free 3 '  ends 
then invades a homologous region in the other 
("donor") duplex. This is called single-strand 

invasion. The formation of heteroduplex 

DNA generates a D-loop (displacement 
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5' 

Reversible cleavage � t 

Dissociation of 
complex 

Removal of Spo1 1 � followed by nuclease 
attack 

5' 

5' 

5' 
FIGURE 15.5 Spoll is covalently joined to the 5 '  ends 
of double-strand breaks. 

loop), in which one strand of the donor duplex 
is displaced. The point at which an individual 
strand of DNA crosses from one duplex to 
the other is called the recombinant joint. 

An important feature of a recombinant joint 
is its ability to move along the duplex. Such 
mobility is called branch migration. The 
D-loop is extended by repair DNA synthesis, 
using the free 3 '  end as a primer to generate 
double-stranded DNA. FIGURE 15.6 illustrates 
the migration of a single strand in a duplex. The 
branching point can migrate in either direction 
as one strand is displaced by the other. 

Branch migration is important for both 
theoretical and practical reasons. As a matter 
of principle, it confers a dynamic property on 
recombining structures. As a practical feature, 
its existence means that the point of branching 
cannot be established by examining a molecule 
in vitro (because the branch may have migrated 
since the molecule was isolated). 

Branch migration can allow the point of 
crossover in the recombination intermediate 
to move in either direction. The rate of branch 
migration is uncertain, but as seen i11 vitro, it 
is probably inadequate to support the forma
tion of extensive regions ofheteroduplex DNA 
in natural conditions. Any extensive branch 
migration in vivo must therefore be catalyzed 
by a recombination enzyme. 

Eventually the D-loop becomes large 
enough to correspond to the entire length of 



( 

lt 
/ 

lt 

FIGURE 15.6 B ranch migration can oc cur in either 
direction when an u npaired single strand displaces a 
paired strand. 

the gap on the recipient chromatid. When the 
extruded single strand reaches the far side of 
the gap, the complementary single-stranded 
sequences anneal, and the second DSB end can 
be captured. The second strand of the gap is 
filled in by repair synthesis and there is hetero
duplex DNA on either side of the gap. The gap 
itself is flanked by crossed strands or recombi
nantjoints called Holliday junctions. Overall, 
the gap has been repaired by two individual 
rounds of single-strand DNA synthesis. The 
joints must be resolved by cutting. 

If both joints are resolved in the same way, 
the original noncrossover molecules will be 
released, each with a region of altered genetic 
information that is a footprint of the exchange 
event. If the two joints are resolved in opposite 
ways, a genetic crossover is  produced. 

The involvement of DSBs at first seems 
surprising. Once a break has been made right 
across a DNA molecule, there is  no going back. 
In the DSBR model, the initial cleavage is  
immediately followed by loss of information. 
Any error in retrieving the information could 
be fatal. On the other hand, the very ability to 
retrieve lost information by resynthesizing it 
from another duplex provides a major safety 
net For the cell. 

The joint molecule formed by strand 
exchange must be resolved into two sepa
rate duplex molecules. Resolution requires 
a further pair of nicks. We can most easily 
visualize the outcome by viewing the joint mol-

ecule in one plane as a Holliday junction. This 
is illustrated in the bottom half of Figure 15.4, 
which represents the resolution reaction. The 
outcome of the reaction depends on which pair 
of strands is nicked. 

If the nicks are made in the pair of strands 
that were not originally nicked (the pair that 
did not initiate the strand exchange), all four 
of the original strands have been nicked. This 
releases crossover recombi11ant DNA molecules. 
The duplex of one DNA parent is covalently 
linked to the duplex of the other DNA parent 
via a stretch of heteroduplex DNA. 

If the same two strands involved in the 
original nicking are nicked again, the other 
two strands remain intact. The nicking releases 
the original parental duplexes, which remain 
intact with the exception that each has a resid
uum of the event in the form of a length of 
heteroduplex DNA. These are noncrossover 
products that nonetheless contain sequence 
from the donor DNA duplex and as  such are 
considered recombinant. 

What is  the minimum length of the region 
required to establish the connection between 
the recombining duplexes? .Experiments in 
which short homologous sequences carried by 
plasmids or phages are introduced into bacteria 
suggest that the rate of recombination is sub
stantially reduced if the homologous region is 
<75 bp. This distance is appreciably longer than 
the -10 bp required for association between 
complementary single-stranded regions, which 
suggests that recombination imposes demands 
beyond annealing of complements as such. 

Gene Conversion 
Accounts for Interallelic 
Recombination 

Key concepts 
• Heteroduplex DNA that is created by recombination 

can have mismatched sequences where the 
recombining alleles are not identical. 

• Repair systems may remove mismatches by 
changing one of the strands so its sequence is 
complementary to the other. 

• Mismatch repair of heteroduplex DNA generates 
nonreciprocal recombinant products called 
gene convers10ns. 

The involvement ofheteroduplex DNA explains 
the characteristics of recombination between 
alleles; indeed, allelic recombination provided 
the impetus for the development of a recom
bination model that invoked heteroduplex 
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DNA as an intermediate. When recombina
tion between alleles was discovered, the natu
ral assumption was that it takes place by the 
same mechanism of reciprocal recombination 
that applies to more distant loci. That is to say, 
both events are initiated in the same manner: 
A DSB repair event can occur within a locus 
to generate a reciprocal pair of recombinant 
chromosomes. In the close quarters of a single 
gene, however, formation and repair of hetero
duplex DNA itself is responsible for the gene 
conversion event. 

Individual recombination events can be 
studied in the ascomycetes fungi, because the 
products of a single meiosis are held together in 
a large cell called the ascus (or less commonly, 
the tetrad). Even better is that in some fungi, 
the four haploid nuclei produced by meiosis 
are arranged in a linear order. (Actually, a 
mitotic division occurs after the production of 
these four nuclei, giving a linear series of eight 
haploid nuclei . )  FIGURE 15.7 shows that each of 
these nuclei effectively represents the genetic 
character of one of the eight strands of the four 
chromosomes produced by the meiosis. 

Meiosis in a heterozygous diploid should 
generate four copies of each allele in these 
fungi. This is seen in the majority of spores. 
There are some spores, though, with abnormal 
ratios. They are explained by the formation and 
correction of heteroduplex DNA in the region 
in which the alleles differ. The figure illustrates 
a recombination event in which a length of 
hybrid DNA occurs on one of the four meiotic 

====== No recombination 

{H ybrid DNA I (Q) J I � 0 
Q 
Q l§J 

Hybrid DNA ������ 
is repaired and :: converted 

rr Q 
Q 
Q to red )lo l!J 

4:4 parental ratio 

3:5 postmeiotic 
segregation 

2:6 gene 
conversion 

FIGURE 15.7 Spore formation in the ascomycetes allows 
determination of the genetic constitution of each of the 
DNA strands involved in meiosis_ 
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chromosomes, a possible outcome of recombi
nation initiated by a DSB. 

Suppose that two alleles differ by a single 
point mutation. When a strand exchange occurs 
to generate heteroduplex DNA, the two strands 
ofthe heteroduplex will be mispaired at the site 
of mutation. Thus, each strand of DNA carries 
different genetic information. If no change is 
made in the sequence, the strands separate at 
the ensuing replication, each giving rise to a 
duplex that perpetuates its information. This 
event is called postmeiotic segregation, because 
it reflects the separation of DNA strands after 
meiosis. Its importance is that it demonstrates 
directly the existence of heteroduplex DNA in 
recombining alleles. 

Another effect is seen when examining 
recombination between alleles: The proportions 
of the alleles differ from the initial4:4 ratio. This 
effect is called gene conversion. It describes a 
nonreciprocal transfer of infonnation from one 
chromatid to another. 

Gene conversion results from exchange 
of strands between DNA molecules, and the 
change in sequence may have either of two 
causes at the molecular level, known as 
gap repair or mismatch repair: • Gap repair: As indicated by the DSBR 

model in Figure 15.4, one DNA duplex 
may act as a donor of genetic infor
mation that directly replaces the cor
responding sequences in the recipient 
duplex by a process of gap generation, 
strand exchange, and gap filling. • Mismatch repair: As part of the exchange 
process, heteroduplex DNA is  gener
ated when a single strand from one 
duplex pairs with its complement in the 
other duplex. Repair systems recognize 
mispaired bases in heteroduplex DNA, 
and then may excise and replace one of 
the strands to restore complementarity 
(see the chapter titled Repair Systems). 
Such an event converts the strand of 
DNA representing one allele into the 
sequence of the other allele. 

Gene conversion does not depend on cross
ing over, but is correlated with it. A large pro
portion of the aberrant asci show genetic recom
bination between two markers on either side 
of a site of interallelic gene conversion. This is 
exactly what would be predicted if the aberrant 
ratios result from initiation of the recombina
tion process as shown in Figure 15  .4, but with 
an approximately equal probability of resolving 
the structure with or without recombination. 



The implication is that fungal chromosomes ini
tiate crossing over about twice as often as would 
be expected from the measured frequency of 
recombination between distant genes. 

Various biases are seen when recombina
tion is examined at the molecular level. Either 
direction of gene conversion may be equally 
likely, or allele-specific effects may create a 
preference for one direction. Gradients of 
recombination may fall away from hotspots. 
We now know that recombination hotspots 
represent sites at which double-strand breaks 
are preferentially initiated, and that the gradi
ent is correlated with the extent to which the 
gap at the hotspot is enlarged and converted 
to long single-stranded ends (see the section 
in this chapter titled The Synaptonemal Complex 
Forms After Double-Strand Breaks). 

Some information about the extent of 
gene conversion is provided by the sequences 
of members of gene clusters. Usually, the prod
ucts of a recombination event will separate and 
become unavailable for analysis at the level of 
DNA sequence. When a chromosome carries 
two (nonallelic) genes that are related, though, 
they may recombine by an "unequal crossing
over" event (see the chapter titled Clusters and 
Repeats). All we need to note for now is that 
a heteroduplex may be formed between the 
two nonallelic genes. Gene conversion effec
tively converts one of the nonallelic genes to 
the sequence of the other. 

The presence of more than one gene copy 
on the same chromosome provides a footprint 
to trace these events. For example, if hetero
duplex formation and gene conversion occurred 
over part of one gene, this part may have a 
sequence identical with, or very closely related 
to, the other gene, whereas the remaining part 
shows more divergence. Available sequences 
suggest that gene conversion events may 
extend for considerable distances, up to a few 
thousand bases. 

Ill The Synthesis-Dependent 
Strand-Annealing Model 

Key concept 

• The synthesis-dependent strand-annealing (SDSA} 
model is relevant for mitotic recombination as it 
produces gene conversions from double-strand 
breaks without associated crossovers. 

The double-strand break repair model accounts 
for meiotic homologous recombination that 
gives crossover products, but cannot explain 

all homologous recombination as mitotic gene 
conversions are typically not accompanied by 
crossing over. The synthesis-depmdwt strand
allnealillg (SDSA) model serves as a better 
model for what occurs during mitotic homolo
gous recombination in which DSB repair events 
and gene conversion are not associated with 
crossing over. Studies of the double-strand 
break that occurs during mating-type switching 
events in yeast (discussed later in this chapter) 
lead to the development of SDSA as a model 
for mitotic recombination. 

The synthesis-dependent strand-annealing 
pathway, shown in FIGURE 15.8, is initiated in 
a mechanism similar to the DSBR model in 
that DSBs are processed by 5 '  -end resection. 
Following strand invasion and DNA synthesis, 
the second end is not captured as it is in the 
double-strand break repair model. In the SDSA 
pathway, the invading strand, which contains 

5' 

====

3' 3' 5' 3' ========= 5' 5' 3' t DSB resection 

5' ===--3·--== 3' 3' 3' 5' 3' 5' 5' 3' I Strand invasion, t repair synthesis 

5' ==:--3' -== 3' 3' ,.. 5' 3' ::::::'�3E·::::::�)f�:::::: 5' 5' 3' 
5' 3' 

t Strand displacement 

3' 3' 5' 3' ========= 5' 5' 3' I Strand annealing, t synthesis and ligation 

5'

:
===

===

= 
3' 3' 5' 3' ======== 5' 5' 3' DSB repair without crossing over 

FIGURE 15.8 The synthesis-dependent strand-annealing 
model of homologous recombination. Recombination is 
initiated by a double-strand break and is followed by end 
processing to form single-strand tails with 3'-0H ends. 
Strand invasion and DNA synthesis repairs on a strand of 
the break. Instead of second-strand capture as depicted 
in Figure 15.4, the strand in the 0-loop is displaced. The 
single strand can anneal with the single strand of the 
other end. Repair synthesis then completes the double
strand break repair process. No Holliday junction is formed 
and the product is always noncrossover. 
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newly synthesized DNA identical in sequence 
to the strand it displaced, is itself displaced. 
Following displacement, the invading strand 
reanneals with the other end of the double
strand break. This is followed by synthesis and 
ligation to repair the double-strand break. In 
this model, the break is repaired using the 
homologous sequence as a template but does 
not involve crossing over. This feature of the 
synthesis-dependent strand -annealing model 
makes it suitable for mitotic gene conversions 
for which there is no associated crossing over. 
The synthesis-dependent strand-annealing 
pathway is also responsible for recombination 
without crossover in the first phase of meiosis 
(discussed in the section in this chapter titled 
The Sy11aptonemal Complex Forms after Double
Strand Breaks) . 

llD The Single-Strand 
Annealing Mechanism 
Functions at Some 
Double-Strand Breaks 

Key concepts 

• Single-strand annealing (SSA) occurs at double
strand breaks between direct repeats. 

• Resection of double-strand break ends results in 
3 '  -single-stranded tails_ 

• Complementarity between the repeats allows for 
annealing of the single strands. 

• The sequence between the direct repeats is 
deleted after SSA is completed. 

There are some homologous recombination 
events to repair double-strand breaks that 
are not dependent on strand invasion, D-loop 
formation, or the proteins that promote these 
processes. In order to account for these recom
bination events, which typically take place 
between direct repeats (repeat sequences that 
are oriented in the same direction}, a model 
has been devised in which homology between 
single-strand overhangs is used to direct recom
bination, shown in FIGURE 15.9 . When a dou
ble-strand break occurs between two direct 
repeats, the ends are resected to give single 
strands. When resection proceeds to the repeat 
sequences such that the 3 '-single-strand tails 
are homologous, the single strands can anneal. 
Processing and ligation of the 3'  ends then seals 
the double-strand break. As shown in Figure 
1 5 .  9, this resection, followed by annealing, 
eliminates the sequence between the two direct 
repeats and leaves only one copy of the repeated 
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� DSB resection 
---+--

3' 3'--+---� Annealing 

3' �� 

I Processing of 3' tails, t ligation 

FIGURE 15.9 The single-strand annealing model of 
homologous recombination_ A double-strand break 
occurs between direct repeats, depicted as red arrows. 
Following end processing to form single-strand tails with 
3'-0H ends, the single strands anneal by homology at 
the red arrows. The single-strand tails are removed by 
endonucleases that recognize branch structures_ The end 
product is double-strand break repair with a deletion 
of the sequences between the repeats and loss of one 
repeat sequence_ 

sequence. There are types of human disease 
that arise from loss of sequence between direct 
repeats, presumably through a single-strand 
annealing (SSA) mechanism. These diseases 
include insulin-dependent diabetes, Fabry dis
ease, and a-thalassemia. 

Break-Induced 
Replication Can Repair 
Double-Strand Breaks 

Key concepts 

• Break-induced replication (BIR} is initiated by a 
one-ended double-strand break_ 

• BIR at repeated sequences can result in 
translocations. 

We saw in the previous section that double
strand breaks between direct repeats can induce 
the single-strand annealing mechanism. There 
are other types of repeat sequences at which 
double-strand breaks induce a repair mecha
nism known as break-induced replicatio11 (BIR). 



During DNA replication, certain sequences 
termed fragile sites are particularly susceptible to 
double-strand break formation. They often con
tain repeat sequences related to those found in 
transposable elements (discussed in the chap
ter titled Transposable Elements and Retroviruses) 
and are located throughout the genome. Fragile 
sites are prone to breakage during DNA repli
cation, creating a double-strand break at the 
site of replication. BIR can initiate repair from 
these DSBs by using the homologous sequence 
from a repeat on a nonhomologous chromo
some, creating a nonreciprocal translocation, 
as seen in FIGURE 15.10. 

The mechanism of BIR involves resec
tion of the double-strand break end to leave 
a 3'-0H single-strand overhang, which can 
then undergo strand invasion at a homologous 
sequence, shown in FIGURE 15.11. The invad
ing strand causes the formation of a D-loop 
that can be thought of as a replication bubble. 
The invading strand is then extended using the 
donor DNA as template for replication. When 
the invading strand is displaced, it can then act 
as a single-stranded template on which syn
thesis can be primed to create double-stranded 
DNA. The template strand is used until rep
lication reaches the end of the chromosome; 
as a result, gene conversions from BIR events 
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DNA break at a 
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• Repair by SIR using 

a nonhomologous 
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FIGURE 15.10 Break-induced replication can result in 
nonreciprocal translocations. A DNA break on the red 
chromosome results in loss of the chromosome end and 
a break with only one end. The end is repaired by recom
bination, using a homologous sequence found on a dif
ferent chromosome, here the blue chromosome. Because 
there is only one end at the broken chromosome, repair 
occurs by copying the blue chromosome sequence to the 
end. This results in a translocation of some of the blue 
chromosome sequence to the red chromosome. 
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FIGURE 15.11 Possible mechanisms of break-induced 
replication. Strand invasion into homologous sequences 
by a single-strand tail with a 3 '-OH end forms a D-loop. In 
(A), synthesis results in a single-strand region that is later 
converted into duplex DNA. In (B), a single replication 
fork is formed that moves in one direction to the end of 
the template sequence. Resolution of the Holliday junc
tion results in newly synthesized DNA on both molecules. 
In (C), the Holliday junction branch migrates to result 
in newly synthesized DNA only on the broken strand, as 
in (A). (D) Shows the final products after resolution. 
Adapted from M.  J. McEachern and J. E. Haber, Annu. 
Rev. Biochem. 75 (2006): 111-135. 

can be hundreds of kilobases long. Addition
ally, chromosome translocations can occur 
from this process if the homology used during 
strand invasion is a result of repeat sequences 
present at various sites in the genome. Template 
switching that occurs during break-induced 
replication can result in some of the complex 
chromosomal rearrangements that are seen in 
tumor cells. 

Recombining Meiotic 
Chromosomes Are 
Connected by the 
Synaptonemal Com plex 

Key concepts 

• During the early part of meiosis, homologous chro
mosomes are paired in the synaptonemal complex. 

• The mass of chromatin of each homolog is sepa
rated from the other by a proteinaceous complex. 
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A basic paradox in recombination is that the 
parental chromosomes never seem to be in 
close enough contact for recombination of DNA 
to occur. The chromosomes enter meiosis in the 
fonn ofreplicated (sister chromatid) pairs, which 
are visible as a mass of chromatin. They pair to 
fonn the synaptonemal complex, and it has been 
asstm1ed for many years that this represents some 
stage involved with recombination-possibly 
a necessary preliminary to exchange of DNA. 
A more recent view is that the synaptonemal 
complex is a consequence rather than a cause of 
recombination, but we have yet to define how the 
structure of the synaptonemal complex relates to 
molecular contacts between DNA molecules. 

Synapsis begins when each chromosome 
(sister chromatid pair) condenses around 
a proteinaceous structure called the axial 

element. The axial elements of correspond
ing chromosomes then become aligned, and 
the synaptonemal complex forms as a tripartite 
structure, in which the axial elements, now 
called lateral elements, are separated from 
each other by a central element. FIGURE 15.12 
shows an exan1ple. 

Each chromosome at this stage appears as 
a mass of chromatin bounded by a lateral ele
ment. The two lateral elements are separated 
from each other by a fine, but dense, central 
element. The triplet of parallel dense strands lies 
in a single plane that curves and twists along 
its axis. The distance between the homologous 
chromosomes is  considerable in molecular 
terms, at more than 200 nm (the diameter 
of DNA is 2 nm). Thus, a major problem in 
understanding the role of the complex is that, 
although it aligns homologous chromosomes, 

FIGURE 15.12 The synaptonemal complex brings chromosomes 
into juxtaposition. Reproduced from D. von Wettstein. Proc. Natl. 
Acad. Sci. USA 68 (1971): 851-855. Photo courtesy of Diter von 
Wettstein, Washington State University. 
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it is far from bringing homologous DNA mol
ecules into contact. 

The only visible link between the two sides 
of the synaptonemal complex is provided by 
spherical or cylindrical structures observed 
in fungi and insects. They lie across the com
plex and are called nodes or recombination 

nodules; they occur with the same frequency 
and distribution as the chiasmata. Their name 
reflects the possibility that they may prove to 
be the sites of recombination. 

From mutations that affect synaptonemal 
complex formation, we can relate the types 
of proteins that are involved to its structure. 
FIGURE 15.13 presents a molecular view of the 
synaptonemal complex. Its distinctive struc
tural features are due to two groups of proteins: 

• The cohesins form a single linear axis 
for each pair of sister chromatids from 
which loops of chromatin extend. Tllis 
is equivalent to the lateral element of 
Figure 1 5  .12. (The cohesins belong to 
a general group of proteins involved in 
connecting sister chromatids so that they 
segregate properly at nlitosis or meiosis; 
they are discussed further in the chapter 
titled Epige11etic Effects Are l11herited.) 

• The lateral elements are connected by 
transverse filaments that are equivalent 
to the central element of Figure 15.12.  
These are formed from Zip proteins. 

Mutations in proteins that are needed for 
lateral elements to form are found in the genes 
coding for cohesins. The cohesins that are used 
in meiosis include Smc3 (which is also used in 
mitosis) and Rec8 (which is specific to meiosis 
and is related to the rnitotic cohesin Sccl).  The 
cohesins appear to bind to specific sites along 
the chromosomes in both mitosis and meiosis. 
They are likely to play a sm1ctural role in chro
mosome segregation. At meiosis, the formation 
of tJ1e lateral elements may be necessary for the 
later stages ofrecombination, because although 
these mutations do not prevent the formation 
of double-strand breaks, they do block forma
tion of recombinants. 

The zipl mutatjon aUows lateral elements 
to form and to become aligned, but they do 
not become closely synapsed. The N-termiual 
domain of the Zip1 protein is localized in the 
central element, but the C-temlinaJ domain 
is localized in the lateral elements. Two other 
proteins, Zip2 and Zip3, are also localized with 
Zip l .  The group of Zip proteins forms transverse 
filaments that connect the lateral elements of 
the sister chromatid pairs. 
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FIGURE 15.13 Each pair of sister chromatids has an axis made 
of cohesins. Loops of chromatin project from the axis. The 
synaptonemal complex is formed by linking together the 
axes via Zip proteins. 

The Synaptonemal 
Complex Forms After 
Double-Strand Breaks 

Key concepts 
• Double-strand breaks that initiate recombination 

occur before the synaptonemal complex forms. 

• If recombination is blocked, the synaptonemal 
complex cannot form. 

• Meiotic recombination involves two phases: one 
that results in gene conversion without crossover, 
and one that results in crossover products. 

There is good evidence in yeast that double
strand breaks initiate recombination in both 
homologous and site-specific recombination. 
Double-strand breaks were initially impli
cated in the change of mating type, which 
involves the replacement of one sequence by 
another (see the section in this chapter titled 
Unidirecti01zal Gme Co11versio11 Is Initiated by the 
Recipient MAT Locus) .  Double-strand breaks 
also occur early in meiosis at sites that provide 
hotspots for recombination. Their locations are 
not sequence specific. They tend to occur in 
promoter regions and in general to coincide 
with more accessible regions of chromatin. The 
frequency of recombination declines in a gra
dient on one or both sides of the hotspot. The 
hotspot identifies the site at which recombina
tion is initiated, and the gradient reflects the 
probability that the recombination events will 
spread from it. 

We may now interpret the role of double
strand breaks in molecular terms. The blunt 

ends created by the double-strand break are 
rapidly converted on both sides into long 3 '
single-stranded ends, as shown in the model 
of Figure 15.4. A yeast mutation (rad50) that 
blocks the conversion of the blunt end into the 
single-stranded protrusion is defective in recom
bination. This suggests that double-strand breaks 
are necessary for recombination. The gradient is 
determined by the declining probability that a 
single-stranded region will be generated as dis
tance increases from the site of the DSB. 

ln rad50 mutants, the 5' ends ofthe double
strand breaks are connected to the protein 
Spo 1 1 ,  which, as discussed previously, is 
homologous to the catalytic subunits of a fam
ily oftype II topoisomerases. This suggests that 
Spo i l  may be a topoisomerase-like enzyme 
that generates the double-strand breaks. Recall 
the model for this reaction shown in Figure 
1 5 . 5, which suggests that Spo i l  interacts 
reversibly with DNA; the break is converted 
into a permanent structure by an interaction 
with another protein that dissociates the Spo 1 1  
complex. Removal of Spo 1 1  is then followed by 
nuclease action. At least nine other proteins are 
required to process the double-strand breaks. 
One group of proteins is required to convert 
the double-strand breaks into protruding 3'-
0H single-stranded ends. Another group then 
enables the single-stranded ends to invade 
homologous duplex DNA. 

The correlation between recombination 
and synaptonemal complex formation is well 
established in most species, and recent work 
has shown that all mutations that abolish cluo
mosome pairing in Drosophila or in yeast also 
prevent recombination (a few species appear 
to lack this strict dependence, however). 
The system for generating the double-strand 
breaks that initiate recombination is gener
ally conserved. Spo 1 1  homo logs have been 
identified in several higher eukaryotes, and a 
mutation in the Drosophila gene blocks all mei
otic recombination. 

There are few systems in which it is possible 
to compare molecular and cytological events 
at recombination, but recently there has been 
progress in analyzing meiosis in Saccharomyces 
cerevisiae. The relative timing of events is sum
marized in FIGURE 15.14. 

Double-strand breaks appear and then dis
appear over a 60-minute period. The first joint 
molecules, which are putative recombination 
intermediates, appear soon after the DSBs 
disappear. The sequence of events suggests that 
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FIGURE 15.14 Double-strand breaks appear when axial elements form and disappear during 
the extension of synaptonemal complexes. Joint molecules appear and persist until DNA 
recombinants are detected at the end of pachytene. 

double-strand breaks, individual pairing reactions, 
and formation of recombinant structures occur in 
succession at the same chromosomal site. 

Double-strand breaks appear during the 
period when axial elements form. They disap
pear during the conversion of the paired cluo
mosomes into synaptonemal complexes. This 
relative timing of events suggests that formation 
of the synaptonemal complex results from the 
initiation of recombination via the introduction 
of double-strand breaks and their conversion into 
later intermediates of recombination. This idea 
is supported by the observation that the rad50 
mutant cannot convert axial elements into syn
aptonemal complexes. This refutes the traditional 
view of meiosis that the synaptonemal complex 
represents the need for chromosome pairing to 
precede the molecular events of recombination. 

It has been difficult to determine whether 
recombination occurs at the stage of synap
sis, because recombination is assessed by the 
appearance of recombinants after the comple
tion of meiosis. By assessing the appearance 
of recombinants in yeast directly in terms of 
the production of DNA molecules containing 
diagnostic restriction sites, though, it has been 
possible to show that recombinants appear at 
the end of pachytene. This clearly places the 
completion of the recombination event after 
the formation of synaptonemal complexes. 

Thus, the synaptonemal complex forms 
after the double-strand breaks that initiate 
recombination, and it persists until the for
mation of recombinant molecules. It does not 
appear to be necessary for recombination as 
such, because some mutants that lack a normal 
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synaptonemal complex can generate recombi
nants. Mutations that abolish recombination, 
however, also fail to develop a synaptone
mal complex. This suggests that the synap
tonemal complex forms as a consequence of 
recombination, following chromosome pairing, 
and is required for later stages of meiosis. 

The double-strand break repair model pro
poses that resolution of Holliday junctions gives 
rise to either noncrossover products (with a 
residual stretch of hybrid DNA) or to crossovers 
(recombinants), depending on which strands are 
involved in resolution (see Figure 15.4). Recent 
measurements of the times of production of non
crossover and crossover molecules, however, 
suggest that this may not be true. Crossovers do 
not appear until well aft.er the first appearance of 
joint molecules, whereas non crossovers appear 
almost simultaneously with the joint molecules 
(see Figure 15  .14). The appearance of these two 
types of products corresponds to what is consid
ered two independent phases of meiotic recom
bination. 1n the first phase, double-strand breaks 
are repaired through a synthesis-dependent 
strand-annealing reaction, whereas in the 
second phase, the double-strand break repair 
pathway is predominant and results largely in 
crossover products. The molecular outcomes 
of these phases are illustrated in FIGURE 15.15. 
If both types of product were produced by the 
same resolution process, however, we would 
expect them to appear at the same time. The dis
crepancy in timing suggests that crossovers are 
produced as previously thought-by resolution 
ofj oint molecules-but that there may be some 
other route for the production of non crossovers. 
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FIGURE 15.15 Model of meiotic homologous recombination. A DNA duplex {A) is cleaved by 
Spo11 to form a double-strand break with Spo11 covalently attached to the ends {B). After 
Spoll is removed the ends are resected by the MRX/N complex to give single-strand tails 
with 3 '-OH ends, which are complexed with Rad51 and Dmc1. Strand exchange occurs by 
strand invasion (D and G). Second-end capture results in a double Holliday junction, which 
is resolved to form crossover products {E and F). Most of the double-strand breaks do not 
engage in a second-end capture mechanism and instead engage in a synthesis-dependent 
strand-annealing mechanism {H and I), which results in noncrossover products. Adapted 
from M. J. Neale and S. Keeney, Nature 442 {2006): 153-158. 

Pairing and Synaptonemal 
Complex Formation Are 
Independent 

complexes. Thus, recognition between homo
logs is independent of recombination or synap
tonemal complex formation. 

The specificity of association between homol
ogous chromosomes is controlled by the gene 
HOP2 in S. cerevisiae. In hop2 mutants, normal 
amounts of synaptonemal complex form at meio
sis, but the individual complexes contain nonho
mologous chromosomes. This suggests that the 
formation of synaptonemal complexes as such is 
independent of homology (and therefore cannot 
be based on any extensive comparison of DNA 
sequences). The usual role ofHop2 is to prevent 
nonhomologous chromosomes from interacting. 

Key concept 
• Mutations can occur in either chromosome pair

ing or synaptonemal complex formation without 
affecting the other process. 

We can distinguish the processes of pairing and 
synaptonemal complex formation by the effects 
of two mutations, each of which blocks one of 
the processes without affecting the other. 

The zip2 mutation allows chromosomes 
to pair, but they do not form synaptonemal 

Double-strand breaks form in the mispaired 
chromosomes in the synaptonemal complexes 
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of hop2 mutants, but they are not repaired. This 
suggests that, if formation of the synaptone
mal complex requires double-strand breaks, it 
does not require any extensive reaction ofthese 
breaks with homologous DNA. 

It is not clear what usually happens dur
ing pachytene, before DNA recombinants are 
observed. It may be that this period is occu
pied by the subsequent steps of recombina
tion, which involve the extension of strand 
exchange, DNA synthesis, and resolution. 

At the next stage of meiosis (diplotene), the 
chromosomes shed the synaptonemal complex; 
the chiasmata then become visible as points at 
which the chromosomes are connected. This has 
been presumed to indicate the occurrence of a 
genetic exchange, but the molecular nature of a 
chiasma is unknown. It is possible that it repre
sents the residuum of a completed exchange, or 
that it represents a connection between homolo
gous chromosomes where a genetic exchange 
has not yet been resolved. Later in meiosis, the 
chiasmata move toward the ends of the chromo
somes. This flexibility suggests that they repre
sent some remnant of the recombination event 
rather than providing the actual intermediate. 

Recombination events occur at discrete 
points on meiotic chromosomes, but we can
not a yet correlate their occurrences with the 
discrete structures that have been observed; 
that is, recombination nodules and chiasmata. 
Insights into the molecular basis for the for
mation of discontinuous structures, however, 
are provided by the identification of proteins 
involved in yeast recombination that can be 
localized to discrete sites. These include Msh4 
(which is homologous to bacterial proteins 
involved in mismatch repair) and Dmcl and 
Rad51 (which are homo logs of the E. coli RecA 
protein). The exact roles of these proteins in 
recombination remain to be established. 

Recombination events are subject to a gen
era) control. Only a minority of interactions 
actually mature as crossovers, but these are dis
tributed in such a way that, in general, each pair 
of homologs acquires only one to two cross
overs, yet the probability of zero crossovers for a 
homologous pair is very low ( <0.1%). This pro
cess is probably the result of a single crossover 
control, because the non randomness of cross
overs is generally disrupted in certain mutants. 
Furthermore, the occurrence ofrecombination 
is necessary for progress through meiosis, and 
a "checkpoint" system exists to block meio
sis if recombination has not occurred. (The 
block is lifted when recombination has been 
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successfully completed; this system provides a 
safeguard to ensure that cells do not try to seg
regate their chromosomes until recombination 
has occurred.) 

The Bacterial RecBCD 
System Is Stimulated by 
chi Sequen ces 

Key concepts 
• The RecBCD complex has nuclease and helicase 

activities. 

• RecBCD binds to DNA downstream of a chi 
sequence, unwinds the duplex, and degrades one 
strand from 3'-5' as it moves to the chi site. 

• The chi site triggers loss of the ReeD subunit and 
nuclease activity. 

The nature of the events involved in exchange 
of sequences between DNA molecules was first 
described in bacterial systems. Here the recog
nition reaction is part and parcel of the recom
bination mechanism and involves restricted 
regions of DNA molecules rather than intact 
chromosomes. The general order of molecu
lar events is similar, though: A single strand 
from a broken molecule interacts with a partner 
duplex, the region of pairing is extended, and 
an endonuclease resolves the partner duplexes. 
Enzymes involved in each stage are known, 
although they probably represent only some 
of the components required for recombination. 

Bacterial enzymes implicated in recombina
tion have been identified by the occurrence of 
rec mutations in their genes. The phenotype 
of rec mutants is the inability to undertake 
generalized recombination. Some 10 to 20 loci 
have been identified. 

Bacteria do not usually exchange large 
amounts of duplex DNA, but there may be vari
ous routes to initiate recombination in prokary
otes. In some cases, DNA may be available with 
free single-stranded 3'  ends: DNA may be pro
vided in single-stranded form (as in conjugation; 
see the chapter titled Extrachromosomal Replico11s), 
single-stranded gaps may be generated by irradia
tion damage, or single-stranded tails may be gen
era ted by phage genomes undergoing replication 
by a rolling circle. In circumstances involving two 
duplex molecules (as in recombination at meiosis 
in eukaryotes), however, single-stranded regions 
and 3'  ends must be generated. 

One mechanism for generating suitable 
ends has been discovered as a result of the 
existence of certain hotspots that stimulate 



recombination. These hotspots, which were dis
covered in phage lambda in the form of mutants 
called chi, have single base-pair changes that 
create sequences that stimulate recombination. 
These sites lead us to the role of other proteins 
involved in recombination. 

These sites share a constant nonsymmetri 
cal sequence of 8 bp: 

5 '  GCTGGTGG 3'  
3 '  CGACCACC 5 '  

The chi sequence occurs naturally in E. coli DNA 
about once every 5 to 10 kb. Its absence from 
wild-type lambda DNA, and also from other 
genetic elements, shows that it is not essential 
for recombination. 

A chi sequence stimulates recombination in 
its general vicinity, within about a distance of 
up to 10 kb from the site. A chi site can be acti
vated by a double-strand break made several kb 
away on one particular side (to the right of the 
sequence shown). This dependence on orienta
tion suggests that the recombination apparatus 
must associate with DNA at a broken end, and 
then can move along the duplex only in one 
direction. 

chi sites are targets for the action of an 
enzyme encoded by the genes recBCD. This 
complex possesses several activities: It i s  a 
potent nuclease that degrades DNA (originally 
identified as the activity exonuclease V); it has 
helicase activities that can unwind duplex DNA 
in the presence of a single-strand binding pro
tein (SSB); and it has ATPase activity . Its role 
in recombination may be to provide a single
stranded region with a free 3'  end. 

FIGURE 15.16 shows how these reactions are 
coordinated on a substrate DNA that has a chi 
site. RecBCD binds to DNA at a double-stranded 
end. Two of its subunits have helicase activities: 
ReeD functions with 5'-3' polarity, and RecB 
functions with 3'-5' polarity. Translocation 
along DNA and unwinding the double helix is 
initially driven by the ReeD subunit. As RecBCD 
advances, it degrades the released single strand 
with the 3'  end. When it reaches the chi site, 
it recognizes the top strand of the chi site in 
single-stranded form. This causes the enzyme 
to pause. It then cleaves the top strand of the 
DNA at a position between four and six bases 
to the right of chi. Recognition of the chi site 
causes the ReeD subunit to dissociate or become 
inactivated, at which point the enzyme loses 
its nuclease activity. It continues, however, 
to function as a helicase-now using only the 
RecB subunit to drive translocation-at about 
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half the previous speed. The overall result of 
this interaction is to generate single-stranded 
DNA with a 3' end at the chi sequence. This is 
a substrate for recombination. 

Strand-Transfer Protei ns 
Catalyze Single-Strand 
Assi milation 

Key concept 
• RecA forms filaments with single-stranded or 

duplex DNA and catalyzes the ability of a single
stranded DNA with a free 3 '  end to displace its 
counterpart in a DNA duplex_ 

The E. coli protein RecA was the first example 
to be discovered of a DNA strand-transfer pro
tein. It is the paradigm for a group that includes 
several other bacterial and archaeal proteins, 
as well as eukaryotic Rad51 and the meiotic 
protein Dmcl (both discussed in detail in the 
section in this chapter titled Eukaryotic Genes 
illvolved i11 Homologous Recombi11atiOTt). Analysis 
of yeast rad5I mutants shows that this class of 
protein plays a central role in recombination. 
They accumulate double-strand breaks and 
fail to form normal synaptonemal complexes. 
This reinforces the idea that exchange of strands 
between DNA duplexes is involved in formation 
of the synaptonemal complex, and raises the 
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possibility that chromosome synapsis is related 
to the bacterial strand assimilation reaction. 

RecA in bacteria has two quite different 
types of activity: It can stimulate protease activ
ity in the SOS response (see the chapter titled 
Repair Systems), and can promote base pairing 
between a single strand of DNA and its comple
ment in a duplex molecule. Both activities are 
activated by single-stranded DNA in the pres
ence of ATP. 

The DNA-handling activity ofRecA enables 
a single strand to displace its homolog in a 
duplex in a reaction that is called single-strand 
assimilation (or single-strand invasion). The 
displacement reaction can occur between DNA 
molecules in several configurations and has 
three general conditions: • One of the DNA molecules must have 

a single-stranded region. • One of the molecules must have a free 
3'  end. • The single-stranded region and the 31  
end must be located within a region 
that is  complementary between the 
molecules. 

The reaction is illustrated in FIGURE 15.17 . 
When a linear single strand invades a duplex, it 
displaces the original partner to its complement. 
The reaction can be followed most easily by 
making either the donor or recipient a circular 
molecule. The reaction proceeds 5 1-3' along 
the strand whose partner is  being displaced 
and replaced; that is, the reaction involves 
an exchange in which (at least) one of the 
exchanging strands has a free 3'  end. 

Single-strand assimilation is potentially 
related to the initiation of recombination. All 
models call for an intermediate in which one or 

both single strands cross over from one duplex 
to the other (see Figure 15  .4). RecA could cat a
lyze this stage of the reaction. In the bacterial 
context, RecA acts on substrates generated by 
RecBCD. RecBCD-mediated unwinding and 
cleavage can be used to generate ends that ini
tiate the formation of heteroduplex joints. RecA 
can take the single strand with the 3'  end that is 
released when RecBCD cuts at chi, and can use 
it to react with a homologous duplex sequence/ 
thus creating a joint molecule. 

All of the bacterial and archaeal proteins 
in the RecA family can aggregate into long fil
aments with single-stranded or duplex DNA. 
There are six RecA monomers per turn of the 
filament, which has a helical structure with a 
deep groove that contains the DNA. The stoic hi
ometry of binding is three nucleotides (or base 
pairs) per RecA monomer. The DNA is held 
in a form that is  extended 1 . 5  times relative 
to duplex B DNA1 making a turn every 18.6 
nucleotides (or base pairs). When duplex DNA 
is bound, it contacts RecA via its minor groove/ 
leaving the major groove accessible for possible 
reaction with a second DNA molecule. 

The interaction between two DNA mol
ecules occurs within these filaments. When a 
single strand is assimilated into a duplex, the 
first step is for RecA to bind the single strand into 
a presynaptic filament. The duplex is then 
incorporated, probably forming some sort of tri
pie-stranded structure. In this system, synapsis 
precedes physical exchange of material, because 
the pairing reaction can take place even in the 
absence of free ends, when strand exchange is 
impossible. A free 3'  end is required for strand 
exchange. The reaction occurs within the fila
ment, and RecA remains bound to the strand 

FIGURE 15.17 RecA promotes the assimilation of invading single strands into duplex DNA as 
long as one of the reacting strands has a free end. 
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that was originally single, so that at the end of the 
reaction RecA is bound to the duplex molecule. 

All of the proteins in this family can pro
mote the basic process of strand exchange 
without a requirement for energy input. RecA, 
however, augments this activity by using ATP 
hydrolysis. Large amounts of ATP are hydro
lyzed during the reaction. The ATP may act 
through an allosteric effect on RecA confor
mation. When bound to ATP, the DNA-binding 
site of RecA has a high affinity for DNA; this is  
needed to bind DNA and for the pairing reac
tion. Hydrolysis of ATP converts the binding 
site to low affinity, which is needed to release 
the heteroduplex DNA. 

We can divide the reaction that RecA cat a
lyzes between single-stranded and duplex DNA 
into three phases: 

• A slow presynaptic phase in which RecA 
polymerizes on single-stranded DNA 

• A fast pairing reaction between the single
stranded DNA and irs complement in the 
duplex to produce a heteroduplex joint 

• A slow displacement of one strand from 
the duplex to produce a long region of 
heteroduplex DNA 

The presence of SSB stimulates the reac
tion by ensuring that the substrate lacks sec
ondary structure. It is not clear yet how SSB 
and RecA both can act on the same st1·etch of 
DNA. Like SSB, RecA is required in stoichio
metric amounts, which suggests that its action 
in strand assimilation involves binding coop
eratively to DNA to fom1 a structure related to 
the filament. 

When a single-stranded molecule reacts 
with a duplex DNA, the duplex molecule 
becomes unwound in the region of the recom
binantjoint. The initial region of heteroduplex 
DNA may not even lie in the conventional 
double helical form, but could consist of the 
two stTands associated side by side. A region of 
this type is called a paranemicjoint, as compared 
with the classical intertwined p/ectonemic rela
tionship of strands in a double helix, depicted 
in FIGURE 15.18. A paranemic joint is unstable; 
further progress of the reaction requires its 
conversion to the double-helical form. This 
reaction is equivalent to removing negative 
supercoils and may require an enzyme that 
solves the unwinding/rewinding problem by 
making transient breaks that allow the strands 
to rotate about each other. 

All of the reactions we have discussed so 
far represent only a part of the potential recom
bination event: the invasion of one duplex by 
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FIGURE 15.18 Formation of paranemic and plectonemic 
joints. Once homology is found, side-by-side pairing is 
formed, called paranemic pairing, which then transitions to 
plectonemic pairing where the paired DNA strands are in a 
double helix configuration. Note that these pairing stages 
involve strand invasion and D-loop formation. Adapted 
from P. R. Bianco and S. C. Kowalczykowski. Encyclopedia 
of Life Sciences. John Wiley & Sons, Ltd., 2005. 
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a single strand. Two duplex molecules can 
interact with each other under the sponsor
ship of RecA, provided that one of them has 
a single-stranded region of at least 50 bases. 
The single-stranded region can take the form 
of a tail on a linear molecule or of a gap in a 
circular molecule. 

The reaction between a partially duplex 
molecule and an entirely duplex molecule 
leads to the exchange of strands. An example 
is illustrated in FIGURE 15.19 . Assimilation starts 
at one end of the linear molecule, where the 
invading single strand displaces its homolog in 
the duplex in the customary way. When the 
reaction reaches the region that is duplex in 
both molecules, though, the invading strand 
unpairs from its partner, which then pairs with 
the other displaced strand. 

At this stage, the molecule has a structure 
indistinguishable from the recombinant joint in 
Figure 1 5  .4. The reaction sponsored in vitro by 
RecA can generate Holliday junctions, which 

Free strand 
initiates exchange 

Displaced strand 
pairs with complement 

Strand exchange 
is completed 

FIGURE 15.19 RecA-mediated strand exchange between 
partially duplex and entirely duplex DNA generates a joint 
molecule with the same structure as a recombination 
intermediate. 
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suggests that the enzyme can mediate recip
rocal strand transfer. We know less about the 
geometry of four-strand intermediates bound 
by RecA, but presumably two duplex molecules 
can lie side by side in a way consistent with the 
requirements of the exchange reaction. 

The biochemical reactions characterized in 
vitro leave open many possibilities for the func
tions of strand-transfer proteins in vivo. Their 
involvement is triggered by the availability of a 
single-stranded 3'  end. In bacteria, this is most 
likely generated when RecBCD processes a 
double-strand break to generate a single
stranded end. One of the main circumstances 
in which this is invoked may be when a repli
cation fork stalls at a site of DNA damage (see 
the chapter titled Repair Systems). The introduc
tion of DNA during conjugation, when RecA 
is required for recombination with the host 
chromosome, is more closely related to con
ventional recombination. In yeast, DSBs may 
be generated by DNA damage or as part of the 
normal process of recombination. In either case, 
processing ofthe break to generate a 3'-single
stranded end is followed by loading the single 
strand into a filament with Rad51, followed by 
a search for matching duplex sequences. This 
can be used in both repair and recombination 
reactions. 

Holliday Junctions 
M ust Be Resolved 

Key concepts 

• The bacterial Ruv complex acts on recombinant 
junctions. 

• RuvA recognizes the structure of the junction. 

• RuvB is a helicase that catalyzes branch migration. 

• RuvC cleaves junctions to generate recombination 
intermediates. 

• Resolution in eukaryotes is less well understood, 
but a number of meiotic and mitotic proteins are 
implicated. 

One of the most critical steps in recombina
tion is the resolution of the Holliday junction, 
which determines whether there is a recipro
cal recombination or a reversal ofthe structure 
that leaves only a short stretch of hybrid DNA 
(see Figure 15.4). Branch migration from the 
exchange site (see Figure 1 5 .6) determines the 
length of the region of hybrid DNA (with or 
without recombination) . The proteins involved 
in stabilizing and resolving Holliday junctions 
have been identified as the products of the ruv 
genes in E. coli. RuvA and RuvB increase the 
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RuvB hexamer binds Branch 
as ring around DNA migration 

FIGURE 15.20 RuvAB is an asymmetric complex that 
promotes branch migration of a Holliday junction. 

formation of heteroduplex structures. RuvA 
recognizes the structure of the Holliday junc
tion. Ruv A binds to all four strands of DNA at 
the crossover point and forms two tetramers 
that sandwich the DNA. RuvB is a hexameric 
helicase with an ATPase activity that provides 
the motor for branch migration. Hexameric 
rings ofRuvB bind around each duplex of DNA 
upstream of the crossover point. A diagram of 
the complex is shown in FIGURE 15.20. 

The RuvAB complex can cause the branch 
to migrate as fast as 10  to 20 bp/ sec. A similar 
activity is provided by another helicase, RecG. 
RuvAB displaces RecA from DNA during its 
action. The RuvAB and RecG activities both 
can act on Holliday junctions, but if both are 
mutant, E. coli is completely defective in recom
bination activity. 

The third gene, ruvC, codes for an endo
nuclease that specifically recognizes Holliday 
junctions. It can cleave the junctions in vitro 
to resolve recombination intermediates. A 
common tetranucleotide sequence provides 
a hotspot for RuvC to resolve the Holliday 
junction. The tetranucleotide (ATTG) is asym
metric, and thus may direct resolution with 
regard to which pair of strands is nicked. This 
determines whether the outcome is patch 
recombinant formation (no overall recom
bination) or splice recombinant formation 
(recombination between flanking markers). 
Crystal structures of RuvC and other junction
resolving enzymes show that there is little 
structural similarity among the group, in spite 
of their common function. 

We may now account for the stages of 
recombination in E. coli in terms of individual 
proteins. FIGURE 15.21 shows the events that 
are involved in using recombination to repair 
a gap in one duplex by retrieving material from 
the other duplex. The major caveat in applying 
these conclusions to recombination in eukary
otes is that bacterial recombination generally 
involves interaction between a fragment of 
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FIGURE 15.21 Bacterial enzymes can catalyze all stages 
of recombination in the repair pathway following the 
production of suitable substrate DNA molecules. 

DNA and a whole chromosome. It occurs as 
a repair reaction that is stimulated by damage 
to DNA, but this is not entirely equivalent to 
recombination between genomes at meiosis. 
Nonetheless, similar molecular activities are 
involved in manipulating DNA. 

All of this suggests that recombination uses 
a "resolvasome" complex that includes enzymes 
catalyzing branch migration as well as junction
resolving activity. It is possible that mammalian 
cells contain a similar complex. 

Although resolution in eukaryotic cells is 
less well understood, a number of proteins have 
been implicated in mitotic and meiotic reso
lution. S. cerevisiae strains that contain mus81 
mutations are defective in recombination. 
Mus81 is a component of an endonuclease that 
resolves Holliday junctions into duplex struc
tures. The resolvase is important both in meiosis 
and for restarting stalled replication forks (see 
the chapter ti tied Repair Systems). Other proteins 
known to be involved in the resolution process 
are described in the broader context of eukary
otic homologous recombination factors in the 
following section. 
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Eukaryotic Genes 
Involved in Homologous 
Recombination 

Key concepts 

• The MRX complex, Exol, and Sgs1/Dna2 in yeast 
and the MRN complex and BLM in mammalian cells 
resect double-strand breaks. 

• The Rad51 recombinase binds to single-stranded 
DNA with the aid of mediator proteins, which 
overcome the inhibitory effects of RPA. 

• Strand invasion is dependent on Rad54 and Rdh54 
in yeast and Rad54 and Rad54B in mammalian cells. 

• Yeast Sgsl, Mus81/Mms4 and human BLM, MUS81/ 
EME1 are implicated in resolution of Holliday 
junctions. 

Previously, we have briefly mentioned some of 
the proteins involved in homologous recom
bination in eukaryotes. In this section, they 
are discussed in more detail, focusing on the 
double-strand break repair and synthesis
dependent strand -annealing models. Addition
ally, the steps in the single-strand annealing 
and break-induced replication mechanisms 
that overlap with those of double-strand break 
repair and synthesis-dependent strand anneal
ing proceed by the same enzymatic processes. 
Many of the eukaryotic homologous recom
bination genes are called RAD genes, because 
they were first isolated in screens for mutants 
with increased sensitivity to X-ray irradiation. 
X-rays make DSBs in DNA; thus it is not sur
prising that radmutants sensitive to X-rays also 
are defective in mitotic and meiotic recombi
nation. The double-strand break repair model 
shown in Figure 1 5 .4 indicates at which step 
the proteins described in the following para
graphs act. 

I. End processinglpresynapsis. In mitotic 
cells, double-strand breaks are produced by 
exogenous sources such as irradiation or chemi
cal treatment, and from endogenous sources 
such as topoisomerases and nicks on the tem
plate strand. During replication nicks are con
verted to double-strand breaks. The ends of 
these breaks are processed by exonucleolytic 
degradation to have single-strand tails with 
3'-0H ends. In meiosis, double-strand breaks 
are induced by Spo 1 1 -dependent cleavage. The 
first step in end processing entails binding of the 
broken end by the MRN or MRX complex, in 
association with the endonuclease Sae2 (CtiP 
in mammalian cells). 

Mre I I  works as part of a complex with 
two other factors, called Rad50 and Xrs2 in 
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yeast and Rad50 and Nbsl in humans. Xrs2 
and Nbsl have no similarity to each other. 
Rad50 is thought to help hold double-strand 
break ends together via dimers connected 
at the tips by a hook structure that becomes 
active in the presence of zinc ion, as shown in 
FIGURE 15.22. Rad50 and Mre I I  are related to 
the bacterial proteins SbcC and SbcD, which 
have double-stranded DNA exonuclease and 
single-stranded endonuclease activities. Xrs2 
and Nbsl have DNA-binding activity. Nbsl 
is so named because a mutant allele was first 
discovered in individuals with Nijmegw break
age sy11drome, a rare DNA damage syndrome 
that is associated with defective DNA damage 
checkpoint signaling and lymphoid tumors. 
Rare mutations that produce MRE I I  with low 
activity have been found in humans, with the 
syndrome called ATLD (ataxia-telangiectasia
like disorder). Patients with this syndrome 
have not been reported to be cancer prone, but 
they have developmental problems and show 
defects in DNA damage checkpoint signaling. 
Mutations in MREll, RAD50, or XRS2 render 
cells sensitive to ionizing radiation and diploids 
have a poor meiotic outcome. Null mutations 
of MREll, RAD50, or NBSJ in mice are lethal. 

After MRN/ MRX and CtiP/Sae2 have pre
pared the double-strand break ends and removed 
any attached proteins or adduct that would 
inhibit end resection, the ends are resected by 
nucleases that actin concert with DNA helicases 
that unwind the duplex to expose single-strand 
DNA ends. Recent studies have identified the 
Exol and Dna2 exonucleases and the Sgsl (in 
yeast) and BLM (in mammalian cells) helicases 
as critical factors for end processing. 

After the double-strand breaks have been 
processed to have 3'-0H single-strand tails, the 
single-strand DNA is bound first by the single
strand DNA-binding protein RPA to remove 
any secondary structure. Next, with the aid of 
mediator proteins that help Rad5l displace RPA 
and bind the single-strand DNA, Rad5l forms a 
nucleofilament. Rad5l is related to RecA with 
30% identity and forms a right-handed helical 
nucleofilament in an ATP-dependent process, 
with six Rad5l molecules and 1 8  nucleotides of 
single-strand DNA per helical turn. This binding 
stretches the DNA by approximately 1 .5-fold, 
compared to B-form DNA. Rad5l is required for 
all homologous recombination processes except 
single-strand annealing. RAD51 is not an essen
tial gene in yeast, but null mutants are reduced 
in mitotic recombination and are sensitive to ion
izing radiation. Double-strand breaks form but 
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FIGURE 15.22 Structure of RadSO and model for the M RX/N complex binding to double-strand 
breaks. RadSO has a coiled coil domain similar to SMC proteins. The globular end contains 
two ATP-binding and hydrolysis regions {A and B )  and forms a complex with Mre11 and Nbsl 
(N) or Xrs2 (X). The other end of the coil binds zinc cation and forms a dimer with another 
MRN/X molecule. The globular end binds to chromatin. The complex binds to double-strand 
breaks and can bring then together in a reaction involving two ends and one MRN/X complex 
(top right figure) or through an interaction between two MRN/X dimers {bottom right figure). 
Adapted from M. Lichten, Nat. Struct. Mol. Bioi. 12 {2005): 392-393. 

become degraded. In mice, RAD51 is essential, 
and mice that are homozygous for mutant rad51 
do not survive past early stages of embryogen
esis. This is thought to reflect the fact that, in ver
tebrates, at least one double-strand break occurs 
spontaneously during every replication cycle as a 
result of unrepaired template strand nicks. 

In vitro, the mediators help in the removal 
of RPA and in the assembly of Rad5l on the 
single-stranded DNA, and promote in vitro 
strand exchange reactions. In yeast, the media
tors are Rad52 and Rad55/Rad57. Rad55 and 
Rad57, which form a stable heterodimer, have 
some homology to Rad5l, but have no strand 
exchange activity i11 vitro. 

In human cells, the mediators are also 
related to RAD51, with 20%-30% sequence 
identity, and are called RAD51B, RAD51C, 
RAD51D, XRCC2, and XRCC3, or the "RAD51 
paralogs." (Recall that paralogs are genes that 
have arisen by duplication within an organ
ism and therefore are related by sequence, but 
have often evolved to have different functions.) 
The human mediator proteins form three 
complexes: one composed of RAD51B and 
RAD5l C, a second composed of RAD51D and 

XRCC2, and the third composed of RAD51C 
and XRCC3. The paralogous genes have been 
deleted in chicken cell lines and knocked 
down in mammalian cells. Although the cell 
lines are viable, they are subject to numerous 
chromosome breaks and rearrangements and 
have reduced viability compared to normal cell 
lines. Mice in which the paralogous genes have 
been deleted are not viable and undergo early 
embryonic death. 

The human BRCA2 protein, which is 
mutated in familial breast and ovarian cancers, 
and in the DNA damage syndrome Fanconi 
anemia, has mediator activity in vitro. As BRCA2 
interacts physically with RAD5l protein and 
can bind to single-stranded DNA, this is not an 
unexpected activity for BRCA2. Indeed, genetic 
studies in mouse cells have shown that BRCA2 
is required for homologous recombination. The 
related Brh2 protein of the pathogenic fungus 
Ustilago maydis binds in a complex to Rad5l 
protein and recruits it to single-strand DNA 
coated with RPA, to initiate Rad5l nucleofila
ment formation. 

Yeast mutants deleted for RAD55 or 
RAD57 show temperature-dependent ionizing 
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radiation sensitivity, and are reduced in 
homologous recombination. Neither mutant 
undergoes successful meiosis. 

Rad52 is not essential for recombination ill 
vivo in mammalian cells and does not appear to 
have a mediator role in these cells. It is, how
ever, the most critical homologous recombina
tion protein in yeast as rad52 null mutants are 
extremely sensitive to ionizing radiation and 
are defective in all types of homologous recom
bination assayed. RAD52-deficient cells never 
complete meiosis. 

2. Synapsis. Once the Rad 5 1  filament 
has formed on single-strand DNA in the 
double-strand break-repair and synthesis
dependent strand annealing processes, a search 
for homology with another DNA molecule 
begins, and once found, strand invasion to 
form a D  loop occurs. Strand invasion requires 
the Rad54 protein and the related Rdh54/Tid 1 
protein in yeast, and RAD54B in mammalian 
cells. Rad54 and Rdh54 are members of the 
SWI/SNF chromatin remodeling superfam
ily (see the chapter titled Eukaryotic Trallscrip
tion Regulation). They possess a double-strand 
DNA-dependent ATPase activity, can promote 
chromatin remodeling, and can translocate 
on double-stranded DNA, inducing superheli
cal stress in double-stranded DNA. Although 
Rad54, Rdh54, and RAD54B are not DNA 
helicases, the translocase activity causes local 
opening of double strands, which may serve to 
stimulate D-loop formation. In yeast, RAD54 
is required for efficient mitotic recombination 
and for double-strand break repair as RAD54-
deficient cells are sensitive to ionizing radia
tion and other DNA-damaging compounds. 
RDH54-deficient cells have a modest defect in 
recombination and are slightly DNA-damage 
sensitive. This sensitivity is enhanced when 
both RAD54 and RDH54 are deleted. In meiotic 
cells, rad54 mutants can complete meiosis, but 
have reduced spore viability. rdh54 mutants are 
more deficient in meiosis, and have a stronger 
effect on spore viability. The double mutant 
does not complete meiosis. In chicken cells 
and mouse cells, RAD54 and RAD54B deletion 
mutants are viable, in contrast to other homol
ogous recombination gene deletion mutants. 
The cells show increased sensitivity to ioniz
ing radiation and other clastogens (agents that 
cause chromosomal breaks) and have reduced 
rates of recombination. 

3. DNA heteroduplex extension and branch 

migration. The proteins involved in this step 
are not as well defined as those required in 
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the early steps of homologous recombination, 
yet the homologous recombination pathways 
of double-strand break repair and synthesis
dependent strand annealing both have D-loop 
extension as an important part of the process. 
D-loop formation results in Rad5 I filament 
being formed on double-stranded DNA. Rad54 
protein has the ability to remove Rad51 from 
double-stranded DNA. This step might be 
important for DNA polymerase extension from 
the 3 '  terminus. DNA polymerase delta (8) is 
thought to be the polymerase for repair syn
thesis in double-strand break-mediated recom
bination; however, some recent studies have 
also implicated DNA polymerase T]/Rad30 as 
being able to extend from the strand invasion 
intermediate terminus. 

4. Resolution. The search for eukaryotic 
resolvase proteins has been a long process. 
Mutants of the DNA helicases Sgsi of yeast 
and BLM in humans result in higher crossover 
rates, and as a result these helicases have been 
proposed to prevent crossover formation by 
Holliday junction resolution as noncrossovers. 
This is proposed to occur by branch migration of 
the double Holliday junctions to convergence, 
through the DNA helicase action, as shown in 
FIGURE 15.23 . The end structure is suggested to 
be a hemicatenane, where DNA strands are 
looped around each other. This structure is then 
resolved by the action of an associated DNA 
topoisomerase: Top3 in the case of Sgs I and 
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FIGURE 15.23 Double Holliday junction dissolution by 
the action of a DNA helicase and topoisomerase. The two 
Holliday junctions are pushed toward each other by branch 
migration using the DNA helicase activity. The resulting 
structure is a hemicatenane where single strands from two 
different DNA helices are wound around each other. This is 
cut by a DNA topoisomerase, unwinding and releasing the 
two DNA molecules and forming noncrossover products. 



hTOPOIIIo: in the case of BLM. !11 vitro, BLM 
and hTOPOIIIo: can dissolve double Holliday 
junctions into a noncrossover molecule. 

While the helicase-topoisomerase complex 
can resolve Holliday junctions as noncrossover 
in mitotic cells, the meiotic Holliday junction 
resolvase that can result in crossovers has not 
been fully identified. Additional endonuclease 
activities contained in the Mus81/Mms4 com
plex in yeast and MUS8l/EME 1 complex in 
mammalian cells can cleave nicked Holliday 
junction-like structures and branched DNA 
structures i11 vitro. The relationship of this 
activity to meiotic crossover formation, how
ever, is not fully defined. Recently, eukaryotic 
resolvase homo logs were identified in humans 
and S. cerevisiae. The proteins, GEN 1 in humans 
and Yen 1 in yeast, are capable ofresolving Hol
liday structures in vitro, although an i11 vivo role 
in homologous recombination has yet to be 
demonstrated. 

Specialized Recombination 
Involves Specific Sites 

Key concepts 

• Specialized recombination involves reaction 
between specific sites that are not necessarily 
homologous. 

• Phage lambda integrates into the bacterial chro
mosome by recombination between a site on the 
phage and the att site on the E. coli chromosome. 

• The phage is excised from the chromosome by 
recombination between the sites at the end of the 
linear prophage. 

• Phage lambda int codes for an integrase that 
catalyzes the integration reaction. 

Specialized recombination involves a reaction 
between two specific sites. The lengths oftarget 
sites are short, and are typically in a range of 
14 to 50 bp. In some cases the two sites have 
the same sequence, but in other cases they are 
nonhomologous. The reaction is used to insert 
a free phage DNA into the bacterial chromo
some or to excise an integrated phage DNA 
from the chromosome, and in this case the 
two recombining sequences are different from 
one another. It is also used before division to 
regenerate monomeric circular chromosomes 
from a dimer that has been created by a general
ized recombination event (see the chapter titled 
Replication Is Co111zected to the Cell Cycle). In this 
case the recombining sequences are identical. 

The enzymes that catalyze site-specificrecom
bination are generally called recombinases, and 

more than 100 of them are now known. Those 
involved in phage integration or related to these 
enzymes are also known as the integrase fam
ily. Prominent members of the integrase family 
are the prototype Int from phage lambda, Cre 
from phage P1,  and the yeastFLP enzyme (which 
catalyzes a chromosomal inversion). 

The classic model for site-specific recombi
nation is illustrated by phage lambda. The con
version oflambda DNA between its different life 
forms involves two types of event. The pattern 
of gene expression is regulated as described in 
the chapter titled Phage Strategies. The physical 
condition of the DNA is different in the lyso
genic and lytic states: 

• In the lytic lifestyle, lambda DNA exists 
as an independent, circular molecule in 
the infected bacterium. 

• In the lysogenic state, the phage DNA is 
an integral part of the bacterial chromo
some (called prophage). 

Transition between these states involves site
specific recombination: 

• To enter the lysogenic condition, free 
lambda DNA must be inserted into the 
host DNA. This is called integration. 

• To be released from lysogeny into the 
lytic cycle, prophage DNA must be 
released from the chromosome. This is 
called excision. 

Integration and excision occur by recombi · 

nation at specific loci on the bacterial and phage 
DNAs called attachment (att) sites. The attach
ment site on the bacterial chromosome is called 
at{" in bacterial genetics. The locus is defined by 
mutations that prevent integration of lambda; it 
is occupied by prophage f... in lysogenic strains. 
When the attl\ site is deleted from the E. coli chro
mosome, an infecting lambda phage can establish 
lysogeny by integrating elsewhere, although the 
efficiency of the reaction is <0.1% of the fre
quency of integration at a ttl\. This inefficient inte
gration occurs at secondary attachme11t sites, which 
resemble the authentic att sequences. 

For describing the integration/excision 
reactions, the bacterial attachment site (attl\) 
is called attB, consisting of the sequence com
ponents BOB'. The attachment site on the 
phage, attP, consists of the components POP'. 

FIGURE 15.24 outlines the recombination reaction 
between these sites. The sequence 0 is common 
to attB and attP. It is called the core sequence, 
and the recombination event occurs within it. 
The flanking regions B, B' and P, P' are referred 
to as the arms; each is distinct in sequence. The 
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FIGURE 15.24 Circular phage DNA is converted to an 
integrated prophage by a reciprocal recombination 
between attP and attB; the prophage is excised by recip
rocal recombination between attL and attR. 

phage DNA is circular, so the recombination 
event inserts it into the bacterial chromosome 
as a linear sequence. The prophage is bounded 
by two new att sites (the products of the recom
bination) called attL and attR. 

An important consequence of the constitu
tion of the att sites is that the integration and 
excision reactions do not involve the same pair 
of reacting sequences. Integration requires 
recognition between attP and attB, whereas 
excision requires recognition between attL and 
attR. The directional character of site-specific 
recombination is controlled by the identity of 
the recombining sites. 

The recombination event is reversible, but 
different conditions prevail for each direction 
of the reaction. This is an important feature in 
the life of the phage, because it offers a means 
to ensure that an integration event is not imme
diately reversed by an excision, and vice versa. 

The difference in the pairs of sites reacting 
at integration and excision is reflected by a dif
ference in the proteins that mediate the two 
reactions: 

• Integration (attB X attP) requires the prod
uct of the phage gene i11t, which codes for 
an integrase enzyme, and a bacterial pro
tein called integration host factor (IHF). 

• Excision (attL X attR) requires the prod
uct of phage gene xis, in addition to Int 
and IHF. 
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Thus, Int and IHF are required for both reactions. 
Xis plays an important role in controlling the 
direction; it is required for excision, but inhibits 
integration. 

A similar system, but with somewhat sim
pler requirements for both sequence and pro
tein components, is found in the bacteriophage 
Pl. The Cre recombinase coded by the phage 
catalyzes a recombination between two target 
sequences. Unlike phage lambda, for which the 
recombining sequences are different, in phage 
Pl they are identical. Each consists of a 34-bp
long sequence called loxP. The Cre recombi
nase is sufficient for the reaction; no accessory 
proteins are required. As a result of its simplic
ity and its efficiency, what is now known as 
the Crellox system has been adapted for use in 
eukaryotic cells, where it has become one of 
the standard techniques for undertaking site
specific recombination. 

Site-Specific 
Recombination Involves 
Breakage and Reunion 

Key concept 

• Cleavages staggered by 7 bp are made in both attB 
and attP, and the ends are joined crosswise. 

The att sites have distinct sequence require
ments, and attP is much larger than attB. The 
function of attP requires a stretch of 240 bp, 
whereas the function of attB can be exercised by 
the 23-bp fragment extending from -ll to + ll, 
in which there are only 4 bp on either side of 
the core. The disparity in their sizes suggests that 
attP and attB play different roles in the recombi
nation, with attP providing additional informa
tion necessary to distinguish it from attB. 

Does the reaction proceed by a concerted 
mechanism in which the strands in attP and 
attB are cut simultaneously and exchanged? Or, 
are the strands exchanged one pair at a time, 
with the first exchange generating a Holliday 
junction and the second cycle of nicking and 
ligation occurring to release the structure? The 
alternatives are depicted in FIGURE 15.25. 

The recombination reaction has been halted 
at intermediate stages by the use of" suicide sub
strates," in which the core sequence is nicked. 
The presence of the nick interferes with the 
recombination process. This makes it possible 
to identify molecules in which recombination 
has commenced but has not been completed. 
The structures of these intermediates suggest 
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FIGURE 15.25 Does recombination between attP and attB 
proceed by sequential exchange or concerted cutting? 

that exchanges of single strands take place 
sequentially. 

The model illustrated in FIGURE 15.26 shows 
that if attP and attB sites each suffer the same stag
gered cleavage, complementary single-stranded 
ends could be available for crosswise hybridiza
tion. The distance between the lambda cross
over points is 7 bp, and the reaction generates 
3'-phosphate and 5 '-0H ends. The reaction is 
shown for simplicity as generating overlapping 
single-stranded ends that anneal, but actually 
occurs by a process akin to the recombination 

Phage and bacterial DNAs align 

Phage DNA 
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event of Figure 1 5 .4. The corresponding strands 
on each duplex are cut at the same position, 
the free 3'  ends exchange between duplexes, 
the branch migrates for a distance of7 bp along 
the region of homology, and then the structure 
is resolved by cutting the other pair of corre
sponding strands. 

Site-Specific 
Recombination Resembles 
Topoisomerase Activity 

Key concepts 

• Integ rases are related to topoisomerases, and the 
recombination reaction resembles topoisomerase 
action except that nicked strands from different 
duplexes are sealed together. 

• The reaction conserves energy by using a catalytic 
tyrosine in the enzyme to break a phosphodiester 
bond and link to the broken 3 '  end. 

• Two enzyme units bind to each recombination site 
and the two dimers synapse to form a complex in 
which the transfer reactions occur. 

Integrases use a mechanism similar to that of 
type I topoisomerases, in which a break is made 
in one DNA strand at a time. The difference is 
that a recombinase reconnects the ends cross
wise, whereas a topoisomerase makes a break, 
manipulates the ends, and then rejoins the 
original ends. The basic principle of the system 

Staggered cleavages lead to crosswise pairing 

,d G C T T T T T T A T  A C T A A t= Jl �C G A A A A A A T A T GA TT . 

Bacterial DNA 

Recombinant junctions are sealed to generate integrated prophage DNA 

G C T T T T T T A T A C T A A  G C T T T T T T A T A C T A A  
-CGAAAAAATATGATT 1 C G A A A A A A T  A T  GATT I-

FIGURE 15.26 Staggered cleavages in the common core sequence of attP and attB allow cross
wise reunion to generate reciprocal recombinant junctions. 
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1. Two enzyme subunits bind to each duplex DNA 

=T-yr 5' ) { 3' ..., .-3'-- 5' 
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2. Each duplex is cleaved on one strand to generate 
a P-Tyr bond and an -OH end 
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3. Each hydroxyl attacks the Tyr-phosphate link in 
the other duplex 
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4. The reactions are repeated by the other subunits 
to join the other strands 

5' ""'!' 3' :r_yr 

.-Tyr 
5' 3':;( _, 

3' 
Tyr 

5' 

.- 3' 
Tyt 

J:: 5' 

FIGURE 15.27 Integ rases catalyze recombination by a 
mechanism similar to that of topoisomerases. Staggered 
cuts are made in DNA and the 3 '-phosphate end is 
covalently linked to a tyrosine in the enzyme. The free 
hydroxyl group of each strand then attacks the P-Tyr 
link of the other strand. The first exchange shown in 
the figure generates a Holliday structure. The structure 
is resolved by repeating the process with the other pair 
of strands. 

is that four molecules of the recombinase are 
required, one to cut each of the four strands of 
the two duplexes that are recombining. 

FIGURE 15.27 shows the nature of the reac
tion catalyzed by an integrase. The enzyme is 
a monomeric protein that has an active site 
capable of cutting and ligating DNA. The reac
tion involves an attack by a tyrosine on a phos
phodiester bond. The 3'  end of the DNA chain 
is linked through a phosphodiester bond to a 
tyrosine in the enzyme. This releases a hee 5'
hydroxyl end. 

Two enzyme units are bound to each of 
the recombination sites. At each site, only one 
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of the units attacks the DNA. The symmetry of 
the system ensures that complementary strands 
are broken in each recombination site. The free 
5'-0H end in each site attacks the 3 '-phospho
tyrosine link in the other site. This generates a 
Holliday junction. 

The structure is resolved when the other 
two enzyme units (which bad not been involved 
in the first cycle of breakage and reunion) act 
on the other pair of complementary strands. 

The successive interactions accomplish a 
conservative strand exchange, in which there 
are no deletions or additions of nucleorides at 
the exchange site, and there is no need for input 
of energy. The transient 3'-pbosphotyrosine 
link between protein and DNA conserves the 
energy of the cleaved phosphodiester bond. 

FIGURE 15.28 shows the reaction intermedi
ate, based on the crystal structure. (Trapping 
the intermediate was made possible by using 
a suicide substrate like that described for att 
recombination, which consists of a synthetic 
DNA duplex with a missing phosphodiester 
bond, so that the attack by the enzyme does 
not generate a free 5'-0H end.) The structure of 
the Cre-lox complex shows two Cre molecules, 
each of which is bound to a 1 5 -bp length of 
DNA. The DNA is bent by � 100° at the center 
of symmetry. Two of these complexes assemble 
in an antiparaUel way to fom1 a tetrameric pro
tein structure bound to two synapsed DNA mol
ecules. Strand exchange takes place in a central 
cavity of the protein structure that contains the 
central six bases of the crossover region. 

The tyrosine that is responsible for cleaving 
DNA in any particular half site is provided by 

FIGURE 15.28 A synapsed loxA recombination complex 
has a tetramer of Cre recombinases, with one enzyme 
monomer bound to each half site. Two of the four active 
sites are in use, acting on complementary strands of the 
two DNA sites. 



the enzyme subunit that is bound to that half 
site. This is called cis cleavage. This is true also 
for the Int integrase and XerD recombinase. 
The FLP recombinase cleaves in trans, how
ever, which involves a mechanism in which 
the enzyme subunit that provides the tyrosine 
is not the subunit bound to that half site, but 
rather is one of the other subunits. 

Lambda Recombination 
Occurs in an Intasome 

Key concepts 

• Lambda integration takes place in a large complex 
that also includes the host protein IHF-

• The excision reaction requires Int and Xis and 
recognizes the ends of the prophage DNA as sub
strates. 

Unlike the Crellox recombination system, 
which requires only the enzyme and the two 
recombining sites, phage lambda recombina
tion occurs in a large structure and has different 
components for each direction of the reaction 
(integration versus excision). 

The host protein IHF is required for both 
integration and excision. IHFis a 20-kD protein 
of two different subunits, which are encoded 
by the genes himA and himD. IHF is not an 
essential protein in E. coli, and is not required 
for homologous bacterial recombination. It is 
one of several proteins with the ability to wrap 
DNA on a surface. Mutations in the him genes 
prevent lambda site-specific recombination and 
can be suppressed by mutations in X.i11t, which 
suggests that IHF and Int interact. Site-specific 
recombination can be performed in vitro by Int 
and IHF. 

The in vitro reaction requires supercoiling 
in attP, but not in attB. When the reaction is 
performed in vitro between two supercoiled 
DNA molecules, almost all of the supercoiling 
is retained by the products. Thus, there cannot 
be any free intermediates in which strand rota
tion could occur. This was one of the early hints 
that the reaction proceeds through a Holliday 
junction. We now know that the reaction pro
ceeds by the mechanism typical of this class of 
enzymes, which is related to the topoisomerase I 
mechanism (see the section in this chapter titled 
Site-Specific Recombination Resembles Topoisomerase 
Activity). 

Int has two different modes of binding. 
The C-terminal domain behaves like the Cre 
recombinase. It binds to inverted sites at the 
core sequence, positioning itself to make the 

Core 
-140-120-1 00 -80 -60-40 -20 20 40 60 80 

FIGURE 15.29 

IHF 

CAGCTTTTTTTATACTAAGTTG 
GTCGAAAAAAATATGATTCAAC 

��--------����--�--�� I I 
lnt binding site lnt binding site 

Int and IHF bind to different sites in attP. 
The Int recognition sequences in the core region include 
the sites of cutting. 

cleavage and ligation reactions on each strand 
at the positions illustrated in FIGURE 15.29 . The 
N-terminal domain binds to sites in the arms of 
attP that have a different consensus sequence. 
This binding is responsible for the aggregation 
of subunits into the intasome. The two domains 
probably bind DNA simultaneously, thus bring
ing the arms of attP close to the core. 

IHF binds to sequences of -20 bp in attP. 
The IHF-binding sites are approximately adja
cent to sites where Int binds. Xis binds to two 
sites located close to one another in attP, so that 
the protected region extends over 30 to 40 bp. 
Together, Int, Xis, and IHF cover virtually all of 
attP. The binding of Xis changes the organiza
tion of the DNA so that it becomes inert as a 
substrate for the integration reaction. 

When Int and IHF bind to attP, they gen
erate a complex in which all the binding sites 
are pulled together on the surface of a protein. 
Supercoiling of attP is needed for the formation 
of this i11tasome. The only binding sites in attB 
are the two Int sites in the core. Int does not 
bind directly to attB in the form of free DNA, 
though. The intasome is the intermediate that 
"captures" attB, as indicated schematically in 
FIGURE 15.30. 

According to this model, the initial recog
nition between attP and attB does not depend 
directly on DNA homology, but instead is 
determined by the ability of Int proteins to 
recognize both att sequences. The two att sites 
then are brought together in an orientation 
predetermined by the structure of the inta
some. Sequence homology becomes impor
tant at this stage, when it is required for the 
strand-exchange reaction. 

The asymmetry ofthe integration and exci
sion reactions is shown by the fact that Int can 
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FIGURE 15.30 Multiple copies of Int protein may orga
nize attP into an intasome, which initiates site -specific 
recombination by recognizing attB on free DNA. 

form a similar complex with attR only if Xis 
is added. This complex can pair with a con
densed complex that Int forms at attL. IHF is 
not needed for this reaction. A signi l'i cant dif
ference between lambda integration/excision 
and the recombination reactions catalyzed by 
Cre or Flp is  that lnt-catalyzed reactions bind 
the regulatory sequences in the arms of the 
target sites, bending the DNA and allowing 
interactions between arm and core sites that 
drive each reaction to its conclusion. This is why 
each lambda reaction is irreversible, whereas 
recombination catalyzed by Cre or Flp is revers
ible. Crystal structures of X.-lnt tetramers show 
that, like other recombinases, the tetramer 
has two active and two inactive subunits that 
switch roles during recombination. Allosteric 
interactions triggered by arm-binding control 
structural transitions in the tetramer that drive 
the reaction. 

Much of the complexity of site-specific 
recombination may be caused by the need to 
regulate the reaction so that integration occurs 
preferentially when the virus is entering the 
lysogenic state, whereas excision is preferred 
when the prophage is entering the lytic cycle. 
By controlling the amounts of lnt and Xis, the 
appropriate reaction will occur. 
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Yeast Can Switch Silent 
and Active Loci for 
Mating Type 

Key concepts 

• The yeast mating type locus MAT has either the 
MATa or MAT a genotype. 

• Yeast with the dominant allele HO switch their 
mating type at a frequency of -10-6• 

• The allele at MATis called the active cassette. 

• There are also two silent cassettes, HMLa and 
HMRa. 

• Switching occurs if MATa is replaced by HMRa or 
MAT a is replaced by HMRa. 

The yeast S. cerevisiae can propagate in either 
the haploid or diploid condition. Conversion 
between these states takes place by mating 
(fusion of haploid cells to give a diploid) and by 
sporulation (meiosis of diploids to give haploid 
spores). The ability to engage in these activities 
is determined by the mating type of the strain, 
which can be either a or a. Haploid cells of type 
a can mate only with haploid cells of type a to 
generate diploid cells of type a/a. The diploid 
cells can sporulate to regenerate haploid spores 
of either type. 

Mating behavior is determined by the 
genetic information present at the MAT locus. 
Cells that carry the MATa allele at this locus are 
type a; likewise, cells that carry the MATa allele 
are type a. Recognition between cells of opposite 
mating type is accomplished by the secretion of 
pheromones: a cells secrete the small polypep
tide a-factor; a cells secrete a-factor. A cell of 
one mating type carries a surface receptor for 
the pheromone of the opposite type. When an 
a cell and an a cell encounter one another, their 
pheromones act on their receptors to arrest the 
cells in the G 1 phase of the cell cycle, and vari
ous morphological changes occur. In a successhtl 
mating, the cell cycle arrest is followed by cell 
and nuclear fusion to produce an a/a diploid cell. 

Mating is a symmetrical process that is ini ti
a ted by the interaction of pheromone secreted 
by one cell type with the receptor carried by the 
other cell type. The only genes that are uniquely 
required for the response pathway in a particu
lar mating type are those coding for the recep
tors. Either the a factor-receptor interaction 
or the a factor-receptor interaction switches 
on the same response pathway. Mutations that 
eliminate steps in the common pathway have 
the same effects in both cell types. The pathway 
consists of a signal transduction cascade that 



leads to the synthesis of products that make 
the necessary changes in cell morphology and 
gene expression for mating to occur. 

Much of the information about the yeast 
mating-type pathway was deduced from the 
properties of mutations that eliminate the 
ability of a and/or a cells to mate. The genes 
identified by such mutations are called STE 
(for sterile). Mutations in the genes for the 
pheromones or receptors are specific for indi
vidual mating types, whereas mutations in the 
other STE genes eliminate mating in both a and 
a cells. This situation is explained by the fact 
that the events that follow the interaction of 
factor with receptor are identical for both types. 

Some yeast strains have the remarkable 
ability to switch their mating types. These 
strains carry a dominant allele HO and change 
their mating type frequently-as often as once 
every generation. Strains with the recessive 
allele ho have a stable mating type, which is 
subject to change with a frequency of - 10-6. 

The presence of HO causes the genotype 
of a yeast population to change. Irrespective 
of the initial mating type, within a very few 
generations there are large numbers of cells of 
both mating types, leading to the formation of 
MATa/ MATa diploids that take over the popula
tion. The production of stable diploids from a 
haploid population can be viewed as the raison 
d'etre for switching. 

The existence of switching suggests that all 
cells contain the potential information needed 
to be either MATa or MATa but express only one 
type. Where does the information to change 
mating types come from? Two additional loci 
are needed for switching. HMLa is needed for 
switching to give a MATa type; HMRa is needed 
for switching to give a MATa type. These loci 
lie on the same chromosome that carries MAT. 
HML is far to the left and HMR is far to the right. 

The mating type cassette model is illus
trated in FIGURE 15.31. It proposes that MAThas 
an active cassette of either type a or type a. HML 
and HMR have silwt cassettes. In general, HML 
carries an a cassette, whereas HMR carries an 
a cassette . All cassettes carry information that 
codes for mating type, but only the active cas
sette at MATis expressed. Mating-type switch
ing occurs when the active cassette is replaced 
by information from a silent cassette. The newly 
installed cassette is then expressed. 

Switching is nonreciprocal; the copy atHML 
or HMR replaces the allele at MAT. We know this 
because a mutation at MATis lost permanently 
when it is replaced by switching-it does not 

Silent cassette Active cassette Silent cassette 

Frequent 

HMLet. 

HMLet. 

HMLet. 

.fiMRa .. 1 

! Change of mating type 
occurs when a. cassette 
replaces a cassette 

MAT a. HMRa t Frequent J 
Change of mating type ! 
occurs when a cassette 
replaces a. cassette 

MATa HMRa t Rare J ! No change of mating 
type occurs when 
cassette of same type 
replaces active cassette 

FIGURE 15.31 Changes of mating type occur when silent 
cassettes replace active cassettes of opposite genotype; 
recombination occurs between cassettes of the same 
type, and the mating type remains unaltered. 

exchange with the copy that replaces it. This is 
in effect a directed gene-conversion event. The 
directionality is established by the double-strand 
break initiation event, which occurs in the 
active MAT gene and not in the silent cassettes. 

If the silent copy present at HML or HMR is 
mutated, switching introduces a mutant allele 
into the MAT locus. The mutant copy at HML 
or HMR remains there through an indefinite 
number of switches. 

Mating-type switching is a directed event, 
in which there is only one recipient (MAT), but 
two potential donors (HML and HMR). Switch
ing usually involves replacement of MATa by 
the copy at HMLa or replacement ofMATa by the 
copy atHMRa. In 80%-90% of switches, the MAT 
allele is replaced by one of opposite type. This is 
determined by the phenotype of the cell. Cells of 
a phenotype preferentially choose HML as donor; 
cells of a phenotype preferentially choose HMR. 

Several groups of genes are involved in 
establishing and switching mating type. In addi
tion to the genes that directly determine mat
ing type, they include genes needed to repress 
the silent cassettes, to switch mating type, or to 
execute the functions involved in mating, and 
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Inactive cassettes do not synthesize RNA 

Yo. HMLo. 

Ya HMRa 

Active cassettes synthesize mating-type specific products 

500 
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Ya MATa 
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1000 1500 2000 bp 
FIGURE 15.3 2 Silent cassettes have the same sequences 
as the corresponding active cassettes, except for the 
absence of the extreme flanking sequences in HMRa. Only 
the Y region changes between a and a. types. 

most importantly, the homologous recombi
nation factors described earlier in this chapter. 

By comparing the sequences ofthe two silent 
cassettes (HMLa. and HMRa) with the sequences 
of the two types of active cassette (MATa and 
MATa. ), we can delineate the sequences that 
determine mating type. The organization of the 
mating type loci is summarized in FIGURE 15.32. 

Each cassette contains common sequences that 
flank a central region that differs in the a and 
a. types of cassette (called Ya or Ya.). On either 
side of this region, the flanking sequences are 
virtually identical, although they are shorter at 
HMR. The active cassette at MATis transcribed 
from a promoter within the Y region. 

Unidirectional Gene 
Conversion Is Initiated by 
the Recipient MA T Locus 

Key concepts 

• Mating type switching is initiated by a double
strand break made at the MATlocus by the HO 
endonuclease. 

• The recombination event is a synthesis-dependent 
strand-annealing reaction. 

A switch in mating type is accomplished by a gene 
conversion in which the recipient site (MAT) 
acquires the sequence of the donor type (HML 
or HMR).  Sites needed for the recombination 
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have been identified by mutations atMATthat 
prevent switching. The unidirectional nature 
of the process is indicated by lack of mutations 
in HML or HMR. 

The mutations identify a site at the right 
boundary of Y at MAT that is crucial for the 
switching event. The nature of the boundary is 
shown by analyzing the locations of these point 
mutations relative to the site of switching (this 
is done by examining the results of rare switches 
that occur in spite oft he mutation). Some muta
tions lie within the region that is replaced (and 
thusdisappearfrom MAT after a switch), whereas 
others lie just outside the replaced region (and 
therefore continue to impede switching). Thus 
sequences both within and outside the replaced 
region are needed for the switching event. 

Switching is initiated by a double-strand 
break close to the Y-Z boundary that coincides 
with a site that is sensitive to attack by DNase. 
(This is a common feature of chromosomal 
sites that are involved in initiating transcrip
tion or recombination.) It is recognized by the 
endonuclease encoded by the HO locus. The HO 
endonuclease makes a staggered double-strand 
break just to the right of the Yboundary. Cleav
age generates the single-stranded ends of four 
bases illustrated in FIGURE 15.33 . The nuclease 
does not attack mutant MAT loci that cannot 
switch. Deletion analysis shows that most or 
all of the sequence of 24 bp surrounding the 
Yjunction is required for cleavage in vitro. The 
recognition site is relatively large for an endo
nuclease, and it occurs only at the three mating
type cassettes. 

Only the MAT locus, and not the HML or 
HMR loci ,  is a target for the endonuclease. It 
seems plausible that the same mechanisms 
that keep the silent cassettes from being tran
scribed also keep them inaccessible to the HO 
endonuclease. This inaccessibility ensures that 
switching is unidirectional. 

Yregion 

[T,T,TCAGCT_T.T:CCGCAACAGTATA] 
tAAAGTCGAAAGGCGTTGTCATATj 

HO endonuclease 

'"r =r =r =c -.A ""'G ""'c=r =r=rc=c=G =c-.A .. A=c.., L GTATA 
AAAGTCGAAAGGCG TTGTCATAT 

FIGURE 15.33 HO endonuclease cleaves MAT just to the 
right of the Y region, which generates sticky ends with 
a 4-base overhang. 
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FIGURE 15.34 Cassette substitution is initiated by a 
double-strand break in the recipient (MAT) locus, and 
may involve pairing on either side of the Y region with 
the donor (HMR or HML) locus. 

The reaction triggered by the cleavage is 
illustrated schematically in FIGURE 15.34 in terms 
of the general reaction between donor and recipi
ent regions. The recombination occurs through 
a synthesis-dependent strand -annealing mecha
nism, as described earlier. As expected, the stages 
following the initial cut require the enzymes 
involved in general recombination. Mutations 
in some of these genes prevent switching. In fact, 
studies of switching at the MATlocus were impor
tant in the development of the SDSA model. 

IIIII Antigenic Variation 
in Trypanosomes 
Uses Homologous 
Recombination 

Key concepts 

• Variant surface glycoprotein (VSG) switching in 
Trypanosoma brucei evades host immunity. 

• VSG switching requires recombination events to 
move VSG genes to specific expression sites. 

The single-celled parasites known as trypano
somes cause two major types of human disease: 
African sleeping sickness and Chagas disease. 
These organisms are able to evade the host 
immune response through a process known 
as antigenic variation, in which expression of the 
major surface antigen is altered in a cyclical 
pattern in response to immune pressure .. The 
variant surface glycoprotein (VSG) of trypano
somes is the major target of the immune sys
tem, but once antibodies are present to a given 
VSG, trypanosomes are able to switch expres
sion to one of the many hundreds of VSG genes 
in their genomes. The VSG genes are organized 
into multiple subtelomeric tandem arrays and 
are also located in telomeric arrays on mini
chromosomes. Although all the genes in these 
arrays are silenced, they are either intact genes 
or pseudogenes. The switch is controlled by a 
recombination event in which a silent VSG 
gene is moved to a transcriptionally active, sub
telomeric site known as an expression site (ES). 
This is illustrated in FIGURE 15.35 . There are 20 
subtelomeric expression sites, but only one of 
these is actively transcribed at a time. The tran
scriptionally active ES is thought to be a hotspot 
for recombination due to the open chromatin in 
this region. In fact, VSG recombination occurs 
at a higher frequency than would be expected 
for random events, leading to a VSG switch rate 
ranging hom I0-2 to 10-3 switch events per 
cell per generation. Segmental gene conversion 
events using different VSGs can create chimeric 
VSG genes at the active expression site that con
tain sequences from multiple donor VSG genes. 

DNA rearrangement through gene conver
sion, telomere exchange, and other unidenti
fied processes is responsible for replacing an 
inactive VSG allele for the one in the active ES. 
The gene conversion event results in a dupli
cation of the inactive VSG gene at the active 
ES locus, allowing for expression of the pre vi
ously inactive VSG. Despite the specificity of 
the genomic loci involved in the VSG switch
ing event itself, the process has been shown to 
depend on general recombination factors. 

Trypanosome mutants that do not express 
RadSI are greatly impaired in VSG switching, 
indicating that homologous recombi nation is 
essential for this process. Further work has 
demonstrated a role for the trypanosome homo
logue of BRCA2 in VSG switching. It is unclear 
whether enzymes specific to VSG switch recom
bination are involved in this process as well. 
Despite the fact that gene conversion is required 
for VSG switching, defects in mismatch repair 
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Silent VSG array 

Act ive VSG gene 
� 

Silent VSG array 

New active VSG gene 
.... 

Telomere Exchange 

Silent VSG gene 

Active VSG gene 
.. 

[ ' ) 

Silent VSG gene 

New active VSG gene 
.... 

( j ' 
FIGURE 15.35 Switching mechanisms in trypanosome antigenic variation. Most 
of the VSG genes are arranged in arrays in subtelomeric locations, and consist of 
silent complete genes and pseudogenes. Gene conversion of the active VSG gene 
using information from one of the silent genes in the arrays results in a change in 
the sequence information in the active gene and a change in the surface antigen 
of the trypanosome. A second mode of variation comes from telomere exchange, 
to switch an inactive telomeric VSG gene from minichromosomes to the site of 
the active VSG gene. Both mechanisms use homologous recombination factors but 
the precise mechanism of exchange is not known. Reprinted from Trends Genet., 
vol. 22, J. E. Taylor and G. Rudenko, Switching trypanosome coats . . .  , pp. 614-620. 
Copyright 2006, with permission from Elsevier [http:ffwww.sciencedirect.com/ 
sciencejjournalf01689525). 

pathway genes in trypanosomes do not affect 
antigenic variation. 

Recombination Pathways 
Adapted for Experimental 
Systems 

Key concepts 

• Mitotic homologous recombination allows for 
targeted transformation. 

• The Creflox and FlpfFRTsystems allow for 
targeted recombination and gene knockout 
construction. 

• The FlpfFRTsystem has been adapted to construct 
recyclable selectable markers for gene deletion. 

Site-specific recombination not only has impor
tant biological roles, as discussed earlier, but has 
also been exploited to create targeted recom
bination events in experimental systems; this 
is introduced in the chapter titled Methods in 
Molecular Biology and Genetic E11gi11eeriug. Two 
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classic examples of site-specific recombination 
have been adapted for experimental use: the 
Cre/ lox and FLP/ FRTsystems. 

The Crellox system is derived from bacte
riophage P 1 .  The Cre enzyme recognizes and 
cleaves lox sites. One of the most common uses 
of the Cre!lox system is in gene targeting in 
mice, as shown in FIGURE 15.36. Cre/ lox can be 
used to conditionally turn off or turn on a gene 
in mice. A construct is designed that is flanked 
by lox sites, with the Cre gene under control of 
an inducible promoter that can be turned on by 
temperature, hormones, or in a tissue-specific 
pattern. Expression of Cre results in production 
of the Cre protein; the Cre protein then rec
ognizes and cleaves the lox sites and promotes 
rejoining of the cut lox sites to leave behind a 
single lox site with the material between the lox 
sites having been excised. 

The Cre/ lox system can be used to condi
tionally remove an exon from a mouse gene, 
resulting in a gene knockout (see the chapter 
titled Methods in Molecular Biology aud Genetic 
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FIGURE 15.36 Using Crejlox to make cell-type specific gene knockouts in mice. LoxP sites are 
inserted into the chromosome to flank exon 2 of the gene X. The second copy of the X gene 
has been knocked out. The mouse formed with this construct is called the LoxP mouse. Another 
mouse, called the Cre mouse, has the ere gene inserted into the genome. Adjacent to the 
ere gene is a promoter that directs expression of the ere gene only in certain cell types or in 
response to certain conditions. This mouse also carries a knockout of one copy of gene X. When 
the two mice are crossed, progeny that carry the LoxP construct, the gene X knockout, and the 
ere gene are produced. When Cre protein is expressed in cells that activate the promoter, it 
catalyzes site-specific recombination between the LoxP sites, and ex on 2 of gene X is deleted. 
This inactivates the one functional copy of gene X in those cells expressing Cre. Adapted 
from H. Lodish, et al. Molecular Cell Biology, Fifth edition. W. H. Freeman & Company, 2003. 

Engineering), or it can fuse the gene of interest 
to a promoter and thereby control expression of 
the gene of interest. Expression of a gene in tis
sues where it is not normally expressed, or at a 
time when the gene is not normally expressed, 
is called ectopic expression. Ectopic expression 
studies can reveal information about gene 
redundancy, specificity, and cell autonomy. 

Another system that has been adapted 
for experimental use is derived from the yeast 
S. cerevisiae. The yeast two-micron plasmid is 
an autonomously replicating episome that is 
present in high copy numbers. The plasmid, 
which has no apparent benefit to the cell, is 
amplified through a site-specific recombina
tion reaction that is carried out by a specialized 
recombinase known as Flp (flip). Flp recognizes 

inverted repeat sequences known as FRT (Flp 
recombinase target) sites. During replication, 
Pip-mediated recombination promotes rolling
circle replication that results in amplification of 
the two-micron plasmid. The Flp/ FRTsystem is 
used in Drosophila to induce site-specific mitotic 
recombination events that can be used to create 
homozygous mutations or to make conditional 
knockouts, as shown in FIGURE 15.37 . 

To use the Flp/ FRT system in Drosophila, 
the FLP gene expression is regulated. When 
Flp is expressed, it cuts the FRT sites, which 
have been inserted on a chromosome where 
there is a gene of interest centromere distal to 
the FRTsite. The cutting of the FRTsite, which 
is not 100% efficient, induces a double-strand 
break at the FRTsite. The double-strand breaks 
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FIGURE 15.37 Using FlpfFRTto make homozygous 
recessive cells by homologous recombination. A fly 
is heterozygous for a mutant gene and homozygous 
insertion of the FRTsite on the same chromosome. 
Induction of the Flp gene allows the FLP recom
bi nase protein to be made. Flp recognizes the FRT 
site and makes a double-strand break, which pro
motes homologous recombination. Some of the 
recombination events occur by the double-strand 
break repair mechanism and result in crossing over. 
Following chromosome segregation, one daughter 
cell receives two mutant copies of the gene and the 
other daughter cell receives two normal copies of 
the gene. In the example shown, a patch of mutant 
cells is formed on the wing of a Drosophila. This 
technique allows assessment of a recessive mutant 
phenotype at a late stage in development. Adapted 
from B. Alberts, et al. Molecular Biology of the Cell, 
Fourth Edition. Garland Science, 2002. 

Homozygous for / 
mutant gene X 

Cell 
divides 

Homozygous for 
normal gene X 

are repaired by homologous recombination, 
and some of them will result in crossing over. 
Depending how the chromosomes then segre
gate, some cells wi II now be homozygous for the 
mutant gene. In genetic studies, the chromo
some is often marked by a gene that affects a 
pigment, to give a visual readout for the recom
bination. The mitotic recombination uncovers 
the recessive pigmentation mutation and the 
mutant gene of interest, making them homozy
gous recessive. One use of this system is to see 
the effects of a recessive mutation that is lethal: 
When homozygous recessive is in the zygote, 
the mutation will be lethal. If it is carried in the 
heterozygous state, though, the organism will 
be viable. Then the gene is rendered homozy
gous in clones of cells by induction ofFip, either 
by temperature or a tissue-specific transcrip
tion regulation, enabling the investigator to ask 
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about effects of loss of the gene in specific cells 
at a specific time during development. 

In recent years, Flp/ FRT has been further 
adapted to construct recyclable selectable 
marker cassettes. In these systems, a select
able marker is  placed between two flanking 
FRT sites. Also contained within the cassette 
is the FLP gene under the control of a regu
latable promoter. Targeted integration of the 
FLPI FRT cassette is used to replace a locus of 
interest with the FLP marker cassette. Follow
ing integration, induced expression of the Flp 
recombinase catalyzes recombination between 
the flanking FRT sites, resulting in excision of 
the selectable marker cassette. This recyclable 
marker strategy is advantageous in diploid 
organisms because it allows for sequential 
rounds of targeted integration to make homo
zygous deletions of a gene of interest. 



Summary 
Recombination is initiated by a double-strand 
break in DNA. The break is enlarged to a gap 
with a single-stranded end; the free single
stranded end then forms a heteroduplex with 
the allelic sequence. Correction events may 
occur at sites that are mismatched within the 
heteroduplex DNA. The DNA in which the 
break occurs actually incorporates the sequence 
of the chromosome that it invades, so the ini
tiating DNA is called the recipient. Gap repair, 
using the donor genetic information to repair 
the gap in the recipient DNA molecule, can also 
result in a gene-conversion event. Hotspots for 
recombination are sites where double-strand 
breaks are initiated. A gradient of gene con
version is determined by the likelihood that a 
sequence near the free end will be converted 
to a single strand; this decreases with distance 
from the break. After gap repair, if the invad
ing strain disengages from the recombination 
intermediate and anneals with the other end 
of the break, only gene conversion occurs. This 
is called the SDSA model. If instead the second 
end of the break is captured into the recombina
ti on intermediate, two Holliday j unctions are 
formed. Resolution of the Holliday j unctions 
can give crossover products if resolved in the 
appropriate direction. Recombination initiated 
by a DSB and processed to yield a double Hol
liday junction intermediate is called double
strand break repair ( DSBR). 

Meiotic recombination is initiated in yeast 
by Spo I I , a topoisomerase-like enzyme that 
creates double-strand breaks and becomes 
linked to the free 5' ends of DNA. The DSB is 
then processed by generating single-stranded 
DNA that can anneal with its complement in 
the other chromosome. Yeast mutations that 
block synaptonemal complex formation show 
that recombi nation is required for its forma
tion. Formation of the synaptonemal complex 
may be initiated by double-strand breaks, and 
it may persist until recombination is completed. 
Mutations in components of the synaptonemal 
complex block its formation but do not prevent 
chromosome pairing, so homolog recognition 
is independent of recombination and synapto
nemal complex formation. 

The full set of reactions required for recom
bination can be undertaken by the Rec and Ruv 
proteins of E. coli. A single-stranded region with 
a free end is generated by the RecBCD nuclease. 
The enzyme binds to DNA on one side of a chi 
sequence and then moves to the chi sequence, 
unwinding DNA as it progresses. A single-strand 

break is made at the chi sequence. chi sequences 
provide hotspots for recombination. The single 
strand provides a substrate for RecA, which has 
the ability to synapse homologous DNA mol
ecules by sponsoring a reaction in which a sin
gle strand from one molecule invades a duplex 
of the other molecule. Heteroduplex DNA is 
formed by displacing one of the original strands 
of the duplex. These actions create a recombi
nation junction, which is resolved by the Ruv 
proteins. RuvA and RuvB act at a heteroduplex, 
and RuvC cleaves Holliday junctions. 

The enzymes involved in site-specific 
recombination have actions related to those 
of topoisomerases. Among this general class 
of recombinases, those concerned with phage 
integration form the subclass of integrases. The 
Cre!lox system uses two molecules of Cre to 
bind to each lox site, so that the recombining 
complex is a tetramer. This is one of the stan
dard systems for inserting DNA into a foreign 
genome. Phage lambda integration requires 
the phage lnt protein and host IHF protein and 
involves a precise breakage and reunion in the 
absence of any synthesis of DNA. The reaction 
involves wrapping of the at1P sequence of phage 
DNA into the nucleoprotein structure of the 
intasome, which contains several copies of lnt 
and IHF; the host attB sequence is then bound 
and recombination occurs. Reaction in the 
reverse direction requires the phage protein Xis. 
Some integrases function by cis-cleavage, where 
the tyrosine that reacts with DNA in a half site 
is provided by the enzyme subunit bound to 
that half site; others function by trans-cleavage, 
for which a different protein subunit provides 
the tyrosine. 

The yeast S. cerevisiae can propagate in 
either the haploid or diploid condi tion. Conver
sion between these states takes place by mating 
(fusion of haploid cells to give a diploid) and by 
sporulation (meiosis of diploids to give haploid 
spores). The ability to engage in these activities 
is determined by the mating type of the strain. 
The mating type is determined by the sequence 
of the MAT locus, and can be changed by a 
recombination event that substitutes a different 
sequence at this locus. The recombination event 
is initiated by a DSB-such as a homologous 
recombination event-but then the subsequent 
events ensure a unidirectional replacement of 
the sequence at the MAT locus. 

Replacement is regulated so that MATa is 
usually replaced by the sequence from HMLa., 
whereas MATa. is usually replaced by the 
sequence from HMRa. The endonuclease HO 
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triggers the reaction by recognizing a unique 
target site at MAT. HO is regulated at the level 
of transcription by a system that ensures its 
expression in mother cells but not daughter 
cells, with the consequence that both progeny 
have the same (new) mating type. 

Homologous recombination is also essen
tial for the process of antigenic variation in 
the trypanosomes. Recombination is required 
to switch inactive VSG genes into active VSG 
expression sites. The molecular mechanisms 
behind this phenomenon are not completely 
understood, but it  is clear that it  does not 
involve NHEJ or mismatch repair enzymes. 
Rad5l is essential for this process, indicating 
the importance of homologous recombination. 

Recombination pathways have been 
exploited as experimental tools for generation 
of gene knockouts and other recombination
mediated events. Two major examples of these 
experimental tools include the Cre/ lox and 
Flp/ FRTsystems. Both tools rely on site-specific 
recombination to create targeted recombination 
events in experimental systems. 
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Repair Systems 
CHAPTER OUTLINE J 

ltdll Introduction 

ll"ot.l Repair Systems Correct Damage to DNA 
• Repair systems recognize DNA sequences that do not 

conform to standard base pairs. 
• Excision systems remove one strand of DNA at the site 

of damage and then replace it. 
• Recombination-repair systems use recombination to 

replace the double-stranded region that has been 
damaged. 

• All these systems are prone to introducing errors 
during the repair process. 

• Photoreactivation is a nonmutagenic repair system 
that acts specifically on pyrimidine dimers. 

Ifill Excision Repair Systems in f. coli 
• The Uvr system makes incisions -12 bases apart on 

both sides of damaged DNA, removes the DNA between 
them, and resynthesizes new DNA. 

• Transcribed genes are preferentially repaired when 
DNA damage occurs. 

lfH Eukaryotic Nucleotide Excision Repair Pathways 

• Xeroderma pigmentosum (XP) is a human disease 
caused by mutations in any one of several nucleotide 
excision repair genes. 

• Numerous proteins, including XP products and the 
transcription factor TFnH. are involved in eukaryotic 
nucleotide excision repair. 

• Global genome repair recognizes damage anywhere in 
the genome. 

• Transcriptionally active genes are preferentially 
repaired via transcription-coupled repair. 

• Global genome repair and transcription-coupled repair 
differ in their mechanisms of damage recognition 
(XPC vs. RNA polymerase II). 

• TF11H provides the link to a complex of repair enzymes. 
• Mutations in the XPD component of TFnH cause three 

types of human diseases. 

114" Base Excision Repair Systems Require Gtycosytases 
• Base excision repair is triggered by directly removing a 

damaged base from DNA. 
• Base removal triggers the removal and replacement of 

a stretch of polynucleotides. 

• The nature of the base removal reaction determines 
which of two pathways for excision repair is 
activated. 

• The pol&/ e pathway replaces a long 
polynucleotide stretch; the poll3 pathway replaces 
a short stretch. 
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CHAPTER OUTLINE, CONTINUED J 
• Uracil and alkylated bases are recognized by 

glycosylases and removed directly from DNA. 

• Glycosylases and photolyase act by flipping the base out 
of the double helix, where, depending on the reaction, it 
is either removed or modified and returned to the helix. 

Error-Prone Repair and Translesion Synthesis 

• Damaged DNA that has not been repaired causes DNA 
polymerase III to stall during replication. 

• DNA polymerase V (coded by umuCD} or DNA 
polymerase IV (coded by din B) can synthesize a 
complement to the damaged strand. 

• The DNA synthesized by repair DNA polymerases often 
has errors in its sequence. 

Controlling the Direction of Mismatch Repair 

• The mut genes code for a mismatch repair system that 
deals with mismatched base pairs. 

• There is a bias in the selection of which strand to 
replace at mismatches. 

• The strand lacking methylation at a hemimethyl-
ated �I� is usually replaced. 

• The mismatch repair system is used to remove errors 
in a newly synthesized strand of DNA. At G-T and C-T 
mismatches, the T is preferentially removed. 

• Eukaryotic MutS/L systems repair mismatches and 
i nsertionjdeletion loops. 

Recombination-Repair Systems in f. coli 
• The rec genes of E. coli code for the principal 

recombination-repair system. 

• The recombination-repair system functions when 
replication leaves a gap in a newly synthesized strand 
that is opposite a damaged sequence. 

• The single strand of another duplex is used to replace 
the gap. 

• The damaged sequence is then removed and 
resynthesized. 

Recombination Is an Important Mechanism 
to Recover from Replication Errors 

• A replication fork may stall when it encounters a 
damaged site or a nick in DNA. 

• A stalled fork may reverse by pairing between the 
two newly synthesized strands. 

• A stalled fork may restart after repairing the damage 
and use a helicase to move the fork forward. 

• The structure of the stalled fork is the same as a 
Holliday junction and may be converted to a duplex 
and DSB by resolvases. 
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Any event that introduces a deviation from the 
usual double-helical structure of DNA is a threat 
to the genetic constitution of the cell. Injury to 
DNA is minimized by systems that recognize 
and correct the damage. The repair systems are 
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Recombination-Repair of Double-Strand Breaks 
in Eukaryotes 

• The yeast RAD mutations, identified by 
radiation-sensitive phenotypes, are in genes that code 
for repair systems. 

• The RAD52 group of genes is required for 
recombination repair. 

• The MRX (yeast) or MRN (mammals) complex is 
required to form a single-stranded region at each 
DNA end. 

• The RecA homolog Rad51 forms a nucleoprotein 
filament on the single-stranded regions, assisted by 
Rad52 and RadSS/57. 

• Rad54 and Rdh54/Rad548 are involved in homology 
search and strand invasion. 

Nonhomologous End-Joining Also Repairs 
Double-Strand Breaks 

• Repair of double-strand breaks when homologous 
sequence is not available occurs through a 
nonhomologous end-joining (NHEJ) reaction. 

• The NH EJ pathway can ligate blunt ends of 
duplex DNA. 

• Mutations in double-strand break repair pathways 
cause human diseases. 

DNA Repair in Eukaryotes Occurs in the Context 
of Chromatin 

• Both histone modification and chromatin 
remodeling are essential for repair of DNA damage 
in chromatin. 

• H2A phosphorylation ('y-H2AX} is a conserved 
double-strand break-dependent modification that 
recruits c h rom ati n-modifyi ng activities and facilitates 
assembly of repair factors. 

• Different patterns of histone modifications may 
distinguish stages of repair or different pathways 
of repair. 

• Remodelers and chaperones are required to reset 
chromatin structure after completion of repair. 

RecA Triggers the SOS System 

• Damage to DNA causes RecA to trigger the SOS 
response, which consists of genes coding for many 
repa1r enzymes. 

• RecA activates the autocleavage activity of LexA. 

• LexA represses the SOS system; its autocleavage 
activates those genes. 

Summary 

as complex as the replication apparatus itself, 
which indicates their importance for the sur
vival of the cell. When a repair system reverses 
a change to DNA, there is no consequence. 
A mutation may result, though, when it fails 
to do so. The measured rate of mutation reflects 
a balance between the number of damaging 



events occurring in DNA and the number that 
have been corrected (or mi scorrected). 

Repair systems often can recognize a range 
of distortions in DNA as signals for action, and 
a cell is likely to have several systems able to 
deal with DNA damage. The importance of DNA 
repair in eukaryotes is indicated by the identifica
tion of> 130 repair genes in the human genome. 
We can divide the repair systems into several 
general types, as summarized in FIGURE 16.1. 

• Some enzymes directly reverse specific 
sorts of damage to DNA. 

• There are pathways for base excision 
repair, nucleotide excision repair, and 
mismatch repair, all of which function 
by removing and replacing material. 

• There are systems that function by 
using recombination to retrieve an 
undamaged copy that is then used to 
replace a damaged duplex sequence. 

Direct reversal of damage 

1111111 • 11111111 
Base excision repair 

1111111 • ]IIIII� I 
Nucleotide excision repair 

1111111 • 1111 ,,,r 
Mismatch excision repair 

11111,11 
Recombination repair 

1111111 • ������� 
Nonhomologous end-joining 

mm 1111111 
DNA polymerase catalytic subunits 

] I IIIII mr 
FIGURE 16.1 Repair systems can be classified into 
pathways that use different mechanisms to reverse or 
bypass damage to DNA. 

• The nonhomologous end-joining path
way rejoins broken double-stranded 
ends. 

• Several different DNA polymerases can 
resynthesize stretches of replacement 
DNA. 

Direct repair is rare and involves the rever
sal or simple removal of the damage. One good 
example is photoreactivation of pyrimidine 
dimers, in which inappropriate covalent bonds 
between adjacent bases are reversed by a light
dependent enzyme. This system is widespread 
in nature, occurring in all but placental mam
mals, and appears to be especially important 
in plants. In E. coli it depends on the product 
of a single gene (phr) that codes for an enzyme 
called photolyase. 

There are several pathways of excision 
repair that entail removal of incorrect or dam
aged sequences followed by repair synthesis. 
Excision repair pathways are initiated by rec
ognition enzymes that see an actual damaged 
base or a change in the spatial path of DNA. 
FIGURE 16.2 summarizes the main events in a 
generic excision repair pathway. Some exci
sion repair pathways recognize general damage 
to DNA; others act upon specific types of base 
damage. There are usually multiple excision 
repair systems in a single cell type . 

Mismatches between the strands of DNA 
are one of the major targets for excision repair 
systems. Mismatch repair (MMR) is accom
plished by scrutinizing DNA for apposed bases 
that do not pair properly. This system also 
recognizes insertion/deletion loops in which 
sequences present in one strand that are absent 
in the complementary strand are looped out. 
Mismatches and insertion/deletion loops 
that arise during replication are corrected by 
distinguishing between the "new" and "old" 

Damage is removed + 

Jullll•••••lllll 
Replacement DNA is synthesized + 

IIYIIYIIYIIYIIYI 
FIGURE 16.2 Excision repair directly replaces damaged 
DNA and then resynthesizes a replacement stretch for 
the damaged strand_ 
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strands and preferentially correcting the 
sequence of the newly synthesized strand. 
Other systems deal with mismatches gener
ated by base conversions, such as the result of 
deamination. 

There are two major excision repair path
ways in addition to mismatch repair: 

• Base excision repair (BER) systems 
directly remove the damaged base and 
replace it in DNA. A good example is 
DNA uracil glycosylase, which removes 
uracils that are mispaired with guanines 
(see the section in this chapter titled Base 
Excision Repair Systems Require Clycosylases) . 

• Nucleotide excision repair (NER) 
systems excise a sequence that includes 
the damaged base(s); a new stretch of 
DNA is then synthesized to replace the 
excised material. 

Recombination-repair systems handle situ
ations in which damage remains in a daughter 
molecule and replication has been forced to 
bypass the site, which typically creates a gap 
in the daughter strand. A retrieval system uses 
recombination to obtain another copy of the 
sequence from an undamaged source; the copy 
is then used to repair the gap. 

A major feature in recombination and 
repair is the need to handle double-strand 
breaks (DSBs), which can arise from a variety of 
mechanisms. DSBs are intentionally created to 
initiate crossovers during homologous recom
bination in meiosis. They can also be created by 
problems in replication, when they may trigger 
the use of recombination-repair systems. DSBs 
can also be created by environmental damage 
(e.g., by radiation damage), intrinsic damage 
(reactive oxygen species resulting from cel
lular metabolism), or can be the result from 
the shortening of telomeres to expose non
telomeric chromosome ends. In all of these 
events, DSBs can cause mutations, including 
loss of large chromosomal regions. DSBs can 
be repaired via recombination repair using 
homologous sequences, or by joining together 
nonhomologous DNA ends. 

Mutations that affect the ability of E. coli 
cells to engage in DNA repair fall into groups 
that correspond to several repair pathways (not 
necessarily all independent). The major known 
pathways are the uvr excision repair system, 
the me thy 1-di rected mismatch repair sys
tem, and the recB and reeF recombination and 
recombination-repair pathways. The enzyme 
activities associated with these systems are 
endonucleases and exonucleases (important 
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in removing damaged DNA); resolvases (endo
nucleases that act specifically on recombinant 
junctions); helicases to unwind DNA; and DNA 
polymerases to synthesize new DNA. Some of 
these enzyme activities are unique to particular 
repair pathways, whereas others participate in 
multiple pathways. 

The replication apparatus devotes a lot of 
attention to quality control. DNA polymerases 
use proofreading to check the daughter strand 
sequence and to remove errors. Some of the 
repair systems are less accurate when they syn
thesize DNA to replace damaged material. For 
this reason, these systems have been known 
historically as error-prone systems. 

Repair Systems Correct 
Damage to DNA 

Key concepts 

• Repair systems recognize DNA sequences that do 
not conform to standard base pairs. 

• Excision systems remove one strand of DNA at the 
site of damage and then replace it. 

• Recombination-repair systems use recombination 
to replace the double-stranded region that has 
been damaged. 

• All these systems are prone to introducing errors 
during the repair process. 

• Photoreactivation is a nonmutagenic repair system 
that acts specifically on pyrimidine dimers. 

The types of damage that trigger repair systems 
can be divided into two general classes: 

• Single-base changes affect the sequence of 
DNA but do not grossly distort its overall 
structure. They do not affect transcrip
tion or replication, when the strands of 
the DNA duplex are separated. Thus, 
these changes exert their damaging 
effects on future generations through 
the consequences of the change in DNA 
sequence. The reason for this type of 
effect is the conversion of one base into 
another that is not properly paired with 
the partner base. Single-base changes 
may happen as the result of mutation 
of a base in situ or by replication errors. 
FIGURE 16.3 shows that deamination of 
cytosine to uracil (spontaneously or 
by chemical mutagen) creates a mis
matched U -G pair. FIGURE 16.4 shows 
that a replication error might insert 
adenine instead of cytosine to create an 
A-G pair. Similar consequences could 
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FIGURE 16.3 Deamination of cytosine creates a U-G 
base pair. Uracil is preferentially removed from the 
mismatched pair. 

result from covalent addition of a small 
group to a base that modifies its ability 
to base pair. These changes may result 
in very minor structural distortion (as 
in the case of a U -G pair) or quite sig
nificant change (as in the case of an A-G 
pair), but the common feature is that 
the mismatch persists only until the 
next replication. Thus, only limited time 
is available to repair the damage before 
it is made permanent by replication. 

• Structural distortions may provide a 
physical impediment to replication or 
transcription. Introduction of cova
lent links between bases on one strand 
of DNA or between bases on opposite 
strands inhibits replication and transcrip
tion. FIGURE 16.5 shows the example of 
ultraviolet (UV) irradiation, which intro
duces covalent bonds between two adja
cent pyrimidine bases (thymine in this 
example) and results in an intrastrand 
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FIGURE 16.4 A replication error creates a mismatched 
pair that may be corrected by replacing one base; 
if uncorrected, a mutation is fixed in one daughter duplex. 
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FIGURE 16.5 Ultraviolet irradiation causes dimer 
formation between adjacent thymines. The dimer blocks 
replication and transcription. 

pyrimidine dimer, which can take the 
form of a cyclobutane pyrimidine dimer 
(CPD, as shown in Figure 16.5) or a 6,4 
photoproduct (6,4PP). Of all the pyrimi
dine dimers, thymine-thymine dimers 
are the most common, and cytosine
cytosine dimers are the least common. 
In addition, while 6,4PPs are only -l/3 
as common as CPDs, they may be more 
mutagenic. FIGURE 16.6 shows that sim
ilar consequences can result from the 
addition of a bulky adduct (a methyl 
group, in this example) to a base that 
distorts the structure ofthe double helix. 
A single-strand nick or the removal of a 
base, as shown in FIGURE 16.7, prevents 
a strand from serving as a proper tem
plate for synthesis of RNA or DNA. The 
common feature in all these changes is 
that the damaged adduct remains in the 
DNA and continues to cause structural 
problems and/or induce mutations until 
it is removed. 

Nature of mutation 
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FIGURE 16.6 Methylation of a base distorts the double 
helix and causes mispairing at replication. Star indicates 
the methyl group. 

16.2 Repair Systems Correct Damage to DNA 399 



Nature of mutation 
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FIGURE 16.7 Depurination removes a base from DNA, 
blocking replication and transcription. 

When a repair system is eliminated, cells 
become exceedingly sensitive to agents that 
cause DNA damage, particularly the type 
of damage recognized by the missing sys
tem. The importance of these systems is also 
emphasized by the fact that mutation of repair 
genes is associated with the development of a 
number of cancers in humans, such as heredi
tary nonpolyposis colorectal cancer (HNPCC), 
caused by defects in mismatch repair. 

Excision Repair Systems 
in f. Coli 

Key concepts 

• The Uvr system makes incisions -12 bases apart 
on both sides of damaged DNA, removes the DNA 
between them, and resynthesizes new DNA. 

• Transcribed genes are preferentially repaired when 
DNA damage occurs. 

Systems vary in their specificity, but share the 
same general features. Each system removes 
mispaired or damaged bases from DNA and 
then synthesizes a new stretch of DNA to 
replace them. A general pathway for excision 
repair is illustrated in FIGURE 16.8, adding more 
detail to that shown in Figure I6 .2 .  

In the incision step, the damaged struc
ture is recognized by an endonuclease that 
cleaves the DNA strand on both sides of the 
damage. 

In the excision step, a 5'-3' exonuclease 
removes a stretch of the damaged strand. Alter
natively, a helicase can displace the damaged 
strand, which is subsequently degraded. 

In the syllthesis step, the resulting single
stranded region serves as a template for 
a DNA polymerase to synthesize a replacement 
for the excised sequence. (Synthesis of the new 
strand can be associated with removal of the 
old strand, in one coordinated action.) Finally, 
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FIGURE 16.8 Excision repair removes and replaces a 
stretch of DNA that includes the damaged base(s). 

DNA ligase covalently links the 3'  end of the 
new DNA strand to the original DNA. 

The E. coli uvr system of excision repair 
includes three genes (uvrA, -B, and -C), which 
code for the components of a repair endonu
clease. It functions in the stages indicated in 
FIGURE 16.9 . First, a UvrAB dimer recognizes 
pyrimidine dimers and other bulky lesions. 
Next, UvrA dissociates (this requires adenosine 
triphosphate [ATP]), and UvrC joins UvrB. The 
UvrBC complex makes an incision on each side: 
one that is seven nucleotides from the 5 '  side 
of the damaged site and another that is three 
to four nucleotides away from the 3' side. This 
also requires ATP. UvrD is a helicase that helps 
to unwind the DNA to allow release ofthe single 
strand between the two cuts. The enzyme that 
excises the damaged strand is DNA polymerase 
I. The enzyme involved in the repair synthesis 
also is likely to be DNA polymerase I (although 
DNA polymerases II and III can substitute for it). 
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FIGURE 16.9 The Uvr system operates in stages in which 
UvrAB recognizes damage, UvrBC nicks the DNA, and UvrD 
unwinds the marked region. 

UvrABC repair accounts for virtually all of 
the excision repair events in £. coli. In almost 
all cases (99%), the average length of replaced 
DNA is - 1 2  nucleotides. (For this reason, the 
process is sometimes described as sflort-patc/z 
repair.) The remaining l %  of cases involves 
the replacement of stretches of DNA mostly 
-1 500 nucleotides long, but extending as 
much as >9000 nucleotides (sometimes called 
long-patch repair). We do not know why some 
events trigger the Long-patch rather than the 
short-patch mode. 

The Uvr complex can also be directed to 
sites of damage by other proteins. Damage 
to DNA can result in stalled transcription, 
in which case a protein called Mfd displaces 
the RNA polymerase and recruits the Uvr com
plex. FIGURE 16.10 shows a model for the link 
between transcription and repair. When RNA 
polymerase encounters DNA damage in the 
template strand, it stalls because it cannot use 
the damaged sequences as a template to direct 
complementary base pairing. This explains the 
specificity of the effect for the template strand 
(damage in the nontemplate strand does not 
impede progress of the RNA polymerase). 

The Mfd protein has two roles. First, it dis
places the ternary complex of RNA polymerase 
h·om DNA. Second, i t  causes the UvrABC 
enzyme to bind to the damaged DNA, direct
ing excision repair to the damaged strand. After 
the DNA has been repaired, the next RNA poly
merase to traverse the gene is able to produce 
a normal transcript .  

ANA polymerase stalls at damaged template site 

Mfd binds to stalleo ANA polymerase 

Mfd 

ANA polymerase and transcnpl are released 

Mfd 

UvrAB initiates excision repair 

UvrB 
Mid 

FIGURE 16.10 Mfd recognizes a stalled RNA polymerase 
and directs DNA repair to the damaged template strand. 

Ill Eukaryotic Nucleotide 
Excision Repair Pathways 

Key concepts 

• Xeroderma pigmentosum (XP) is a human disease 
caused by mutations in any one of several 
nucleotide excision repair genes. 

• Numerous proteins, including XP products and 
the transcription factor TFnH, are involved in 
eukaryotic nucleotide excision repair. 

• Global genome repair recognizes damage anywhere 
in the genome. 

• Transcriptionally active genes are preferentially 
repaired via transcription-coupled repair. 

• Global genome repair and transcription-coupled 
repair differ in their mechanisms of damage 
recognition (XPC vs. RNA polymerase II). 

• TF0H provides the Link to a complex of repair enzymes. 

• Mutations in the XPD component of TFnH cause 
three types of human diseases. 
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The general principle of excision repair in 
eukaryotic cells is similar to that of bacteria. 
Bulky lesions, such as those created by UV 
damage, crosslinking agents, and numerous 
chemical carcinogens, are also recognized and 
repaired by a nucleotide excision repair sys
tem. The critical role of mammalian nucleotide 
excision repair is seen in certain human heredi
tary disorders. The best investigated of these is 
xeroderma pigmentosum (XP), a recessive 
disease resulting in hypersensitivity to sun
light, and in particular, ultraviolet light. The 
deficiency results in skin disorders and cancer 
predi sposi ti on. 

The disease is caused by a deficiency in 
nucleotide excision repair. XP patients can
not excise pyrimidine dimers and other bulky 
adducts. Mutations occur in one of eight genes 
called XPA to XPG, all of which encode proteins 
involved in various stages of nucleotide exci
sion repair. There are actually two major path
ways of nucleotide excision repair in eukary
otes, illustrated in FIGURE 16.11. 

The major difference between the two 
pathways is how the damage is initially rec
ognized. In globalge11ome repair (GG -NER), the 
XPC protein detects the damage and initiates 
the repair pathway. XPC can recognize dam
age anywhere in the genome. In mammals, 
XPC is a component of a lesion-sensing com
plex that also includes the proteins HR23B and 
centrin2.  XPC also detects distortions that are 
not repaired by NER (such as small unwound 
regions of DNA), suggesting other proteins 
are required to verify the damage bound by 
XPC. Although XPC recognizes many types 
of lesions, some types of damage, such as 
UV -induced cyclobutane pyrimidine dimers 
(CPDs), are not well recognized by XPC. In 
this case, the DNA damage-binding (DDB) 
complex assists in recruiting XPC to this type 
of damage. 

On the other hand, trauscription-coupled 
repair (TC-NER), as the name suggests, is 
responsible for repairing lesions that occur in 
the transcribed strand of active genes. In this 
case, the damage is recognized by RNA poly
merase II itself, which stalls when it encounters 
a bulky lesion. Interestingly, the repair func
tion may require modification or degradation 
of RNA polymerase . The large subunit of RNA 
polymerase is degraded when the enzyme stalls 
at sites of UV damage. 

The two pathways eventually merge and 
use a common set of proteins to effect the 
repair itself. The strands of DNA are unwound 

402 CHAPTER 16 Repair Systems 

for -20 bp around the damaged site. This 
action is performed by the helicase activity 
of the transcription factor TF11H, itself a large 
complex, which includes the products of two 
XP genes, XPB and XPD. XPB and XPD are both 
helicases; the XPB helicase is required for pro
moter melting during transcription, while the 
XPD helicase performs the unwinding func
tion in NER (though the ATPase activity of 
XPB is also required during this stage) .  TF11H 
is already present in a stalled transcription 
complex; as a result, repair of transcribed 
strands is extremely efficient compared to 
repair of nontranscribed regions. 

In the next step, cleavages are made on 
either side of the lesion by endonucleases 
encoded by the XPG and XPF genes. XPG is 
related to an endonuclease called FEN 1 that 
cleaves DNA during the base excision repair 
pathway (see the section in this chapter titled 
Base Excisio11 Repair Systems Require Glycosylases) . 
XPF is found as part of a two-protein incision 
complex with ERCC1,  which may assist XPF 
in binding DNA at the site of incision. Typi
cally, about 25-30 nucleotides are excised 
during NER. 

Finally, the single-stranded stretch includ
ing the damaged bases can then be replaced by 
new synthesis, and the final remaining nick is 
ligated by a complex of ligase III and XRCC 1 .  

TF11H, particularly the XPB and XPD sub
units, plays numerous and complex roles in 
NER and transcription. The degradation of the 
large subunit of RNA polymerase II is deficient 
in cells from patients with Cockayne syndrome, 
a repair disorder characterized by neurological 
impairment and growth deficiency, which may 
also show photosensitivity similar to that of XP, 
but without the cancer predisposition. Cock
ayne syndrome can be caused by mutations 
in either of two genes (CSA and CSB), both of 
whose products appear to be part of or bound to 
TF11H, and can also be caused by specific muta
tions in XPB or XPD. 

Another disease that can be caused by 
mutations in XPD is trichothiodystrophy, which 
has little in common with XP or Cockayne (it 
is marked by brittle hair and may also include 
mental retardation). All of this marks XPD as 
a pleiotropic protein, in which different muta
tions can affect different functions. In fact, XPD 
is required for the stability of the TF11H complex 
during transcription, but its helicase activity is 
not needed during transcription. Mutations 
that prevent XPD from stabilizing the complex 
cause trichothiodystrophy. The helicase activity 
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FIGURE 16.11 Nucleotide excision repair occurs via two major pathways: global genome repair, in which XPC recognizes damage 
anywhere in the genome, and transcription-coupled repair, in which the transcribed strand of active genes is preferentially 
repaired and the damage is recognized by an elongating RNA polymerase. Adapted from E. C. Friedberg, et al., Nature Rev. 

Cancer 1 (2001): 22-23. 
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is required for the repair function. Mutations 
that affect the helicase activity cause the repair 
deficiency that results in XP or Cockayne 
syndrome. 

In cases where replication encounters a 
thymine dimer that has not been removed, 
replication requires DNA polymerase TJ activ
ity in order to proceed past the dimer. This 
polymerase is encoded by XPV. This bypass 
mechanism allows cell division to proceed 
even in the presence of unrepaired damage, 
but this is generally a last resort as cells prefer 
to put a hold on cell division until all damage 
is repaired. 

Ill Base Excision Repair 
Systems Require 
Glycosylases 

Key concepts 

• Base excision repair is triggered by directly 
removing a damaged base from DNA. 

• Base removal triggers the removal and 
replacement of a stretch of polynucleotides. 

• The nature of the base removal reaction 
determines which of two pathways for base 
excision repair is activated. 

• The pol3/e pathway replaces a long polynucleo
tide stretch; the poll3 pathway replaces a short 
stretch. 

• Uracil and alkylated bases are recognized by 
glycosylases and removed directly from DNA. 

• Glycosylases and photolyase act by flipping the 
base out of the double helix, where, depending on 
the reaction, it is either removed or modified and 
returned to the helix_ 

Base excision repair is similar to the nucleo
tide excision repair pathways described in the 
previous section. The process usually starts in 
a different way, however, with the removal 
of an i11dividual damaged base. This serves as 
the trigger to activate the enzymes that excise 
and replace a stretch of DNA, including the 
damaged site. 

Enzymes that remove bases from DNA are 
called glycosylases and lyases. FIGURE 16.12 
shows that a glycosylase cleaves the bond 
between the damaged or mismatched base 
and the deoxyribose. FIGURE 16.13 shows that 
some glycosylases are also lyases that can 
take the reaction a stage further by using an 
amino (NH2) group to attack the deoxyribose 
ring. This is usually followed by a reaction that 
introduces a nick into the polynucleotide chain. 
FIGURE 16.14 shows that the exact form of the 
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FIGURE 16.12 A glycosylase removes a base from DNA 
by cleaving the bond to the deoxyribose. 

pathway depends on whether the damaged 
base is removed by a glycosylase or lyase. 

Glycosylase action is followed by the endo
nuclease APE 1 ,  which cleaves the polynucleo
tide chain on the 5 '  side. This in turn attracts a 
replication complex including the DNA poly
merase 'Ole and ancillary components, which 
performs a short synthesis reaction extending 
for two to 10 nucleotides. The displaced mate
rial is removed by the endonuclease FEN1. The 
enzyme ligase- 1  seals the chain. This is called 
the lo11g-patch pathway. (Note these names refer 

l Glycosylase �0 
bH2 �HN� .)'JH 

0 OH f( 0 

l Lyase 

FIGURE 16.13 A glycosylase hydrolyzes the bond between 
base and deoxyribose (using H20), but a lyase takes the 
reaction further by opening the sugar ring (using NH2}-
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FIGURE 16.14 Base removal by glycosylase or lyase 
action triggers mammalian excision repair pathways. 

to manunalian enzymes, but the descriptions 
are generally applicable for all eukaryotes.) 

When the initial removal involves lyase 
action, the endonuclease APE 1 instead recruits 
DNA polymerase � to replace a single nucle
otide. The nick is then sealed by the ligase 
XRCCl/ligase-3. This is called the short-patch 
pathway. 

Several enzymes that remove or modify 
individual bases in DNA use a remarkable 
reaction in which a base is "flipped" out of 
the double helix. This type of interaction was 
first demonstrated for methyltransferases
enzymes that add a methyl group to cytosine in 
DNA. This base-flipping mechanism places the 
base directly into the active site of the enzyme, 
where it can be modified and returned to its 
nonnal position in the helix, or, in the case of 
DNA damage, it can be immediately excised. 
Alkylated bases (typically in which a methyl 
group has been added to a base) are removed 

by this mechanism. A human enzyme, alkyl
adenine DNA glycosylase (AAG), recognizes 
and removes a variety of alkylated substJates, 
including 3-methyladenine, 7 -methylgua
nine, and hypoxanthine. FIGURE 16.15 shows 
the structure of AAG bound to a methylated 
adenine, in which the adenine is flipped out and 
bound in the glycosylase's active site. 

By contrast with this mechanism, 1 -metbyl
adenine is corrected by an enzyme that uses an 
oxygenating mechanism (encoded in E. coli by 
the gene alkB, which has homo logs in numer
ous eukaryotes, including three human genes). 
The methyl group is oxidized to a CH20H group, 
and then the release of the HCHO moiety (form
aldehyde) restores the structure of adenine. 
A very interesting discovery is that the bacte
rial enzyme, and one of the human enzymes, 
can also repair the same damaged base in RNA. 
In the case of the htm1an enzyme, the main 
target may be ribosomal RNA. This is the first 
known repair event with RNA as a target. 

One of the most common reactions in 
which a base is directly removed from DNA is 
catalyzed by uracil-DNA glycosy]ase. Uracil typ
ically only occurs in DNA because of a (sponta
neous) deamination of cytosine. lt is Jecognized 
by the glycosy]ase and removed. The reaction is 
similar to that sl10wn in Figure 16 .15 :  The uracil 

FIGURE 16.15 Crystal structure of the DNA repair enzyme 
alkyladenine DNA glycosylase (AAG) bound to a damaged 
base (3-methyladenine). The base (black) is flipped out 
of the DNA double helix (blue) and into AAG's active 
site (orange and green). Reproduced from A. Y. Lau, 
et al., Proc. Nat/. Acad. Sci. USA 97 {2000): 13573-13578. 
Photo courtesy ofT om Ellenberger, Washington University 
School of Medicine. 
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is flipped out of the helix and into the active 
site in the glycosylase. It appears that most or 
all glycosylases and lyases (in both prokaryotes 
and eukaryotes) work in a similar way. 

Another enzyme that uses base flipping 
is the photolyase that reverses the bonds 
between pyrimidine dimers (see Figure 16 .5 ) .  
The pyrimidine dimer i s  flipped into a cavity 
in the enzyme. Close to this cavity is an active 
site that contains an electron donor, which pro
vides the electrons to break the bonds. Energy 
for the reaction is provided by light in the vis
ible wavelength. While most prokaryotic and 
eukaryotic species possess photolyase, placen
tal mammals (but not marsupials) have lost 
this activity. 

The common feature of these enzymes is 
the flipping of the target base into the enzyme 
structure. Recent work has shown that Rad4, 
the yeast XPC homolog (the protein that rec
ognizes UV damage and other lesions during 
nucleotide excision repair), uses an interest
ing variation on this theme. Rad4 flips out the 
two adenine bases that are complementary to 
the linked thymines in a pyrimidine dimer, 
rather than flipping out the damaged pyrimi
dine dimer itself. In fact, it is believed that the 
ease with which these unpaired adenines are 
flipped out is actually the mechanism by which 
Rad4 detects the damage. Thus in this case, the 
target for the subsequent repair is not directly 
recognized by Rad4 at all, and instead the pro
tein uses flipping as an indirect mechanism to 
detect the loss of a normal base-paired DNA 
double helix. 

When a base is removed from DNA, the 
reaction is followed by excision of the phos
phodiester backbone by an endonuclease, DNA 
synthesis by a DNA polymerase to fill the gap, 
and ligation by a ligase to restore the integrity 
of the polynucleotide chain, as described for 
the nucleotide excision repair pathways in the 
previous section. 

Error-Prone Repair and 
Translesion Synthesis 

Key concepts 

• Damaged DNA that has not been repaired causes 
DNA polymerase III to stall during replication. 

• DNA polymerase V (coded by umuCD) or DNA 
polymerase IV (coded by din B) can synthesize a 
complement to the damaged strand_ 

• The DNA synthesized by repair DNA polymerases 
often has errors in its sequence. 
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The existence of repair systems that engage in 
DNA synthesis raises the question of whether 
their quality control is comparable with that of 
DNA replication. As far as we know, most sys
tems, including uvr-controlled excision repair, 
do not differ significantly from DNA replica
tion in the frequency of mistakes. Error-prone 
synthesis of DNA, however, occurs in E. coli 
under certain circumstances. 

The error-prone pathway, also known as 
translesion synthesis, was first observed 
when it was found that the repair of damaged 
'A phage DNA is accompanied by the induction 
of mutations if the phage is introduced into cells 
that had previously been irradiated with UV. 
This suggests that the UV irradiation of the host 
has activated functions that generate mutations 
when repairing 'A DNA. The mutagenic response 
also operates on the bacterial host DNA. 

What is the actual error-prone activity? 
It is a specialized DNA polymerase that 
inserts random (and thus usually incorrect) 
bases when it passes any site at which it can
not insert complementary base pairs in the 
daughter strand. Mutations in the genes umuD 
and umuC abolish UV -induced mutagenesis. 
This implies that the UmuC and UmuD pro
teins cause mutations to occur after UV irradia
tion. The genes constitute the umuDC operon, 
whose expression is induced by DNA dam
age. Their products form a complex UmuD' 2C, 
which consists of two subunits of a truncated 
UmuD protein (UmuD') and one subunit of 
UmuC. UmuD is cleaved by RecA, which is 
activated by DNA damage. 

The UmuD'2C complex has DNA poly
merase activity. It is called DNA polymerase V, 
and is responsible for synthesizing new DNA to 
replace sequences that have been damaged by 
UV. This is the only enzyme in E. coli that can 
bypass the classic pyrimidine dimers produced 
by UV (or other bulky adducts). The polymerase 
activity is error prone. Mutations in either umuC 
or umuD inactivate the enzyme, which makes 
high doses of UV irradiation lethal. 

How does an alternative DNA polymerase 
get access to the DNA? When the replicase 
(DNA polymerase III) encounters a block, such 
as a thymidine dimer, it stalls. It is then dis
placed from the replication fork and replaced 
by DNA polymerase V. In fact, DNA polymerase 
V uses some of the same ancillary proteins as 
DNA polymerase III. The same situation is 
true for DNA polymerase IV, the product of 
dinE, which is another enzyme that acts on 
damaged DNA. 



DNA polymerases IV and V are part of a 
larger family of translesion polymerases, which 
includes eukaryotic DNA polymerases and 
whose members are specialized for repairing 
damaged DNA. In addition to the dinE and 
umuCD genes that code for DNA polymerases 
IV and V in E. coli, this family also includes the 
RAD30 gene coding for DNA polymerase Tl of 
S. cerevisiae, and the XPV gene described pre
viously that encodes the human homolog. A 
difference between the bacterial and eukary
otic enzymes is that the latter are not error 
prone at thymine dimers: They accurately 
introduce an A-A pair opposite a T-T dimer. 
When they replicate through other sites of 
damage, however, they are more prone to 
introduce errors. 

Controlling the Direction 
of Mismatch Repair 

Key concepts 

• The mut genes code for a mismatch repair system 
that deals with mismatched base pairs. 

• There is a bias in the selection of which strand to 
replace at mismatches. 

• The strand lacking methylation at a hemimethyl
ated �AJ& is usually replaced. 

• The mismatch repair system is used to remove 
errors in a newly synthesized strand of DNA. At 
G-T and C-T mismatches, theT is preferentially 
removed. 

• Eukaryotic MutS/L systems repair mismatches and 
i nsertionjdeletion loops. 

Genes whose products are involved in con
trolling the fidelity of DNA synthesis during 
either replication or repair may be identified 
by mutations that have a mutator phenotype. 
A mutator mutant has an increased frequency 
of spontaneous mutation. If identified originally 
by the mutator phenotype, a gene is described 
as mut; often, though, a mut gene is later found 
to be equivalent with a known replication or 
repair activity. 

Many mut genes turn out to be compo
nents of mismatch repair systems. Failure to 
remove a damaged or mispaired base before 
replication allows it to induce a mutation. 
Functions in this group include the Dam meth
ylase that identifies the target for repair, and 
enzymes that participate directly or indirectly 
in the removal of particular types of damage 
(MutH, -S, -L, and -Y). 

When a structural distortion is removed 
from DNA, the wild-type sequence is restored. 

In most cases, the distortion is due to the 
creation of a base that is not naturally found 
in DNA, and that is therefore recognized and 
removed by the repair system. 

A problem arises if the target for repair is a 
mispaired partnership of (normal) bases created 
when one was mutated or misinserted during 
replication. The repair system has no intrinsic 
means of knowing which is the wild-type base 
and which is the mutant. All it sees are two 
improperly paired bases, either of which can 
provide the target for excision repair. 

If the mutated base is excised, the wild
type sequence is restored. If it happens to be 
the original (wild-type) base that is excised, 
though, the new (mutant) sequence becomes 
fixed. Often, however, the direction of excision 
repair is not random, but instead is biased in a 
way that is likely to lead to restoration of the 
wild-type sequence. 

Some precautions are taken to direct 
repair in the right direction. For example, for 
cases such as the deamination of 5 -methyl
cytosine to thymine, there is a special system 
to restore the proper sequence (see the Genes 
Are DNA chapter). The deamination generates 
a G-T pair, and the system that acts on such 
pairs has a bias to correct them to G-C pairs 
(rather than to A-T pairs). The system that 
undertakes this reaction includes the Mutl 
and MutS products that remove T from both 
G-T and C-T mismatches. 

The MutT, -M, -Y system handles the 
consequences of oxidative damage. A major 
type of chemical damage is caused by oxi
dation of G to 8-oxo-G. FIGURE 16.16 shows 

MutT hydrolyzes 8-oxo-dGTP 
� MutT 0 

dGTP )o dGTP )o d8 
Hydrolysis 

MutM removes G=O that is paired with C 
� MutM G G _. 0 _. G 

c c c c 

Replication l Glycosylase Insert G 

MutY removes A that is paired with G=O 
� Mut� � ., � 
G G G 
A GlycosylasP Insert C C 

FIGURE 16.16 Preferential removal of bases in pairs that 
have oxidized guanine is designed to minimize mutations. 
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that the system operates at three levels. 
MutT hydrolyzes the damaged precursor 
(8-oxo-dGTP), which prevents it from being 
incorporated into DNA. When guanine is oxi
dized in DNA its partner is cytosine, and M utM 
preferentially removes the 8-oxo-G from 
8-oxo-G-C pairs. Oxidized guanine mispairs 
with A, and so when 8-oxo-G survives and 
is replicated, it generates an 8-oxo-G-A pair. 
MutY removes A from these pairs. MutM and 
MutY are glycosylases that directly remove a 
base from DNA. This creates an apurinic site 
that is recognized by an endonuclease whose 
action triggers the involvement of the excision 
repair system. 

When mismatch errors occur during rep
lication in E. coli, it is possible to distinguish 
the original strand of DNA. Immediately after 
replication of methylated DNA, only the origi 
nal parental strand carries methyl groups. In 
the period during which the newly synthe
sized strand awaits the introduction of methyl 
groups, the two strands can be distinguished. 
This provides the basis for a system to correct 
replication errors. The dam gene codes for a 
methylase whose target is the adenine in the 
sequence g.fJ§. The hemimethylated state is 
used to distinguish replicated origins from 
nonreplicated origins. The same target sites are 
used by a replication-related mismatch repair 
system. 

FIGURE 16.17 shows that DNA containing 
mismatched base partners is repaired prefer
entially by excising the strand that lacks the 
methylation. The excision is quite extensive; 
mismatches can be repaired preferentially for 
> I  kb around a GATC site. The result is that 
the newly synthesized strand is corrected to the 
sequence of the parental strand. 

E. coli dam- mutants show an increased 
rate of spontaneous mutation. This repair 
system therefore helps reduce the number 
of mutations caused by errors in replica
tion. It consists of several proteins, coded by 
mut genes. MutS binds to the mismatch and 
is j oined by MutL. MutS can use two DNA
binding sites, as illustrated in FIGURE 16.18. The 
first specifically recognizes mismatches. The 
second is not specific for sequence or structure, 
and is used to translocate along DNA until a 
GATC sequence is encountered. Hydrolysis of 
ATP is used to drive the translocation. MutS is 
bound to both the mismatch site and to DNA 
as it translocates, and as a result it creates a 
loop in the DNA. 
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FIGURE 16.17 GATC sequences are targets for the Dam 
methylase after replication. During the period before this 
methylation occurs, the non methylated strand is the tar
get for repair of mismatched bases. 

Recognition of the GATC sequence 
causes the MutH endonuclease to bind to 
MutSL. The endonuclease then cleaves the 
unmethylated strand. This strand is then 
excised from the GATC site to the mismatch 
site. The excision can occur in either the 5'-3' 
direction (using RecJ or exonuclease VII) or 
in the 3'-5' direction (using exonuclease I), 
and is assisted by the helicase UvrD. A new 
DNA strand is then synthesized by DNA poly
merase III. 

Eukaryotic cells have systems homolo
gous to the E. coli mut system. Msh2 ("MutS 
homolog 2") provides a scaffold for the appa
ratus that recognizes mismatches. Msh3 and 
Msh6 provide specificity factors. In addition 
to repairing single-base mismatches, they are 
responsible for repairing mismatches that 
arise as the result of replication slippage. The 
hMutl3 complex, a Msh2-Msh3 dimer, binds 
mismatched insertion/deletion loops, while 
the Msh2-Msh6 (hMuta) complex binds to 



MutS dimer binds to mismatch 

Mull dimer binds to MutS 

MutS translocates to GATC MutH joins complex 
at GATC sequence 

FIGURE 16.18 MutS recognizes a mismatch and trans
locates to a GATC site. MutH cleaves the unmethylated 
strand at the GATC. Endonudeases degrade the strand 
from the GATC to the mismatch site. 

single-base mismatches. Other proteins, 
including MutL homologs, are required for the 
repair process itself. Surprisingly, even though 
higher eukaryotes possess DNA methylation 
that must be restored after replication just as 
in prokaryotes, eukaryotic mismatch repair 
systems do not use DNA methylation to select 
the daughter strand for repair. It is not known 
how eukaryotes recognize the daughter strand 
during mismatch repair, but MutSL homologs 
interact directly with the replication machin
ery. Some evidence suggests that strands con
taining nicks are preferentially recognized as 
daughter stands, which would certainly lead 
to efficient repair on the lagging strand, but 
does not explain the accurate repair of the 
leading strand. 

The eukaryotic MutS/L system is particu
larly important for repairing errors caused by 
replication slippage. In a region such as a mic
rosatellite, where a very short sequence is 
repeated several times, realignment between 
the newly synthesized daughter strand and its 
template can lead to a "stuttering" in which 
the DNA polymerase slips backward and syn
thesizes extra repeating units. These units in 
the daughter strand are extruded as a single
stranded loop from the double helix, which is 
repaired by homo logs of the M utS/L system, as 
shown in FIGURE 16.19. 

Replication slippage 
generates a 
single-strand loop 

MutS binds 
to the mismatch 

Mutl binds 

Mismatch is removed 
by exonuclease, 
helicase, 
DNA polymerase, 
and ligase 

FIGURE 16.
19 The MutS/MutL system initiates repair of 

mismatches produced by replication slippage. 

The importance of the MutS/L system for 
mismatch repair is indicated by the high rate 
at which it is found to be defective in human 
cancers. Loss of this system leads to an increased 
mutation rate, and mutations in MutS/L com
ponents can lead to hereditary nonpolyposis 
colorectal cancer (HNPCC). A characteristic 
feature of HNPCC is microsatellite instability, 
in which the lengths (numbers of repeats) of 
microsatellite sequences change rapidly in the 
tumor cells due to the loss of the mismatch 
repair system to correct replication slippage in 
these sequences. This instability can be used 
diagnostically to identify HNPCC. 

111 Recombination-Repair 
Systems in £. coli 

Key concepts 

• The rec genes of E. coli code for the principal 
recombination-repair system. 

• The recombination-repair system functions 
when replication leaves a gap in a newly 
synthesized strand that is opposite a damaged 
sequence. 

• The single strand of another duplex is used to 
replace the gap. 

• The damaged sequence is then removed and 
resynthesized. 
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Recombination-repair systems use activi
ties that overlap with those involved in genetic 
recombination. They are also sometimes called 
"post-replication repair" because they function 
after replication. Such systems are effective in 
dealing with the defects produced in daughter 
duplexes by replication of a template that con
tains damaged bases. An example is illustrated 
in FIGURE 16.20. 

Consider a structural distortion, such 
as a pyrimidine dimer, on one strand of a 
double helix. When the DNA is replicated, 
the dimer prevents the damaged site from 
acting as a template. Replication is  forced to 
skip past it. 

DNA polymerase probably proceeds up to 
or close to the pyrimidine dimer. The poly
merase then ceases synthesis of the corre
sponding daughter strand. Replication restarts 
some distance farther along. This replication 
may be performed by translesion polymer
ases, which can replace the main DNA poly
merase at such sites of unrepaired damage (see 

Damage 

Bases on one strand of DNA are damaged 

Replication generates a copy with gap I opposite damage and a normal copy � 

Retrieval 
Gap is repaired by retrieving 
sequence from normal copy 

Gap in normal copy is repaired ! 
FIGURE 16.20 An E. coli retrieval system uses a 
normal strand of DNA to replace the gap left in a 
newly synthesized strand opposite a site of unrepaired 
damage. 
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the section in this chapter titled Error-Prone 
Repair alld Translesion Synthesis). A substantial 
gap is left in the newly synthesized strand. 

The resulting daughter duplexes are dif
ferent in nature. One has the parental strand 
containing the damaged adduct, which faces a 
newly synthesized strand with a lengthy gap. 
The other duplicate has the undamaged paren
tal strand, which has been copied into a normal 
complementary strand. The retrieval system 
takes advantage of the normal daughter. 

The gap opposite the damaged site in the 
first duplex is filled by utilizing the homol
ogous single strand of DNA from the nor
mal duplex. Following this single-strand 
exchange, the recipient duplex has a parental 
(damaged) strand facing a wild-type strand. 
The donor duplex has a normal parental 
strand facing a gap; the gap can be filled by 
repair synthesis in the usual way, generating a 
normal duplex. Thus, the damage is confined 
to the original distortion (although the same 
recombination -repair events must be repeated 
after every replication cycle unless and until 
the damage is removed by an excision repair 
system).  

The principal pathway for recombination
repairin E. coli is identified by the recgenes (see 
the chapter titled Homologous and Site-Specific 
Recombination). In E. coli deficient in excision 
repair, mutation of the recA gene essentially 
abolishes all the remaining repair and recovery 
facilities. Attempts to replicate DNA in uvr
recA- cells produce fragments of DNA whose 
size corresponds with the expected distance 
between thymine dimers. This result implies 
that the dimers provide a lethal obstacle to 
replication in the absence of RecA function. It 
explains why the double mutant cannot toler
ate > 1 to 2 dimers in its genome (compared 
with the ability of a wild-type bacterium to 
handle as many as 50) .  

One rec pathway involves the recBC genes 
and is well characterized; the other involves 
reeF and is not so well defined. They fulfill dif
ferent functions ill vivo. The RecBC pathway is 
involved in restarting stalled replication forks 
(see the section in this chapter titled Recom
billation Is an Important Mechanism to Recover 
from Replication Errors). The ReeF pathway is 
involved in repairing the gaps in a daughter 
strand that are left after replicating past a 
pyrimidine dimer. 

The RecBC and ReeF pathways both func
tion prior to the action of RecA (although in 
different ways). They lead to the association of 



RecA with a single-stranded DNA. The ability of 
RecA to exchange single strands allows it to per
form the retrieval step shown in Figure 16.20. 
Nuclease and polymerase activities then com
plete the repair action. 

The RecFpathway contains a group of three 
genes: reeF, recO, and recR. The proteins form 
two types of complex, RecOR and RecOF. They 
promote the formation of RecA filaments on 
single-stranded DNA. One of their functions is 
to make it possible for the filaments to assemble 
in spite of the presence of single-strand bind
ing protein (SSB), which is inhibitory to RecA 
assembly. 

The designations of repair and recombina
tion genes are based on the phenotypes of the 
mutants, but sometimes a mutation isolated 
in one set of conditions and named as a uvr 
gene turns out to have been isolated in another 
set of conditions as a rec gene. This illustrates 
the point that the uvr and rec pathways are 
not independent, because uvr mutants show 
reduced efficiency in recombination-repair. We 
must expect to find a network of nuclease, poly
merase, and other activities, which constitute 
repair systems that are partially overlapping (or 
in which an enzyme usually used to provide 
some function can be substituted by another 
from a different pathway). 

Recombination Is an 
Important Mechanism 
to Recover from 
Replication Errors 

Key concepts 

• A replication fork may stall when it encounters a 
damaged site or a nick in DNA. 

• A stalled fork may reverse by pairing between the 
two newly synthesized strands. 

• A stalled fork may restart after repairing the 
damage and use a helicase to move the fork 
forward. 

• The structure of the stalled fork is the same as 
a Holliday junction and may be converted to a 
duplex and DSB by resolvases. 

In many cases, rather than skipping a DNA 
lesion, DNA polymerase instead stops rep
licating when it  encounters DNA damage. 
FIGURE 16.21 shows one possible outcome when 
a replication fork stalls. The fork stops mov
ing forward when it encounters the damage. 
The replication apparatus disassembles, at least 

Replication fork stalls at damaged site 

Replication fork reverses and collapses 
.. � .. jill .. 1/* 

Damage is repaired 

.. 

Helicase restores replication fork 
Ill � ======-;:;�= 

FIGURE 16.21 A replication fork stalls when it reaches 
a damaged site in DNA. Reversing the fork allows the 
two daughter strands to pair. After the damage has 
been repaired, the fork is restored by forward-branch 
migration catalyzed by a helicase. Arrowheads indicate 
3 '  ends. 

partially. This allows branch migration to occur, 
when the fork effectively moves backward, and 
the new daughter strands pair to form a duplex 
structure. After the damage has been repaired, 
a helicase rolls the fork forward to restore its 
structure. Then the replication apparatus can 
reassemble, and replication is restarted (see the 
DNA Replication chapter). 

The pathway for handling a stalled 
replication fork requires repair enzymes, and 
restarting stalled replication forks is thought 
to be a major role of the recombination-repair 
systems. In E. coli, the RecA and RecBC systems 
have an important role in this reaction (in fact, 
this may be their major function in the bac
terium). One possible pathway is for RecA to 
stabilize single-stranded DNA by binding to it at 
the stalled replication fork and possibly acting as 
the sensor that detects the stalling event. RecBC 
is involved in excision repair of the damage. 
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After the damage has been repaired, replication 
can resume. 

Another pathway may use recombination
repair-possibly the strand-exchange reac
tions of RecA. FIGURE 16.22 shows that the 
structure of the stalled fork i s  essentially 
the same as a Holliday junction created by 
recombination between two duplex DNAs 
(see the Homologous and Site-Specific Recom
bination chapter). This makes it a target for 
resolvases. A double-strand break is generated 
if a resolvase cleaves either pair of comple
mentary strands. In addition, if the damage 
is in fact a nick, another double-strand break 
is created at this site. 

Replication fork stalls at damaged site 

Replication fork reverses and collapses 

)I 

A resolvase cuts at the junction 

I( 

)I 

A DSB has been created 

Another DSB is created if the damage is a nick 

FIGURE 16.22 The structure of a stalled replication fork 
resembles a Holliday junction and can be resolved in the 
same way by resolvases. The results depend on whether 
the site of damage contains a nick. Result 1 shows that 
a double-strand break is generated by cutting a pair of 
strands at the junction. Result 2 shows a second DSB is 
generated at the site of damage if it contains a nick. 
Arrowheads indicate 3 '  ends. 
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Stalled replication forks can be rescued by 
recombination-repair. We do not know the 
exact sequence of events, but one possible 
scenario is outlined in FIGURE 16.23 . The prin
ciple is  that a recombination event occurs on 
either side of the damaged site, allowing an 
undamaged single strand to pair with the 
damaged strand. This allows the replication 
fork to be reconstructed so that replica
tion can continue, effectively bypassing the 
damaged site. 

Replication fork stalls at damaged site 

�::::::= I 
Undamaged parental strand crosses over 

Displaced strand pairs with complement 

A second crossover occurs 

' 
1\ ' 

\L .\ ·.:.� 

Resolvase acts on the junctions � 

Replication resumes 

1 1 
)I 

FIGURE 16.23 When a replication fork stalls, recom
bination-repair can place an undamaged strand oppo
site the damaged site. This allows replication to 
continue. 



Recombination-Repair 
of Double-Strand  Breaks 
in Eukaryotes 

Key concepts 

• The yeast RAD mutations, identified by radiation
sensitive phenotypes, are in genes that code for 
repair systems. 

• The RAD52 group of genes is required for recombi
nation-repair. 

• The MRX (yeast) or MRN (mammals) complex is 
required to form a single-stranded region at each 
DNA end. 

• The RecA homolog Rad51 forms a nucleoprotein 
filament on the single-stranded regions, assisted 
by Rad52 and Rad55/57. 

• Rad54 and Rdh54/Rad54B are involved in homol
ogy search and strand invasion. 

When a replication fork encounters a lesion in 
a single stand, it can result in the formation of 
a double-strand break (DSB). DSBs are one of 
the most severe types of DNA damage that can 
occur, particularly in eukaryotes. If a DSB on a 
linear chromosome is not repaired, the portion 
of the chromosome lacking a centromere will 
not be segregated at the next cell division. In 
addition to their occurrence during replication, 
DSBs can be generated in a number of other 
ways, including ionizing radiation, oxygen radi
cals generated by cellular metabolism, or action 
of endonucleases. The preferred mechanism for 
repairingDSBs is to use recombination-repair, as 
this ensures that no critical genetic information 
is lost due to sequence loss at the breakpoint. 

Several of the genes required for recombi
nation-repair in eukaryotes have already been 
discussed in the context of homologous recombi
nation (see the Homologous and Site-Specific Recombi
nation chapter). Many eukaryotic repair genes are 
named RAD genes; they were initially characterized 
genetically in yeast by virtue oftheir sensitivity to 
radiation. There are three general groups of repair 
genes in the yeast S. cerevisiae, identified by the 
RAD3 group (involved in excision repair), the RAD6 
group (required for postreplication repair), and 
the RAD52 group (concerned with recombination
like mechanisms). Homologs of these genes are 
present in higher eukaryotes as well. 

The RAD52 group plays essential roles in 
homologous recombination, and includes a large 
number of genes such as RAD50, RAD5 I, RAD54, 
RAD55, RAD57, and RAD59. These Rad proteins 
are all required at different stages of repair of a 
double-strand break. As occurs during meiotic 
recombination, the Mrel l/Rad50/Xbsl (MRX) 

complex (MRN in mammals) binds to the free 
DNA ends, and may tether the ends together, 
as shown in FIGURE 16.24 . In concert with 
exonucleases and helicases, the MRX complex is 
required to resect the ends of the double-strand 
break to generate single-stranded tails with 3 I
OH overhangs. This single-stranded DNA serves 
to activate a DNA damage checkpoint, stopping 
cell division until the damage can be repaired. 
The RecA homolog Rad5l binds to the single
stranded DNA to form a nucleoprotein filament, 
which is used for strand invasion of a homologous 
sequence. Rad52 and the Rad55/57 complex are 
required to form a stable Rad5l filament, and 
Rad54 and its homologRdh54 (Rad54B in mam
mals) assist in the search for homologous donor 
DNA and subsequent strand invasion. Rad54 and 
Rdh54 are members of the SWI2/SNF2 super
family of chromatin-remodeling enzymes (see 
the Eukaryotic Transcription Regulation chapter), 
and may be necessary for reconfiguring cluo
matin structure at both the damage site and at 
the donor DNA. Following repair synthesis, the 
resulting structure (which resembles a Holliday 

DSB 

+ 
Nbsl -- �Mre11 

Rad50 

FIGURE 16.24 The MRN complex, required for 5 1  end 
resection, also serves as a DNA bridge to prevent bro
ken ends from separating. The "head" region of Rad50, 
bound to Mrell, binds DNA, while the extensive coiled 
coil region of Rad50 ends with a "zinc hook" that medi
ates interaction with another MRN complex. The precise 
position of Nbsl within the complex is unknown but it 
interacts directly with Mrell. 
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junction) is resolved (see the Homologous and Site
Specific Recombiuatiou chapter for an illustration 
of these events). 

Nonhomologous 
End-Joining Also Repairs 
Double-Strand Breaks 

Key concepts 

• Repair of double-strand breaks when homologous 
sequence is not available occurs through a nonho
mologous end-joining (NHEJ) reaction. 

• The NHEJ pathway can ligate blunt ends of duplex 
DNA. 

• Mutations in double-strand break repair pathways 
cause human diseases. 

Repair of DSBs by homologous recombination 
ensures no genetic information is lost from a 
broken DNA end. In many cases, though, a 
sister chromatid or homologous chromosome 
is not easily available to use as a template for 
repair. In addition, some DSBs are specifically 
repaired using error-prone mechanisms as an 
intermediate in the recombination of immu
noglobulin genes (see the chapter titled Somatic 
Recomhi11atio11 a11d Hypermutation i11 the Immune 

System) .  In these cases, the mechanism used to 
repair these breaks is called nonhomologous 
end-joining (NHEJ), and consists of ligating 
the ends together. 

The steps involved in NHEJ are summa
rized in FIGURE 16.25 . The same enzyme com
plex undertakes the process in both NHEJ and 
immune recombination. The first stage is recog
nition of the broken ends by a heterodimer con
sisting of the proteins Ku70 and Ku80. After the 
DNA ends are bound by the Ku complex, the 
MRN complex (or MRX complex in yeast) assists 
in bringing the broken DNA ends together by 
acting as a bridge between the two molecules. 
The MRN complex consists of Mre i i, Rad50, 
and Nbsi (Xrs2 in yeast). Another key com
ponent is the DNA-dependent protein kinase 
(DNA-PKcs), which is activated by DNA to phos
phorylate protein targets. One of these targets 
is the protein Artemis, which in its activated 
form has both exonuclease and endonucle
ase activities, and can trim overhanging ends 
and cleave the hairpins generated by recom
bination of immunoglobulin genes. The DNA 
polymerase activity that fills in any remaining 
single-stranded protrusions is not known. Fre
quently during the NHEJ process, mutations 
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are generated through nucleotide deletion 
and insertion that occurs during the process
ing steps prior to ligation. The actual joining 
of the double-stranded ends is performed by 
DNA ligase IV, which functions in conjunction 
with the protein XRCC4. Mutations in any of 
these components may render eukaryotic cells 
more sensitive to radiation. Some of the genes 
for these proteins are mutated in patients who 
have diseases due to deficiencies in DNA repair. 

The Ku heterodimer is the sensor that 
detects DNA damage by binding to the broken 
ends. Ku can bring broken ends together by 
binding two DNA molecules. The crystal struc
ture in FIGURE 16.26 shows why it binds only to 
ends: The bulk of the protein extends for about 
two turns along one face of DNA (visible in the 
lower panel), but a narrow bridge between the 
subunits, located in the center of the structure, 
completely encircles DNA. This means that the 
heterodimer needs to slip onto a free end. 

All ofthe repair pathways we have discussed 
are conserved in mammals, yeast, and bacteria. 
Deficiency in DNA repair causes several human 
diseases. The inability to repair double-strand 
breaks in DNA is particularly severe and leads 
to chromosomal instability. The instability is 
revealed by chromosomal aberrations, which 
are associated with an increased rate of muta
tion, which in turn leads to an increased sus
ceptibility to cancer in patients with the disease. 
The basic cause can be mutation in pathways 
that control DNA repair or in the genes that 
code for enzymes of the repair complexes. The 
phenotypes can be very similar, as in the case 
of ataxia telangiectasia (AT), which is caused by 
failure of a cell cycle checkpoint pathway, and 
Nijmegen breakage sy11drome (NBS), which is 
caused by a mutation of a repair enzyme. 

Nijmegen breakage syndrome results from 
mutations in a gene coding for a protein (vari
ously called Nibrin, p95, or NBS I )  that is a com
ponent of the Mre I l/Rad50/Nbs I (MRN) repair 
complex. When human cells are irradiated with 
agents that induce DSBs, many factors accu
mulate at the sites of damage, including the 
components of the MRN complex. After irradia
tion, the kinase ATM (encoded by the AT gene) 
phosphorylates NBS I ;  this activates the com
plex, which localizes to sites of DNA damage. 
Subsequent steps involve triggering a checkpoint 

(a mechanism that prevents the cell cycle from 
proceeding until the damage is repaired) and 
recruiting other proteins that are required to 
repair the damage. Patients deficient in either 



ATM or NBS l are immunodeficient, sensitive to (A) 

ionizing radiation, and predisposed to develop 
cancer, especially lymphoid cancers. 

The recessive human disorder Bloom syn
drome is caused by mutations in a helicase gene 
(called BLM) that is homologous to recQ of E. coli. 

The mutation results in an increased frequency 
of chromosomal breaks and sister chromatid 
exchanges. BLM associates with other repair pro
teins as part of a large complex. One oftbe proteins 
with which it interacts is hMLHl, a mismatch
repairprotein that is the human homologofbac
terial mutL. The yeast homologs of these two 
proteins, Sgs 1 and Mil1l, also associate, iden
tifying these genes as parts of a well conserved 
repair pathway, and illustrating that there is 
crosstalk between different repair pathways. 
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DNA Repair in Eukaryotes (DJ 

Occurs in the Context 
of Chromatin 

Key concepts 

• Both histone modification and chromatin remodeling 
are essential for repair of DNA damage in chromatin. 

• H2A phosphorylation (-y-H2AX) is a conserved 
double-strand break-dependent modification that 
recruits chromatin-modifying activities and facili
tates assembly of repair factors. 

• Different patterns of histone modifications may 
distinguish stages of repair or different pathways 
of repair. 

• Remodelers and chaperones are required to reset 
chromatin structure after completion of repair. 

KuBO 

DNA strands are repaired 

(E ) 

FIGURE 16.25 Nonhomologous end-joining. The blue dot on one of 
the two DSB ends signifies a nonligatable end (A). The double-strand 
break ends are bound by the Ku heterodimer (B). The Ku:DNA com
plexes are juxtaposed (C) to bridge the ends and the gap is filled in by 
processing enzymes and Pol lambda or Pol mu. The ends are ligated by 
the specialized DNA ligase LigiV with its partner XRCC4 {D) to repair 
the double-strand break (E). 

FIGURE 16.26 The Ku70-Ku80 heterodimer binds along two turns of the DNA double helix and surrounds the helix at 
the center of the binding site. Structures from Protein Data Bank lJEY. J. R. Walker, R. A. Corpina, and J. Goldberg, 
Nature 412 (2001): 607-614. 

16.12 DNA Repair in Eukaryotes Occurs in the Context of Chromatin 415 



DNA repau m eukaryotic cells involves an 
additional layer of complexity: the nudeoso
mal packagingofthe DNA substrate. Chromatin 
presents an obstacle to DNA repair, as it does to 
replication and transcription, as nucleosomes 
must be displaced in order for processes such 
as strand unwinding, excision, or resection to 
occur. Chromatin in the vicinity of DNA dam
age must therefore be modified and remodeled 
before or during repair, and then the original 
clnomatin state must be restored after repair is 
completed, as shown in FIGURE 16.27 . 

Access to DNA in chromatin is controlled by 
a combination of covalent histone modifications, 
which change the structure of chromatin and 
create alternative binding sites for chromatin
binding proteins (discussed in the Chromati11 
chapter), and ATP-dependent chromatin remod
eling (discussed in the Eukaryotic Transcriptio11 
Regulation chapter), in which remodeling com
plexes use the energy of ATP to slide or displace 
nucleosomes. Both histone modification and 
cluomatiJl remodeling have been implicated in 
all of the eukaryotic repair pathways discussed 
in this chapter; for example, both the global
genome and transcription-coupled pathways 
of nucleotide excision repair depend on spe-
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FIGURE 16.27 DNA damage in chromatin requires chro
matin remodeling and histone modification for efficient 
repair; after repair the original chromatin structure must 
be restored. 
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cifi c chromatin-rem ode ling enzymes, and repair 
of UV-damaged DNA is facilitated by histone 
acetylation. The best understanding of the roles 
of chromatin modification, however, is in the 
repair of DNA double-strand breaks. 

Much of our understanding of the role of 
chromatin modification in double-strand break 
repair comes from studies in yeast utilizing a 
system derived from the yeast mating-type 
switching apparatus, which was introduced in 
the Homologous and Site-Specific Recombination 
chapter. In this experimental system, yeast 
strains contain a galactose-inducible HO endo
nuclease, which generates a unique double
strand break at the active mating type locus 
(MAT) when cells are grown in galactose. These 
breaks are repaired using the same recombi
nation-repair factors described in the section 
in this chapter titled Recomhi11atio11-Repair of 
Double-Stra11d Breaks i11 Eukaryotes, using homol
ogous sequences present at the silent mating 
Lype loci HML or HMR. In the absence of homol
ogous donor sequences (or, for haploid yeast, a 
sister chromatid during S/G2), cells utilize the 
second major pathway of DSB repair, non]lO
mologous end-joining (NHEJ), to directly ligate 
broken chromosome ends. 

Using this system (and other methods for 
inducing double-strand breaks in mammalian 
systems as weU), researchers have identified 
numerous histone modifications and chroma
tin-remodeling events that take place during 
repair. The best d1aracterized of these is the 
phosphorylation of the histone H2AX variant 
(see the Chromatin chapter). The major H2A 
in yeast is actually of the H2AX type, which is 
distinguished by an SQEL/Y motif at the end 
of the C-terminal tail. (This variant makes up 
only 5%-15% of the total H2A in mammalian 
cells.) The serine in the SQEL/Y sequence is 
the substrate for phosphorylation by the Mec I I  
Tell kinases in yeast, homo logs of the mamma
lirul ATM/ATR kinases (ATM is the checkpoint 
kinase affected in AT patients, discussed in the 
previous section). H2AX phosphorylated at this 
site (serine 129 in yeast, 139 in mammals) is 
referred to as ")'-H2AX. 

-y-H2AX is a universal marker for double
strand breaks, whether they occur as a result 
of damage, or during their normal appear
ance during mating-type switching in yeast, 
or during meiotic recombination in numer
ous species. H2AX phosphorylation is one of 
the earliest events to occur at a double-strand 
break, appearing dose to the breakpoint within 
minutes of damage, and spreading to include 



-50 kb of chromatin in yeast, and megabases 
of chromatin in mammals. -y-H2AX is detectable 
throughout the repair process, and is linked to 
checkpoint recovery after repair. H2AX phos
phorylation stabilizes the association of repair 
factors at the breakpoint, and also serves to 
recruit chromatin-remodeling enzymes and 
a histone acetyltransferase to facilitate subse
quent stages of repair. 

In addition to -y-H2AX, numerous other 
histone modification events occur at double
strand breaks, at defined times during the 
repair process. Some of these are summarized 
in FIGURE 16.28, which shows an approximate 
timeline of modification events at an HO
induced break in yeast. They include transient 
phosphorylation of H4S I by casein kinase 2, 
a modification more important for NHEJ than 
DSBR; and complex, asynchronous waves of 
acetylation of both histones H3 and H4, con
trolled by at least three different acetyltrans
ferases and three different deacetylases. It has 
recently been shown that -y-H2AX is further 
subject to polyubiquitylation following its 
phosphorylation, and dephosphorylation of 
a tyrosine in -y-H2AX (Yl42 in mammals) is 
also critical in the damage response. Certain 

preexisting modifications, such as methylated 
H4K20 and H3K79, also appear to play a role, 
perhaps by being exposed only upon chromatin 
conformational changes that occur in response 
to other modification at a damage site. It is not 
fully understood how each modification pro
motes different steps in the repair process (and 
the details may differ between species), but it is 
important to note that the patterns of modifi
cation differ between homologous recombina
tion and end-joining pathways, suggesting that 
these modifications may recruit factors specific 
for the different repair mechanisms. 

A number of chromatin-remodeling 
enzymes also act at double-strand breaks. All 
chromatin-remodeling enzymes are members 
of the SWI2/SNF2 superfamily of enzymes, 
but there are numerous subfamilies within this 
group (see the chapter titled EukaryoticTranscrip
tion Regulation) .  At least three different subfami
lies are implicated in double-strand break repair: 
the SWI/SNF and RSC complexes of the SNF2 
subfamily, the IN080 and SWR 1 complexes 
of the IN080 group, and Rad54 and Rdh54 of 
the Rad54 subfamily. As discussed in the sec
tion in this chapter titled Recombination-Repair 
of Double-Strand Breaks in Eukaryotes, the Rad54 
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FIGURE 16.28 Summary of known histone modifications at an HO-induced double-strand break. The 
approximate timing of events is indicated on the left. Repair rates for homologous recombination 
and nonhomologous end-joining differ in this experimental system, so the precise timing of different 
modification events relative to one another is not always directly comparable between pathways. The 
relative distances from the breakpoint are indicated in the upper right (not to scale). Shaded triangles 
and arcs show distributions and relative levels of the indicated modifications. 
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and Rdh54 enzymes play roles during the search 
for homologous donors and strand-invasion 
stages of repair, but other chromatin remodel
ers appear important during every stage, includ
ing initial damage recognition, strand resection, 
and the resetting of chromatin as repair is com
pleted. This final stage also requires the activi
ties of the histone chaperones Asfl and CAF-1 
(introduced in the Chromati11 chapter), which 
are needed to restore chromatin structure on 
the newly repaired region and allow recovery 
from the DNA damage checkpoint. 

RecA Triggers 
the SOS System 

Key concepts 

• Damage to DNA causes RecA to trigger the SOS 
response, which consists of genes coding for many 
repa1r enzymes. 

• RecA activates the autocleavage activity of LexA. 

• LexA represses the SOS system; its autocleavage 
activates those genes. 

When cells respond to DNA damage, the actual 
repair of the lesion is only one part of the over
all response. Eukaryotic cells also engage in 
two other key types of activities when dam
age is detected: activation of checkpoints to 
arrest the cell cycle until the damage is repaired 
(see the chapter titled Replication Is Co1111ected to 
the Cell Cycle), and induction of a suite of tran
scriptional changes that facilitate the damage 
response (such as production of repair enzymes). 

Bacteria also engage in a more global 
response to damage than just the repair event, 
known as the SOS respo11se. This response 
depends on the recombination protein RecA, 
discussed elsewhere in this chapter. RecA's role 
in recombination-repair is only one of its activi
ties. This extraordinary protein also has another 
quite distinct function: It can be activated by 
many treatments that damage DNA or inhibit 
replication in E. coli. This causes it to trigger the 
SOS response, a complex series of phenotypic 
changes that involves the expression of many 
genes whose products include repair functions. 
These dual activities of the RecA protein make it 
difficult to know whether a deficiency in repair 
in recA mutant cells is due to loss of the DNA 
strand-exchange function of RecA or to some 
other function whose induction depends on the 
protease activity. 

The inducing damage can take the form of 
ultraviolet irradiation (the most studied case) 
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or can be caused by crosslinking or alkylating 
agents. Inhibition of replication by any of sev
eral means-including deprivation of thymine, 
addition of drugs, or mutations in several of the 
dna genes-has the same effect. 

The response takes the form of increased 
capacity to repair damaged DNA, which is 
achieved by inducing synthesis of the compo
nents of both the long-patch excision repair 
system and the Rec recombination-repair 
pathways. In addition, cell division is inhibited. 
Lysogenic prophages may be induced. 

The initial event in the response is the acti
vation of RecA by the damaging treatment. We 
do not know very much about the relationship 
between the damaging event and the sudden 
change in RecA activity . A variety of damag
ing events can induce the SOS response; thus 
current work focuses on the idea that RecA is 
activated by some common intermediate in 
DNA metabolism. 

The inducing signal could consist of a small 
molecule released from DNA, or it might be 
some structure fonned in the DNA itself. In vitro, 
the activation of RecA requires the presence of 
single-stranded DNA and ATP. Thus, the acti
vating signal could be the presence of a single
stranded region at a site of damage. Whatever 
form the signal takes, its interaction with RecA 
is rapid: The SOS response occurs within a few 
minutes of the damaging treatment. 

Activation of RecA causes proteolytic cleav
age of the product of the lexA gene. LexA is a 
small (22 kD) protein that is relatively stable in 
untreated cells, where it functions as a repres
sor at many operons. The cleavage reaction is 
unusual: Lex A has a latent protease activity that 
is activated by RecA. When RecA is activated, 
it causes LexA to undertake an autocatalytic 
cleavage; this inactivates the LexA repressor 
function, and coordinately induces all the oper
ons to which it was bound. The pathway is illus
trated in FIGURE 16.29. 

The target genes for Lex A repression include 
many with repair functions. Some ofthese SOS 
genes are active only in treated cells; others are 
active in untreated cells, but the level of expres
sion is increased by cleavage oflexA. In the case 
of uvrB, which is a component of the excision 
repair system, the gene has two promoters: One 
functions independently of LexA; the other is 
subject to its control. Thus, after cleavage of 
LexA, the gene can be expressed from the sec
ond promoter as well as from the first. 

LexA represses its target genes by binding 
to a 20-bp stretch of DNA called an SOS box, 
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FIGURE 16.29 The LexA protein represses many genes, including repair genes, 
recA and /exA. Activation of RecA leads to proteolytic cleavage of LexA and 
induces all of these genes. 

which includes a consensus sequence with 
eight absolutely conserved positions. As is com
mon with other operators, the SOS boxes over
lap with the respective promoters. At the lexA 
locus-the subject of autogenous repression
there are two adjacent SOS boxes. 

RecA and LexA are mutual targets in the 
SOS circuit: RecA triggers cleavage of Lex A, 
which represses recA and itself. The SOS response 
therefore causes amplification of both the RecA 
protein and the LexA repressor. The results are 
not so contradictory as might at first appear. 

The increase in expression of RecA protein 
is necessary (presumably) for its direct role in 
the recombination-repair pathways. On induc
tion, the level ofRecA is increased from its basal 
level of -1200 molecules/ cell by up to 50 X.  
The high level in induced cells means there is 
sufficient RecA to ensure that all the Lex A pro
tein is cleaved. This should prevent Lex A from 
reestablishing repression of the target genes. 

The main importance of this circuit for the 
cell, however, lies in the cell's ability to return 
rapidly to normalcy. When the inducing signal 
is removed, the RecA protein loses the ability 
to destabilize LexA. At this moment, the lexA 
gene is being expressed at a high level; in the 
absence of activated RecA, the LexA protein 
rapidly accumulates in the uncleaved form and 

turns off the SOS genes. This explains why the 
SOS response is freely reversible. 

RecA also triggers cleavage of other cellu
lar targets, sometimes with more direct conse
quences. The UmuD protein is cleaved when 
RecA is activated; the cleavage event activates 
UmuD and the error-prone repair system. The 
current model for the reaction is that the Umu
D2UmuC complex binds to a RecA filament near 
a site of damage, RecA activates the complex 
by cleaving UmuD to generate UmuD', and the 
complex then synthesizes a stretch of DNA to 
replace the damaged material. 

Activation of RecA also causes cleavage 
of some other repressor proteins, including 
those of several prophages. Among these is 
the lambda repressor (with which the prote
ase activity was discovered). This explains why 
lambda is induced by ultraviolet irradiation: 
The lysogenic repressor is cleaved, releasing 
the phage to enter the lytic cycle. 

This reaction is not a cellular SOS response, 
but instead represents recognition by the pro
phage that the cell is in trouble . Survival is then 
best assured by entering the lytic cycle to gen
erate progeny phages. In this sense, prophage 
induction is piggybacking onto the cellular sys
tem by responding to the same indicator (acti
vation of RecA). 
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The two activities of RecA are relatively 
independent. The recA44l mutation allows 
the SOS response to occur without inducing 
treatment, probably because RecA remains 
spontaneously in the activated state. Other 
mutations abolish the ability to be activated. 
Neither type of mutation affects the ability 
of RecA to handle DNA. The reverse type 
of mutation, inactivating the recombination 
function but leaving intact the ability to induce 
the SOS response, would be useful in disen
tangling the direct and indirect effects of RecA 
in the repair pathways. 

Summary 
All cells contain systems that maintain the integ
rity oftheir DNA sequences in the face of damage 
or errors of replication and that distinguish the 
DNA from sequences of a foreign source. 

Repair systems can recognize mispaired, 
altered, or missing bases in DNA, as well as 
other structural distortions of the double helix. 
Excision repair systems cleave DNA near a site 
of damage, remove one strand, and synthesize 
a new sequence to replace the excised mate
rial. The Uvr system provides the main excision 
repair pathway in E. coli. The mut and dam sys
tems are involved in correcting mismatches 
generated by incorporation of incorrect bases 
during replication and function by preferen
tially removing the base on the strand of DNA 
that is not methylated at a dam target sequence. 
Eukaryotic homologs of the E. coli MutSL sys
tem are involved in repairing mismatches that 
result from replication slippage; mutations in 
this pathway are common in certain types of 
cancer. 

Repair systems can be connected with tran
scription in both prokaryotes and eukaryotes. 
Eukaryotes have two major nucleotide exci
sion repair pathways: one that repairs damage 
anywhere in the genome, and one that spe
cializes in the repair to transcribed strands of 
DNA. Both pathways depend on subunits of 
the transcription factor TF11H. Human diseases 
are caused by mutations in genes coding for 
nucleotide excision repair activities, including 
the TF11H subunits. They have homo logs in the 
conserved RAD genes of yeast. 

Recombination-repair systems retrieve 
information from a DNA duplex and use 
it to repair a sequence that has been dam
aged on both strands. The prokaryotic RecBC 
and ReeF pathways both act prior to RecA, 
whose strand-transfer function is involved 
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in all bacterial recombination. A major use of 
recombination-repair may be to recover from 
the situation created when a replication fork 
stalls. Genes in the RAD52 group are involved 
in homologous recombination in eukaryotes. 

Nonhomologous end-joining (NHEJ) is a 
general mechanism for repairing broken ends 
in eukaryotic DNA when homologous recom
bination is not possible. The Ku heterodimer 
brings the broken ends together so they can 
be ligated. Several human diseases are caused 
by mutations in enzymes of both the homolo
gous recombination and nonhomologous end
joining pathways. 

All repair occurs in the context of chro
matin. Histone modifications and chromatin
remodeling enzymes are required to facilitate 
repair, and histone chaperones are also needed 
to reset chromatin structure after repair is 
completed. 

RecA has the ability to induce the SOS 
response. RecA is activated by damaged DNA 
in an unknown manner. It triggers cleavage 
of the LexA repressor protein, thus releasing 
repression of many loci, and inducing synthe
sis of the enzymes of both excision repair and 
recombination-repair pathways. Genes under 
LexA control possess an operator SOS box. 
RecA also directly activates some repair activi
ties. Cleavage of repressors of lysogenic phages 
may induce the phages to enter the lytic cycle. 
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Transposable Elements 
and Retroviruses Edited by Damon Lisch 

CHAPTER OUTLINE 

IMI Introduction 

INti Insertion Sequences Are Simple 
Transposition Modules 

• An insertion sequence is a transposon that codes for 
the enzyme(s) needed for transposition flanked by 
short inverted terminal repeats. 

• The target site at which an insertion sequence is 
inserted is duplicated during the insertion process to 
form two repeats in direct orientation at the ends of 
the transposon. 

• The Length of the direct repeat is 5 to 9 bp and is 
characteristic for any particular insertion sequence. 

IMI Transposition Occurs by Both Replicative 
and Nonreplicative Mechanisms 

• Most transposons use a common mechanism in 
which staggered nicks are made in target DNA, the 
transposon is joined to the protltlding ends, and the 
gaps are filled. 

• The order of events and exact nature of the connec
tions between transposon and target DNA determine 
whether transposition is replicative or nonreplicative. 

ltq Transposons Cause Rearrangement of DNA 

424 

• Homologous recombination between multiple copies of 
a transposon causes rearrangement of host DNA. 

• Homologous recombination between the repeats of a 
transposon may Lead to precise or imprecise excision. 

ltJ.I Replicative Transposition Proceeds 
Through a Cointegrate 

• Replication of a strand transfer complex generates a 
cointegrate, which is a fusion of the donor and target 
replicons. 

• The cointegrate has two copies of the transposon, 
which lie between the original replicons. 

• Recombination between the transposon copies 
regenerates the original replicons, but the recipient 
has gained a copy of the transposon. 

• The recombination reaction is catalyzed by a resolvase 
coded by the transposon. 

ltD Nonreplicative Transposition Proceeds 
by Breakage and Reunion 
• Nonreplicative transposition results if a crossover 

structure is nicked on the unbroken pair of donor 
strands and the target strands on either side of the 
transposon are ligated. 

• Two pathways for nonreplicative transposition differ 
according to whether the first pair of transposon 
strands are joined to the target before the second 
pair are cut (TnS), or whether all four strands are cut 
before joining to the target (TnlO). 
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CHAPTER OUTLINE, CONTINUED J 
Transposons Form Superfamilies and Families 

• Superfamilies of transposons are defined by the 
sequence of the transposase. 

• Transposon families have both autonomous and 
nonautonomous members. 

• Autonomous transposons code for proteins that enable 
them to transpose. 

• Nonautonomous transposons cannot catalyze 
transposition, but they can transpose when an 
autonomous element provides the necessary proteins. 

• Autonomous transposons have changes of phase, when 
their properties alter in association with changes in 
the state of methylation. 

The Role of Transposable Elements in Hybrid 
Dysgenesis 

• P elements are transposons that are carried in P strains 
of Drosophila melanogaster, but not in M strains. 

• When a P male is crossed with an M female, 
transposition is activated. 

• The insertion of P elements at new sites in these 
crosses inactivates many genes and makes the cross 
infertile. 

P Elements Are Activated in the Germline 

• P elements are activated in the germline of P male X 
M female crosses because a tissue-specific splicing 
event removes one intron, which generates the coding 
sequence for the transposase. 

• The P element also produces a repressor of transposi-
tion, which is inherited maternally in the cytoplasm. 

• The presence of the repressor explains why M male X 
P female crosses remain fertile. 

The Retrovirus Lifecycle Involves 
Transposition-Like Events 

• A retrovirus has two copies of its genome of 
si ogle-stranded RNA. 

• An integrated provirus is a double-stranded DNA 
sequence. 

• A retrovirus generates a provirus by reverse 
transcription of the retroviral genome. 

Retroviral Genes Code for Polyproteins 

• A typical retrovirus has three genes: gag, pol, and env. 

• Gag and Pol proteins are translated from a full-length 
transcript of the genome. 

• Translation of Pol requires a frameshift by the 
ribosome. 

• Env is translated from a separate mRNA that is gener-
ated by splicing. 

• Each of the three protein products is processed by pro-
teases to give multiple proteins. 

Viral DNA Is Generated by Reverse Transcription 

• A short sequence (R) is repeated at each end of the 
viral RNA, so the 5 '  and 3 '  ends are R-U5 and U3-R, 
respectively. 

• Reverse transcriptase starts synthesis when a tRNA 
primer binds to a site 100 to 200 bases from the 
5 '  end. 
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• When the enzyme reaches the end, the 5 '-terminal 
bases of RNA are degraded, exposing the 3 '  end of the 
DNA product. 

• The exposed 3 '  end of the DNA product base pairs with 
the 3 '  terminus of another RNA genome. 

• Synthesis continues, generating a product in which 
the 5 '  and 3 '  regions are repeated, giving each end 
the structure U3-R-U5. 

• Similar strand-switching events occur when reverse 
transcriptase uses the DNA product to generate a 
complementary strand. 

• Strand switching is an example of the copy choice 
mechanism of recombination. 

Viral DNA Integrates into the Chromosome 

• The organization of proviral DNA in a chromosome is 
the same as a transposon, with the provirus flanked by 
short direct repeats of a sequence at the target site. 

• Linear DNA is inserted directly into the host 
chromosome by the retroviral integrase enzyme. 

• Two base pairs of DNA are lost from each end of the 
retroviral sequence during the integration reaction. 

Retroviruses May Transduce Cellular Sequences 

• Transforming retroviruses are generated by a 
recombination event in which a cellular RNA sequence 
replaces part of the retroviral RNA. 

Retroelements Fall into Three Classes 

• LTR retrotransposons mobilize via an RNA that is similar 
to retrovi ral RNA, but does not form an infectious particle. 

• Although retroelements that lack LTRs, or retroposons, 
also transpose via reverse transcriptase, they 
employ a distinct method of integration and are 
phylogenetically distinct from both retroviruses and 
LTR retrotransposons. 

• Other elements can be found that were generated by 
an RNA-mediated transposition event, but they do 
not themselves code for enzymes that can catalyze 
transposition. 

• Retroelements constitute almost half of the human 
genome. 

Yeast Ty Elements Resemble Retroviruses 

• Ty transposons have a similar organization to 
endogenous retroviruses. 

• Ty transposons are retrotransposons (with a reverse 
transcriptase activity) that transpose via an RNA 
intermediate. 

The Alu Family Has Many Widely Dispersed Members 

• A major part of repetitive DNA in mammalian genomes 
consists of repeats of a single family organized like 
transposons and derived from RNA polymerase III 
transcripts. 

LINEs Use an Endonuclease to Generate 
a Priming End 

• LINES do not have LTRs and require the retroposon 
to code for an endonuclease that generates a nick to 
prime reverse transcription. 

Summary 
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1f11 Introduction 
A major cause of variation in nearly all genomes 
is provided by transposable elements or trans
posons: These are discrete sequences in the 
genome that are mobile-they are able to 
transport themselves to other locations within 
the genome. The mark of a transposon is that 
it does not utilize an independent form of the 
element (such as phage or plasmid DNA), but 
moves directly from one site in the genome to 
another. Unlike most other processes involved 
in genome restructuring, transposition does not 
rely on any relationship between the sequences 
at the donor and recipient sites. Transposons 
are restricted to moving themselves, and 
sometimes additional sequences, to new sites 
elsewhere within the same genome; they are, 
therefore, an internal counterpart to the vectors 
that can transport sequences from one genome 
to another. They can be a major source of muta
tions in the genome, as shown in FIGURE 17.1, 
and have had a significant impact on the over
all size of many genomes, including our own, 
about half of which consists of transposable 
elements. Transposon content in eukaryotes 
varies over a wide range, from 4% in yeast to 
70% or more in some amphibians and plants. 
Plants are particularly rich in these elements; 
for example, in Zea mays (maize) transposable 
elements make up 85% of the genome. 

Transposons fall into two general classes: 
those that are able directly to manipulate DNA so 
as to propagate themselves within the genome 
(Class li elements, or DNA-type elements), and 

Transposon generates new copy at random site 
- - -- - - � --

- - 
�-

Unequal crossing over occurs 
between related sequences 

FIGURE 17.1 A major cause of sequence change wit�in 
a genome is the movement of a transposon to a new s

_
1te. 

This may have direct consequences on gene expressiOn. 
Further, unequal crossing over between related sequen�es 
causes rearrangements. Copies of transposons can proVlde 
targets for such events. 
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those whose source of mobility is the ability 
to make DNA copies of their RNA transcripts, 
which are integrated at new sites in the genome 
(Class I elements, or retroelements). 

Transposons that mobilize via DNA are 
widespread in both prokaryotes and eukaryotes. 
Each transposon carries gene(s) that code for the 
enzyme activities required for its own transposi
tion, although it may also require ancillary func
tions of the genome in which it resides (such as 
DNA polymerase or DNA gyrase). 

Transposition that involves an obligatory 
intermediate of RNA is  primarily confined to 
eukaryotes. Tramposons that employ an RNA 
intermediate all use some form of reverse tra n
scriptase to translate RNA into DNA. Some of 
these elements are closely related to retroviral 
provi ruses in their general organization and 
mechanism of transposition. As a class, these 
elements are called LTR retrotransposons, or 
simply retrotransposons. Members of a sec
ond class of elements that also uses reverse 
transcriptase but lack LTRs, and that employ 
a distinct mode of transposition, are referred 
to as non-LTR retrotransposons, or simply 
retroposons. (The nomenclature of transpos
able elements is somewhat confusing in the 
literature, but this system of distinguishing ele
ments by the presence or absence of the LTR 
reflects the modern understanding of both the 
evolution and the transposition mechanisms of 
these elements.) 

Like any other reproductive cycle, the cycle 
of a retrovirus or retrotransposon is  continu· 
ous; it is arbitrary to consider the point at which 
we interrupt it a "beginning." Our perspectives 
of these elements are biased, though, by the 
forms in which we usually observe them. The 
interlinked cycles of retroviruses and retrotrans
posons are depicted in FIGURE 17 .2. Retroviruses 
were first observed as infectious virus particles 
that were capable of transmission between cells, 
and so the intracellular cycle (involving duplex 
DNA) is thought of as the means of reproducing 
the RNA virus. Retrotransposons were discov
ered as components of the genome, and the 
RNA forms have been mostly characterized for 
their functions as mRNAs and transposition 
intermediates. Thus, we think of retrotrans
posons as genomic (duplex DNA) sequences 
and retroviruses as RNA/protein complexes, 
but this obscures the close relationship between 
these elements. Indeed, recent phylogenetic 
evidence suggests that retroviruses as a class 
are simply retrotransposons that have acquired 
envelope proteins, the inverse of the previously 
assumed relationship. 
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FIGURE 17.2 The reproductive cycles of retroviruses and 
retrotransposons alternate reverse transcription from RNA 
to DNA with transcription from DNA to RNA. Only retrovi
ruses can generate infectious particles. Retrotransposons 
are confined to an intracellular cycle. 

A genome may contain both functional and 
nonfunctional (defective) elements of either 
class of element. In most cases the majority of 
elements in a eukaryotic genome are defective 
and have lost the ability to transpose indepen
dently, although they may still be recognized as 
substrates for transposition by the enzymes pro
duced by functional transposons. A eukaryotic 
genome contains a large number and variety of 
transposons. The relatively small fly genome 
has 1 572 identified transposons belonging to 96 
distinct families. Larger genomes, such as those 
of maize and humans, can harbor hundreds of 
thousands of transposons. Each of these spe
cies has a genome composed of 50%-85% 
transposons. 

Transposable elements of all kinds can pro
mote rearrangements of the genome directly 
or indirectly: 

• The transposition event itself may cause 
deletions or inversions or lead to the 
movement of a host sequence to a new 
location. 

• Transposons serve as substrates for 
cellular recombination systems by 
functioning as "portable regions of 
homology"; two copies of a transposon 
at different locations (even on differ
ent chromosomes) may provide sites 
for reciprocal recombination. Such 
exchanges result in deletions, inser
tions, inversions, or translocations. 

The intermittent activities of a transposon 
seem to provide a somewhat nebulous target for 
natural selection. This concern has prompted 
suggestions that most transposable elements 
confer neither advantage nor disadvantage 
on the phenotype, but could constitute "self
ish DNA"-DNA concerned only with its own 
propagation. Indeed, in considering transposi
tion as an event that is distinct from other cel
lular recombination systems, we tacitly accept 
the view that the transposon is an independent 
entity that resides in the genome. 

Such a relationship of the transposon to 
the genome would resemble that of a parasite 
with its host. Presumably the propagation of 
an element by transposition is balanced by the 
harm done if a transposition event inactivates a 
necessary gene, or if the number of transposons 
becomes a burden on cellular systems. Yet we 
must remember that any transposition event 
conferring a selective advantage-for example, 
a genetic rearrangement-will lead to preferen
tial survival of the genome carrying the active 
transposon. 

1111 Insertion Sequences Are 
Simple Transposition 
Modules 

Key concepts 

• An insertion sequence is a transposon that codes 
for the enzyme(s) needed for transposition flanked 
by short inverted terminal repeats. 

• The target site at which an insertion sequence is 
inserted is duplicated during the insertion process 
to form two repeats in direct orientation at the 
ends of the transposon. 

• The length of the direct repeat is 5 to 9 bp and 
is characteristic for any particular insertion 
sequence. 

Transposable elements were first identified at 
the molecular level in the form of spontaneous 
insertions in bacterial operons. Such an inser
tion prevents transcription and/or translation 
of the gene in which it is inserted. Many differ
ent types of transposable elements have now 
been characterized in both prokaryotes and 
eukaryotes (in which they are far more abun
dant), but the basic principles and biochemistry 
of elements first described in bacteria apply to 
DNA-type elements in many species. 

The simplest bacterial transposons are 
called insertion sequences (IS) (reflecting the 
way in which they were detected). Each type 
is given the prefix "IS," followed by a number 
that identifies the type. (The original classes 
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were numbered IS 1 to IS4; later classes have 
numbers reflecting the history of their isola
tion, but not corresponding to the more than 
700 elements so far identified!) 

The IS elements are normal constituents of 
bacterial chromosomes and plasmids. A standard 
strain of E. coli is likely to contain several (<10) 
copies of any one of the more common IS ele
ments. To describe an insertion into a particular 
site, a double colon is used; thus I::IS 1 describes 
an IS 1 element inserted into phage lambda. Most 
IS elements insert at a variety of sites within host 
DNA. Some, though, show varying degrees of 
preference for particular hotspots. 

The IS elements are autonomous units, 
each of which encodes only the proteins needed 
to sponsor its own transposition. Each IS ele
ment is different in sequence, but there are 
some common features in organization. The 
structure of a generic transposon before and 
after insertion at a target site is illustrated in 
FIGURE 17 .3, which also summarizes the details 
of some common IS elements. 

An IS element ends in short inverted 
terminal repeats; usually the two copies of 

Transposase gene 

ATGCA 
I 

Host DNA Target site Host DNA 

t TACGD23:456789 
Target Inverted 
repeat repeat 

Transposon Target 
repeat (bp) 

181 9 

182 5 

184 11-13 
ISS 4 

� 
Transposon 

Inverted 
repeat (bp) 

23 

41 

1 8  

1 6  

Inverted Target 
repeat repeat 

Overall Target 
length (bp) selection 

768 random 
1327 hotspots 
1428 AAAN20TTT 
1195 hotspots 

I 

IS10R 9 22 1329 NGCTNAGCN 
ISSOR 9 9 1531 hotspots 
18903 9 1 8  1057 random 

FIGURE 17.3 IS elements have inverted terminal repeats and generate direct 
repeats of ftanki ng DNA at the target site. In this example, the target is a 
5-bp sequence. The ends of the transposon consist of inverted repeats of 
9 bp, where the numbers 1 through 9 indicate a sequence of base pairs. 
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the repeat are closely related rather than iden
tical. As illustrated in the figure, the presence 
of the inverted terminal repeats means that 
the same sequence is encountered proceeding 
toward the element from the flanking DNA on 
either side of it. 

When an IS element transposes, a sequence 
of host DNA at the site of insertion is duplicated. 
The nature of the duplication is revealed by 
comparing the sequence oft he target site before 
and after an insertion has occurred. Figure 17.3 
shows that at the site of insertion, the IS DNA 
is always flanked by very short direct repeats. 
(In this context, "direct" indicates that two 
copies of a sequence are repeated in the same 
orientation, not that the repeats are adjacent.) 
In the original gene (prior to insertion), how
ever, the target site has the sequence of only 
one of these repeats. In the figure, the tar-

. · 
f h ATGCA 

Aft get stte conststs o t e sequence TACG T ·  er 
transposition, one copy of this sequence is 
present on either side of the transposon. The 
sequence of the direct repeat varies among 
individual transposition events undertaken 
by a transposon, but the length is constant for 
any particular IS element (a reflection of the 
mechanism of transposition). 

An IS element therefore displays a charac
teristic structure in which its ends are identi
fied by the inverted terminal repeats, whereas 
the adjacent ends of the flanking host DNA are 
identified by the short direct repeats. When 
observed in a sequence of DNA, this type of 
organization is taken to be diagnostic of a trans
poson, and suggests that the sequence origi
nated in a transposition event. 

The inverted repeats define the ends of a 
transposon. Recognition of the ends is com
mon to transposition events sponsored by all 
types of DNA-type transposon. cis-acting muta
tions that prevent transposition are located in 
the ends, which are recognized by a protein(s) 
responsible for transposition. The protein is 
called a transposase. 

Many of the IS elements contain a single, 
long coding region, which starts just inside 
the inverted repeat at one end and terminates 
just before or within the inverted repeat at the 
other end. This region codes for the transposase. 
Some elements have a more complex organiza
tion. IS 1 ,  for instance, has two separate reading 
frames; the transposase is produced by making 
a frameshift during translation to allow both 
reading frames to be used. 

The frequency of transposition var
ies among different elements. Under most 



circumstances the overall rate of transposition 
is -10-3 to 10-4 per element per generation. 
Insertions in individual targets occur at a level 
comparable with the spontaneous mutation 
rate, usually -10-5 to 10-7 per generation. 
Reversion (by precise excision of the IS ele
ment) is usually infrequent, with a range of 
rates of w-6 to JO-lO per generation, which is 
- I  03 times less frequent than insertion. 

Transposition Occurs 
by Both Replicative and 
Nonreplicative Mechanisms 

Key concepts 

• Most transposons use a common mechanism in 
which staggered nicks are made in target DNA, the 
transposon is joined to the protruding ends, and 
the gaps are filled. 

• The order of events and exact nature of the con
nections between transposon and target DNA 
determine whether transposition is replicative or 
nonreplicative. 

The insertion of a transposon into a new site is 
illustrated in FIGURE 17.4 . It consists of making 
staggered breaks in the target DNA, joining the 
transposon to the protruding single-stranded 
ends, and filling in the gaps. The generation 
and filling of the staggered ends explain the 
occurrence of the direct repeats of target DNA 
at the site of insertion. The stagger between the 
cuts on the two strands determines the length 
of the direct repeats; thus, the target repeat 

Target site'-... 1111111111111111111111 
l t 

ATGCA 
TACGT 

111111111111111111111111111111111111 
Target repeats 

Staggered 
nicks made at 
target site 

Transposon 
joined to 
single
stranded ends 

Gaps at 
target site 
filled in 
and sealed 

FIGURE 17.4 The direct repeats of target DNA flanking a 
transposon are generated by the introduction of staggered 
cuts whose protruding ends are linked to the transposon. 
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FIGURE 17.5 Replicative transposition creates a copy 
of the transposon, which inserts at a recipient site. The 
donor site remains unchanged, so both donor and recipi
ent have a copy of the transposon. 

characteristic of each transposon reflects the 
geometry of the enzyme involved in cutting 
target DNA. 

The use of staggered ends is common to 
most means of transposition, but we can distin
guish two major types of mechanism by which 
a transposon moves: 

• In replicative transposition, the ele
ment is duplicated during the reaction, 
so that the transposing entity is a copy 
of the original element. FIGURE 17.5 
summarizes the results of such a trans
position. The transposon is copied as 
part of its movement. One copy remains 
at the original site, whereas the other 
inserts at the new site. Thus, transposi
tion is accompanied by an increase in 
the number of copies of the transposon. 
Replicative transposition involves two 
types of enzymatic activity: a trans
posase that acts on the ends of the 
original transposon, and a resolvase 
that acts on the duplicated copies. While 
one group of transposons moves only by 
replicative transposition (see the section 
in this chapter titled Replicative Tra11spo
sitio11 Proceeds Through a Coi11tegrate), true 
replicative transposition is relatively 
rare among transposons in general. 

• In nonreplicative transposition, 
the transposing element moves as  
a physical entity directly from one 
site to another and is conserved. The 
insertion sequences and composite 
transposons (Tn), Tn 10 and Tn5 (as 
well as many eukaryotic transposons), 
use the mechanism shown in FIGURE 17 .6, 
which involves the release of the trans
poson from the flanking donor DNA 
during transfer. Tlus type of mechanism, 
often referred to as ucut-and-paste,w 
requires only a transposase. Another 
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FIGURE 17.6 Nonreplica
tive transposition allows a trans

poson to move as a physical entity from a d?nor t� a 
recipient site. This leaves a break at the donor s1te, wh1ch 
is lethal unless it can be repaired. 

mechanism utilizes the connection of 
donor and target DNA sequences and 
shares some steps with replicative trans
position. Both mechanisms of nonrepli
cative transposition cause the element 
to be inserted at the target site and lost 
[Tom the donor site. What happens to 
the donor molecule after a nonreplica
tive transposition? Its survival requires 
that host repair systems recognize the 
double-strand break and repair it. 

Some bacterial transposons use only one 
type of pathway for transposition, whereas oth
ers may be able to use multiple pathways. The 
elements IS I and IS903 use both nonreplicative 
and replicative pathways, and the ability of phage 
Mu to turn to either type of pathway from a com
mon intermediate has been weiJ characterized. 

The same basic types of reaction are involved 
in all classes of transposition events. The ends 
of the transposon are disconnected from the 
donor DNA by cleavage reactions that gener
ate 3'-0H ends. The exposed ends are then 
joined to the target DNA by transfer reactions, 
involving transesterification in which the 3 '-0H 
end directly attacks the target DNA. These reac
tions take place within a nucleoprotein complex 
that contains the necessary enzymes and both 
ends of the transposon. Transposons differ as to 
whether the target DNA is recognized before or 
after the cleavage of the transposon itself, and 
whether one or both strands at the ends of the 
transposon are cleaved prior to integration. 

The choice of target site is in effect made by 
the transposase, sometimes in conjunction with 
accessory proteins. In some cases, the target 
is chosen virtually at random. In others, there 
is specificity for a consensus sequence or for 
some other feature in the target. The feature 
can take the form of a structure in DNA, such 
as bent DNA, or a protein-DNA complex. In 
the latter case, the nature ofthe target complex 
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can cause the transposon to insert at specific 
promoters (such as Ty 1 or Ty3, which select pol 
III promoters in yeast), inactive regions of the 
chromosome, or replicating DNA. 

lit Transposons Cause 
Rearrangement of DNA 

Key concepts 
• Homologous recombination between multiple 

copies of a transposon causes rearrangement of 
host DNA. 

• Homologous recombination between the repeats 
of a transposon may lead to precise or imprecise 
excision. 

In addition to the "simple" intermolecular 
transposition that results in insertion at a new 
site, transposons promote other types of DNA 
rearrangements. Some of  these events are 
consequences of the relationship between the 
multiple copies of the transposon. Others rep
resent alternative outcomes of the transposi
tion mechanism, and they leave clues about 
the nature of the underlying events. 

Rearrangements of host DNA may result 
when a transposon inserts a copy at a second 
site near its original location. Host systems may 
undertake reciprocal recombination between 
the two copies of the transposon; the conse
quences are determined by whether the repeats 
are the same or in inverted orientation. 

FIGURE 17.7 illustrates the general rule 
that recombination between any pair of direct 
repeats will delete the material between 
them. The intervening region is excised as a 
circle of  DNA (which is lost from the cell); the 
chromosome retains a single copy of the direct 

Direct repeats 

Pairing of dlrect 
repeats 

Recombination 
releases material 
between repeats as 
circular molecule 

FIGURE 17.7 Reciprocal recombination between direct 
repeats excises the material between them; each product 
of recombination has one copy of the direct repeat. 



repeat. A recombination between the directly 
repeated IS 1 modules of the composite trans
poson Tn9 would replace the transposon with 
a single lSI module. 

Deletion of sequences adjacent to a transpo
son could therefore result from a two-stage pro
cess; transposition generates a direct repeat of a 
transposon, and recombination occurs between 
the repeats. The majority of deletions that arise 
in the vicinity of transposons, however, prob
ably result from a variation in the pathway fol
lowed in the transposition event itself. 

FIGURE 17.8 depicts the consequences of 
a reciprocal recombination between a pair 
of inverted repeats. The region between the 
repeats becomes inverted; the repeats them
selves remain available to sponsor further 
inversions. A composite transposon whose 
modules are inverted is a stable component of 
the genome, although the direction of the cen
tral region with regard to the modules could be 
inverted by recombination. 

Excision in this case is not supported by 
transposons themselves, but occurs when bac
terial enzymes recognize homologous regions 
in the transposons. This is important because 
the loss of a transposon may restore function at 
the site of insertion. Precise excision requires 
removal of the transposon, plus one copy of 
the duplicated sequence. This is rare; it occurs 
at a frequency of - 1 0-6 for Tn5 and - 1 0-9 
for Tn 10. It probably involves a recombination 
between the duplicated target sites. 

Imprecise excision leaves a remnant of 
the transposon. The remnant may be sufficient 
to prevent reactivation of the target gene, but 
it may be insufficient to cause polar effects in 
adjacent genes so that a change of phenotype 
occurs. Imprecise excision occurs at a frequency 
of - 1 0-6 for TnlO. It involves recombina
tion between sequences of 24 bp in the IS 10 
modules; these sequences are inverted repeats, 

! 
Inverted repeats 
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FIGURE 17.8 Reciprocal recombination between inverted 
repeats inverts the region between them. 

but because the IS 10 modules themselves are 
inverted, they form direct repeats in TnlO. 

The greater frequency of imprecise exci
sion compared with precise excision probably 
reflects the increase in the length of the direct 
repeats (24 bp as opposed to 9 bp). Neither 
type of excision relies on transposon-coded 
functions, but the mechanism is not known. 
Excision is RecA-independent and could occur 
by some cellular mechanism that generates 
spontaneous deletions between closely spaced 
repeated sequences. 

Both precise and imprecise excisions can 
also arise as a consequence of transposition of 
cut-and-paste elements in eukaryotes. In this 
case, the outcome depends on the nature of the 
repair of the double-stranded DNA break intro
duced by excision of the element. This break 
can be repaired using the homologous chro
mosome or the sister chromatid, resulting in a 
transfer of DNA from those templates. Repair 
using a chromosome that lacks the transposon 
insertion can result in precise restoration of 
sequences surrounding the original insertion. 
Repair using the sister chromatid results in res
toration of the transposon insertion. Incom
plete repair can result in deletions, either of 
sequences flanking the insertion or of portions 
ofthe transposon. Alternatively, the break can 
be repaired using nonhomologous end joining, 
which results in the addition or deletion of short 
stretches of DNA. 

Replicative Transposition 
Proceeds Through a 
Co integrate 

Key concepts 
• Replication of a strand transfer complex generates 

a cointegrate, which is a fusion of the donor and 
target replicons. 

• The cointegrate has two copies of the transposon, 
which lie between the original replicons. 

• Recombination between the transposon copies 
regenerates the original replicons, but the 
recipient has gained a copy of the transposon. 

• The recombination reaction is catalyzed by a 
resolvase coded by the transposon. 

The basic structures involved in replicative 
transposition are illustrated in FIGURE 17.9 : 
The 3'  ends of the strand transfer complex 
are used as primers for replication. This gen
erates a structure called a cointegrate, 
which represents a fusion of the two original 
molecules. The cointegrate has two copies of 
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FIGURE 17.9 Transposition may fuse a donor and recipi
ent replicon into a cointegrate. Resolution releases two 
replicons, each containing a copy of the transposon. 

the transposon, one at each junction between 
the original replicons, oriented as direct repeats. 
The crossover is formed by the transposase. Its 
conversion into the cointegrate requires host 
replication functions. 

A homologous recombination between 
the two copies of the transposon releases two 
individual replicons, each of which has a copy of 
the transposon. One of the replicons is the origi
nal donor replicon. The other is a target replicon 
that has gained a transposon flanked by short 
direct repeats of the host target sequence. The 
recombination reaction is called resolution; 
the enzyme activity responsible is called the 
resolvase. 

The reactions involved in generating a 
cointegrate have been defined in detail for 
phage M u and are illustrated in FIGURE 17 .10. 
The process starts with the formation of the 
strand transfer complex (sometimes called 
a crossover complex) .  The donor and target 
strands are ligated so that each end oft he trans
poson sequence is  joined to one of the pro
truding single strands generated at the target 
site. The strand transfer complex generates a 
crossover-shaped structure held together at the 
duplex transposon. The fate of the crossover 
structure determines the mode of transposition. 

The principle of replicative transposition is 
that replication through the transposon dupli
cates it, which creates copies at both the target 
and donor sites. The product is a cointegrate. 
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FIGURE 17.10 Mu transposition generates a crossover struc
ture, which is converted by replication into a cointegrate. 

The crossover structure contains a single
stranded region at each ofthe staggered ends. 
These regions are pseudoreplication forks that 
provide a template for DNA synthesis. (Use 
of the ends as primers for replication implies 
that the strand breakage must occur with a 
polarity that generates a 3 '-0H terminus at 
this point.) 

If replication continues from both of the 
pseudoreplication forks, it will proceed through 
the transposon, separating its strands and termi
nating at its ends. Replication is accomplished 
by host-encoded functions. At this juncture, the 
structure has become a cointegrate, possessing 
direct repeats ofthe transposon at the junctions 
between the replicons (as can be seen by tracing 
the path around the cointegrate). 



Ill Nonreplicative 
Transposition Proceeds 
by Breakage and Reunion 

Key concepts 
• Nonreplicative transposition results if a crossover 

structure is nicked on the unbroken pair of donor 
strands and the target strands on either side of 
the transposon are ligated. 

• Two pathways for nonreplicative transposition 
differ according to whether the first pair of 
transposon strands are joined to the target before 
the second pair are cut (TnS ), or whether all four 
strands are cut before joining to the target (TnlO). 

The crossover structure can also be used in non
replicative transposition. The principle of 
nonreplicative transposition by this mechanism 
is that a breakage and reunion reaction allows 
the target to be reconstructed with the insertion 
of the transposon; the donor remains broken. No 
cointegrate is formed. 

FIGURE 17.11 shows the cleavage events that 
generate nonreplicative transposition of phage 
Mu. Once the unbroken donor strands have 
been nicked, the target strands on either side 
of the transposon can be ligated. The single
stranded regions generated by the staggered 
cuts must be filled in by repair synthesis. The 
product of this reaction is a target replicon 
in which the transposon has been inserted 
between repeats of the sequence created by 
the original single-strand nicks. The donor rep
licon has a double-strand break across the site 
where the transposon was originally located. 

Nonreplicative transposition can also occur 
by an alternative pathway in which nicks are 
made in target DNA, but a double-strand 

• 
• 

FIGURE 17.11 Nonreplicative transposition results 
when a crossover structure is released by nicking. This 
inserts the transposon into the target DNA, flanked by 
the direct repeats of the target, and the donor is left with 
a double-strand break. 

break is made on either side of the transpo
son, releasing it entirely from nanking donor 
sequences (as envisaged in Figure 17.6). This 
cut-and-paste pathway is used byTn 10 and by 
many eukaryotic transposons and is illustrated 
in FIGURE 17.12. 

A simple experiment to prove that Tn 1 0  
transposes nonreplicatively made use of an arti
ficially constructed heteroduplex of Tn 10 that 
contained single-base mismatches. If transposi 
tion involves replication, the transposon at the 
new site will contain information from only 
one of the parent Tn I 0 strands. If, however, 
transposition takes place by physical movement 
of the existing transposon, the mismatches will 
be conserved at the new site. This proves to be 
the case. 

The basic difference in Figure 1 7 . 1 1  from 
the model of Figure 1 7 . 1 2  is that both strands of 
Tn 10 are cleaved before any connection is made 
to the target site. The first step in the reaction 
is recognition of the transposon ends by the 
transposase, fom1ing a proteinaceous structure 
within which the reaction occurs. At each end 
of the transposon, the strands are cleaved in a 
specific order: The transferred strand (the one 
to be connected to the target site) is cleaved 
first, followed by the other strand. (This is  

Transposase binds to both ends of Tn 

""" 
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' 
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' 

Transferred ends are nicked 

r 
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Other strands are nicked Recipient is nicked 

Donor is released 

r 
" 

r 

T n is joined to target 

FIGURE 17.12 Both strands ofTnlO are cleaved sequen
tially, and then the transposon is joined to the nicked 
target site. 
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FIGURE 17.13 Cleavage ofTnS from flanking DNA involves 
nicking, interstrand reaction, and hairpin cleavage. 

the same order as in the Mu transposition of 
Figure 17 . 10  and Figure 1 7 . 1 1 .) 

Tn5 also transposes by nonreplicative trans· 
position. FIGURE 17.13 shows the interesting cleav
age reaction that separates the transposon from 
the flanking sequences: First one DNA strand 
is nicked. The 3'-0H end that is released then 
attacks the other strand of DNA. This releases the 
flanking sequence and joins the two strands of 
the transposon in a hairpin. An activated water 
molecule then attacks the hairpin to generate 
free ends for each strand of the transposon. 

In the next step, the cleaved donor DNA 
is released, and the transposon is joined to the 
nicked ends at the target site. The transposon 
and the target site remain constrained in the 
proteinaceous structure created by the trans
posase (and other proteins). The double-strand 
cleavage at each end of the transposon precludes 
any replicative-type transposition and forces 
the reaction to proceed by nonreplicative trans
position, thus giving the same outcome as in 
Figure 17 . 12, but with the individual cleavage 
and joining steps occurring in a different order. 

The Tn5 and Tn 10 transposases both func
tion as dimers. Each subunit in the dimer has an 
active site that successively catalyzes the double
strand breakage of the two strands at one end 
of the transposon, and then catalyzes staggered 
cleavage of the target site. FIGURE 17.14 illustrates 
the structure of the Tn5 transposase bound to 
the cleaved transposon. Each end of the trans
poson is located in the active site of one subunit. 
One end of the subunit also contacts the other 
end of the transposon. This controls the geom
etry of the transposition reaction. Each of the 
active sites will cleave one strand of the target 
DNA. It is the geometry of the complex that 
determines the distance between these sites on 
the two target strands (9 bp in the case ofTn5 ). 
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FIGURE 17.14 Each subunit of the TnS transposase has 
one end of the transposon located in its active site and 
also makes contact at a different site with the other end 
of the transposon. 

Transposons Form 
Superfamilies and Families 

Key concepts 
• Superfamilies of transposons are defined by the 

sequence of the transposase. 
• Transposon families have both autonomous and 

nonautonomous members. 
• Autonomous transposons code for proteins that 

enable them to transpose. 
• Nonautonomous transposons cannot catalyze 

transposition, but they can transpose when an 
autonomous element provides the necessary 
proteins. 

• Autonomous transposons have changes of phase, 
when their properties alter in association with 
changes in the state of methylation. 

Most eukaryotic genomes contain multiple 
superfamilies of DNA-based (class II} transpo
sons. Transposon superfamilies are defined by 
the sequences of their encoded transposases. 
Transposons may occupy a significant part of 
the genome; for example, the maize genome 
has roughly doubled in overall size in the last 
6 million years due to transposon activity, 
and transposons occupy 25% of the genome 
of the frog Xe11opus tropicalis. In humans, only 
3% of the genome is composed of DNA-based 
transposons (our genome contains many more 
class I elements), but the 3% represents nearly 
400,000 individual transposable elements. 

The members of transposon families can be 
divided into two classes: 

• Autonomous transposons have the 
ability to excise and transpose. As a result 
of the continuing activity of an autono
mous transposon, its insertion at any 



locus creates an unstable or "mutable" 
allele. Loss of the autonomous transpo
son itself, or of its ability to transpose, 
converts a mutable allele to a stable allele. 

• Nonautonomous transposons are 
stable; they do not transpose or suffer 
other spontaneous changes in condition. 
They become unstable only when an 
autonomous member ofthe same fam
ily is present elsewhere in the genome. 
When complemented in trans by an 
autonomous element, a nonautono
mous element displays the usual range 
of activities associated with autono
mous elements, including the ability to 
transpose to new sites. Nonautonomous 
transposons are derived from autono
mous tran sposons by loss of trallS-acti ng 
functions needed for transposition. 

Within the superfamilies, families of trans
posons consist of a single type of autonomous 
element accompanied by a variety of nonau
tonomous elements. A nonautonomous ele
ment is placed in a family by its ability to be 
activated in tra11s by the autonomous elements. 
The relationship between active transposons 
and nonautonomous partners is  depicted 
in FIGURE 17.15. Different plant and animal 
species have differing numbers of active trans
posons, but in general only a limited number 
of transposons, if any, are known to be active 
in a given species. Very few endogenous DNA
based transposons are currently active in ver
tebrates, while plants harbor a large number 
of active elements. 

Transposon superfamilies also have dif
fering distributions in nature, and while some 
are highly species-restrictive, some are able to 
move between quite distantly related hosts. For 
example, P elements (see the section in this 
chapter titled The Role ofTransposable Eleme11ts i11 
Hybrid Dysgeuesis) are restricted to the Drosophila 
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FIGURE 17.15 Each transposon family has both autono
mous and nonautonomous members. Autonomous ele
ments are capable of transposition. Nonautonomous 
elements are deficient in transposition. 

genus, while transposons in the Tel/mariner 
superfamily (originally identified in C. elegans 
and Drosophila mauritia11a) are remarkably 
widespread and have been identified in fungi, 
ciliates, plants, and animals. These promiscuous 
elements have been adapted for use as trans
gene vectors in vertebrates (most notably the 
versatile Sleeping Beauty element), and seem 
able to function in nearly any species due to 
their lack of dependence on specific host fac
tors for transposition. One of the only autono
mous DNA transposons known in vertebrates, 
Toll (a member of the hAT superfamily di scov
ered in medaka fish) also appears to be active 
when transferred to other species, including 
mammals. 

Characterized at the molecular level, 
most transposons share the usual form of 
organization-inverted repeats at the ends 
and short direct repeats in the adjacent target 
DNA-but otherwise vary in size and cod
ing capacity. All families of transposons share 
the same type of relationship between the 
autonomous and nonautonomous elements. 
The autonomous elements have open reading 
frames between the terminal repeats, whereas 
the nonautonomous elements do not code for 
functional proteins. Sometimes the internal 
sequences are related to those of autonomous 
elements; at other times they are composed of 
fragments of genes that have been captured 
between transposon-inverted repeats. Some 
examples of transposon families are described 
in the paragraphs that follow. 

The first transposons were originally iden
tified in maize, which contains a number of 
active transposons. The Mutator transposon 
is the most active and mutagenic of all maize 
transposons. The autonomous element MuDR 
codes for the genes mudrA (which codes for the 
MURA transposase) and mudrB (which codes for 
an accessory protein required for integration). 
The ends of the elements are marked by 200-
bp inverted repeats. Nonautonomous Mutator 
elements-basically any units that have the 
inverted repeats, but which may not have any 
internal sequence relationship to MuDR-are 
also mobilized by MURA and MURB. Mutator 
elements in maize are the founding members 
of the MULE (Mu-like Element) superfamily 
of transposons, which are present in bacteria, 
fungi, plants, and animals. 

The prototypical transposons, also originally 
found in maize, are members of the Ad Dsfamily. 
FIGURE 17.16 summarizes their structures. Their 
molecular characteristics are described further 
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FIGURE 17.16 The Ac element has five exons that code 
for a transposase; Ds elements have internal deletions. 

here to illustrate some oft he typical relationships 
between autonomous and nonautonomous fam· 
ily members. While this example is from maize, 
the principles apply to transposon families in any 
species. Most of the length of the autonomous 
Ac (activator) element is occupied by a single 
gene consisting of five exons. The product is the 
transposase. The element itself ends in inverted 
repeats of I I  bp, and a target sequence of 8 bp is 
duplicated at the site of insertion. 

Ds elements vary in both length and 
sequence, but are related to Ac. They end in the 
same I I -bp inverted repeats. They are shorter 
than Ac, and the length of deletion varies. At 
one extreme, the element Ds9 has a deletion 
of only I94 bp. In a more extensive deletion, 
the Ds6 element retains a length of only 2 kb, 
representing I kb from each end of Ac. A com
plex double Ds element has one Ds6 sequence 
inserted in reverse orientation into another. 

Nonautonomous elements lack internal 
sequences, but possess the terminal inverted 
repeats (and possibly other sequence features). 
Some nonautonomous elements are derived 
from autonomous elements by deletions (or 
other changes) that inactivate the trans-acting 
transposase, but leave intact the sites (includ
ing the termini) on which the transposase acts. 
Their structures range from minor (but inacti
vating) mutations of Acto sequences that have 
major deletions or rearrangements. 

At another extreme, the Dsl family mem
bers comprise short sequences whose only rela
tionship to Ac lies in the possession of terminal 
inverted repeats. Elements of this class need not 
be directly derived from Ac, but could be derived 
by any event that generates the inverted repeats. 
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Their existence suggests that the transposase 
recognizes only the terminal inverted repeats, 
or possibly the terminal repeats in conjunction 
with some short internal sequence. 

Dsl elements are just one example of a 
widespread form of DNA-type elements called 
MITEs (miniature inverted repeat transposable 
elements). These are very short derivatives of 
autonomous elements found in many eukary
otes that can be present in tens or hundreds of 
thousands of copies in a given genome. They 
range from 300 to 500 bp, and generate 2 to 3 
bp target site duplications. Unlike many other 
classes oftransposons in plants, MITEs are often 
found in or near genes. 

Transposition of Acl Ds occurs by a nonrep
licative cut-and-paste mechanism that involves 
double-stranded breaks followed by integra
tion of the released element. The mechanism of 
transposition is similar to that described for Tn 5 
and Tn IO (see the section in this chapter titled 
Nonreplicative Tra11spositio11 Proceeds by Breakage 
and Rewzio11 ) .  It is accompanied by its disap
pearance from the donor location. Transposi
tion of Ac/ Ds almost always occurs soon after 
the donor element has been replicated. These 
features resemble transposition of the bacterial 
element TniO. The cause is the same: Trans
position does not occur when the DNA of the 
transposon is methylated on both strands (the 
typical state before replication), and is activated 
when the DNA is hemimethylated (the typical 
state immediately after replication). The recipi
ent site is frequently on the same chromosome 
as the donor site, and often is quite close to it. 
Note that if transposition is from a replicated 
region of a chromosome into an unreplicated 
region, the transposition event will result in 
a net increase in the copy number of the ele
ment; one chromatid will carry a single copy of 
the transposon, and the second chromatid will 
carry two copies. This ensures that elements 
such as Ac can increase their copy number, even 
though transposition is not duplicative. 

Replication generates two copies of a poten
tial Ac/ Ds donor, but usually only one copy actu
ally transposes. What happens to the donor site? 
The rearrangements that are found at sites from 
which controlling elements have been lost 
can be explained in terms of the consequences 
of a chromosome break. Based on the sequence 
of the donor site following excision, the major
ity of the breaks caused by Ac excision appear to 
be repaired using nonhomologous end-joining, 
which usually creates sequence alterations, or 
transposon footprints, at the excision sites. If the 



resulting transposon footprint restores function
ality to the gene in which the Ac element had 
been inserted, the result is a reversion event. 
Otherwise, the result is a stable, nonfunctional 
gene. In contrast, the mode of Mu element 
transposition appears to vary depending on the 
tissue type. Late during somatic development, 
transposition is similar to that observed for Ac. 
In germinal tissues, though, the vast majority 
of transposition events are effectively replica
tive, perhaps due to gap repair using the sister 
chromatid as a template. 

Autonomous and nonautonomous ele
ments are subject to a variety of changes in their 
condition. Some of these changes are genetic; 
others are epigenetic. The major change is 
(of course) the conversion of an autonomous 
element into a nonautonomous element, but 
further changes may occur in the nonautono
mous element. cis-acting defects may render a 
nonautonomous element impervious to au ton
omous elements. Thus, a nonautonomous ele
ment may become permanently stable because 
it can no longer be activated to transpose. 

Autonomous elements are subject to 
"changes of phase," which are heritable (but often 
unstable) alterations in their properties. These 
may take the form of a reversible inactivation in 
which the element cycles between an active and 
inactive condition during plant development, or 
they may result in stably inactive elements. 

Phase changes in both the Ac and M u types 
of autonomous element are associated with 
changes in the methylation of DNA. The inactive 
forms of all elements are methylated at cytosine 
residues. In most cases, it is not known what trig
gers this loss of activity, but in the case of MuDR 
epigenetic silencing can be triggered by a deriv
ative of MuDR that is duplicated and inverted 
relative to itself. This rearrangement results in 
the production of a hairpin RNA, in which two 
parts of the transcript are perfect complements 
to each other. The resulting double-stranded 
RNA is processed by cellular factors into small 
RNAs that in turn trigger methylation and tran
scriptional gene silencing of the MuDR element 
(see the Regulatory RNA chapter). 

The effect of methylation is common gen
erally among transposons in plants and other 
organisms that methylate their DNA. The best 
demonstration of the effect of methylation on 
activity comes from observations made with the 
Arabidopsis mutant ddm 1, which causes a genome
wide loss of methylation. Among the targets 
that lose methyl groups is a family of transpo
sons related to MuDR. Direct analysis of genome 

sequences shows that the demethylation and 
associated modification of histone tails (see the 
EukaryoticTranscription Regulatio11 chapter) allow 
transposition events to occur. Methylation is 
probably the major mechanism that is used to pre
vent transposons from damaging the genome by 
transposing too frequently. Transposons appear 
to be targeted for methylation because they are 
far more likely to produce double-stranded or 
otherwise aberrant transcripts that can be used to 
guide sequence-specific DNA methylation using 
small RNA produced from those transcripts. In 
addition, a class of small RNAs expressed in germ 
cells are enriched in transposable elements and 
other repetitive sequences, and their expression 
results in transposon repression. The first RNAs 
described in this class are the piwi-interacting 
RNAs (piRNAs; see the Regulatory RNA chapter) 
of Drosophila and are proposed to protect the 
gennline against sterilizing transposition events; 
homologs in mice appear to play the same role 
during spermatogenesis. Once methylation of a 
transposon has been established, it can be heri
tably maintained over many generations. In 
plants and animals that methylate their DNA, 
the vast majority of transposons are epigeneti
cally silenced in this way. 

There may be self-regulating controls 
of transposition, analogous to the immunity 
effects displayed by bacterial transposons. An 
increase in the number of Ac elements in the 
genome decreases the frequency of transposi
tion. The Ac element may code for a repressor 
of transposition; the activity could be carried 
by the same protein that provides transposase 
function. Additionally, derivatives of some 
transposons, such as those of P elements in 
Drosophila, encode truncated proteins that can 
repress the activity of autonomous elements in 
somatic tissue (see the section in this chapter 
titled P Elements Are Activated i11 the Cermli11e). 

1111 The Role of Transposable 
Elements in  Hybrid 
Dysgenesis 

Key concepts 

• P elements are transposons that are carried in 
P strains of Drosophila melanogaster, but not in 
M strains. 

• When a P male is crossed with an M female, 
transposition is activated. 

• The insertion of P elements at new sites in these 
crosses inactivates many genes and makes the 
cross infertile. 
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Certain strains of D.  mela11ogaster encounter dif
ficulties in interbreeding. When flies from two 
of these strains are crossed, the progeny display 
"dysgenic traits"-a series of defects including 
mutations, chromosomal aberrations, distorted 
segregation at meiosis, and reduced fertility. 
The appearance of these correlated defects is 
called hybrid dysgenesis. 

Two systems responsible for hybrid dys
genesis have been identified in D. mela11ogaster. 
In the first, flies are divided into the types 1 
(inducer) and R (reactive) .  Reduced fertility is 
seen in crosses ofi males with R females, but not 
in tl1e reverse direction. In the second system, 
Elies are divided into the two types P (paternal 
contributing) and M (maternal contributing). 
FIGURE 17.17 illustrates the asynunetry ohhe sys
tem; a cross between a P male and an M female 
causes dysgenesis, but the reverse a·oss does not. 

Dysgenesis is principally a phenomenon of 
the germ cells. In crosses involving the P-M 
system, the Fl hybrid flies have normal somatic 
tissues. Their gonads, however, do not develop 
normally and the hybrids are often sterile, par
ticularly at higher temperau1res. The morpho
logical defect in gamete development dates 
from the stage at which rapid cell divisions 
conunence in the gennline. 

Any one of the chromosomes of a P male 
can induce dysgenesis in a cross with an M 
female. The construction ofrecombinant chro
mosomes shows that several regions within 
each P duomosome are able to cause dysgen
esis. This suggests that a P male has sequences at 
many different chromosomal locations that can 
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FIGURE 17.17 Hybrid dysgenesis is asymmetrical; it is 
induced by P male X M female crosses, but not by M 
male X P female crosses. 
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induce dysgenesis. The locations differ between 
individual P strains. The P-spedfic sequences 
are absent from chromosomes of M flies. 

The nature of  the P-specific sequences 
was first identified by mapping the DNA of w 
mutants found among the dysgenic hybrids. 
All the mutations result from the insertion of 
DNA into the white (w) locus. (The insertion 
inactivates the gene, which is required for red 
eye color, causing the white-eye phenotype 
for which the locus is named.) The inserted 
sequence is called the P element. 

The P element insertions form a classic 
transposable system. Individual elements vary 
in length but are homologous in sequence. All 
P elements possess inverted terminal repeats of 
31 bp, and generate direct repeats of target DNA 
of 8 bp upon transposition. The longest P ele
ments are -2. 9 kb long and have four open read
ing frames. The slwrter elements arise, appar
ently rather frequently, by internal deletions of 
a full-length P factor. At least some oft he shorter 
P elements have lost the capacity to produce the 
lTansposase, but may be activated in tra11s by the 
enzyme coded by a complete P element. 

A P strain carries 30 to 50 copies of the 
P element, about one-third of wl1ich are full 
length . The elements are absent from M strains. 
In a P strain the elements are carried as inert 
components of the genome, but they become 
activated to transpose when a P male is crossed 
with an M female. 

Chromosomes from P-M hybrid dysgenic 
flies have P elements inserted at many new 
sites. The insertions inactivate the genes in 
which they are located and often cause chromo
somal breaks. The result of tl1e transpositions 
is therefore to dramatically alter the genome. 

P Elements Are Activated 
in the Germline 

l<ey concepts 

• P elements are activated in the germline of 
P male X M female crosses because a tissue-specific 
splicing event removes one intron, which generates 
the coding sequence for the transposase. 

• The P element also produces a repressor of 
transposition, which is inherited maternally in 
the cytoplasm. 

• The presence of the repressor explains why 
M male X P female crosses remain fertile. 

Activation of P elements is tissue specific: rt 
occurs only in the germline. P elements are tran
scribed, though, in botl1 gem1line and somatic 



Short RNA 
Long RNA 

Somatic 
mANA 

Germline 
mANA 

� Transcription 

lntron 3 remains 

-- Reading frame + 

66-kD repressor 

-- Reading frame --+ 

87 -kD transposase 

FIGURE 17.18 The P element has four exons. The first 
three are spliced together in somatic expression; all four 
are spliced together in germline expression. 

tissues. Tissue specificity is conferred by a change 
in the splicing pattern. 

FIGURE 17.18 depicts the organization ofthe 
element and its transcripts. The primary tran
script extends for 2.5 or 3.0 kb, the difference 
probably reflecting merely the leakiness of the 
termination site. Two protein products can be 
produced: 

• In somatic tissues, only the first two 
introns are excised, creating a coding 
region of ORFO-ORF1-0RF2. Translation 
of this RNA yields a protein of 66 kD. 
This protein is a repressor of transposon 
activity. 

• In gennline tissues, an additional splic
ing event occurs to remove intron 3 .  
This connects all four open reading 
frames into an mRNA that is translated 
to generate a protein of 87 kD. This pro
tein is the transposase. 

Two types of experiments have demon
strated that splicing ofthe third intron is needed 
for transposition. First, if the splicingjunctions 
are mutated ill vitro and the P element is rein
troduced into flies, its transposition activity is 
abolished. Second, if the third intron is deleted, 
so that ORF3 is constitutively included in the 
mRNA in all tissues, transposition occurs in 
somatic tissues as well as the germline. Thus, 
whenever ORF3 is spliced to the preceding read
ing frame, the P element becomes active. This 

is the crucial regulatory event, and usually it 
occurs only in the gennline. 

What is responsible for the tissue-specific 
splicing? Somatic cells contain a protein that 
binds to sequences in exon 3 to prevent splic
ing of the last intron (see the RNA Splicing mzd 
Processing chapter). The absence of this protein 
in gennline cells allows splicing to generate the 
mRNA that encodes the transposase. 

Transposition of a P element requires - 1 50 
bp of terminal DNA. The transposase binds to 
1 0-bp sequences that are adjacent to the 3 1 -bp 
inverted repeats. Transposition occurs by a non
replicative cut-and-paste mechanism resembling 
that of Tn 10. (It contributes to hybrid dysgen
esis in two ways: Insertion of the transposed 
element at a new site may cause mutations, 
and the break that is left at the donor site-see 
Figure 17  .6-can have a deleterious effect. )  

It is interesting that, in a significant pro
portion of cases, the break in donor DNA is 
repaired by using the sequence of the homolo
gous chromosome. If the homolog has a P ele
ment, the presence of a P element at the donor 
site may be restored (so the event resembles 
the result of a replicative transposition). If the 
homolog lacks a P element, repair may generate 
a sequence lacking the P element, thus appar
ently providing a precise excision (an unusual 
event in other transposable systems). 

The dependence of hybrid dysgenesis on 
the origin of the female in a cross shows that 
the cytoplasm is important, as are the P factors 
themselves. The contribution of the cytoplasm 
is described as the cytotype; a line of flies con
taining P elements has P cytotype, whereas a 
line of flies lacking P elements has M cytotype. 
Hybrid dysgenesis occurs only when chromo
somes containing P factors find themselves in 
M cytotype, that is, when the male parent has 
P elements and the female parent does not. 

Cytotype shows an inheritable cytoplasmic 
effect; when a cross occurs through P cytotype 
(the female parent has P elements), hybrid 
dysgenesis is suppressed for several genera
tions of crosses with M female parents. Thus, 
something in P cytotype, which can be diluted 
out over some generations, suppresses hybrid 
dysgenesis. 

The effect of cytotype has been a particu
larly puzzling phenomenon. All explanations 
assume that a repressor molecule is deposited 
into the egg cell cytoplasm, as is illustrated in 
FIGURE 17.19 . The repressor is provided as a 
maternal factor in the egg. In a P line, there must 
be sufficient repressor to prevent transposition 
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FIGURE 17.19 Hybrid dysgenesis is determined by the interactions between 
P elements in the genome and repressors in the cytotype. 

from occurring, even though the P elements are 
present. In any cross involving a P female, its 
presence prevents either synthesis or activity 
of the transposase. When the female parent is 
M type, though, there is no repressor in the egg, 
and the introduction of a P element from the 
male parent results in activity of transposase in 
the germline. The ability of P cytotype to exert 
an effect through more than one generation 
suggests that there must be enough repressor 
protein in the egg, and it must be stable enough, 
to be passed on through the adult to be present 
in the eggs of the next generation. 

For many years, the best candidate for the 
repressor was the 66-kD protein. There are, 
however, strains of flies that lack P elements 
capable of producing a 66-kD repressor protein 
but that do exhibit P cytotype. More recent evi
dence has implicated small RNAs in P element 
repression; genes important in processing small 
RNAs derived from P elements transcripts (and 
those of several other transposons as well) are 
also required for efficient transposon silencing. 
This observation has lead to a model in which 
P cytotype is conditioned by P elements at par
ticular positions that produce transcripts that 
are processed into a specific class of small RNAs, 
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called piRNAs (see the Regulatory RNA chapter) .  
In this case, it is the presence of these small 
RNAs in the cytoplasm that are responsible for 
P element cytotype repression. Like the small 
RNAs involved in RNA interference (see the 
Regulatory RNA chapter), piRNAs are hypoth
esized to direct the degradation of P element 
transcript. An appealing feature of this model is 
that it suggests that P element cytotype repres
sion is a particular example of a widespread 
mechanism by which transposon activity is 
repressed in plants, fungi, and animals. 

Remarkably, P elements have only been 
detectable in the D. mela11ogaster genome for a 
few decades. They came from a second species 
of Drosophila, D. willisoni, through a horizontal 
transfer of P element sequence. Subsequent 
to that transfer, P elements rapidly spread 
throughout the worldwide population of D. 
mela11ogaster. Analysis of P elements in a variety 
of Drosophila species reveals that horizontal 
transfer of this transposon has occurred repeat
edly throughout its history. This propensity to 
move between species has been documented 
among a number of transposons, leading to the 
suggestion that an important component to the 
transposon lifecycle is the ability to regularly 
invade "nai've" genomes that lack sequences 
(such as those that produce piRNAs} that can 
repress tran sposon activity. 

The Retrovirus Lifecycle 
Involves Transposition
Like Events 

Key concepts 

• A retrovirus has two copies of its genome of 
single-stranded RNA. 

• An integrated provirus is a double-stranded DNA 
sequence. 

• A retrovirus generates a provirus by reverse 
transcription of the retroviral genome. 

Retroviruses have genomes of single-stranded 
RNA that are replicated through a double
stranded DNA intermediate. The life cycle of the 
virus involves an obligatory stage in which the 
double-stranded DNA is inserted into the host 
genome by a transposition -like event that gener
ates short direct repeats of target DNA. This simi
larity is not surprising, given evidence that new 
retroviruses have arisen repeatedly over evolu
tionary time as a consequence of the capture by 
retrotransposons of genes encoding envelope 
proteins, which makes infection possible. 



The significance ofthi s integration reaction 
extends beyond the perpetuation of the virus. 
Some of its consequences are: 

• A retroviral sequence that is integrated 
in the germline remains in the cellular 
genome as an endogenous provirus. 
Like a lysogenic bacteriophage, a pro vi
rus behaves as part of the genetic mate
rial of the organism. 

• Cellular sequences occasionally recom
bine with the retroviral sequence and 
then are transposed with it; these 
sequences may be inserted into the 
genome as duplex sequences in new 
locations. 

• Cellular sequences that are transposed 
by a retrovirus may change the proper
ties of a cell that becomes infected with 
the virus. 

The particulars of the retroviral lifecycle are 
expanded in FIGURE 17.20. The crucial steps are 
that the viral RNA is converted into DNA, the 
DNA becomes integrated into the host genome, 
and then the DNA provirus is transcribed into 
RNA. The enzyme responsible for generating 
the initial DNA copy of the RNA is reverse 
transcriptase. The enzyme converts the RNA 
into a linear duplex of DNA in the cytoplasm 
of the infected cell. The DNA also is converted 
into circular forms, but these do not appear to 
be involved in reproduction. 

The linear DNA makes its way to the 
nucleus. One or more DNA copies become 
integrated into the host genome. A single 
enzyme called integrase is responsible for 
integration. Retroviral integrases are related by 
sequence, structure, and function to the trans
posases encoded by transposons. The provirus 

RNA 
1 Reverse t transcription 

LTR LTR 
Linear DNA MA:O\.�..t_�� 

l l ntegration 
l Transcription 

RNA 
FIGURE 17.20 The retroviral lifecycle proceeds by reverse 
transcribing the RNA genome into duplex DNA, which is 
inserted into the host genome, in order to be transcribed 
into RNA. 

is transcribed by the host machinery to produce 
viral RNAs, which serve both as mRNAs and as 
genomes for packaging into virions. Integration 
is a normal part of the lifecycle and is necessary 
for transcription. 

Two copies of the RNA genome are pack
aged into each virion, making the individual 
virus particle effectively diploid. When a cell 
is simultaneously infected by two different but 
related viruses, it is possible to generate het
erozygous virus particles carrying one genome 
of each type. The diploidy may be important in 
allowing the virus to acquire cellular sequences. 
The enzyme's reverse transcriptase and inte
grase are carried with the genome in the viral 
particle . 

Retroviral Genes Code 
for Polyproteins 

Key concepts 

• A typical retrovirus has three genes: gag, pot, 
and env. 

• Gag and Pol proteins are translated from a 
full-length transcript of the genome. 

• Translation of Pol requires a frameshift by the 
ribosome. 

• Env is translated from a separate mRNA that is 
generated by splicing. 

• Each of the three protein products is processed by 
prot eases to give multiple proteins. 

A typical retroviral sequence contains three or 
four "genes." (In this context, the term gene is 
used to identify coding regions, each of which 
actually gives rise to multiple proteins by pro
cessing reactions.) A typical retrovirus genome 
with three genes is organized in the sequence 
gag-pol-env, as indicated in FIGURE 17 .21 . 

Retroviral mRNA has a conventional struc
ture; it is capped at the 5 '  end and polyade
nylated at the 3'  end. It is represented in two 
mRNAs. The full-length mRNA is translated 
to give the Gag and Pol polyproteins. The Gag 
product is translated by reading from the ini
tiation codon to the first termination codon. 
This termination codon must be bypassed to 
express Pol. 

Different mechanisms are used in differ
ent viruses to proceed beyond the gag termi
nation codon, depending on the relationship 
between the gag and pol reading frames. When 
gag and pol follow continuously, suppression by 
a glutamyl-tRNA that recognizes the termina
tion codon allows a single protein to be gener
ated. When gag and pol are in different reading 
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FIGURE 17.21 The genes of the retrovirus are expressed as polyproteins that are processed into 
individual products. 

frames, a ribosomal frameshift occurs to gener· 
ate a single protein. Usually the readthrough 
is -5% efficient, so Gag protein outnumbers 
Gag-Pol protein about 20-fold. 

The Env polyprotein is expressed by 
another means: Splicing generates a shorter 
subgenomic mRNA that is translated into the 
Env product. 

The gag gene gives rise to the protein com
ponents of the nucleoprotein core ofthe virion. 
The pol gene encodes proteins with functions in 
nucleic acid synthesis and recombination. The 
wv gene encodes components of the envelope 
of the particle, which also sequesters compo
nents from the cellular cytoplasmic membrane. 

Both the Gag or Gag-Pol and the Env 
products are polyproteins that are cleaved by 
a protease to release the individual proteins 
that are found in mature virions. The prote
ase activity is encoded by the virus in various 
forms: It may be part of Gag or Pol, and at times 
it takes the form of an additional independent 
reading frame. 

The production of a retroviral particle 
involves packaging the RNA into a core, sur· 
rounding it with capsid proteins, and pinching 
off a segment of membrane from the host cell. 
The release of infective particles by such means 
is shown in FIGURE 17 .22. The process is reversed 
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during infection: A virus infects a new host cell 
by fusing with the plasma membrane and then 
releasing the contents of the virion. 

Viral DNA Is Generated 
by Reverse Transcription 

Key concepts 

• A short sequence (R) is repeated at each end of 
the viral RNA, so the 5 '  and 3 '  ends are R-U5 and 
U3-R, respectively. 

• Reverse transcriptase starts synthesis when a tRNA 
primer binds to a site 100 to 200 bases from the 
5 '  end. 

• When the enzyme reaches the end, the 5 '-terminal 
bases of RNA are degraded, exposing the 3 '  end of 
the DNA product. 

• The exposed 3 '  end of the DNA product base pairs 
with the 3 '  terminus of another RNA genome. 

• Synthesis continues, generating a product in 
which the 5 '  and 3 '  regions are repeated, giving 
each end the structure U3-R-U5. 

• Similar strand-switching events occur when 
reverse transcriptase uses the DNA product to 
generate a complementary strand. 

• Strand switching is an example of the copy choice 
mechanism of recombination. 

Retroviruses are called plus strand viruses, 
because the viral RNA itself codes for the pro-



1.  Budding initiates 2. Bud elongates 

FIGURE 17.22 Retroviruses (HIV) bud from the plasma 
membrane of an infected cell. Photos courtesy of Matthew 
A. Gonda, Ph.D., Partner at Power Ten Medical Ventures, Inc. 

tein products. As its name implies, reverse 
transcriptase is responsible for converting the 
genome (plus strand RNA) into a complemen
tary DNA strand, which is called the minus 
strand DNA. Reverse transcriptase also cata
lyzes subsequent stages in the production of 
duplex DNA. It has a DNA polymerase activity, 
which enables it to synthesize a duplex DNA 
from the single-stranded reverse transcript of 
the RNA. The second DNA strand in this duplex 
is called the plus strand DNA. As a neces
sary adjunct to this activity, the enzyme has an 
RNase H activity, which can degrade the RNA 
part of the RNA-DNA hybrid. All retroviral 
reverse transcriptases share considerable simi
larities of amino acid sequence, and homolo
gous sequences can be recognized in all other 
retroelements. 

The structures of the DNA forms of the virus 
are compared with the RNA in FIGURE 17.23 . The 
viral RNA has direct repeats at its ends. These 
R segments vary in different strains of virus 
from 10 to 80 nucleotides. The sequence at the 
5 '  end of the virus is R-U5, and the sequence 
at the 3 '  end is U3 -R. The R segments are used 
during the conversion from the RNA to the 
DNA form to generate the more extensive direct 
repeats that are found in linear DNA, as shown 
in FIGURE 17.24 and FIGURE 17 .25. The shortening 
of 2 bp at each end in the integrated form is a 
consequence of the mechanism of integration 
(see Figure 17.27). 

Like other DNA polymerases, reverse tran
scriptase requires a primer. For retroviruses, the 
native primer is tRNA. An uncharged host tRNA 
is present in the virion. A sequence of 18 bases 
at the 3'  end of the tRNA is base paired to a 
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LTR 

U5 has lost 2 bp 

U3 Host 

4-6 bp repeat of 4-6 bp repeat of 
target DNA target DNA 

FIGURE 17.23 Retroviral RNA ends in direct repeats (R), the free linear DNA 
ends in LTRs, and the provirus ends in LTRs that are shortened by two bases 
each. 
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FIGURE 17.24 Minus-strand DNA is generated by switch
ing templates during reverse transcription. 
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FIGURE 17.25 Synthesis of plus-strand DNA requires a 
second jump. 

site 100 to 200 bases from the 5 '  end of one of 
the viral RNA molecules. The tRNA may also 
be base paired to another site near the 5 '  end 
of the other viral RNA, thus assisting in dimer 
formation between the viral RNAs. 

Here is a dilemma: Reverse transcriptase 
starts to synthesize DNA at a site only 100 to 
200 bases downstream from the 5 '  end. How 
can DNA be generated to represent the intact 
RNA genome? (This is an extreme variant oft he 
general problem in replicating the ends of any 
linear nucleic acid; see the Extrachromosomal 
Rep/icons chapter.) 

Synthesis in vitro proceeds to the end, 
generating a short DNA sequence called strong
stop mi11us DNA. This molecule is not found i11 
vivo because synthesis continues by the reaction 
illustrated in Figure 17.25 .  Reverse transcrip
tase switches templates, carrying the nascent 
DNA with it to the new template. This is the 
first of two jumps between templates. 

In this reaction, the R region at the 5 '  ter
minus of the RNA template is degraded by the 
RNase H activity of reverse transcriptase. Its 
removal allows the R region at a 3 '  end to base 
pair with the newly synthesized DNA. Reverse 
transcription then continues through the U3 
region into the body of the RNA. 
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The source of the R region that pairs with 
the strong-stop minus DNA can be either the 
3'  end of the same RNA molecule (intramo
lecular pairing) or the 3'  end of a different 
RNA molecule (intermolecular pairing). The 
switch to a different RNA template is used in 
the figure because there is evidence that the 
sequence of the tRNA primer is not inherited in 
a retroposon lifecycle. (If intramolecular pair
ing occurred, we would expect the sequence 
to be inherited, because it would provide the 
only source for the primer binding sequence 
in the next cycle. Intermolecular pairing 
allows another retroviral RNA to provide this 
sequence.) 

The result of the switch and extension is to 
add a U3 segment to the 5 '  end. The stretch of 
sequence U3 -R-U5 is called the long terminal 
repeat (LTR) because a similar series of events 
adds a U5 segment to the 3'  end, giving it the 
same structure of U5-R-U3. Its length varies 
from 250 to 1400 bp (see Figure 17.23).  

We now need to generate the plus strand 
of DNA and to generate the LTR at the other 
end. The reaction is shown in Figure 1 7  .25.  
Reverse transcriptase primes synthesis of plus
strand DNA from a fragment of RNA that is left 
after degrading the original RNA molecule. 
A strong-stop plus-strand DNA is generated when 
the enzyme reaches the end of the template. 
This DNA is then transferred to the other 
end of a minus strand, where it is probably 
released by a displacement reaction when a 
second round of DNA synthesis occurs from 
a primer fragment farther upstream (to its 
left in the figure) .  It uses the R region to pair 
with the 3 '  end of a minus strand DNA. This 
double-stranded DNA then requires comple
tion of both strands to generate a duplex LTR 
at each end. 

Each retroviral particle carries two RNA 
genomes. This makes it possible for recom
bination to occur during a viral lifecycle. 
In principle this could occur during minus
strand synthesis and/or during plus-strand 
synthesis: 

• The intermolecular pairing shown in 
Figure 17.24 allows a recombination 
to occur between sequences of the two 
successive RNA templates when minus
strand DNA is synthesized. Retroviral 
recombination is mostly due to strand 
transfer at this stage, when the nascent 
DNA strand is transferred from one 
RNA template to another during reverse 
transcription. 



• Plus-strand DNA may be synthesized 
discontinuously, in a reaction that 
involves several internal initiations. 
Strand transfer during this reaction can 
also occur, but is less common. 

The common feature of both events is 
that recombination results from a change in 
the template during the act of DNA synthesis. 
This is a general example of a mechanism for 
recombination called copy choice. For many 
years this was regarded as a possible mecha
nism for general recombination. It is unlikely 
to be employed by cellular systems, but is a 
common basis for recombination during infec
tion by RNA viruses, including those that rep
licate exclusively through RNA forms, such as 
poliovirus. 

Strand switching occurs with a certain 
frequency during each cycle of reverse tran
scription, that is, in addition to the transfer 
reaction that is forced at the end of the tem
plate strand. The principle is  illustrated in 
FIGURE 17 .26, although we do not know much 
about the mechanism. Reverse transcription 
ill vivo occurs in a ribonucleoprotein complex, 
in which the RNA template strand is bound to 
virion components, including the major protein 
of the capsid. In the case of HIV, addition of 
this protein (NCp7) to an i11 vitro system causes 
recombination to occur. The effect is probably 

Reverse transcriptase 
synthesizes DNA strand 

Enzyme dissociates I 
from template + 

Enzyme associates I 
with new template t 

Reverse 
transcription 
resumes 

3' 

FIGURE 17.26 Copy choice recombination occurs when 
reverse transcriptase releases its template and resumes 
DNA synthesis using a new template. Transfer between 
template strands probably occurs directly, but is shown 
here in separate steps to illustrate the process. 

indirect: NCp7 affects the structure of the RNA 
template, which in turn affects the likelihood 
that reverse transcriptase will switch from one 
template strand to another. 

Viral DNA Integrates 
into the Chromosome 

Key concepts 

• The organization of proviral DNA in a chromosome 
is the same as a transposon, with the provirus 
flanked by short direct repeats of a sequence at 
the target site. 

• Linear DNA is inserted directly into the host 
chromosome by the retroviral integrase enzyme. 

• Two base pairs of DNA are lost from each end of 
the retroviral sequence during the integration 
reaction. 

The organization of the integrated provirus 
resembles that of the linear DNA. The LTRs 
at each end of the provirus are identical. The 
3'  end of U 5 consists of a short inverted repeat 
relative to the 5 '  end of U3, so the LTR itself 
ends in short inverted repeats. The integrated 
proviral DNA is like a transposon: The proviral 
sequence ends in inverted repeats and is flanked 
by short direct repeats of target DNA. 

The provirus is generated by directly insert
ing a linear DNA into a target site. In addition to 
linear DNA, there are circular forms of the viral 
sequences. One has two adjacent LTR sequences 
generated by joining the linear ends. The other 
has only one LTR-presumably generated by 
a recombination event and actually compris
ing the majority of circles. For a long time it 
appeared that the circle might be an integration 
intermediate (by analogy with the integration 
of lambda DNA). We now know, though, that 
the linear form is used for integration. 

Integration of linear DNA is catalyzed by a 
single viral product, the integrase. Integrase acts 
on both the retroviral linear DNA and the target 
DNA. The reaction is illustrated in FIGURE 17.27. 

The ends of the viral DNA are important, 
just as they are for transposons. The most con
served feature is the presence of the dinucleo
tide sequence CA close to the end of each LTR. 
This CA dinucleotide is conserved among all 
retroviruses, viral retrotransposons, and many 
DNA transposons as well. The integrase brings 
the ends of the linear DNA together in a ribo
nucleoprotein complex and then converts the 
blunt ends into recessed ends by removing the 
bases beyond the conserved CA. In general, this 
involves a loss of two bases. 
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FIGURE 17.27 Integ rase is the only viral protein required for the integra
tion reaction, in which each LTR loses 2 bp and is inserted between 4-bp 
repeats of target DNA. 

Target sites are chosen at random with 
respect to sequence. The integrase makes stag
gered cuts at a target site. In the example of 
Figure 17.27, the cuts are separated by 4 bp. 
The length of the target repeat depends on the 
particular virus; it may be 4, 5, or 6 bp. Presum
ably, it is determined by the geometry of the 
reaction of integrase with target DNA. 

The 5 '  ends generated by the cleavage 
of target DNA are covalently joined to the 3'  
recessed ends of the viral DNA. At this point, 
both termini of the viral DNA are joined by one 
strand to the target DNA. The single-stranded 
region is repaired by enzymes of the host cell, 
and in the course of this reaction the protrud
ing two bases at each 5 '  end of the viral DNA 
are removed. The result is that the integrated 
viral DNA has lost 2 bp at each LTR; this cor
responds to the loss of 2 bp from the left end of 
the 5 '  terminal U3 and to the loss of 2 bp from 
the right end of the 3'  terminal US. There is a 
characteristic short direct repeat of target DNA 
at each end of the integrated retroviral genome. 

The viral DNA integrates into the 
host genome at randomly selected sites. A 
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successfully infected cell gains one to 10 copies 
of the provirus. (An infectious virus enters 
the cytoplasm, of course, but the DNA form 
becomes integrated into the genome in the 
nucleus. Some retroviruses can replicate only 
in proliferating cells, because entry into the 
nucleus requires the cell to pass through mito
sis, when the viral genome gains access to the 
nuclear material. Others, such as HIY, can be 
actively transported into the nucleus even in 
the absence of cell division.) 

The U3 region of each LTR carries a pro
moter. The promoter in the leftLTR is responsible 
for initiating transcription of the provirus. Recall 
that the generation of proviral DNA is required 
to place the U3 sequence at the left LTR; thus, 
we see that the promoter is in fact generated by 
the conversion of the RNA into duplex DNA. 

Sometimes (probably rather rarely), the 
promoter in the right LTR sponsors transcrip
tion of the host sequences that are adjacent to 
the site of integration. The LTR also carries an 
enhancer (a sequence that activates promoters 
in the vicinity) that can act on cellular as well as 
viral sequences. Integration of a retrovirus can 
be responsible for converting a host cell into a 
tumorigenic state when certain types of genes 
are activated in this way. 

We have dealt thus far with retroviruses in 
terms of the infective cycle, in which integra
tion is necessary for the production of further 
copies ofthe RNA. When a viral DNA integrates 
in a gennline cell, though, it becomes an inher
ited "endogenous provirus" of the organism. 
Endogenous viruses usually are not expressed, 
but sometimes they are activated by external 
events, such as infection with another virus. 

Retroviruses May 
Transduce Cellular 
Sequences 

Key concept 

• Transforming retroviruses are generated by a 
recombination event in which a cellular RNA 
sequence replaces part of the retroviral RNA. 

An interesting light on the viral lifecycle is cast 
by the occurrence of transducing viruses, 
which are variants that have acquired cellular 
sequences in the fonn illustrated in FIGURE 17 .28. 
Part of the viral sequence has been replaced by 
the v-onc gene. Protein synthesis generates a 
Gag-v-Onc protein instead of the usual Gag, 
Pol, and Env proteins. The resulting virus is 
replication defective; it cannot sustain an 
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FIGURE 17.28 Replication-defective transforming 
viruses have a cellular sequence substituted for part of 
the viral sequence. The defective virus may replicate with 
the assistance of a helper virus that carries the wild-type 
functions. 

infective cycle by itself. It can, however, be per
petuated in the company of a helper virus that 
provides the missing viral functions. 

One is an abbreviation for oncogenesis, the 
ability to transform cultured cells so that the 
usual regulation of growth is released to allow 
unrestricted division. Both viral and cellular one 
genes may be responsible for creating tumori
genic cells. 

A v-onc gene confers upon a virus the ability 
to transform a certain type of host cell. Loci with 
homologous sequences found in the host genome 
are called c-one genes. How are the one genes 
acquired by the retroviruses? A revealing feature 
is the discrepancy in the structures of c-one and 
v-oncgenes. The c-one genes usually are interrupted 
by introns, whereas the v-onc genes are uninter
rupted. This suggests that the v-oncgenes originate 
from spliced RNA copies of the c-one genes. 

A model for the formation of transforming 
viruses is illustrated in FIGURE 17.29 . A retrovi
rus has integrated near a c-one gene. A deletion 
occurs to fuse the provirus to the c-one gene; tran · 

scription then generates a joint RNA, which con
tains vi raJ sequences at one end and cellular one 
sequences at the other end. Splicing removes the 
introns in the cellular parts of the RNA. The RNA 
has the appropriate signals for packaging into 
the virion, which will be present if the cell also 
contains another, intact copy of the provirus. 
At this point, some of the diploid virus particles 
may contain one fused RNA and one viral RNA. 

A recombination between these sequences 
could generate the transforming genome, in 
which the viral repeats are present at both ends. 
(Recombination occurs by various means at 
a high frequency during the retroviral infec
tive cycle. We do not know anything about its 
demands for homology in the substrates, but 
we assume that the nonhomologous reaction 
between a viral genome and the cellular part 
of the fused RNA proceeds by the same mecha
nisms responsible for viral recombination.) 

The common features ofthe entire retrovi
ral class suggest that it may be derived from a 
single ancestor. This is supported by phyloge
netic analysis of reverse transcriptases from a 
wide variety of retroelements, including both 
retrotransposons and retroviruses. The fact that 
this class of element has features common to 
both DNA-type transposons (integrase/trans
posase) and non-LTR retroposons (reverse 
transcriptase) has led to the suggestion that 
LTR retrotransposons arose as a consequence 

FIGURE 17.29 Replication-defec
tive vi ruses may be gene rated 
through integration and deletion 
of a viral genome to generate a 
fused viral-cellular transcript that 
is packaged with a normal RNA 
genome. Nonhomologous recom
bination is necessary to generate 
the replication-defective trans
forming genome. 
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of a fusion between these two, more ancient 
element classes. Other functions, such as Env 
proteins and transforming genes, would have 
been incorporated later. (There is  no reason 
to suppose that the mechanism is involved in 
acquisition of env and one genes; viruses carry
ing these genes may have a selective advantage, 
though). 

Retroelements Fall 
into Three Classes 

Key concepts 

• LTR retrotransposons mobilize via an RNA that is 
similar to retroviral RNA, but does not form an 
infectious particle. 

• Although retroelements that lack LTRs, or retropo
sons, also transpose via reverse transcriptase, they 
employ a distinct method of integration and are 
phylogenetically distinct from both retroviruses 
and LTR retrotransposons. 

• Other elements can be found that were generated 
by an RNA-mediated transposition event, but they 
do not themselves code for enzymes that can cata
lyze transposition. 

• Retroelements constitute almost half of the hu
man genome. 

Retroelements are defined by their use of mech
anisms for transposition that involve reverse 
transcription of RNA into DNA. Three classes of 
retroelements are distinguished in FIGURE 17.30: 
LTR retrotransposons, non -LTR retroposons, 
and the nonautonomous SINEs. 

LTR retrotransposons, or simply retro
transposons, have LTRs and code for reverse 
transcriptase and integrase activities. They 
reproduce in the same manner as retroviruses 
but differ from them in not passing through 
an independent infectious form. They are best 

LTR retrotransposons 

Common types Ty ( S. cerevisiae) 
copia (O.me/anogaste(J 
Tnt1A (N. tabacum) 

Termini Long terminal repeats 

Target repeats 4-6 bp 

Enzyme Reverse transcriptase 
activities and/or integrase 

Organization May contain introns 
(removed in 
subgenomic mRNA) 

characterized in the Ty, copia, and Tos1 7  ele
ments of yeast, flies, and rice, respectively. 

The non-LTR retrotransposons, or retro
posons, also have reverse transcriptase activity 
but constitute a phylogenetically distinct family 
of elements that employ a distinct transposi
tion mechanism. Unlike retrotransposons and 
retroviruses, retroposons lack LTRs and use a 
different mechanism from retroviruses to prime 
the reverse transcription reaction. They are 
derived from RNA polymerase II transcripts. 
A minority of the elements in a given genome 
are fully functional and can transpose autono
mously; others have mutations, and thus can 
only transpose as the result of the action of a 
trans-acting autonomous element. The most 
common elements of this class in the human 
genome are the LINEs, or long-interspersed 
nuclear elements. 

In addition to LTR retrotransposons and 
non-LTR retroposons, many genomes contain 
large numbers of sequences whose external and 
internal features suggest that they originated 
in RNA sequences. In these cases, though, we 
can only speculate about how a DNA copy was 
generated. We assume that they were targets 
for a transposition event by an enzyme sys
tem coded elsewhere-that is, they are always 
nonautonomous-and that they originated in 
cellular transcripts. They do not code for pro
teins that have transposition functions. The 
most prominent components of this family are 
called short-interspersed nuclear elements 
(SINEs). These elements are derived from RNA 
polymerase III transcripts, usually 7SL RNAs, 
55 rRNAs, and tRNAs. Many of these elements 
also include portions of a cognate LINE, lead
ing to the hypothesis that SINEs can use the 
enzymatic machinery of LINEs for replication. 

non-LTR retroposons SINES 

L 1 (human) SINES (mammals) 
B1, B21D, B4 Pseudogenes 
(mouse) of pol Ill transcripts 
Cin4 (Z. mays) 

No repeats No repeats 

7-21 bp 7-21 bp 

Reverse transcriptase None (or none coding 
/endonuclease for transposon products) 

One or two No introns 
uninterrupted 
ORFs 

FIGURE 17.30 Retroelements can be divided into LTR retrotransposons, non-LTR retroposons, 
and the nonautonomous SINEs. 

448 CHAPTER 17 Transposable Elements and Retroviruses 



Ty • TyA I - TyB ll ��R�----��--�--�--���R 
Copia ORF 

LTR LTR 
LINES C:I,_--JIL.;;..OR_F_1,___;;;;.._...;.0_RF_2__, 
Homology with: .gag pol int 

FIGURE 17.31 Retrotransposons that are closely related 
to retroviruses have a similar organization, but non-LTR 
retroposons such as LINEs share only the reverse tran
scri ptase activity and lack LTRs. 

FIGURE 17.31 shows the organization and 
sequence relationships of elements that encode 
reverse transcriptase. Like retroviruses, the LTR 
retrotransposons can be classified into groups 
according to the number of independent read
ing frames for gag, pol, and ill( and the order 
of the genes. In spite of these superficial differ
ences of organization, the common features are 
the presence of LTRs as well as reverse tran
scriptase and integrase activities. In contrast, 
non-LTR retroposons such as the mammalian 
LINE elements lack LTRs. They have two read
ing frames; one codes for a nucleic acid-binding 
protein, and the other codes for reverse tran
scriptase and endonuclease activity. 

LTR-containing elements can vary from 
integrated retroviruses to retrotransposons that 
do not have the capacity to generate infectious 
particles. Yeast and fly genomes have the Ty 
and copia elements that cannot generate infec
tious particles. Mammalian genomes have some 
endogenous retroviruses that, when active, 
can generate infectious particles. The mouse 
genome has several active endogenous retrovi
ruses, which are able to generate particles that 
propagate horizontal infections. By contrast, 
almost all endogenous retroviruses lost their 
activity some 50 million years ago in the human 
lineage, and the genome now has mostly inac
tive remnants of the endogenous retroviruses. 

Element 

Retrovirus/LTR retrotransposon 

LINES (autonomous), e.g., L 1 

SINES (nonautonomous), e.g., Alu 

Organization 

LINEs and SINEs comprise a major part of the 
animal genome. They were defined originally by 
the existence of a large number of relatively short 
sequences that are related to one another (com
prising the moderately repetitive DNA described 
in the chapter titled The Content of the Genome). 
They are described as interspersed sequences or 
interspersed repeats because of their common 
occurrence and widespread distribution. In many 
higher eukaryotic genomes, particularly meta
zoans, LINEs and SINEs can make up half of the 
total DNA. In contrast, in plant genomes, LTR 
retrotransposons tend to predominate. 

FIGURE 17.32 summarizes the distribution of 
the different types of transposons that consti
tute almost half of the human genome. Except 
for the SINES, which never encode functional 
proteins, the other types of elements all con
sist of functional elements and elements that 
have suffered deletions that eliminated parts of 
the reading frames that code for the protein(s) 
needed for transposition. The relative propor
tions of these types of transposon s are generally 
similar in the mouse genome. 

The most common LINE in mammalian 
genomes is called L l .  The typical member is 
-6500 bp long and tem1inates in an A-rich tract. 
The two open reading frames of a full-length 
element are called ORF1 and ORF2. The number 
of full-length elements is usually small (-50), 
and the remainder of the copies are truncated. 
Transcripts can be found. As implied by its pres
ence in repetitive DNA, the LINE family shows 
sequence variation among individual members. 
The members of the family within a species, 
however, are relatively homogeneous compared 
to the variation shown between species. L 1 is the 
only member of the LINE family that has been 
active in either the mouse or human lineages. 
It seems to have remained highly active in the 
mouse, but has declined in the human lineage. 

Only one SINE has been active in the human 
lineage: the common Alu element. The mouse 
genome has a counterpart to this element (B 1 ), 
and also other SINES (B2, ID, B4) that have 
been active. Human Alu and mouse B 1 SINEs 

Length (kb) Human genome 

Number Fraction 

1-11 450,000 

6-8 850,000 

<0.3 1,500,000 

8% 

17% 

15% 

DNA transposon Trans sase 2-3 300,000 3% 

FIGURE 17.32 Four types of transposable elements constitute almost half of the human genome. 
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are probably derived from the 7SL RNA (see the 
section later in this chapter titled The Alu Family 
Has Mally Widely Dispersed Members). The other 
mouse SINEs appear to have originated from 
reverse transcripts of tRNAs. The transposition 
of the SINES probably results from their rec
ognition as substrates by an active Ll  element. 

Yeast Ty Elements 
Resemble Retroviruses 

Key concepts 

• Ty transposons have a similar organization to 
endogenous retroviruses. 

• Ty transposons are retrotransposons (with a 
reverse transcriptase activity) that transpose 
via an RNA intermediate. 

Ty elements comprise a family of dispersed repeti
tive DNA sequences that are found at different sites 
in different strains of yeast. Ty is an abbreviation 
for "transposon yeast." Five types ofTy elements in 
yeast (Tyi-Ty5) have been identified. All are LTR 
retrotransposons, with characteristic LTRs and gag 
and pol genes with homology to those encoded by 
retroviruses. These elements are representative 
of two of the major classes of retrotransposons in 
eukaryotes, the Ty I /copia class (Ty 1, Ty2, Ty4, and 
Ty5) and the Ty3/gypsy class. Each class is phyloge
netically distinct, and each contains a characteristic 
order of open reading frames. 

In the yeast Saccharomyces cerevisiae, Ty I is the 
most abundant and the most well characterized 
retroelement. A Ty I transposition event creates 
a characteristic footprint: 5 bp of target DNA are 
repeated on either side of the inserted Ty 1 element. 
Under most circumstances the frequency of Ty 1 
transposition is lower than that of most bacterial 
transposons, -10-7 to w-s, butitcan be increased 
by a variety of factors that stress the organism, 
such as mutagens and nutrient depletion. 

The general organization of Ty 1 elements is 
illustrated in FIGURE 17.33 . Each element is 5 .  9 kb 
long; the last 334 bp at each end constitute LTRs, 
called 8 for historical reasons but referred to 
here simply as LTRs. Individual Tyi elements 
have many changes from the prototype of their 
class, including base-pair substitutions, inser
tions, and deletions. There are -30 copies of 
the Ty I and 13  copies of the closely related Ty2 
in a typical yeast genome. In addition, there are 
-180 independent solo Tyl/Ty2 LTRs. 

The LTR sequences also show considerable 
heterogeneity, although the two repeats of an 
individual Ty 1 element are often identical or at 
least very closely related. The LTR sequences 
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---- 5.7-kb RNA ----� 

---- 5.0-kb RNA _ _,. 

TyA protein 

Frameshift 

FIGURE 17.33 Ty elements terminate in short direct 
repeats and are transcribed into two overlapping RNAs. 
They have two reading frames, with sequences related to 
the retroviral gag and pol genes. 

associated with Ty1 elements show greater 
conservation of sequence than the solo LTRs. 
This is because transposition of Ty 1 elements, 
like replication of retroviruses, involves dupli
cation of the LTRs (discussed in the following 
paragraphs). Thus, recently inserted elements 
carry identical LTRs, but solo LTRs diverge over 
time due to random mutations. 

The Ty1 element is transcribed into two 
poly(A)+ RNA species, which constitute as 
much as 8% of the total mRNA of a haploid 
yeast cell. Both species initiate within a pro
moter in the LTR at the left end. One terminates 
after 5 kb; the other terminates after 5 . 7  kb, 
within the LTR sequence at the right end. 

The sequence of the Ty 1 element has two 
open reading frames. These frames are expressed 
in the same direction, but are read in different 
phases and overlap by 13  amino acids. TyA is 
related to retroviral gag genes and encodes a 
capsid protein. TyB contains regions that have 
homologies with reverse transcriptase, prote
ase, and integrase sequences of retroviruses. 

The organization and functions of TyA and 
TyB are analogous to the behavior of the retrovi
ralgag and pol functions. The reading frames TyA 
and TyB are expressed in two forms. The TyA 
protein represents the TyA reading frame and 
terminates at its end. The TyB reading frame, 
however, is expressed only as part of a joint pro
tein, in which the TyA region is fused to the TyB 
region by a specific frameshift event that allows 
the termination codon to be bypassed. (This is 
analogous to gag-pol translation in retroviruses.) 

Recombination between Ty 1 elements seems 
to occur in bursts; when one event is detected, 
there is an increased probability of finding others. 



Gene conversion occurs between Ty I elements at 
different locations, with the result that one ele
ment is "replaced" by the sequence of the other. 

Ty elements can be deleted via homologous 
recombination between the directly repeated LTR 
sequences. The large number of solo LTR elements 
may be footprints of such events. A deletion of 
this nature may be associated with reversion of a 
mutation caused by the insertion ofTy; the level of 
reversion may depend on the exactLTR sequences 
left behind and the nature of the insertion site. 

A paradox is that both LTRs have the same 
sequence, yet a promoter is active in the LTR at 
one end and a terminator is active in the LTR 
at the other end. (A similar feature is  found 
in other transposable elements, including the 
retroviruses.) 

Ty elements are classic retrotranspo
sons in that they transpose through an RNA 
intermediate. An ingenious protocol used to 
detect this event is illustrated in FIGURE 17.34. 
An intron was inserted into an element to 
generate a unique Ty sequence. This sequence 
was placed under the control of a GAL pro
moter on a plasmid and introduced into yeast 
cells. Transposition results in the appearance of 
multiple copies of the transposon in the yeast 
genome, but the copies all lack the intron. 

We know of only one way to remove 
introns: RNA splicing. This suggests that trans
position occurs by the same mechanism as with 

Starting Ty element 

One L TR is marked 

Base substitution 

I 
* 
.. 

Promoter precedes element; intron is added 

Promoter lntron 

Transposed elements have marked deltas 
and no intron 

* * 
.. � 

FIGURE 17.34 A unique Ty element, engineered to con
tain an intron, transposes to give copies that lack the 
intron. The copies possess identical terminal repeats, 
which are generated from one of the termini of the origi
nal Ty element. 

retroviruses. The Ty element is transcribed 
into an RNA that is recognized by the splicing 
apparatus. The spliced RNA is recognized by a 
reverse transcriptase and regenerates a duplex 
DNA copy, which is then integrated back into 
the genome using the integrase protein. 

The analogy with retroviruses extends 
further. The original Ty I element has a differ
ence in sequence between its two LTRs. The 
transposed elements possess identical delta 
sequences, however, which are derived from 
the 5 '  delta of the original element. Just as 
shown for retroviruses in Figures 17.23-17.25, 
the complete LTR is regenerated by adding a U5 
to the 3'  end and a U3 to the 5 '  end. 

Transposition is controlled by genes within 
the Ty I element. The GAL promoter used to 
control transcription of the marked Ty I element 
is inducible: It is turned on by the addition of 
galactose. Induction of the promoter has two 
effects. It is necessary to activate transposi
tion of the marked element, and its activation 
also increases the frequency of transposition 
of the other Ty I elements on the yeast cluo
mosome. This implies that the products of the 
Ty I element can act in trans on other elements 
(actually on their RNAs). 

The Ty element does not give rise to infectious 
particles, but virus-like particles (VLPs) accumu
late within the cells in which transposition has 
been induced. The particles, which can be seen 
in FIGURE 17 .35, contain full-length RNA, double
stranded DNA, reverse transcriptase activity, and 
a TyB product with integrase activity. The TyA 
product is cleaved like a gag precursor to produce 
the mature core proteins of the VLP. 

FIGURE 17.3 5 Ty elements generate virus-like particles. 
Reprinted from J. Mol. Bioi., vol. 292, H. A. AL-Khayat, 
et al., Yeast Ty retrotransposons ... , pp. 65-73. Copy
right 1999, with permission from Elsevier [http:jjwww. 
scie ncedi rect. co mjscie ncejj ou rnalj0022 28 3 6). Photo 
courtesy of Dr. Hind A. AL-Khayat, Imperial College 
London, United Kingdom. 
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Not all of the Tyl elements in any yeast 
genome are active: Some have lost the ability to 
transpose (and are analogous to inert endoge
nous pro vi ruses) . These "dead" elements retain 
LTRs, though, and as a result they provide tar
gets for transposition in response to the proteins 
synthesized by an active element. 

The Alu Family Has 
Many Widely Dispersed 
Members 

Key concept 

• A major part of repetitive DNA in mammalian 
genomes consists of repeats of a single family 
organized like transposons and derived from RNA 
polymerase III transcripts. 

The most prominent SINE comprises members 
of a single family. Its short length and high 
degree of repetition make it comparable to 
simple sequence (satellite) DNA, except that the 
individual members of the family are dispersed 
around the genome instead of being confined 
to tandem clusters. Again, there is significant 
similarity between the members within a spe
cies compared with variation between species. 

In the human genome, a large part of the 
moderately repetitive DNA exists as sequences of 
-300 bp that are interspersed with nonrepetitive 
DNA. At least half of the renatured duplex mate
rial is cleaved by the restriction enzyme Alui at a 
single site located 170 bp along the sequence. The 
cleaved sequences all are members of a single 
family known as the Alu family, after the means 
of its identification. There are about 1 million 
members in the human genome (equivalent to 
one member per 3 kb of DNA). The individual 
Alu sequences are widely dispersed. A related 
sequence family is present in the mouse (where 
the -350,000 members are called the B 1 family), 
in the Chinese hamster (where it is called the 
Alu -equivalent family), and in other mammals. 

The individual members of the Alu family are 
related rather than identical. The human family 
seems to have originated by means of a 130-bp 
tandem duplication, with an unrelated sequence 
of 3 1  bp inserted in the right half of the dimer. 
The two repeats are sometimes called the "left 
half" and the "right half" of the Alu sequence. 
The individual members of the Alu family have 
an average identity with the consensus sequence 
of 87%. The mouse B 1  repeating unit is 130 
bp long and corresponds to a monomer of the 
human unit. It has 70%-80% homology with 
the human sequence. 
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The Alu sequence is related to 7SL RNA, a 
component of the signal-recognition particle 
involved in protein targeting to the endoplasmic 
reticulum, and Alu elements are likely derived 
from 7SL RNA transcripts. The 7SL RNA cor
responds to the left half of an Alu sequence with 
an insertion in the middle. Thus, the ninety 
5 '  terminal bases of 7SL RNA are homologous 
to the left end of Alu, the central 160 bases of 
7SL RNA have no homology to Alu, and the 3'  
terminal bases of 7SL RNA are homologous to 
the right end of Alu. Like 7SL RNA genes, active 
Alu elements contain a functional internal RNA 
polymerase III promoter and are actively tran
scribed by this enzyme. 

The members of the Alu family resemble 
transposons in being flanked by short direct 
repeats. They display, however, the curious 
feature that the lengths of the repeats are dif
ferent for individual members of the family. 

A variety of properties have been found for 
the Alu family, and its ubiquity has prompted 
many suggestions for its function. It is not yet 
possible, though, to discern its true role, if 
any (it may simply be a particularly successful 
selfish DNA). At least some members of the 
family can be transcribed into independent 
RNAs. In the Chinese hamster, some (though 
not all) members of the Alu -equivalent family 
appear to be transcribed i11 vivo. Transcription 
units of this sort are found in the vicinity of 
other transcription units. 

Members of the Alu family may be included 
within structural gene transcription units, as 
seen by their presence in long nuclear RNA. 
The presence of multiple copies of the Alu 
sequence in a single nuclear molecule can gen
erate secondary structure. In fact, the presence 
of Alu family members in the form of inverted 
repeats is responsible for most of the secondary 
structure found in mammalian nuclear RNA. 

LINEs Use an 
Endonuclease to 
Generate a Priming End 

Key concept 

• LINES do not have LTRs and require the retroposon 
to code for an endonuclease that generates a nick 
to prime reverse transcription. 

LINE elements, like all retroposons, do not 
terminate in the LTRs that are typical of retro
viral elements. This poses the question: How 
is reverse transcription primed? It does not 
involve the typical reaction, in which a tRNA 



primer pairs with the LTR. The open reading 
frames in these elements lack many of the 
retroviral functions, such as protease or inte
grase domains, but typically have reverse 
transcriptase-like sequences and code for an 
endonuclease activity. In the human LINE Ll,  
ORFI is a DNA-binding protein and ORF2 has 
both reverse transcriptase and endonucle
ase activities; both products are required for 
transposition. 

FIGURE 17.36 shows how these activities 
support transposition. A nick is made in the 
DNA target site by an endonuclease activity 
coded by the retroposon. The RNA product of 
the element associates with the protein bound 
at the nick. The nick provides a 3'-0H end that 
primes synthesis of eDNA on the RNA template. 
A second cleavage event is required to open the 
other strand of DNA, and the RNA/DNA hybrid 
is linked to the other end of the gap either at this 
stage or after it has been converted into a DNA 
duplex. A similar mechanism is used by some 
mobile introns (see the Catalytic RNA chapter). 

Nick provides priming end 

, 

lntron created 
by recombination 

FIGURE 17.36 Retrotransposition of non-LTR retropo
sons occurs by nicking the target to provide a pri mer 
for eDNA synthesis on an RNA tern plate. The arrowheads 
indicate 3' ends. 
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FIGURE 17.37 A LINE is transcribed into an RNA that 
is translated into proteins that assemble into a complex 
with the RNA. The complex translocates to the nucleus, 
where it inserts a DNA copy into the genome. 

One of the reasons why LINE elements are 
so effective lies with their method of propagation. 
When a LINE mRNA is translated, the protein 
products show a cis-preference for binding to the 
mRNA from which they were translated. FIG
URE 17.37 shows that the ribonucleoprotein com
plex then moves to the nucleus, where the pro
teins insert a DNA copy into the genome. Reverse 
transcription often does not proceed fully to the 
end, resulting in a truncated and inactive element. 
There is, however, the potential for insertion of 
an active copy, because the proteins are acting in 
cis on a transcript of the original active element. 

By contrast, the proteins produced by the 
DNA transposons must be imported into the 
nucleus after being synthesized in the cyto
plasm, but they have no means of distinguishing 
full-length transposons from inactive deleted 
transposons. FIGURE 17.38 shows that instead of 

Nonfunctional 

NUCLEUS transposon 

\lJ\.f}\.f)\.fJ\lN.� 
Transp,son 

vv l 

RNA 

CYTOSOL 

FIGURE 17.38 A transposon is transcribed into an RNA 
that is translated into proteins that move independently 
to the nucleus, where they act on any pair of inverted 
repeats with the same sequence as the original transposon. 
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distinguishing these two types of transposons, 
the proteins will indiscriminately recognize any 
element by virtue of the repeats that mark the 
ends. This greatly reduces their chance of acting 
on a full-length element as opposed to one that 
has been deleted, resulting in an inability to 
replicate the autonomous elements efficiently. 
This can potentially lead to extinction of the 
entire family of elements. 

Are transposition events of retroelements 
currently occurring in these genomes, or are we 
seeing only the footprints of ancient systems? 
This varies with the species. There are only a 
few currently active transposons in the human 
genome, but by contrast several active trans
posons are known in the mouse genome. This 
explains the fact that spontaneous mutations 
caused by LINE insertions occur at a rate of 
-3% in mice, but only O . I% in humans. There 
appear to be -80 to I 00 active LINE elements 
in the human genome. Some human diseases 
can be pinpointed as the result of transposition 
of L I into genes, and others result from unequal 
crossing-over events involving repeated copies 
ofL I .  A model system in which LINE transposi
tion occurs in tissue culture cells suggests that a 
transposition event can introduce several types 
of collateral damage as well as inserting into a 
new site; the damage includes chromosomal 
rearrangements and deletions. Such events 
may be viewed as agents of genetic change. 
Neither DNA transposons nor retroviral-like 
retrotransposons seem to have been active in 
the human genome for 40 to 50 million years, 
but several active examples of both are found 
in the mouse. 

Note that for transpositions to survive, they 
must occur in the germline. Similar events occur 
in somatic cells, but do not survive beyond one 
generation. 

Summary 
Prokaryotic and eukaryotic cells contain a variety 
of transposons that mobilize by moving or copy
ing DNA sequences. The transposon can be iden
tified only as an entity within the genome; its 
mobility does not involve an independent fonn. 
The transposon could be selfish DNA, concerned 
only with perpetuating itself within the resident 
genome; if it conveys any selective advantage 
upon the genome, this must be indirect. All 
transposons have systems to limit the extent 
of transposition, because unbridled transposi
tion is presumably damaging, but the molecular 
mechanisms are different in each case. 
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The archetypal transposon has inverted 
repeats at its termini and generates direct 
repeats of a short sequence at the site of inser
tion. The simplest types are the bacterial 
insertion sequences (IS), which consist essen
tially of the inverted terminal repeats flanking 
a codingframe(s) whose product(s) provide 
transposition activity. 

The generation of target repeats flanking a 
transposon reflects a common feature of trans
position. The target site is cleaved at points that 
are staggered on each DNA strand by a fixed 
distance (often 5 or 9 bp). The transposon is 
in effect inserted between protruding single
stranded ends generated by the staggered cuts. 
Target repeats are generated by filling in the 
single-stranded regions. 

IS elements, composite transposons, P 
elements, and the "controlling elements" in 
maize mobilize by nonreplicative transposi
tion, in which the element moves directly 
from a donor site to a recipient site. A single 
transposase enzyme undertakes the reaction. It 
occurs by a cut-and-paste mechanism in which 
the transposon is separated from flanking DNA. 
Cleavage of the transposon ends, nicking of 
the target site, and connection of the transpo
son ends to the staggered nicks all occur in a 
nucleoprotein complex containing the trans
posase. Loss of the transposon from the donor 
creates a double-strand break whose fate can 
vary depending on the host repair mechanisms 
and the timing of excision. In the case ofTn IO, 
transposition becomes possible immediately 
after DNA replication, when sites recognized 
by the dam methylation system are transiently 
hemimethylated. This imposes a demand for the 
existence of two copies of the donor site, which 
may enhance the cell's chances for survival. 

Phage Mu can undergo either replicative 
or nonreplicative transposition. In replicative 
transposition, after the transposon at the donor 
site becomes connected to the target site, rep
lication generates a cointegrate molecule that 
has two copies of the transposon. A resolution 
reaction that involves recombination between 
two particular sites then frees the two copies 
of the transposon, so that one remains at the 
donor site and one appears at the target site. 
Two enzymes coded by the transposon are 
required: Transposase recognizes the ends of 
the transposon and connects them to the tar
get site, and resolvase provides a site-specific 
recombination function. M u can also can use its 
cointegrate intermediate to transpose by a non
replicative mechanism. The difference between 



this reaction and the nonreplicative transposi
tion of IS elements is that the cleavage events 
occur in a different order. 

Transposons are grouped into superfami
lies based on transposase sequences. Within 
superfamilies, different families of transposable 
elements each contain a single type of autono
mous element that is analogous to bacterial 
transposons in its ability to mobilize. A family 
typically also contains many different nonauto
nomous elements that are derived by mutations 
of the autonomous element. The nonautono
mous elements lack the ability to transpose, but 
display transposition activity and other abilities 
of the autonomous element when an autono
mous element is present to provide the neces
sary trans-acting functions. 

Transposition of the majority of eukaryotic 
elements is nonreplicative, and in many cases 
requires only the enzymes coded by the ele
ment. Transposition occurs preferentially after 
replication of the element. There are mecha
nisms to limit the frequency of transposition. 
Advantageous rearrangements of some genome 
may have been connected with the presence of 
the elements. 

P elements in D. melanogaster are respon
sible for hybrid dysgenesis. A cross between a 
male carrying P elements and a female lack
ing them generates hybrids that are sterile. A P 
element has four open reading frames, which 
are separated by introns. Splicing of the first 
three ORFs generates a 66-kD repressor and 
occurs in somatic cells. Splicing of all four ORFs 
to generate the 87 -kD transposase occurs only 
in the germline by a tissue-specific splicing 
event. P elements mobilize when exposed to 
cytoplasm lacking the repressor. The burst of 
transposition events inactivates the genome by 
random insertions. Only a complete P element 
can generate transposase, but defective ele
ments can be mobilized in trmzs by the enzyme. 

Reverse transcription is the unifying mech
an ism for reproduction of retroviruses and per
petuation of retroelements. The cycle of each 
type of element is in principle similar, although 
retroviruses are usually regarded from the per
spective of the free viral (RNA) form, whereas 
retrotransposons are regarded from the stance 
of the genomic (duplex DNA) form. 

Retroviruses have genomes of single
stranded RNA that are replicated through a 
double-stranded DNA intermediate. An indi
vidual retrovirus contains two copies of its 
genome. The genome contains the gag, pol, and 
e11v genes that are translated into polyproteins, 

each of which is cleaved into smaller functional 
proteins. The Gag and Env components are con
cerned with packing RNA and generating the 
virion; the Pol components are concerned with 
nucleic acid synthesis. 

Reverse transcriptase is the major com
ponent of Pol, and is responsible for synthe
sizing a DNA (minus strand) copy of the viral 
(plus strand) RNA. The DNA product is longer 
than the RNA template; by switching tem
plate strands, reverse transcriptase copies the 
3 'sequence of the RNA to the 5 '  end of the 
DNA, and copies the 5 '  sequence ofthe RNA to 
the 3'  end of the DNA. This generates the char
acteristic LTRs of the DNA. A similar switch of 
templates occurs when the plus strand of DNA 
is synthesized using the minus strand as a tem
plate. Linear duplex DNA is inserted into a host 
genome by the integrase enzyme. Transcription 
of the integrated DNA from a promoter in the 
left LTR generates further copies of the RNA 
sequence. 

Switches in template during nucleic acid 
synthesis allow recombination to occur by copy 
choice. During an infective cycle, a retrovirus 
may exchange part of its usual sequence for a 
cellular sequence; the resulting virus is usually 
replication defective, but can be perpetuated 
in the course of a joint infection with a helper 
virus. Many ofthe defective viruses have gained 
an RNA version (v-on c) of a cellular gene (c-one) . 
The one sequence may be any one of a number 
of genes whose expression in v-o11c form causes 
the cell to be transformed into a tumorigenic 
phenotype. 

The integration event generates direct tar
get repeats (like transposons that mobilize via 
DNA). An inserted provirus therefore has direct 
terminal repeats of the LTRs, flanked by short 
repeats of target DNA. Mammalian and avian 
genomes have endogenous (inactive) proviruses 
with such structures. Other elements with this 
organization have been found in plants, animals, 
and fungi. Ty elements of yeast have coding 
sequences with homology to reverse transcrip
tase and mobilize via an RNA form. They may 
generate particles resembling viruses, but do not 
have infectious capability. The LINE sequences 
of mammalian genomes are further removed 
from the retroviruses, but retain enough simi
larities to suggest a common origin. They use a 
different type of priming eventto initiate reverse 
transcription, in which an endonuclease activity 
associated with the reverse transcriptase makes 
a nick that provides a 3 '-OH end for priming 
synthesis on an RNA template. The frequency 
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of LINE transposition is increased because its 
protein products are cis-acting; they associate 
with the mRNA from which they were trans
lated to form a ribonucleoprotein complex that 
is transported into the nucleus. 

The members of another class of retro
elements have the hallmarks oftransposition via 
RNA, but have no coding sequences (or at least 
none resembling retroviral functions) . They may 
have originated as passengers in a retroviral-like 
transposition event, in which an RNA was a 
target for a reverse transcriptase. A particularly 
prominent family that appears to have origi 
nated from a processing event are represented by 
SINEs; it includes the human Alu family. Some 
snRNAs, including 7SL snRNA (a component of 
the SRP), are related to this family. 
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So matic Recombination and 
Hypermutation in the 
Immune System 

CHAPTER OUTLINE 

11:11 The Immune System: Innate and Adaptive Immunity 

ll:tl The Innate Response Utilizes ConseJVed Recognition 
Molecules and Signaling Pathways 
• Innate immunity is triggered by pattern recognition 

receptors (PRRs) that recognize highly conserved 
microbe-associated molecular patterns (MAMPs) found 
in bacteria, viruses, and other infectious agents. 

• Toll-like receptors (TLRs) are important PRRs that di
rectly activate innate immune responses and direct the 
initial stages of adaptive responses. TLRs are expressed 
in dendritic cells (DCs), macrophages, neutrophils, 
8 lymphocytes, and some T lymphocytes. 

• TLR signaling pathways are highly conserved from 
invertebrates to vertebrates and an analogous pathway 
is found in plants. 

11:11 Adaptive Immunity 
• Helper T (T h) cells produce signals required by 

8 cells to enable them to differentiate into 
antibody-producing cells. 

• Cytotoxic T cells (CTLs) or killer T cells are responsible 
for the cell-mediated response in which fragments of 
foreign antigens are displayed on the surface of a cell. 
These fragments are recognized by the TCR expressed 
on the surface ofT cells. 

• In TCR recognition, the antigen must be presented in 
conjunction with a major histocompatibility complex 
(MHC} molecule. 

ll:q Clonal Selection Amplifies Lymphocytes That 
Respond to a Given Antigen 
• Each 8 cell expresses a unique 8CR and each T cell 

expresses a unique TCR. 
• A broad repertoire of 8CRsjigs and TCRs exists at any 

time in an organism. 
• Antigen binding to a 8CR or TCR triggers the clonal 

proliferation of that receptor-bearing 8 or T cell. 

II:JIOt Ig Genes Are Assembled from Discrete DNA 
Segments in B Lymphocytes 
• An antibody (immunoglobulin, Ig) consists of a 

tetramer of two identical light (L) chains and two 
identical heavy (H) chains. There are two families 
of L chains (Ig>.. and IgK) and a single family of 
IgH chains. 

• Each chain has an N-terminal variable (V) region 
and a C-terminal constant (C) region. The V region 
recognizes the antigen and the C region mediates 
the effector response. V and C regions are sepa
rately encoded by V(D)J gene segments and C gene 
segments. 
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CHAPTER OUTLINE, CONTINUED J 
• A gene coding for a whole Ig chain is generated by 

somatic recombination of V{D)J genes (variable, di
versity, and joining genes in the H chain; variable 
and joining genes in the L chain) giving rise to V do
mains, to be expressed together with a given C gene 
{C domain). 

ll:fl L Chains Are Assembled by a Single 
Recombination Event 

• A l\ chain is assembled through a single recombination 
event involving a V� gene segment and a J�-Cx gene 
segment. 

• The Vx gene segment has a leader exon, intron, and 
Vx -coding region. 

• The Jx -C� gene segment has a short J� -coding ex on, an 
intron, and a C�-coding region. 

• A K chain is assembled by a single recombination 
event involving a v. gene segment and one of five J. 
segments preceding the c. gene. 

11:11 H Chains Are Assembled by Two Sequential Recombi
nation Events 

• The units for H chain recombination are a VH gene, a D  
segment, and a JwCH gene segment. 

• The first recombination joins D to JwCH. The second 
recombination joins VH to DJwCH to yield VH-DJH-CH. 

• The CH segment consists of four exons. 

11:!:1 Recombination Generates Extensive Diversity 

• The human IgH locus can generate in excess of 104 Vw 
D-JH sequences. 

• Imprecision of joining and insertion of unencoded 
nucleotides further increases VHDJH diversity to 106 
sequences. 

• A recombined VwD-JHCH chain can be paired with in 
excess of 106 different recombined v.J.-C. or v.J.-C. 
chains. 

II:I!J V(D)J DNA Recombination Uses RSS and Occurs by 
Deletion or Inversion 

• The V{D)J recombination machinery uses consensus 
sequences consisting of a he pta mer separated by either 
12 or 23 base pairs from a nonamer (recombination 
signal sequence [RSS)). 

• Recombination occurs by double-strand DNA breaks 
{DS8s) at the heptamers of two RSSs with different 
spacers: "12/23 rule." 

• The signal ends of the DNA excised between two DSBs 
are joined to generate a DNA circle or signal circle. 

• The coding ends are ligated to join v� to Jx-Cx 
{L chain), or D to JwCH and VH to DJwCH {H chain). 
If the recombining genes lie in an inverted rather 
than direct orientation, the intervening DNA is 
inverted and retained, instead of being excised as 
a circle. 

Allelic Exclusion Is T Jiggered by Productive 
Rearrangements 

• V{D)J gene rearrangement is productive if it leads to 
expression of a protein. 

• A productive V{D)J gene rearrangement prevents any 
further rearrangement of the same kind from occurring, 
whereas a nonproductive rearrangement does not. 

• Allelic exclusion applies separately to L chains (only 
one V .J. or VAJA may be productively rearranged) 
and to VHDJH-CH chains (one H chain is productively 
rea rra ng ed). 

RAG1/RAG2 Catalyze Breakage and Religation of 
V(D)J Gene Segments 

• The RAG proteins are necessary and sufficient for the 
cleavage reaction. RAG 1 recognizes the nona mer con
sensus sequences for recombination. RAG2 binds to 
RAG1 and cleaves DNA at the heptamer. The reaction 
resembles the topoisomerase-like resolution reaction 
that occurs in transposition. 

• The reaction proceeds through a hairpin intermediate 
at the coding end; opening of the hairpin is respon
sible for insertion of extra bases {P nucleotides) in the 
recombined gene. 

• Terminal deoxynucleotidyl transferase (TdT) inserts 
additional unencoded N nucleotides at the V(D)J 
junctions. 

• The DSBs at the coding joints are repaired by the 
same mechanism that has generated the whole V{D)J 
sequence. 

B Cell Differentiation: Early IgH Chain Expression Is 
Modulated by RNA Processing 

• All 8 lymphocytes newly emerging from the bone mar
row express the membrane-bound monomeric form of 
IgM {lgJ.Lm). 

• As the 8 cell matures after exiting the bone marrow, 
it expresses surface IgD at a high density. Such IgD 
consists of Ig3m containing the same VHDJH sequence 
paired with the same recombined K or l\ chain as the 
IgM expressed by the same cell. 

• A change in RNA splicing causes J.Lm to be replaced by 
the secreted form {IgJ.Ls) after a mature B cell is acti
vated and begins differentiation to antibody-producing 
cells in the periphery. 

Class Switching Is Effected by DNA Recombination 
(Class Switch DNA Recombination [CSR]) 

• Igs comprise five classes according to the type of 
CH chain. 

• Class switching is effected by a recombination between 
S regions that deletes the DNA between the upstream 
CH region gene cluster and the downstream CH region 
gene cluster that is the target of recombination. 

• CSR relies on a molecular machinery that is different 
from that of V{D)J recombination and is acting later in 
8 cell differentiation. 

CSR Involves AID and Elements of the NHEJ 
Pathway 

• CSR requires activation of intervening promoters (IH pro
moters) that lie upstream of each of the two S regions 
involved in the recombination event and germline IH-CH 
transcription through the respective S regions. 
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CHAPTER OUTLINE, CONTINUED J 
• S regions contain highly repetitive 5 '

AGCT -3' motifs. 5 '-AGCT -3' repeats are the 
main targets of the CSR machinery and 
DSBs. 

• AID mediates the first step (deoxycytidine 
deamination) in the series of events that 
lead to insertion of DSBs within S regions; 
the DSBs' free ends are then religated 
through an NHEJ-like reaction. 

Somatic Hypermutation (SHM) Generates 
Additional Diversity 
• SHM introduces mutations in the antigen

binding V(D)J sequence. Such mutations 
occur mostly as substitutions of individual 
bases. 

• In the IgH chain locus, SHM depends on 
the iE,.._ and 3'Ea that enhance VwD-JHCH 
transcription. 

• In the IgK chain locus, SHM depends 
on iEK and 3 'EK that enhance VK-JKCK 
transcription. The >.. locus transcription 
depends on the weaker >..2-4 and >..3-1 
enhancers. 

11:1@ SHM Is Mediated by AID, Ung, Elements 
of the Mismatch DNA Repair (MMR) 
Machinery, and Translesion DNA 
Synthesis (TLS) Polymerases 
• SHM uses some of the same critical ele

ments as CSR. Like CSR, SHM requires AID. 

• Ung intervention influences the pattern of 
somatic mutations. 

• Elements of the MMR pathway and TLS 
polymerases are involved in SHM and CSR. 

Chromatin Modification in V(D)J 
Recombination, CSR, and SHM 
• Chromatin modification in V(D)J recombi

nation, CSR, and SHM are induced by the 
same stimuli that drive these processes. 

• Transcription factors and transcrip
tion target histone posttranslation 
modifications. 

• Histone modifications are read and 
transduced by chromatin-interaction 
factors. 

Expressed lgs in Avians Are Assembled 
from Pseudogenes 
• An Ig gene in chickens is generated by 

copying a sequence from one of 25 pseu
dogenes into the recombined (acceptor) V 
gene: gene convers10n. 

• The enzymatic machinery of gene conver
sion depends on AID and enzymes in
volved in homologous recombination. 

• Ablation of certain DNA homologous 
recombination genes transforms gene con
version into SHM. 

B Cell Differentiation in the Bone Marrow 
and the Periphery: Generation of Memory 
B Cells Enables a Prompt and Strong 
Secondary Response 

• Mature B cells that emerge from the bone 
marrow and are recruited in the primary 
response express a BCR with only a moder
ate affinity for antigen. 

• Toward the end of the primary response, 
B cells expressing BCRs with a higher af
finity for antigen are selected and later 
revert back to a resting state to become 
memory B cells. 

• Reexposure to the same antigen triggers 
a secondary response through rapid ac
tivation and clonal expansion of memory 
B cells. 

The T Cell Receptor for Antigen (TCR) Is 
Related to the BCR 

• T cells use a mechanism of V(D)J recombi
nation similar to that of B cells to express 
either of two types of TCR. 

• TCRaf3 is found on more than 95% and 
TCR'YB on less than 5% ofT lymphocytes 
in the adult. 

• The organization of the TCRa locus re
sembles that of the IgK locus; the TCRf3 
resembles the IgH locus and TCR'Y. the 
Ig>.. locus. 

The TCR Functions in Conjunction with 
the MHC 

• The TCR recognizes a short peptide set in 
the groove of an MHC molecule on the sur
face of an antigen-presenting cell (APC). 

• The recombination process to generate 
functional TCR chains is intrinsic to the 
development ofT cells. 

• The TCR is associated with the CD3 
complex that is involved in transducing 
TCR signals from the cell surface to the 
nucleus. 

The Major Histocompatibility Complex 
(M HC) Locus Comprises a Cohort of 
Genes Involved in Immune Recognition 

• The MHC locus codes for Class I. Class II, 
and Class III molecules. Class I proteins 
are the transplantation antigens distin
guishing "self' from "nonself." Class II 
proteins are involved in interactions of 
T cells with APCs. 

• MHC Class I molecules are heterodimers 
consisting of a variant a chain and the 
invariant f32 microglobulin. 

• MHC Class II molecules are heterodimers 
consisting of an a chain and a f3 chain. 

Summary 
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The Immune System: 
Innate and Adaptive 
Immunity 

In general, differential control of gene expres
sion rather than changes in DNA sequence 
explains the different phenotypes of given 
somatic cells. The immune system is a most 
important exception to the axiom of genet
ics that the genetic constitution created in the 
zygote by the combination of sperm and egg is 
inherited by all somatic cells of the organism. 
In developing immune cells (B and T lympho
cytes), the genome changes through extensive 
somatic DNA recombination to create functional 
genes encoding receptors for antigen. Other 
cases of somatic recombination are represented 
by the substitution of one sequence for another 
to generate new surface antigens in trypano
somes or to change the mating type of yeast. In 
mature B cells, additional DNA recombination 
and somatic hypennutation of recombined DNA 
segments occur to further diversify the function 
ofthese effector lymphocytes as well as the bio
logical effector functions and antigen-binding 
activity of the produced antibodies. 

The immune system of vertebrates mounts 
a protective response that distinguishes foreign 
(nonself) soluble molecules or molecules on 
microorganisms from molecules or cells of the 
organism itself (self). Nonself and self compo
nents capable of inducing a specific immune 
response are referred to as antigens. In gen
era I, an antigen is a protein or protein -attached 
moiety that has entered the host-for example, 
the coat protein of an infecting virus or bac
terium. Exposure to an antigen triggers the 
unfolding of an immune response aimed at spe
cifically recog11izing the alltigen, thereby destroying 
the infecting virus or bacterium expressing it. 

Immune reactions are effected by white blood 
cells-B and T lymphocytes, macrophages, and 
dendritic cells. Lymphocytes are named after 
the organ in which they differentiate or mature. 
In mammals, B cells mature in the bone marrow, 
whereas T cells mature in the thymus. (The "B" 
originally stemmed from bursa of Hieronymus 
Fabricius-the Paduan anatomist who recog
nized in the I 6th century this lymphoid organ in 
birds as the equivalent of mammalian bone mar
row.) Each class of lymphocytes uses the rearrmzgemen t 

of DNA as a mechmzism for producing the proteins that 
mable it to participate in the immune response. 

Responses to antigens on viruses and 
bacteria, such as an antibody response to 

Streptococcus pueumoniae (Pneumococcus) or a 
killerT lymphocyte-mediated response to in flu
enza virus-infected cells, are highly specific and 
are the expression of adaptive (acquired) 
immunity. The adaptive immune response 
is characterized by a latency period-gener
ally lasting a few days-required for the clonal 
selection and expansion ofthe B cells and/orT 
cells specific for the antigen. Clonal selection of 
B cells or T cells relies on binding of antigen to 
the surface B cell receptors (BCR) and T cell 
receptors (TCR). The structural basis for this 
selection process is provided by the generation 
of a very large number of BCRs/TCRs to cre
ate a high probability of recognizing any for
eign molecule. BCRs/TCRs that recognize the 
body's own proteins are screened out early in 
the process. Binding of antigen to the BCR acti
vates B cells and triggers the antibody response; 
activation of the TCR on T cells triggers T cell
mediated responses. Immunological memory 
provides protective immunity against the same 
antigen that drove the original response. Such 
memory enables the organism to respond more 
rapidly once exposed again to the same patho
gen. The principles of adaptive immunity are 
similar, albeit somewhat different in details, 
throughout the vertebrate kingdom. 

In contrast to adaptive immunity, innate 
immunity provides an immediate (without 
latency) first line of defense against invading 
microorganisms. The innate response depends 
on receptors encoded in the gennline to recog
nize shared and conserved structural patterns, 
as occurring on microbial pathogens. The innate 
response is nonspecific for any given pathogen 
and does not generate memory. It is triggered in 
different ways and to different degrees, as deter
mined by the nature of the foreign microbial anti
gen inducing it. Through differential modulation 
of the innate response, the nature of the antigen 
also directs the character of the adaptive response 
eventually mounted to the same antigen. 

Immunity arose in the earliest multicellular 
animals and plants by the need to distinguish 
healthy self cells and molecules from infectious 
nonself cells and their products. Invertebrates 
have an innate immune system but no adaptive 
system. Jawed vertebrates (gnathostomes) dis
play innate immunity and adaptive immunity, 
mediated by T and B cells. Jawless vertebrates 
(agnathans), such as lamprey and hagfish, dis
play an innate immunity as well as a primitive 
form of adaptive immunity. Agnathans have 
thymus-like microanatomical structures called 
thymoids and lymph node-like structures 
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called typhlosoles in the intestine of larvae; 
in adults, gills and kidneys provide residence 
for cells resembling mammalian monocytes, 
granulocytes, and lymphocytes. Recirculating 
lymphocyte-like cells in typhlosoles contain 
genes that are important for lymphocyte devel
opment, but remarkably do not contain such 
essential genes as those encoding Ig, MHCII, or 
RAG. Immunization of lamprey with antigens 
such as bacteria or synthetic antigens induces 
an immune response. Remarkably, agna
than antigen receptors (variable lymphocyte 
receptors, VLRs) and secreted antibodies are not 
based on the immunoglobulin fold, but rather 
on leucine-rich repeats (LRRs). The recombi
nation mechanism by which the primary VLR 
repertoire is generated is also different from 
V(D)J recombination in higher eukaryotes. 
VLR repertoire is assembled from VLR seg
ments during a process that involves deami
nation of dC to dU by cytosine deaminase 1 
(CDA 1 )  or CDA2, which belong to the AID/ 
APOBEC family of cytosine deaminases. T-like 
cells express CDA 1 to assemble their VLRA gene 
repertoire, whereas B-like cells assemble their 
VLRB gene repertoire through CDA2. Upon 
sensing antigen, T-like cells are thought to 
interact with B-like cells, leading to the clonal 
expansion of both cell types. B-like cells then 
differentiate to secrete soluble VLRs in a man
ner analogous to plasma cells secreting solu
ble immunglobulins (as well as cytokines and 
chemokines), whereas T-like cells proliferate 
and secrete cytokines and chemokines. 

The In nate Response 
Uti lizes Conserved 
Recognition Molecules 
and Signaling Pathways 

Key concepts 

• Innate immunity is triggered by pattern 
recognition receptors (PRRs) that recognize highly 
conserved microbe-associated molecular patterns 
(MAMPs) found in bacteria, viruses, and other 
infectious agents. 

• Toll-like receptors (TLRs) are important PRRs that 
directly activate innate immune responses and 
direct the initial stages of adaptive responses. 
TLRs are expressed in dendritic cells (DCs}, 
macrophages, neutrophils, 8 lymphocytes, and 
some T lymphocytes. 

• TLR signaling pathways are highly conserved from 
invertebrates to vertebrates and an analogous 
pathway is found in plants. 

Innate immunity provides a first line of defense 
against microbial pathogens. It is present at 
virtually all levels of evolution, albeit in dif
ferent forms and relying on different effector 
mechanisms. The innate response depends on 
the recognition of certain predefined patterns 
in pathogens. These patterns are motifs that 
are conserved in microorganisms, but they are 
not found in higher eukaryotes, thus allowing 
the immune system to quickly and effectively 
distinguish dangerous nonself from self. Fur
thennore, because these molecular patterns 
are synthesized by several sequential micro
bial enzyme reactions, they mutate more slowly 
than protein antigens. These conserved micro
bial components are now known as MAMPs, 
replacing the original term pathogw-associated 
molecular pattems (PAMPs), due to the fact that 
nonpathogenic bacteria, such commensal bac
teria residing in the gut, also display conserved 
MAMPs. Each conserved microbial motif or pat
tern is typically recognized by a receptor dedi
cated to the purpose of triggering the innate 
response upon an infection. For example, 
Gram-negative bacterial lipopolysaccharide 
(LPS) is a well known MAMP; other MAMPs 
include bacterial flagellin, lipoteichoic acid 
from Gram-positive bacteria, peptidoglycans, 
and nucleic acid variants normally associated 
with viruses, such as single- or double-strand 
RNA (ssRNA or dsRNA} or certain unmethyl
ated CpG DNA. Upon sensing their ligands, 
these receptors rapidly activate innate immune 
responses by identifying nonself molecules, 
protecting the host from infection. 

Receptors that trigger the innate response 
are known as pattern-recognition receptors 
(PRRs). PRRs are found on innate immune 
cells such as neutrophils, macrophages, and 
dendritic cells (DCs) and cause the pathogen 
to be phagocytosed and killed. Some PRRs 
are also expressed in cells important for adap
tive immune responses, such as all B lympho
cytes and some T lymphocyte subsets. The cell 
response induced by PRR signaling is rapid, as 
these receptors are present on all potentially 
responding cells, which need not be amplified 
by selection, unlike BCRs and TCRs. Innate 
response pathways are widely conserved and 
are found in organisms ranging from flies to 
humans. In general, the innate response may 
contain the first wave of invasion by patho
gens, but cannot deal effectively with the later 
stages of virulent infections, which require the 
specificity and potency of the adaptive response. 
There is overlap and crosstalk between innate 
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Microorganism MAMP Location PAR 

Bacteria Triacyl lipopeptides Cell wall TLR1/2 
(Pam3CSK4) 

Bacteria Muramyl dipeptide Cell wall NOD2 

Bacteria Pili Cell wall TLR10 

Flagellated bacteria Flagellin Flagellum TLR5 

Gram +ve bacteria Peptidoglycan Cell wall TLR2/6 

Gram -ve bacteria Lipoteichoic acid Cell wall TLR2/6 

Gram -ve bacteria Lipopolysaccharide Cell wall TLR4 

Bacteria and viruses ssRNA Inside cell/caspid TLR7/B; NALP3 

RNA viruses dsRNA Inside virus 
TLR3/RIG-1 
helicase 

Fungi 13-glycans Cell wall Dectin-1 

Mycoplasma 
Diacyllipopeptides 

Cell wall TLR2/6 (Pam2CSK4) 

DNA-containing Unmethylated CpG 
Inside cell/caspid TLR9 

microorganisms DNA 
Toxoplasma gondii Profilia Inside cell TLR10 

FIGURE 18.1 Innate immunity; a summary of MAMPs and corresponding PRRs. 

and adaptive response, in that cells activated by 
the innate response subsequently participate in 
the adaptive response . In addition, certain PRRs 
are expressed and function directly in some 
lymphocyte subsets. Perhaps most importantly, 
the nature of PRRs selected by MAMPs direct 
the adaptive immune response by detennin
ing its nature and magnitude. Immune system 
PRRs and their corresponding MAMPs are sum
marized in FIGURE 18.1. 

A key insight into the nature of innate 
immunity was the discovery of the role of 
Toll-like receptors (TLRs) in this response. 
In Drosophila, the receptor Toll, which is 
related to the mammalian IL-l receptor, trig
gers the pathway that specifies dorsal-ventral 
development. This pathway entails the acti
vation of the transcription factor Dorsal (in 
embryo) or Dorsal-related immunity factor 
(DIF) (in adults), a member of the Rei fam
ily, which is related to the mammalian factor 
NF-Km. The pathway of innate immunity in 
vertebrates is parallel to the Toll receptor path
way, with equivalent components. 

Flies have no adaptive immunity, but are 
resistant to microbial infections. This is because 
their innate immune systems trigger synthesis 
of potent antimicrobial peptides. More than 
20 distinct peptides have been identified in 
Drosophila, where they are synthesized in the fat 
body (the organ analogous to the liver). Two of 
the peptides are antifungal, and five act largely 
on bacteria. Their general mode of action is to 
kill the target organism by permeabilizing its 
membrane. All of these peptides are encoded 

by genes whose promoters respond to transcrip
tion factors of the Rei family (FIGURE 18.2) . 

Two innate response pathways function in 
Drosophila: One responds principally to fungi, 
whereas the other responds principally to Gram
negative bacteria. Gram-positive bacteria may 
be able to trigger both pathways, each consist
ing of multiple steps (FIGURE 18.3) .  Fungi and 

Bacterium has MAMPs 

l 
Activated peptides ��� 
Extracellular LLR 
(leucine-rich region) 

Toll-like receptor (TLR) 

� 
Rei-family � transcription factor 

Bactericidal and 
antifungal 
peptides 

Peptides 
permeabilize 
bacterium 

' 

FIGURE 18.2 Innate immunity is triggered by MAMPs. In 
flies, MAMPs cause the production of peptides that acti
vate Toll-like receptors. The receptors lead to a pathway 
that activates a transcription factor for the Rel family. 
Target genes for this factor include bactericidal and anti
fungal peptides. The peptides act by permeabilizing the 
membrane of the pathogenic organism. 
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Fungi Gram+Ve 

bacteria 
Gram-ve 

bacteria 

/ 
PGRP-SA 

Prot eases 
Spiitzle 

� 
Toll 

NF ·Kfl-like 1 
pathway 't 

Dorsal-related 
immunity 
factor (DIF) l 

/ 

. . ' . , ,. . .. f 

PGRP·LC 

Toll-like 
receptor (TLR) 

Rei-family 
Iran scription factor 

Bactericidal and . . ' 

D 
. antifungal rosomycm peptides 

l 
l 

1 lmd 
't pathway 

Relish 

l 
Attacin 

FIGURE 18.3 One of Drosophila's innate immunity path
ways is closely related to the mammalian pathway for 
activating NF-KB; the other has components related to 
those of apoptosis pathways. 

Gram-positive bacteria activate a proteolytic 
cascade that generates an insect cytokine called 
Spiitzle, which binds to and activates the Toll 
receptor. This is the NF-KB-Iike pathway. The 
Toll receptor activates the transcription factor 
DIF (a relative of NF-KB), leading ultimately to 
production of the antifungal peptide drosomydn. 
Gram-negative bacteria trigger a pathway via a 
different receptor that activates the transcription 
factor Relish, leading to production of the bac
tericidal peptide attadn. This pathway is called 
the lmd pathway after one of irs components, 
a protein that has a "death domain" related to 
those found in the pathways for apoptosis. 

The key receptors sensing the bacteria 
are called peptidoglycan recognition proteins 
(PGRPs) because of their high affinities for 
bacterial peptidoglycans. There are two types 
of these proteins. First, PGRP-SAs are short 
extracellular proteins. They function by activat
ing the proteases that produce Spiitzle, which 
triggers the Toll receptor pathway. Second, 
PGRP-LCs are transmembrane proteins with 
an extracellular PGRP domain; they are the 
receptors that activate the lmd pathway. 

The innate immune response is highly 
conserved. Mice that have a mutation in the 
TLR4 gene do not respond to LPS and are resis
tant to septic shock, as induced by LPS. About 
I 0 human homo logs of the TLRs can activate 
several immune response genes, demonstrating 

that the pathway of innate immunity also func
tions in humans. The pathway downstream of 
the TLRs is generally similar in all cases, typi
cally leading to their activation by homo- or 
heterodimerization, and/or conformational 
changes, ultimately resulting in the induction 
of transcription factors such as NF-KB, AP- I, 
IRFs, or cell-specific proteins such as AID in B 
lymphocytes. Once a TLR is activated, it inter
acts with one or more of five known Toll/inter
leukin 1/resistance (TIR} domain-containing 
adapters-MyD88, TRIF/TICAM · l ,  TRAM/ 
TICAM-2, MALITIRAP, and SARM-by means 
of homotypic TIR-TIR interactions, relay
ing the signal through one or more of these 
adapters. In mammals, TLR4 signals through 
both myeloid differentiation primary response 
gene 88 (MyD88) and TIR domain-containing 
adapter-i nd uci ng interferon -13 (TRlF), whereas 
TLR9 signals through MyD88 only, triggering 
the appropriate response depending on cell type 
and conditions. The pathway upstream of the 
TLRs is different in mammals and flies, because 
the pathogen ligands directly activate mamma
lian TLRs, whereas they activate cytokines like 
Spatzle in insects. For example, LPS binds to 
TLR4, and unmethylated CpG DNA from bacte
ria or viruses is first internalized and then binds 
to TLR9 present in intracellular endosomes. The 
downstream TLR pathways are similar in insects 
and mammals, though they are more expanded 
and versatile in mammals. While TLRs were 
thought to directly activate only innate immune 
cells, such as macrophages and DCs, it is now 
known that they are also highly expressed in 
and directly activate B lymphocytes, which are 
critical components of adaptive immunity. The 
exact roles ofTLR signaling in B cell antibody 
responses have only recently received some 
attention, and their relative roles and crosstalk 
should be Further elucidated in the near future. 

Plants have extensive defense mechanisms, 
witl1 pathways analogous to tlle innate response 
in animals. The same prindple applies: MAMPs 
are the motifs that identify the infecting agent 
as a pathogen. The proteins that respond to 
the pathogens are encoded by a class of genes 
called the disease-resistance genes. Many of 
these genes encode receptors that share a 
property with the TLR class of animal recep
tors: The extracellular domain has a motiF called 
the leucine-rich region (LRR). The response 
mechanism is different from that of animal cells, 
and is directed to activate a mitogen-activated 
protein kinase (MAPK) cascade. Many different 
pathogens activate the same cascade, which 
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suggests that a variety of pathogen-receptor 
interactions converge at or before the activa
tion of the first MAPK. 

Adaptive Immunity 
Key concepts 

• Helper T (T h) cells produce signals required by B 
cells to enable them to differentiate into antibody
producing cells. 

• Cytotoxic T cells {CTLs) or killer T cells are 
responsible for the cell-mediated response in which 
trag ments of foreign antigens are displayed on the 
surface of a cell. These fragments are recognized by 
the TCR expressed on the surface ofT cells. 

• In TCR recognition, the antigen must be presented 
in conjunction with a major histocompatibility 
complex (MHC) molecule. 

The specific (adaptive) immune response is 
defined according to whether it is  effected 
mainly by B cells (antibodies) or T cells. Most 
naturally occurring antigens, such as those on 
bacteria and viruses, elicit both specific anLibod
ies and specific effector T cells. 

The antibody response depends on B lym
phocytes, the cells that secrete antibodies or 
immunoglobulins (Igs). Specific recognition 
and binding of an antigen by the BCR expressed 
on the surface ofB cells is the first step in B cell 
activation, proliferation, and differentiation to 
produce large amounts of antibodies specific Eor 
the same antigen. The structure and specificity of 
the antibody produced by a given B cell are identical 
to those of the BCR home 011 the same B cell. Bind
ing of antigen by a BCR, and later by the cor
responding antibody, requires the recognition 
of a small region or structtue on the antigen. 
Antibodies recognize naturally occurring pro
teins, carbohydrate or phospholipid antigens, 
sucl1 as structural components of bacteria and 
viruses (FIGURE 18.4) as well as bacterial toxins. 
Binding of antigen by antibody gives rise to an 
antigen-antibody complex. This complex then 
recruits other components of the immune sys
tem to trigger biological effector functions. 

The antibody response depends on several 
cellular and soluble elements. B cells need sig
nals provided by T cells to enable them to dif
ferentiate to antibody-producing cells. These 
T cells are called helper T (Th) ceUs, because 
they help the activation, proliferation, and dif
ferentiation of B cells. The antigen-antibody 
complex triggers the activation of soluble 
mediators and phagocytic cells (macrophages) 
that can eventually lead to the disruption of 

Secretion of antibodies by B cell requires 
helper T cells 

8 cell 

h.�h. .4.#� 
Antibodies l -:fl Antibody-antigen .Q complex 

Macrophage Complement 
engulfs complex cascade 

FIGURE 18.4 Free antibodies bind to antigens to form 
antigen-antibody complexes that are removed from the 
bloodstream by macro phages or that are attacked directly 
by the activated complement cascade. 

the antibody-bound bacterium or virus. The 
major soluble mediator pathway is provided 
by complement, a multi-protein/enzymatic 
cascade, whose name reflects its ability to 
"complement" the action of the antibody itself. 
Complement consists of a set of more than 
20 proteins that function through a cascade of 
proteolytic actions. It is an important element 
in innate immunily, but also integrates innate 
effector functions with adaptive responses. If 
the target antigen is part of a cell-for example, 
an infecting bacterium-the action of comple
ment culminates in the lysis of the bacterium. 
The activation of complement also releases pro
inflaJruuatory soluble mediators and chemotac
tic mediators; that is, molecules that can attract 
phagocytic cells, such as macrophages and 
granulocytes, which scavenge the target cells 
or their products. Alternatively, the antigen
antibody complex may be taken up directly by 
macrophages (scavenger cells) and destroyed. 

The ceU-mediated response is effected 
by a class of T lymphocytes called cytotoxic 
T cells (CTLs) or killer T cells (FIGURE 18.5). A 
cell-mediated response is typically elicited by 
an intracellular parasite, such as a virus that 
infects the body's own cells. As a result of the 
viral infection, fragments of foreign (viral) 
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Target cell processes 
antigen into fragments 

! 
0 

MHC "presents" 
antigen 

Cytotoxic 
(Killer) T cell 

T-cell receptor 

T cell 

T lymphocyte recognizes 
MHC + antigen peptide 

FIGURE 18.5 In cell-mediated immunity, cytotoxic T cells 
use the T cell receptor (TCR) to recognize a peptide frag
ment of the antigen that is presented on the surface of 
the target cell by the M HC molecule. 

antigens are displayed on the surface of rhe 
cell. These fragments are recognized by the 
TCR expressed on the surface ofT cells. Unlike 
the BCR, which is dimeric in structure with 
two identical antigen-binding sites, the TCR has 
only one antigen-binding site. 

A crucial feature ofTCR recognition is that 
the a11tigen must be presmted in co11ju11ction with 
a cellular protei11 that is a member of the major 
histocompatibility complex (MHC). The 
MHC protein possesses a groove on its surface 
that binds a peptide fragment derived from 
the foreign antigen. The TCR recognizes the 
combination of a peptide fragment and MHC 
protein. Each individual has a characteristi.c set 
of MHC proteins. These are important in graft 
reactions; transplantation of tissue from one 
individual to another can be rejected because 
of the difference in MHC proteins between the 
donor and recipient, an issue of major medical 
importance. The requirement that T lympho
cytes recognize (foreign) antigen in the con
text of (self) MHC protein ensures that the 
cell-mediated response acts only on host cells 
that have been infected with a foreign antigen. 
MHC proteins fall into the general clusters of 
Class I, Class II, and Class III. 

The imnllme response has evolved to cope 
with invading microorganisms by specifically 
targeting them, eventually leading to their neu
tralization. Specific target recognition is the pre
rogative ofBCR/Igs and TCRs. A crucial aspect 
of this function lies in the ability to distinguish 
"self" from "nonself." Components of the self 
must never be attacked. Foreign targets must 
be destroyed. The property of failing to attack 
foreign or self-components is refened to as toler
alice. Loss of self-tolerance results in an attack 
of the self and, eventually, autoimmune 
disease. 

An active process of learning of the "self" 
prevents the emergence or persistence of a 
lymphocyte repertoire capable of responding 
to self-components-in most cases proteins, 
but also glycoproteins and phospholipids. Tol
erance arises early in lymphocyte development 
when B cells and T cells that recognize self
antigens with high affinity are purged by clo11al 
de/etio11, a process that is referred to as nega
tive selection. In addition to negative selec
tion, a process of positive selection of T cells 
expressing certain TCRs also occurs. Positive 
selection is critical for the survival and differ
entiation of T cells. Positive selection of BCRs 
that bind vvith moderate affinity to a surround
ing antigen may also be required for the dif
ferentiation ofB ceUs. A corollary of tolerance 
is that it can be difficult to obtain antibodies 
against proteins that are dosely related to those 
of the organism itself. As a result, it may be 
difficult to use (for example) mice or rabbits 
to obtain antibodies against human proteins 
that have been highly conserved in mamma
lian evolution. This obstacle is in most cases 
overcome by the use of immunopotentiators 
or adjuvants, particularly the complete form of 
Fretmd's adjuvant-an emulsion in mineral oil 
of inactivated and dried Mycobacterium tubercu
losis extract, containing a variety of MAMPs, 
especially TLR ligands, which allows for the 
induction of a strong inunune response to oth
erwise weak antigens. 

Each of the three groups of structures 
required for the immune response-BCR, TCR, 
and MHC-is highly diverse. In a large number 
of individuals, many variants of each protein 
exist. A large family of genes encodes each 
protein; in both BCR s and TCRs, the germ line
encoded diversity in the population is increased 
by DNA rearrangements, which occur in both 
B and T lymphocytes. 

BCRs and TCRs are direct counterparts 
expressed by B and T lymphocytes, respectively. 
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Progeny 

They are related in structure and their genes are 
related in organization. The sources of variabil
ity are similar. MHC proteins also share some 
common features with antibodies, as do other 
lymphocyte-specific proteins. The immune sys
tem relies on a series of related gene families, 
indeed a superfamily of genes, which may 
have evolved from some common ancestor 
encoding a primitive defense element. 

Clonal Selection 
Amplifies Lymphocytes 
That Respond to a 
Given Antigen 

Key concepts 

• Each B cell expresses a unique 8CR and each T cell 
expresses a unique TCR. 

• A broad repertoire of 8CRsjantibodies and TCRs 
exists at any time in an organism. 

• Antigen binding to a 8CR or TCR triggers the clonal 
proliferation of that receptor-bearing 8 or T cell. 

Antigens 

A A A  
A � A  
R R A  

! 

Clonal 
expansion 

lymphocyte
recognizing 
antigen 
(progenitor) 

/ 

FIGURE 18.6 The 8 cell and T cell repertoires include 8CRs and TCRs with a 
variety of specificities. Encounter with an antigen leads to clonal selection and 
expansion of the lymphocyte with the BCR or TCR that can recognize the antigen_ 

After an organism has been exposed to an 
antigen, such as one on an infectious agent, 
it becomes immune to infection by the same 
agent. Before exposure to a particular antigen, 
the organism lacks adequate capacity to deal 
with any toxic effects mediated by or associ
ated with that agent. This ability is acquired 
through the induction of a specific immune 
response. After the infection has been defeated, 
the organism retains the ability to respond rap
idly in the event of a reinfection by the same 
microorganism. This is brought about by clonal 
selection and amplification 

(FIGURE 18.6) . The 
repertoire of B andT lymphocytes comprises a 
large variety of BCRs or TCRs. Ally i11dividual B 
lymphocyte expresses o11e type ofBCR, which is capa
ble of recoglliZillg specifically only a single antigw; 
likewise, a11y i11dividual T lymphocyte expresses o11ly 
o11e particular TCR. In the lymphocyte repertoire, 
unstimulated B cells and T cells are morpho
logically indistinguishable. Upon exposure to 
antigen, though, a B cell whose BCR is able 
to bind the antigen, or a T  cell whose TCR can 
recognize it, is activated and induced to divide, 
by signaling from the surface oft he cell through 
the BCR/TCR and associated signaling mole
cules. The induced cell then differentiates into 
an antibody-producing cell or effector T cell, 
through rigorous proliferation and morphologi
cal changes that include an increase in cell size. 
This is especially pronounced in B cells. The 
initial expansion of a specific B or T cell upon 
first exposure to antigen underlies the primary 
immune response. Large numbers of B or T 
lymphocytes with specificity for the target anti
gen are produced. Each population represents 
a clone of the original responding cell. Selected 
B cells secrete large quantities of antibodies and 
they may even come to dominate the antibody 
response. After a successful primary immune 
response has been mounted and the challeng
ing antigen cleared, the organism retains the 
selected B and T cell clones expressing the cor
responding BCRs and TCRs that are specific for 
antigen. These memory cells respond promptly 
and vigorously with clonal expansion upon 
encounter with the same antigen that induced 
their differentiation, leading to a secondary (or 
memory or a11amnestic) immune response. Thus, 
both memory B andT cells are critical elements 
in the specific resistance to infections after first 
exposure to a microbial pathogen or vaccine. 

The repertoire of B lymphocytes in a 
mammal comprises at least approximately 
1012 specificities (i.e., clones). The T cell reper
toire is less expansive. Some clones are poorly 
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represented; that is, they consist of a few cells 
each, as the corresponding antigen had never 
been encountered before. Others consist of 
as many as 106 cells, because clonal selec
tion has selected and expanded the progeny 
of lymphocyte in response to a specific anti
gen. Naturally occurring antigens are gener
ally relatively large molecules and efficient 
immunogws; that is, inducers of an effective 
immune response. Small molecules may iden
tify antigenic determinants and can be recog
nized by antibodies, although owing to their 
small size, they are not effective in inducing an 
immune response. They do, however, induce a 
response when conjugated with a larger carrier 
molecule, usually a protein, such as ovalbumin 
(OVA), keyhole limpet hemocyanin (KLH), or 
chicken gamma globulin (CGG). A small mol
ecule that is not immunogenic per se, but can 
elicit a specific response upon conjugation with 
a carrier, is defined as a hapten. Proteinic carri
ers such as dextran, Ficoll lipopolysaccharides, 
or biodegradable nanoparticles can induce 
T-independent immunization. 

Only a small part of the surface of a macro
molecular antigen is actually recognized by any 
one antibody. The binding site consists of only 
five or six amino acids. Any given protein may 
have more than one such binding site, in which 
case it induces antibodies with specificities for 
different sites. The site or region inducing a 
response is called an antigenic determinant or 
epitope. In an antigen containing several epit
opes, some epitopes may be more effective than 
others in inducing a specific immune response. 
In fact, they may be so effective that they domi
nate the response, in that they are the targets 
of all specific elicited antibodies and/or effector 
T cells. 

The dynamic distribution of  mature B 
and T lymphocytes maximizes their chances 
to encounter their target antigens. Lympho
cytes are peripatetic cells. They develop from 
immature stem cells in the adult bone mar
row. They migrate via the bloodstream to the 
peripheral lymphoid tissues, such as spleen, 
lymph nodes, Peyer's patches, and tonsils 
either directly (B cells) or by first differentiat
ing through the thymus (T cells). Lymphocytes 
recirculate between blood and lymph through
out the body thereby ensuring that an antigen 
will be exposed to lymphocytes of all possible 
specificities. When a lymphocyte encounters 
an antigen that binds its BCR or TCR, clonal 
expansion ensues and, under appropriate con
ditions, a specific immune response is elicited. 

Ig Genes Are Assembled 
from Discrete 
DNA Segments in 
B Lymphocytes 

Key concepts 
• An antibody (immunoglobulin, Ig) consists of a 

tetramer of two identical light (L) chains and two 
identical heavy (H) chains_ There are two families 
of L chains (Ig>.. and IgK) and a single family of 
IgH chains. 

• Each chain has an N-terminal variable (V) region 
and a C-terminal constant (C) region. The V region 
recognizes the antigen and the C region mediates 
the effector response_ V and C regions are 
separately encoded by V(D)J gene segments and C 
gene segments. 

• A gene coding for a whole Ig chain is generated by 
somatic recombination of V(D)J genes (variable, 
diversity, and joining genes in the H chain; 
variable and joining genes in the L chain) giving 
rise to V domains, to be expressed together with a 
given C gene (C domain). 

Sophisticated evolutionary mechanisms have 
evolved to guarantee that the organism is 
prepared to produce specific antibodies for 
a broad variety of naturally occurring and 
man-made components that it has never 
encountered before. Each antibody is a tet
ramer consisting of two identical immuno
globulin light (L) chains and two identical 
immunoglobulin heavy (H) chains 
(FIGURE 18. 7) . In humans and mice, there are 
two types of L chain (>- and K) and 9 types 

Antigen
binding 

V region 

cL 

Fab 

Light chain COOH Hinge 

CH2 C2 domain 
C region FC 

IL '1 I on CH3 
C3 domain 

Heavy chain 

FIGURE 18.7 An antibody (immunoglobulin, or Ig) molecule is a 
heterodimer consisting of two identical heavy chains and two identi
cal light chains. Schematized here is an IgGl, which comprises an 
N-terminal variable (V) region and a C-terminal constant (C) region. 
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of H chain. The class is determined by the 
H chain constant region (C region), which 
mediates the antibody biological effector 
functions. Different cia sses of Igs have differ
ent effector functions. L chains and H chains 
share the same general type of organization 
in which each protein chain consists of two 
principal domains: the N -terminal variable 
region (V region) and the C -terminal con
stant region (C region). These were defined 
originally by comparing the amino acid 
sequences of different Ig chains secreted by 
monoclonal B cell tumors (plasmacytomas) .  
As the names suggest, the V regions show 
considerable changes in sequence from one 
protein to the next, whereas the C regions 
show substantial homology. 

Corresponding regions of the L chains and 
H chains associate to generate distinct domains 
in the Ig protein. The V domain is generated 
by association between a recombined H chain 
VHDJH segment and a recombined L chain 
V �o.h or V KJK segment. The V domain is respon
sible for recognizing the antigeu. Generation of V 
domains of different specificities creates the 
ability to respond to diverse antigens. The total 
number of V region genes for either L or H 
chain proteins is measured in hundreds. Thus, 
an antibody displays the maximum versatility ill 
the regioll responsible for bi11dillg the mztigen. The 
C regions in the subunits of the Ig tetramer 
associate to generate individual C domains. 
The first domain results from association of 
the single C region of the L chain (CL) with the 
C H I  domain of the H chain C region (CH) · The 
two copies of this domain complete the arms 
ofthe Y-shaped antibody molecule. Association 
between the C regions of the H chains gener
ates the remaining C domains, which vary in 
number (three of four) depending on the type 
of H chain. 

There are many genes coding for V regions, 
but only a few genes coding for C regions. In 
this context, "gene"  means a sequence of DNA 
coding for a discrete part of the fillal lg polypeptide 
(H or L chain). Thus, recombined V(D)J genes 
code for variable regions and C genes code for 
constant regions. To construct a unit that can be 
expressed in the form of a whole L or H chain, 
a V(D)J gene must be joined physically to a 
C gene. 

The sequences coding for L chains and H 
chains are assembled in the same way: Any one 
of several V(D)J gene segmwts may be joined to any 
Olle of a few C gene segments. This somatic DNA 
recombination occurs ill the B lymphocyte i11 

which the BCR!a11tibody is expressed. The large 
number of available V(D)J gene segments is 
responsible for a major part of the diversity of 
Igs. Not all diversity is encoded in the genome, 
though; more is generated by changes that 
occur during the process of constructing a func
tional gene. 

Essentially, the same mechanisms 
underlie the generation of functional genes 
encoding the protein chains of the TCR.  
Two types of receptor are found on T cells
one consisting of a and 13 chains, and the other 
consisting of -y and 8 chains. Like the genes 
coding for Igs, the genes coding for the indi
vidual chains in TCRs consist of separate parts, 
including recombined V(D)J gene segments 
and C region genes (see the section later in this 
chapter titled The TCR Functions ill Conjullctioll 
with the MHC). 

The organism does not possess the func
tional genes in the germline for producing a 
particular BCR or TCR. It possesses a large 
repertoire of V gene segments and a smaller 
number of C gene segments. The subsequent 
assembly of a productive gene from these parts 
allows the BCR/TCR to be expressed on B and 
T cells so that it is available to react with the 
antigen. V(D)J DNA rearrangement occurs 
before exposure to mztigm. Productive V(D)J rear
rangements are expressed by B cells and T cells 
as surface BCRs and TCRs, which provide the 
structural substrate for selection of those clones 
capable of binding the antigen. The arrallge
meut of V gelle segments and C gwe segments is dif
fereut in the cells expressing BCR or TCR from all 
other somatic cells or germ cells. The entire process 
occurs in somatic cells and does not affect the 
germline; thus, the progeny of the organism 
does not inherit the specific response to an 
antigen. 

The Ig K and A chains and H chain loci 
reside on different chromosomes, and each 
locus consists of its own set of both V gene 
segments and C gene segments. This germlille 
organization is found in the germline and in 
somatic cells of all lineages. In a B cell express
ing an antibody, though, each chain-one 
L type (either K or A) and one H type-is 
encoded by a single intact DNA sequence. The 
recombination event that brings a V (D )J gene 
segment in proximity to and to be expressed 
with a C gene segment creates a productive 
gene consisting of exons that correspond 
precisely with the functional domains of 
the protein. After transcription of the whole 
DNA sequence into a primary RNA transcript, 

470 CHAPTER 18 Somatic Recombination and Hypermutation in the Immune System 



the intronic sequences are removed by RNA 
splicing. 

V(D)J recombination occurs in develop
ing B lymphocytes. A B lymphocyte in general 
carries only one productive rearrangement of 
L chain gene segments (either K or X.) and one 
of H chain gene segments. Likewise, a T  lym
phocyte productively rearranges an a gene and 
a 13 gene, or a 8 gene and a "' gene. The BCR/ 
Igor TCR expressed by any one cell are deter
mined by the particular configuration ofV gene 
segments and C gene segments that has been 
joined. 

The principles by which functional genes 
are assembled are the same in each family, but 
there are differences in the details of the orga
nization of both the V and C gene segments, 
and correspondingly of the recombination reac
tion between them. In addition to these seg
ments, other short DNA sequences (D segments 
and J segments) are included in the functional 
somatic loci. 

If any L chain can pair with any H chain, 
-106 different L chains and -106 different H 
chains can pair to generate more than 1012 dif
ferent Igs. Indeed, a mammal has the ability 
to generate 1012  or more different antibody 
specificities. 

Germline 
Codons -19 to -4 

Lymphocyte DNA 

Nuclear RNA 

mANA 

Immunoglobulin V >. -J>. c, chain 

-4 to +97 

Somatic 
recombination 
at v,J>. 

Transcription 

Translation! 

L Chains Are 
Assembled by a Single 
Recombination Event 

Key concepts 
• A ll.  chain is assembled through a single 

recombination event involving a v, gene 
segment and a J,-Cx gene segment. 

• The Vx gene segment has a leader exon, intron, and 
V, -coding region. 

• The JA -C, gene segment has a short J, -coding 
exon, an intron, and a Cx -coding region. 

• A K chain is assembled by a single recombination 
event involving a VK gene segment and one of five 
JK  segments preceding the CK gene. 

A X. chain is assembled from two DNA segments 
(FIGURE 18.8) . The VA gene segment consists of 
the leader ex on (L) separated by a single intron 
from the V segment. The JxCA gene segment 
consists of the Jx segment separated by a single 
intron from the CA exon. 

J is an abbreviation for joining, because 
the J segment identifies the region to which 
the VA segment becomes connected. Thus, the 
joining reaction does not directly involve VA 
and CA gene segments, but occurs via the Jx 
segment (V Ah -CA joining). The h segment is 

98 to 1 1 0  1 1 0  to COOH 

V, -J, junction 

V,-J, C>. 

FIGURE 18.8 The c, gene segment is preceded by a JA segment, so that v, -JA recombination 
generates a productive V,-JxC,. 
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short and codes for the last few amino acids of 
the variable region, as defined by the amino 
acid sequence. In the whole gene generated 
by recombination, the v��.-h segment consti
tutes a single exon coding for the entire vari
able region. 

A K chain is also assembled from two DNA 
segments (FIGURE 18.9) .  There are, however, 
differences in the organization of the CK locus 
as compared to the c��. locus. A group of five JK 
segments is spread over a region of 500 to 700 
bp, separated by an intron of 2 to 3 kb from the 
CK ex on. In the mouse, the central JK segment 
is nonfunctional (t!JJ3). A VK segment (which 
contains a leader ex on like V 1.J may be joined to 
any one of the JK segments. Whichever JK seg
ment is used, it becomes the terminal part of the 
intact variable exon. Any JK segment upstream 
of the recombining JK segment is lost (JK1 has 
been lost in the figure); any JK segment down
stream of the recombining JK segment is treated 
as part of the intron between the V and C exons 
(JK3 is included in the intron that is spliced out 
in the figure) .  

All functional h segments possess a sig
nal at their 5 '  boundary that makes it possible 
to recombine with the V segment; they also 
possess a signal at the 3'  boundary that can be 

Leader lntron Variable 

used for splicing to the C exon. Whichever h 
segment is recognized in DNA V-J joining, it 
will use its splicing signal in RNA processing. 

H Chains Are Assembled 
by Two Sequential 
Recombination Events 

Key concepts 

• The units for H chain recombination are a VH gene, 
a D segment. and a JwCH gene segment. 

• The first recombination joins D to JwCH. The 
second recombination joins VH to DJwCH to yield 
VHDJH-CH. 

• The CH segment consists of four exons. 

The assembly of a complete H chain involves 
an additional segment. The D segment (for 
"diversity") was discovered by the presence in 
the protein of an extra two to 13  amino acids 
between the sequences coded by the VH and 
the JH segments. An array of D segn1ents lies 
on the chromosome between the cluster of VH 

segments and that of JH segments. 
VHDJH joining takes place in two stages 

(FIGURE 18.10) .  First, one of the D segments 
recombines with a JH segment; second, a VH 

� - • ·"'-; .,_.;.·· 'A •. ....y ' "'' /.. • J " • � 
• · • · • 1 · 

' � '� � '::. f', . • �' � �- • � ' /J r ' • - • r� 
Germline 

Somatic recombination at JK2 ! 
Lymphocyte DNA 

Transcription ! 
Nuclear RNA 

mANA 

Translation ! 

FIGURE 18.9 The C" gene segment is preceded by multiple J" segments in the germline. V"-J" join
ing may recognize any one of the J segments, which is then spliced to the C gene segment during 
RNA processing. 
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FIGURE 18.10 Heavy genes are assembled by sequential recombination events. First a DH seg
ment is recombined with a JH segment, and then a VH gene segment is recombined with the 
DH segment. 

segment then recombines with the already 
recombined DJH segment. The resulting YHDJH 
DNA sequence is then expressed with the near
est downstream CH gene, which consists of a 
cluster of four exons (the use of different CH 
genes is discussed in the section in this chapter 
titled Class Switchiug Is Effected by DNA Recombi
nation) .  The D segments are organized in a tan
dem array. The human locus comprises about 
30 D segments, followed by a cluster of six JH 
gene segments. Mechanisms yet to be identi
fied ensure that the same D segment is involved 
in the DJH recombination and related VHDJH 
recombination. 

The structure of recombined V(D)J seg
ments is similar in organization in the H chain 
and A and K chain loci .  The first ex on codes for 
the signal sequence, which is involved in mem
brane attachment, and the second exon codes 
for the major part of the variable region itself, 
which is about 100 codons long. The remainder 
ofthe variable region is provided by the D seg
ment (in H chain locus only) and by a J segment 
(in all three loci) .  

The structure of the C region is different in 
different H and L chains. In both KandA chains, 
the C region is coded by a single exon, which 
becomes the third ex on of the recombined V KJK
CK or Y>.h-CI\ gene. In H chains, the C region is 
coded by multiple and discrete exons, coding for 
four regions: CH 1, CH hinge, CH2, and CH3 (IgG ), 
or CH 1 ,  CH2, CH3, and CH4 (IgM). Each CH exon 
consists of about 100 codons, with the hinge 
ex on being shorter; the intronic sequences are 
about 300 bp each. 

Recombination  Generates 
Extensive Diversity 

Key concepts 

• The human IgH locus can generate in excess of 104 
different VHDJH recombinations. 

• Imprecision of joining and insertion of unencoded 
nucleotides further increases VHDJH diversity to 
106 sequences. 

• A recombined VHDJwCH chain can be paired with 
in excess of 106 different recombined VKJK-CK or 
VI\Jx -C� chains. 

A census of the available Y, D, J, and C gene 
segments provides a measure of the diversity 
that can be accommodated by the variety of the 
coding regions carried in the germline. In both 
the IgH and L chain loci, many V gene segments 
are linked to a much smaller number of C gene 
segments. 

The human A locus (chromosome 22)  
has seven Cl\ genes, each preceded by its 
own h segment (FIGURE 18.11) . The mouse 
A locus (chromosome 16) is much less diverse. 
The main difference is that in a mouse there 

V ). gene segments 

3V I. and 4 J, c1. gene segments in mouse 
-301. and 4 JJ. Ci. gene segments in man 

FIGURE 18.11 The lambda family consists of VI\ 
gene segments and a small number of Jx-Cx gene 
segments. 
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(36V") (40V") J"1-J.5 C" 

I II I Ill II i i i ffjii I lriTI.-.z. _ _, 
FIGURE 18.12 The human and mouse lgK families con
sist of V" gene segments and five functional J" segments 
linked to a single C" gene segment. V" genes include 
nonfunctional pseudogenes. 

are only two VA gene segments, each of which 
is linked to two hCA regions. One of the CA 
segments is a pseudogene (nonfunctional 
gene). This configuration suggests that the 
mouse suffered in its evolutionary history a 
severe deletion of most of its germ line VA gene 
segments. 

Both the human K locus (chromosome 2)  
and the mouse K locus (chromosome 6) have 
only one CK gene segment, preceded by six 
JK gene segments (one of them being a pseu
dogene; FIGURE 18.12) . The VK gene segments 
occupy a large cluster on the chromosome, 
upstream of the CK  region. The human clus
ter has two regions. Just upstream of the CK 
gene segment, a region of 600 kb contains the 
JK segments and 40 V K gene segments. A gap 
of 800 kb separates this region from another 
cluster of 36 V K gene segments. 

The VH, VA, and VK gene segments are 
segregated into families. A family comprises 
members that share more than 80% amino 
acid identity. In humans, the VH locus com
prises six VH families: VHI through VH6· VH3 
and VH4 are the largest families, each with 
more than 10 functional members; VH6 is the 
smallest family, consisting of one member 
only. In mice, the VK locus comprises about 
1 8  VK families, which vary in size from 2 to 
100 members. Like other families of related 
genes, related V gene segments form subclus
ters, which were generated by duplication and 
divergence of individual ancestral members. 
Many of the V segments are pseudogenes. 
Although nonfunctional, some of these may 
serve as donors of partial V sequences in sec
ondary rearrangements. 

.. vH genes� D segments J�-t 
segments 

A given lymphocyte expresses either a K or 
a A chain to be paired with a VHDJwCH chain. 
In humans, about 60% of B cells express K 
chains and about 40% express A. In the mouse, 
95% of B cells express a K chain, presumably 
because of the reduced number of f... gene seg
ments available. 

The single IgH chain locus on human 
chromosome 14 consists of multiple discrete 
segments ( FIGURE 18 .13 ) . The furthest 
3 '  member of the VH cluster is separated 
by only 20 kb from the first D segment. 
The D segments (30) are spread over approxi
mately 50 kb, followed by the cluster of six 
JH segments. Over the next 220 kb lie all the 
C H  genes. In addition to the nine functional 
C H  genes, there are two pseudogenes. The 
human IgH locus organization suggests that a 
C'� gene was duplicated to generate the Cy-C'�
C8·Ca subcluster, after which the entire sub
cluster was then tandem duplicated. In the 
mouse IgH locus (chromosome 1 2 ) ,  there 
are more VH gene segments, fewer D and 
JH segments, and eight (instead of nine) C H  
genes. 

The human IgH locus alone can produce 
more than 104 different VHDJH sequences by 
combining 5 1  VH genes, 30 D segments, and 
six JH segments. This degree of diversity is 
further compounded by the imprecision in 
the VHDJH joinings, the insertion of unen
coded nucleotide (N) additions, and use, 
particularly in humans, of multiple D-D seg
ments. By combining any one of more than 
50 VK gene segments with any one of five JK 
segments, the human K locus has the poten· 
tial to produce 300 different VKJK segments. 
These, however, are conservative estimates 
as more diversity is  introduced by insertion 
of untemplated N nucleotides, albeit at lower 
frequency than in VHDJH· Further diversifi· 
cation in individual genes during or after 
VHDJH, VKJK, and YAh recombination occurs 
by somatic hypermutation (see the section 
in this chapter titled Somatic Hypermutatioll 
(SM H) Generates Additional Diversity) .  

C gene segments 
-300 -20 6 �-t li y3 y1 ljJe a1 lj1'( y2y4 e <X2 

111111 
iE�-t intronic enhancer/ 3'Ea1 1/ enhancer 

kb 300 250 200 150 100 50 0 

FIGURE 18.13 A single gene cluster in humans contains all the information for the IgH chain. 
Depicted is a schematic map of the human IgH chain locus. 
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V(D)J DNA Recombination 
Uses RSS and Occurs by 
Deletion or Inversion 

Key concepts 

• The V(D)J recombination machinery uses 
consensus sequences consisting of a heptamer 
separated by either 12 or 23 base pairs from a 
nonamer (recombination signal sequence (RSS]). 

• Recombination occurs by double-strand DNA 
breaks (DSBs) at the heptamers of two RSSs with 
different spacers: "12/23 rule." 

• The signal ends of the DNA excised between two DSBs 
are joined to generate a DNA circle or signal circle. 

• The coding ends are ligated to join VL to JL-(L 
(L chain), or D to JwCH and VH to DJwCH (H chain). If 
the recombining genes lie in an inverted rather than 
direct orientation, the intervening DNA is inverted 
and retained, instead of being excised as a circle. 

The recombination of IgK, IgX., and IgH chain 
genes involves the same mechanism, although 
the number and nature of recombining elements 
are different. The same consensus sequences are 
found at the boundaries of all germ line segments 
that partidpate in the joining reactions. Each 
consensus sequence consists of a heptamer (7 -bp 
sequence) separated by either a 12- or 23-bp 
spacer from a nonamer {9-bp sequence). These 
sequences are referred to as recombination 
signal sequences (RSS} (FIGURE 18.14). In the 
K locus, each V K gene segment is followed by an 
RSS sequence with a I2-bp spacer. Each JK seg
ment is preceded by an RSS with a 23 -bp spacer. 
The V • and J. RSS are inverted in orientation. 
In the >.. locus, each VA gene segment is followed 
by an RSS with a 23-bp spacer; each hgene seg
ment is preceded by an RSS with a 12 -bp spacer. 
The rule that governs the joining reaction is that 
a11 RSS with one type of spacer can be joined only to 
a11 RSSwith theothertype ofspacer. This is referred 
to as the " 12/23 rule." 

Heptamer Nonamer 
C A C A G T G  A C A A A A A C C  
G T G T C A C  T G T T T T T G G  

12-bp spacer 

0 

The RSSs at V and J segments can lie in 
either order; thus, the different spacers do 
not impart any directional information, but 
instead serve to prevent one V or J gene seg
ment from recombining with another of the 
same. This concept is borne out by the struc
ture of the components of the IgH locus seg
ments. Each VH gene segment is followed by 
an RSS with a 23-bp spacer. The D segments 
are flanked on either side by RSSs with 12-bp 
spacers. The JH segments are preceded by RSSs 
with 23-bp spacers. Thus, a VH segment must 
recombine with a D  segment, and a D  segment 
must recombine with a JH segment. A V H gene 
segment cannot recombine directly with a JH 
segment, because both possess the same type 
of RSS. The spacer between the components of 
the RSS corresponds to close to one ( 12 bp) or 
two turns (23 bp) of the double helix. This may 
reflect geometric constraints in the recombi
nation reaction. The recombination protein(s) 
may approach the DNA from one side in the 
same way that RNA polymerase and repres
sors approach recognition elements, such as 
promoters and operators. 

Recombination of the components 
of lg genes is accomplished by a physical 
rearrangement of different DNA segments 
that involves DNA breakage and ligation. In 
the H chain locus, there are two recombina
tion events: first DJH, then VHDJH. DNA break
age and ligation occur as separate reactions. A 
double-strand DNA break (DSB) is inserted into 
the heptamers that lie at the ends of the cod
ing units. This releases the DNA between the 
V and JC gene segments; the cleaved termini 
of this fragment are called signal ends. The 
cleaved termini of the V and J-C loci are called 
coding ends. The two coding ends are cova
lently linked to form a coding V-C joint . 

Most VL and h-CL gene segments are orga
nized in the same orientation. As a result, the 

Nonamer 
G G T T T T T G T  
C C A A A A A C A  

Heptamer 
C A C T G T G  
G T G A C A C  

23-bp spacer 

FIGURE 18.14 RSS sequences are present in inverted orientation at each pair 
of recombining sites. One member of each pair has a 12-bp spacer between its 
components; the other has a 23-bp spacer. 
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cleavage at each RSS releases the interven
ing DNA as a linear fragment, which, when 
relegated at the signal ends gives rise to a circle 
(FIGURE 18.15) .  Deletion to release an excised 
DNA circle is the predominant mode of recom
bination at the Ig and TCR loci .  

In some cases, the v.,._ gene segment in 
gennline configuration is inverted in orienta
tion on the chromosome relative to the h-C.,._ 

(a) RAG binding and n icking (OH 
_,..I v-f c>�--<1.,..J...,.I-

I 
RAG1/RAG2 

(b) Synapsis 

(c) Hairpin formation and cleavage 

v J 

Post -cleavage 
complex 

(d) Hairpin opening and joining 

Post-cleavage 
complex and NHEJ factors 

FIGURE 18.15 B reakage and recombination at RSSs 
generate VJC sequences. A generic V-J rearrangement is 
shown for simplicity. In most cases, the V and J segments 
undergoing recombination are arranged in the same tran
scriptional orientation and rearrangement occurs by dele
tion of the intervening DNA, as shown. Less commonly, V 
and J segments undergoing recombination are arranged 
in opposite transcriptional directions and rearrangement 
occurs by inversion (not shown). Adapted from D. B .  Roth, 
Nat. Rev. Immuno/. 3 (2003): 656-666. 

DNA, and DNA breakage and ligation invert 
the intervening DNA instead of deleting it. The 
outcomes of deletion versus inversion in terms 
of the coding sequence are the same. Recom
bination with an inverted V gene segment, 
however, makes it necessary for the signal ends 
to be joined or a DSB in the locus is gener
ated. Recombination by inversion also occurs 
in some cases in the K locus, the IgH locus, and 
the TCR locus. 

Allelic Exclusion Is 
Triggered by Productive 
Rearrangements 

Key concepts 

• V(D)J gene rearrangement is productive if it leads 
to expression of a protein. 

• A productive V(D)J gene rearrangement prevents 
any further rearrangement of the same kind from 
occurring, whereas a nonproductive rearrangement 
does not. 

• Allelic exclusion applies separately to L chains 
(only one VKJK or VxJx may be productively rear
ranged) and to VHDJH chains (one H chain is pro
ductively rearranged). 

Each B cell expresses a single K or A chain and 
a single type (isotype) of IgH chain, because 
only a single productive rearrangement of each 
type occurs in a given lymphocyte in order to 
express only one L and one H chain. Each event 
involves the genes of only one of the homolo
gous chromosomes. Thus, the alleles on the other 
chromosome are not expressed in the same cell. This 
phenomenon is called allelic exclusion. 

The occurrence of allelic exclusion compli
cates the analysis of somatic recombination, as 
both homolog alleles can be recombined; one 
in a productive (expressed H or K or A chain), 
the other in a nonproductive rearrangement. A 
probe reacting with a region that has rearranged 
on one homolog will also detect the allelic 
sequences on the other homolog. Thus, V(D)J 
configuration on both homolog chromosomes 
must be analyzed in order to understand the 
V (D )J rearrangement hi story of a given B cell. 

Two different configurations of Ig locus can 
exist in B cells: 

• A DNA probe specific for the expressed 
V gene may reveal one rearranged copy 
and one germline copy, indicating that 
recombination has occurred on one 
chromosome, whereas the other chro
mosome has remained unaltered. 
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• A DNA probe specific for the expressed 
V gene reveals two different rearranged 
patterns, indicating that both chromo
somes underwent independent V(D)J 
recombination events involving the 
same gene. 

In general, in those cases in which both chro
mosomes in a B cell underwent recombination, 
only one of them underwent a productive 
rearrangement to express a functional IgH or 
L chain. The other suffered a nonproductive 
rearrangement. This can occur in different 
ways, but in each case the gene sequence cannot 
be expressed as an Ig chain. The rearrangement 
may be incomplete (e.g., because DJH joining 
has occurred but VHDJH joining has not fol
lowed), or it may be aberrant (nonproductive), 
with the process completed but failing to gener
ate a gene that encodes a functional protein. 

The coexistence of productive and nonpro
ductive rearrangements suggests the existence 
of a feedback mechanism controlling the recom
bination process (FIGURE 18.16} .  For instance, a B 
cell starts with two IgH chain loci in the (unrear
ranged) germline configuration Ig0 Either locus 
may recombine VH, D, and JwCH to generate 
a productive gene (IgH+) or a nonproductive 
gene (IgH-) rearrangement. If the first rear
rangement is productive, the expression of a 
functional IgH chain provides an inhibitory sig
nal to the B cell to prevent rearrangement of the 
other IgH allele. As a result, the configuration 
of this B cell with respect to the IgH locus will 
be IgH+ /IgO. If the first rearrangement is non
productive, it will result in a configuration of 
Ig0/lg-. The lack of an expressed IgH chain will 
not provide an inhibitory (negative) feedback 
for rearrangement of the remaining germline 
allele. If this undergoes a productive rearrange
ment, the B cell will have the configuration Ig+ I 
Ig-. Two successive nonproductive rearrange
ments will result in an Ig-/Ig- configuration. In 
some cases, a B cell in an Ig-fig- configuration 
can attempt an atypical rearrangement utilizing 
cryptic RSSs embedded in the coding DNA of a 
V gene. Indeed, certain Ig locus DNA configu
rations found in B cells can only be explained 
as having been generated by sequential rear
rangements into nonproductively rearranged 
sequences. 

Thus, allelic exclusion is caused by the sup
pression of further rearrangements as soon as 
a productive IgH or L chain rearrangement is 
achieved. Allelic exclusion i11 vivo is exemplified 
by the creation of transgenic mice in which a 
rearranged VHDJwCH orVKJcCKorV>..h-C��.DNA 

has been inserted into the Ig locus. Expression 
of the transgene in B cells suppresses the cor
responding rearrangement of endogenous 
V(D)J genes. Allelic exclusion is independent 
for the IgH, K, and A chain loci. IgH chain genes 
generally rearrange first. Allelic exclusion for 
L chains applies equally to both families (cells 
may express either productive K or A chains). In 
most cases, a B cell rearranges its K locus first. It 
then tries to rearrange the A locus only if both K 
rearrangement attempts are unsuccessful. 

The same consensus sequences and the 
same V(D)J recombinase are involved in the 
recombination reactions at IgH, IgK, and IgA loci, 
and yet the three loci rearrange in a sequential 
order. It is unclear why the IgH chain rearrange
ment precedes Igl chain rearrangement and 
why IgK precedes IgA chain rearrangements. 
The DNA in the different loci may become 
accessible to the enzyme(s) effecting the rear
rangement at different times, possibly reflecting 
each locus transcription status. Transcription 
starts before rearrangement, although some 
Ig locus mRNA, such as germline IwCH tran
scripts, have no coding function. Transcription 
events may change the structure of chromatin, 
making the consensus sequences for recombi
nation available to the enzyme effecting the 
rearrangement. 

Germline genes (lg0/lg0) 

Productive rearrangement gives lg'l!lg+ Nonproductive rearrangement 
gives lg0/lg-

• • • • • • • • • • • • • • • • • • 

• 
·- JC 

Transcription 

l • • • 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

"' • !II' • • •  • I i � .... . . . . 

Expression of lg prevents 
further rearrangement 

Second allele can recombine 
to give lg+/lg-

Transcription 

! • • • 
• • !II' til' • •  • I i i 

FIGURE 18.16 A successful rearrangement to produce an active light (depicted) 
or heavy chain suppresses further rearrangements of the same type, resulting 
in allelic exclusion. 
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RAG 1/RAG2 Catalyze 
Breakage and Religation 
of V(D)J Gene Segments 

Key concepts 

• The RAG proteins are necessary and sufficient 
for the cleavage reaction. RAGl recognizes the 
nonamer consensus sequences for recombina
tion. RAG2 binds to RAGland cleaves DNA 
at the heptamer. The reaction resembles the 
topoisomerase-like resolution reaction that occurs 
in transposition. 

• The reaction proceeds through a hairpin 
intermediate at the coding end; opening of the 
hairpin is responsible for insertion of extra bases 
(P nucleotides) in the recombined gene. 

• Terminal deoxynucleotidyl transferase (TdT) inserts 
additional unencoded N nucleotides at the V(D)J 
junctions. 

• The DSBs at the coding joints are repaired by the 
same mechanism that has generated the whole 
V(D)J sequence. 

V gene • 

• 

t TA CACAGTG ACAAAAAC 
AT GTGTCAcf12hGTTTTTGG 

• 
• 
• 

t TA-O 
AT-P 

The proteins RAG l and RAG2 are neces
sary and sufficient for DNA cleavage in V(D)J 
recombination. They are encoded by two genes, 
separated by less than l 0 kb: RAG I and RAG2. 
RAG l/RAG2 gene transfection into fibroblasts 
causes a suitable DNA substrate to undergo the 
V(D)J recombination. Mice that lack RAGJ or 
RAG2 are unable to recombine their BCR and 
TCR, and as a result abort B lymphocyte and 
T lymphocyte development. RAG l/RAG2 pro
teins together undertake the catalytic reactions 
of cleaving and rejoining DNA, and also provide 
a structural framework within which the whole 
recombination reaction occurs. 

RAG l recognizes the RSS (heptamer/ 
nonamer signals with the appropriate 12/23 
spacing) and recruits RAG2 to the complex. 
The nonamer provides the site for initial rec
ognition, and the heptamer directs the site of 
cleavage. The complex nicks one strand at each 
junction (FIGURE 18.17) .  The nick has 3'-0H and 

J-C gene .. 

GGTTTTTGT (23 } CACTGTGi� ;l�QG��5;; C C AA AAA C A G_L_G_A_C_A.C� :UGC 

• 
• 
• 

One strand is cleaved 
adjacent to hairpin 

T 
-AIA 

Trimming 

T �  

! Addition 

Cleaved strand [B==:=: unpairs to generate [C. free end (affected 
bases shown in black) 
End trimming and/or 
addition of random 

AT 

Coding end 

� t:::::_ AT 
Coding ends 
joined 

Coding end 

! 
P n u cleotides 

L 

nucleotides (N) 

Single strand ends 
are filled in 

TAIII NGGCC_P = Coding ends are joined AIIN N �Q.G .Q.C 

"N" nucleotide� inserted by T dT 
FIGURE 18.17 Processing of coding ends introduces variability at V<J<, VxJA, or VHDJH junctions. 
Depicted is a V<J< junction. 
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5'-P ends. The free 3'-0H end then attacks the 
phosphate bond at the corresponding position in 
the other strand of the duplex. This creates a hairpin 
at the coding end, in which the 3' end of one 
strand is covalently linked to the 5 '  end of the 
other strand, and leaves a blunt double-strand 
break at the signal end. 

This second cleavage is a transesterifi
cation reaction in which bond energies are 
conserved. It resembles the topoisomerase
like reactions catalyzed by the resolvase pro
teins of bacterial transposons (see the chapter 
titled Transposable Elemellts and Retroviruses) .  
The parallel with these reactions is further 
supported by a homology between RAG l and 
bacterial invertase proteins, which invert spe
cific segments of DNA by similar recombination 
reactions. In fact, the RAG proteins can insert 
a donor DNA whose free ends consist of the 
appropriate signal sequences (heptamer-12/23 
spacer-nonamer) into an unrelated target DNA 
in an ill vitro transposition reaction, suggesting 
that somatic recombination of immune genes 
evolved from an ancestral tran sposon. 

The hairpins at the coding ends provide 
the substrate for the next stage of reaction. 
The K u70:Ku80 heterodimer binds to the DNA 
ends and a protein called Artemis opens the 
hairpins. The joining reaction that works on 
the coding end uses the same pathway of non
homologous end-joining (NHEJ) that repairs 
DSBs in all cells (see the Repair Systems chap
ter). If a single-strand break is introduced into 
one strand close to the hairpin, an unpairing 
reaction at the end generates a single-stranded 
protrusion. Synthesis of a complement to the 
exposed single strand then converts the coding 
end to an extended duplex. This reaction 
explains the introduction of P nucleotides 
at coding ends. P nucleotides are a few extra 
base pairs related to, but reversed in orientation 
from, the original coding end. 

In addition toP nucleotides, some extra bases 
called N nucleotides can also be inserted between 
the coding ends in an untemplated and random 
fashion. Their insertion occurs via the activity 
of the enzyme terminal deoxynucleotidyl 
transferase (TdT), which, like RAG l/RAG2, is 
expressed at those stages of B and T lymphocyte 
development when V (D )J recombination occurs, 
at a free 3 '  coding end generated during the join
ing process through NHEJ. 

The initial stages of the V (D )J recombination 
reaction were identified by isolating intermedi
ates from lymphocytes of mice with one of the 
severe combined immunodeficiency (SCID) 

mutation, which results in a much reduced 
level of BCR and TCR V(D)J gene recombina
tion. SCID mice accumulate DSBs at Ig V gene 
segment coding ends and cannot complete the 
V (D )J joining reaction. This SCID mutation dis
plays a defective DNA-dependent protein kinase 
(DNA-PI<). This kinase is recruited to DNA by 
the Ku70:Ku86 heterodimer, which binds to 
the broken DNA ends. DNA-PKcs (DNA-PI< 
catalytic subunit) phosphorylates and thereby 
activates Artemis, which in turn nicks the 
hairpin ends; Artemis also possesses exonucle
ase and endonuclease activities that function 
in the NHEJ pathway. The actual ligation is 
undertaken by DNA ligase IV and also requires 
XRCC4. Mutations in Ku proteins, XRCC4, or 
DNA ligase IV are found in patients with con
genital diseases involving deficiencies in DNA 
repair that result in increased sensitivity to radi
ation. The free (signal) 5'-phosphorylated blunt 
ends at the heptamer sequences of the inter
vening DNA (which is looped out by the V(D)J 
recombinations) also bind Ku70:Ku86. Without 
further modification, a complex of DNA ligase 
IV:XRCC4 joins the two signal ends to form the 
signal joint. 

Thus, changes in DNA sequence during 
V (D )J recombination are a consequence of the 
enzymatic mechanisms involved in breaking 
and rejoining the DNA. In IgH chain VHDJH 
recombination, base pairs are lost and/or N 
nucleotides are inserted at the VHD or DJH 
junctions. Deletions also occur in VKJK and 
V�o.hjoining, but N insertions at these joints 
are less frequent than in V HD or DJH junctions. 
The changes in sequence affect the amino acid 
coded at V HDJH junctions or at V�o.hjunctions. 

These mechanisms will ensure that most 
coding joints will display a different sequence 
from that predicted as a result of direct joining 
of the coding ends of the V, D, and J segn1ents 
involved in each recombination. Variations in 
the sequence of V �o.hj unctions make it possible 
for different amino acid residues to be encoded 
here, generating diverse structures at this site 
that contact antigen. The amino acid at position 
96 is created by V KJK and V �o.h recombination. 
It forms part of the antigen-binding site and 
also is involved in making contacts between 
the L chains and the H chains. Thus, maximum 
diversity is generated at the site that contacts 
the target antigen. 

Changes in the number of base pairs at cod
ingj oints affect the reading frame. V Lh recom
bination appears to be random with regard to 
reading frame, so that only one-third of the 
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joined sequences retain the proper frame of 
reading through the junctions. If a V KJK or V �o.h 
recombination occurs so that the h segment 
is out of frame, translation is terminated pre
maturely by a nonsense codon in the incor
rect frame. This may be the price a B cell pays 
for being able to generate maximal diversity of 
the expressed VKJK and Y�o.h sequences. Even 
greater diversity is generated by recombinations 
that involve the VH, D, and JH gene segments of 
the IgH chain, mainly due to random and vari
able " chopping off" ofD and JH DNA, as well as 
random and variable N nucleotide insertions. 
Nonproductive recombinations are generated 
by a joining that places VH out of frame with 
the rearranged DJH gene segment. 

Germline (unrearranged) V gene seg
ments about to undergo recombination are 
transcribed, albeit at a moderate level. Once 
V(D)J gene segments are productively recom
bined, the resulting sequence is transcribed at a 
higher rate. The sequence upstream of a V gene 
segment is not altered by the joining reaction, 
though, and as a result the promoter is conserved itz 
wzrearranged, nonprodudively rearranged, and pro
ductively rearranged V genes. The V promoter lies 
upstream of every V gene segment but is only 
moderately active when in germline configura
tion. Its activation is significantly enhanced by 
its downstream relocation closer to the C region 
after V (D )J rearrangement, suggesting that the 
V promoter activation depends on downstream 
c
i
s-e

l
ements (FIGURE 18.18) . Indeed, an enhancer 

element located within or downstream of the 
V, D, and J gene clusters significantly enhances 
the activation of V promoter. This enhancer is 

Inactive lntronic lgH 
Enhancer (iE�) 

VH exon 0 JH CH exons ! Recombination 

• • • • • • • • • • • 
• Activation : 
• • 

Promoter Enhancer 

[..Transcription oooool•� 
FIGURE 18.18 A V gene promoter is inactive until recom
bination brings it into the proximity (and therefore under 
the influence) of the iEM- enhancer that lies downstream 
of the SiJ. region and upstream of the CiJ. ex on cluster_ The 
enhancer is active only in B lymphocytes. 

referred to as intronic enhancer (iEJ.L in the H 
chain and iEK in the K chain). It is tissue specific, 
being active only in B cells. 

B Cell Differentiation :  
Early IgH Chain 
Expression Is Modulated 
by RNA Processing 

Key concepts 

• All B lymphocytes newly emerging from the bone 
marrow express the membrane-bound monomeric 
form of IgM (IgJ.Lm)-

• As the B cell matures after exiting the bone 
marrow, it expresses surface IgD at a high levels_ 
Such Ig 0 consists of Ig 3m containing the 
same VHDJH sequence paired with the same 
recombined K or ll. chain as the IgM expressed 
by the same celL 

• A change in RNA splicing causes M-m to be replaced 
by the secreted form (IgM-s) after a mature B cell is 
activated and begins differentiation to antibody
producing cells in the periphery. 

B cells derive from differentiation of stem cells 
in the bone marrow. After completion of V(D)J 
recombination in the IgH and L chain loci ,  a 
B cell emerges from the bone marrow as an 
immature B cell. This expresses a full-fledged 
BCR consisting of two identical VHDJwCJ.L 
chains as paired with two identical VKJK-CK or 
Y�o.h-C�o. chains, as a membrane-bound mono
meric form of IgM (IgJ.Lm; "m" indicates that 
IgM is located in the membrane). An immature 
B cell expresses the same BCR also in a 8 (Ig8J.L) 
context, VHDJwC8, but at a lower density than 
the corresponding VHDJwCJ.Lm chains. As the 
immature B cell transitions to the mature B cell 
in the periphery, it will increase the expres
sion of surface BCR with IgH 8 chains, eventu
ally resulting in a high surface Ig8:lgJ.L chain 
ratio (see the section later in this chapter titled 
B Cell Differwtiation in the Bone Marrow mzd the 
Periphery: Generation of Memory B Cells Enables a 
Prompt and Strong Secondary Resp01zse) . 

After encounter with antigen, B lym
phocytes differentiate further to antibody
producing cells, which express the CGT 
(secreted) version of the CH region. The IgM 
is generally secreted as the pentamer IgM5J, 
in which J is a joining polypeptide (unrelated 
to the J region gene), which forms disulfide 
linkages with J.L chains. Secretion of the IgM in 
pentameric form characterizes the early stage 
of an antibody response. 

480 CHAPTER 18 Somatic Recombination and Hypermutation in the Immune System 



c,. gene contains 6 exons 

I 
M1 M2 M3 M4 M1 M2 

Membrane-bound stage 
Nuclear RNA terminates at M2 
M1 and M2 exons present in mRNA 

Secretory stage 
Nuclear RNA terminates after exon 4 
mRNA has only four exons 

! Splicing 

FIGURE 18.19 The 3 '  end of each CH (CIJ., C'f, Ca, or C8) 
gene cluster controls the use of splicing junctions so that 
alternative forms (membrane or secretory) of the heavy 
gene are expressed. 

The CiJ.m and CIJ.s versions of the lgiJ. chain 
dil'fer only at the C-terminal end. The CiJ.m 
chain ends with a hydrophobic sequence 
that secures it in the cell cytoplasmic mem
brane. This sequence is replaced by a shorter 
hydrophilic sequence in CiJ.,, which allows 
the lgiJ. chain to pass through the membrane. 
The change of C-terminus is accomplished 
by an alternative splicing event, which is 
controlled by the 3' end of the nuclear RNA 
(FIGURE 18.19 ) . 

At the membrane-bound stage, the RNA 
terminates after ex on M2, and the CH region is 
generated by splicing together six exons. The 
first four exons code for the four domains of the 
CH region. The last two exons, M I and M2, code 
for the 41 -residue hydrophobic Cwterminal 
region and its nontranslated tail. The 5' splice 
junction within exon 4 is connected to the 3' 
splice junction at the beginning of M 1 .  At the 
secreted stage, the nuclear RNA tem1inates after 
exon 4. The 5 '  splice junction within this exon 
that had been linked to M l in the membrane 
form is ignored. This allows the ex on to extend 
for an additional 20 codons. A similar transition 
fTom membrane to secreted forms occurs for the 
other CH regions, Cy, Ca, and Ce, suggesting 
that the mechanism for expression of mem
brane and secreted forms of all lg classes is the 
same, as further indicated by the conservation 
of ex on structures. 

Class Switching Is 
Effected by DNA 
Recombination 
(Class Switch DNA 
Recombination [CSR]) 

Key concepts 

• Igs comprise five classes according to the type of 
CH chain. 

• Class switching is effected by a recombination 
between S regions that deletes the DNA between 
the upstream CH region gene cluster and the down
stream CH region gene cluster that is the target of 
recombination. 

• CSR relies on a molecular machinery that is 
different from that of V(D)J recombination and 
is acting later in 8 cell differentiation. 

The class of lg is defined by the type of CH region. 
There are five CH classes: lgM, IgD, lgG, lgA, 
and IgE (FIGURE 18.20 ). lgM is the first lg to be 
produced by a differentiating B cell and activates 
complement efficiently. lgD is subsequently 
expressed when the mature B cell exits the 
bone marrow. IgG comprises four subclasses, 
(JgG l ,  lgG2, lgG3, and IgG4 in humans and 
IgG J,  IgG2a, IgG2b, and IgG3 in mice), and is 
the most abundant Ig in the circulation. Unlike 
IgM, which is confined to drculation, lgG passes 
into the extravascular spaces. IgA is abundant 
on mucosal surfaces and on secretions in the 
respiratory tract and the intestine. IgE is associ
ated with the aiJergic response and with defense 
against parasites. 

B lymphocytes start their "productive" 
life as na·lve B cells expressing lgM and IgD on 
their surfaces. After encountering antigen, a 
B cell undergoes activation, proliferation, and 
differentiation hom an IgM- to an lgG-, IgA-, 
or IgE-producing cell. This process occurs in 
peripheral lymphoid organs, such as the lymph 
nodes and spleen, and is referred to as class 
switching. Class switching is induced in a 
T-dependent fashion through engagement of 
surface B cell CD40 by CD 154 expressed on 
the surface of Th cells and exposure to T cell
derived cytokines, such as IL-4 (lgG and IgE) 
and TGF-� {lgA), or in aT-independent fashion 
through-for instance, engagement ofTLRs on 
B cells by conserved molecules on bacteria or 
viruses (MAMPs), such as bacterial lipopolysac
charides or CpG or viral double-strand RNA. 
After undergoing class switching from IgM, a 
B lymphocyte expresses only a single class of 
Ig at any one time. 
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FIGURE 18.20 Immunoglobulin type and functions are determined by the H chain. J is 
a joining protein in IgM, unrelated to J (joining) gene segments. IgM exists mainly as a 
pentamer (i.e., 5 IgM !-L2L2 tetramers) and IgA as a dimer. IgD, IgG, and IgE exist as single 
H2L2 tetramers. 

Class switching is effected by class switch 
DNA recombination (CSR) and involves 
only CH genes; the VHDJH segment originally 
expressed as part of an lgM and lgD (na"ive 
B cell) continues to be expressed in a new 
context (IgG, lgA, or lgE) .  A given recombined 
VHDJH segment can be expressed sequentially 
in combination with more than one CH gene 
region. The same V KJK-CK or V 1\h-CI\ chain con
tinues to be expressed throughout the lineage 
of the cell. CSR, therefore, allows the type of 

VDJ CJ.I Co Cy3 Cy1 Cy2 b Cy2 a Ce C a 
17G�e= =n -=es=------rcJ • • 
S regions SJ.I Sy3 Sy1 S)Qb S)Qa Se Sed 

co 
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-V" -D-J" -Cy1 expressed • -
Cy3 

Cy1 Cy2bCy2a CeCal 

S).lfsy1 S)Qb S)Qa Se Sa 

S).lfSy.,.S a1 recombination C� 

--v "DJ"·Ca expressed 
VDJ CaA 

�----------------�!1 

Excised 
circular 
DNA 

FIGURE 18.21 Class switching of CH genes occurs by recombination between 
switch (S) regions and deletion ofthe intervening DNA between the recombining 
S sites as S circles. Circles are transiently transcribed in the switching cell. 
Sequential recombinations can occur. The mouse IgH locus is depicted. 

biological effector response (mediated by the CH 
region) to change while maintaining the same 
specificity of antigen recognition (mediated by 
the combination of V HDJH and V KJK or V HDJH 
and V�-.h regions). 

CSR involves a mechanism different from 
that effecting V(D)J recombination and is active 
later in B cell differentiation, generally in peri ph
eral lymphoid organs. B cells that underwent 
CSR show deletions of the DNA encompassing 
C"" and all the other C""gene segments preceding 
the expressed CH gene. CSR entails a recombi
nation that brings a (new) downstream CH gene 
segment into juxtaposition with the expressed 
V HDJH unit. The sequences of switched V HDJwCH 
units show that the sites of switching (i.e., DSBs) 
lie upstream of each CH gene. The switching sites 
segregate within specialized DNA sequences, the 
switch (S) regions. The S regions lie within the 
introns that precede the CH coding regions-all 
CH gene regions have S regions upstream of the 
coding sequences. As a result, CSR does not alter 
the translational lgH reading frame. In a first 
CSR event, such as from C 1-l- to C)' 1 ,  expres
sion of Cf.l- is succeeded by expression of C)'l. 
The C)' 1 gene segment is brought into its new 
functional location by recombination between 
Sf.l- and S)' l .  The Sf.l- site lies between V HDJH and 
the C 1-l- gene segment. The S)' 1 site lies upstream 
of the C)' 1 gene. The DNA sequence between 
the two S region DSBs is excised as circular DNA 
(S circle) that is transiently transcribed as circle 
transcripts (FIGURE 18.21) . This deletion event 
imposes a restriction on the lgH locus: Once a 
CSR event has occurred, a B cell cannot express any 
CH gwe segment that used to lie betwwz the first CH 
a�zd the new CH gene segment. For instance, human 
B cells expressing C)'1 cannot give rise to cells 
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expressing C'Y3, as the C'Y3 exon cluster was 
deleted in the first CSR event. They can, how
ever, undergo CSR to any CH gene segment 
dow11stream of the expressed C'Y l gene, such as 
Cal or Ce. This is accomplished by recombina
tion between the SIL and S'Y I DNA (juxtaposed 
by the original CSR event) and Sal or Ce to give 
rise to a new SjL/Sal or SjL/Ce DNA junction 
(FIGURE 18.22). Multiple sequential CSR events 
can occur, but they are not obligatory means to 
proceed to later CH gene segments as lgM can 
switch directly to auy other Ig class. 

CSR Involves AID 
and Elements of the 
NHEJ Pathway 

Key concepts 

• CSR requires activation of intervening promot-
ers (IH promoters) that lie upstream of each of 
the two S regions involved in the recombination 
event and germline IwCH transcription through the 
respective S regions. 

• S regions contain highly repetitive 5'-AGCT-3' mo
tifs. 5 '-AGCT -3' repeats are the main targets of the 
CSR machinery and DSBs. 

• AID mediates the first step (deoxycytidine 
deamination) in the series of events that lead 
to insertion of DSBs within S regions; the DSBs' 
free ends are then religated through an NHEJ-like 
reaction or A-EJ pathway. 

CSR initiates with transcription from the IH pro
moters of the CH regions that will be involved in 
the DNA recombination event. An IH promoter 
lies immediately upstream of each S region. IH 
promoters are activated upon binding of tran
scription factors induced by CD40-signaling; 
TLR-signaling; occupancy of receptors by 
cytokines, such as IL-4, IFN-'Y, or TGF-�; and 
BCR crosslinking by antigen. The IH promot
ers that lie upstream of the S regions that will 
be involved in the CSR event are activated to 
induce "germlineH lwCH transcripts, which are 
then spliced at the IH region to join with the 
corresponding CH region (FIGURE 18.23). 

S regions vary in length, as defined by the 
limits of the sites involved in recombination, 
from 1 to 10 kb. They contain clusters of repeat
ing units that vary fTom 20 to 80 nucleotides 
in length, with the major component being 
5'-AGCT-3' repeats. The CSR process contin
ues with the occurrence of DSBs in S regions 
followed by rejoining of the cleaved ends. The 
DSBs do not occur at obligatory sites within S 
regions, as different B cells expressing the same 
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FIGURE 18.22 Class switching occurs through sequential and discrete 
stages. The IH promoters initiate transcription of sterile transcripts. The 
S regions are cleaved and recombination occurs at the cleaved regions. 
Depicted is class switch DNA recombination from SIL to Se. 

Ig class prove to have broken the upstream and 
downstream S regions at different points yield
ing different recombined S-S sequences. 

Ku70:Ku80 and DNA-PKc,, which are 
required for the joining phase of V(D)J recom
bination and for NHEJ in general, are also 
required for CSR, indicating that the CSR 
joining reaction uses the NHEJ pathway. CSR 
can occur, though, albeit at a lower efficiency, 
in the absence ofXRCC4 or DNA Ligase IV, sug
gesting that an alternative end-joining (A-EJ) 
pathway can be used in the ligation of S region 
DSB ends. 

The key insight into the mechanism of CSR 
has been the discovery of the requirement for 
the enzyme activation-induced (cytidine) 

l Transcription 

-AID 

Nontemplate strand 

53 : ===== -;::=== 3' ]:_ .,. 5' 
.,.. Template strand RNA ,JP 

FIGURE 18.23 When transcription separates the strands 
of DNA, one strand forms a single-strand loop if 5 '-AGCT -3 ' 

motifs in the same strand are juxtaposed. 
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deaminase (AID). In the absence of AID, 
CSR aborts before the DNA nicking or break
ing stage. SHM is also abrogated, revealing an 
important connection between these two pro
cesses that is central to the maturation of the 
antibody response and the generation of high
affinity antibodies (see the section in this chap
ter titled SMH Is Mediated by AID, Ung, Eleme11ts 
of the Mismatch DNA Repair [MMR] Machi11ery, 
a11d Trmzslesion DNA Sy11thesis [TLS] Polymerases) .  

AID is expressed late in the natural history 
of a B lymphocyte, after the B cell encounters 
antigen and differentiates in germinal centers 
of peripheral lymphoid organs, restricting the 
processes of CSR and SHM to this stage. AID 
deaminates deoxycytidines in DNA and pos
sesses structural similarities to the members of 
APOBEC proteins that act on RNA to deami
nate a deoxycytidine to a deoxyuridine (see the 
Catalytic RNA chapter). The expression and 
activity of AID are tightly regulated at multiple 
levels. Transcription of the AID gene (Aicda) 
is modulated by multiple transcription factors, 
such as the homeodomain protein HoxC4 and 
NF-KB. HoxC4 expression is upregulated by 
estrogen receptors, resulting in upregulation 
of AID and potentiation of CSR and SHM in 
antibody and autoantibody responses. 

Another enzyme is required for both CSR 
and SHM: Ung. Ung, a uracil DNA glycosylase, 
deglycosylates the deoxyuridines generated by 
the AID-mediated deamination of deoxycyti
dines to give rise to abasic sites. B cells that are 
deficient in Ung have a tenfold reduction in 
CSR, suggesting that the sequential interven
tion of AID and Ung creates a basic sites that are 
critical for the generation of DSBs. Different 
events follow in the CSR and SHM processes. 

AID more efficiently deaminates deoxy
cytidine in DNA that is being transcribed and 
that, therefore, exists as a functionally single
strand DNA, such as in germline IwCH tran
scription, in which the S region nontemplate 
strand of DNA is displaced when the bottom 
strand is used as a template for RNA synthe
sis (Figure 18 .23) .  Although this has been 
proposed as an operational model for DNA 
deamination by AID, it would not explain how 
AID deaminates both DNA strands, which it 
does. The a basic site emerging after sequential 
AID-mediated deamination of deoxycytidine 
and Ung-mediated deglycosylation of deoxy
uridine is attacked by an apyrimidinic/apu
rinic endonuclease (APE) or MRE 1 1 /RAD50, 
which creates a nick in the DNA strands. 
Generation of nicks in a nearby location on 
opposite DNA strands would give rise to DSBs 

in S regions. The DSB free ends in upstream 
and downstream S regions are joined by NHEJ 
(see the Repair Systems chapter). Aberrant 
repair of the DSBs would lead to chromo
somal translocations. How the CSR machin
ery specifically targets S regions, and what 
determines the targeting of the upstream 
and downstream S regions recruited into the 
recombination process has just begun to be 
understood. 14-3-3 adaptor proteins would 
be involved in recruiting/stabilizing AID to 
S regions by targeting 5 '  -AGCT-3' repeats in 
S regions. 5'-AGCT-3' repeats account for 
more than 40% of the "core" of S regions 
and constitute the primary targets of DSBs. 
Accessibility of S regions by 14-3-3, AID, and 
other elements of the CSR machinery would 
be dependent on germline IwCH transcription 
and chromatin modifications, including his
tone posttranslational modifications (PTMs). 
In certain pathological conditions, such as 
cancer and autoimmunity, AID off-targeting
that is, targeting of DNA by AID outside the 
Ig loci-occurs in the genome at large, lead
ing to widespread DNA lesions, such as DSBs, 
aberrant chromosomal recombinations, and 
accumulation of mutations in genes that are 
not physiologically targets of SHM. 

Somatic Hypermutation 
(SHM )  Generates 
Additional Diversity 

Key concepts 

• SHM introduces mutations in the antigen-binding 
V(D)J sequence. Such mutations occur mostly as 
substitutions of individual bases. 

• In the IgH chain locus, SHM depends on the iE,_.. 
and 3'EK that enhance VHDJwCH transcription. 

• In the IgK chain locus, SHM depends on iEK and 
3'EK that enhance V<J<-C< transcription. The 
t.. locus transcription depends on the weaker t..2-4 
and t..3-1 enhancers. 

Comparison between the sequences of rear
ranged and expressed Ig V(D)J genes in 
B cells, which underwent proliferation and 
differentiation in the periphery after encoun
tering antigen, and the corresponding germ
line V, D, and J gene segment templates, often 
reveals that expressed V(D)J sequences are 
changed at several locations. Some of these 
changes result from sequence changes at the 
VJ or V(D)J junctions that occurred during 
the recombination process. Other changes are 
superimposed on these and accumulate within 
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the coding sequences of the recombined V(D)J 
DNA sequence, as a result of different mecha
nisms in different species. In mice and humans, 
the mechanism is somatic hypermutation 
(SHM). In chickens, rabbits, and pigs, a different 
mechanism, gene conversion, is at work, in 
addition to SHM. Gene conversion substitutes a 
rearranged and expressed V gene segment with 
a sequence from a different germline V gene 
(see the section in this chapter titled Expressed 
Igs in Avialls Are Assembled from Pseudogenes). 

SHM inserts mostly point mutations in 
the expressed V(D)J sequence. The process is 
referred to as hypermutation, because it intro
duces mutations at a rate that is 106-fold higher 
(10-3 change/base/cell division) than that of 
the spontaneous mutation rate in the genome 
at large ( 10-9 change/base/cell division). An 
oligonucleotide probe synthesized according 
to the sequence of an expressed unmutated V 
gene segment can be used to identify the pos
sible corresponding template segment(s) in 
the germline. Any expressed V gene whose 
sequence is different from any germ line V gene 
in the same organism must have been gener
ated by somatic changes. Until a few years ago, 
not every potential germline V gene segment 
template had actually been identified. This was 
not a limitation, however, in the mouse A chain 
system, as this is a relatively simple locus. A cen
sus of several myelomas producing A 1 chains 
showed that the same germline gene segment 
encoded many expressed V genes. Others, how
ever, expressed new sequences that must have 
been generated by mutation of the germline 
gene segment. The current availability of mouse 
and human genomic DNA maps, including the 
Ig locus, has made it possible to readily identify 
germline Ig V gene templates. 

To analyze the intrinsic frequency and 
nature of somatic mutations accumulating 
during an ongoing immune response, one can 
analyze the intronic region between JH and iEf.l
that is targeted by SHM but does not undergo 
negative or positive selection of point mutations. 
To analyze the nature of antigen-selected muta
tions, one approach is to characterize the Ig V (D) 
J sequences of a cohort of B cells, all of which 
respond to a given antigen or, better, an anti
genic determinant. Haptens are used for this 
purpose. Unlike a large protein, whose differ
ent parts induce different antibodies, haptens 
are small molecules whose discrete structure 
induces a consistently restricted antibody 
response. A hapten is not immunogenic per se, 
in that it does not induce an immune response 
if injected as such. It does, however, induce 

an immune response after conjugation with a 
"carrier" protein to form an antigen. A hapten
carrier conjugate is then used to immunize mice 
of a single strain. After induction of a strong 
antibody response, B lymphocytes (in general 
from the spleen) are obtained and fused with 
a non-Ig-expressing myeloma fusion partner 
(immortal tumor) cell to generate a monoclonal 
hybridoma that secretes indefinitely the anti
body expressed by the primary B cell used for 
the fusion. In one example, 10  out of 1 9  differ
entB cell lines producing monoclonal antibodies 
directed against the hapten phosphorylcholine 
utilized the same VH sequence. This sequence 
was that of the V H gene segment T 15 ,  one of 
four related VH genes. The other nine expressed 
gene segments, which differed from each other 
and from all four germ line members of the fam
ily. They were more closely related to the T 1 5  
germline sequence than to any of the others, 
and their flanking sequences were the same as 
those around T15 .  This suggested that they arose 
from the T15  member through SHM. 

The sequence changes (mutations) were 
concentrated in the V HDJH DNA, which encodes 
the IgH chain antigen-binding site, but tapered 
off throughout a region downstream of the 
VH gene promoter for approximately 1 . 5  kb 
(FIGURE 18.24). The mutations consisted in all cases 
of substitutions of individual nucleotide pairs. 
Most sequences bore 3 to 15  substitutions, cor
responding to less than 10 amino acid changes in 
the protein. Only some mutations were replace
ment mutations, as they affected the amino acid 
sequence; others were silent mutations, as they 
lay in third-base coding position as well as in 
nontranslated regions. The large proportion of 
silent mutations suggests that SHM targets ran
domly the expressed V(D)J DNA sequence and 
extends beyond it. There is a tendency for some 
mutations to recur on multiple occasions in the 
same residue(s). These are referred to as muta
tional "hotspots," as a result of some intrinsic 
preference by the SHM machinery. The best 
characterized hotspot is 5'-RGYW-3', where R 
is a purine (dA or dG), dG is dG, Y is a pyrimidine 
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FIGURE 18.24 Somatic mutation occurs in the region 
surrounding the V segment and extends over the 
recombined V(D)J segment. 
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(dC or dT), and W is dA or dT. Interestingly, the 
5 '  -AGCT-3'iteration of 5 '  -RGYW-3' is not only 
a preferential target of DSBs in S regions, but a 
major target of SHM. Like CSR, which requires 
gennline IwCH transcription of the targets SwCH 
sequences, SHM requires transcription of the 
target VHDJH, V<J<, and YAh sequences. This is 
emphasized by the requirement for the so-called 
intronic enhancer that activates transcription at 
each Ig locus, namely iEJ.L in the IgH locus and 
iEK in the IgK locus. 

Upon exposure to antigen of a polyclonal 
B cell population, such as the human B cell 
repertoire, selected B cells expressing a BCR 
with high intrinsic affinity for that antigen are 
selected, activated, and induced to proliferate. 
SHM occurs during B proliferation or clonal 
expansion. It randomly inserts one point muta
tion in the V(D)J sequence of approximately 
half of the progeny cells; as a result, B cells 
expressing mutated antibodies become a high 
fraction of the clone within a few divisions. Ran
dom replacement mutations have unpredictable 
effects on protein function; some decrease the 
affinity of the BCR for the antigen driving the 
response, whereas others increase BCR intrin
sic affinity for that antigen. The B cell clone(s) 
expressing a BCR with the highest affinity for 
antigen is positively selected and acquires a 
growth advantage over all other clones; the 
other clones are gradually counterselected 
(selected against) for survival and proliferation. 
Further positive selection of the clone(s) that 
accumulated mutations conferring the high
est affinity for antigen will result in narrowing 
clonal restriction and accumulation of clones 
with a very high affinity for antigen. 

SHM Is Mediated by 
AID, Ung ,  Elements 
of the Mismatch DNA 
Repair (M M R) Machinery, 
and Translesion 
DNA Synthesis (TLS) 
Poly me rases 

Key concepts 

• SHM uses some of the same critical elements as 
CSR. Like CSR, SHM requires AID. 

• Ung intervention influences the pattern of somatic 
mutations. 

• Elements of the MM R pathway and TLS polymerases 
are involved in SHM and CSR. 

The deamination or removal of a deoxycytosine 
base leads to insertion of somatic mutation(s) 
in different ways (FIGURE 18.25) . When AID 
deaminates a deoxycytosine, it gives rise to 
deoxyuridine. This is not germane to DNA and 
can be dealt with by the B cell in different ways. 
The deoxyuridine can be "replicated over"; it 
will pair with deoxyadenine during replica
tion. The emerging mutation is an obligatory 
dC � dT transition and dG � dA transition 
on the complementary strand. The net result 
is the replacement of the original dC:dG pair 
with a dT:dA pair in half of the progeny cells. 
Alternatively, the deoxyuridine can be removed 
from DNA by Ung to give rise to an abasic site. 
Indeed, the key event in generating a ran
dom spectrum of mutations is the creation of 
an abasic site. This can be replicated over by 
an error-prone TLS DNA polymerase, such as 
polymerase t, polymerase T), or polymerase e, 
which can insert all three possible mismatches 
(mutations) across the a basic site (see the Repair 
Systems chapter). In another mechanism, the 
dU:dG mispair recruits the MMR machinery, 
starting with Msh2/Msh6, to excise the stretch 
of DNA containing the damage, thereby creat
ing a gap that needs to be filled in by resynthe
sis of the missing DNA strand (see the Repair 
Systems chapter).  This resynthesis is carried 
out by an error-prone TLS polymerase that 
will introduce mutations. What restricts the 
activity of the SHM machinery to target V(D)J 
regions is still unknown. Ung can be blocked 
by introducing into cells the bacteriophage 
PSB-2 gene-encoding uracil DNA glycosylase 
inhibitor (UGI) protein. When the UGI gene is 
introduced into a lymphocyte cell line or Ung 
is knocked out, there is a dramatic change in 
the pattern of mutations, with almost all muta
tions from dC:dG pairs comprising the predicted 
transition from dC:dG to dA:dT. 

The main difference between CSR and 
SHM is the DNA lesions underpinning the two 
processes. DSBs are introduced as obligatory 
intermediates in CSR, whereas individual point 
mutations are introduced as events of single
chain cleavages in SHM. AID and/or DNA repair 
factor(s) also function as scaffolds to assemble 
different protein complexes in CSR and SHM. 
Thus, AID and DNA repair factors contribute 
to these processes through both enzymatic and 
nonenzymatic functions, possibly in different 
ways. AID plays a central role in both CSR and 
SHM. However, whereas Ung intervention is 
a central event in CSR but not necessarily in 
SHM, TLS polymerases play a greater role in 
SHM than CSR. 
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FIGURE 18.25 Deamination of C by AID gives rise to a U-G mispair. U can be replicated over, resulting in 
C-G�A-T transitions in 50% of progeny B cells. When the action of cytidine deaminase (top) is followed 
by that of uracil DNA glycosylase, an a basic site is created. Replication past this site should insert all four 
bases at random into the daughter strand (center). If the uracil is not removed from the DNA, its replication 
gives rise to a C-G�T-A transition. Alternatively, the U-G mispair is recognized by the MMR machinery, 
which excises DNA containing the mismatch and then fills in the resulting gap using an error-prone DNA 
polymerase. This will lead to insertion of further mismatches (mutations). 

Chromatin Modification  
in V (D)J Recombination,  
CSR, and SHM 

Key concepts 

• Chromatin modification in V(D)J recombination, 
CSR, and SHM are induced by the same stimuli that 
drive these processes. 

• Transcription factors and transcription target 
histone posttranslation modifications. 

• Histone modifications are read and transduced by 
chromati n-i nteracti ng factors. 

For the V(D)J recombination, CSR, and SHM 
machineries to access their respective DNA 
targets in the lg and TCR loci, the targeted 
regions need to adopt an open chromatin 
state . This is associated with several markers, 
such as transcription, histone posttranslational 
modifications, nuclease accessibility, and DNA 
hypomethylation. A critical role of chromatin 
accessibility in the antibody diversification is 
emphasized by the fact that while all S regions 

contain 5 '  -AGCT-3' repeats and can, therefore, 
potentially be targeted by 14-3-3 adaptors for 
the recruitment of AID to unfold CSR, only 
the S regions that undergo germline lwS-CH 
transcription and enrichment of activating his
tone modification can be targeted by the CSR 
machinery, including 14-3-3 and AID. These are 
the S regions that will undergo recombination. 

V(D)J recombination, CSR, and SHM 
all depend on active transcription of specific 
DNA in the lg or TCR locus. Such transcrip
tion is mediated by transcriptional control 
cis-activating elements (such as VH and IH 
promoters and iEIL enhancers) and transcrip
tion factors specifically recruited by those ele
ments. Deletion of enhancer elements from 
an antigen receptor locus virtually abrogates 
V(D)J recombination of the affected locus, 
accompanied by a loss of germline transcrip
tion and other markers of locus accessibility. 
During transcription elongation, chromatin 
remodeling generates nucleosome-free regions 
by repositioning or evicting nucleosomes or 
acts more subtly by transiently lifting a loop 
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of DNA off of the nucleosome surface . Elongat
ing RNA polymerase II also results in nucleo
some disassembly or disassociation from DNA. 
DNA freed from repressive associations with 
nucleosomes is, therefore, amenable to react 
with factors of the V (D )J recombination, CSR, 
or SHM machinery. Finally, high-density RNA 
polymerase II is detected in S regions that will 
undergo CSR, suggesting that this molecule 
facilitates recruitment or targeting of CSR 
factors. 

Chromatin in the target regions(s) ofV(D)J 
recombination, CSR, and SHM is also marked 
by multiple activating histone modifications. 
These include acetylation of histones (such 
as at the Lys9 residue of histone 3, H3K9ac), 
which weakens the association of histone tails 
with DNA, loosens the chromatin fiber, and 
enhances chromatin remodeling, thereby also 
contributing to the locus accessibility (see the 
Chromatin and Eukaryotic Transcriptio11 Regula
tion chapters). One of the most important acti
vating histone modifications, trimethylation 
of the Lys4 residue of H3 (H3K4me3 ), is a 
specific mark of open chromatin in the genome 
and is highly enriched in V(D)J gene seg
ments and S regions that that will undergo 
V(D)J recombination and CSR, respectively. 
Concomitant with enrichment of activating 
histone modifications in those regions, repres
sive histone modifications, such as H3K9me3 
and H3K27me3, are decreased. 

The switch from a repressive to a permis
sive chromatin state in targeted regions is 
controlled by the stage of lymphoid differen
tiation, tissue specificity, and allelic exclusion 
in a fashion virtually identical to how V (D )J 
recombination, CSR, and SHM are regulated, 
per se. Transcription and the change of com
binatorial patterns of histone modifications in 
those regions are coregulated by cis-activating 
elements and transcription factors activated by 
environmental cues, such as cytokines critical 
for B cell development or specification of lg 
isotypes. In addition, the transcription process 
itself plays a role in the induction ("writing") 
of selective histone modifications, as suggested 
by profoundly decreased H3K4me3 in the Tcra 
locus downstream of an artificially inserted 
transcription termination sequence. 

According to the "histone code" hypoth
esis, combinatorial patterns of histone modi
fications not only encrypt information on the 
specification of distinct chromatin states, but 
also increase the complexity of chromatin
interacting effectors (histone code "reading"), 
thereby determining specific biological 

information outputs. In V (D )J recombination, 
RAG2 is a specific reader ofH3K4me3 enriched 
in the recombination center, a small region con
taining J gene segments (and the D gene seg
ments in some cases), and in many actively tran
scribed genes in the genome. This together with 
strong RAG I binding to RSSs ensures targeting 
ofthe RAG l/RAG2 complex to the recombina
tion center. In CSR, a combinatorial histone 
modification H3K9acS I Oph (acetylation ofLys9 
and phosphorylation of SerlO of the same H3 
tail) is read by 14-3-3 adaptors, thereby stabiliz
ing 5'-AGCT-3'-bound 14-3-3 on the S regions 
that will undergo recombination. 

Some histone code readers, such as RAG2, 
can directly mediate enzymatic reactions upon 
reading histone modifications. Others do not 
possess intrinsic enzymatic activities and, 
by virtue of their scaffold functions, instead 
"transduce" epigenetic information to down
stream enzymatic factors. For instance, 14-3-3 
adaptors read H3K 9acS I Oph (as well as bind to 
5 '  -AGCT-3' repeats) and, in turn, recruit AID 
to S region DNA. Like other scaffold proteins 
(such as Rev I in Ung recruitment), these his
tone code transducers nucleate the assembly of 
multicomponent complexes through simulta
neous interaction with multiple protein and/ 
or nucleic acid ligands via different domains or 
subunits. Interestingly, AID, once recruited to 
such macromolecular DNA-protein complexes, 
will function as a "secondary" transducer by 
stabilizing other CSR factors, such as Ung. 

Expressed Igs in  Avians 
Are Assembled from 
Pseudo genes 

Key concepts 

• An Ig gene in chickens is generated by copying 
a sequence from one of 25 pseudogenes into the 
recombined (acceptor) V gene: gene conversion. 

• The enzymatic machinery of gene conversion 
depends on AID and enzymes involved in 
homologous recombination. 

• Ablation of certain DNA homologous recombina
tion genes transforms gene conversion into SHM. 

The chicken lg locus is the paradigm for the 
lg somatic diversification mechanism utilized 
by rabbits, cows, and pigs: gene conversion. 
A similar mechanism is used by both the 
single (A.-like) L chain locus and the H chain 
loci. The chicken A. locus comprises only one 
functional V gene segment, one h segment, 
and one C�-. gene segment ( FIGURE 18.26) . 
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Upstream of the functional Vl\1 gene seg
ment lie 25  V'A pseudogenes, organized in 
either orientation. In the pseudogenes, either 
the coding segment is deleted at one or both 
ends, or proper RSSs are missing, or both. 
This is confirmed by the fact that only the 
Vl\1 gene segment recombines with the h-CI\ 
gene segment. 

Nevertheless, sequences of rearranged 
Vl\h-C I\ gene segments show consider
able diversity. A rearranged gene has one or 
more positions at which a cluster of changes 
occurred in its sequence. A sequence identi
cal to the new sequence can almost always 
be found in one of the pseudogenes. The 
sequences that are not found in a pseudo
gene always represent changes at the junction 
between the original sequence and the altered 
sequence. The unmodified Vl\1 sequence is 
not expressed, even at early times during the 
immune response. Sequences from the pseu
dogenes, between 10 and 120 bp in length, are 
integrated into the active Vl\1 region by gene 
conversion. A successful conversion event 
probably occurs every 10 to 20 cell divisions to 
every rearranged Vl\1 sequence. At the end of 
the immune maturation period, a rearranged 
Vl\1 sequence has four to six converted seg
ments spanning its entire length, which are 
derived from different donor pseudogenes. If 
all pseudogenes can participate in this gene 
conversion process, more than 2 .5  X 108 pos
sible combinations are allowed. 

The enzymatic basis for copying pseu
dogene sequences into the recombined Ig V 
gene depends on AID and enzymes involved 
in homologous recombination, and is related 
to the mechanism of human and mouse SHM 
(see the Homologous a!ld Site-Specific Recombilla
tion chapter). For example, gene conversion is 
prevented by deletion of RAD54. Deletion of 
other homologous recombination genes, such 
as XRCC2, XRCC3, and RAD5IB, has another, 
interesting effect: Somatic mutations occur 
in the V gene of the expressed locus. The fre
quency of the somatic mutations is  tenfold 
greater than the rate of gene conversion. 

Thus, the absence of SHM in chickens is not 
due to a deficiency in the enzymatic machin
ery that is responsible for SHM in humans and 
mice. The most likely explanation for a con
nection between (lack of) recombination and 
SHM is that unrepaired DSBs in the recombined 
IgV(D)J segments trigger the induction ofmuta
tions. The reason why SHM occurs in mice and 
humans but not in chickens may, therefore, 
lie with the nature of the repair system that 
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FIGURE 18.26 The chicken >..light chain locus has 25 V pseudogenes 
upstream of the single functional VA -JA -C region. Sequences derived from 
the pseudogenes, however, are found in active rearranged VJC genes. 

operates on DSBs in the Ig locus. It would be 
more efficient in chickens, so that DSBs in the 
Ig locus are repaired through gene conversion 
before mutations can be induced. 

B Cell Differentiation in 
the Bone Marrow and the 
Periphery: Generation  of 
Memory B Cells Enables 
a Prompt and Strong 
Secondary Response 

Key concepts 

• Mature B cells that emerge from the bone marrow 
and are recruited in the primary response express a 
BCR with only a moderate affinity for antigen. 

• Toward the end of the primary response, B cells 
expressing BCRs with a higher affi nity for antigen 
are selected and later revert back to a resting state 
to become memory B cells. 

• Re exposure to the same antigen triggers a 
secondary response through rapid activation 
and clonal expansion of memory B cells. 

CSR and SHM are the two central processes that 
underlie the antigen -driven differentiation of 
mature B cells in high-affinity, class-switched, 
antibody-producing cells and memory B cells. 
This differentiation process recruits mature 
nai·ve B cells and occurs generally in peripheral 
lymphoid organs, including the spleen, lymph 
nodes, and Peyer's patches, in a T-dependent 
or T-independent fashion. 
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B cell development in the bone marrow 
begins with an lgH D segment is recombined 
with a JH segment. Cells at this stage (recom
bined DJH) are referred to as pro-8 cells. DJH 
recombination is followed by VHDJH recombi
nation, which generates an IgH fL chain. Several 
recombination events involving a succession 
of nonproductive and productive rearrange
ments may occur, as discussed previously. As 
a stem cell differentiates to a pro-B cell (cell 
that has rearranged Ig DJH) and subsequently 
to a pre-B cell, it expresses on the surface a 
productively recombined IgH VHDJwCfL paired 
with a surrogate L chain (A.-Ypre-B, a protein 
resembling a A. chain) to give rise to a mono
meric IgM molecule (l2fL2, which consists of 
the Cf.Lm version of the constant region; FIG
URE 18.27 ) . The membrane location may be 
related to the need to initiate cell proliferation 
in response to the initial recognition of a sur
rounding an Ligen by the pre-BCR. The pre-8CR 
is very similar in function and structure to a 

Stem cell 

DH.JH 
recombination 

Large pre-8 cell 

1 x i  07 cells 

Small pre-8 cell 
2 x 1 07 cells 

VK-JK CK 
recombination 

Immature B cell 

2 x 1 07 cells 

Mature B cell 
2 x 108 cells 

Pro-8 cell 

Pre-S-receptor 
heavy chain: 1.1. + 
surrogate L chain 

iJ.. expressed 

8-receptor 
heavy chain: 1.1. 
light chain: K or A 

8-receptor 
heavy chain: 1.1. and li 
light chain: K or A 

FIGURE 18.27 8 cell development proceeds t hrough 
sequential stages of H chain and L chain V(D)J gene 
rearrangement. 

BCR, although once engaged, it signals in a 
different way. The expression of the pre-BCR 
drives the pre-B cell through five or six divi
sions (large pre-B cells), after which the pre-8 
cell stops dividing to revert back to a small 
size, thereby signaling the rearrangement of a 
V gene segment vvith a J gene segment in the K 
or A. locus. After V K or VA. rearrangement, the 8 
cell, referred to as immature B cell, will express 
a 8CR consisting of two identical VHDJwCfL 
chains as paired with two identical VKJK·CK or 
Y�h-C� chains. As discussed earlier, the imma
ture B cell expresses the same 8CR also in au 
IgH 8 context, VHDJwC8, but at a lower den
sity than the corresponding VHDJwCfL chains. 
As the immature B cell transitions to  mattue 
B celJ, it increases expression of surface BCR 
with IgH 8 chains, to a higher ig8:lgfL ratio. The 
intracytoplasmic tails of the two IgH chains are 
assodated with transmembrane proteins called 
Iga and lg�. These proteins provide the struc
tures that trigger the in tracellu Jar signaling 
pathways in response to BCR engagement by 
antigen (FIGURE 18.28) . 

This whole process eventually gives rise to 
matme B cells and depends upon Tg V(D)J gene 
rearrangement, which requires RAG l/RAG2 
genes, the Ku70:Ku86 heterodimer, DNA-PI<, 
Artemis, DNA ligase TV in association with 
XRCC4, and can involve TdT. If V(D)J gene 
rearrangement is blocked, B cell development 
is aborted. The BCRs expressed by mature 8 
cells display specificities that are determined 
by the particular V(D)J gene recombinations 
and any additional N nucleotides incorporated 
during the Y(D)J joining process. 

Immunoglobulin 

FIGURE 18.28 The BCR consists of an immunoglobulin 
tetramer (H2L2) linked to two copies of the signal
transducing heterodi mer (Igal3). 
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A primary antibody response is induced by 
activation of the mattue nai"ve B cell through 
BCR cross linking by antigen as well as engage
ment of other surface receptors, sud1 as surface B 
cell CD40by CD40 ligand (CD 154) expressed on 
Th cells and/or (surface or endocytic) B cell TLRs 
by MAl\llP molecules on microbial pathogens. 
The antibody secreted by an activated B cell is 
identical to the BCR expressed by the same cell, 
the only difference being the Cs instead of the 
Cm terminal of the constant region. Exposure 
of B cells to antigen leads to clonal expansion 
and selection of those B cells expressing a BCR 
possessing a high affinity for the antigen, eventu
ally giving rise to the emergence ofplasmablasts, 
which produce mostJy unmutated IgM with a 
moderate intrinsic affinity, but high avidity, for 
antigen. CSR and SHM take place toward the late 
stages of d1e primary response to generate B cells 
capable ofprodudngmore specific IgG, IgA, and/ 
or lgE antibodies. As the concentration of antigen 
decreases in the microenvironment of periph
eral lymphoid organs, these B cells revert back 
to small resting lymphocytes (memory B cells). 

A secondary antibody response is elicited 
upon reexposme to the antigen that has induced 
the primary response, and it is made possible 
by the generation of memory B cells. These B 
cells comprise a minor proportion of the B cells 
generated at the end of the primary response. 
They express mutated V (D )J gene segments 
coding for BCRs that display increased affinity 
for antigen and generally tmdergo CSR, mainly 
to lgG. They are in a resting state, but are rap
idly activated when they reeucounter the same 
antigen that induced their generation. Having 
been preselected by and for the same antigen, 
they can mount a secondary response very 
rapidly, by vigorous clonal expansion. Further 
somatic mutations are accumulated and more 
CSR events can occur during the secondary 
response, eventually giving rise to switched and 
hypennutated B cells vvith a very high affinity 
for antigens. Most of these cells will terminally 
differentiate into plasma cells producing large 
amounts of antibodies; the remaining B cells 
will differentiate to memory B cells. Memory 
B cells are "frozen" with respect to their Y(D)J 
somatic mutations and IgH chain class, and wiU 

be ready to give rise to a very vigorous, high
affinity memory or anamnestic response upon 
reeucotmter of antigen. 

Virtually all B cells recruited in au antigen
specific antibody response to undergo CSR and 
SHM (FIGURE 18.29) are "conventional" B cells or 
B-2 cells. In addition to these cells, a separate set 
of B cells exists, referred to as B - 1  cells. B-1 cells 

8 cell 

T cell 

Antigen 

Primary response 

Clonal 
expansion 
CSR 
and SHM 

plasma 
cell 

Stem cells in 
bone marrow 
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rearrangement 

8 cell memory 

Somatic 
mutation 

SHM 
.. 

CSR 
Memory 8 cell 

Secondary response 

Clonal 
expansion � 
luther CSR 
and SHM 

-\ 
> 1--t <� 
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FIGURE 18.29 B cell differentiation is responsible for 
acquired immunity. Initial exposure of mature B cells to 
antigen results in a primary response and generation of 
memory cells. Subsequent exposure to antigen induces a 
secondary response through activation of the memory cells. 

also undergo the V (D )J gene rearrangement and 
apparently are selected for expression of a partic
ular repertoire of antibody specifidties. They may 
be involved in natmal inmmnity; that is, they 
may possess the intrinsic ability to respond in a 
T�iudependent fashion to many naturally occur
ring antigens, particularly bacteJial components, 
such as polysaccharides and lipopolysaccharides. 
B-1 cells are the main somce ofnatmal antibod
ies. Natural antibodies are mainly IgM that bind a 
variety of microbial components and products as 
well as self-antigens. They are important compo
nents of the first line of defense against bacterial 
and viral infections and may provide the tem
plates for high-affinity, antiseli autoantibodies 
that mediate autoimmune pathology. 
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The T Cell Receptor for 
Antigen (TCR) Is Related 
to the BCR 

Key concepts 

• T cells use a mechanism of V(D)J recombination 
similar to that of B cells to express either of two 
types of TCR. 

• TCRa� is found on more than 95% and TCR-y8 on 
less than 5% ofT lymphocytes in the adult. 

• The organization of the TCRa locus resembles 
that of the lgK locus; the TCR� resembles the IgH 
locus, the TCR-y, the IgA. locus. 

B and T cells use similar evolutionary con
served mechanisms to express significant diver
sity in BCR and TCR variable regions. The TCR 
consists of two differentprotei11 chains. In adult 
mice, more than 95% ofT cells express a TCR 
consisting of a and 13 chains (TCRaj3), whereas 
less than 5% of T cells express TCR consisting 
of 'Y and 8 chains (TCR-y8). TCRal3 and TCR-y8 
are expressed at different times during T cell 
development (FIGURE 18.30) . TCR-y8 is synthe
sized at an early stage ofT cell development. It 
is the only TCR expressed during the first 1 5  
days of gestation, but is virtually lost by birth, 
at day 20. TCRal3 is synthesized later in T cell 
development than TCR-y8, being first expressed 
at days 1 5  to 1 7  of gestation. At birth, TCRal3 is 
the predominantTCR. TCRal3 is synthesized by 

Thymocyte 

-y 8 synthesis 

a� synthesis 

FIGURE 18.30 The TCR-y8 receptor is synthesized early 
in T cell development. TCRa� is synthesized later and is 
responsible for cell-mediated immunity, in which target 
antigen and host MHC are recognized together. 

a separate lineage of cells from those expressing 
TCR-y8 and involves independent rearrange
Juent events. 

Like the BCR, the TCR must recognize a 
foreign antigen of virtually any possible struc
ture. The TCR resembles in structure the BCR. 
The V sequences have the same general internal 
organization in both theTCR and the BCR. The 
TCR constant region is related to tl1e lg constant 
regions, but has a single C domain followed 
by transmembrane and cytoplasmic portions. 
The exon-intron structure reflects the protein 
function. The organization and configuration 
of the TCR genes are highly similar to those of 
the BCR/Ig genes. Each TCR locus ( aJJ, y, and b) 
is orga11ized i11 a fashioll similar to that of the Ig 
locus, with separate gene segme11ts that are brought 
together by a recombinatio11 reactio11 specific to the 
lymphocyte. The components are similaT to those 
found in the three lg loci: 1gH, lgK, and IgA.. The 
TCRa and TCR-y chains are generated by V J 
recombination, while TCRI3 and TCR')' chains 
are generated by VDJ recombination. 

The TCRa locus resembles the lgK locus, 
with Va gene segn1ents separated from a clus
ter of Ja segments that precedes a single Ca 
gene segn1ent (FIGURE 18.31). The organization 
of the TCRa locus is similar in both humans 
and mice, with some differences only in the 
number of V" gene segn1ents and Jcr segments. 
In addition to the a segments, this locus also 
contains embedded 8 segments. The organiza
tion of the TCRI3 locus resembles that of the 
IgH locus, although the large cluster ofV13 gene 
segments lies upstream of tvvo clusters, each 
containing a D segment, several J13 segments, 
and a C13 gene segment (FIGURE 18.32). Again, 
the only differences between humans and mice 
are in the numbers ofV13 and J13 genes. 

Diversity in the TCR is generated by the 
same mechanisms as in the BCR. Germline 
encoded (intrinsic) diversity results from the 

Mouse and human organization 

V"1-4BV0V" Dr, J0 Ca Ju1-100 C" 

kb 140 120 100 80 60 40 20 

Human a summary: 42 V 61 J 

FIGURE 18.3 1  The human TCRa locus contains 
interspersed a and 8 segments. A Vs segment is located 
within the Va cluster. The 0-J-Cs segments lie between 
the V gene segments and the J-Ca segments. The mouse 
locus is similar, but includes more Vs segments. 
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Mouse and human organization 
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Human 1?. summary: 47V, 2 D, 1 3  J 
FIGURE 18.3 2 The TCR� locus contains many V gene seg
ments spread over -500 kb that lie -280 kb upstream of 
the two 0-J-C clusters. 

combination of a variety of V, D, and J seg
ments; some additional diversity results from 
the introduction of new sequences at the junc
tions between these components, in the form 
of P and/or N nucleotides. The recombination 
of TCR gene segments occurs in the thymus 
through mechanisms highly similar to those 
of the BCR in B cells. Appropriate nonamer
spacer-heptamer unit RSSs direct it. These RSSs 
are identical to those used in Ig genes and are 
handled by the same enzymes. As in the BCR/ 
lg loci, most rearrangements in the TCR loci 
occur by deletion. Rearrangements ofTCR gene 
segments, like those of BCR genes, may be pro
ductive or nonproductive. Like the lg locus in B 
cells, the transcription factors that control and 
mediate the rearrangement of the TCR locus in 
T cells j ust begin to be appreciated. 

The organization of the TCR')' locus 
resembles that of the lgA locus, with V')' gene 
segments separated from a series of J')'-C')' seg
ments (FIGURE 18.33 ). The TCR')' locus displays 
relatively little diversity, with -8 functional 
V')' segments. The organization is different in 
humans and mice. The mouse TCR')' locus has 
3 functional JY-C'Y segments. The human TCR-y 
locus has multiple J')' segments l'or each C-y gene 
segment. 

The cluster of genes encoding the TCR8 
chain lies entirely embedded in theTCRa locus, 
between the Va and Ca genes (Figure 18.3 1 ) .  

Mouse 
v 

• • 
· · ·· - · - · · 
Direction of expression 

Human 
v 

kb 100 80 60 40 20 

FIGURE 18.33 The TCR-y locus contains a small number of 
functional V gene segments (and also some pseudogenes 
not shown) that lie upstream of the J-C loci. 

The V� gene segments are interspersed within 
the Va. gene segments. Overall, the number of 
TCR Vy and Va gene segments is much lower 
than that of V a. and V� gene segments. Never
theless, great diversity is generated at the TCR8 
locus, as DO rearrangements occur frequently, 
each of them entailing N nucleotide additions. 
The embedding of the TCR8 cluster of Da and 
h genes and the Cr. gene in the TCRa locus 
implies that expression ofTCRa� and TCR')'8 is 
mutually exclusive at any one allele, because all 
the Dr., h, and Cr. gene segments are lost once 
a V u-Ju rearrangement occurs. 

DO rearrangements also occur at the TCR� 
locus, resulting from DO joinings. The TCR� 
locus shows allelic exclusion in much the same 
way as the lg locus; rearrangement is suppressed 
once a productive allele has been generated. 
The TCRa locus may be different; several cases 
of continued rearrangements suggest the pos
sibility that substitution of Va sequences may 
continue after a productive allele has been gen
erated. Unlike the lgH, lgK, and lgA loci, none 
of the TCR loci undergoes SHM or a process 
resembling CSR. 

The TCR Functions in 
Conjunction with the M HC 

Key concepts 

• The TCR recognizes a short peptide set in the 
groove of an MHC molecule on the surface of an 
antigen-presenting cell (APC). 

• The recombination process to generate functional 
TCR chains is intrinsic to the development of 
T cells. 

• The TCR is associated with the CD3 complex that is 
involved in transducing TCR signals from the cell 
surface to the nucleus. 

T cells expressing TCRa� comprise subtypes 
that have a variety of functions related to inter
actions with other cells of the immune system. 
CTLs possess the ability to lyse a target cell. Th 
cells help the activation/generation of CTLs or 
help the differentiation ofB cells into antibody
producing cells. 

The BCR/antibody and the TCR differ 
in their modalities of interaction with their 
ligands. A BCR/antibody recognizes a small 
area (epitope) within the antigen, which can 
be composed of linear sequences (six to eight 
amino acids) identifying a linear determinant 
or a cluster of amino acids brought together 
by the three-dimensional structure of the anti 
gen (conformation detenninant). A TCR binds 
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a peptide derived from the antigen upon pro
cessing by an antigen-presenting cell (APC). 
The peptide is generated when the proteasome 
degrades the antigen protein within the APC. 
It is "presented" to the T cell by the APC in 
the context of an MHC protein, in a groove 
on the surface of tl1e MHC. Thus, the T cell 
simultaneously recognizes the peptide and an 
MHC protein carried by the APC. Both Th cells 
and CTLs recognize the antigen in this fash
ion, but with different requirements-that is, 
they recognize peptides of different sizes and 
as presented in conjunction with different 
types of MHC proteins (see the next section in 
this chapter titled The Major Histocompatibility 
(M HC) Locus Comprises a Cohorto[Ge11es lttvolved i11 
Jmmu11e Recognition ). Th cells recognize peptide 
antigens, 13-20 amino acids long, presented 
by MHC class II proteins, whereas CTLs recog
nize peptide antigens, S-10 amino adds long, 
presented by MHC class I proteins. The TCRal3 
provides the structural correlate for the helper 
Tb cell function and for the CTL function. In 
both cases, TCRal3 recognizes both the antigenic 
peptide and the self-MHC protein. A given TCR 
has spedficity for a particular MRC, as well as 
for the assodated antigen peptide. The basis for 
this dual recognition capacity is the most inter
esting structural feature of tl1e TCRal3. 

Recombination to generate functional TCR 
chains is linked to the development of the T 
lymphocyte (FIGURE 18.34). The first stage con
sists in  rearrangement to form an active TCRI3 
chain. This binds a nonrearranging surrogate 
TCRa chain called pre-TCRa. At this stage, the 
lymphocyte has not yet expressed on the surface 
either CD4 or CDS. The pre-TCR heterodimer 
then assodates with the CD3 signaUng complex 
(see the next paragraph). Signaling from the 
complex triggers several rounds of cell division, 
during which TCRa chains are rearranged, and 
the CD4 and CDS genes are turned on, so that 
the lymphocyte transitions from CD4 -ens-or 
double-negative (DN) thymocyte to CD4+cns+ 
or double-positive (DP) thymocyte. TCRa chain 
rearrangement continues in the DP thymocytes. 
The maturation process continues through both 
positive selection (for mature TCR complexes 
able to bind a self-ligand with moderate affin
ity) and negative selection (against complexes 
that interact with self-ligru1ds at high affinity). 
Both positive ru1d negative selection involve 
interaction with MHC proteins. DP thymocytes 
either die within 3 to 4 days or become mature 
lymphocytes, as the result ofthe selection pro
cess. The surface TCRal3 heterodimer becomes 
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RAG-mediated 
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TCR� expression 

TCR� is paired with 
surrogate a chain 

Pre-TCR a expression 

CD4 and CDS 
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FIGURE 18.34 T cell development proceeds through 
sequential stages. 

cross linked on the surface during positive 
selection, which rescues the thymocyte from 
apoptosis (nonnecrotic cell death). If thymo
cytes survive the subsequent negative selection, 
they give rise to the separate T lymphocyte sub
sets CD4+cns- and CD4-cns+ cells. 

The TCR is associated with the CD3 com
plex of proteins, which are involved in trans
mitting a signal from the surface of the cell to 
the nucleus, when the TCR is activated by bind
ing of antigen (FIGURE 18.35 ). The interaction of 
the TCR variable regions with antigen causes 
the � chain of the CD3 complex to signal T cell 
activation, in a fashion compa.rable to the BCR 
Iga and lgl3 complex signaling B cell activation. 

Considerable diversity is required for recog
nition of a foreign antigen, which requires the 
ability to respond to novel structures, and for rec
ognition of the MHC protein, which is restricted 
to one of the many different MHC proteins 
encoded in the genome. Th cells and CTLs rely 
upon different classes of MHC proteins; however, 
they use the san1e pool of TCRa and TCRI3 or 
TCR-y ru1d TCR8 gene segn1ents to assemble their 
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CD3 CD3 

Signaling 

FIGURE 18.35 The two chains of the T cell receptor associate with the 
polypeptides of the CD3 complex. The variable regions of the TCR are 
exposed on the cell surface. The cytoplasmic domains of the � chains 
of CD3 provide the effector function. 

TCRs. Even allowing for the introduction of addi
tiona) variation during the TCR recombination 
process, the number of differentTCRs generated 
is relatively limited, but nevertheless sufficient to 
satisfy the diverse demands imposed by the vari 
ety of TCR ligands. This is made possible by the 
relatively low binding affinity requirements of 
theTCR-peptide/MHC interaction, which allows 
for one TCR to interact with multiple different 
ligands sharing some similarities. 

The Major 
Histocompatibility 
Complex (M HC) Locus 
Comprises a Cohort 
of Genes Involved in 
Immune Recognition 

Key concepts 
• The M HC locus codes for Class I, Class II, and 

Class III molecules. Class I proteins are the 
transplantation antigens distinguishing "self" 
from "nonself." Class II proteins are involved in 
interactions ofT cells with APCs. 

• MHC Class I molecules are heterodimers consist
ing of a variant a chain and the invariant l32 
microglobuli n. 

• M HC Class II molecules are heterodimers consisting 
of an a chain and a 13 chain. 

MHC molecules have evolved to maximize 
the efficacy and flexibility of their function: to 
bind peptides derived from microbial pathogens 

and present them to T cells. In response to a 
strong evolutionary pressure to eliminate a 
large variety of microorganisms, these MHC 
proteins have evolved as encoded by polygenic 
(several sets of genes in all individuals) and 
polymorphic (multiple variants of gene within 
the population at large) cohorts of genes, the 
MHC genes. In humans, MHC is also called 
human leukocyte antigen (HLA). MHC proteins 
are dimers inserted in the plasma membrane, 
with a major part of the protein protruding on 
the extracellular side. Of the three human MHC 
classes, Class I and Class II are the most impor
tant in immunobiology and the clinical setting. 
The structures of MHC Class I and Class II mol· 
ecules are related, although they are made up 
of different components (FIGURE 18.36) . 

MHC class I molecules consist of a het
erodimer of the Class I chain (a) itself and the 
132-microglobulin (132M protein). The Class I 
chain is a 45 -kD transmembrane component 
that has three external domains (each appro xi
mately 90 amino acids long), one of which inter
acts with 132-microglobulin, a transmembrane 
domain (approximately 40 residues) and a 
short cytoplasmic domain (approximately 
30 residues). MHC Class II molecules consist 
of two chains, ex and !3, whose combination 
generates an overall structure in which there 
are two extracellular domains. There are three 
classified (or major) class In-chain genes in 
humans: HLA·A, HLA·B, and HLA·C. The 132-
microglobulin is a secreted protein of 12 kD. 
It is needed for the class I chain to be trans
ported to the cell surface. Mice lacking the 
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FIGURE 18.36 Class I and Class II MHC have a related struc
ture. Class I antigens consist of a single polypeptide (a) 
with three external domains (a1, a2, and a3) that interacts 
with 13rmicroglobulin (132M). Class II antigens consist of 
two polypeptides (a and 13), each with two domains (a1 
and a2, and 131 and 132) with a similar overall structure. 

132-microglobulin gene express no MHC class 
I antigens on the cell surface . There are three 
major pairs of Class IIa- and 13-chain genes in 
humans: HLA-DR, HLA-DP, and HLA-DQ. 

The MHClocus occupies a small region of a 
single chromosome in mice histocompatibility 
2 (H2 locus on chromosome 17) and in humans 
(human leukocyte antigen or HLA locus on 

Codes for 
Class I MHC 480 kb 

Extended 
II region 

Codes for 
Class II MHC 

845 kb 

Mouse 

700 kb 

Codes for 
Class Ill genes 

700 kb 

chromosome 6). These regions contain multiple 
genes. Also located in these regions are genes 
coding for proteins found on lymphocytes and 
macrophages that have a related structure and 
are important in the function of cells of the 
immune system. 

The genes of the MHC locus are grouped 
in three clusters according to the structures 
and immunological properties of the respec
tive products. The MHC region was originally 
defined by genetics in the mouse, where the 
classical H2 region occupies 0.3 map units. 
Together with the adjacent region, where muta
tions affecting immune function are also found, 
this corresponds to an approximately 2000-kb 
region. The MHCregion is generally conserved 
in mammals, as well as in some birds and fish. 
The genomic regions where the Class I and Class 
II genes are located mark the original boundar
ies of the locus, from telomere to centromere 
( FIGURE 18.37 : right to left). The genes in the 
Class III region, which separate Class I from 
Class II genes, encode many proteins with a 
variety of functions. Defining the ends of the 
locus varies with the species; the area beyond 
the Class I genes on the telomeric side is called 
the extended Class I region. Likewise, the 
region beyond the Class II gene cluster on the 
centromeric  side is referred to as the extended 
Class II region. The major difference between 
mice and humans is that the extended Class 
II region contains some Class I (H2-K) genes 
. . 
111 mice. 

The organization of Class I genes is based 
on the structure oftheirproducts (FIGURE 18.38). 
The first exon encodes a signal sequence, 

860 kb 
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Class I MHC 
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Extended 
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100 kb Human Telomere 

FIGURE 18.37 The MHC region extends for more than >2 Mb_ MHC proteins of Classes I and II 
are encoded by two separate regions_ The Class III region is defined as the segment between 
them_ The extended regions describe segments that are syntenic on either end of the cluster_ 
The major difference between mouse and human is the presence of H2 Class I genes in the 
extended region on the left_ The murine locus is located on chromosome 17, and the human 
locus is located on chromosome 6_ 
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FIGURE 18.38 Each class of M HC genes has a character
istic organization, in which exons represent individual 
protein domains. 

cleaved from the protein during membrane 
passage. The next three exons encode each of 
the external domains. The fifth exon encodes 
the transmembrane domain. The last three 
rather small exons together encode the cyto
plasmic domain. The only difference in the 
genes for human transplantation antigens 
is that their cytoplasmic domain is coded by 
only two exons. The exon encoding the third 
external domain of the Class I genes is highly 
conserved relative to the other exons. The con
served domain probably represents the region 
that interacts with 13rmicroglobulin, which 
explains the need for constancy of structure. 
This domain also exhibits homologies with 
the constant region domains of Igs. Most of 
the sequence variation between Class I alleles 
occurs in the first and second external domains, 
sometimes taking the form of a cluster of base 
substitutions in a small region. 

The gene for 13rmicroglobulin is located 
on a separate chromosome. It has four exons, 
the first encoding a signal sequence, the second 
encoding the bulk of the protein (from amino 
acids 3 to 95), the third encoding the last four 
amino acids and some of the nontranslated 
UTR, and the last encoding the rest of the UTR. 
The length of 132-microglobulin is similar to that 
of an Ig V gene; there are certain similarities in 
amino acid constitution, and there are some 
(limited) homologies of nucleotide sequence 
between 132-microglobulin and Ig constant 
domains or type I gene third external domains. 

MHC Class I genes encode transplantation 
antigens. They are present on every mammalian 
cell. As their name suggests, these proteins are 
responsible for the rejection of foreign tissue, 
which is recognized as such by virtue of its par
ticular array of transplantation antigens. In the 
immune system, their presence on target cells is 

required for cell-mediated responses. The types 
of Class I proteins are defined serologically by 
their antigenic properties. The murine Class I 
genes encode the H2-K and H2-D/L proteins. 
Each mouse strain has one of several possible 
alleles for each of these proteins. The human 
Class I genes encode the classical transplan
tation antigens, HLA-A, HLA-B, and HLA-C. 
Some HLA Class I-like genes lie outside the 
MHC locus. Notable among these genes are 
those of the small CD 1 family. CD 1 genes code 
for proteins expressed on DCs and monocytes. 
CD 1 proteins can bind glycolipids and present 
them toT cells, which are neither CD4nor CD8. 

MHC Class II genes code for the MHC Class 
II proteins. These are expressed on the surfaces 
of both B and T lymphocytes, as well as on 
macrophages and dendritic cells. MHC Class II 
molecules are critically involved in antigen pre
sentation and communications between cells 
that are necessary to induce a specific immune 
response. In particular, they are required forTh 
cell function. The murine Class II genes were 
originally identified as immune response (Ir) 
genes, that is, genes whose expression made 
possible an immune response to a given antigen 
to be triggered; hence, the I-A and I-E termi
nology. The human Class II region (also called 
HLA-D) is arranged into HLA-DR, HLA-DP, and 
HLA-DQ subregions. This region also includes 
several genes that are related to the initiation 
of antigen -specific response, namely, antigen 
presentation. These genes include those encod
ingTAP and LMP as well as those encoding the 
DM and DO molecules, which regulate peptide 
loading onto classical Class II molecules. Class II 
gene expression of nonclassical MHC Class II 
is induced by IFN--y through CIITA, the MHC 
Class II transcriptional activator. 

MHC Class III genes occupy a "transitional" 
region between Class I and Class II regions. 
The Class III region includes genes coding for 
complement components, including C2, C4, 
and factor B. The role of complement factors 
is to interact with antibody-antigen complexes 
and mediate activation of the complement 
cascade, eventually lysing cells, bacteria, or 
viruses. Other genes lying in this transitional 
region include those encoding tumor necrosis 
factor-a (TNF-a}, lymphotoxin-a (LTA), and 
lymphotoxin-13 (LTB) .  

There are several hundred genes in theMHC 
regions of mammals, but it is possible for MHC 
functions to be provided by far fewer genes, 
as in the case of chickens, where the MHC 
region is 92 kb and comprises only 19 genes. 
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In comparison to other gene families, there 
are differences in the exact numbers of genes 
devoted to each function. The MHC locus shows 
extensive variation between individuals, and 
a number of genes may be different in differ
ent individuals. As a general rule, however, a 
mouse genome has fewer active H2 genes than 
a human genome. The Class II genes are unique 
to mammals (except for one subgroup); birds 
and fish have different genes in their place. 
There are approximately 8 functional Class I 
genes in humans and about 30 in mice. The 
Class I region also includes many other genes. 
The Class III regions are very similar in humans 
and mice. MHC Class I and Class II genes are 
highly polymorphic, with the exception of 
human HLA-DRa and the mouse homologue 
HrEa, and likely arose as a result of extensive 
gene duplications. Further divergence arose 
through mutations and gene conversion. 

Summary 
Virtually all the genes discussed in this chap
ter likely descended from a common ancestor 
gene that encoded a primitive protein domain. 
Such a gene would have encoded a protein that 
mediated nonspecific defense against a variety 
of microbial pathogens. It is possibly the ances
tor of the conserved genes coding for the more 
than 20 antifungal, antibacterial, and antiviral 
peptides in Drosophila. Further duplication and 
evolution of these genes likely gave rise to the 
diverse repertoire of Ig V (D )J and C genes in 
the lg and TCR loci, as well as the genes in the 
MHC locus. 

The immune system has evolved to respond 
to an enormous variety of microbial pathogens, 
such as bacteria, viruses, and other infectious 
agents. This is accomplished by triggering a virtu
ally immediate response that recognizes common 
structures or MAMPS shared by many pathogens 
using PRRs. The diversity of these receptors is 
limited and encoded in the germline. The PRRs 
involved are typically members of the Toll-like 
class of receptors, and the related signaling path
ways resemble the pathway triggered by Toll 
receptors during embryonic development. The 
pathway culminates in activation of transcrip
tion factors that cause genes to be expressed, and 
whose products inactivate the infective agent, 
typically by permeabilizing its membrane. 

The innate immune response is triggered in 
different ways and to different degrees, depend
ing on the nature of the foreign microbial 

antigen inducing it. It contains (to some degree) 
the invading microorganism during the early 
stages of infection, but fails in general to limit 
the spreading of the infection in later stages or 
to eradicate the invading microbial pathogen. 
The innate immune response is nonspecific 
and does not generate immunological memory. 
Nevertheless, through differential modulation 
of the innate effector cells and molecules, the 
nature of the antigen determines the nature 
and magnitude ofthe adaptive response even
tually mounted against that antigen. 

The adaptive immune response relies on 
BCR and TCR, which play analogous recogni
tion functions on B cells and T cells, respectively. 
The BCR or TCR components are generated by 
rearrangement of DNA in a single lymphocyte. 
Many different rearrangements occur early 
in the development of B and T cells, thereby 
creating a large repertoire of immune cells of 
different specificities. Exposure to an antigen 
recognized by the BCR or TCR leads to clonal 
expansion to give rise to many progeny cells 
that possess the same specificity as the original 
(parental) cell. The very large number of BCRs/ 
TCRs available in the primary B andT cell reper
toire, to create a high probability of recognizing 
any foreign molecule, provides the structural 
basis for this selection process. 

Each lg protein is a tetra mer containing two 
identical H chains and two identical L chains. A 
TCR is a dimer containing two different chains. 
Each polypeptide chain is expressed from a gene 
created by recombining one of many V gene 
segments with D segments and J segn1ents, as 
linked to one of a few C segn1ents. lg L chains 
(either lgK or lgX.) have the general structure 
V J -C, IgH chains have the structure VDJ -C, TCR 
a and"' chains resemble lgL chains, and TCR8 
and TCRI3 resemble lgH chains. 

V(D)J gene segments and their organiza
tion are different for each type of chain, but 
the principle and mechanism of recombination 
appear to be the same. The same nonamer
spacer-heptamer RSSs are involved in each 
recombination; the reaction always involves 
joining of an RSS with 23 -bp spacing to an RSS 
with 12-bp spacing. The cleavage reaction is 
catalyzed by the RAG l!RAG2 proteins, and 
the joining reaction is catalyzed by the same 
elements of the general NHEJ pathway that 
repairs DSBs. The mechanism of action of the 
RAG proteins is related to the action of site
specific recombination catalyzed by resolvases. 
Recombining different V(D)J segments gener
ates considerable diversity; however, additional 
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variations are introduced in the form of trunca
tions and/or additions of N nucleotides at the 
junctions between V(O)J DNA segments dur
ing the recombination process. A productive 
rearrangement inhibits the occurrence of fur
ther rearrangements (allelic exclusion). Allelic 
exclusion ensures that a given lymphocyte syn
thesizes only a single BCR or TCR. 

Mature B cells express surface lgM and !gO 
BCR. After encounter of antigen and activation, 
these B cells start secreting the corresponding 
IgM antibodies using a mechanism of differ
ential or alternative splicing. This underlies 
the expression of a membrane-bound version 
of a BCR and its corresponding secreted ver
sion (antibody). BCRs/TCRs that recognize the 
body's own proteins are screened out early in 
the process. B and T cell clones are expanded 
and further selected in response to antigen dur
ing the primary immune response. Activation 
of the BCR on B cells triggers the pathways 
of the humoral response; activation of the 
TCR on T cells triggers the pathways of the 
cell-mediated response. The primary immune 
(adaptive) response is characterized by a latency 
period-generally a few days-required for the 
clonal selection and proliferation of the B cells 
and/or T cells specific for the antigen, be i t  on 
a bacterium or a virus or other microorganism, 
driving the response. Clonal selection of B or 
T cells relies on binding of antigen to BCR and 
TCR on selected B and T cells (clones). These 
clones are significantly expanded in size and 
undergo SHM and CSR in the late stages of 
the primary response. Reexposure to the same 
antigen induces a secondary response, which 
has virtually no latency period and is much big
ger in magnitude and more specific than the 
primary response. 

SHM and CSR continue to occur in the sec
ondary response, upon reexposure to the same 
antigen. SHM inserts point mutation changes in 
Ig V(O)J gene sequences. It requires the actions 
of the AID cytidine deaminase and the Ung 
glycosylase. Mutations induced by AID lead, 
in most cases, to removal of deoxyuridine by 
Ung, and bypassing of abasic sites by TLS poly
merases and/or recruitment of elements of the 
MMR machinery. The use of the V region is 
fixed by the first productive rearrangement, but 
B cells undergo CSR, thereby switching use of 
CH genes from the initial Cf.L chain to one of 
the CH chains lying farther downstream. This 
process involves a different type of recombina
tion in which the DNA intervening between the 
VHDJH region and the new CH gene is deleted 

and rejoined as a switch circle. More than one 
CSR event can occur in a B cell. CSR requires 
the same AID and Ung that are required for 
SHM. It also uses elements of the NHEJ path
way of DNA repair. Differential or alterna
tive splicing also underlies the expression of 
membrane and secreted forms of all switched 
isotypes: IgG, IgA, and lgE. 

SHM and CSR occur in peripheral lym
phoid organs and are critical in the maturation 
of the antibody response and the generation of 
immunological memory. Immunological mem
ory provides protective immunity against the 
same antigen that drove the original response. 
Thus, the organism retains a memory of the 
specific B and/orT cell response. The principles 
of adaptive immunity are similar, albeit some
what different in details, throughout the ver
tebrates. Such memory enables the organism 
to respond more rapidly and vigorously once 
exposed again to the same pathogen, and pro
vides the cellular and molecular basis for design 
and use of vaccines. 

References 

1111 The Immune System: Innate and 
Adaptive Immunity 

Reviews 
Chaplin, D. D. (2010). Overview of the immune 

response. J. Allergy Cli11. lmmu11ol. 12 5, S3-S23. 

Paul. W. E. (2012). Bridging innate and adaptive 

immunity. Ce// 1 47, 1212-121 5. 

Schenten, D., and Medzhitov, R .  (20 I I ) .  The 

control of adaptive immune responses by the 

innate immune system. Adv. 111111111110/. I 09, 
87-124. 

Reviews 

The Innate Response Utilizes Conserved 
Recognition Molecules and Signaling 
Pathways 

Blasius, A .• and Bentler, B. (2010). Intracellular 

Toll-like receptors. lmmu11ity 31, 305-3 1 5. 
Cerutti, A .• Pu, G., and Cols, M. (20ll) . lnnate 

control of B cell responses. Trmds lmmu11ol. 
32, 202-2 1 I .  

Ferrandon, D .• Imler, J. L., Hetru, C., and 

Hoffmann, J. A. (2007). The Drosophila 
systemic immune response: sensing and sig

nalling during bacterial and fungal infections. 

Nature Rev. lmmu11ol. 7, 862-874. 

Janeway, C. A., Jr., and Medzhitov, R .  (2002) 

Innate immune recognition. A111111. Rev. 
[lllllll/1101. 20, 197-216. 

References 499 



Kawai, T., and Akira, S.  (2010) .  The role of 

pattern-recognition receptors in innate 

immunity: update on Toll-like receptors. 

Nat. lmmunol. I L 373-384. 

Kawai, T., and Akira, S.  (201 1 ) .  Toll-like receptors 

and their crosstalk with other innate recep

tors in infection and immunity. Immunity 34, 

637-650. 

Lee, M.  S ., and Kim, Y. J. (2007). Signaling 

pathways downstream of pattern-recognition 

receptors and their cross talk. Amw. Rev. 

Biochem. 76, 447-480. 

Moresco, E. M., LaVine, D., and Beutler, B .  (20 1 1 ) .  

Toll-like receptors. Curr. Bioi. 21 ,  R488-R493. 

Palm, N .  W., and Medzhi tov, R . (2009). Pattern 

recognition receptors and control of adaptive 

immunity. lmmunol. Rev. 227, 221-233. 

Ronald, P. C., and Beutler, B .  (2010) .  Plant and 

animal sensors of conserved microbial signa

tures. Science 330, 1061-1064. 

Research 
Baeuerle, P. A., and Baltimore, D. ( 1 988). lKB: a 

specific inhibitor of the NF-KB transcription 

factor. Science 242, 540-546. 

Carty, M., Goodbody, R., Schroder, M., Stack, J., 

Moynagh, P. N., and Bowie, A. G. (2006). 

The human adaptor SARM negatively regulates 

adaptor protein TRIP-dependent Toll-like 

receptor signaling. Nat. lmmunol. 7, 1074-1 08 1 .  

Jiang, Z., George), P., Li, C., Choe, J., Crozat, K., 

Rutschmann, S., Du, X., Bigby, T., Mudd, 

S., Sovath, S., Wilson, I .  A., Olson, A., and 

Beutler, B .  (2006). Details of Toll-like recep

tor: adapter interaction revealed by germ-line 

mutagenesis. Proc. Nat/. Acad. Sci. U. S. A. I 03, 

10961-10966. 

Kagan, J. C., Su, T., Horng, T., Chow, A., Akira, S., 

and Medzhitov, R .  (2008). TRAM couples en

docytosis of Toll-like receptor 4 to the induc

tion ofinterferon-!3. Nat. Immuno/. 9, 361-368. 

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, 

J .  M., and Hoffmann, J. A. (1996) .  The dorso

ventral regulatory gene cassette spatzle/Toll/ 

cactus controls the potent antifungal response 

in Drosophila adults. Cell 86, 973-983. 

Medzhitov, R., Preston-Hurlburt, P., and Janeway 

Jr., C. A .  ( 1 997). A human homologue of the 

Drosophila Toll protein signals activation of 

adaptive immunity. Nature 388, 394-397. 

Oshi umi, H., Matsumoto, M ., Funami, K ., 

Akazawa, T., and Seya, T. (2003). TICAM-1, 

an adaptor molecule that participates in 

Toll-like receptor 3-mediated interferon-beta 
induction. Nat. Immunol. 4, 1 61-167. 

Poltorak, A., He, X., Smirnova, I., Liu, M.  Y., 

Van HuffeL C., Du, X., Birdwell, D., Alejos, 

E., Silva, M., Galanos, C., Freudenberg, M., 

Ricciardi-Castagnoli, P., Layton, B., and 

Beutler, B .  ( I  998). Defective LPS signaling in 

C3H/HeJ and C57BLIIOScCr mice: mutations 

in Tlr4 gene. Science 282, 2085-2088. 

Rock, F. L., Hardiman, G., Timans, J. C., Kastelein, 

R .  A., and Bazan, J .  F. (1998). A family of hu

man receptors structurally related to Drosophila 

Toll. Proc. Nat/. Acad. Sci. U. S. A. 95, 588-593. 

Rogozi n, I. B., Iyer, L. M ., Liang, L., Glazko, G. V., 

Liston, V. G., Pavlov, Y. I., Aravind, L., and 

Pancer, Z. (2007). Evolution and diversifica

tion of lamprey antigen receptors: evidence 

for involvement of an AID-APOBEC family 

cytosine de ami nase. Nat. Immuno/. 8, 64 7-6 56. 

Sen, R., and Baltimore, D. ( 1 986). Inducibility of 

K immunoglobulin enhancer-binding protein 

NF-KB by a posttranslational mechanism. Cell 

4 7, 921-928. 

Wesche, H., Henzel, W. J., Shillinglaw, W., Li, S., 

and Cao, Z. ( 1 997). MyD88: an adapter that 

recruits IRAK to the IL- I receptor complex. 

Immunity 7, 837-847. 

Adaptive Immunity 

Reviews 
Goodnow, C. C., Vinuesa, C. G., Randall, K .  L., 

Mackay, F., and Brink, R .  (201 0).  Control 

systems and decision making for antibody 

production. Nat. Immunol. 8, 681-688. 

Hirano, M., Das, S., Guo, P., and Cooper, M. D. 

(20 I I ) .  The evolution of adaptive immunity 

in vertebrates. Adv. lmmunol. I 09, 125-157. 

Jiang, H., and Chess L. (2009). How the immune sys

tem achieves self-nonself discrimination during 

adaptive immunity. Adv. Immuno/. I 02, 95-I 33.  

Surh, C. D., and Sprent, J. (2008) . Homeostasis of na

ive and memory T cells. Immunity 29, 848-862. 

Tangye, S.  G., and Tarlinton, D. M. (2009). Memory 

B cells: effectors of long-lived immune 

responses. Bur. J. Immunol. 39, 2065-2075. 

Reviews 

Clonal Selection Amplifies Lymphocytes 
That Respond to a Given Antigen 

Hodgkin, P. D., Heath, W. R., and Baxter, A. G. 

(2007). The clonal selection theory: 50 years 

since the revolution. Nat. lmmunol. 8, 

I 0 I 9-l 0 I 2 .  

Neuberger, M. S. (2008). Antibody diversification 

by somatic mutation: from Burnet onwards. 

Immunol. Cell Bioi. 86, I 24-l 32 .  

Tarlinton, D. M.  (2008). Evolution in miniature: 

selection, survival and distribution of antigen 

reactive cells in the germinal centre. lmmunol. 

Cell Bioi. 86, I 3 3-1 38. 

Reviews 

Ig Genes Are Assembled from Discrete 
DNA Segments in B Lymphocytes 

Cobb, R . M., Oestreich, K .  J., Osipovich, 0. A., 

and Oltz, E. M. (2006). Accessibility control 

of V(D)J recombination. Adv. Immuno/. 91,  

45-109. 

500 CHAPTER 18 Somatic Recombination and Hypermutation in  the Immune System 



Jung, D., Giallourakis, C., Mostoslavsky, R., and 
Alt, F. W. (2006). Mechanism and control of 

V(D)J recombination at the immunoglobulin 
heavy chain locus. A111111. Rev. 1111111UIIol. 24, 
541-570. 

Kuo, T. C., and Schlissel. M. S. {2009). 
Mechanisms controlling expression of the 
RAG locus during lymphocyte development. 

Curr Opin lmmunol. 2 I, I 7 3-1 7 8. 

Schatz, D. G., and Swanson, P. C. (20 1 1 ) .  V(D)J re
combination: mechanisms of initiation. A111111. 
Rev. Gmn. 45, 167-202. 

Research 
Hozumi. N., and Tonegawa, S. ( 1976). Evidence for 

somatic rearrangement of immunoglobulin 
genes coding for variable and constant regions. 

Proc. Nat!. Acad. Sci. U. S. A. 73, 3628-3632. 
Schatz, D. G., Oettinger, M. A., and Baltimore, D. 

( 1 989) .  The V(D)J recombination activating 
gene, RAG-I. Ce// 59, 1 035-1048. 

1111 L Chains Are Assembled by a Single 
Recombination Event 

Reviews 
Langerak, A. W., and van Dongen, J. J. (2006). 

Recombination in the human lgK locus. Crit. 
Rev. 1111111111101. 26, 23-42. 

Schlissel, M.S .  (2004). Regulation of activation 
and recombination of the murine lgK locus. 

1111111111101. Rev. 200, 2 1  5-223. 

Research 
Johnson, K., Hashimshony, T., Sawai, C. M., 

Pongubala, J .  M., Skok, J. A., Aifantis, !., 
and Singh, H. (2008). Regulation of immu
noglobulin light-chain recombination by the 
transcription factor IRF-4 and the attenuation 

of IL-7 signaling. /mmuuity 28, 335-345. 

Lewis, S., Gifford, A., and Baltimore, D. ( 1 98 5) .  
DNA clements are asymmetrically joined 
during the site-specific recombination of K 

immunoglobulin genes. Scimce 228, 677-685. 

IIIJ H Chains Are Assembled by Two 
Sequential Reco m bi nation Events 

Reviews 
Jung, D., Giallourakis, C., Mostoslavsky, R., and 

Alt, F. W. (2006). Mechanism and control of 
V(D)J recombination at the immunoglobulin 
heavy chain locus. Amm. Rev. 1111111111101. 24, 
541-570. 

Schatz, D. G., and Ji, Y. (20 I I ) .  Recombination 
centres and the orchestration of V(D)J recom
bination. Nat. Rev. lmmunol. I I .  251-263. 

Research 
Guo, C., Yoon, H. S., Franklin, A., Jain, S., Ebert, 

A., Cheng, H. L., Hansen, E., Despo, 0., 
Bossen, C., Vettermann, C., Bates, J. G., 
Richards, N., Myers, D., Patel. H., Gallagher, 

M., Schlissel., M. S., Murre, C., Busslinger, 

M ., Giallourakis, C. C., and A It, F. W. 

(20 1 1  ) .  CTCF-binding elements mediate 

control of V(D)J recombination. Nature 477, 
424-430. 

11!11!1 ..... 

Reviews 

Recombination Generates Extensive 
Diversity 

Bossen, C., Mansson, R., and Murre, C. (2012). 

Chromatin topology and the regulation of an

tigen receptor assembly. A111111. Rev. lmmunol. 
30, 337-356. 

Hodgkin, P. D., Heath, W. R., and Baxter, A. G. 
(2007). The clonal selection theory: 50 years 

since the revolution. Nat. lmmunol. 8, 
I 0 I 9-1 0 12 .  

Research 
Jhunjhunwala, S., van Zehn, M. C., Peak, M. M., 

Cutchin, S., Riblet, R., van Dongen, J. J., 
Grosveld, F. G., Knoch, T. A., and Murre, C. 

(2008). The 3D structure of  the immuno
globulin heavy-chain locus: implications for 

long-range genomic interactions. Cell. 133,  

265-279. 

1111 V(D)J DNA Recombination Uses RSS and 
Occurs by Deletion or Inversion 

Reviews 
Dadi, S., Le Noir, S., Asnafi, V., Beldjord, K., 

and Macintyre, E. A .  (2009). Normal and 

pathological V(D)J recombination: contribu
tion to the understanding of human lym

phoid malignancies. Adv. Exp. Med. Bioi. 650, 

180-189. 

Liu, Y., Zhang, L., and Desiderio, S. (2009). 

Temporal and spatial regulation of V(D)J re
combination: interactions of extrinsic factors 

with the RAG complex. Adv. Exp. Med. Bioi. 
650, 157-165. 

Schatz, D. G., and Ji, Y. (20 I I ) .  Recombination 
centres and the orchestration of V(D)J recom

bination. Nat. Rev. lmm11110I. I I , 2 5 1 -263. 

Swanson, P. C., Kumar, S., and Raval P. (2009). 
Early steps of V(D)J rearrangement: insights 

from biochemical studies of RAG-RSS com

plexes. Adv. Exp. Med. Bioi. 650, 1-15. 

Research 
Curry, J .D.,  Geier, J. K., and Schlissel. M. S. 

(2005). Single-strand recombination sig

nal sequence nicks in vivo: evidence for a 
capture model of synapsis. Nat. lmmunol. 6, 
1272-1279. 

Du, H., Ishii, H., Pazin, M. J., and Sen, R. (2008). 

Activation of 12/23-RSS-dependent RAG 

cleavage by hSWI/SNF complex in the 

absence of transcription. Mol. Ce// 3 1 ,  

641-649. 

References 501 



Melek, M., and Gellert, M.  (2000). RAG!/ 

2-mediated resolution of transposition 

intermediates: two pathways and possible 

consequences. Cell I 0 I ,  625-633. 

Qiu, J .  X., Kale, S.  B., Yarnell Schultz, H., and 

Roth, D. B .  (200 I ) .  Separation-of-function 

mutants reveal critical roles for RAG2 in 

both the cleavage and joining steps of V(D)J 
recombination. Mol. Cell 7, 77-87. 

Sei tan, V. C., Hao, B., Tachibana-Konwalski, K ., 

Lavagnolli, T., Mira-Bontenbal, H., Brown, 

K .  E., Teng, G., Carroll, T., Terry, A., Horan, 

K., Marks, H., Adams, D. J., Schatz, D. G., 

Aragon, L., Fisher, A. G., KrangeL M. S., 

Nasmyth, K., and Merkenschlager, M.  

(20 I I ) .  A role for cohesin in T-cell-receptor 

rearrangement and thymocyte differentiation. 

Nature 476, 467-47 1 .  

Reviews 

Allelic Exclusion Is Triggered by 
Productive Rearrangements 

Brady, B .  L., Steinel, N. C., and Bassing, C. H. 

(20 I 0 ) .  Antigen receptor allelic exclusion: 

an update and reappraisal. J. lmmunol. 185, 

3801-3808. 

Cedar, H., and Bergman, Y. (2008) . Choreography 

of lg allelic exclusion. Curr. Opin. lmmunol. 20, 

308-3 17.  

Corcoran, A. E.  (2005). Immunoglobulin locus si

lencing and allelic exclusion. Semin. lmmunol. 

17, 141-154. 

Perlot, T., and A it, F. W. (2008) . Cis-regulatory 

elements and epigenetic changes control ge

nomic rearrangements of the IgH locus. Adv. 

lmmzmol. 99, 1-32. 

Research 
Hewitt, S.  L., Farmer, D., Marszalek, K., Cadera, 

E., Liang, H. E., Xu, Y., Schlissel, M. S., and 

Skok, J. A .  (2008). Association between the 

Jgk and Jgh immunoglobulin loci mediated by 

the 3 '  lgK enhancer induces 'decontraction' of 

the IgH locus in pre-B cells. Nat. lmmunol. 9, 

396-404. 

Liang, H. E., Hsu, L. Y., Cado, D., and Schlissel, 

M. S. (2004). Variegated transcriptional 

activation of the immunoglobulin K locus in 

pre-B cells contributes to the allelic exclu

sion of light-chain expression. Cell J J8, 

19-29. 

Reviews 

RAG1/RAG2 Catalyze Breakage and 
Religation of V(D)J Gene Segments 

Bergeron, S., Anderson, D. K., and Swanson, P. C. 

(2006). RAG and HMGB I proteins: purifica

tion and biochemical analysis of recombina

tion signal complexes. Methods Enzymol. 408, 

5 1 1 -528. 

Schatz, D. G., and Ji, Y. (20 I I ) .  Recombination 

centres and the orchestration of V(D)J recom

bination. Nat. Rev. lmmuno/. I I, 2 51-263. 

Research 
Deriano, L., Stracker, T. H., Baker, A., Petrini, J. H., 

and Roth, D. B .  (2009). Roles for NBS! in 

alternative nonhomologous end-joining of 

V(D)J recombination intermediates. Mol. Cell 

34, 1 3-25. 

Difilippantonio, S., Gapud, E., Wong, N., Huang, 

C .  Y., Mahowald, G., Chen, H. T., Kruhlak, 

M.  J., Callen, E., Livak, F., Nussenzweig, 

M.  C., Steckman, B .  P., and Nussenzweig, A. 

(2008). 53BPI facilitates long-range DNA 

end-joining during V(D)J recombination. 

Nature 456, 529-533. 

Ji, Y., Resch., W., Corbett, E., Yamane, A., Casellas, 

R., and Schatz, D. G .  (20 I 0).  The in vivo pat

tern of binding of RAG I and RAG2 to antigen 

receptor loci. Cell 141,  4 19-43 1 .  

Lu, C. P., Sandoval, H., Brandt, V. L., Rice, P. A., 

and Roth, D. B .  (2006). Amino acid residues 

in Rag! crucial for DNA hairpin formation. 

Nat. Struct. Mol. Bioi. 13, I 0 I 0-1 0 1 5 .  

Ma, Y., Pannicke, U., Schwarz, K., and Lieber, M. R . 

(2002). Hairpin opening and overhang pro

cessing by an Artemis/DNA-dependent protein 

kinase complex in nonhomologous end joining 

and V(D)J recombination. Cel/ 108, 781-794. 

Tsai, C. L., Drejer, A .  H., and Schatz, D.  G. (2002). 

Evidence of a critical architectural function 

for the RAG proteins in end processing, pro

tection, and joining in V(D)J recombination. 

Genes. Dev. 16, 1934-1949. 

Yarnell Schultz, H., Landree, M . A., Qiu, J .  X., 
Kale, S.  B., and Roth, D. B .  (200 I ) .  Joining

deficient RAG I mutants block V (D) J recom

bination in vivo and hairpin opening in vitro. 

Mol. Cell 7, 65-75. 

Reviews 

8 Cell Differentiation: Early lgH Chain 
Expression Is Modulated by RNA 
Processing 

Sciammas, R., and Davis, M.  M.  (2005). Blimp - ! ;  

immunoglobulin secretion and the switch to 

plasma cells. Curr. Top. Microbial. lmmunol. 290, 

20 1-224. 

Igarashi, K ., Ochiai, K ., and M uto, A. (2007). 

A rchi lecture and dynamics of the transcrip

tion factor network that regulates B-to-plasma 

cell differentiation. J. Biochem. 141 , 783-789. 

Research 
Martincic, K., Atkan, S.  A., Cheatle, A., Borghesi, 

L., and Milcarek, C. (2009). Transcription 

elongation factor ELL2 directs immunoglobu

lin secretion in plasma cells by stimulating 

altered RNA processing. Nat. lmmzmol. I 0, 

1 1 02-1 109 .  

502 CHAPTER 18 Somatic Recombination and Hypermutation in  the Immune System 



Reviews 

Class Switching Is Effected by DNA 
Recombination (Class Switch DNA 
Recombination, CSR) 

Muramatsu, M., Nagaoka, H., Shinkura, R., 

Begum, N. A., and Honj o, T. {2007). Discovery 

of activation-induced cytidine deaminase, the 

engraver of antibody memory. Adv. lmmunol. 

94, 1-36. 

Stavnezer, J., Guikema, J .  E., and Schrader, C .  E.  

(2008}. Mechanism and regulation of class 

switch recombination. Amm. Rev. lmmunol. 26, 

261-292. 

Xu, Z., Pone, E. J., Al-Qahtani, A., Park, S. R., 

Zan, H., and Casali, P. (2007). Regulation of 

aicda expression and AID activity: relevance 

to somatic hypermutation and class switch 

DNA recombination. Grit. Rev. lmmunol. 27, 

367-397. 

Xu, Z., Zan, H., Pone, E. J ., Mai, T., and Casali, P. 

(In press). Immunoglobulin class switch DNA 

recombination: induction, targeting and be

yond. Nature Rev. lmmunol. 

Yang, S. Y., and Schatz, D. G. (2007). Targeting 

of AID-mediated sequence diversification by 

cis-acting determinants. Adv. lmmunol. 94, 

I09-I25.  

Research 
Basu, U., Chaudhuri, J., Alpert, C., Dutt, S., 

Ranganath, S., Li, G., Schrum, J. P., Manis, 

J . P., and Alt, F. W. (2005). The AID antibody 

diversification enzyme i s  regulated by pro

tein kinase A phosphorylation. Nature 438, 

508-5 I I .  

Basu, U., Meng, F. L., Keim, C., Grinstein, V., 
Pefanis, E., Eccleston, J ., Zhang, T., Myers, 

D., Wasserman, C .  R., Wesemann, D. R., 

Januszyk, K., Gregory, R. 1., Deng, H., Lima, 

C .  D., and Alt. F. W. (20 I I ) .  The RNA exo

some targets the AID cytidine deaminase 

to both strands of transcribed duplex DNA 

Substrates. Cel/ 144, 353-363. 

Geisberger, R., Rada, C., and Neuberger, M. S. 

(2009}. The stability of  AID and its function 

in class-switching are critically sensitive to the 

identity of its nuclear-export sequence. ?roc. 

Nat/. Acad. Sci. U. S. A. I 06, 6736-674 1 .  

Kinoshita, K., Harigai, M., Fagarasan, S., 

Muramatsu, M., and Honjo, T. (2001) .  A hall

mark of active class switch recombination: 

transcripts directed by I promoters on looped

out circular DNAs. ?roc. Nat/. Acad. Sci. U. S. A. 

98, 12620-12623. 

Mai, T., Zan, H., Zhang, J., Hawkins, J. S., Xu, Z., 

and Casali, P. (20 I 0) .  Estrogen receptors bind 

to and activate the HOXC4/HoxC4 promoter 

to potentiate HoxC4-mediated activation

induced cytosine deaminase induction, immu

noglobulin class switch DNA recombination, 

and somatic hypermutation. J. Bioi. Chem. 28 5, 

37797-378 I O .  
Matsuoka, M., Yoshida, K., Maeda, T., Usuda, S., 

and Sakano, H. {1990). Switch circular DNA 

formed in cytokine-treated mouse spleno

cytes: evidence for intramolecular DNA dele

tion in immunoglobulin class switching. Cell 

62, 1 35-142. 

M uramatsu, M ., Kinoshita, K ., Fagarasan, S., 

Yamada, S., Shinkai, Y., and Honjo, T. {2000). 

Class switch recombination and hypermu

tation require activation-induced cytidine 

deaminase {AID), a potential RNA editing 

enzyme. Cel/ 102, 553-563. 

Nagaoka, H., Muramatsu, M., Yamamura, N., 

Kinoshita, K., and Honjo, T. {2002). Activation

induced deaminase (AID)-directed hyper

mutation in the immunoglobulin Sp.. region: 

implication of AID involvement in a common 

step of class switch recombination and somatic 

hypermutation. J. Exp. A·fed. 195, 529-534. 

Nowak, U., Matthews, A. J., Zheng, S., and 

Chaudhuri, J. (20I  I ) .  The splicing regula

tor PTBP2 interacts with the cytidine de

aminase AID and promotes binding of AID 

to switch-region DNA. Nature Immuno/. 12, 

I60-I66. 

Okazaki, I .  M., Kinoshita, K., Muramatsu, M., 

Yoshikawa, K., and Honjo, T. (2002). The AID 

enzyme induces class switch recombination in 

fibroblasts. Nature 4I 6, 340-345. 

Park, S. R., Zan, H., PaL Z., Zhang, J., Al-Qahtani, 

A., Pone, E.  J., Xu, Z., Mai, T., and Casali, P. 

(2009}. HoxC4 binds to the promoter of  the 

cytidine deaminase AID gene to induce AID 

expression, class-switch DNA recombination 

and somatic hypermutation. Nature Immuno/. 

I 0, 540-5 50. 

Petersen-Mahrt, S. K., Harris, R .  S., and 

Neuberger, M. S. (2002). AID mutates E. coli 

suggesting a DNA deamination mechanism for 

antibody diversification. Nature 418, 99-I03. 

Pone, E. J., Zhang, J., Mai, T., White, C. A., Li, G., 

Sakakura, J., Patel, P., Al-Qahtani, A., Zan, H., 

Xu, Z., and Casali, P. (20 12) .  BCR-signalling 

signaling synergizes with TLR-signalling 

to induce AID and immunoglobulin class

switching through the non-canonical NF-KB 

pathway. Nature Commun. 3, 767. 

Rada, C., Williams, G. T., Nilsen, H., Barnes, 

D.  E., Lindahl, T., and Neuberger, M. S. 

(2002}. Immunoglobulin isotype switching 

i s  inhibited and somatic hypermutation per

turbed in UNG-deficient mice. Curr. Biol. I 2, 

I 748-I 755. 

Revy, P., M uto, T., Levy, Y., Gei ssmann, F., 
Plebani, A., Sana!, 0., Catalan, N., Forveille, 

M., Dufourcq-Labelouse, R., Gennery, A., 

Tezcan, 1., Ersoy, F., Kayserili, H., Ugazio, 

A .  G., Brousse, N., M urama tsu, M ., 

Notarangelo, L. D., Kinoshita, K., Honjo, 
T., Fischer, A., and Durandy, A. (2000}. 

References 503 



Activation-induced cytidine deaminase (AID) 

deficiency causes the autosomal recessive 

form of the Hyper-lgM syndrome (HIGM2). 

Cell 102, 565-575. 

Xu, Z., Fulop, Z., Wu, G., Pone, E. J., Zhang, J., 

Mai, T., Thomas, L. M., Al-Qahtani, A., White, 

C .  A., Park, S. R., Steinacker, P., Li, Z., Yates, 

J, III, Herron, 8 ., Otto, M ., Zan, H., Fu, H., 

and Casali, P. (20 I 0) .  14-3-3 adaptor proteins 

recruit AID to 5'-AGCT-3'-rich switch regions 

for class switch recombination. Nat. Struct. Mol. 

Bioi. 17, 1 124-1 135.  

Zan, H., White, C.  A., Thomas, L .  M., Zhang, 

J., Li, G., Yu, E., Xu, Z., Mai, T., and Casali, 

P. (20 12) .  The translesion DNA synthesis 

polymerase Rev! recruits Ung to switch re

gions and enhances dU deglycosylation for 

immunoglobulin class switch DNA recombi

nation. Cell Rep., under revision. 

Zan, H., Zhang, J., Al-Qahtani, A., Pone, E. J., 

White, C. A., Lee, D., Yel, L., Mai, T., and 

Casali, P. (20 I I ) .  Endonuclease G plays a 

role in immunoglobulin class switch DNA 

recombination by introducing double-strand 

breaks in switch regions. Mol. Immunol. 48, 

6 1 0-622. 

Zarrin, A. A., Alt. F. W., Chaudhuri, J., Stokes, 

N., KaushaL D., Du Pasquier, L., and Tian, 

M.  (2004). An evolutionarily conserved 

target motif for immunoglobulin class

switch recombination. Nat. Immunol. 5, 

275-1 2 8 1 .  

Reviews 

CSR Involves AID and Elements of the 
NHEJ Pathway 

Gostissa, M., A It, F. W., and Chiarle, R. (20 1 2 ) .  

Mechanisms that promote and suppress 

chromosomal translocations in lymphocytes. 

Amm. Rev. Immzmo/., 29, 3 1 9-350. 

Lieber, M.  R. (20 I 0) .  The mechanism of double

strand DNA break repair by the nonhomolo

gous DNA end-joining pathway. Amm. Rev. 

Biochem. 79, 181-2 1 1 .  

Research 
Chiarle, R., Zhang, Y., Frock, R . L., Lewis, S. M., 

Molinie, B., Ho, Y. J., Myers, D.  R., Choi, 

V. W., Compagno, M., Malkin, D. J., Neuberg, 

D., Monti, S., Giallourakis, C .  C., Gostissa, M., 

and Alt. F. W. (20 I I ) .  Genome-wide trans

location sequencing reveals mechanisms of 

chromosome breaks and rearrangements in 

8 cells. Cell 147, 107-1 1 9 .  

Yamane, A., Resch, W., Kuo, N., Kuchen, S., Li, 

Z., Sun, H. W., Robbiani, D. F., McBride, 

K., Nussenzweig, M.  C., and Casellas, R . 

(20 I I ) .  Deep-sequencing identification of 

the genomic targets of the cytidine deaminase 

AID and its cofactor RPA in B lymphocytes. 

Nat. Immunol. 12, 62-69. 

Yan, C. T., Boboila, C., Souza, E. K., Franco, S., 

Hickernell, T. R., Murphy, M., Gumaste, 

S., Geyer, M., Zarrin, A. A., Manis, J. P., 

Rajewsky, K., and Alt. F. W. (2007). IgH class 

switching and translocations use a robust 

non-classical end-joining pathway. Nature 

449, 478-482. 

Reviews 

Somatic Hypermutation (SHM) Generates 
Additional Diversity 

Neuberger, M. S. (2008). Antibody diversification 

by somatic mutation: from Burnet onwards. 

Immzmol. Cell Bioi. 86, 124-132. 

Tarlinton, D. M. (2008). Evolution in miniature: 

selection, survival and distribution of antigen 

reactive cells in the germinal centre. Immunol. 

Cell Bioi. 86, I 3 3-1 38. 

Teng, G., and Papavasiliou, F. N. (2007). 

Immunoglobulin somatic hypermutation. 

Amm. Rev. Genet. 4 1 ,  107-120. 

Research 
Di Noia, J ., and Neuberger, M. S. (2002). Altering 

the pathway of immunoglobulin hypermuta

tion by inhibiting uracil-DNA glycosylase. 

Nature, 419,  43-48. 

M uramatsu, M ., Kinoshita, K ., Fagarasan, S., 

Yamada, S., Shinkai, Y., and Honjo, T. (2000). 

Class switch recombination and hypermu

tation require activation-induced cytidine 

deaminase (AID), a potential RNA editing 

enzyme. Cell 102, 553-563. 

Reviews 

SHM Is Mediated by AID, Ung, Elements 
ofthe Mismatch DNA Repair (MMR) 
Machinery, and Translesion DNA 
Synthesis (TLS) Polymerases 

Casali, P., Pal, Z., Xu, Z., and Zan, H. (2006). DNA 

repair in antibody somatic hypermutation. 

Trends Immzmol. 27, 3 1 3-321 .  

Di Noia, J .  M ., and Neuberger, M.  S. (2007). 

Molecular mechanisms of antibody 

somatic hypermutation. Am1ll. Rev. Biochem. 

76, 1-22. 

Jiricny, J. (2006). The multifaceted mismatch

repair system. Nat. Rev. Mol. Cell. Bioi. 7, 

335-346. 
Li u, M ., and Schatz, D.  G. (2009). Balancing AID 

and DNA repair during somatic hypermuta

tion Trends Immunol. 30, 173-1 8 1 .  

Odegard, V. H., and Schatz, D. G. (2006). Targeting 

of somatic hypermutation. Nat. Rev. Immunol. 

6, 573-583. 

Peled, J. U., Kuang, F. L., Iglesias-Ussel, M. D., 

Roa, S., Kalis, S. L., Goodman, M.  F., and 

Scharff, M. D. (2008). The biochemistry of 

somatic hypermutation. Am1ll. Rev. Immunol. 

26,481-5 1 1 .  

504 CHAPTER 18 Somatic Recombination and Hypermutation in the Immune System 



Weill, J. C., and Reynaud, C. A. (2008) DNA 

polymerases in adaptive immunity. Nat. Rev. 

Immuno/. 8, 302-312. 

Xu, Z., Zan, H., Pal, Z., and Casali, P. (2007). DNA 

replication to aid somatic hypermutation. Adv. 

Exp. A·fed. Bioi. 596, 1 1 1-127. 

Research 
Aoufouchi, S., Faili, A., Zober, C., D'Orlando, 0., 

Weller, S., Weill, J. C., and Reynaud, C. A. 

(2008). Proteasomal degradation restricts 

the nuclear lifespan of AID. J. Exp. Med. 205, 

1 357-1368. 

Di Noia, J ., and Neuberger, M. S. (2002). Altering 

the pathway of immunoglobulin hypermuta

tion by inhibiting uracil-DNA glycosylase. 

Nature 419, 43-48. 

M uramatsu, M ., Kinoshita, K ., Fagarasan, 

S., Yamada, S., Shinkai, Y., and Honjo, T. 

(2000). Class switch recombination and 

hypermutation require activation-induced 

cytidine deaminase (AID), a potential RNA 

editing enzyme. Cell 102, 553-563. 

Rada, C., Di Noia, J .  M., and Neuberger, M. S.  

(2004). Mismatch recognition and ura-

ci l excision provide complementary paths 

to both Ig switching and the A IT-focused 

phase of somatic mutation. Mol. Cell 16,  

163-1 7 1 .  

Zan, H., Komori, A., Li, Z., Cerutti, A., Schaffer, A., 

Flajnik, M.  F., Diaz, M., and Casali, P. (2001 ) .  

The translesion DNA polymerase zeta plays a 

major role in Ig and bcl-6 somatic hypermuta

tion. Immunity, 14, 643-653. 

Zan, H., Shima, N., Xu, Z., Al-Qahtani, A., Evinger, 
III, A. J., Zhong, Y., Schimenti, J. C., and 

Casali, P. (2005). The translesion DNA poly

merase theta plays a dominant role in im

munoglobulin gene somatic hypermutation. 

EMBO J. 24, 3757-3769. 
Zan, H., Wu, X., Komori, A., Holloman, W. K., and 

Casali, P. (2003). AID-dependent generation 

of resected double-strand DNA breaks and re

cruitment of Rad52/Rad51 in somatic hyper

mutation. Immunity 18, 727-738. 

Reviews 

Chromatin Modification in V(D)J 
Recombination, CSR, and SHM 

Cobb, R . M., Oestreich, K .  J., Osipovich, 0. A., 

and Oltz, E. M.  (2006). Accessibility control 

of V (D)J recombination. Adv. Immunol. 91 ,  

45-109. 

Kuo, T. C., and Schlissel, M. S. (2009). 

Mechanisms controlling expression of the 

RAG locus during lymphocyte development. 

Curr Opin Immuno/. 2 1 ,  173-1 7 8. 

Jhunjhunwala, S., van Zehn, M.  C., Peak, M. M., 

and Murre, C .  (2009). Chromatin architecture 

and the generation of antigen receptor diver

sity. Cell, I 38, 43 5-448. 

Schatz, D. G., and Swanson, P. C. (20 I I ) .  V (D) J re

combination: mechanisms of initiation. Amm. 

Rev. Genet. 45, 1 67-202. 

Xu, Z., Zan, H., Pone, E. J ., Mai, T., and P. Casali. 

(20 1 2 ) .  Immunoglobulin class switch DNA 

recombination: induction, targeting and be

yond. Nature Rev. Immunol., in press. 

Research 
Daniel, J. A., Santos, M . A., Wang, Z., Zang, C., 

Schwab, K. R., Jankovic, M., Filsuf, D., Chen, 

H. T., Gazumyan, A., Yamane, A., Cho, Y. W., 

Sun, H. W., Ge, K., Peng, W., Nussenzweig, 

M.  C., Case lias, R ., Dressler, G. R ., Zhao, K ., 

and Nussenzweig, A. (20 I 0 ) .  PTIP promotes 

chromatin changes critical for immunoglobu

lin class switch recombination. Science 329, 

9 1 7-923. 

Jeevan-Raj, B .  P., Robert, 1., Heyer, V., Page, A., 

Wang, J. H., Cammas, F., A It, F. W., Lasson, R.,  

and Reina-San-Martin, 8 .  (20 I I ) .  Epigenetic 

tethering of AID to the donor switch region 

during immunoglobulin class switch recombi

nation. J. Exp. Med. 208, 1649-1660. 

Li, G., Pone, E. J . ,  Mai, T., Lam, T., Tran, D., 

Longley, A. T., Zan, H., Xu, Z., and Casali, P. 

(20 12 ) .  Epigenetic regulation of  immuno

globulin class switch DNA recombination 

through NF-KB-dependent induction and 

readout of  combinatorial histone post

translational modifications in cytokine

specified switch regions. Submitted for 

publication. 

Nambu, Y., Sugai, M., Gonda, H., Lee, C. G., 

Katakai, T., Agata, Y., Yokota, Y., and 

Shimizu, A. (2003). Transcription-coupled 

events associating with immunoglobu-

lin switch region chromatin. Science 302, 

2 1 37-2 140.  

Nowak, U., Matthews, A. J., Zheng, S., and 

Chaudhuri, J. (20 I I ) .  The splicing regula
tor PTBP2 interacts with the cytidine de

aminase AID and promotes binding of AID 

to switch-region DNA. Nat. Immunol. 12, 

160-166. 

Osipovich, 0., Milley, R., Meade, A., Tachibana, 

M., Shinkai, Y., Krangel, M. S., and Oltz, E.  M.  

(2004). Targeted inhibition of  V (D)J recom

bination by a histone methyltransferase. Nat. 

Immuno/. 5, 309-316. 

Ranjit, S., Khair, L., Linehan, E. K., Ucher, 

A .  J., Chakrabarti. M., Schrader, C. E., and 

Stavnezer, J .  (20 I I ) .  AID binds cooperatively 

with UNG and Msh2-Msh6 to Ig switch re

gions dependent upon the AID C terminus. 

J. Immunol. 187, 2464-2475. 

Wang, L., Wuerffel, R., Feldman, S., Khamlichi, 

A .  A., and Kenter, A .  L. (2009). S region 

sequence, RNA polymerase II, and histone 

modifications create chromatin accessibility 

during class switch recombination. J. Exp. Med. 

206, 1 8 1 7-1830. 

References 505 



Review 

Expressed Igs in Avians Are Assembled 
from Pseudogenes 

Ratcliffe, M. J. (2006). Antibodies, immunoglobu

lin genes and the bursa of Fabricius in chicken 

B cell development. Dev. Comp. Immuno/. 30, 

1 0 1-1 1 8 .  

Research 
Chatterji, M., Unniraman, S., McBride, K. M., and 

Schatz, D. G .  (2007). Role of activation in

duced deaminase protein ki nase A phosphory

lation sites in Ig gene conversion and somatic 

hypermutation. J. Immunol. I 79, 5274-5280. 

Reynaud, C .  A., Anquez, V., Grima!, H., and Weill, 

J .  C. ( I  987). A hyperconversion mechanism 

generates the chicken light chain preimmune 

repertoire. Ce/1 48, 379-388. 

Sale, J. E., Calandrini, D.  M., Takata, M., Takeda, 

S., and Neuberger, M. S. (200 I ) .  Ablation 

of XRCC2/3 transforms immunoglobulin V 

gene conversion into somatic hypermutation. 
Nature 412, 921-926. 

Yang, S. Y., Fugmann, S., and Schatz, D. G. (2006). 

Control of gene conversion and somatic hyper

mutation by immunoglobulin promoter and en

hancer sequences. J. Exp. /VIed. 203, 291 9-2928. 

Reviews 

B Cell Differentiation in the Bone Marrow 
and the Periphery: Generation of Memory 
B Cells Enables a Prompt and Strong 
Secondary Response 

Chappell, C. P., and Jacob, J. (2007). Germinal

center-derived B-cell memory. Adv. Exp. /VIed. 

Bioi. 590, 1 39-148. 

Nutt, S., L., and Tarlinton, D. M. (20 1 1 ) .  Germinal 

center B and follicular helper T cells: siblings, 

cousins or just good friends. Nature Immuno/. 

12, 472-477. 

Pulendran, B., and Ahmed, R .  (2006). Translating 

innate immunity into immunological memory: 

implications for vaccine development. Cel/ 1 24, 

849-863. 

Tangye, S. G., and Tarlinton, D. M.  (2009). Memory 

B cells: effectors of long-lived immune 

responses. Eur. J. Immunol. 39, 2065-2075. 

Research 
Pape, K. A., Taylor, J. J., Maul, R .  W., Gearhart, 

P. J., and Jenkins, M. K .  (201 1 ) . Different B 

cell populations mediate early and late mem

ory during an endogenous immune response. 

Science 33 L 1203-1207. 

Talay, 0., Yan, D., Brightbill, H. D., Straney, E. E., 

Zhou, M., Ladi, E., Lee, W. P., Egen, J. G., 

Austin, C. D., Xu, M., and Wu, L .  C. (2012).  

lgE(+} memory B cells and plasma cells gener

ated through a germinal-center pathway. Nat 
Immzmol. 13,  396-404. 

Reviews 

The T Cell Receptor for Antigen (TCR) Is 
Related to the BCR 

Cobb, R .  M., Oestreich, K .  J., Osipovich, 0. A., 

and Oltz, E. M.  (2006). Accessibility control 

of V(D)J recombination. Adv. Immuno/. 91 ,  

45-109. 

Taghon, T., and Rothenberg, E.  V. (2008). 

Molecular mechanisms that control mouse 

and human TCR-cxf3 and TCR--y8 T cell 

development. Semin. Immunopathol. 30, 

383-398. 

Research 
Abarrategui, 1., and K range I, M. S. (2006). 

Regulation ofT cell receptor-alpha gene re

combination by transcription. Nat. Immzmol. 7, 

1 1 09-1 1 1 5.  

Jackson, A. M., and I< range!, M. S. (2006). Turning 

T-cell receptor beta recombination on and off: 

more questions than answers . Immunol. Rev. 

209, 129-141. 

Oestreich, K. J., Cobb, R. M., Pierce, S., Chen, J., 

Ferrier, P., and Oltz, E. M. (2006). Regulation 

of TCRf3 gene assembly by a promoter/ 

enhancer holocomplex. Immunity 24, 

381-39 1 .  
Wucherpfennig, K. W. (2005). The structural 

interactions between T cell receptors and 

MHC-peptide complexes place physical limits 

on self-nonself discrimination. Curr. Top. 

Microbiol. Immunol. 296, 19-37. 

Reviews 

The TCR Functions in Conjunction 
with the MHC 

Collins, E. J., and Riddle, D. S. (2008). TCR-MHC 

docking orientation: natural selection, or 

thymic selection? Immunol. Res. 41, 

267-294. 

Garci a, K. C., Adams, J .  J., Feng, D., and Ely, L. K. 

(2009). The molecular basis of TCR germ

line bias for MHC is surprisingly simple. Nat. 
Immzmol. I 0, 143-147. 

Godfrey, D. 1., Rossjohn, J ., and McCluskey, J. 

(2008). The fidelity, occasional promiscuity, 

and versatility ofT cell receptor recognition. 

Immunity 28, 304-3 14.  

Jenkins, M.  K., Chu, H. H., McLachlan, J .  B., and 

Moon, J. J .  (2010). On the composition of the 

preimmune repertoire T cells speci fic for pep

tide-major histocompatibility complex ligands. 

Amm. Rev. Immzmol. 28, 273-294. 

Peterson, P., Org, T., and Rebane, A. (2008). 

Transcriptional regulation by AIRE: molecu

lar mechanisms of central tolerance. Nat. Rev. 

Immzmol. 8, 948-9 57. 

Rudolph, M. G., Stanfield, R .  L., and Wilson, I .  A. 

(2006). How TCRs bind MHCs, pep tides, and 

coreceptors. Al111ll. Rev. Immunol. 24, 4 1 9-466. 

506 CHAPTER 18 Somatic Recombination and Hypermutation in the Immune System 



Research 
Borg, N. A .• Ely. L. K .• Beddoe. T .• Macdonald. W. 

A .• Reid, H. H .• Clements. C. s .. Purcell. A. W .. 
Kjer-Nielsen. L.. Miles. J. J .• Burrows. S. R .• 
McCluskey. J .• and Rossjohn. J. (2005). The 
CDR 3 regions of an immunodominant T cell 
receptor dictate the 'energetic landscape' of 
peptide-MHC recognition. Nat. lmmunol. 6, 
1 71-180. 

Fen g. D .• Bond. C. J .• Ely. L. K .• Maynard. 
J., and Garcia. K. C. ( 2007) . Structural 
evidence for a germline-encoded T cell 
receptor-major histocompatibility com
plex interaction 'codon'. Nat. lmmrurol. 8, 
975-983. 

Gras. S., Burrows, S. R .. Kjer-Nielsen, L., Clements, 
C. S., Liu, Y. C., Sullivan, L. C .. Bell. M. J., 
Brooks. A. G., Purcell. A. W., McCluskey, J., 
and Rossjohn. J. (2009) . The shaping ofT 
cell receptor recognition by self-tolerance. 
lmm1111ity 30, 1 93-203. 

Kosmrlj, A .• Jha, A .  K .. Huseby. E .  S .. Kardar, 
M.,  and Chakraborty. A .  K.  (2008). 
How the thymus designs antigen-specific 
and self-tolerant T cell receptor sequences. 

Proc. Nat/. A cad. Sci. U. S. A. I 0 5, 

16671-16676. 

llfD The Major Histocompatibility Complex 
(MHC) Locus Comprises a Cohort of Genes 
Involved in Immune Recognition 

Reviews 
Blackwell, J. M., Jamieson, S.  E., and Burgner, 

D. (2009). HLA and infectious diseases. Clin. 
Microbiol. Rev. 22, 370-385. 

Piertney. S. B .• and Oliver, M. K. (2006). The 

evolutionary ecology of the major histo
compatibility complex. Heredity 96, 7-2 1 .  

Shiina, T., Hosomichi, K., lnoko. H., and Kulski, 

J. K. (2009). The HLA genomic loci map: 

expression, interaction. diversity and disease. 
J. Hnm. Gwet. 54, 1 5-39. 

Trowsdale. J.  (2005). HLA genomics in the third 

millennium. Curr. Opi11. 1111111111101. 1 7, 498-504. 

Research 
de Bakker, P. 1., McVean, G., Saberi, P. C., Miretti, 

M.  M., Green, T., Marchini, J., Ke, X., 
Monsuur, A. J., Whittaker, P., Delgado, M ., 

Morrison, J ., Richardson, A., Walsh, E. C., 

Gao, X., Galver, L.. Hart, J .. Hafler. D. A .. 

Pericak-Vance, M., Todd. J .  A .. Daly. M. J .. 
Trowsdale, J .• Wijmenga, C .. Vyse, T. J .. Beck, 

S., Murray, S.  S., Carrington. M., Gregory, 

S., Deloukas. P., and Rioux, J . D. (2006). A 

high-resolution HLA and SNP haplotype map 

for disease association studies in the extended 

human MHC. Nat. Gmet. 38. I 166-1 172.  
Gregersen, J. W., Krane. I< .  R .. l<e, X .. Svendsen, 

P .. Madsen, L. S .• Thomsen, A. R., Cardon, 

L. R .. Bell, J. 1., and Fugger, L. (2006). 

Functional epistasis on a common MHC 
haplotype associated with multiple sclerosis. 

Nature 443. 57 4-577. 

Guo, Z .. Hood, L.. Malkki, M .• and Petersdorf, 

E. W. (2006). Long-range multi locus haplo

type phasing of the MHC. Proc. Nat/. Acod. Sci. 
U.S.A. 103, 6964-6969. 

Nejentsev, S., Howson, J. M., Walker, N. M., 
Szeszko, J., Field, S. F., Stevens, H. E., 
Reynolds, P., Hardy, M . •  King, E., Masters, J., 

Hulme, J., Maier, L. M., Smyth, D., Bailey, 

R., Cooper, J. D., Ribas, G .. Campbell. R. D .. 

Clayton, D. G., and Todd. J. A. (2007). 
Localization of type I diabetes susceptibility 

to the MHC class I genes HLA-B and HLA-A. 

Nature 450, 887-892. 

References 507 



P A R T  
Transcription an d 
Posttranscri ptional 
Mechanisms 

CHAPTER 19  Prokaryotic Transcription 

CHAPTER 20 Eukaryotic Transcription 

CHAPTER 21 RNA Splicing and Processing 

CHAPTER 22 mRNA Stability and Localization 

CHAPTER 23 Catalytic RNA 
CHAPTER 24 Translation 

CHAPTER 25 Using the Genetic Code 

508 



Pro karyotic Transcription Edited by Richard Gourse 

CHAPTER OUTLINE J 
1011 Introduction 

• Transcription is 5 '  to 3 '  on a template that is 3 '  to 5'. 

11!1'1 Transcription Occurs by Base Pairing in a "Bubble" 
of Unpaired DNA 

• RNA polymerase separates the two strands of DNA in a 
transient "bubble" and uses one strand as a template to 
direct synthesis of a complementary sequence of RNA. 

• The bubble is 12 to 14 bp, and the RNA-DNA hybrid 
within the bubble is 8 to 9 bp. 

IP*I The Transcription Reaction Has Three Stages 

• RNA polymerase binds to a promoter site on DNA to 
form a closed complex. 

• RNA polymerase initiates transcription after opening 
the DNA duplex to form a transcription bubble. 

• During elongation the transcription bubble moves 
along DNA and the RNA chain is extended in the 
5' �3' direction by adding nucleotides to the 3 '  end. 

• Transcription stops and the DNA duplex reforms when 
RNA polymerase dissociates at a terminator site. 

11!1.1 Bacterial RNA Polymerase Consists of Multiple 
Subunits 

• Bacterial RNA core polymerases are -400 kD 
multisubunit complexes with the general structure 
azf3f3 'w. 

• Catalysis derives from the f3 and J3' subunits. 

IPit RNA Polymerase Holoenzyme Consists of the 
Core Enzyme and Sigma Factor 

• Bacterial RNA polymerase can be divided into the 
azJ3f3 'w core enzyme that catalyzes transcription and 
the cr subunit that is required only for initiation. 

• Sigma factor changes the DNA-binding properties of 
RNA polymerase so that its affinity for general DNA is 
reduced and its affinity for promoters is increased. 

IPJFI How Does RNA Polymerase Find Promoter 
Sequences? 
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CHAPTER OUTLINE, CONTINUED J 
• The rate at which RNA polymerase binds to promot

ers can be too fast to be accounted for by simple 
diffusion. 

• RNA polymerase binds to random sites on DNA and 
exchanges them with other sequences until a promoter 
is found. 

10!1 The Holoenzyme Goes Through Transitions i n  
the Process of Recognizing and Escaping from 
Promoters 

• When RNA polymerase binds to a promoter, it separates 
the DNA strands to form a transcription bubble and 
incorporates nucleotides into RNA. 

• There may be a cycle of abortive initiations before the 
enzyme moves to the next phase. 

• Sigma factor is usually released from RNA polymerase 
when the nascent RNA chain reaches �10 bases in 
length. 

101:1 Sigma Factor Controls Binding to DNA by 
Recognizing Specific Sequences in Promoters 

• A promoter is defined by the presence of short 
consensus sequences at specific Locations. 

• The promoter consensus sequences usually consist of 
a purine at the start point, a hexamer with a sequence 
close to TATAAT centered at --10, and another 
hexamer with a sequence similar to TIGACA centered 
at -- 35. 

• Individual promoters usually differ from the consensus 
at one or more positions. 

• Promoter efficiency can be affected by additional 
elements as well. 

Promoter Efficiencies Can Be Increased or Decreased 
by Mutation 

• Down mutations to decrease promoter efficiency usually 
decrease conformance to the consensus sequences, 
whereas up mutations have the opposite effect. 

• Mutations in the -35 sequence can affect initial 
binding of RNA polymerase. 

• Mutations in the -10 sequence can affect binding or 
the melting reaction that converts a closed to an open 
complex. 

lflll•l Multiple Regions in RNA Polymerase Directly 
Contact Promoter DNA 
• The structure of a7o changes when it associates with 

core enzyme, allowing its DNA-binding regions to 
interact with the promoter. 

• Multiple regions in a70 interact with the promoter. 
• The a subunit also contributes to promoter 

recognition. 

10111 RNA Polymerase-Promoter and DNA-Protein 
Interactions Are the Same for Promoter Recognition 
and DNA Melting 

• The consensus sequences at -35 and -10 provide 
most of the contact points for RNA polymerase in the 
promoter. 
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• The points of contact Lie primarily o n  one face of 
the DNA. 

• Melting the double helix begins with base flipping 
within the promoter. 

lflltJ Interactions Between Sigma Factor and Core RNA 
Polymerase Change During Promoter Escape 

• A domain in sigma occupies the RNA exit channel and 
must be displaced to accommodate RNA synthesis. 

• Abortive initiations usually occur before the enzyme 
forms a true elongation complex. 

• Sig rna factor is usually released from RNA polymerase 
by the time the nascent RNA chain reaches -10 nt 
in Length. 

11!1111 A Model for Enzyme Movement Is Suggested by the 
Crystal Structure 

• DNA moves through a channel in RNA polymerase and 
makes a sharp turn at the active site. 

• Changes in the conformations of certain flexible 
modules within the enzyme control the entry of 
nucleotides to the active site. 

• Translocation proceeds by a Brownian ratchet mechanism. 

lflltl A Stalled RNA Polymerase Can Restart 

• An arrested RNA polymerase can restart transcription by 
cleaving the RNA transcript to generate a new 3' end. 

lfliiOt Bacterial RNA Polymerase Terminates at 
Discrete Sites 

• There are two classes of terminators: Those recognized 
solely by RNA polymerase itself without the requirement 
for any cellular factors are usually referred to as 
"intrinsic terminators." Others require a cellular protein 
called rho and are referred to as "rho-dependent 
terminators." 

• Intrinsic termination requires recognition of a 
terminator sequence in DNA that codes for a hairpin 
structure in the RNA product. 

• The signals for termination Lie mostly within sequences 
already transcribed by RNA polymerase, and thus ter
mination relies on scrutiny of the template andjor the 
RNA product that the polymerase is transcribing. 

lfllfil How Does Rho Factor Work? 
• Rho factor is a protein that binds to nascent RNA and 

tracks along the RNA to interact with RNA polymerase 
and release it from the elongation complex. 

lflltl Supercoiling Is an Important Feature of 
Transcription 
• Negative supercoiling increases the efficiency of some 

promoters by assisting the melting reaction. 
• Transcription generates positive supercoils ahead of 

the enzyme and negative supercoils behind it, and 
these must be removed by gyrase and topoisomerase. 

lflll:l Phage T7 RNA Polymerase Is a Useful Model System 

• The T7 family of RNA polymerases are single 
polypeptides with the ability to recognize phage 
promoters and carry out many of the activities of the 
multisubunit RNA polymerases. 



CHAPTER OUTLINE, CONTINUED J 
• Crystal structures of T7 family RNA polymerases with 

DNA identify the DNA-binding region, the active site, 
and suggest models for promoter escape. 

ll!lllil Competition for Sigma Factors Can Regulate 
Initiation 

• E. coli has seven sigma factors, each of which causes 
RNA polymerase to initiate at a set of promoters 
defined by specific -35 and -10 sequences. 

• The activities of the different sigma factors are 
regulated by different mechanisms. 

ld'.l•l Sigma Factors May Be Organized into Cascades 

• A cascade of sigma factors is created when one sigma 
factor is required to transcribe the gene coding for the 
next sigma factor. 

• The early genes of phage SPOl are transcribed by host 
RNA polymerase. 

• One of the early genes codes for a sigma factor that 
causes RNA polymerase to transcribe the middle genes. 

• Two of the middle genes code for subunits of a sigma 
factor that causes RNA polymerase to transcribe the 
late genes. 

ld'.ll Sporulation Is Controlled by Sigma Factors 

• Sporulation divides a bacterium into a mother cell that 
is lysed and a spore that is released. 

• Each compartment advances to the next stage of 
development by synthesizing a new sigma factor that 
displaces the previous sig rna factor. 

• Communication between the two compart
ments coordinates the timing of sigma factor 
substitutions. 

ld'-1'.1 Antitermination Can Be a Regulatory Event 

• An antitermination complex allows RNA polymerase to 
read through terminators. 

• Phage lambda uses antitermination systems for 
regulation of both its early and late transcripts, 
but the two systems work by completely different 
mechanisms. 

• Binding of factors to the nascent RNA links the 
antitermination proteins to the terminator site 
through an RNA loop. 

• Antitermination of transcription also occurs in rRNA 
operons. 

ld'D Summary 

Ill Introductio n  Nontemplate strand 

Key concept 

• Transcription is 5' to 3 '  on a template that is 3 '  to 5'. 

Transcription produces an RNA chain identical ilz 
sequence with one strand of the DNA, sometimes 
called the coding strand. This strand is made 
5'  � 3'  and is complementary to (i.e., it base-pairs 
with) the template, which is3'  � 5'. The RNA
like strand therefore is called the nontemplate 
strand, and the one that serves as the template 
for synthesis of the RNA is called the template 
strand, as seen in FIGURE 19.1. 

RNA synthesis is catalyzed by the enzyme 
RNA polymerase. Transcription starts when 
RNA polymerase binds to a special region, 
called the promoter, at the start of the gene. 
The promoter includes the first base pair that is 
transcribed into RNA (the start point), as well 
as surrounding bases. From this position, RNA 
polymerase moves along the template, synthesiz
ing RNA until it reaches a terminator sequence, 
where the transcript ends. Thus, a transcription 
unit extends from the promoter to the termina
tor. The critical feature of the transcription unit, 
depicted in FIGURE 19.2, is that it constitutes a 
stretch of DNA used as a template for the pro
duction of a single RNA molecule. A transcription 
unit may encode more than one gene or cistron. 

Template strand 

TRANSCRIPTION 

RNA transcript 

5'TACGCGGTACGGTCAATGCATCTACCT 
3' ATGCGCCATGCCAGTTACGTAGATGGA 

RNA sequence is I complementary to template strand t 
identical to coding strand 

5' UACGCGGUACGGUCMUGCAUCUACCU 

FIGURE 19.1 The function of RNA polymerase is to copy one strand of duplex DNA 
into RNA. 

-35-1 0-1+1 +10 

Upstream Downstream 

FIGURE 19.2 A transcription unit is a sequence of DNA 
transcribed into a single RNA, starting at the promoter 
and ending at the terminator. 
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Sequences prior to the start point are described 
as upstream of it; those after the start point 
(within the transcribed sequence) are down
stream of it. Sequences are usually written so 
that transcription proceeds from left (upstream) 
to right (downstream). This corresponds to writing 
the mRNA in the usual 5'  � 3' direction. 

The DNA sequence often is  written to 
show only the nontemplate strand, which 
(as mentioned earlier) has the same sequence 
as the RNA. Base positions are numbered in both 
directions away from the start point, which is 
called + 1 ;  numbers increase as they go down
stream. The base before the start point is num
bered - 1 ,  and the negative numbers increase 
going upstream. (There is no base assigned the 
number 0.) 

The initial transcription product, contain
ing the original 5 '  end, is called the primary 
transcript. rRNA and tRNA primary tran
scripts go through a maturation process in 
which sequences at the ends are cleaved off 
("processed") by endonucleases. The mature 
products from rRNA and tRNA operons are 
stable, approaching the generation time of the 
bacterium. In contrast, mRNA primary tran
scripts are subject to almost immediate attack by 
endonucleases and exonucleases. Thus, bacterial 
mRNA lifetimes average only 1 to 3 minutes. In 
eukaryotes, rRNA and tRNA transcripts are pro
cessed and the resulting products are stable, as in 
bacteria, but mRNAs are much more stable than 
in bacteria. (Modification and decay of mRNAs 
are discussed in the chapter titled Trmzslatio11.) 

Transcription is the first stage in gene 
expression and is the step at which it is regulated 
most often. Regulatory factors often determine 
whether a particular gene is transcribed by RNA 
polymerase, and subsequent stages in transcrip
tion and other steps in gene expression are also 
regulated frequently. 

Two important questions in transcription are: 
• How does RNA polymerase find promot

ers on DNA? This is a particular example 
of a more general question: How do pro
teins distinguish their specific binding 
sites in DNA from other sequences? 

• How do regulatory proteins interact 
with RNA polymerase (and with one 
another) to activate or to inhibit specific 
steps during initiation, elongation, or 
termination of transcription? 

In this chapter, we describe the interactions 
of bacterial RNA polymerase with DNA from its 
initial contact with the promoter, through the 
act of transcription, to its release from the DNA 
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when the transcript has been completed. In the 
chapter titled Eukaryotic Transcription, we con
sider the analogous reactions between eukaryotic 
RNA polymerases and their templates. Bacterial 
gene regulation is covered in the chapter titled 
The Operon, which describes various means by 
which regulatory proteins and factors can assist 
or prevent bacterial RNA polymerase from tran
scribing a particular gene. In the chapter Phage 
Strategies, we consider how individual regulatory 
interactions can be connect.ed into more complex 
networks. Finally, we discuss additional means 
of regulation, including the use of small RNAs, 
in the chapter titled Regulatory RNA, and consider 
how these interactions can be connected into 
larger regulatory networks. 

DB Transcription Occurs 
by Base Pairing 
in a J/Bubble" of 
Unpaired DNA 

Key concepts 

• RNA polymerase separates the two strands of DNA 
in a transient "bubble" and uses one strand as a 
template to direct synthesis of a complementary 
sequence of RNA. 

• The bubble is 12 to 14 bp, and the RNA-DNA 
hybrid within the bubble is 8 to 9 bp. 

Transcription utilizes complementary base pair
ing, in common with the other polymerization 
reactions: replication and translation. FIGURE 19.3 
illustrates the general principle of transcription. 
RNA synthesis takes place within a "transcription 
bubble," in which DNA is transiently separated 
into its single strands and the template strand is 
used to direct synthesis of the RNA strand. 

The RNA chain is synthesized from the 5 '  end 
toward the 3'  end by adding new nucleotides to 
the 3' end ofthegrowingchain. The 3 '-0Hgroup 
of the last nucleotide added to the chain reacts 
with an incoming nucleoside 5'-triphosphate. 
The incoming nucleotide loses its terminal two 
phosphate groups ('Y and 13); its a group is used in 
the phosphodiester bond linking it to the chain. 
The overall reaction rate for the bacterial RNA 
polymerase can be as fast as -40-50 nucleotides/ 
second at 37°C for most transcripts; this is about 
the same as the rate of translation ( 1 5  amino 
acids/sec), but much slower than the rate of DNA 
replication ( -800 bp/sec). 

RNA polymerase creates the transcription 
bubble when it binds to a promoter. FIGURE 19.4 
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FIGURE 19.3 DNA strands separate to form a transcrip
tion bubble. RNA is synthesized by complementary base 
pairing with one of the DNA strands. 

FIGURE 19.4 Transcription takes place in  a bubble, 
in which RNA is synthesized by base pairing with one 
strand of DNA in the transiently unwound region. As 
the bubble progresses, the DNA duplex re-forms behind 
it, displacing the RNA in the form of a single poly
nucleotide chain. 

Enzyme movement 

Rewinding point 

Unwinding point 

DNA template strand 

RNA binding site 

FIGURE 19.5 During transcription, the bubble is main
tained within bacterial RNA polymerase, which unwinds 
and rewinds DNA and synthesizes RNA. 

illustrates the RNA polymerase moving along 
the DNA, with the bubble moving with it and 
the RNA chain growing in length. The process 
of base pairing and base addition within the 
bubble is catalyzed and scrutinized by the RNA 
polymerase itself. 

The structure of the bubble within the tran
scription complex is shown in the expanded view 
of FIGURE 19.5. As RNA polymerase moves along 
the DNA template, it unwinds the duplex at the 
front of the bubble (the unwinding point), and 
the DNA automatically reforms the double helix 
at the back (the rewinding point). The length 
of the transcription bubble is -12  to 14 bp, but 
the length of the RNA-DNA hybrid within the 
bubble is only 8 to 9 bp. As the enzyme moves 
along the template, the DNA duplex reforms, 
and the RNA is displaced as a free polynucleo
tide chain. The last 14 ribonucleotides in the 
growing RNA are complexed with the DNA 
and/or the enzyme at any given moment. 

llll The Transcription 
Reaction Has Three 
Stages 

Key concepts 

• RNA polymerase binds to a promoter site on DNA 
to form a closed complex. 

• RNA polymerase initiates transcription after 
opening the DNA duplex to form a transcription 
bubble. 

• During elongation the transcription bubble moves 
along DNA and the RNA chain is extended in the 
5 '-7 3 '  direction by adding nucleotides to the 
3 '  end. 

• Transcription stops and the DNA duplex reforms when 
RNA polymerase dissociates at a terminator site. 
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The transcription reaction can be divided 
into the three stages illustrated in FIGURE 19.6: 
initiation, in which the promoter is recog
nized, a bubble is created, and RNA synthe
sis begins; elongation, in which the bubble 
moves along the DNA as the RNA transcript 
is synthesized; and termination, in which 
the RNA transcript is released and the bubble 
closes. 

Initiation itself can be divided into mul
tiple steps. Template recognition begins with the 
binding of RNA polymerase to the double-stranded 
DNA at a DNA sequence called the promoter. The 
enzyme first forms a closed complex in  
which the DNA remains double-stranded. 
Next the enzyme locally unwinds the section 
of promoter DNA that includes the transcrip
tion start site to form the open complex. 

INITIATION 
Template recognition: RNA polymerase binds to duplex 
DNA 

DNA is unwound at promoter 

Very short chains 
are synthesized and released 

ELONGATION: 
Polymerase synthesizes RNA 

TERMINATION: 
RNA polymerase and RNA are released 

FIGURE 19.6 Transcription has three stages: The enzyme 
binds to the promoter and melts DNA and remains station
ary during initiation; moves along the template during 
elongation; and dissociates at termination. 
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Separation of the DNA double strands makes 
the template strand available for base pairing 
with incoming ribonucleotides and synthesis 
of the first nucleotide bonds in RNA. The ini
tiation phase can be protracted by the occur
rence of abortive events, in which the enzyme 
makes short transcripts, typically shorter than 
-10  nucleotides (nt), while still bound at the 
promoter. The enzyme often makes succes
sive rounds of abortive transcripts by releasing 
them and starting RNA synthesis again. The 
initiation phase ends when the enzyme finally 
succeeds in extending the chain and clearing 
the promoter. 

Elongation involves processive movement 
of the enzyme by disruption of base pairing in 
double-stranded DNA, exposing the template 
strand for nucleotide addition and transloca
tion of the transcription bubble downstream. 
As the enzyme moves, the template strand of 
the transiently unwound region is paired with 
the nascent RNA at the point of growth. Nucleo
tides are added covalently to the 3'  end of the 
growing RNA chain, forming an RNA-DNA 
hybrid within the unwound region. Behind the 
unwound region, the DNA template strand pairs 
with its original partner to reform the double 
helix, and the growing strand of RNA emerges 
from the enzyme. 

The traditional view of elongation as a 
monotonic process, in which the enzyme 
moves forward along the DNA at a steady 
pace corresponding to nucleotide addition, has 
been revised in recent years. RNA polymerase 
pauses or even arrests at certain sequences. 
Displacement of the 3'  end of the RNA from 
the active site can cause the polymerase to 
"backtrack" and remove a few nucleotides 
from the growing RNA chain before restart
ing. Pausing can also be programmed to occur 
by the use of a coded RNA hairpin structure 
or sequence context-caused misalignment of 
the incoming nucleotide with its complemen
tary base. 

Termination involves recognition of 
sequences that signal the enzyme to halt fur
ther nucleotide addition to the RNA chain. 
In addition, long pauses can lead to termina
tion. The transcription bubble collapses as the 
RNA-DNA hybrid is disrupted and the DNA 
reforms a duplex, phosphodiester bond for
mation ceases, and the transcription complex 
dissociates into its component parts: RNA poly
merase, DNA, and RNA transcript. The sequence 
of DNA that directs the end of transcription is called 
the terminator. 



lit Bacterial RNA Polymerase 
Consists of Multiple 
Subunits 

Key concepts 

• Bacterial RNA core polymerases are -400 kD mul

tisubunit complexes with the general structure 

<Xzl313 '<0. 

• Catalysis derives from the 13 and 13' subunits. 

The best genetically and biochemically char
acterized RNA polymerases are from bacteria, 
especially Escherichia coli. The only bacterial 
RNA polymerases for which high-resolution 
crystal structures have been solved, however, 
are from two thermophilic bacterial species, 
Thermus aquaticus and Thermus thermophilus. 

Nevertheless, in all bacteria a single type of 
RNA polymerase is responsible for the sy11thesis 

ofrRNA, mRNA, and tRNA, unlike the situa
tion in eukaryotes where rRNAs, mRNAs, 
and tRNAs typically are transcribed by differ
ent RNA polymerases, Pol I, II, and III. About 
13,000 RNA polymerase molecules are present 
in an E. coli cell, although the precise number 
varies with the growth conditions. Although not 
all the RNA polymerases are actually engaged 
in transcription at any one time, almost all are 
bound either specifically or nonspecifically 
to DNA. 

The complete enzyme or holoenzyme in  
E. coli has a molecular weight of -460 kD. The 
holoenzyme (a21313'wcr) can be separated into 
two components: the core enzyme (a21313'w) 
and the sigma factor (the cr polypeptide}, 
which is concerned specifically with pro
moter recognition. Its subunit composition 
is summarized in FIGURE 19.7 . The 13 and 13'  
subunits together account for RNA catalysis 
and make up most of the enzyme by mass. 
Their amino acid sequences and their three
dimensional structures are conserved with 
those of the largest subunits of the RNA poly
merases from all three domains of life: bacte
ria, archaea, and eukaryotes (see the chapter 
titled Eukaryotic Tra11scription ) ,  indicating that 
the basic features of transcription are shared 
among the multisubunit RNA polymerases 
of all organisms. 13 and 13 '  together form the 
enzyme's active center, the main channel 
through which the DNA passes during the 
transcription cycle, the secondary channel 
through which the substrate ribonucleotides 
enter the enzyme on their path to the active 
site, and the exit channel through which the 

Gene Product Functions 

rpoA 2 a subunits enzyme assembly 
(37 kD each) promoter recognition 

binds some activators 

rpoB 1?. subunit 
(151 kD) 

cataly1ic center 

rpoC 1?.' subunit 
(155 kD) 

rpoO cr subunit 
(1 8-70 kD) promoter specificity 

rpoZ w subunit 
(1 0 kD) 

E. coli enzyme 
=460 kD 

FIGURE 19.7 Eubacterial RNA polymerases have five 
types of subunits: a, 13, 13 ', and w have rather constant 
sizes in different bacterial species, but cr varies more 
widely. 

nascent RNA leaves the enzyme. Consistent 
with the role of these subunits in all these 
functions, mutations in rpoB and rpoC, the 
genes coding for 13 and 13', affect all stages of 
transcription. 

The dimer formed by the two a subunits 
serves as a scaffold for assembly of the core 
enzyme. The C-terminal domain (CTD) 
of the a subunits also contacts promoter DNA 
directly and thereby contributes to promoter 
recognition (see the following discussion). Fur
thermore, the a and cr subunits are the major 
surfaces on RNA polymerase for interactions of 
the enzyme with factors that regulate transcrip
tion initiation. The w subunit also plays a role 
in enzyme assembly and participates in certain 
regulatory functions. 

The cr subunit is primarily responsible for 
promoter recognition. The crystal structure of 
the bacterial core enzyme shows that it has a 
crab claw-like shape, with one claw formed pri
marily by the 13 subunit and the other primarily 
by the 13 '  subunit, as seen in FIGURE 19.8. The 
main channel for DNA lies at the interface of the 
13 and 13'  subunits, which stabilize the separated 
single strands in the transcription bubble, as 
seen in FIGURE 19.9. 

The catalytic site is at the base of the cleft 
formed by the 13 and 13' "jaws." One of the two 
catalytic Mg2+ ions needed for the mechanism 
of catalysis is tightly bound to the enzyme in the 
active site (see the section in this chapter titled 
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FIGURE 19.8 The upstream face of the core RNA polymerase, illustrat
ing the "crab claw" shape of the enzyme. 13 (cyan) and 13' subunit (pink) 
of RNA polymerase have a channel for the DNA template. a I is shown 
in green and a II in yellow; w is red. Adapted from K. M. Geszvain and 
R. Landick (ed. N. P. Higgins). The Bacterial Chromosome. American 
Society for Microbiology, 2004. 

Phage 77 RNA Polymerase Is a Useful Model System). 
The other Mg2+ arrives at the active site in a 
complex vvi th tbe incoming nucleoside triphos
phate (NTP). As indicated earlier, the eukary
otic core enzyme has the same basic structure as 
the bacterial enzyme, although it contains some 
additional subunits and sequence features not 
found in tbe bacterial enzyme. The major dif
ferences between the bacterial and eukaryotic 
enzymes are almost exclusively at the periphery 
of the enzyme, far from the active site. 

FIGURE 19.9 The structure of RNA polymerase core 
enzyme for the bacterium Thermus aquaticus, with the 
13 subunit in blue and the 13'  subunit in green. Structure 
from Protein Data Bank 1HQM. L. Minakhin, et al., Proc. 
Nat/. Acad. Sci. USA 98 (2001): 892-897. 
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1111 RNA Polymerase 
Holoenzyme Consists of 
the Core Enzyme and 
Sigma Factor 

l<ey concepts 

• Bacterial RNA polymerase can be divided into 
the ctll313 'w core enzyme that catalyzes transcri p
tion and the cr subunit that is required only for 
initiation. 

• Sigma factor changes the DNA-binding properties 
of RNA polymerase so that its affinity for general 
DNA is reduced and its affinity for promoters is 
increased. 

The core enzyme has general affinity for DNA, 
primarily because of electrostatic interactions 
between the protein, which is basic, and the 
DNA, which is acidic. When bound to DNA in 
this fashion, the DNA remains in duplex form. 
Core enzyme has the ability to sy11thesize RNA on a 
DNA template, but it cannot recognize promoters. 

The form of the enzyme responsible for ini
·tiating transcription from promoters is called 
the holoenzyme (a2�13'wcr) (FIGURE 19.10) . 
It differs from the core enzyme by containing 
a cr factor. Sigma factor not only msures that bac
terial RNA polymerase initiates trmzscription from 
specific sites, but it also reduces binding to no11speci[i.c 
sequences. The association constant for binding 
of core to DNA is reduced by a factor of - I  04, 

Core enzyme binds to any DNA 

Sigma destabilizes nonspecific binding 

Sigma 

Holoenzyme binds to promoter 

FIGURE 19.10 Core enzyme binds indiscriminately to 
any DNA. Sigma factor reduces the affinity for sequence
independent binding and confers specificity for promoters. 



and the half-life of the complex is < 1  second, 
whereas holoenzyme binds to promoters much 
more tightly, with an association constant 
-1000 times higher on average and a half
life that can be as long as several hours. Thus, 
a factor substantially destabilizes promoter
nonspecific binding. 

There is wide variation in the rate at which 
the holoenzyme binds to different promoter 
sequences, and thus this is an important 
parameter in determining promoter strmgth, the 
efficiency of an individual promoter in initiating 
transcription. The frequency of initiation varies 
from - l lsec for rRNA genes under optimal 
conditions to < l/30 min for some other pro
moters. Sigma factor is usually released when 
the RNA chain reaches less than - 1 0  nt in 
length, leaving the core enzyme responsible 
for elongation. 

D11 H ow Does RNA 
Polymerase Find 
Promoter Sequences? 

Key concepts 

• The rate at which RNA polymerase binds to 
promoters can be too fast to be accounted for by 
simple diffusion. 

• RNA polymerase binds to random sites on DNA and 
exchanges them with other sequences until a pro
moter is found. 

RNA polymerase must find promoters within 
the context of the genome. How are promoters 
distinguished from the 4 X 106 bp that com
prise the rest of the E. coli genome? FIGURE 19.11 

intrasegment transfer 
"hopping" 

illustrates simple models for how RNA poly
merase might find promoter sequences from 
among all the sequences it can access. RNA 
polymerase holoenzyme locates the chromo
some by random diffusion and binds sequence
nonspecifically to the negatively charged DNA. 
In this mode, holoenzyme dissociates very 
rapidly. Diffusion sets an upper limit for the 
rate constant for associating with a 75-bp tar
get of< 108 M -I  sec 1 . The actual forward rate 
constant for some promoters in vitro, however, 
appears to be <I 08 M -I  sec 1 , at or above the 
diffusion limit. Making and breaking a series 
of complexes until (by chance) RNA poly
merase encounters a promoter and progresses 
to an open complex capable of making RNA 
would be a relatively slow process. Thus, the 
time required for random cycles of successive 
association and dissociation at loose binding 
sites is too great to account for the way RNA 
polymerase finds its promoter. RNA polymerase 
must therefore use some other means to seek 
its binding sites. 

Figure 19 . 1 1  shows that the process is likely 
to be sped up because the initial target for RNA 
polymerase is the whole genome, not justa spe
cific promoter sequence. By increasing the target 
size, the rate constant for diffusion to DNA is 
correspondingly increased and is no longer limit
ing. How does the enzyme move from a random 
binding site on DNA to a promoter? There is 
considerable evidence that at least three differ
ent processes contribute to the rate of promoter 
search by RNA polymerase . First, the enzyme 
may move in a one-dimensional random walk 
along the DNA ("sliding") .  Second, given the 
intricately folded nature of the chromosome 

a 

FIGURE 19.11 Proposed mechanisms for how RNA polymerase finds a promoter: (a) sliding, (b) intersegment transfer, (c) intradomain asso
ciation and dissociation or hopping. Adapted from C. Bustamante, et al., J. Bioi. Chern. 274 (1999): 16665-16668. 
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in the bacterial nucleoid, having bound to one 
sequence on the chromosome, the enzyme is 
now closer to other sites, reducing the time 
needed for dissociation and rebinding to another 
site ("intersegment transfer" or "hopping"). 
Third, while bound nonspecifically to one site, 
the enzyme may exchange DNA sites until a pro
moter is found ("direct transfer"). 

The Holoenzyme Goes 
Through Transitions 
in the Process of 
Recognizing and 
Escaping from Promoters 

Key concepts 

• When RNA polymerase binds to a promoter, it 
separates the DNA strands to form a transcription 
bubble and incorporates nucleotides into RNA. 

• There may be a cycle of abortive initiations before 
the enzyme moves to the next phase. 

• Sigma factor is usually released from RNA 
polymerase when the nascent RNA chain reaches 
-10 bases in length. 

We can now describe the stages oftranscription 
in terms of the interactions between different 
forms of RNA polymerase and the DNA tem
plate. The initiation reaction can be described 
by the parameters that are summarized in 
FIGURE 19.12: 

• The holoenzyme-promoter reaction 
starts by forming a closed biuary complex as 
seen in Figure l9.12(a). "Closed" means 
that the DNA remains duplex. The for
mation of the closed binary complex is 
reversible; thus, it is usually described by 
an equilibrium constant (K8). There is a 
wide range in values of the equilibrium 
constant for forming the closed complex 
that is sequence dependent. 

• The closed complex is converted into 
an opw complex of 1 . 3  turns of the 
double helix in a series of steps by first 
"melting" a short region of DNA around 
the - I  0 region, giving an unstable 
intermediate open complex within the 
sequence bound by the enzyme as seen 

(a) 

in Figure 19.12 (b). For most promoters, 
conversion from the closed to the open (b) 
complex is irreversible, and this reac
tion can be described by the forward 
rate constant (kr). Some promoters 
(e.g., rRNA promoters), though, do 
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not form stable open complexes, and 
this is a key to their regulation. Sigma 
factor plays an essential role in the 
melting reaction (see the sections later 
in this chapter on sigma factors) .  The 
transitions that occur from initiation 
to elongation are also accompanied 
by major changes in the structure and 
composition of the complex. 

Changes in the shape of RNA polymerase 
accompany the kinetic transitions described 
earlier, as well as the transition to the elongation 

cr region 4 

DNA 

RP c 
-35 hexamer 

TEC 

cr region 3 

Downstream 
DNA 

cr region 1. 1 

Non template 

strand 

FIGURE 19.12 RNA polymerase passes through several 
steps prior to elongation. A closed binary complex is con
verted to an open form and then into a ternary complex. 
Adapted from S. P. Haugen, W. Ross, and R. L. Gourse, 
Nat. Rev. Microbiol. 6 (2008): 507-519. 



complex (illustrated in FIGURE 19.13) .  In the 
closed complex, RNA polymerase holoenzyme 
covers about 5 5  bp of DNA, extending from 
- - 5 5  to - + I .  The double-stranded DNA 
binds primarily along one face of the holoen
zyme, contacting the C-terminal domains of 
the a subunits as well as regions 2 and 4 of 
the a subunit (see Figure I 9 . 1 3 ) .  During the 
transition to the open complex, the confor
mation of both the RNA polymerase and the 
DNA change. The most dramatic changes in 
the structure of the complex are depicted in 
Figure I9. I2 :  I )  an -90° bend in the DNA, 
which allows the template strand to approach 
the active site of the enzyme; 2) strand open
ing of the promoter DNA between - - I I  and 
+3 with respect to the transcription start site; 
3)  the promoter DNA scrunches into the active 
channel forming the transcription bubble; and 
4) closing of the jaws of the enzyme to encircle 
the section of the promoter downstream section 
of the transcription start site. Thus, promoter 

Initiation complex contains sigma 
and covers -75 bp 

-50 --40 -30 -20 -10 1 +10 +20 +30 
Initial elongation complex forms at 10  bases, may 
lose sigma, and loses contacts from -35 to -55 

? 

-50 --40 -30 -20 -10 1 +10 +20 +30 
General elongation complex 
forms at 1 5-20 bases and covers 30--40 bp 

-50 --40 -30 -20 -10 1 +10 +20 +30 
FIGURE 19.13 RNA polymerase initially contacts the 
region from -55 to +20. When sigma dissociates, the 
core enzyme contracts to -30; when the enzyme moves 
a few base pairs, it becomes more compactly organized 
into the general elongation complex. 

contacts in the open complex extend from 
--55 to -+20. 

The next step is to incorporate the first two 
nucleotides and formation of a phosphodiester 
bond between them. This generates a ternary 
complex containing RNA as well as DNA and 
the enzyme. At most promoters, an RNA chain 
forms that is several bases long without move
ment of the enzyme down the template. After 
each base is added, there is a certain probability 
that the enzyme will release the RNA chain, 
resulting in abortive initiation products. After 
release of the abortive product, the enzyme 
again begins synthesizing RNA at position + I .  
Repeated cycles of abortive initiation gener
ate oligonucleotides that usually are only a few 
bases long, but can be almost 20 nt in length, 
before the enzyme actually succeeds in escaping 
from the promoter. 

Interactions with RNA polymerase ulti
mately dissolve d uri ng the process of promoter 
escape. By the time the RNA chain has been 
extended to I 5  to 20 nt, the enzyme generally 
has gone through all the transitions that 
typify an elongation complex. The two most 
obvious of these transitions are the release of 
the a factor, shown in Figure I 9  . 13 ,  and the 
formation of a complex covering only -35 bp 
of DNA, rather than the -70 bp characteristic 
of promoter complexes. Although a release 
usually occurs during the process of promoter 
escape, this is not obligatory for the transi
tion to elongation. In some cases a has been 
identified in elongation complexes, but its asso
ciation with the enzyme may reflect rebind
ing to the core enzyme during the elongation 
phase. 

Sigma Factor Controls 
Binding to DNA by 
Recognizing Specific 
Sequences in Promoters 

Key concepts 

• A promoter is defined by the presence of short 
consensus sequences at specific locations. 

• The promoter consensus sequences usually consist 
of a purine at the start point, a hexamer with a 
sequence close to TAT AAT centered at --10, 
and another hexamer with a sequence similar to 
TTGACA centered at --35. 

• Individual promoters usually differ from the 
consensus at one or more positions. 

• Promoter efficiency can be affected by additional 
elements as well. 
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As a sequence of DNA whose function is to be 
recogHized by proteius, a promoter differs from 
sequences whose role is to be transcribed. The 
information for promoter function is provided 
directly by the DNA sequence: Its structure is 
the signal. This is a classic example of a cis-acting 
site, as defined previously in the chapter titled 
Genes Encode RN As and Polypeptides. By contrast, 
expressed regions gain their meaning only after 
the information is transferred into the form of 
some other nucleic acid or protein. 

One way to design a promoter would be for 
a particular sequence of DNA to be recognized by 
RNA polymerase. Every promoter would consist 
of, or at least include, this sequence. In the bac
terial genome, the minimum length that could 
provide an adequate signal is 12 bp. (Any shorter 
sequence is likely to occur-just by chance-a 
sufficient number of additional times to provide 
false signals. The minimum length required for 
unique recognition increases with the size of 
genome, a problem in eukaryotic genomes.) The 
12-bp sequence need not be contiguous. If a spe
cific number of base pairs separates two constant 
shorter sequences, their combined length could 
be less than 12 bp, because the distal!ce of separa
tion itself provides a part of the signal (even if 
the intermediate sequence is itself irrelevant). In 
fact, RNA polymerase recognizes promoter DNA 
sequences in large part from "direct readout" of 
specific bases in the DNA by specific amino acids 
in the holoenzyme. The dramatic differences in 
the strengths of different bacterial promoters 
derives in large part from variation in how well 
the different promoter sequences are able to be 
read out by the amino acid sequences present 
in the sign1a and alpha subunits. 

Attempts to identify the features in DNA 
that are necessary for RNA polymerase binding 
started by comparing the sequences of different 
promoters. Any essential nucleotide sequence 
should be present in all the promoters. Such a 
sequence is said to be conserved. A conserved 
sequence need not necessarily be conserved at 
every single position, though; some variation 
is permitted. How do we analyze a sequence 
of DNA to determine whether it is sufficiently 
conserved to constitute a recognizable signal? 

Putative DNA recognition sites can be 
defined in terms of an idealized sequence that 
represents the base most often present at each 
position. A consensus sequence is defined by 
aligning all known examples to maximize their 
homology. For a sequence to be accepted as a 
consensus, each particular base must be rea
sonably predominant at its position, and most 
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of the actual examples must be related to the 
consensus by only one or two substitutions. 

A striking feature in the sequence of promoters 
in E. coli is the lack of extensive conservation ofsequmce 
over the entire 75 bp associated with RNA poly
merase. Some short stretches within the promoter 
are conserved, however, and they are critical for 
its function. Conservatiol! of ouly very short consensus 
sequences is a typical feature of regulatory sites (such as 
promoters) in both prokaryotic and euk aryotic genomes. 

There are several elements in bacterial pro
moters that contribute to their recognition by RNA 
polymerase holoenzyme. Two 6-bp elements, 
referred to as the -10 element and -35 element 
(as well as the length of the "spacer" sequence 
between them) are usually the most important 
of these recognition sequences. The promoter 
sequence at and directly adjacent to the transcrip
tion start point, the sequences on either side of 
the - 10 element (referred to as the "extended 
- 1 0  element" on the upstream side and the "dis
criminator" on the downstream side), and the 
10-20 bp directly upstream of the -35 element 
(referred to as the "UP element"), however, also 
interact sequence-specifically with RNA poly
merase and contribute to promoter efficiency. 

• A 6-bp region is recognizable centered 
approximately I 0 bp upstream of the 
start point in most promoters (the actual 
distance from the start site varies slightly 
from promoter to promoter). This 
hexameric sequence is usually called 
the - 1 0  element, the Pribnow Box, or 
the TATA box. Its consensus, TATAAT, 
can be summarized in the form: 

Tso A95 T45 A6o A5o T96 

where the subscript denotes the per
cent occurrence of the most frequently 
found base, which varies from 45% 
to 96%. (A position at which there is 
no discernible preference for any base 
would be indicated by N.)  The fre
quency of occurrence corresponds to 
the importance of these base pairs in 
binding RNA polymerase. Thus, the ini
tial highly conserved TA and the final, 
almost completely conserved T in the 
- 1 0  sequence are crucial for promoter 
recognition. We now know that the 
- 1 0  element makes sequence-specific 
contacts to the sign1a factor regions 2.3 
and 2.4 (see the discussion that follows). 
This region of the promoter is double
stranded in the closed complex and 
single-stranded in the open complex, 



aCTO 

DNA 

aCTO 
<T reg1on 

4.2 
<T region 

3.0 
<T region 
2.3-2.4 

<T region 
1.2 

DNA 

UP element -35 Ext -10 Dis +1 

FIGURE 19.14 DNA elements and RNA polymerase modules that contribute to promoter recognition by sig rna factor. 
Adapted from S. P. Haugen, W. Ross, and R. l. Gourse, Nat. Rev. Microbial. 6 (2008): 507-519. 

though, so interactions between the 
- I  0 element and RNA polymerase are 
complex and change at different stages 
in the process of transcription initiation. 

• The conserved hexamer centered a t  

-35 bp upstream of the start point is 
called the - 3 5  element. The consensus 
is TTGACA; in more detailed form, the 
conservation can be written: 

T s2 T 84 G7s A6s Cs4 A4s 

Bases in this element interact directly 
with region 4.2 of the sigma factor (see 
the discussion that follows) similarly in 
both the closed and open complex. 

• The distance separating the -35 and 
- 1 0 sites is between I6 and I 8  bp in 
-90% of promoters; in the exceptions, 
ir is as little as I S  bp or as great as 20bp. 
Although the actual sequmce i11 most of the 
iuterve11i119 regio11 is relatively u11importa11t, 
the dista11ce is critical, because, given the 
helical 11ature of the DNA, it determi11es not 
01Tiy the appropriate separation of the two 
i11teractiug regio11s in RNA polymerase but 
also the geometrical orientatio11 of the two 
sites with respect to o11e a11other. 

• The start point is usually (>90% of 
the time) a purine. It is common for the 
start point to be the central base in the 
sequence CAT, but the conservation of 
this triplet is not great enough to regard 

it as an obligatory signal. 
• Certain base pairs in the region between 

the start point and the - I  0 element are 
contacted by the sign1a factor region I .2 
(see the discussion that follows). For 
example, a sequence-specific inter
action between a guanine residue on 
the non template strand two positions 
downstream of the - I O element is 
especially important in determining 
the stability of the open complex. Thus, 
differences in promoter sequence at 

positions that are not highly conserved 

can contribute to the variation in the 

strengths of different promoters. 
• Bases in the extended - 1 0  element are 

contacted by region 3.0 of the sigma 

factor (see the discussion that follows). 
The sequence TGN at the upstream end 

of the - I 0 element results in interactions 
that are especially essential for transcrip

ti on initiation when the promoter lacks 
a -35 element sequence that closely 
matches the consensus. This illustrates 
the modularity of promoter sequences: 

A weak match to the consensus in one 
module can be compensated for by a 

strong match to the consensus in another. 
• The -20-bp region upstream of the 

-35 element may interact with the CTDs 
of the two a subunits. Effects of these 
interactions on promoter activity can be 

quite substantial, increasing transcrip
tion well over an order of magnitude for 
highly expressed promoters like those 

in rRNA genes. When these sequences 
closely match the consensus, this region 

is referred to as the UP element. 
The structure of a promoter, showing the 

permitted range of variation from this opti

mum, is illustrated in FIGURE 19.14 . 

Promoter Efficiencies 
Can Be Increased or 
Decreased by M utation 

Key concepts 

• Down mutations to decrease promoter efficiency 
usually decrease conformance to the consensus 
sequences, whereas up mutations have the 
opposite effect. 

• Mutations in the -35 sequence can affect initial 
binding of RNA polymerase. 

• Mutations in the - 10 sequence can affect binding 
or the melting reaction that converts a closed to 
an open complex. 
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Effects of mutations can provide information 
about promoter function. Mutations in pro
moters affect the level of expression of the 
gene(s) they control without altering the gene 
products themselves. Most are identified as 
bacterial mutants that have lost, or have very 
much reduced, transcription of the adjacent 
genes. They are known as down mutations. 
Mutants are also found with up mutations 
in which there is increased transcription from 
the promoter. 

It i s  important to remember that "up" 
and "down" mutations are defined relative 
to the usual efficiency with which a particu
lar promoter functions. This varies widely. 
Thus a change that is recognized as a down 
mutation in one promoter might never have 
been isolated in another (which in its wild
type state could be even less efficient than the 
mutant form of the first promoter). Informa
tion gained from studies i11 vivo simply identi
fies the overall direction of the change caused 
by mutation. 

Mutations that increase the similarity 
of the - 1 0  or - 3 5  elements to the consen
sus sequences or bring the distance between 
them closer to 1 7  bp usually increase promoter 
activity. Likewise, mutations that decrease the 
resemblance of either site to the consensus or 
make the distance between them farther from 
17 bp result in decreased promoter activity. 
Down mutations tend to be concentrated in 
the most highly conserved promoter positions, 
confirming the particular importance of these 
bases as determinants of promoter efficiency. 
There are, however, occasional exceptions to 
these rules. 

For example, a promoter with consensus 
sequences in all the modules described earlier 
is illustrated in Figure 19 .14. There are, how
ever, no such natural promoters in the E. coli 
genome, and artificial promoters with "perfect" 
matches to the consensus at all these positions 
are actually weaker than promoters with at 
least one mismatch in the - 1 0  or -35 con
sensus hexamers. This is because they bind to 
RNA polymerase so tightly that this actually 
impedes promoter escape. 

To determine the absolute effects of pro
moter mutations, the affinity of RNA poly
merase for wild-type and mutant promoters 
have been measured in vitro. Variation in 
the rate at which RNA polymerase binds to 
different promoters in vitro correlates well 
with the frequencies of transcription when 
their genes are expressed in vivo. Taking this 
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analysis further, the stage at which a mutation 
influences the efficiency of a promoter can be 
determined. Does it change the affinity of the 
promoter for binding RNA polymerase? Does 
it leave the enzyme able to bind but unable to 
initiate? Is the influence of an ancillary factor 
altered? 

By measuring the kinetic constants for for
mation of a closed complex and its conversion 
to an open complex, we can dissect the two 
stages of the initiation reaction: 

• Down mutations in the -35 sequence 
usually reduce the rate of closed com
plex formation, but they do not inhibit 
the conversion to an open complex. 

• Down mutations in the - 1 0  sequence 
can reduce either the initial formation 
of a closed complex or its conversion to 
the open form, or affect both. 

The consensus sequence of the - 10 site 
consists exclusively of A-T base pairs, a configu
ration that assists the initial melting of DNA into 
single strands. The lower energy needed to dis
rupt A-T pairs compared with G-C pairs means 
that a stretch of A-T pairs demands the mini
mum amount of energy for strand separation. 
The sequences immediately around and down
stream from the start point also influence the 
initiation event. Furthermore, the initial tran
scribed region (from - + 1 to -+ 20) influences 
the rate at which RNA polymerase clears the 
promoter and therefore has an effect upon pro
moter strength. Thus, the overall strength of 
a promoter cannot always be predicted from 
its consensus sequences, even when taking 
into consideration the other RNA polymerase 
recognition elements in addition to the - 1 0  
and - 3 5  elements. 

It is important to emphasize that although 
similarity to consensus is a useful tool for iden
tifying promoters by DNA sequence alone, and 
"typical" promoters contain easily recognized 
- 3 5  and - 1 0  sequences, many promoters 
lack recognizable - 1 0  and/or -35 elements. 
In many of these cases, the promoter cannot 
be recognized by RNA polymerase alone and 
requires an ancillary protein "activator" (see 
the chapter titled The Operon), which overcomes 
the deficiency in intrinsic interaction between 
RNA polymerase and the promoter. It is also 
important to emphasize that " optimal activity" 
does not mean "maximal activity." Many pro
moters have evolved with sequences far from 
consensus precisely because it is not optimal for 
the cell to make too much of the product their 
RNA transcript encodes. 



Multiple Regions in  RNA 
Polymerase Directly 
Contact Promoter DNA 

Key concepts 
• The structure of cr70 changes when it associates 

with core enzyme, allowing its DNA-binding re
gions to interact with the promoter. 

• Multiple regions in cr7o interact with the promoter. 

• The Cl subunit also contributes to promoter 
recognition. 

As mentioned briefly in the section ti tied Sigma 
Factor Controls Biudiug to DNA by Recogniziug 
Specific Sequeuces ilz Promoters, several domains 
in the sigma factor subunit and the CTD in 
the alpha subunit contact promoter DNA. The 
identification of a series of dil'ferent consen
sus sequences recognized by holoenzymes 
containing different sigma factors (as seen 
in FIGURE 19.15) implies that the sigma factor 
subunit must itself contact DNA. This suggests 
further that the different sigma factors must 
bind similarly to core enzyme so that the DNA 
recognition surfaces on the different sign1a fac
tors would be positioned similarly to make criti
cal contacts with the promoter sequences in the 
vicinity of the - 3  5 and - I  0 sequences. 

Further evidence that sigma factor con
tacts the promoter directly at both the -35  
and - 1 0  consensus sequences was provided 
by substitutions in the sigma factor that sup
pressed mutations in the consensus sequences. 
When a mutation at a particular position in the 
promoter prevents recognition by RNA poly
merase, and a compensating mutation in sigma 
factor allows the polymerase to use the mutant 
promoter, the most likely explanation is that 
the relevant base pair in DNA is contacted by 
the amino acid that has been substituted. 

Comparisons of the sequences of several 
bacterial sigma factors suggested conserved 
regions in E. coli cr70 (FIGURE 19.16) that interact 
directly with promoters, and these inferences 
were substantiated by the identification of a 
crystal structure of RNA polymerase holoen
zyme in complex with a promoter fragment. 
The bacteria Thermus aquaticus and Thermus 
tlzermophilus illustrate how the DNA-binding 
regions of the sigma factor fold into inde
pendent domains in the protein regions 1 .2, 
2.3-2.4, 3 .0, and 4.1-4.2. 

Figure 1 9 . 1 6  illustrates the sections of 
sigma factor that play direct roles in promoter 
recognition. This figure shows the structure of 

Approx. Promoter 
Size # of sequence 

SubuniVgene (# aa) promoters recognized 

Sigma 70 (rpoD) 613 1 000 TTGACA-16 to 18-bp-TATAAT 

Sigma 54 (rpoN) 477 5 CTGGNA-6 bp-TTGCA 

Sigma S (rpoS) 330 100 TTGACA-16 to 1 8 -bp-TATAAT 

Sigma 32 (rpoH) 284 30 CCCTTGAA-13 to 15-bp-
CCCGATNT 

Sigma F(rpoF) 239 40 CTAAA-1 5 bp-GCCGATAA 

Sigma E (rpoE) 202 20 GAA-16 bp-YCTGA 

Sigma Feel (fee() 173 1-2 ? 
FIGURE 19.15 £. coli sigma factors recognize promoters with different consensus 
sequences. 

the major sigma factor as it exists in the context 
of the holoenzyme. Two short parts ol' region 
2 and one part of region 4 (2.3, 2.4, and 4.2) 
contact bases in the - 1 0 and -35 elements, 
respectively; sigma factor region 1.2 contacts 
the promoter region just downstream from 
the - 1 0 element, and region 3.0 contacts 
the promoter region just upstream from the 
- 1 0 element. Each of these regions forms 
short stretches of a-helix in the protein. A 
crystal structure of the holoenzyme in com
plex with a promoter fragn1ent, in conjunction 
with experiments with promoters in which the 
DNA strands were built to contain mismatches 
("heteroduplex es"), showed that cr70 makes 
contacts with bases principally on the non tem
plate strand of the - 1 0  element, the extended 
- 10 element, and the discriminator region, 
and it continues to hold these contacts after 
the DNA has been unwound in this region. This 
confirms that sign1a factor is important in the 
melting reaction. 

The use of a-helical motifs in proteins to 
recognize duplex DNA sequences is common 
(see the chapter titled Eukaryotic Transcription 
Regulation) .  Amino acids separated by three to 
four positions lie on the same face of an a-helix 
and are therefore in a position to contact adja
cent base pairs. FIGURE 19.17 shows that amino 
acids lying along one face of the 2.4 region 
a-helix contact the bases at positions - 1 2  to 
- 1 0  of the - 1 0  promoter sequence. 

Region 2.3 resembles proteins that bind 
single-stranded nucleic acids and is involved 
in the melting reaction. Regions 2.1  and 2.2 
(which comprise the most highly conserved part 
of sigma factor) are involved in the interaction 
with the core enzyme. It is assumed that all 
sigma factors bind the same regions of the core 
polymerase, which ensures that the sign1a fac
tors compete for limiting core RNA polymerase. 
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FIGURE 19.16 The structure of sigma factor in the context of the holoenzyme: -10 and -35 interactions. Sigma factor is extended and its 
domains are connected by flexible linkers. Illustration adapted from D. G. Vassylyev, et al., Nature 417 (2002}: 712-719. Structure from Protein 
Data Bank 1IW7. D. G. Vassylyev, et al., Nature 417 (2002}: 712-719. 

Although sigma factor has domains that 
recognize specific bases in promoter DNA, the 
N-terminal region of free sigma factor (region 1.1}, 
acting as an autoinhibitory domain, masking the 
DNA -binding region; only once the conformation 
of the sigma factor has been altered by its asso
ciation with the core enzyme can it bind specifi 
cally to promoter sequences (FIGURE 19.18). The 
inability of free sigma factor to recognize promoter 

Protein 

DNA 

Position -1�12-11-1Q....9-.a--7 

FIGURE 19.17 Amino acids in the 2.4 a-helix of [370 
contact specific bases in the coding strand of the -10 
promoter sequence. 
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sequences is important: If sigma factor could bind 
to promoters as a free subunit, it might block holo
enzyme from initiating transcription. Figure 19.18 
schematizes the conformational change in sigma 
factor at open complex fom1ation. 

When sigma factor binds to the core poly
merase, theN-terminal domain swings -20 A 
away from the DNA-binding domains, and 
the DNA-binding domains separate from one 

DNA-binding domains 

N-terminal region binds 
DNA-binding domains 
in free sigma �;;::::::�����: � N-terminal region 

DNA displaces N-terminus 
when complex forms .--:;;--
with DNA 

N-terminal region 

FIGURE 19.18 The N-terminusofsigma blocks the DNA
binding regions from binding to DNA- When an open • 
complex forms, the N-tenninus swings 20 A away, and 
the two DNA-binding regions separate by 15 A. 



Sigma -

Core enzyme 

FIGURE 19.19 Sigma factor has an elongated structure 
that extends along the surface of the core subunits when 
the holoenzyme is formed. 

another by - 1 5 A. presumably to acquire a 
more elongated conformation appropriate for 
contacting DNA. Mutations in either the - 1 0  or 
-35 sequences prevent an N-terminal-deleted 
cr70 from binding to DNA, which suggests that 
cr70 contacts both sequences simultaneously. 
This fits with the information from the crystal 
structure of the holoenzyme (Figure 19.16),  
in which it is clear that the sigma factor has a 
rather elongated structure, extending over the 

0 
-68 A of two turns of DNA. 

Although sigma factor region 1 . 1  is not 
resolved in the crystal structure, biophysical 
measurements of its position in the holoen
zyme versus the open complex suggest that in 
the free holoenzyme, the N-tern1inal domain 
(region 1 . 1 )  is located in the main DNA chan
nel of the enzyme, essentially mimicking the 
location that the promoter will occupy when a 
transcription complex is formed (FIGURE 19.19). 
When the holoenzyme fonns an open complex 
on DNA, the N-terminal sigma factor domain is 
displaced from the main channel. Its position 
with respect to the rest oft he protein is therefore 
very flexible; it changes when sigma factor binds 
to core enzyme and again when the holoenzyme 
binds to DNA. The DNA helix has to move some 
16 A from its initial position in order to enter 
the main DNA channel, and then it has to move 
again to allow DNA to enter the channel during 
open complex formation. FIGURE 19.20 illustrates 
tlus movement, looking in CToss-section down 
the helical axis of the DNA. 

Although it was first thought that sigma 
factor is the only subunit of RNA polymerase 

FIGURE 19.20 DNA initially contacts sigma factor (pink) 
and core enzyme (gray). It moves deeper into the core 
enzyme to make contacts at the -10 sequence. When 
sigma is released, the width of the passage containing 
DNA increases. Reprinted by permission from Macmillan 
Publishers Ltd: Nature, D. G. Vassylyev, et al., vol. 417, 
pp. 712-719, copyright 2002. Photo courtesy of Shigeyuki 
Yokoyama, The University of Tokyo. 

that contributes to the promoter region, the 
CTD of the two alpha subunits also can play 
a major role in contacting promoter DNA by 
binding to the near promoter UP elements. 
Because the aCTDs are tethered flexibly to the 
rest ofRNA polymerase (see Figure 19.14), the 
enzyme can reach regions quite far upstream 
while still bow1d to the - 1 0  and - 35 elements. 
The aCTDs thereby provide mobile domains 
for contacting transcription factors bound at 
different distances upstream from the transcrip
tion start site in different promoters. 

RNA Polymerase-Promoter 
and DNA-Protein 
Interactions Are the Same 
for Promoter Recognition 
and DNA Melting 

Key concepts 

• The consensus sequences at -35 and -10 provide 
most of the contact points for RNA polymerase in 
the promoter. 

• The points of contact lie primarily on one face of 
the DNA. 

• Melting the double helix begins with base flipping 
within the promoter. 

The ability of RNA polymerase (or indeed any 
protein) to recognize DNA can be characterized 
by footprinting. A sequence of DNA bound to 
the protein is partially digested with an endo
nuclease to attack individual phosphodiester 
bonds within the nucleic add. Under appropri
ate conditions, any particular phosphodiester 
bond is broken in some, but not in all, DNA 
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RNA polymerase-promoter complex Isolate DNA and 
partially attacked by DNAase I denature to single strands 

ELECTROPHORESIS 
DNA labeled at 
one end of one strand 

EXPERIMENTAL 
GEL 

Missing bands 
identify 
binding site 

Farthest from 
labeled end 

CONTROL 
GEL 

DNA not bound 
to polymerase 
has bands at 
positions 

to breakage of 
every bond 

Nearest to 
labeled end 

FIGURE 19.21 Footprinting identifies DNA-binding sites for 
proteins by their protection against nicking_ 

molecules. The positions that are cleaved can be 
identified by using DNA labeled on one strand 
at one end only. The principle is the same as 
that involved in DNA sequencing: Partial cleav
age of an end-labeled molecule at a susceptible 
site creates a fragment of unique length. 

FIGURE 19.21 shows that following the 
nuclease treatment the broken DNA fragments 
can be separated by electrophoresis on a gel 
that separates them according to length. Each 
fragment that retains a labeled end produces 
a radioactive band. The position of the band 
corresponds to the number of bases in the frag
ment. The shortest fragments move the fastest, 
so distance from the labeled end is counted up 
from the bottom of the gel. 

In free DNA, virtually every susceptible bond 
position is broken in one or another molecule. 
Figure 19.21 illustrates that when the DNA is 
complexed with a protein, the positions covered 
by the DNA-binding protein are protected from 
cleavage. Thus, when two reactions are run in 
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parallel-a control DNA in which no protein 
was present and an experimental mixture con
taining molecules of DNA bound to the pro
tein-a characteristic pattern emerges. When 
a bound protein blocks access of the nuclease 
to DNA, the bonds in the bound sequence fail 
to be broken in the experimental mixture and that 
part of the gel remains u11represmted by labeled DNA 
fragmellts. 

In the control, virtually every bond is bro
ken, generating a ladder of bands, with one band 
representing each base. There are 3 1  bands in 
Figure 19 .21 .  In the protected fragment, bonds 
cannot be broken in the region bound by the 
protein, so bands representing fragments of 
the corresponding sizes are not generated. The 
absence of bands 9-18 in the figure identifies a 
protein-binding site covering the region located 
9-18 bases from the labeled end of the DNA. By 
comparing the control and experimental lanes 
with a sequencing reaction that is run in paral
lel, it becomes possible to "read off" the corre
sponding sequence directly, thus identifying the 
nucleotide sequence of the binding site. 

As described previously (see Figure 19 .13  ), 
RNA polymerase binds to the promoter region 
from - 5 5  to +20. The points at which RNA 
polymerase actually contacts the promoter 
can be identified by modifying the footprinting 
technique to treat RNA polymerase-promoter 
complexes with reagents that modify particular 
bases. We can then perform the experiment in 
two ways: 

• The DNA can be modified before it is 
bound to RNA polymerase. In this case, 
if the modification prevents RNA poly
merase from binding, we have identi
fied a base position where contact is 
essential. 

• The RNA polymerase-DNA complex 
can be modified. We then can compare 
the pattern of protected bands with 
that of free DNA and of the unmodified 
complex. Some bands disappear, thus 
identifying sites at which the enzyme 
has protected the promoter against 
modification. Other bands increase in 
intensity, thus identifying sites at which 
the DNA must be held in a conforma
tion in which it is more exposed to the 
cleaving agent. 

These changes in sensitivity revealed the 
geometry of the complex, as summarized in 
FIGURE 19.22, for a typical promoter. The regions 
at - 3 5  and - 1 0  contain most of the contact 
points for the enzyme. Within these regions, 



the same sets of positions tend both to prevent 
binding if previously modified, and to show 
increased or decreased susceptibility to modi
fication after binding. The points of contact do 
not coincide completely with sites of mutation; 
however, they occur in the same limited region. 

It is noteworthy that the same positions in 
different promoters provide many oft he contact 
points, even though a different base is present. 
This indicates that there is a common mecha
nism for RNA polymerase binding, although 
the reaction does not depend on the presence of 
particular bases at some of the points of contact. 
This model explains why some of the points of 
contact are not sites of mutation. In addition, 
not every mutation lies in a point of contact; 
the mutations may influence the neighborhood 
without actually being touched by the enzyme. 

It is especially significant that the experi
ments using premodification identify sites in 
the same region that is protected by the enzyme 
against subsequent modification. These two 
experiments measure different things. Pre
modification identifies all those sites that the 
enzyme must recognize in order to bind to 
DNA. Protection experiments recognize all 
those sites that actually make contact in the 
binary complex. The protected sites include all 
the recognition sites and also some additional 
positions, which suggest that the enzyme first 
recognizes a set of bases necessary for it to 
"touch down" and then extends its points of 
contact to additional bases. 

+ 

-1 0  element 

-35 sequence -10 sequence Start point 

___.:.t-r-.1 t t t�l..:-t -- � 
A A C T G T  ___ _ 

tt 

Most points of contact lie on one face of DNA (on the nontemplate strand) 

� Modifications that prevent RNA polymerase from binding 

� Sites where RNA polymerase protects against modification 

t Mutations that abolish or reduce promoter activity 

FIGURE 19.22 One face of the promoter contains the contact points for RNA. 

The region of DNA that is unwound in the 
binary complex can be identified directly by 
multiple methods. Sigma factor region 2 binds 
extensively throughout the promoter region 
to the phosphodiester backbone. Promoter 
sequence recognition and melting occur 
concurrently. Melting begins with base flipping, 
where the two bases A11 and T7 are each flipped 
out of their base pairing position into pockets 
in the a factor, as shown in FIGURE 19.23 . The 
pockets are specific for an A and a T. This initi
ates strand separation and recognizes proper 

No access to base contents 
No promoter melting 
No transcription 5' ...,--
dsDNA Direct readout of base contents 

.... 0:::::::::;:::::;:::::::::�:::::::::===========:) 
Promoter melting 
Transcription 

ssDNA 

FIGURE 19.23 Sequence-specific recognition of the -10 element by region 2 of a. The DNA backbone is represented by green circles, 
bases of the nontemplate strand by dark blue polygons, and bases of the template strand by light blue polygons. The sequence of the 
nontemplate strand corresponds to the consensus of the -10 element. Region 2 of a is shown as an orange polygon. Adapted from 
Cell (2011) 147,1218-1219. Adapted from X Liu, et al., Cell 147 (2011): 1218-1219. 
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The core enzyme in the ternary complex 
(which comprises DNA, nascent RNA, and 
RNA polymerase) is  essentially Nlocked in" 
until elongation has been completed. As will 
be described shortly, this processi vi ty results 
in part from the way the enzyme encircles the 
DNA and in part from the increase in the affin
ity of the enzyme for the complex afforded by 
interactions with the nascent RNA. 

The drug rifampicin (a member of the rifa
mycin antibiotic family) blocks transcription 
by bacterial RNA polymerase. It i s  the major 
antibiotic used against tuberculosis. The crys
tal structure of RNA polymerase bound to 
rifampicin explains its action: It binds in a 
pocket of the 13 subunit, > 12 A away from 
the active site, but in a position where i t  
blocks the path of the elongating RNA. By 
preventing the RNA chain from extending 
beyond two to three nucleotides, it blocks 
transcription. 

A Model for Enzyme 
Movement Is Suggested 
by the Crystal Structure 

Key concepts 
• DNA moves through a channel in RNA polymerase 

and makes a sharp turn at the active site. 
• Changes in the conformations of certain flexible 

modules within the enzyme control the entry of 
nucleotides to the active site-

• Translocation proceeds by a Brownian ratchet 
mechanism_ 

As a result of the crystal structures of the 
bacterial and yeast enzymes in complex with 
NTPs and/or with DNA, we now have consid
erable information about the structure and 
function of RNA polymerase during elonga
tion. Bacterial RNA polymerase has overall 
dimensions of -90 X 95 X 160 A, and the 
archaeal and eukaryotic RNA polymerases 
are only slightly larger, primarily from addi
tional stretches of amino acids and/or extra 
subunits situated on the periphery of the 
enzyme. Nevertheless, the core enzymes 
share not only a common structure, in which 
there is a "channel" -25 A wide that accom
modates the DNA, but a common mechanism 
for nucleotide addition. 

A model of this channel in bacterial RNA 
polymerase is illustrated in FIGURE 19.25. The 
groove holds -17 bp of DNA. In conjunction 
with the -13 nt of DNA accommodated by the 

(Active center) 

•• ••• •• • • 

so A 

a CTD, 

I 

• 
• • •• •• • 

Secondary channel 

• 

FIGURE 19.25 The A model showing the structure of RNA polymerase 
through the main channel. Subunits are color-coded as follows: 
13', pink; 13, cyan; ai, green; ali, yellow; w, red. Adapted from K- M_ 
Geszvain and R_ Landick (ed. N_ p_ Higgins). The Bacterial Chromosome. 
American Society for Microbiology, 2004. 

enzyme's active site region, this accounts for 
the -30-3 5 nt long protected region observed 
in footprints of the elongation complex. The 
groove is lined with positive charges, enabling 
it to interact with the negatively charged 
phosphate groups of DNA. The catalytic site 
is  formed by a cleft between the two large 
subunits that grasp DNA downstream in 
its "jaws" as it enters the RNA polymerase. 
RNA polymerase surrounds the DNA, and a 
catalytic Mg2+ ion is found at the active site. 
The DNA is held in position by the down
stream clamp, another name for one of the 
jaws. FIGURE 19.26 illustrates the 90° turn that 
the DNA takes at the entrance to the active 
site because of an adjacent wall of protein. 
The length of the RNA hybrid is  limited by 
another protein obstruction, called the lid. 
Nucleotides are thought to enter the active 
site from below, via the secondary channel 
(called the "pore" in yeast RNA polymerase). 
The transcription bubble includes 8 to 9 bp 
of DNA-RNA hybrid. The lid separates the 
DNA and RNA bases at one end of the hybrid 
(see Figure 19.25), and the DNA base on 
the template strand at the other end of the 
hybrid is flipped out to allow pairing with the 
incoming NTP. 

Once DNA has been melted, the trajectory 
of the individual strands within the enzyme 
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FIGURE 19.26 DNA is forced to make a turn at the active 
site by a wall of protein. Nucleotides may enter the active 
site through a pore in the protein. 

is no longer constrained by the rigidity of the 
double helix, allowing DNA to make its 90° 
turn at the active site. Furthermore, there is 
a large conformational change in the enzyme 
itself involving the "clamp," which makes up 
one of the jaws of the enzyme that holds the 
downstream DNA in place. 

One of the dilemmas of any nucleic acid 
polymerase is that the enzyme must make tight 
contacts with the nucleic acid substrate and 
product, but must break these contacts and 
remake them with each cycle of nucleotide 
addition. Consider the situation illustrated in 
FIGURE 19.27 . A polymerase makes a series of 
specific contacts with the bases at particular 
positions. For example, contact "l" i s  made 
with the base at the end of the growing chain 
and contact "2" is made with the base in the 
template strand that is complementary to 
the next base to be added. Note, however, 
that the bases that occupy these locations in 
the nucleic acid chains change every time a 
nucleotide is added! 

The top and bottom panels of the figure 
show the same situation: A base is about to 
be added to the growing chain. The difference 
is that the growing chain has been extended 
by one base in the bottom panel. The geom
etry of both complexes is exactly the same, 
but contacts " l" and "2" in the bottom panel 
are made to bases in the nucleic acid chains 
that are located one position farther along 
the chain. The middle panel shows that this 
must mean that, after the base is  added, and 
before the enzyme moves relative to the 
nucleic acid, the contacts made to specific 
positions must be broken so that they can be 
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FIGURE 19.27 Movement of a nucleic acid polymerase 
requires breaking and remaking bonds to the nucleo
tides at fixed positions relative to the enzyme structure. 
The nucleotides in these positions change each time the 
enzyme moves a base along the template. 

remade to bases that occupy those positions 
after the movement. 

There are RNA polymerase crystal struc
tures that provide considerable insight into 
how the enzyme retains contact with its sub
strate while breaking and remaking bonds in 
the process of the nucleotide addition cycle 
and undergoing translocation by a Brownian 
ratchet mechanism. Random fluctuations 
occur and are locked into the correct position 
by the binding of a nucleoside triphosphate. 
The energy from binding the correct substrate 
stabilizes the active conformation and sup
presses backtracking. A flexible module called 
the trigger loop appears to be unfolded before 
nucleotide addition, but becomes folded once 
the NTP enters the active site. Once bond 
formation and translocation of the enzyme 
to the next position are complete, the trig
ger loop unfolds again, ready for the next 
cycle. Thus, a structural change in the trig
ger loop coordinates the sequence of events 
in catalysis. 



A Stalled RNA Polymerase 
Can Restart 

Key concept 

• An arrested RNA polymerase can restart 
transcription by cleaving the RNA transcript to 
generate a new 3 '  end. 

RNA polymerase must be able to handle situ
ations when transcription is blocked. This can 
happen, for example, when DNA is damaged. 
A model system for such situations is provided 
by arresting elongation in vitro by omitting one 
of the necessary precursor nucleotides, allow
ing fraying of the end of the RNA. Any event 
that causes misalignment of the 3'  terminus of 
the RNA with the active site results in the same 
problem, though: Something is needed to repo
sition the 3'-0H of the nascent RNA with the 
active site so that it can undergo attack from the 
next NTP and phosphodiester bond formation. 
Realignment is accomplished by cleavage of the 
RNA to place the terminus in the right location 
for addition of further bases. 

Although the cleavage activity is intrinsic to 
RNA polymerase itself, it is stimulated greatly 
by accessory factors that are ubiquitous in the 
three biological kingdoms. There are two such 
factors in E. coli, GreA and GreB, and eukaryotic 
RNA polymerase II uses TF11S for the same pur
pose. TF11S displays little similarity in sequence 
or structure to the Gre factors, but it binds to the 
same part of the enzyme, the RNA polymerase 
secondary channel (pore). 

The Gre factors/TF11S enable the polymerase 
to cleave a few ribonucleotides from the 3'  ter
minus of the RNA product, thereby allowing the 
catalytic site of RNA polymerase to be realigned 
with the 3 '  -OH. Each of the factors inserts a nar
row protein domain (in TF11S this is a zinc ribbon, 
in the bacterial enzyme it is a coiled coil) deep 
into RNA polymerase, approaching very close to 
the catalytic center. Two acidic amino acids at 
the tip of the factor approach the primary cata
lytic magnesium ion in the active site, allowing a 
second magnesium ion to enter and convert the 
catalytic site to turn into a ribonuclease. 

In summary, the elongating RNA polymerase 
has the ability to unwind and rewind DNA, to 
keep hold of the separated strands of DNA as well 
as the RNA product, to catalyze the addition of 
ribonucleotides to the growing RNA chain, to 
monitor the progress of this reaction, and-with 
the assistance of an accessory factor or two-to 
fix problems that occur by cleaving off a few nt of 
the RNA product and restarting RNA synthesis. 

Bacterial RNA 
Polymerase Terminates 
at Discrete Sites 

Key concepts 

• There are two classes of terminators: Those 
recognized solely by RNA polymerase itself 
without the requirement for any cellular factors 
are usually referred to as "intrinsic terminators." 
Others require a cellular protein called rho and are 
referred to as "rho-dependent terminators." 

• Intrinsic termination requires recognition of 
a terminator sequence in DNA that codes for a 
hairpin structure in the RNA product. 

• The signals for termination lie mostly within 
sequences already transcribed by RNA polymerase, 
and thus termination relies on scrutiny of the 
template and for the RNA product that the 
polymerase is transcribing. 

Once RNA polymerase has started transcrip
tion, the enzyme moves along the template, 
synthesizing RNA. As described earlier in this 
chapter in the section titled The Transcriptioll 
Reacti011 Has Three Stages, movement is not at 
a steady pace but the rate varies, determined 
by the sequence context. The RNA polymerase 
can pause or arrest and even backtrack, either 
of which can lead to termination. The enzyme 
stops adding nucleotides to the growing RNA 
chain, releases the completed product, and dis
sociates from the DNA template at the point 
of a genuine terminator sequence, or during a 
prolonged pause. Termination requires that all 
hydrogen bonds holding the RNA-DNA hybrid 
together must be broken, after which the DNA 
duplex reforms. 

It is sometimes difficult to define the ter
mination site for an RNA that has been synthe
sized in the living cell, because the 3'  end of the 
molecule can be degraded by a 3' exonuclease 
or cleaved by an endonuclease, leaving no his
tory of the actual site at which RNA polymerase 
terminated in the remaining transcript; in fact, 
specific 3'end modifications are part of nor
mal RNA processing in eukaryotes. Therefore, 
termination sites are often best characterized 
in vitro. The ability ofthe enzyme to terminate in 
vitro, however, is strongly influenced by param
eters such as the ionic strength and tempera· 
ture at which the reaction is performed; as a 
result, termination at a particular position ill 
vitro does not prove that this is the same site 
where it occurs in cells. If the same 3'  end is 
detected in vivo and with purified components ill 
vitro, though, this is generally recognized as good 
evidence for the authentic site of termination. 
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sequences required 
for termination 
are in transcribed 
region 

rpin in RNA t may be required 

RNA polymerase and RNA are released 

FIGURE 19.28 The DNA sequences required for termina
tion are located upstream of the terminator sequence. 
Formation of a hairpin in the RNA may be necessary. 

FIGURE 19.28 and FIGURE 19.29 summarize 
the two major features found in intrinsic ter
minators. First, intrinsic terminators-that is, 
those that do not require auxiliary rho factor 
(p),  as described shortly-require a G +C-rich 
hairpin to form in the secondary structure of 
the RNA being transcribed. Thus, terminatio11 

Single-stranded U-run 

FIGURE 19.29 Intrinsic terminators include palindromic 
regions that form hairpins varying in length from 7 to 
20 bp. The stem-loop structure includes a G-C-rich region 
and is followed by a run of U residues. 
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depwds on the RNA product and is not determined 
simply by scruthzy of the DNA sequwce during 
tra11scriptio11. The second feature is a series of 
up to 7 U residues (T residues in the DNA) 
following the hairpin stem but preceding 
the actual position of termination. There are 
- 1 100 sequences in the E. coli genome that fit 
these criteria, suggesting more than half of the 
cell's transcripts are terminated at intrinsic ter
minators. Rho-dependent terminators are 
defined by the need for addition of rho factor 
hz vitro, and mutations show that the factor is 
involved in termination i11 vivo. 

Terminators vary widely in their efficien
cies. Readthrough transcripts refer to the 
fraction of transcripts that are not stopped by 
the terminator. (Readthrough is the same term 
used in translation to describe a ribosome's 
suppression of termination codons.) Further
more, the termination event can be prevented by 
specific ancillary factors that interact with RNA 
and/or RNA polymerase, a situation referred 
to as antitermination. Thus, as in the case 
of initiation or elongation, termination can be 
regulated as a mechanism for controlling gene 
expression, as described in the chapter titled 
Phage Strategies. 

There are other parallels between initia
tion and termination. Both require breaking 
of hydrogen bonds (initial melting of DNA at 
initiation and RNA-DNA dissociation at termi
nation), and both can utilize additional pro
teins (sigma factors, activators, repressors, and 
rho factor) that interact with the core enzyme. 
Whereas initiation relies solely upon the inter
action between RNA polymerase and duplex 
DNA, however, the termination event also 
involves recognition of signals in the transcript 
by RNA polymerase . 

Point mutations that reduce termination 
efficiency usually occur within the stem region 
of the hairpin, replacing GC base pairs with 
weaker AT base pairs, or in the U-rich sequence, 
supporting the importance of these sequences 
in the mechanism of termination. The RNA
DNA hybrid makes a large contribution to the 
forces holding the elongation complex together. 
Thus, breaking the hybrid would destabilize the 
elongation complex, leading to termination. 
Interactions ofthe hairpin with the RNA poly
merase or forces exerted by formation of the 
hairpin as the RNA emerges from the RNA exit 
channel can transiently misalign the 3'  end of 
the RNA with the active center in the enzyme. 
This misalignment, combined with the unusu
ally weak RNA-DNA hybrid formed from the 
rU -dA RNA-DNA base pairs resulting from the 



stretch ofU residues, destabilize the elongation 
complex. 

Termination efficiency i11 vitro can vary 
widely, though, from 2% to 90%. The effi
ciency of termination depends not only on 
the sequences in the hairpin and the number 
and positions of U residues downstream of the 
hairpin, but also on sequences both further 
upstream and dovvnstream of the site of ter
mination. Instead of terminating, the enzyme 
may simply pause before resuming elongation. 
These pause sites can serve regulatory pur
poses on their own (see the sections on the trp 
operon and attenuation in the chapter titled The 
Operoli). Whether RNA polymerase arrests and 
releases the RNA chain or whether it merely 
pauses before resuming transcription (i.e. ,  
the duration of the pause and the efficiency 
of escape hom the pause) is determined by a 
complex set of kinetic and thermodynamic con
siderations resulting from the characteristics of 
the hairpin and the U-rich stretch in the RNA, 
and the upstream and downstream sequences 
in the DNA. For example, pausing can occur at 
sites that resemble tenninators, but where the 
separation between the hairpin and the U-run 
is longer than optimal for termination. 

How Does Rho 
Factor Work? 

Key concept 
• Rho factor is a protein that binds to nascent RNA and 

tracks along the RNA to interact with RNA polymerase 
and release it from the elongation complex. 

Rho factor is an essential protein in E. coli that 
causes transcription termination. The rho con
centration may be as high as -10% the concen
tration of RNA polymerase. Rho-independent 
tem1ination accounts for almost half of E. coli 
tem1inators. 

FIGURE 19.30 illustrates a model for rho 
function. First, it binds to a sequence within the 
transcript upstream of the site of temunation. 
This sequence is cal1ed a rut site (an acronym 
for rho utilization). The rho factor then tracks 
along the RNA until it catches up to RNA poly
merase. When the RNA polymerase reaches the 
tem1ination site, rho first freezes the structure 
of the polymerase and then invades the exit 
channel to destabilize the enzyme, causing it 
to release the RNA. Pausing by the polymerase 
at the site of tem1ination allows time for rho 
factor to translocate to the hybrid stretch and 
is an important featme of termination. 

Rho attaches to rut site on RNA 

RNA polymerase pauses at hairpin and 
rho catches up 

FIGURE 19.30 Rho factor binds to RNA at a rut site and 
translocates along RNA until it reaches the RNA-DNA 
hybrid in RNA polymerase, where it releases the RNA 
from the DNA. 

We see an important general principle here. 
When we know the site on DNA at wluch some 
protein exercises its effect, we cannot assume 
that this coincides with the DNA sequence that 
it initialJy recognizes. They can be separate, and 
there need not be a fixed relationship between 
them. In fact, rut sites in different transcription 
units are found at varying distances preceding 
the sites of termination. A similar distinction is 
made by antitenninatiou factors (see the sec
tion later in this chapter titled Antiterminatio11 
Can Be a Regu !a tory Evel!t). 

What actually constitutes a rut site is some
what unclear. The common feature of rut sites is 
that the sequence is rich i n C  residues and poor 
in G residues and has no secondary structure. 
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UCGCUACCUCAUAU CCGCACCUCCUCAAACGCUACCUCGACCAGAAAGGCGUCUCUUI 

Bases 
C 41% 01( Deletion prevents termination )II 
A 25% 
u 20% 
G 14% 

FIGURE 19.31 A rut site has a sequence rich in C and poor in G preceding the actual site(s) of 
termination. The sequence corresponds to the 3 '  end of the RNA. 

An example is given in FIGURE 19.31. C is by far 
the most common base (41%) and G is the least 
common base ( 14% ). rut sites vary in length. As 
a general rule, the efficiency of a rut site increases 
with the length of the C-rich/G-poor region. 

Rho is a member ofthe family ofhexameric 
ATP-dependent helicases. Each subunit has an 
RNA-binding domain and an ATP hydrolysis 
domain. The hexamer functions by passing 
nucleic acid through the hole in the middle of the 
assembly formed from the RNA -binding domains 
of the subunits (FIGURE 19.32). The structure of 
rho gives some hints about how it might func
tion. It winds RNA from the 3' end around the 
exterior ofthe N-tenninal domains, and pushes 
the 5' end of the bound region into the interior, 
where it is bound by a secondary RNA-binding 
domain in the C-terminal domains. The initial 
form of rho is a gapped ring, but binding of the 
RNA converts it to a closed ring. 

Rho monomer has two domains 

Hexameric ring hmt1<: 
RNA WO:.::::; 

FIGURE 19.3 2 Rho has an N-terminal, RNA-binding 
domain and a C-terminal ATPase domain. A hexamer in 
the form of a gapped ring binds RNA along the exterior of 
the N-terminal domains. The 5 '  end of the RNA is bound 
by a secondary binding site in the interior of the hexamer. 

534 CHAPTER 19 Prokaryotic Transcription 

After binding to the rut site, rho uses its 
helicase activity, driven by ATP hydrolysis, 
to translocate along RNA until it reaches the 
RNA polymerase. It then may utilize its heli
case activity to unwind the duplex structure 
and/or interact with RNA polymerase to help 
release RNA. 

Rho needs to translocate along RNA from 
the rut site to the actual point of termination. 
This requires the factor to move faster than 
RNA polymerase. The enzyme pauses when it 
reaches a terminator, and termination occurs if 
rho catches it there. Pausing is therefore impor
tant in rho-dependent termination, just as in 
intrinsic termination, because it gives time for 
the other necessary events to occur. 

The coupling between transcription and 
translation has important consequences for 
rho action. Rho must first have access to RNA 
upstream ofthe transcription complex and then 
moves along the RNA to catch up with RNA 
polymerase. As a result, its activity is impeded 
when ribosomes are translating an mRNA. This 
model explains a phenomenon that puzzled 
early bacterial geneticists. In some cases, a non
sense mutation in one gene of a transcription 
unit was found to prevent the expression of 
subsequent genes in the unit even though both 
genes had their own ribosome binding sites, an 
effect called polarity. 

Rho-dependent termination sites withi11 a 
transcription unit are usually masked by trans
lating ribosomes (FIGURE 19.33 ), and therefore 
rho cannot act on downstream RNA polymer
ases. Nonsense mutations release ribosomes 
within the RNA of a multigene operon, though, 
enabling rho to terminate transcription prema
turely and prevent expression of distal genes in 
the transcription unit even though their open 
reading frames contained wild-type sequences. 

Why are stable RNAs (rRNAs and tRNAs) 
not subject to polarity? tRNAs are short and form 
extensive secondary structures that probably 
prevent rho binding. Parts of rRNAs also have 
extensive structure, but rRNAs are much longer 



WILD-TYPE NONSENSE MUTANT 
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FIGURE 19.33 The action of rho factor may create a link between transcription and translation 
when a rho-dependent terminator lies soon after a nonsense mutation. 

than tRNAs, leaving ample opportunity for rho 
action. Cells have evolved another mechanism 
for preventing premature termination of rRNA 
transcripts, though: There are proteins that 
bind to so-called nut sites in the leader regions 
of both the 16S and 23S rRNA transcripts, form
ing antitermination complexes that inhibit 
the action of rho. 

rho mutations show wide variations in their 
influence on termination. The basic nature of 
the effect is a failure to terminate. The mag
nitude of the failure, however, as seen in the 
percent of readthrough i11 vivo, depends on 
the particular target locus. Similarly, the need 
for rho factor in vitro is variable. Some (rho
dependent) terminators require relatively high 
concentrations of rho, whereas others function 
just as well at lower levels. This suggests that 
different terminators require different levels 
of rho factor for termination and therefore 
respond differently to the residual levels of rho 
factor in the mutants (rho mutants are usually 
leaky). 

Some rho mutations can be suppressed by 
mutations in other genes. This approach pro
vides an excellent way to identify proteins that 
interact with rho. The � subunit of RNA poly
merase is implicated by two types of mutation. 
First, mutations in the rpoB gene can reduce 

termination at a rho-dependent site. Second, 
mutations in rpoB can restore the ability to ter
minate transcription at rho-dependent sites in 
rho mutant bacteria. We do not, however, know 
what function the interaction plays. 

Supercoiling Is an 
Important Feature of 
Transcription 

Key concepts 
• Negative supercoiling increases the efficiency of 

some promoters by assisting the melting reaction. 
• Transcription generates positive su percoils ahead 

of the enzyme and negative supercoils behind 
it, and these must be removed by gyrase and 
topoisomerase. 

Both prokaryotic and eukaryotic RNA polymer
ases usually seem to initiate transcription more 
efficiently i11 vitro when the template is super
coiled, and in some cases, promoter efficiency 
is aided tremendously by negative supercoiling. 
Why are different promoters influenced more 
by the extent of supercoiling than others? The 
most likely possibility is that the dependence 
of a promoter on supercoiling is determined by 
the free energy needed to melt the DNA in the 
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initiation complex. The free energy of melting 
in turn is dependent on the DNA sequence of 
the promoter. The more G +C rich the promoter 
sequence corresponding to the position of the 
transcription bubble, the more dependent the 
promoter would be on supercoiling to help melt 
the DNA. 

However, whether a particular promoter's 
activity is facilitated by supercoiling is much 
more complicated. The dependence of differ
ent promoters on the degree of supercoiling 
is also affected by DNA sequences outside of 
the bubble, because supercoiling changes the 
geometry of the complex, affecting the angles 
and distances between bases in space. There
fore, differences in the degree of supercoil
ing can alter interactions between bases in 
the promoter and amino acids in RNA poly
merase. Furthermore, because different parts 
of the chromosome exhibit different degrees 
of supercoiling, the effect of supercoiling on 
a promoter's activity can be influenced by the 
location of the promoter on the chromosome. 

As RNA polymerase continually unwinds 
and rewinds the DNA as it moves down the 
template (illustrated in Figure 19.4}, either 
the entire transcription complex must rotate 
around the DNA, or the DNA itself must rotate 
about its helical axis. It is thought that the latter 
situation is closer to reality: The DNA threads 
through the enzyme like a screw through a bolt. 

One consequence of the rotation of DNA 
is illustrated in FIGURE 19.34. In the twi11 domai11 
model for transcription, as RNA polymerase 
moves with respect to the double helix, it gen
erates positive supercoils (more tightly wound 
DNA) ahead of it and leaves negative super
coils (partially unwound DNA) behind it. For 
each helical turn traversed by RNA polymerase, 
+ 1 turn is generated ahead and - 1  turn behind. 

(Negative 
supercoils) 

Transcribing Overwound 
DNA (Positive supercoils) 

Topoisomerase ! 
relaxes negative 
supercoils 

Duplex DNA (1 0.4 bplturn) 

Gyrase 
introduces positive 
supercoils 

FIGURE 19.34 Transcription generates more tightly 
wound (positively supercoiled) DNA ahead of RNA poly
merase, while the DNA behind becomes less tightly wound 
(negatively supercoiled). 
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Transcription therefore not only is affected by 
the local structure of DNA, but it also affects the 
actual structure of the DNA. The enzymes DNA 
gyrase, which introduces negative supercoils 
into DNA, and DNA topoisomerase I, which 
removes negative supercoils in DNA, are 
required to prevent topological stresses from 
building up in the course of transcription and 
replication. Blocking the activities of gyrase 
and topoisomerase therefore result in major 
changes in DNA supercoiling, which in turn 
affects transcription and replication. This was 
discussed earlier in the context of replication 
(see the chapter titled The Rep/icon: !tzitiati01z of 
Replicatio11 ) .  

Phage T7 RNA Polymerase 
Is a Useful Model System 

Key concepts 

• The T7 family of RNA polymerases are single 
polypeptides with the ability to recognize phage 
promoters and carry out many of the activities of 
the multisubunit RNA polymerases. 

• Crystal structures of T7 family RNA polymerases 
with DNA identify the DNA-binding region, 
the active site, and suggest models for promoter 
escape. 

Certain bacteriophages (e.g., T3, T7, N4) make 
their own RNA polymerases, consisting of sin
gle polypeptide chains. These RNA polymerases 
recognize just a few promoters on the phage 
DNA, but they carry out many of the activities 
of the multisubunit RNA polymerases. Thus, 
they provide model systems for the study of 
specific transcription functions. 

For example, the T7 RNA polymerase is a 
single polypeptide chain of <100 kD. It syn
thesizes RNA at a rate of -300 nucleotides/ 
second at 37°C, a rate that is much faster than 
that of the multi subunit RNA polymerase of its 
bacterial host and faster than the ribosomes that 
translate its mRNAs. Thus, T7 -directed tran
scription would be subject to transcriptional 
polarity if it were not for the fact that transcrip
tion by T7 RNA polymerase occurs only later 
in infection, when Rho expression is limited. 

The T7 RNA polymerase is homologous to 
DNA and RNA polymerases in that the cata
lytic cores of all three enzymes have similar 
structures. DNA lies in a "palm" surrounded by 
"fingers" and a "thumb," and the enzyme uses 
an identical catalytic mechanism. We now have 
several crystal structures of the T7 and N4 RNA 
po lymera ses. 



Specificity 13 sheet 
binds in wide groove 

Enzyme movement -�� 
FIGUR� 19.35 . �7 RNA polymerase has a specificity loop 
that b1 nds pos1t10ns -7 to -11 of the promoter while 
positions -1 to -4 enter the active site. 

T7 RNA polymerase recognizes its tar
get sequence in DNA by binding to bases in 
the major groove, as shown in FIGURE 19.35, 
using a specificity loop formed by a 13 ribbon. 
This feature is unique to the single-subunit 
RNA polymerases (it is not found in DNA poly
merases). Like the multi subunit RNA polymer
ases, the promoter consists of specific bases in 
DNA upstream of the transcription start site, 
although T7 promoters consist of fewer bases 
than promoters typically recognized by multi
subunit RNA polymerases. 

The transition from the promoter complex 
to the elongation complex is accomplished 
by two major conformational changes in the 
enzyme. First, as wi th the multisubunit RNA 
polymerases, the template is "scrunched" in 
the active site, and the enzyme remains bound 
to the promoter as the polymerase undergoes 
abortive synthesis, producing short transcripts 
from 2 to 12 nt in length. The promoter-binding 
domain would present an obstacle to abortive 
product formation if it were not for the fact 
that it is moved out of the way by a rotation of 
approximately 45°, allowing the polymerase to 
maintain promoter contacts during synthesis 
of the initial RNA transcript. This is analogous 
to the displacement of the sigma factor domain 
3-domain 4 linker from the RNA exit channel 
during the initial stages of RNA synthesis in the 
multisubunit bacterial RNA polymerase. The 
RNA emerges to the surface of the enzyme when 
12 to 14 nucleotides have been synthesized. An 
even larger conformational change occurs next, 
in which a subdomain called region H moves 
more than 70 A from its location in the initiation 
complex. This massive structural reorganization 
ofthe N-terminal domain upon formation ofthe 
elongation complex creates a tunnel through 
which the RNA transcript can exit, as well as a 
binding site for the single-stranded non template 
DNA of the transcription bubble. 

Competition for Sigma 
Factors Can Regulate 
Initiation 

Key concepts 

• E. coli has seven sigma factors, each of which 
causes RNA polymerase to initiate at a set 
of promoters defined by specific -35 and 
-10 sequences. 

• The activities of the different sigma factors are 
regulated by different mechanisms. 

In the next few sections, we provide a few 
examples of regulation of initiation, elonga
tion, and termination. Other examples will be 
presented in the chapters titled The Opero11 and 
Phage Strategies. 

The division of labor between a core enzyme 
responsible for chain elongation and a sigma fac
tor responsible for promoter selection raised the 
question of whether there would be more than 
one type of sigma factor, each specific for a dif
ferent set of promoters. FIGURE 19.36 shows the 
principle of a system in which a substitution of 
the sigma factor changes the choice of promoter. 

E. coli often uses alternative sigma factors to 
respond to changes in environmental or nutri
tional conditions; they are listed in FIGURE 19.37 
(sigma factors are named by the molecular 
weight of the product or by the function of the 
genes they transCJibe). The most abundant sigma 
factor, responsible for transcription of most 
genes under normal conditions, is u70 (called 
sigma A in most bacterial spedes) and is encoded 

Holoenzyme with a70 recognizes 
one set of promoters 

U? 
•• 

• ••• 

Substitution of sigma factor 
causes enzyme to recognize 
a diHerent set of promoters 

FIGURE 19.36 The sigma factor associated with core 
enzyme determines the set of promoters at which tran
scription is initiated. 
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Gene Factor Use 

rpoD 
rpoS 
rpoH 
rpoE 
rpoN 
rpoF 

a?o 
as 
c?2 
aE 
a-54 
aF 

most required functions 

stationary phase/some stress responses 

heat shock 

periplasmic/extracellular proteins 

nitrogen assimilation 

flagellar synthesis/chemotaxis 

feel afecl iron metabolism/transport 

FIGURE 19.37 In addition to (170, E. coli has several sigma 
factors that are induced by particular environmental condi
tions. (A number in the name of a factor indicates its mass.) 

by the rpoD gene. The alternative sigma factor 
(js ((j3s) is used for making many stress-related 
products; (jH ((j32) and (jE ((j24) are required for 
making products needed for responding to con
ditions that unfold proteins in the cytoplasm and 
periplasm, respectively; (jN ((j54) makes prod
ucts needed primarily for nitrogen assimilation; 
(jFccJ ((j'9) makes a few products needed for 
iron transport; and (jF ( (j28) expresses products 
needed for synthesis of flagella. 

The unfolded protein response is one of 
the most conserved regulatory responses in all 
of biology. Originally discovered as a response 
to an increase in temperature (and therefore 
called the heat-shock response), a similar set 
of proteins is synthesized in all three biological 
kingdoms that protect cells against environ
mental stress. Many of these heat-shock pro
teins are chaperones, which reduce the levels of 
unfolded proteins by refolding them or degrad
ing them. In E. coli, the induction of heat shock 
proteins occurs at the transcription level. The 
gene rpoH is a regulator needed to switch on 
the heat-shock response. Its product (j32 is an 
alternative sigma factor that recognizes the pro
moters of the heat shock genes. 

The heat-shock response (mostly chap
erones and proteases) is feedback regulated. 
The key to the control of (j32 is that the avail
ability of these cytoplasmic proteases and 
chaperones is dependent on whether or not 
they are titrated away by unfolded proteins. 
Thus, when unfolded protein levels go down 
(either because the heat-shock proteins refold 
or degrade them, or because the temperature is 
lowered), they no longer titrate away the pro
teases that degrade (j32, and (j32 levels return 
to normal. Because (j70 and (j32 compete for 
available core enzyme, transcription from heat
shock gene promoters returns to basal levels as 
(j24 and (j32 levels go back to normal. Thus, the 
set of gene products made during heat shock 
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depends on the balance between (j7o and (j32. 
Consistent with the importance of sigma com
petition, the concentration of (j70 is greater than 
that of core RNA polymerase under (j32 nonin
ducing conditions. 

(j32 is not the only sign1a factor that controls 
the unfolded protein response . (jE is induced by 
accumulation of unfolded proteins in the peri· 
plasmic space and outer membrane (rather than 
in the cytoplasm). As with (j32, proteolysis is the 
key to induction oftranscription .E(jE-dependent 
promoters. The intricate circuit responsible 
for regulation of (jE activity is summarized in 
FIGURE 19.38. (jE binds to a protein (RseA) that 
is located in the inner membrane. RseA is an 
example of an antisigma factor. When bound 
to (jE, RseA prevents (jE from binding to core 
RNA polymerase and activating .E(jE promot
ers. These promoters transcribe products needed 
for refolding denatured periplasmic proteins or 
degrading them. Thus, the periplasmic heat
shock response is a transient feedback response 
controlled by the concentrations of its own gene 
products. The (jE regulon respond to the levels 
of unfolded and denatured periplasmic proteins 
rather than unfolded and denatured cytoplas
mic proteins. 

How does RseA know when to release (jE? 
The mechanism involves regulated, sequen
tial proteolysis of RseA. The accumulation of 
unfolded proteins activates a protease (DegS) 
in the periplasmic space, which cleaves off 
the C-terminal end of the RseA protein. This 

c 
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N 

PERl PLASM 

Cleavage 
by DegS 

.. 

CYTOPLASM 

Cleavage 
by YaeL 

0 .. 

Sigma 
released 

0 

� 
Activate 
transcription 

FIGURE 19.38 RseA is synthesized as a protein in the 
inner membrane. Its cytoplasmic domain binds the (jE 
factor. RseA is cleaved sequentially in the periplasmic 
space and then in the cytoplasm. The cytoplasmic cleav
age releases (jE. 



cleavage activates another protease, RseP, this 
time on the cytoplasmic face of the inner mem
brane. RseP cleaves the N-terminal region of 
RseA, ultimately releasing aE. aE can then bind 
core RNA polymerase and activate transcrip
tion. Thus, accumulation of unfolded proteins 
at the periphery of the bacterium activates the 
set of genes controlled by the sigma factor. 

Sigma Factors May Be 
Organized into Cascades 

Key concepts 

• A cascade of sigma factors is created when one 
sigma factor is required to transcribe the gene 
coding for the next sigma factor. 

• The early genes of phage SPOl are transcribed by 
host RNA polymerase. 

• One of the early genes codes for a sigma factor 
that causes RNA polymerase to transcribe the 
middle genes. 

• Two of the middle genes code for subunits of 
a sig rna factor that causes RNA polymerase to 
transcribe the late genes. 

As in E. coli, sigma factors are used extensively 
to control initiation of transcription in the bac
terium Bacillus subtilis. The B. subtilis genome 
encodes at least 1 8  different sigma factors, 
compared to the seven found in E. coli. Larger 
numbers of sigma factors than in E. coli are 
not unusual. In fact, the Streptomyces coelicolor 
genome encodes >60! 

In B. subtilis, some of the sigma factors are 
present in vegetative cells, whereas others are 
produced only in the special circumstances 
of phage infection or during the change from 
vegetative growth to sporulation. The major 
RNA polymerase engaged in normal vegetative 
growth contains the same subunits and has the 
same overall structure as that of E. coli, a2l313'wa, 
but in addition it has another subunit called 8. 
Its major sigma factor ( aA) recognizes promoters 
with the same consensus sequences used by the 
E. coli enzyme under direction from a70. Alterna
tive RNA polymerases containing different sigma 
factors are found in much smaller amounts and 
recognize promoters with different consensus 
sequences in the -35 and - 1 0  regions. 

Transitions from expression of one set of 
genes to another set are a feature of bacterio
phage infection. This is the case in B. subtilis 
infection by the phage SPO 1 ,  as it is in E. coli 
infection by phages like T7, N4, or <l>t-. In all 
but the very simplest cases, the development 
of the phage involves shifts in the pattern of 

transcription during the infective cycle . These 
shifts may be accomplished by the synthesis of 
a phage-encoded RNA polymerase or by the 
efforts of phage-encoded ancillary factors that 
control the bacterial RNA polymerase. During 
infection of B. subtilis by phage SPO 1 ,  the dif
ferent stages of infection are controlled via the 
production of new sigma factors. 

The infective cycle of SPO 1 has three stages 
of gene expression. Immediately on infection, 
the early genes of the phage are transcribed. 
After 4 to 5 minutes, the early genes cease tran
scription and the middle genes are transcribed. 
At 8 to 12 minutes, middle gene transcription is 
replaced by transcription of late genes. 

The early genes are transcribed by the 
holoenzyme of the host bacterium. They are 
essentially indistinguishable from host genes 
whose promoters have the intrinsic ability to be 
recognized by the RNA polymerase a21313'waA. 

Expression of phage genes is required for 
the transitions to middle and late gene tran
scription. Three regulatory genes, 28, 33, and 
34, control the course of transcription. Their 
functions are summarized in FIGURE 19.39. The 
pattern of regulation resembles a cascade, in 

Early 
phage promoters 
are recognized by 
bacterial holoenzyme 

Early gene 28 codes 
for a new sigma factor 
that displaces bacterial sigma 

Middle 
gp28-core enzyme 
transcribes phage 
middle genes 

Middle genes 33 and 34 
code for proteins 
that replace gp2B 

Late 
gp33-gp34-core enzyme 
transcribes phage late genes 

FIGURE 19.39 Transcription of phage SPOl genes is 
controlled by two successive substitutions of the sigma 
factor that change the initiation specificity. 
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which the host enzyme transcribes an early 
gene whose product is needed to transcribe 
the middle genes. After this transcription, two 
of the middle genes code for products that are 
needed to transcribe the late genes. 

Mutants in the early gene 28 cannot tran
scribe the middle genes. The product of gene 28 
(called gp28) is a protein of 26 kD that replaces 
the host sigma factor on the core enzyme. This 
substitutioll is the sole event required to make the 
tra11sitio11 from early to middle gwe expressio11. It 
creates a holoenzyme that can no longer tran
scribe the host genes but instead specifically 
transcribes the middle genes. We do not know 
how gp28 displaces a43 or what happens to the 
host sigma polypeptide. 

Two of the middle genes are involved in 
the next transition. Mutations in either gene 
33 or 34 prevent transcription of the late genes. 
The products of these genes form a dimer that 
replaces gp28 on the core polymerase . Again, 
we do not know how gp33 and gp34 exclude 
gp28 (or any residual host aA), but o11ce they have 
bound to the core wzyme, it is able to illitiate trall
scripti01z oHly at the promoters for late gmes. 

The successive replacements of sigma factor 
have dual consequences. Each time the sub
unit is changed, the RNA polymerase becomes 
able to recognize a new class of genes alld it 
no longer recognizes the previous class. These 
switches therefore constitute global changes in 
the activity of RNA polymerase. 

Sporulation Is Controlled 
by Sigma Factors 

Key concepts 

• Sporulation divides a bacterium into a mother cell 
that is lysed and a spore that is released. 

• Each compartment advances to the next stage of 
development by synthesizing a new sigma factor 
that displaces the previous sigma factor. 

• Communication between the two compartments 
coordinates the timing of sigma factor 
su bsti tuti o ns. 

A good example of the use of switching of halo
enzymes to control changes in gene expression 
is provided by sporulation, an alternative life
style that occurs in many bacterial species. When 
logarithmic growth ceases because nutrients in 
the medium become depleted, the vegetative 
phase in growth of these bacteria ends. This 
triggers sporulation, a developmental stage in 
which the cell is resistant to many kinds of en vi
ronmental and nutritional stresses (illustrated 
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FIGURE 19.40 Sporulation involves the differentiation 
of a vegetative bacterium into a mother cell that is lysed 
and a spore that is released. 

in FIGURE 19.40). During spore formation in 
B. subtilis, one of the daughter genomes that 
results from DNA replication is segregated at one 
end of the cell, attached to the cell pole. A sep
tum forms, generating two independent com
partments: the mother cell and the forespore. 
The growing septum traps part of one chromo
some in the forespore, and then a translocase 
(SpoiiiE) pumps the rest of the chromosome into 
the fore spore. Eventually the forespore, with its 
engulfed chromosome, is surrounded by a tough 
coat, and this spore is stable almost indefinitely. 

Sporulation takes approximately 8 hours. It 
can be viewed as a primitive sort of differentia
tion, in which a parent cell (the vegetative bac
terium) gives rise to two different daughter cells 
with distinct fates: The mother cell is eventually 
lysed, and the spore that is released has an entirely 
different structure from the original bacterium. 



Sporulation involves a drastic change in the 
biosynthetic activities oft he bacterium, in which 
many genes are involved. Changes in gene 
expression resulting ultimately in the formation 
of the spore result primarily from changes in 
transcription initiation. Some of the genes that 
function in the vegetative phase are turned off 
during sporulation, but most continue to be 
expressed. Many genes specific for sporulation 
are expressed only during this period, though. 
At the end of sporulation, -40% of the bacterial 
mRNA is sporulation specific. 

New forms of RNA polymerase become 
active in sporulating cells; they contain the 
same core enzyme as vegetative cells, but have 
different proteins in place of the vegetative 
sigma factor, aA. The changes in transcriptional 
specificity are summarized in FIGURE 19.41 . The 
principle is that in each compartment the exist
ing sigma factor is successively displaced by a 
new sigma factor that causes transcription of a 
different set of genes. Communication between 
the compartments occurs in order to coordinate 
the timing of the changes in the forespore and 
mother cell. 

The sporulation cascade i s  initiated 
when environmental conditions trigger a 
phosphorelay, in which a phosphate group is 
passed along a series of proteins until it reaches 
a transcriptional regulator called SpoOA. Many 
gene products are involved in this process, 
whose complexity reflects the utilization of 
checkpoints-times when the bacterium con
firms that it wishes to continue on the pathway 
to differentiation. This is not a regulatory course 
that should be undertaken unnecessarily, as the 
ultimate decision is irreversible. 

Activation of SpoOA by phosphorylation 
marks the beginning of sporulation. In its phos
phorylated form, SpoOA activates transcription 
of two operons, each of which is transcribed by 
a different form of the host RNA polymerase. 
Host enzyme utilizing the general sigma factor 
aA transcribes the gene coding for aF, and host 
enzyme under the direction of another sigma 
factor, aH, transcribes the gene coding for a pre
cursor to the sigma factor aE. The precursor 
sigma factor is referred to as pro-aE. Both aF and 
pro-aE are produced before septum formation, 
but become active later. 

Transcription directed by aF is inhibited 
because an antisigma factor (SpoiiAB) binds 
to it, preventing it from forming a holoenzyme. 
In the forespore, however, an anti -antisigma 
factor (SpoiiAA) inhibits the inhibitor. Inacti
vation of the anti-antisigma is controlled by a 

MOTHER CELL Holoenzyme FORE SPORE 

! 
crE is activated and 
displaces cr43 

! 
crK gene is created; it is 
transcribed by aE 

crK is activated and 
displaces crE 

contains aH or a43 

Ph osphorelay 
activates synthesis of 
crF and crPro-E 

aF replaces cr43 f 
on core enzyme 

F 
l 

cr -core complex transcribes 
early sporulation genes 

aG is product of 
early sporulation gene 

�-+<tu is activated and displaces aF 

Activated crK sponsors 
transcription of late genes 

Activated crG sponsors 
transcription of late genes 

FIGURE 19.41 Sporulation involves successive changes in the sigma factors 
that control the initiation specificity of RNA polymerase. The cascades in 
the mother cell (left) and the forespore (right) are related by signals passed 
across the septum (indicated by horizontal arrows). 

series of phosphorylation/ dephosphorylation 
events, in which dephosphorylation by a phos
phatase called SpoiiE is the first step. SpoiiE is 
an integral membrane protein that accumulates 
at the cell pole, with the result that its phos
phatase domain becomes more concentrated 
in the forespore . In summary, dephosphoryla
tion activates SpoiiAA, which in turn displaces 
SpoiiAB from aF. Release of aF activates it. 

Activation of sigma F marks the start of cell
specific gene expression. Under the direction of 
aF, RNA polymerase transcribes the first set of 
sporulation genes. Not all transcription in the 
forespore comes from EaF. aA is not destroyed 
during sporulation, and, therefore, the vegetative 
holoenzyme, EaA, remains in sporulating cells. 

19.21 Sporulation Is Controlled by Sigma Factors 541 



MOTHER FORESPORE 

Pro-<rE SpoiiGA l • (j 
SpoliA 

'- � 
FIGURE 19.42 o-F triggers synthesis of the next sigma 
factor in the forespore (o-G) and turns on SpoiiR, which 
causes SpoiiGA to cleave pro-a-E. 

The cascade continues as products derived 
from promoters recognized by EO'F are made in 
the forespore (see FIGURE 19.42) . For example, 
EO'F makes a transcript coding for O'G, which 
in turn forms the holoenzyme that transcribes 
the late sporulation genes. EO'F also recognizes 
a promoter controlling expression of a product 
responsible for communicating with the mother 
cell compartment, SpoHR, which is secreted 
from the forespore into the membrane separat
ing the two compartments. In the membrane, 
SpoHR activates the membrane-bound protein 
SpoiiGA, which cleaves inactive precursor pro
O'E into active O'E in the mother cell. (O'E pro
duced in the forespore is degraded.) 

The cascade continues when O'E in the 
mother cell is replaced by O'K. (The production 
of O'K is quite complex, because its gene is created 
by a site-specific recombination event!) Like O'E, 
O'K is also synthesized as an inactive precursor, 
pro-O'K. Thus, O'K has to be activated by cleavage 
of its precursor form before it can replace O'E and 
transcribe late genes in the mother cell. The tim
ing of these events in the two compartments is 
coordinated by still other signals. In summary, 
the activity of O'E in the mother cell is necessary 
for activation of O'G in the forespore, and the 
activity of O'G is required to generate a signal that 
is transmitted across the septum to activate O'K 

Sporulation is thus controlled by a cascade 
in which sigma factors in each compartment are 
successively activated by sign1as F, E, G, and K, 
each directing the synthesis of a particular set 
of genes. The cascade can be represented by a 
crisscross pattern of signals crossing the sep
tum, connecting gene expression in one com
partment with that in the other, as illustrated 
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FIGURE 19.43 The crisscross regulation of sporulation 
coordinates timing of events in the mother cell and 
forespore. 

in FIGURE 19.43 . As new sigma factors become 
active, old sign1a factors are displaced, turning 
sets of different genes on and off in the two 
compartments. 

Antitermination Can Be 
a Regulatory Event 

Key concepts 

• An antitermination complex allows RNA poly
merase to read through terminators. 

• Phage lambda uses antitermination systems for 
regulation of both its early and late transcripts, 
but the two systems work by completely different 
mechanisms. 

• Binding of factors to the nascent RNA links the 
antitermination proteins to the terminator site 
through an RNA loop. 

• Antitermination of transcription also occurs in 
rRNA operons. 

Antitermination is used as a mechanism for 
control of transcription in both phage and 
bacterial operons. As shown in FIGURE 19.44, 
antitermination refers to modification of the 
enzyme, which allows it to read past a termi
nator into genes that lie downstream. In the 
example shown in the figure, the default path
way is for RNA polymerase to terminate at the 
end of region l ,  but antitennination results in 
continued transcription through region 2. 

Antitennination systems are common in 
lambdoid bacteriophages (phages similar to 
phage lambda, described in the chapter titled 
Phage Strategies) .  Unlike the E. coli T7-like 
phages and the B. subtilis SPO l phages dis
cussed earlier, lambda does not encode either 



its own dedicated RNA polymerase or even its 
own dedicated sigma factors. Rather, it uses the 
host multisubunit RNA polymerase for all of 
its transcription. Shortly after phage infection, 
transcription begins at two early promoters, PR 
and PL. There are, however, terminators in each 
of these operons that follow the transcription 
start site before most of the genes that encode 
most early functions, and termination of tran
scription at these positions aborts the infection. 
If RNA polymerase reads through the termina
tors and transcribes the early genes responsible 
for replication of the phage genome, though, 
lambda development proceeds. 

The first termination decision is controlled 
by an antitermination protein named "N," 
which is the first protein produced by expres
sion from PL. N forms a complex with host 
proteins called Nus factors (N utilization sub
stances) to modify RNA polymerase in such a 
way that it no longer responds to the termi
nators. The antitermination complex actually 
forms on the nascent RNA at a sequence called 
nut (N utilization site). nut sites consist primarily 
of RNA sequences called box A and boxB where 
the host factors NusA, NusB, NusE (ribosomal 
protein SlO), and NusG assemble. The antiter
mination proteins remain bound to these RNA 
sites as a persistent antitermination complex as RNA 
polymerase synthesizes the two transcripts to 
the right and the left. Thus, the nascent RNA 
physically connects the antitermination pro
teins bound to the Hut site with the RNA poly
merase as it approaches terminators. Although 
the actual mechanism by which the antiter
mination complex prevents termination is still 
not understood, tethering of the anti termina
tion proteins to RNA polymerase through the 
nascent RNA explains its ability to antitermi
nate at successive terminators spaced hundreds 
or even thousands of bases downstream. The 
last protein produced by the N -anti terminated 
transcript from the other early promoter, PR, 
is named "Q." Like N, Q is an antitermina
tion protein. Q antiterminates transcription 
from the late promoter PR, which produces a 
transcript coding for the phage's head and tail 
proteins. Thus, lambda gene expression occurs 
in two stages, each of which is controlled by 
antitermination (see the chapter titled Phage 
Strategies and FIGURE 19.45} .  Q enables RNA 
polymerase to read through terminators in 
the late transcription unit, but it does so by a 
completely different mechanism than N. Unlike 
N, Q binds DNA (at the qut, Q utilization, site), 
but like N it travels with RNA polymerase and 

TERMINATION Only region 1 is transcribed 

+---Region 1 ---++----Region 2-----1� 

Promoter Terminator 

RNA polymerase terminates 
RNA is region 1 only 

ANTITERMINATION Both regions 1 and 2 are transcribed 

RNA represents regions 1 + 2 

FIGURE 19.44 Antitermination can control transcription by determining 
whether RNA polymerase terminates or reads through a particular terminator 
into the following region. 
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somehow interferes with the action of termina
tors throughout the late operon. It appears that 
the action of Q involves acceleration of RNA 
polymerase through pause sites. (We discuss 
the overall regulation of lambda development 
in the chapter titled Phage Strategies.) 

rRNA operons might be expected to exhibit 
polarity, because they are long but are not trans
lated. Each of the rRNA operons of E. coli, how
ever, contains boxA and boxB-like sequences 
that assemble anti termination complexes on the 
transcripts consisting of at least some of the same 
Nus factors as those utilized by phage lambda. 
These complexes do not contain an N- or 
Q-like factor, which are encoded only by phage 
genomes, but they are sufficient to prevent pre
mature termination at the hairpin sequences 
and weak rho-dependent terminators that occur 
fortuitously within the rRNA structural genes. 
Antitermination is needed for efficient rRNA 
production all the time, not just when lambda 
infects cells. Thus, bacterial evolution did not 
select for the Nus factors to facilitate lambda gene 
expression. Rather, these factors undoubtedly 
evolved to prevent polarity in rRNA operons. 
The leader regions of the rrn operons contain 
boxA sequences that assemble the Nus factors 
as the boxA sequences in RNA emerge from the 
RNA exit channel. As with antitermination in 
lambda, this process somehow changes the prop
erties of RNA polymerase in such a way that it 
can now read through tenninators, although the 
mechanism remains unclear. 

Summary 
A transcription unit comprises the DNA 
between a promoter, where transcription ini
tiates, and a terminator, where it ends. One 
strand ofthe DNA in this region serves as a tem
plate for synthesis of a complementary strand of 
RNA. The RNA-DNA hybrid region is short and 
transient, as the transcription "bubble" moves 
along DNA. The RNA polymerase holoenzyme 
that synthesizes bacterial RNA can be separated 
into two components. Core enzyme is a mol
timer containing the subunits a2!313'w that is 
sufficient for elongating the RNA chain. Sigma 
factor (rr) is a single subunit that is required 
only at the stage of initiation for recognizing 
the promoter. 

Core enzyme has a general affinity for DNA. 
The addition of sigma factor reduces the affinity 
of the enzyme for nonspecific binding to DNA, 
and increases its affinity for promoters. The rate 
at which RNA polymerase finds its promoters 
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can be too rapid to be accounted for by random 
encounters with DNA by simple diffusion; tran
scription factors that recruit RNA polymerase 
to the DNA and direct exchange of the enzyme 
between one DNA sequence and another are 
likely to play a role in the promoter search. 

Many bacterial promoters can be identi
fied from the sequences oftwo 6-bp sequences 
centered at - 3 5  and - 10 relative to the start 
point, although other accessory promoter ele
ments upstream from the - 35 element (the UP 
element) and surrounding the - 10 element 
(the extended - 10 and discriminator regions) 
also contribute to promoter recognition. The 
distance separating the consensus sequences 
is almost always 16 to 18 bp. The enzyme can 
cover as much as -75 bp of DNA. The initial 
"closed" binary complex is converted to an 
"open" binary complex by sequential melt
ing of a sequence of -14 bp that begins in the 
- 10 region and extends to about 3 bp down
stream from the start point. The A-T-rich base 
pair composition of the - 10 sequence contrib
utes to the melting reaction. 

The binary complex is converted to a ter
nary complex by the incorporation of ribonu
cleotide precursors. There are usually multiple 
cycles of abortive initiation, during which RNA 
polymerase synthesizes and releases very short 
RNA chains without escaping from the pro
moter. At the end of this stage, sigma is usually 
released, and the resulting core enzyme covers 
only -35 bp of DNA rather than the twice that 
amount observed in the initiation complex. The 
core enzyme then moves down the template, 
unwinding the DNA as it synthesizes the RNA 
transcript. 

The core enzyme can be directed to rec
ognize promoters with different consensus 
sequences by alternative sigma factors. In E. 
coli, these sigma factors are activated by adverse 
conditions, such as heat shock or nitrogen star
vation. The geometry of the RNA polymerase
promoter complex is relatively similar for all 
holoenzymes. All sigma factors except rr54 
recognize consensus elements located about 
3 5  and 1 0  upstream from the transcription 
start site, making direct contacts with bases 
in these elements. The rr70 factor of E. coli has 
an N-terminal autoinhibitory domain that 
prevents the DNA-binding regions from rec
ognizing DNA. The autoinhibitory region is 
displaced by DNA when the holoenzyme forms 
an open complex. 

The "strength" of a promoter describes the 
frequency at which RNA polymerase initiates 



transcription; it is related to the closeness with 
which its promoter elements -35, - 10, and 
other accessory elements confom1 to the ideal 
consensus sequences. Negative supercoiling 
increases the strength of certain promoters. 
Transcription generates positive supercoils 
ahead of RNA polymerase and leaves negative 
supercoils behind the enzyme. 

B. subtilis contains a single major sigma 
factor with the same specifici ty as the major 
E. coli sigma factor, but it also contains a vari 
ety of minor sigma factors, some of which are 
activated sequentially during the process of 
sporulation; sporulation is regulated by a sigma 
factor cascade in which sigma factor replace
ments occur in the forespore and mother cell. 
Cascades involving sequential utilization of 
different RNA polymerases can also regulate 
transcription during bacteriophage infection 
and development. 

Bacterial RNA polymerase terminates tran
scription at two types of sites. Intrinsic temlina
tors contain a G-C-rich hairpin followed by a 
U-rich region. They are recognized in vitro by 
core enzyme alone. Rho-dependent temlinators 
require rho factor both i11 vitro and in vivo; rho 
binds to rut sites that are rich in C and poor in 
G residues that precede the actual site of termina
tion. Rho is a hexameric ATP-dependent helicase 
that translocates along the RNA until it reaches 
the RNA polymerase, where it dissociates the 
RNA polymerase from DNA. In both types of 
termination, pausing by RNA polymerase likely 
contributes to the termination event. 

Antitemlination is used by lambdoid phages 
to regulate progression from one stage of gene 
expression to the next. Multiprotein com
plexes containing the lambda phage N protein 
or Q protein, as well as Nus factors, can associ
ate with RNA polymerase through RNA and 
perhaps DNA loops, respectively, and prevent 
transcription termination. The N-containing 
antitermination complex allows RNA poly
merase to read through terminators located at  
the ends of the immediate early genes, whereas 
Q-containing antitermination complexes are 
required Ia ter in phage infection. 
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Eukaryotic Transcription 

t.t•ll Introduction 

CHAPTER OUTLINE J 
• Chromatin must be opened before RNA polymerase can 

bind the promoter. 

t.t•fl Eukaryotic RNA Polymerases Consist of Many 

Subunits 

• RNA polymerase I synthesizes rRNA in the nucleolus. 
• RNA polymerase II synthesizes mRNA in the 

nucleoplasm. 
• RNA polymerase III synthesizes small RNAs in the 

nucleoplasm. 
• All eukaryotic RNA polymerases have -12 subunits and 

are complexes of -500 kD. 

• Some subunits are common to all three RNA 
polymerases. 

• The largest subunit in RNA polymera�e �I has a . 
carboxy-terminal domain (CTD} cons1sting of mult1ple 
repeats of a heptamer. 

f..I•U RNA Polymerase I Has a Bipartite Promoter 
• The RNA polymerase I promoter consists of a core 

promoter and an upstream promoter element (UPE). 
• The factor UBFl wraps DNA around a protein structure 

to bring the core and UPE into proximity. 

• SLl includes the factor TBP that is involved in 
initiation by all three RNA polymerases. 

• RNA polymerase I binds to the UBFl-SLl complex at 
the core promoter. 

t.ltJt• RNA Polymerase III Uses Downstream 
and Upstream Promoters 

• RNA polymerase III has two types of promoters. 
• Internal promoters have short consensus sequences 

located within the transcription unit and cause 
initiation to occur at a fixed distance upstream. 

• Upstream promoters contain three short consensus 
sequences upstream of the start point that are bound 
by transcription factors. 

• TFmA and TFmC bind to the consensus sequences and 
enable TFmB to bind at the start point. 

• TFruB has TBP as one subunit and enables RNA 
polymerase to bind. 

f..I•Jt The Start Point for RNA Polymerase II 
• RNA polymerase II requires general transcription 

factors (called TFnX} to initiate transcription. 
• RNA polymerase II promoters frequently have a short 

conseiVed sequence Py2CAPy5 (the initiator Inr} at the 
start point. 
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CHAPTER OUTLINE, CONTINUED J 
• The TATA box is a common component of RNA poly

merase II promoters and consists of an A-T -rich 
octamer located -25 bp upstream of the start point. 

• The OPE is a common component of RNA polymerase II 
promoters that do not contain a TATA box. 

• A core promoter for RNA polymerase II includes the 
Inr and, commonly, either a TATA box or a OPE. It may 
also contain other minor elements. 

t.t•D TBP Is a Universal Factor 

• TBP is a component of the positioning factor that is 
required for each type of RNA polymerase to bind its 
promoter. 

• The factor for RNA polymerase II is TF0D, which 
consists of TBP and -14 TAFs, with a total mass of 
-800 kD. 

• TBP binds to the TATA box in the minor groove of DNA. 
• TBP forms a saddle around the DNA and bends it 

by -80°. 

t.t•ll The Basal Apparatus Assembles at the Promoter 

• The upstream elements and the factors that bind to 
them increase the frequency of initiation. 

• Binding ofTFuD to the TATA box or Inr is the first step 
in initiation. 

• Other transcription factors bind to the complex in a 
defined order, extending the length of the protected 
region on DNA. 

• When RNA polymerase II binds to the complex, it may 
initiate transcription. 

t.t•!:l Initiation Is Followed by Promoter Clearance 
and Elongation 

• TFnB, TFnE, and TFnH are required to melt DNA to 
allow polymerase movement. 

• Phosphorylation of the CTD is required for promoter 
clearance and elongation to begin. 

• Further phosphorylation of the CTD is required at some 
promoters to end pausing and abortive initiation. 

• The histone octamers must be temporarily modified 
during the transit of the RNA polymerase. 

Ill Introduction 
Key concept 

• The CTD coordinates processing of RNA with transcription. 
• Transcribed genes are preferentially repaired when DNA 

damage occurs. 
• TFnH provides the link to a complex of repair enzymes. 

t.t•U Enhancers Contain Bidirectional Elements 
That Assist Initiation 

• An enhancer typically activates the promoter nearest 
to itself and can be any distance either upstream or 
downstream of the promoter. 

• An upstream activating sequence (UAS) in yeast 
behaves like an enhancer, but works only upstream of 
the promoter. 

• Enhancers form complexes of activators that interact 
directly or indirectly with the promoter. 

•.t•lt•l Enhancers Work by Increasing the Concentration 
of Activators Near the Promoter 

• Enhancers usually work only in cis configuration with a 
target promoter. 

• The principle is that an enhancer works in any 
situation in which it is constrained to be in the same 
proximity as the promoter. 

Gene Expression Is Associated with Demethylation 

• De methylation at the 5' end of the gene is necessary 
for transcription. 

•.t•lt.l CpG Islands Are Regulatory Targets 

• CpG islands surround the promoters of constitutively 
expressed genes where they are unmethylated. 

• CpG islands also are found at the promoters of some 
tissue-regulated genes. 

• There are -29,000 CpG islands in the human genome. 
• Methylation of a CpG island prevents activation of a 

promoter within it. 
• Repression is caused by proteins that bind to methyl

ated CpG doublets. 
•.t•ld Summary 

• Chromatin must be opened before RNA polymerase 
can bind the promoter. 

scription factors than are needed to transcribe 
a chromatin template (we examine how cluo
matin is opened in the chapter titled Eukaryotic 
Tra11scriptio1! Regulatio11). Any protein that is 
needed for the initiation of transcription, but 
that is not itself part of RNA polymerase, is 
defined as a transcription factor. Many tran
scription factors act by recognizing cis-acting 
sites on DNA. Binding to DNA, however, is not 
the only means of action for a transcription 
factor. A factor may recognize another factor, 
may recognize RNA polymerase, or may be 

Initiation of transcription on a chromatin 
template that is already opened requires the 
enzyme RNA polymerase to bind at the pro
moter and transcription factors to bind to 
enhancers. In vitro transcription on a DNA 
template requires a different subset of tran-
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incorporated into an initiation complex only 
in the presence of several other proteins. The 
ultimate test for membership in the transcrip
tion apparatus is functional: A protein must be 
needed for transcription to occur at a specific 
promoter or set of promoters. 

A significant difference between the tran
scription of eukaryotic and prokaryotic RNAs 
is that in bacteria, transcription takes place on 
a DNA template, whereas in eukaryotes, tran
scription takes place on a chromatin template. 
Chromatin changes everything and must be 
taken into account at every step. The chromatin 
must be in an open structure, and, even in an 
open structure, nucleosome octamers must be 
removed from the promoter before RNA poly
merase can bind. This can sometimes require 
transcription from a silent or cryptic promoter, 
either on the same strand or on the antisense 
strand. 

A second major difference is that the bac
terial RNA polymerase, with its sigma factor 
subunit, can read the DNA sequence to find 
and bind to its promoter. A eukaryotic RNA 
polymerase cannot read the DNA. Initiation 
at eukaryotic promoters therefore involves 
a large number of factors that must prebind 
to a variety of cis-acting elements and other 
factors already bound to the DNA before the 
RNA polymerase can bind. These factors are 
called basal transcription factors. The RNA 
polymerase then binds to this basal transcrip
tion factor/DNA complex. This binding region 
is defined as the core promoter, the region 
containing all the binding sites necessary for 
RNA polymerase to bind and function. RNA 
polymerase itself binds around the start point 
of transcription, but does not directly contact 
the extended upstream region of the promoter. 
By contrast, the bacterial promoters discussed 
in the chapter titled Prokaryotic Transcription, 
are largely defined in terms of the binding site 
for RNA polymerase in the immediate vicinity 
of the start point. 

While bacteria have a single RNA poly
merase that transcribes all three major classes 
of genes, transcription in eukaryotic cells is 
divided into three classes. Each class is tran
scribed by a different RNA polymerase: 

• RNA polymerase I transcribes 18S/28S 
rRNA. 

• RNA polymerase II transcribes mRNA 
and a few small RNAs. 

• RNA polymerase III transcribes tRNA, 
5S ribosomal RNA, and some other 
small RNAs. 

This is the picture that we have of the major 
classes of genes. As we will see in the chap
ter titled Regulatory RNA, recent discoveries by 
whole genome tiling arrays and deep sequenc
ing of cellular RNA have uncovered a new world 
of antisense transcripts, intergenic transcripts, 
and heterochromatin transcripts. We do not 
yet know much about the promoters for these 
classes or their function and regulation, but we 
do know that many (possibly most) of these 
transcripts are produced by RNA polymerase II. 

Basal transcription factors are needed 
for initiation, but most are not required sub
sequently. For the three eukaryotic RNA 
polymerases, the transcription factors, rather 
than the RNA polymerases themselves, are 
responsible for recognizing the promoter DNA 
sequence. For all eukaryotic RNA polymerases, 
the basal transcription factors create a structure 
at the promoter to provide the target that is 
recognized by the RNA polymerase. For RNA 
polymerases I and III, these factors are relatively 
simple, but for RNA polymerase II they form a 
sizeable group. The basal factors join with RNA 
polymerase II to form a complex surrounding 
the start point, and they determine the site of 
initiation. The basal factors together with RNA 
polymerase constitute the basal transcription 
apparatus. 

The promoters for RNA polymerases I and 
II are (mostly) upstream of the start point, but a 
large number of promoters for RNA polymerase 
III lie downstream (within the transcription 
unit) of the start point. Each promoter contains 
characteristic sets of short conserved sequences 
that are recognized by the appropriate class of 
basal transcription factors. RNA polymerases 
I and III each recognize a relatively restricted 
set of promoters, and thus rely upon a small 
number of accessory factors. 

Promoters utilized by RNA polymerase II 
show much more variation in sequence and 
have a modular organization. All RNA poly
merase II promoters have sequence elements 
close to the start point that are bound by the 
basal apparatus and the polymerase to establish 
the site of initiation. Other sequences farther 
upstream or downstream, called enhancer 
sequences, determine whether the promoter 
is expressed, and if expressed, whether this 
occurs in all cell types or is cell type specific. 
An enhancer is another type of site involved in 
transcription and is identified by sequences that 
stimulate initiation, but that are located a vari
able distance from the core promoter. Enhancer 
elements are often targets for tissue-specific or 
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Enhancer Promoter 

Separation of enhancers 
-100 bp, contains from core promoter may -100 bp, contains 
several closely arranged be 1 OOs bp to kb dispersed sequences that 
binding sites lor bind basal transcription 
transcription factors apparatus 

FIGURE 20.1 A typical gene transcribed by RNA polymerase II has a promoter that extends 
upstream from the site where transcription is initiated. The promoter contains several short
sequence (-10 bp) elements that bind transcription factors, dispersed over -100 bp. An 
enhancer containing a more closely packed array of elements that also bind transcription 
factors may be located several hundred bp to several kb distant. (DNA may be coiled or 
otherwise rearranged so that transcription factors at the promoter and at the enhancer 
interact to form a large protein complex.) 

temporal regulation. Some enl1ancers bind 
transcription factors that function by short
range interactions and are located near the pro
moter, wl1ereas others can be located thousands 
of base pairs away. FIGURE 20. 1 illustrates the 
general properties of promoters and enhanc
ers. A regulatory site that binds more negative 
regulators than positive regulators to control 
transcription is called a silencer. 

Promoters that are constitutively expressed 
and needed in all cells (their genes are some
times called housekeeping genes) have 
upstream sequence elements that are recog
nized by ubiquitous activators. No one element/ 
factor combination is an essential component of 
the promoter, which suggests that initiation by 
RNA polymerase II may be regulated in many 
different ways. Promoters that are expressed 
only in certain times or places have sequence 
elements that require activators that are avail
able only at those times or places. 

The components of an enhancer or silencer 
resemble those of the promoter, in that they 
consist of a variety of modular elements that 
can bind positive regulators or negative regu
lators in a closely packed array. Enhancers do 
not need to be near the promoter. They can be 
upstream, inside a gene, or beyond the end of a 
gene, and their orientation relative to the gene 
does not matter. Proteins bound at enhancer 
elements interact with proteins bound at pro
moter elements via DNA looping, very often 
through intermediates called coactivators. 

Eukaryotic transcription is most often 
tmder positive regulation: A transcription fac
tor is provided under tissue-specific control to 
activate a promoter or set of promoters that 
contain a common target sequence. Tlus is a 
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multistep process that first involves opening 
the chromatin and binding the basal transcrip
tion factors, and then binding the polymerase. 
Regulation by specific repression of a target 
promoter is less common. 

A eukaryotic transcription unit gener
ally contains a single gene, and termination 
typically occurs beyond the end of the cod
ing region. Termination lacks the regulatory 
importance that applies in prokaryotic systems. 
RNA polymerases I and Ill terminate at discrete 
sequences in defined reactions, but tl1e mode of 
termination by RNA polymerase il is not clear. 
The significant event in generating the 3 '  end 
of an mRNA, however, is not the ternunation 
event itself, but instead results from a cleav
age reaction in the primary transcript (see the 
chapter ti tied RNA Splicing and Processiug) .  

Eukaryotic RNA 
Polymerases Consist 
of Many Subunits 

l<ey concepts 

• RNA polymerase I synthesizes rRNA in the nucleolus. 
• RNA polymerase II synthesizes mRNA in the 

nucleoplasm. 

• RNA polymerase III synthesizes small RNAs in the 
nucleoplasm. 

• All eukaryotic RNA polymerases have -12 subunits 
and are complexes of -500 kD. 

• Some subunits are common to all three RNA 
polymerases. 

• The largest subunit in RNA polymerase II has 
a carboxy-terminal domain (CTD) consisting of 
multiple repeats of a heptamer. 



The three eukaryotic RNA polymerases have 
different locations in the nucleus that cor
respond with the different genes that they 
transcribe. 

The most prominent activity is the enzyme 
RNA polymerase I, which resides in the nucleo
lus and is responsible for transcribing the genes 
coding for the l8S and 28S rRNA. It accounts 
for most cellular RNA synthesis (in terms of 
quantity). 

The other major enzyme is RNA poly
merase II, which is located in the nucleoplasm 
(the part of the nucleus excluding the nucleo
lus). It represents most of the remaining cel
lular activity and is responsible for synthesizing 
most of the heterogeneous nuclear RNA 
(hnRNA), the precursor for most mRNA and 
a lot more. The classical definition was that 
hnRNA includes everything but rRNA and 
tRNA in the nucleus (again, classically, mRNA 
is only found in the cytoplasm).  With modern 
molecular tools, we can now look a little closer 
at hnRNA and find many low-abundance 
RNAs that are very important, plus a lot that 
we are just now starting to understand. The 
mRNA is the least abundant of the three major 
RNAs, accountingforjust2%-5% ofthe cyto
plasmic RNA. 

RNA polymerase III is a minor enzyme in 
terms of activity, but it produces a collection 
of stable, essential RNAs. This nucleoplasmic 
enzyme synthesizes the 5S rRNA, tRNAs, and 
other small RNAs that constitute more than a 
quarter of the cytoplasmic RNAs. 

All eukaryotic RNA polymerases are large 
proteins, functioning as complexes of -500 kD. 
They typically have -12 subunits. The purified 
enzyme can undertake template-dependent 
transcription of RNA, but is not able to initi
ate selectively at promoters. The general con
stitution of a eukaryotic RNA polymerase II 
enzyme as typified in Saccharomyces cerevisiae 
is illustrated in FIGURE 20.2. The two largest 
subunits are homologous to the 13 and 13' sub
units of bacterial RNA polymerase. Three ofthe 
remaining subunits are common to all the RNA 
polymerases; that is, they are also components 
of RNA polymerases I and III. Note that there is 
no subunit related to the bacterial sigma factor. 
Its function is contained in the basal transcrip
tion factors. 

The largest subunit in RNA polymerase II 
has a carboxy-terminal domain (CTD), 
which consists of multiple repeats of a con
sensus sequence of seven amino acids. The 
sequence is unique to RNA polymerase II.  

kD 
200 

� � Related to bacterial subunit !?>' r Binds DNA 
Has CTD = (YSPTSPS)n 
[yeast n = 26; mouse n = 52] 

1 00 Related to bacterial subunit 1?. 
Binds n u cleotides 

50 �Related to bacterial subunit a 

l--- Common to all three polymerases 
25 l--- Common to all three polymerases 

• Common to all three polymerases 

FIGURE 20.2 Some subunits are common to all classes 
of eukaryotic RNA polymerases and some are related to 
bacterial RNA polymerase. This drawing is a simulation 
of purified yeast RNA polymerase II run on an SDS gel to 
separate the subunits by size. 

There are -26 repeats in yeast and -50 in 
mammals. The number of repeats is impor
tant because deletions that remove (typically) 
more than half of the repeats are lethal. The 
CTD can be highly phosphorylated on serine 
or threonine residues. The CTD is involved 
in regulating the initiation reaction (see the 
section later in this chapter titled Initiation Is 
Followed by Promoter Clearance a11d Elongation), 
transcription elongation, and all aspects of 
mRNA processing, even export of mRNA to 
the cytoplasm. 

The RNA polymerases of mitochondria and 
chloroplasts are smaller, and they resemble 
bacterial RNA polymerase rather than any of 
the nuclear enzymes (because they evolved 
from eubacteria). Of course, the organelle 
genomes are much smaller, thus the resident 
polymerase needs to transcribe relatively few 
genes, and the control oftranscription is likely 
to be very much simpler. These enzymes are 
more similar to bacteriophage enzymes that 
do not need to respond to a more complex 
environment. 

A major practical distinction between 
the eukaryotic enzymes is drawn from their 
response to the bicyclic octapeptide a-amanitin 
(the toxic compound in Amanita mushroom 
species). In essentially all eukaryotic cells, the 
activity of RNA polymerase II is rapidly inhib
ited by low concentrations of a -amanitin. RNA 
polymerase I is not inhibited. The response of 
RNA polymerase III is less well conserved; in 
animal cells it is inhibited by high levels, but 
in yeast and insects it is not inhibited. 
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RNA Polymerase I Has 
a Bipartite Promoter 

Key concepts 

• The RNA polymerase I promoter consists of a core 
promoter and an upstream promoter element 
(UPE). 

• The factor UBFl wraps DNA around a protein struc
ture to bring the core and UPE into proximity. 

• Sll includes the factorTBP that is involved in ini
tiation by all three RNA polymerases. 

• RNA polymerase I binds to the UBF1-SL1 complex 
at the core promoter. 

RNA polymerase I transcribes only the genes 
for ribosomal RNA, from a single type of pro
moter. The precursor transcript includes the 
sequences of both large 28S and small 18S 
rRNAs, which are later processed by cleavages 
and modifications. There are many copies of the 
transcription unit. They alternate with non
transcribed spacers and are organized in a 
cluster, as discussed in the chapter ti tied Clusters 
and Repeats. The organization of the promoter, 
and the events involved in initiation, are illus
trated in FIGURE 20.3. RNA polymerase 1 exists 
as a holoenzyme that contains additional factors 
required for initiation, and is recruited by its 

Upstream promoter element 
-170 -160 -150 -140 -130 -120 -110 

UBF binds to upstream promoter element 

transcription factors directly as a giant complex 
to the promoter. 

The promoter consists of two separate 
regions. The core promoter surrounds the start 
point, extending from -45 to +20, and is suf
(icient for transcription to initiate. It is generally 
G-C rich (unusual for a promoter), except for 
the only conserved sequence element, a short 
A-T-rich sequence around the start point. The 
core promoter's efficiency, however, is very 
much increased by the upstream promoter ele
ment (UPE, sometimes also called the upstream 
control element, or UCE). The UPE is another 
G-C-rich sequence related to the core promoter 
sequence, and extends from - 180 to - 107. 
This type of organization is common to pol l 
promoters in many species, although the actual 
sequences vary widely. 

RNA polymerase I requires two ancillary 
transcription factors to recognize the promoter 
sequence. The factor that binds to the core 
promoter is SLl (or TIF-IB and Ribl in dif
ferent species), which consists of four protein 
subunits. Two of the components of SLl are 
the TAT A-binding protein (TBP), a factor 
that also is required for initiation by RNA poly
merases II and III, and a second component 
that is homologous to the RNA polymerase II 

G-C-rich A-T-rich 

Core promoter 
-40 -30 -20 -10 

Start point 

+10 +20 

RNA polymerase I holoenzyme includes core binding factor (SL 1 )  
that binds to core promoter 

FIGURE 20.3 Transcription units for RNA polymerase I have a core promoter separated 
by -70 bp from the upstream promoter element. UBF binding to the UPE increases the 
ability of core-binding factor to bind to the core promoter. Core-binding factor (SLl) 
positions RNA polymerase I at the start point. 
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factorTF11B (see the section in this chapter titled 
TBP Is a Universal Factor). TBP does not bind 
directly to G-C-rich DNA, and DNA binding 
is the responsibility of the other components 
of SLI . It is likely that TBP interacts with RNA 
polymerase, probably with a common subunit 
or a feature that has been conserved among 
polymerases. SLI enables RNA polymerase I 
to initiate from the promoter at a low basal 
frequency. 

SL I has primary responsibility for RNA 
polymerase recruitment, ensuring that the 
polymerase properly localized at the start point, 
and promoter escape. We will see shortly that 
a comparable function is provided for RNA 
polymerases II and III by a factor that consists 
of TBP and other proteins. Thus, a common 
feature in initiation by all three polymerases 
is a reliance on a "positioning factor" that con
sists of TBP associated with proteins that are 
specific for each type of promoter. The exact 
mode of action is different for each of the TBP
dependent positioning factors; at the promoter 
for RNA polymerase I it does not bind DNA, 
whereas at TATA box-<'ontaining promoters for 
RNA polymerase II, it is the principal means for 
locating the factor on DNA. 

For high-frequency initiation, the tran
scription factor UBF is required. This is a single 
polypeptide that binds to a G-C-rich element 
in the UPE. UBF has multiple functions. UBF 
is required to maintain open chromatin struc
ture. It prevents histone Hl binding and there
fore prevents assembly of inactive chromatin. 
It stimulates promoter release by the RNA poly
merase and it stimulates SLI .  One indication 
of how UBF interacts with SLI is given by the 
importance oft he spacing between UBF and the 
core promoter. This can be changed by distances 
involving integral numbers of turns of DNA, but 
not by distances that introduce half turns. UBF 
binds to the minor groove of DNA and wraps 
the DNA in a loop of almost 360° turn on the 
protein surface, with the result that the core 
promoter and UPE come into close proximity, 
enabling UBF to stimulate binding of SLI to 
the promoter. 

Figure 20.3 shows initiation as a series of 
sequential interactions. RNA polymerase I, 
however, exists as a holoenzyme that contains 
most or all of the factors required for initiation, 
and is probably recruited directly to the pro
moter. Following initiation, RNA polymerase 
I, like RNA polymerase II, requires a special 
factor, the RNA polymerase I Pafl complex, for 
efficient elongation. 

Ell RNA Polymerase III 
Uses Downstream and 
Upstream Promoters 

Key concepts 

• RNA polymerase III has two types of promoters. 

• Internal promoters have short consensus 
sequences located within the transcription unit 
and cause initiation to occur at a fixed distance 
upstream. 

• Upstream promoters contain three short consensus 
sequences upstream of the start point that are 
bound by transcription factors. 

• TFmA and TFrnC bind to the consensus sequences 
and enable TFmB to bind at the start point. 

• TFmB has TBP as one subunit and enables RNA 
polymerase to bind. 

Recognition of promoters by RNA polymerase 
111 strikingly illustrates the relative roles of tran
scription factors and the polymerase enzyme. 
The promoters fall into three general classes 
that are recognized in different ways by differ
ent groups of factors. The promoters for Classes 
I and II, 5S and tRNA genes, are intemal; they lie 
downstream of the start point. The promoters 
for Class III snRNA (small nuclear RNA) genes 
lie upstream of the start point in the more con
ventional manner of other promoters. In both 
cases, the individual elements that are neces
sary for promoter function consist exclusively 
of sequences recognized by transcription fac
tors, which in turn direct the binding of RNA 
polymerase. 

The structures of three types of promoter 
for RNA polymerase III are summarized in 
FIGURE 20.4. There are two types of internal 
promoter. Each contains a bipartite struc
ture, in which two short sequence elements 
are separated by a variable sequence. The 5S 
ribosomal gene Type l promoter consists of 

Type 1 

Type 3 

Oct PSE TATA 

Start point 

FIGURE 20.4 Promoters for RNA polymerase III may 
consist of bipartite sequences downstream of the start 
point with boxA separated from either boxC or boxB, or 
they may consist of separated sequences upstream of the 
start point (Oct, PSE, TATA). 
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a box A sequence separated by an intermedi
ate element (IE) from a boxC sequence; the 
entire boxA-IE-boxC region is often referred 
to as the SS internal control region (ICR). 
In yeast, only the boxC element is required 
for transcription. The tRNA type 2 promoter 
consists of a boxA sequence separated from 
a boxB sequence. A common group of type 
3 promoters coding for other small RNAs have 
three sequence elements that are all located 
upstream of the start point; these same ele
ments are also present in a number of RNA 
polymerase II promoters. 

The detailed interactions are different at 
the two types of internal promoter, but the 
principle is the same. TFmC binds downstream 
of the start point, either independently (tRNA 
type 2 promoters) or in conjunction with TFmA 
(SS type 1 promoters). The presence of TFmC 
enables the positioning factor TF111B to bind 
at the start point. RNA polymerase ill is then 
recruited. 

FIGURE 20.5 summarizes the stages of reac
tion at type 2 internal promoters used for tRNA 
genes. The distance between box A and boxB can 
vary because many tRNA genes contain a small 
intron. TFmC binds to both boxA and boxB. This 
enables TFmB to bind at the start point. At this 
point RNA polymerase ill can bind. 

The difference at type l internal promoters 
(for SS genes) is that TFmA must bind at boxA 
to enable TFmC to bind at boxC. TF111A is a SS 
sequence-specific binding factor that binds to 
the promoter and to the SS RNA as a chaperone 

Start point 

boxA boxB 

TF111C TF111C 

FIGURE 20.5 Internal type 2 pol III promoters use binding 
of TFmC to boxA and boxB sequences to recruit the posi
tioning factor TFmB, which recruits RNA polymerase III. 
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Startpoint 

FIGURE 20.6 Internal type 1 pol III promoters use the 
assembly factors TFmA and TFmC. at boxA and boxC, to 
recruit the positioning factor TFmB, which recruits RNA 
polymerase III. 

and gene regulator. FIGURE 20.6 shows that once 
TF111C has bound, events follow the same comse 
as at type 2 promoters, with TFmB (which con
tains the ubiquitous TBP) binding at the start 
point, and RNA polymerase ill joining the com
plex. Type l promoters are found only in the 
genes for SS rRNA. 

TF111A and TF1uC are assembly factors, 
whose sole role is to assist the binding of the 
positioningfactorTFmB at tl1e correct location. 
Once TFmB has bound, TF1uA and TFmC can be 
removed from the promoter without affecting 
the initiation reaction. TF111B remai11s bound in the 
vicinity of the start point and its presence is sufftcien t 
to allow RNA polymerase Ill to identify and bind at 
the start point. Thus, TFmB is the only true initia
tion factor required by RNA polymerase ill. This 
sequence of events explains how the promoter 
boxes downstreaJn can cause RNA polymerase 
to bind at the start point, farther upstream. 
Although the ability to transcribe these genes 
is confened by the internal promoter, cha.nges 
in the region immediately upstream of the start 
point can alter the efficiency of transcription. 

TFmC is a large protein complex (>500 kD), 
which is comparable in size to RNA polymerase 
itself and contains six subunits. TF1uA is a mem
ber of an interesting class of proteins containing 
a nucleic acid-binding motif called a zinc finger 



(see the chapter titled Eukaryotic Transcriptio11 
Regulation) .  The positioning factorTF111B consists 
of three subunits. It includes the same protein 
factor TBP that is present in the core-binding 
factor SLI used for pol I promoters, and (as we 
will see later in the section titled TBP Is a U1!i
versal Fador) in the corresponding transcription 
factor TF11D used by RNA polymerase II. It also 
contains Brf, which is related to the transcrip
tion factorTF11B that is used by RNA polymerase 
II and to a subunit in the RNA polymerase I SLI 
factor. The third subunit is called B99; it is dis
pensable if the DNA duplex is partially melted, 
which suggests that its function is to initiate the 
transcription bubble. The role of B99 may be 
comparable to the role played by sigma factor 
in bacterial RNA polymerase (see the chapter 
ti tied Prokaryotic Transcriptio11 ) .  

The upstream region has a conventional 
role in the third class of polymerase III promot
ers. In the example shown in Figure 20.4, there 
are three upstream elements. These elements 
are also found in promoters for snRNA genes 
that are transcribed by RNA polymerase II. 
(Genes for some snRNAs are transcribed by 
RNA polymerase II, whereas others are tran
scribed by RNA polymerase III.) The upstream 
elements function in a similar manner in pro
moters for both RNA polymerases II and III. 

Initiation at an upstream promoter for Class 
III RNA polymerase III can occur on a short 
region that immediately precedes the start point 
and contains only the TAT A element. Efficiency 
of transcription, however, is much increased 
by the presence of the enhancer PSE (proximal 
sequence element) and OCT (so named because 
it has an 8-base-pair binding sequence) ele
ments. The factors that bind at these elements 
interact cooperatively. The PSE element may be 
essential at promoters used by RNA polymerase 
II, whereas it is stimulatory in promoters used 
by RNA polymerase III. 

The TATA element confers specificity for 
the type of polymerase (II or III) that is recog
nized by an snRNA promoter. It is bound by a 
factor that includes TBP, which actually recog
nizes the sequence in DNA. TBP is associated 
with other proteins, which are specific for the 
type of promoter. The function of TBP and its 
associated proteins is to position the RNA poly
merase correctly at the start point. We discuss 
this in more detail later in the sections on RNA 
polymerase II. 

The factors work in the same way for both 
types of promoters for RNA polymerase III. The 
factors bitzd at the promoter before RNA polymerase 

itself ca11 bind. They form a preinitiation com
plex that directs binding of the RNA polymerase. 
RNA polymerase III does not itself recognize 
the promoter sequence, but binds adjacent to 
factors that are themselves bound just upstream 
of the start point. For the type I and type II 
internal promoters, the assembly factors ensure 
that TF111B (which includes TBP) is bound just 
upstream of the start point, thereby providing 
the positioning information. For the upstream 
promoters, TF111B binds directly to the region 
including the TATA box. This means that 
irrespective of the location of the promoter 
sequences, factor(s) are bound close to the start 
point in order to direct binding of RNA poly
merase III. In all cases, the chromatin must be 
modified and in an open configuration. 

Ell The Start Point for RNA 
Polymerase II 

Key concepts 
• RNA polymerase II requires general transcription 

factors (called TFnX) to initiate transcription. 

• RNA polymerase II promoters frequently have a 
short conserved sequence Py2CAPy5 (the initiator 
Inr) at the start point. 

• The TATA box is a common component of RNA 
polymerase II promoters and consists of an 
A-T -rich octamer located -25 bp upstream of the 
start point. 

• The OPE is a common component of RNA 
polymerase II promoters that do not contain a 
TATA box. 

• A core promoter for RNA polymerase II includes 
the Inr and, commonly, either a TATA box or a 
OPE. It may also contain other minor elements. 

The basic organization of the apparatus for 
transcribing protein-coding genes was revealed 
by the discovery that purified RNA polymerase 
II can catalyze synthesis of mRNA, but can
not initiate transcription unless an additional 
extract is added. The purification of this extract 
led to the definition of the general transcription 
factors, or basal trmzscription factors-a group 
of proteins that are needed for initiation by 
RNA polymerase II at all promoters. RNA poly
merase II in conjunction with these factors 
constitutes the basal transcription apparatus 
that is needed to transcribe any promoter. The 
general factors are described as TF11X, where 
"X" is a letter that identifies the individual fac
tor. The subunits of RNA polymerase II and 
the general transcription factors are conserved 
among eukaryotes. 
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Our starting point for considering promoter 
organization is to define the core promoter as the 
shortest sequence at which RNA polymerase II 
can initiate transcription. A core promoter can 
in principle be expressed in any cell (though in 
practice a core promoter alone results in little or no 
transcription in the chromatin context in vivo). ltis 
the minimum sequence that enables the general 
transcription factors to assemble at the start point. 
These factors are involved in the mechanics of 
binding to DNA and enable RNA polymerase II to 
recognize the promoter and initiate transcription. 
A core promoter functions at only a low efficiency. 
Other proteins, called activators, another class of 
transcription factors, are required for a proper 
level of function (see the section titled E11hmzcers 
Contain Bidirectio11al Elements That Assist Initia
tiOJz later in this chapter). The activators are not 
described systematically, but have casual names 
reflecting their histories of identification. 

We might expect any sequence components 
involved in the binding of RNA polymerase and 
general transcription factors to be conserved at 
most or all promoters, as is the case for pol I and 
pol III promoters. As with bacterial promoters, 
when promoters for RNA polymerase II are com
pared, homologies in the regions near the start 
point are restricted to rather short sequences. 
These elements correspond with the sequences 
implicated in promoter function by mutation. 
FIGURE 20.7 shows the construction of a typical 
pol II core promoter with three of the most com
mon pol II promoter elements. The eukaryotic 
pol II promoter is far more structurally diverse 
than the bacterial promoter and the promoters 
for pol I and III, though. In addition to the three 
major elements, there are a number of minor ele
ments that can also serve to define the promoter. 

At the start point, there is no extensive 
homology of sequence, but there is a tendency 
for the first base of mRNA to be A, flanked 

Start point 
.. 

TATAA ...... N20······ YYCAYYYYY . .. . .. N24 .. .. . . AGAC 

TATA box lnr 
Core promoter 

•--
containing TATA --+ 

+--TAT A-less 
core promoter 

DPE 

FIGURE 20.7 A mini mal pol II promoter may have a 
TATA box -25 bp upstream of the Inr_ The TATA box has 
the consensus sequence of T ATAA- The Inr has pyrimi
dines (Y) surrounding the CA at the start point_ The DPE 
is downstream of the start point. The sequence shows 
the coding strand_ 
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on either side by pyrimidines. (This descrip
tion is also valid for the CAT start sequence of 
bacterial promoters.) This region is called the 
initiator (Inr), and may be described in the 
general form Py2CAPy5, where Py stands for 
any pyrimidine. The Inr is contained between 
positions - 3  and +5.  

Many promoters have a sequence called the 
TATA box, usually located -25 bp upstream 
of the start point in higher eukaryotes. It con
stitutes the only upstream promoter element 
that has a relatively fixed location with respect 
to the start point. The consensus sequence of 
this core element is TATAA, usually followed 
by three more A-T base pairs (see the chapter 
titled Prokaryotic Transcription for a discussion of 
consensus sequence). The TATA box tends to 
be surrounded by G-C-rich sequences, which 
could be a factor in its function. It is almost 
identical with the - 1 0  box sequence found in 
bacterial promoters; in fact, it could pass for 
one except for the difference in its location at 
-25 instead of - 10. (The exception is in yeast, 
where the TATA box is more typically found at 
-90.) Single-base substitutions in the TATA box 
may act as up or down mutations, depending 
on how closely the original sequence matches 
the consensus sequence and how different the 
mutant sequence is. Typically, substitutions that 
introduce a G-C base pair are the most severe. 

Promoters that do not contain a TATA ele
ment are called TATA-less promoters. Sur
veys of promoter sequences suggest that 50% or 
more of promoters may be TAT A-less. When a 
promoter does not contain a TATA box, it often 
contains another element, the downstream 
promoter element (DPE), which is located 
at +28 to +32. 

Typical core promoters consist either of 
a TATA box plus Inr, or of an Inr plus DPE, 
although other combinations with minor ele
ments exist as well. 

ED TBP Is a Universal Factor 
Key concepts 

• TBP is a component of the positioning factor that 
is required for each type of RNA polymerase to 
bind its promoter. 

• The factor for RNA polymerase II is TF11D, which 
consists ofTBP and -14 TAFs, with a total mass 
of -800 kD. 

• TBP binds to the TATA box in the minor groove 
of DNA_ 

• TBP forms a saddle around the DNA and bends it 
by -aoo_ 



Before transcription initiation can begin, the 
clnomatin bas to be modified and remodeled 
to the open configuration, and any nucleosome 
octamer positioned over the promoter has to be 
moved or removed at aJ1 classes of eukaryotic 
promoters (we examine this aspect of transaip
tion control more closely in the chapter titled 
Eukaryotic Transcription Regulation) .  At that point 
it is possible for a positioning factor to bind to 
the promoter. Each class of RNA polymerase 
is assisted by a positioning factor that contains 
TBP associated with other components. The 
name TBP stands for "TATA binding protein"; 
it was initially so nan1ed because it was a pro
tein that bound to the TATA box in RNA poly
merase ll genes. It was subsequently discovered 
to also be part of tl1e positioning factors SLl for 
RNA polymerase I (see the section earlier in this 
cl1apter ti tied RNA Polymerase I Has a Bipartite 
Promoter) and TFmB RNA polymerase ill (see 
the section titled RNA Polymera�-e Ill Uses Down
stream a!ld Upstream Promoters) .  For these latter 
two RNA polymerases, TBP does not recognize 
the TATA box sequence (except in type 3 pol 
ill promoters); thus, the name is misleading. In 
addition, many RNA polymerase ll promoters 
lack TATA boxes, but still require the presence 
ofTBP. 

For RNA polymerase II, the positioning 
factor is TFuD, which consists of TBP associ
ated with up to 14 other subunits called TAFs 
(for TBP -associated factors) .  Some T AFs are 
stoichiometric with TBP; others are present in 
lesser amounts, which means that there are 
multiple TF11D variants. TF11Ds containing dif
ferent TAFs could recognize promoters with 
different combinations of conserved elements 
described in the previous section titled The Start 
Poiut for RNA Polymerase II. Some T AFs are tis
sue specific. The total mass of TFnD typically 
is -800 kD. The TAFs in TFnD were originaJ1y 
named in the form TAF1100, for example, where 
the number "00" gives the molecular mass of 
the subunit. Recently, the RNA polymerase II 
TAPs have been renamed TAPl, TAF2, and so 
forth; in this nomenclature TAFI is the larg
est TAP, TAF2 is the next largest, and homolo
gous TAFs in different species thus have the 
same names. 

FIGURE 20.8 shows that the positioning fac
tor recognizes the promoter in a different way in 
each case. At promoters for RNA polymerase ill, 
TFmB binds adjacent to TFmC. At promoters for 
RNA polymerase I, SL I binds in conjunction 
with UBF. TF11D is solely responsible for recog
nizing promoters for RNA polymerase ll. At a 

Pol Ill promoters TBP 

/RNA polymerase Ill 

Pol I promoters 

SL 1 

____ .....;;;,;/, _I l 
UBF1 

/RNA polymerase I 

Pol II promoters 
TBP 

Start nni 1nt 

+10 +20 

/RNA polymerase II 

FIGURE 20.8 RNA polymerases are positioned at all 
promoters by a factor that contains TBP. 

promoter that has a TATA element, TBP binds 
specificaJ1y to tbe TATA box, but at TATA-Iess 
promoters, the TAPs have the role of recogniz
ing other promoter elements, including the lnr 
and OPE. Whatever its means of entry into the 
initiation complex, it has tl1e common purpose 
of interaction with the RNA polymerase. 

TBP has the unusuaJ property of binding 
to DNA in the minor groove. (The vast major
ity of DNA-binding proteins bind in the major 
groove.) The crystal structure of TBP sug
gests a detailed model for its binding to DNA. 
FIGURE 20.9 shows that it surrounds one face of 
DNA, forming a "saddle" around a stretch of 
the minor groove, which is bent to fit into this 
saddle. In effect, the inner surface ofTBPbinds 
to DNA, and the larger outer surface is available 
to extend contacts to otl1er proteins. The DNA
binding site consists of a C-terminal domain 
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I=IGURE 20.9 A view in cross-section shows that TBP sur
rounds DNA from the side of the narrow groove. TBP con
sists of two related (40% identical) conserved domains, 
which are shown in light and dark blue. The N-terminal 
region varies extensively and is shown in green. The two 
strands of the DNA double helix are in light and dark gray. 
Photo courtesy of Stephen K. Burley. 

that is conserved between species, and the vari
able N-terminal tail is exposed to interact with 
other proteins. rt is a measure oftbe conserva
tion of mechanism in transcriptional initiation 
that the DNA-binding sequence ofTBP is 80% 
conserved between yeast and humans. 

Binding of TBP may be inconsistent with 
the presence of nucleosome octamers. Nucleo
somes form preferentially by placing A-T-rich 
sequences with the minor grooves facing 
inward (see the chapter titled Chromatin); as 
a result, they could prevent binding of TBP. 
This may explain why the presence of a nucleo
some at the promoter prevents initiation of 
transcription. 

TBP binds to the minor groove and bends 
the DNA by -80°, as illustrated in FIGURE 20.10. 

The TATA box bends toward the major groove, 
widening the minor groove. The distortion is 
restricted to the 8 bp of the TATA box; at each 
end of the sequence, the minor groove has its 
usual width of -5 A, but at the center of the 
sequence the minor groove is >9 A. This is a 
deformation of the structure, but does not actu
ally separate the strands of DNA because base 
pairing is maintained. The extent of the bend 
can vary with the exact sequence of the TATA 
box, and is correlated with the efficiency of the 
promoter. 

This structure has several functional impli
cations. By changing the spatial organization of 
DNA on either side of tl1e TATA box, it allows 
the transcription factors and RNA polymerase 
to form a closer association than would be pos
sible on Linear DNA. The bending at the TATA 
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FIGURE 20. 10 The cocrystal structure ofTB P with DNA 
from -40 to the start point shows a bend at the TAT A box 
that widens the narrow groove where TBP binds. Photo 
courtesy of Stephen K. Burley. 

box corresponds energetically to unwinding of 
about one-third of a turn of DNA, and is com
pensated by a positive writhe. 

The presence of TBP in the minor groove, 
combined with other proteins binding in the 
major groove, creates a high density of protein
DNA contacts in this region. Binding of purified 
TBP to DNA in vitro protects - 1  turn of the dou
ble helix at the TATA box, typically extending 
from -37 to -25. Binding ofthe TF11D complex 
in the initiation reaction, however, regularly 
protects the region from -45 to - 10. 

Within TF11D as a free protein complex, 
the factor TAFl binds to TBP, where it occu
pies the concave DNA-binding surface. In 
fact, the structure of the binding site, which 
lies in the N -terminal domain ofT AFl, mimics 
the surface of the minor groove in DNA. This 
molecular mimicry allows TAFl to control the 
ability ofTBP to bind to DNA; the N-terminal 
domain of TAFI must be displaced from the 
DNA-binding surface ofTBP in order for TF11D 
to bind to DNA. 

Strikingly, a number ofTAFs resemble his
tones: nine of 14 TAPs contain a histone fold 
domain, though in most cases the T AFs lack the 
residues of this domain that are responsible for 
DNA binding. FourTAFs do have some intrin
sic DNA binding ability: TAF4b, TAF12, TAF9, 
and TAF6 are (distant) homologs of histones 



H2A, H2B, H3, and H4, respectively. (The his
tones form the basic complex that binds DNA 
in eukaryotic chromatin; see the chapter titled 
Chromati11 .)  TAF4b/TAF12 and TAF9/TAF6 
form heterodimers using the histone fold motif; 
together they may form the basis for a structure 
resembling a histone octamer. Such a structure 
may be responsible for nonsequence-specific 
interactions of TF11D with DNA. Histone folds 
are also used in pairwise interactions between 
other TAF11s. 

Some of the TAF11s may be found in other 
complexes as well as in TF11D. In particular, the 
histone-like TAF11s also are found in protein 
complexes that modify the structure of chroma
tin prior to transcription (see the chapter titled 
Eukaryotic Transcriptio11 Regulation). 

fDI The Basal Apparatus 
Assembles at 
the Promoter 

Key concepts 
• The upstream elements and the factors that bind 

to them increase the frequency of initiation_ 

• Binding ofTFnD to the TATA box or Inr is the first 
step in initiation. 

• Other transcription factors bind to the complex in 
a defined order, extending the length of the pro
tected region on DNA-

• When RNA polymerase II binds to the complex, it 
may initiate transcription. 

In a cell, gene promoters can be found in three 
basic types of chromatin with respect to activ
ity. The first is an inactive gene in closed chroma
tin. The second is a potentially active gene in open 
chromatin with RNA polymerase bound, called 
a poised gene. This class may assemble the basal 
apparatus, but cannot proceed to transcribe the 
gene without a second signal to start transcription. 
Heat-shock genes are poised so that they can be 
activated inm1ediately upon a rise in temperature. 
The third class (which we will examine shortly) is 
a gene being turned on in open chromatin. 

What has been largely unexplored until 
recently is the involvement of noncoding RNA 
(ncRNA) transcripts in gene activation. Numer
ous recent examples have been described in 
which transcription of ncRNAs regulates tran
scription of nearby or overlapping protein
coding genes. The production of these functional 
ncRNAs (also referred to as cryptic unstable 
transcripts, or CUTs) is much more common 
than originally believed. A significant number 

of active promoters have transcripts generated 
upstream of the promoters (known as promoter 
upstream transcripts, or PROMPTs). PROMPTs 
are transcribed in both sense and antisense ori
entations relative to the downstream promoter, 
and may play a regulatory role in transcription. 
The many roles of ncRNAs in transcriptional 
regulation are discussed further in the chapter 
titled Regulatory RNA. 

The initiation process requires the basal 
transcription factors to act in a defined order 
to build a complex that will be joined by RNA 
polymerase. The series of events summarized 
in FIGURE 20.11 is one model. It is important to 
remember that RNA polymerase II promoters 
are structurally very diverse. Once a poly
merase is bound, its activity then is controlled 
by enhancer-binding transcription factors. 

A promoter for RNA polymerase II often 
consists of two types of region. The core promoter 
contains the start point itself, typically identified 
by the Inr, and often includes either the TATA 
box or DPE close by; additional less co nun on ele
ments may be found as well. The efficiency and 
specificity with which a promoter is recognized, 
however, depend upon short sequences farther 
upstream, which are recognized by a different 
group of transcription factors, sometimes called 
activators. In general, the target sequences are 
- 100 bp upstream of the start point, but some
times they are more distant. Binding of activa
tors at these sites may influence the formation 
of the initiation complex at (probably) any one 
of several stages. Promoters are organized on a 
principle of "mix and match." A variety of ele
ments can contribute to promoter function, but 
none is essential for all promoters. 

The first step in activating a TATA box
containing promoter in open chromatin is ini
tiated when the TBP subunit ofTF11D directs its 
binding to the T ATA box. This may be enhanced 
by upstream elements acting through a coacti 
vator. (TF11D also recognizes the Inr sequence 
at the start point, the DPE, and possibly other 
promoter elements.) TF11B binds downstream 
of the TATA box, adjacent to TBP, thus extend
ing contacts along one face of the DNA from 
-10 to + 10. The crystal structure shown in 
FIGURE 20.12 extends this model. It makes 
contacts in the minor groove downstream of 
the TATA box, and contacts the major groove 
upstream of the TATA box in a region called 
the BRE. In archaeans, the homolog of TF11B 
actually makes sequence-specific contacts with 
the promoter in the BRE region. This step is 
believed to be the major determinant in the 

20.7 The Basal Apparatus Assembles at the Promoter 561 



TAF4 

TAF 1 

TAF 2  

A B 

RNA Pol lio RNA Pol lio 

0 E 

FIGURE 20.11 An i nitiation complex assembles at promoters for RNA polymerase II by an ordered sequence of association with transcription 
factors. TFnD consists of TBP plus its associated TAFs as shown in the top panel; TBP alone, rather than TF110, is shown in the remaining 
panels for simplicity. Adapted from M.  E. Maxon, J. A. Goodrich, and R. Tijan, Genes Oev. 8 (1994): 515-524. 

establishment of promoter polarity, which way 
the RNA polymerase faces, and which strand 
is the template strand. TF11B may provide the 
surface that is in turn recognized by RNA poly
merase, so that it is responsible for the direc
tionality of the polymerase binding. TF11B also 
has a major role in recruiting RNA pol II to the 
TF11D/TF11A/promoter DNA complex, assisting 
in the conversion from the closed to the open 
complex, and selection of the transcription start 
site (TSS). 

The crystal structure ofTF11B with RNA poly
merase shows that three domains of the factor 
interact with the enzyme. As illustrated sche
matically in FIGURE 20.13, anN -terminal zinc rib
bon from TF11B contacts the enzyme near the site 
where RNA exits; it is possible that this interferes 
with the exit of RNA and influences the switch 
from abortive initiation to promoter escape. 
An elongated "finger" of TF11B is inserted into 
the polymerase active center. The C-terminal 
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domain interacts with the RNA polymerase and 
with TF11D to stabilize initial promoter melting. 
It also determines the path of the DNA where it 
contacts the factors TF11E, TF11F, and TF11H, which 
may align them in the basal factor complex. 

The factor TF11F is a heterotetramer consist
ing of two types of subunit and is required for 
PIC (preinitiation complex) assembly. The larger 
subunit (RAP74) has an ATP-dependent DNA 
helicase activity that could be involved in melt
ing the DNA at initiation. The smaller subunit 
(RAP38) has some homology to the regions of 
bacterial sigma factor that contact the core poly
merase; it binds tightly to RNA polymerase II. 
TF11F may assist in bringing RNA polymerase II 
to the assembling transcription complex and is 
required, along with TF11B, for transcription start 
site selection. The complex ofTBP and TAFs may 
interact with the CTD tail of RNA polymerase, 
and interaction with TF11B may also be important 
when TF11F/polymerase joins the complex. 



FIGURE 20.12 Two views of the ternary complex ofTFnB
TBP-DNA show that TFnB binds along the bent face of 
DNA. The two strands of DNA are green and yellow, TBP 
is blue, and TFnB is red and purple. Photo courtesy of 
Stephen K. Burley. 

Polymerase binding extends the sites that 
are protected downstream to + 1 5  on the tem
plate strand and +20 on the nontemplate 
strand. The enzyme extends the full length of 
the complex because additional protection is 
seen at the upstream boundary. 
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FIGURE 20.13 TFnB binds to DNA and contacts RNA poly
merase near the RNA exit site and at the active center, 
and orients it on DNA. Compare with Figure 20.12, which 
shows the polymerase structure engaged in transcription. 

What happens at TATA-less promoters? 
The same general transcription factors, includ
ing TF110, are needed. The Inr provides the 
positioning element; TF11D binds to i t  via an 
ability of one or more of the TAPs to recog
nize the Inr directly. OtherTAFs in TF110 also 
recognize the OPE element downstream from 
the start point. The function of TBP at these 
promoters is more like that at promoters for 
RNA polymerase I and at internal promoters 
for RNA polymerase ill. 

When a TATA box is present, it determines 
the location of the start point. Its deletion causes 
the site of initiation to become err abc, although 
a1 1y  overall reduction in transcription is rela
tively small. Indeed, some TAT A-less promot
ers lack unique start points, so initiation occurs 
within a cluster of start points. The TATA box 
aligns the RNA polymerase via the interaction 
with TF110 and other factors so that i t  initiates 
at the proper site. Binding of TBP to TATA 
is the predominant feature in recognition of 
the promoter, but two large TAFs (TAFI and 
TAF2) also contact DNA in the vicinity of the 
start point and influence the efficiency or the 
reaction. 

While most of the genes that RNA poly
merase 11 transcribes are protein-coding mRNA 
genes, RNA pol n also transcribes some of the 
minor class snRNA genes. These have a similar, 
but not identical, promoter. Transcription of 
snRNA and snoRNA genes requires a specific 
modi ficarion of the CTD, a specific methylation 
of an Arg residue. 

Assembly of the RNA polymerase II initia
tion complex provides an interesting contrast 
with prokaryotic transcription. Bacterial RNA 
polymerase is essentially a coherent aggregate 
with intrinsic ability to recognize and bind the 
promoter DNA; the sigma factor, needed for 
initiation but not for elongation, becomes part 
of the enzyme before DNA is bound, although 
i t  may be later released. RNA polymerase n can 
bind to the promoter, but only after separate 
transcription factors have bound. The tran
scription factors play a role analogous to that 
of bacterial sigma factor-to allow the basic 
polymerase to recognize DNA specifically at 
promoter sequences-but have evolved more 
independence. Indeed, the factors are primar
ily responsible for the specifici ty of promoter 
recognition. Only some ofthe factors participate 
in protein-DNA contacts (and only TBP and 
certain TAFs make sequence-specific contacts); 
thus protein-protein interactions are important 
in the assembly of the complex. 
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Although assembly can take place just 
at the core promoter in vitro, this reaction 
i s  not sufficient for transcription in vivo, 
where interactions with activators that rec
ognize the more upstream elements are 
required. The activators interact with the 
basal apparatus at various stages during its 
assembly (see the chapter titled Eukaryotic 
Transcriptiou Regulation) .  

Ell Initiation Is Followed by 
Promoter Clearance and 
Elongation 

Key concepts 

• TFnB, TFuE, and TFnH are required to melt DNA to 
allow polymerase movement. 

• Phosphorylation of the CTD is required for 
promoter clearance and elongation to begin. 

• Further phosphorylation of the CTD is required 
at some promoters to end pausing and abortive 
initiation. 

• The histone octamers must be temporarily modi
fied during the transit of the RNA polymerase. 

• The CTD coordinates processing of RNA with 
transcription. 

• Transcribed genes are preferentially repaired when 
DNA damage occurs. 

• TFnH provides the link to a complex of repair 
enzymes. 

Some final steps are needed to release the RNA 
polymerase from the promoter once the first 
nucleotide bonds have been formed. This step 
is called promoter clearance and is the key regu
lated step in determining if a poised gene or 
an active gene will be transcribed. This step is 
controlled by enhancers. (Remember, the key 
step in bacterial transcription is conversion of 
the closed complex to the open complex; see 
the chapter titled Prokaryotic Transcription .) Most 
of the general transcription factors are required 
solely to bind RNA polymerase to the promoter, 
but some act at a later stage. 

The transcription factors that bind enhanc
ers usually do not directly contact elements at 
the promoter to control it, but rather bind to 
a coactivator that binds to the promoter ele
ments. The coactivator Mediator is one of the 
most common coactivators. This is a very large 
multisubunit protein complex. In multicellu
lar eukaryotes, it can contain 30 subunits or 
more. There are many cell type- and gene
specific forms of Mediator that contain a com
mon core of subunits conserved from yeast 
to humans, that integrate signals from many 
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enhancer-bound transcription factors. Both 
poised and active genes require the interaction 
of the transcription factors bound to enhancers 
with the promoter by DNA looping with Media
tor as the intermediate. 

The last factors to join the initiation com
plex are TF11E and TF11H. They act at the later 
stages of initiation. Binding ofTF11E causes the 
boundary of the region protected downstream 
to be extended by another turn of the double 
helix, to + 3 0. TF11H is the only general tran
scription factor that has multiple independent 
enzymatic activities. Its several activities include 
an ATPase, helicases of both polarities, and a 
kinase activity that can phosphorylate the CTD 
tail of RNA polymerase II (on serine 5 of the 
heptapeptide repeat). TF11H is an exceptional 
factor that may also play a role in elongation. 
Its interaction with DNA downstream of the 
start point is required for RNA polymerase to 
escape from the promoter. TF11H is also involved 
in repair of damage to DNA (see the chapter 
ti tied Repair Systems). 

On a linear template, ATP hydrolysis, 
TF11E, and the helicase activity of TF11H (pro
vided by the XPB and XPD subunits) are 
required for polymerase movement. This 
requirement is bypassed with a supercoiled 
template. This suggests that TF11E and TF11H 
are required to melt DNA to allow polymerase 
movement to begin. The helicase activity of 
the XPB subunit ofTF11H is responsible for the 
actual melting of DNA. 

RNA polymerase II stutters when it starts 
transcription. (The result is not dissimilar to the 
abortive initiation of bacterial RNA polymerase 
discussed in the chapter titled Prokaryotic Tran
scription, although the mechanism is different.) 
RNA polymerase II terminates after a short 
distance; small oligonucleotides of 4-5 nt are 
unstable; crystal structures of these RNA/DNA 
hybrids are unordered. Only longer hybrids 
have proper base pairing. The short RNA prod
ucts are degraded rapidly . The suggestion is that 
this abortive initiation is a form of promoter 
proofreading. To extend elongation into the 
transcription unit, a kinase complex ca lied 
P-TEFb is required. P-TEFb contains the CDK9 
kinase, which is a member of the kinase family 
that controls the cell cycle. P-TEFb acts on the 
CTD to phosphorylate it further (on serine 2 
of the heptapeptide repeat). We do not yet 
understand why this effect is required at some 
promoters but not others or how it is regulated. 

Phosphorylation of the CTD tail is needed 
to release RNA polymerase II from the promoter 



and transcription factors so that it can make the 
transition to the elongating form, as shown in 
FIGURE 20.14. Real-time observation of live cells 
shows a bursting pattern that is gene specific, 
rather than continuous initiation. The phos
phorylation pattern on the CTD is dynamic 
during the elongation process, catalyzed and 
controlled by multiple protein kinases, includ
ing P-TEFb, and phosphatases. Most oft he basal 
transcription factors are released from the pro
moter at this stage . 

---l 

--
� 

The CTD is involved, directly or indirectly, 
in processing mRNA while it is being synthe
sized and after it has been released by RNA poly
merase II. Sites of phosphorylation on the CTD 
serve as a recognition or anchor point for other 
proteins to dock with the polymerase. The cap
ping enzyme (guanylyl transferase), which adds 
the G residue to the 5' end of newly synthesized 
mRNA, binds to CTD phosphorylated at serine 5, 
the first phosphorylation event catalyzed by 
TF11H. This may be important in enabling it to 
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Recycling of pol l/ 

(D) 
Dephosphorylation by 

Ser2 phosphatase 
(eg Fcp1) 

Dephosphorylation by 
Ser? phosphatase? 

� 

Cleavage, polyadenylation, 

and termination 

Binding of polyadenylation factors to 
Ser2 phosphorylated repeats with 
peptidyl-prolyl bonds in the trans 

configuration 

Dephosphorylation by 
Ser5 phosphatase 

(eg Scp1) 
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FIGURE 20.14 Modification of the RNA polymerase II CTD heptapeptide during transcription. The CTD of RNA polymerase II when it enters 
the preinitiation complex is unphosphorylated. Phosphorylation of Ser residues serves as binding sites for both mRNA processing enzymes 
and kinases that catalyze further phosphorylation as described in the figure. Reprinted from Trends Genet., vol. 24, S. Egloff and S. Murphy, 
Cracking the RNA polymerase II CTD code, pp. 280-288. Copyright 2008, with permission from Elsevier [http:/ jwww.sciencedirect.comj 
scie ncejjou rnaljO 16895 25). 
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modify (and thus protect) the 5' end as soon as 
it is synthesized. Subsequently, serine 2 phos
phorylation by P-TEFb leads to recruitment of 
a set of proteins called SCAFs to the CTD, and 
they in turn bind to splicing factors. This may be 
a means of coordinating transcription and splic
ing. Some components of the cleavage/polyad
enylation apparatus used during transcription 
termination also bind to the CTD phosphory
lated at serine 2 .  Oddly enough, they do so at 
the time of initiation, so that RNA polymerase is 
ready for the 3 '  end processing reactions as soon 
as it sets out. Finally, export from the nucleus 
through the nuclear pore is also controlled by 
the CTD and may be coordinated with 3 '  end 
processing. All of this suggests that the CTD 
may be a general focus for connecting other 
processes with transcription. In the cases of cap
ping and splicing, the CTD functions indirectly 
to promote formation of the protein complexes 
that undertake the reactions. In the case of 3' 
end generation, it may participate directly in 
the reaction. Control of the life history of an 
mRNA does not end here. Recent data shows 
that in yeast, there is a subset of mRNAs whose 
cytoplasmic stability or turnover is directly con
trolled by the promoter/UAS. Binding sites for 
speci fie transcription factors control recruit
ment of stability/instability factors that bind to 
the mRNA during transcription. 

The key event in determining whether (and 
when, in the case of a poised or paused poly
merase, see the following discussion) a gene 
will be expressed is promoter clearance, release 
from the promoter. Once that has occurred and 
initiation factors are released, there is a transi
tion to the elongation phase. The transcription 
complex now consists oft he RNA polymerase II, 
the basal factors TF11E and TF11H, and all of the 
enzymes and factors bound to the CTD. Elon
gation factors like TF11F and TF11S and others to 
prevent inappropriate pausing may be present in 
another large complex called super-elongation 
complex (SEC). 

The RNA polymerase, like the ribosome, 
functions as a Browniall ratchet where random 
fluctuations are stabilized and (usually) con
verted into forward motion by the binding of 
nucleotides. This, then, means that forward 
as well as backward or backtracking motion 
occurs. Backtracking also occurs when an 
incorrect nucleotide is inserted and the duplex 
structure of the 3 '  end is improperly base paired. 
Backtracking is a necessary component of the 
fidelity mechanism. The dynamics of this are 
controlled by the underlying DNA sequence 
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context and elongation factors such as TF11F, 
TF11S, Elongin, and a number of others. 

As discussed earlier in the section The Basal 
Apparatus Assembles at the Promoter, there can 
be considerable heterogeneity in the DNA 
sequence elements that comprise the core 
promoter that can lead to promoter specific
ity of different genes. One of these elements is 
known as the pause button, a G-C-rich sequence 
typically located downstream from the start of 
initiation. This element has been found in a 
surprising number of Drosophila developmental 
genes. Release from pausing requires a separate 
set of regulatory steps. P-TEFb is required to 
phosphorylate negative regulating pause factors 
in order to inactivate them and to phosphory
late the CTD for release. There is a subset of 
human genes in a paused state regulated by 
the oncogene transcription factor cMyc (see 
the chapter titled Replication Is Connected to the 
Cell Cycle) .  P-TEFb is recruited to these genes 
by cMyc in order to release them from the 
paused state. 

In summary, the general process of initia
tion is similar to that catalyzed by bacterial RNA 
polymerase. Binding of RNA polymerase gen
erates a closed complex, which is converted at 
a later stage to an open complex in which the 
DNA strands have been separated. In the bac
terial reaction, formation of the open complex 
completes the necessary structural change to 
DNA; a difference in the eukaryotic reaction 
is that further unwinding of the template is 
needed after this stage. 

This complex now has to transcribe a 
chromatin template, through nucleosomes. 
The whole gene may be in open chromatin, 
especially if it is not too large, or only the area 
around the promoter. Some genes, like the 
Duchenne muscular dystrophy gene (DMD), 
can be megabases in size and require many 
hours to transcribe. The histone octamers must 
be transiently modified-in some cases tempo
rarily disassembled-and then reassembled on 
the template (see the chapters titled Chromatill 
and Eukaryotic Transcription Regulatiou for more 
details). The octamer itself is different, having 
the canonical histone H3 replaced by the vari
ant H3.3 during active transcription. 

There is a model in which the first poly
merase to leave the promoter acts as a pathfinder 
polymerase. Its major function is to ensure 
that the entire gene is in open chromatin. It 
carries with it enzyme complexes to facilitate 
transcription through nucleosomes. Both the 
initiation factor TF11F and the elongation factor 



TF11S are required. Histone H2B is dynamically 
monoubiquitinated in actively transcribed duo
marin. This is required in order for the second 
step, methylation of histone H3, which is, in 
turn, required for the recruitment of chromatin 
remodelers (see the chapters titled Chromatin 
and Eukaryotic TraJlscriptioll Regulatio11) .  

The most recent model has each poly
merase using a chromatin-remodeling complex 
together with a histone chaperone to remove 
an H2A/H2B dimer, leaving a hexamer (in place 
of the octamer), which is easier to temporarily 
displace. These modifications are also necessary 
to reassemble the nucleosome octamer on the 
DNA in the wake of the RNA polymerase (see 
the Chromatin chapter). 

In both bacteria and eukaryotes, there is a 
direct link from RNA polymerase to the acti
vation of DNA repair. The basic phenomenon 
was first observed because transcribed genes are 
preferentially repaired. It was then discovered 
that it is only the template strand of DNA that is 
the target-the non template strand is repaired 
at the same rate as bulk DNA. When RNA 
polymerase encounters DNA damage in the 
template strand, it stalls because it cannot use 
the damaged sequences as a template to direct 
complementary base pairing. This explains the 
specificity of the effect for the template strand 
(damage in the nontemplate strand does not 
impede progress of the RNA polymerase). 
Stalled polymerase at a damage site recruits a 
pair of proteins, CSA and CSB (proteins with 
the name CS are encoded by genes in which 
mutations lead to the disease Cockayne Syn
drome) . The general transcription factor TF11H, 
already present with the elongating polymerase, 
is essential to the repair process. TF11H is found 
in alternative forms, which consist of a core 
associated with other subunits. 

TF11H has a common function in both initi
ating transcription and repairing damage. The 
same TF11H helicase subunits (XPB and XPD) 
create the initial transcription bubble and melt 
DNA at a damaged site. Subunits with the name 
XP are encoded by genes in which mutations 
cause the disease xeroderma pigmentosum, 
which causes a predisposition to cancer. The 
role ofTF11H subunits in DNA repair is discussed 
in detail in the Repair Systems chapter. 

The repair function may require modifi
cation or degradation of a stalled RNA poly
merase. The large subunit of RNA polymerase is 
degraded by the ubiquitylation pathway when 
the enzyme stalls at sites of UV damage. We do 
not yet understand the connection between the 

transcription/repair apparatus as such and the 
degradation of RNA polymerase . It is possible 
that removal of the polymerase is  necessary 
once it has become stalled. 

Enhancers Contain 
Bidirectional Elements 
That Assist Initiation 

Key concepts 

• An enhancer typically activates the promoter 
nearest to itself and can be any distance either 
upstream or downstream of the promoter. 

• An upstream activating sequence (UAS} in yeast 
behaves like an enhancer, but works only upstream 
of the promoter. 

• Enhancers form complexes of activators that inter
act directly or indirectly with the promoter. 

We have largely considered the promoter 
as an isolated region responsible for binding 
RNA polymerase. Eukaryoticpromoters do not 
necessarily function alone, though. In most 
cases, the activity of a promoter is enormously 
increased by the presence of an enhancer 
located at a variable distance from the core pro
moter. Some enhancers function through long
range interactions of tens of kilobases; others 
function through short-range interactions and 
may lie quite close to the core promoter. 

One of the first common elements to be 
described near the promoter was the sequence at 
-75 now called the CAATbox, named for its con
sensus sequence. It is often located close to -80, 
but it can function at distances that vary consid
erably from the start point. It functions in either 
orientation. Susceptibility to mutations suggests 
that the CAAT box plays a strong role in deter
mining the efficiency of the promoter, but does 
not influence its specificity. A second common 
upstream element is the GC box at -90, which 
contains the sequence GGGCGG. Often, multiple 
copies are present in the promoter, and they occur 
in either orientation. The GC box, too, is a rela
tively common element near the promoter. 

The concept that the enhancer is distinct 
from the promoter reflects two characteristics. 
The position of the enhancer relative to the pro
moter need not be fixed, but can vary substan
tially. FIGURE 20.15 shows thatitcan be upstream, 
downstream, or within a gene (typically in 
introns). In addition, it can function in either 
orientation (i.e., it can be inverted) relative to 
the promoter. Manipulations of DNA show that 
an enhancer can stimulate any promoter placed 
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FIGURE 20.15 An enhancer can activate a promoter from upstream 
or downstream locations, and its sequence can be inverted relative 
to the promoter. 

in its vicinity, even tens of kilobases away in 
either direction. 

Like the promoter, an enhancer (or its 
alter ego, a silencer) is a modular element 
constructed of short DNA sequence elements 
that bind various types of transcription factors. 
Enhancers can be simple or complex depend
ing on the number of binding elements and the 
type of transcription factors they bind. 

One way to divide up the world of 
enhancer-binding transcription factors is to 
consider positive and negative factors. Tran
scription factors can be positive and stimulate 
transcription (as activators) or can be negative 
and repress transcription (as repressors). At 
any given time in a cell, as determined by its 
developmental history, that cell will contain a 
mixture of transcription factors that can bind 
to an enhancer. If more activators bind than 
repressors, the element will be an enhancer. If 
more repressors bind than activators, the ele
ment wi II be a silencer. 

Another way to examine the transcription 
factors that bind enhancers is by function. The 
first class we will consider is called true acti
vators; that is, they hmction by both binding 
specific DNA sites and making contact with 
the basal machinery at the promoter, either 
directly by themselves, or, more commonly, 
through coactivators like Mediator. This class 
functions equally well on a DNA template or 
a chromatin template. There are two addi
tional classes of activators that have a com
pletely different mechanism of activation. One 
includes activators that function by recruiting 
chromatin-modification enzymes and cluo
matin-remodeling complexes. There are many 
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activators that actually function as true activa
tors and by recruiting chromatin modifiers. The 
third class includes architectural transcription 
factors. Their sole hmction is to change the 
structure of the DNA, typically to bend it. This 
can then result in bringing together two tran
scription factors separated by a short distance to 
synergize. In the next section, Enhancers Work 
by Increasing the Concwtration of Activators Near 
the Promoter, we examine more closely how 
the different classes of activators and repres
sors work together in an enhancer, and in the 
chapter titled Eukaryotic Transcriptio11 Regulation, 
we examine transcription regulation in more 
detail. 

Elements analogous to enhancers, called 
upstream activating sequences (UAS), are 
found in yeast. They can function in either ori
entation at variable distances upstream of the 
promoter, but cannot hmction when located 
downstream. They have a regulatory role: The 
UAS is bound by the regulatory protein(s) that 
activates the genes downstream. 

Reconstruction experiments in which the 
enhancer sequence is removed from the DNA 
and then is inserted elsewhere show that nor
mal transcription can be sustained as long as it 
is present anywhere on the DNA molecule (as 
long as no insulators are present in the inter
vening DNA; see the Chromati11 chapter). If a 
�-globin gene is  placed on a DNA molecule 
that contains an enhancer, its transcription 
is increased in vivo more than 200-fold, even 
when the enhancer is several kb upstream or 
downstream oft he start point, in either orienta
tion. We have yet to discover at what distance 
the enhancer fails to work. 

Enhancers Work 
by Increasing the 
Concentration of 
Activators Near 
the Promoter 

Key concepts 
• Enhancers usually work only in cis configuration 

with a target promoter. 

• The principle is that an enhancer works in any 
situation in which it is constrained to be in the 
same proximity as the promoter. 

Enhancers hmction by binding combinations of 
transcription factors, either positive or negative, 
that control the promoter and, by extension, 
gene expression. The promoter is the site 
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FIGURE 20.16 An enhancer may function by bringing proteins into the vicinity of the pro
moter. An enhancer and promoter on separate circular DNAs do not interact as in (C), but 
can interact when the two molecules are catenated as in (B). 

where, in open chromatin, basal transcrip
tion factors prebind so that RNA polymerase 
can find the promoter. How can an enhancer 
stimulate initiation at a promoter that can be 
located any distance away on either side of it? 

Enhancer function involves interaction 
with the basal apparatus at the core pro
moter element. Enhancers are modular, like 
promoters. Some elements are found in both 
long-range enhancers and enhancers near pro
moters. Some individual elements found near 
promoters share with distal enhancers the abil
ity to function at variable distance and in either 
orientation. Thus, the distinction between long
range enhancers and short-range enhancers is 
blurred. 

The essential role of the enhancer may be 
to increase the concentration of activator in 
the vicinity of the promoter (vicinity in this 
sense being a relative term) in cis. Numerous 
experiments have demonstrated that the level 
of gene expression (i.e., the rate of transcrip
tion) is proportional to the net number of 
activator-binding sites. The more activators 
bound at an enhancer site, the higher the level 
of expression. 

The Xenopus laevis ribosomal RNA enhancer 
is able to stimulate transcription from its RNA 
polymerase I promoter. This stimulation is rela
tively independent of location and is able to 
function when removed from the chromosome 
and placed with its promoter on a circular plas
mid. There is, however, no stimulation when 
the enhancer and promoter are on separated 
plasmids. Yet, when the enhancer is placed on 
a plasmid that is catenated (interlocked) with 
a second plasmid that contains the promoter, 
initiation is almost as effective as when the 

enhancer and promoter are on the same circu
lar molecule, as shown in FIGURE 20.16 (even 
though, in this case, the enhancer is acting on 
its promoter in trans). Again, this suggests that 
the critical feature is localization of the pro
tein bound at the enhancer, which increases 
the enhancer's chance of contacting a protein 
bound at the promoter. 

If proteins bound at an enhancer several 
kb distant from a promoter interact directly 
with proteins bound in the vicinity of the start 
point, the organization of DNA must be flexible 
enough to allow the enhancer and promoter to 
be closely located.  This requires the interven
ing DNA to be extruded as a large "loop." Such 
loops have now been directly observed in the 
case of enhancers. 

What limits the activity of an enhancer? 
Typically it works upon the nearest promoter. 
There are situations in which an enhancer 
is located between two promoters, but acti
vates only one of them on the basis of specific 
protein-protein contacts between the com
plexes bound at the two elements. The action 
of an enhancer may be limited by an insulator
an element in DNA that prevents the enhancer 
from acting on promoters beyond the insulator 
(see the Chromatin chapter). 

Gene Expression 
Is Associated with 
Demethylation 

Key concept 
• De methylation at the 5' end of the gene is neces

sary for transcription. 

20.11 Gene Expression Is Associated with Demethylation 569 



Methylation of DNA is  one of several regu
latory events that influence the activity of 
a promoter. Methylation at the promoter 
may prevent transcription, and those methyl 
groups must be removed in order to activate 
a promoter. This effect is well characterized 
at promoters for both RNA polymerase I and 
RNA polymerase II. In effect, methylation is a 
reversible regulatory event. It is triggered by 
modifications to hi stones that include deacety
lation and protein methylation (see the Chro
matin chapter). 

Methylation also occurs as an epigenetic 
event. In this case, modification may occur spe
cifically in sperm or oocyte, with the result that 
there may be a difference between two alleles 
in the next generation. This can result in dif
ferences in the expression of the paternal and 
maternal alleles (see the chapter titled Epige11etic 
Effects Are luherited). 

In this chapter we are concerned with 
the means by which methylation influences 
transcription, which is the same whether the 
methyl groups were added or removed as a local 
regulatory event or as an epigenetic event. 

Methylation at promoters for RNA poly
merase II occurs on the 5 '  position of C at CG 
doublets (also referred to as "CpG" doublets) 
by two different classes of DNA methyltrans
ferases. DNMTl is a maintenance enzyme 
that methylates the new C in a methylated 
GC doublet after replication. DNMT2 is  an 
enzyme that initiates de Hovo methylation of 
an unmethylated GC doublet. While DNA 
methylation has been understood for some 
time, the mechanism of demethylation has 
been mysterious. Recently, the identification 
of TET (ten eleven translocation) enzymes 
in demethylation of mammalian DNA has 
been proposed. These enzymes were origi
nally identified as  being involved in epi
genetic inheritance and can convert 5mC to 
5-hydroxymethylcytosine as the first step in 
a DNA damage excision repair pathway. A 
somewhat different DNA repair mechanism 
is known to be used for demethylation in 
plants. 

Classically, the distribution of methyl 
groups was examined by taking advan
tage of restriction enzymes that cleave tar
get sites containing the CG doublet. Two 
types of restriction activity are compared in 
FIGURE 20.17 . These isoschizomers are enzymes 
that cleave the same target sequence in DNA, 
but have a different response to its state of 
methylation. It is now possible through direct 
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FIGURE 20.17 The restriction enzyme Mspi cleaves all 
CCGG sequences whether or not they are methylated at 
the second C, but Hpaii cleaves only unmethylated CCGG 
tetramers. 

DNA sequencing to determine the methylome, 
or pattern of 5mC at single-base resolution in 
an orgamsm. 

Many genes show a pattern in which the 
state of methylation is constant at most sites 
but varies at others. Some of the sites are meth
ylated in all tissues examined; some sites are 
unmethylated in all tissues. A minority of sites 
are methylated in tissues in which the gene is 
not expressed, but are not methylated in tis
sues in which the gene is active. Even in active 
genes that are unmethylated in the promoter 
region, these genes are typically methylated 
within the gene body, but usually not at the 
3'end. Thus, an active gene may be described 
as undermethylated. 

Experiments with the drug 5 -azacytidine 
produce indirect evidence that demethyl
ation can result in gene expression. The drug 
is incorporated into DNA in place of cytidine 
and cannot be methylated, because the 5' posi
tion is blocked. This leads to the appearance of 
demethylated sites in DNA as the consequence 
of replication. 

The phenotypic effects of 5 -azacytidine 
include the induction of changes in the state 
of cellular differentiation. For example, muscle 
cells are induced to develop from nonmuscle 
cell precursors. The drug also activates genes 
on a silent X chromosome, which is consistent 
with the idea that the state of methylation is 
connected with chromosomal inactivity. 

As well as examining the state of meth
ylation of resident genes, we can compare 
the results of introducing methylated or non
methylated DNA into new host cells. Such 



experiments show a clear correlation: The 
methylated gene is inactive, but the unmeth
ylated gene is active. 

What is the extent of the undermethyl
ated region? In the chicken a-globin gene 
cluster in adult erythroid cells, the under
methylation is  confined to sites that extend 
from -500 bp upstream of the first of the two 
adult a genes to -500 bp downstream of the 
second. Sites of undermethylation are pres
ent in the entire region, including the spacer 
between the genes. The region of undenneth
ylation coincides with the region of maxi
mum sensitivity to DNase I (see the Chromatin 
chapter). This argues that undermethylation 
is a feature of a domain that contains a tran
scribed gene or genes. As with many changes 
in chromatin, it seems likely that the absence 
of methyl groups is associated with the ability 
to be transcribed rather than with the act of 
transcription itself. 

Our problem in interpreting the general 
association between undennethylation and 
gene activation is that only a minority (some
times a small minority) of the methylated 
sites are involved. It is likely that the state of 
methylation is  critical at specific sites or in 
a restricted region. It is also possible that a 
reduction in the level of methylation (or even 
the complete removal of methyl groups from 
some stretch of DNA) is part of some struc
tural change needed to permit transcription 
to proceed. 

In particular, demethylation at the pro
moter may be necessary to make it avail
able for the initiation of transcription. In the 
-y-globin gene, for example, the presence of 
methyl groups in the region around the start 
point, between -200 and +90, suppresses tran
scription. Removal of the three methyl groups 
located upstream of the start point, or of the 
three methyl groups located downstream, 
does not relieve the suppression. Removal of 
all methyl groups, though, allows the pro
moter to function. Transcription may therefore 
require a methyl-free region at the promoter 
(see the next section, CpG Isla!lds Are Regulatory 
Targets) .  There are exceptions to this general 
relationship. 

Some genes, however, can be expressed 
even when they are extensively methylated. 
Any connection between methylation and 
expression thus is not universal in an organ
ism, but the general rule is that methylation 
prevents gene expression, and demethylation 
is required for expression. 

CpG Islands Are 
Regulatory Targets 

Key concepts 

• CpG islands surround the promoters of con
stitutively expressed genes where they are 
unmethylated. 

• CpG islands also are found at the promoters of 
some tissue-regulated genes. 

• There are -29,000 CpG islands in the human 
genome. 

• Methylation of a CpG island prevents activation of 
a promoter within it. 

• Repression is caused by proteins that bind to 
methylated CpG doublets. 

The origin of DNA methylation may have been 
as a defense mechanism to prevent inserted 
sequences such as viruses and transposable 
elements from being expressed. In both plants 
and animals, these sequences and simple repeat 
sequences are uniformly methylated. 

It is now possible to examine the full meth
ylome of an entire genome in multiple tissues at 
multiple times during development. The major
ity of methylation occurs in CpG islands in the 
5' regions of some genes and is connected with 
the effect of methylation on gene expression. 
These islands are detected by the presence of an 
increased density ofthe dinucleotide sequence, 
CpG (CpG = 5'-CG-3') .  A significant minority 
of methylation, however, is not found in CpG 
islands. 

The CpG doublet occurs in vertebrate DNA 
at only -20% of the frequency that would be 
expected from the proportion of G-C base pairs. 
(This may be because when CpG doublets are 
methylated on C, spontaneous deamination of 
methyl-C converts it to T, which if incorrectly 
repaired introduces a mutation that removes 
the doublet.) In certain regions, however, the 
density of CpG doublets reaches the predicted 
value; in fact, it is increased by lOX relative to 
the rest of the genome. The CpG doublets in 
these regions are generally unmethylated. 

These CpG-rich islands have an average 
G-C content of -60%, compared with the 
20% average in bulk DNA. They take the 
form of stretches of DNA typically 1 to 2 kb 
long. There are -45,000 such islands in the 
human genome. Some of the islands are pres
ent in repeated Alu elements and may just be 
the consequence of their high G-C content. 
The human genome sequence confirms that, 
excluding these, there are -29,000 islands. 
There are fewer in the mouse genome, 
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- 15,500. About 10,000 ofthe predicted islands 
in both species appear to reside in a context of 
sequences that are conserved between the spe
cies, suggesting that these may be the islands 
with regulatory significance. The structure of 
chromatin in these regions has changes asso
ciated with gene expression when the CpG 
islands are unmethylated (see the Chromati11 
chapter): There is a reduced content of his
tone H 1 (which probably means that the struc
ture is less compact), the other histones are 
extensively acetylated (a feature that tends 
to be associated with gene expression), and 
there are DNase-hypersensitive sites, or sites 
nearly devoid of histone octamers (as would be 
expected of active promoters). The presence of 
methylated CpG sites precludes the presence 
of the histone variant H2A.Z in nucleosomes. 

In several cases, CpG-rich islands begin just 
upstream of a promoter and extend downstream 
into the transcribed region before petering out. 
FIGURE 20.18 compares the density of CpG dou
blets in a "general" region of the genome with 
a CpG island identified from the DNA sequence. 
The CpG island surrounds the 5 '  region of the 
APRT gene, which is constitutively expressed. 

All of the housekeeping genes that are 
constitutively expressed have CpG islands; 
this accounts for about half of the islands. The 
remaining islands occur at the promoters of 
tissue-regulated genes; approximately 50% of 
these genes have islands. In these cases, the 
islands are unmethylated irrespective of the 
state of expression of the gene, so that CpG 
island methylation is  not correlated with 
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FIGURE 20.18 The typical density of CpG doublets in 
mammalian DNA is -1/100 bp, as seen for a -y-globin 
gene. In a CpG-rich island, the density is increased to 
>10 doublets/100 bp. The island in the APRT gene starts 
-100 bp upstream of the promoter and extends -400 bp 
into the gene. Each vertical line represents a CpG doublet. 
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transcriptional state for tissue-specific genes. 
The presence of unmethylated CpG -rich islands 
may be necessary, but is not sufficient, fortran
scription. Thus, the presence of unmethylated 
CpG islands may be taken as an indication that a 
gene is potentially active rather than inevitably 
transcribed. Many islands that are unmethyl
ated in the animal become methylated in cell 
lines in tissue culture (orin some cancers); this 
could be connected with the inability of these 
lines to express all of the functions typical of 
the tissue from which they were derived. There 
is one clear example in which there is a strong 
correlation between promoter methylation 
and gene expression: Promoter CpG islands 
become methylated in the mammalian inactive 
X chromosome (see the chapter titled Epigenetic 
Effects Are Inherited). 

Methylation of a CpG island can affect 
transcription. One of two mechanisms can be 
involved: 

• Methylation of a binding site for some 
factor may prevent it from binding. This 
happens in a case of binding to a regula
tory site other than the promoter (see 
the chapter titled Epige11etic Effects Are 
!tzherited). 

• Methylation may cause specific repres
sors to bind to the DNA. 

Repression is caused by either of two types 
of protein that bind to methylated CpG 
sequences. The protein MeCP 1 requires the 
presence of several methyl groups to bind to 
DNA, whereas MeCP2 and a family of related 
proteins can bind to a single methylated CpG 
base pair. This explains why a methylation-free 
zone is required for initiation of transcription. 
Binding of proteins of either type prevents tran
scription in vitro by a nuclear extract. 

MeCP2, which directly represses transcrip
tion by interacting with complexes at the pro
moter, also interacts with the Sin3 repressor 
complex, which contains histone deacetylase 
activities. This observation provides a direct 
connection between two types of repressive 
modifications: methylation of DNA and deacet
ylation of hi stones. 

While promoters that contain CpG islands 
(-60% CpG density) or show no CpG enrich
ment (-20% CpG density) exhibit a generally 
poor correlation between promoter methyla
tion and transcription, there is a third class of 
promoters that appears to be consistently regu
lated by CpG methylation. Approximately 12% 
of human genes contain so-called "weak" CpG 
islands, in which the density of CpGs is -30%, 



intermediate between the other two classes of 
promoters. These genes show a strong inverse 
relationship between promoter CpG methyla
tion and RNA polymerase II occupancy. 

The absence of methyl groups is associated 
with gene expression (or at least the potential 
for expression). There are, however, some dif
ficulties in supposing that the state of methyla
tion provides a general means for controlling 
gene expression. In the case of Drosophila mela
ltogaster (and other Dipteran insects), there is 
very little methylation of DNA (although one 
methyltransferase, Dnmt2, has been identi
fied, its importance is  unclear), and there is 
no methylation of DNA in the nematode Cae
ltorhabditis elega11s or in yeast. The other differ
ences between inactive and active chromatin 
appear to be the same as in species that display 
methylation. Thus, in these organisms, any role 
that methylation has in vertebrates is replaced 
by some other mechanism. 

Three changes that occur in typical active 
genes are: 

• A hypersensitive chromatin site(s) is 
established near the promoter. 

• The chromatin of a domain, including 
the transcribed region, becomes more 
sensitive to DNase I.  

• The DNA of the same region is under
methylated.  

All of these changes are necessary for 
transcription. 

Summary 
Of the three eukaryotic RNA polymerases, 
RNA polymerase I transcribes rDNA and 
accounts for the majority of activity, RNA 
polymerase II transcribes structural genes for 
mRNA and has the greatest diversity of prod
ucts, and RNA polymerase III transcribes small 
RNAs. The enzymes have similar structures, 
with two large subunits and many smaller 
subunits; there are some common subunits 
among the enzymes. 

None of the three RNA polymerases rec
ognize their promoters directly. A unifying 
principle is  that transcription factors have 
primary responsibility for recognizing the 
characteristic sequence elements of any par
ticular promoter, and they serve in turn to bind 
the RNA polymerase and to position it correctly 
at the start point. At each type of promoter, 
histone octamers must be removed or moved. 
The initiation complex is then assembled by a 
series of reactions in which individual factors 

join (or leave) the complex .  The factor TBP is 
required for initiation by all three RNA poly
merases. In each case it provides one subunit of 
a transcription factor that binds in the vicinity 
of the start point. 

An RNA polymerase II promoter consists 
of a number of short-sequence elements in the 
region upstream of the start point. Each ele
ment is bound by one or more transcription 
factors. The basal apparatus, which consists of 
the TF11 factors, assembles at the start point and 
enables RNA polymerase to bind. The TATA 
box (if there is one) near the start point, and the 
initiator region immediately at the start point, 
are responsible for selection of the exact start 
point at promoters for RNA polymerase II. TBP 
binds directly to the TATA box when there is 
one; in TAT A-less promoters it is located near 
the start point by binding to the Inr or to the 
DPE downstream. After binding of TF11D, the 
other general transcription factors for RNA 
polymerase II assemble the basal transcription 
apparatus at the promoter. Other elements in 
the promoter, located upstream of the TATA 
box, bind activators that interact with the 
basal apparatus. The activators and basal fac
tors are released when RNA polymerase begins 
elongation. 

The CTD of RNA polymerase II is phos
phorylated during the initiation reaction. It pro
vides a point of contact for proteins that modify 
the RNA transcript, including the 5 '  capping 
enzyme, splicing factors, the 3'  processing com
plex, and mRNA export from the nucleus. As 
the RNA polymerase moves through the tran
scription unit, histone octamers must be modi
fied and/or removed to allow passage. 

Promoters may be stimulated by enhanc
ers, sequences that can act at great distances 
and in either orientation on either side of a 
gene. Enhancers also consist of sets of elements, 
although they are more compactly organized. 
Some elements are found close to promoters 
and in distant enhancers. Enhancers function 
by assembling a protein complex that inter
acts with the proteins bound at the promoter, 
requiring that DNA between is "looped out." 

CpG islands contain concentrations of CpG 
doublets and often surround the promoters of 
constitutively expressed genes, although they 
are also found at the promoters of regulated 
genes. The island including a promoter must 
be unmethylated for that promoter to be able 
to initiate transcription. A specific protein binds 
to the methylated CpG doublets and prevents 
initiation of transcription. 
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RNA Splicing and Processing 
CHAPTER OUTLINE J 

f.lll Introduction 

f.lt.l The 5 '  End of Eukaryotic mRNA Is Capped 

• A 5' cap is formed by adding a G to the terminal base 
of the transcript via a S'-5' link. 

• The capping process takes place during transcription 
and may be important for release from pausing of 
transcription. 

• The S '  cap of most mRNA is mono methylated, but 
some small noncoding RNAs are trimethylated. 

• The cap structure is recognized by protein factors 
to influence mRNA stability, splicing, export, and 
translation. 

f..IU Nuclear Splice Sites Are Short Sequences 

578 

• Splice sites are the sequences immediately surrounding 
the exon-intron boundaries. They are named for their 
positions relative to the i ntron. 

• The S' splice site at the S'  (left) end of the intron 
includes the consensus sequence GU. 

• The 3' splice site at the 3' (right) end of the intron 
includes the consensus sequence AG. 

• The GU-AG rule (originally called the GT-AG rule in 
terms of DNA sequence) describes the requirement for 
these constant di nucleotides at the first two and last 
two positions of introns in pre-mRNAs. 

• There exist minor introns relative to the major introns 
that follow the GU-AG rule. 

• Minor introns follow a general AU-AC rule with a 
different set of consensus sequences at the 
exon-intron boundaries. 

f..llt• Splice Sites Are Read in Pairs 

• Splicing depends only on recog nition of pairs of splice 
sites. 

• All 5' splice sites are functionally equivalent. and all 
3' splice sites are functionally equivalent. 

• Additional conserved sequences at both 5 '  and 3 '  
splice sites define functional splice sites among nu
merous other potential sites in the pre-mRNA. 

f.llt Pre-mRNA Splicing Proceeds Through a Lariat 

• Splicing requires the S'  and 3' splice sites and a 
branch site just upstream of the 3 I splice site. 

• The branch sequence is conserved in yeast but less well 
conserved in multicellular eukaryotes. 

• A lariat is formed when the intron is cleaved at the 5' 
splice site and the S I end is joined to a 2 I position at 
an A at the branch site in the intron. 

• The intron is released as a lariat when it is cleaved at 
the 3 I splice site, and the left and right exons are then 
ligated together. 
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CHAPTER OUTLINE, CONTINUED J 
snRNAs Are Required for Splicing 

• The five snRNPs involved in splicing are U1, U2, US, 
U4, and U6. 

• Together with some additional proteins, the snRNPs 
form the spliceosome. 

• All the snRNPs except U6 contain a conserved sequence 
that binds the Sm proteins that are recognized by 
antibodies generated in autoimmune disease. 

Commitment of Pre-mRNA to the Splicing Pathway 

• U1 snRNP initiates splicing by binding to the S '  splice 
site by means of an RNA-RNA pairing reaction. 

• The commitment complex contains U1 snRNP bound at 
the S' splice site and the protein U2AF bound to a pyrimi-
dine tract between the branch site and the 3'  splice site. 

• In cells of multicellular eukaryotes, SR proteins play 
an essential role in initiating the formation of the 
commitment complex. 

• Pairing splice sites can be accomplished by intron 
definition or exon definition. 

The Spliceosome Assembly Pathway 

• The commitment complex progresses to pre-
spliceosome (the A complex) in the presence of ATP. 

• Binding of US and U4/U6 snRNPs converts the A 
complex to the mature spliceosome (the B1  complex). 

• The B 1 complex is next converted to the B2 complex, 
in which U1 snRNP is released to allow U6 snRNA to 
interact with the S '  splice site. 

• When U4 dissociates from U6 snRNP, U6 snRNA can 
pair with U2 snRNA to form the catalytic active site. 

• Both transesterification reactions take place in the 
activated spliceosome (the C complex). 

• The splicing reaction is reversible at all steps. 

An Alternative Spliceosome Uses Different snRNPs 
to Process the Minor Class of lntrons 

• An alternative splicing pathway uses another set of 
snRNPs that comprise the U12 spliceosome. 

• The target introns are defined by longer consensus 
sequences at the splice junctions rather than strictly 
according to the GU-AG or AU-AC rules. 

• Major and minor spliceosomes share critical protein 
factors, including SR proteins. 

Pre-mRNA Splicing Likely Shares the Mechanism 
with Group II Autocatalytic lntrons 

• Group II introns excise themselves from RNA by an 
autocatalytic splicing event. 

• The splice sites and mechanism of splicing of group II 
introns are similar to splicing of nuclear introns. 

• A group II intron folds into a secondary structure that 
generates a catalytic site resembling the structure of a 
U6-U2 nuclear intron. 

Splicing Is Temporally and Functionally Coupled 
with Multiple Steps in Gene Expression 

• Splicing can occur during or after transcription. 
• The transcription and splicing machineries are 

physically and functionally integrated. 

t.llt.l 
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• Splicing is connected to mRNA export and stability 
control. 

• Splicing in the nucleus can inftuence mRNA translation 
in the cytoplasm. 

Alternative Splicing Is a Rule, Rather Than an 
Exception, in Multicellular Eukaryotes 

• Specific exons or exonic sequences may be excluded 
or included in the mRNA products by using alternative 
splicing sites. 

• Alternative splicing contributes to structural and 
functional diversity of gene products. 

• Sex determination in Drosophila involves a series 
of alternative splicing events in genes encoding 
successive products of a pathway. 

Splicing Can Be Regulated by Exonic and lntronic 
Splicing Enhancers and Silencers 

• Alternative splicing is often associated with weak 
splice sites. 

• Sequences surrounding alternative exons are often 
more evolutionarily conserved than sequences flanking 
constitutive exons. 

• Specific exonic and i ntronic sequences can enhance or 
suppress splice site selection. 

• The effect of splicing enhancers and silencers is 
mediated by sequence-specific RNA binding proteins, 
many of which may be developmentally regulated 
andjor expressed in a tissue-specific manner. 

• The rate of transcription can directly affect the 
outcome of alternative splicing. 

trans-Splicing Reactions Use Small RNAs 

• Splicing reactions usually occur only in cis between 
splice sites on the same molecule of RNA. 

• trans-splicing occurs in trypanosomes and worms 
where a short sequence (Sl RNA) is spliced to the S '  
ends of many precursor mRNAs. 

• Sl RNAs have a structure resembling the Sm-binding 
site of U snRNAs. 

The 3' Ends of mRNAs Are Generated by Cleavage 
and Polyadenylation 
• The sequence AAUAAA is a signal for cleavage 

to generate a 3 '  end of mRNA that is polyadenylated. 
• The reaction requires a protein complex that contains 

a specificity factor, an endonuclease, and poly( A) 
polymerase. 

• The specificity factor and endonuclease cleave RNA 
downstream of AAUAAA. 

• The specificity factor and poly( A) polymerase add 
-200 A residues processively to the 3' end. 

• The poly( A) tail controls mRNA stability and influences 
translation. 

• Cytoplasmic polyadenylation plays a role in Xenopus 
embryonic development. 

3' mRNA End Processing Is Critical for Termination 
of Transcription 

• There are various ways to end transcription by 
different RNA polymerases. 

CHAPTER 21 RNA Splicing and Processing 579 



CHAPTER OUTLINE, CONTINUED J 
• The mRNA 3 '  end formation signals termination of 

Pol II transcription. 
t.IIC!J The Unfolded Protein Response Is Related to tRNA 

Splicing 
t.lltl The 3 '  End Formation of Histone mRNA Requires 

U7 snRNA 

• The expression of histone mRNAs is replication 
dependent and is regulated during the cell cycle. 

• Histone mRNAs are not polyadenylated; their 3 '  ends 
are generated by a cleavage reaction that depends on 
the structure of the mRNA. 

• The cleavage reaction requires the SLBP to bind to a 
stem-loop structure and the U7 snRNA to pair with an 
adjacent single-stranded region. 

• The cleavage reaction is catalyzed by a factor shared 
with the polyadenylation complex. 

• Irel is an inner nuclear membrane protein with its 
N-terminal domain in the ER lumen and its C-terminal 
domain in the nucleus; the C-terminal domain exhibits 
both kinase and endonuclease activities. 

• Binding of an unfolded protein to the N-terminal 
domain activates the C-terminal endonuclease by 
autophos p ho rylatio n. 

• The activated endonuclease cleaves HAC1 (Xbpl in 
vertebrates) mRNA to release an intron and generate 
exons that are ligated by a tRNA ligase. 

• Only spliced HAC1 m RNA can be translated to a tran
scription factor that activates genes encoding chaper
ones that help to fold unfolded proteins. 

• Activated Irel induces apoptosis when the cell is 
overstressed by unfolded proteins. 

t.Jif:l tRNA Splicing Involves Cutting and Rejoining in 
Separate Reactions 

• RNA polymerase III terminates transcription in 
poly{U)4 sequence embedded in a GC-rich sequence. 

t.Jt,lel Production of rRNA Requires Cleavage Events and 
Involves Small RNAs 

• tRNA splicing occurs by successive cleavage and 
ligation reactions. 

• An endonuclease cleaves the tRNA precursors at both 
ends of the intron. 

• Release of the intron generates two half-tRNAs with 
unusual ends that contain 5 '  hydroxyl and 2 '-3' cyclic 
phosphate. 

• RNA polymerase I terminates transcription at an 
18-base terminator sequence. 

• The large and small rRNAs are released by cleavage 
from a common precursor rRNA; the 55 rRNA is 
separately transcribed. 

• The C/D group of snoRNAs is required for modifying 
the 2 '  position of ribose with a methyl group. 

• The H/ ACA group of snoRNAs is required for converting 
uridine to pseudouridine. 

• In each case the snoRNA base pairs with a sequence 
of rRNA that contains the target base to generate a 
typical structure that is the substrate for modification. 

• The 5'-0H end is phosphorylated by a polynucleotide 
kinase, the cyclic phosphate group is opened by 
phosphodiesterase to generate a 2'-phosphate ter
minus and 3'-0H group, exon ends are joined by an 
RNA ligase, and the 2'-phosphate is removed by a 
phosphatase. t.lf.ll Summary 

Introduction 
RNA is a central player in gene expression. It was 
first characterized as an intermediate in protein 
synthesis, but since then many other RNAs that 
play structural or functional roles at various 
stages of gene expression have been discovered. 
The involvement of RNA in many functions 
concerned with gene expression supports the 
general view that life may have evolved from an 
"RNA world" in which RNA was originally the 
active component in maintaining and express
ing genetic information. Many of these func
tions were subsequently assisted or taken over 
by proteins, with a consequent increase in ver
satility and probably efficiency. 

All RNAs studied thus far are transcribed 
from their respective genes and (particularly 
in eukaryotes) require further processing to 
become mature and functional. Interrupted 
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genes are found in all classes of eukaryotic 
organisms. They represent a small proportion 
of the genes of unicellular eukaryotes, but the 
majority of genes in multicellular eukaryotic 
genomes. Genes vary widely according to the 
numbers and lengths of introns, but a typi
cal mammalian gene has seven to eight exons 
spread out over -16  kb. The exons are rela
tively short ( -100 to 200 bp) and the introns 
are relatively long (> 1 kb) (see the chapter 
titled The I11terrupted Gene). 

The discrepancy between the interrupted 
organization of the gene and the uninter
rupted organization of its mRNA requires pro
cessing of the primary transcription product. 
The primary transcript has the same organiza
tion as the gene and is called the pre-mRNA. 
Removal of the introns from pre-mRNA leaves 
an RNA molecule with an average length of 



-2.2 kb. Removal of introns is a major part 
of the processing of RNAs in all eukaryotes. 
The process by which the introns are removed 
is called RNA splicing. Although interrupted 
genes are relatively rare in most unicellular/ 
oligocellular eukaryotes (such as the yeast 
Saccharomyces cerevisiae), the overall propor
tion underestimates the importance of introns 
because most of the genes that are interrupted 
encode relatively abundant proteins. Splicing 
is therefore involved in the production of a 
greater proportion of total mRNA than would 
be apparent from analysis of the genome, per
haps as much as 50%. 

One of the first clues about the nature of 
the discrepancy in size between nuclear genes 
and their products in multicellular eukary
otes was provided by the properties of nuclear 
RNA. Its average size is much larger than 
mRNA, it is very unstable, and it has a much 
greater sequence complexity. Taking its name 
from its broad size distribution, it is called 
heterogeneous nuclear RNA (hnRNA). 

The physical form of hnRNA is a ribonu
cleoprotein particle, hnRNP, in which the 
hnRNA is bound by a set of abundant RNA
binding proteins. Some of the proteins may 
have a structural role in packaging the hnRNA; 
several are known to affect RNA processing or 
facilitate RNA export out of the nucleus. 

Splicing occurs in the nucleus, together 
with the other modifications that are made 
to newly synthesized RNAs. The process of 
expressing an interrupted gene is reviewed 
in FIGURE 21.1 . The transcript is capped at the 
5' end, has the introns removed, and is poly
adenylated at the 3' end. The RNA is then 
transported through nuclear pores to the cyto
plasm, where it is available to be translated. 

With regard to the various processing 
reactions that occur in the nucleus, we should 
like to know at what point splicing occurs 
vis-a-vis the other modifications of RNA. 
Does splicing occur at a particular location in 
the nucleus, and is i t  connected with other 
events-for example, transcription and/or 
nucleocytoplasmic transport? Does the lack of 
splicing make an important difference in the 
expression of uninterrupted genes? 

With regard to the splicing reaction itself, 
one of the main questions is how its specificity 
is controlled. What ensures that the ends of 
each intron are recognized in pairs so that the 
correct sequence is  removed from the RNA? 
Are introns excised from a precursor in a par
ticular order? Is the maturation of RNA used 

Exon 2 lntron 2 Exon 3 lntron 3 Exon 4 lntron 4 Exon 5 

'Transcription 

���==========-= �======== zend 
' 

Poly(A) at 3' end End modification "'-. A200 ��====� ========= 
'Splicing 

ex on intron exon 

'Exon-intron junctions are broken 

' Exons are joined 
=== 
' 

- - A200 NUCLEUS 
Transport 

CYTOPLASM 

FIGURE 21.1 RNA is modified in the nucleus by additions to the 5' and 3'  ends and 
by splicing to remove the introns. The splicing event requires breakage of the exon
intron junctions and joining of the ends of the exons_ Mature mRNA is transported 
through nuclear pores to the cytoplasm, where it is translated_ 

to regulate gene expression by discriminating 
among the available precursors or by chang
ing the pattem of splicing? 

Besides RNA splicing to remove introns, 
many noncoding RNAs also require process
ing to mature, and they play roles in diverse 
aspects of gene expression. 

The 5' End of Eukaryotic 
mRNA Is Capped 

Key concepts 
• A 5' cap is formed by adding a G to the terminal 

base of the transcript via a 5 '-5' Link. 

• The capping process takes place during 
transcription and may be important for release 
from pausing of transcription_ 

• The 5 '  cap of most mRNA is monomethylated, 
but some small noncoding RNAs are 
trimethylated. 

• The cap structure is recognized by protein factors 
to influence mRNA stability, splicing, export, and 
translation. 
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Transcription starts with a nucleoside triphos
phate (usually a purine, A or G) .  The first 
nucleotide retains its 5 '  triphosphate group and 
makes the usual phosphodiester bond from its 
3 '  position to the 5' position oft he next nucleo
tide. The initial sequence of the transcript can 
be represented as: 

5'pppAf cpNpNpNp . . .  

However, when the mature mRNA is treated i11 
vitro with enzymes that should degrade it into 
individual nucleotides, the 5 '  end does not give 
rise to the expected nucleoside triphosphate. 
Instead it contains two nucleotides that are 
connected by a 5'-5' triphosphate linkage and 
also bear a methyl group. The terminal base is 
always a guanine that is added to the original 
RNA molecule after transcription. 

Addition of the 5 '  terminal G is catalyzed 
by a nuclear enzyme, guanylyl-transferase 
(GT). In mammals, GT has two enzymatic 
activities, one functioning as the triphospha
tase to remove the two phosphates in GTP 
and the other as the quanylyl-transferase to 
fuse the guanine to the original 5 '  triphos
phate terminus of the RNA. In yeast, these 
two activities are carried out by two separate 
enzymes. The new G residue added to the end 
of the RNA is in the reverse orientation from 
all the other nucleotides: 

5 'Gppp + 5'pppApNpNp . . .  � Gppp5'-
5'ApNpNp . . .  + pp + p 

This structure is called a cap. It is a substrate 
for several methylation events. FIGURE 21.2 

OH OH 

FIGURE 21.2 The cap blocks the 5 '  end of mRNA and can be methylated at 
several positions. 
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shows the full structure of a cap after all pos
sible methyl groups have been added. The 
most important event is the addition of a single 
methyl group at the 7 position of the terminal 
guanine, which is carried out by guanine-7-
methyltransferase (MT). 

Although the capping process can be 
accomplished in vitro using purified enzymes, 
the reaction normally takes place during tran
scription. Shortly after transcription initiation, 
Pol II is paused -30 nucleotides downstream 
from the initiation site, waiting for the recruit
ment of the capping enzymes to add the cap 
to the 5' end of nascent RNA. Without this 
protection, nascent RNA may be vulnerable to 
attack by 5'-3' exonucleases, and such trim
ming may induce the Pol II complex to fall off 
of the DNA template. Thus, the process of cap
ping is important for Pol II to enter the pro
ductive mode of elongation to transcribe the 
rest of the gene. In this regard, the pausing 
mechanism for 5' capping represents a check
point for transcription reinitiation from the 
initial pausing site. 

In a population of eukaryotic mRNAs, 
every molecule contains only one methyl 
group in the terminal guanine, generally 
referred to as a monomethylated cap. In con
trast, some other small noncoding RNAs, such 
as those involved in RNA splicing in the spli
ceosome (see the section later in this chap
ter titled SI!RNAs Are Required for Splicing), are 
further methylated to contain three methyl 
groups in the terminal guanine. This structure 
is called a trimethylated cap. The enzymes for 
these additional methyl transfers are present 
in the cytoplasm. This may ensure that only 
some specialized RNAs are further modified at 
their caps. 

One of the major functions for the for
mation of a cap is to protect the mRNA from 
degradation. In fact, enzymatic decapping rep
resents one of the major mechanisms to regu
late mRNA turnover in eukaryotic cells (see 
the section later in this chapter titled Splicing 
Is Temporally a11d Fu11ctionally Coupled with Mul
tiple Steps i11 Gene Expressio11 ) .  In the nucleus, 
the cap is recognized and bound by the cap 
binding CBP20/80 heterodimer. This binding 
event stimulates splicing of the first intron 
and, via a direct interaction with the mRNA 
export machinery (TREX complex), facilitates 
mRNA export out of the nucleus. Once reach
ing the cytoplasm, a different set of proteins 
(eiF4F) binds the cap to initiate translation of 
the mRNA in the cytoplasm. 



Nuclear Splice Sites 
Are Short Sequences 

Key concepts 
• Splice sites are the sequences immediately sur

rounding the exon-intron boundaries. They are 
named for their positions relative to the intron. 

• The 5 '  splice site at the 5 '  (left) end of the i ntron 
includes the consensus sequence GU. 

• The 3'  splice site at the 3 '  (right) end of the 
i ntron includes the consensus sequence AG. 

• The GU-AG rule (originally called the GT -AG rule 
in terms of DNA sequence) describes the require
ment for these constant di nucleotides at the 
first two and last two positions of introns in 
pre-mRNAs. 

• There exist minor introns relative to the major 
i ntrons that follow the GU-AG rule. 

• Minor introns follow a general AU-AC rule with a 
different set of consensus sequences at the exon
i ntron boundaries. 

To focus on the molecular events involved in 
nuclear intron splicing, we must consider the 
nature of the splice sites, the two exon-intron 
boundaries that include the sites of breakage 
and reunion. By comparing the nucleotide 
sequence of a mature mRNA with that of the 
original gene, the junctions between exons and 
introns can be determined. 

There is no extensive homology or com
plementarity between the two ends of an 
intron. However, the splice sites do have well 
conserved, though rather short, consensus 
sequences. It is possible to assign a specific end 
to every intron by relying on the conserva
tion of exon-intron junctions. They can all be 
aligned to conform to the consensus sequence 
shown in the upper portion of FIGURE 21.3 . 

The height of each letter indicates the 
percent occurrence of the specified base at 
each consensus position. High conservation 
is found only immediately within the intron 
at the presumed junctions. This identifies the 
sequence of a generic intron as: 

GU . . . . . .  AG 

Because the intron defined in this way starts 
with the dinucleotide GU and ends with the 
dinucleotide AG, the j unctions are often 
described as conforming to the GU-AG rule. 
(Of course, the coding strand sequence of DNA 
has GT-AG.) 

Note that the two sites have different 
sequences and so they define the ends of the 
intron directionally. They are named proceeding 
from left to rightalongtheintron as the 5' splice site 
(sometimes called the left, or do11or, site) and the 
3' splice site (also called the right, or acceptor, site). 

Splicing signals for major (U2-type or GU-AG) introns 

Left (5') site Branch site 
• 

Right (3 ') site 

� � � � � 4 _, 1 2 3 4 5 ��cc 
· · · · · · · ·�§1�Im!§�. · ·�� 

Left (5') site 

Splicing signals for minor (U12-type or AU-AC) introns 

Branch site 
• 

-10 -9 -e -7 � -6 -4 -3 -2 -1 1 2 3 

Right (3 ') site 

Splicing signals for minor (U12-type) introns that are flanked by GU and AG at ends 

Left (5') site Branch site Right (3 ') site 
• 

FIGURE 21.3 The ends of nuclear introns are defined by the GU-AG rule (shown here as GT -AG in the 
DNA sequence of the gene). Minor i ntrons are defined by different consensus sequences at the 5 '  splice 
site, branch site, and 3 '  splice site. 
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Pairing of wrong junctions would remove exons 

FIGURE 21.4 Splicing junctions are recognized only in the correct pairwise 
combinations. 

The consensus sequences are implicated as the 
sites recognized in splicing by point mutations 
that prevent splicing in vivo and in vitro. 

In addition to the majority of introns 
that follow the GU-AG rule, a small fraction 
of introns are exceptions with a different set 
of consensus sequences at the exon-intron 
boundaries as shown in the lower portion 
of Figure 2 1 .3 .  These introns were initially 
described as minor introns that follow the 
AU-AC role because of the conserved AU-AC 
dinucleotides at both ends of each intron, as 
shown in the middle panel of Figure 2 1 .3 .  
However, the major and minor introns are 
better described as U2-type and U 12-type 
introns, respectively, based on the distinct 
splicing machineries that process them (see 
the section later in this chapter titled An 
Alternative Spliceosome Uses Different SllRNPs to 
Process the Minor Class of ltztrons). As a result, 
some introns that appear to the follow the 
GU-AG rule are actually processed as U12-
type introns, as indicated in the lower panel 
of Figure 21 .3 .  

Splice Sites Are 
Read in Pairs 

Key concepts 
• Splicing depends only on recognition of pairs of 

splice sites. 

• All 5 '  splice sites are functionally equivalent, and 
all 3 '  splice sites are functionally equivalent. 

• Additional conserved sequences at both 5 '  and 3 '  
splice sites define functional splice sites among 
numerous other potential sites in the pre-mRNA. 
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A typical mammalian gene has many introns. 
The basic problem of pre-mRNA splicing results 
from the simplicity of the splice sites and is 
illustrated in FIGURE 21.4. What ensures that 
the correct pairs of sites are recognized and 
spliced together in the presence of numerous 
sequences that match the consensus of bonafide 
splice sites in the intron? The corresponding 
GU-AG pairs must be connected across great 
distances (some introns are > 100 kb long). We 
can imagine two types of mechanism that might 
be responsible for pairing the appropriate 5' and 
3 '  splice sites: 

• It could be an i11tri11Sic property of the 
RNA to connect the sites at the ends of 
a particular intron. This would require 
matching of specific sequences or struc
tures, which has been seen in certain 
insect genes, but this does not seem to 
be the case for most eukaryotic genes. 

• It could be that all 5 '  sites may be func
tionally equivalent and all 3'  sites may 
be similarly indistinguishable, but splic
ing could follow rules that ensure a 5' 
site is always connected to the 3'  site 
that comes next in the RNA. 

Neither the splice sites nor the surround
ing regions have any sequence complementar
ity, which excludes models for complementary 
base pairing between intron ends. Experi
ments using hybrid RNA precursors show that 
any 5 '  splice site can in principle be connected 
to any 3' splice site. For example, when the 
first exon of the early SV40 transcription unit 
is linked to the third ex on of mouse 13 globin, 
the hybrid intron can be excised to generate 
a perfect connection between the SV40 exon 
and the 13-globin exon. Indeed, this inter
changeability is the basis for the exon-trapping 
technique described previously in the chapter 
titled The Content of the Genome. Such ex peri
ments have two general interpretations: 

• Splice sites are generic. They do not have 
specificity for individual RNA precur
sors and individual precursors do not 
convey specific information (e.g., sec
ondary structure) that is needed for 
splicing. However, in some cases spe
cific RNA -binding proteins (e.g., hnRNP 
A 1 )  have been shown to promote splice 
site pairing by binding to adjacent pro
spective splice sites. 

• The apparatus for splicing is not tissue spe
cific. An RNA can usually be properly 
spliced by any cell, whether or not 
it i s  usually synthesized in that cell. 



(We discuss exceptions in which there 
are tissue-specific alternative splicing 
patterns in the section later in this chap
ter titled Alternative Splicing Is a Rule, 
Rather Than an Exception, i1z Multicellular 
Eukaryotes) 

If all 5' splice sites and all 3 '  splice sites 
are similarly recognized by the splicing appa
ratus, what rules ensure that recognition of 
splice sites is restricted so that only the 5 '  and 
3 '  sites of the same intron are spliced? Are 
introns removed in a specific order from a 
particular RNA? 

Splicing is temporally coupled with tran
scription (e.g., many splicing events are 
already completed before the RNA polymerase 
reaches the end of the gene); as a result it is 
reasonable to assume that transcription pro
vides a rough order of splicing in the 5 '  to 3' 
direction (something like a first-come, first
served mechanism). Secondly, a functional 
splice site is often surrounded by a series of 
sequence elements that can enhance or sup
press the site (see the section later in this chap
ter titled Splicing Can Be Regulated by Exo11ic a11d 
Intronic Splicing Enha11cers and Silencers) .  Thus, 
sequences in both exons and introns can also 
function as regulatory elements for splice site 
selection. 

We can imagine that, in order to be effi 
ciently recognized by the splicing machinery, 
a functional splice site has to have the right 
sequence context, including specific con
sensus sequences and surrounding splicing 
enhancing elements that are dominant over 
splicing suppressing elements. These mecha
nisms together may ensure that splice signals 
are read in pairs in a relatively linear order. 

Pre-mRNA Splicing 
Proceeds Through 
a Lariat 

Key concepts 
• Splicing requires the 5 '  and 3 '  splice sites and a 

branch site just upstream of the 3'  splice site. 

• The branch sequence is conserved in yeast but less 
well conserved in multicellular eukaryotes. 

• A lariat is formed when the intron is cleaved 
at the 5 '  splice site and the 5 '  end is joined to 
a 2 '  position at an A at the branch site in the 
i ntron. 

• The intron is released as a lariat when it is cleaved 
at the 3 '  splice site, and the left and right exons 
are then ligated together. 

The mechanism of splicing has been character
ized in vitro using cell-free systems in which 
introns can be removed from RNA precursors. 
Nuclear extracts can splice purified RNA precur
sors; this shows that the action of splicing does 
not have to be linked to the process of tran · 

scription. Splicing can occur in RNAs that are 
neither capped nor polyadenylated even though 
these events normally occur in the cell in a coor
dinated manner, and the efficiency of splicing 
may be influenced by transcription and other 
processing events (see the section later in this 
chapter titled Splicing Is Temporally and Function
ally Coupled with Multiple Steps in Ge11e Expression) . 

The stages of splicing in vitro are illus
trated in the pathway of FIGURE 21.5. We dis
cuss the reaction in terms of the individual 
RNA types that can be identified, but remem
ber that in vivo the types containing exons are 
not released as free molecules but remain held 
together by the splicing apparatus. 

FIGURE 21.6 shows that the first step of 
the splicing reaction is a nucleophilic attack 
by the 2 '-OH on the 5 '  splice site. The left 
exon takes the form of a linear molecule. The 
right intron-exon molecule forms a branched 
structure called the lariat, in which the 5' 
terminus generated at the end of the intron 

5' site 3 ' site 5'-----=�':"":'7��::"""'�--- 3' 
GU UACUAAC AG 

PYso N PYso Py87 Pu75 A Py95 
Animal consensus 

Cut at 5' site and form lariat by 5'-2' bond connecting 
the intron 5' -G to the 2' of A at the branch site 

5'---- 3' 

U
G 

c ..... �l.�;;5;,' ��� 3•  
UACUAAC AG 

2' 

Cut at 3'  site and join exons; intron released as lariat 

""'""""""u G 
5'--- 3' c ]5' 3'  5'--- 3' 

UACUAAC AG 
2' 

5'----��� 3' 

Debranch intron 
5' GU 

\.. 
UACUAAC AG 3 '  

FIGURE 21.5 Splicing occurs in two stages. First the 5 '  
exon is cleaved off, and then it is joined to the 3 '  exon. 
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FIGURE 21.6 Nuclear splicing occurs by two transesteri
fication reactions, in which an -OH group attacks a phos
phodiester bond. 

simultaneously transesterificates to become 
linked by a 2'-5' bond to a base within the 
intron. The target base is an A in a sequence 
called the branch site. 

In the second step, the free 3'-0H of the 
exon that was released by the first reaction 
now attacks the bond at the 3 '  splice site. Note 
that the number of phosphodiester bonds is 
conserved. There were originally two 5'-3' 
bonds at the exon-intron splice sites; one has 
been replaced by the 5'-3' bond between the 
exons and the other has been replaced by the 
2'-5' bond that forms the lariat. The lariat is 
then "debranched" to give a linear excised 
intron that is rapidly degraded. 

The sequences needed for splicing are the 
short consensus sequences at the 5' and 3' 
splice sites and at the branch site. Together with 
the knowledge that most of the sequence of an 
intron can be deleted without impeding splic
ing, this indicates that there is no demand for 
specific conformation in the intron (or exon). 

The branch site plays an important role in 
identifying the 3' splice site. The branch site in 
yeast is highly conserved and has the consensus 
sequence UACUAAC. The branch site in multi
cellular eukaryotes is not well conserved but has 
a preference for purines or pyrimidines at each 
position and retains the target A nucleotide. 

The branch site lies 18 to 40 nucleotides 
upstream of the 3 '  splice site. Mutations or dele
tions of the branch site in yeast prevent splicing. 
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In multicellular eukaryotes, the relaxed con
straints in its sequence result in the ability to 
use related sequences (called cryptic sites) when 
the authentic branch is deleted or mutated. 
Proximity to the 3 '  splice site appears to be 
important because the cryptic site is always 
close to the authentic site. A cryptic site is used 
only when the branch site has been inactivated. 
When a cryptic branch sequence is used in this 
manner, splicing otherwise appears to be nor
mal, and the exons give the same products as 
the use of the authentic branch site does. The 
role of the branch site is therefore to identify the Hear
est 3' splice site as the target for connection to the 5' 
splice site. This can be explained by the fact that 
an interaction occurs between protein com
plexes that bind to these two sites. 

Ill snRNAs Are Required 
for Splicing 

Key concepts 

• The five snRNPs involved in splicing are Ul, U2, 
U5, U4, and U6. 

• Together with some additional proteins, the 
snRNPs form the spliceosome. 

• All the snRNPs except U6 contain a conserved 
sequence that binds the Sm proteins that are rec
ognized by antibodies generated in autoimmune 
disease. 

The 5 '  and 3 '  splice sites and the branch 
sequence are recognized by components of 
the splicing apparatus that assemble to form 
a large complex. This complex brings the 5' 
and 3 '  splice sites together before any reaction 
occurs, which explains why a deficiency in any 
one of the sites may prevent the reaction from 
initiating. The complex assembles sequentially 
on the pre-mRNA and passes through sev
eral "pre-splicing complexes" before forming 
the final, active complex, which is called the 
spliceosome. Splicing occurs only after all the 
components have assembled. 

The splicing apparatus contains both pro
teins and RNAs (in addition to the pre-mRNA) . 
The RNAs take the form of small molecules 
that exist as ribonucleoprotein particles. Both 
the nucleus and cytoplasm of eukaryotic 
cells contain many discrete small RNA types. 
They range in size from 100 to 300 bases in 
multicellular eukaryotes and extend in length 
to - 1 000 bases in yeast. They vary consid
erably in abundance, from 105 to 106 mole
cules per cell to concentrations too low to be 
detected directly. 



Those restricted to the nucleus are called 
small nuclear RNAs (snRNAs); those found 
in the cytoplasm are called small cytoplasmic 
RNAs (scRNAs). In their natural state, they 
exist as rib on ucleoprotei n particles (suRN Ps 
and scRNPs). Colloquially, they are sometimes 
known as snurps and scyrps, respectively. 
There is also a class of small RNAs found in 
the nucleolus, called small nucleolar RNAs 
(snoRNAs), which are involved in processing 
ribosomal RNA (see the section later in this 
chapter ti tied Productiou of rRN A Requires Cleav
age Events and ltzvolves Small RNAs). 

The snRNPs involved in splicing, together 
with many additional proteins, form the spli
ceosome. Isolated from the in vitro splicing 
systems, it comprises a 50S to 60S ribonu
cleoprotein particle . The spliceosome may be 
formed in stages as the snRNPs join, proceed
ing through several "presplicing complexes." 
The spliceosome is a large body, greater in 
mass than the ribosome. 

FIGURE 21.7 summarizes the components of 
the spliceosome. The five snRNAs account for 
more than a quarter of its mass; together with 
their 41 associated proteins, they account for 
almost half of its mass. Some 70 other proteins 
found in the spliceosome are described as splic
ing factors. They include proteins required for 
assembly of the spliceosome, proteins required 
for it to bind to the RNA substrate, and pro
teins involved in constructing an RNA-based 
center for transesterification reactions. In addi
tion to these proteins, another -30 proteins 
associated with the spliceosome are believed 
to be acting at other stages of gene expression, 
which suggests splicing may be connected to 

30 other 
proteins 
2.1 MDa 
17% of mass 

70 splicing 
factors 
4.7MDa 
38% of mass 

5 snRNAs 
3.3 MDa 
27% of mass 

41 proteins 
in snRNPs 
2.2 MDa 
18% of mass 

FIGURE 21.7 The spliceosome is -12 megadaltons {MDa)
Five snRNPs account for almost half ofthe mass_ The remain
ing proteins include known splicing factors as well as pro
teins that are involved in other stages of gene expression. 

other steps in gene expression (see the section 
later in this chapter titled Splicing Is Temporally 
a11d Fuuctio11ally Coupled with Multiple Steps i11 
Ge11e Expressio11). 

The spliceosome forms on the intact pre
cursor RNA and passes through an intermedi
ate state in which it contains the individual 
5' exon linear molecule and the right-lariat 
intron-exon. Little spliced product is found in 
the complex, which suggests that it is usually 
released immediately following the cleavage 
of the 3 '  site and ligation of the exons. 

We may think of the snRNP particles as 
being involved in building the structure of 
the spliceosome. Like the ribosome, the spli
ceosome depends on RNA-RNA interactions 
as well as protein-RNA and protein-protein 
interactions. Some of the reactions involv
ing the snRNPs require their RNAs to base 
pair directly with sequences in the RNA being 
spliced; other reactions require recognition 
between snRNPs or between their proteins 
and other components of the spliceosome. 

The importance of snRNA molecules can be 
tested directly in yeast by inducing mutations in 
their genes, or in ill vitro splicing reactions by 
targeted degradation of individual snRNAs in 
the nuclear extract. Inactivation of five snRNAs, 
individually or in combination, prevents splic
ing. All of the snRNAs involved in splicing can 
be recognized in conserved forms in all eukary
otes, including plants. The corresponding RNAs 
in yeast are often rather larger, but conserved 
regions include features that are similar to the 
snRNAs of multicellular eukaryotes. 

The snRNPs involved in splicing are Ul,  
U2, U5, U4, and U6. They are named according 
to the snRNAs that are present. Each snRNP 
contains a single snRNA and several (<20) 
proteins. The U4 and U6 snRNPs are usually 
found together as a di -snRNP (U4/U6) parti
de. A common structural core for each snRNP 
consists of a group of eight proteins, all of 
which are recognized by an autoimmune anti
serum called anti-Sm; conserved sequences in 
the proteins form the target for the antibodies. 
The other proteins in each snRNP are unique 
to it. The Sm proteins bind to the conserved 
sequence PuAU 3-6Gpu, which is present in 
all snRNAs except U6. The U6 snRNP instead 
contains a set of Sm-like (Lsm) proteins. 

Some of the proteins in the snRNPs may 
be involved directly in splicing; others may be 
required in structural roles or just for assem
bly or interactions between the snRNP parti
des. About one-third of the proteins involved 
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lntron pairing 

Domain A 

FIGURE 21.8 Ul snRNA has a base-paired structure that creates several 
domains. The 5 '  end remains single stranded and can base pair with the 5 '  
splice site. 

in splicing are components of the snRNPs. 
Increasing evidence for a direct role of RNA in 
the splicing reaction suggests that relatively few 
of the splicing factors play a direct role in cataly
sis; most splicing factors may therefore provide 
structural or assembly roles in the spliceosome. 

Commitment of Pre-mRNA 
to the Splicing Pathway 

Key concepts 

• Ul snRNP initiates splicing by binding to the 
5 '  splice site by means of an RNA-RNA pairing 
reaction. 

• The commitment complex contains Ul snRNP 
bound at the 5 '  splice site and the protein U2AF 
bound to a pyrimidine tract between the branch 
site and the 3 '  splice site. 

• In cells of multicellular eukaryotes, SR proteins 
play an essential role in initiating the formation 
of the commitment complex. 

• Pairing splice sites can be accomplished by intron 
definition or exon definition. 
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Recognition of the consensus splicing signals 
involves both RNAs and proteins. Certain 
snRNAs have sequences that are complemen
tary to the mRNA consensus sequences or to 
one another, and base pairing between snRNA 
and pre-mRNA, or between snRNAs, plays an 
important role in splicing. 

Binding of U1 snRNP to the 5 '  splice site 
is the first step in splicing. The human U 1 
snRNP contains the core Sm proteins, three 
V I-specific proteins (UI -70k, UlA, and U1C), 
and U 1 snRNA. The secondary structure of the 
U 1 snRNA is shown in FIGURE 21.8. It contains 
several domains. The Sm-binding site is required 
for interaction with the common snRNP pro
teins. Domains identified by the individual stem
loop structures provide binding sites for proteins 
that are unique to U 1 snRNP. U I snRNA interacts 
with the 5' splice site by base pairing between its 
single-stranded 5' terminus and a stretch of four 
to six bases of the 5 '  splice site. 

Mutations in the 5 '  splice site and U 1 snRNA 
can be used to test directly whether pairing 
between them is necessary. The results of such 
an experiment are illustrated in FIGURE 21.9. 

The wild-type sequence of the splice site of the 
12S adenovirus pre-mRNA pairs at five out 
of six positions with U1 snRNA. A mutant in 
the 12S RNA that cannot be spliced has two 
sequence changes; the GG residues at positions 
5 to 6 in the intron are changed to AU. When 
a mutation is introduced into U 1 snRNA that 
restores pairing at position 5, normal splicing 
is regained. Other cases, in which correspond
ing mutations are made in U 1 snRNA to see 
whether they can suppress the mutation in the 
splice site, suggest this general rule: Comple
mentarity between U1 snRNA and the 5' splice 
site is necessary for splicing, but the efficiency 
of splicing is not determined solely by the num
ber of base pairs that can form. 

The U I  snRNA pairing reaction with the 
5' splicing is stabilized by protein factors. Two 
such factors play a particular role: The branch 
point binding protein (BBP, also known as SF 1 )  
interacts with the branch point sequence, and 
U2AF (a heterodimer consisting of U2AF65 
and U2AF35 in multicellular eukaryotic cells 
or Mud2 in the yeast Saccharomyces cerevisiae) 
binds to the polypyrimidine tract between the 
branch point sequence and the invariant AG 
dinucleotide at the end of each intron. Each 
of these binding events is not very strong, but 
together they bind in a cooperative fashion, 
resulting in the formation of a relatively stable 
complex called the commitment complex. 



The commitment complex is also known as 
the E complex ("E'' for " early") in mammalian 
cells, the formation of which does not require 
ATP (compared to all late ATP-dependent steps 
in the assembly ofthe spliceosome; see the sec
tion later in this chapter titled The Spliceosome 
Assembly Pathway). Unlike in yeast, however, 
the consensus sequences at the splice sites in 
mammalian genes are only loosely conserved, 
and consequently additional protein factors 
are needed for the formation of the E complex. 

The factor or factors that play a central 
role in this and other spliceosome assembly 
processes are SR proteins, which constitute 
a family of splicing factors that contain one or 
two RNA-recognition motifs at the N-terminus 
and a signature domain rich with multiple Arg/ 
Ser dipeptide repeats (called the RS domain) at 
their C-tenninus. Their RNA-recognition motifs 
are responsible for sequence-specific binding to 
RNA, and the RS domain can bind to both RNA 
and other splicing factors via protein-protein 
interactions, thereby providing additional 
"glue" for various parts of the E complex. 

As illustrated in FIGURE 21.10, SR proteins can 
bind to the 70kD component of UI snRNP (the 
U I 70kD protein also contains an RS domain, 
but it is not considered a typical SR protein) to 
enhance or stabilize its base pairing with the 5' 
splice site. SR proteins can also bind to 3' splice 
site-bound U2AF (an RS domain is also present 
in both U2AF65 and U2AF35 ) .  These protein
protein interaction networks are thought to be 
critical for the formation of the E complex. SR 
proteins copurify with the Pol II complex and are 
able to kinetically commit RNA to the splicing 
pathway; thus they likely function as the splic
ing initiators in multicellular eukaryotic cells. 

Typical SR proteins are neither encoded in 
the genome of S. cerevisiae nor needed for splic
ing by the organism where the splicing signals 
are nearly invariant, but they are absolutely 
essential for splicing in all multicellular eukary
otes where the splicing signals are highly 
divergent. The evolution of SR proteins in mul
ticellular eukaryotes likely contributes to high
efficacy and high-fidelity splicing on loosely 
conserved splice sites. The recognition of func
tional splice sites during the formation of the 
E complex can take two routes, as illustrated 
in FIGURE 21.11. In S. cerevisiae, where nearly all 
intron-containing genes are interrupted by a 
single small intron (-I 00 to 300 nucleotides in 
length), the 5' and 3'  splice sites are simultane
ously recognized by U I  snRNP, BBP, and Mud2, 
as discussed earlier. This process is referred to as 

Wild-t pe U1 RNA and 12S 

Normal splicing 

te=.ll�::ld::e�A:t� 5' 
G U G A G G lntron 3' 

12S adenovirus splice site 

Wild-t pe U1 snRNA and mutant 12S re-mRNA 

No splicing 

Mutant U1 snRNA and mutant 12S RNA 

Splicing restored 

ation in U1 snRNA 

��-::tl=tl=tl::ktl::=o 5' 
Ex<m G l:J G A A UJntron 3' 

FIGURE 21.9 Mutations that abolish function of the 5 '  
splice site can be suppressed by compensating mutations 
in U1 snRNA that restore base pairing_ 

intron definition, as illustrated on the left in 
Figure 2 I . I I .  (Note that the intron definition 
mechanism applies to small introns in multi
cellular eukaryotic cells and thus the figure is 
drawn with the nomenclature for mammalian 
splicing factors involved in the process). 

In comparison, introns are long and highly 
variable in length in multicellular eukaryotic 
genomes, and there are many sequences that 
resemble real splice sites in them. This makes 
the paired recognition of the 5' and 3' splice 
sites inefficient, if not impossible. The solu
tion to this problem is the process of exon 
definition, which takes advantage of nor
mally small exons ( - I OO to 300 nucleotides 
in length) in multicellular eukaryotic cells. 

As shown on the right side of Figure 2 I . I I, 
during ex on definition, the U2AF heterodi
mer binds to the 3 '  splice site and U I snRNP 
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FIGURE 21.10 The commitment (E) complex forms by the successive addition of U1 snRNP to the 5 '  
splice site, U2AF to the pyrimidine tract/3' splice site, and the bridging protein SF1/BBP. 

base pairs with the 5' splice site downstream 
from the exon sequence. This process may be 
aided by SR proteins that bind to specific exon 
sequences between the 3 '  and downstream 5' 
splice sites. By an as yet unknown mechanism, 
the complexes fonned across the exon are 
then switched to the complexes that link the 
3 '  splice site to the upstream 5' splice site and 
the downstream 5' splice site to the next down-

lntron definition 

Exon lntron Ex on 
--•GU -•UACUAAC I Py•AGc=:::l 

5' site Branch site 3' site 

Interactions across 
the intron 

SR 

stream 3' splice sites across introns. This estab
lishes the "pennissive" configuration that allows 
later spliceosome assembly steps to occur. 

Blockage of this transition is actually a 
means to regulate the selection of certain exons 
during regulated splicing (see the section later 
in this chapter titled Splicing Can Be Regulated 
by Exonic and Intronic Splicing Enhancers and 
Silencers) . Finally, the ex on definition mechanism 

Ex on 

Exon definition 

lntron Exon 
•AG --•GU UACUAAC 1Py •AG=:::=GU• 

5' site Branch site 3'  site 5' site 

Interactions across 
the exon 

/switch from interactions 
across the exon to those 
across the intron 

SR 

FIGURE 21.11 There are two routes for initial recognition of 5 '  and 3 '  splice sites by either i ntron definition or ex on 
definition. 
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complex in which U1 is base paired 
with the S' splice site 
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U 1 and U4 release 
Formation of the catalytic center 
in which U6 base pairs with the S' splice site; 
U6 also base pairs with U2; U2 remains 
base paired with the branch site; US interacts 
with both exons through its loop 

The first step of transesterification 
S' splice site cleaved, lariat formed 

The second step of transesterification 
3' splice site cleaved, exons ligated 

FIGURE 21.12 The splicing reaction proceeds through discrete stages in which spliceosome 
formation involves the interaction of components that recognize the consensus sequences_ 

mediated by SR proteins also provides a mecha
nism to only allow adjacent 5' and 3'  splice sites 
to be paired and linked by splicing. 

Bl1 The Spliceosome 
Assembly Pathway 

Key concepts 
• The commitment complex progresses to pre-spli

ceosome (the A complex) in the presence of ATP. 

• Binding of U5 and U4/U6 snRNPs converts the 
A complex to the mature spliceosome (the B 1 
complex)-

• The B1 complex is next converted to the B2 com
plex, in which U1 snRNP is released to allow U6 
snRNA to interact with the 5 '  splice site. 

• When U4 dissociates from U6 snRNP, U6 snRNA can 
pair with U2 snRNA to form the catalytic active site. 

• Both transesterification reactions take place in 
the activated spliceosome (the C complex). 

• The splicing reaction is reversible at all steps. 

Following formation of the E complex, the 
other snRNPs and factors involved in splicing 
associate with the complex in a defined order. 
FIGURE 21.12 shows the components of the 
complexes that can be identified as the reac
tion proceeds. 

In the first ATP-dependent step, U2 snRNP 
joins U I snRNP on the pre-mRNA by bind
ing to the branch point sequence, which also 
involves base pairing between the sequence in 
U2 snRNA and the branch point sequence. This 
results in the conversion of the E complex to 
the pre-spliceosome commonly known as the A 
complex, and this step requires ATP hydrolysis. 

The BI complex is formed when a trimer 
containing the US and U4/U6 snRNPs binds 
to the A complex. This complex is regarded 
as a spliceosome because it contains the com
ponents needed for the splicing reaction. It is 
converted to the B2 complex after U I is released .  
The dissociation of U I  is necessary to allow 
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other components to come into juxtaposition 
with the 5 '  splice site, most notably U6 snRNA. 

The catalytic reaction is triggered by the 
release of U4, which also takes place dur
ing the transition from the B I to B2 complex. 
The role of U4 snRNA may be to sequester U6 
snRNA until it is needed. FIGURE 21.13 shows the 
changes that occur in the base-pairing interac
tions between snRNAs during splicing. In the 
U6/U4 snRNP, a continuous length of 26 bases 
of U6 is paired with two separated regions of U4. 
When U4 dissociates, the region in U6 that is 
released becomes free to take up another struc
ture. The first part of it pairs with U2; the second 
part forms an intramolecular hairpin. The inter
action between U4 and U6 is mutually incom
patible with the interaction between U2 and U6, 
so the release of U4 controls the ability of the 
spliceosome to proceed to the activated state. 

For clarity, Figure 21 . 13  shows the RNA 
substrate in extended form, but the 5' splice site 
is actually close to the U6 sequence immediately 
on the 5' side of the stretch bound to U2. This 
sequence in U6 snRNA pairs with sequences in 
the intron just downstream of the conserved 
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FIGURE 21.13 U6/U4 pairing is incompatible with U6/U2 pairing. 
When U6 joins the spliceosome it is paired with U4. Release of U4 
allows a conformational change in U6; one part of the released 
sequence forms a hairpin and the other part pairs with U2. An 
adjacent region of U2 is already paired with the branch site, which 
brings U6 into juxtaposition with the branch. Note that the sub
strate RNA is reversed from the usual orientation and is shown 3 '  
to 5 '. 
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GU at the 5' splice site (mutations that enhance 
such pairing improve the efficiency of splicing). 

Thus, several pairing reactions between 
snRNAs and the substrate RNA occur in the 
course of splicing. They are summarized in 
FIGURE 21.14. The snRNPs have sequences that 
pair with the pre-mRNA substrate and with 
one another. They also have single-stranded 
regions in loops that are in close proximity 
to sequences in the substrate and that play 
an important role, as judged by the ability of 
mutations in the loops to block splicing. 

The base pairings between U2 and the 
branch point and between U2 and U6 create 
a structure that resembles the active center of 
group II self-splicing introns (see Figure 2 1 . 1 5  
in the section titled Pre-mRN A Splicing Likely 
Shares the Mecha11ism with Croup !I Autocatalytic 

U1 airs with the 5' s lice site 

3 ' U1 

U2 pairs with the branch site 

U2 
5' 

U6 pairs with the 5' splice site 
U6 

5 ' taru�J<'-"-""" 
5' splice site 

US is close to both exons 

Exon 1 at +1 

Exon 2 at +1 

3 ' 

FIGURE 21.14 Splicing utilizes a series of base-pairing 
reactions between snRNAs and splice sites. 



Introns). This suggests the possibility that the 
catalytic component could comprise an RNA 
structure generated by the U2-U6 interaction. 
U6 is paired with the S '  splice site, and cross
linking experiments show that a loop in US 
snRNA is immediately adjacent to the first 
base positions in both exons. Although the 
available evidence points to an RNA-based 
catalysis mechanism within the spliceosome, 
contribution(s) by proteins cannot be ruled 
out. One candidate protein is Prp8, a large 
scaffold protein that directly contacts both the 
S '  and 3' splice sites within the spliceosome. 

Both transesterification reactions take place 
in the activated spliceosome (the C complex) after 
a series of RNA arrangements is completed. 
The formation of the lariat at the branch site 
is responsible for determining the use of the 3' 
splice site, because the 3' consensus sequence 
nearest to the 3 '  side of the branch becomes the 
target for the second transesterification. 

The important conclusion suggested by 
these results is that the snRNA components of the 
splicing apparatus interact both among themselves 
a�zd with the substrate pre-mRNA by means of base
pairing illteractiolls, and these i11teractiolls allow for 
changes ilz structure that may bri11g reacting groups 
into appositio11 and may even create catalytic centers. 

Although (like ribosomes) the spliceosome 
is likely a large RNA machine, many protein 
factors are essential for the machine to run. 
Extensive mutational analyses undertaken 
in yeast identified both the RNA and protein 
components (known as PRP mutants for pre
mRNA processing). Several of the products of 
these genes have motifs that identify them as a 
family of ATP-dependent RNA helicases, which 
are crucial for a series of ATP-dependent RNA 
rearrangements in the spliceosome. 

PrpS is critical for U2 binding to the branch 
point during the transition from the E to the 
A complex; Brr2 facilitates U I and U4 release 
during the transition from the B I to B2 com
plex; Prp2 is responsible for the activation of 
the spliceosome during the conversion of the 
B2 complex to the C complex; and Prp22 helps 
the release of the mature mRNA from the 
spliceosome. In addition, a number of RNA 
helicases play roles in recycling of snRNPs for 
the next round of spliceosome assembly. 

These findings explain why ATP hydro
lysis is required from various steps of the 
splicing reaction, although the actual trans
esterification reactions do not require ATP. 
Despite the fact that a sequential series of RNA 
arrangements takes place in the spliceosome, 

it is remarkable that the process seems to 
be reversible after both the first and second 
transesterification reactions. 

An Alternative 
Spliceosome Uses 
Different snRNPs to 
Process the Minor Class 
of Introns 

Key concepts 

• An alternative splicing pathway uses another set 
of snRNPs that comprise the U12 spliceosome. 

• The target introns are defined by longer consensus 
sequences at the splice junctions rather than 
strictly according to the GU-AG or AU-AC rules. 

• Major and minor spliceosomes share critical pro
tein factors, including SR proteins. 

GU-AG introns comprise the majority (>98% 
of splice sites in the human genome). Excep
tions to this case are noncanonical splice AU -AC 
sites and other variations. Initially, this minor 
class ofintrons was referred to as AU -AC introns 
compared to the major class of introns that fol
low the GU-AG rule during splicing. With the 
elucidation of the machinery for processing of 
both major and minor introns, it becomes clear 
that this nomenclature for the minor class of 
introns is not entirely accurate. 

Guided by years of research on the major 
spliceosome, the machinery for processing the 
minor class of introns was quickly elucidated; it 
consists of U I I  and U I 2  (related to U I and U2, 
respectively), a common US shared with the 
major spliceosome, and the U401ac and U6atoc 
snRNAs. The splicing reaction is essentially 
similar to that of the major class of introns, and 
the snRNAs play analogous roles: U I I  base 
pairs with the S '  splice sites; UI2  base pairs 
with the branch point sequence near the 3' 

splice site; and U4atac and U6atac provide analo
gous functions during the spliceosome assem
bly and activation of the spliceosome. 

It tums out that the dependence on the 
type of spliceosome is also influenced by the 
sequences in other places in the intron, so that 
there are some GU -AG introns spliced by 
the U I2 -t:ypespliceosome. A strong consen
sus sequence at the left end defines the U I2-
dependent type of intron: S'XUAUCCUUU . . .  
Py Ag3'. In fact, most U 12-dependent introns 
have the GU . . .  AG termini. They have a 
highly conserved branch point (UCCUUPuAPy), 
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though, which pairs with Ul2. This difference 
in branch point sequences is the primary dis
tinction between the major and minor classes 
of introns. For this reason, the major class 
of introns is termed U2-dependetzt introns and 
the minor class is called UJ2-depetzdent introns, 
instead of AU-AC introns. 

The two types ofintron coexist in a variety 
of genomes, and in most cases are found in the 
same gene. U 12-dependent introns tend to be 
flanked by U2-dependent introns. The phy
logeny of these introns suggests that AU-AC 
U l2-dependent introns may once have been 
more common, but tend to be converted to 
GU-AG termini, and to U2 dependence, in 
the course of evolution. The common evolu
tion of the systems is emphasized by the fact 
that they use analogous sets of base pairing 
between the snRNAs and with the substrate 
pre-mRNA. In addition, all essential splic
ing factors (i.e., SR proteins) studied thus far 
are required for processing both U2-type and 
Ul2-type introns. 

One noticeable difference between U2 and 
U 12 types of intron is that U I and U2 appear 
to independently recognize the 5' and 3' splice 
sites in the major class of introns during the 
formation of the E and A complexes, whereas 
U l l and U 12 form a complex in the first place, 
which together contact the 5' and 3 '  splice 
sites to initiate the processing of the minor 
class of introns. This ensures that the splice 
sites in the minor class of introns are recog
nized simultaneously by the intron-definition 
mechanism. It also avoids "confusing" the 
splicing machineries during the transition 
from exon definition to intron definition for 
processing the major and minor classes of 
introns that are present in the same gene. 

Pre-mRNA Splicing 
Likely Shares the 
Mechanism with Group II 
Autocatalytic Introns 

Key concepts 
• Group II introns excise themselves from RNA by an 

autocatalytic splicing event. 

• The splice sites and mechanism of splicing of 
group II introns are similar to splicing of nuclear 
i ntrons. 

• A group II intron folds into a secondary structure 
that generates a catalytic site resembling the 
structure of a U6-U2 nuclear intron. 

594 CHAPTER 21 RNA Splicing and Processing 

Introns in all genes (except nuclear tRNA
encoding genes) can be divided into three 
general classes. Nuclear pre-mRNA introns are 
identified only by the presence of the GU . . .  
AG dinucleotides at the 5 '  and 3 '  ends and the 
branch site/pyrimidine tract near the 3 '  end. 
They do not show any common features of 
secondary structure. In contrast, group I and 
group II introns found in organelles and in 
bacteria (group I introns are also found in the 
nucleus in unicellular/oligocellular eukaryotes) 
are classified according to their internal orga
nization. Each can be folded into a typical type 
of secondary structure. 

The group I and group II introns have the 
remarkable ability to excise themselves from 
an RNA. This is called autosplicing, or self
splicing. Group I introns are more common 
than group II introns. There is little relation
ship between the two classes, but in each case 
the RNA can perform the splicing reaction ill 
vitro by itself, without requiring enzymatic 
activities provided by proteins; however, 
proteins are almost certainly required ill vivo 
to assist with folding (see the Catalytic RNA 
chapter) .  

FIGURE 21.15 shows that three classes of 
introns are excised by two successive trans
esterifications (shown previously for nuclear 
introns). In the first reaction, the 5 '  exon
intron junction is attacked by a free hydroxyl 
group (provided by an internal 2 '-OH posi
tion in nuclear and group II introns, or by a 
free guanine nucleotide in group I introns). 
In the second reaction, the free 3'-0H at the 
end of the released ex on in turn attacks the 3 '  
intron-exon junction. 

There are parallels between group II 
introns and pre-mRNA splicing. Group II 
mitochondrial introns are excised by the same 
mechanism as nuclear pre-mRNAs via a lariat 
that is held together by a 2'-5' bond. When 
an isolated group II RNA is incubated in vitro 
in the absence of additional components, it 
is able to perform the splicing reaction. This 
means that the two transesterification reac
tions shown in Figure 2 1 . 1 5  can be per
formed by the group II intron RNA sequence 
itself. The number of phosphodiester bonds is 
conserved in the reaction, and as a result an 
external supply of energy is not required; this 
could have been an important feature in the 
evolution of splicing. 

A group II intron forms a secondary struc
ture that contains several domains fonned by 
base-paired stems and single-stranded loops. 
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FIGURE 21.15 Three classes of splicing reactions proceed 
by two transesterifications. First. a free -OH group attacks 
the exon 1-intron junction. Second, the -OH created at 
the end of exon 1 attacks the intron-exon 2 junction. 

Domain 5 is separated by two bases from domain 
6, which contains an A residue that donates 
the 2'-0H group for the [irst transesterification. 
This constitutes a catalytic domain in the RNA. 
FIGURE 21.16 compares this secondary structure 
with the structure formed by the combination 
of U6 with U2 and of U2 with the branch site. 
The similarity suggests that U6 may have a cat
alytic role in pre-mRNA splicing. 

The features of group II splicing suggest 
that splicing evolved from an autocatalytic 
reaction undertaken by an individual RNA 
molecule, in which it accomplished a con
trolled deletion of an internal sequence. It 
is likely that such a reaction would require 
the RNA to fold into a specific conformation, 
or series of conformations, and would occur 
exclusively in cis conformation. 

The ability of group ll introns to remove 
themselves by an autocatalytic splicing event 
stands in great contrast to the requirement 
of nuclear introns for a complex splicing 
apparatus. We may regard the snRNAs of 
the spliceosome as compensating for the 
lack of sequence information in the intron, 
and as providing the information required 
to form particular structures in RNA. The 
functions of the snRNAs may have evolved 
from the original autocatalytic system. These 
snRNAs act in trans upon the substrate pre
mRNA; we might imagine that the ability of 
U l  to pair with the 5' splice site, or of U2 
to pair with the branch sequence, replaced 
a similar reaction that required the relevant 
sequence to be carried by the intron. Thus, 
the snRNAs may undergo reactions with 

Nuclear splicing constructs an active site 
from pairing between U6·U2 and U2 intron 

A 

Exon 1-G U 

Group II splicing constructs an active center 
from the base-paired regions of domains 5 and 6 
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OH DomainS 
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FIGURE 21.16 Nuclear splicing and group II splicing 
involve the formation of similar secondary structures. The 
sequences are more specific in nuclear splicing; group II 
splicing uses positions that may be occupied by either 
purine (R) or pyrimidine (Y). 
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FIGURE 21.17 Coupling transcription with the 5 '  capping reaction. Pol II tran
scription is initially paused near the transcription start point. Both guanylyl
transferase (GT) and 7-methyltransferase (MT) are recruited to the Pol II 
complex to catalyze 5 '  capping, and the cap is bound by the cap-binding 
protein complex at the 5 '  end of the nascent transcript. These reactions allow 
the paused Pol II to enter the mode of productive elongation. 

the pre-mRNA substrate-and with one 
another-that have substituted for the series 
of conformational changes that occur in 
RNAs that splice by group II mechanisms. In 
effect, these changes have relieved the sub
strate pre-mRNA of the obligation to carry 
the sequences needed to sponsor the reac
tion. As the splicing apparatus has become 
more complex (and as the number of poten
tial substrates has increased), proteins have 
played a more important role. 

Splicing Is Temporally 
and Functionally Coupled 
with Multiple Steps in 
Gene Expression 

Key concepts 
• Splicing can occur during or after transcription. 

• The transcription and splicing machineries are 
physically and functionally integrated. 

• Splicing is connected to mRNA export and stability 
control. 

• Splicing in the nucleus can inftuence mRNA trans
lation in the cytoplasm. 
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Pre-mRNA splicing has long been recognized 
to take place cotranscriptionally, although the 
two reactions can take place separately i11 vitro 
and have been studied as separate processes 
in gene expression. Major experimental evi
dence supporting cotranscriptional splicing 
came from the observations that many splic
ing events are completed before the comple
tion of transcription. In general, introns near 
the 5 '  end of the gene are removed during 
transcription, but introns near the end of the 
gene can be processed either during or after 
transcription. 

Besides temporal coupling between tran
scription and splicing, there are probably 
other reasons for these two key processes to 
be linked in a functional way. Indeed, the 
machineries for 5 '  capping, intron removal, 
and even polyadenylation at the 3 '  end (see 
the section later in this chapter titled 3' mRNA 
End Processing Is Critical for Termination of 
Tra11scriptio11 )  show physical interactions with 
the core machinery for transcription. A com
mon mechanism is to use the large C-tenninal 
domain of the largest subunit of Pol II (known 
as CTD) as a loading pad for various RNA
processing factors, although in most cases it 
is yet to be defined whether the tethering is 
direct or mediated by some common protein 
or even RNA factors (see the Eukaryotic Tran
scription chapter). 

Such physical integration would ensure 
efficient recognition of emerging splicing sig
nals to pair adjacent functional splice sites dur
ing transcription, thus maintaining a rough 
order of splicing from the 5' to 3 '  direction. 
The recognition of the emerging splicing 
signals by the RNA-processing factors and 
enzymes associated with the elongation Pol 
II complex would also allow these factors 
to compete effectively with other nonspe
cific RNA-binding proteins, such as hnRNP 
proteins, that are abundantly present in the 
nucleus for RNA packaging. 

If RNA splicing benefits from transcrip· 
tion, why not the other way around? In 
fact, increasing evidence has suggested so; 
as illustrated in FIGURE 21.17, the 5 '  cap
ping enzymes seem to help overcome initial 
transcriptional pausing near the promoter; 
splicing factors appear to play some roles in 
facilitating transcriptional elongation; and 
the 3'  end formation of mRNA is clearly 
instrumental to transcriptional termination 
(see the section later in this chapter titled 3' 
mRNA End Processi11g Is Critical for Termi11atio11 



of Transcription). Thus, transcription and 
RNA processing are highly coordinated in 
multicellular eukaryotic cells. 

RNA processing is functionally linked not 
only to the upstream transcriptional events, 
but also to downstream steps, such as mRNA 
export and stability control. It has been 
known for a long time that intermediately 
processed RNA that still contains some introns 
caru10t be exported efficiently, which may be 
due to the retention effect of the spliceosome 
in the nucleus. Splicing-facilitated mRNA 
export can be demonstrated by nuclear injec
tion of intronless RNA derived from eDNA 
or pre-mRNA that will give rise to identical 
RNA upon splicing. The RNA that has gone 
through the splicing process is exported more 
efficiently than the RNA derived from the 
eDNA, indicating that the splicing process 
helps mRNA export. 

As illustrated in FIGURE 21.18, a specific 
complex, called tl1e exonjunction complex 
(EJC), is deposited onto the exon-exon 
junction. This complex appears to directly 
recruit a number of RNA-binding proteins 
implicated in mRNA export. Apparently, 
these mechanisms may act in synergy to 
promote the export of mRNA coming out 
of transcription and the cotranscriptional 
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FIGURE 21.18 The exon junction complex (EJC) is depos
ited near the splice junction as a consequence of the 
splicing reaction. 
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FIGURE 21.19 An REF protein (shown in green) binds to a 
splicing factor and remains with the spliced RNA product. 
REF binds to a transport protein (shown in purple) that 
binds to the nuclear pore. 

RNA-splicing apparatus. Tllis process may 
start early in transcription. The cap binding 
CBP20/80 complex appears to directly bind 
to the mRNA export machinery (the TREX 
complex) in a manner that depends on 
splicing to remove the ·first intron near the 
5 '  end to facilitate mRNA export. A key fac
tor in mediating mRNA export is REE (also 
named Aly, Yra I in yeast), which is part of 
the EJC and can directly interact with the 
mRNA transporter TAP (Mex67 in yeast) as 
shown in FIGURE 21.19 . 

The EJC complex has an additional role 
in escorting mRNA out of the nucleus, which 
has a profound effect on mRNA stability in 
the cytoplasm. This is because an EJC that 
has retained some aberrant mRNAs can 
recruit other factors that promote decap
ping enzymes to remove the protective cap 
at the 5 '  end of the mRNA. As illustrated in 
FIGURE 21.20, the EJC is normally removed by 
the scanning ribosome during the first round 
of translation in the cytoplasm. If, however, 
for some reason a premature stop codon is 
introduced into a processed mRNA as a result 
of point mutation or alternative splicing (see 
the next section, titled ALternative Splicing Is a 
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FIGURE 21.20 The EJC complex couples splicing with NM D. The EJC can 
also recruit Upr proteins if it remains on the exported mRNA. After nuclear 
export, EJC should be tripped off by the scanning ribosome in the first 
round oftranslation. If an EJC remains on the mRNA because of a premature 
stop codon in the front, which releases the ribosome, the EJC will recruit 
additional proteins, such as U pf, which will then recruit the decapping 
enzyme (DCP). This will induce decapping at the 5 '  end and mRNA degra
dation from the 5 '  to 3' direction in the cytoplasm. 

Rule, Rather Thau a11 Exception. i11 Multicellular 
Eukaryotes), the ribosome will fall off before 
reaching the natural stop codon, which is 
typically located in the last exon. The inabil
ity of the ribosome to strip off the EJC com
plex deposited after the premature stop 
codon will allow the recmitment of decap
ping enzymes to induce rapid degradation of 
the mRNA. This process is called nonsense
mediated mRNA decay (NMD), which repre
sents an mRNA surveillance mechanism that 
prevents translation of truncated proteins 
from the mRNA that carries a premature 
stop codon (NMD is discussed further in the 
mRNA Stability and Localizatio11 chapter) .  
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Alternative Splicing 
Is a Rule, Rather 
Than an Exception, in 
Multicellular Eukaryotes 

l<ey co nee pts 

• Specific exons or exonic sequences may be 
excluded or included in the m RNA products by 
using alternative splicing sites. 

• Alternative splicing contributes to structural and 
functional diversity of gene products. 

• Sex determination in  Drosophila involves a series 
of alternative splicing events in genes encoding 
successive products of a pathway. 

When an interrupted gene is transcribed 
into an RNA that gives rise to a single type of 
spliced mRNA, there is no ambiguity in assign
ment of exons and introns. However, the 
RNAs of most mammalian genes follow pat
terns of alternative splicing, which occurs 
when a single gene gives rise to more than one 
mRNA sequence. By large-scale eDNA clon
ing and sequencing, it has become apparent 
that more than 90% of the genes expressed 
in mammals are alternatively spliced. Thus, 
alternative splicing is not just the result of 
mistakes made by the splicing machinery; it 
is part of the gene expression program that 
results in multiple gene products hom a single 
gene locus. 

There are various modes of alternative 
splicing, including intron retention, alterna
tive 5 '  splice site selection, alternative 3 '  splice 
site selection, exon inclusion or skipping, and 
mutually exclusive selection of the alternative 
exons, as summarized in FIGUR£ 21.21. A single 
primary transcript may undergo more than 
one mode of alternative splicing. The mutu
ally exclusive exons are nonnally regulated in 
a tissue-specific manner. Adding to this com
plexity, in some cases, the ultimate pattern of 
expression is also dictated by the use of differ
ent transcription start points or the generation 
of alternative 3 '  ends. 

Alternative splicing can affect gene expres
sion in the cell in at least in two ways. One 
way is to create structural diversity of gene 
products by including or omitting some coding 
sequences or by creating alternative reading 
frames for a portion of the gene. This can often 
modify the functional property of encoded pro
teins. For example, the CaMKII8 gene contains 
three alternatively spliced exons as shown in 
FIGUR£ 21.22. The gene is expressed in almost 
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nGURE 21.21 Different modes of alternative splicing. 

all cell types and tissues in mammals. When all 
three alternative exons are skipped, the mRNA 
encodes a cytoplasmic kinase that phosphory
lates a large number of protein substrates. 
When exon 14 is included, the kinase is trans
ported to the nucleus because exon 14 contains 
a nuclear localization signal. This allows the 
kinase to regulate transcription in the nucleus. 
When both exons 1 5  and 16 are included, 
which is normally detected in neurons, the 
kinase is targeted to the cell membrane, where 
it can influence specific ion channel activities. 

In other cases, the alternatively spliced 
products exhibit opposite functions. This 
applies to essentially all genes involved in the 
regulation of apoptosis; each gene expresses 
at least two isoforms, one functioning to pro
mote apoptosis and the other protecting cells 
against apoptosis. It is thought that the iso
form ratios of these apoptosis regulators may 
dictate whether the cell lives or dies. 

Alternative splicing may also affect vari
ous properties of the mRNA by including or 
omitting certain regulatory RNA elements, 
which may significantly alter the half-life of 
the mRNA. In many cases, the main purpose 
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of alternative splicing may be to cause a 
certain percentage of primary transcripts 
to carry a premature stop codon(s) so that 
those transcripts can be rapidly degraded. 
This may represent an alternative strategy 
to transcriptional regulation to control the 
abundance of specific mRNAs in the cell. This 
mechanism is used to achieve homeostatic 
expression for many splicing regulators in 
specific cell types or tissues. In such regula
tion, a specific positive splicing regulator may 
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FIGURE 21.22 Alternative splicing of the CaMKJJij gene: different 
alternative exons target the kinase to different cellular compartments_ 
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affect its own alternative splicing, resulting in 
the inclusion of an exon containing a prema
ture stop codon. This siphons a fraction of its 
mRNA to degradation, thereby reducing the 
protein concentration. Thus, when the con
centration of such positive splicing regulator 
fluctuates in the cell, its mRNA concentration 
will be shifted in the opposite direction. 

Although many alternative splicing events 
have been characterized and the biologi
cal roles of the alternatively spliced products 
determined, the best understood example 
is still the pathway of sex determination in 
D. melanogaster, which involves interactions 
between a series of genes in which alternative 
splicing events distinguish males and females. 
The pathway takes the form illustrated in 
FIGURE 21.23, in which the ratio of X chromo
somes to autosomes determines the expression 
of sex lethal (sxl), and changes in expression are 
passed sequentially through the other genes to 
doubles ex (dsx), the last in the pathway. 

The pathway starts with sex -specific splicing 
of sxl. Ex on 3 of the sxl gene contains a termina
tion codon that prevents synthesis of functional 
protein. This exon is included in the rnRNA 
produced in males but is skipped in females. As 
a result, only females produce Sxl protein. The 

X:A ratio: 2:2 � 
� �Sxl 

� 
- Sxl 

protein has a concentration of basic amino acids 
that resembles other RNA-binding proteins. 

The presence of Sxl protein changes 
the splicing of the transformer (tra) gene. 
Figure 21.23 shows that this involves splicing a 
constant 5 '  site to alternative 3' sites (note that 
this mode applies to both sxl and tra splicing, as 
illustrated). One splicing pattern occurs in both 
males and females and results in an RNA that 
has an early termination codon. The presence 
of Sxl protein inhibits usage of the upstream 
3 '  splice site by binding to the polypyrimi
dine tract at its branch site. When this site is 
skipped, the next 3' site is used. This generates 
a female-specific mRNA that encodes a protein. 

Thus, Sxl autoregulates the splicing of 
its own mRNA to ensure its expression in 
females, and tra produces a protein only 
in females; like Sxt Tra protein is a splicing 
regulator. tra2 has a similar function in females 
(but is also expressed in the males). The Tra 
and Tra2 proteins are SR splicing factors that 
act directly upon the target transcripts. Tra 
and Tra2 cooperate (in females) to affect the 
splicing of dsx. In the dsx gene, females splice 
the 5 '  site of intron 3 to the 3'  site of that 
intron; as a result, translation terminates at 
the end of ex on 4. Males splice the 5 '  site of 

1 :2  c! 
t 

stop Sxl off 

t 
stop 

Tra + Sxl Ira (truncated) 

Tra2 

1 Tra/Tra-2 

� Dsx 

Negative regulator of Negative regulator of 
male differentiation genes female differentiation genes 

FIGURE 21.23 Sex determination in D. melanogaster involves a pathway in which different splic
ing events occur in females_ Blockages at any stage of the pathway result in male development. 
Illustrated are tra pre-mRNA splicing controlled by the Sxl protein, which blocks the use of the 
alternative 3 '  splice site, and dsx pre-mRNA splicing regulated by both Tra and Tra2 proteins in 
conjunction with otherSR proteins, which positivelyinftuence the inclusion of the alternative exon. 
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intron 3 directly to the 3'  site of intron 4, thus 
omitting exon 4 from the mRNA and allow
ing translation to continue through exon 6.  
The result of the alternative splicing is that 
different Dsx proteins are produced in each 
sex: The male product blocks female sexual 
differentiation, whereas the female product 
represses expression of male-specific genes. 

Splicing Can Be 
Regulated by Exonic 
and Intronic Splicing 
Enhancers and Silencers 

Key concepts 
• Alternative splicing is often associated with weak 

splice sites. 

• Sequences surrounding alternative exons are often 
more evolutionarily conserved than sequences 
flanking constitutive exons. 

• Specific exonic and i ntronic sequences can 
enhance or suppress splice site selection. 

• The effect of splicing enhancers and silencers 
is mediated by sequence-specific RNA binding 
proteins, many of which may be developmentally 
regulated andjor expressed in a tissue-specific 
manner. 

• The rate of transcription can directly affect the 
outcome of alternative splicing. 

Alternative splicing is generally associated with 
weak splice sites, meaning that the splicing 
signals located at both ends of introns diverge 
from the consensus splicing signals. This allows 
these weak splicing signals to be modulated by 
various trans-acting factors generally known 
as alternative splicing regulators. However, con
trary to common assumptions, these weak 

SR 

RBP 

- -

I I 
lntronic Exonic 
splicing splicing 
silencer enhancer 

(ISS) (ESE) 

splice sites are generally more conserved across 
mammalian genomes than are constitutive 
splice sites. This observation is evidence against 
the notion that alternative splicing might result 
from splicing mistakes by the splicing machin
ery and favors the possibility that many alter
native splicing events might be evolutionarily 
conserved to preserve the regulation of gene 
expression at the level of RNA processing. 

The regulation of alternative splicing is a 
complex process, involving a large number 
of RNA-binding trans-acting splicing regula
tors. As illustrated in FIGURE 21.24, these RNA
binding proteins may recognize RNA elements 
in exons and introns near the alternative splice 
site and exert positive and negative influence 
on the selection of the alternative splice site. 
Those that bind to exons to enhance the selec
tion are positive splicing regulators and the 
corresponding cis-acting elements are referred 
to as exonic splicing enhancers (or ESEs). SR 
proteins are among the best characterized 
ESE-binding regulators. In contrast, some 
RNA-binding proteins, such as hnRNP A and 
B, bind to exonic sequences to suppress splice 
site selection; the corresponding cis-acting 
elements are thus known as exonic splicing 
silencers (ESSs). Similarly, many RNA-binding 
proteins affect splice site selection through 
intronic sequences. The corresponding posi
tive and negative cis-acting elements in introns 
thus are called intronic splicing enhancers 
(ISEs) or intronic splicing silencers (ISSs). 

Adding to this complexity are the posi
tional effects of many splicing regulators. 
The best known examples are the Nova and 
Fox families of RNA-binding splicing regula
tors, which can enhance or suppress splice 
site selection, depending on where they bind 

\ \ 
Exonic lntronic 
splicing splicing 
silencer enhancer 
(ESS) (IS E) 

FIGURE 21.24 Exonic and intronic sequences can modulate the splice site selection by functioning as 
splicing enhancers or silencers. In general, SR proteins bind to exonic splicing enhancers and the hnRNP 
proteins (e.g., the A and B families of RNA-binding proteins (RBPs)) bind to exonic silencers. Other RBPs 
can function as splicing regulators by binding to intronic splicing enhancers or silencers. 
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FIGURE 21.25 The Nova and Fox families of RNA-binding proteins can promote 
or suppress splice site selection in a context-dependent fashion. Binding of Nova 
to exons and flanking upstream introns inhibits the inclusion of the alterna
tive exon, while Nova binding to the downstream flanking intronic sequences 
promotes the inclusion of the alternative exon. Fox binding to the upstream 
intronic sequence inhibits the inclusion of the alternative exon, whereas bind
ing of Fox to the downstream intronic sequence promotes the inclusion of the 
alternative exon. 

relative to the alternative exon. For example, 
as illustrated in FIGURE 21.25, binding of both 
Nova and Fox to intronic sequences upstream 
of the alternative ex on generally results in the 
suppression of the ex on, whereas their bind
ing to intronic sequences downstream of the 
alternative splicing exon frequently enhances 
the selection of the exon. Both Nova and 
Fox are differentially expressed in different 
tissues, particularly in the brain. Thus, tissue
specific regulation of alternative splicing can 
be achieved by tissue-specific expression of 
trans-acting splicing regulators. 

How a specific alternative splicing event 
is regulated by various positive and negative 
splicing regulators is not completely under
stood. In principle, these splicing regulators 
function to enhance or suppress the recogni
tion of specific splicing signals by some of the 
core components of the splicing machinery. 
The best understood cases are SR proteins and 
hnRNA AlB proteins for their positive and 
negative roles in enhancing or suppressing 
splice site recognition, respectively. Binding of 
SR proteins to ESEs promotes or stabilizes U 1 
binding to the 5 '  splice site and U2AF binding 
to the 3' splice site. Thus, spliceosome assem
bly becomes more efficient in the presence of 
SR proteins. This role of SR proteins applies 
to both constitutive and alternative splicing, 
making SR proteins both essential splicing 
factors and alternative splicing regulators. In 
contrast, hnRNP AlB proteins seem to bind 
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to RNA and compete with the binding by SR 
proteins and other core spliceosome compo
nents in the recognition of functional splicing 
signals. 

SR proteins are able to commit a pre-mRNA 
to the splicing pathway, whereas hnRNP pro
teins antagonize this process. Given that hnRNP 
proteins are highly abundant in the nucleus, 
how do SR proteins effectively compete with 
hnRNPs to facilitate splicing? Apparently, this is 
accomplished by the cotranscriptional splicing 
mechanism inside the nucleus of the cell (see 
the section earlier in this chapter titled Commit
mel!t of Pre-mRNA to the Splicing Pathway). It is 
thus conceivable that the transcription process 
can affect alternative splicing. In fact, this has 
been shown to be the case. Alternative splic
ing appears to be affected by specific promoters 
used to drive gene expression, as well as by 
the rate of transcription during the elongation 
phase. 

Different promoters may attract differ
ent sets of transcription factors, which may in 
turn affect transcriptional elongation. Thus, 
the same mechanism may underlie the influ
ence of promoter usage and transcriptional 
elongation rate on alternative splicing. The 
current evidence suggests a kinetic model 
where a slow transcriptional elongation rate 
would afford a weak splice site emerging from 
the elongating Pol II complex sufficient time 
to pair with the upstream splice site before 
the appearance of the downstream compet
ing splice site. This model stresses a functional 
consequence of the coupling between tran
scription and RNA splicing in the nucleus. 

trans-Splicing Reactions 
Use Small RNAs 

Key concepts 
• Splicing reactions usually occur only in cis 

between splice sites on the same molecule of RNA. 

• trans-splicing occurs in trypanosomes and worms 
where a short sequence (SL RNA) is spliced to the 
5 '  ends of many precursor m RNAs. 

• SL RNAs have a structure resembling the 
Sm-bindi ng site of U snRNAs. 

In mechanistic and evolutionary tenns, splicing 
has been viewed as an intramolecular reaction, 
essentially amounting to a controlled deletion 
of the intron sequences at the level of RNA. In 
genetic terms, splicing is expected to occur only 
in cis. This means that only sequel!ces on the same 
molecule of RNA should be spliced together. 



Normal splicing occurs only in cis 

Exon 1 lntron Exon2 

l 

Splicing can occur in trans if introns 
contain complementary sequences 

Exon 1 Exon 2 

l 

FIGURE 21.26 Splicing usually occurs only in cis between 
exons carried on the same physical RNA molecule, but 
trans-splicing can occur when special constructs that sup
port base pairing between introns are made. 

The upper part of FIGURE 21.26 shows the 
usual situation. The introns can be removed 
b·om each RNA molecule, allowing the exons 
of that RNA molecule to be spliced together, 
but there is no intermolecular splicing of exons 
between different RNA molecules. Although 
we know that trans-splicing between pre
mRNA transcripts of the same gene does occur, 
it must be exceedingly rare, because if it were 
prevalent the exons of a gene would be able to 
complement one another genetically instead of 
belonging to a single complementation group. 

Some manipulations can generate trans
splicing. In the example illustrated in the 
lower part of Figure 2 1 .26, complementary 
sequences were introduced into the introns of 
two RNAs. Base pairing between the comple
ments should create an H-shaped molecule. 
This molecule could be spliced in cis, to con
nect exons that are covalently connected by 
an intron, or it could be spliced in trans, to 
connect exons of the juxtaposed RNA mol
ecules. Both reactions occur in vitro. 

Another situation in which trans-splicing 
is possible in vitro occurs when substrate RNAs 
are provided in the form of one containing 
a 5' splice site and the other containing a 3' 
splice site together with appropriate down
stream sequences (which may be either the 
next 5' splice site or a splicing enhancer). In 
effect, this mimics splicing by exon definition 
and shows that in vitro it is not necessary for 
the left and right splice sites to be on the same 
RNA molecule. 

These results show that there is no 
mechanistic impediment to trans-splicing. They 

exclude models for splicing that require pro
cessive movement of a spliceosome along the 
RNA. It must be possible for a spliceosome to 
recognize the 5' and 3 '  splice sites of different 
RNAs when they are in close proximity. 

Although trans-splicing is rare in multi
cellular eukaryotes, it occurs as the primary 
mechanism to process precursor RNA into 
mature, translatable mRNAs in some organ
isms, such as trypanosomes and nematodes. 
In trypanosomes, all genes are expressed as 
polycistronic transcripts like those in bac
teria. However, the transcribed RNA can
not be translated without a 37-nucleotide 
leader brought in by trans-splicing to convert 
a polycistronic RNA into individual mono
cistronic mRNAs for translation. The leader 
sequence is not encoded upstream of the indi
vidual transcription units, though. Instead, 
it is transcribed into an independent RNA, 
carrying additional sequences at its 3' end, 
from a repetitive unit located elsewhere in 
the genome. FIGURE 21.27 shows that this RNA 
carries the leader sequence followed by a 5 '  
splice site sequence. The sequences encoding 
the mRNAs carry a 3 '  splice site just preceding 
the sequence found in the mature mRNA. 

When the leader and the mRNA are con
nected by a trans-splicing reaction, the 31 region 
of the leader RNA and the 5 '  region of the 
mRNA in effect comprise the 51 and 31 halves 

Tandem repeats 
of leader unit 

Individual 
transcription units 

37-base 100 bases mANA sequence 
leader 
-•GU -A AG ._ _ _. 

Left intron? Right intron? 

__ reader 

Y-shaped molecule 
r::::k=AG==--• 

37-base 
leader 

mANA sequence 

FIGURE 21.27 The SL RNA provides an exon that is con
nected to the first exon of an mRNA by trans-splicing. 
The reaction involves the same interactions as nuclear as
splicing but generates a Y-shaped RNA instead of a lariat. 
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SL 

of an intron. When splicing occurs, a 2'-5' link 
fonns by the usual reaction between the GU 
of the 5 '  intron and the branch sequence near 
the AG of the 3'  intron. The two parts of the 
intron are covalently linked, but generate a 
Y -shaped molecule instead of a lariat. 

The RNA that donates the 5 '  ex on for trans
splicing is called the spliced leader RNA (SL 
RNA). The SL RNAs, which are 100 nucleo
tides in length, can fold into a common second
ary structure that has three stem-loops and a 
single-stranded region that resembles the Sm
binding site. The SL RNAs therefore exist as 
snRNPs that count as members of the Sm snRNP 
class. During the trans-splicing reaction, SL RNA 
becomes part of the spliced product replacing 
the original cap and leader (called an "outron"), 
as illustrated in the upper panel of FIGURE 21.28. 
Like other snRNPs involved in splicing (except 
U6 ), SL RNA carries a trimethylated cap, which 
is recognized by the variant cap-binding factor 
eiF4E to facilitate translation. 

In C. elegans, about 70% of genes are 
processed by the trans-splicing mechanism, 

5' splice site 

outron 

SL 

5' splice site 

outron 

• • 

1 Trans-splicing to provide 
a leader for translation 

pA 

which can be further divided into two classes. 
One class of gene produces monocistronic 
transcripts that are processed by both cis- and 
trans-splicing. In these cases, while cis-splicing 
is used to remove internal intronic sequences, 
trans-splicing is employed to provide the 
22-nucleotide leader sequence derived from 
the SL RNA for translation. The other class 
of gene is polycistronic. In these cases, trans
splicing is used to convert the polycistronic 
transcripts into monocistronic transcripts in 
addition to providing the SL leader sequence 
for their translation, as illustrated in the bot
tom panel of Figure 2 1 .28. 

There are two types of SL RNA in C. elegans. 
SLI RNA (the first to be discovered) is only 
used to remove the 5 '  ends of pre-mRNAs 
transcribed from monocistronic genes. How 
does the SL RNA find the 3'  splice site to initi
ate trans-splicing, and in doing so, how does 
trans-splicing avoid competition or interfer
ence with cis-splicing? The ability to target a 
functional 3 '  splice site is provided by the pro
teins as part of the SL snRNP. For example, 

pA 

1 Trans-splicing coupled with polyadenylation 
to process a polycistronic transcript 

FIGURE 21.28 The SL RNA adds a leader to facilitate translation. Coupled with the cleavage and polyadenylation reactions, 
the addition of the SL RNA is also used to convert polycistronic transcripts to monocistronic units. 
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purified SL snRNP from Ascaris, a paras1t1c 
nematode, contains two specific proteins, one 
of which (SL-30kD) can directly interact with 
the branch point binding protein at the 3 '  
splice site. The SLI RNA is only trans-spliced to 
the first 5 '  untranslated region, and does not 
interfere with downstream cis-splicing events. 
This is because only the 5 '  untranslated region 
contains a functional 3 '  splice site, but it does 
not have the upstream 5' splice site to pair 
with the downstream 3 '  splice site. 

The SL2 RNA is used in most cases to pro
cess polyci stronic transcripts that are separated 
by a 100-nucleotide spacer sequence between 
the two adjacent gene units. In a small fraction 
of genes where the two adjacent gene units 
are linked without any spacer sequences, the 
SLI RNA is used to break them up. 

During processing of these polycistronic 
transcripts by either of the SL snRNAs, the tra1ls
splicing reaction is tightly coupled with the 
cleavage and polyadenylation reactions at the 
end of each gene unit. Such coupling appears to 
be facilitated by direct protein-protein interac
tions between the SL2 snRNP and the cleavage 
stimulatory factor CstF that binds to the U-rich 
sequence downstream of the AAUAAA signal 
(see the next section, The 3' Ends ofmRNAs Are 
Gmerated by Cleavage and Polyadenylation) .  These 
mechanisms allow related genes to be coregu
lated at the level of transcription (because they 
are transcribed as polycistronic transcripts) 
and individually regulated after transcription 
(because individual gene units are separated as 
a result of RNA processing). 

The 3 '  Ends of 
mRNAs Are Generated 
by Cleavage and 
Polyadenylation 

Key concepts 
• The sequence AAUAAA is a signal for cleavage to 

generate a 3'  end of mRNA that is polyadenylated. 

• The reaction requires a protein complex that con
tains a specificity factor, an endonuclease, and 
poly(A) polymerase. 

• The specificity factor and endonuclease cleave 
RNA downstream of AAUAAA. 

• The specificity factor and poly( A) polymerase add 
-200 A residues processively to the 3 '  end. 

• The poly(A} tail controls mRNA stability and influ
ences translation_ 

• Cytoplasmic polyadenylation plays a role in 
Xenopus embryonic development. 

It is not clear whether RNA polymerase II actu
ally engages in a tennination event at a specific 
site. It is possible that its termination is only 
loosely specified. In some transcription units, ter
mination occurs more than 1000 bp downstream 
of the site, corresponding to the mature 3' end 
of the mRNA (which is generated by cleavage 
at a specific sequence). Instead of using specific 
tenninator sequences, the enzyme ceases RNA 
synthesis within multiple sites located in rather 
long "terminator regions." The nature of the 
individual termination sites is largely unknown. 

The mature 3 '  ends of Pol II transcribed 
mRNAs are generated by cleavage followed 
by polyadenylation. Addition of poly(A) to 
nuclear RNA can be prevented by the analog 
3'-deoxyadenosine, which is also known as 
cordycepin. Although cordycepin does not stop 
the transcription of nuclear RNA, its addition 
prevents the appearance of mRNA in the cyto
plasm. This shows that polyadenylation is neces
sary for the maturation of mRNA from nuclear 
RNA. The poly(A) tail is known to protect the 
mRNA from degradation by 3 '-5' exonucle
ases. In yeast, it is suggested that the poly(A} 
tail also plays a role in facilitating nuclear 
export of matured mRNA and in cap stability. 

Generation of the 3 '  end is illustrated in 
FIGURE 21.29 . The RNA polymerase transcribes 
past the site corresponding to the 3 '  end and 
sequences in the RNA are recognized as targets 
for an endonucleolytic cut followed by poly
adenylation. RNA polymerase continues tran
scription after the cleavage, but the 5'  end that 
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FIGURE 21.29 The sequence AAUAAA is necessary for 
cleavage to generate a 3 '  end for polyadenylation_ 
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is generated by the cleavage is unprotected, 
which signals transcriptional termination (see 
the next section, 3' mRNA End Processing Is 
Critical for Termi11 ation of Transcription) .  

The site of cleavage/polyadenylation in 
most pre-mRNAs is flanked by two cis-acting 
signals: an upstream AAUAAA motif, which 
is usually located l l  to 30 nucleotides from 
the site, and a downstream U-rich or GU-rich 
element. The AAUAAA is needed for cleav
age and polyadenylation because deletion 
or mutation of the AAUAAA hexamer pre
vents generation of the polyadenylated 3'  end 
(though in plants and fungi there can be con
siderable variation from the AAUAAA motif). 

The development of a system in which 
polyadenylation occurs i11 vitro opened the 
route to analyzing the reactions. The formation 
and functions of the complex that undertakes 
3 '  processing are illustrated in FIGURE 21.30. 
Generation of the proper 3 '  terminal structure 
depends on the cleavage and polyadenylation 
specific foetor (CPSF), which contains multiple 
subunits. One of the subunits binds directly 
to the AAUAAA motif and to the cleavage 
stimulatory factor (CstF), which is also a mul
ticomponent complex. One of these compo
nents binds directly to a downstream GU-rich 
sequence. CPSF and CstF can enhance each 
other in recognizing the polyadenylation 
signals. The specific enzymes involved are an 

Poly( A) P-Olymerase (PAP) adds A residues 

[ Poly(A)-binding_ protein (PBP) binds to poly(A) --, 

Complex dissociates after add in �200 A residues 

FIGURE 21.30 The 3 '  processing complex consists of 
several activities. CPSF and CstF each consist of several 
subunits; the other components are monomeric_ The total 
mass is >900 kD. 
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mdonuclease (the 73-kD subunit of CPSF) to 
cleave the RNA and a poly(A) polymerase 
(PAP) to synthesize the poly(A} tail. 

The poly(A) polymerase has a nonspe
cific catalytic activity. When it is combined 
with the other components, the synthetic 
reaction becomes specific for RNA containing 
the sequence AAUAAA. The polyadenylation 
reaction passes through two stages. First, a 
rather short oligo(A) sequence ( - 1 0  residues) 
is added to the 3'  end. This reaction is abso
lutely dependent on the AAUAAA sequence 
and poly(A) polymerase performs it under 
the direction of the specificity factor. In the 
second phase, the nuclear poly(A) bind
ing protein (PABP II} binds the oligo(A) tail 
to allow extension of the poly(A) tail to the 
full -200 residue length. The poly(A) poly
merase by itself adds A residues individually 
to the 3 '  position. Its intrinsic mode of action 
is distributive; it dissociates after each nucleo
tide has been added. However, in the presence 
of CPSF and PABP II, it functions processively 
to extend an individual poly(A) chain. After 
the polyadenylation reaction, PABP II binds 
stoichiometrically to the poly(A) stretch, 
which by some unknown mechanism limits 
the action of poly(A) polymerase to -200 
additions of A residues. 

Upon export of mature mRNAs out of 
the nucleus, the poly(A) tail is bound by the 
cytoplasmic poly(A) binding protein (PABP I). 
PABP I not only protects the mRNA from deg
radation by the 3 '  to 5 '  exonucleases but also 
binds to the translation initiation factor eiF4G 
to facilitate translation of the mRNA. Thus, the 
mRNA in the cytoplasm forms a closed loop in 
which a protein complex contains both the 5 '  
and 3 '  ends of the mRNA (see the Translatio11 
chapter). Polyadenylation therefore affects 
both stability and initiation of translation 111 
the cytoplasm. 

During embryonic development of 
Xenopus, polyadenylation is carried out in 
the cytoplasm to provide a maternal control 
in early embryogenesis. Some stored mater
nal mRNAs may either be polyadenylated 
by the poly(A} polymerase in the cytoplasm 
to stimulate translation or deadenylated to 
terminate translation. A specific AU-rich cis
acting element (CPE) in the 3' tail directs the 
meiotic maturation -specific polyadenylation 
in the cytoplasm to activate translation of 
some specific maternal mRNAs. To regulate 
mRNA degradation, there are at least two 
types of cis-acting sequences found in the 3' 
tail that can trigger mRNA deadenylation: 



embryonic deadenylation element (EDEN) is a 
17 -nucleotide sequence and ARE elements are 
AU rich, usually containing tandem repeats of 
AUUUA. A poly(A)-specific RNAase (PARN) 
is involved in mRNA degradation in the cyto
plasm. Of course, mRNA deadenylation is 
always in competition with mRNA stabiliza
tion, which together determine the half-life of 
individual mRNAs in the cell (see the chapter 
ti tled mRNA Stability and Localizatio11 ). 

3 '  mRNA End Processing 
Is Critical for Termination 
of Transcription 

Key concepts 
• There are various ways to end transcription by dif

ferent RNA polymerases. 

• The mRNA 3 '  end formation signals termination of 
Pol II transcription. 

Information about the termination reaction for 
eukaryotic RNA polymerases is less detailed 
than our knowledge of initiation. 3 '  ends of 
RNAs can be generated in two ways. Some 
RNA polymerases terminate transcription at a 
defined terminator sequence in DNA, as shown 
in FIGURE 21.31. RNA polymerase III appears to 
use this strategy by having a discrete oligo(dT) 
sequence to signal the release of Pol III fortran
scription termination. 

For RNA polymerase I, the sole product 
of transcription is a large precursor that 
contains the sequences of the major rRNA. 
Termination occurs at two discrete sites (Tl 
and T2) downstream of the mature 3 '  end. 
These terminators are recognized by a spe
cific DNA-binding Reb 1 in yeast or TTF1 in 
mice. Pol l termination is also associated with 
a cleavage event mediated by the endonucle
ase Rnt1p, which cleaves the nascent RNA 
about 1 5  to 50 bases downstream from the 
3 '  end of processed 28S rRNA (see the sec
tion later in this chapter titled Production of 
rRNA Requires Cleavage Evwts a11d 111volves 
Small RNAs). In this regard, Pol I termination 
is mechanistically related to Pol II termination 
in that both processes may involve an RNA 
cleavage event. 

In contrast to Pol l and Pol III tennination, 
RNA polymerase II usually does not show dis
crete termination, but continues to transcribe 
about 1 .5  kb past the site corresponding to the 
3 '  end. The cleavage event at the polyadenyl
ation site provides a trigger for termination by 
RNA polymerase II, as shown in FIGURE 21.32. 
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FIGURE 21.31 Transcription by Pol III and Pol I uses specific 
terminators to end transcription. 

Two models have been proposed for Pol II 
termination. The allosteric model suggests that 
RNA cleavage at the polyadenylation site may 
trigger some confom1ational changes in both 
the Pol II complex and local chromatin struc
ture. This may be induced by factor exchanges 
during the polyadenylation reaction, resulting 
in Pol II pausing and then release from tem
plate DNA. 

An alternative model known as the tor
pedo model proposes that a specific exonucle
ase binds to the 5 '  end of the RNA that is 
continuing to be transcribed after cleavage. It 
degrades the RNA faster than it is synthesized, 
so that it catches up with RNA polymerase. 
It then interacts with ancillary proteins that 
are bound to the carboxy-terminal domain of 
the polymerase; this interaction triggers the 
release of RNA polymerase fTom DNA, caus
ing transcription to terminate. This model 
explains why the termination sites for RNA 
polymerase 11 are not well defined, but may 
occur at varying locations within a long region 
downstream of the site corresponding to the 
3 '  end of the RNA. The major experimental 
evidence for the torpedo model is the role of 
the nuclear 5'-3' exonuclease Ratl in yeast 
or Xrn2 in mammals. Deletion of the gene 
frequently causes readthrough transcription 
to the next gene. However, in some experi
mental systems, mutation of the AAUAAA 
signal to impair cleavage at the natural poly
adenylation site does not necessarily trigger 
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FIGURE 21.32 3 '  end formation of Pol II transcripts facilitates tran
scriptional termination. 

the release of the transcribing Pol II and cause 
transcriptional readthrough. This evidence, 
coupled with some local changes in chroma
tin structure, thus favors the allosteric model. 

It has become apparent that the allosteric 
and torpedo models are not necessarily mutu
ally exclusive; both may reflect some critical 
aspects associated with Pol II transcriptional 
termination. By either or both mechanisms, it 
is clear that transcriptional termination by Pol 
II is tightly coupled with the 3'  end formation 
for most mRNAs in eukaryotic cells. 

The 3 '  End Formation of 
Histone mRNA Requires 
U7 snRNA 

Key concepts 

• The expression of histone mRNAs is replication 
dependent and is regulated during the cell cycle. 

• Histone mRNAs are not polyadenylated; their 3 '  
ends are generated by a cleavage reaction that 
depends on the structure of the mRNA. 

• The cleavage reaction requires the SLBP to bind 
to a stem-loop structure and the U7 snRNA to pair 
with an adjacent single-stranded region. 

• The cleavage reaction is catalyzed by a factor 
shared with the polyadenylation complex. 
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Histone biogenesis is primarily controlled by the 
regulation of histone mRNA abundance during 
the cell cycle. At this G I/S transition, the abun
dance of histone mRNAs is increased more than 
30-fold due to elevated transcription; this pro
cess is regulated by the Cyclin E/Cdk2 complex 
(see the chapter titled Replication Is Connected 
to the Cell Cycle) .  The rise in histone mRNAs is 
followed by a rapid decay of histone mRNAs at 
the end of S phase. 

Histone mRNAs are not polyadenylated 
(except in S. cerevisiae). The formation of their 
3 '  ends is therefore different from that of the 
coordinated cleavage/polyadenylation reac
tion; it depends upon a highly conserved 
stem-loop structure located I4 to 50 bases 
downstream from the termination codon and 
a histone downstream element (HDE) located 
- I S  nucleotides downstream of the stem
loop. Cleavage occurs between the stem-loop 
and HDE, leaving five bases downstream of 
the stem-loop. Mutations that prevent for
mation of the duplex stem of the stem-loop 
prevent formation of the end of the RNA. 
Secondary mutations that restore duplex 
structure (though not necessarily the original 
sequence) restore 3 '  end formation. This indi
cates that formation of the secondary structure is 
more important than the exact sequmce. 

The histone 3' end formation reaction is 
shown in FIGURE 21.33 . Two factors are required 
to specify the cleavage reaction: The stem-loop 
binding protein (SLBP) recognizes the stem
loop structure, and the 5 '  end of U7 snRNA 
base pairs with a purine-rich sequence within 
HDE. U7 snRNP is a minor snRNP consisting 
of the 63-nucleotide U7 snRNA and a set of 
several proteins related to snRNPs involved in 
mRNA splicing (see the section earlier in this 
chapter titled snRNAs Are Required for Splicing). 
Unique to U7 snRNP are two Sm-like proteins, 
LSM I 0 and LSM I I , which replace Sm D I and 
D2 in the splicing snRNPs. Prevention of base 
pairing between U7 snRNA and HDE impairs 
3 '  processing of the histone mRNAs, and com
pensatory mutations in U7 snRNA that restore 
complementarity restore 3 '  processing. This 
indicates that U7 snRNA functions by base 
pairing with the histone mRNAs. 

Cleavage to generate a 3 '  terminus occurs 
at a fixed distance from the site recognized by 
U7 snRNA, which suggests that the snRNA 
is involved in defining the cleavage site. The 
factor responsible for cleavage is a specific 
cleavage and polyadenylation specificity factor 
(CPSF73). Thus, this member of the metallo
�-lactamase family plays a key role in 3 '  end 



formation for both polyadenylated mRNAs 
and nonpolyadenylated histone mRNAs. 
Several other proteins have been identified 
as important for histone 3'  end formation, 
including CPSFI 00 and Symplekin, but their 
specific roles remain to be defined. These addi
tiona! proteins may provide scaffold functions 
to stabilize the 3 '  end processing complex. 

Interestingly, disruption of U7 base pair
ing with the target sequences in histone genes 
or siRNA-mediated depletion of other compo
nents involved in the histone 3 '  end forma
tion all result in transcriptional readthrough 
and polyadenylation by using a poly(A) signal 
downstream from the DHE. Thus, similar to 
the role of mRNA cleavage/polyadenylation 
in Pol II transcriptional termination on most 
protein-coding genes, U7 -mediated RNA 
cleavage during 3'  end formation appears to 
be critical for transcriptional termination on 
histone genes. 

tRNA Splicing Involves 
Cutting and Rejoining 
in Separate Reactions 

Key concepts 

• RNA polymerase III terminates transcription in 
poly(U)4 sequence embedded in a GC-rich sequence. 

• tRNA splicing occurs by successive cleavage and 
ligation reactions. 

• An endonuclease cleaves the tRNA precursors at 
both ends of the i ntron. 

• Release of the intron generates two half-tRNAs 
with unusual ends that contain 5 '  hydroxyl and 
2 '-3' cyclic phosphate. 

• The 5 '-OH end is phosphorylated by a polynucleo
tide kinase, the cyclic phosphate group is opened 
by phosphodiesterase to generate a 2 '-phosphate 
terminus and 3'-0H group, exon ends are joined by 
an RNA ligase, and the 2 '-phosphate is removed by 
a phosphatase. 

Most splicing reactions depend on short con
sensus sequences and occur by transesterifica
tion reactions in which breaking and forming 
bonds are coordinated. The splicing of tRNA 
genes is achieved by a different mechanism 
that relies upon separate cleavage and ligation 
reactions. 

Some 59 ofthe 272 nuclear tRNA genes in 
the yeastS. cerevisiae are interrupted. Each has 
a single intron that is located just one nucleo
tide beyond the 3 '  side of the anticodon. The 
introns vary in length from 14 to 60 bases. 
Those in related tRNA genes are related in 
sequence, but the introns in tRNA genes rep-
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FIGURE 21.33 Generation of the 3 '  end of histone H3 mRNA depends on a conseNed 
hairpin and a sequence that base pairs with U7 snRNA. 

resenting different amino acids are unrelated. 
There is 120 conswsus sequmce that could be rec
ogllized by the splicing enzymes. This is also true 
of interrupted nuclear tRNA genes of plants, 
amphibians, and mammals. 

All the introns include a sequence that is 
complementary to the anticodon of the tRNA. 
This creates an alternative conformation for 
the anticodon arm in which the anticodon is 
base paired to form an extension of the usual 
arm. An example is shown in FIGURE 21.34. 
Only the anticodon arm is affected-the rest 
of the molecule retains its usual structure . 

The exact sequence and size of the intron 
are not important. Most mutations in the 
intron do not prevent splicing. Splicing oftRNA 
depmds pri11cipally on recognition of a comm011 sec
Oizdary structure in tRNA rather than a comm011 
sequence of the intron. Regions in various parts 
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FIGURE 21.34 The intron in yeast tRNAPhe base pairs 
with the anticodon to change the structure of the anti
codon arm. Pairing between an excluded base in the stem 
and the intron loop in the precursor may be required 
for splicing. 
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of the molecule are important, including the 
stretch between the acceptor arm and D arm, 
in the T\jfC arm, and especially the antico
don arm. This is reminiscent of the structural 
demands placed on tRNA for translation (see 
the Translation chapter). 

The intron is not entirely irrelevant, how
ever. Pairing between a base in the intron loop 
and an unpaired base in the stem is required 
for splicing. Mutations at other positions that 
influence this pairing (e.g., to generate alterna
tive patterns for pairing) influence splicing. The 
rules that govern availability of tRNA precur
sors for splicing resemble the rules that govern 
recognition by aminoacyl-tRNA synthetases 
(see the chapter titled Using the Geuetic Code). 

In a temperature-sensitive mutant of 
yeast that fails to remove the introns, the 
interrupted precursor RNAs accumulate in 
the nucleus. The precursors can be used as 
substrates for a cell-free system extracted 
from wild-type cells. The splicing of the 
precursor can be followed by virtue of the 
resulting size reduction of the RNA product. 
This is seen by the change in position of the 
band on gel electrophoresis, as illustrated in 
FIGURE 21.35 . The reduction in size can be 
accounted for by the appearance of a band 
representing the intron. 

The cell-free extract can be fractionated 
by assaying the ability to splice the tRNA. The 
in vitro reaction requires ATP. Characterizing 
the reactions that occur with and without ATP 
shows that the two separate stages of the reactio11 

are catalyzed by differellt enzymes. 
• The first step does not require ATP. It 

involves phosphodiester bond cleavage 
by an a typi ca I nuclease reaction. It is 
catalyzed by an endonuclease. 

• The second step requires ATP and 
involves bond formation; it is a ligation 
reaction, and the responsible enzyme 
activity is described as an RNA ligase. 

Splidng of pre-tRNA to remove introns is 
essential in all organisms, but different organ
isms use different mechanisms to accom
plish pre-tRNA splicing. In bacteria, introns 
in pre-tRNAs are self-spliced as group I or 
group II autocatalytic introns. In archaea and 
eukaryotes, pre-tRNA splicing involves the 
action of three enzymes: l )  an endonuclease 
that recognizes and cleaves the precursor at 
both ends of the intron, 2) a ligase that joins 
the tRNA exons, 3 )  and a 2' phosphotrans
ferase that removes the 2' -phosphate on 
spliced tRNA. 
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FIGURE 21.35 Splicing of yeast tRNA in vitro can be 
followed by assaying the RNA precursor and products by 
gel electrophoresis. 

The yeast endonuclease is a heterotet
rameric protein consisting of two catalytic 
subunits, Sen34 and Sen2, and two struc
tural subunits, Sen 54 and Sen 1 5 .  Its activi
ties are illustrated in FIGURE 21.36. The related 
subunits, Sen34 and Sen2, cleave the 3' and 5' 
splice sites, respectively. Subunit Sen54 may 
determine the sites of cleavage by "measur
ing" distance from a point in the tRNA struc
ture. This point is in the elbow of the (mature) 
L-shaped structure. The role of subunit Sen 15  
is not known, but its gene is essential in yeast. 
The base pair that forms between the first base 
in the anticodon loop and the base preceding 
the 3'  splice site is required for 3' splice site 
cleavage. 

Base pair 
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Sen15 ....,_, 
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FIGURE 21.36 The 3' and 5' cleavages in S. cerevlsiae 
pre-tRNA are catalyzed by different subunits of the endo
nuclease. Another subunit may determine location of the 
cleavage sites by measuring distance from the mature 
structure. The AI base pair is also important. 



An interesting insight into the evolution 
of tRNA splicing is provided by the endonu
cleases of archaea. These are homodimers or 
homotetramers, in which each subunit has 
an active site (although only two of the sites 
function in the tetramer) that cleaves one of 
the splice sites. The subunit has sequences 
related to the sequences of the active sites 
in the Sen34 and Sen2 subunits of the yeast 
enzyme. The archaeal enzymes recognize 
their substrates in a different way, though. 
Instead of measuring distance from particular 
sequences, they recognize a structural fea
ture called the bulge-helix-bulge. FIGURE 21.37 
shows that cleavage occurs in the two bulges. 
Thus, the origin of splicing of tRNA pre
cedes the separation of the archaea and the 
eukaryotes. If it originated by insertion of the 
intron into tRNAs, this must have been a very 
ancient event. 

The overall tRNA splicing reaction is sum
marized in FIGURE 21.38. The products of cleav
age are a linear intron and two half-tRNA 
molecules. These intermediates have unique 
ends. Each 5 '  terminus ends in a hydroxyl 
group; each 3'  terminus ends in a 2', 3 '  -cyclic 
phosphate group. 

The two half-tRNAs base pair to form a 
tRNA-like structure. When ATP is added, the 
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FIGURE 21.3 7 Archaeal tRNA-splici ng endonuclease 
cleaves each strand at a bulge in a bulge-helix-bulge 
motif. 

second reaction occurs, which is catalyzed 
by a single enzyme with multiple enzymatic 
activities. 

Folding 

l .  Cyclic phosphodiesterase activity. Both 
of the unusual ends generated by the 
endonuclease must be altered prior to 
the ligation reaction. The cyclic phos
phate group is first opened to generate 
a 2'-phosphate terminus. 

2 .  Ki11ase activity. The product has a 2'
phosphate group and a 3'-0H group. 

Ligase 
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Kinase phosphorylates 5' -OH terminus 
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FIGURE 21.38 Splicing of tRNA requires separate nuclease and ligase activities. The exon
intron boundaries are cleaved by the nuclease to generate 2 '-3' cyclic phosphate and 5 '-OH 
termini. The cyclic phosphate is opened to generate 3'-0H and 2 '  phosphate groups. The 
5'-0H is phosphorylated_ After releasing the intron, the tRNA half molecules fold into a 
tRNA-like structure that now has a 3'-0H, 5'-P break_ This is sealed by a ligase. 
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The 5 '-0H group generated by the 
endonuclease must be phosphorylated 
to give a 5 '-phosphate. This generates 
a site in which the 3 '-0H is next to the 
5'-pbosphate. 

3 .  Ligase activity. Covalent integrity of the 
polynucleotide chain is then restored 
by ligase activity. The spliced mol
ecule is now uninterrupted, with a 
5'-3' phosphate linkage at the site of 
splicing, but it also has a 2'-phospllate 
group marking the event on the spliced 
tRNA. In the last step, this surplus 
group is removed by a phosphatase, 
whid1 transfers the 2'-phosphate to 
NDP to form ADP ribose 1 ' ,2'-cyclic 
phosphate. 

The tRNA splicing pathway described 
here is slightly different hom that of verte
brates. Before the action of the RNA ligases, a 
cyclase generates a cyclic 2'  ,3' cyclic tem1inus 
hom the initial 3'-phosphomonoester ter
minus via a 3 '  adenylated intennediate. The 
RNA ligase is also different hom that in yeast 
because i t  can join a 2',3 '-cyclic phospho
diester and a 5 '-OH to fonn a conventional 
3' ,5 '-phosphodiester bond, but these reac
tions leave no extra 2'-phosphate. 

The Unfolded Protein 
Response Is Related to 
tRNA Splicing 

l<ey concepts 
• Irel is an inner nuclear membrane protein with 

its N-terminal domain in the ER lumen and its 
C-termi nal domain in the nucleus; the C-terminal 
domain exhibits both kinase and endonuclease 
activities. 

• Binding of an unfolded protein to the N-terminal 
domain activates the C-terminal endonuclease by 
au tophos p ho rylatio n. 

• The activated endonuclease cleaves HAC1 (Xbpl in 
vertebrates) mRNA to release an intron and gener
ate exons that are ligated by a tRNA ligase. 

• Only spliced HAC1 mRNA can be translated to 
a transcription factor that activates genes 
encoding chaperones that help to fold unfolded 
proteins. 

• Activated Irel induces apoptosis when the cell is 
overstressed by unfolded proteins. 

An unusual splicing system that is related to 
tRNA splicing is the unfolded protein response 
{UPR) pathway conserved in eukaryotes. As 
summarized in FIGURE 21.39, the accumula
tion of unfolded proteins in the lumen of the 
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FIGURE 21.39 The unfolded protein response occurs by 
activating special splicing of HAC1 mRNA to produce a 
transcription factor that recognizes the UPRE. 

endoplasmic reticulum (ER) triggers the UPR 
pathway. This leads to increased transcription 
of genes encoding chaperones that assist .Pro
tein foldi11g in the ER.  A signal must therefore 
be transmitted from the lumen of the E R  to 
then ucleus. 

The sensor that activates the pathway 
is the inositol-requiring protein Ire l ,  which 
is localized in the ER and/or inner nuclear 
membrane. The N-tem1inal domain of Irel 
lies in the lumen of the ER where it detects 
the presence of unfolded proteins, pre
sumably by bi11ding to exposed motifs. The 
C-terminaJ half of Ire l is located in either the 
cytoplasm or nucleus (because of the contin
uous membra11e of the ER and the nucleus) 
and exhibits both Ser/Thr kinase activity 
and a specific endonuclease activity. Bind
ing of unfolded proteins causes aggregation 
of Ire l monomers on the ER membrane, 
leading to the activation of the C-terminal 
domain on the other side of the membrane 
by autophosphorylation. 



The activated C-terminal endonuclease 
has, at present, only one (though important) 
substrate, which is the mRNA encoding the 
UPR-specific transcription factor Hacl in 
yeast (Xbpi in vertebrates). Under normal 
conditions, when the UPR pathway is not 
activated, HACJ mRNA contains a 252-nucle
otide intron (Xbpi contains a 26-nucleotide 
intron). The intron in HAC/ prevents the 
mRNA from being translated into a functional 
protein in yeast, whereas in mammalian 
cells the intron in Xbpl allows translation, 
but the protein is rapidly degraded by the 
proteosome. Unusual splicing components 
are involved in processing this intron. The 
activated Ire I endonuclease acts directly on 
HAC/ mRNA (Xbpl mRNA in vertebrates) 
to cleave the two splicing junctions, leaving 
2',3 '-cyclic phosphate at the 3' end of the 
5' exon and 5 '-0H at the 5' end of the 3' 
exon. The two junctions are then ligated by 
the tRNA ligase that acts in the tRNA-splicing 
pathway. Thus, the entire pathway for pro
cessing HACJ (Xbpl)  pre-mRNA resembles 
the pre-tRNA pathway. 

There are important differences between 
the two pathways, however. Ire I and tRNA 
endonuclease share no sequence homology or 
subunit composition. The endonuclease activ
ity of Irei is highly regulated in the ER and 
has only one substrate (HAC/ pre-mRNA). In 
contrast, tRNA endonuclease has many sub
strates, all with common tRNA folding, with 
little preference for sequences surrounding 
the splice sites. 

By using such a tRNA-Iike pathway to 
remove the intron in the HAC/ (Xbpl) mRNA, 
the mature mRNA can be translated to pro
duce a potent basic-leucine zipper (bZIP) tran
scription factor to bind to a common motif 
(UPRE) in the promoter of many downstream 
genes. The gene products protect the cell by 
increasing the expression of proteins to assist 
protein folding. 

If the UPR system is overwhelmed by 
unfolded proteins, the activated kinase 
domain of Ire I binds to the TRAF2 adaptor 
molecule in the cytoplasm to activate the 
apoptosis pathway and kill the cell. Thus, 
the cell uses an unusual tRNA-processing 
strategy to respond to unfolded proteins. 
However, there is no apparent relationship 
between the Ire I endonuclease and the 
tRNA-splicing endonuclease, so it is not obvi
ous how this specialized system would have 
evolved. 

Production of rRNA 
Requires Cleavage Events 
and Involves Small RNAs 

Key concepts 
• RNA polymerase I terminates transcription at an 

18-base terminator sequence. 
• The large and small rRNAs are released by cleavage 

from a common precursor rRNA; the SS rRNA is 
separately transcribed. 

• The C/D group of snoRNAs is required for modify
ing the 2' position of ribose with a methyl group. 

• The H/ACA group of snoRNAs is required for con
verting uridine to pseudouridine. 

• In each case the snoRNA base pairs with a sequence 
of rRNA that contains the target base to generate a 
typical structure that is the substrate for modification. 

The major rRNAs are synthesized as part of a 
single primary transcript that is processed by 
cleavage and trimming events to generate the 
mature products. The precursor contains the 
sequences of the I8S, 5.8S, and 28S rRNAs. 
(The nomenclature of different ribosomal 
RNAs is based on early sedimentation studies 
conducted on sucrose gradients in the 1970s.) 
In multicellular eukaryotes, the precursor is 
named for i ts sedimentation rate as 45S RNA. In 
unicellular/oligocellular eukaryotes it is smaller 
(35S in yeast). 

The mature rRNAs are released fTom the 
precursor by a combination of cleavage events 
and trimming reactions to  remove external 
transcribed spacers (ETS) and internal tran
scribed spacers (ITS). FIGURE 21.40 shows the 
general pathway in yeast. There can be varia
tions in the order of events, but basically simi
lar reactions are involved in all eukaryotes. 
Most of the 5' ends are generated directly by a 
cleavage event. Most of the 3' ends are gener
ated by cleavage followed by a 3'-5' trimming 
reaction. These processes are specified by 
many cis-acting RNA motifs in ETSs and ITSs 
and are acted upon by more than 150 process
ing factors. 

Many ribonucleases have been impli
cated in processing rRNA, including some 
specific components of the exosome, which 
is an assembly of several exonucleases that 
also participates in mRNA degradation (see 
the mRNA Stability a11d Localization chapter). 
Mutations in individual enzymes usually do 
not prevent processing, which suggests that 
their activities are redundant and that differ
ent combinations of cleavages can be used to 
generate the mature molecules. 
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FIGURE 21.40 Mature eukaryotic rRNAs are generated by cleavage and trimming events from a primary transcript. 

There are always multiple copies of the 
transcription unit for the rRNAs. The copies 
are organized as tandem repeats (see the Clus
ters and Repeats chapter). The genes encoding 
rRNAs are transcribed by RNA polymerase 
I in the nucleolus. In contrast, 5S RNA is 
transcribed from separate genes by RNA 
polymerase III. In general, the 5S genes are 
clustered, but are separated from the genes for 
the major rRNAs. 

There is a difference in the organization of 
the precursor in bacteria. The sequence cor
responding to 5 .8S rRNA forms the 5 '  end of 
the large (23S) rRNA; that is, there is no pro
cessing between these sequences. FIGURE 21.41 
shows that the precursor also contains the 5S 
rRNA and one or two tRNAs. In E. coli, the 
seven rrn operons are dispersed around the 
genome; four rnz loci contain one tRNA gene 
between the I6S and 23S rRNA sequences, 
and the other rrn loci contain two tRNA genes 
in this region. Additional tRNA genes may or 
may not be present between the 5S sequence 

tRNA tRNA 
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FIGURE 21.41 The rrn operons in E. coli contain genes for both rRNA and 
tRNA. The exact lengths of the transcripts depend on which promoters (P) 
and terminators (t) are used. Each RNA product must be released from the 
transcript by cuts on either side. 
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and the 3 '  end. Thus, the processing reactions 
required to release the products depend on 
the content of the particular rnz locus. 

In prokaryotic and eukaryotic rRNA 
processing, both processing factors and ribo
somal proteins (and possibly other proteins) 
bind to the precursor so that the substrate for 
processing is not the free RNA but rather a 
ribonucleoprotein complex. Like pre-mRNA 
processing, rRNA processing takes place 
cotranscriptionally. As a result, the process
ing factors are intertwined with ribosomal 
proteins in building the ribosomes, instead of 
first processing and then stepwise assembly 
on processed rRNAs. 

Processing and modification of rRNA 
requires a class of small RNAs called small 
nucleolar RNAs (snoRNAs). There are 
hundreds of snoRNAs in S. cerevisiae and ver
tebrate genomes. Some of these snoRNAs 
are encoded by individual genes; others are 
expressed from polycistrons, and many are 
derived from introns of their host genes. 
These snoRNAs themselves undergo com
plex processing and maturation steps. Some 
snoRNAs are required for cleavage of the pre
cursor to rRNA; one example is U3 snoRNA, 
which is required for the first cleavage event. 
The U3-containing complex corresponds to 
the "terminal knobs" at the 5 '  end of nascent 
rRNA transcripts, which are visible under an 
electron microscope. We do not know what 
role the snoRNA plays in cleavage. It could be 
required to pair with specific rRNA sequences 
to form a secondary structure that is recog
nized by an endonuclease. 

Two groups of snoRNAs are required for 
the modifications that are made to bases in 



the rRNA. The members of each group are 
identified by very short conserved sequences 
and common features of secondary structure. 

The C/D group of snoRNAs is required 
for adding a methyl group to the 2 '  position 
of ribose. There are more than 100 2'-0-
methyl groups at conserved locations in ver
tebrate rRNAs. This group takes its name from 
two short, conserved sequence motifs called 
boxes C and D. Each snoRNA contains a 
sequence near the D box that is complemen
tary to a region of the 18S or 28S rRNA that 
is methylated. Loss of a particular snoRNA 
prevents methylation in the rRNA region to 
which it is complementary. 

FIGURE 21.42 shows that the snoRNA base 
pairs with the rRNA to create the duplex region 
that is recognized as a substrate for methyla
tion. Methylation occurs within the region of 
complementarity at a position that is fixed five 
bases on the 5 '  side of the D box. It is likely 
that each methylation event is specified by a 
different snoRNA; -40 snoRNAs have been 
implicated in this modification. Each C+D 
box snoRNA is associated with three proteins: 
Nop1 (fibrillarin in vertebrates), Nop56, and 
Nop58. The methylase(s) have not been fully 
characterized, although the major snoRNP 
protein Nop1/fibrillarin is structurally similar 
to methyltransferases. 

Another group of snoRNAs is involved 
in base modification by converting uridine 
to pseudouridine. There are -50 residues in 
yeast rRNAs and -100 in vertebrate rRNAs 
that are modified by pseudouridination. 
The pseudouridination reaction is shown 
in FIGURE 21.43, in which the N1 bond from 
uridylic acid to ribose is broken, the base is 
rotated, and CS is rejoined to the sugar. 

Pseudouridine formation in rRNA 
requires the H/ACA group of -20 snoRNAs. 
They are named for the presence of an ACA 
triplet three n ucleotides from the 3'  end 
and a partially conserved sequence (the H 
box) that lies between two stem-loop hair
pin structures. Each of these snoRNAs has 
a sequence complementary to rRNA within 
the stem of each hairpin. FIGURE 21.44 shows 
the structure that would be produced by 
pairing with the rRNA. Within each pairing 
region, there are two unpaired bases, one of 
which is a uridine that is converted to pseu
douridine. 

The HI ACA snoRNAs are associated with 
four specific nucleolar proteins: Cbf5 (dyskerin 
in vertebrates), Nhp2, Nop 10, and Gar l.  Impor-
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FIGURE 21.42 A snoRNA base pairs with a region of rRNA 
that is to be methylated. 
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FIGURE 21.43 Uridine is converted to pseudouridine by replacing 
the Nl-sugar bond with a CS-sugar bond and rotating the base 
relative to the sugar. 
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FIGURE 21.44 H/ ACA snoRNAs have two short, conserved 
sequences and two hairpin structures, each of which has 
regions in the stem that are complementary to rRNA. Pseu
douridine is formed by converting an unpaired uridine 
within the complementary region of the rRNA. 

tantly, Cbf5/dyskerin is structurally similar to 
known pseudouridine synthases, and thus it 
likely provides the enzymatic activity in the 
snoRNA-guided pseudouridination reaction. 
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Many snoRNAs are also used to guide base 
modifications in tRNAs as well as in snRNAs 
involved in pre-mRNA splicing, which are crit
ical for their functions in prospective reactions. 
However, there are a large number of snoR
NAs that do not have apparent targets. These 
snoRNAs are called orpha11 RNAs. The existence 
of these orphan RNAs indicates that many bio
logical processes may use RNA-guided mecha
nisms to functionally modify other expressed 
RNAs in a more diverse fashion than we cur
rently understand. 

Summary 
Splicing accomplishes the removal ofintrons and 
the joining of exons into the mature sequence 
of RNA. There are at least four types of reac
tion, as distinguished by their requirements ill 
vitro and the intermediates that they generate . 
The systems include eukaryotic nuclear introns, 
group I and group II introns, and tRNA introns. 
Each reaction involves a change of organiza
tion within an individual RNA molecule, and 
is therefore a cis-acting event. 

Pre-mRNA splicing follows preferred but 
not obligatory pathways. Only very short con
sensus sequences are necessary; the rest of the 
intron appears largely irrelevant. However, 
both exonic and intronic sequences can exert 
positive or negative influence on the selec
tion of the nearby splice site. All 5 '  splice sites 
are probably equivalent, as are all 3 '  splice 
sites. The required sequences are given by the 
GU -AG rule, which describes the ends of the 
intron. The UACUAAC branch site of yeast, 
or a less well conserved consensus in mam
malian introns, is also required. The reaction 
with the 5 '  splice site involves formation of a 
lariat that joins the GU end of the intron via 
a 2'-5' linkage to the A at position 6 of the 
branch site. The 3 '-OH end of the ex on then 
attacks the 3'  splice site, so that the exons are 
ligated and the intron is released as a lariat. 
Lariat formation is responsible for choice of 
the 3'  splice site. Both reactions are trans
esterifications in which phosphodiester bonds 
are conserved. Several stages of the reaction 
require hydrolysis of ATP, probably to drive 
conformational changes in the RNA and/or 
protein components. Alternative splicing pat
terns are caused by protein factors that either 
facilitate use of a new site or that block use of 
the default site. 

Pre-mRNA splicing requires formation of 
a spliceosome-a large particle that assem
bles the consensus sequences into a reactive 
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conformation. The spliceosome forms by the 
process of intron definition, involving recog
nition of the 5 '  splice site, branch site, and 
3'  splice site. This applies to small introns, 
like those in yeast. If, however, introns are 
large, like those in vertebrates, recognition 
of the splice sites first follows the process of 
exon definition, involving the interactions 
across the exon between the 3 '  splice site and 
the downstream 5'  splice site. This is then 
switched to paired interactions across the 
intron for later steps of spliceosome assembly. 
By either intron definition or exon defini
tion, the initial process of splice site recogni
tion commits the pre-mRNA substrate to the 
splicing pathway. The pre-mRNA complex 
contains U 1 snRNP and a number of key 
protein-splicing factors, including U2AF and 
the branch site binding factor. In multicell
ular eukaryotic cells, the formation of the 
commitment (E) complex requires the partic
ipation of SR proteins. 

The spliceosome contains the U 1 ,  U2, 
U4/U6, and U S  snRNPs, as well as some 
additional splicing factors. The U 1 ,  U2, and 
US snRNPs each contain a single snRNA and 
several proteins; the U4/U6 snRNP contains 
two snRNAs and several proteins. Some 
proteins are common to all snRNP parti
cles. U 1 snRNA base pairs with the S '  splice 
site, U2 snRNA base pairs with the branch 
sequence, and US snRNP holds the S '  and 3'  
splice sites together via a looped sequence 
within the spliceosome. When U4 releases 
U6, the U6 snRNA base pairs with the S '  
splice site and U2, which remains base paired 
with the branch sequence; this may create 
the catalytic center for splicing. An alterna
tive set of snRNPs provides analogous func
tions for splicing the U 12-dependent subclass 
of introns. The catalytic core resembles that 
of group II autocatalytic introns; as a result, 
it is likely that the spliceosome is a giant 
RNA machine (like the ribosome) in which 
key RNA elements are at the center of the 
reaction. 

Splicing is usually intramolecular, but 
trans-splicing (intermolecular splicing) occurs 
in trypanosomes and nematodes. It involves 
a reaction between a small SL RNA and the 
pre-mRNA. In nematode worms there are two 
types of SL RNA: One is used for splicing to 
the S '  end of an mRNA, and the other is used 
for splicing to an internal site to break up the 
polycistronic precursor RNA. The introduc
tion of the SL RNA to the processed mRNAs 
provides necessary signals for translation. 



The termination capacity of RNA poly
merase II is tightly linked to 3 '  end fonnation of 
the rnRNA. The sequence AAUAAA, located l l  
to 30 bases upstream of the cleavage site, pro
vides the signal for both cleavage by an endo
nuclease and polyadenylation by the poly(A} 
polymerase. This is enhanced by the complex 
bound on the G-U-rich element downstream 
from the cleavage site. Transcription is termi
nated when an exonuclease, which binds to the 
5 '  end of the nascent RNA chain created by the 
cleavage, catches up to RNA polymerase. 

All Pol II transcripts are polyadenylated 
with the exception of histone mRNAs, which 
neither contain an intron nor receive a poly(A} 
tail. The 3' end formation of histone mRNA 
depends on a stem-loop structure and base pair
ing of a downstream element with U7 snRNA 
to result in a cleavage. The stem-loop structure 
may protect the end, as in bacteria. 

tRNA splicing involves separate endonu
clease and ligase reactions. The endonuclease 
recognizes the secondary (or tertiary) stntc
ture of the precursor and cleaves both ends 
of the intron. The two half-tRNAs released by 
loss of the intron can be ligated by the tRNA 
ligase in the presence of ATP. This tRNA mat
uration pathway is exploited by the unfolded 
protein response pathway in the ER. 

rRNA processing takes place in the nucle
olus where U3 snRNA initiates a series of 
actions of endonucleases and exonucleases to 
cut and trim extra sequences in the precursor 
rRNA to produce individual ribosomal RNAs. 
Hundreds to thousands of noncoding RNAs 
are expressed in eukaryotic cells. In the nucle
olus, two groups of such noncoding RNAs, 
termed snoRNAs, are responsible for pairing 
with rRNAs at sites that are modified. Group 
C/D snoRNAs identify target sites for methyla
tion, and group HI ACA snoRNAs specify sites 
where uridine is converted to pseudouridine. 

References 

1111 Introduction 

Review 
Lewin, B .  (1975).  Units of transcription and trans

lation: sequence components of hnRNA and 
mRNA. Cell 4, 77-93. 

1111 The 5' End of Eukaryotic mRNA Is Capped 

Review 
Bannerjee, A. K .  (1980). 5' terminal cap struc

ture in eukaryotic mRNAs. Microbial. Rev. 44, 
1 75-205. 

Research 
Mandai, S.  S., et al. (2004). Functional interactions 

of RNA-capping enzyme with factors that 
positively and negatively regulated promoter 
escape by RNA polymerase II .  Proc. Nat/. Acad. 
Sci. USA 1 0 1 , 7 572-7577. 

McCracken, S., et al. ( 1997) .  5 '-capping en
zymes are targe ted to pre-mRNA by binding 
to the phosphoryla ted carboxy-terminal 
domain of RNA polymerase II. Genes Dev. I I ,  
3306-33 1 8 .  

Ill Nuclear Splice Sites Are Short Sequences 

Reviews 
Padgett, R. A.  (1986). Splicing of messenger RNA 

precursors. Al111ll. Rev. Biochem. 55, 1 1 19-
1 1 50 .  

Sharp, P. A.  (1987). Splicing of mRNA precursors. 
Science 235, 766-771 .  

Sharp, P. A., and Burge, C.  B.  ( 1 997). Classification 
of introns: U2-type o r U I 2-type. Cell 9 1 ,  
875-879. 

Research 
Grave ley, B .  R .  (2005). Mutually exclusive splic

ing of the insect Dscam pre-mRNA directed by 
competing intronic RNA secondary structures. 
Cell 123, 65-73. 

Krainer, A. R ., et al. ( 1984). Normal and mutant 
human b-globin pre-mRNAs are accurately and 
efficiently spliced in vitro. Cel/ 36, 993-1 005. 

fJII Pre-mRNA Splicing Proceeds 
Through a Lariat 

Review 
Sharp, P. A.  (1994). Split genes and RNA splicing. 

Cell 77, 80 5-8 1 5.  

Research 
Reed, R., and Maniatis, T. (1985).  Intron se

quences involved in lariat formation during 
pre-mRNA splicing. Cell 41, 95-105. 

Ruskin, B., et al. ( 1984).  Excision of an intact 
intron as a novel lariat structure during pre
mRNA splicing in vitro. Cell 38, 317-331. 

1111 snRNAs Are Required for Splicing 

Reviews 
Guthrie, C. ( 1 9 9 1 ) .  Messenger RNA splicing in 

yeast: clues to why the spliceosome is a ribo
nucleoprotein. Science 253, 157-163. 

Guthrie, C., and Patterson, B .  ( 1988). Spliceosomal 
snRNAs. A mill. Rev. Genet. 22, 387-41 9. 

Maniatis, T., and Reed, R.  (1987). The role of small 
nuclear ribonucleoprotein particles in pre
mRNA splicing. Nature 325, 673-678. 

Research 
Black, D. L., et al. (1985).  U2 as well as Ul small 

nuclear ribonucleoproteins are involved in 
premessenger RNA splicing. Cell 42, 737-750. 

References 617 



Black, D. L., and Steitz, J. A .  (1986).  Pre-mRNA 
splicing i11 vitro requires intact U4/U6 small 
nuclear ribonucleoprotein. Ce/l 46, 697-704. 

Grabowski, P. J., Seiler, S.  R., and Sharp, P. A.  
( 1985 ) .  A multicomponent complex i s  in
volved in the splicing of messenger RNA pre
cursors. Cell 42, 345-353. 

Krainer, A. R., and Maniatis, T. ( 1985) .  Multiple 
components including the small nuclear ri
bonucleoproteins Ul and U2 are required for 
pre-mRNA splicing in vitro. Cell 42, 725-736. 

Reviews 

Commitment of Pre-mRNA 
to the Splicing Pathway 

Berget, S. M.  ( 1 99 5 ) .  Exon recognition in verte
brate splicing. J. Bioi. Chem. 270, 241 1-2414. 

Fu, X.-D. ( 1995 ) .  The superfamily of arginine/ 
serine-rich splicing factors. RNA L 663-680. 

Reed, R. ( 1996).  Initial splice-site recognition and 
pairing during pre-mRNA splicing. Curr. Opi11. 
Genet. Dev. 6, 2 1 5-220. 

Research 
Abovich, N., and Rosbash, M.  (1997).  Cross-intron 

bridging interactions in the yeast commitment 
complex are conserved in mammals. Ce// 89, 
403-412 .  

Berglund, J. A., et al. (1997).  The splicing factor 
BBP interacts specifically with the pre-mRNA 
branchpoint sequence UACUAAC. Ce// 89, 
781-787. 

Fu, X.-D. ( I  99 3 ) .  Specific commitment of differ
ent pre-mRNA to splicing single SR proteins. 
Nature 365, 82-85. 

Hoffman, B .  E., and Grabowski, P. J. ( 1992) .  U I 
snRNP targets an essential splicing factor, 
U2AF65, to the 3 '  splice site by a network of 
interactions spanning the exon. Genes Dev. 6, 
2554-2568. 

Ibrahim, E. C., et al. (2005). Serine/arginine-rich 
protein-dependent suppression of exon skip
ping by exonic splicing enhancers. Proc. Nat/. 
Acad. Sci. USA I 02, 5002-5007. 

Kohtz, J. D., et al. ( 1994). Protein-protein interac
tions and 5 '  splice-site recognition in mamma
lian mRNA precursors. Nature 368, 1 1 9-124. 

Robberson, B .  L., and Berget, S. M.  ( 1 990). Exon 
definition may facilitate splice site selection in 
RNAs with multiple exons. Mol. Cell Bioi. I 0, 
84-94. 

Wu, J. Y., and Maniatis, T. ( 1993) .  Specific interac
tions between proteins implicated in splice site 
selection and regulated alternative splicing. 
Ce/1 75, 1061-1070.  

Ill The Spliceosome Assembly Pathway 

Review 
Burge, C. B., Tush], T. H., and Sharp, P. A. ( 1999) .  

Splicing of precursors to mRNAs by the spli-

618 CHAPTER 21 RNA Splicing and Processing 

ceosome. In Gesteland, R. F., and Atkins, 
J .  F. eds. The RNA World, 2nd ed., Cold Spring 
Harbor Laboratory Press, Plainview, NY, pp. 
525-560. 

Research 
Cheng, S. C., and Abelson, J. ( I  987). Spliceosome 

assembly in yeast. Genes Dev. L I 0 1 4-1027. 
Konarska, M. M., and Sharp, P. A. (1987).  

Interactions between small nuclear ribonu
cleoprotein particles in formation of spliceo
somes. Cell 49, 736-774. 

Newman, A., and Norman, C. ( I  9 9 1 ) .  Mutations 
in yeast U5 snRNA alter the specificity of 5 '  
splice site cleavage. Ce// 65, 1 1 5-123. 

Tseng, C. K., and Cheng, S. C .  (2008). Both cata
lytic steps of nuclear pre-mRNA splicing are 
reversible. Science 320, I 782-1784. 

Zhuang, Y., and Weiner, A. M. ( 1986) .  A compen
satory base change in U I snRNA suppresses a 
5 '  splice site mutation. Ce// 46, 827-835.  

Research 

An Alternative Spliceosome Uses 
Different snRNPs to Process the Minor 
Class of I ntro ns 

Burge, C. B., Padgett, R.  A., and Sharp, P. A. 
( 1998) .  Evolutionary fates and origins of 
Ul 2-type introns. A·lol. Cell 2, 773-785. 

Dietrich, R. C., Incorvaia, R., and Padgett, 
R.  A. ( 1997). Terminal intron dinucleotide 
sequences do not distinguish between U2- and 
Ul 2-dependent introns. Mol. Cell I ,  1 5 1-160. 

Hall, S. L., and Padgett, R. A.  ( 1994). Conserved 
sequences in a class of rare eukaryotic introns 
with non-consensus splice sites. J. Mol. Bioi. 
239, 357-365. 

Tarn, W.-Y., and Steitz, J. A. (1996) .  A novel splice
osome containing U I I , U 12, and U 5 snRNPs 
excises a minor class AT-AC intron in vitro. Cell 
84, 801-8 1 1 .  

Tarn, W.-Y., and Steitz, J .  A. ( 1996).  Highly 
diverged U4 and U6 small nuclear RNAs 
required for splicing rare AT-AC introns. 
Science 273, 1824-1832. 

Reviews 

Pre-mRNA Splicing Likely Shares the 
Mechanism with Group II Autocatalytic 
Introns 

Madhani, H. D., and Guthrie, C. ( 1994).  Dynamic 
RNA-RNA interactions in the spliceosome. 
Amm. Rev. Genet. 28, 1-26. 

Michel, F., and Ferat, J.-L. ( 1995) .  Structure 
and activities of group II introns. Amm. Rev. 
Biochem. 64, 43 5-461 .  

Research 
Madhani, H. D., and Guthrie, C. ( 1992) .  A novel 

base-pairing interaction between U2 and U6 



snRNAs suggests a mechanism for the cata
lytic activation of the spliceosome. Ctff 71, 
803-817. 

Reviews 

Splicing Is Temporally and Functionally 
Coupled with Multiple Steps in Gene 
Expression 

Maniatis, T .. and Reed, R. (1002). An extensive 
network of coupling among gene expression 
machines. Nahtre 416, 499-506. 

Maquat, L. E. (1004). Nonsense-mediated mRNA 
decay: splicing, translation and mRNA dy
namics. Nature Rev. Mol. Ceff Bioi. 5, 89-99. 

Pandit, S .. Wang, D .• and Pu, X.-D. (1008). 
Functional integration of transcriptional and 
RNA processing machineries. Curr. Opin. Cell 
Bioi. 20, 260-265. 

Proudfoot, N. J., Purger, A., and Dye, M. J. (2002). 
Integrati ng mRNA processing with transcrip
tion. Cell I 08, 501-512. 

Research 
Cheng, H., et al. (2006). Human mRNA export 

Machinery recruited to the 5 '  end of mRNA. 
Ceff 127, 1 389-1400. 

Das, R., et al. (2007). SR proteins function in 
coupling RNAP I I  transcription to pre-mRNA 
splicing. Mol. Ceff 26, 867-88 1 .  

Le Hir, H., et al. (1000). The spliceosome deposits 
multiple proteins 20-24 nucleotides upstream 
of mRNA exon-exon junctions. EMBO J. 1 9, 
6860--6869. 

Lin, S .. et al. (2008). The splicing facto r SC35 has 
an active role in transcriptional elongation. 
Nahrre Struc. Mol. Bioi. I 5, 8 1 9-826. 

Luo, M. L., et al. (2001 ). Pre-mRNA splicing and 
mRNA export linked by direct interactions be
tween UA P56 and A ly. Nature 41  3, 644-64 7. 

Zhou, Z .. et al. (2000). The protein Aly links pre
messenger-RNA splicing to nuclear export in 
metazoa ns. Nature 407, 401-405. 

Review 

Alternative Splicing Is a Rule, Rather 
Than an Exception, in  Multicellular 
Eukaryotes 

Black, D. (2003). Mechanisms of alternative pre
messenger RNA splicing. A111111. Rev. Biochem. 
72, 291-336. 

Research 
Ge, H .• and Manley, J. L ( 1990). A protein, 

ASP, controls cell-specific alternative splic
ing of SV40 early pre-mRNA itt vitro. Ce/1 62, 
25-34. 

Krainer, A. R., et al. ( 1 990). The essential pre
mRNA splicing factor SF2 influences 5'  splice 
site selection by activating proximal sites. Ceff 
62, 35-42. 

Lynch. K. W., and Maniatis, T. (1996). Assembly 
of specific SR protein complexes on dis
tinct regulatory elements of the Drosophila 
doublesex splicing enhancer. Gellfs Dev. I 0, 
2089-2 10  I .  

Tian, M., and Maniatis, T. ( 1 993). A splicing 
enhancer complex controls alternative 

splicing of doublesex pre-mRNA. Ce/1 74, 
105-114. 

Wang, E. T., et al. (2008). Alternative isoform 

regulation in human tissue transcriptomes. 
Nature 456, 470-476. 

Xu, X.-D .. et  al. (2005). ASP/SP2-regulated 

CaMKlldelta alternative splicing temporally 
reprograms excitation-contraction coupling in 
cardi11c muscle. Ceff 1 20, 59-72. 

Review 

Splicing Can be Regulated by Exonic 
and Intronic Splicing Enhancers and 
Silencers 

Blencowe, B .  J. (2006). Altern11tive splicing: 
new insights from global analysis. Ceff 126, 
37-47. 

Research 
Cramer, P., et al. ( 1999). Coupling of transcrip

tion with alternative splicing: RNA Pol II 
promoters modulate SP2/ASF and 9G8 
effects on an exonic splicing enhancer. Mol. 

Ce/14, 2 5 1 -258. 

de Ia Mata, M .. et al. (2003). A slow RNA poly
merase II affects alternative splicing in vivo. 
Mol. Ce/1 12, 525-532. 

Fairbrother, W. G .. e t  al. (2002). Predictive iden
tification of exonic splicing enhancers in hu
man genes. Scimce 297, 1007-1 1 1 3 .  

Locatalosi, D. D., et al . (2008). HITS-CLIP yields 
genome-wide insights into brain alternative 

RNA processing. Nahrre 456, 464-470. 
Sharma, S., et al. (2005). Polypyrimidine tract 

binding protein blocks the 5 '  splice site-de

pendent assembly of U2AP and the prespliceo

some E complex. Mol. Ce/1 19, 485-496. 
Wang, Z., et al. (2004). Systematic identification 

and analysis of exonic splicing silencers. Ceff 
1 1 9,831-845. 

Yeo, G., et al. (2008). An RNA code for the Pox2 

splicing regulator revealed by mapping RNA
protein interactions in stem cells. Nature Struc. 

Mol. Bioi. 16, 130-137. 

Zhang. X. H., and Chasin, L. A. (2004). 
Computational definition of sequence motifs 
governing constitute exon splicing. Gems Dev. 
18, 1141-1250. 

Zhu, J .• et al. (200 I ) . Ex on identity established 

through differential antagonism between 
exonic splicing silencer-bound hnRNP A I 
and enhancer-bound SR proteins. Mol. Ce/1 8, 
1 3 5 1 - 1 36 1 .  

References 619 



trans-Splicing Reactions Use Small RNAs 

Review 
Nilsen, T. ( 1993) .  Trans-splicing of nematode pre

mRNA. A11111t. Rev. Immunol. 47, 4 1 3-440. 

Research 
Blumenthal, T., et at. (2002). A global analysis of 

C. elegans operons. Nature 417, 851-854. 
Denker, J. A., et al. (2002). New components of 

the spliced leader RNP required for nematode 
trans-splicing. Nature 417, 667-670. 

Fischer, S. E .  J., Butler, M. D., Pan, Q., and 
Ruvkun, G .  (2008). trans-splicing in C. elegans 
generates the negative RNAi regulator ERI-
6/7 . Nature 455, 491-496. 

Hannon, G. J., et al. (1990).  trans-splicing of nem
atode pre-mRNA in vitro. Cell 6 1 ,  1247-1255. 

Huang, X. Y., and Hirsh, D. ( 1989) .  A second trans
spliced RNA leader sequence in the nema
tode C. elegans. Proc. Nat/. Acad. Sci. USA 86, 
8640-8644. 

Krause, M., and Hirsh, D. (1987).  A trans-spliced 
leader sequence on actin mRNA in C. elegans. 
Ce/1 49, 753-76 1 .  

Murphy, W. J., Watkins, K. P., and Agabian, N. 

( 1986) . Identification of a novel Y branch 
structure as an intermediate in trypanosome 
mRNA processing: evidence for trans-splicing. 
Ce/1 47, 5 1 7-525. 

Sutton, R., and Boothroyd, J. C. ( 1 986). Evidence 
for trans-splicing in trypanosomes. Cell 47, 
527-535. 

Reviews 

The 3 '  Ends of mRNAs Are Generated 
by Cleavage and Polyadenylation 

Colgan, D. F., and Manley, J. L .  ( 1 997) .  
Mechanism and regulation of mRNA polyad
enylation. Genes Dev. I I, 2755-2766. 

Shatkin, A. J., and Manley, J .  L. (2000). The ends 
of the affair: capping and polyadenylation. 
Nature Struct. Bioi. 7, 838-842. 

Wahle, E., and Keller, W. (1992).  The biochem
istry of 3 '-end cleavage and polyadenylation 
of messenger RNA precursors. Amnt. Rev. 
Biochem. 6 1 ,  41 9-440. 

Research 
Conway, L., and Wickens, M.  ( 1 985). A sequence 

downstream of AAUAAA is required for 
formation of SV40 late mRNA 3'  termini 
in frog oocytes. Proc. Nat/. Acad. Sci. USA 82, 
3949-3953. 

Fox, C. A., Sheets, M. D., and Wickens, M. P. 
( 1989) .  Poly( A) addition during maturation 
of frog oocytes: distinct nuclear and cytoplas
mic activities and regulation by the sequence 
UUUUUAU. GenesDev. 3, 2 1 51-2162.  

620 CHAPTER 21 RNA Splicing and Processing 

Gil, A., and Proudfoot, N. ( 1 987). Position
dependent sequence elements downstream 
of AAUAAA are required for efficient rabbit 
b-globin mRNA 3 '  end formation. Cell 49, 
399-406. 

Karner, C. G., et al. (1998).  The deadenylating 
nuclease (DAN) is involved in poly(A) tail 
removal during the meiotic maturation of 
Xenopus oocytes. Ei\·IBO J. 17,  5427-5437. 

McGrew, L. L., et at. ( 1989) .  Poly( A) elongation 
during Xenopus oocyte maturation is required 
for translational recruitment and is mediated 
by a short sequence element. Genes Dev. 3, 
803-8 1 5 . 

Takagaki, Y., Ryner, L. C., and Manley, J. L. 
( 1988) .  Separation and characterization of a 
poly(A) polymerase and a cleavage/specificity 
factor required for pre-mRNA polyadenyl
ation. Cell 52, 731-742. 

Review 

3' mRNA End Processing Is Critical for 
Termination of Transcription 

Buratowski, S. (2005).  Connection between 
mRNA 3 '  end processing and transcrip
tion termination. Curr. Opin. Cell Bioi. 17,  
257-26 1 . 

Research 
Dye, M.  J., and Proudfoot, N. J. ( 1 999). Terminal 

exon definition occurs cotranscriptionally and 
promotes termination of RNA polymerase II .  
Mol. Cell 3, 371-378. 

Kim, M., et at. (2004). The yeast Rat! exonuclease 
promotes transcription termination by RNA 
polymerase 1 1 .  Nature 432, 5 1 7-522. 

Luo, W., Johnson, A. W., and Bentley, D.  L .  
(2006). The role of Rat! in coupling mRNA 3'  
end processing to transcription termination: 
implications for a unified allosteric-torpedo 
model. Genes Dev. 20, 954-965. 

Review 

The 3 '  End Formation of Histone mRNA 
Requires U7 snRNA 

Marzluff, W. F., Wagner, E. J., and Duronio, R. J. 
(2008). Metabolism and regulation of canoni
cal histone mRNAs: life without a poly(A) tail. 
Nature Rev. Genet. 9, 843-8 54. 

Research 
Dominski, Z., Yang, X. C., and Marzluff, W. F. 

(2005). The polyadenylation factor CPSF73 is 
involved in histone pre-mRNA processing. 
Ce// 123, 37-48. 

Kolev, N. G., and Steitz, J .  A. (2005). Symplekin 
and multiple other polyadenylation factors 
participate in 3'  end maturation of histone 
mRNAs. Genes Dev. 19, 283-2592. 



Mowry, K. L., and Steitz, J. A. ( 1 987) .  
Identification of the human U7 snRNP as one 
of several factors involved in the 3' end matu
ration of histone premessenger RNAs. Science 
238, 1682-1687. 

Pillar, R. S., et al. (2003). Unique Sm core struc
ture of U7 snRNPs: assembly by a specialized 

SM N complex and the role of a new com

ponent, Lsm I I, in histone RNA processing. 
Genes Dev. 17, 2321-2333. 

Wang, Z. F., et al. (1996). The protein that binds 
the 3 '  end of histone mRNA: a novel RNA
binding protein required for histone pre

mRNA processing. Genes Dev. I 0, 
3028-3040. 

Research 

tRNA Splicing Involves Cutting and 

Rejoining in Separate Reactions 

Diener, J. L., and Moore, P. 8. ( 1998). Solution 
structure of a substrate for the archaeal pre
tRNA splicing endonucleases: the bulge-helix
bulge motif. Mol. Cell I .  883-894. 

Di Nicola Negri, E., et al. ( 1997). The eucaryal 
tRNA splicing endonuclease recognizes a tri
partite set of RNA elements. Ce/1 89, 859-866. 

Reyes, V. M., and Abelson, J. ( 1 988). Substrate 
recognition and splice site determination in 
yeast tRNA splicing. Ce// 55, 7 1 9-730. 

Trotta, C. R., et al. ( 1 997). The yeast tRNA splic
ing endonuclease: a tetrameric enzyme 

with two active site subunits homologous to 
the archaeal tRNA endonucleases. Cell 89, 
849-858. 

Review 

The Unfolded Protein Response Is 
Related to tRNA Splicing 

Lin, J. H., Walter, P., and Benedict Yen, T. S. 

(2008). Endoplasmic reticulum stress in dis
case pathogenesis. Awuc. Rev. Pathol. Mech. Dis. 
3, 399-42 5. 

Research 
Gonzalez, T. N., et al. ( 1999). Mechanism of 

non-spliceosomal mRNA splicing in the un
folded protein response pathway. EMBO 1. 
18, 3 1 19-3132. 

Sidrauski, C., Cox, J. S ., and Walter, P. (I 996). 
tRNA ligase is required for regulated mRNA 
splicing in the unfolded protein response. Cell 
87, 405-413. 

Sidra uski, C., and Walter. P. ( 1997). The trans
membrane kinase lrelp is a site-specific 
endonuclease that initiates mRNA splicing 
in the unfolded protein response. Cell 90, 

1031-1039. 

Reviews 

Production of rRNA Requires Cleavage 
Events and Involves Small RNAs 

Alessandro, F., and Tollervey, D. {2002). Making 

ribosomes. Curr. Opin. Cell. Bioi. 14, 
3 1 3-3 18. 

Filipowicz, W., and Pogacic, V. (2002). Biogenesis 
of small nucleolar ribonucleoproteins. Curr. 
Opiu. Cell. Bioi. 14, 319-327. 

Granneman, S., and Baserga, S. L. (2005) . 
Crosstalk in gene expression: coupling and 
co-regulation of rONA transcription, pre
ribosome assembly and pre-rRNA processing. 
Curr. Opin. Cell Bioi. I 7, 28 1-286. 

Matera, A. G., Terns, R.  M., and Terns. M . P. 
(2007). Non-coding RNAs: lessons from the 

small nuclear and small nucleolar RNAs. 
Nature Rev. Mol. Cell Bioi. 8, 209-220. 

Research 
Balakin, A. G., Smith, L., and Fournier, M. J. 

( 1996). The RNA world of the nucleolus: two 
major families of small RNAs defined by dif
ferent box elements with related functions. 
Cell 86, 823-834. 

Bousquet-Antonelli, C., et al. ( 1997). A small nu
cleolar RNP protein is required for pseudouri
dylation of eukaryotic ribosomal RNAs. EMBO 
J. 16, 4770-4776. 

Ganot, P., Bortolin, M. L., and Kiss, T. ( 1997). 

Site-specific pseudouridine formation in 
pre ribosomal RNA is guided by small nucleo
lar RNAs. Cell 89, 799-809. 

Ganot, P., Caizergues-Ferrer, M., and Kiss, 
T. ( 1997). The family of box ACA 
small nucleolar RNAs is defined by an 

evolutionarily conserved secondary struc
ture and ubiquitous sequence elements es
sential for RNA accumulation. Gems Dev. I I ,  
941-956. 

I< ass, S., et al. ( 1 990) . The U3 small nucleolar 
ribonucleoprotein functions in the first step 

of pre ribosomal RNA processing. Cell 60, 
897-908. 

Kiss-Laszlo, Z., Henry, Y., and Kiss, T. ( 1998). 
Sequence and structural elements of methyla
tion guide snoRNAs essential for si te-specific 

ribose methylation of pre-rRNA. EMBO J. 17, 
797-807. 

Kiss-Laszlo, Z., et al. ( 1 996) .  Site-specific ribose 
methylation of pre ribosomal RNA: a novel 
function for small nucleolar RNAs. Ce// 85, 
1 077-l 068. 

Ni, J., Tien, A. L., and Fournier, M. J. ( 1997). 
Small nucleolar RNAs direct si te-specific 
synthesis of pseudouridine in rRNA. Cell 89, 
565-573. 

References 621 



mRNA Stability 
and Localization 

CHAPTER OUTLINE J 
f.l'.ll Introduction 

t.l'.-1 Messenger RNAs Are Unstable Molecules 

• m RNA instability is due to the action of ribonucleases. 
• Ribonucleases differ in their substrate preference and 

mode of attack. 

• mRNAs exhibit a wide range of half-lives. 
• Differential m RNA stability is an important contributor 

to mRNA abundance and therefore the spectrum of 
proteins made in a cell. 

t.tG Eukaryotic mRNAs Exist in  the Form of mRNPs from 
Their Birth to Their Death 

• mRNA associates with a changing population of proteins 
during its nuclear maturation and cytoplasmic life. 

• Some nuclear-acquired mRNP proteins have roles in the 
cytoplasm. 

• A very large number of RNA-binding proteins exist, 
most of which remain uncharacterized. 

• Different mRNAs are associated with distinct, but overlap
ping, sets of regulatory proteins, creating RNA regulons. 

f.t..l.• Prokaryotic mRNA Degradation Involves Multiple 
Enzymes 
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• Degradation of bacterial mRNAs is initiated by removal 
of a pyrophosphate from the S '  terminus. 

Edited by Ellen Baker 

• Monophos phorylated m RNAs are degraded during 
translation in a two-step cycle involving endonucleo
lytic cleavages, followed by 3 I to 5 I digestion of the 
resulting fragments. 

• 3 '  polyadenylation can facilitate the degradation of 
m RNA fragments containing secondary structure. 

• The main degradation enzymes work as a complex 
called the degradosome. 

t.t4'1 Most Eukaryotic mRNA Is Degraded via 
Two Deadenylation-Dependent Pathways 
• The modifications at both ends of mRNA protect it 

against degradation by exonucleases. 
• The two major m RNA decay pathways are initiated by 

deadenylation catalyzed by poly( A) nucleases. 

• Deadenylation may be followed either by decapping 
and 5 '  to 3 '  exonuclease digestion, or by 3' to 5 '  
exonuclease digestion. 

• The decapping enzyme competes with the translation 
initiation complex for 5'  cap binding. 

• The exosome, which catalyzes 3' to 5 '  mRNA digestion, 
is a large, evolutionarily conserved complex. 

• Degradation may occur within discrete cytoplasmic 
particles called processing bodies (PBs). 

• A variety of particles containing translationally 
repressed mRNAs exist in different cell types. 
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CHAPTER OUTLINE, CONTINUED J 
Other Degradation Pathways Target Specific mRNAs 

• Four additional degradation pathways involve 
regulated degradation of specific m RNAs. 

• Deadenylation-independent decapping proceeds in the 
presence of a long poly( A} tail. 

• The degradation of the nonpolyadenylated histone 
mRNAs is initiated by 3 '  addition of a poly(U) tail. 

• Degradation of some mRNAs may be initiated by 
sequence-specific or structure-specific endonucleolytic 
cleavage. 

• An unknown number of mRNAs are targeted for 
degradation or translational repression by microRNAs. 

mRNA-Specific Half-Lives Are Controlled by 
Sequences or Structures Within the mRNA 

• Specific cis-elements in an mRNA affect its rate of deg-
radation. 

• Destabilizing elements {DEs) can accelerate mRNA 
decay, while stabilizing elements (SEs) can reduce it. 

• AU-rich elements {AREs) are common destabilizing 
elements in mammals and are bound by a variety of 
proteins. 

• Some DE-binding proteins interact with components 
of the decay machinery and probably recruit them for 
degradation. 

• Stabilizing elements occur on some highly stable mRNAs. 
• mRNA degradation rates can be altered in response to 

a variety of signals. 
Newly Synthesized RNAs Are Checked for Defects via 
a Nuclear Surveillance System 

• Aberrant nuclear RNAs are identified and destroyed by 
a surveillance system. 

• The nuclear exosome functions both in the processing 
of normal substrate RNAs and in the destruction of 
aberrant RNAs. 

• The yeast TRAMP complex recruits the exosome to 
aberrant RNAs and facilitates its 3 '  to 5 '  exonuclease 
activity. 

• Substrates for TRAMP-exosome degradation include 
unspliced or aberrantly spliced pre-mRNAs and improperly 
terminated RNA Pol II transcripts lacking a poly( A} tail. 

ED Introduction 
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t.t.lll 

t.t-ltl 

RNA is a central player in gene expression. It 
was first characterized as an intermediate in 
protein synthesis, but since then many other 
RNAs have been discovered that play struc
tural or functional roles at other stages of gene 
expression. The involvement of RNA in many 
functions concerned with gene expression sup
ports the general view that the entire process 
may have evolved in an "RNA world" in which 

• The majority of RNA Pol II transcripts may be cryptic 
unstable transcripts (CUTs) that are rapidly destroyed 
in the nucleus. 

Quality Control of mRNA Translation Is Performed 
by Cytoplasmic Surveillance Systems 

• Nonsense-mediated decay (NMD) targets mRNAs with 
premature stop codons. 

• Targeting of NMD substrates requires a conserved set 
of UPF and SMG proteins. 

• Recognition of a termination codon as premature 
involves unusual 3 '  UTR structure or length in many 
organisms and the presence of downstream exon 
junction complexes (EJC) in mammals . 

• Nonstop decay (NSD) targets mRNAs lacking an 
in-frame termination codon and requires a conserved 
set of SKI proteins. 

• No-go decay {NGD} targets mRNAs with stalled 
ribosomes in their coding regions. 

Translationally Silenced mRNAs Are Sequestered 
in a Variety of RNA Granules 

• RNA granules are formed by aggregation of translatio-
nally silenced mRNA and many different proteins. 

• Germ cell granules and neuronal granules function in 
translational repression and transport. 

• Processing bodies (PBs) containing mRNA decay 
components are present in most or all cells. 

• Stress granules {SGs} accumulate in response to 
stress-induced inhibition of translation. 

Some Eukaryotic mRNAs Are Localized to Specific 
Regions of a Cell 

• Localization of mRNAs serves diverse functions in 
single cells and developing embryos. 

• Three mechanisms for the localization of m RNA have 
been documented. 

• Localization requires cis-elements on the target mRNA 
and trans-factors to mediate the localization. 

• The predominant active transport mechanism involves 
the directed movement of mRNPs along cytoskeletal 
tracks. 

Summary 

RNA was originally the active component in 
maintaining and expressing genetic infor
mation. Many of these functions were sub
sequently assisted or taken over by proteins, 
with a consequent increase in versatility and 
probably efficiency. The focus of this chapter 
is messenger RNA (mRNA). The functions of 
other cellular RNAs are discussed in other chap
ters: snRNAs and snoRNAs in the chapter titled 
RNA Splicing and Processing; tRNA and rRNA in 
the chapter titled Translation; and miRNAs and 
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FIGURE 22.1 Features of prokaryotic and eukaryotic mRNAs. (a) A typical bacterial mRNA. This is a monocistronic mRNA, 
but bacterial mRNAs may also be polycistronic. Many bacterial mRNAs end in a terminal stem-loop. (b) All eukaryotic 
mRNAs begin with a cap (m7G) and almost all end with a poly(A) tail. The poly(A) tail is coated with poly(A)-binding 
proteins (PABPs). Eukaryotic mRNAs may have one or more regions of secondary structure, typically in the 5 '  and 3 '  
UTRs. (c) The major histone mRNAs in mammals have a 3 '  terminal stem-loop in place of a poly(A) tail. 

siRN As in the chapter ti tied Regulatory RNA; the 
subset of RNAs that have retained ancestral 
catalytic activity are discussed in the chapter 
titled Catalytic RNA. 

Messenger RNA plays the principal role in 
the expression of protein-coding genes. Each 
mRNA molecule carries the genetic code for 
synthesis of a specific polypeptide during the 
process of translation. An mRNA carries much 
more information as well: how frequently it 
will be translated, how long it is likely to sur
vive, and where in the cell it will be translated. 
This information is carried in the form of RNA 
cis-elements and associated proteins. Much 
of this information is located in parts of the 
mRNA sequence that are not directly involved 
in encoding protein. 

FIGURE 22.1 shows some of the structural 
features typical of mRNAs in prokaryotes and 
eukaryotes. Bacterial mRNA termini are not 
modified after transcription, so they begin with 
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the 5 '  triphosphate nucleotide used in initiation 
of transcription, and end with the final nucleo
tide added by RNA polymerase before termina
tion. The 3'  end of many E. coli mRNAs form 
a hairpin structure involved in intrinsic (rho
independent) transcription termination (see the 
chapter titled Prokaryotic Transcription). Eukary
oticmRNAs are cotranscriptionally capped and 
polyadenylated (see the chapter titled RNA 
Splicing and Processing). Most of the nonpro
tein-coding regulatory information is carried 
in the 5' and 3' untranslated regions (UTR) 
of an mRNA, but some elements are present in 
the coding region. While all mRNAs are linear 
sequences of nucleotides, secondary and ter
tiary structures can be formed by intramolecu
lar base pairing. These structures can be simple, 
like the stem-loop structures illustrated in the 
figure, or more complex, involving branched 
structures or pairing of nucleotides from dis
tant regions of the molecule. Investigation of 
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FIGURE 22.2 Types of ribonucleases. Exonucleases are unidirectional. They can digest RNA either 
from the 5 '  end or from the 3 '  end, liberating individual ribonucleotides. Endonucleases cleave RNA 
at internal phosphosphodiester linkages. An endonuclease usually targets specific sequences andjor 
secondary structures. 

the mechanisms by which mRNA regulatory 
information is deciphered and acted upon by 
machinery responsible for mRNA degradation, 
translation, and localization is an important 
field in molecular biology today. 

Messenger RNAs Are 
Unstable M olecules 

Key concepts 

• m RNA instability is due to the action of 
ri bonu cleases. 

• Ribonucleases differ in their substrate preference 
and mode of attack. 

• mRNAs exhibit a wide range of half-lives. 
• Differential mRNA stability is an important 

contributor to mRNA abundance and therefore 
the spectrum of proteins made in a cell. 

Messenger RNAs are relatively unstable mol
ecules, unlike DNA and, to a lesser extent, 
rRNAs and tRNAs. While it is true that the 
phosphodiester bonds connecting ribonu
cleotides are somewhat weaker than those 
connecting deoxyribonucleotides due to the 
presence of the 2 '  hydroxyl group on the 
ribose sugar, this is not the primary reason for 
the instability of mRNA. Rather, cells contain 
myriad RNA-degrading enzymes, called ribo
nucleases, some of which specifically target 
mRNA molecules. 

Ribonucleases are enzymes that cleave 
the phosphodiester linkage connecting RNA 
ribonucleotides. They are diverse molecules 
because many different protein domains have 
evolved to have ribonuclease activity. The 
rare examples of known ribozymes (catalytic 

RNAs) include multiple ribonucleases, indi
cating the ancient origins of this important 
activity (see the chapter titled Catalytic RNA } .  
Ribonucleases, often just called nucleases 
when the RNA nature of the substrate is 
obvious, have many roles in a cell, includ
ing participation in DNA replication, DNA 
repair, processing of new transcripts (includ
ing pre-mRNAs, tRNAs, rRNAs, snRNAs, and 
miRNAs) and the degradation of mRNA. Ribo
nucleases are either endoribonucleases or 
exoribonucleases, as depicted in FIGURE 22.2 
(and as discussed in the chapter titled Meth
ods in Molecular Biology and Gwetic E11gi11eer
i1zg). Endonucleases cleave an RNA molecule 
at an internal site, and may have a require
ment or preference for a certain structure or 
sequence. Exonucleases remove nucleotides 
from an RNA terminus and have a defined 
polarity of attack-either 5 '  to 3 '  or 3 '  to 5 ' .  
Some exonucleases are processive, remain
ing engaged with the substrate while sequen
tially removing nucleotides, while others are 
distributive, catalyzing the removal of only 
one or a few nucleotides before dissociating 
from the substrate. 

Most mRNAs decay stochastically (like 
the decay of radioactive isotopes), and as a 
result mRNA stability is usually expressed as 
a half-life (t.12). The term mRNA decay is 
often used interchangeably with mRNA deg
radation. mRNA-specific stability information 
is encoded in cis-sequences (see the section 
in this chapter titled mRNA-Specific Half-Lives 
Are Co11trolled by Sequences or Structures Withi1z 
the mRNA) and is therefore characteristic of 
each mRNA. Different mRNAs can exhibit 

22.2 Messenger RNAs Are Unstable Molecules 625 



too .---------------------------, 
Ol • .£: •• c •• � 75 '· e? • • • <l: • • • • z 50 1------i" � ····· .... 

t112 = 20 min I 

•• • •• •• •• •• , .... ••• • ••• 0 '-----'----------· ·-·-··..:.•.;;.;••;;:•'-' 
/0 20 40 60 80 100 

Minutes after shutdown 
Shutdown of 
RNA Pol l I 

transcription 

FIGURE 22.3 Method for determining mRNA half-lives. 
RNA polymerase II transcription is shut down, either by a 
drug or a temperature shift in strains with a temperature
sensitive mutation in a Pol II gene. The levels of specific 
mRNAs are determined by northern blot or RT -PCR at various 
times following shutdown. RNA degradation, once initi
ated, is usually so rapid that intermediates in the process 
are not detectible. The half-life is the time required for the 
m RNA to fall to one-half of its initial value. 

remarkably different stabilities, varying by 
100-fold or more. In E. coli the typical mRNA 
half-life is about 3 minutes, but half-lives of 
individual mRNAs may be as short as 20 sec
onds or as long as 90 minutes. In budding 
yeast, mRNA half-lives range from 3 to 100 
minutes, whereas in metazoans, half-lives 
range from minutes to hours, and in rare 
cases, even days. Abnormal mRNAs can be 
targeted for very rapid destruction (see the 
sections in this chapter titled Newly Synthe
sized RNAs Are Checked for Defeds via a Nuclear 
Surveillance System and Quality Control of mRNA 
Tratzslation Is Performed by Cytoplasmic Surveil
lance Systems). Half-life values are generally 
determined by some version of the method 
illustrated in FIGURE 22.3. 

The abundance of specific mRNAs in a cell 
is a consequence of their combined rates of syn
thesis (transcription and processing) and deg
radation. mRNA levels reach a steady state 
when these parameters remain constant. The 
spectrum of proteins synthesized by a cell is 
largely a reflection of the abundance of their 
mRNA templates (although differences in trans
lational efficiency play a role). The importance 
of mRNA decay is highlighted by large-scale 
studies that have examined the relative con
tributions of decay rate and transcription rate 
to differential mRNA abundance. Decay rate 
predominates. The great advantage of unstable 
mRNAs is the ability to rapidly change the out
put of translation through changes in mRNA 
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synthesis. Clearly this advantage is important 
enough to compensate for the seeming waste
fulness of making and destroying mRNAs so 
quickly. Abnormal control of mRNA stability 
has been implicated in disease states, including 
cancer, chronic inflammatory responses, and 
coronary disease . 

Eukaryotic mRNAs Exist in 
the Form of mRNPs from 
Their Birth to Their Death 

Key concepts 
• mRNA associates with a changing population 

of proteins during its nuclear maturation and 
cytoplasmic life. 

• Some nuclear-acquired mRNP proteins have roles 
in the cytoplasm. 

• A very large number of RNA-binding proteins exist, 
most of which remain uncharacterized. 

• Different mRNAs are associated with distinct, but 
overlapping, sets of regulatory proteins, creating 
RNA regulons. 

From the time pre-mRNAs are transcribed in 
the nucleus until their cytoplasmic destruc
tion, eukaryotic mRNAs are associated with a 
changing repertoire of proteins. RNA-protein 
complexes are called ribonucleoprotein 
particles (RNPs). Many of the pre-mRNA
binding proteins are involved in splicing and 
processing reactions (see the chapter titled RNA 
Splicing and Processing), and others are involved 
in quality control (discussed in the section in 
this chapter titled Newly Synthesized RNAs Are 
Checked for Defeds via a Nuclear Surveillance 
System) .  The nuclear maturation of an mRNA 
comprises multiple remodeling steps involv
ing both the RNA sequence and its comple
ment of proteins. The mature mRNA product 
is export-competent only when fully pro
cessed and associated with the correct protein 
complexes, including TREX (for transcription 
export), which mediates its association with the 
nuclear pore export receptor. Mature mRNAs 
retain multiple binding sites (cis-elements) for 
different regulatory proteins, most often within 
their 5 '  or 3 '  UTRs. 

While many nuclear proteins are shed 
before or during mRNA export to the cyto
plasm, others accompany the mRNA and have 
cytoplasmic roles. For example, once in the 
cytoplasm, the nuclear cap-binding complex 
participates in the new mRNA's first transla
tion event, the so-called "pioneering round" 
of translation. This first translation initiation 
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FIGURE 22.4 The concept of an RNA regulon. Eukaryotic mRNAs are bound by a variety of proteins that con
trol its translation, localization, and stability. The subset of mRNAs that have a binding protein in common 
are considered part of the same regulon. In the diagram, mRNAs a and d are part of regulon 1; mRNAs a, c, 
and e are part of regulon 2; and so on. 

is critical for a new mRNA; if it is found to 
be a defective template it will be rapidly 
destroyed by a surveillance system (see the 
section in this chapter titled Quality Control of 
mRN A Tra11slation Is Performed by Cytoplasmic 
Surveilla11ce Systems). An mRNA that passes 
its translation test will spend the rest of its 
existence associated with a variety of proteins 
that control its translation, its stability, and 
sometimes its cellular location. The "nuclear 
history" of an mRNA is critical in determining 
its fate in the cytoplasm. 

A large number of different RNA-binding 
proteins (RBPs) are known, and many more 
are predicted based on genome analysis. The 
S. cerevisiae genome encodes nearly 600 dif
ferent proteins predicted to bind to RNA, 
about one-tenth of the total gene number 
for this organism. Based on similar propor
tions, the human genome would be expected 
to contain more than 2000 such proteins. 
These estimates are based on the presence of 
characterized RNA-binding domains, and it is 
likely that additional RNA-binding domains 
remain to be found. The RNA targets and 
functions of the great majority of these RBPs 
are unknown, although it is considered likely 
that a large fraction ofthem interact with pre
mRNA or mRNA. This kind of analysis does 
not include the many proteins that do not bind 
RNA directly, but participate in RNA-binding 
complexes. 

An important insight into why the num
ber of different mRNA-binding proteins is so 
large has come from the finding that mRNAs 
are associated with distinct, but overlapping, 
sets ofRBPs. Studies that have matched specific 

RBPs with their target mRNAs have revealed 
that those mRNAs encode proteins with shared 
features such as involvement in similar cellu
lar processes or location. Thus, the repertoire 
of bound proteins catalogues the mRNA. For 
example, hundreds of yeast mRNAs are bound 
by one or more of six related Pufproteins. Pufl 
and Puf2 bind mostly mRNAs encoding mem
brane proteins, whereas Puf3 binds mostly 
mRNAs encoding mitochondrial proteins, and 
so on. A current model, illustrated in nGURE 22.4, 
proposes that the coordinate control of post
transcriptional processes of mRNAs is mediated 
by the combinatorial action of multiple RBPs, 
much like the coordinate control of gene tran
scription is mediated by the right combinations 
of transcription factors (see the chapter titled 
Eukaryotic Transcriptio11 Regulati011 ) .  The set of 
mRNAs that share a particular type of RBP is 
called an RNA regulon. 

Prokaryotic mRNA 
Deg radation Involves 
Multiple Enzymes 

Key concepts 

• Degradation of bacterial mRNAs is initiated by 
removal of a pyrophosphate from the 5 '  terminus. 

• Monophosphorylated mRNAs are degraded during 
translation in a two-step cycle involving endonu
cleolytic cleavages, followed by 3 '  to 5' digestion 
of the resulting fragments. 

• 3 '  polyadenylation can facilitate the degradation of 
m RNA fragments containing secondary structure. 

• The main degradation enzymes work as a complex 
called the degradosome. 

22.4 Prokaryotic mRNA Degradation Involves Multiple Enzymes 627 



Our understanding of prokaryotic mRNA deg
radation comes mostly from studies of E. coli. 
So far, the general principles apply to the other 
bacterial species studied. In prokaryotes, mRNA 
degradation occurs during the process of trans
lation. Prokaryotic ribosomes begin translation 
even before transcription is completed, attach
ing to the mRNA at an initiation site near the 5 '  
end and proceeding toward the 3' end. Multiple 
ribosomes can initiate translation on the same 
mRNA sequentially, forming a polyribosome 
(or polysome):  one mRNA with multiple 
ribosomes. 

E. coli mRNAs are degraded by a combi
nation of endonuclease and 3' �5' exonuclease 
activities. The major mRNA degradation path
way in E. coli is a multistage process illustrated 
in FIGURE 22.5. The initiating step is removal of 
pyrophosphate from the 5 '  terminus leaving 

Translation 

� 
5' pp p 3' 

Endonuclease 

RNase E 

3' to 5'  Exonuclease 

FIGURE 22.5 Degradation of bacterial mRNAs. Bacterial 
m RNA degradation is initiated by cleavage of the triphos
phate 5 '  terminus to yield a monophosphate. m RNAs are 
then degraded in a two-step cycle: an endonucleolytic 
cleavage, followed by 3 '  to 5 '  exonuclease digestion of 
the released fragment. The endonucleolytic cleavages 
occur in a 5 '  to 3 '  direction on the mRNA, following the 
passage of the last ribosome. 
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a single phosphate. The monophosphory
lated form stimulates the catalytic activity of 
an endonuclease (RNase E),  which makes an 
initial cut near the 5 '  end of the mRNA. This 
cleavage leaves a 3'-0H on the upstream frag
ment and a 5 '  monophosphate on the down
stream fragment. It functionally destroys a 
monocistronic mRNA, as ribosomes can no 
longer initiate translation. The upstream frag
ment is then degraded by a 3 '  �5'  exonuclease 
(PNPase = polynucleotide phosphorylase) .  This 
two-step ribonuclease cycle is repeated along 
the length of the mRNA in a 5 '  to 3 '  direction 
as more RNA gets exposed following passage 
of previously initiated ribosomes. This process 
proceeds very rapidly as the short fragments 
generated by RNase E can be detected only in 
mutant cells in which exonuclease activity is 
impaired. 

PNPase, as well as the other known 3'�5' 
exonucleases in E. coli_ are unable to progress 
through double-stranded regions. Thus, the 
stem-loop structure at the 3 '  end of many bac
terial mRNAs protects the mRNA from direct 
3 '  attack. Some internal fragments gener
ated by RNase E cleavage also have regions of 
secondary structure that would impede exo
nuclease digestion. PNPase is, however, able 
to digest through double-stranded regions if 
there is a stretch of single-stranded RNA at least 
7-10 nucleotides long located 3 '  to the stem
loop. The single-stranded sequence seems to 
serve as a necessary staging platform for the 
enzyme. Rho-independent termination leaves a 
single-stranded region that is too short to serve 
as a platform. To solve this problem a bacterial 
polymerase (PAP) adds l 0 to 40 nucleotide 
poly(A) tails to 3 '  termini, making them sus
ceptible to 3' �5' degradation. RNA fragments 
terminating in particularly stable secondary 
structures may require repeated polyadenyl
ation and exonuclease digestion steps. It is 
not known whether polyadenylation is ever 
the initiating step for degradation of mRNA or 
whether it is used only to help degrade frag
ments, including the 3 '  terminal one. Some 
experiments indicate that RNase E cleavage 
of an mRNA may be required to activate the 
poly(A) polymerase. This would explain why 
intact mRNAs do not seem to be degraded from 
the 3 ' end. 

RNase E and PNPase, along with a helicase 
and another accessory enzyme, form a mul
tiprotein complex called the degradosome. 
RNase E plays dual roles in the complex. Its 



N-terminal domain provides the endonuclease 
activity, whereas its C-terminal domain pro
vides a scaffold that holds together the other 
components. While RNase E and PNPase are 
the principal endo- and exonucleases active 
in mRNA degradation, others also exist, prob
ably with more restricted roles. The role of 
other nucleases in mRNA degradation has 
been addressed by evaluating the phenotypes 
of mutants in each of the enzymes. For exam
ple, the inactivation of RNase E slows mRNA 
degradation without completely blocking it. 
Mutations that inactivate PNPase or either of 
the other two known 3' �5' exonucleases have 
essentially no effect on overall mRNA stabil
ity. This reveals that any pair ofthe exonucle
ases can carry out apparently normal mRNA 
degradation. However, only two of the three 
exonucleases (PNPase and RNase R)  can digest 
fragments with stable secondary structures. 
This was demonstrated in double mutant 
studies, in which both PNPase and RNase 
R are inactivated. In these mutants, mRNA 
fragments that contain secondary structures 
accumulated. 

Many questions about mRNA degradation 
in E. coli remain to be answered. Half-lives for 
different mRNAs in E. coli can differ more than 
100-fold. The basis for these extreme differ
ences in stability is not fully understood, but 
appears to be largely due to two factors. Differ
ent mRNAs exhibit a range of susceptibilities to 
endonuclease cleavage, some protection being 
conferred by secondary structure in the 5 '  end 
region. Some mRNAs are more efficiently trans
lated than others, resulting in a denser packing 
of protective ribosomes. Whether or not there 
are additional pathways of mRNA degrada
tion is not known. No 5'�3' exonuclease has 
been found in E. coli, although one has been 
identified in Bacillus subtilis and some other 
bacterial species. So far, the bacterial species 
found to have the 5 '�3' exonuclease (RNase 
J) lack the endonuclease RNase E (the major 
degradative RNase in E. coli). This suggests there 
is at least one alternative mRNA decay path
way in bacteria. It is likely that the different 
endonucleases and exonucleases have distinct 
roles. A genome-wide study using microarrays 
looked at the steady-state levels of more than 
4000 mRNAs in cells mutant for RNase E or 
PNPase or other degradosome components. 
Many mRNA levels increased in the mutants, as 
expected for a decrease in degradation. Others, 
however, remained at the same level or even 

decreased. The half-lives of specific mRNAs 
can be altered by different cellular physiologi
cal states such as starvation or other forms 
of stress, and mechanisms for these changes 
remain mostly unknown. 

Most Eukaryotic mRNA 
Is Degraded via Two 
Deadenylation-Dependent 
Pathways 

Key concepts 

• The modifications at both ends of mRNA protect it 
against degradation by exonucleases. 

• The two major mRNA decay pathways are initiated 
by deadenylation catalyzed by poly(A) nucleases. 

• Deadenylation may be followed either by 
decapping and 5 '  to 3 '  exonuclease digestion, 
or by 3 '  to 5 '  exonuclease digestion. 

• The decapping enzyme competes with the 
translation initiation complex for 5 '  cap binding. 

• The exosome, which catalyzes 3 '  to 5 '  m RNA 
digestion, is a large, evolutionarily conserved 
complex. 

• Degradation may occur within discrete cytoplasmic 
particles called processing bodies (PBs). 

• A variety of particles containing translationally 
repressed mRNAs exist in different cell types. 

Eukaryotic mRNAs are protected from exo
nucleases by their modified ends (Figure 22 .1  ) .  
The 7 -methyl guanosine cap protects against 
5 '  attack; the poly(A) tail, in association 
with bound proteins, protects against 3 '  
attack. Exceptions are the histone mRNAs 
in mammals, which terminate in a stem
loop structure rather than a poly(A) tail. A 
sequence-independent endonuclease attack
the initiating mechanism used by bacteria-is 
rare or absent in eukaryotes. mRNA decay has 
been characterized most extensively in bud
ding yeast, although most findings apply to 
mammalian cells as well. 

Degradation of the vast majority of mRNAs 
is deadenylation dependent; that is, degrada
tion is initiated by breaching their protective 
poly(A) tail. The newly formed poly(A) tail 
(which is about 70-90 adenylate nucleotides 
in yeast and about 200 in mammals) is coated 
with poly(A)-binding proteins (PABP). The 
poly(A) tail is subject to gradual shortening 
upon entry into the cytoplasm, a process cata
lyzed by specific poly(A) nucleases (also called 
deadenylases). In both yeast and mammalian 
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FIGURE 22.6 The major deadenylation-dependent decay pathways in eukaryotes. Two pathways are initiated by deadenylation. In both, 
poly( A) is shortened by a poly{ A) nuclease until it reaches a length of about 10 A. Then an mRNA may be degraded by the 5 '  to 3'  pathway or 
by the 31  to 5 '  pathway. The 5 1  to 3 1 pathway involves decapping by Dcp and digestion by the Xrn1 exonuclease. The 3 '  to 5 '  pathway involves 
digestion by the exosome complex. 
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FIGURE 22.7 Use of a poly( G) sequence to determine direction of decay. A poly{ G) 
sequence, engineered into an mRNA, will block the progression of exonucleases 
in yeast. The 5 1  or 3 '  mRNA fragment resistant to degradation accumulates in 
the cell and can be identified by northern blot. 

cells, the poly(A) tail is initially shortened by 
the PAN2/3 complex, followed by a more rapid 
digestion of the remaining 60- to 80-A tail by 
a second complex, CCR4-NOT, which con
tains the processive exonuclease Ccr4 and at 
least eight other subunits. Remarkably, similar 
CCR4-NOT complexes are involved in a variety 
of other processes in gene expression, including 
transcriptional activation. It is thought to be a 
global regulator of gene expression, integrating 
transcription and mRNA degradation. Other 
poly(A) nucleases exist in both yeast and mam
malian cells, and the reason for this multiplicity 
is not yet clear. 

Two different mRNA degradation path
ways are initiated by poly(A) removal, illus
trated in FIGURE 22.6. In the first pathway 
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(Figure 22.6, left), digestion of the poly(A) tail 
down to oligo(A) length ( -10  to 12 A) triggers 
decapping at the 5 1  end of the mRNA. Decap
pingis catalyzed by a decapping enzyme com
plex consisting of two proteins in yeast (Dcp 1 
and Dcp2) and their homologs plus additional 
proteins in mammals. Decapping yields a 5 '  

monophosphorylated RNA end (the substrate 
for the 5 '  to 3 '  processive exonuclease Xrn 1), 
which rapidly digests the mRNA. In fact this 
digestion is so fast that intermediates could not 
be identified until investigators discovered that 
a stretch of guanosine nucleotides (poly[G]) 
could block Xrn 1 progression in yeast. As illus
trated in FIGURE 22.7, they engineered mRNAs 
to contain an internal poly(G) tract and found 
that the oligoadenylated 3 1  end of the mRNAs 
accumulated. This result showed: ( 1 )  that 5 1  to 
3 '  exonuclease digestion is the primary route 
of decay, and (2) that decapping precedes com
plete removal of the poly(A) tail. 

The cap is normally resistant to decapping 
during active translation because it is bound 
by the cytoplasmic cap-binding protein, a 
component of the eukaryotic initiation factor 
4F (eiF4F) complex required for translation 
(described in the chapter titled Trmzslatio11). 
Thus, the translation and decapping machin
eries compete for the cap. How does dead
enylation at the 3'  end of the mRNA render 
the cap susceptible? Translation is known 



to involve a physical interaction between 
bound PABP at the 3'  end and the eiF4F 
complex at the 5 '  end. Release of PABP by 
deadenylation is thought to destabilize the 
eiF4F-cap interaction, leaving the cap more 
frequently exposed. The mechanism is not 
this simple, though, because additional pro
teins are known to be involved the decapping 
event. A complex of seven related proteins, 
Lsm 1-7, binds to the oligo(A) tract after loss 
of PABP and is required for decapping. Fur
thermore, a number of decapping enhancers 
have been discovered. The mechanisms by 
which these proteins stimulate decapping are 
not fully understood, although they appear to 
act either by recruiting/stimulating the decap
ping machinery or by inhibiting translation. 

In the second pathway (Figure 22.6, right), 
deadenylation to oligo(A) is followed by 3 '  to 
5 '  exonuclease digestion of the body of the 
mRNA. This degradation step is catalyzed by 
the exosome, a ring-shaped complex consist
ing of a nine-subunit core with one or more 
additional proteins attached to its surface. A 
recent report showed that the exosome also 
has endonuclease activity, and the func
tion of this activity in mRNA decay remains 
unknown. The exosome exists in similar form 
in archaea, and is also analogous to the bacte
rial degradosome in that its core subunits are 
structurally related to PNPase. Thus, the exo
some is an ancient piece of molecular machin
ery. The exosome also plays an important 
role in the nucleus, described in the section 
in this chapter titled Newly Sy11thesized RNAs 
Are Checked for Defects via a Nuclear Surveillance 
System. 

The relative importance of each mecha
nism isn't known, although in yeast, the 
deadenylation -dependent decapping pathway 
seems to predominate. The pathways are at 
least partially redundant. Hundreds of yeast 
mRNAs were examined by microarray analy
sis in cells in which either the 5 '  to 3'  or 3 '  
to 5 '  pathway was inactivated. In either case, 
only a small percentage of transcripts increase 
in abundance relative to wild-type cells. This 
finding suggests that few yeast mRNAs have a 
requirement for one or the other pathway. It 
has been proposed that these deadenylation
dependent pathways represent the default 
degradation pathways for all polyadenylated 
mRNAs, though subsets ofmRNAs can be tar
gets for other specialized pathways, described 
in the next section in this chapter titled Other 
Degradation Pathways Target Specific mRN As. Even 

those mRNAs that are degraded by the default 
pathways, however, are degraded at different 
mRNA -specific rates. 

1m Other Degradation 
Pathways Target 
Specific mRNAs 

Key concepts 

• Four additional degradation pathways involve 
regulated degradation of specific m RNAs. 

• Deadenylation-independent decapping proceeds in 
the presence of a long poly( A) tail. 

• The degradation of the nonpolyadenylated 
histone mRNAs is initiated by 3 '  addition of a 
poly(U) tail. 

• Degradation of some mRNAs may be initiated 
by sequence-specific or structure-specific 
endonucleolytic cleavage. 

• An unknown number of mRNAs are targeted for deg
radation or translational repression by microRNAs. 

Four other pathways for mRNA degradation 
have been described. FIGURES 22.8 and 22.9 sum
marize these, along with the two major path
ways. These pathways are specific for subsets 
of mRNAs, and typically involve regulated deg
radation events. 

One pathway involves deadenylation
independent decapping; that is, decapping 
proceeds in the presence of a still long poly(A) 
tail. Decapping is then followed by Xrn 1 
digestion. Bypassing the deadenylation step 
requires a mechanism to recruit the decap
ping machinery and inhibit eiF4F binding 
withoutthe help ofthe Lsm1-7 complex. One 
of the mRNAs degraded by this pathway is 
RPS28B mRNA, which encodes the ribosomal 
protein S28 and has an interesting autoregu
lation mechanism. A stem-loop in its 3 '  UTR 
is involved in recruiting a known decapping 
enhancer. The recruitment occurs only when 
the stem-loop is bound by 528 protein. Thus, 
an excess of free S28 in the cell will cause the 
accelerated decay of its mRNA. 

A second specialized pathway is used 
to degrade the cell cycle-regulated hi stone 
mRNAs in mammalian cells. These mRNAs are 
responsible for synthesis of the huge number 
of histone proteins needed during DNA repli
cation. They accumulate only during S-phase 
and are rapidly degraded at its end. The non
polyadenylated histone mRNAs terminate in 
a stem-loop structure similar to that of many 
bacterial mRNAs. Their mode of degradation 
has striking similarities to bacterial mRNA 
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FIGURE 22.8 Other decay pathways in eukaryotic cells. The initiating event for each pathway is 
illustrated. {A) Some mRNAs may be decapped before deadenylation occurs. (B) Histone mRNAs 
receive a short poly(U) tail to become a decay substrate. (C) Degradation of some mRNAs can 
be initiated by a sequence-specific endonucleolytic cut. {D) Some mRNAs can be targeted for 
degradation or translational silencing by complementary guide miRNAs. 

decay. A polymerase, structurally similar 
to the bacterial poly(A) polymerase, adds a 
short poly(U) tail instead of a poly(A) tail. This 
short tail serves as a platform for the Lsml-7 
complex and/or the exosome, activating the 
standard decay pathways. This mode of deg-

radation provides an important evolutionary 
link between mRNA decay systems in prokary
otes and eukaryotes. 

A third pathway is initiated by sequence
or structure-specific endonucleotic cleavage. 
The cleavage is followed by 5 '  to 3'  and 3'  

Pathway Initiating event Secondary step(s) Substrates 

Deadenylation- Deadenylation Oligo(A) binding by Lsm complex Probably most 
dependent 5' to 3' to oligo(A) Decapping polyadenylated 
digestion 5' to 3' exonuclease digestion by mRNAs 

XRN1 
Deadenylation- Deadenylation 3' to 5' exonuclease digestion by Probably most 
dependent 3' to 5' to oligo(A) exosome polyadenylated 
digestion mRNAs 
Deadenylation- Decapping 5' to 3' exonuclease digestion Few specific mRNAs 
independent 
decapping 
Endonucleolytic Endonuclease 5' to 3' and 3' to 5' exonuclease Few specific mRNAs 
pathway cleavage digestion 
Histone mRNA Oligouridylation Oligo(U) binding by Lsm complex Histone mRNAs in 
pathway Decapping and 5' to 3' exonuclease mammals 

digestion by XRN1 
3' to 5' digestion by exosome 

miRNA pathway Base pairing Endonucleolytic cleavage or Many mRNAs 
with miRNA in translational repression (extent unknown) 
RISC 

FIGURE 22.9 Table summarizing key elements of mRNA decay pathways in eukaryotic cells. 
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to 5 '  digestion of the fragments, and a scav
enging decapping enzyme, different from the 
Dcp complex, can remove the cap. Several 
endonucleases that cleave specific target sites 
in mRNAs have been identified. One interest
ing case is the targeted cleavage of yeast CLB2 
(cyclin 82) mRNA, which occurs only at the end 
of mitosis. The endonuclease that catalyzes the 
cleavage, RNase MRP, is restricted to the nucle
olus and mitochondria for most of the cell cycle, 
where it is involved in RNA processing but is 
transported to the cytoplasm in late mitosis. 

The fourth, and most important, pathway is 
the micro RNA (miRNA) pathway. This path
way usually leads directly to endonucleolytic 
cleavage of mRNA in plants; in animal cells it 
directs targeted deadenylation -dependentdeg
radation and, more commonly, translational 
repression. MicroRNAs are short (about 22 nt) 
RNAs derived from transcribed miRNA genes 
and are generated by cleavage from longer pre
cursor RNAs. In all cases, an mRNA is targeted 
for silencing by the base pairing of the short 
complementary miRNAs presented in the con
text of a protein complex called RISC (RNA
induced silencing complex ). Thus, the silencing 
of target mRNAs is controlled by regulated tran
scription of the miRNA genes. The details of 
this mechanism are described in the Regulatory 

RNA chapter. 
The significance of this newly described 

pathway to total mRNA decay is substantial. 
At least 1000 miRNAs are predicted to func
tion in humans. By identification of conserved 
complementary target sites in the vertebrate 
transcriptome, it has been estimated that 50% 

of all mRNAs could be regulated by miRNAs. 
Potentially regulated mRNAs often contain 
multiple target sites in their 3 '  UTRs. Mutation 
of miRNA target sites is likely to explain many 
genetic disease alleles, and dysregulation of 
miRNA has already been associated with hun
dreds of diseases. 

An integrated model of mRNA degrada
tion has been proposed. This model suggests 
that the deadenylation-dependent decay 
pathways represent the default systems for 
degrading all polyadenylated mRNAs. The 
rate of deadenylation and/or other steps in 
degradation by these pathways can be con
trolled by cis-acting elements in each mRNA 
and tra11s-acting factors present in the cell. 
Superimposed on the default system are the 
mRNA decay pathways described earlier for 
targeting specific mRNAs. 

mRNA-Specific Half
Lives Are Controlled by 
Sequences or Structures 
Within the mRNA 

Key concepts 

• Specific cis-ele ments in an m RNA affect its rate of 
degradation. 

• Destabilizing elements (DEs) can accelerate mRNA 
decay, while stabilizing elements (SEs) can reduce it. 

• AU-rich elements (AREs) are common destabilizing 
elements in mammals and are bound by a variety 
of proteins. 

• Some DE-binding proteins interact with com po
nents of the decay machinery and probably recruit 
them for degradation. 

• Stabilizing elements occur on some highly stable 
mRNAs. 

• mRNA degradation rates can be altered in response 
to a variety of signals. 

What accounts for the large range of half-lives 
of different mRNAs in the same cell? Specific cis
elements within an mRNA are known to affect 
its stability. The most common location for such 
elements is within the 3 '  UTR, although they 
exist elsewhere. Whole genome studies have 
revealed many highly conserved 3' UTR motifs, 
but their roles remain mostly unknown. Many 
are likely to be target sites for miRNA base pair
ing. Others are binding sites for RBPs, some of 
which have known functions in stability. Rates 
of deadenylation can vary widely for different 
mRNAs, and sequences that affect this rate have 
been described. 

Destabilizing elements (DEs) have been 
the most widely studied. The criterion for defin
ing a destabilizing sequence element is that its 
introduction into a more stable mRNA accel
erates its degradation. Removal of an element 
from an mRNA does not necessarily stabilize 
it, indicating that an individual mRNA can 
have more than one destabilizing element. 
To complicate their identification further, the 
presence of a DE does not guarantee a short 
half-life under all conditions, because other 
sequence elements in the mRNA can modify 
its effectiveness. 

The most well studied type of DE is the 
AU-rich element (ARE), found in the 3 '  UTR 
of up to 8% of mammalian mRNAs. AREs are 
heterogeneous, and a number of subtypes have 
been characterized. One type consists of the 
pentamer sequence AUUUA present once or 
repeated multiple times in different sequence 
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contexts. Another type does not contain 
AUUUA and is predominantly U-rich. A large 
number of ARE-binding proteins with specific
ity for certain ARE types and/or cell types have 
been identified. How do AREs work to stimulate 
rapid degradation? Many ARE-bindingproteins 
have been found to interact with one or more 
components of the degradation machinery, 
including the exosome, deadenylases, and 
decapping enzyme, suggesting that they act by 
recruiting the degradation machinery. The exo
some can bind some AREs directly. The AREs 
of a number of mRNAs have been shown to 
accelerate the deadenylation step of decay, 
although it is not likely that they all work this 
way. Another way they might act is by facili
tating efficient engagement of the mRNA into 
processing bodies. 

Many AU-rich DEs and other kinds of 
destabilizing elements have been identified in 
the mRNAs of budding yeast and other model 
organisms. For example, the previously men
tioned Puf proteins of yeast bind to specific 
UG-rich elements and accelerate the degrada
tion oftarget mRNAs. In this case, the destabi
lizing mechanism is accelerated deadenylation 
by recruitment of the CCR4-NOT deadenyl
ase. A genomics analysis of yeast 3 '  UTRs has 
identified 53 sequence elements that correlate 
with the half-lives of mRNAs containing them, 
suggesting the number of different destabiliz
ing elements may be large. FIGURE 22.10 sum
marizes the known actions of destabilizing 
elements. 
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FIGURE 22.10 Mechanisms by which destabilizing elements (DEs) and stabilizing 
elements (SEs) function. Effects of DEs and SEs on mRNA stability are mediated 
primarily through the proteins that bind to them. One exception is a DE that acts 
as an endonuclease target site. 
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Stabilizing elements (SEs) have been 
identified in a few unusually stable mRNAs. 
Three mRNAs studied in mammalian cells have 
stabilizing pyrimidine-rich sequences in their 
3 '  UTRs. Proteins that bind to this element in 
globin mRNA have been shown to interact with 
PABP, suggesting they might function to pro
tect the poly(A) tail from degradation. In some 
cases, an mRNA can be stabilized by inhibition 
of its DE. For example, certain ARE-binding 
proteins act to prevent the ARE from destabi
lizing the mRNA, presumably by blocking the 
ARE-binding site. An example of regulated 
mRNA stabilization occurs for the mammalian 
transferrin mRNA. It is stabilized when its 3 '  
UTR iron-response element (IRE), consisting 
of multiple stem-loop structures, is bound by a 
specific protein, as shown in FIGURE 22.11. The 
affinity of the IRE-binding protein for the IRE 
is altered by iron binding, exhibiting low affin
ity when its iron-binding site is full and high 
affinity when it is not. When the cellular iron 
concentration is low, more transferrin is needed 
to import iron from the bloodstream, and under 
these conditions the transferrin mRNA is sta
bilized. The IRE-binding protein stabilizes the 
mRNA by inhibiting the function of destabiliz
ing sequences in the vicinity. Interestingly, the 
same IRE-binding protein also binds an IRE in 
ferritin mRNA and regulates this mRNA in a 
very different way. Ferritin is an iron-binding 
protein that sequesters excess cellular iron. The 
IRE-binding protein binds IRE stem-loops in 
the 5 '  UTR of ferritin when iron is low, and 
blocks the interaction of the cap-binding com
plex with ferritin mRNA. Thus, translation of 
ferritin mRNA is prevented when cellular iron 
levels are low-the conditions under which 
transferrin mRNA is stabilized and translated. 

Many cis element-binding proteins are 
subject to modifications that are likely to affect 
their function, including phosphorylations, 
methylations, conformational changes due 
to effector binding, and isomerizations. Such 
modifications may be responsible for changes 
in mRNA degradation rates induced by cellular 
signals. mRNA decay can be altered in response 
to a wide variety of environmental and internal 
stimuli, including cell cycle progression, cell dif
ferentiation, hormones, nutrient supply, and 
viral infection. Microarray studies have shown 
that almost 50% of changes in mRNA levels 
stimulated by cellular signals are due to mRNA 
stabilization or destabilization events, not to 
transcriptional changes. How these changes are 
effected remains largely unknown. 
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FIGURE 22.11 Regulation of transferring mRNA stability by iron (Fe) 
levels. The IRE in the 3'  UTR is the binding site for a protein that stabilizes 
the mRNA. The IRE-binding protein is sensitive to iron levels in the cell, 
binding to the IRE only when iron is low. 

fDI Newly Synthesized RNAs 
Are Checked for Defects 
via a Nuclear Surveillance 
System 

Key concepts 
• Aberrant nuclear RNAs are identified and 

destroyed by a surveillance system. 
• The nuclear exosome functions both in the 

processing of normal substrate RNAs and in the 
destruction of aberrant RNAs. 

• The yeast TRAMP complex recruits the exosome 
to aberrant RNAs and facilitates its 3'  to 
5 '  exonuclease activity. 

• Substrates for TRAMP-exosome degradation 
include unspliced or aberrantly spliced pre-mRNAs 
and improperly terminated RNA Pol II transcripts 
lacking a poly(A) tail. 

• The majority of RNA Pol II transcripts may be 
cryptic unstable transcripts (CUTs) that are rapidly 
destroyed in the nucleus. 

All newly synthesized RNAs are subject to 
multiple processing steps after they are tran
scribed (see the chapter titled RNA Splicing 
and Processhzg). At each step, errors may be 
made. While DNA errors are repaired by a vari
ety of repair systems (see the chapter titled 
Repair Systems), detectable errors in RNA are 
dealt with by destroying the defective RNA. 
RNA surveillance systems exist in both 
the nucleus and cytoplasm to handle differ
ent kinds of problems. Surveillance involves 
two kinds of activities: one to identify and tag 
the aberrant substrate RNA and another to 
destroy it. 

The destroyer is the nuclear exosome. The 
nuclear exosome core is almost identical to 
the cytoplasmic exosome, though it interacts 

with different protein cofactors. It removes 
nucleotides from targeted RNAs by 3 '  to 5 '  
exonuclease activity. The nuclear exosome 
has multiple functions involving RNA pro
cessing of some noncoding RNA transcripts 
(snRNA, snoRNA, and rRNA) and complete 
degradation of aberrant transcripts. The exo
some is recruited to its processing substrates 
by protein complexes that recognize specific 
RNA sequences or RNA/RNP structures. For 
example, Nrd l-Nab3 is a sequence-specific 
protein dimer that recruits the exosome to 
normal sn/snoRNA processing substrates. This 
protein pair binds to GUA[A-G] and UCUU ele
ments, respectively. The Nrdl -Nab3 cofactor 
is also involved in transcription termination 
ofthese nonpolyadenylated Pol II-transcribed 
RNAs, suggesting that the processing exosome 
may be recruited directly to the site of their 
synthesis. 

Aberrantly processed, modified, or mis
folded RNAs require other protein cofactors 
for identification and exosome recruitment. 
The major nuclear complex performing this 
function in yeast is called TRAMP (an acro
nym for the component proteins), and i t  
exists in at least two forms differing in the 
type of poly(A) polymerase present. The 
TRAMP complex acts in several ways to effect 
degradation: 

l .  It interacts directly with the exosome, 
stimulating its exonuclease activity. 

2 .  It includes a helicase, which is probably 
required to unwind secondary structure 
and/or move RNA-binding proteins 
from structured RNP substrates during 
degradation. 

3 .  It adds a short 3 '  oligo (A) tail to target 
substrates. The oligo(A) tail is thought 
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FIGURE 22.12 The role ofTRAMP and the exosome in degrading aberrant nuclear 
RNAs. Defective RNPs are tagged by protein cofactors, which then recruit the 
nuclear exosome. The cofactor in yeast cells is the complex TRAMP. The poly( A) 
polymerase (PAP, or Trf4) in TRAMP adds a short poly(A) tail to the 3 '  end of 
the targeted RNA. 

to make the targeted RNP a better sub
strate for the degradation machinery 
in the same way that the oligo(A) tail 
functions in bacteria. 

FIGURE 22.12 summarizes the roles of 
TRAMP and the exosome. It has become clear 
that RNA degradation in bacteria  and archaea 
and nuclear RNA degradation in eukaryotes are 
evolutionarily related processes. Their similar
ity suggests that the ancestral role of polyade
nylation was to facilitate RNA degradation, and 
that poly(A) was later adapted in eukaryotes for 
the oddly reverse function of stabilizing mRNAs 
in the cytoplasm. 

What are the substrates forTRAMP-exosome 
degradation? The TRAMP complex is remark
able in that it recognizes a wide variety of 
aberrant RNAs synthesized by all three tran
scribing polymerases. It is not known how 
this is accomplished given that the targeted 
RNAs share no recognizably common features. 
Some researchers favor a kinetic competition 
model, hypothesizing that RNAs that do not get 
processed and assembled into final RNP form hz 
a timely manner will become substrates for exo
some degradation. This mechanism avoids the 
need to posit specific recognition of innumer
able possible defects. 

What kinds of abnormalities condemn pre
mRNAs to nuclear destruction? Two kinds of 
substrate have been identified. One type is 
unspliced or aberrantly spliced pre-mRNAs. 
Components of the spliceosome retain such 
transcripts either until they are degraded by 
the exosome or until proper splicing is com
pleted if possible. It is thought that the kinetic 
competition model probably applies here, too. 
A pre-mRNA that is not efficiently spliced and 
packaged is at increased risk of being accessed 
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by the exosome degradation machinery. The 
basis for recognition of aberrantly spliced pre
mRNAs is not known. The second type of pre
mRNA substrate is one that has been improperly 
terminated, lacking a poly(A) tail. While poly
adenylation is protective in true mRNAs, it may 
actually be destabilizing for cryptic unstable 
transcripts (CUTs). These nonprotein-coding 
RNAs (also discussed in the Regulatory RNA 
chapter) are transcribed by RNA Pol II and do 
not encode recognizable genes; however, they 
frequently overlap with (and sometimes regu
late) protein-coding genes. These transcripts 
are polyadenylated by a component of the 
TRAMP complex (Trf4). They are distinguished 
from other transcripts of unknown function 
by their extreme instability, normally being 
degraded by the TRAMP-exosome complex 
immediately after synthesis, possibly targeted 
by the Trf4-dependent polyadenylation. In fact, 
the existence of these transcripts was first con
vincingly demonstrated in yeast strains with 
impaired nuclear RNA degradation. More than 
three-quarters of RNA Pol II transcripts may be 
comprised of noncoding RNAs and be subject 
to rapid degradation by the exosome! Some 
CUTs appear to arise from spurious transcrip
tion initiation, and the short-lived RNA prod
ucts themselves typically do not appear to have 
a function (i.e., these RNAs do not typically 
act in trans). There are, however, examples in 
which there is a role for the transcription pro
cess itself in regulating nearby or overlapping 
coding genes (one example is described in the 
Regulatory RNA chapter). 

liD Quality Control of 
mRNA Translation Is 
Performed by Cytoplasmic 
Surveillance Systems 

Key concepts 
• Nonsense-mediated decay (NMD) targets mRNAs 

with premature stop codons. 
• Targeting of NMD substrates requires a conserved 

set of UPF and SMG proteins. 
• Recognition of a termination codon as premature 

involves unusual 3 '  UTR structure or length in 
many organisms and the presence of downstream 
exon junction complexes (EJC) in mammals. 

• Nonstop decay (NSD) targets mRNAs lacking an in
frame termination codon and requires a conserved 
set of SKI proteins. 

• No-go decay {NGD) targets mRNAs with stalled 
ribosomes in their coding regions. 
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ribosome 

NSD 

NGD 

FIGURE 22.13 Substrates for cytoplasmic surveillance systems. Nonsense-mediated 
decay (NMD) degrades mRNAs with a premature termination codon (PTC) positioned 
ahead of its normal termination codon (TC). Nonstop decay (NSD) degrades mRNAs 
lacking an in-frame termination codon. No-go decay (NGD) degrades mRNAs having a 
ribosome stalled in the coding region. 

Some kinds of mRNA defects can be assessed 
only during translation. Surveillance systems 
have evolved to detect three types of mRNA 
defects that threaten translational fidelity and 
to target the defective mRNAs for rapid degra · 
dation. FIGURE 22.13 shows the substrates for 
each of these three systems. All three systems 
involve abnormal translation termination 
events, so it is useful to review what happens 
during normal termination (see the Tra11slation 
chapter for a more detailed description). When 
a translating ribosome reaches the termination 
(stop) codon, a pair of release factors (eRF1 
and eRF2 in eukaryotes) enters the ribosomal A 
site, which is normally filled by incoming tRNAs 
during elongation. The release factor complex 
mediates the release of the completed polypep · 
tide, followed by the mRNA, remaining tRNA, 
and ribosomal subunits. 

Nonsense-mediated decay (NMD) 
targets mRNAs containing a premature ter
mination codon (PTC}. Its name comes from 
"nonsense mutation," which is only one way 
that mRNAs with a PTC can be generated. 
Genes without nonsense mutations can give 
rise to aberrant transcripts containing a PTC 
by ( 1 )  RNA polymerase error or (2) incom
plete, incorrect, or alternative splicing. It has 
been estimated that almost half of alternatively 
spliced pre-mRNAs generate at least one form 

with PTC. About 30% of known disease-causing 
alleles probably encode an mRNA with a PTC. 
An mRNA with a PTC will produce C-tenninal 
truncated polypeptides, which are considered 
to be particularly toxic to a cell due to their 
tendency to trap multiple binding partners in 
nonfunctional complexes. The NMD pathway 
has been found in all eukaryotes. 

Targeting of PTC-containing mRNAs 
requires translation and a conserved set of pro· 
tein factors. They include three Upf proteins 
(Upfl, Upf2, and Upf3), and four additional 
proteins (Smg1, -5, -6, and -7). Upfl is the first 
NMD protein to act, binding to the terminating 
ribosome-specifically to its release factor com· 
plex. UPF attachment tags the mRNA for rapid 
decay. The specific roles oft he NMD factors have 
not yet been defined, although phosphoryla
tion of ribosome-bound Upfl by Smg 1 is critical. 
Their combined actions condemn the mRNA 
to the general decay machinery and stimulate 
rapid deadenylation. The target mRNAs are 
degraded by both 5 '  to 3'  and 3'  to 5'  pathways. 

How are PTCs distinguished from the nor
mal termination codon further downstream? 
The mechanism has been studied extensively 
both in yeast and in mammalian cells, where 
it is somewhat different; these mechanisms 
are illustrated in FIGURE 22.14. The major sig· 
nal that identifies a PTC in mammalian cells is 
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FIGURE 22.14 Two mechanisms by which a termination codon is recognized as premature. {A) 
In mammals, the presence of an EJC downstream of a termination codon targets the mRNA for 
NM D. {B) In probably all eukaryotes, an abnormally long 3 '  UTR is recognized by the distance 
between the termination codon and the poly(A)-PABP complex. In either case, the Upfl protein 
binds to the terminating ribosome to trigger decay. 

the presence of a splice junction, marked by an 
exon junction complex (EJC) downstream of 
the premature termination codon. The majority 
of genes i11 higher eukaryotes do not have an 
intron interrupting the 3' UTR, so authenticter
mination codons are not generally followed by 
a splice junction. During the pioneer round of 
translation for a norma] mRNA, all EJCs occur 
within the coding region and are displaced by the 
transiting ribosome. During the pioneer round 
of translation for an NMD substTate, Upf2 and 
Upf3 proteins bind to the residual downstream 
EJC(s), targeting it for degradation. 

Most S. cerevisiae genes are not interrupted 
by introns at all, so the mechanism for PTC 
detection must be different. In this case an 
abnormally long 3 '  UTR is the warning sig11. 
This was demonstrated by the finding that 

No NMD 

ex tension of the 3 '  UTR of a normal mRNA 
could convert it into a substrate for NMD. A 
current model proposes that proper translation 
termination at a stop codon requires a signal 
from a nearby P ABP. Although 3 '  UTRs are 
highly variable in nucleotide length, the phys
ical distance between the termination codon 
and the poly(A} tail is not strictly a function 
of length because secondary structures and 
interactions between bound RBPs can compress 
the distance. The requirement for PABP was 
demonstrated in multiple organisms by teth
ering a PABP close to the PTC, as iJJustrated in 
FIGURE 22.15. The mRNA was no lm1ger targeted 
by NMD. PTC recognition also occurs indepen
dently of sp]idngin Drosophila, C. elegans, plants, 
and in some manm1alian mRNAs, suggesting 
the length and structure of the 3 '  UTR may 

Engineered 
binding site 

Tethered PABP 
Engineered 
PABP with 
new binding 
domain 

FIGURE 22.15 Effect of tethering a PABP near a premature termination codon. A PABP gene 
was altered to express a phage RNA-binding domain. Its binding site was engineered into a 
test NMD substrate gene. The tethered PABP prevented the usual rapid degradation of this 
mRNA by NMD. This method has many applications in molecular biology. 
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be critical for the normal process of translation 
termination in all eukaryotic organisms. 

Some nonnal mRNAs are targeted by NMD. 
These were identified by experiments in which 
Upfl levels were reduced, resulting in a subset 
of transcripts that increased in abundance. The 
list of normal NMD substrates includes mRNAs 
with especially long 3 '  UTRs, mRNAs encod
ing selenoproteins (which use the termination 
codon UGA as a selenocysteine codon), and 
an unknown number of alternatively spliced 
mRNAs. Not all targeted mRNAs are predicted 
to be NMD substrates based on our current 
understanding. NMD may turn out to be an 
important rapid decay pathway for a variety of 
short-lived mRNAs. 

Bacteria are also able to rapidly degrade 
mRNAs with premature termination codons. 
In the E. coli version ofNMD, the endonuclease 
RNase E cuts the mRNA in the region 3' to the 
PTC, which is in an abnormally unprotected 
state due to premature release of ribosomes. 
This mechanism probably does not require any 
additional means to distinguish a PTC from the 
correct termination codon and would also work 
for polycistronic mRNAs. 

Nonstop decay (NSD) targets mRNAs 
that lack an in -frame termination codon 
(middle panel in Figure 2 2 . I 3 ) .  Failure to 
terminate results in a ribosome translating 
into the poly(A) tail and probably stalling 
at the 3 '  end. Nonstop decay substrates are 
generated mainly by premature transcrip
tion termination and polyadenylation in the 
nucleus. Such prematurely polyadenylated 
transcripts are surprisingly common. Anal
ysis of random eDNA populations derived 
from yeast and human mRNAs suggests that 
5%-10% of polyadenylation events may 
occur at upstream "cryptic" sites that resem
ble an authentic polyadenylation signal. Tar
geting nonstop substrates involves a set of 
factors called the SKI proteins. The ribo
some is released from the mRNA by the action 
of Ski7. Ski7 has a GTPase domain similar 
to eEF3 and probably binds to the ribosome 
in the A-site to stimulate release. The subse
quent recruitment of the other SKI proteins 
and the exosome results in 3'  to 5 '  decay of 
the mRNA. Decay of nonstop substrates can 
also occur in the absence of Ski7, and pro
ceeds by decapping and 5 '  to 3 '  digestion. 
Susceptibility to decapping could be due to 
the pioneer ribosome displacing PABPs as it 
traverses the poly(A) tail. Rapid decay of non
stop substrates results not only in prevention 

of toxic polypeptides, but also liberation of 
trapped ribosomes. Interestingly, E. coli uses 
a specialized noncoding RNA (tmRNA) that 
acts like both a tRNA and an mRNA to res
cue ribosomes stalled on a nonstop mRNA. 
tmRNA directs the addition of a short peptide 
that targets the defective protein product for 
degradation, provides a stop codon to allow 
recycling of the ribosome, and targets degra
dation of the defective mRNA by RNAse R .  

No-go decay (NGD) targets mRNAs with 
ribosomes stalled in the coding region codon 
(bottom panel of Figure 22 . 13  ) . Transient or 
prolonged stalling can be caused by natural 
features of some mRNAs, including strong 
secondary structures and rarely used codons 
(whose cognate tRNAs are in low abundance). 
This newly discovered surveillance pathway 
has been studied only in yeast, and is the least 
understood of the three. Targeting of the mRNA 
involves recruitment of two proteins, Dom34 
and Hbsl,  which are homologous to eRFl and 
eRF3, respectively. mRNA degradation is ini
tiated by an endonucleoytic cut, and the 5 '  
and 3'  fragments are digested by the exosome 
and Xrn I .  Dom34 might be the endonuclease, 
as one of its domains is nuclease-like. Why 
would a normal mRNA have hard-to-translate 
sequences that might condemn it to rapid deg
radation? Such sequences can be thought of as 
another kind of destabilizing element. Evolu
tionary retention of impediments to efficient 
translation suggests that they serve an impor
tant function in controlling the half-life of these 
mRNAs. 

Translationally Silenced 
mRNAs Are Sequestered 
in a Variety of RNA 
Granules 

Key concepts 
• RNA granules are formed by aggregation of transla

tionally silenced mRNA and many different proteins. 
• Germ cell granules and neuronal granules function 

in translational repression and transport. 
• Processing bodies (PBs) containing mRNA decay 

components are present in most or all cells. 
• Stress granules (SGs) accumulate in response to 

stress-induced inhibition of translation. 

The occurrence in germ cells and neurons of 
macroscopic, cytoplasmic particles containing 
mRNA has been known for many years. RNA 
granules were considered to be mRNA storage 
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structures unique to these specialized cell 
types. Recent studies have vastly expanded the 
known occurrence and probable roles of these 
and related granules. One similarity among all 
of the known RNA granules is that they har
bor untranslated mRNAs and about 50-IOO 
different proteins, depending on granule type. 
The protein components differ among granule 
types, though all granules contain sets of pro
teins that mediate aggregation. RNA granules 
form by aggregation of mRNPs and protein and 
are heterogeneous in size. 

Germ cell granules (also called maternal 
mRNA granules) are found in oocytes from a 
variety of organisms. These granules comprise 
collections of mRNAs that are held in a state 
of translational repression until they are acti
vated during subsequent development. Repres
sion is achieved by extensive deadenylation, 
and activation is achieved by polyadenylation. 
These granules also may carry mRNAs being 
transported to specific regions of this large cell 
(see the next section in this chapter, titled Some 
Eukaryotic mRN As Are Localized to Specific Regions 
of a Cell). Neuronal granules are similar to 
maternal mRNA granules in that they function 
in the translational repression and transport of 
specific mRNAs. These granules are essential 
for normal neuronal function. 

New studies suggest that at least some 
mRNA degradation occurs within discrete par
ticles throughout the cytoplasm of most or all 
cell types. These particles, called processing 
bodies (PBs), are the only granule type that 
contains proteins involved in mRNA decay, 
including the decapping machinery and Xrn I 
exonuclease. mRNAs silenced via RNAi and 
miRNA pathways are present in PBs. Poly(A}
binding proteins are not found in PBs, sug
gesting that deadenylation precedes mRNA 
localization into these structures. Processing 
bodies are dynamic, increasing and decreas
ing in size and number, and even disappear
ing, under different cellular and experimental 
conditions that affect translation and decay. For 
example, release of mRNAs from polysomes by 
a drug that inhibits translation initiation results 
in a large increase in PB number and size, as 
does slowing degradation by partial inactiva
tion of decay components. Not all resident 
mRNAs are doomed for destruction, though; 
some can be released for translation, but which 
ones and why they are freed is not yet clear. 
It is not known whether all mRNA degrada
tion normally occurs in these bodies, or even 
what function(s) they serve. One idea is that 
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concentrating powerful destructive enzymes 
in isolated locations renders mRNA degrada
tion more safe and efficient. Another is that 
they serve as temporary storage sites when 
the capacity of the decay and/or translation 
machinery is exceeded. 

Another mRNA-containing particle related 
to PBs is called a stress granule (SG). While 
PBs are constitutive, SGs only accumulate in 
response to stress-induced inhibition of trans
lation initiation (a response common to prob
ably all eukaryotic organisms). PBs and SGs 
share some, but not all, protein components. 
For example, SGs lack components of the 
RNA decay machinery, which PBs have, but 
include many translational initiation compo
nents, which PBs lack. Both types of particle 
can coexist in one cell, and the size and num
bers of both increase under stress conditions. 
mRNAs may be exchanged between the two 
types of particle. In the presence of polysome
stabilizing drugs, which trap mRNAs in a static 
state of translation, both PBs and SGs become 
smaller or disappear, suggesting that the gran
ule mRNAs are normally in a dynamic equi
librium with the population of mRNAs being 
translated.  SGs share many components with 
neuronal granules. Of particular interest is the 
fact that a number of shared RNA-binding pro
teins, known to be essential to SG formation, 
have been implicated in neuronal defects. 

Some Eukaryotic mRNAs 
Are Localized to Specific 
Regions of a Cell 

Key concepts 
• Localization of mRNAs serves diverse functions in 

single cells and developing embryos. 
• Three mechanisms for the localization of m RNA 

have been documented. 
• Localization requires cis-elements on the target 

mRNA and trans-factors to mediate the localization. 
• The predominant active transport mechanism 

involves the directed movement of mRNPs along 
cytoskeletal tracks. 

The cytoplasm is a crowded place occupied 
by a high concentration of proteins. It is not 
clear how freely polysomes can diffuse, and 
most mRNAs are probably translated in ran
dom locations that are determined by their 
point of entry into the cytoplasm and the dis
tance that they may have moved away from 
it. Some mRNAs are translated only at specific 



sites, though-their translation is repressed 
until they reach their destinations. There are 
more than 100 specific mRNAs whose regu
lated localization has been described, a number 
that certainly represents a small fraction of the 
total. mRNA localization serves a number of 
important functions in eukaryotic organisms 
of all types. Three key functions are illustrated 
in FIGURE 22.16, and are discussed as follows. 

l .  Localization of specific mRNAs in the 
oocytes of many animals serves to set 
up future patterns in the embryo (such 
as axis polarity) and to assign develop
mental fates to cells residing in differ
ent regions. These localized maternal 
mRNAs encode transcription factors 
or other proteins that regulate gene 
expression. In Drosophila oocytes, bicoid 
and 11anos mRNAs are localized to the 
anterior and posterior poles, respec
tively, and their translation following 
fertilization results in gradients of their 
protein products. The gradients are used 
by cells in early development for the 
specification of their anterior-posterior 
position in the embryo. Bicoid encodes a 
transcription factor and nanos encodes 
a translational repressor. Some local
ized mRNAs encode detenninants of cell 
fate. For example, oskar mRNA localizes 
in the posterior of the oocyte and initi
ates the process leading to development 
of primordial germ cells in the embryo. 

2 .  mRNA localization also plays a role 
in asymmetric cell divisions; that is, 
mitotic divisions that result in daughter 
cells that differ from one another. One 
way this is accomplished is by asym
metric segregation of cell fate deter
minants, which may be proteins and/ 
or the mRNAs that encode them. In 
Drosophila embryos, prospero mRNA and 
its product (a transcription factor) are 
localized to a region of the peripheral 
cortex of the embryo.  Later in develop
ment, oriented cell division of neuro
blasts ensures that only the outermost 
daughter cell receives prospero, commit
ting it to a ganglion mother-cell fate. 
Asymmetric cell division is also used by 
budding yeast to generate a daughter 
cell of a different mating type than the 
mother cell, an event described later in 
this section. 

3 .  mRNA localization in adult, differenti
ated cell types is a mechanism for the 
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FIGURE 22.16 Three main functions of m RNA localization. 

compartmentalization of the cell into 
specialized regions. Localization may 
be used to ensure that components of 
multiprotein complexes are synthe
sized in proximity to one another and 
that proteins targeted to organelles 
or specialized areas of cells are syn
thesized conveniently nearby. mRNA 
localization is particularly important 
for highly polarized cells such as neu
rons. While most mRNAs are trans
lated in the neuron cell body, many 
mRNAs are localized to its dendritic 
and axonal extensions. Among those 
is �-actin mRNA, whose product par
ticipates in dendrite and axon growth. 
�-actin mRNA localizes to sites of active 
movement in a wide variety of motile 
cell types. Interestingly, localization of 
mRNA at neuronal postsynaptic sites 
seems to be essential for modifica
tions accompanying learning. In glial 
cells, the myelin basic protein (MBP) 
mRNA, which encodes a component of 
the myelin sheath, is localized to a spe
cific myelin-synthesizing compartment. 
Plants localize mRNAs to the cortical 
region of cells and to regions of polar 
cell growth. 

In some cases, mRNA localization involves 
transport from one cell to another. Mater
nal mRNPs in Drosophila are synthesized and 
assembled in surrounding nurse cells and are 
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transferred to the developing oocyte through 
cytoplasmic canals. Plants can export RNAs 
through plasmodesmata and transport them for 
long dista.nces via the phloem vascular system. 
mRNAs are sometimes transported en masse in 
mRNP granules. The compositions of these 
granules are not yet well defined. 

Three mechanisms for the localization of 
mRNA have been well documented: 

• The mRNA is uniformly distributed but 
degraded at all sites except the site of 
translation. 

• The mRNA is freely diffusible but 
becomes tTapped at the site of translation. 

• The mRNA is actively transported to a 
site where it is translated .  

Active transport is the predominant mech
an ism for localization. Transport is achieved by 
translocation of motor proteins along cytoskel
etal tracks. All three molecular motor types 
are exploited: dyneins and kinesins, which 
travel along microtubules in opposite direc
tions, and myosins, which travel along actin 
fibers. This mode of localization requires at 
least four components: ( l )  cis-elements on the 
target mRNA, (2) trails-factors that directly 
or indirectly attach the mRNA to the correct 
motor protein, (3 )  trans-factors that repress 
translation, and (4) an anchoring system at 
the desired location. 

Only a few cis-elements, sometimes called 
zipcodes, have been characterized. They a.re 
diverse, include examples of both sequence 
and structural RNA elements, and can occur 
anywhere in the mRNA, though most are in 
the 3 '  UTR. Zipcodes have been difficult to 
identify, presumably because many consist of 
complex secondary and tertiary structures. A 
large number of trans-factors have been associ
a ted with localized mRNA transport and trans
lational repression, some of which are highly 
conserved in different organisms. For exan1-
ple, the double-stranded RNA-binding protein 
staufen is involved in localizing mRNAs in the 
oocytes of Drosophila and Xenopus, as well as 
the nervous systems of Drosophila, mammals, 
and probably worms and zebrafish. This multi
talented factor has multiple domains that can 
couple complexes to both actin- and microtu
bule-dependent transport pathways. Almost 
nothing is known about the fourth required 
component-anchoring mechanisms. Two 
examples of localization mechanisms are dis
cussed in the following paragraphs. 

The localization of 13-actin mRNA has been 
studied in cultmed fibroblasts and neurons. The 
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zipcode is a 54-nucleotide element in the 3 '  
UTR. Cotranscriptional binding of the zipcode 
element by the protein ZBPl is required for 
localization, suggesting this mRNA is conuuit
ted to localization before it is even processed 
and exported from the nucleus. Interestingly, 
13-actin mRNA localization is  dependent on 
intact actin fibers in fibroblasts and intact 
111icrotubules in neurons. 

Genetic analysis of ASHJ mRNA localiza
tion in yeast has provided the most complete 
pictme of a localization mechanism to date and 
is illustrated in FIGURE 22.17. During budding, 
the ASH 1 mRNA is localized to the developing 
bud tip, resulting in Ash 1 synthesis only in the 
newly formed daughter cell. Ash l is a tran
scriptional repressor that disallows expression 
of the HO endonudease, a protein required for 
mating-type switching (see the chapter titled 
Homologous and Site-Specific Recombi11atio11 ) .  The 
result is that mating-type switching occurs only 
in the mother cell. The ASHl mRNA has fom 
stem-loop localization elements in its coding 
region to which the protein She2 binds, prob
ably in the nucleus. The protein She3 serves 
as an adaptor, binding both to She2 and to 
the myosin motor protein Myo4 (also called 
She l ). A Pufprotein, Puf6, binds to the mRNA, 
repressing its tJan slation. The motor transports 
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FIGURE 22.17 Localization of ASH1 mRNA. Newly 
exported ASH1 mRNA is attached to the myosin motor 
Myo4 via a complex with the She2 and She3 proteins. 
The motor transports the mRNA along actin filaments to 
the developing bud. 



the ASH I mRNP along the polarized actin fibers 
that lead from the mother cell to the develop
ing bud. Additional proteins are required for 
proper localization and expression ofthe ASH I 
mRNA. More than 20 yeast mRNAs use the 
same localization pathway. 

Localization mechanisms that do not 
involve active transport have been clearly 
demonstrated for only a few localized mRNAs 
in oocytes and early embryos. The mecha
nism of local entrapment of diffusible mRNAs 
requires the participation of previously local
ized anchors, which have not been identified. 
In Drosophila oocytes, diffusing llanos mRNA 
is trapped at the posterior "germ plasm," a 
specialized region of the cytoplasm underly
ing the cortex. In Xenopus oocytes, mRNAs 
localized to the vegetal pole are first trapped 
in a somewhat mysterious, membrane-laden 
structure called the mitochondrial cloud (MC), 
which later migrates to the vegetal pole carry
ing mRNAs with it. The mechanism of local
ized mRNA stabilization has been described 
for an mRNA that also localizes to the poste
rior pole of the Drosophila embryo. Early in 
development, the hsp83 mRNA is uniformly 
distributed through the embryonic cytoplasm, 
but later it is degraded everywhere except at 
the pole. A protein called smaug is involved in 
destabilizing the majority of the hsp83 mRNAs, 
most likely by recruiting the CCR4-NOT com
plex . How the pole-localized mRNAs escape is 
not known. 

Summary 
Cellular RNAs are relatively unstable molecules 
due to the presence of cellular ribonucleases. 
Ribonucleases differ in mode of attack and are 
specialized for different RNA substrates. These 
RNA-degrading enzymes have many roles in 
a cell, including the decay of messenger RNA. 
The fact that mRNAs are short lived allows rapid 
adjustment of the spectrum of proteins synthe
sized by a cell by regulating gene transcription 
rates. Messenger RNAs of different sequence 
exhibit very different susceptibilities to nucle
ase action, with half-lives varying by IOO-fold 
or more. 

mRNA associates with a changing popu
lation of proteins during its nuclear matura
tion and cytoplasmic life. A very large number 
of RNA-binding proteins exist, most of which 
remain uncharacterized. Many proteins with 
nuclear roles are shed before or during mRNA 
export to the cytoplasm. Others accompany 

the mature mRNA and have cytoplasmic roles. 
mRNAs are associated with distinct, but over
lapping, sets of RNA-binding proteins (RBPs) 
with roles in translation, stability, and localiza
tion. The group of mRNAs that share a particu
lar type of RBP has been called an RNA regulon. 

Degradation of bacterial mRNAs is initi
ated by removal of a pyrophosphate from the 
5 '  terminus. This step triggers a cycle of endo
nucleolytic cleavages, followed by 3 '  to 5 '  exo
nucleolytic digestion of released fragments. The 
3 '  stem-loop on many mRNAs protects them 
from 3 '  attack. The 3 '  to 5 '  exonuclease activ
ity is facilitated by polyadenylation of 3' ends, 
forming a platform for the enzyme. The main 
proteins involved in mRNA degradation func
tion as a complex called the degradosome. 

Degradation of most eukaryotic mRNAs 
in yeast, and probably in mammals, requires 
deadenylation as the first step. Extensive short
ening of the poly(A) tail allows one of two 
degradation pathways to proceed. The 5 '  to 3' 
decay pathway involves decapping and 5 '  to 
3 '  exonuclease digestion. The 3 '  to 5 '  decay 
pathway is catalyzed by the exosome, a large 
exonuclease complex. Translation and decay by 
the 5 '  to 3 '  pathway are competing processes 
because the translation initiation complex and 
the decapping enzyme both bind to the cap. 
Particles called processing bodies (PBs) contain 
mRNAs and proteins involved in both decay 
and translational repression and are thought 
to be the sites of mRNA degradation. 

Four other pathways for mRNA degra
dation have been described that target spe
cific mRNAs. Each uses the same degradation 
machinery as the deadenylation-dependent 
pathways but is initiated differently. They are 
initiated by: ( I )  deadenylation-independent 
decapping, (2) addition of a 3 '  poly(U) tail, 
(3) sequence/ structure-specific endonucleolytic 
cleavage, and (4) base pairing of microRNAs. 

Differences in the characteristic half-lives 
of mRNAs are due to specific cis-elements 
within an mRNA. Destabilizing elements and 
stabilizing elements have been described. They 
are most commonly located in the 3 '  UTR and 
act by serving as binding sites for proteins or 
microRNAs. AU-rich elements (AREs) destabi
lize a large number of mRNAs in mammalian 
cells. Proteins that bind to destabilizing ele
ments probably act primarily by recruiting some 
component(s) of the degradation machinery. 
mRNA stability can be regulated in response 
to cellular signals by modification of binding 
proteins. 
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There are quality-control surveillance 
systems operating in both the nucleus and 
cytoplasm that target defective RNAs for deg
radation. In the nucleus, the exosome has a role 
in both processing of certain normal RNAs and 
destruction of abnormal ones. Defective RNAs 
are identified by a variety of exosome cofactors 
that then recruit the exosome. The major cofac
tor in yeast cells is the TRAMP complex, which 
has homologs in other eukaryotic organisms. 
RNA Pol II transcripts that are substrates for 
nuclear degradation include those that are not 
spliced correctly or lack normal poly(A) tails. 
The majority of RNA Pol II transcripts may be 
cryptic unstable transcripts (CUTs). 

A variety of mRNAs are targeted by cyto
plasmic surveillance systems. All three systems 
involve abnormal translation-termination 
events. Nonsense-mediated decay (NMD) 
targets mRNAs with premature termination 
codons. A conserved set of factors (the UPF 
and SMG proteins) are involved in identify
ing and committing an NMD substrate to the 
general decay machinery. A premature termi
nation codon is recognized during the pioneer 
round of translation by a downstream exon 
junction complex or by an unusually distant 
3 '  mRNA terminus. NMD also is involved in 
degrading certain normal unstable mRNAs. 
Nonstop decay (NSD) targets mRNAs lacking 
an in-frame termination codon and requires a 
conserved set of SKI proteins to force release 
of the trapped ribosome and recruit degrada
tion machinery. No-go decay (NGD) targets 
mRNAs with stalled ribosomes in their cod
ing regions, and causes ribosome release and 
degradation. 

Some mRNAs are localized to specific 
regions of cells and are not translated until their 
cellular destinations are reached. Localization 
requires cis-elements on the target mRNA and 
trans-factors to mediate the localization. Local
ization serves three main functions: 

l .  In oocytes, it serves to set up future 
patterns in the embryo and to assign 
developmental fates to cells residing in 
different regions. 

2 .  In cells that divide asymmetrically, it is a 
mechanism to segregate protein factors 
to only one of the daughter cells. 

3 .  In some cells, especially polarized cell 
types, it is a mechanism to establish sub
cellular compartments. Three mecha
nisms for localization are known: 
a. Degradation of the mRNA at all sites 

other than the target site 
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b. Selective anchoring of diffusing 
mRNA at the target site 

c. Directed transport of the mRNA on 
cytoskeletal tracks 

The latter is the most common method and 
exploits actin- and microtubule-based molecu
lar motors. 
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Catalytic RNA 

t.lll 
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tm 

CHAPTER OUTLINE J 
Introduction 

Group I Introns Undertake Self-Splicing by 

T ransesterification 

• The only factors required for autosplicing in vitro by 
group I introns are two metal ions and a guanosine 
nucleotide. 

• Splicing occurs by two transesterifications, without 
requiring input of energy. 

• The 3'-0H end of the guanosine cofactor attacks the 
5' end of the intron in the first transesterification. 

• The 3'-0H end generated at the end of the first exon 
attacks the junction between the intron and second 
exon in the second transesterification. 

• The intron is released as a linear molecule that circu
larizes when its 3'-0H terminus attacks a bond a t  one 
of two internal positions. 

• In Tetrahymena an internal bond of the excised 
intron can also be attacked by other nucleotides in a 
trans-splicing reaction. 

Group I Introns Form a Characteristic Secondary 
Structure 

• Group I introns form a secondary structure with nine 
duplex regions. 

t.ltt 

f.llt 

Edited by Douglas J. Briant 

• The cores of regions P3, P4, P6, and P7 have catalytic 
activity. 

• Regions P4 and P7 are both formed by pairing between 
conserved consensus sequences. 

• A sequence adjacent to P7 base pairs with the 
sequence that contains the reactive G. 

Ribozymes Have Various Catalytic Activities 

• By changing the substrate binding site of a group 
I intron, it is possible to introduce alternative 
sequences that interact with the reactive G. 

• The reactions follow classical enzyme kinetics with a 
low catalytic rate. 

• Reactions using 2'-0H bonds could have been the 
basis for evolving the original catalytic activities 
in RNA. 

Some Group I Introns Encode Endonucleases That 
Sponsor Mobility 

• Mobile introns are able to insert themselves into new 
sites. 

• Mobile group I introns encode an endonuclease that 
makes a double-strand break at a target site. 

• The intron transposes into the site of the 
double-strand break by a DNA-mediated replicative 
mechanism. 

647 



CHAPTER OUTLINE, CONTINUED J 
tm Group II lntrons May Encode Multifunction Proteins • When an enzyme strand is introduced into a cell, it 

can pair with a substrate strand target that is then 
cleaved. • Group II introns can autosplice in vitro but are usually 

assisted by protein activities encoded in the intron. 
• A single reading frame specifies a protein with 

reverse transcriptase activity, maturase activity, a 
DNA-binding motif, and a DNA endonuclease. 

I'Ml•l RNA Editing Occurs at Individual Bases 

• The endonuclease cleaves target DNA to allow insertion 
of the intron at a new site. 

• Apolipoprotein-8 and glutamate receptor mRNAs 
have site-specific deaminations catalyzed by cytidine 
and adenosine deaminases that change the coding 
sequence. 

• The reverse transcriptase generates a DNA copy of the 
inserted RNA intron sequence. 

I'MII RNA Editing Can Be Directed by Guide RNAs 

tDI Some Autosplicing lntrons Require Maturases 

• Autosplicing introns may require maturase activities 
encoded within the intron to assist folding into the 
active catalytic structure. 

tD:I The Catalytic Activity of RNase P Is Due to RNA 

• Ribonuclease P (RNase P) is a ribonucleoprotein in 
which the RNA has catalytic activity. 

• Extensive RNA editing in trypanosome mitochondria 
occurs by insertions or deletions of uridine. 

• The substrate RNA base pairs with a guide RNA on both 
sides of the region to be edited. 

• The guide RNA provides the template for addition (or 
less often, deletion) of uridines. 

• Editing is catalyzed by the editosome, a complex of 
endonuclease, exonuclease, terminal uridyltransferase 
activity, and RNA ligase. 

• RNase P is essential for bacteria, archaea, and eukaryotes. 
• RNase MRP in eukaryotes is related to RNase P and is 

involved in rRNA processing and degradation of cyclin 
B mRNA. 

I'Mt• Protein Splicing Is Autocatalytic 

tm Viroids Have Catalytic Activity 

• Viroids and virusoids form a hammerhead structure 
that has a self-cleaving activity. 

• An i ntei n has the ability to catalyze its own removal 
from a protein in such a way that the flanking exteins 
are connected. 

• Protein splicing is catalyzed by the intein. 
• Most i ntei ns have two independent activities: protein 

splicing and a homing endonuclease. 
• Similar structures can be generated by pairing a 

substrate strand that is cleaved by an enzyme strand. I'Md Summary 

Ill Introduction 
The idea that only proteins could possess enzy
matic activity was deeply rooted in early bio
chemistry. The rationale for the identification 
of enzymes with proteins resided in the view 
that only proteins, with their varied three
dimensional structures and variety of side
chain groups, had the flexibility to create the 
active sites that catalyze biochemical reactions. 
However, critical studies of systems involved in 
RNA processing have shown this view to be an 
oversimplification. 

The first examples of RNA-based catalysis 
were identified in the bacterial tRNA process
ing enzyme, ribonuclease P (RNase P), and 
self-splicing group I introns in RNA from Tetra
hymena thermophila. For their pioneering work 
on RNA catalysts, Sidney Altman and Thomas 
Cech were awarded the 1989 Nobel Prize in 
Chemistry. Since the initial discovery of catalytic 
RNA, several other types of catalytic reactions 
mediated by RNA have been identified. Impor
tantly, ribosomes, the RNA-protein complexes 
that manufacture peptides (see the Tra11slatio1Z 
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chapter), have been identified as ribozymes, with 
RNA acting as the catalytic component and pro
tein acting as a scaffold. 

Ribozyme has become a general term 
used to describe an RNA with catalytic activity, 
and it is possible to characterize the enzymatic 
activity in the same way as a more conven
tional enzyme. Some RNA catalytic activi
ties are directed against separate substrates 
(intermolecular), whereas others are intramo
lecular, which limits the catalytic action to a 
single cycle. 

The enzyme RNase P is a ribonucleo
protein that contains a single RNA molecule 
bound to a protein. RNase P functions inter
molecularly and is an example of a ribozyme 
that catalyzes multiple-turnover reactions. 
While originally identified in E. coli, RNase P 
is now known to be required for the viability 
of both prokaryotes and eukaryotes. The RNA 
possesses the ability to catalyze cleavage in a 
tRNA substrate, whereas the protein compo
nent plays an indirect role, probably to main
tain the structure of the catalytic RNA. 



The two classes of self-splicing introns, 
group I and group II, are good examples of 
ribozymes that function intramolecularly. Both 
group I and group II introns possess the abil
ity to splice themselves out of their respective 
pre-mRNAs. While under normal conditions 
the self-splicing reaction is intramolecular and 
therefore single-turnover, group I introns can 
be engineered to generate RNA molecules that 
have several other catalytic activities related to 
the original activity. 

The common theme of the reactions per
formed by catalytic RNA is that the RNA can 
perform an intramolecular or intermolecular 
reaction that involves cleavage or joining of 
phosphodiester bonds in vitro. Although the 
specificity of the reaction and the basic cata
lytic activity is provided by RNA, proteins 
associated with the RNA may be needed for 
the reaction to occur efficiently in vivo. 

RNA splicing is not the only means by 
which changes can be introduced in the 
informational content of RNA. In the process 
of RNA editing, changes are introduced at 
individual bases, or bases are added at particu
Jar positions within an mRNA. The insertion 
of bases (most commonly uridine residues) 
occurs for several genes in the mitochondria 
of certain unicellular/oligocellular eukaryotes. 
Like splicing, RNA editing involves the break
age and reunion of bonds between nucleo
tides, but also requires a template for encoding 
the information of the new sequence. 

Group I Introns 
Undertake Self-Splicing 
by Transesterification 

Key concepts 
• The only factors required for autosplicing in 

vitro by group I introns are two metal ions and a 
guanosine nucleotide. 

• Splicing occurs by two transesterifications, 
without requiring input of energy. 

• The 3'-0H end of the guanosine cofactor 
attacks the 5 '  end of the i ntron in the first 
tra nsesteri fi cation. 

• The 3'-0H end generated at the end of the first 
exon attacks the junction between the intron and 
second exon in the second transesterification. 

• The intron is released as a li near molecule that 
circularizes when its 3 '-OH terminus attacks a 
bond at one of two internal positions. 

• In Tetrahymena an internal bond of the excised 
i ntron can also be attacked by other nucleotides 
in a trans-splicing reaction. 

Group I introns are found in diverse species, and 
more than 2000 ofthese introns have been iden
tified to date. Unlike RNase P, group I introns are 
not essential for viability. Group I introns occur 
in the genes encoding rRNA in the nuclei of the 
unicellular/ oligocellular eukaryotes Tetrahymena 
thermophila (a ciliate) and Physarum polyceph
alum (a slime mold). They are common in the 
genes of fungi and protists, but occur rarely in 
prokaryotes and animals. Group I introns have 
an intrinsic ability to splice themselves. This is 
called autosplicing, or self-splicing. (This prop
erty also is found in the group II introns dis
cussed in the section later in this chapter titled 
Group II hztrons May Encode Multifunction Proteins.) 

Self-splicing was discovered as a prop
erty of the transcripts of the rRNA genes in 
T thermophila. The genes for the two major 
rRNAs follow the usual organization, in 
which both are expressed as part of a com
mon transcription unit. The product is a 355 
precursor RNA with the sequence of the small 
( 175) rRNA in the 5 '  part and the sequence of 
the larger (265) rRNA toward the 3 '  end. 

In some strains of T thermophila, the 
sequence encoding the 265 rRNA is inter
rupted by a single, shortintron. When the 355 
precursor RNA is incubated in vitro, splicing 
occurs as an autonomous reaction. The intron 
is excised from the precursor and accumu
lates as a linear fragment of 400 bases, which 
is subsequently converted to a circular RNA. 
These events are summarized in FIGURE 23.1. 

Exon 1 lntron 

Transcription 

Splicing 

Exon 2 

Gel electrophoresis 

------========+ ==== 

Cyclization 

0 
FIGURE 23.1 Splicing of the Tetrahymena 35S rRNA pre
cursor can be followed by gel electrophoresis. The removal 
of the intron is revealed by the appearance of a rapidly 
moving small band. When the intron becomes circular, it 
electrophoreses more slowly, as seen by a higher band. 
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5' 

The reaction requires two metal ions and 
a guanosine nucleotide cofactor. No other base 
can be substituted for G, but a triphosphate is 
not needed: GTP, GDP, GMP, and guanosine 
itself all can be used, so there is no net energy 
requirement. The guanosine nucleotide must 
have a 3'-0H group. 

The fate of the guanosine nucleotide can 
be followed by using a radioactive label. The 
radioactivity initially enters the excised lin
ear intron fragment. The G residue becomes 
linked to the 5 '  end of the linear intron by a 
normal phosphodiester bond. 

FIGURE 23.2 shows that three transfer reac
tions occur. In the first transfer, the guanosine 
nucleotide behaves as a cofactor providing a 
free 3 '-OH group that attacks the 5 '  end of the 
intron. This reaction creates the G-intron link 
and generates a Y -OH group at the end of the 
exon. The second transfer involves a similar 

First transfer 
3'-0H end of G attacks 
5' end of intron 

G-OH �� 
• 
• 
• 

Exon A "fp 

G,P 

lntron 
Exon B -p =:::::::====== 3' 

•P ==== A 

5' 3' 
pG-OH 

y 
pNpNpNpNpNpNpXpXpXpXpXpX 

pNpNpNpNpNpN-OH 

+ 

pGpXpXpXpXpXpX 

Second transfer 
+ • 

========·OH : 
• • 

3'-0H of exon A attacks 
5' end of exon B 

• • 
•• •• 

• • • • • • • • 

======= � P==== 
+ 

.A - OH 
G-P � + 

Third transfer 
3'-0H end of intron attacks 
bond 15  bases from 5' end 

FIGURE 23.2 Self-splicing occurs by transesterification reactions in which bonds 
are exchanged directly. The bonds that have been generated at each stage are 
indicated by the blue circles. 
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chemical reaction, in which the newly formed 
3'-0H at the end of exon A attacks exon B. 
The two transfers are connected; no free 
exons have been observed, so their ligation 
may occur as part of the same reaction that 
releases the intron. The intron is released as 
a linear molecule, but the third transfer reac
tion converts it to a circle. 

Each stage of the self-splicing reaction 
occurs by a transesterification, in which one 
phosphate ester is converted directly into 
another without any intermediary hydrolysis. 
Bonds are exchanged directly and energy is 
conserved, so the reaction does not require 
input of energy from hydrolysis of ATP or 
GTP. Each consecutive transesterification 
reaction involves no net change of energy. 
In the cell, the concentration of GTP is high 
relative to that of RNA and therefore drives 
the reaction forward whereupon a change in 
secondary structure in the RNA prevents the 
reverse reaction. This allows the reaction to 
proceed to completion instead of coming to an 
equilibrium between the spliced product and 
the nonspliced precursors. 

The ability to splice is intrinsic to the RNA 
and the system is able to proceed in vitro with
out addition of any protein components. The 
RNA forms a specific secondary/tertiary struc
ture in which the relevant groups are brought 
into juxtaposition so that a guanosine nucleo
tide can be bound to a specific site and then 
the bond breakage and reunion reactions 
shown in Figure 23.2 can occur. Although a 
property of the RNA itself, the reaction is very 
slow in vitro. This is because group I intron 
splicing is assisted in vivo by proteins that 
serve to stabilize the RNA structure in a favor
able conformation for splicing. 

The ability to engage in these transfer 
reactions resides with the sequence of the 
intron, which continues to be reactive after 
its excision as a linear molecule. FIGURE 23.3 
summarizes catalytic activities of the excised 
intron from Tetrahymena, with residue num
bers corresponding to that organism. 

The intron can circularize when the 3 1  
terminal G (flG) attacks an internal position 
near the 5' end. The internal bond is broken 
and the new 5' end is transferred to the 3'-0H 
end of the intron/ circularizing the intron. The 
previous 51 end with the original exogenous 
guanosine nucleotide (exoG) is released as a 
linear fragment (not shown). The circularized 
intron can be linearized by specifically hydro
lyzing the bond between .!1G and the internal 



residue that had closed the circle. This is called 
a reverse cyclization. Depending on the position 
of the primary cyclization, the linear molecule 
generated by hydrolysis remains reactive and 
can perform a secondary cyclization. 

The final product of the spontaneous 
reactions following release ol' the Tetrahymwa 
group I intron is the L-I9 RNA, a linear mol
ecule generated by reversing the shorter cir
cular form. This molecule has an enzymatic 
activity that allows it to catalyze the exten
sion of short oligonucleotides. The reactiv
ity of the released intron extends beyond 
merely reversing the cyclization reaction. 
Addition of the oligonucleotide UUU reopens 
the primary circle by reacting with the OG
internal nucleotide bond. The UUU (which 
resembles the 3'  end of the I 5 -mer released 
by the primary cyclization) becomes the 5' 
end of the linear molecule that is formed. This 
is an intermolecular reaction and thus dem
onstrates the ability to connect two different 
RNA molecules. 

This series of reactions demonstrates viv
idly that the autocatalytic activity reflects a 
generalized ability of the RNA molecule to 
form an active center that can bind guano
sine cofactors, recognize oligonucleotides, 
and bring together the reacting groups in a 
conformation that allows bonds to be broken 
and rejoined. Other group I introns have not 
been investigated in as much detail as the 
Tetrahymena intron, but their properties are 
generally similar. 

The autosplicing reaction is an intrinsic 
property of RNA in vitro, but many appear 
to require proteins i11 vivo. Some indications 
for the involvement of proteins are provided 
by mitochondrial systems, where splicing 
of group I introns requires the trans-acting 
products of other genes. One striking case is 
presented by the cyt18 mutant of Neurospora 
crassa, which is defective in splicing several 
mitochondrial group I introns. The product of 
this gene turns out to be the mitochondrial 
ryrosyl-tRNA synthetase. This is explained by 
the fact that the intron can take up a tRNA-Iike 
tertiary structure that is stabilized by the syn
thetase, thereby promoting the catalytic reac
tion. This relationship between the synthetase 
and splicing is consistent with the idea that 
splicing originated as an RNA-mediated reac
tion, subsequently assisted by RNA-binding 
proteins that originally had other functions. 
The iu vitro self-splicing ability may represent 
the basic biochemical interaction. The RNA 

3'-0H of G414 attacks pA 16 or pU20 

5'exoG .. UUUpA 16CCUpU20UG 5'exoG .. UUUpA 16CCUpU20UG 

t 

H20 � 

pA 15CCUpU20UG 

L-15 RNA 

Reverse cyclization 

Linearization 
products 

trans reaction 

uuu • 

L-19 RNA 

FIGURE 23.3 The excised intron can form circles by using either of two 
internal sites for reaction with the 5' end and can reopen the circles 
by reaction with water or oligonucleotides. 

structure creates the active site, but is able to 
function eHiciently in vivo only when assisted 
by a protein complex. 

Group I Introns Form a 
Characteristic Secondary 
Structure 

Key concepts 

• Group I introns form a secondary structure with 
nine duplex regions. 

• The cores of regions P3, P4, P6, and P7 have cata
lytic activity. 

• Regions P4 and P7 are both formed by pairing 
between conserved consensus sequences. 

• A sequence adjacent to P7 base pairs with the 
sequence that contains the reactive G. 
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FIGURE 23.4 Group I introns have a common secondary 
structure that is formed by nine base-paired regions. 

The sequences of regions P4 and P7 are conserved and 
identify the individual sequence elements P, Q, R, and 
S. P1 is created by pairing between the end of the left 
ex on  and the IGS of the intron; a region between P7 and 
P9 pairs with the 3 '  end of the intron. The intron core 
is shaded in gray. 

All group I introns can be organized into a char
acteristic secondary structure with nine heli
ces (Pl-P9). FIGURE 23.4 shows a model for the 
secondary structure of the Tetrahymena intron. 
While stmctural analyses were able to elucidate 
the secondary structure of the group I intron, it 
was not until the detennination of the crystal 
sn·ucture that the tertiary structure of the intron 
was revealed. Several crystal structures of group 
I introns have been solved and these confinn 
previous models of the secondary structure. Two 
of the base-paired regions are generated by pair
ing between conserved sequence elements that 
are common to group I introns. P4 is constructed 
from the sequences P and Q; P7 is formed from 
the sequences R and S. The other base-paired 
regions vary in sequence in individual introns. 
Mutational analysis identifies an int:ron "core" 
containing P3, P4, P6, and P7, which provides 
the minimal region that can undertake a cata
lytic reaction. The lengths of group I introns vary 
widely and the consensus sequences are located a 
considerable distance from the actual splice sites. 

Some of the pairing reactions are directly 
involved in bringing the splice sites into a con
formation that supports the enzymatic reac
tion. P I  includes the 3'  end of ex on l .  The 
sequence within the intron that pairs with 
the ex on is called the internal guide sequence 
(IGS). The name IGS reflects the fact that 
originally the region immediately 3'  to the IGS 
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sequence shown in Figure 23.4 was thought 
to pair with the 3 '  splice site, thus bringing 
the two jtmctions together. This interaction 
may occtu but does not seem to be essential. 
A very short sequence-sometimes as short as 
two bases-between P7 and P9 base pairs with 
the sequence that immediately precedes the 
reactive G (flG, position 414 in Tetrahymena) 
at the 3'  end of the intron. 

The importance of base pairing in creat
ing the necessary core structure in the RNA 
is emphasized by the properties of cis-acting 
mutations that prevent splicing of group I 
introns. Such mutations have been isolated for 
the mitochondrial introns through mutants 
that ca1mot remove an intron i11 vivo, and 
they have been isolated for the Tetrahyme11a 
intron by transferring the splidng reaction 
into a bacterial environment. The construct 
shown in FIGURE 23.5 allows the splicing reac
tion to be followed in E. coli. The self-splicing 
intron is placed at a location that interrupts 
the tenth codon of the 13-galactosidase coding 
sequence. The protein can therefore be suc
cessfully translated from an RNA only after 
the intron has been removed. The synthe
sis of 13-gaJactosidase by E. coli in this system 
indicates that splicing can occur in condi
tions quite unlike those prevailing in Tetra
hymma or even in vitro. While the group I 
intron from Tetrahymena can autosplice from 
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FIGURE 23.5 Placing the Tetrohymena intron within the 
13-galactosidase cadi ng sequence creates an assay for 
self-splicing in f. coli. Synthesis of 13-galactosidase can 
be tested by adding a compound that is turned blue by 
the enzyme. The sequence is carried by a bacteriophage, 
so the presence of blue plaques (containing infected bac
teria) indicates successful splicing. 



the �-galactosidase mRNA in E. coli, it is not 
clear whether or not the reaction is assisted by 
bacterial proteins. In this assay, mutations in 
the group I consensus sequences that disrupt 
their base pairing stop splicing and therefore 
prevent expression of �-galactosidase. The 
mutations can be reverted by compensating 
changes that restore base pairing. 

Mutations in the corresponding con
sensus sequences in mitochondrial group I 
introns have similar effects to those observed 
in Tetrahymwa. A mutation in one consensus 
sequence may be reverted by a mutation in 
the complementary consensus sequence to 
restore pairing; for example, mutations in the 
R consensus can be compensated by muta
tions in the S consensus. 

Together these results suggest that the group 
I splicing reaction depends on the fom1ation of 
secondary structure between pairs of consen
sus sequences within the intron. The principle 
established by this work is that sequences distant 

from the splice sites themselves are required to form the 

active site that makes self splicing possible. 

Ribozymes Have Various 
Catalytic Activities 

Key concepts 
• By changing the substrate binding site of a group 

I intron, it is possible to introduce alternative 
sequences that interact with the reactive G. 

• The reactions follow classical enzyme kinetics with 
a low catalytic rate. 

• Reactions using 2'-0H bonds could have been the 
basis for evolving the original catalytic activities 
in RNA. 

The catalytic activity of group I introns was dis
covered by virtue of their ability to autosplice, 
but they are able to undertake other catalytic 
reactions in vitro. All of these reactions are based 
on transesterifications. We analyze these reac
tions in terms of their relationship to the splic
ing reaction itself. 

The catalytic activity of a group I intron 
is conferred by its ability to generate partic
ular secondary and tertiary structures that 
create active sites that are equivalent to the 
active sites of conventional (proteinaceous) 
enzymes. FIGURE 23.6 illustrates the splicing 
reaction in terms ofthese sites (this is the same 
series of reactions shown in Figure 23.2) .  

The substrate-binding site is formed 
from the P 1 helix, in which the 3'  end of 
the first intron base pairs with the IGS. A 

guanosine-binding site is formed by sequences 
in P7. This site may be occupied either by a 
free exogenous guanosine nucleotide (exoG) 
or by the flG residue (position 414 in Tetra
hymena). In the first transfer reaction, the 
guanosine-binding site is occupied by free 
guanosine nucleotide. Following release of 
the intron it is occupied by flG. The second 
transfer releases the joined exons. The third 
transfer creates the circular intron. 

Binding to the substrate involves a change 
of conformation. Before substrate binding, 
the 5 '  end of the IGS is close to P2 and P8; 
after binding, when it forms the P 1 helix, it is 
close to conserved bases that lie between P4 
and P5.  The reaction is visualized by contacts 

Catalytic RNA has a guanosine-binding site and 
substrate-binding site -

--3' �414 
Guanosine-binding site -

5'-CUCUCU UUUACCU 
Substrate-binding site- C ;) I GGGAGG --' 

----- Includes A 16 and U20 

First transfer G-OH occupies G-binding site; 5' exon 
occupies substrate-binding site --- 3' �414 

G-OH 

5·- �-H�J.Sf:::> 

--- 3' 
�414 

5'- crJCDCU 
G

""'\ GT!lGAGG...J 

Second transfer G414 is in G-binding site; 5' exon is in 
substrate-binding site 

3' 

c.,.-.., 5'- CU G'\ IGGAGG ..J 

G 
- G, GGGAGG--' 

+ 
s·-cucucu 3' 

Third transfer G414 is in G-binding site; 5' end of intron 
is in substrate-binding site 

G � 

G -«JUO:ACCU, GGGAGGJ 

G 

GGG� 
G - UUUACCU 

FIGURE 23.6 Excision of the group I intron in Tetra
hymena rRNA occurs by successive reactions between 
the occupants of the guanosine-binding site and the 
substrate-binding site. The left exon is pink, and the 
right exon is purple. 
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Contacts found before substrate binding 

IGS 

Contacts found after substrate binding 

FIGURE 23.7 The position of the IGS in the tertiary struc
ture changes when P 1  is formed by substrate binding. 

that are detected in the secondary structure in 
FIGURE 23.7. In the tertiary structure, the two 
sites alternatively contacted by P l  are 37 A 
apart, which implies a substantial movement 
in the position of P l .  

Some further enzymatic reactions that 
Tetrahymwa group I introns can perform are 
characterized in FIGURE 23.8. The ribozyme can 
function as a sequence-specific endoribonu
clease by utilizing the ability ofthe IGS to bind 
complementary sequences. In this example, 
i t  binds an external substrate containing the 
sequence CUCU, instead ofbinding the analo
gous sequence that is usually contained at the 
end of the 5 '  exon. A guanosine-containing 
nucleotide is present in the G-binding site and 
attacks the CUCU sequence in precisely the 
same way that the exon is usually attacked 
in the first transfer reaction. This cleaves the 
target sequence into a 5 '  molecule that resem
bles the 5 '  ex on and a 3 '  molecule that bears a 
terminal G residue. 

By mutating the IGS element, it is possible 
to change the specificity of the ribozyme so 
that it recognizes sequences complementary 
to the new sequence at the IGS region. This 
alteration of the IGS to change the specificity 
of the substrate-binding site enables other 
RNA targets to be processed by the ribozyme, 
which can also be used to perform RNA-ligase 
reactions. An RNA terminating in a 3'-0H 
is bound in the substrate site and an RNA 
terminating in a 5 '-G residue is bound in the 
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FIGURE 23.8 Catalytic reactions of the ribozyme involve 
transesterifications between a group in the substrate
binding site and a group in the G-binding site. 

G-binding site. An attack by the hydroxyl on 
the phosphate bond connects the two RNA 
molecules, with the loss of the G residue. 

The phosphatase reaction is not directly 
related to the splicing transfer reactions. An ali
gonucleotide sequence that is complementary 
to the IGS and terminates in a 3'-phosphate 
can be attacked by the fiG. The phosphate is 
transferred to the .fl.G and an oligonucleotide 
with a free 3'-0H end is then released. The 
phosphate can then be transferred either to an 
oligonucleotide terminating in 3'-0H (effec
tively reversing the reaction), or even to water 
releasing inorganic phosphate and completing 
an authentic phosphatase reaction. 

The reactions catalyzed by RNA can be 
characterized in the same way as classical 
enzymatic reactions in tern1S of Michaelis
Menten kinetics. FIGURE 23.9 analyzes the 
reactions catalyzed by RNA. The Km values for 
RNA-catalyzed reactions are low and there
fore imply that the RNA can bind its substrate 
with high specificity. However, the turnover 
numbers (kca1) for RNA-catalyzed reactions 
are low, which reflects a low catalytic rate. 
Comparing the specificity constants (kca/Km) 



Enzyme Substrate Km (mM) kcat (min-1) kcatll<m (mM-1 min-1) 

19-base virusoid 24-base RNA 0.0006 0.5 8.3 X 102 

L-19 intron cccccc 0.04 1 .7  4.2 X 101 

RNase P RNA pre-lANA 0.00003 0.4 1 . 3  X 104 

RNase P complete pre-lANA 0.00003 29 9.7 X 105 

RNase T1 GpA 0.05 5700 1 . 1  X 105 

{3-galactosidase lactose 4.0 12, 500 3.2 X 103 

FIGURE 23.9 Reactions catalyzed by RNA have the same features as those catalyzed by proteins, although the rate is slower. 
The Km gives the concentration of substrate required for half-maximum velocity; this is an inverse measure of the affinity of 
the enzyme for substrate. The kcat gives the number of substrate molecules transformed in unit time by a single catalytic site. 

of ribozymes with enzymes in Figure 23.9 
reveals that enzymes and ribozymes are com
parable in terms of catalytic efficiency. 

A powerful extension of the activities of 
ribozymes has been made with the discovery 
that they can be regulated by ligands (see the 
Regulatory RNA chapter). These cis-acting reg
ulatory RNA regions are called riboswitches. 
In almost all riboswitches, a conformational 
change determines the on or off state of the 
switch. This conformational change then 
alters either transcriptional attenuation or 
translational initiation. One notable excep
tion is the glmS gene in Gram-positive bac
teria, which forms a self-cleaving ribozyme 
in the presence of glucosamine-6-phosphate 
(GlcN6P). FIGURE 23.10 summarizes the regula
tion of the glmS riboswitch (see the Regulatory 
RNA chapter). 

If an active center is a surface that exposes 
a series of active groups in a fixed relation
ship, it is possible to understand how RNA is 
capable of providing a catalytic center. In a pro
tein, the active groups are provided by the side 
chains of the amino acids. The amino acid 
side chains have appreciable variety, including 
positive and negative ionic groups and hydro
phobic groups. In RNA, the available moieties 
are more restricted, consisting primarily of 
the exposed groups of bases. Short regions of 
RNA are held in a particular secondary/tertiary 
conformation, providing an active surface and 
maintaining an environment in which bonds 
can be broken and formed. It seems inevitable 
that the interaction between the RNA catalyst 
and the RNA substrate will rely on base pairing 
to create the active environment. Divalent cat
ions (usually Mg2+) play an important role in 
structure, typically being present at the active 
site where they coordinate the positions of the 
various groups. Divalent metal cations also play 
a direct role in the endonucleolytic activity of 
virusoid ribozymes (see the section later in this 
chapter titled Viroids Have Catalytic Activity). 

The evolutionary implications of these 
discoveries are intriguing. The "split person
ality" of the genetic apparatus-in which 
RNA is present in all components, but pro
teins undertake catalytic reactions-has 
always been puzzling. It seems unlikely 
that the very first replicating systems could 
have contained both nucleic acid and pro
tein. However, suppose that the first systems 
contained only a self-replicating nucleic acid 
with primitive catalytic activities-just those 
needed to make and break phosphodiester 
bonds. If it is also assumed that the involve
ment of 2'-0H bonds in current splicing 
reactions is derived from these primitive cat
alytic activities, this can be taken as support 
of the suggestion that the original nucleic 
acid was RNA, because DNA lacks the 2'-0H 
group and therefore could not undertake 
such reactions. Proteins could have been 
added for their ability to stabilize the RNA 
structure. The greater versatility of proteins 
then could have allowed them to take over 
catalytic reactions, leading eventually to 
the complex and sophisticated apparatus of 
modern gene expression. 

Some Group I Introns 
Encode Endonudeases 
That Sponsor Mobility 

Key concepts 
• Mobile introns are able to insert themselves into 

new sites. 
• Mobile group I introns encode an endonuclease 

that makes a double-strand break at a target site. 
• The intron transposes into the site of the 

double-strand break by a DNA-mediated replicative 
mechanism. 

Certain introns of both the group I and group 
II classes contain open reading frames that 
are translated into proteins. Expression of the 
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FIGURE 23.10 A ribozyme is contained within the 5'  
untranslated region of the mRNA encoding the enzyme 
that produces glucosami ne-6-phosphate (GlcN6P). When 
GlcN6P binds to the ribozyme, it cleaves off the 5 '  end 
of the mRNA, thereby inactivating it and preventing 
further production of the enzyme. Regions important 
for maintaining the active tertiary structure are shown 
in blue, while the cleavage site is indicated by a red 
arrow. Reprinted from Curr. Opin. Struct. Bioi., vol. 17, 
T. E. Edwards, D. J. Klein, and A. R. Ferre-D' Am are, Ribo
switches: small-molecule recognition . . .  , pp. 273-279. 
Copyright 2007, with permission from Elsevier [http:j f 
www .sci e ncedi rect. com jscie ncejj ou rnalj09 5 9440X). 

proteins allows the intron (either in its original 
DNA form or as a DNA copy of the RNA) to 
be mobile: It is able to insert itself into a new 
genomic site. Introns of groups I and II are 
widespread, being found in both prokaryotes 
and eukaryotes. Group I introns migrate by 
DNA-mediated mechanisms, whereas group II 
introns migrate by RNA-mediated mechanisms. 
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Intron mobility was first detected by 
crosses in which the alleles for the relevant 
gene differ with regard to the presence of 
the intron. Polymorphisms for the presence 
or absence of introns are common in fungal 
mitochondria. This is consistent with the view 
that these introns originated by insertion into 
the gene. Some light on the process that could 
be involved is cast by an analysis of recom
bination in crosses involving the large rRNA 
gene of the yeast mitochondrion. 

The large rRNA gene of the yeast mito
chondrion has a group I intron that contains a 
coding sequence. The intron is present in some 
strains of yeast (called w+) but absent in others 
(w-). Progeny of genetic crosses between w+ 
and w- do not result in the expected geno
typic ratio; the progeny are usually w+. If we 
think of the w+ strain as a donor and the w
strain as a recipient, we form the view that in 
w+ X w- crosses a new copy of the intron is 
generated in the w- genome. As a result, all 
of the progeny are w+. Mutations can occur 
in either parent to abolish the non-Mendelian 
genotypic assortment. Certain mutants show 
normal segregation, with equal numbers of w+ 
and w- progeny. When mapped, mutations in 
the w- strain occur close to the site where the 
intron would be inserted. Mutations in the w+ 
strain lie in the reading frame of the intron 
and prevent production of the protein. This 
suggests the model shown in FIGURE 23.11, in 
which the protein encoded by the intron in an 
w+ strain recognizes the site where the intron 
should be inserted in an w- strain and causes 
it to be preferentially inherited. 
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FIGURE 23.11 An intron encodes an endonuclease that 
makes a double-strand break in DNA. The sequence of the 
i ntron is duplicated and then inserted at the break. 



Some group I introns encode endonucle
ases that make them mobile. There are at least 
five families of homing endonuclease genes 
(HEGs). Two common families of HEGs are the 
LAGLIDADG and His-Cys box endonucleases. 
However, these HEG-containinggroup I introns 
constitute a small portion of the overall number 
of nuclear group I introns. While approximately 
1200 nuclear group I introns have been identi
fied, fewer than 30 of these contain HEGs. 

The w intron contains an HEG, the prod
uct of which is an endonuclease known as 
1-Scel. /-See/ recog11izes thew-ge11e as a target for a 
double-stra11d break. I-Scei recognizes an 18-bp 
target sequence that contains the site where 
the intron is inserted. The target sequence is 
cleaved on each strand of DNA two bases to the 
3'  side of the insertion site. Thus, the cleavage 
sites are 4 bp apart and generate overhanging 
single strands. This type of cleavage is related 
to the cleavage characteristic of transposons 
when they migrate to new sites (see the Trails
posable Eleme11ts a11d Retroviruses chapter). The 
double-strand break probably initiates a gene 
conversion process in which the sequence of 
the w+ gene is copied to replace the sequence 
of the w- gene. The reaction involves transpo
sition by a duplicative mechanism and occurs 
solely at the level of DNA. Insertion of the 
intron interrupts the sequence recognized by 
the endonuclease, thus ensuring stability. 

Similar introns often carry quite different 
endonucleases. There are differences in the 
details of insertion; for example, the endo
nuclease encoded by the phage T4 td intron 
cleaves a target site that is 24 bp upstream of 
the site at which the intron is itself inserted. 
The dissociation between the intron sequence 
and the endonuclease sequence is empha
sized by the fact that the same endonuclease 
sequences are found in inteins (sequences 
that encode self-splicing proteins; see the sec
tion later in this chapter titled Protei11 Splici11g 
Is Autocatalytic). 

The variation 111 the endonucleases 
means that there is no homology between 
the sequences of their target sites. The target 
sites are among the longest and therefore the 
most specific known for any endonucleases 
(with a range of 14 to 40 bp). The specific
ity ensures that the intron perpetuates itself 
only by insertion into a single target site and 
not elsewhere in the genome. This is called 
intron homing. 

Introns carrying sequences that encode 
endonucleases are found in a variety of bac
teria and unicellular/oligocellular eukaryotes. 

These results strengthen the view that introns 
carrying coding sequences originated as inde
pendent elements. 

Group II Introns May 
Encode Multifunction 
Proteins 

Key concepts 
• Group II introns can autosplice in vitro but are 

usually assisted by protein activities encoded in 
the intron. 

• A single reading frame specifies a protein with 
reverse transcriptase activity, maturase activity, a 
DNA-binding motif, and a DNA endonuclease. 

• The endonuclease cleaves target DNA to allow 
insertion of the i ntron at a new site. 

• The reverse transcriptase generates a DNA copy of 
the inserted RNA intron sequence. 

The mechanism for autocatalytic splicing of 
group II introns is described in the RNA Splic
illg aud Processi11g chapter. The best characterized 
mobile group II introns encode a single protein 
in a region of the intron beyond its catalytic 
core. The typical protein contains an N-tenninal 
reverse transcriptase activity, a central domain 
associated with an ancillary activity that assists 
folding of the intron into its active structure 
(called the maturase; see the next section, Some 
Autosplici11g Jutro11s Require Maturases), a DNA
binding domain, and a C-terminal endonuclease 
domain. 

The endonuclease initiates the transposi
tion reaction and plays the same role in hom
ing as its counterpart in a group I intron. The 
reverse transcriptase generates a DNA copy of 
the intron that is inserted at the homing site. 
The endonuclease also cleaves target sites that 
resemble, but are not identical to, the homing 
site, leading to insertion of the intron at new 
locations. 

FIGURE 23.12 illustrates the transposition 
reaction for a typical group II intron. First, 
the endonuclease makes a single-strand 
break in the antisense strand. Cleavage of the 
sense strand is achieved by a reverse splicing 
reaction, with the RNA intron inserting itself 
into the DNA between the DNA exons. This 
newly inserted RNA intron can now act as a 
template for the reverse transcriptase. A !most 
all group II introns have a reverse transcrip
tase activity that is specific for the intron. The 
reverse transcriptase generates a DNA copy 
of the intron, with the end result being the 
insertion of the intron into the target site as a 
duplex DNA. 
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FIGURE 23.12 Reverse transcriptasejendonuclease encoded by an intron 
allows a copy of the RNA to be inserted into a target site. 

Ill Some Autosplicing 
Introns Require Maturases 

Key concept 

• Autosplicing introns may require maturase activi
ties encoded within the intron to assist folding 
into the active catalytic structure. 

Although group I and group II introns both 
have the capacity to autosplice in vitro, under 
physiological conditions they usually require 
assistance from proteins. In some examples 
of group I and group II splicing, the intron 
itself may encode maturase activities that are 
required to assist the splicing reaction. 

The maturase activity is part of the single 
open reading frame encoded by the intron. 
In the example of introns that encode hom
ing endonucleases, the single protein prod
uct has both endonuclease and maturase 
activity. Mutational analysis shows that the 
two activities are independent. Structural 
analysis confirms the mutational data and 
shows that the endonuclease and maturase 
activities are provided by different active 
sites in the protein, each encoded by a sepa
rate domain. The coexistence of endonu
clease and maturase activities in the same 
protein suggests a route for the evolution 
of the intron. FIGURE 23.13 suggests that the 
intron originated in an independent autos
plicing element. While Figure 2 3 . 1 3  depicts 
a group I intron, the process for group II 
introns is  presumed to be similar. The inser
tion of a sequence encoding an endonuclease 
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Maturase gene 
is inserted into intron 

I ntron carries 
endonuclease 
and maturase 

! 
Endonuclease 

FIGURE 23.13 The intron originated as an independent 
sequence encoding a self-splicing RNA. The insertion of 
the endonuclease sequence created a homing intron that 
was mobile. The insertion of the maturase sequence then 
enhanced the ability of the intron sequences to fold into 
the active structure for splicing. 

into this element gave i t  mobility. However, 
the insertion might well disrupt the ability 
of the RNA sequence to fold into the active 
structure. This would create pressure for 
assistance from proteins that could restore 
folding ability. The incorporation of such a 
sequence into the intron would maintain its 
independence. 

However, some group II introns do not 
encode maturase activity. These introns may 
use proteins (comparable to intron-encoded 
maturases) that are instead encoded by 
sequences in the host genome. This suggests 
a possible route for the evolution of general 
splicing factors. The factor may have origi
nated as a maturase that specifically assisted 
the splicing of a particular intron. The coding 
sequence became isolated from the intron in 
the host genome and then it evolved to func
tion with a wider range of substrates than 
the original intron sequence. The catalytic 
core of the intron could have evolved into 
an snRNA. 



ID The Catalytic Activity of 
RNase P Is Due to RNA 

Key concepts 

• Ribonuclease P {RNase P) is a ribonucleoprotein in 
which the RNA has catalytic activity. 

• RNase P is essential for bacteria, archaea, and 
eukaryotes. 

• RNase MRP in eukaryotes is related to RNase P and 
is involved in rRNA processing and degradation of 
cyclin B mRNA. 

One of the first demonstrations of the catalytic 
capabilities of RNA was provided by the analy
sis of ribonuclease P (RNase P) from E. coli. 

While originally identified in bacteria, RNase 
P has been identified as an essential endonu
clease involved in tRNA processing in most, 
if not all, bacterial, archaeal, and eukaryotic 
orgamsms. 

In its simplest form, bacterial RNase P 
can be dissociated into two components: 
a base RNA of 350 to 400 nucleotides and 
a single protein subunit. The RNA subunit 
from bacteria, when isolated ill vitro, displays 
catalytic activity. RNase P from archaea and 
eukaryotes consists of a single RNA structur
ally related to that found in bacteria, but it 
has a higher protein content and the RNA 
has little if any catalytic activity when exam
ined in vitro . Typically, archaeal RNase P has 
four proteins, whereas the yeast version has 
nine proteins and the human version has 
10 proteins. In all cases, the protein compo· 
nent is required to support RNase P activ
ity in vivo. Mutations in either the gene for 
the RNA or the gene for the protein can 
inactivate RNase P in vivo, so we know that 
both components are necessary for natural 
enzyme activity. Originally i t  was assumed 
that the protein provided the catalytic activ
ity, while the RNA filled some subsidiary 
role-for example, assisting in the binding 
of substrate, as it has some short sequences 
complementary to exposed regions of tRNA. 
However, these roles are reversed, with the 
RNA actually providing the catalytic activ
ity while the protein provides structural 
support. 

Analyzing the results as though the RNA 
were an enzyme, each "enzyme" catalyzes the 
cleavage of multiple substrates. Although the 
catalytic activity resides in the RNA, the pro
tein component greatly increases the speed of 
the reaction, as seen in the increase in turn
over number (see Figure 23.9) .  

In addition to RNase P, eukaryotes have 
another essential RNA-based endonuclease, 
RNase MRP (mitochondrial RNA processing) . 
This endonuclease is composed of a structur
ally related catalytic RNA and shares many 
of the same protein subunits that are found 
in RNase P. While originally identified for its 
role in processing mitochondrial RNAs, RNase 
MRP functions mainly in the nucleus, pro
cessing precursor ribosomal RNA. RNase MRP 
may also play an important role in cell cycle 
regulation as it is involved in degradation of 
cyclin B mRNA. Identification of RNase MRP 
is provocative, as it appears that the protein 
component is largely conserved between 
RNase P and RNase MRP, with the change in 
substrate specificity provided by exchanging 
the catalytic RNA. 

Viroids Have Catalytic 
Activity 

Key concepts 

• Viroids and virusoids form a hammerhead structure 
that has a self-cleaving activity. 

• Similar structures can be generated by pairing 
a substrate strand that is cleaved by an enzyme 
strand. 

• When an enzyme strand is introduced into a cell, 
it can pair with a substrate strand target that is 
then cleaved. 

Another example of the ability of RNA to func
tion as an endonuclease is provided by some 
small ( -350 nt) plant RNAs that undertake a 
self-cleavage reaction. However, as with the 
case ofthe Tetrahymena group I intron, it is pos
sible to engineer constructs that can function 
on external substrates. 

These small plant RNAs fall into two gen
eral groups: viroids and virusoids. The viroids 
are infectious RNA molecules that function 
independently without encapsidation by 
any protein coat. The virusoids (which are 
sometimes called satellite RNAs) are similar in 
organization but are encapsidated by plant 
viruses, being packaged together with a viral 
genome. The virusoids cannot replicate inde
pendently, as they require assistance from the 
vtrus. 

Viroids and virusoids both replicate via 
rolling circles. The strand of RNA that is pack
aged into the virus is called the plus stra11d. The 
complementary strand, generated during rep
lication of the RNA, is called the minus strand. 
Multimers of both plus and minus strands are 
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found. Both types of monomer are generated 
by cleaving the tail of a rolling circle; circular 
plus-strand monomers are generated by ligat
ing the ends of the linear monomer. 

Both plus and minus strands of viroids 
and virusoids undergo self-cleavage in vitro. 
Some of the RNAs cleave in vitro under physi
ological conditions. Others do so only after a 
cycle of heating and cooling; this suggests that 
the isolated RNA has an inappropriate confor
mation, but can generate an active conforma
tion when it is denatured and renatured. 

The viroids and virusoids that undergo 
self-cleavage form a "hammerhead'' second
ary structure at the cleavage site, as shown in 
the upper part of FIGURE 23.14. Hammerhead 
ribozymes belong to a family of ribozymes 
that includes hepatitis delta virus (HDV), 
hairpin ribozymes, and Varkud satellite (VS) 
ribozyme. Functionally, HDV requires diva
lent metal cations to promote cleavage, while 
hammerhead and hairpin ribozymes do not 
require metal. The importance of metal for 
VS ribozyme cleavage is still ambiguous. 
However, all of these ribozymes generate a 
cleavage that leaves 5'-0H and 2'-3'-cyclic 
phosphodiester termini . 

Consensus hammerheads have three 
stem loops and conserved bases 

Stem 3 
3' 5' 

c 
A 

A 
G N C G A 

� /Cleavage 

N N N N N N  
C N GA eN N N N N 

Stem 2 
G

N 
A 

G 
U \ Stem 1 

Catalytic site 

Hammerheads can be created by interaction 
between two complementary RNA molecules 

Substrate strand 

ppp OH 
HO C G C G GA C

A G C U C G G PPP 

G U 

Enzyme strand 
UAG 

FIGURE 23.14 Self-cleavage sites of viroids and virusoids 
have a consensus sequence and form a hammerhead sec
ondary structure by intramolecular pairing. Hammerheads 
can also be generated by pairing between a substrate 
strand and an "enzyme" strand. The three loop regions 
at the end of the stems are optional. 
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The number of hammerhead ribozymes 
identified now exceeds 10,000, with examples 
found in all three domains. Unlike all other 
ribozymes identified to date, hammerhead 
ribozymes and other members of the family 
do not require a protein component to func
tion in vivo because the sequence of this struc
ture is sufficient for cleavage. Minimally, for 
hammerhead ribozymes the active site is a 
sequence of only 58 nucleotides. The ham
merhead contains three stem-loop regions 
whose positions and sizes are constant and 1 3  
conserved nucleotides, mostly in the regions 
connecting the center of the structure. Ham
merhead ribozymes can be further divided 
into Classes I, II, and III, corresponding to the 
stem in which the free 5 '  and 3 '  ends of the 
RNA reside. The conserved bases and duplex 
stems generate an RNA with the intrinsic abil
ity to cleave. 

An active hammerhead can also be gen
erated by pairing an RNA representing one 
side of the structure with an RNA representing 
the other side. The lower part of Figure 23.14 
shows an example of a hammerhead gener
ated by hybridizing a 19-nt molecule with a 
24-nt molecule. The hybrid mimics the ham
merhead structure, with the omission of loops 
I and III. We may regard the top (24-nt) strand 
of this hybrid as comprising the "substrate" and 
the bottom ( 19-nt) strand as comprising the 
"enzyme." When the 19-nt RNA is added to 
the 24-nt RNA, cleavage occurs at the appro
priate position in the hammerhead. When 
the 19-nt RNA is mixed with an excess of the 
24-nt RNA, multiple copies of the 24-nt RNA 
are cleaved. This suggests that there is a cycle 
of 19-nt to 24-nt pairing, cleavage, dissocia
tion of the cleaved fragments from the 19-nt 
RNA, and pairing ofthe 19-nt RNA with a new 
24-nt substrate. The 19-nt RNA is therefore 
a ribozyme with endonuclease activity. The 
parameters of the reaction are similar to those 
of other RNA-catalyzed reactions. 

Previously, the crystal structure of a 
minimal hammerhead ribozyme was solved. 
However, in the minimal structure, the archi
tecture of the active site was such that it was 
unclear how catalysis could proceed. More 
recently, the crystal structure of the full-length 
hammerhead ribozyme from Schistosoma man
soni, a nonvirulent species, has been solved, 
and it gives insight into catalysis. This struc
ture, schematically illustrated in FIGURE 23.15, 
reveals a critical tertiary interaction between 
a bulge in stem I and the loop of stem II. This 
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FIGURE 23.15 The hammerhead ribozyme structure is 
held in an active tertiary conformation by interactions 
between stem loops, ind icated by arrows. The site of 
cleavage is marked with a red arrow. Adapted from M. Mar
tick and W. G. Scott. Cell (126): 309-320. 

interaction stabilizes the active site in a con
formation such that G 12  can deprotonate the 
2 '-OH of C 17  and the scissile bond and create 
the 2' -attacking oxygen. In turn, G8 provides 
the hydrogen to stabilize the newly formed 
5'-0H end of the 3' cleavage product. 

It is possible to design enzyme-substrate 
combinations that can form minimal ham
merhead structures. These structures have 
been used to demonstrate that introduction of 
the appropriate RNA molecules into a cell can 
allow the enzymatic reaction to occur i11 vivo. A 
ribozyme designed in this way essentially pro
vides a highly specilic restriction endonuclease
like activity directed against an RNA target. 
By placing the ribozyme under control of a 
regulated promoter, it can be used in the same 
way as, for example, antisense constructs to 
specifically turn off expression of a target gene 
under defined circumstances. 

RNA Editing Occurs 
at Individual Bases 

Key concept 

• Apolipoprotein-B and glutamate receptor mRNAs 
have site-specific deaminations catalyzed by cyti
dine and adenosine deaminases that change the 
coding sequence. 

Formerly, a prime axiom of molecular biol
ogy was that the sequence of an mRNA can 
only represent what is encoded in the DNA. 

The central dogma suggested a linear relation
ship in which a continuous sequence of DNA 
is transcribed into a sequence of mRNA that 
is, in turn, directly translated into polypeptide. 
The presence of interrupted genes and the 
removal of introns by RNA splicing introduce an 
additional step into the process of gene expres
sion (see the RNA Splici119 a11d Processi119 chapter 
for details). Brieny, splicing occurs at the RNA 
level, and it results in removal of noncoding 
sequences (introns) that interrupt the cod
ing sequences (exons) that are encoded in the 
DNA sequence. However, the process remains 
one of information transfer, in which the actual 
coding sequence in DNA remains unchanged. 

Changes in the information encoded by 
DNA occur in some exceptional circum
stances, most notably in the generation of 
new sequences encoding immunoglobulins 
in vertebrate animals. These changes occur 
specifically in the somatic cells (B lymphocytes) 
in which immunoglobulins are synthesized 
(see the chapter titled Somatic Recombi11atio11 

a11d Hypermutatio11 i11 the lmmu11e System) .  New 
information is generated in the DNA of an 
individual during the process of reconstruct
ing an immunoglobulin gene and information 
encoded in the DNA is changed by somatic 
mutation. The information in DNA continues 
to be faithfully transcribed into RNA. 

RNA editing is a process in which i11jorma· 

tion changes at the level of mRN A. It is revealed 
by situations in which the coding sequence 
in an RNA differs from the sequence of DNA 
from which it was transcribed. RNA editing 
occurs in two different situations, each with 
different causes. In mammalian cells there 
are cases in which a substitution occurs in 
an individual base in mRNA that can cause 
a change in the sequence of the polypeptide 
that is encoded. This base substitution is the 
result of deamination of either adenosine to 
become inosine or cytidine to become uri dine. 
In trypanosome mitochondria, more wide
spread changes occur in transcripts of several 
genes when bases are systematically added or 
deleted. 

FIGURE 23.16 summarizes the sequences of 
the apolipoprotein-B (apo-8) gene and mRNA 
in mammalian intestine and Liver cells. The 
genome contains a single interrupted gene 
whose sequence is identical in all tissues, with 
a coding region of 4563 codons. This gene is 
transcribed into an mRNA that is translated 
into a protein of 512  kDa representing the 
full coding sequence in the liver. A shorter 
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CAA Codon 21 53 codes for glutamine 
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CAA 
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codes for protein of 
4563 residues 

• UAA 
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Intestine mANA 
has UAA codon 
that terminates 
synthesis at 2153 

FIGURE 23.16 The sequence of the apo-8 gene is the 
same in the intestine and liver, but the sequence of the 
m RNA is modified by a base change that creates a termi
nation codon in the intestine. 

form of the protein (-250 kDa) is synthesized 
in the intestine. This protein consists of the 
N-terminal half of the full-length protein. It 
is translated from an mRNA whose sequence 
is identical to that of liver except for a change 
from C to U at codon 2153 .  This substitution 
changes the codon CAA for glutamine into 
the ochre codon UAA for termination. Given 
that no alternative gene or exon is available 
in the genome to encode the new sequence 
and no change in the pattern of splicing can 
be discovered, we are forced to conclude 
that a change has been made directly in the 
sequence of the RNA transcript. 

Another example is provided by gluta· 
mate receptors in a rat brain. Editing at one 
position changes a glutamine codon in DNA 
into a codon for arginine in the mRNA. The 
change from glutamine to arginine affects the 
conductivity of the channel and therefore has 
an important effect on controlling ion flow 
through the neurotransmitter. 

The events outlined for apo-B and gluta· 
mate receptors are the result of deami11atious 
in which the amino group on the nucleo
tide ring is removed. The editing event in 
apo-B causes C2153  to be changed to U and 
both changes in the glutamate receptor 
are from A to I (inosine). Deaminations in 
apolipoprotein-B are catalyzed by the cyti
dine deaminase APOBEC (apolipoprotein-8 
mRNA editing enzyme complex), whereas 
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deaminations in the glutamate receptor are 
performed by adenosine deaminases acting on 
RNA (ADARs). This type of editing appears to 
occur largely in the nervous system. There are 
16 (potential) targets for ADARs in Drosophila 
melanogaster and all are genes involved in 
neurotransmission. In many cases, the editing 
event changes an amino acid at a functionally 
important position in the protein. 

Enzymes that undertake general deami
nation as such often have broad specificity
for example, the best characterized adenosine 
deaminase acts on any A residues in a 
duplexed RNA region. However, deamination 
of adenosine and cytidine in RNA editing dis
plays specificity. Editing enzymes are related 
to the general deaminases but have other 
regions or additional subunits that control 
their specificity. In the case of apo-B editing, 
the catalytic subunit of an editing complex is 
related to bacterial cytidine deaminase but has 
an additional RNA-binding region that helps 
to recognize the specific target site for edit
ing. A special adenosine deaminase enzyme 
recognizes the target sites in the glutamate 
receptor RNA, and similar events occu r in a 
serotonin receptor RNA. The complex may 
recognize a particular region of secondary 
structure in a manner analogous to tRNA
modifying enzymes, or it could directly recog
nize a nucleotide sequence. The development 
of an in vitro system for the apo-B editing 
event suggests that a relatively small sequence 
( -26 nucleotides) surrounding the editing 
site provides a sufficient target. FIGURE 23.17 
shows that in the case of the RNA for the glu
tamate receptor, GluR-B, a base-paired region 
that is necessary for recognition of the target 
site is formed between the edited region in 
the exon and a complementary sequence in 
the downstream intron. A pattern of mispair
ing within the duplex region is necessary for 

Exon 

�::::::::::;�-="' ,J) f/ � 
lntron 

' Ex on 

FIGURE 23.17 Editing of mRNA for the glutamate recep
tor, GluR-8, occurs when a deaminase acts on an adenine 
in an imperfectly paired RNA duplex region. 
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FIGURE 23.18 The mRNA for the trypanosome coxll gene has a frameshift relative to the DNA; 
the correct reading frame observed in the protein is created by the insertion of four uridines 
(shown in red). 

specific recogmtwn. Thus, different editing 
systems may have different requirements for 
sequence specificity in their substrates. 

RNA Editing Can Be 
Directed by Guide RNAs 

Key concepts 
• Extensive RNA editing in trypanosome mitochon

dria occurs by insertions or deletions of uridine. 

• The substrate RNA base pairs with a guide RNA on 
both sides of the region to be edited. 

• The guide RNA provides the template for addition 
(or less often, deletion) of uridines. 

• Editing is catalyzed by the editosome, a complex 
of endonuclease, exonuclease, terminal uridyl
transferase activity, and RNA ligase. 

Another type of editing is revealed by dramatic 
changes in sequence in the products of sev
eral genes of trypanosome mitochondria. In 
the first case discovered, the sequence of the 
cytochrome oxidase subunit II protein has an 
internal frameshift that is not predicted based 
on the nucleotide sequence of the cox/l gene. 
The sequences of the gene and protein given in 
FIGURE 23.18 are conserved in several trypano
some species, so the method of RNA editing is 
not unique to a single organism. 

The discrepancy between the sequence of 
the cox/l gene and the protein product is due 
to an RNA-editing event. The cox/l mRNA has 
an insert of an additional four nucleotides (all 

uridines) around the site of frameshift. The 
insertion establishes the proper reading frame 
for the protein. No second cox/l gene carrying 
the frameshift sequence has been discovered, 
so we are forced to conclude that the extra 
bases are inserted during or after transcrip
tion. A similar discrepancy between mRNA 
and genomic sequences is found in genes of 
the SV5 and measles paramyxoviruses, in 
these cases involving the addition of G resi
dues in the mRNA. 

Similar editing of RNA sequences occurs 
for other genes and includes deletions as well 
as additions of uridine. The extraordinary 
case of the cytochrome c oxidase III (coxiJI) 
gene of Tryparzosoma brucei is summarized in 
FIGURE 23.19. More thall half of the residues ill the 
mRNA consist of uridi!les that are !lot wcoded by 
the gwe. Comparison between the genomic 
DNA and the mRNA shows that no stretch 
longer than seven nucleotides is represented 
in the mRNA without alteration, and runs of 
uridine up to seven bases long are inserted. 
The information for the specific insertion of 
uridines is provided by a guide RNA. 

Guide RNA contains a sequence that is 
complementary to the correctly edited mRNA. 
FIGURE 23.20 shows a model for its action in the 
cytochrome b gene of another trypanosome, 
LeishmaHia. The sequence at the top of the fig
ure shows the original transcript, or pre-edited 
RNA. Gaps show where bases will be inserted 
in the editing process. Eight uridines must be 
inserted into this region to result in the final 

UAUAUGUUUUGUUGUUUAUUAUGUGAUUAUGGUUUUGUUUUUUAUUG�AUUUUUUAGAUUUAUUUAAUUUGUUGAU 

AAUACAUUUUAUUUGU��eUAAUUUUUUUGUUUUGUGUUUUGGUUUAG�UUUUUUGUU�UGUUGUUUUGUAUUA 

FIGURE 23.19 Part of the mRNA sequence of T. brucei coxlll shows many uridines that are not encoded in 
the DNA (shown in red} or that are removed from the RNA (shown as Ts in blue boxes). 
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Genome AAAGCGGAGAGAAAAGAAA A G G C TTTAACTTCAGGTTGTTTATTACGAGTATATGG ! Transcription 
Pre-ed�ed RNA AAAGCGGAGAGAAAAGAAA A G G C UUUAACUUCAGGUUGUUUAUUACGAGUAUAUGG ! Pairing with guide RNA 
Pre-ed�ed RNA AAAGCGGAGAGAAAAGAAA A G G C UUUAACUUCAGGUUGUUUAUUACGAGUAUAUGG 

Ill I I I I 1111111111 
Guide RNA AUAUUCAAUAAUAAAUUUUAAAUAUAAUAGAAAAUUGAAGUUCAGUAUACACUAUAAUAAUAAU ! Insertion of uridines 
mANA AAAGCGGAGAGAAAAGAAAUUUAUGUUGUCUUUUAACUUCAGGUUGUUUAUUACGAGUAUAUGG 

1111111111111111111111111 
Guide RNA AUAUUCAAUAAUAAAUUUUAAAUAUAAUAGAAAAUUGAAGUUCAGUAUACACUAUAAUAAUAAU 

! Release of mANA 
mANA AAAGCGGAGAGAAAAGAAAUUUAUGUUGUCUUUUAACUUCAGGUUGUUUAUUACGAGUAUAUGG 

nGURE 23.20 Pre-edited RNA base pairs with a guide RNA on both sides of the region to be edited. 
The guide RNA provides a template for the insertion of uridines. The mRNA produced by the insertions 
is complementary to the guide RNA. 

mRNA sequence. The guide RNA is comple
mentary to the mRNA for a significant length, 
including and surrounding the edited region. 
Typically the complementarity is more exten
sive on the 3 '  side of the edited region and is 
rather short on the 5 '  side. Pairing between the 
guide RNA and the pre-edited RNA leaves gaps 
where unpaired A residues in the guide RNA do 
not find complements in the pre-edited RNA. 
The guide RNA provides a template that allows 
the missing U residues to be inserted at these 
positions in a process described in the next 
paragraph. When the reaction is completed the 
guide RNA separates from the mRNA, which 
becomes available for translation. 

MURF3(5') CyB-2 Guide RNAs 

[' t tl .. .. .. .. • 

Specification of the final edited sequence 
can be quite complex. In the example of 
Leishma11ia cytochrome b, a lengthy stretch 
of the transcript is edited by the insertion of 
a total of 39 U residues, which appears to 
require two guide RNAs acting at adjacent 
sites. The first guide RNA pairs at the 3'-most 
site and the edited sequence then becomes a 
substrate for further editing by the next guide 
RNA. The guide RNAs are encoded as indepen
dent transcription units. FIGURE 23.21 shows a 
map of the relevant region of the Leishmania 
mitochondrial DNA. It includes the gene for 
cytochrome b, which encodes the pre-edited 
sequence and two regions that specify guide 

MURF2-1 Coii-F8 MURFII-2 CyB-1 

MURF3(F8) 

• tJ' .. c .. .. ; 
Genes 128 98 MURF3 Colli CyB MURF4 MURF1 N01CoiiMURF2Col N04 NOS 
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nGURE 23.21 The Leishmania genome contains genes encoding pre-edited RNAs inter
spersed with units that encode the guide RNAs required to generate the correct mRNA 
sequences. Some genes have multiple guide RNAs. CyB is the gene for pre-edited cyto
chrome b, and CyB-1 and CyB-2 are genes for the guide RNAs involved in its editing. 



RNAs. Genes for the major coding regions and 
for their guide RNAs are interspersed. 

In principle, a mutation in either the gene 
or one of its guide RNAs could change the pri
mary sequence of the mRNA and thus the 
primary sequence of the polypeptide. By 
genetic criteria, each of these units could be 
considered to comprise part of the gene. The 
units are independently expressed and as 
a result they should complement in trans. If 
mutations were available, we should there
fore find that three complementation groups 
were needed to encode the primary sequence 
of a single protein. 

The characterization of intermediates that 
are partially edited suggests that the reaction 
proceeds along the pre-edited RNA in the 
3'-5' direction. The guide RNA determines 
the specificity of uri dine insertions by its pair
ing with the pre-edited RNA. 

Editing of uridines is catalyzed by a 20S 
enzyme complex called the editosome that is 
composed of about 20 proteins and contains 
an endonuclease, a terminal uridyltransfer
ase (TUTase), a 3'-5' U-specific exonuclease 
(exoUase), and an RNA ligase. As illustrated 
in FIGURE 23.22, the editosome binds the 
guide RNA and uses i t  to pair with the pre
edited mRNA. The substrate RNA is cleaved 
at a site that is presumably identified by the 
absence of pairing with the guide RNA; a uri
dine is inserted or deleted to base pair with 
the guide RNA and then the substrate RNA is 
ligated. Uridine triphosphate (UTP) provides 
the source for the uridyl residue. It is added 
by the TUTase activity. Deletion of U residues 
is mediated by an exoUase, which functions 

5' 3' 
•• • • • • • • •  ·>- � 

l Endonuclease 

5' 3'  

� 
l 

Terminal 
uridyltransferase 
(TUTase) 

5' 3' 
9 � 

lANA ligase 

5' 3'  

• • • • • • • • • • • • • • • • • • • • •  

FIGURE 23.22 Addition or deletion of U residues occurs 
by cleavage of the RNA, removal or addition of the U, 
and ligation of the ends_ The reactions are catalyzed by 
a complex of enzymes under the direction of guide RNA. 

in concert with a 3 '  phosphatase to allow the 
newly edited RNA construct to religate. 

The structures of partially edited mol
ecules suggest that the U residues are added 
one at a time rather than in groups. It is pos
sible that the reaction proceeds through suc
cessive cycles in which U residues are added, 
tested for complementarity with the guide 
RNA, retained if acceptable, and removed if 
not, so that the construction of the correct 
edited sequence occurs gradually. We do not 
know whether the same types of reaction 
are involved in editing reactions that add C 
residues. 

Protein Splicing Is 
Autocatalytic 

Key concepts 

• An i ntei n has the ability to catalyze its own 
removal from a protein in such a way that the 
flanking extei ns are connected. 

• Protein splicing is catalyzed by the intein. 
• Most i ntei ns have two independent activities: 

protein splicing and a homing endonuclease. 

Protein splicing has the same effect as RNA 
splicing: A sequence that is represented within 
the gene fails to be represented in the protein. 
The parts of the protein are named by analogy 
with RNA splicing: Exteins are the sequences 
that are represented in the mature protein, and 
inteins are the sequences that are removed. 
The mechanism of removing the intein is com
pletely different from that of RNA splicing. 
FIGURE 23.23 shows that the gene is transcribed 

Extein 

DNA 

RNA 

Protein 

lntein 
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t intein 

excised 
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~ 
FIGURE 23.23 In protein splicing, the exteins are con
nected by removing the intein from the protein_ 
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and translated into a protein precursor that con
tains the intein, and then the intein is excised 
from the protein. More than 500 examples of 
protein splicing have been identified, spread 
throughout all three domains. The typical gene 
whose product undergoes protein splicing has 
a single intein. 

The first intein was discovered in an 
archaeal DNA polymerase gene in the form 
of an intervening sequence in the gene that 
does not conform to the rules for introns. It 
was then demonstrated that the purified pro
tein can splice this sequence out of itself in an 
autocatalytic reaction. The reaction does not 
require input of energy and occurs through 
the series of bond rearrangements shown 
in FIGURE 23.24. The reaction is a function 
of the intein, although its efficiency can be 
influenced by the exteins. 

The first reaction is an attack by an -OH 
or -SH side chain of the first amino acid in the 
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FIGURE 23.24 Bonds are rearranged through a series of transesterifica
tions involving the -OH groups of serine or threonine or the -SH group 
of cysteine until the exteins are connected by a peptide bond and the 
intein is released with a circularized C-terminus. 
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intein on the peptide bond that connects it to 
the first extein. This transfers the extein from 
the amino-terminal group of the intein to 
an N-0 or N-S acyl connection. This bond is 
then attacked by the -OH or -SH side chain of 
the first amino acid in the second extein. The 
result is to transfer extein 1 to the side chain 
of the amino-terminal acid of extein2. Finally, 
the C-terminal asparagine of the intein 
cyclizes, and the terminal -NH of extein2 
attacks the acyl bond to replace it with a con
ventional peptide bond. Each of these reac
tions can occur spontaneously at very low 
rates, but their occurrence in a coordinated 
manner that is rapid enough to achieve pro
tein splicing requires catalysis by the intein. 

Inteins have characteristic features. They 
are found as in-frame insertions into cod
ing sequences. They can be recognized as 
such because of the existence of homologous 
genes that lack the insertion. They have an 
N-terminal serine or cysteine (to provide 
the - XH side chain) and a C-tenninal 
asparagine. A typical intein has a sequence 
of - 1 50 amino acids at the N-terminal end 
and -50 amino acids at the C-tenninal 
end that are involved in catalyzing the protein
splicing reaction. The sequence in the center 
of the intein can have other functions. Addi
tionally, protein splicing can be performed in 
trans if the intein is split between two sepa
rate proteins. The two halves of these "split 
inteins" interact, allowing trans-splicing to 
form a single intact protein and a free intein. 
At least two split inteins have been identified 
in nature. These are of significant interest for 
artificially engineering proteins. 

An extraordinary feature of many inteins 
is that they have homing endonuclease activ
ity. A homing endonuclease cleaves a target 
DNA to create a site into which the DNA 
sequence encoding the intein can be inserted 
(see Figure 23. 1 1  earlier in this chapter). The 
protein-splicing and homing endonuclease 
activities of an intein are independent. 

We do not really understand the connec
tion between the presence of both of these 
activities in an intein, but two types of model 
have been suggested. One is to suppose that 
there was originally some sort of connection 
between the activities, but that they have 
since become independent and some inteins 
have lost the homing endonuclease. The 
other is to suppose that inteins may have orig
inated as protein -splicing units, most of which 
(for unknown reasons) were subsequently 



invaded by homing endonucleases. This is 
consistent with the fact that homing endonu
cleases appear to have invaded other types of 
units as well, including, most notably, group I 
introns. 

Summary 
Self-splidngis a property of two groups ofintrons, 
which are widely dispersed in unicellular/ 
oligocellular eukaryotes, prokaryotic systems, 
and mitochondria. The information neces
sary for the reaction resides in the intron 
sequence, although the reaction is actually 
assisted by proteins in vivo. For both group I 
and group II introns, the reaction requires for
mation of a speci fic secondary/tertiary structure 
involving short consensus sequences. Group I 
intron RNA creates a structure in which the 
substrate sequence is held by the IGS region 
of the intron and other conserved sequences 
generate a guanine nucleotide binding site. It 
occurs by a transesterification involving a gua
nosine residue as a cofactor. No input of energy 
is required. The guanosine breaks the bond 
at the 5' exon-intron junction and becomes 
linked to the intron; the hydroxyl at the free 
end of the ex on then attacks the 3' exon-intron 
junction. The intron cydizes and loses the gua
nosine and the tem1inal 15 bases. A series of 
related reactions can be catalyzed via attacks 
by the terminal G-OH residue of the intron on 
internal phosphodiester bonds. By providing 
appropriate substrates, it has been possible to 
engineer ribozymes that perform a variety of 
catalytic reactions, including nucleotidyl trans
ferase activities. 

Some group I and group II mitochondrial 
introns have open reading frames. The pro
teins encoded by group J introns are endonu
cleases that make double-stranded cleavages 
in target sites in DNA. The endonucleolytic 
cleavage initiates a gene conversion process 
in which the sequence of the intron itself 
is copied into the target site. The proteins 
encoded by group II introns include an endo
nuclease activity that initiates the transposi
ti on process and a reverse transcriptase that 
enables an RNA copy of the intron to be cop
ied into the target site. These types of introns 
probably originated by insertion events. The 
proteins encoded by both groups of introns 
may include maturase activities that assist 
splicing of the intron by stabilizing the forma
tion of the secondary/tertiary structure of the 
active site. 

Catalytic reactions are undertaken by 
the RNA component of the RNAase P ribo
nucleoprotein. Virusoid RNAs can undertake 
self-cleavage at a Nhammerhead" structure. 
Hammerhead structures can form between a 
substrate RNA and a ribozyme RNA, which 
allows cleavage to be directed at highly spe
cific sequences. These reactions support the 
view that RNA can form specific active sites 
that have catalytic activity. 

RNA editing changes the sequence of an 
RNA during or after its transcription. The 
changes are required to create a meaningful 
coding sequence. Substitutions of individual 
bases occur in mammalian systems; they 
take the form of deaminations in which C is 
converted to U or A is converted to I.  A cata
lytic subunit related to cytidine or adenosine 
deaminase functions as part of a larger com
plex that has specificity for a particular target 
sequence. 

Additions and deletions (most often of 
uridine) occur in trypanosome mitochondria 
and in paramyxoviruses. Extensive editing 
reactions occur in trypanosomes, in which 
as many as half of the bases in an mRNA are 
derived from editing. The editing reaction 
uses a template consisting of a guide RNA that 
is complementary to the mRNA sequence. 
The reaction is catalyzed by the edito
some, an enzyme complex that includes an 
endonuclease, exonuclease terminal uridyl
transferase, and RNA ligase, using free nucle
otides as the source for additions, or releasing 
cleaved nucleotides following deletion. 

Protein splicing is an autocatalytic reac
tion that occurs by bond transfer reactions, 
and input of energy is not required. The intein 
catalyzes its own splicing out of the flanking 
exteins. Many inteins have a homing endo
nuclease activity that is independent of the 
protein -splicing activity. 
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Translation 
CHAPTER OUTLINE J 

t.hll Introduction 

f.l.*.l Translation Occurs by Initiation, Elongation, and 
Termination 
• The ribosome has three tRNA-binding sites. 
• An aminoacyl-tRNA enters the A site. 
• Peptidyl-t RNA is bound in the P site. 
• Deacylated tRNA exits via the E site. 
• An amino acid is added to the polypeptide chain by 

transferring the polypeptide from peptidyl-tRNA in the 
P site to aminoacyl-tRNA in the A site. 

f.HUI Special Mechanisms Control the Accuracy of 
Translation 

• The accuracy of translation is controlled by specific 
mechanisms at each stage. 

f.l.U Initiation in Bacteria Needs 30S Subunits and 
Accessory Factors 

• Initiation of bacterial translation requires separate 30S 
and 50S ribosome subunits. 

• Initiation factors (IF-1. -2, and -3), which bind to 30S 
subunits, are also required. 

• A 30S subunit carrying initiation factors binds to an 
initiation site on mRNA to form an initiation complex. 

• IF-3 must be released to allow 50S subunits to join the 
305-mRNA complex. 

f.lJOt Initiation Involves Base Pairing Between mRNA 
and rRNA 

• An initiation site on bacterial mRNA consists of the 
AUG initiation codon preceded by the Shine-Dalgarno 
polypurine hexamer -10 bases upstream. 

• The rRNA of the 30S bacterial ribosomal subunit has 
a complementary sequence that base pairs with the 
Shine-Dalgarno sequence during initiation. 

f$ A Special Initiator tRNA Starts the Polypeptide Chain 

• Translation starts with a methionine amino acid usu
ally encoded by AUG. 

• Different methionine tRNAs are involved in initiation 
and elongation. 

• The initiator tRNA has unique structural features that 
distinguish it from all other tRNAs. 

• The NH2 group of the methionine bound to the bacte
rial initiator tRNA is formylated. 

f31 Use of fMet-tRNAt Is Controlled by IF-2 and the 
Ribosome 

• IF-2 binds the initiator fMet-tRNAt and allows it to 
enter the partial P site on the 30S subunit. 
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CHAPTER OUTLINE, CONTINUED J 
t3:1 Small Subunits Scan for Initiation Sites on 

Eukaryotic mRNA 

• Eukaryotic 40S ribosomal subunits bind to the 5 '  end 
of mRNA and scan the mRNA until they reach an initia
tion site. 

• A eukaryotic initiation site consists of a 10-nucleotide 
sequence that includes an AUG codon. 

• 60S ribosomal subunits join the complex at the initia
tion site. 

t.LD Eukaryotes Use a Complex of Many Initiation 
Factors 

• Initiation factors are required for all stages of initia
tion, including binding the initiator tRNA, 40S subunit 
attachment to mRNA, movement along the mRNA, and 
joining of the 60S subunit. 

• Eukaryotic initiator tRNA is a Met-tRNA that is differ
ent from the Met-tRNA used in elongation, but the 
methionine is not formylated. 

• eiF2 binds the initiator Met-tRNA; and GTP, forming a 
ternary complex that binds to the 40S subunit before it 
associates with mRNA. 

• A cap-binding complex binds to the 5 '  end of mRNA 
prior to association of the mRNA with the 40S 
subunit. 

•.t.Wtel Elongation Factor Tu Loads Aminoacyl-tRNA into 
the A Site 

• EF-Tu is a monomeric G protein whose active form 
(bound to GTP) binds to aminoacyl-tRNA. 

• The EF-Tu-GTP-aminoacyl-tRNA complex binds to the 
ribosome's A site. 

•.t.WII The Polypeptide Chain Is Transferred to 
Aminoacyl-tRNA 

• The 50S subunit has peptidyl transferase activity as 
provided by an rRNA ribozyme. 

• The nascent polypeptide chain is transferred from 
peptidyl-tRNA in the P site to aminoacyl-tRNA in the A 
site. 

• Peptide bond synthesis generates deacylated tRNA in 
the P site and peptidyl-tRNA in the A site. 

•.t.wt• Translocation Moves the Ribosome 

• Ribosomal translocation moves the mRNA through the 
ribosome by three bases. 

• Translocation moves deacylated tRNA into the E site 
and peptidyl-tRNA into the P site and empties the 
A site. 

• The hybrid state model proposes that translocation 
occurs in two stages, in which the 50S moves relative 
to the 30S and then the 30S moves along mRNA to 
restore the original conformation. 

•MD Elongation Factors Bind Alternately to the 
Ribosome 

• Translocation requires EF-G, whose structure resembles 
the aminoacyl-tRNA-EF-Tu-GTP complex. 
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• Binding of EF-Tu and EF-G to the ribosome is mutually 
exclusive. 

• Translocation requires GTP hydrolysis, which triggers 
a change in EF-G, which in turn triggers a change in 
ribosome structure. 

•.t.Wt• Three Codons Terminate Translation 

• The codons UAA (ochre), UAG (amber), and UGA (opal) 
terminate translation. 

• In bacteria they are used most often with relative fre
quencies UAA > UGA > UAG. 

•.t.WI.'I Termination Codons Are Recognized by Protein 
Factors 

• Termination codons are recognized by protein release 
factors, not by aminoacyl-tRNAs. 

• The structures of the class 1 release factors (RF1 and 
RF2 in E. coli) resemble aminoacyl-tRNA-EF-Tu and 
EF-G. 

• The class 1 release factors respond to specific termi
nation codons and hydrolyze the polypeptide-tRNA 
linkage. 

• The class 1 release factors are assisted by class 2 
release factors (such as RF3) that depend on GTP. 

• The mechanism is similar in bacteria (which have two 
types of class 1 release factors) and eukaryotes (which 
have only one class 1 release factor). 

•.t.W(;I Ribosomal RNA Pervades Both Ribosomal Subunits 

• Each rRNA has several distinct domains that fold 
independently. 

• Virtually all ribosomal proteins are in contact with rRNA. 

• Most of the contacts between ribosomal subunits are 
made between the 16S and 23S rRNAs. 

•.t.wt• Ribosomes Have Several Active Centers 

• Interactions involving rRNA are a key part of ribosome 
function. 

• The environment of the tRNA-binding sites is largely 
determined by rRNA. 

•.t.Wt:l 16S rRNA Plays an Active Role in Translation 

• 16S rRNA plays an active role in the functions of the 30S 
subunit. It directly interacts with mRNA, the 50S sub
unit, and the anticodons of tRNAs in the P and A sites. 

•.z.wq 23S rRNA Has Peptidyl Transferase Activity 

• Peptidyl transferase activity resides exclusively in the 
23S rRNA. 

•.t+.l•l Ribosomal Structures Change When the Subunits 
Come Together 

• The head of the 30S subunit swivels around the neck 
when complete ribosomes are formed. 

• The peptidyl transferase active site of the 50S subunit 
is more active in complete ribosomes than in indi
vidual 50S subunits. 

• The interface between the 30S and 50S subunits is very 
rich in solvent contacts. 



CHAPTER OUTLINE, CONTINUED J 
*.l*.ll Translation Can Be Regulated 

• Translation can be regulated by the 5 '  UTR 
of the mRNA. 

• Translation may be regulated by the abun
dance of various tRNAs. 

• A repressor protein can regulate trans
lation by preventing a ribosome from 
binding to an initiation codon. 

• Accessibility of initiation codons in a 
polycistronic m RNA can be controlled by 
changes in the structure of the mRNA that 
occur as the result of translation. 

Btl Introduction 
An mRNA contains a series of codons that inter
act with the anticodons of aminoacyl-tRNAs 
so that a corresponding series of amino acids 
is incorporated into a polypeptide chain. The 
ribosome provides the environment for con
trolling the interaction between mRNA and 
aminoacyl-tRNA. The ribosome behaves like 
a small migrating factory that travels along the 
template, engaging in rapid cycles of peptide 
bond synthesis. Aminoacyl-tRNAs shoot in 
and out ofthe particle at an incredibly fast rate 
while depositing amino acids, and elongation 
factors cyclically associate with and dissociate 
from the ribosome. Together with its accessory 
factors, the ribosome provides the full range of 
activities required for all the steps of translation. 

FIGURE 24.1 shows the relative dimensions 
of the components of the translation appara
tus. The ribosome consists of two subunits that 
have specific roles in translation. Messenger 
RNA is associated with the small subunit; -35 

I 
6oA 220 A 

35-base mANA 

•<C 0 0 (\J 

FIGURE 24.1 Size comparisons show that the ribosome 
is large enough to bind tRNAs and mRNA. 

*.l*.l'• The Cycle of Bacterial Messenger RNA 

• Transcription and translation occur simul
taneously in bacteria (called coupled tran
scription/translation) as ribosomes begin 
translating an mRNA before its synthesis 
has been completed. 

• Bacterial mRNA is unstable and has a half
life of only a few minutes. 

• A bacterial mRNA may be polycistronic in 
having several coding regions that repre
sent different cistrons. 

*.l*D Summary 

bases of the mRNA are bound at any time. The 
mRNA threads its way along the surface close 
to the junction of the subunits. Two tRNA 
molecules are active in translation at any 
moment, so polypeptide elongation involves 
reactions taking place at just two of the approx · 

imately 10 codons covered by the ribosome. 
The two tRNAs are inserted into internal sites 
that stretch across the two ribosomal subunits. 
A third tRNA remains on the ribosome after 
it has been used in translation before being 
recycled. 

The basic form of the ribosome has been 
conserved in evolution, but there are appre
ciable variations in the overall size and pro
portions of RNA and protein in the ribosomes 
of bacteria, eukaryotic cytoplasm, and organ
elles. FIGURE 24.2 compares the components of 
bacterial and mammalian ribosomes. Both are 
ribonucleoprotein particles that contain more 
RNA than protein. The ribosomal proteins are 
known as r-proteitzs. 

Ribosomes 

Bacterial (70S) .. 50S 
mass: 2.5 MDa 
66% RNA .,... 308 

Mammalian (80S) .60S 
mass: 4.2 MDa 
60% RNA 

rRNAs r-proteins 

238 = 2904 bases 
58 = 120 bases 

1 68 = 1542 bases 

288 = 4718 bases 
5.88 = 160 bases 
58 = 120 bases 

31 

21 

49 

� 408 188 = 1874 bases 33 
FIGURE 24.2 Ribosomes are large ribonucleoprotein par
ticles that contain more RNA than protein and dissociate 
into large and small subunits. 
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Each of the ribosome subunits contains a 
major rRNA and a number of small proteins. 
The large subunit may also contain smaller 
RNA(s). In E. coli_ the small (305) subunit 
consists of the 165 rRNA and 2 1  r-proteins. 
The large (50S) subunit contains 235 rRNA, 
the small 55 RNA, and 3 1  r-proteins. With the 
exception of one protein that is present as four 
copies per ribosome, there is one copy of each 
protein. The major RNAs constitute the larger 
part of the mass of the bacterial ribosome. 
Their presence is pervasive and most or all of 
the ribosomal proteins actually contact rRNA. 
So the major rRNAs form what is sometimes 
considered the "backbone" of each subunit-a 
continuous thread whose presence dominates 
the structure and determines the positions of 
the ribosomal proteins. 

The ribosomes in the cytosol of eukary
otes are larger than those of bacteria. The total 
content of both RNA and protein is greater; 
the major RNA molecules are longer (called 
185 and 285 rRNAs), and there are more pro
teins. RNA is still the predominant component 
by mass. 

The ribosomes of mitochondria and chlo
roplasts are distinct from the ribosomes of the 
cytosol and they take varied forms. In some 
cases, they are almost the size of bacterial ribo
somes and have 70% RNA; in other cases, they 
are only 60S and have <30% RNA. 

The ribosome possesses several active 
centers, each of which is  constructed from a 
group of proteins associated with a region of 
ribosomal RNA. The active centers require 
the direct participation of rRNA in a struc
tural or even catalytic role (where the RNA 
functions as a ribozyme) with proteins sup
porting these functions in secondary roles. 
Some catalytic functions require individual 
proteins, but none of the activities can be 
reproduced by isolated proteins or groups of 
proteins; they function only in the context 
of the ribosome. 

In analyzing the functions of structural 
components of the ribosome, there are two 
experimental approaches. First, the effects of 
mutations in genes for particular ribosomal pro
teins or at specific bases in rRNA genes shed 
light on the participation of these molecules in 
particular reactions. Second, structural analysis, 
including direct modification of components of 
the ribosome and comparisons to identify con
served features in rRNA, identifies the physical 
locations of components involved in particular 
functions. 
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Translation Occurs by 
Initiation, Elongation, 
and Termination 

Key concepts 

• The ribosome has three tRNA-binding sites. 
• An aminoacyl-tRNA enters the A site. 

• Peptidyl-tRNA is bound in the P site. 

• Deacylated tRNA exits via the E site. 
• An amino acid is added to the polypeptide chain 

by transferring the polypeptide from peptidyl
tRNA in the P site to aminoacyl-tRNA in the A site. 

An amino acid is brought to the ribosome by 
an aminoacyl-tRNA. Its addition to the growing 
polypeptide chain occurs by an interaction with 
the tRNA that brought the previous amino acid. 
Each of these tRNAs lies in a distinct site on the 
ribosome. FIGURE 24.3 shows that the two sites 
have different features: 

• An incoming aminoacyl-tRNA binds 
to the A site. Prior to the entry of 
aminoacyl-tRNA, the site exposes the 
codon representing the next amino acid 
to be added to the chain. 

• The codon representing the most 
recent amino acid to have been added 
to the nascent polypeptide chain lies 
in the P site. This site is occupied by 
peptidyl-tRNA, a tRNA carrying the 
nascent polypeptide chain. 

FIGURE 24.4 shows that the aminoacyl end 
of the tRNA is located on the large subunit, 
whereas the anticodon at the other end inter
acts with the mRNA bound by the small sub· 
unit. So the P and A sites each extend across 
both ribosomal subunits. 

For a ribosome to form a peptide bond, 
i t  must be in the state shown in step 1 in 
Figure 24.3, when peptidyl-tRNA is  in the 
P site and aminoacyl-tRNA is in the A site. 
Peptide bond formation occurs when the 
polypeptide carried by the peptidyl-tRNA is 
transferred to the amino acid carried by the 
aminoacyl-tRNA. This step requires correct 
positioning of the aminoacyl-ends of the two 
tRNAs within the large subunit. This reac
tion is catalyzed by the large subunit of the 
ribosome. 

Transfer of the polypeptide generates 
the ribosome shown in step 2 of Figure 24.3, 
in which the deacylated tRNA, lacking 
any amino acid, lies in the P site, and a new 
peptidyl-tRNA is in the A site. This peptidyl
tRNA is  one amino acid residue longer than 



Codon "n" 
P site holds 
peptidyHRNA 

5' 

Codon 'n+1 " 
A site is entered 
by aminoacyHRNA 

Ribosome 
movement 

3' 

1 Before peptide bond formation peptidyHRNA 
occupies P site; aminoacyl-tRNA occupies A site 

Amino acid for codon n+ 1 

.. · · · · · �  
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• :2 Peptide bond formation polypeptide is transferred 
from peptidyHRNA in P site to aminoacyl-tRNA in A site 

3 Translocation moves ribosome one codon; 
places peptidyHRNA in P site; deacylated tRNA 
leaves via E site; A site is empty for next aa-tRNA 

• • • • • • • •  

Codon + 1 ' Codon "n+2" 
FIGURE 24.3 The ribosome has two sites for binding 
charged tRNA. 

the peptidyl-tRNA that had been in the P site 
in step l .  

The ribosome now moves one triplet 
along the messenger RNA. This stage is called 
translocation. The movement transfers the 
deacylated tRNA out of the P site and moves 

Aminoacyl ends of tRNA 
interact within large 
ribosome subunit 

Anticodons are bound 
to adjacent triplets on mANA 
in small ribosome subunit 

FIGURE 24.4 The P and A sites position the two interact
ing tRNAs across both ribosome subunits. 

AminoacyHRNA 
enters the A site 

Polypeptide is transferred to 
aminoacyHRNA 

Translocation moves 
peptidyHRNA into P site 

FIGURE 24.5 Aminoacyl-tRNA enters the A site, receives the polypeptide chain from 
peptidyl-tRNA, and is transferred into the P site for the next cycle of elongation. 

the peptidyl-tRNA into the P site (see step 3 
in Figure 24.3). The next codon to be trans
lated now Jies in the A site, ready for a new 
aminoacyl-tRNA to enter, when the cycle will 
be repeated. FIGURE 24.5 mmmarizes the inter
action between tRNAs and the ribosome. 

The deacylated tRNA leaves the ribosome 
via another tRNA-binding site, the E site. 
This site is transiently occupied by the tRNA 
ett route between leaving the P site and being 
released from the ribosome into the cyto
sol. Thus, the flow of tRNA is into the A site, 
through the P site, and out through the E site 
(see also Figure 24.28 in the section later in this 
chapter titled Trmzslocatio11 Moves the Ribosome). 
FIGURE 24.6 compares the movement of tRNA 
and mRNA, which may be considered a sort of 
ratchet in which the reaction is driven by the 
codon-anticodon interaction. 

Translation is divided into the three stages 
shown in FIGURE 24.7: 

• Initiation involves the reactions that 
precede formation of the peptide bond 
between the first two amino acids of the 
polypeptide. It requires the ribosome 
to bind to the mRNA, which fonns an 
initiation complex that contains the first 
aminoacyl-tRNA. This is a relatively slow 
step in translation and usually detemunes 
the rate at wluch an mRNA is translated. 

mANA �·· 

FIGURE 24.6 tRNA and mRNA move through the ribosome 
in the same direction. 
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Initiation small subunit on mANA binding site 
is joined by large subunit and aminoacyl-tRNA binds 

Elongation Ribosome moves along mANA, extending 
protein by transfer from peptidyl-tRNA to aminoacyl-tRNA 

Termination Polypeptide chain is released from tRNA, 
and ribosome dissociates from mANA 

FIGURE 24.7 Translation has three stages. 

• Elongation includes all the reactions 
from formation of the first peptide 
bond to addition of the last amino acid. 
Amino acids are added to the chain one 
at a time; the addition of an amino acid 
is the most rapid step in translation. 

• Termination encompasses the steps 
that are needed to release the com
pleted polypeptide chain; at the same 
time, the ribosome dissociates from 
the mRNA. 

Different sets of accessory factors assist the 
ribosome at each stage. Energy is provided at 
various stages by the hydrolysis of guanine 
triphosphate (GTP). 

During initiation, the small ribosomal sub
unit binds to mRNA and then is joined by the 
large subunit. During elongation, the mRNA 
moves through the ribosome and is translated 
in nucleotide triplets. (Although we usually talk 
about the ribosome moving along mRNA, it is 
more realistic to think in terms of the mRNA 
being pulled through the ribosome.)  At termi
nation, the polypeptide is released, mRNA is 
released, and the individual ribosomal subunits 
dissociate and can be used again. 
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Special Mechanisms 
Control the Accuracy 
of Translation 

l<ey concept 

• The accuracy of translation is controlled by spe
cific mechanisms at each stage. 

We know that translation is generally accurate 
because of the consistency that is found when 
we determine the amino acid sequence of a 
polypeptide. There are few detailed measure
ments of the error rate iu vivo, but it is generally 
thought to lie in the range of one error for every 
104 to 105 amino acids incorporated. Consider
ing that most polypeptides are produced in large 
quantities, this means that the error rate is too 
low to have much effect on the phenotype of 
the cell. 

It is not immediately obvious how such a 
low error rate is achieved. In fact, the nature of 
discriminatory events is a general issue raised 
by several steps in gene expression: 

• How do the enzymes that synthesize 
RNA recognize only the base comple
mentary to the template? 

• How do synthetases recognize just the 
corresponding tRNAs and amino acids? 

• How does a ribosome recognize only the 
tRNA corresponding to the codon in the 
A site? 

Each case poses a similar problem: how to 
distinguish one particular member from the 
entire set, all of which share the same general 
features. 

Probably any substrate initially can con
tact the active center by a random-hit process, 
but then the wrong substrates are rejected 
and only the appropriate one is accepted. The 
appropriate substrate is always in a minority 
(one of 4 bases, one of 20 amino acids, one 
of -30 to 50 tRNAs), so the criteria for dis
crimination must be strict. The point is that 
the enzyme or ribozyme must have some 
mechanism for increasing disnimination from 
the level that would be achieved merely by 
making contacts with the available surfaces 
of the substrates. 

FIGURE 24.8 summarizes the error rates 
at the steps that can affect the accuracy of 
translation. Errors in transcribing mRNA 
are rare-probably less than 10-6. This is an 
important stage for accuracy, because a single 
mRNA molecule is translated into many poly
peptide copies. The mechanisms that ensure 
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FIGURE 24.8 Errors occur at rates from 10-6 to 5 X 10-4 
at different stages of translation . 

transcriptional accuracy are discussed in the 
Prokaryotic Transcription chapter. 

The ribosome can make two types of 
errors in translation. It may cause a frameshift 
by skipping a base when it reads the mRNA 
(or, in the reverse direction, by reading a base 
twice-once as the last base of one codon and 
then again as the first base of the next codon, 
or twice within the same codon). These errors 
are rare, occurring at - I  o-s. Or, it may allow 
an incorrect aminoacyl-tRNA to (mis)pair with 
a codon, so that the wrong amino acid is incor
porated. This is probably the most common 
error in translation, occurring at -5 X 10-4. 
It is controlled by ribosome structure and dis
sociation kinetics (see the chapter titled Using 
the Genetic Code). 

An aminoacyl-tRNA synthetase can make 
two types of errors: It can place the wrong 
amino acid on its tRNA, or it can charge its 
amino acid with the wrong tRNA (see the 
chapter titled Using the GweticCode). The incor
poration of the wrong amino acid is more 
common, probably because the tRNA offers 
a larger surface with which the enzyme can 
make many more contacts to ensure specific
ity. Aminoacyl-tRNA synthetases have spe
cific mechanisms to correct errors before a 
mischarged tRNA is released (see the chapter 
titled Using the Genetic Code). 

Initiation in Bacteria 
Needs 305 Subunits and 
Accessory Factors 

Key concepts 
• Initiation of bacterial translation requires sepa

rate 30S and 50S ribosome subunits. 

• Initiation factors (IF-1, -2, and -3), which bind to 
30S subunits, are also required. 

• A 30S subunit carrying initiation factors binds to 
an initiation site on mRNA to form an initiation 
complex. 

• IF-3 must be released to allow 50S subunits to join 
the 30S-mRNA complex. 

Bacterial ribosomes engaged in elongating a 
polypept.ide chain exist as 70S particles. At ter
mination, they are released from the mRNA as 
free ribosomes or ribosomal subunits. In grow
ing bacteria, the majority of ribosomes are syn
thesizing polypeptides; the free pool is likely to 
contain -20% of the ribosomes. 

Ribosomes in the free pool can dissociate 
into separate subunits; this means that 70S 
ribosomes are in dynamic equilibrium with 30S 
and 50S subunits. !11itiatio11 of tra11slatio11 is 11ot 
a [u11ction of i11tact ribosomes, but is u11dertake11 by 

the separate subu11its, which reassociate during 
the initiation reaction. FIGURE 24.9 summarizes 
the ribosomal subunit cycle during translation 
in bacteria. 

Initiation occurs at a special sequence on 
mRNA called the ribosome-binding site 
(including the Shine-Dalgarno sequwce, which 

Initiation 
factors 

. . . . . . . .. g g  • • • • • • • 
: 30S subunits 
: with initiation 
: factors • • • • • • • 
: ....---• • • • • • • • • •  

Initiation 

.. . . .  • 
Separate Pool of free 

• • • • • • 
• 

subunits ribosomes 

.. 
• 

A. • • • • 

Elongation Termination 

FIGURE 24.9 Initiation requires free ribosome subunits. 
When ribosomes are released at termination, the 30S 
subunits bind initiation factors and dissociate to gener
ate free subunits. When subunits reassociate to give a 
functional ribosome at initiation, they release the factors. 
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is discussed in the next section). This is a short 
sequence of bases that precedes the coding 
region and is complementary to a portion of the 
l6S rRNA (see the section later in this chapter 
titled 16S rRNA Plays an Active Role in Transla
ti01z). The small and large subunits associate 
at the ribosome-binding site to form an intact 
ribosome. The reaction occurs in two steps: 

• Recognition of mRNA occurs when a 
small subunit binds to form an initiati01z 
complex at the ribosome-binding site. 

• A large subunit then joins the complex 
to generate a complete ribosome. 

Although the 30S subunit is involved in 
initiation, it is not sufficient by itself to under
take the reactions of binding mRNA and tRNA; 
this requires additional proteins called initia
tion factors (IF). These factors are found only 
on 30S subunits and they are released when the 
30S subunits associate with 50S subunits to gen
erate 70S ribosomes. This action distinguishes 
initiation factors from the structural proteins of 
the ribosome. The initiation factors are solely 
concerned with formation ofthe initiation com
plex; they are absent from 70S ribosomes and 
they play no part in the stages of elongation. 
FIGURE 24.10 summarizes the stages of initiation. 

Bacteria use three initiation factors, num
bered IF-I, IF-2, and IF-3. They are needed for 

1 30S subunit binds to mANA 

2 IF -2 brings !RNA to P site 

3 IFs are released and 50S subunit joins 

FIGURE 24.10 Initiation factors stabilize free 305 sub
units and bind initiator tRNA to the 305-m RNA complex. 

678 CHAPTER 24 Translation 

both mRNA and tRNA to enter the initiation 
complex: 

• IF-3 has multiple functions: It is needed 
to stabilize (free) 30S subunits and to 
inhibit the premature binding of the 
50S subunit; it enables 30S subunits to 
bind to initiation sites in mRNA; and 
as part of the 30S-mRNA complex, i t  
checks the accuracy of recognition of 
the first aminoacyl-tRNA. 

• IF-2 binds a special initiator tRNA and 
controls its entry into the ribosome. 

• IF-1 binds to 30S subunits as a part of 
the complete initiation complex. It binds 
in the vicinity ofthe A site and prevents 
aminoacyl-tRNA from entering. Its loca
tion also may impede the 30S subunit 
from binding to the 50S subunit. 

Numerous structural studies indicate that 
IF-3 has two distinct, largely globular domains, 
with the C-terminal domain at the 50S contact 
site on the 30S subunit, and the N-terminal 
domain in the vicinity of the 30S E site. This 
broad positioning of IF-3 on the 30S subunit is 
consistent with its multiple functions. 

The first function ofiF-3 controls the equi
librium between ribosomal states, as shown in 
FIGURE 24.11. IF-3 binds to free 30S subunits that 
are released from the pool of 70S ribosomes. 
The presence of IF-3 prevents the 30S subunit 
from reassociating with a 50S subunit. IF-3 can 
interact directly with l6S rRNA, and there is 
significant overlap between the bases in l6S 
rRNA protected by IF-3 and those protected by 
binding of the 50S subunit, suggesting that it 

IF-3 

Free 
subunits 

Dynamic 
equilibrium 

)I 

Pool of 70S 
ribosomes 

I 30S subunit with IF-3 can bind mANA, 
+ cannot bind 50S subunit 

IF -3 must be released 
0 • • • • • before 50S subunit can join 

FIGURE 24.11 Initiation requires 305 subunits that 
carry IF-3. 



physically prevents junction of the subunits. 
IF-3 therefore behaves as an anti-association 
factor that causes a 30S subunit to remain in 
the pool of free subunits. The reaction between 
IF-3 and the 30S subunit is stoichiometric: One 
molecule of IF-3 binds per subunit. There is a 
relatively small amount ofiF-3, so its availabil
ity determines the number of free 30S subunits. 

The second function of IF-3 controls the 
ability of30S subunits to bind to mRNA. Small 
subunits must have IF-3 in order to form ini
tiation complexes with mRNA. IF-3 must be 
released from the 30S-mRNA complex in order 
to enable the 50S subunit to join. On its release, 
IF-3 immediately recycles by Finding another 
30S subunit. 

Finally, IF-3 checks the accuracy of recog
nition of the first aminoacyl-tRNA and helps 
to direct it to the P site of the 30S subunit. The 
former has been attributed to the C-terminal 
domain of IF-3 (see the section later in this 
chapter titled Use of fMet-tRNAt Is Controlled 
by I F-2 and the Ribosome). By comparison, the 
N-terminal domain of IF-3 is positioned to help 
direct the aminoacyl-tRNA into the P site of the 
30$ subunit by blocking the E site at the same 
time that IF-I is blocking the A site. 

IF-2 has a ribosome -dependent GTPase 
activity: It sponsors the hydrolysis of GTP in 
the presence of ribosomes, releasing the energy 
stored in the high-energy bond. The GTP is 
hydrolyzed when the 50S subuni t joins to gen
erate a complete ribosome. The GTP cleavage 
could be involved in changing the conforma
tion of the ribosome, so that the joined subunits 
are converted into an active 70S ribosome. 

Initiation Involves Base 
Pairing Between mRNA 
and rRNA 

Key concepts 

• An initiation site on bacterial mRNA consists 
of the AUG initiation codon preceded by the 
Shine-Dalgarno polypurine hexamer -10 bases 
upstream. 

• The rRNA of the 305 bacterial ribosomal sub
unit has a complementary sequence that base 
pairs with the Shine-Dalgarno sequence during 
initiation. 

The signal for initiating a polypeptide chain is a 
special initiation codon that marks the start of 
the reading frame. Usually the initiation codon 
is the triplet AUG, but in bacteria GUG or UUG 
may also be used. 

Bind ribosome 
to initiation site 
on mANA 

Add nuclease 
to digest all 
unprotected 
mANA 

Isolate 
fragment of 
protected 
mANA 

Determine 
AACAGGAGGAUUACCCCAUGUCGAAGCAA ... sequence of 

I 
protected 

Leader Coding region . fragment 

Shine-Dalgarno 
<10 bases 
upstream of AUG 

AUG 
in center of 
protected 
fragment 

All initiation 
regions have 
two consensus 
elements 

FIGURE 24.12 Ribosome-binding sites on  mRNA can be 
recovered from initiation complexes. They include the 
upstream Shine-Dalgarno sequence and the initiation codon. 

An mRNA contains many AUG triplets, so 
how is the correct initiation codon recognized 
as providing the starting point for translation? 
The sites on mRNA where translation is initi
ated can be identified by binding the ribosome 
to mRNA under conditions that block elonga
ti on so that the ribosome remains at the initia
tion site. When ribonuclease is added to the 
blocked initiation complex, all the regions of 
mRNA outside the ribosome are degraded, but 
those actually bound to it are protected, as illus
trated in FIGURE 24.12. The protected fTagn1ents 
can then be recovered and characterized. 

The initiation sequences protected by 
bacterial ribosomes are -30 bases long. The 
ribosome-binding sites of different bacterial 
mRNAs display two common features: 

• The AUG (or less ohen, GUG or UUG) 
initiation codon is always included 
within the protected sequence. 

• Approximately lO bases upstream of the 
AUG is a sequence that corresponds to 
part or all of the hexamer: 

5'  . . .  A G G A G  G . . .  3 '  

This polypurine stretch is  known as 
t h e  Shine-Dalgarno sequence. It i s  
complementary to a highly conserved sequence 
close to the 3' end of I6S rRNA. (The extent 
of complementarity differs with individual 
mRNAs and may extend from a four-base 
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core sequence GAGG to a nine-base sequence 
extending beyond each end of the hexamer.) 
Written in reverse direction, the rRNA sequence 
is the hexamer: 

3 '  . . .  u c c u c c . . .  5 '  

Does the Shine-Dalgarno sequence pair with 
its rRNA complement during mRNA-ribosome 
binding? Mutations of either sequence demon
strate its importance in initiation. Point mutations 
in the Shine-Dalgarno sequence can prevent an 
mRNA from being translated. In addition, the 
introduction of mutations into the complemen
tary sequence in rRNA is deleterious to the cell 
and changes the pattern of translation. The deci
sive confirmation of the base-pairing reaction is 
that a mutation in the Shine-Dalgarno sequence 
of an mRNA can be suppressed by a mutation in 
the rRNA that restores base pairing. 

The sequence at the 3 '  end of rRNA is con
served among prokaryotes and eukaryotes, 
except that in all eukaryotes there is a deletion 
of the five-base sequence CCUCC that is the 
principal complement to the Shine-Dalgarno 
sequence. There does not appear to be base 
pairing between eukaryotic mRNA and 18S 
rRNA. This is a significant difference in the 
mechanism of initiation. 

In bacteria, a 30S subunit binds directly to 
a ribosome-binding site. As a result, the initia
tion complex forms at a sequence surrounding 
the AUG initiation codon. When the mRNA is 
polycistronic (see the section later in this chapter 
titled The Cycle of Bacterial Messenger RNA), each 
coding region starts with a ribosome-binding site. 

The nature of bacterial gene expression 
means that translation of a polycistronic bac
terial mRNA proceeds sequentially through its 
cistrons. At the time when ribosomes attach to 
the first coding region, the subsequent coding 
regions have not yet been transcribed. By the 
time the second ribosome site is available, trans
lation through the first cistron is well underway. 

What happens between the coding regions 
depends on the individual polycistronic mRNA. 
In most cases, the ribosomes probably bind 
independently at the beginning of each cistron. 
The most common series of events is illustrated 
in FIGURE 24.13 . When synthesis of the first 
polypeptide terminates, the ribosomes leave 
the mRNA and dissociate into subunits. Then a 
new ribosome must assemble at the next coding 
region and begin translation oft he next cistron. 

In some polycistronic bacterial mRNAs, 
translation between adjacent cistrons is directly 
linked, because ribosomes gain access to the 
initiation codon of the second cistron as they 
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Initiation Termination Initiation 
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.. 

First coding region Second coding region 
FIGURE 24.13 Initiation occurs independently at each 
cistron in a polycistronic mRNA. When the intercistronic 
region is longer than the span of the ribosome, dissocia
tion at the termination site is followed by independent 
reinitiation at the next cistron. 

complete translation of the first cistron. This 
requires the space between the two coding 
regions to be small. It may depend on the high 
local density of ribosomes, or the juxtaposition of 
termination and initiation sites could allow some 
of the usual interci stronic events to be bypassed. 
A ribosome physically spans -30 bases ofmRNA, 
so that it can simultaneously contact a termina
tion codon and the next initiation site if they are 
separated by only a few bases. 

Ill A Special Initiator tRNA 
Starts the Polypeptide 
Chain 

Key concepts 
• Translation starts with a methionine amino acid 

usually encoded by AUG. 
• Different methionine tRNAs are involved in initia

tion and elongation. 
• The initiator tRNA has unique structural features 

that distinguish it from all other tRNAs. 
• The NH2 group of the methionine bound to the 

bacterial initiator tRNA is formylated. 

Synthesis of all polypeptides starts with the 
same amino acid: methionine. tRNAs recogniz
ing the AUG codon carry methionine, and two 
types of tRNA can carry this amino acid. One 
is used for initiation, the other for recognizing 
AUG codons during elongation. 

In bacteria, mitochondria, and chloroplasts, 
the initiator tRNA carries a methionine residue 
that has been formylated on its amino group, 
forming a molecule ofN-formyl-methionyl
tRNA. The tRNA is known as tRNApet. The 
name of the aminoacyl-tRNA is usually abbre
viated to fMet-tRNAr. 

The initiator tRNA gains its modified 
amino acid in a two-stage reaction. First, it 
is charged with the amino acid to generate 



Mel-tRNA1 N-formyt-met-tRNA1 

1 0-formyl lelrahydrofolate 
letrahydrofolale 

FIGURE 24.14 The initiator N-formyl-methionyl-tRNA 
(fMet-tRNA1) i� generated by formylation of methionyl
tRNA u�ing formyl-tetrahydrofolate as a cofactor. 

Met-tRNA1, and then the l'ormylation reac
tion shown in FIGURE 24.14 blocks the free NH2 
group. Although the blocked amino acid group 
would prevent the iniUator from participating 
in chain elongation, it does nor interfere with 
the ability to initiate a polypeptide. 

This tRNA is used only for initiation. It 
recognizes the codons AUG or GUG (occa
sionally UUG). The codons are not recognized 
equally well; the extent of initiation declines 
by about half when AUG is replaced by GUG, 
and declines by about half again when UUG is 
employed. 

The tRNA type responsible for recog
llizing AUG codons in internal locations is 
tRNA�"t. This tRNA only recognizes inter
llal AUG codons. Its methionine cannot be 
formylated. 

What features distinguish the EMet-tRNAt 
initiator and the Met-rRNAm elongator? Some 
d1aracteristic features of the tRNA sequence are 
important, as summarized in FIGURE 24.15. Some 
of these features are needed to prevent the initia
tor Erom being used in elongation, whereas others 
are necessary lor it to function in initiation: 

• Formylation is not strictly necessary 
because nonformylated Met-tRNAt 
can function as an initiator. How
ever, formylation improves the effi
ciency with which the Met-tRNAt is  
used because it is one of the features 
recognized by the factor IF -2 that binds 
the initiator tRNA. 

• The bases that face one another at the last 
position of the stem to which the amino 
acid is  connected are paired in all tRNAs 
except tRNAf'k'. Mutations that create 
a base pair in this position of tRNAj'k' 
allow it to r�unction in elongation. There
fore, the absence of this pair is important 
in preventing tRNAjAc• from being used 

Formylated 
amino acid 

No base pairing 

3 G-C base pairs 

formyl I 
Mel 

C A U 

Needed for 
formY!ation 

• 

Needed to 
enter P site 

FIGURE 24.15 fMet-tRNAr has unique features that dis
tinguish it as the initiator tRNA. 

in elongation. It is also needed for the 
fom1ylation reaction. 

• A series of 3 G -C pairs in the stem that pre
cedes the loop containing the anticodon 
is unique to tRNAj-1<'. These base pairs 
are required to allow the fMet-tRNAt to 
be inserted directly into the P site. 

In bacteria and mitochondria, the formyl res
idue on the initiator methionine is removed from 
the protein by a specific deformylase enzyme to 
generate a nonnal NH2 terminus. If methionine 
is to be theN-terminal amino acid of the protein, 
this is the only necessary step. In about half the 
polypeptides, the methionine at the tenninus is 
removed by an aminopeptidase, which creates 
a new tem1inus fl·om R2 (originally the second 
amino acid incorporated into the chain). When 
both steps are necessary, they occur sequentially. 
The removal reaction (s} occur rather rapidly 
when the nascent polypeptide chain has reached 
a length of -15 amino acids. 

Use of fMet-tRNAt Is 
Controlled by IF-2 and 
the Ribosome 

Key concept 
• IF-2 binds the initiator fMet-tRNA, and allows it to 

enter the partial P site on the 30$ subunit. 

In bacterial tra11slation, the meaning of the AUG 
a11d GUG codons depends on their context. 
When the AUG codon is used for initiation, 
a fonnyl-methionine begins the polypeptide; 
when it i s  used within the coding region, 
methionine is added to the polypeptide. The 
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IF-2 Only IMet-tRNA1 enters 
partial P site on 308 

�ubunit bound to mRNA 

Only aa-tRNA enters 
A site on complete -..1 708 ribosome .---r EF-Tu 

a a 

FIGURE 24.16 Only fMet-tRNAf can be used fori nitiation 
by 30S subunits; other aminoacyl-tRNAs (aa-tRNA} must 
be used for elongation by 70S ribosomes. 

meaning of the GUG codon is even more depen
dent on its location. When present as the first 
codon, formyl-methionine is added, but when 
present within a gene, it is bound by Val-tRNA, 
one of the regular members of the tRNA set, to 
provide valine as specified by the genetic code. 

How is the context of AUG and GUG codons 
interpreted? FIGURE 24.16 illustrates the decisive 
role of the ribosome when acting in conjunction 
with accessory factors. 

In an initiation complex, the small subunit 
alone is bound to mRNA. The initiation codon 
lies within the part of the P site carried by the 
small subunit. The only aminoacyl-tRNA that 
can become part of the initiation complex is 
the initiator, whid1 has the unique property of 
being able to enter directly into the partial P site 
to bind to its complementary codon. 

When the large subunit joins the complex, 
the partial tRNA-binding sites are converted 
into the intact P and A sites. The initiator 
fMet-tRNAt occupies the P site and the A site 
is available for entry of the aminoacyl-tRNA 
complementary to the second codon of the 
mRNA. The first peptide bond forms between 
the initiator and the next aminoacyl-tRNA. 

Initiation occurs when an AUG (or GUG) 
codon lies within a ribosome-binding site because 
only the initiator tRNA can enter the partial P site 
formed when the 30S subunit binds de novo to 
the mRNA. During elongation only the regular 
aminoacyl-tRNAs can enter the complete A site. 
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Accessory factors are critical in controlling 
the usage of aminoacyl-tRNAs. All aminoacyl
tRNAs associate with the ribosome by binding 
to an accessory factor. The factor used in initia
tion is IF-2 (see the section earlier in this chap
ter titled initiation i11 Bacteria Needs 30S Subunits 
and Accessory Factors). The accessory factor used 
at elongation, EF-Tu, is discussed in the section 
later in this chapter titled Elo11gation Factor Tu 
Loads Ami11oacyl-tRNA i11to the A Site. 

The initiation factor IF-2 places the initia
tor tRNA into the P site. By forming a com
plex specifically with fMet-tRNA1, IF-2 ensures 
that only the initiator tRNA, and none of the 
regular aminoacyl-tRNAs, participates in the 
initiation reaction. Conversely, EF-Tu, which 
places aminoacyl-tRNAs in the A site, cannot 
bind fMet-tRNA,, which is therefore excluded 
Erom use during elongation. 

The accuracy of initiation is also assisted by 
IF-3, which stabilizes binding of the initiator tRNA 
by recognizing correct base pairing with the sec
ond and third bases of the AUG initiation codon. 

FIGURE 24.17 details the series of events by 
which IF-2 places the EMet-tRNAr initiator in 
the P site. IF-2, bound to GTP, associates with 
the P site of the 30S subunit. At tlus point, the 
30S subunit carries all the initiation factors. 
EMet-tRNAt then binds to the rF-2 on the 30S 
subunit and IF-2 transfers the tRNA into the 
partial P site. 

308-mRNA complex 

IF2-GTP joins complex IF-2 

!Met 
Initiator tRNA joins 

508 subunit joins 
and IF1-3 are released 

!Met 

IF-1 IF-2 IF-3 GOP P· I 

FIGURE 24.17 IF-2 is needed to bind fMet-tRNAt to the 
30S-mRNA complex. After 50S binding, all IF factors are 
released and GTP is cleaved. 



fZII Small Subunits Scan 
for Initiation Sites 
on Eukaryotic mRNA 

Key concepts 
• Eukaryotic 405 ribosomal subunits bind to the 5 '  

end of mRNA and scan the mRNA until they reach 
an initiation site. 

• A eukaryotic initiation site consists of a 
10-nudeotide sequence that includes an AUG codon. 

• 60S ribosomal subunits join the complex at the 
initiation site. 

Initiation of translation in eukaryotic cytoplasm 
resembles the process that occurs in bacteria, but 
the order of events is different and the number 
of accessory factors is greater. Some of the dif
ferences in initiation are related to a difference 
in the way that bacterial 30S and eukaryotic 40S 
subunits find their binding sites for initiating 
translation on mRNA. In eukaryotes, small sub
units first recognize the 5'  end of the mRNA and 
then move to the initiation site, where they are 
joined by large subunits. (In prokaryotes, small 
subunits bind directly to the initiation site.) 

Virtually all eukaryotic mRNAs are mono
cistronic, but each mRNA usually is substan
tially longer than necessary just to encode its 
polypeptide. The average mRNA in eukaryotic 
cytoplasm is 1 000 to 2000 bases long, has a 
methylated cap at the 5'  terminus, and carries 
100 to 200 bases ofpoly(A) at the 3 '  terminus. 

The non translated 5 '  leader is relatively 
short, usually less than l 00 bases. The length 
of the coding region is determined by the size 
of the polypeptide product. The non translated 
3 '  trailer is olten rather long, at times reaching 
lengths of up to -1000 bases. 

The first feature to be recognized during 
translation of a eukaryotic mRNA is the meth
ylated cap that marks the 5'  end. Messenger 
RNAs whose caps have been removed are not 
translated efficiently i11 vitro. Binding of 40S 
subunits to mRNA requires several initiation 
factors, including proteins that recognize the 
structure of the cap. 

Modification at the 5 '  end occurs in almost 
all cellular or viral mRNAs and is essential 
for their translation in eukaryotic cytoplasm 
(although it is not needed in organelles). The 
sole exception to this rule is provided by a few 
viral mRNAs (such as poliovirus) that are not 
capped; only these exceptional viral mRNAs 
can be translated in vitro without caps. They 
use an alternative pathway that bypasses the 
need for the cap. 

We have dealt with the process of ini
tiation as though the initiation site is always 
freely available. However, its availability may 
be impeded by secondary structure. The rec
ognition of mRNA requires several additional 
factors; an important part of their function is to 
remove any secondary structure in the mRNA. 

In some mRNAs, the AUG initiation codon 
lies within 40 bases of the 5 '  terminus of the 
mRNA, so that both the cap and AUG lie within 
the span of ribosome binding. However, in many 
mRNAs, the cap and AUG are farther apart; in 
extreme cases, they can be as much as 1000 
bases away from each other. Yet the presence of 
the cap is still necessary for a stable complex to 
be formed at the initiation codon. How can the 
ribosome rely on two sites so far apart? 

FIGURE 24.18 illustrates the "scanning" model, 
which supposes that the 40S subunit initially rec
ognizes the 5' cap and then "migrates" along the 
mRNA. Scanning from the 5'  end is a linear pro
cess. When 40S subunits scan the leader region, 
they can melt secondary structure hairpins with 
stabilities less than -30 kcal, but hairpins of 
greater stability impede or prevent migration. 

Migration stops when the 40S subunit 
encounters the AUG initiation codon. Usu
ally, although not always, the first AUG triplet 
sequence to be encountered will be the initia
tion codon. However, the AUG triplet by itself is 
not sufficient to halt migration; it is recognized 
efficiently as an initiation codon only when it is 

GCC�CCAUGG 
/ 

Methylated cap Initiation site 

1 Small subunit binds to methylated cap 

2 Small subunit migrates to initiation site 

3 If leader is long, subunits may form queue 

FIGURE 24.18 Eukaryotic ribosomes mig rate from the 5 '  
end of mRNA to the ribosome binding site, which includes 
an AUG initiation codon. 
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in the right context. The most important deter
minants of context are the bases in positions -4 
and + I .  An initiation codon may be recognized 
in the sequence NNNPuNNAUGG. The purine 
(A or G) three bases before the AUG codon and 
the G immediately following it  can influence 
the efficiency of translation by I O X .  When the 
leader sequence is long, further 40S subunits 
can recognize the 5 '  end before the first has left 
the initiation site, creating a queue of subunits 
proceeding along the leader to the initiation site. 

It is usually true that the initiation codon 
is the first AUG to be encountered in the most 
efficiently translated mRNAs. However, what 
happens when there is an AUG triplet in the 
5 '  untranslated region? There are two possible 
escape mechanisms for a ribosome that starts 
scanning at the 5 '  end. The most common is 
that scanning is leaky; that is, a ribosome may 
continue past a noninitiation AUG because it is 
not in the right context. In the rare case that it 
does recognize the AUG, it may initiate transla
tion but terminate before the proper initiation 
codon, after which it resumes scanning. 

The majority of eukaryotic initiation events 
involve scanning from the 5 '  cap, but there is an 
alternative means of initiation, used especially 
by certain viral RNAs, in which a 40S subunit 
associates directly with an internal site called 
an internal ribosome entry site (IRES). In 
this case, any AUG codons that may be in the 5' 
untranslated region are bypassed entirely. There 
are few sequence homologies between known 
IRES elements. We can distinguish three types on 
the basis of their interaction with the 40S subunit: 

• The most common type of IRES includes 
the AUG initiation codon at its upstream 
boundary. The 40S subunit binds directly 
to it, using a subset of the same factors 
that are required for initiation at 5 '  ends. 

• Another type is located as much as 
IOO nucleotides upstream of the AUG, 
requiring a 40S subunit to migrate, again 
probably by a scanning mechanism. 

• An exceptional type ofiRES in hepatitis 
C virus can bind a 40S subunit directly, 
without requiring any initiation factors. 
The order of events is different from all 
other eukaryotic initiation. Following 
40S-mRNA binding, a complex con
taining initiator factors and the initiator 
tRNA binds. 

Use of the IRES is especially important in 
picornavirus infection, where it was first discov
ered, because the virus inhibits host translation 
by destroying cap structures and inhibiting the 
initiation factors that bind them. One such target is 
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subunit eiF4G (see the next section, Eukaryotes Use 
a ComplexofMany I11itiation Factors), which binds the 
5 '  end of mRNA. Thus, infection prevents transla
tion ofhostmRNAs, but allows viral mRNAs to be 
translated because they use the IRES. 

Binding is stabilized at the initiation site. 
When the 40S subunit is joined by a 60S sub
unit, the intact ribosome is located at the site 
identified by the protection assay. A 40S sub
unit protects a region of up to 60 bases; when 
the 60S subunits join the complex, the pro
tected region contracts to about the same length 
of 30 to 40 bases seen in prokaryotes. 

Eukaryotes Use a 
Complex of Many 
Initiation Factors 

Key concepts 
• Initiation factors are required for all stages of ini

tiation, including binding the initiator tRNA, 40S 
subunit attachment to mRNA, movement along the 
mRNA, and joining of the 60S subunit. 

• Eukaryotic initiator tRNA is a Met-tRNA that is dif
ferent from the Met-tRNA used in elongation, but 
the methionine is not formylated. 

• eiF2 binds the initiator Met-tRNA; and GTP, form
ing a ternary complex that binds to the 40S sub
unit before it associates with mRNA. 

• A cap-binding complex binds to the 5' end of mRNA 
prior to association of the mRNA with the 40S subunit. 

Initiation in eukaryotes has the same general 
features as in bacteria in using a specific ini
tiation codon and initiator tRNA. Initiation in 
eukaryotic cytoplasm uses AUG as the initiator 
codon. The initiator tRNA is a distinct type, but 
its methionine does not become formylated. It 
is called tRNAf"1. Thus, the difference between 
the initiating and elongating Met-tRNAs lies 
solely in the tRNA moiety, with Met-tRNA; 
used for initiation and Met-tRNAm used for 
elongation. 

At least two features are unique to the 
initiator tRNAtlct in yeast: It has an unusual 
tertiary structure and it is modified by phos
phorylation of the 2'  ribose position on base 64 
(if this modification is prevented, the initiator 
can be used in elongation). Thus, the principle 
of a distinction between initiator and elongator 
Met-tRNAs is maintained in eukaryotes, but its 
structural basis is different from that in bacteria . 

Eukaryotic cells have more initiation fac
tors than bacteria: The current list includes I2 
factors that are directly or indirectly required 
for initiation. The factors are named similarly 
to those in bacteria (sometimes by analogy with 



the bacterial factors} and are given the prefix 
ue� to indicate their eukaJ·yotk origin. They act 
at all stages of the process, including: 

• Fomlingan initiation complex with the 
5' end of mRNA 

• Fonning a complex with Met-tRNA; 
• Binding the mRNA-factor complex to 

the Met-tRNA;-lactor complex 
• Enabling the ribosome to scan mRNA 

from the 5' end to the first AUG 
• Detecting binding of initiator tRNA to 

AUG at the start site 
• Mediatingjoining of the 60S subunit 

FIGURE 24.19 sunm1arizes the stages of irti
tiation and shows which initiation factors are 
involved at each stage. elF2, together with Met
tRNA;, eiF3, eiFI, and elFlA, binds to the 40S 
ribosome subtmit to fonn the 43S preinitiation 
complex. efF4A, eiF4B, eiF4E, and efF4G bind 
to the 5 '  end of the rnRNA to form the cap
binding complex. This complex assodates with 
3' end of the mRNA via eiF4G, which interacts 
with poly(A}-binding protein (PABP). The 43S 
complex binds the initiation factors at the 5' end 
of the mRNA and scans for the initiation codon. 
It can be isolated as the 48S initiation complex. 

The subunit eiF2 is the key factor in bind
ing Met-tRNA;. Unlike bacteriai iF2, which is a 

435 preinitiation 
complex eiF2, 
eiF3, Met-lANA; 
eiFI. e1F1A 

5, 4E _4 
Cap-binding � ,..4·:-:s�===� 
complex + mANA 4G 
eJF4A, B, E, G 3' -=--

485 complex forms 
at initiation codon 
eiF2, EIF3 
eiF1 , 1 A 
eiF4A, B. F 

Me 

FIGURE 24.19 Some initiation factors bind to the 405 

ribosome subunit to form the 435 preinitiation complex; 
others bind to mRNA. When the 435 complex binds to 
mRNA, it scans for the initiation codon and can be iso
lated as the 485 complex. 

eiF2 consists 
of ally subunits 

eiF-28 

.. 
GOP GTP 

Ternary complex 

eiF2B generates 
the active form of e1F2 

FIGURE 24.20 In eukaryotic initiation, eiF-2 forms a 
ternary complex with Met-tRNA; and GTP. The ternary 
complex binds to free 405 subu nits, which attach to the 
5 '  end of mRNA. Later in the reaction, GTP is hydrolyzed 
and eiF2 is released in the form of elf2-GDP. eiF28 regen
erates the active form. 

monomeric GTP-binding protein, elF2 is a het
erotrimeric GTP -binding protein consisting of ex, 
�� and -y subunits, none of which is homologous 
to bacterial TF2 (see Figure 24.36 in the section 
later in this chapter titled Termilratio11 Codous Are 

Recog11ized by Protein Factors). efF2 is active when 
bound to GTP and inactive when bound to gua
nine diphosphate (GDP). FIGURE 24.20 shows that 
the elF2-GTP binds to Met-tRNA;. The product is 
sometimes called the ternary complex (after its 
tluee components, eiF2, GTP, and Met-tRNA;). 
Assembly of the ternary complex is regulated by 
ilie guanine nucleotide exchange factor (GEF) 
eiF2B, which exchanges GDP for GTP following 
hydrolysis of GTP by eiF2. 

FIGURE 24.21 shows that the ternary com
plex places Met-tRNA; onto the 40S subunit. 

e1F3 maintains free 405 subunits 

e1F2 binds Met-lANA to 405 

435 

e1F2 is a GTPase 
e1F2B is the exchange factor 

2 GOP 2 GTP 

FIGURE 24.21 Initiation factors bind the initiator Met
tRNA to the 405 subunit to form a 435 complex. Later in 
the reaction, GTP is hydrolyzed and eiF2 is released in 
the form of eiF2-GDP. eiF2B regenerates the active form. 
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eiF4F is a heterotrimer consisting of: 

eiF4G is a scaffold protein 
eiF4E binds the 5' methyl cap 
eiF4A is a helicase that unwinds the 5' structure 

eiF4G binds two further factors 
eiF48 stimulates eiF4A helicase 
PABP binds 3' poly(A) 

FIGURE 24.22  The heterotrimer eiF4F binds the 5 '  end 
of mRNA as well as other factors. 

Along with factors e!Fl, eiFlA, and eiF3, this 
generates the 43S preinitiation complex. The 
reaction is independent of the presence ol: 
mRNA. In fact, the Met-tRNAi initiator must 
be present in order for the 40S subunit to bind 
to mRNA. eiF3, which is required to maintain 
40S subunits in their dissociated state, is a very 
large factor, wi tb eight to l 0 subunits. elF l and 
eiF lA, which is homologous to bacterial lFl,  
appear to enhance eiF3's dissociation activity. 

FIGURE 24.22  shows the group of factors that 
bind to the 5'  end ofmRNA. The factor eiF4F is a 
protein complex that contains three of the initia
tion factors. It is not clear whether it preassembles 
as a complex before binding to mRNA or whether 
the subunits are added individually to form the 
complex on mRNA. Ir includes the cap-binding 
subunit eiF4E, the heticase eiF4A, and the Mscaf
folding'' subunit e!F4G. After eiF4E binds the 
cap, eiF4A unwinds any secondary structure that 
exists in the first 1 5  bases of the mRNA. Energy 
for the unwinding is provided by hydrolysis of 
ATP. Unwindingofthe structure further along the 
mRNA is accomplished by eiF4A together with 
another factor, eiF4B. The main role ofeiF4G is to 
link other components of the initiation complex. 

The subunit eiF4E is a focus for regula
tion. Its activity is increased by phosphoryla
tion, which is triggered by stimuli that increase 
translation and reversed by stimuli that repress 
translation. The subunit eiF4F has a kinase 
activity that phosphorylates e!F4E. The avail
ability of elF4E is also controlled by proteins 
that bind to it (caUed 4E-BP1, -2, and -3), to 
prevent it from functioning in initiation. 

The presence ofpoly(A) on the 3 '  tail of the 
mRNA stimulates the formation of the initiation 
complex at the 5' end. P ABP binds to the elF4G 
scaffolding protein, bringing about a circular 
oroanization ofthe mRNA with both the 5' and <> 

3 '  ends held in this complex. The formation 
of this closed loop stimulates translation and 
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Met 

PABP 
Possible interactions: 
e1F4G binds to eiF3 
mANA binds e1F4G, eiF3, and 408 subunit 

FIGURE 24.23 Interactions involving initiation factors 
are important when mRNA binds to the 435 complex. 

PABP is required for this effect, meaning that 
PABP effectively serves as an initiation factor. 
The PABP/eiF4G interaction on the mRNA pro
motes recruitment of the 43S complex to the 
mRNA, as weU as joining of the 60S subunit. 

FIGURE 24.23 shows that the interactions 
involved in binding the mRNA to the 43S com
plex are not completely defined, but appear to 
involve eiF4G and eiF3 as well as the mRNA 
and 40S subunit. The subunit elF4G binds to 
eiF3. This provides the means by which the 40S 
ribosomal subunit binds to eiF4F and thus is 
recruited to the complex. ln effect, eiF4F func
tions to get elF4G in place so that it can attract 
the small ribosomal subunit. 

When the small subunit has bound mRNA, 
it (usually) migrates to the first AUG codon. 
Scanning is assisted by the factors elF I and 
eiFIA. This process requires expenditure of 
energy in the fom1 of ATP, and thus factors asso
ciated with ATP hydrolysis (efF4A, IF4B, and 
e1F4F) also play a role in this step. FIGURE 24.24 
shows that the smaU subunit stops when it 
reaches the initiation site, at which point the 

e1F1 and eiF1A enable scanning 
Met 

4BS complex 
1 

e1F5 induces GTP hydrolysis by e1F2 
e1F2 and eiF3 are released 

elF 58 mediates joining of 60S subunit 

58 

FIGURE 24.24 eiF1 and eiF1A help the 435 initiation 
complex to scan the mRNA until it reaches an AUG cod�n. 
eiF2 hydrolyzes its GTP to enable its release together w1th 
IF3. eiFSB mediates 605-405 joining. 



initiator tRNA base pairs with the AUG initia
tion codon, forming a stable 48S complex. 

Junction of the 60S subunits with the ini
tiation complex cannot occur until eiF2 and 
eiF3 have been released from the initiation 
complex. This is mediated by eiF5 and causes 
eiF2 to hydrolyze its GTP. The reaction occurs 
on the small ribosome subunit and requires the 
base pairing of the initiator tRNA with the ini
tiation codon. All of the remaining factors likely 
are released when the complete 80S ribosome 
is formed. 

Finally, the factor eiFSB enables the 60S 
subunit to join the complex, forming an intact 
ribosome that is ready to start elongation. The 
subunit eiFSB has a similar sequence to the 
prokaryotic factor IF2, which has a similar role 
in hydrolyzing GTP (in addition to its role in 
binding the initiator tRNA). 

Once the factors have been released, they 
can associate with the initiator tRNA and ribo
somal subunits in another initiation cycle . The 
subunit eiF2 has hydrolyzed its GTP; as a result, 
the active form must be regenerated. This is 
accomplished by the guanosine exchange factor 
(GEF), eiF2B, which displaces the GDP so that 
it can be replaced by GTP. 

The subunit eiF2 is a target for regulation. 
Several regulatory kinases act on the a subunit 
of eiF2. Phosphorylation prevents eiF2B from 
regenerating the active form. This limits the 
action of eiF2B to one cycle of initiation and 
thereby inhibits translation. 

Elongation Factor Tu 
Loads Aminoacyl-tRNA 
into the A Site 

Key concepts 
• EF-Tu is a monomeric G protein whose active form 

(bound to GTP) binds to aminoacyl-tRNA. 
• The EF-Tu-GTP-aminoacyl-tRNA complex binds to 

the ribosome's A site. 

Once the complete ribosome is formed at the 
initiation codon, the stage is set for a cycle in 
which an aminoacyl-tRNA enters the A site 
of a ribosome whose P site is occupied by a 
peptidyl-tRNA. Any aminoacyl-tRNA except 
the initiator can enter the A site. Its entry is 
mediated by an elongation factor (EF-Tu in 
bacteria). The process is similar in eukaryotes. 
EF-Tu is a highly conserved protein throughout 
bacteria and mitochondria and is homologous 
to its eukaryotic counterpart. 
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FIGURE 24.25 EF-Tu-GTP places aminoacyl-tRNA on the ribosome and 
then is released as EF-Tu-GOP. EF-Ts is required to mediate the replace
ment of GOP by GTP. The reaction consumes GTP and releases GOP. The 
only aminoacyl-tRNA that cannot be recognized by EF-Tu-GTP is fMet
tRNAf, whose failure to bind prevents it from responding to internal 
AUG or GUG codons. 

Just like its counterpart in initiation (IF-2), 
EF-Tu is associated with the ribosome only dur
ing the process of aminoacyl-tRNA entry. Once 
the aminoacyl-tRNA is in place, EF-Tu leaves the 
ribosome to work again with another aminoacyl
tRNA. Thus, it displays the cyclic association 
with, and dissociation from, the ribosome that 
is the hallmark of the accessory factors. 

FIGURE 24.25 depicts the role of EF-Tu in 
bringing aminoacyl-tRNA to the A site. EF-Tu is 
a monomeric GTP -binding protein that is active 
when bound to GTP and inactive when bound 
to guanine diphosphate (GDP). The binary 
complex of EF-Tu-GTP binds aminoacyl-tRNA 
to form a ternary complex of aminoacyl-tRNA
EF-Tu-GTP. The ternary complex binds only to 
the A site of ribosomes whose P site is already 
occupied by peptidyl-tRNA. This is the critical 
reaction in ensuring that the aminoacyl-tRNA 
and peptidyl-tRNA are correctly positioned for 
peptide bond formation. 

Aminoacyl-tRNA is loaded into the A site in 
two stages. First, the anticodon end binds to the 
A site ofthe 30S subunit. Then, codon-anticodon 
recognition triggers a change in the conforma
tion of the ribosome. This stabilizes tRNA binding 
and causes EF-Tu to hydrolyze its GTP. The CCA 
end of the tRNA now moves into the A site on the 
50S subunit. The binary complex EF-Tu-GDP is 
released. This form ofEF-Tu is inactive and does 
not bind aminoacyl-tRNA effectively. 
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The guanine nucleotide exchange factor, 
EF-Ts, mediates the regeneration of the used 
form, EF-Tu-GDP, into the active form EF-Tu
GTP. First, EF-Ts displaces the GDP from EF-Tu, 
forming the combined factor EF-Tu-EF-Ts. Then 
the EF-Ts is in turn displaced by GTP, reforming 
EF-Tu -GTP. The active binary complex binds ami
noacyl-tRNA, and the released EF-Ts can recycle. 

There are -70,000 molecules of EF-Tu per 
bacterium ( -5% of the total bacterial protein), 
which approaches the number of aminoacyl
tRNA molecules. This implies that most 
aminoacyl-tRNAs are likely to be present in ter
nary complexes. There are only - 10,000 mol
ecules of EF-Ts per cell, about the same as the 
number of ribosomes. The kinetics of the interac
tion between EF-Tu and EF-Ts suggest that the 
EF-Tu-EF-Ts complex exists only transiently, so 
that the EF-Tu is very rapidly converted to the 
GTP-bound form, and then to a ternary complex. 

The role of GTP in the ternary complex has 
been studied by substituting an analog that can
not be hydrolyzed. The compound GMP-PCP 
has a methylene bridge in place of the oxygen 
that links the 13 and 'Y phosphates in GTP. In the 
presence of GMP-PCP, a ternary complex that 
binds aminoacyl-tRNA to the ribosome can be 
formed. However, the peptide bond cannot be 
formed, so the presence of GTP is needed for 
aminoacyl-tRNA to be bound at the A site. The 
hydrolysis is not required until later. 

Kirromycin is an antibiotic that inhibits 
the function ofEF-Tu. When EF-Tu is bound by 
kirromycin, it remains able to bind aminoacyl
tRNA to the A site. However, the EF-Tu-GDP 
complex cannot be released from the ribosome. 
Its continued presence prevents formation of 
the peptide bond between the peptidyl-tRNA 
and the aminoacyl-tRNA. As a result, the ribo
some becomes "stalled" on mRNA, bringing 
translation to a halt. 

This effect of kirromycin demonstrates that 
inhibiting one step in translation blocks the next 
step. The reason is that the continued presence 
of EF-Tu prevents the aminoacyl end of ami
noacyl-tRNA from entering the A site on the 
50S subunit. Thus the release of EF-Tu-GDP is 
needed for the ribosome to undertake peptide 
bond formation. The same principle is seen at 
other stages of translation: One reaction must be 
properly completed before the next can occur. 

The interaction with EF-Tu also plays a 
role in quality control. Aminoacyl-tRNAs are 
brought into the A site without regard for 
whether their anticodons will fit the codon. 
The hydrolysis of EF-Tu-GTP is relatively slow: 
It takes longer than the time required for an 
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incorrect aminoacyl-tRNA to dissociate from the 
A site, so most incorrect aminoacyl-tRNAs are 
removed at this stage. The release ofEF-Tu-GDP 
after hydrolysis is also slow, so any remaining 
incorrect aminoacyl-tRNAs may dissociate at 
this stage. The basic principle is that the reac
tions involving EF-Tu occur slowly enough to 
allow incorrect aminoacyl-tRNAs to dissociate 
before they become trapped in translation. 

In eukaryotes, the factor eEFla is respon
sible for bringing aminoacyl-tRNA to the ribo
some, also in a reaction that involves cleavage of 
a high -energy bond in GTP. Like its prokaryotic 
homolog (EF-Tu), it i s  an abundant protein. 
After hydrolysis of GTP, the active form is 
regenerated by the factor eEF lj3')', a counter
part to EF-Ts. 

The Polypeptide Chain 
Is Transferred to 
Aminoacyl-tRNA 

Key concepts 

• The 50S subunit has peptidyl transferase activity 
as provided by an rRNA ribozyme. 

• The nascent polypeptide chain is transferred from 
peptidyl-tRNA in the P site to aminoacyl-tRNA in 
the A site_ 

• Peptide bond synthesis generates deacylated tRNA 
in the P site and peptidyl-tRNA in the A site. 

The ribosome remains in place while the poly
peptide chain is elongated by transferring the 
polypeptide attached to the tRNA in the P 
site to the aminoacyl-tRNA in the A site. The 
reaction is shown in FIGURE 24.26. The activity 
responsible for synthesis of the peptide bond is 
called peptidyl transferase. It is a function of 
the large (50S or 60S) ribosomal subunit. The 
reaction is triggered when EF-Tu releases the 
aminoacyl end of its tRNA, which then swings 
into a location close to the end of the peptidyl
tRNA. This site has a peptidyl transferase activ
ity that essentially ensures a rapid transfer of 
the peptide chain to the aminoacyl-tRNA. Both 
rRNA and 50S subunit proteins are necessary 
for this activity, but the actual act of catalysis 
is a property of the ribosomal RNA of the 50S 
subunit (see the section later in this chapter 
titled 23S rRNA Has Peptidyl Trmzsferase Activity). 

The nature of the transfer reaction is  
revealed by the ability of the antibiotic puro
mycin to inhibit translation. Puromycin 
resembles an amino acid attached to the ter
minal adenosine of tRNA. FIGURE 24.27 shows 
that puromycin has an N instead of the 0 that 



FIGURE 24.26 Peptide bond formation takes place by 
a reaction between the polypeptide of peptidyl-tRNA 
in the P site and the amino acid of aminoacyl-tRNA in 
the A site. 
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FIGURE 24.27 Puromycin mimics aminoacyl-tRNA 
because it resembles an aromatic amino acid linked to a 
sugar-base moiety. 

joins an amino add to a tRNA. The antibiotic 
is treated by the ribosome as though it were 
an incoming aminoacyl-tRNA, after which the 
polypeptide attached to peptidyl-tRNA is tnns
Eerred to the NH1 group of the puromycin. 

The puromycin moiety is not anchored 
to the A site of the ribosome; as a result., the 
polypeptidyl-puromycin adduct is released 
from the ribosome in the form of polypepti
dyl-puromycin. This premature termination of 
translation is responsible for the lethal action 
of the antibiotic. 

Translocation Moves 
the Ribosome 

Key concepts 

• Ribosomal translocation moves the mRNA through 
the ribosome by three bases. 

• Translocation moves deacylated tRNA into the E 
site and peptidyl-tRNA into the P site and empties 
the A site. 

• The hybrid state model proposes that transloca
tion occurs in two stages, in which the 50S moves 
relative to the 305 and then the 305 moves along 
m RNA to restore the original conformation. 

The cycle of addition of amino acids t·o the 
growing polypeptide chain is complet·ed by 
tra11sfocatioll, when the ribosome advances three 
nucleotides along the mRNA. FIGURE 24.28 shows 
that translocation expels the uncharged tRNA 
from the P site, allowing the new peptidyl-tRNA 
to enter. The ribosome then has an empty A 
site ready for entry of the aminoacyl-tRNA cor
responding to the next codon. As the figure 
shows, in bacteria the discharged tRNA is trans
ferred from the P site to the E site (from which 
it is then expelled directly into the cyrosol ) .  
The A and P sites straddle both the large and 
small subunits; the E site (in bacteria) is located 
largely on the 50S subtmit, but has some con
tacts in the 30S subunit. 

Translocation is believed to follow the hybrid 
state model, which has translocation occurring in 
two stages. FIGURE 24.29 shows that 1:1 rst there 
is a shi£1 of the 50S subunit relative to the 30S 
subunit, followed by a second shift that occurs 
when the 30S subunit moves along mRNA to 
restore the original confonnation. The basis for 
this model was the observation that the pattern 
of contacts that tRNA makes with the ribosome 
(measured by chemical footprinting) changes 
in two stages. When puromycin is added to 
a ribosome that has an aminoacylated tRNA 
in the P site, the contacts of tRNA on the 50S 
subunit change from the P si te to theE site, but 
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Pretranslocation: 
Peptidyl-tRNA is in P site; 
Aminoacyl-tRNA enters A site 

Posttranslocation: 
Deacylated !RNA moves toE site; 
peptidyl-tRNA moves to P site 

FIGURE 24.28 A bacterial ribosome has three tRNA
binding sites. Aminoacyl-tRNA enters the A site of a 
ribosome that has peptidyl-tRNA in the P site. Peptide 
bond synthesis deacylates the P site tRNA and gener
ates peptidyl-tRNA in the A site. Translocation moves the 
deacylated tRNA into the E site and moves peptidyl-tRNA 
into the P site. 

the contacts on the 30S subunit do not change. 
This suggests that the 50S subunit has moved 
to a posttransfer state, but the 30S subnni t bas 
not changed. 

The interpretation of these results is that first 
the aminoacyl ends of the tRNAs (located in the 
50S subunit) move into the new sites (while the 
anticodon ends remain botmd to their antico
dons in the 30S subunit). At this stage, the tRNAs 
are effectively bound in hybrid sites, consisting 
of the 50S E I 30S P and the 50S P I  30S A sites. 
Then movement is extended to the 30S subunits, 
so that the anticodon-codon pairing region finds 
itself in the right site. The most likely means of 
creating the hybrid state is by a movement of 
one ribosomal sublmit relative to the other, so 
that translocation in effect involves two stages, 
with the normal structure ofthe ribosome being 
restored by the second stage. 
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FIGURE 24.29 Models for translocation involve two 
stages. First, at peptide bond formation the aminoacyl 
end of the tRNA in the A site becomes relocated in the 
P site. Second, the anticodon end of the tRNA becomes 
relocated in the P site. 

The ribosome faces an interesting dilemma 
at translocation. lt needs to break many of its 
contacts with tRNA in order to allow movement. 
However, at the same time it must maintain pair
ing between tRNA and the anticodon (breaking 
the pairing of the deacylated tRNA only at the 
right moment). One vossibility is that the ribo
some switd1es between alternative, discrete con
formations. The switch could consist of changes 
in rRNA base pairing. The accuracy of translation 
is influenced by certain mutations that influence 
alternative base-pairing anangements. The most 
likely interpretation is that the effect is mediated 
by the strengths of the altemative ribosome con
formations in binding to tRNA. 

Elongation Factors 
Bind Alternately to 
the Ribosome 

Key co nee pts 

• Translocation requires EF-G, whose structure 
resembles the aminoacyl-tRNA-EF-Tu-GTP complex. 

• Binding of EF-Tu and EF-G to the ribosome is 
mutually exclusive. 

• Translocation requires GTP hydrolysis, which trig
gers a change in EF-G, which in turn triggm a 
change in ribosome structure. 



EF-Tu-GTP 

AminoacyHRNA 
binding 
GTP hydrolysis EF-Tu-GDP 

aminoacyl-tRNA 

EF-G/GTP 

Kirromycin blocks release 

Peptide bond 
synthesis 

Translocation 
GTP hydrolysis 

EF-G +GOP 

FIGURE 24.30 Binding of factors EF-Tu and EF-G alter
nates as ribosomes accept new aminoacyl-tRNA, form 
peptide bonds, and translocate. 

Translocation requires GTP and another elonga
tion factor, EF-G. (The eukaryotic homolog of 
EF-G is eEF2.) This factor is a major constituent 
of the cell; it is present at a level of - I  copy per 
Jibosome (20,000 molecules per cell). 

Ribosomes cannot bind EF-Tu and EF-G 
simultaneously, so translation follows the cycle 
illustrated in FIGURE 24.30, in which the factors 
are alternately bound to and released from the 
Jibosome. Thus, EF-Tu-GDP must be released 
before EF-G can bind, and then EF-G must be 
released before aminoacyl-tRNA-EF-Tu-GTP 
can bind. 

Does the ability of each elongation factor 
to exclude the other rely on an allosteric effect 
on the overall conformation of the ribosome 
or on direct competition for overlapping bind
ing sites? FIGURE 24.31 shows an extraordinary 
similarity between the structures of the ter
nary complex of aminoacyl-tRNA-EF-Tu-GDP 
and EF-G. The structure of EF-G mimics the 
overall structure of EF-Tu bound to the amino 
acceptor stem of an1inoacyl-tRNA. This suggests 
that they compete for the same binding site 

Aminoacyl-tRNA-EF-Tu-GTP EF-G 

FIGURE 24.31 The structure of the ternary complex of 
aminoacyl-tRNA-EF-Tu-GTP (left) resembles the structure 
of EF-G (right}. Structurally conserved domains of EF-Tu 
and EF-G are in red and green; the tRNA and the domain 
resembling it in EF-G are in purple. Photo courtesy of Pout 
Nissen, University of Aarhus, Denmark. 

(presumably in the vicinity of the A site}. The 
need for each factor to be released before the 
other can bind ensures that the events of trans
lation proceed in an orderly mam1er. 

Both elongation factors are monomeric GTP
binding proteins that are active when bound to 
GTP but inactive when bound to GDP. The tri 
phosphate form is required for binding to the 
ribosome, which ensures that each factor obtains 
access to the ribosome only in the company of 
the GTP that it needs to fulfill its function. 

EF-G binds to the ribosome to facilitate 
translocation and then is released following 
ribosome movement. EF-G can still bind to 
the ribosome when GMP-PCP is substituted for 
GTP, so the presence of a guanine nucleotide 
is needed for binding, but its hydrolysis is not 
absolutely essential for translocation (although 
translocation is much slower in the absence 
of GTP hydrolysis}.  The hydrolysis of GTP is 
needed to release EF-G. 

The need for EF-G release was discovered 
by the effects of the steroid antibiotic fusidic 
acid, which "jams" the ribosome in its post
translocation state. In the presence of fusidic 
acid, one round of translocation occurs: EF-G 
binds to the ribosome, GTP is hydrolyzed, and 
the ribosome moves three nucleotides. How
ever, fusidic acid stabilizes the ribosome-EF
G-GDP complex so thatEF-G and GDP remain 
on the ribosome instead of being released. As 
a result, the ribosome cam10t bind aminoacyl
tRNA and no further amino acids can be added 
to the chain. 
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Translocation is an intrinsic property of 
the ribosome that requires a major change in 
structure (see the section later in this chapter 
titled Ribosomes Have Several Active Cwters).  This 
intrinsic translocation is activated by EF-G 
in conjunction with GTP hydrolysis, which 
occurs before translocation and accelerates 
the ribosome movement. The most likely 
mechanism is that GTP hydrolysis causes a 
change in the structure of EF-G, which in 
turn forces a change in the ribosome structure. 
An extensive reorientation of EF-G occurs at 
translocation. Before translocation, i t  is bound 
across the two ribosomal subunits. Most of its 
contacts with the 30S subunit are made by a 
region called domain 4, which is inserted into 
the A site. This domain could be responsible 
for displacing the tRNA. After translocation, 
domain 4 is instead oriented toward the 50S 
subunit. 

The eukaryotic counterpart to EF-G is the 
protein eEF2, which functions in a similar man
ner to a translocase dependent on GTP hydroly
sis. Its action also is inhibited by fusidic acid. A 
stable complex of eEF2 with GTP can be isola ted 
and the complex can bind to ribosomes with 
consequent hydrolysis of its GTP. 

A unique reaction of eEF2 is its suscep
tibility to diphtheria toxin. The toxin uses 
nicotinamide adenine dinucleotide (NAD) as 
a cofactor to transfer an adenosine diphos
phate ribosyl (ADPR) moiety onto the eEF2. 
The ADPR-eEF2 conjugate is inactive in trans
lation. The substrate for the attachment is an 
unusual amino acid that is produced by modi
fying a histidine; it is common to the eEF2 of 
many spectes. 

The ADP-ribosylation is responsible for the 
lethal effects of diphtheria toxin. The reaction 
is extremely effective: A single molecule of 
toxin can modify enough eEF2 molecules to 
kill a cell. 

Three Codons Terminate 
Translation 

Key concepts 

• The codons UAA (ochre), UAG (amber), and UGA 
(opal) terminate translation. 

• In bacteria they are used most often with relative 
frequencies UAA > UGA > UAG. 

Only 6 1  nucleotide triplets specify amino 
acids. The other three triplets are termination 
codons (also known as nonsense codons, or 
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stop codons), which end translation. They 
have casual names from the history of their 
discovery. The UAG triplet is called the amber 
codon, UAA is the ochre codon, and UGA is 
the opal codon. 

The nature of these triplets was originally 
shown by a genetic test that distinguished two 
types of point mutations: 

• A point mutation that changes a 
codon to represent a different amino 
acid is called a missmse mutation. One 
amino acid replaces the other in the 
protein; the effect on protein func
tion depends on the site of mutation 
and the nature of the amino acid 
replacement. 

• A point mutation that changes a codon 
to one of the three termination co dons 
is called a 1Z01!sense mutation. It causes 
premature termination of transla
tion at the mutant codon. Only the 
first part of the protein is made in the 
mutant cell. This is likely to abolish pro
tein function (depending, of course, on 
how far along the protein the mutant 
site is located). 

In every gene that has been sequenced, 
one of the termination co dons lies immediately 
after the codon representing the C-terminal 
amino acid of the wild-type sequence. Non
sense mutations show that any one of the 
three codons is sufficient to terminate transla
tion within a gene. The UAG, UAA, and UGA 
triplet sequences are therefore necessary and 
sufficient to end translation, whether it occurs 
naturally at the end of an ORF or is created by a 
nonsense mutation within a coding sequence. 
(Sometimes the term no11sense codo11 is used to 
describe the termination triplets. "Nonsense" 
is really a term that describes the effect of a 
mutation in a gene rather than the meaning 
ofthe codon for translation. Stop codon is a bet
ter term.) 

In bacterial genes, UAA is  the most com
monly used termination codon. UGA is used 
more heavily than UAG, although there 
appear to be more errors reading UGA. (An 
error in reading a termination codon-when 
an aminoacyl-tRNA improperly recognizes 
it-results in the continuation of translation 
until another termination codon is  encoun
tered or the ribosome reaches the 3'  end of 
the mRNA, which may result in other prob
lems. For this circumstance, bacteria have a 
special RNA.) 



Termination Codons 
Are Recognized by 
Protein Factors 

Key concepts 

• Termination codons are recognized by protein 
release factors, not by aminoacyl-tRNAs. 

• The structures of the class 1 release factors (RF1 
and RF2 in £. coli) resemble aminoacyl-tRNA-EF-Tu 
and EF-G. 

• The class 1 release factors respond to specific ter
mination codons and hydrolyze the polypeptide
tRNA linkage. 

• The class 1 release factors are assisted by class 2 
release factors (such as RF3) that depend on GTP. 

• The mechanism is similar in bacteria (which have 
two types of class 1 release factors) and eukary
otes (which have only one class 1 release factor). 

Two stages are involved in ending translation. 
The termination reaction itself involves release 
of the protein chain from the last tRNA. The 
postterminalion reaction involves release of the 
tRNA and mRNA and dissociation of the ribo
some into its subunits. 

None of the termination codons is repre
sented by a tRNA. They function in an entirely 
different manner from other codons and are 
recognized directly by protein factors. (The 
reaction does not depend on codon-anticodon 
recognition, so there seems to be no particular 
reason why it should require a triplet sequence. 
Presumably this reflects the evolution of the 
genetic code.) 

Termination codons are recognized by class 
I release factors (RF). In E. coli, two class I release 
factors are specific for different sequences. RFI 
recognizes UAA and UAG; RF2 recognizes UGA 
and UAA. The factors act at the ribosomal A site 
and require polypeptidyl-tRNA in the P site. The 
RFs are present at much lower levels than initia
tion or elongation factors; there are -600 mol
ecules of each per cell, equivalent to one RF per 
I 0 ribosomes. At one time there was probably 
only a single release factor that recognized all ter
mination codons, which later evolved into two 
factors with sped fici ties for particular codons. In 
eukaryotes, there i s  only a single class I release 
factor, called eRF. The efficiency with which the 
bacterial factors recognize their target codons is 
influenced by the bases on the 3' side. 

The class I release factors are assisted by 
class 2 release factors, which are not codon 
specific. The class 2 factors are GTP-binding 

proteins. In E. coli, the role of the class 2 factor, 
RF3, is to release the class I factor from the 
ribosome. RF3 is a GTP-binding protein that is 
related to the elongation factors. 

Although the general mechanism of termi
nation is similar in prokaryotes and eukaryotes, 
the interactions between the class 1 and class 2 
factors have some differences. 

The class I factors RF I and RF2 recognize 
the termination codons and activate the ribo
some to hydrolyze the peptidyl tRNA. Cleav
age of polypeptide from tRNA takes place by a 
reaction analogous to the usual peptidyl trans
fer, except that the acceptor is H20 instead of 
aminoacyl-tRNA. 

At this point RFI or RF2 is released from 
the ribosome by the class 2 factor RF3, which is 
related to EF-G. RF3-GDP binds to the ribosome 
before the termination reaction occurs, and the 
GOP is replaced by GTP. This enables RF3 to 
contact the ribosome GTPase center, where it 
causes RF I or RF2 to be released when the poly
peptide chain is terminated. 

RF3 resembles the GTP-binding domains 
of EF-Tu and EF-G, and RFI and RF2 resemble 
the C-terminal domain of EF-G, which mim
ics tRNA. This suggests that the release factors 
utilize the same site that i s  used by the elonga
tion factors. FIGURE 24.32 illustrates the basic 
idea that these factors all have the same general 
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FIGURE 24.3 2 Molecular mimicry enables the elongation 
factor Tu-tRNA complex, the translocation factor EF-G, 
and the release factors RF1/2-RF3 to bind to the same 
ribosomal site. RRF is the ribosome recycling factor. 
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I=IGURE 24.33 The eukaryotic termination factor eRF1 
has a structure that mimics tRNA. The motif GGQ at the tip 
of domain 2 is essential for hydrolyzing the polypeptide 
chain from tRNA. 

shape and bind to the ribosome successively at 
the same site (basically the A site or a region 
extensively overlapping with it). 

The eukaryotic class 1 release factor, eRF I ,  
is a single protein that recognizes all three ter
mination codons. Its sequence is unrelated to 
the bacterial factors. It can terminate transla
tion iu vitro without the class 2 factor, eRF2, 
although eRF2 is essential in yeast in vivo. The 
structure of eRFl follows a familiar theme: 
FIGURE 24.33 shows that it consists of three 
domains that mimic the structure of tRNA. 

An essential motif of three amino acids, 
GGQ, is exposed at the top of domain 2.  Its posi
tion in the A site corresponds to the usual loca
tion of an amino add on an aminoacyl-tRNA. 
This positions it to use the glutamine (Q) to 
position H20 to substitute for the amino acid of 
aminoacyl-tRNA in the peptidyl transfer reaction. 
FIGURE 24.34 compares the termination reaction 
with the usual peptide transfer reaction. Tennina
tion transfers a hydroxyl group from H20, thus 
effectively hydrolyzing the peptide-tRNA bond. 

Mutations in the RF genes reduce the effi
ciency of termination, as seen by an increased 
ability to continue translation past the termi
nation codon. Overexpression of RFl  or RF2 
increases the efficiency of termination at the 
codons on which it acts. This suggests that 
codon recognition by RFl or RF2 competes with 
aminoacyl-tRNAs that erroneously recognize 
the tem1ination codons. The release factors rec
ognize their target sequences very efficiently. 

The termination reaction releases the com
pleted polypeptide but leaves a deacylated tRNA 
and the mRNA still associated with the ribo
some. FIGURE 24.35 shows that the dissociation 
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FIGURE 24.34 Peptide transfer and termination are 
similar reactions in which a base in the peptidyl transfer 
center triggers a transesterification reaction by attack
ing an N-H or 0-H bond, releasing the N or 0 to attack 
the link to tRNA. 

of the remaining components (tRNA, mRNA, 
30S, and 50S subunits) requires ribosome recy
clillg factor (RRF). RRF acts together with EF-G 
in a reaction that uses hydrolysis of GTP. As for 
the other factors involved in release, RRF has a 
structure that mimics tRNA, except that it lacks 
an equivalent for the 3 '  amino acid-binding 
region. IF-3 is also required. RRF acts on the 
50S subunit and IF-3 acts to remove deacyl
ated tRNA from the 30S subunit. Once the sub
units have separated, IF-3 remains necessary, 
of course, to prevent their reassociation. 

FIGURE 24.36 compares the functional and 
sequence homologies of the prokaryotic and 
eukaryotic translation factors. 

Ribosomal RNA Pervades 
Both Ribosomal Subunits 

l<ey concepts 

• Each rRNA has several distinct domains that fold 
independently. 

• Virtually all ribosomal proteins are in contact with 
rRNA. 

• Most of the contacts between ribosomal subunits 
are made between the 165 and 235 rRNAs. 



Prokaryotic 

IF-1 

IF-2•t 

IF-3 

Prokaryotic 

EF-Tuf*, EF-Gt 
EF-Ts 
EF-G§ 

Prokaryotic 

RF1 
RF2 
RF3t 

[ 1 .  RF releases peptide chain 2. RRF enters the A site 

3. EF-G translocates RRF 4. Ribosome dissociates 

nGURE 24.35 The RF (release factor) terminates translation by releasing 
the polypeptide chain. The RRF (ribosome recycling factor) releases the last 
tRNA, and EF-G releases RRF, causing the ribosome to dissociate. 

Initiation Factors 

Eukaryotic General Function Notes 

eiF1A Blocks A site e1F1A assists eiF2 in promoting Met-lANA:' 
.. to 

binding to 40S; also promotes subunit dissociation 
eiF2, eiF3, eiFSB• Entry of initiator lANA e1F2 is a GTPase 

eiF3 stimulates formation of the ternary complex, its 
binding to 40S, and binding and scanning of mANA 

elF 58 is involved in initiator lANA entry and is a GTPase 
eiF1, eiF4 complex, Small subunit binding eiF4 complex functions in cap binding 

eiF3 to mANA 

Elongation Factors 

Eukaryotic General Function 

eEF1 at GTP-binding 
eEF1j3, eEF1y GOP-exchanging 
eEF2§ Ribosome translocation 

Release Factors 

Eukaryotic General Function 

eAF1 UAAIUAG recognition 
eAF1 UAAIUGA recognition 
eRF3 Stimulation of other RF(s) 

• IF-2 and elf 58 have sequence homology. t IF-2, Ef·Tu, EF-G, and RF3 have sequence homology. 
* EF-Tu and eEFt ot have sequence homology. 
§ Ef·G and eEF2 have sequence homology. 

FIGURE 24.36 Functional homologies of prokaryotic and eukaryotic translation factors. 
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Two-thirds of the mass of the bacterial ribo
some is made up of rRNA. The most revealing 
approach to analyzing secondary structure of 
large RNAs is to compare the sequences of cor
responding rRNAs in related organisms. Those 
regions that are important in the secondary 
structure retain the ability to interact by base 
pairing. Thus, if a base pair is required, it can 
form at the same relative position in each rRNA. 
This approach has enabled detailed models of 
l6S and 23S rRNA to be constructed. 

Each of the major rRNAs has a secondary 
structure with several discrete domains. Four 
general domains are formed by l6S rRNA, in 
which just under half of the sequence is base 
paired. Six general domains are formed by 23S 
rRNA. The individual double-helical regions 
tend to be short ( <8 bp). Frequently the duplex 
regions are not perfect and contain bulges of 
unpaired bases. Comparable models have 
been drawn for mitochondrial rRNAs (which 
are shorter and have fewer domains) and for 
eukaryotic cytosolic rRNAs (which are longer 
and have more domains). The greater length of 
eukaryotic rRNAs is due largely to the acqui
sition of sequences representing additional 
domains. The crystal structure of the ribosome 
shows that in each subunit the domains of the 
major rRNA fold independently and have dis
crete locations. 

Differences in the ability of 16S rRNA to 
react with chemical agents are found when 
30S subunits are compared with 70S ribo
somes; there also are differences between sep
arate ribosomal subunits and those engaged 
in translation. Changes in the reactivity of the 
rRNA occur when mRNA is bound, when the 
subunits associate, or when tRNA is bound. 
Some changes reflect a direct interaction of 
the rRNA with mRNA or tRNA, whereas oth
ers are caused indirectly by other changes in 
ribosome structure. The main point is that ribo
some conformation is flexible during transla
tion, particularly that of the small subunit as it 
must physically check the accuracy of codon
anticodon pairing. 

A feature of the primary structure of rRNA 
is the presence of methylated residues. There 
are - 10 methyl groups in l6S rRNA (located 
mostly toward the 3'  end of the molecule) and 
-20 in 23S rRNA. ln mammalian cells, the 
18S and 28S rRNAs carry 43 and 74 methyl 
groups, respectively, so -2% of the nucleo
tides are methylated (about three times the 
proportion of methylated nucleotides in bac
terial rRNAs). 
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FIGURE 24.37 The 305 subunit has a head separated by 
a neck from the body, with a protruding platform. 

The large ribosomal subunit also contains a 
molecule of a 120-base 5S RNA (in all ribosomes 
except those of mitochondria). The sequence of 
5S RNA is less well conserved than those of the 
major rRNAs. All 5S RNA molecules display a 
highly base-paired structure. 

In eukaryotic cytosolic ribosomes, another 
small RNA is present in the large subunit. This 
is the 5.8S RNA. lts sequence corresponds to the 
5' end of the prokaryotic 23S rRNA. 

Some ribosomal proteins bind strongly to iso
lated rRNA. Others do not bind to free rRNA, but 
can bind after other proteins have bound. This 
suggests that the conformation of the rRNA is 
important in detennining whether binding sites 
exist for some proteins. As each protein binds, 
it induces confom1ational changes in the rRNA 
that make it possible for other proteins to bind. 
ln E. coli, virtually all the 30S ribosomal proteins 
interact (albeit to varying degrees) with l6S rRNA. 
The binding sites on the proteins show a wide vari
ety of strucntral features, suggesting that protein
RNA recognition mechanisms may be diverse. 

The 70S ribosome has an asymmetric struc
ture. FIGURE 24.37 shows a schematic of the 
structure of the 30S subunit, which is divided 
into four regions: the head, neck, body, and 
platfom1. FIGURE 24.38 shows a similar represen
tation of the 50S subunit, where two prominent 
features are the central protuberance (where 5S 
rRNA is located) and the stalk (made of mul
tiple copies of protein L7). FIGURE 24.39 shows 
that the platform of the small subunit fits into 
the notch of the large subunit. There is a cav
ity (resembling a doughnut, but not visible in 
the figure) between the subunits that contains 
some of the important sites. 

FIGURE 24.38 The 505 subunit has a central protuber
ance where 55 rRNA is located, separated by a notch from 
a stalk made of copies of the protein L7. 



FIGURE 24.39 The platform of the 30S subunit fits into 
the notch of the 50S subunit to form the 70S ribosome. 

The structure of the 30S subunit follows 
the organization of 16S rRNA, with each struc
tural feature corresponding to a domain of the 
rRNA. The body is based on the 5 '  domain, the 
platform on the centra] domain, and the head 
on the 3 '  region. FIGURE 24.40 shows that the 
30S subunit has an asymmetric distribution 
of RNA and protein. One important feature 
is that the platform of the 30S subunit that 
provides the interface with the 50S subunit is 
composed almost entirely of RNA. At most two 
proteins (a small part of S7 and possibly part 
of Sl2) lie near the interface. This means that 
the association and dissociation of ribosomal 
subunits must depend on interactions with the 
16S rRNA. Subunit association is affected by 
a mutation in a loop of l6S rRNA (at position 
79 1 )  that is located at the subunit interface, 
and other nudeotides in l6S rRNA have been 
shown to be involved by modification/interfer
ence experiments. This observation supports 
the idea that the evolutionary origin of the ribo
some may have been as a particle consisting of 
RNA rather than protein. 

The 50S subunit has a more even distribu
tion of components than the 30S. with long 

FIGURE 24.40 The 305 ribosomal subunit is a ribonucleo
protein particle. Ribosomal proteins are white and rRNA 
is light blue. Courtesy of Dr. Kalju Kahn. 

rods of double-stranded RNA crisscrossing the 
structure. The RNA forms a mass of tightly 
packed helices. The exterior surface largely 
consists of protein, except for the peptidyl 
transferase center (see the section later in this 
chapter titled 23S rRN A Has Peptidy/ Tra11sjerase 

Activity) .  Almost all segments of the 23S rRNA 
interact with protein, but many of the proteins 
are relatively unstructured. 

The junction of subunits in the 70S ribo
some involves contacts between l6S rRNA 
(many in the platform region) and 23S rRNA. 
There are also some interactions between 
rRNAs of each subunit with proteins in the 
other and a few protein-protein contacts. 
FIGURE 24.41 identifies the contact points on 
the rRNA structures. FIGURE 24.42 opens out 
the structure (imagine the 50S subunit rotated 

23SrRNA 168 rRNA 

FIGURE 24.41 Contact points between the rRNAs are located in two domains of 165 
rRNA and one domain of 235 rRNA.Reproduced from M. M .  Yusupov. et aL, 292 (2001): 
883-896 [http://www.sciencemag.org]. Reprinted with permission from AAA5. Photo 
courtesy of Harry Noller. University of California. Santa Cruz. 
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FIGURE 24.42 Contacts between the ribosomal subunits are mostly made by RNA 
(shown in purple). Contacts involving proteins are shown in yellow. The two sub
units are rotated away from one another to show the faces where contacts are made; 
from a plane of contact perpendicular to the screen, the SOS subunit is rotated goo 
counterclockwise, and the 30S is rotated goo clockwise (this shows it in the reverse of the 
usual orientation). Photos courtesy of Harry Noller, University of California, Santa Cruz. 

counterclockwise and the 30S subunit rotated 
clockwise around the axis shown in the figure) 
to show the locations of the contact points on 
the face of each subunit. 

Ribosomes Have Several 
Active Centers 

Key concepts 
• Interactions involving rRNA are a key part of ribo

some function. 

• The environment of the tRNA-binding sites is 
largely determined by rRNA. 

The basic ribosomal feature is that it is a coop
erative structure that depends on changes in 
the relationships among its active sites during 
translation. The active sites are not small, dis
crete regions like tl1e active centers of enzymes. 
Rather, they are large regions whose construc
tion and activities may depend just as much 
on the rRNA as on the ribosomal proteins. The 
crystal structures of the individual subunits 
and bacterial ribosomes give us a good impres
sion oft he overall organization and emphasize 
the role of the rRNA. The 2.8 A resolution 
structure clearly identifies the locations of the 
tRNAs and the functional sites. We can now 
account for many ribosomal functions in tem1s 
ofits structure. 

Ribosomal functions are centered around 
the interactions with tRNAs. FIGURE 24.43 shows 
the 70S ribosome witl1 the positions of tRNAs in 
the three binding sites. The tRNAs in the A and 
P sites are nearly parallel to one another. AlJ 
three tRNAs are aligned with their anticodon 
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loops bound to the mRNA in the gTOove on 
the 30S subunit. The rest of each tRNA is 
bound to the 50S subunit. The environment 
surrounding each tRNA is mostly provided by 
rRNA. In each site, the rRNA contacts the tRNA 
at parts of the structure that are universally 
conserved. 

Before a high-resolution structure of the 
ribosome was available, it was a puzzle to 
understand how two bulky tRNAs could fit 
next to one another in reading adjacent codons. 
The crystal structure shows a 45° kink in the 

FIGURE 24.43 The 70S ribosome consists of the 50S 
subunit (white) and the 30S subunit (purple), with three 
tRNAs located superficially: yellow in the A site, blue in 
the P site, and green in the E site. Photo courtesy of Harry 
Noller, University of California, Santa Cruz. 



E site P site A site 

FIGURE 24.44 Three tRNAs have different orientations 
on the ribosome. mRNA turns between the P and A sites 
to allow aminoacyl-tRNAs to bind adjacent codons. Photo 
courtesy of Harry Noller, University of California, Santa Cruz. 

mRNA between the P andA sites, which allows 
the tRNAs to fit as shown in the expansion of 
FIGURE 24.44. The tRNAs in the P and A sites 
are angled at 26° relative to each other at their 
anticodons. The closest approach between the 
backbones of the tRNAs occurs at the 3 '  ends, 
where they converge to within 5 A (perpen
dicular to the plane of the page). Tllis allows 
the peptide chain to be transferred from the 
peptidyl-tRNA in the P site to the aminoacyl
tRNA in the A site. 

Aminoacyl-tRNA is inserted into the A 
site by EF-Tu, and its pairing with the codon 
is necessary for EF-Tu to hydrolyze GTP and 
be released from the ribosome (see the section 
earlier in this chapter titled Elongation Factor 
Th Loads Aminoacyl-tRN A into the A. Site) .  EF-Tu 
initially places the aminoacyl-tRNA into the 
small subunit, where the anticodon pairs with 
the codon. Movement of the tRNA is required 
to bring it fully into the A site, when its 3 '  end 
enters the peptidyl transferase center on the 
large subunit. There are different models for 
how this process may occur. One suggests that 
the entire tRNA swivels so that the elbow in the 
L-shaped structure made by the D and TljJC arms 
moves into the 1ibosome, enabling the TljJC arm 
to pair with rRNA. Another suggests that the 
internal structure of the tRNA changes, using 
the anticodon loop as a hinge, with the rest of 
the tRNA rotating from a position in which it 
is stacked on the 3 '  side of the anticodon loop 
to one in which it is stacked on the 5 '  side. Fol
lowing the transition, EF-Tu hydrolyzes GTP, 
allovving peptide bond formation to proceed. 

Translocation involves large movements 
in the positions of the tRNAs within the ribo
some. The anticodon end of tRNA moves -28 A 
from the A site to the P site and then moves 
a.n additional 20 A from theP site to theE site. 
As a result of the angle of each tRNA relative 
to the anticodon, the bulk of the tRNA moves 
much larger distances: 40 A from the A site to 
the P site and 5 5  A from the P site to the E site. 
This suggests that translocation requires a major 
reorganization of structure. 

For many years, it was thought that trans
location could occur only in the presence of the 
factor EF-G. However, the antibiotic sparso
mycin (which inhibits the peptidyl transferase 
activity) triggers translocation. This suggests 
that the energy to drive translocation is actu
ally stored in the ribosome after peptide bond 
fonnation has occurred. Usually EF-G acts on 
the ribosome to release this energy and enable 
it to drive translocation, but sparsomycin can 
have the same role. Sparsomycin inhibits pepti
dyl transferase by binding to the peptidyl-tRNA, 
blocking its interaction with aminoacyl-tRNA. 
It probably creates a conformation that resem
bles the usual posttranslocation confom1ation, 
which in turn promotes movement of the 
peptidyl-tRNA. The conclusion is that translo
cation is an intrinsic property of the ribosome. 

The hybrid state model suggests that trans
location may take place in two stages, with one 
ribosomal subunit moving relative to the other 
to create an intermediate stage in which there 
are hybrid tRNA-binding sites (50S E/30S P 
and 50S P/30S A).  Comparisons of the ribo
some structure between pre- and posttrans
location states, and comparisons in 16S rRNA 
conformation between free 30S subunits and 
70S ribosomes, suggest that mobility of struc
ture is especially marked in the head and plat
fom1 regions ofthe 30S subtmit. An interesting 
insight into the hybrid state model is provided 
by the fact that many bases in rRNA involved in 
subunit association are close to bases involved 
in interacting with tRNA. This suggests that 
tRNA-binding sites are close to the interface 
between subunits and carries the implication 
that changes in submlit interaction could be 
connected with movement of tRNA. 

M uch of the structure of the bacterial 
ribosome is occupied by its active centers. 
The schematic view of the ribosomal sites in 
FIGURE 24.45 shows they comprise about two
tllirds ofthe ribosomal structure. A tRNA enters 
the A site, is transferred by translocation into 
the P site, and then leaves the ribosome by the 
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FIGURE 24.45 The ribosome has several active centers. 
It may be associated with a membrane. mRNA takes a turn 
as it passes through the A and P sites, which are angled 
with regard to each other. The E site lies beyond the 
P site. The peptidyl transferase site (not shown) stretches 
across the tops of the A and P sites. Part of the site bound 
by EF-Tu/G lies at the base of the A and P sites. 

E site. The A and P sites extend across both 
ribosome subunits; tRNA is paired with mRNA 
in the 30S subunit, but peptide transfer takes 
place in the 50S subunit. The A and P sites are 
adjacent, enabling translocation to move the 
tRNA from one site into the other. The E site 
is located near the P site (representing a posi
tion en route to the surface of the 50S subunit). 
The peptidyl transferase center is located on the 
50S subunit, close to the aminoacyl ends ofthe 
tRNAs in the A and P sites (see the next section, 
16S rRN A Plays an Active Role in Trauslation). 

All of the GTP-binding proteins that func
tion in translation (EF-Tu, EF-G, IF-2, RFl, RF2, 
and RF3) bind to the same factor-binding site 
(sometimes called the GTPase center), which 
probably triggers their hydrolysis of GTP. This 
site is located at the base of the stalk of the large 
subunit, which consists of the proteins L7 and 
Ll2.  (L7 is a modification of Ll2 and has an 
acetyl group on the N-terminus.) In addition 
to this region, the complex of protein L l l  
with a 58-base stretch of 23S rRNA provides 
the binding site for some antibiotics that affect 
GTPase activity. Neither of these ribosomal 
structures actually possesses GTPase activity, 
but they are both necessary for it. The role of 
the ribosome is to trigger GTP hydrolysis by 
factors bound in the factor-binding site. 

Initial binding of 30S subunits to mRNA 
requires protein S l ,  which has a strong affinity 
for single-stranded nucleic acid. It is responsible 
for maintaining the single-stranded state in 
mRNA that is bound to the 30S subunit. This 
action is necessary to prevent the mRNA from 
taking up a base-paired conformation that 
would be unsuitable for translation. S l has an 
extremely elongated structure and associates 
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with S 18 and S2l.  The three proteins constitute 
a domain that is involved in the initial binding 
of mRNA and in binding initiator tRNA. This 
locates the mRNA-binding site in the vicinity 
of the cleft of the small subunit. The 3 '  end of 
rRNA, wl1ich pairs with the mRNA initiation 
site, is located in this region. 

The initiation factors bind in the same 
region of the ribosome. IF-3 can be crosslinked 
to the 3 '  end of the rRNA, as well as to several 
ribosomal proteins, including those probably 
involved in binding mRNA. The role of IF-3 
could be to stabilize mRNA-30S subunit bind
ing; then it would be displaced when the 50S 
subunit joins. 

The incorporation of 5S RNA into 50S 
subunits that are assembled in vitro depends on 
the ability of tluee proteins-L5, L8, and L25-
to form a stoichiometric complex with it. The 
complex can bind to 23S rRNA, although none 
of the isolated components can do so. It lies in 
the vicinity of the P and A sites. 

A nascent polypeptide extends through the 
ribosome, away from the active sites, into the 
region in which ribosomes may be attached 
to membranes. A polypeptide chain emerges 
from the ribosome through an exit channel, 
which leads from the peplidyl transferase site 
to the surface of the 50S subunit. The tun
nel is composed mostly of rRNA. It is quite 
narrow-only l to 2 nm wide-and is - 10 nm 
long. The nascent polypeptide emerges from 
the ribosome - 15 A away from the peptidyl 
lTansferase site. The tunnel can hold -50 amino 
acids and probably constrains the polypeptide 
chain so that it cannot completely fold tmtil it 
leaves the exit domain, though some limited 
secondary structures may form. 

165 rRNA Plays an Active 
Role in Translation 

l<ey concept 
• 165 rRNA plays an active role in  the functions of 

the 30S subunit. It directly interacts with mRNA, 
the 50S subunit, and the anticodons of tRNAs 
in the P and A sites. 

The ribosome was originally viewed as a collec
tion of proteins with various catalytic activities 
held together by protein-protein interactions and 
RNA-protein interactions. However, the discov
ery of RNA molecules with catalytic activities (see 
the RNA Splicing a11d Processing chapter) immedi
ately suggests that rRNA might play a more active 
role in ribosome function. There is now evidence 



that rRNA interacts with mRNA or tRNA at each 
stage of translation and that the proteins are 
necessary to maintain the rRNA in a structure in 
which it can perfonn the catalyticfunctions. Sev
eral interactions involve specific regions of rRNA: 

• The 3 '  terminus of the 16S rRNA inter
acts directly with mRNA at initiation. 

• Specific regions of 16S rRNA interact 
directly with the anticodon regions of 
tRNAs in both the A site and the P site. 
Similarly, 23S rRNA interacts with the 
CCA terminus ofpeptidyl-tRNA in both 
the P site and A site. 

• Subunit interaction involves interactions 
between 16S and 23S rRNAs (see the sec
tion earlier in this chapter titled Ribosomal 

RNA Pervades Both Ribosomal Subu11its). 
A lot of information about the individual 

steps of bacterial translation has been obtained 
by using antibiotics that inhibit the process at 
particular stages. The target for the antibiotic can 
be identified by the component in which resistant 
mutations occur. Some antibiotics act on individ
ual ribosomal proteins, but several act on rRNA, 
which suggests that the rRNA is involved with 
many or even all ofthe functions ofthe ribosome. 

The functions of rRNA have been inves
tigated by two types of approach. Structural 
studies show that particular regions of rRNA 
are located in important sites of the ribosome 
and that chemical modifications of these 
bases impede particular ribosomal functions. 
In addition, mutations identify bases in rRNA 
that are required for particular ribosomal func
tions. FIGURE 24.46 summarizes the sites in 16S 
rRNA that have been identified by these means. 

An indication of the importance of the 3' 
end of 16S rRNA is given by its susceptibility to 
the lethal agent colicin E3. Produced by some 
bacteria, the colicin cleaves -50 nucleotides 
from the 3'  end of the 16S rRNA of E. coli. The 
cleavage entirely abolishes initiation of trans
lation. The region that is cleaved has several 
important functions: binding the factor IF-3, 
recognition of mRNA, and binding of tRNA. 

The 3'  end of the 16S rRNA is directly 
involved in the initiation reaction by pairing with 
the Shine-Dalgarno sequence in the ribosome
binding site of mRNA. Another direct role for the 
3 '  end of 16S rRNA in translation is shown by 
the properties ofkasugamycin-resistant mutants, 
which lack certain modifications in 16S rRNA. 
Kasugamycin blocks initiation of translation. 
Resistant mutants (called ksgA) lack a methylase 
enzyme that introduces four methyl groups into 
two adjacent adenines at a site near the 3' tenninus 

Central domain c;--TERM 
suppression 

Needed for 
P-tRNA 

(--Ne,edeld for 
P-tRNA 

methylation in ksgA 

--,Accuracy 

5' domain 3' minor domain 

FIGURE 24.46 Some sites in 16S rRNA are protected from chemical probes 
when 50S subunits join 30S subunits or when aminoacyl-tRNA binds to 
the A site. Others are the sites of mutations that affect translation. TERM 
suppression sites may affect termination at some or several termination 
codons. The large colored blocks indicate the four domains of the rRNA. 

of the 16S rRNA. The methylation generates the 
highly conserved sequence G-m26 A-m26 A, found 
in both prokaryotic and eukaryotic small rRNAs. 
The methylated sequence is involved in the join
ing of the 30S and 50S subunits, which in turn 
is connected also with the retention of initiator 
tRNA in the complete ribosome. Kasugamycin 
causes fMet-tRNAr to be released from the sen
sitive (methylated) ribosomes, but the resistant 
ribosomes are able to retain the initiator. 

Changes in the structure of 16S rRNA occur 
when ribosomes are engaged in translation, as 
seen by protection of particular bases against 
chemical attack. The individual sites fall into 
a few groups that are concentrated in the 3'  
minor and central domains. Although the loca
tions are dispersed in the linear sequence of 
16S rRNA, it seems likely that base positions 
involved in the same function are actually close 
together in the tertiary structure. 

Some of the changes in 16S rRNA are trig
gered by joining with 50S subunits, binding of 
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FIGURE 24.47 A change in conformation of 16S rRNA 
may occur during translation. 

mRNA, or binding oftRNA. They indicate that 
these events are associated with changes in 
ribosome conformation that affect the exposure 
of rRNA. They do not necessarily indicate direct 
participation of rRNA in these functions. One 
change that occurs during translation is shown 
in FIGURE 24.47; it involves a local movement to 
change the nature of a short duplex sequence. 

The l6S rRNA is involved in both A site and 
P site function, and significant changes in its 
structure occur when these sites are occupied. 
Certain distinct regions are protected by tRNA 
bound in the A site. One is the 530 loop (which 
also is the site of a mutation that prevents ter
mination at the UAA, UAG, and UGA codons). 
The other is the 1400 to 1500 region (so called 
because bases 1399 to 1492 and the adenines at 
1492 and 1493 are two single-stranded stretches 
that are connected by a long hairpin). All of 
the effects that tRNA binding has on l6S rRNA 
can be produced by the isolated oligonucleotide 
of the anticodon stem-loop, so that tRNA-30S 
subunit binding must involve this region. 

The adenines at 1492 and 1493 provide a 
mechanism for detecting properly paired codon
anticodon complexes. The principle ofthe inter
action is that the structure of the l6S rRNA 
responds to the structure of the first two base 
pairs in the minor groove of the duplex formed 
by the codon-anticodon interaction. Modifica
tion of the N I position of either base 1492 or 
1493 in rRNA prevents tRNA from binding 
in the A site. However, mutations at 1492 or 
1493 can be suppressed by the introduction of 
fluorine at the 2' position of the corresponding 
bases in mRNA (which restores the interaction). 
FIGURE 24.48 shows that codon-anticodon pairing 
allows the Nl of each adenine to interact with 
the 2'-0H in the mRNA backbone. The interac
tion stabilizes the association oftRNA with the A 
site. When an incorrect tRNA enters the A site, 
the structure of the codon-anticodon complex 
is distorted and this interaction cannot occur. 
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FIGURE 24.48 Codon-anticodon pamng supports 
interaction with adenines 1492-1493 of 16S rRNA, but 
mispaired tRNA-mRNA cannot interact. 

A variety of bases in different positions of 
l6S rRNA are protected by tRNA in the P site; 
most likely the bases lie near one another in 
the tertiary structure. In fact, there are more 
contacts with tRNA when it is in the P site than 
when it is in the A site. This may be respon
sible for the increased stability of peptidyl-tRNA 
compared with aminoacyl-tRNA. This makes 
sense; once the tRNA has reached the P site, 
the ribosome has determined that it is correctly 
bound, whereas in the A site, the assessment 
of binding is still being made. The 1400 region 
can be directly crosslinked to peptidyl-tRNA, 
which suggests that this region is a structural 
component of the P site. 

The general conclusion of these results is 
that rRNA has many interactions with both 
tRNA and mRNA and that these interactions 
recur in each cycle of peptide bond formation. 

235 rRNA Has Peptidyl 
Transferase Activity 

Key concept 
• Peptidyl transferase activity resides exclusively in 

the 23S rRNA. 



The sites involved in the functions of 23S rRNA 
are less well identified than those of 16S rRNA, 
but the same general pattern is observed: Bases 
at certain positions affect specific functions. Bases 
at some positions in 23S rRNA are affected by 
the conformation of the A site or the P site. In 
particular, oligonucleotides derived from the 3' 
CCA terminus of tRNA protect a set of bases in 
23S rRNA that essentially are the same as those 
protected by peptidyl-tRNA. This suggests that 
the major interaction of 23S rRNA with peptidyl
tRNA in the P site involves the 3' end of the tRNA. 

The tRNA makes contact with the 23S 
rRNA in both the P and A sites. At the P site, 
G2552 of 23S rRNA base pairs with C74 of the 
peptidyl tRNA. A mutation in the G in the rRNA 
prevents interaction with tRNA, but interaction 
is restored by a compensating mutation in the C 
ofthe amino acceptor end oft he tRNA. At the A 
site, G2553 of the 23S rRNA base pairs with C75 
of the aminoacyl-tRNA. Thus, there is a close 
role for rRNA in both the tRNA-binding sites. 
As structural studies continue to emerge, the 
movements of tRNA between the A and P sites 
in terms of making and breaking contacts with 
rRNA will be elucidated. 

Another site that binds tRNA is the E site, 
which is localized almost exclusively on the 50S 
subunit. Bases affected by its conformation can 
be identified in 23S rRNA. 

What is the nature of the site on the 50S 
subunit that provides peptidyl transferase 
function? A long search for ribosomal proteins 
that might possess the catalytic activity was 
unsuccessful and led to the discovery that the 
ribosomal RNA ofthe large subunit can catalyze 
the formation of a peptide bond between pep
tidyl-tRNA and aminoacyl-tRNA. The involve
ment of rRNA was first indicated because a 
region of the 23S rRNA is the site of mutations 
that confer resistance to antibiotics that inhibit 
peptidyl transferase. Extraction of almost all 
the protein content of 50S subunits leaves the 
23S rRNA largely associated with fragments of 
proteins, amounting to <5% of the mass of 
the ribosomal proteins. This preparation retains 
peptidyl transferase activity. Treatments that 
damage the RNA abolish the catalytic activity. 

Following from these results, 23S rRNA pre
pared by transcription i11 vitro can catalyze the 
formation of a peptide bond between Ac-Phe
tRNA and Phe-tRNA. The yield of Ac-Phe-Phe is 
very low, suggesting that the 23S rRNA requires 
proteins in order to function at a high efficiency. 
However, given that the rRNA has the basic 
catalytic activity, the role of the proteins must 

be indirect, serving to fold the rRNA properly or 
to present the substrates to it. The reaction also 
works, although less effectively, if the domains 
of 23S rRNA are synthesized separately and then 
combined. In fact, some activity is shown by 
domain V alone, which has the catalytic center. 
Activity is abolished by mutations in position 
2252 of domain V that lies in the P site. 

The crystal structure of an archaeal 50S 
subunit shows that the peptidyl transferase 
site basically consists of 23S rRNA. There is no 
protein within 18 A ofthe active site where the 
transfer reaction occurs between peptidyl-tRNA 
and aminoacyl-tRNA! 

Peptide bond synthesis requires an attack 
by the amino group of one amino acid on the 
carboxyl group of another amino acid. Catalysis 
requires a basic residue to accept the hydrogen 
atom that is released from the amino group, as 
shown in FIGURE 24.49 . If rRNA is the catalyst, 
it must provide this residue, but we do not know 
how this happens. The purine and pyrimidine 
bases are not basic at physiological pH. A highly 
conserved base (at position 2451 in E. coli) had 
been implicated but appears now neither to 
have the right properties nor to be crucial for 
peptidyl transferase activity. 
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FIGURE 24.49 Peptide bond formation requires acid-base 
catalysis in which an H atom is transferred to a basic 
residue_ 
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The catalytic activity of isolated rRNA is 
quite low, and proteins that are bound to the 
23S rRNA outside of the peptidyl transfer region 
are almost certainly required to enable the rRNA 
to form the proper structure in vivo. The idea that 
rRNA is the catalytic component is consistent 
with the results discussed in the RNA Splicing 
and Processing chapter, which identify catalytic 
properties in RNA that are involved with several 
RNA-processing reactions. It fits with the notion 
that the modern ribosome evolved from a pro
totype originally composed of RNA. 

Ribosomal Structures 
Change When the 
Subunits Come Together 

Key concepts 
• The head of the 30S subunit swivels around the 

neck when complete ribosomes are formed. 

• The peptidyl transferase active site of the 50S sub
unit is more active in complete ribosomes than in 
individual 50S subunits. 

• The interface between the 30S and 50S subunits is 
very rich in solvent contacts. 

Much indirect evidence suggests that the 
structures of the individual subunits change 
significantly when they join together to form a 
complete ribosome. Differences in the su scepti
bilities of the rRNAs to outside agents are one of 
the strongest indicators (see the section earlier 
in this chapter titled 16S rRNA Plays an Active 
Role in Tra11slation) .  More directly, comparisons 
of the high-resolution crystal structures of the 
individual subunits with the lower resolution 
structure of the intact ribosome suggests the 
existence of significant differences. These ideas 
have been confirmed by a crystal structure of 
the E. coli ribosome at 3.5 A, which furthermore 
identifies two different conformations of the 
ribosome, possibly representing different stages 
in translation. 

The crystal contains two ribosomes per unit, 
each with a different conformation. The differ
ences are due to changes in the positioning of 
domains within each subunit, the most impor
tant being that in one conformation the head 
ofthe small subunit has swiveled 6° around the 
neck region toward the E site. Also, a 6° rotation 
in the opposite direction is seen in the (low
resolution) structures of Thermus thermophilus 
ribosomes that are bound to mRNA and have 
tRNAs in both A and P sites, suggesting that the 
head may swivel overall by 12° depending on 
the stage of translation. The rotation of the head 
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follows the path of tRNAs through the ribosome, 
raising the possibility that its swiveling controls 
movement of mRNA and tRNA. 

The changes in conformation that occur 
when subunits join together are much more 
marked in the 30S subunit than in the 50S 
subunit. The changes are probably involved 
with controlling the position and movement 
of mRNA. The most significant change in the 
50S subunit concerns the peptidyl transferase 
center. 50S subunits are - 1  OOOX less effective 
in catalyzing peptide bond synthesis than com
plete ribosomes; the reason may be a change 
in structure that positions the substrate more 
effectively in the active site in the complete 
ribosome. 

One of the main features emerging from 
the structure of the complete ribosome is 
the very high density of solvent contacts at 
their interface; this may help the making and 
breaking of contacts that are essential for sub
unit association and dissociation and may also 
be involved in structural changes that occur 
during translocation. 

Translation Can 
Be Regulated 

Key concepts 

• Translation can be regulated by the 5 '  UTR of 
the mRNA. 

• Translation may be regulated by the abundance of 
various tRNAs. 

• A repressor protein can regulate translation 
by preventing a ribosome from binding to an 
initiation codon. 

• Accessibility of initiation codons in a polycis
tronic mRNA can be controlled by changes in the 
structure of the mRNA that occur as the result of 
translation. 

Control over which and how much protein is 
made occurs first at the level of transcription 
control (as discussed in The Operon chapter}, 
then through RNA-processing control (rare 
in bacteria, but common in eukaryotes), and, 
finally, translation-level control, which we 
examine here. (Refer to The Operon chapter for 
detail on the lac operon and its regulation.) 

The lac repressor is encoded by the lacl gene; 
this is an unregulated gene that is continuously 
transcribed, but from a poor promoter. Also, 
the coding region of the lac repressor is in a 
very poor mRNA. This simply means that the 
5' UTR (untranslated region) of the mRNA has 
a poor sequence context that does not allow 
rapid ribosome binding or movement onto the 
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FIGURE 24.50 A regulator protein may block translation 
by binding to a site on mRNA that overlaps the ribosome
binding site at the initiation codon. 

ORF. Just as promoters can be "good" or "poor," 
so can mRNAs. Together, this means that ribo
somes do not translate the small amount of 
mRNA at the same level as the LacZYA poly
cistronic mRNA. Thus, we find very little lac 
repressor in a cell-only about 10 tetramers. 

A second way that translation can be 
modulated is by codon usage. Multiple codons 
exist for most of the ami no adds. These codons 
are not decoded equally by tRNAs; some have 
abundant tRNAs and some do not. An ORF 
consisting of codons with abundant tRNAs can 
be rapidly translated, whereas another ORF 
that contains codons with less abundant tRNAs 
will be translated much more slowly. 

Additionally, more active mechanisms exist 
for translation-level control. One mechanism 
for controlling gene expression at the level of 
translation parallels the use of a repressor to 
prevent transcription. Translational repression 
occurs when a protein binds to a target region 
on mRNA to prevent ribosomes from recog
nizing the initiation region. Formally, protein
mRNA binding is equivalent to a repressor 
protein binding to DNA to prevent polymerase 
from utilizing a promoter. Polycistronic RNA 
allows coordinate regu Ia ti on of translation, 
analogous to transcription repression of an 
operon. FIGURE 24. 50 illustrates the most 

Repressor Target Gene 

R 17 coat protein R 17 replicase 

T4 RegA Early T4 mRNAs 

common form of this interaction, in which the 
regulator protein binds directly to a sequence 
that includes the AUG initiation codon, thereby 
preventing the ribosome from binding. 

Some examples of translational repressors 
and their targets are summarized in FIGURE 24.51. 

A classic example of how the product of transla
tion can directly control the translation of its 
mRNA is the coat protein of the RNA phage 
R 17; it binds to a hairpin that encompasses the 
ribosome-binding site in the phage mRNA. 
Similarly, the phage T4 RegA protein binds to 
a consensus sequence that includes the AUG 
initiation codon in several T4 early mRNAs, and 
T4 DNA polymerase binds to a sequence in its 
own mRNA that includes the Shine-Dalgarno 
element needed for ribosome binding. 

Another form of translational control occurs 
when translation of one gene requires changes 
in secondary structure that depend on trans
lation of an immediately preceding gene. This 
happens during translation of the RNA phages, 
whose genes always are expressed in a set order. 
FIGURE 24.52 shows that the phage RNA takes up 
a secondary structure in which only one initia
tion sequence is accessible; the second cannot 
be recognized by ribosomes because it is base 
paired with other regions of the RNA. However, 
translation of the first gene disrupts the second
ary structure, allowing ribosomes 10 bind to the 
initiation site of the next gene. In this mRNA, 
secondary structure controls translatability. 

The Cycle of Bacterial 
Messenger RNA 

Key concepts 
• Transc ription and translation occur simultaneously 

in bacteria (called coupled transcri ptionj 
translation) as ribosomes begin translating an 
mRNA before its synthesis has been completed. 

• Bacterial mRNA is unstable and has a half-life of 
only a few minutes. 

• A bacterial mRNA may be polycistronic in having sev
eral coding regions that represent different cistrons. 

Site of Action 

Hairpin that includes ribosome-binding site 

Various sequences including initiation codon 

T4 DNA polymerase T4 DNA polymerase Shine-Dalgarno sequence 

T4 p32 Gene 32 Single-stranded 5' leader 

FIGURE 24.51 Proteins that bind to sequences within the initiation regions of m RNAs may 
function as translational repressors. 
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Only one initiation site is available initially 
Second initiation 
site is blocked 

First initiation site 
is accessible 

Translation exposes second initiation site 
Ribosomes disrupt 
secondary structure 

Second initiation 
site is available 

FIGURE 24.52 Secondary structure can control initiation. 
Only one initiation site is available in the RNA phage, but 
translation of the first cistron changes the conformation of 
the RNA so that other initiation site(s) become available. 

Messenger RNA has the same function in all 
cells, but there are important differences in 
the deta.ils of the syntl1esis and structure of 
prokaryotic and eukaryotic mRNA. 

A major difference in the production of 
mRNA depends on the locations where tran
scription and translation occur: 

• In bacteria, mRNA is transcribed and 
translated in the single cellular compart
ment; the two processes are so closely 
linked that they occur simultaneously. 
Ribosomes attach to bacterial mRNA 
even before its transcription has been 
completed so d1e polysome is likely to still 
be attached to DNA. Bacterial mRNA is 
usually unstable and is therefore trans
lated into polypeptides for only a few 
minutes. This process is called coupled 
transcription/translation. 

• In a eukaryotic cell, synthesis and mat
uration of mRNA occur exclusively in 
the nucleus. Only after these events are 
completed is the mRNA exported to the 
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cytoplasm, where i t  is translated by 
ribosomes. A typical eukaryotic mRNA 
is relatively stable and continues to be 
translated for several hours, although 
there is a great deal of variation in the 
stability of specific mRNAs. 

FIGURE 24.53 shows that transcription and 
translation are intimately related in bacteria. 
Transcription begins when the enzyme RNA 
polymerase binds to DNA and then moves 
along, making a copy of one strand. Soon after 
transcription begins, ribosomes attach to the 5 '  
end of the mRNA and start translation, even 
before the rest of the mRNA has been syn
thesized. Multiple ribosomes move along the 
mRNA while it is being synthesized. The 3 '  end 
of the mRNA is generated when transcription 
terminates. Ribosomes continue to translate the 
mRNA while it persists, but it is degraded in 

5' end is triphosphate 

0.5 min Ribosomes begin translation 

1.5 min Degradation beg1ns at 5' end 

-
• 

. ..... ---). 
3 0 min Degradation continues, 

ribosomes complete translation 

.. 

FIGURE 24.53 mRNA is transcribed, translated, and 
degraded simultaneously in bacteria. 



the overall S '  to 3 '  direction quite rapidly. The 
mRNA is synthesized, translated by the ribo
somes, and degraded, all in rapid succession. 
An individual molecule of mRNA persists for 
only a matter of minutes at most. 

Bacterial transcription and translation 
take place at similar rates. At 37°C, transcrip
tion ofmRNA occms at -40 to 50 nucleotides/ 
second. This is very close to the rate of poly
peptide synthesis, which is roughly 1 5  amino 
acids/second. It therefore takes - l  minute 
to transcribe and translate an mRNA of 2500 
n udeotides, corresponding to a 90-leD polypep
tide. When expression of a new gene is initi
ated, its mRNA will typically appear in the cell 
within - 1 .5 minutes. The corresponding poly
peptide will appear within another 0.5 minute. 

Bacterial translation is very efficient and 
most mRNAs are lTanslated by a large number 
of tightly packed ribosomes. In one example, trp 
mRNA, about I 5 initiations of transcription occur 
every minute and each ofthe 15  mRNAs is prob
ably translated by -30 ribosomes in the interval 
between its transcription and degradation. 

The instability of most bacterial mRNAs is 
striking. Degradation of mRNA closely follows 
its translation and likely begins within l minute 
of the start of transcription. The 5 '  end of the 
mRNA starts to decay before the 3 '  end has 
been synthesized or translated. Degradation 
seems to follow the last ribosome of the con
voy along the mRNA. However, degradation 
proceeds more slowly, probably at about half 
the speed of transcription or translation. 

The stability ofmRNA bas a major influence 
on the amount of polypeptide that is produced. 
It is usually expressed in terms of the half-life. 
The mRNA representing any particular gene 
has a characteristic half-life, but the average is 
-2 minutes in bacteria. 

Of course, this series of events is only pos
sible because transcription, translation, and 
degradation all occur in the same direction. 
The dynamics of gene expression have been 
"caught in the act" in the electron micro
grapll of FIGURE 24.54 . In these (unknown) 
transcription units, several mRNAs are under
going syntl1esis simultaneously and each carries 
many ribosomes engaged in translation. (This 
corresponds to the stage shown in the second 
panel in Figure 24.53.) An RNA whose syn
thesis has not yet been completed is called a 
nascent RNA. 

Bacterial mRNAs vary greatly in the 
number of proteins that they encode. Some 
mRNAs carry only a single ORF; they are 
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FIGURE 24.54 Transcription units can be visualized in bacteria.Q Prof. Oscar 
L. Miller/Photo Researchers, Inc. 

monocistronic. Others (the majority) carry 
sequences encoding several polypeptides; they 
are polycistronic. In these cases, a single mRNA 
is transcribed from a group of adjacent dstrons. 
(Such a cluster of cistrons constitutes an operon 
that is controlled as a single genetic unit; see 
The Operon chapter.) 

All mRNAs contain three regions. The 
coding region or open reading frame (ORF} 
consists of a series of codons representing the 
anlino acid sequence of the polypeptide, start
ing (usually) with AUG and ending with one 
of the three termination codons. However, 
the mRNA is always longer than the coding 
region as extra regions are present at both ends. 
An additional sequence at the 5 '  end, upstream 
of the coding region, is described as the leader 
or 5 '  UTR. An additional sequence downstream 
from the termination signal, fonuing the 3 '  end, 
is called the trailer or 3 '  UTR. Although they 
do not encode a polypeptide, these sequences 
may contain important regulatory instructions, 
especially in eukaryotic mRNAs. 

A polydstronic mRNA also contains inter
cistronic regions, as illustrated in FIGURE 24.55. 

They vary greatly in size. They may be as long 
as 30 nudeotides in bacterial mRNAs (and even 

5' UTA precedes 
initiation codon 

3 '  UTA follows 
termination codon 

lntercistronic distance 
varies from -1 to +40 bases 

�3' 

Start Stop Start Stop 
FIGURE 24.55 Bacterial mRNA includes untranslated as well as translated 
regions. Each coding region has its own initiation and termination signals. 
A typical mRNA may have several coding regions (ORFs). 
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longer in phage RNAs), or they may be very 
short, with as few as one or two nucleotides 
separating the termination codon for one poly
peptide from the initiation codon for the next. 
In an extreme case, two genes actually overlap, 
so that the last base of one coding region is also 
the first base of the next coding region. 

The number of ribosomes engaged in 
translating a particular ci stron depends on the 
efficiency of its initiation site in the 5 '  UTR. 
The initiation site for the first cistron becomes 
available as soon as the 5' end of the mRNA is 
synthesized. How are subsequent cistrons trans
lated? Are the several coding regions in a poly
cistronic mRNA translated independently or is 
their expression connected? Is the mechanism of 
initiation the same for all cistrons, or is it differ
ent for the first cistron and the internal ci strons? 

Translation of a bacterial mRNA proceeds 
sequentially through its cistrons. At the time 
when ribosomes attach to the first coding region, 
the subsequent coding regions have not yet been 
transcribed. By the time the second ribosome 
site is available, translation is well underway 
through the first cistron. Typically, ribosomes 
terminate translation at the end of each cistron 
and then a new ribosome assembles indepen
dently at the start of the next coding region. 
The intercistronic region and the density of ribo
somes on the mRNA influence this. 

Summary 
A codon in mRNA is recognized by an amino
acyl-tRNA, which has an anticodon comple
mentary to the codon and carries the amino acid 
corresponding to the codon. A special i ni ti a tor 
tRNA (fMet-tRNAr in prokaryotes or Met-tRNA; 
in eukaryotes) recognizes the AUG codon, 
which is used to start all coding sequences. In 
prokaryotes, GUG is also used. Only the ter
mination (nonsense) codons, UAA, UAG, and 
UGA, are not recognized by aminoacyl-tRNAs. 

Ribosomes are released from translation to 
enter a pool of free ribosomes that are in equi
librium with separate small and large subunits. 
Small subunits bind to mRNA and then are 
joined by large subunits to generate an intact 
ribosome that undertakes translation. Recog
nition of a prokaryotic initiation site involves 
binding of a sequence at the 3 '  end of rRNA to 
the Shine-Dalgarno motif, which precedes the 
AUG (or GUG) codon in the mRNA. Recogni
tion of a eukaryotic mRNA involves binding to 
the 5 '  cap; the small subunit then migrates to 
the initiation site by scanning for AUG codons. 
When it recognizes an appropriate AUG codon 
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(usually, but not always, the first it encounters), 
it is joined by a large subunit. 

A ribosome can carry at least two aminoacyl
tRNAs simultaneously; its P site is occupied by a 
polypeptidyl-tRNA, which carries the polypeptide 
chain synthesized so far, whereas the A site is 
used for entry by an aminoacyl-tRNA carrying the 
next amino acid to be added to the chain. Bacte
rial ribosomes also have an E site, through which 
deacylated tRNA passes before it is released after 
being used in translation. The polypeptide chain 
in the P site is transferred to the aminoacyl-tRNA 
in the A site, creating a deacylated tRNA in the P 
site and a peptidyl-tRNA in the A site. 

Following peptide bond synthesis, the ribo
some translocates one codon along the mRNA, 
moving deacylated tRNA into the E site and 
peptidyl-tRNA from the A site into the P site. 
Translocation is catalyzed by the elongation 
factor EF-G and, like several other stages of 
ribosome function, requires hydrolysis of GTP. 
During translocation, the ribosome passes 
through a hybrid stage in which the 50S sub
unit moves relative to the 30S subunit. 

Translation is an energetically expensive 
process. ATP is used to provide energy at sev
eral stages, including the charging oftRNA with 
its amino acid and the unwinding of mRNA. 
It has been estimated that up to 90% of all the 
A TP molecules synthesized in a rapidly growing 
bacterium are consumed in assembling amino 
acids into protein! 

Additional factors are required at each 
stage of translation. They are defined by their 
cyclic association with, and dissociation from, 
the ribosome. Initiation factors are involved in 
prokaryotic initiation. IF-3 is needed for 30S sub
units to bind to mRNA and also is responsible 
for maintaining the 30S subunit in a free form. 
IF-2 is needed for fMet-tRNAr to bind to the 30S 
subunit and is responsible for excluding other 
aminoacyl-tRNAs from the initiation reaction. 
GTP is hydrolyzed after the initiator tRNA has 
been bound to the initiation complex. The initia
tion factors must be released in order to allow 
a large subunit to join the initiation complex. 

Eukaryoticinitiation involves a greater num
ber of protein factors. Some of them are involved 
in the initial binding of the 40S subunit to the 
capped 5' end of the mRNA, at which point the 
initiator tRNA is bound by another group of fac
tors. After this initial binding, the small subunit 
scans the mRNA until it recognizes the correct 
AUG codon. At this point, initiation factors are 
released and the 60S subunit joins the complex. 

Prokaryotic elongation factors are involved 
in elongation. EF-Tu binds aminoacyl-tRNA 



to the 70S ribosome. GTP is hydrolyzed when 
EF-Tu is released and EF-Ts is required to 
regenerate the active form of EF-Tu. EF-G is 
required for translocation. Binding of the EF-Tu 
and EF-G factors to ribosomes is mutually 
exclusive, which ensures that each step must 
be completed before the next can be started. 

Termination occurs at any one of the three 
special codons, UAA, UAG, and UGA. Class 1 
release factors that specifically recognize the 
termination codons activate the ribosome to 
hydrolyze the peptidyl-tRNA. A class 2 RF fac
tor is required to release the class 1 RF factor 
from the ribosome. The GTP-binding factors 
IF-2, EF-Tu, EF-G, and RF3 all have similar 
structures, with the latter two mimicking the 
RNA-protein structure of the first two when 
they are bound to tRNA. They all bind to the 
same ribosomal site, the G-factor binding site. 

Ribosomes are ribonucleoprotein particles 
in which a majority of the mass is provided by 
rRNA. The shapes of all ribosomes are generally 
similar, but only those of bacteria (70S) have 
been characterized in detail. The small (30S) 
subunit has a squashed shape, with a ubody" 
containing about two-thirds of the mass divided 
from the Nhead" by a cleft. The large (50S) 
subunit is more spherical, with a prominent 
ustalk" on the right and a ucentral protuber
ance." Approximate locations of all proteins in 
the small subunit are known. 

Each subunit contains a single major rRNA, 
16S and 23S in prokaryotes and 18S and 28S 
in eukaryotes. There are also minor rRNAs, 
most notably 5S rRNA in the large subunit. 
Both major rRNAs have extensive base pairing, 
mostly in the form of short, imperfectly paired 
duplex stems with single-stranded loops. Con
served features in the rRNA can be identified by 
comparing sequences and the secondary struc
tures that can be drawn for rRNA of a variety 
of organisms. The 16S rRNA has four distinct 
domains; the 23S rRNA has six distinct domains. 
Eukaryotic rRNAs have additional domains. 

The crystal structure shows that the 30S 
subunit has an asymmetric distribution of 
RNA and protein. RNA is concentrated at the 
interface with the 50S subunit. The 50S sub
unit has a surface of protein, with long rods of 
double-stranded RNA crisscrossing the structure. 
30S-to-50S joining involves contacts between 
16S rRNA and 23S rRNA. The interface between 
the subunits is very rich in contacts for solvent. 
Structural changes occur in both subunits when 
they join to fonn a complete ribosome. 

Each subunit has several active centers, 
which are concentrated in the translational 

domain of the ribosome where polypeptides are 
synthesized. Polypeptides leave the ribosome 
through the exit domain, which can associate 
with a membrane. The major active sites are 
the P and A sites, the E site, the EF-Tu and 
EF-G binding sites, peptidyl transferase, and the 
mRNA-binding site. Ribosome conformation 
may change at stages during translation; differ
ences in the accessibility of particular regions of 
the major rRNAs have been detected. 

The tRNAs in the A and P sites are parallel 
to one another. The anticodon loops are bound 
to mRNA in a groove on the 30S subunit. The 
rest of each tRNA is bound to the 50S subunit. 
A conformational shi£t of tRNA within the A site 
is required to bring its aminoacyl end into jux
taposition with the end of the peptidyl-tRNA in 
the P site. The peptidyl transferase site that links 
the P- and A-binding sites is a domain of the 
23S rRNA, which has the peptidyl transferase 
catalytic activity, although proteins are prob
ably needed to acquire the correct structure. 

An active role for the rRNAs in translation 
is indicated by mutations that affect ribosomal 
function, interactions with mRNA or tRNA that 
can be detected by chemical crosslinking, and the 
requirement to maintain individual base-pairing 
interactions with the tRNA or mRNA. The 3' ter
minal region of the rRNA base pairs with mRNA 
at initiation. Internal regions make individual 
contacts with the tRNAs in both the PandA sites. 
Ribosomal RNA is the target for some antibiotics 
or other agents that inhibit n·anslation. 

Gene expression may be modulated at the 
level of translation by the ability of an mRNA to 
attract a ribosome and by the abundance of spe
cific tRNAs that recognize different codons. More 
active mechanisms that regulate at the level of 
translation are also found. Translation may be 
regulated by a protein that can bind to the mRNA 
to prevent the ribosome from binding. 
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CHAPTER OUTLINE J 
Introduction 

Related Codons Represent Chemically Similar 

Amino Acids 

• 61 of the 64 possible triplets encode 20 amino acids. 
• Three codons do not represent amino acids and cause 

termination of translation. 

• The genetic code was frozen at an early stage of 
evolution and is nearly universal. 

• Most amino acids are represented by more than one codon. 

• The multiple codons for an amino acid are usually related. 
• Chemically similar amino acids often have related 

codons, minimizing the effects of mutation. 

Codon-Anticodon Recognition Involves Wobbling 

• Multiple codons that represent the same amino acid 
most often differ at the third-base position. 

• The pairing between the first base of the 
anticodon and the third base of the codon can vary 
from standard Watson-Crick base pairing according to 
specific wobble rules. 

tRNAs Are Processed from Longer Precursors 

• A mature tRNA is generated by processing a precursor. 

• The 5'  end is generated by cleavage by the 
endonuclease RNase P. 

��-�--

t+U 

t+ .. l 

• The 3 '  end is generated by multiple endonudeolytic 
and exonucleolytic cleavages, followed by addition of 
the common terminal trinucleotide CCA. 

tRNA Contains Modified Bases 

• 8 1  examples of modified bases in tRNAs have been 
reported. 

• Modification usually involves direct alteration of the 
primary bases i n  tRNA, but there are some exceptions in 
which a base is removed and replaced by another base. 

• Known functions of modified bases are to confer 
increased stability to tRNAs and to modulate their 
recognition by proteins and other RNAs in  the 
translational apparatus. 

Modified Bases Affect Anticodon-Codon Pairing 

• Modifications in the anticodon affect the pattern 
of wobble pairing and therefore are important in 
determining tRNA specificity. 

There Are Sporadic Alterations of the Universal Code 

• Changes in the universal genetic code have occurred in 
some species. 

• These changes are more common in mitochondrial 
genomes, where a phylogenetic tree can be 
constructed for the changes. 

• In nuclear genomes, the changes usually affect only 
termination codons. 



CHAPTER OUTLINE, CONTINUED J 
t+t:l Novel Amino Acids Can Be Inserted at Certain 

Stop Codons 

• The insertion of selenocysteine at some UGA codons 
requires the action of an unusual tRNA in combination 
with several proteins. 

• The unusual amino acid pyrrolysine can be inserted at 
certain UAG codons. 

• The UGA codon specifies both selenocysteine and 
cysteine in the ciliate Euplotes crassus. 

t+W tRNAs Are Charged with Amino Acids by 
Aminoacyl-tRNA Synthetases 

• Aminoacyl-tRNA synthetases are a family of enzymes that 
attach amino acid to tRNA, generating aminoacyl-tRNA 
in a two-step reaction that uses energy from ATP. 

• Each tRNA synthetase aminoacylates all the tRNAs in an 
isoaccepting group, representing a particular amino acid. 

• Recognition of a tRNA is based on a particular set of 
nucleotides, the tRNA "identity set," that often are 
concentrated in the acceptor stem and anticodon loop 
regions of the molecule. 

1'.10111•1 Aminoacyl-tRNA Synthetases Fall into Two Classes 

• Aminoacyl-tRNA synthetases are divided into class I 
and class II families based on mutually exclusive sets 
of sequence motifs and structural domains. 

1'.101111 Synthetases Use Proofreading to Improve Accuracy 

• Specificity of amino acid-tRNA pairing is controlled by 
proofreading reactions that hydrolyze incorrectly 
formed aminoacyl adenylates and aminoacyl-tRNAs. 

1'+11ta Suppressor tRNAs Have Mutated Anticodons That 
Read New Codons 

• A suppressor tRNA typically has a mutation in the 
anticodon that changes the codons that it recognizes. 

• When the new anticodon corresponds to a termination co
don, an amino acid is inserted and the polypeptide chain 
is extended beyond the termination codon. This results in 
nonsense suppression at a site of nonsense mutation, or 
in readthrough at a natural termination codon. 

• Missense suppression occurs when the tRNA recognizes 
a different codon from usual, so that one ami no acid is 
substituted for another. 

1'+11d There Are Nonsense Suppressors for Each 
Termination Codon 

• Each type of nonsense codon is suppressed by tRNAs 
with mutated anticodons. 

• Some rare suppressor tRNAs have mutations in other 
parts of the molecule. 

1'+11t. Suppressors May Compete with Wild-Type Reading 
of the Code 

• Suppressor tRNAs compete with wild-type tRNAs that 
have the same anticodon to read the corresponding 
codon(s). 

• Efficient suppression is deleterious because it 
results in readthrough past normal termination 
codons. 

• The UGA codon is leaky and is misread by Trp-tRNA at 
1% to 3% frequency. 

1'.10111.'1 The Ribosome Influences the Accuracy of 
Translation 

• The structure of the 16S rRNA at the P and A sites of the 
ribosome influences the accuracy of translation. 

1'+11d Frameshifting Occurs at Slippery Sequences 

• The reading frame may be influenced by the sequence 
of mRNA and the ribosomal environment. 

• Slippery sequences allow a tRNA to shift by one base 
after it has paired with its anticodon, thereby chang
ing the reading frame. 

• Translation of some genes depends upon the regular 
occurrence of programmed frameshifting. 

1'+11Y Other Receding Events: Translational Bypassing 
and the tmRNA Mechanism to Free Stalled 
Ribosomes 

• Bypassing involves the capacity of the ribosome to 
stop translation, release from m RNA, and resume 
translation some 50 nucleotides downstream. 

• Ribosomes that are stalled on m RNA after partial 
synthesis of a protein may be freed by the action of 
tmRNA, a unique RNA that incorporates features of 
both tRNA and mRNA. 

1'.10111:1 Summary 

B11 Introduction 
The sequence of a coding strand of DNA, 
read in the direction from 5'  to 3' ,  consists of 
nucleotide triplets (codons) corresponding to 
the amino acid sequence of a polypeptide read 
from N-terminus to C-terminus. Sequencing 
of DNA and proteins makes it possible to com· 
pare corresponding nucleotide and amino acid 
sequences directly. There are 64 codons (each of 
four possible nucleotides can occupy each of the 
three positions of the codon, making 43 = 64 

possible trinucleotide sequences). Each ofthese 
codons has a specific meaning in translation: 
61  codons represent amino acids and 3 codons 
cause the termination of translation. 

The breaking of the genetic code originally 
showed that genetic information is stored in the 
form of nucleotide triplets but did not reveal 
which amino acid is specified by each triplet 
codon. Before the advent of DNA sequenc
ing, codon assignments were deduced on the 
basis of two types of i11 vitro studies. A system 

25.1 Introduction 715 



involving the translation of synthetic polynu
cleotides was introduced in 1961, when Niren
berg showed that polyuridylic acid (poly [U]) 
directs the assembly of phenylalanine into 
polyphenylalanine. This result means that 
UUU must be a codon for phenylalanine. In a 
later, second system, a trinucleotide was used 
to mimic a codon, thus causing the correspond
ing aminoacyl-tRNA to bind to a ribosome. By 
identifying the amino acid component of the 
aminoacyl-tRNA, the meaning of the codon 
could be found. The two techniques together 
assigned meaning to all of the codons that rep
resent amino acids. 

The assignment of amino acids to codons is 
not random, but shows relationships in which 
the third (Y) base has less effect on codon 
meaning. In addition, chemically similar amino 
acids are often represented by related codons. 
The meaning of a codon that represents an 
amino acid is determined by the tRNA that cor
responds to it; the meaning of the termination 
codons is determined directly by protein factors 
(see the Translatio11 chapter). 

Related Codons Represent 
Chemically Similar 
Amino Acids 

Key concepts 
• 61 of the 64 possible triplets encode 20 amino 

acids. 

• Three codons do not represent amino acids and 
cause termination of translation. 

• The genetic code was frozen at an early stage of 
evolution and is nearly universal. 

• Most amino acids are represented by more than 
one codon. 

• The multiple codons for an amino acid are usually 
related. 

• Chemically similar amino acids often have 
related codons, minimizing the effects of 
mutation. 

The code is summarized in FIGURE 25.1. There 
are more codons than there are amino acids 
and as a result almost all amino acids are rep
resented by more than one codon. The only 
exceptions are methionine and tryptophan. 
Codons that have the same meaning are said 
to be synonymous. The genetic code is actually 
read on the mRNA, so it is usually described in 
terms of the four bases present in RNA: U, C, 
A, and G .  

Codons representing the same or chemi
cally similar amino acids tend to be similar in 

716 CHAPTER 25 Using the Genetic Code 

� 

Q) (.) 
(/) 
"' 

.0 -
(/) 
� 

u. 

<( 

C) 

u 
UUU}Phe 
UUC F 
UUA}Leu 
UUG L 

cuu 
cue Leu 
CUA L 
CUG 

AUU} lie 
AUC I 
AUA Met AUG M 
GUU 
GUC Val 
GUA v 
GUG 

c 
ucu 
ucc 
UCA 
UCG 

ccu 
CCC 
CCA 
CCG 

ACU 
ACC 
ACA 
ACG 

GCU 
GCC 
GCA 
GCG 

Second base 
A 

UAU} Tyr 
SerUAC Y 

G 

UGU}Cys 
UGC C 

S UAA }sTOP 
UGA 

UAG UGG 
STOP 
Trp 

CAU}His 
ProCAC H 
P CAA}Gin 

CAG Q 

AAU}Asn 
Thr AAC N 

T AAA}Lys 
AAG K 

GAU} Asp 
Ala GAC D 
A GAA}G iu 

GAG E 

w 
CGU 
CGC Arg 
CGA R 

CGG 

AGU}Ser 
AGC S 
AGA}Arg 
AGG R 

GGU 
GGC Gly 
GGA G 
GGG 

FIGURE 25.1 All the triplet codons have meaning: 
61 represent amino acids and 3 cause termination (stop 
codons). 

sequence. Often the base in the third position 
of a codon is not significant because the four 
codons differing only in the third base represent 
the same amino acid. Sometimes a distinction 
is made only between a purine versus a pyrimi
dine in this position. The reduced specificity 
at the last position is known as third-base 
degeneracy. 

To be interpreted, a codon in mRNA must 
first base pair with the anticodon of the corre
sponding aminoacyl-tRNA. This pairing occurs 
within the ribosome, where the interaction 
between complementary trinucleotides is stabi
lized by highly conserved 16S rRNA nucleotides 
in the A site. Strict monitoring of the overall 
base-pair shape by rRNA permits only conven
tional A-U and G-C pairing to occur at the first 
two positions of the codon, but additional pairs 
are permitted at the third codon base, where 
rRNA contacts can follow different rules. As a 
result, a single aminoacyl-tRNA may recognize 
more than one codon, by means of the addi
tional, noncanonical pairs permitted at the third 
position. Furthermore, pairing interactions may 
also be influenced by the posttranscriptional 
modification of tRNA, especially within or 
directly adjacent to the anticodon. 

The tendency for identical or chemically 
similar amino acids to be represented by related 
codons minimizes the effects of mutations. It 
increases the probability that a single random 
base change will result in no amino acid substi
tution or in one involving amino acids of similar 
character. For example, a mutation of CUC to 
CUG does not change the resulting polypeptide 





UUG 
CUIT 
cue 
CUA 
CUGJ 

� 
rAUGl 

GSgl 
GuAI 
GUG 

uc 
ucc 
UCA 
UCG 
c-ern CCC 
CCA CCG 

Third-base relationship 

} Third base 
irrelevant n} Purines differ 
from pyrimidines 

UAU UAC 
UAA 
UAG 

� 

AAG 
� 
rml 

� 
UGA 
fUGG1 
CGU CGC 
CGA CGG 

Agg! 
;A.GG 
G�Q 
GGC 
GGA 
GGG 

Third bases Codon 
with same 
meaning 

U,C,A,G 
U,C,A 
AorG 
U or C 

number 

32 

3 

14 

10 

Unique G only 2 

FIGURE 25.3 Third bases have the least inftuence on codon 
meanings. Boxes indicate groups of codons within which 
third-base degeneracy ensures that the meaning is the same. 

has no role at all in specifying the amino acid. 
There are seven codon pairs in which the mean
ing is the same regardless of which pyrimidine 
is present at the third position, and there are 
five codon pairs in which either purine may be 
present without changing the amino acid that 
is encoded. 

There are only three cases in which a 
unique meaning is conferred by the presence 
of a particular base at the third position: AUG 
(for methionine), UGG (for tryptophan), and 
UGA (termination). So, C and U never have a 
unique meaning in the third position, and A 
never signifies a unique amino acid. 

The anticodon is complementary to the 
codon; thus it is the first base in the anticodon 
sequence written conventionally in the direc
tion from 5 '  to 3 '  that pairs with the third base 
in the codon sequence written by the same con
vention. So the combination 

Codon 
Anticodon 

5'  A C G 3' 
3 ' U G C 5' 

is usually written as codon ACG/anticodon 
CGU, where the anticodon sequence must 
be read backward for complementarity with 
the codon. 

To avoid confusion, we shall retain the 
usual convention in which all sequences 
are written 5 '  to 3 '  but indicate anticodon 
sequences with a backward superscript arrow as 
a reminder of the relationship with the codon. 
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Thus the codon/anticodon pair shown in the 
previous paragraph will be written as ACG and 
CGUf-, respectively. 

Does each triplet codon require its own 
tRNA with a complementary anticodon, or can 
a single tRNA respond to both members of a 
codon pair and to all (or at least some) of the 
four members of a codon family? 

Often one tRNA can recognize more than 
one codon. All codons that a particular tRNA rec
ognizes must be identical at their first two base 
positions. By contrast, the base in the first position 
of the tRNA anticodon is able to pair with alter
native bases in the corresponding third position 
of the codon; base pairing at this position is not 
limited to the usual G-C and A-U partnerships. 

The rules governing the recognition pat
terns are summarized in the wobble hypothe

sis, which states that the pairing between codon 
and anticodon at the first two codon positions 
always follows the usual rules, but that excep
tional "wobbles" occur at the third position. 
Wobbling occurs because the structure of the 
ribosomal A site, in which the codon-anticodon 
pairing occurs, permits increased flexibility at 
the first base of the anticodon. The most com
mon nonconventional pair that is found at this 
position is G-U (FIGURE 25.4). For example, the 
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FIGURE 25.4 Wobble in base pairing allows G-U pairs to 
form between the third base of the codon and the first 
base of the anticodon. 
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FIGURE 25.5 Codon-anticodon pairing involves wobbling 
at the third position. 

anticodon UUG in tRNA Gln recognizes both the 
CAA and CAG glutamine codons, and the anti
codon GUG in tRNA His recognizes both the CAU 
and CAC histidine codons. Other nonconven
tional pairs that are tolerated at the third codon 
position involve modified bases (see the section 
later in this chapter titled Modified Bases Affect 
Anticodon-Codon Pairing). 

This capacity of the third codon posi
tion to tolerate G-U pairs creates a pattern of 
base pairing in which A can no longer have 
a unique meaning in the codon (because the 
U that recognizes it must also recognize G) .  
Similarly, C also no longer has a unique mean
ing (because the G that recognizes it must also 
recognize U) .  FIGURE 25.5 summarizes the pat
tern of recognition. It is therefore possible 
to recognize unique codons only when the 
third bases are G or U .  However, only UGG 
and AUG provide examples of such unique 
recognition. 

tRNAs Are Processed from 
Longer Precursors 

Key concepts 
• A mature tRNA is generated by processing a 

precursor. 

• The 5' end is generated by cleavage by the 
endonuclease RNase P. 

• The 3' end is generated by multiple 
endonucleolytic and exonucleolytic cleavages, 
followed by addition of the common terminal 
trinucleotide CCA. 

tRNAs are commonly synthesized as precur· 
sor chains with additional sequences at one 
or both ends. FIGURE 25.6 shows that the extra 
sequences are removed by combinations of 
endonucleolytic and exonucleolytic activities. 
The three nucleotides at the 3 '  terminus, which 
are always present as the triplet sequence CCA, 
are sometimes not encoded in the genome. In 
such cases, they are added as part of the tRNA 
process! ng. 

The 5 '  end of tRNA is generated by a cleav · 
age action catalyzed by the ribonucleoprotein 

tRNA precursor has extra 5' and 3' sequences 5' 3' 
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FIGURE 25.6 The tRNA 3' end is generated by cutting 
(endonucleolytic) and trimming (exonucleolytic) reac
tions, followed by addition of CCA when this sequence 
is not encoded; the 5' end is generated by a precise 
endonucleolytic cleavage. 

enzyme ribonuclease P. This enzyme recognizes 
the global L-shaped tRNA structure and spe
cifically hydrolyzes the phosphodiester linkage 
that liberates the mature 5 '  end of the molecule, 
leaving a 5 '-phosphate group. In E. coli, RNase P 
consists of a 377-nucleotide RNA and 17.5-kD 
protein, and its active site is composed of RNA. 
In vitro the RNA component alone is able to 
catalyze the tRNA-processing reaction. (This is 
an example of a ribozyme; see the Catalytic RNA 

chapter.) The function of the protein subunit 
is to stabilize a conformation of the RNA active 
site that is complementary to the tRNA precur
sor. This is discussed further in the Catalytic RNA 

chapter. 
In the case of histidine-specific tRNAs in 

some organisms, after RNase P cleavage an 
additional guanosine residue is added at the 5 '  
terminus, thus forming a unique G-1 nucleo
tide. The enzyme that accomplishes this addi
tion, Thgl, has the remarkable property of 
catalyzing the equivalent of a reverse polym
erization reaction. The new guanosine is added 
by nucleotide addition in the 3'  to 5 '  direction, 
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opposite to that of all other known DNA and 
RNA polymerases. 

The enzymes that process the 3 '  end are 
best characterized in E. coli, where an endo
nuclease triggers the reaction by cleaving the 
precursor downstream, and several exonucle
ases then trim the end by degradation in the 
3'-5' direction. tRNA 3'-end processing also 
involves several enzymes in eukaryotes. The 
addition of the 3 ' -CCA is  catalyzed by the 
enzyme tRNA nucleotidyltransferase, which 
functions as a nontemplate-directed RNA poly
merase. That is, the enzyme specifically adds 
C, C, and A in sequence, without pairing the 
cytosine and adenine to complementary gua
nine and uracil bases on a template. Instead, 
the enzyme structure itself is sufficient to form 
sequential complementary binding sites for C, 
C, and A. As the nucleotides are added, the 
enzyme-tRNA complex changes conformation 
to become complementary to each successive 
nucleotide. 

All three nucleotides are added by tRNA 
nucleotidyltransferase when they are not 
encoded in the tRNA gene sequence. Inter
estingly, the enzyme also plays an essential 
role in repairing damaged tRNA 3 '  ends in 
organisms such as E. coli that do encode CCA. 
In these organisms, three different tRNA sub
strates are recognized: those lacking CCA, 
those possessing a 3 '-C, and those possessing 
a 3' -CC.  

tRNA nucleotidyltransferase enzymes are 
divided into two classes that retain significant 
amino acid similarity only in their active site 
regions. Class I enzymes are found in archaea, 
while bacterial and eukaryotic enzymes 
together make up a second class. In some very 
ancient bacterial lineages, CCA addition is cata
lyzed by two closely related class II enzymes; 
one of these enzymes adds-CC while the other 
adds the 3 '  -tenninal A. 

tRNA Contains Modified 
Bases 

Key concepts 

• 81 examples of modified bases in tRNAs have been 
reported. 

• Modification usually involves direct altera-
tion of the primary bases in tRNA, but there are 
some exceptions in which a base is removed and 
replaced by another base. 

• Known functions of modified bases are to confer 
increased stability to tRNAs and to modulate their 
recognition by proteins and other RNAs in the 
translational apparatus. 
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Transfer RNA is unique among nucleic acids in 
its content of modified bases. A modified base is 
any purine or pyrimidine ring except the usual 
A, G, C, and U from which all RNAs are syn
thesized. All other bases are produced by post

transcriptional modification of one of the 
four bases after it has been incorporated into 
the polyribonucleotide chain. The ribose sugar 
of some tRNA nucleotides is also methylated 
on the 2'-hydroxyl to produce the 2'-0-methyl 
modification. 

While all classes of RNA display some 
degree of modification, the range of chemi
cal alterations to the bases is much greater in 
tRNA. The modifications range from simple 
methylation to wholesale restructuring of the 
base. Modifications occur in all parts of the 
tRNA molecule . They vary considerably in their 
extent of conservation among tRNA types and 
in the location of the molecule at which they 
are found. Modifications specific for particular 
tRNAs or small subgroups of tRNAs are gen
erally less common than those present more 
broadly. There are also some species-specific 
patterns. In all there are 8 1  reported different 
types of modified bases in tRNA. On average, 
each tRNA is modified at about 1 5 %  to 20% 
of its bases. 

The modified nucleosides are synthesized 
by specific tRNA -modifying enzymes. The origi
nal nucleoside present at each position can be 
determined either by comparing the sequence 
of a mature tRNA with that of its gene or by 
isolating precursor molecules that lack some 
or all of the modifications. The sequences of 
precursors show that different modifications 
are introduced at different stages during the 
maturation of tRNA. 

The many tRNA-modifying enzymes vary 
greatly in specificity. In some cases, a single 
enzyme acts to make a particular modification 
at a single position. In other cases, an enzyme 
can modify bases at several different target 
positions. Some enzymes undertake single 
reactions with individual tRNAs; others have 
a range of substrate molecules. Some modifi
cations require the successive actions of more 
than one enzyme. 

Some details of the structural basis for tRNA 
modification by enzymes have emerged. One 
striking example is the mechanism by which 
archaeosine, a modified G, is introduced into 
the D loop of certain archaeal tRNAs. To access 
the base to be modified, which is normally bur
ied within the tRNA tertiary core, the tRNA 
guanine transglycosylase enzyme facilitates 
a dramatic induced-fit rearrangement of the 



Normal bases Modified bases 

FIGURE 25.7 All four bases in tRNA can be modified. 

tRNA to produce an alternative tertiary struc
ture termed the lambda form. Induced-fit rear
rangements of the tRNA structure have also 
been observed for other modifying enzymes 
and constitute a common theme in recognition. 

Known functions of modified bases are to 
confer increased stability to tRNAs and to mod
ulate their recognition by proteins and other 
RNAs in the translational apparatus. Roles for 
modified bases in recognition by aminoacyl
tRNA synthetases, for example, have been 
clearly defined in a number of cases (as dis
cussed later in this chapter). However, in many 
cases, the biological role of the tRNA modifica
tion remains unknown. 

FIGURE 25.7 shows some of the more com
mon modified bases. Modifications of pyrimi
dines (C and U) are generally less complex than 
those of purines (A and G) .  

The most common modification made to 
uridine and cytosine is methylation, which 
may occur at several different positions on the 
ring. Methylation at position 5 of uracil cre
ates ribothymidine (T). The thymidine base is 
identical to that found in DNA, but in tRNA it is 
attached to ribose rather than deoxyribose. This 

thymidine is found in nearly all tRNA molecules 
at position 54 in the TIJIC loop. Pseudouridine 
is a striking uridine modification that is gen
erated by cleavage of the glycosidic bond, fol
lowed by constrained rotation of the liberated 
ring and rejoining of the C5 carbon to the C I 
carbon ofthe ribose. Thus, pseudouridine lacks 
an N-glycosidic linkage. Nearly all tRNAs pos
sess pseudouridine at position 5 5  of the TIJIC 
loop. Position 56 is also very highly conserved 
as cytosine; together, the TIJIC sequence at posi
tions 54-56 provides the basis for naming this 
portion of the tRNA molecule. 

The dihydrouridine (D) modification, which 
is generated by saturation of the double bond 
joining C5 and C6 of uracil, is nearly universally 
found in the D loop of tRNAs. As for the TIJIC 
sequence, this D modification provides the basis 
for naming the D stem-loop of the tRNA. The 
removal of the double bond in D destroys the 
aromaticity and planarity of the uracil ring, gen
erating an unusual structure that subtly modi
fies the shape of the globular core of the tRNA. 

The nucleoside inosine (I)  is normally 
found in the cell as an intermediate in the 
purine biosynthetic pathway. However, it is 
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not directly incorporated into RNA. Instead, its 
presence depends on modification of A to form 
I. The incorporation of I at the 5 ' -anticodon 
position contributes importantly to wobble base 
pairing at the third codon position of mRNA 
(see the next section, Modified Bases Affect 
Anticodon-Codon Pairing). 

Modifications of A and G often generate 
dramatic new structures (see Figure 25.7).  For 
example, two complex series of nucleotides 
depend on modification of G.  The Q bases, 
such as queuosine, have an additional pente
nyl ring added via an NH linkage to the methyl 
group of7 -methylguanosine. The pentenyl ring 
may carry a number of additional groups. The 
Y bases, such as wyosine, have an additional 
ring fused with the purine ring itself. This extra 
ring carries a long carbon chain; again, it is a 
chain to which further groups are added in dif
ferent cases. 

fDI Modified Bases Affect 
Anticodon-Codon Pairing 

Key concept 

• Modifications in the anticodon affect the pattern 
of wobble pairing and therefore are important in 
determining tRNA specificity. 

tRNA modifications in and adjacent to the 
anticodon influence its ability to pair with the 
mRNA codon. Most such modifications are 
present at positions 34 and 37 of the antico
don loop and they generally function by con
straining the range of available motion in the 
anticodon. In turn, this facilitates docking of 
the tRNA into the A site of the ribosome. These 
modifications influence codon pairing and as 
a result they directly function to help deter
mine how the cell assigns the meaning of the 
tRNA. Modified bases permit further pairing 
patterns in addition to those involving regular 
and wobble pairing of A, C, U, and G.  

Inosine is particularly important when 
present at the first anticodon position (nucleo
tide 34 in the sequence) because it is able to 
pair with any one of the three bases U, C, or A 
(FIGURE 25.8} . The role of inosine is well illus
trated in the decoding of isoleucine codons. 
Here AUA encodes isoleucine, whereas AUG 
encodes methionine. To read the A at the 
third codon position, a tRNA would require 
U at the first anticodon position-but this U 
in the wobble position would necessarily also 
pair with G.  Thus any tRNA with a 5 '  U in its 
anticodon would recognize both AUG and 
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FIGURE 25.8 Inosine can pair with any U, C, or A. 

AUA. This problem is resolved by synthesis of 
an isoleucine tRNA possessing A34, followed 
by modification of A34 to I34 by the enzyme 
tRNA adenosine deaminase. I34 then is able to 
recognize all three co dons of the isoleucine set: 
AUU, AUC, and AUA. 

In most cases, U at the first position of the 
anticodon is also converted to a modified form 
that has altered pairing properties. Derivatives 
of U possessing the 2-thio group in place of 
oxygen show improved selectivity in pairing 
to A as compared with G (FIGURE 25.9). Antico
dons with uridine-5 -oxyacetic acid and related 
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FIGURE 25.9 Modification to 2-thiouridine restricts pair
ing to A alone because only one H-bond can form with G. 



modifications in the first position have the 
remarkable property of permitting the single 
tRNA to read three and sometimes all four of 
the synonymous codons NNA, NNC, NNU, 
and NNG. 

These and other pairing relationships show 
that there are multiple ways to construct a set 
of tRNAs able to recognize all the 6 1  codons 
representing amino acids. No particular pat
tern predominates in any particular organism, 
although the absence of a certain pathway for 
modification can prevent the use of some recog
nition patterns. Thus, a particular codon family 
is read by tRNAs with different anticodons in 
different organisms. 

Often the tRNAs will have overlapping 
capacities to read certain codons, so that a par
ticular codon is read by more than one tRNA. 
In such cases there may be differences in the 
efficiencies of the alternative recognition reac
tions. (As a general rule, codons that are com
monly used tend to be more efficiently read.) 

The predictions of wobble pairing accord 
very well with experimental evidence for 
almost all tRNAs. However, there are excep
tions in which the codons recognized by a tRNA 
differ from those predicted by the wobble rules. 
Such effects probably result from the influence 
of neighboring bases and/or the conforn1ation 
of the anticodon loop in the overall tertiary 
structure of the tRNA. Further support for the 
influence of the surrounding structure is pro
vided by the isolation of occasional mutants in 
which a change in a base in some other region 
of the molecule alters the ability of the antico
don to recognize codons. 
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There Are Sporadic 
Alterations of the 
Universal Code 

Key concepts 
• Changes in the universal genetic code have 

occurred in some species. 

• These changes are more common in mitochon
drial genomes, where a phylogenetic tree can be 
constructed for the changes. 

• In nuclear genomes, the changes usually affect 
only termination codons. 

The universality of the genetic code is striking, 
but some exceptions exist. They tend to affect 
the codons involved in initiation or termina
tion. The changes found in principal (bacterial 
or eukaryotic nuclear) genomes are summa
rized in FIGURE 25.10. 

Almost all of the changes in bacterial or 
eukaryotic nuclear genomes that allow a codon 
to represent an amino acid affect termination 
codons: 

y 

• In the prokaryote Mycoplasma capri
colum, UGA is not used for termina
tion but instead encodes tryptophan 
(Trp) .  In fact, it i s  the predominant 
Trp codon, and UGG i s  used only 
rarely. Two tRNATrp types exist, which 
have the anticodons UCA +- (reads 
UGA and UGG) and CCA +-(reads only 
UGG). 

• Some ciliates (unicellular proto
zoa) read UAA and UAG as gluta
mine instead of termination signals. 
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FIGURE 25.10 Changes in the genetic code in bacterial or eukaryotic nuclear genomes 
usually assign amino acids to stop codons or change a codon so that it no longer speci
fies an amino acid. A change in meaning from one amino acid to another is unusual. 
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Tetrahymeua thermophila, which is one 
of the ci liates, contains three tRNAGin 
types. One tRNAGin with a UUG antico
don recognizes the usual codons CAA 
and CAG for glutamine, a second type 
with the anticodon UUA recognizes 
both UAA and UAG (in accordance with 
the wobble hypothesis), and the third 
with the anticodon CUA recognizes 
only UAG. Restriction of the specific
ity of the release factor eRF so that it 
recognizes only the UGA stop codon 
is also necessary to prevent premature 
termination at the newly reassigned 
glutamine codons. 

• In another ciliate (Euplotes odacari11atus), 
the UGA stop codon is reassigned to cys
teine. Only UAA is used as a termina
tion codon and UAG is not found. The 
change in meaning of UGA might be 
accomplished by modifying the antico
don of tRNA Cys with 134 so that it is able 
to read UGA together with the usual 
codons UGU and UGC. UGA has dual 
meaning in Eup/otes crassus (see the next 
section, Novel Amino Acids Can Be Inserted 
at Certain Stop Codons). 

• In a yeast (Ca11dida), CUG is reassigned 
to serine instead of leucine. This is a 
rare example of reassignment from one 
sense codon to another. 

In general, acquisition of a coding function 
by a tem1ination codon requires two types of 
change: A tRNA must be mutated so as to rec
ognize the codon, and the class I release factor 
must be altered so that it does not terminate at 
this codon. The other common type of change 
is loss of the tRNA that recognizes a particular 
codon so that that codon no longer specifies 
any amino acid. 

All of these changes are sporadic, mean
ing that they appear to have occurred indepen
dently in specific evolutionary lineages. They 
may be concentrated in termination codons 
because at these positions there is no substitu
tion of one amino acid for another. Once the 
genetic code was established, early in evolution, 
any general change in the meaning of a codon 
would cause a substitution in all the proteins 
that contain that amino add. It seems likely that 
the change would be deleterious in at least some 
of these proteins, with the result that it would 
be strongly selected against. The divergent uses 
of the tennination codons could represent their 
�capture" for normal coding purposes. If some 
termination codons were used only rarely, 
their recruitment to coding purposes, by way 
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FIGURE 25.11 Changes in the genetic code in mitochon
dria can be traced in phylogeny. The minimum number of 
independent changes is generated by supposing that the 
AUA = Met and the AAA = Asn changes each occurred 
independently twice and that the early AUA = Met change 
was reversed in echinoderms. 

of changes in tRNAs that permit reassignment, 
would have been more likely. 

Exceptions to the universal genetic code 
also occur in the mitochondria of several 
species. FIGURE 25.11 shows a phylogeny for 
the changes. The ability to construct such a 
phylogeny suggests that there was a univer
sal code that was changed at various points in 
mitochondrial evolution. The earliest change 
was the employment of UGA to encode tryp
tophan, which is common to all nonplant 
mitochondria. 

Some of the mitochondrial changes make 
the code simpler by replacing two codons that 
had different meanings with a pair that has a 
single meaning. Examples of this include UGG 
and UGA (both Trp instead of one Trp and one 
termination) and AUG and AUA (both Met 
instead of one Met and the other lie). 

Why have changes been able to evolve 
more readily in the mitochondrial code as 
compared to that of the nucleus? The mito
chondrion synthesizes only a small number of 
proteins (- 10), and, as a result, the problem 
of disruption by changes in meaning is much 
less severe. It is likely that the codons that are 
altered were not used extensively in locations 
where amino acid substitutions would have 
been deleterious. 

According to the wobble hypothesis, a min
imum of 3 I tRNAs (excluding the initiator) are 
required to recognize all 6 1  codons (at least 
2 tRNAs are required for each 4-codon family 
and one tRNA is needed per codon pair or single 
codon). However, the streamlined mammalian 
mitochondrial genome encodes only 22 tRNAs. 
Other than a few redundant tRNAs that are 
also encoded in the mitochondrial genome, 
tRNAs encoded in the nuclear genome are not 



imported into the mitochondrion in mammals, 
so it can be inferred there must be some modi
fication to the wobble rules for translation on 
the mitochondrial ribosome. Interestingly, in 
mitochondria an unmodified uri dine at the first 
position ofthe anticodon is able to pair with all 
four bases at the third codon position. Such an 
unmodified uridine exists for the tRNAs rep
resenting all eight 4-codon families: Pro, Thr, 
Ala, Ser, Leu, Val, Gly, and Arg. This reduces 
the total number of tRNAs required in mito
chondria by 8. The conversion of AGA and AGG 
to stop codons in mammalian mitochondria 
eliminates the need for one additional tRNA, 
bringing the total required number of tRNAs to 
just 22. The conversion of AUA to methionine 
further eliminates the need for inosine modifi
cation at position 34 of tRNA11c (see the previ
ous section, Modified Bases Affed A11ticodon-Codon 
Pairing) .  

The different wobble rules for mitochon
drial and nuclear translation very likely arise 
from differences in the detailed structures of 
the respective mitochondria that translate 
the two genomes. In cytoplasmic ribosomes, 
modifications to U34 are used to expand the 
decoding capacities of certain tRNAs (see 
the previous section, Modified Bases Affect 
A11ticodo1!-Codo1! Pairing) .  On mitochondrial 
ribosomes, modifications to U34 are instead 
used to restrict pairing to codons contain
ing A or G at the third position, according 
to the usual wobble rules. Modifications to 
U34 are indeed found in mitochondrial tRNAs 
representing amino acids for 2-codon sets, to 
avoid the misreading that would otherwise 
occur. 

ED Novel Amino Acids Can 
Be Inserted at Certain 
Stop Codons 

Key concepts 
• The insertion of selenocysteine at some UGA 

codons requires the action of an unusual tRNA in 
combination with several proteins. 

• The unusual amino acid pyrrolysine can be 
inserted at certain UAG codons. 

• The UGA codon specifies both selenocysteine and 
cysteine in the ciliate Euplotes crassus. 

There are at  least two known instances 
in which a stop codon is used to specify an 
unusual amino acid other than the standard 20. 
Only particular stop codons are reinterpreted 
in this way by the translational apparatus. This 

demonstrates that the meaning of the codon 
triplet is  influenced by the identity of other 
bases in the mRNA. Such a dual meaning for 
a particular codon in a genome should be dis
tinguished from the context-independent com
plete reassignment of codons in some organ
isms or in mitochondria, as described in the 
previous section, There Are Sporadic Alterations 
of the Universal Code. 

Selenocysteine, in which the sulfur of cys
teine is replaced by selenium, is incorporated 
at certain UGA codons within genes coding for 
selenoproteins in all three domains of life. Usu
ally these proteins catalyze oxidation-reduction 
reactions. The selenocysteine residue is typi
cally located in the active site, where it directly 
facilitates the reaction chemistry. For example, 
the UGA codon specifies selenocysteine in three 
E. coli genes encoding formate dehydrogenase 
isozymes; the incorporated selenium directly 
ligates a catalytic molybdenum ion in the 
active site. 

Organisms capable of encoding selenocys
teine possess an unusual tRNA, tRNAScc, which 
is more than 90 nucleotides long and contains 
acceptor and T stems of nonstandard length. 
Instead of seven base pairs in the acceptor stem 
and five in the T stem (a 7/5 structure), bacte
rial tRNAScc possesses an 8/5 structure, while 
archaeal and eukaryotic tRNAscc likely possess 
a 9/4 structure. These tRNAs also possess the 
5'-UCA anticodon, allowing them to read UGA. 
In all organisms, tRNAScc is first aminoacylated 
with serine by seryl-tRNA synthetase (SerRS) 
to produce seryl-tRNAScc. In bacteria, the 
enzyme selenocysteine synthase next converts 
Ser-tRNA5cc directly to selenocysteinyl (Sec)
tRNA Sec using selenophosphate as the selenium 
donor. In archaea and eukaryotes, Ser-tRNAscc 
is first phosphorylated by the kinase PSTK to 
produce phosphoseryl (Sep)-tRNAScc. In a 
second step, Sep-tRNAScc is converted to Sec
tRNAsccby the enzyme SepSecS. The exquisite 
specificity of PSTK is notable: It is capable of 
efficiently phosphorylating Ser-tRNA5cc while 
excluding the standard Ser-tRNAscr. Improper 
phosphorylation ofSer-tRNA5<•by PSTK could 
result in the incorporation of selenocysteine in 
response to serine codons. 

The choice of which UGA codons are 
to be interpreted as selenocysteine is deter
mined by the local secondary structure of 
the mRNA. A hairpin loop downstream of 
the UGA codon, termed the SECIS element, 
is required for incorporation of selenocys
teine and exclusion of release factor bind
ing. The SECIS element is directly adjacent 
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FIGURE 25.12 SelB is an elongation factor that specifi
cally binds tRNAS•c to a UGA codon that is followed by a 
stem-loop structure in mRNA. 

to the UGA codon in bacteria but is located 
in the 3'  -untranslated region of the mRNA in 
archaea and eukaryotes. In E. coli, a special
ized translation elongation factor, SeiB, inter
acts solely with Sec-tRNAScc and not with any 
other aminoacylated tRNA, including the pre
cursor Ser-tRNAscc. SeiB also binds directly to 
the SECIS element. The consequence of the 
action of SeiB is that only those UGA codons 
that also possess a properly juxtaposed SECIS 
site will be able to productively bind Sec
tRNA5<c in the ribosomal A site (FIGURE 25.12) . 

Archaea and eukaryotes possess a homolog 
to SeiB but also require the presence of an 
additional protein, SBP2, to permit the ribo
some to insert selenocysteine. 

Another example of the insertion of a 
special amino acid is the placement of pyrro
lysine at certain UAG codons in the archaeal 
genus Methanosarciua as well as in a few bac
teria. In Methanosarcina, pyrrolysine is found 
in the active site of methylamine methyltrans
ferases, where i t  plays an important role in 
the reaction chemistry. The incorporation of 
pyrrolysine requires a specialized aminoacyl
tRNA synthetase, pyrrolysyl-tRNA synthetase 
(PyiRS), which aminoacylates a specialized 
tRNAPyl with pyrrolysine. tRNAPyl possesses the 
5 '  -CUA anticodon, enabling it to read UAG. As 
with tRNA5<c, tRNAPyl also possesses unusual 
structural features not found in other tRNAs; 
for example, it lacks the otherwise invariant 
U8 nucleotide and features atypically short D 
and variable loops. The mechanism by which 
particular UAG codons are read as pyrrolysine is 
not yet resolved because it has not been possible 
to unambiguously identify a secondary struc
ture element in all mRNAs that incorporate the 
amino acid. Further, no specific elongation fac
tor targeting Pyl-tRNAPyl to the ribosome has 
been identified. 

Recently, it was found that the UGA codon 
specifies insertion of either cysteine or sele
nocysteine in the ciliate Euplotes crassus. Dual 
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use of UGA was found to occur even within 
the same gene, and the choice of which amino 
acid is inserted depends on the structure of 
the 3 ' -untranslated region ofthe mRNA. UGA 
specifies Cys generally in Euplotes and does 
not function as a stop codon. As a result, this 
work shows that position-specific dual use 
can occur within the context of a codon that 
is not otherwise used for termination in that 
orgamsm. 

1m tRNAs Are Charged 
with Amino Acids 
by Aminoacyl-tRNA 
Synthetases 

Key concepts 

• Aminoacyl-tRNA synthetases are a family of 
enzymes that attach amino acid to tRNA, generat
ing aminoacyl-tRNA in a two-step reaction that 
uses energy from ATP. 

• Each tRNA synthetase aminoacylates all the tRNAs 
in an isoaccepting group, representing a particular 
amino acid. 

• Recognition of a tRNA is based on a particular set 
of nucleotides, the tRNA "identity set," that often 
are concentrated in the acceptor stem and antico
don loop regions of the molecule. 

It is necessary for tRNAs to have certain 
characteristics in common but yet be distin
guished by others. The crucial feature that 
confers this capacity is the ability of tRNA to 
fold into a specific tertiary structure. Changes 
in the details of this structure, such as the angle 
of the two anns of the "L" or the protrusion of 
individual bases, may distinguish the individual 
tRNAs. 

All tRNAs can fit in the P and A sites of 
the ribosome. At one end they are associ
ated with mRNA via codon-anticodon pair
ing and at the other end the polypeptide is 
being synthesized and transferred. Similarly, 
all tRNAs (except the initiator) share the 
ability to be recognized by elongation factors 
(EF-Tu or eEFl) for binding to the ribosome. 
The initiator tRNA is  recognized instead by 
IF-2 or eiF2. Thus, the tRNA set must possess 
common features for interaction with elon
gation factors but the initiator tRNA can be 
distinguished. 

Amino acids enter the translation path
way through the action of aminoacyl-tRNA 
synthetases, which provide the essential 
decoding step converting the information in 
nucleic acids into the polypeptide sequence. 
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FIGURE 25.13 An aminoacyl-tRNA synthetase charges 
tRNA with an amino acid. 

All synthetases function by the mechanism 
depicted in FIGURE 25.13: 

• The amino acid first reacts with ATP to 
form an aminoacyl adenylate interme
diate, releasing pyrophosphate. Part of 
the energy released in ATP hydrolysis is 
trapped as a high-energy mixed anhy
dride linkage in the adenylate. 

• Next, either the 2'-0H or 3 '-0H group 
located on the 3 ' -A76 nucleotide of 
tRNA attacks the carbonyl carbon 
atom of the mixed anhydride, gener
ating aminoacyl-tRNA with concomi
tant release of AMP. (Note that key 
conserved nucleotides of tRNAs are 
always given the same name for con
sistency. Thus, the terminal nucleotide 
of every tRNA is called A76, even when 
the length of a given tRNA may vary 
from that typical length. )  

A subset of four tRNA synthetases
those specific to glutamine, glutamate, argi
nine, and lysine-require the presence of 
tRNA to synthesize the aminoacyl adenylate 

intermediate. For these enzymes, the tRNA 
synthetase is properly considered as a ribonu
cleoprotein particle (RNP), in which the RNA 
subunit functions to assist the protein in attain
ing a catalytically competent conformation. In 
the second step of aminoacylation, the amino 
acid portion of the aminoacyl adenylate is then 
transferred to the RNA component of the RNP 
(the tRNA). 

Each tRNA synthetase is selective for a 
single amino acid among all the amino acids in 
the cellular pool. It also discriminates among 
all tRNAs in the cell. Usually, each amino acid 
is represented by more than one tRNA. Several 
tRNAs may be needed to recognize synonymous 
codons and sometimes there are multiple types 
of tRNA that base pair with the same codon. 
Multiple tRNAs representing the same amino 
acid are called isoaccepting tRNAs; because 
they are all recognized by the same synthetase, 
they are also described as its cognate tRNAs. 

All tRNAs possess the canonical L-shaped 
tertiary structure (see the Translation chapter). 
The tRNA folds such that the acceptor and 
T stems fonn one coaxial stack, while the D and 
anticodon stems together fonn the perpendicu
lar ann of the L-shape. The anticodon loop and 
CCA acceptor end are located at opposite ends 
of the molecule and are separated by appro xi
mately 40 A. The globular hinge region of the 
tRNA, which connects the two perpendicular 
stacks, is composed of the D loop, T loop, vari
able ann, and two-nucleotide spacer between 
the acceptor and D stems. Most tRNAs possess 
small variable regions consisting of a four- to 
five-nucleotide loop, whereas a few isoaccept
ing groups feature a larger variable arm includ
ing a base-paired stem, which protrudes from 
the globular core. The common tRNA L-shape 
is essential for the interaction of all tRNAs with 
elongation factors and with the ribosome. 

Within the context of this common 
L-shaped structure, enforced by the presence 
of conserved tertiary interactions within the 
globular core, tRNA sequences are found to 
diverge at a majority of positions in all four 
arms of the molecule. This sequence diversity 
can generate subtle differences in the angle 
between the two arms of the L-shape, and, 
more importantly, leads to variations in the 
detailed path of the polynucleotide backbone 
throughout the molecule. It is this structural 
diversity that forms the basis for discrimination 
by the tRNA synthetases. 

tRNA synthetases discriminate among 
tRNAs by means of two general mechanisms: 
direct readout and indirect readout. In direct 
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readout, the enzyme recognizes base-specific 
functional groups directly-for example, 
a surface amino acid of a tRNA synthetase 
may accept a hydrogen bond from the exo
cyclic amine group of guanine (the N2 of G), 
a minor-groove group not found on the other 
three bases. By contrast, in indirect readout, 
the enzyme directly binds nonspecific portions 
of the tRNA: the sugar-phosphate backbone 
and nonspecific portions of the nucleotide 
bases. For example, sequences in the variable 
and D arms of a tRNA may produce a distinc
tively shaped surface that is complementary to 
the cognate tRNA synthetase, but not to other 
tRNA synthetases. In this way nucleotides dis
tant from the enzyme-tRNA interface create 
an interface structure that is in turn directly 
bound. Both direct and indirect readout usu
ally function within the context of mutual 
induced fit: conformational changes in both 
the tRNA and enzyme occur after initial bind
ing to form a productive catalytic complex. 
Both these mechanisms also often involve the 
participation of bound water molecules at the 
interface between the tRNA and enzyme. For 
example, when glutaminyl-tRNA synthetase 
(GlnRS) binds tRNAGin, two domains of the 
enzyme rotate with respect to each other; 
simultaneously, the 3'-single-stranded end 
and the anticodon loop of the tRNA undergo 
substantial conformational changes as com
pared with their presumed structures in the 
unliganded state. 

In many cases the determinants in tRNA 
that are needed for specific recognition are 
located at the extremities of the molecule, 
in the acceptor stem and the anticodon loop. 
However, there are also a number of examples 
where nucleotides in the tertiary core provide 
the identity signals. Another commonly used 
identity nucleotide is the "discriminator base" 
at homologous position 73 in the tRNA, which 
is located directly 5 '  to the 3'  -terminal CCA 
sequence. Interestingly, the anticodon sequence 
of the tRNA is not necessarily required for spe
cific tRNA synthetase recognition. In general, 
the tRNA identity set is idiosyncratic to each 
tRNA synthetase. 

The identity determinants vary in their 
importance, and are sometimes conserved in 
evolution. The conservation in tRNA identity 
elements is  demonstrated by the capacities 
of many tRNA synthetases to aminoacylate 
tRNAs that are derived from different organ
isms. Hypotheses regarding the set of tRNA 
identity elements necessary for selection by 
a tRNA synthetase are derived from X-ray 
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cocrystal structures of tRNA synthetase com
plexes, from classical genetics, and from i11 
vitro mutagenesis. Final proof that a tRNA 
identity set has been well defined is obtained 
from transplantation experiments, in which 
the hypothesized set of nucleotides is incor
porated into a tRNA from a different isoac
cepting group. For example, replacement of 
1 5  nucleotides in the acceptor stem and anti
codon loop oftRNAAsv, with the corresponding 
nucleotides in tRNAGin, allowed glutaminyl
tRNA synthetase (GlnRS) to aminoacylate the 
modified tRNAAsv with glutamine, with an effi 
ciency and selectivity comparable to that of the 
cognate GlnRS reaction. 

Many tRNA synthetases can specifically 
aminoacylate a tRNA "minihelix," which con
sists only of the acceptor and Tlj!C arms of the 
molecule. In some cases, a tRNA microhelix, 
consisting of the acceptor stem alone closed at 
its distal end by a stable tetraloop, can serve as 
a substrate. For both minihelices and micro
helices, the efficiency of aminoacylation is 
very substantially weaker than in the case of 
the intact tRNA. However, these experiments 
have some significance to the evolutionary 
development of tRNA synthetase complexes. 
At an early evolutionary stage, tRNAs may have 
consisted solely of the acceptor arm of the con
temporary molecule. 

Aminoacyl-tRNA 
Synthetases Fall into 
Two Classes 

Key concept 
• Aminoacyl-tRNA synthetases are divided into 

class I and class II families based on mutually 
exclusive sets of sequence motifs and structural 
domains. 

In spite of their common function, synthe
tases are a very diverse group of enzymes. 
They are divisible into two classes. Class I 
tRN A synthetases are primarily monomeric and 
feature structurally similar active-site Ross
mann fold domains at or near their N-termini. 
The Rossmann fold consists of a five- or six
stranded parallel 13-sheet with connecting 
helices. This domain is  homologous to the 
active site domain of dehydrogenases and is 
responsible for binding the ATP, the amino 
acid, and the 3'  terminus of tRNA. All class 
I tRNA synthetases contain an "acceptor
binding" domain that i s  inserted into the 
Rossmann fold at a common location, which 



also binds the single-stranded acceptor end 
of the tRNA, and which contains an editing 
active site in some of the enzymes (see the 
next section, Sy11thetases Use Proofreadilzg to 
Improve Accuracy). The C -terminal domains of 
class I synthetases bind the inner corner of the 
L-shaped tRNA and the anticodon arm and 
also function to discriminate among tRNAs. 
There are two short common sequence motifs 
found in the active-site Rossmann fold, which 
are involved in ATP binding. Aside from 
some limited homology among a few of the 
enzymes, there are no significant structural or 
sequence similarities among class I enzymes 
outside of the Rossmann fold. 

Class II tRNA synthetases are similarly 
diverse. Their quaternary structures are gen
erally dimeric but in some cases form homo
tetramers or a2�2 heterotetramers. Like class I 
enzymes, class II tRNA synthetases also possess 
a structurally conserved active site domain-in 
this case a mixed a/� domain dissimilar to the 
Rossmann fold. The active sites of class II tRNA 
synthetases are located toward the C-terminal 
end of the polypeptides. Three short sequence 
motifs in the active site domain are conserved 
in this class; one of these motifs functions in 
multimerization, whereas the other two have 
catalytic roles. 

There are 23 phylogenetically distinct 
families of tRNA synthetases. Eleven of 
these families fall into class I and the remain
ing 1 2  are class II enzymes ( FIGURE 25.14) . 

Interestingly, there are two distinct types of 

Aminoacyl-tRNA synthetases 

Class I Class II 

Gin (a) Asn ( a2) 
Glu (a) Asp ( Ct2) 
Arg (a) Ser (a2) 
Lys (a) His (a2) 
Val (a) Lys (et2) 
lie (a) Thr (et2) 
Leu (a) Pro (et2) 
Met (a, a2) Phe ( Ct' Ct2Jj2) 
Cys ( et, a2) Ala (Ct2, a4) 
Tyr (a2) Gly ( a2' Ct2Jj2) 
Trp ( Ct2) Sep (a4) 

Pyl (?) 

FIGURE 25.14 Separation of tRNA synthetases into two 
classes possessing mutually exclusive sets of sequence 
motifs and active site structural domains. The quaternary 
structure of the enzyme is noted_ Multiple designations 
indicate that the quaternary structure differs in different 
organisms_ The quaternary structure of PylRS has not been 
clearly established. 

LysRS enzymes that fall into separate classes. 
Two noncanonical tRNA synthetase families 
with limited phylogenetic scope have also 
recently been discovered. These enzymes 
are the class II pyrrolysyl-tRNA synthetase 
(PylRS) (discussed in the section earlier in 
this chapter titled Novel Amino Acids Can Be 
Inserted at Certain Stop Codo11s) and the class 
II phosphoseryl-tRNA synthetase (SepRS). 
SepRS is restricted to methanogens (a subclass 
of archaea) and the closely related Archaeo
globus fulgidus. It  attaches phosphoserine 
(Sep) onto tRNA Cys acceptors to produce a 
misacylated Sep-tRNAcys type. All organisms 
possessing SepRS also possess a pyridoxal 
phosphate-dependent companion enzyme, 
SepCysS, which converts Sep-tRNA Cys to Cys
tRNA Cys_ The sulfur donor used by SepCysS in 
vivo is unknown. Interestingly, some metha
nogens possess both the SepRS/SepCysS two
step pathway and, in parallel, the canonical 
CysRS enzyme. Recently, phosphoserine was 
cotranslationally inserted (in response to the 
UAG stop codon) into several recombinant 
proteins made in E. coli by introducing the 
SepRS enzyme together with an engineered 
version of elongation factor Tu. This new sys
tem holds enormous promise for the study of 
selectively phosphoserylated proteins such 
as those involved in signal transduction in 
mammalian cells. 

Although there are 23 phylogeneti
cally distinct tRNA synthetase families, most 
organisms possess only 1 8  of the enzymes. 
Typically missing from the repertoire are 
GlnRS and asparaginyl-tRNA synthetase 
(AsnRS). To synthesize Gln-tRNAGin and 
Asn-tRNAAsn, these organisms possess dis
tinct glutamyl-tRNA synthetase (GluRS) 
and aspartyl-tRNA synthetase (AspRS) 
enzymes that are nondiscriminating (ND).  
GluRSND synthesizes both Glu-tRNAGiu as 
well as misacylated Glu-tRNAGin; AspRSND 
synthesizes both Asp-tRNAAsp and misacyl
ated Asp-tRNAAsn. The misacylated tRNAs 
are then converted to Gln-tRNAGin and Asn
tRNAAsn by the action of a tRNA-dependent 
amidotransferase enzyme (AdT). AdTs are 
remarkable multimeric enzymes possessing 
three distinct activities (FIGURE 25.15) .  They 
first generate ammonia in one active site by 
deamidation of a nitrogen donor such as glu
tamine or asparagine. The ammonia is then 
shuttled through an intramolecular tunnel in 
the enzyme to emerge in a second site that 
binds the 3'-end of the misacylated tRNA. 
In the second active site, a kinase activity 
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""""" FIGURE 25.16 Crystal structures show that class I and class II aminoacyl
tRNA synthetases bind the opposite faces of their tRNA substrates. 
The tRNA is shown in red and the protein in  blue. Photo courtesy of Dino 
Moras, Institute of Genetics and Molecular and Cellular Biology. 

FIGURE 25.15 Mechanisms for the synthesis of Gln
tRNAGtn and Asn-tRNAA'". The top route in each case 
indicates the one-step pathway catalyzed by the con
ventional tRNA synthetase. The bottom, two-step 
pathways are found in most organisms. They consist 
of a nondiscriminating tRNA synthetase followed by 
the action of a tRNA-dependent amidotransferase 
enzyme (AdT). 

')'-phosphorylates the side-chain amino acid 
carboxylate of Glu-tRNAGin or Asp-tRNAAsn. 
Finally, the ammonia reacts to displace phos
phate, forming Gln-tRNAGin or Asn-tRNAAsn. 
Distinct AdT families that function on both 
misacylated tRNAs, or that are restricted to 
Gln-tRNAGin formation only, exist. 

Class I and class II synthetases are func
tionally differentiated in a number of ways. 
First, class I enzymes aminoacylate t.RNA at 
the 2 '-0H position of A76, whereas class II 
enzymes generally aminoacylate tRNA on 
the 3 '-0H. The position of initial aminoac
ylation is related to the binding orientation of 
the tRNA on the enzyme. Class I synthetases 
bind tRNA on the minor groove side of the 
acceptor stem, and require that the single
stranded 3'  terminus form a hairpin struc
ture for proper j uxtaposition with the amino 
acid and ATP in the active site (FIGURE 25.16) . 

Class II synthetases instead bind the major 
groove side of the tRNA acceptor stem and do 
not require hairpinning of the tRNA 3 ' -end 
into the active site. There is also a mecha
nistic distinction: The reaction rates of class 
I synthetases are limited by release of ami
noacylated tRNA product, whereas class II 
synthetases are limited by earlier chemical 
steps and/or physical rearrangements in the 
active sites. 
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Synthetases Use 
Proofreading to 
Improve Accuracy 

Key concept 

• Specificity of amino acid-tRNA pairing is con
trolled by proofreading reactions that hydrolyze 
incorrectly formed aminoacyl adenylates and 
aminoacyl-tRNAs. 

AminoacyL-tRNA synthetases must distinguish 
one spedfic amino acid from the cellular pool 
of amino acids and related molecules and must 
also differentiate cognate tRNAs in a particular 
isoaccepti11ggroup (typically 011e to three) from 
the total set of tRNAs. tRNA disaimination can 
be successfully accomplished based on detailed 
differences in the L-shaped structures (see the 
section earlier in this chapter titled tRNAs Are 
Charged witlz Amitzo Acids by Aminoacyl-tRN A Syn
thetases) .  This occurs at both the initial binding 
step and atthe level of i11duced fit; noncognate 
tRNAs derived from other isoaccepting groups 
lack the full identity set of nucleotides and are 
consequently unable to rearrange their struc
ture to adopt an enzyme-bound conformation 
in which the reactive CCA terminus is prop
erly aligned with the amino acid carboxylate 
group and the ATP a-phosphate. This rejection 
of noncognate tRNAs at a stage of t he reaction 
that precedes tJ1e synthesis ofmisacylated tRNA 
is sometimes referred to as kinetic proof

reading. The inability of noncognate tRNAs 
to proceed through the chemical steps of ami
noacylation arises because the tRNA dissociates 
from the enzyme much faster than it can react 
(FIGURE 25.17 ). 
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FIGURE 25.17 Aminoacylation of cognate tRNAs by 
synthetase is based in part on greater affinities for 
these types, coupled with weak affinities for noncognate 
types. In addition, non cog nate tRNAs are unable to fully 
undergo the induced-fit conformational changes required 
for the later catalytic steps. 

In contrast, tRNA synthetases are unable 
to distinguish between some structurally simi
lar amino acids in the course of the two-step 
aminoacyl-tRNA synthesis reaction alone. It is 
especially diHicult for the enzymes to distinguish 
between two amino adds that differ only in the 
length of the carbon backbone (i.e., by one CH2 
group), or between amino adds of the same size 
that differ at only one atomic position. For exam
ple, the amino add-binding pocket of isoleucyl
tRNA synthetase (IIeRS) cannot distinguish iso
leucine from valine sufficiently well enough to 
prevent synthesis of a significant amount of Val
tRNA'1c. Similarly, valyl-tRNA synthetase (ValRS) 
synthesizes Thr-tRNA Val to a significant extent. 

IleRS, VaiRS, and at least seven additional 
tRNA synthetases (those specific to leucine, 
methionine, alanine, proline, phenylalanine, 
threonine, and lysine) are able to correct, or 
proofread, the aminoacyl-adenylates and 
aminoacyl-tRNA formed in their active sites 

by means of additional activities that either 
hydrolyze the aminoacyi-AMP to yield free 
amino acid and AMP or that hydrolyze the 
misacylated tRNA to yield free amino acid and 
deacylated tRNA. The hydrolysis of aminoacyl
AMP is referred to as pretrausfer editi11g while the 
hydrolysis of aminoacyl-tRNA is referred to as 
posttra11sjer editing (FIGURE 25.18). In the case of 
pretransfer ediring, it is also possible that some 
of the incorrectly formed aminoacyi-AMP dis
sociates from the active site, after which it is 
hydrolyzed nonenzymatically in solution (the 
aminoacyl ester bond is relatively unstable). This 
type of editing reaction can also be considered 
as a form of kinetic proofreading. In contrast, 
pretransfer hydrolysis of noncognate aminoacyl 
adenylate when bound by the enzyme, as well as 
enzyme-catalyzed posttransfer editing, are each 
known as chemical proofreading. Although 
pretransfer editing reactions may sometimes 
occur in the absence of tRNA (i.e., before tRNA 
binding), the presence of tRNA generally sub
stantially improves the efficiency of the hydro
lytic reaction. The extent to which pretransfer 
versus posttransfer editing predominates varies 
with the individual synthetase. 

lANA 
binding 

Adenylation 

Aminoacyl-adenylate is hydrolyzed 
Wrong IM?"" amino acid ,NH2 

-)I... �AMP ACH a- 'COOH 

Aminoacyl-tANA is hydrolyzed 

Wrong 
amino acid 

IJ 

1 Correct t amino acid 
,NH2 

ACH 
'CO ,. 

AMP fAminoacyl-tANA 

FIGURE 25.18 Proofreading by aminoacyl-tRNA synthe
tases may take place at the stage prior to aminoacylation 
(pretra nsferediting), in which the noncognate aminoacyl 
adenylate is hydrolyzed. Alternatively or additionally, 

hyd rolysis of incorrectly formed aminoacyl-tRNA may 
occur after its synthesis (posttransfer editing). 
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The editing site is smaller than the synthetic site 

Synthetic site Editing site 

Leu is too large to fit in the synthetic site 

lie fits in the synthetic site but not the editing site 

Val passes from the synthetic site to editing site 

FIGURE 25.19 Isoleucyl-tRNA synthetase has two active 
sites. Ami no acids larger than Ile cannot be activated 
because they do not fit in the synthetic site. Amino acids 
smaller than Ile are removed because they are able to 
enter the editing site. 

A general way to think of the editing reac
tion is in terms ofthe classic double-sieve mech
anism, illustrated for IleRS in FIGURE 25.19, in 
which the size of the amino acid is used as the 
basis for discrimination. IleRS possesses two 
active sites: the synthetic (or activation) site 
located in the common class I Rossmann fold 
domain and the editing (or hydrolytic) site 
located in the acceptor-binding domain (see 
the earlier section, Aminoacyl-tRNA Sy11thetases 
Fall into Two Classes) .  The crystal structure of 
IleRS shows that the synthetic site is too small 
to allow leucine to enter (the leucine side-chain 
is branched at a different position as compared 
with isoleucine). Indeed, all amino acids larger 
than isoleucine are excluded from activation 
because they cannot enter the synthetic site. 
However, some smaller amino acids that retain 
sufficient capacity to bind-such as valine-can 
enter the synthetic site and become attached to 
tRNA. The synthetic site functions as the first 
sieve. The editing site is smaller than the syn
thetic site and cannot accommodate the cog
nate isoleucine, but it does bind valine. Thus, 
Val-tRNA11c can be hydrolyzed in the editing 
site, functioning as the second sieve, while Ile
tRNA11< is not hydrolyzed. 

The double-sieve model functions as a con
venient and generally accurate way to think 
of posttransfer editing. In IleRS, as well as in 
other editing tRNA synthetases from both class 
I and class II, the synthetic and editing sites are 
located a considerable distance apart, on the 
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order of 10 to 40 A. For posttransfer hydrolysis 
(editing) to occur, the misacylated aminoacyl
tRNA acceptor end is translocated across the 
surface of the enzyme, moving from the syn
thetic site to the editing site. This involves a 
change in the conformation of the acceptor end 
of the tRNA. In class I tRNA synthetases, the 
acceptor end adopts a hairpinned conformation 
when bound in the synthetic site (see the earlier 
section, Aminoacyl-tRNA Synthetases Fall into Two 
Classes) and an extended structure when bound 
in the editing site. 

Translocation of the incorrect amino acid 
across the tRNA synthetase surface in posttrans
fer editing is possible because it is covalently 
bound to the 3 '-end of the tRNA. In contrast, 
pretransfer editing occurs before formation of 
the aminoacyl-tRNA bond, and this reaction 
is instead localized within the confines of the 
synthetic active site. Kinetic partitioning of the 
aminoacyl adenylate intermediate between 
hydrolysis and aminoacyl transfer may control 
the extent to which an editing tRNA synthetase 
relies on pretransfer versus posttransfer editing. 

Suppressor tRNAs Have 
Mutated Anticodons That 
Read New Codons 

Key concepts 

• A suppressor tRNA typically has a mutation in 
the anticodon that changes the codons that it 
recogmzes. 

• When the new anticodon corresponds to a 
termination codon, an amino acid is inserted 
and the polypeptide chain is extended beyond 
the termination codon. This results in nonsense 
suppression at a site of nonsense mutation, or in 
read through at a natural termination codon. 

• Missense suppression occurs when the tRNA 
recognizes a different codon from usual, so that 
one amino acid is substituted for another. 

Isolation of mutant tRNAs has been one of the 
most potent tools for analyzing the ability of a 
tRNA to recognize its codon(s) in mRNA and for 
determining the effects that changes in different 
parts of the tRNA molecule have on codon
anticodon recognition. 

Mutant tRNAs are isolated by virtue of 
their ability to overcome the effects of muta
tions in genes encoding polypeptides. In genetic 
terminology, a mutation that is able to over
come the effects of another mutation is called 
a suppressor. 

In tRNA suppressor systems, the primary 
mutation changes a codon in an mRNA so that 



the polypeptide product is no longer functional. 
The secondary suppressor mutation changes the 
anticodon of a tRNA so that it recognizes the 
mutant codon instead of (or as well as) its origi
nal target codon. The amino acid that is now 
inserted restores polypeptide function. The sup
pressors are described as nonsense suppres

sors or missense suppressors, depending on 
the nature of the original mutation. 

A nonsense mutation converts a codon that 
specifies an amino acid to one of the three stop 
codons. In a wild-type cell, such a nonsense 
mutation is recognized only by a release factor, 
which tenninates translation. However, the sec
ond suppressor mutation in the tRNA anticodon 
creates an aminoacyl-tRNA that can recognize 
the termination codon. By inserting an amino 
acid, the second-site suppressor allows transla
tion to continue beyond the site of nonsense 
mutation. This new capacity of the translation 
system allows a full-length polypeptide to be 
synthesized, as illustrated in FIGURE 25.20. If the 

Wild type: UUG codon is read by Leu-lANA 

AUG UUG UAA 
AAC 

Leu� l 
Leu 

Nonsense mutant: UAG codon terminates 

AUG UAG UAA 

�Release W tactor l 
� 

Suppressor mutation: changes Tyr-tRNA anticodon 

AUG UAG 
AUC 

lANA mutation � 
UAC UAG _/ 
AUG AUC A' -� • �� Tyr l 

Tyr ...o(lBTyr...o(lB 
Tyr 

UAA 

• • • • • • • . . ., . . � .. .. . .... . . . . • .I � · .I J. .I �· J 

FIGURE 25.20 Nonsense mutations can be suppressed 
by a tRNA with a mutant anticodon, which inserts an 
amino acid at the mutant codon, producing a full�length 
polypeptide in which the original Leu residue has been 
replaced by Tyr. 

amino acid inserted by suppression is different 
from the amino acid that was originally present 
atthis site in the wild-type polypeptide, the activ
ity of the polypeptide may be altered. 

Missense mutations change a codon repre
senting one amino acid into a codon representing 
another amino acid-one that cannot func
tion in the polypeptide in place of the origi
nal residue. (Formally, any substitution of 
amino acids constitutes a missense mutation, 
but in practice it is detected only if it changes 
the activity of the polypeptide.) The muta
tion can be suppressed by the insertion either 
of the original amino acid or of some other 
amino acid that restores the function of the 
polypeptide. 

FIGURE 25.21 demonstrates that missense 
suppression can be accomplished in the same 
way as nonsense suppression, by mutating the 
anticodon of a tRNA carrying an acceptable 
amino acid so that it recognizes the mutant 
codon. So, missense suppression involves a 

Wild type: GGA codon is read by Gly-tRNA 

AUG GGA UAA 
ccu 

Gly� l 
Gly 

• • • • • • • . . . . . . . . . .., . . . . . ; .. . ; .. . ,. � · ; 

Missense: AGA is read by Arg-tRNA 

ucu 

.,,� 
� 

Arg 

Suppression: AGA is read by mutant Gly-tRNA 

AUG AGA UAA 
ucu 

lANA mutation 

..,. � � ccu ucu�...o(lB 

Gly� G W� � 
Gly 

• • • • • • • • • •  4 . . . . . ..... . . . . 
• .I 4 . � .�. .I , . .# 

FIGURE 25.21 Missense suppression occurs when the 
anticodon of tRNA is mutated so that it responds to the 
wrong codon. The suppression is only partial because 
both the wild�type tRNA and the suppressor tRNA can 
recognize AGA. 
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change in the meaning of the codon from one 
amino acid to another. 

There Are Nonsense 
Suppressors for Each 
Termination Codon 

Key concepts 

• Each type of nonsense codon is suppressed by 
tRNAs with mutated anticodons. 

• Some rare suppressor tRNAs have mutations in 
other parts of the molecule. 

Nonsense suppressors fall into three classes, one 
for each type of termination codon. FIGURE 25.22 

describes the properties of some of the best 
characterized suppressors. 

The easiest to characterize have been 
amber suppressors. In E. coli, at least six tRNAs 
have been mutated to recognize UAG codons. 
All of the so-called amber suppressor tRNAs 
have the anticodon CUA '"", in each case derived 
from wild type by a single base change. The 
site of mutation can be any one of the three 
bases of the anticodon, as seen in the differ
ent mutants supD, supE, and supF. Each sup
pressor tRNA recognizes only the UAG codon 
instead of its former codon (s). The amino acids 
inserted are serine, glutamine, or tyrosine
the same as those carried by the corresponding 
wild-type tRNAs. 

Ochre suppressors also arise by mutations 
in the anticodon. The best known are supC and 
supG, which insert tyrosine or lysine in response 
to both ochre (UAA) and amber (UAG) codons. 
This is consistent with the prediction of the 
wobble hypothesis that UAA cannot be recog
nized alone. 

Locus !RNA Wild type Suppressor 

Codon/Anti Anti/Codon 

supO (su1 ) Ser UCG CGA CUA UAG 

supE (su2) Gin CAG CUG CUA UAG 

supF (su3) Tyr UA8 GUA CUA UAG 

supC (su4) Tyr UA8 GUA UUA UA� 
supG (su5) Lys AA� uuu UUA UA� 
supU (su7) Trp UGG CCA UCA UG � 

FIGURE 25.22 Nonsense suppressor tRNAs are generated 
by mutations in the anticodon. 
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A UGA suppressor has an unexpected prop
erty. It i s  derived from tRNAT'P, but its only 
mutation is the substitution of A in place of 
G at position 24. This change replaces a G-U 
pair in the D stem with an A-U pair, increasing 
the stability of the helix. The sequence of the 
anticodon remains the same as the wild-type 
CCA '"", so the mutation in the D stem must in 
some way alter the conformation of the anti· 
codon loop, allowing CCA'"" to pair with UGA 
in an unusual wobble pairing of C with A. The 
suppressor tRNA continues to recognize its 
usual codon UGG. 

A related situation is seen in the case of a 
particular eukaryotic tRNA. Bovine liver con
tains a tRNA Scr with the anticodon "'CCA '""· The 
wobble rules predict that this tRNA should rec
ognize the tryptophan codon UGG, but in fact 
it recognizes the termination codon UGA. It is 
possible that UGA is suppressed naturally in 
this situation. 

The general importance of these observa
tions lies in the demonstration that codon
anticodon recognition of either wild-type or 
mutant tRNA cannot be predicted entirely 
from the relevant triplet sequences, but may 
in some cases be influenced by other features 
of the molecule. 

Suppressors May Compete 
with Wild-Type Reading 
of the Code 

Key concepts 

• Suppressor tRNAs compete with wild-type tRNAs 
that have the same anticodon to read the corre
sponding codon(s). 

• Efficient suppression is deleterious because it 
results in readthrough past normal termination 
codons. 

• The UGA codon is leaky and is misread by Trp-tRNA 
at 1% to 3% frequency. 

There is an interesting difference between 
the usual recognition of a codon by its proper 
aminoacyl-tRNA and the situation in which 
mutation allows a suppressor tRNA to recog
nize a new codon. In the wild-type cell, only 
one meaning can be attributed to a particular 
codon, which represents either a particular 
amino acid or a signal for termination. How
ever, in a cell carrying a suppressor mutation, 
the mutant codon may either be recognized by 
the suppressor tRNA or be read with its usual 
meamng. 



A nonsense suppressor tRNA must com
pete with the release factors that recognize the 
termination codon(s).  A missense suppres
sor tRNA must compete with the tRNAs that 
respond properly to its new codon. In each case, 
the extent of competition influences the effi
ciency of suppression, so the effectiveness of a 
particular suppressor depends not only on the 
affinity between its anticodon and the target 
codon but also on its concentration in the cell 
and on the parameters governing the compet
ing termination or insertion reactions. 

The efficiency with which any particular 
codon is read is influenced by its location. Thus, 
the extent of nonsense suppression by a par
ticular tRNA can vary quite widely, depending 
on the context of the codon. The effect that 
neighboring bases in mRNA have on codon
anticodon recognition is  poorly understood, 
but the context can change the frequency with 
which a codon is recognized by a particular 
tRNA by more than an order of magnitude. 

A nonsense suppressor is  isolated by its 
ability to respond to a mutant nonsense codon. 
However, the same triplet sequence consti
tutes one of the normal termination signals 
of the cell. The mutant tRNA that suppresses 
the nonsense mutation must in principle be 
able to suppress natural termination at the end 
of any gene that uses this codon. FIGURE 25.23 

shows that this readthrough results in the 
synthesis of a longer polypeptide, with addi
tional C -terminal sequence. The extended 
polypeptide will end at the next termination 

Wild-type translation 

AUG UAG UAA 

Release factor terminates 
synthesis at stop codon 

• • • • • • • . . . . . . . . . ...... . . • , �· J � · , �, 

Amber suppression 

AUG 

Suppressor tRNA 
reads UAG codon 
and protein is extended 
to next stop codon 

UAG 
AUG 

~ 
Tyr � 

Tyr 

UAA 

Q 
Release 
factor 

-
FIGURE 25.23 Nonsense suppressors also read through 
natural termination codons, synthesizing polypeptides 
that are longer than the wild type. 

triplet sequence found in the reading frame. 
Any extensive suppression of termination is 
likely to be deleterious to the cell by produc
ing extended polypeptides whose functions are 
thereby altered. 

Amber suppressors tend to be relatively 
efficient, usually in the range of 10% to 50%, 
depending on the system. This efficiency is pos
sible because amber codons are used relatively 
infrequently to terminate translation in E. coli. 
In contrast, ochre suppressors are difficult to 
isolate. They are always much less efficient, 
usually with activities below 10%. All ochre 
suppressors grow rather poorly, which indi
cates that suppression of both UAA and UAG 
is damaging to E. coli, probably because the UAA 
ochre codon is used most frequently as a natu
ral termination signal. Finally, UGA is the least 
efficient of the termination codons in its natural 
function; it is misread by tRNATrp as frequently 
as 1 %  to 3% in wild-type cells. However, in 
spite of this deficiency, UGA is used more com
monly than the amber triplet UAG to terminate 
bacterial translation. 

A missense suppressor tRNA that com
pensates for a mutated codon at one posi
tion may have the effect of introducing an 
unwanted mutation in another gene. A sup
pressor corrects a mutation by substituting 
one amino acid for another at the mutant 
site. However, in other locations, the same 
substitution will replace the wild-type amino 
acid with a new amino acid. The change may 
inhibit normal polypeptide function. This 
poses a dilemma for the cell: It must suppress 
what is a mutant codon at one location while 
failing to change too extensively its normal 
meaning at other locations. The absence of 
any strong missense suppressors is most likely 
explained by the damaging effects that would 
be caused by a general and efficient substitu
tion of amino acids. 

A mutation that creates a suppressor tRNA 
can have two consequences. First, it allows 
the tRNA to recognize a new codon. Second, it 
sometimes prevents the tRNA from recognizing 
the codons to which it previously responded. It 
is significant that all the high-efficiency amber 
suppressors are derived by mutation of one 
copy of a redundant tRNA set. In these cases, 
the cell has several tRNAs able to respond to 
the codon originally recognized by the wild
type tRNA. Thus, the mutation does not abolish 
recognition of the old codons, which continue 
to be served adequately by the tRNAs of the 
set. In the unusual situation in which there is 
only a single tRNA that responds to a particular 
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codon, any mutation that prevents the response 
would be lethal. 

Suppression is most often considered in the 
context of a mutation that changes the read
ing of a codon. However, there are some situa
tions in which a stop codon is read as an amino 
acid at a low frequency in wild-type cells. The 
first example discovered was the coat protein 
gene of the RNA phage Ql3. The formation of 
infective Ql3 particles requires that the stop 
codon at the end of this gene be suppressed at 
a low frequency to generate a small proportion 
of coat proteins with a C-tenninal extension. 
In effect, this stop codon is leaky. The reason 
is that tRNATrp recognizes the codon at a low 
frequency. 

Readthrough past stop codons also occurs 
in eukaryotes, where it is employed most often 
by RNA viruses. This may involve the sup
pression of UAG/UAA by tRNATyr, tRNA Gin, or 
tRNALcu, or the suppression ofUGA by tRNATrp 
or tRNAArg_ The extent of partial suppression 
is dictated by the context surrounding the 
codon. 

The Ribosome Influences 
the Accuracy of 
Translation 

Key concept 
• The structure of the 16S rRNA at the P and A 

sites of the ribosome influences the accuracy of 
translation. 

The error rate for incorporation of amino acids 
into polypeptides must be kept low, in the range 
of one misincorporation per 10,000 amino 
acids, to ensure that the functional properties 
of the encoded polypeptides are not altered 
in such a way as to be deleterious to the cell. 
There are three general stages in translation at 
which errors might be made (see the Transla
tion chapter): 

• Charging a tRNA only with its correct 
amino acid is clearly critical. This is a 
function of the aminoacyl-tRNA syn
thetase. The error rate varies with the 
particular enzyme, in the range of one 
misincorporation per l 05-l 07 amino
acylations (as discussed earlier in this 
chapter) .  

• Transporting only correctly aminoacyl
ated tRNA to the ribosome, the function 
of initiation or elongation factors, can 
provide a mechanism for enhancing 
over a II selectivity. In addition, these 
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factors assist in the process of docking 
aminoacyl-tRNA to the ribosomal P and 
A sites. 

• The specificity of codon-anticodon 
recognition is also crucial. Although 
binding constants vary with the indi
vidual codon-anticodon pairing, the 
intrinsic specificity associated with 
formation of a cognate versus non
cognate 3-bp sequence (about 10-1 

to 10-2) is  far too low to provide an 
error rate of <lo-s .  

It had long been assumed that the bacte
rial elongation factor EF-Tu is a nonsequence
specific RNA-binding protein, given that it 
must transport all aminoacyl-tRNAs (except 
for the initiator tRNA) to the ribosome. How
ever, EF-Tu recognizes both the amino acid 
portion of the aminoacyl-tRNA bond and the 
tRNA body, where it primarily binds to the 
sugar-phosphate backbone in the acceptor 
and T stems. Studies in which EF-Tu binding 
affinity to correctly and incorrectly amino
acylated tRNA was measured have shown 
that the strength of binding to the amino 
acid is inversely correlated with the strength 
of binding to the tRNA body. That is, weakly 
bound amino acids are correctly esterified 
to tightly bound tRNA bodies, and tightly 
bound amino acids are correctly esterified to 
weakly bound tRNA bodies. As a result, cor
rectly acylated aminoacyl-tRNAs bind EF-Tu 
with quite similar affinities. Selectivity in 
overall translation can then result because 
misacylation of a weakly bound amino acid 
to a weakly bound tRNA body produces a 
noncognate aminoacyl-tRNA that interacts 
very poorly with EF -Tu. It is also possible that 
a misacylated aminoacyl-tRNA that binds 
more tightly to EF-Tu may be discriminated 
against because it is more difficult to prop
erly release this type upon docking to the 
ribosome. 

It has been found that mutations in EF-Tu 
are able to suppress frameshifting errors (see 
the next section, Frameshifti11g Occurs at Slip
pery Sequences, for a discussion of frameshift
ing). This implies that EF-Tu does not merely 
bring aminoacyl-tRNA to the A site, but also 
is involved in positioning the incoming ami
noacyl-tRNA relative to the peptidyl-tRNA in 
the P site. Similarly, mutations in the yeast 
initiation factor eiF2 allow the initiation of 
translation at a start codon that is mutated 
from AUG to UUG. This implies a role for 
eiF2 in assisting the docking of tRNA;Mct to 
the P site. 



Any tRNA can enter the A site 

The correct tRNA interacts with rRNA 

An incorrect tRNA diffuses out 

FIGURE 25.24 Any aminoacyl-tRNA can be placed in the 
A site (by EF-Tu), but only one that pairs with the anti
codon can make stabilizing contacts with rRNA. In the 
absence of these contacts, the aminoacyl-tRNA diffuses 
out of the A site. 

Proofreading on the ribosome, to enhance 
the intrinsically low level of specificity achiev
able from codon-anticodon base pairing alone, 
requires additional interactions provided by 
the local environment in the 30S subunit. In its 
function as a proofreader, the ribosome amplifies 
the modest intrinsic selectivity of trinucleotide 
pairing by as much as 1000-fold (FIGURE 25.24). 

Aminoacyl-tRNA selection by the ribosome 
occurs at several stages along the pathway by 
which tl1e EF-Tu-GTP-aminoacyl-tRNA ternary 
complex forms aEter anlinoacylation delivers 
aminoacyl-tRNA to the ribosomal A site. First, 
a rather unstable initial binding complex forms 
with the ribosome. Next, there is a codon
recognition step in which the initial complex 
is rearranged to permit codon-anticodon 
pairing in the A site. Recall that the adjacent 
P site acconunodates peptidyl-tRNA (see the 
Translation chapter). Both the initial binding 
step and the subsequent codon-recog�lition step 

are reversible. Mispaired anlinoacyl-tRNAs can 
be rejected at these stages by a combination 
of increased dissociation rates and/or lowered 
association rates for mispaired complexes. 

After codon-anticodon recognition, a fur
ther conformational change triggers hydrolysis 
of GTP. Release of phosphate from the GDP
bound EF-Tu then occurs; this release triggers 
another extensive confom1ational rearrange
ment, whereby EF-Tu:GDP dissociates from 
the aminoacyl-tRNA-ribosome complex. Only 
aJter EF-Tu dissociates do final conformational 
rearrangements associated with docking of the 
anlinoacyl moiety into the 50S peptidyl trailS
fer site, and the subsequent peptidyl transfer 
reaction, occur. In addition to selection at the 
early binding stage, rejection of mispaired 
anlinoacyl-tRNA can also take place after the 
GTP hydrolysis step. Here the rejection occurs 
because the rate of the final conformational 
transition is very slow in the case of a misacyl
ated complex. Thus, the overall speci'ficity is 
enhanced because the tRNA must pass through 
two selection steps before peptide bond forma
Lion can occur. 

The precision of codon-anticodon pairing 
in the A site is maintained by close monitor
ing of the steric and electrostatic properties 
of the trinucleotide. Three conserved bases in 
the 16S ribosomal RNA (Al492, Al493, and 
G530) interact closely with the minor groove 
of the codon-anticodon helix at the first two 
base pairs and are able to accurately assess 
the presence of canonical Watson-Crick pairs 
at these positions. At the third (wobble) posi
tion, some noncanonical pairs can be accom
modated because the ribosomal RNA does not 
monitor the pairing as closely. Ultimately, it is 
the failure of misacylated tRNA to fully meet 
the scrutiny ofthe ribosome at the codon-anti
codon helix, and perhaps other positions, that 
leads to its rejection either before or after the 
GTP hydrolysis step. 

Recently, an additional mechanism that 
contributes to the specificity of translation 
has been discovered: The ribosome is able to 
exert quality control aJter the formation of the 
peptide bond. In this mecha1lism, the forma
Lion of a peptide bond that arises from a mis
matched anlinoacyl-tRNA in the A site leads to 
a more general loss in specificity in the A site. 
In turn, this results in tl1e early ternlination of 
translation. 

The mechanism by which the ribosome rec
ognizes enors after peptide bond synthesis is by 
monitoring the precise complementarity of the 
codon-anticodon helix in the peptidyl (P) site. 
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The consequence of the misincorporation is the 
increased capacity of release factors to bind in 
the A site to cause premature termination, even 
when a stop codon is not present. Additionally, 
there is an increased rate of improper coding 
in the adjacent A site. The resulting propaga
tion of errors ultimately leads to premature 
termination. 

The cost of translation, as calculated by 
the number of high-energy bonds that must 
be hydrolyzed, is clearly increased by proof
reading processes. The extent of the increased 
energetic cost depends on the stage at which 
the misacylated tRNA is rejected. The cost 
associated with rejection before GTP hydro
lysis is associated only with the production 
of the misacylated tRNA by the tRNA synthe
tase. However, if GTP is hydrolyzed before 
the mismatched aminoacyl-tRNA dissoci
ates, the energetic cost will be greater. Of 
course, the greatest cost is associated with 
the premature termination of translation to 
give a nonfunctional product, in postpeptidyl 
transfer quality control. In that case, the full 
energetic payment associated with synthesis 
of the polypeptide to the point of premature 
release must be paid. 

Frameshifting Occurs at 
Slippery Sequences 

Key concepts 
• The reading frame may be influenced by 

the sequence of mRNA and the ribosomal 
environment. 

• Slippery sequences allow a tRNA to shift by one 
base after it has paired with its anticodon, thereby 
changing the reading frame. 

• Translation of some genes depends upon 
the regular occurrence of programmed 
frameshifti ng. 

Recoding events usually involve changes 
to the meaning of a single codon. Examples 
include the phenomenon of tRNA suppression 
(see the section earlier in this chapter titled Sup
pressor tRNAs Have Mutated Anticodons That Read 
NewCodons) and the covalent modification of an 
aminoacyl-tRNA (see the section earlier in this 
chapter titled Novel Amino Acids Can Be Inserted at 
Certain Stop Cod01zs). However, three other types 
of recoding cause more global changes in the 
resulting polypeptide product. These are frame
shifting (considered in this section), bypassing, 
and the use of two mRNAs to synthesize one 
polypeptide (both are discussed in the next 
section, Other Recoding Events: Trmzslational 

738 CHAPTER 25 Using the Genetic Code 

Bypassing and the tmRNA Mechanism to Free Stalled 
Ribosomes). 

Frameshifting is associated with specific 
tRNAs in two circumstances: 

• Some mutant tRNA suppressors recog
nize a "codon" of four bases instead of 
the usual three bases. 

• Certain "slippery" sequences allow a 
tRNA to move along the mRNA in the 
A site by one base in either the 5 '  or 3 '  
direction. 

Frameshift mutants in a polypeptide result 
from an aberrant reading of the mRNA codon. 
Instead of reading a codon triplet, the ribo
some reads either a doublet or a quadruplet 
set of nucleotides. In either case, resumption 
of triplet reading following this event results 
in a polypeptide that is out of frame. A frame
shift can be suppressed by means of a tRNA 
that is capable of reading a 2- or 4-base codon. 
In the case of 4-base codons, the tRNA pos
sesses an expanded anticodon loop consisting 
of 8 nucleotides instead of the normal 7 .  For 
example, a G may be inserted in a run of several 
contiguous G bases. The frameshift suppressor 
is a tRNAGiy that has an extra base inserted in 
its anticodon loop, converting the anticodon 
from the usual triplet sequence CCC._ to the 
quadruplet sequence CCCC.-. The suppressor 
tRNA recognizes a 4-base "codon." 

Some frameshift suppressors can recognize 
more than one 4-base "codon." For example, 
a bacterial tRNA Lys suppressor can respond to 
either AAAA or AAAU instead of the usual 
codon AAA. Another suppressor can read any 
4-base "codon" with ACC in the first three posi
tions; the next base is irrelevant. In these cases, 
the alternative bases that are acceptable in the 
fourth position of the longer "codon" are not 
related by the usual wobble rules. The suppres
sor tRNA probably recognizes a 3 -base codon, 
but for some other reason-most likely steric 
hindrance-the adjacent base is blocked. This 
forces one base to be skipped before the next 
tRNA can find a codon. 

Situations in which frameshifting is a 
normal event are found in phages and other 
viruses. Such events may affect the continu
ation or termination of translation and result 
from the intrinsic properties of the mRNA. 

In retroviruses, translation ofthe first gene 
is terminated by a nonsense codon in phase 
with the reading frame. The second gene lies in 
a different reading frame and (in some viruses) 
is translated by a frameshift that changes to the 
second reading frame and therefore bypasses 
the termination codon (see FIGURE 25.25 and 
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FIGURE 25.25 A tRNA that slips one base in pairing with 
a codon causes a frameshift that can suppress termina
tion. The efficiency is usually -5%. 

also the Tral!sposable Elemellts al!d Retroviruses 
chapter). The efficiency of the frame shift is low, 
typically -5%. The low efficiency is important 
in the replicative cycle of the virus; an increase 
in efficiency can be damaging. FIGURE 25.26 illliS
trates the similar situation of the yeast Ty ele
ment, in which the termination codon of tya 

-1 frameshift in HIV retrovirus 
-" 

I 
NNNNUUUUUUAGGNNNNNNNN 

Last codon read in initial reading frame 

Reading without frameshifl 

NNNNUUUUUUAGGNNNNNNNN 

Reading after frameshift 

FIGURE 25.26 A + 1 frameshift is required for expres
sion of the tyb gene of the yeast Ty element. The shift 
occurs at a 7 -base sequence at which two leu codon(s) 
are followed by a scarce Arg codon. 

must be bypassed by a frameshHt in order to 
read the subsequent tyb gene. 

Such situations make the important point 
that the rare (but predictable) occurrence of 
"misreading" events can be relied on as a nec
essary step in natural translation. This is called 
programmed frameshifting. lt occurs at 
particular sites at frequencies that are 100 to 
lOOOX greater than the rate at which errors 
a�re made at non programmed sites ( -3 X 10-5 
per codon) .  

There are two cmmnon features in this type 
of frameshifting: 

• A "slippery" sequence allows an ami
noacyl-tRNA to pair with its codon and 
then to move + 1 or - 1  base to pair with 
an overlapping triplet sequence that can 
also pair with its anticodon. 

• The ribosome is delayed at the frame
shifting site to allow time for the 
aminoacyl-tRNA to rearrange its pair
ing. The cause of the delay can be an 
adjacent codon that requires a scarce 
aminoacyl-tRNA, a termination codon 
that is recognized slowly by its release 
factor, or a structural impediment in 
mRNA (for example, a "pseudoknot," 
a particular conformation of RNA) that 
impedes the ribosome. 

Slippery events can involve movement in 
either direction; a - I  frameshiftis caused when 
the tRN A moves backward and a + 1 frame shift 
is caused when it moves forward. In either case, 
the result is to expose an out-of-phase triplet 
in the A site for the next aminoacyl-tRNA. The 
framesbifting event occurs before peptide bond 
fom1ation. In the most common type of case, 
when it is triggered by a slippery sequence in 
conjunction with a downstream hairpin in 
mRNA, the sturounding sequences influence 
its efficiency. 

The frameshifting in Figure 25.26 shows 
the behavior of a typical slippery sequence. The 
7 -nucleotide sequence CUUAGGC is usually 
recognized by tRNA Leu at CUU, followed by 
tRNAArg at AGG. However, tRNAArg is scarce 
and when its scarcity results in a delay, tRNA Leu 
slips from the CUU codon to the overlapping 
UUA triplet. This causes a frameshift because 
the next triplet in phase with the new pair
ing (GGC) is read by tRNAG1Y. Slippage usually 
occms in the P site (when tRN A Leu actually has 
become peptidyl-tRNA, carrying the nascent 
chain). 

Frameshifting at a stop codon causes 
read through ofthe polypeptide. The base on the 
3 '  side of the stop codon influences the relative 
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frequencies of termination and frameshifting 
and thus affects the efficiency of the termina
tion signal. This helps to explain the significance 
of context on termination. 

Other Recoding Events: 
Translational Bypassing 
and the tmRNA 
Mechanism to Free 
Stalled Ribosomes 

Key concepts 
• Bypassing involves the capacity of the ribosome 

to stop translation, release from mRNA, and 
resume translation some 50 nucleotides down
stream. 

• Ribosomes that are stalled on m RNA after partial 
synthesis of a protein may be freed by the action 
of tmRNA, a unique RNA that incorporates features 
of both tRNA and mRNA. 

Bypassing involves a movement of the ribo
some to change the codon that is paired with 
the peptidyl-tRNA in the P site. The sequence 
between the two codons is skipped over and is 
not represented in the polypeptide product. As 
shown in FIGURE 25.27, this allows translation 
to continue past any termination codons in the 
intervening region. This is a very rare phenom
enon; one of the few authenticated examples is 
that of gene 60 of phage T4, where the ribosome 
moves 60 nucleotides along the mRNA. Bypass
ing in individual cells has also been documented 
to be a result of nutrient starvation. 

50-nucleotide bypass in phage T 4 gene 60 

Last codon in original reading frame 

Reading without frameshift 

GAUGGAUGAC .. . . . . . . . . . .  AUUGGAUUA 

Reading after trameshift 

FIGURE 25.27 Bypassing occurs when the ribosome 
moves along mRNA so that the peptidyl-tRNA in the P 
site is released from pairing with its codon and then 
repairs with another codon farther along. 
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Ribosome 
moves along mANA 

Landing 

Peptidyl-tRNA 
re-pairs with new codon 

FIGURE 25.28 In bypass mode, a ribosome with its P site 
occupied can stop translation. It slides along mRNA to a 
site where peptidyl-tRNA pairs with a new codon in the 
P site. Then translation is resumed. 

The key to the bypass system is that there 
are identical (or synonymous) codons at either 
end of the skipped sequence. These are some
times referred to as the "takeoff" and "landing" 
sites. Before bypass, the ribosome is positioned 
with a peptidyl-tRNA paired with the takeoff 
codon in the P site, with an empty A site waiting 
for an aminoacyl-tRNA to enter. FIGURE 25.28 

shows that the ribosome slides along mRNA 
in this condition until the peptidyl-tRNA 
can become paired with the codon in the 
landing site. 

The sequence of the mRNA triggers the 
bypass. The important features are the two 
GGA codons for takeoff and landing, the spac
ing between them, a stem-loop structure that 
includes the takeoff codon, and a stop codon 
positioned adjacent to the takeoff codon. 

The takeoff stage requires the peptidyl-tRNA 
to unpair from its codon. This is followed by a 
movement of the mRNA that prevents it from 
re-pairing. Then the ribosome scans the mRNA 
until the peptidyl-tRNA can re-pair with the 
codon in the landing reaction. This is followed by 
the resumption oftranslation when aminoacyl
tRNA enters the A site in the usual way. 

Like frameshifting, the bypass reaction 
depends on a pause by the ribosome. The prob
ability that peptidyl-tRNA will dissociate from 
its codon in the P site is increased by delays in 



the entry of aminoacyl-tRNA into the A site. 
Starvation for an amino acid can trigger bypass
ing in bacterial genes because of the delay that 
occurs when there is no aminoacyl-tRNA avail
able to enter the A site. In phage T4 gene 60, 
one role of mRNA structure may be to reduce 
the efficiency of termination, thus creating the 
delay that is needed for the takeoff reaction. 

The rescue of stalled ribosomes in bacte
ria and some mitochondria is accomplished 
by means of a unique mRNA-tRNA hybrid, 
termed tmRNA, which contains two functional 
domains. One domain mimics part of tRNAAia, 
whereas the second domain encodes a short 
polypeptide. tmRNA is first aminoacylated by 
alanyl-tRNA synthetase (AiaRS). I tis then bound 
by EF-Tu and subsequently used in a ternary 
complex at the A site of stalled ribosomes. Pep
tidy) transfer occurs on the ribosome to join ala
nine to the C-terminal end of the stalled nascent 
protein; simultaneously, the mRNA present on 
the ribosome is replaced by the second domain of 
tmRNA. tmRNA then functions as a template for 
the synthesis of 1 0  additional amino acids, after 
which a stop codon is present to tenninate trans
lation and release the protein. The newly added 
C-tenninal sequence then acts as a tag for subse
quent recognition by proteases, which degrade 
the truncated protein. tmRNA thus functions as 
a quality control mechanism to recycle stalled 
ribosomes and to remove truncated proteins that 
might otherwise accumulate. 

Summary 
The sequence of mRNA read in triplets in the 
5 '  to 3 '  direction is related by the genetic code 
to the amino acid sequence of a polypeptide 
read from N-terminus to C-terminus. Of the 
64 triplets, 6 1  encode amino acids and 3 provide 
termination signals. Synonymous codons that 
represent the same amino acids are related, often 
by a difference in the third base of the codon. 
This third-base degeneracy, coupled with a pat
tern in which chemically similar amino acids 
tend to be encoded by related codons, minimizes 
the effects of mutations. The genetic code is 
nearly universal and must have been established 
very early in evolution. Variations in the code 
in nuclear genomes are rare, but some changes 
have occurred during mitochondrial evolution. 

Multiple tRNAs may recognize a particular 
codon. The set of tRNAs recognizing the various 
codons for each amino acid is  distinctive for 
each organism. Codon-anticodon recognition 
involves wobbling at the first position of the 

anticodon (third position ofthe codon), which 
allows some tRNAs to recognize multiple 
codons. All tRNAs have modified bases, intro
duced by enzymes that recognize target bases in 
the tRNA structure. Codon-anticodon pairing 
is influenced by modifications ofthe anticodon 
itself and also by the context of adjacent bases, 
especially on the 3' side ofthe anticodon. Taking 
advantage of codon-anticodon wobble allows 
vertebrate mitochondria to use only 22 tRNAs 
to recognize all codons, compared with the 
usual minimum of 3 1  tRNAs; this is assisted by 
the changes in the mitochondrial code. 

Each amino acid is recognized by a par
ticular aminoacyl-tRNA synthetase, which 
also recognizes all of the tRNAs encoding that 
amino acid. Some aminoacyl-tRNA synthetases 
have a proofreading function that scrutinizes 
the aminoacyl-tRNA products and hydrolyzes 
incorrectly joined aminoacyl-tRNAs. 

Aminoacyl-tRNA synthetases vary widely 
but fall into two general groups featuring mutually 
exclusive sequence motifs and protein structures 
in their catalytic domains. The two groups of 
synthetases are also distinguished by the initial 
site of aminoacylation on the 3 '  -terminal tRNA 
ribose, by the orientation of binding of the tRNA 
acceptor helix, and by the rate-limiting step in 
aminoacylation. A defined set of nucleotides in 
the tRNA, tenned the identity set, is selectively 
recognized by the synthetase using a combina
tion of direct and indirect readout mechanisms. 
In many cases the identity set is localized at the 
anticodon and 3 '  -acceptor ends of the molecule. 

Mutations may allow a tRNA to read different 
codons; the most common form of such muta
tions occurs in the anticodon itself. Alteration of 
the anticodon may allow a tRNA to suppress a 
mutation in a gene encoding a polypeptide. A 
tRNA that recognizes a tennination codon pro
vides a nonsense suppressor, whereas a tRNA that 
changes the amino acid recognizing a codon is a 
missense suppressor. Suppressors of UAG co dons 
are more efficient than those of UAA codons, 
which is explained by the fact that UAA is the 
most commonly used natural termination codon. 
However, the efficiency of all suppressors depends 
on the context of the individual target codon. 

Frameshifts oft he + 1 type may be caused by 
aberrant tRNAs that read " co dons" of four bases. 
Frameshifts of either + 1 or - 1  may be caused 
by slippery sequences in mRNA that allow a 
peptidyl-tRNA to slip from its codon to an over
lapping sequence that can also pair with its anti
codon. Certain programmed frameshifts deter
mined by the mRNA sequence may be required 
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for expression of natural genes. Bypassing occurs 
when a ribosome stops translation and moves 
alongmRNA with its peptidyl-tRNA in the P site 
until the peptidyl-tRNA pairs with an appropri
ate codon; then translation resumes. The use of 
tmRNA provides a quality control mechanism to 
recycle stalled ribosome and to remove undesir
able truncated polypeptide products. 
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The Operon 
CHAPTER OUTLINE J 

t.tMI Introduction 

• In negative regulation, a repressor protein binds to an 
operator to prevent a gene from being expressed. 

• In positive regulation, a transcription factor is 
required to bind at the promoter in order to enable 
RNA polymerase to initiate transcription. 

• In inducible regulation, the gene is regulated by the 
presence of its substrate. 

• In repressible regulation, the gene is regulated by the 
product of its enzyme pathway. 

• Gene regulation in vivo can utilize any of these 
mechanisms, resulting in all four combinations: 
negative inducible, negative repressible, positive 
inducible, and positive repressible. 

tft• Structural Gene Clusters Are Coordinately Controlled 

• Genes coding for proteins that function in the same 
pathway may be located adjacent to one another and 
controlled as a single unit that is transcribed into a 
polycistronic m RNA. 

tWI The lac Operon Is Negative Inducible 

• Transcription of the laczyA operon is controlled by 
a repressor protein that binds to an operator that 
overlaps the promoter at the start of the cluster. 

Edited by Liskin Swint-Kruse 

• In the absence of [3-galactosides, the lac operon is 
expressed only at a very low (basal) level. 

• The repressor protein is a tetra mer of identical 
subunits coded by the lac! gene. 

• [3-galactoside sugars, the substrates of the lac operon, 
are its inducer. 

• Addition of specific [3-galactosides induces transcription 
of all three genes of the lac operon. 

• The lac mRNA is extremely unstable; as a result, 
induction can be rapidly reversed. 

t.l«W lac Repressor Is Controlled by a Small-Molecule Inducer 

• An inducer functions by converting the repressor 
protein into a form with lower operator affinity. 

• Repressor has two binding sites, one for the operator 
DNA and another for the inducer. 

• Repressor is inactivated by an allosteric interaction 
in which binding of inducer at its site changes the 
properties ofthe DNA-binding site. 

• The true inducer is allolactose, not the actual 
substrate of [3-galactosidase. 

t&'l ds-Acting Constitutive Mutations Identify the Operator 

• Mutations in the operator cause constitutive 
expression of all three lac structu rat genes. 

745 



CHAPTER OUTLINE, CONTINUED J 
• These mutations are cis-acting and affect only those 

genes on the contiguous stretch of DNA. 

• Mutations in the promoter prevent expression of laczyA 
and are uninducible and cis-acting. 

t.mGI trans-Acting Mutations Identify the Regulator Gene 

• Mutations in the loci gene are trans-acting and affect 
expression of all laczyA clusters in the bacterium. 

• Mutations that eliminate loci function cause 
constitutive expression and are recessive (loci-). 

• Mutations in the DNA-binding site of the repressor are 
constitutive because the repressor cannot bind the 
operator. 

• Mutations in the inducer-binding site of the 
repressor prevent it from being inactivated and cause 
u ni nducibility. 

• When mutant and wild-type subunits are present, a 
single lacJ-d mutant subunit can inactivate a tetramer 
whose other subunits are wild type. 

• loci-a mutations occur in the DNA-binding site. Their 
effect is explained by the fact that repressor activity 
requires all DNA-binding sites in the tetramer to be 
active. 

t.mtl lac Repressor Is a Tetramer Made of Two Oimers 

• A single repressor subunit can be divided into the 
N-terminal DNA-binding domain, a hinge, and the core 
of the protein. 

• The DNA-binding domain contains two short a-helical 
regions that bind the major groove of DNA. 

• The inducer-binding site and the regions responsible 
for multi merization are located in the core. 

• Monomers form a dimer by making contacts between 
core subdomains 1 and 2. 

• Di mers form a tetra mer by interactions between the 
tetramerization helices. 

• Different types of mutations occur in different domains 
of the repressor protein. 

t3:1 lac Repressor Binding to the Operator Is Regulated 
by an Allosteric Change in Conformation 

• lac repressor protein binds to the double-stranded DNA 
sequence of the operator. 

• The operator is a palindromic sequence of 26 bp. 

• Each inverted repeat of the operator binds to the 
DNA-binding site of one repressor subunit. 

• Inducer binding causes a change in repressor 
conformation that reduces its affinity for DNA and 
releases it from the operator. 

t.l4!1 lac Repressor Binds to Three Operators and Interacts 
with RNA Polymerase 

• Each dimer in a repressor tetramer can bind an 
operator, so that the tetra mer can bind two operators 
simultaneously. 

• Full repression requires the repressor to bind to an 
additional operator downstream or upstream as well as 
to the pri

mary operator at the lacZ promoter. 
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• Binding of repressor at the operator stimulates binding 
of RNA polymerase at the promoter but precludes 
transcription. 

The Operator Competes with Low-Affinity Sites to 
Bind Repressor 

• Proteins that have a high affinity for a specific DNA 
sequence also have a low affinity for other DNA 
sequences. 

• Every base pair in the bacterial genome is the start of 
a low-affinity binding site for repressor. 

• The large number of low-affinity sites ensures that all 
repressor protein is bound to DNA. 

• Repressor binds to the operator by moving from a 
low-affinity site rather than by equilibrating from 
solution. 

• In the absence of inducer, the operator has an 
affinity for repressor that is 107 times that of a 
low-affinity site. 

• The level of 10 repressor tetramers per cell ensures 
that the operator is bound by repressor 96% of the 
time. 

• Induction reduces the affinity for the operator to 104 
times that of low-affinity sites, so that the operator is 
bound only 3% of the time. 

tDI• The lac Operon Has a Second Layer of Control: 
Catabolite Repression 

• CRP is an activator protein that binds to a target 
sequence at a promoter. 

• A dimer of CRP is activated by a single molecule 
of cAMP. 

• cAMP is controlled by the level of glucose in the cell; 
a low glucose level allows cAMP to be made. 

• CRP interacts with the C-terminal domain of the 
a subunit of RNA polymerase to activate it. 

The trp Operon Is a Repressible Operon with Three 
Transcription Units 

• The trp operon is negatively controlled by the level of 
its product, the ami no acid tryptophan. 

• The amino acid tryptophan activates an inactive 
repressor encoded by trpR. 

• A repressor (or activator) will act on all loci that have 
a copy of its target operator sequence. 

The trp Operon Is Also Controlled by Attenuation 

• An attenuator (intrinsic terminator) is located 
between the promoter and the first gene of the 
trp cluster. 

• The absence of Trp-tRNA suppresses termination and 
results in a 103 increase in transcription. 

Attenuation Can Be Controlled by Translation 

• The leader region of the trp operon has a 14-codon 
open reading frame that includes two codons for 
tryptophan. 

• The structure of RNA at the attenuator depends on 
whether this reading frame is translated. 
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• In the presence of Trp-tRNA, the leader is translated, 

and the attenuator is able to form the hairpin that 
causes termination. 

• The trigger for the reaction is the entry of uncharged 
tRNA into the ribosomal A site. 

• (p)ppGpp competes with ATP during formation of the 
open complex during transcription initiation by RNA 
polymerase and inhibits the reaction. 

• In the absence of Trp-tRNA, the ribosome stalls at 
the tryptophan codons and an alternative secondary 
structure prevents formation of the hairpin, so that 
transcription continues. 

t.Gita r-Protein Synthesis Is Controlled by Autoregulation 
• Translation of an r-protein operon can be controlled 

by a product of the operon that binds to a site on the Stringent Control of Stable RNA Transcription 

• Poor growth conditions cause bacteria to produce the 
small-molecule regulators (p)ppGpp. 

polycistronic mRNA. 

Summary 

Ill Introduction 
Key concepts 

• In negative regulation, a repressor protein binds to 
an operator to prevent a gene from being expressed. 

• In positive regulation, a transcription factor 
is required to bind at the promoter in order to 
enable RNA polymerase to initiate transcription. 

• In inducible regulation, the gene is regulated by 
the presence of its substrate. 

• In repressible regulation, the gene is regulated by 
the product of its enzyme pathway. 

• Gene regulation in vivo can utilize any of these 
mechanisms, resulting in all four combinations: 
negative inducible, negative repressible, positive 
inducible, and positive repressible. 

Gene expression can be controlled at any of 
several stages, which we divide broadly into 
transcription, processing, and translation: 

• Transcription often is controlled at the 
stage of initiation. Transcription is not 
usually controlled at elongation, but 
may be controlled at termination to 
determine whether RNA polymerase 
is allowed to proceed past a terminator 
to the gene(s) beyond. 

• In bacteria, an mRNA is typically avail
able for translation while it is being 
synthesized; this is called coupled tran

scription/translation. (In eukaryotic 
cells, transcription takes place in the 
nucleus while translation takes place 
in the cytoplasm.) 

• Translation in bacteria may be directly 
regulated, but more commonly it is pas
sively modulated. The coding portion 
or open reading frame of a gene can be 
assembled either with common or rare 
codons, whid1 correspond to common or 
rare tRNAs. rnRNAs containing a number 
of rare codons take longer to translate. 

The basic concept for the way transcription 
is controlled in bacteria is called the operon 
model and was proposed by Franc;ois Jacob and 
Jacques Monod in 1 9 6 1 .  They distinguished 
between two types of sequences in DNA: 
sequences that code for trans-acting prod
ucts (usually proteins) and cis-acting DNA 
sequences. Gene activity is regulated by the 
specific interactions of the tra11s-acting products 
with the cis·acting sequences (see the chapter 
titled Gwes E11code RNAs and Polypeptides). In 
more formal terms: 

• A gene is a sequence of DNA that 
codes for a diffusible product, either 
RNA or a protein. The crucial feature 
is that the product diffuses away from 
its site of synthesis to act elsewhere. 
Any gene product that is  free to diffuse 
to find its target is described as tralls
acti ng. 

• The description cis-acting applies to any 
sequence of DNA that functions exclu
sively as a DNA sequence, affecting 
only the DNA to which it is physically 
linked. 

To help distinguish between the compo
nents of regulatory circuits and the genes that 
they regulate, we sometimes use the terms 
structural ge11e and regulator gene. A structural 

gene is simply any gene that codes for a pro
tein (or RNA) product. Protein structural genes 
represent an enormous variety of structures 
and functions, including structural proteins, 
enzymes with catalytic activities, and regu
latory proteins. A type of structural gene is a 
regulator gene, which simply describes a gene 
that codes for a protein or an RNA involved in 
regulating the expression of other genes. 

The simplest form of the regulatory model 
is illustrated in FIGURE 26.1: A regulator gene codes 
for a protein that controls transcription by bi11ding 
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FIGURE 26.1 A regulator gene codes for a protein that 
acts at a target site on DNA. 

to particular site(s) on DNA. This interaction can 
regulate a target gene in either a positive man
ner (the interaction turns the gene on) or a 
negative manner (the interaction turns the 
gene off). The sites on DNA are usually (but 
not exclusively) located just upstream of the 
target gene. 

The sequences that mark the beginning and 
end of the transcription unit-the promoter 
and terminator-are examples of cis-acting 
sites. A promoter serves to initiate transcription o11ly 
of the gene(s) physically co1111ected to it on the same 
stretch of DNA. In the same way, a terminator 
can terminate transcription only by an RNA 
polymerase that has traversed the preceding 
gene(s). In their simplest forms, promoters and 
terminators are cis-acting elements that are rec
ognized by the same trans-acting species; that 
is, by RNA polymerase (although other factors 
also participate at each site). 

Additional cis-acting regulatory sites are 
often combined with the promoter. A bacte
rial promoter may have one or more such sites 
located close by; tl1at is, in the immediate vicin
ity of the start point. A eukaryotic promoter is 
likely to have a greater number of sites that are 
spread out over a longer distance, as described 
in the chapter titled Eukaryotic Trmtscription 
Regulatio11. 

A classic mode of transcription control 
in bacteria is negative control: A repressor 
protein prevents a gene from being expressed. 
FIGURE 26. 2 shows that in the absence of the 
negative regulator, the gene is expressed. 
Close to the promoter is another cis-acting site 
called the operator, which is the bin cling site 
for the repressor protein. When the repressor 
binds to the operator, RNA polymerase is pre
vented from initiating transCTiption, and gwe 
expressio11 is therefore turned off An alternative 
mode of control is positive control. This is 
used in bacteria (probably) with about equal 
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cis-acting operator/promoter precedes structural gene(s) 

Promoter operator Structural gene(s) 

Gene on: RNA polymerase initiates at promoter 

RNA 

Protein 
• • # .. • 
. . . . .. . . . . . � . ; � 

Gene is turned off when repressor binds to operator 
Repressor 

FIGURE 26.2 In negative control, a trans-acting repressor 
binds to the cfs-acti ng operator to turn off transcription. 

frequency to negative control, and it is the 
most common mode of control in eukaryotes. 
A transcription factor is required to assist RNA poly
merase in initiati119 at the promoter. FIGURE 26.3 

shows that in the absence of the positive regu
lator, the gene is  inactive: RNA polymerase 
cannot by itself initiate transcription at the 
promoter. 

In addition to negative and positive con
trol, a gene that encodes an enzyme may be 
regulated by the concentration of its substrate 
or product (or a chemical derivative of either). 

GENE OFF BY DEFAULT 

Promoter 

Start nn i 1nt ,....--.;....--!� Gene 

GENE TURNED ON BY ACTIVATORS 

Factors interact with RNA polymerase 

RNA 

Protein 
• • • • • • • • • • •• •• . � " � � 

FIGURE 26.3 In positive control. a trans-acting factor 
must bind to the cis-acting site in order for RNA poly
merase to initiate transcription at the promoter. 



Bacteria need to respond swiftly to changes in 
their environment. Fluctuations in the sup
ply of nutrients (such as the sugars glucose or 
lactose) can occur at any time, and survival 
depends on the ability to switch from metabo
lizing one substrate to another. Yet economy 
is important, too: A bacterium that indulges 
in energetically expensive ways to meet the 
demands of the environment is likely to be 
at a disadvantage. Thus, a bacterium avoids 
synthesizing the enzymes of a pathway in the 
absence oft he substrate, but is ready to produce 
the enzymes if the substrate should appear. The 
synthesis of enzymes in response to the appearance of 
a specific substrate is called induction and the gene 
is a11 inducible gene. 

The opposite of induction is repression, 

where the repressible gene is co11trolled by the 
amou11t of the product made by the enzyme. For 
example, E. coli synthesizes the amino acid 
tryptophan through the actions of an enzyme 
complex containing tryptophan synthetase and 
four other enzymes. If, however, tryptophan is 
provided in the medium on which the bacteria 
are growing, the production of the enzyme is 
immediately halted. This allows the bacterium 
to avoid devoting its resources to unnecessary 
synthetic activities. 

Induction and repression represent simi
lar phenomena. In one case the bacterium 
adjusts its ability to use a given substrate (such 
as lactose) for growth; in the other it adjusts 
its ability to synthesize a particular metabolic 
intermediate (such as an essential amino 
acid) .  The trigger for either type of adjust
ment is a small molecule that is the substrate 
(or related to the substrate) for the enzyme, 
or the product of the enzyme activity, respec
tively. Small molecules that cause the produc
tion of enzymes that are able to metabolize 
them (or their analogues) are called inducers. 

Those that prevent the production of enzymes 
that are able to synthesize them are called 
corepressors. 

These two ways of looking at regulation
negative versus positive control and inducible 
versus repressible control-are typically com
bined to give four different patterns of gene 
regulation: negative inducible, negative 

repressible, positive inducible, and posi

tive repressible, as shown in FIGURE 26.4. This 
enables a bacterium to perform the ultimate in 
inventory control of its metabolism to allow 
survival in rapidly changing environments. 

The unifying theme is that regulatory pro
teins are trans-acting factors that recognize 
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FIGURE 26.4 Regulatory circuits can be designed from all possible combinations of 
positive and negative control with inducible and repressible controL 

cis-acting elements (usually) upstream of the 
gene. The consequences of this recognition 
are either to activate or to repress the gene, 
depending on the individual type of regulatory 
protein. A typical feature is that the protein 
functions by recognizing a very short sequence 
in DNA, usually < I 0 bp in length, although the 
protein actually binds over a somewhat greater 
distance of DNA. The bacterial promoter is an 
example: RNA polymerase covers >70 bp of 
DNA at initiation, but the crucial sequences that 
it recognizes are the hexamers centered at-35 
and - 10. 

A significant difference in gene organi
zation between prokaryotes and eukaryotes 
is that structural genes in bacteria are orga
nized in operons that are coordinately con
trolled by means of interactions at a single 
regulator. In contrast, genes in eukaryotes are 
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usually controlled individually. As a result, an 
entire related set of bacterial genes is  either 
transcribed or not transcribed. In this chapter, 
we discuss this mode of control and its use 
by bacteria. The means employed to coordi
nate control of dispersed eukaryotic genes 
are discussed in the Eukaryotic Transcription 
chapter. 

fZIJ Structural Gene Clusters 
Are Coordinately 
Controlled 

Key concept 

• Genes coding for proteins that function in the 
same pathway may be located adjacent to one 
another and controlled as a single unit that is 
transcribed into a polycistronic mRNA. 

Bacterial genes are often organized into operons 
that include genes coding for proteins whose 
functions are related. The genes coding for the 
enzymes of a metabolic pathway are commonly 
organized into such a cluster. In addition to 
the enzymes actually involved in the pathway, 
other related activities may be included in the 
unit of coordinated control, such as the protein 
responsible for transporting the small molecule 
substrate into the cell. 

The cluster of the lac operon containing the 
three lac structural genes, lacZ, lacY, and lacA, 
is typical. FIGURE 26.5 summarizes the organi
zation of the structural genes, their associated 
cis-acting regulatory elements, and the trans
acting regulatory gene. The key feature is that the 
structural gwe cluster is transcribed into a single 
polycistronic mRNA from a promoter where ini
tiation of transcription is regulated. 

The protein products enable cells to take 
up and metabolize 13-galactoside sugars, such 

p lac/ t PO 

1040 
mANA 

as lactose. The roles of the three structural 
genes are: 

• lacZ codes for the enzyme 13-galactosidase, 
whose active form is a tetramer of 
-500 kD. The enzyme breaks the com
plex 13-galactoside into its component 
sugars. For example, lactose is cleaved 
into glucose and galactose (which are 
then further metabolized). This enzyme 
also produces an important byproduct, 
13-1,6-allolactase, which, as we will see 
later, has a role in regulation. 

• lacY codes for the 13-galactoside perme
ase, a 30-kD membrane-bound protein 
constituent of the transport system. 
This transports 13-galactosides into 
the cell. 

• lacA codes for 13-galactoside trans
acetylase, an enzyme that transfers 
an acetyl group from acetyi-CoA to 
13-galactosides. 

Mutations in either lacZ or lacY can cre
ate the lac genotype, in which cells cannot uti
lize lactose. (The genotypic description "lac" 
without a qualifier indicates loss of function.) 
The lacZ mutations abolish enzyme activity, 
directly preventing metabolism of lactose. The 
lacY mutants cannot take up lactose efficiently 
from the medium. (No defect is identifiable in 
lacA cells, which is puzzling. The acetylation 
reaction might give an advantage when the bac
teria grow in the presence of certain analogs 
of 13-galactosides that cannot be metabolized, 
because the modification results in detoxifica
tion and excretion.) 

The entire system, including structural genes 
and the elements that control their expression, 
forms a common unit of regulation called an 
operon. The activity of the operon is controlled 
by regulator gene(s) whose protein products 
interact with the cis-acting control elements. 

JacZ lacY 

3510 

lacA t 

825 

Protein Repressor 13-galactosidase 
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FIGURE 26.5 The lac operon occupies -6000 bp of DNA. At the left the loci gene has its own 
promoter and terminator. The end of the loci region is adjacent to the laczyA promoter, P. 
Its operator, 0, occupies the first 26 bp of the transcription unit. The long lacZ gene starts at 
base 39, and is followed by the lacY and lacA genes and a terminator. 



The lac Operon Is 
Negative Inducible 

Key concepts 

• Transcription of the laclYA operon is controlled by 
a repressor protein that binds to an operator that 
overlaps the promoter at the start of the cluster. 

• In the absence of 13-galactosides, the lac operon is 
expressed only at a very low (basal) level. 

• The repressor protein is a tetra mer of identical 
subunits coded by the loci gene. 

• 13-galactoside sugars, the substrates of the lac 
operon, are its inducer. 

• Addition of specific 13-galactosides induces 
transcription of all three genes of the lac operon. 

• The lac mRNA is extremely unstable; as a result, 
induction can be rapidly reve rsed. 

We can distinguish between structural genes 
and regulator genes by the effects of muta
tions. A mutation in a structural gene deprives 
the cell of the particular protein for which the 
gene codes. A mutation in a regulator gene, 
however, influences the expression of all the 
structural genes connected to it in cis. The con
sequences of a regulatory mutation reveal the 
type of regulation. 

Transcription of the lacZYA genes is con
trolled by a regulator protein encoded by the 
Lac/ gene. Although adjacent to the structural 
genes, lac/ comprises an independent transcrip
tion unit with its own promoter and terminator. 
In principle, lac/ need not be located near the 
structural genes because it specifies a diffus
ible product. The lac/ gene can function equally 
well if moved elsewhere, or can be carried on 
a separate DNA molecule (the classic test for a 
trans-acting regulator). 

The lacZYA genes are negatively regulated: 
They are transcribed unless turned off by the regula
tor protein. Note that repression is not an abso
lute phenomenon; turning off a gene is not like 
turning off a lightbulb. Repression can often 
be a reduction in transcription by five-fold or 
IOO-fold. A mutation that inactivates the regu
lator causes the structural genes to be continu
ally expressed, a condition called constitutive 

expression. The product of lac/ is called the lac 

repressor, because its function is to prevent 
the expression of the lacZYA structural genes. 

The repressor is  a tetramer of identical 
subunits of 38 kD each. A wild-type cell con
tains -I 0 tetramers. The repressor gene is not 
controlled; it is an unregulated gene. It is tran
scribed into a monocistronic mRNA at a rate that 
appears to be governed simply by the affinity 
of its (poor) promoter for RNA polymerase. In 

addition, lac/ is transcribed into a poor mRNA. 
This is a common way to restrict the amount 
of protein made. In this case, the mRNA has 
virtually no 5 '  UTR, which restricts the ability 
of a ribosome to start translation. These two 
features account for the low abundance of lac 

repressor protein in the cell. 
The repressor functions by binding to an 

operator (fonnally denoted Otac) at the start of 
the lacZYA cluster. The sequence of the operator 
includes an inverted repeat. The operator lies 
between the promoter (PJ.c) and the structural 
genes (lacZYA). When the repressor binds at the 
operator, it prevents RNA polymerase from initiating 
transcription at the promoter. FIGURE 26.6 expands 
our view of the region at the start of the lac 
structural genes. The operator extends from 
position -5 just upstream of the mRNA start 
point to position + 2 1  within the transcription 
unit; thus it overlaps the 3', right end of the 
promoter. A mutation that inactivates the 
operator also causes constitutive expression. 

When cells of E. coli are grown in the 
absence of a �-galactoside they have no need 
for �-galactosidase, and they contain very 
few molecules of the enzyme, about five per 
cell. When a suitable substrate is added, the 
enzyme activity appears very rapidly in the 
bacteria. Within 2 to 3 minutes some enzyme 
is present, and soon each bacterium accumu
lates -5000 molecules of enzyme. (Under suit
able conditions, �-galactosidase can account 
for 5%-IO% of the total soluble protein of the 
bacteri tml.) If the substrate is removed from the 
medium, the synthesi s of the enzyme stops as 
rapidly as it started. 

FIGURE 26.7 summarizes the essential fea
tures of this induction. Control of transcrip
tion of the lac operon responds very rapidly to 
the inducer, as shown in the upper part of the 
figure. In the absence of inducer, the operon 
is transcribed at a very low basal level (this is 
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FIGURE 26.6 lac repressor and RNA polymerase bind at 
sites that overlap around the transcription start point of 
the lac operon. 
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FIGURE 26.7 Addition of inducer results in rapid induc
tion of lac mRNA and is followed after a short lag by 
synthesis of the enzymes; removal of inducer is followed 
by rapid cessation of synthesis. 

an important concept; see the next section, lac 
Repressor Is Controlled by a Small-Molecule Inducer) . 
Transcription is stimulated as soon as inducer 
is added; the amount of lac mRNA increases 
rapidly to an induced level that reflects a bal
ance between synthesis and degradation of 
the mRNA. 

The lacmRNA (as most mRNA is in bacteria) 
is extremely unstable and decays with a half-life 
of only -3 minutes. This feature allows induc
tion to be reversed rapidly by repressing tran
scription as soon as the inducer is removed. In 
a very short time all the lac mRNA is destroyed 
and enzyme synthesis ceases. 

The production of protein is followed in the 
lower part of the figure. Translation of the lac 
mRNA produces �-galactosidase (and the prod
ucts of the other lac genes). A short lag occurs 
between the appearance of lac mRNA and the 
appearance of the first completed enzyme mol
ecules (-2 minutes lapse between the rise of 
mRNA from basal level and increased protein 
level). There is a similar lag between reach
ing maximal induced levels of mRNA and 
protein. When inducer is removed, synthesis 
of enzyme ceases almost immediately (as the 
lacZY A mRNA is quickly degraded), but the 
�-galactosidase in the cell is more stable, so 
that the enzyme activity remains at the induced 
level for longer. 
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Ell Lac Repressor Is 
Controlled by a 
Small-Molecule Inducer 

Key concepts 
• An inducer functions by converting the repressor 

protein into a form with lower operator affinity. 

• Repressor has two binding sites, one for the 
operator DNA and another for the inducer. 

• Repressor is inactivated by an allosteric 
interaction in which binding of inducer at 
its site changes the properties of the DNA
binding site. 

• The true inducer is allolactose, not the actual 
substrate of 13-galactosidase. 

The ability to act as inducer or corepressor is 
highly specific. Only the substrate/product of 
the regulated enzymes or a closely related mol
ecule can serve this function. In most cases, 
though, the activity of the small molecule 
does not depend on its interaction with the 
target enzyme. For the lac system the natural 
inducer is not lactose, but a byproduct of the 
LacZ enzyme, alloiactose. Allolactose is also 
a substrate of the LacZ enzyme, so it does not 
persist in the cell. Some inducers resemble the 
natural inducers of the lac operon but cannot 
be metabolized by the enzyme. The example 
par excellence is i sopropylthiogalactoside (IPTG ), 
one of several thiogalactosides with this prop
erty. IPTG is not metabolized by �-galactosi
dase; even so, it is a very efficient inducer of 
the lac genes. 

Molecules that induce enzyme synthesis 
but are not metabolized are called gratuitous 

inducers. The existence of gratuitous inducers 
reveals an important point. The system must 
possess some component, distinct from the 
target enzyme, that recognizes the appropriate 
substrate, and its ability to recognize related 
potential substrates is different from that of 
the enzyme. The separate component that 
represses the lac operon is the lac repressor pro
tein, which is encoded by the lac! gene. The lac 
repressor protein is induced by allolactose and 
IPTG to allow expression of lacZY A. The LacZ 
enzyme (�-galactosidase) utilizes allolactose 
and lactose as substrates. lac! is not induced by 
lactose, and the LacZ enzyme does not metabo
lize IPTG. 

The component that responds to the 
inducer is the repressor protein encoded by lac!. 
Its target, the lacZ Y A structural genes, is tran
scribed into a single mRNA from the promoter 
just upstream of lacZ. The state of the repressor 



determines whether this promoter is turned 
off or on. 

• FIGURE 26.8 shows that in the absence 
of an inducer the genes are not tran
scribed, because repressor protein is 
in an active form that is bound to the 
operator. 

• FIGURE 26 .9 shows that when an 
inducer is added, repressor is con
verted into either a form with lower 
affinity for the operator or a lower 
affinity form that leaves the operator. 
Transcription then starts at the pro
moter and proceeds through the genes 
to a terminator located beyond the 3 '  
end of lacA. 

The crucial features of the control circuit 
reside in the dual properties of the repressor: 
It can prevent transcription, and it can recog
nize the small-molecule inducer. The repressor 
has two types of binding site: one type for the 
operator DNA and one type for the inducer. 
When the inducer binds at its site, it changes 
the structure of the protein in such a way as to 
influence the activity of the operator-binding 
site. The ability of one site in the protein to con
trol the activity of another is called allosteric 

control. 

Induction accomplishes a coordinate reg
ulation: All the genes are expressed (or not 
expressed) in unison. The mRNA is translated 
sequentially from its 5 '  end, which explains 
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FIGURE 26.8 lac repressor maintains the lac operon 
in the inactive condition by binding to the opera
tor. The shape of the repressor is represented as a 
series of connected domains as revealed by its crystal 
structure. 
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FIGURE 26.9 Addition of inducer converts repressor to 
a form with low affinity for the operator. This allows RNA 
polymerase to initiate transcription. 

why induction always causes the appearance 
of 13-galactosidase, 13-galactoside permease, 
and 13-galactoside transacetylase, in that order. 
Translation of a common mRNA explains why 
the relative amounts of tl1e three enzymes 
always remain the same under varying condi
tions of induction. Usually, the most important 
enzyme is first in the operon. 

The constitution of the lac operon has sev
eral potential paradoxes. First, the lac operon 
contains the structural gene (lacZ) coding for 
the 13-galactosidase activity needed to metabo
Hze the sugar; it also includes the gene (lacY) 
that codes for the protein needed to transport 
the substrate into the cell. If the operon is in a 
Jepressed state, how does the inducer enteJ the 
cell to start the process of induction? The sec
ond paradox is that 13-galactosidase (encoded by 
lacZ) is required to make the inducer allolactose 
to induce the synthesis of 13-galactosidase. How 
is allolactose synthesized to allow induction of 
the gene? (An operon with a mutant lacZ gene 
cannot be induced.) 

Two featuJes ensure induction of the Lac 
operon. First, the operon has a basal level of 
expression, ensuring that a minimal amount 
of LacZ and LacY proteins are present in the 
cell-enough to start the process. Even when 
the lac operon is not induced, it is expressed 
at a residual level (0. 1 %  of the induced level). 
In addition, some inducer enters the cell via 
another uptake system. The basal level of 
13-galactosidase then converts some lactose 
to allolactose, leading to induction of the Lac 
operon. 
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fDI cis-Acting Constitutive 
Mutations Identify 
the Operator 

Key concepts 

• Mutations in the operator cause constitutive 
expression of all three lac structural genes. 

• These mutations are cis-acting and affect only 
those genes on the contiguous stretch of DNA. 

• Mutations in the promoter prevent expression of 
lacZI'A and are uninducible and cis-acting. 

Mutations in the regulatory circuit may either 
abolish expression of the operon or cause 
constitutive expression. Mutants that cannot 
be expressed at all are called uninducible. 

Mutants that are continuously expressed are 
called coustitutive mutants. 

Components of the regulatory circuit of 
the operon can be identified by mutations that 
( l )  affect the expression of all the regulated 
structural genes, and (2) map outside them. 
They fall into two classes, cis-acting and trans
acting. The promoter and the operator are iden
tified as targets for the regulatory proteins (RNA 
polymerase and repressor, respectively) by cis
acting mutations. The locus lac! is identified to 
code for the repressor protein by mutations that 
eliminate the traus-acting product. 

The operator was originally identified by 
constitutive mutations, denoted oc, whose dis
tinctive properties provided the first evidence 
of an element that functions without being 
represented in a diffusible product. The struc
tural genes contiguous with an oc mutation are 
expressed constitutively because the mutation 
changes the operator so that the repressor no 
longer binds to it. Thus, the repressor cannot 
prevent RNA polymerase from initiating tran
scription. The operon is transcribed constitu
tively, as illustrated in FIGURE 26.10. 

The operator can control only the lac genes 
that are adjacent to it. If a second lac operon is 
introduced into the bacterium on an indepen
dent molecule of DNA, it has its own operator. 
Neither operator is influenced by the other. 
Thus, if one operon has a wild-type operator it 
will be repressed under the usual conditions, 
whereas a second operon with an oc mutation 
will be expressed in its characteristic fashion. 

Promoter mutations are also cis-acting. If 
they prevent RNA polymerase from binding at 
P1w the structural genes are never transcribed. 
These mutations are described as being unin
ducible. Like oc mutations, mutations in the 
promoter only affect contiguous structural 
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FIGURE 26.10 Operator mutations are constitutive 
because the operator is unable to bind repressor protein; 
this allows RNA polymerase to have unrestrained access 
to the promoter. The oc mutations are cis-acting, because 
they affect only the contiguous set of structural genes. 

genes and cannot be substituted with another 
promoter that is  present on an independent 
molecule of DNA. 

These properties define the operator as a 
typical cis-acting site, whose function depends 
upon recognition of its DNA sequence by some 
trans-acting factor. The operator controls the 
adjacent genes irrespective of the presence in 
the cell of other alleles of the site. A mutation 
in such a site-for example, the ocmutation-is 
formally described as cis-dominant. 

Ill trans-Acting Mutations 
Identify the Regulator 
Gene 

Key concepts 

• Mutations in the lacJ gene are trans-acting and affect 
expression of all lacZI'A clusters in the bacterium. 

• Mutations that eliminate lacifunction cause 
constitutive expression and are recessive (iaci-). 

• Mutations in the DNA-binding site of the repressor 
are constitutive because the repressor cannot bind 
the operator. 

• Mutations in the inducer-binding site of the 
repressor prevent it from being inactivated and 
cause uninducibility. 

• When mutant and wild-type subunits are present, 
a single lacJ-d mutant subunit can inactivate a 
tetramer whose other subunits are wild type. 

• Lacrd mutations occur in the DNA-binding site. 
Their effect is explained by the fact that repressor 
activity requires all DNA-binding sites in the 
tetra mer to be active. 



Two types of constitutive mutations can be distin
guished genetically. ocmutants are cis-dominant, 
whereas lacl-mutants are recessive. This means 
that the introduction of a normal /acJ+ gene can 
restore control, even in the presence of a defec
tive lacl- gene. The lac repressor protein is dif
fusible; thus, the normal lacl gene can be placed 
on an independent molecule of DNA. Other lacl 
mutations can cause the operon to be uninduc
ible (unable to be turned on, denoted lac!'), simi
lar to mutations in the promoter. 

Constitutive transcription is caused by 
mutations of the lac!- type, which are caused 
by loss of DNA-binding function (including dele
tions of the gene) . When the repressor is inactive 
or absent, transcription of the lac operon can 
initiate at the lac operon promoter. FIGURE 26.11 

shows that the lacl-mutants express the struc
tural genes all the time (constitutively), irrespec
tive of whether the inducer is present or absent, 
because the repressor is inactive. One impor
tant subset of lacl- mutations (called lacl-d) is 
localized in the DNA-binding site of the repres
sor. The !aci-d mutations abolish the ability to 
turn off the gene by damaging the site that the 
repressor uses to contact the operator. They are 
dominant mutations because a mixed tetramer 
with both nonnal and mutant repressor subunits 
cannot bind the operator (described shortly) .  

Uninducible mutants are caused by muta
tions that abolish the ability of repressor to 
bind or to respond to the inducer. They are 
described as lac!'. The repressor is "locked in" 
to the active form that recognizes the operator 
and prevents transcription. These mutations 
identify the inducer-binding site and other 
positions involved in allosteric control of the 
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FIGURE 26.11 Mutations that inactivate the loci gene 
cause the operon to be constitutively expressed, because 
the mutant repressor protein cannot bind to the operator. 

DNA-binding site. The mutant repressor binds 
to all lac operators in the cell to prevent their 
transcription and cannot be removed from the 
operator, even if wild-type protein is present. 

An important feature of the repressor pro
tein is that it is multimeric. Repressor subunits 
associate at random in the cell to form the active 
tetra mer. When two different alleles of the lac! 
gene are present, the subunits made by each 
can associate to form a heterotetramer, whose 
properties differ from those of either homo
tetramer. This type of interaction between 
subunits is a characteristic feature of multi
meric proteins and is described as interallelic 

complementation. 

Most lac!-mutations inactivate the repres
sor. Thus, these genes are recessive when co ex
pressed with the wild-type repressor and the lac 
operon is normally regulated. Combinations 
of certain repressor mutants, however, display 
a form of interallelic complementation called 
negative complementation. As mentioned 
earlier, !aci-d mutations are dominant when 
paired with a wild-type allele. Such mutations 
are called dominant negative (illustrated in 
FIGURE 26.12 ) . The reason for their behavior 
is that one mutant subunit in a tetramer can 
antagonize the function of the wild-type sub
units, as discussed in the next section. The !aci-d 
mutation alone results in the production of a 
repressor that cannot bind the operator, and it 
is therefore constitutive like other lac!-alleles. 

/aci-d mutant synthesis 
repressor with 
defective DNA-binding site 

Wild-type lac/ gene 
synthesizes normal repressor 

One 'bad" subunit poisons the 
tetramer; cannot bind DNA 
normally so operon is expressed 

" ' £ < .., "' � " "' .. < ' "' � ' � � � 
. . -
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FIGURE 26.12 A /acJ-d mutant gene makes a mono
mer that has a damaged DNA binding (shown by the red 
circle). When it is present in the same cell as a wild-type 
gene, multimeric repressors are assembled at random 
from both types of subunits. It only requires one of the 
subunits of the multi mer to be of the /aci-d type to block 
repressor function. This explains the dominant negative 
behavior of the /aci-d mutation. 
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Ill lac Repressor Is a 
Tetramer Made of 
Two Dimers 

Key co nee pts 

• A single repressor subunit can be divided into the 
N-terminal DNA-binding domain, a hinge, and 
the core of the protein. 

• The DNA-binding domain contains two short 
a-helical regions that bind the major groove 
of DNA. 

• The inducer-binding site and the regions respon
sible for multimerization are located in the core. 

• Monomers form a dimer by making contacts 
between core subdomains 1 and 2. 

• Di mers form a tetra mer by interactions between 
the tetramerization helices. 

• Different types of mutations occur in different 
domains of the repressor protein. 

The repressor protein has several domains, as 
shown in the crystal structure illustrated in 
FIGURE 26. 13. A major feature is that the DNA
binding domain is separate hom the rest of the 
protein. 

The DNA -binding domain occupies residues 
1-59. It contains two a-helices separated by a turn. 
This is a common DNA-binding motif known as 
the HTH (helix-turn-helix); the two a-helices 
fit into the major groove of DNA, where they 
make contacts with spedfic bases (see the Phage 
Strategies chapter). This region is connected by a 
hinge sequence to the main body of the protein. 
In the DNA-bindingform ofrepressor, the hinge 

turn 

Hinge --

a-helix 

FIGURE 26.1 3  The structure of a monomer of lac repres
sor identifies several independent domains. Structure 
from Protein Data Bank 1LBG M. Lewis, et al., Science 
271 {1996): 1247-1254. Photo courtesy of Hongli Zhan 
and Kathleen S. Matthews, Rice University. 
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fom1S a small a-helix (as shown in Figure 26.13 ); 
but when the repressor is not bound to DNA, 
this region is disordered. The HTH and hinge are 
sometimes referred to as the headpiece. 

The remainder of the protein is called the 
"core." The bulk of the core consists of two 
interconnected regions with similar structures 
(core subdomains 1 and 2} .  Each has a six
stranded parallel �-sheet sandwiched between 
two a-helices on either side. The inducer 
binds in a cleft between the two regions. Two 
monomer core domains can associate to form 
a dimeric version of Lacl. Dimeric Lacl tightly 
binds operator DNA because it recognizes both 
halves of the operator sequence, which is an 
inverted repeat (described shortly). 

The C-terminus of the monomer contains 
an a-helix with two leucine heptad repeats. This 
is the tetramerization domain. The tetramer
ization helices of four monomers associate to 
maintain the tetrameric structure. FIGURE 26.14 
shows the stTucture ofthe tetrameric core (using 
a different modeling system than Figure 26.13).  
It consists, in effect, of two dimers. The body of 
the dimer contains an interface between the 
subdomains ofthe two core monomers and two 
clefts in which two inducers bind (top). The 
C-terrninal regions of each monomer protrude 
as helices. (The headpiece would join with the 
N-terminal regions at the top.) Toged1er, two 
dimers form a tetramer (center) that is held 
together by a C-terminal bundle of four helices. 

FIGURE 26. 15 shows a schematic for how the 
monomers are organized into the tetramer. Two 
monomers form a dimer by means of contacts at 
core subdomains 1 and 2; other contacts occtu 
between their respective tetramerization heli
ces. The dimer has two DNA-binding domains at 
one end of the structure and the tetrame1ization 
helices at the other end. Two dimers then form 
a tetramer by interactions at the tetrameriza
tion interface. Each tetra mer l1as four inducer
binding sites and two DNA-binding sites. 

Mutations in the lac repressor identified 
the existence of different domains even 
before the structure was known. We can now 
explain the nature of the mutations more fully 
by reference to the structure, as shown in 
FIGURE 26. 16. Recessive mutations of the lac!
type can occur anywhere in the bulk of the 
protein. Basically, any mutation that inactivates 
the protein wilJ have this phenotype. The more 
detailed mapping of mutations onto the crys
tal structure in Figure 26.14 identifies specific 
impairments for some of these mutations-for 
example, those that affect oligomerization. 



Interactions in the dimer 

Two dimers make a tetramer 

Mutations identify functional sites 

FIGURE 26.14 The crystal structure ofthe core region of lac 
repressor identifies the interactions between monomers in 
the tetramer. Each monomer is identified by a different color. 
Mutations are colored as follows: dimer interface = yellow; 
inducer-binding = blue; oligomerization = white and purple. 
The protein orientation in the middle panel is rotated -go• 
along the z-axis relative to the top panel. Photos courtesy of 
Benjamin Wieder and Ponzy Lu, University of Pennsylvania. 

The special class of dominant negative lacJ-d 
mutations lies in the DNA-binding site of the 
repressor subunit (see the section trans-Acting 
Mutations Identify the Regulator Ge11e earlier in this 
cl1apter). This explains their ability to prevent 
mixed tetramers from binding to the operator; 
reducing the number of binding sites reduces 
the specific affinity for the operator. The role 
of the N -terminal region in specifically binding 
DNA is also shown by the occurrence of "tight 
binding" mutations in this region. These rare 
mutations increase the affinity of the repres
sor for the operator, sometimes so much that 
it cannot be released by inducer. 

Core 
subdomains 

Tetramerization 
domains 

Core 

FIGURE 26.15 The repressor tetramer consists of two 
dimers. Dimers are held together by contacts involving 
core su bdomains 1 and 2 as well as by the tetrameriza
tion helix. The dimers are linked into the tetra mer by the 
tetramerization interface. 

N-terminus Sites of mutations 

/aci-d 

(dominant negative; 
cannot bind to DNA) 

lac!• 
(dominant; 
either cannot 
bind or cannot 
respond to 
inducer) 

lac/ · 
(recessive; 
cannot repress) 

-.....;;;;:::;::f=::::;:::::::. c -terminus 

FIGURE 26.16 The locations of three types of mutations 
in lactose repressor are mapped on the domain struc
ture of the protein. Recessive loci- mutants that can
not repress can map anywhere in  the protein. Dominant 
negative /aci-d mutants that cannot repress map to the 
DNA-binding domain. Dominant loci' mutants that can
not induce because they do not bind inducer or cannot 
undergo the allosteric change map to core subdomai n 1. 

Uni nducible lac! s mutations map largely in a 
region of the core subdomain 1, extending from 
the inducer-binding site to the hinge. One group 
lies in amino acids that contact the inducer, and 
these mutations prevent binding of inducer. The 
remaining mutations lie at sites that must be 
involved in transmitting the allosteric change in 
conformation to the hinge when inducer binds. 
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Ill lac Repressor Binding to 
the Operator Is Regulated 
by an Allosteric Change 
in Conformation 

Key concepts 
• lac repressor protein binds to the double-stranded 

DNA sequence of the operator. 
• The operator is a palindromic sequence of 26 bp. 

• Each inverted repeat of the operator binds to the 
DNA-binding site of one repressor subunit. 

• Inducer binding causes a change in repressor 
conformation that reduces its affinity for DNA and 
releases it from the operator. 

How does the repressor recognize the specific 

sequence of operator DNA? The operator has a 
feature common to many recognition sites for 

regulator proteins: It is a type of palindrome 

known as an inverted repeat. The inverted repeats 

are highlighted in FIGURE 26.17 . Each repeat can 

be regarded as a half-site of the operator. The 

synunetry of the operator matches the symmetry 
of the repressor protein dimer. Each DNA-bind· 

ing domain of the identical subunits in a repressor 

can bind one half-site of the operator; two DNA· 
binding domains of a dimer are required to bind 

the full-length operator. FIGURE 26.18 shows that 

the two DNA-binding domains in a dimeric unit 

contact DNA by inserting into successive turns 

of the major groove. This enormously increases 

affinity for the operator. Note that the lac opera· 
tor is not a perfectly symmetrical sequence; 

it contains a single central base pair, and the 

sequence of the left side binds to the repressor 

more strongly than the sequence of the right 

side. An artificial, perfectly palindromic operator 
sequence binds to the lac repressor protein I OX 
more tightly than the natural sequence! 

The importance of particular bases within 

the operator sequence can be determined by 
identifying those that contact the repressor 

protein or in which mutations change the 
binding of repressor. The lac repressor dimer 

mRNA 
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Axis of symmetry 

FIGU.RE 26.17 The lac operator has a symmetrical sequence. The sequence is numbered 
relative to the start point for transcription at+ 1. The pink arrows to the left and to the 
right identify the two dyad repeats. The green blocks indicate the positions of identity. 
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Headpieces bind successive turns in major groove 

Oore 

Inducer binding changes conformation 

FIGURE 26.18 The inducer changes the structure of 
the core so that the headpieces of a repressor dimer are 
no longer in an orientation with high affinity for the 
operator. 

contacts the operator in such a way that each 
inverted repeat of the operator makes the same 
pattern of contacts with a repressor monomer. 
This is shown by symmetry in the contacts that 
repressor makes with the operator (the pattern 
between + I  and +6 is identical to that between 
+21  and + 16 )  and by matching constitutive 
mutations in each inverted repeat, as shown 
in FIGURE 26.19 . The region of DNA cmlt"acted 

by protein extends for 26 bp, and within 
this region are 8 sites at which constitutive 
mutations occur. This emphasizes the same 
point made by promoter mutations: A small 
number of essmtial specific contacts within a larger 
region can be responsible for sequmce-specific asso· 
ciation of a protei11 bindi11g to DNA. 

Figure 26.18 shows another key element of 

repressor-operator binding: the insertion of the 
hinge helix into the minor groove of operator 
DNA, which bends the DNA by -45°. This bend 
orients the major groove for HTH binding. DNA 

bending is commonly seen when a sequence 

is bound to a regulatory protein, illustrating 
the principle that the structure of DNA is more 
complicated than the canonical double helix. 

The interaction between the lac repressor 
protein and the operator DNA is altered when 

the repressor is induced as shown in FIGURE 26.20. 
Binding of inducer (e.g., allolactose or IPTG) 

causes an immediate conformational change 



in the repressor protein. The change probably 
disrupts the hinge helices, changing the orienta
tion of the headpieces relative to the core, with 
the result that repressor's affinity for DNA is low
ered dramatically. Although the repressor has 
weak affinity for operator DNA, other sequences 
of genomic DNA can bind to the repressor with 
similar affinity. Thus, the operator and other 
DNA are in competition for the repressor pro
tein. A cell contains much more genomic DNA 
than the single copy of the operator sequence; as 
a result, the genomic DNA "wins" the repressor 
protein, and the operator is vacant. 

Some structural and molecular details 
of the induction process remain the subject of 
active research. The number of inducers that 
must be bound to a dimer (within the tetramer) 
in order to cause induction is under debate. The 
nature of the conformational change caused in 
lac repressor by binding to inducer is also not 
completely known, because no high-resolution 
structure has been obtained for the repressor
operator-inducer complex. In the absence of 
DNA, inducer binding causes a change in the 
orientation of the core subdomains that are 
closest to the hinge helices. A similar change 
might occur when inducer binds to the repres
sor-operator complex. Such a change could 
disrupt the relative orientations of the hinge 
helices, lowering affinity for DNA. Low
resolution structural information of the low
affinity repressor-opera tor-inducer complex 
shows that conformational changes in induced 
lac repressor are probably not very large . 

B1J lac Repressor Binds to 
Three Operators and 
Interacts with RNA 
Polymerase 

Key concepts 

• Each dimer in a repressor tetra mer can bind an 
operator, so that the tetra mer can bind two 
operators simultaneously_ 

• Full repression requires the repressor to bind to an 
additional operator downstream or upstream as well 
as to the primary operator at the lacZ promoter_ 

• Binding of repressor at the operator stimu-
lates binding of RNA polymerase at the promoter 
but precludes transcription_ 

The repressor dimer is sufficient to bind the 
entire operator sequence. Why, then, is a tetra
mer required to establish full repression? 

Each dimer can bind an operator sequence. 
This enables the intact tetrameric repressor to 

A TGTT� C 
Constitutive mutations i ttt�l i 

Bases that contact repressor J.l_�__l.{! �J� - -
T G TI+GiTGi-i-GGIA.ATTGi�GIAIGG,GGATA A CAATT T C A CA CA 
A CAA CA CA c c T T AACA c T C GC..C TI:!!T fFSi'T:J..A.A A §:I Gl:.GTi 

�-f��!ected by b�J d �pr���tt t 

-10 -5 +1 +5 +10 +15 +20 +25 

mANA Axis of symmetry 

FIGURE 26.19 Bases that contact the repressor can be identified by chemical 
crosslinking or by experiments to see whether modifications prevent binding_ 
They identify positions on both strands of DNA extending from + 1 to +23-
Constitutive mutations occur at 8 positions in the operator between +5 and + 17. 

bind to two operator sites simultaneously. In fact, 
there are two additional operator sites in the ini
tial region of the lac operon. The original operator, 
0 I, is located just at the start of the lacZ gene. It 
has the strongest affinity for repressor. Weaker 
operator sequences are located on either side; 02 
is410 bp downstream of the start point in lacZ and 
03 is 88 bp upstream of lacO I, within the lacl gene. 

FIGURE 26.21 predicts what happens when a 
DNA -binding protein simultaneously binds to two 
separated sites on DNA. The DNA between the two 
sites forms a loop from a base where the protein 

Inducer binds to free 
repressor to a111'r 
equilibrium 
between 
repressor 
and operator 

Inducer binds 
directly to release 
repressor 
from 
operator 

FIGURE 26.20 Does the inducer bind to the free repres
sor to upset an equilibrium (left) or directly to repressor 
bound at the operator (right)? 
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FIGURE 26. 21 If both dimers in a repressor tetra mer bind to 
DNA, the DNA between the two binding sites is held in a loop. 

has bound the two sites. The length of the loop 
depends on the distance between the two binding 
sites. When lac repressor binds simultaneously to 

01 and to one of  the other operators, it causes the 
DNA between them to fom1 a rather short loop, 
significantly constraining the DNA strucnue. A 
scale model for binding of tetrameric repressor 
to two operators is shown in FIGURE 26.22. Low 

resolution, looped complexes have been directly 

visualized with single-molecule experiments. 
Binding at the additional operators affects 

the level of repression. Elimination of either 
the downstream operator (02) or the upstream 

operator (OJ) reduces the efficiency of repres
sion by 2X to 4X. If, however, both 02 and OJ 
are eliminated, repression is reduced more than 

SOX. This suggests tlzat tlze ability oftlze repressor to 
bind to one of the two other operators, as 'A'ell as to 
01, is importallt for establishing strong repression. 

FIGURE 26.22 When a repressor tetramer binds to two 
operators, the stretch of DNA between them is forced 
into a tight loop. (The blue structure in the center of the 
looped DNA represents CRP, which is another regulator 
protein that binds in this region.) Reproduced from M. 
Lewis et al., Sdence 271 {1996): 1247-1254 [http:/ jwww. 
sciencemag.org]. Reprinted with permission from AAAS. 
Photo courtesy of Ponzy Lu, University of Pennsylvania. 
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In vitro experiments with supercoiled plasmids 

containing multiple operators demonstrate sig
nificant stabilization of  the Laci-DNA complex. 
Nonetheless, these looped ONAs are released 
rapidly when lac repressor binds to IPTG. 

We have several lines of evidence as to how 
binding of repressor to the operator (0 1)  inhibits 
transcription initiation by polymerase. It was 

originally thought that repressor binding would 
occlude RNA polymerase from binding to the pro

moter. We now know that the two proteins may 
be bound to DNA simultaneously, and that the 
bi11ding of repressor actually e11ha11ces the bi11ding of 

RNA polymerase! The bound enzyme is prevented 
from initiating transcription, though. The repres
sor in effect causes RNA polymerase to be stored 
at the promoter. When inducer is added, repres
sor is released, and RNA polymerase can initiate 
transcription immediately. The overall effect of 
repressor is to speed up the induction process. 

Does this model apply to other systems? The 
interaction between RNA polymerase, repres

sor, and the promoter/operator region is distinct 

in each system, because the operator does not 
always overlap with the same region of the pro
moter (this can be seen later in Figure 26.24). For 
example, in phage lambda, the operator lies in 
the upstream region of d1e promoter, and binding 

oflambda repressor occludes the binding of RNA 
polymerase (see the Phage Strategies chapter). 
Thus, a botmd repressor does not interact with 

RNA polymerase in the same way in all systems. 

The Operator Competes 
with Low-Affinity Sites 
to Bind Repressor 

l<ey co nee pts 
• Proteins that have a high affinity for a spe

cific DNA sequence also have a low affinity for 
other DNA sequences. 

• Every base pair in the bacterial genome is the 
start of a low-affinity binding site for repressor. 

• The large number of low-affinity sites ensures that 
all repressor protein is bound t o  DNA. 

• Repressor binds to the operator by moving from a 
low-affinity site rather than by equilibrating from 
solution. 

• In the absence of inducer, the operator has an 
affinity for repressor that is 107 times that of a 
low-affinity site. 

• The level of 10 repressor tetramers per cell ensures 
that the operator is bound by repressor 96% of the 
time. 

• Induction reduces the affinity for the operator to 
104 times that of low-affinity sites, so that the 
operator is bound only 3% of the time. 



Probably all proteins that have a high affin
ity for a specific sequence also possess a low 
affinity for any random DNA sequence. A large 
number of low-affinity sites will compete just 
as well for a repressor as a small number of 
high-affinity sites. The E. coli genome contains 
only one lac operon, which contains the only 
high -affinity sites. The remainder of the DNA 
provides low-affinity binding sites. Every base 
pair in the genome starts a new low-affinity 
binding site. Simply moving one base pair from 
the operator creates a low-affinity site! That 
means that there are 4.2 X I 06 low-affinity sites 
in the E. coli genome. 

The large number of low-affinity sites 
means that even in the absence of a specific 
binding site, almost all of the repressor is bound 
to DNA, and very little remains free in solu
tion. Lad binding to nonspecific genomic sites 
has been visualized iH vivo by single-molecule 
experiments. Using the binding affinities, we 
can deduce that all but 0.01% of repressors are 
bound to ra11dom DNA. There are only about 
I O  molecules of repressor tetramer per wild
type cell; this says that there is no free repressor 
protein. Thus, the critical factor of the repres
sor-operator interaction is the partitioning of 
the repressor on DNA; the single high-affinity 
site of the operator must compete with a large 
number of low-affinity sites. 

The efficiency of repression therefore 
depends on the relative affinity of the repres
sor for its operator compared with other ran
dom DNA sequences. The affinity must be 
great enough to overcome the large number 
of random sites. We can see how this works 
by comparing the equilibrium constants for 
lac repressor-operator binding with repressor
general DNA binding. FIGURE 26.23 shows that 
the ratio is I 07 for an active repressor, enough 
to ensure that the operator is bound by repres
sor 96% of the time so that transcription is 
effectively-but not completely-repressed. 
(Remember that because allolactose is the 
inducer and not lactose, we always need a little 

DNA Repressor Repressor+ inducer 

Operator 2 x1013 2 X 1 010 

Other DNA 2 X 1 06 2 X 1 06 

Specificity 1 o7 1 04 

Operators bound 96% 3% 

Operon is: repressed induced 

FIGURE 26.23 lac repressor binds strongly and 
specifically to its operator, but it is released by inducer. 
All equilibrium constants are in M -1. 

�-galactosidase in the cell.) When inducer is 
added, the ratio is reduced to I 04. At this level, 
only 3% of the operators are bound and the 
operon is effectively induced. 

The consequence of these affinities is that 
in an uninduced cell, one tetramer of repressor 
usually is bound to the operator. All, or almost 
all, of the remaining tetramers are bound at 
random to other regions of DNA, as illustrated 
in FIGURE 26.24. There are likely to be very few 
or no repressor tetramers free within the cell. 

The addition of inducer abolishes the ability 
of repressor to bind specifically at the opera
tor. Those repressors bound at the operator 
are released and bind to random (low-affinity) 
sites. Thus, in an induced cell, the repressor 
tetramers are "stored" on random DNA sites. 
In a noninduced cell a tetramer is bound at 
the operator, whereas the remaining repres
sor molecules are bound to nonspecific sites. 
The effect of induction is therefore to change 
the distribution of repressor on DNA, rather 
than to generate free repressor. In the same way 
that RNA polymerase probably moves between 
promoters and other DNA by swapping one 
sequence for another, the repressor also may 
directly displace one bound DNA sequence with 

MAINTAINING REPRESSION 

Repressor is bound 
at operator 

Inducer • 

INDUCTION 

Excess repressor bound 
elsewhere on DNA 

Repressor is released from operator, 
and all repressors are bound at 
random sites on DNA 

Remove inducer ____________ ..,. 

ESTABLISHING REPRESSION 

Repressor returns to active 
form and moves from random 
site to operator by sliding 
or by direct displacement 

FIGURE 26.24 Virtually all the repressor in the cell is bound to DNA. 
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another in order to move between sites. We can 
define the parameters that influence the abil
ity of a regulator protein to saturate its target 
site by comparing the equilibrium equations for 
specific and nonspecific binding. As might be 
expected, the important parameters are: 

• The size oft he genome dilutes the ability 
of a protein to bind specific target sites 
(recall how large eukaryote genomes 
are). 

• The specificity of a protein counters the 
effect of the mass of the DNA. 

• The amount of the protein that is 
required increases with the total amount 
of DNA in the genome and decreases 
the specificity of DNA binding. 

• The amount of the protein also must be 
in reasonable excess of the total number 
of specific target sites, so we expect reg
ulators with many targets to be found in 
greater quantities than regulators with 
fewer targets. 

The Lac Operon Has a 
Second Layer of Control: 
Catabo lite Repression 

Key concepts 

• CRP is an activator protein that binds to a target 
sequence at a promoter. 

• A dimer of CRP is activated by a single molecule 
of cAMP. 

• cAMP is controlled by the level of glucose in the 
cell; a low glucose level allows cAMP to be made. 

• CRP interacts with the C-terminal domain of the 
a. subunit of RNA polymerase to activate it. 

The E. coli lac operon is negative inducible. 
Transcription is  turned on by the presence 
of lactose by removing the lac repressor. This 
operon, however, is also under a second layer 
of control and cannot be turned on by lactose if 
the bacterium has a sufficient supply of glucose. 
The rationale for this is that glucose is a better 
energy source than lactose, so there is no need 
to turn on the operon if there is glucose avail
able. This system is part of a global network 
called catabolite repression that affects about 
20 operons in E. coli. Catabolite repression is 
exerted through a second messenger called 
cyclic AMP (cAMP) and the positive regu
lator protein called the catabolite repressor 

protein (CRP) (CRP can also stand for cAMP 
receptor protein and is also called catabolite activa
tor protein, or CAP). The lac operon is therefore 
under dual control. 
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Repressed 

/\/\/\. 

Inactive 
activator 

• 
Inducer 
(cAMP) 

Induced 

RNA polymerase 

Active 
activator 
(CAP) 

FIGURE 26.25 A small-molecule inducer, cAMP, converts 
an activator protein CRP to a form that binds the promoter 
and assists RNA polymerase in initiating transcription. 

Thus far we have dealt with the promoter as 
a DNA sequence that is competent to bind RNA 
polymerase, which then initiates transcription. 
Some promoters, though, do not allow RNA 
polymerase to initiate transcription without 
assistance from an ancillary protein. Such pro
teins are positive regulators, because their pres
ence is necessary to switch on the transcription 
unit. Typically, the activator overcomes a defi
ciency in the promoter-for example, a poor 
consensus sequence at - 3 5 or - I  0 or both. 

One of the most widely acting activators is 
CRP. This protein is a positive regulator whose 
presence is necessary to initiate transcription 
at dependent promoters. CRP is  active only 
when bound to cAMP, which behaves as a classic 
small-molecule inducer for positive control (see 
FIGURE 26.25) . 

cAMP is synthesized by the enzyme adenyl
ate cyclase. The reaction uses ATP as substrate 
and introduces an internal 3 '-5' link via a phos
phodiester bond, which generates the struc
ture drawn in FIGURE 26.26. Adenylate cyclase 

5' 
Adenine 

OH 

FIGURE 26.26 Cyclic AMP has a single phosphate group 
connected to both the 3 '  and 5 '  positions ofthe sugar ring. 



Glucose 

� 
Reduced cAMP 

� 
Active CRP Inactive CRP 

No transcription 

FIGURE 26.27 By reducing the level of cyclic AMP, glu
cose inhibits the transcription of operons that require 
CRP activity. 

activity is repressed by high glucose, as shown in 
FIGURE 26.27 . Thus, the level of cAMP is inversely 
related to the level of glucose. Only with low 
levels of glucose is the enzyme active and able 
to synthesize cAMP. In turn, cAMP binding is 
required for CRP to bind DNA and activate tran
scription. Thus, transcription activation by CRP 
only occurs when cellular glucose levels are low. 

CRP is a dimer of two identical subunits of 
22.5 kD, which can be allosterically activated 
by a single molecule of cAMP. A CRP monomer 
contains a DNA-binding region and a transcrip
tion -activating region. cAMP binding alters the 
structure of CRP to change the DNA-binding 
domain from one that binds all DNA weakly to 
strong, sequence-specific DNA binding. A CRP 
dimer binds to a site of -22 bp at a respon
sive promoter. The binding sites include varia
tions of the 5 -bp consensus sequence shown in 
FIGURE 26.28. Mutations preventing CRP action 
usually are located within the well conserved 
pentamer, which appears to be the essential ele
ment in recognition. CRP binds most strongly to 
sites that contain two (inverted) versions of the 
pentamer, because this enables both subunits 
of the dimer to bind to the DNA. 

Highly conserved 
pentamer 

Transcription 

Less conserved 
pentamer 

FIGURE 26.28 The consensus sequence for CRP contains 
the well conserved pentamer TGTGA and (sometimes) an 
inversion of this sequence (TCANA). 

130° 
downstream 

FIGURE 26.29 CRP bends DNA >90• around the center 
of symmetry. Class I CAP-RNAP-promotercomplex electron 
microscopy (EM) reconstruction and fitted model: inferred 
path of DNA. Reproduced from H. P. Hudson, et al., Proc. 
Natl. Acad. Sci. USA 47 {2009): 19830-19835. 

CRP introduces a large bend when it binds 
DNA. In the lac promoter, this point lies at the 
center of dyad symmetry. The bend is quite 
severe, >90°, as illustrated in FIGURE 26.29 . 
There is, therefore, a dramatic change in the 
organization of the DNA double helix when 
CRP protein binds. The mechanism of bending 
is to introduce a sharp kink within the TGTGA 
consensus sequence. When there are inverted 
repeats of the consensus, the two kinks in each 
copy present in a palindrome cause the overall 
90° bend. It is possible that the bend has some 
direct effect upon transcription, but it could be 
the case that it is needed simply to allow CRP 
to contact RNA polymerase at the promoter. 

The action of CRP has the curious feature 
that its binding sites lie at different locations 
relative to the start point in the various operons 
that it regulates. The TGTGA pentamer may 
lie in either orientation. The three examples 
shown in FIGURE 26.30 encompass the range of 
locations: 

• The CRP-binding site is adjacent to the 
promoter, as in the lac operon, in which 
the region of DNA protected by CRP is 
centered on -61 .  It is possible that two 
dimers of CRP are bound. The binding 

gal 

lac 

Start point 

-Promoter+ 

�CAP-binding locations-. 

FIGURE 26.30 The CRP protein can bind at different sites 
relative to RNA polymerase. 
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pattern is consistent with the presence 
of CRP largely on one face of DNA, 
which is the same face that is bound by 
RNA polymerase. This location would 
place the two proteins just about in 
reach of each other. 

• Sometimes the CRP-binding site lies 
within the promoter, as in the gal locus, 
where the CRP-binding site is centered 
on -41. It is likely that only a single 
CRP dimer is bound, probably in quite 
intimate contact with RNA polymerase, 
because the CRP-binding site extends 
well into the region generally protected 
by the RNA polymerase. 

• In other operons, the CRP-binding site 
lies well upstream of the promoter. In 
the ara region, the binding site for a 
single CRP is the farthest from the start 
point, centered at -92. 

Dependence on CRP is related to the 
intrinsic efficiency of the promoter. No CRP
dependent promoter has a good - 35 sequence, 
and some also lack good - 10 sequences. In fact, 
we might argue that effective control by CRP 
would be difficult if the promoter had effective 
- 3  5 and - 10 regions that interacted indepen
dently with RNA polymerase. 

There are in principle two ways in which 
CRP might activate transcription: It could inter
act directly with RNA polymerase, or it could 
act upon DNA to change its structure in some 
way that assists RNA polymerase to bind. In 
fact, CRP has effects upon both RNA poly
merase and DNA. 

Binding sites for CRP at most promoters 
resemble either lac (centered at -61)  or gal (cen
tered at -41 bp). The basic difference between 
them is that in the first type (called class I) the 
CRP-binding site is entirely upstream of the 
promoter, whereas in the second type (called 
class II) the CRP-binding site overlaps the bind
ing site for RNA polymerase . {The interactions 
at the ara promoter may be different.) 

In both types of promoter, the CRP bind
ing site is centered an integral number of turns 
of the double helix from the start point. This 
suggests that CRP is bound to the same face 
of DNA as RNA polymerase. The nature of 
the interaction between CRP and RNA poly
merase is, however, different at the two types 
of promoter. 

When the a subunit of RNA polymerase 
has a deletion in the C-terminal end, transcrip
tion appears normal except for the loss of ability 
to be activated by CRP. CRP has an "activating 
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region" that is required for activating both types 
of its promoters. This activating region, which 
consists of an exposed loop of� 10 amino acids, 
is a small patch that interacts directly with only 
one of the two a subunits of RNA polymerase to 
stimulate the enzyme. At class I promoters, this 
interaction is sufficient. At class II promoters, 
a different set of interactions occurs between 
CRP and the RNA polymerase. 

Experiments using CRP dimers in which 
only one of the subunits has a functional 
transcription-activating region show that, when 
CRP is bound at the lac promoter, only the acti
vating region of the subunit nearer the start 
point is required, presumably because it touches 
RNA polymerase. This offers an explanation for 
the lack of dependence on the orientation of 
the binding site: The dimeric structure of CRP 
ensures that one of the subunits is available to 
contact RNA polymerase, no matter which sub
unit binds to DNA and in which orientation. 

The effect upon RNA polymerase binding 
depends on the relative locations of the two 
proteins. At class I promoters, where CRP binds 
adjacent to the promoter, it increases the rate 
of initial binding to form a closed complex. At 
class II promoters, where CRP binds within the 
promoter, it increases the rate oftransition from 
the closed to open complex. 

The trp Operon Is a 
Repressible Operon with 
Three Transcription Units 

Key concepts 
• The trp operon is negatively controlled by the level 

of its product, the amino acid tryptophan_ 

• The amino acid tryptophan activates an inactive 
repressor encoded by trpR. 

• A repressor (or activator) will act on all loci that 
have a copy of its target operator sequence. 

The lac repressor acts only on the operator of 
the lacZYA cluster. Some repressors, however, 
control dispersed structural genes by binding at 
more than one operator. An example is the trp 
repressor (a small 25 -kD homodimeric protein), 
which controls three unlinked sets of genes: 

• An operator at the cluster of structural 
genes trpEDCBA controls coordinate 
synthesis of the enzymes that synthe
size tryptophan. This is an example of a 
repressible operon, one that is controlled 
by the product of the operon: trypto
phan (described later). 



• The trpR regulator gene is repressed by 
its own product, the trp repressor. Thus, 
the repressor protein acts to reduce its 
own synthesis: It is autoregulated. 

(Remember, the lac! regulator gene is 
unregulated.) Such circuits are quite 
common in regulatory genes and may 
be either negative or positive (see 
the TraHslation and Phage Strategies 
chapters). 

• An operator at a third locus controls 
the aroH gene, which codes for one of 
the three isoenzymes that catalyzes the 
initial reaction in the common pathway 
of aromatic amino acid biosynthesis 
leading to the synthesis of tryptophan, 
phenylalanine, and tyrosine. 

A related 2 1 -bp operator sequence is pres
ent at each of the three loci at which the trp 
repressor acts. The conservation of sequence 
is indicated in FIGURE 26.31. Each operator 
contains appreciable (but not identical) dyad 
symmetry. The features conserved at all three 
operators include the important points of con
tact for trp repressor. This explains how one 
repressor protein acts on several loci: Each locus 
has a copy of a specific DNA-binding sequence 
recognized by the repressor (just as each pro
moter shares consensus sequences with other 
promoters) .  

FIGURE 26.3 2 summarizes the variety of rei a
tionships between operators and promoters. A 
notable feature of the dispersed operators rec
ognized by TrpR is their presence at different 
locations within the promoter in each locus. In 
trpR the operator lies between positions - 12 
and +9, whereas in the trp operon it occupies 
positions -23 to -3. In another gene system, 
the aroH locus, it lies farther upstream, between 
-49 and -29. In other cases, the operator can 
lie either downstream from the promoter (as in 
lac), or just upstream of the promoter (as in gal, 

trp 

Ill' Operator region __ _. 

TCGAACTAGTTAACTAGTAC 

gal 

aroH 

trp 

trpR 

lac 

Ill' Operator locations-....J� 

FIGURE 26.3 2 Operators may lie at various positions 
relative to the promoter. 

for which the nature of the repressive effect is 
not quite clear). The ability of the repressors to 
act at operators whose positions are different 
in each target promoter suggests possible dif
ferences in the exact mode of repression: The 
common feature is prevention of RNA poly
merase initiating transcription at the promoter. 

The trp operon itself is under negative 
repressible control. This means that the trpR 
gene product, the trp repressor, is made as an 
inactive negative regulator. Repression means 
that the product of the trp operon, the amino 
acid tryptophan, is a coregulator for the trp 
repressor. When the level of the amino acid 
tryptophan builds up, two molecules bind to the 
dim eric trp repressor, changing its confonnation 
to the active DNA-binding conformation and 
its binding to the operator. This precludes RNA 
polymerase binding to the overlapping pro
moter. Up to three trp repressor dimers can bind 
to the operator, depending on the tryptophan 

trpR ���A�T�C�G�T�A�C�T�C£T�T�T�A�G�C�G�A�G�T�A�C���� -
mANA 

FIGURE 26.31 The trp repressor recognizes operators at three loci. Conserved bases are shown 
in red. The location of the start point and mRNA varies, as indicated by the black arrows. 
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concentration and the concentration ofrepres
sor. The central dimer binds the tightest. 

As we will see in the next section, the trp 
operon is also under dual control (like the lac 
operon described earlier), but the second level 
is quite different. 

The trp Operon Is 
Also Controlled by 
Attenuation 

Key concepts 

• An attenuator (intrinsic terminator) is located 
between the promoter and the first gene of the trp 
cluster. 

• The absence of Trp-tRNA suppresses termination 
and results in a 103 increase in transcription_ 

A complex regulatory system ofrepression and 
attenuation is used in the E. coli trp operon 
(where attenuation was originally discovered). 
As discussed in the previous section The trp 
Operou Is a Repressible Operou with Three Trall
scriptiou Units, the first level of control of gene 
expression is that the operon is negative repres
sible, which means that it is prevented from 
initiating transcription by its product, the free 
amino acid tryptophan. Attenuation is  the 

TRANSLATION + TERMINATION 

second level of control. There is a region in the 
5 '  leader of the mRNA called the attenuator 

that contains a small ORF. Attenuation in the 
E. coli trp operon means that transcriptioll termi
nation is co11trolled by the rate of trallslation of the 
attwuator ORF. This allows E. coli to also moni
tor the second pool of tryptophan, that ofTrp
tRNA. High levels ofTrp-tRNA will attenuate or 
terminate transcription, whereas low levels will 
allow the trpEDCBA operon to be transcribed. 
This is accomplished by changes in second
ary structure of the attenuator RNA that are 
determined by the position ofthe ribosome on 
mRNA. FIGURE 26.33 shows that termination 
requires that the ribosome translate the attenu
ator. When the ribosome translates the leader 
region, a termination hairpin forms at tenni
nator l .  When the ribosome is prevented from 
translating the leader, though, the termination 
hairpin does not form, and RNA polymerase 
transcribes the coding region. This mechanism of 
antitermiuatiou therefore depends upon the level of 
Trp-tRNA to illfluence the rate of ribosome movement 
iu the leader region. 

Attenuation was first revealed by the 
observation that deleting a sequence between 
the operator and the trpE coding region can 
increase the expression of the structural genes. 
This effect is independent of repression: Both 

Only leader is transcribed 

•-- Leader __ .,.. ..,.1--- Coding region ___ .,.. 
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Promoter Terminator 1 Terminator 2 

Termination hairpin 

NO TRANSLATION, NO TERMINATION Coding region is transcribed 

Promoter Terminator 1 

ribosome changes 
secondary structure of mANA 

Terminator 2 

FIGURE 26.33 Termination can be controlled via changes in RNA secondary 
structure that are determined by ribosome movement. 



the basal and derepressed levels of transcription 
are increased. Thus, this site influences events 
that occur after RNA polymerase has set out 
from the promoter (irrespective of the condi
tions prevailing at initiation). 

Termination at the attenuator responds to 
the level of Trp-tRNA, as illustrated in FIGURE 
26.34. In the presence of adequate amounts of 
Trp-tRNA, termination is efficient. With low 
levels ofTrp-tRNA, however, RNA polymerase 
can continue into the structural genes. 

Repression and attenuation respond in the 
same way to the levels of d1e two pools oftrypto
phan. When free amino acid tryptophan is pres
ent, the operon is repressed. When tryptophan 
is removed, RNA polymerase has free access 
to the promoter and can start transcribing the 
operon. When Trp-tRNA is present, the operon 
is attenuated and transcription terminates. 
When the pool of tryptophan bound to its tRNA 
is depleted, the RNA polymerase can continue 
to transcribe the operon. Note the pool of free 
tryptophan may be low and allow transcription 
to begin, but if the Trp-tRNA is fully charged, 
transcription will terminate. 

Attenuation has an - lOX effect on tran
scription. When tryptophan is present, termina
tion is effective, and the attenuator allows only 
- I  0% of the RNA polymerases to proceed. In 
the absence of tryptophan, attenuation allows 
virtually all of the polymerases to proceed. 
Together with the -70X increase in initiation 
of transcription that results from tl1e release of 
repression, this aJ1ows an -700-fold range of 
regulation of the operon. 

Attenuation Can Be 
ControLled by Translation 

Key co nee pts 

• The leader region of the trp operon has a 14-codon 
open reading frame that includes two codons for 
tryptophan. 

• The structure of RNA at the attenuator depends on 
whether this reading frame is translated. 

• In the presence of Trp-tRNA, the leader is trans
lated, and the attenuator is able to form the hair
pin that causes termination. 

• In the absence of Trp-tRNA, the ribosome stalls at 
the tryptophan codons and an alternative second
ary structure prevents formation of the hairpin, so 
that transcription continues. 

How can termination of transcription at the 
attenuator respond to the level of Trp-tRNA? 
The sequence of the leader region suggests a 
mechanism. It has a short coding sequence that 

TRANSCRIPTION OF LEADER REGION 

Pause Attenuator 

Polymerase pauses 

trpE 

TRYPTOPHAN ABSENT: TRANSCRIPTION CONTINUES INTO OPERON 

Translation initiates 

TRYPTOPHAN PRESENT. TRANSCRIPTION TERMINATES AT ATTENUATOA 

Polymerase terminates 

FIGURE 26.34 An attenuator controls the progression of RNA polymerase into the trp 
genes. RNA polymerase initiates at the promoter and then proceeds to position 90, 
where it pauses before proceeding to the attenuator at position 140. In the absence 
of tryptophan, the polymerase continues into the structural genes (trpE starts at 
+ 163). In the presence of tryptophan there is -90% probability of termination to 
release the 140-base leader RNA. 

could represent a leader peptide of 14 amino 
adds. FIGURE 26.35 shows that it contains a ribo
some-binding site whose AUG codon is followed 
by a short coding region that contains two suc
cessive codons for tryptophan. When the cell 
has a low level ofTrp-tRNA, ribosomes initiate 
translation of the leader peptide but stop when 
they reach the Trp codons. The sequence of the 
mRNA suggests that this ribosome stalling 

influences tennination at the attenuator. 
The leader sequence can be written in 

alternative base-paired structures. The ability 
of the ribosome to proceed through the leader 
region controls transitions between these 
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terminator 
Met Lys Ala lie Phe Val Leu Lys Gly Trp Trp Arg Thr Ser 

G-C-rich hairpin/ 
U-rich single strand 

FIGURE 26.35 The trp operon has a short sequence coding for a leader peptide 
that is located between the operator and the attenuator. 

structures. The structure determines whether 
the mRNA can provide the features needed for 
termination. 

FIGURE 26.36 shows these structures. In the 
first, region l pairs with region 2 and region 
3 pairs with region 4. The pairing of regions 3 
and 4 generates the hairpin that precedes the U8 
sequence: This is the essential signal for intrinsic 
termination. It i s  likely that the RNA would 
form this structure automatically. 

A different structure is formed if region l 
is prevented from pairing with region 2. In this 
case, region 2 is free to pair with region 3.  Region 
4 then has no available pairing partner, so it is 
compelled to remain single stranded. Thus, the 
terminator hairpin cannot be formed. 

FIGURE 26.37 shows that the position of 
the ribosome can determine which structure 
is formed in such a way that termination is 
attenuated only in the absence of trypto
phan. The crucial feature is the position of 
the Trp codons in the leader peptide-coding 
sequence. 

When Trp-tRNA is abundant, ribosomes 
are able to synthesize the leader peptide. They 
continue along the leader section of the mRNA 
to the UGA codon, which lies between regions l 
and 2. As shown in the lower part of the fig
ure, by progressing to this point, the ribosomes 
extend over region 2 and prevent it from base 
pairing. The result is that region 3 is available 
to base pair with region 4, which generates the 
terminator hairpin. Under these conditions, 
therefore, RNA polymerase terminates at the 
attenuator. 
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When Trp-tRNA is not abundant, ribo
somes stall at the Trp codons, which are part 
of region l, as shown in the upper part of the 
figure. Thus, region l is sequestered within the 
ribosome and cannot base pair with region 2. 
This means that regions 2 and 3 become base 
paired before region 4 has been transcribed. 
This compels region 4 to remain in a single
stranded form. In the absence of the terminator 
hairpin, RNA polymerase continues transcrip
tion past the attenuator. 

Control by attenuation requires a precise 
timing of events. For ribosome movement to 
determine formation of alternative secondary 
structures that control termination, translation 
of the leader must occur at the same time that 
RNA polymerase approaches the terminator 
site. A critical event in controlling the timing 
is the presence of a site that causes the RNA 
polymerase to pause at base 90 along the 
leader. The RNA polymerase remains paused 
until a ribosome translates the leader peptide. 
The polymerase is  then released and moves 
off toward the attenuation site. By the time it 
arrives there, the secondary structure of the 
attenuation region has been determined. 

FIGURE 26.38 illustrates the role ofTrp-tRNA in 
controlling expression of the operon. By provid
ing a mechanism to sense the abundance ofTrp
tRNA, attenuation responds directly to the need 
of the cell for tryptophan in protein synthesis. 

How widespread is the use of attenuation 
as a control mechanism for bacterial operons? 
It is used in at least six operons that code for 
enzymes concerned with the biosynthesis of 
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Regions 3 and 4 ALTERNATIVE STRUCTURES Regions 2 and 3 pair; 
pair to form the Region 2 is complementary to 1 and 3 terminator region 
terminator hairpin Region 3 is complementary to 2 and 4 is single stranded 

FIGURE 26.36 The trp leader region can exist in alternative base-paired conformations. The 
center shows the four regions that can base pair. Region 1 is complementary to region 2, 
which is complementary to region 3, which is complementary to region 4. On the left is the 
conformation produced when region 1 pairs with region 2 and region 3 pairs with region 4. 
On the right is the conformation when region 2 pairs with region 3, leaving regions 1 and 
4 unpaired. 

TRYPTOPHAN ABSENT 

Ribosome halts at 
Trp codons 

TRYPTOPHAN PRESENT 

3:4 pairing forms --- (�uQG:oJ 
terminator hairpin 

TRYPTOPHAN PRESENT 
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FIGURE 26.37 The alternatives for RNA polymerase at 
the attenuator depend on the location of the ribosome, 
which determines whether regions 3 and 4 can pair to 
form the terminator hairpin. 

FIGURE 26.38 In the presence of tryptophan tRNA, 
ribosomes translate the leader peptide and are 
released. This allows hairpin formation, so that RNA 
polymerase terminates. In the absence of tryptophan 
tRNA, the ribosome is blocked, the termination hairpin 
cannot form, and RNA polymerase continues. 
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amino acids. Thus, a feedback from the level of 
the amino acid available for protein synthesis 
(as represented by the availability of aminoacyl
tRNA) to the production of the enzymes may 
be common. 

The use of the ribosome to control RNA 
secondary structure in response to the avail
ability of an aminoacyl-tRNA establishes an 
inverse relationship between the presence of 
aminoacyl-tRNA and the transcription of the 
operon, which is equivalent to a situation in 
which aminoacyl-tRNA functions as a corepres
sor of transcription. The regulatory mechanism 
is mediated by changes in the formation of 
duplex regions; thus, attenuation provides a 
striking example of the importance of second
ary structure in the termination event and of 
its use in regulation. 

E. coli and B. subtilis use the same types of 
mechanisms, which involve control of mRNA 
structure in response to the presence or absence 
of a tRNA, but they have combined the indi
vidual interactions in different ways. The end 
result is the same: to inhibit production of the 
enzymes when there is an excess supply of the 
amino acid, and to activate production when 
a shortage is indicated by the accumulation of 
uncharged tRNATrp_ 

Stringent Control by 
Stable RNA Transcription 

Key concepts 

• Poor growth conditions cause bacteria to produce 
the small-molecule regulators (p)ppGpp. 

• The trigger for the reaction is the entry of 
uncharged tRNA into the ribosomal A site. 

• (p)ppGpp competes with ATP during formation of 
the open complex during transcription initiation 
by RNA polymerase and inhibits the reaction. 

Bacterial rRNA genes are multiple-copy genes 
and are dispersed in the genome. E. coli has 
seven copies of a transcription unit that contains 
the l6S, 23S, and 5S rRNA genes, in addition to 

P1 

168 
rRNA 

tAN A 

several tRNA genes in the transcribed spacers, 
as illustrated in FIGURE 26.39. rRNA and tRNA 
are stable RNAs that are required to be made 
only when the cell is growing; the primary level 
of control of transcription is growth control. As 
long as E. coli has a sufficient supply of ATP, 
the cells will continue to divide. Every divi
sion requires a doubling of ribosomes and thus 
rRNA (as well as tRNA}. The primary level of 
control of transcription of stable RNAs is thus 
the concentration of ATP. 

There is a second level of control of tran
scription of stable RNAs called stringent 

response. When bacteria  find themselves in 
such poor growth conditions that they lack 
a sufficient supply of amino acids to sustain 
translation, they shut down a wide range of 
activities. We can view it as a mechanism for 
surviving hard times: The bacterium conserves 
its resources by engaging in only the minimum 
of activities and channeling resources into the 
synthesis of amino acids. 

The stringent response causes a massive 
( l0-20X)  reduction in the synthesis of rRNA 
and tRNA. This alone is sufficient to reduce the 
total amount of RNA synthesis to 5%-10% 
of its previous level. The synthesis of certain 
mRNAs is reduced, leading to -33X overall 
reduction of in mRNA synthesis. The rate of 
protein degradation is increased. Many meta
bolic adjustments occur, as seen in reduced syn
thesis ofnucleotides, carbohydrates, and lipids. 

The stringent response is controlled by 
two unusual nucleotides, ppGpp, guanosine 
tetraphosphate with diphosphates attached 
to both the 5 '  and 3'  positions, and pppGpp, 
guanosine pentaphosphate with a 5 '  triphos
phate and a 3 '  diphosphate group, together 
denoted as (p)ppGpp. These nucleotides are 
typical small-nucleotide effectors, like the sec
ond messenger cAMP (see the section earlier in 
this chapter titled The lac Operon Has a Seco11d 
Layer o[Co11trol: Catabolite Repressio11),  that func
tion by binding to target proteins to alter their 
activities. 

238 
rRNA 

58 

nGURE 26.39 The E. coli rRNA operon structure. The two promoters, the P1 major and the P2 minor promot
ers, are shown as arrows. Coding regions for 165, one tRNA, 235, and 55 are indicated in pink. Transcribed 
spacers (T5) are shown in green. The two terminators (t) are at the end of the operon. 
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Deprivation of any one amino acid or a 
mutation that inactivates any aminoacyl-tRNA 
synthetase (see the Trallslatio1l chapter) is suf
ficient to initiate the stringent response. The 
trigger that sets the entire series in motion is 
the preswce of uncharged tRNA in the A site of the 
ribosome. Under normal conditions only ami
noacyl-tRNA is placed in the A site (see the 
Translation chapter) .  But when there is  not 
enough aminoacyl-tRNA available to respond 
to a particular codon, the uncharged tRNA 
becomes able to gain entry. 

Bacterial mutants that cannot produce the 
stringent response are called relaxed mutants. 

The most common site of relaxed mutation lies 
in the gene re!A, which codes for a protein called 
the stringent factor. This factor is associated 
with ribosomes-although the amount is rather 
low, - I  molecule for every 200 ribosomes-so 
probably only a minority of ribosomes are able 
to produce the stringent response. 

The presence of uncharged tRNA in the 
A site blocks translation, triggering an idli11g 
reaction by wild-type ribosomes. Provided that 
the A site is occupied by an uncharged tRNA 
specifically responding to the codon, the ReiA 
protein catalyzes a reaction in which ATP 
donates a pyrophosphate group to the 3'  posi
tion of either GTP or GDP. 

FIGURE 26.40 shows the pathway for syn
thesis of (p)ppGpp. The ReiA enzyme uses GTP 
as substrate more frequently than GDP, so that 
pppGpp is  the predominant product. How
ever, pppGpp is converted to ppGpp by several 
enzymes. The production of ppGpp via pppGpp 
is the most common route, and ppGpp is the usual 
effector of the stri11gent respo11se. How is ppGpp 
removed when conditions return to normal? A 
gene called spoT codes for an enzyme that pro
vides the major catalyst for ppGpp degradation, 

Rei A 
(p)ppGpp synthesis = Stringent factor 

- Major Pathway 

+ - Minor Pathway 

-· .... � l 
............ � Spotl 

FIGURE 26.40 Stringent factor catalyzes the synthesis 
of pppGpp and ppGpp; ribosomal proteins can dephos
phorylate pppGpp to ppGpp. ppGpp is degraded when it 
is no longer needed. 

as shown in Figure 26.40. The activity of this 
enzyme causes ppGpp to be rapidly degraded 
with a half-life of -20 seconds, so that the strin
gent response is reversed rapidly when synthe
sis of (p)ppGpp ceases. 

ppGpp is an effector for controlling several 
reactions, most prominently transcription. It 
activates transcription at some promoters, 
those involved in amino acid biosynthesis, but 
its major effect is to inhibit the synthesis of 
the stable RNA operons-rRNA (and tRNA). 
The unusual sequence of the major promoter 
of E. coli's rRNA genes results in a potentially 
unstable open complex with RNA polymerase 
during initiation of transcription (see the 
Prokaryote Transcriptio11 chapter) and will col
lapse if the ATP concentration is too low. This 
class of promoter also requires the activity of a 
transcription factor, DksA, to bind to RNA poly
merase to effect the stringent response. ppGpp 
competes with ATP for the first nucleotide to 
stimulate this collapse, effectively inhibiting 
rRNA transcription. 

r-Protein Synthesis 
Is Controlled by 
Autoregulation 

Key concept 
• Translation of an r-protein operon can be 

controlled by a product of the operon that binds 
to a site on the polycistronic mRNA. 

About 70 or so proteins constitute the apparatus 
for bacterial gene expression. The ribosomal 
proteins are the major component, together 
with the ancillary proteins involved in protein 
synthesis. The subunits of RNA polymerase 
and its accessory factors make up the remain
der. The genes coding for ribosomal proteins, 
protein synthesis factors, and RNA polymerase 
subunits all are intermingled and organized into 
a small number of operons. Most of these pro
teins are represented only by single genes in 
E. coli. 

Coordinate controls ensure that these pro
teins are synthesized in amounts appropriate 
for the growth conditions: When bacteria grow 
more rapidly, they devote a greater proportion 
of their efforts to the production of the appa
ratus for gene expression. An array of mecha
nisms is used to control the expression of the 
genes coding for this apparatus and to ensure 
that the proteins are synthesized at comparable 
levels that are related to the levels of the rRNAs. 
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FIGURE 26.41 Genes for ribosomal proteins, protein 
synthesis factors, and RNA polymerase subunits are inter
spersed in a small number of operons that are autonomously 
regulated. The regulator is shaded in blue; the proteins that 
are regulated are shaded in pink. 

The organization of six operons is shown in 
FIGURE 26.41. About half of the genes for ribo
somal proteins (r-proteins) map to four operons 
that lie close together (named str, spc, S 10, and a 
simply for the first one of the functions to have 
been identified in each case). The rif and Lll  
operons lie together at another location. 

Each operon codes for a variety of functions. 
The str operon has genes for small subunit ribo
somal proteins as well as for EF-Tu and EF-G. 
The spc and S 10 operons have genes interspersed 
for both small and large ribosomal subunit pro
teins. The a operon has genes for proteins of 
both ribosomal subunits, as well as for the a 
subunit of RNA polymerase . The rif locus has 
genes for large subunit ribosomal proteins and 
for the 13 and 13 '  subunits of RNA polymerase. 

All except one of the ribosomal proteins are 
needed in equimolar amounts, which must be 
coordinated with the level ofrRNA. The disper
sion of genes whose products must be equimolar, 
and their intermingling with genes whose prod
ucts are needed in different amounts, pose some 
interesting problems for coordinate regulation. 

A feature common to all of the operons 
described in Figure 26.4I is regulation of some 
of the genes by one of the products. In each 
case, the gene coding for the regulatory prod
uct is itself one of the targets for regulation. 
Autoregulation occurs whenever a protein (or 
RNA) regulates its own production. In the case 
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of the r-protein operons, the regulatory pro
tein inhibits expression of a contiguous set of 
genes within the operon, so this is an example 
of negative autoregulation. 

In each case, accumulation of the proteiu 
iuhibits further syllthesis of itself atzd of some other 
geue products. The effect often is exercised at the 
level of translation ofthe polycistronic mRNA. 
Each of the regulators is a ribosomal protein 
that binds directly to rRNA. /ts effect on translatiol! 
is a result of its ability also to billd to its owl! mRNA. 
The sites on mRNA at which these proteins bind 
either overlap the sequence where translation 
is initiated or lie nearby and probably influ
ence the accessibility of the initiation site by 
inducing conformational changes. For example, 
in the S I 0 operon, protein L4 acts at the very 
start of the mRNA to inhibit translation of S I 0 
and the subsequent genes. The inhibition may 
result from a simple block to ribosome access, 
as illustrated in the Trallslatiou chapter, or i t  
may prevent a subsequent stage of translation. 
In two cases (including S4 in the a operon), the 
regulatory protein stabilizes a particular sec
ondary structure in the mRNA that prevents 
the initiation reaction from continuing after the 
30S subunit has bound. 

The use of r-proteins that bind rRNA to 
establish autogenous regulation immediately 
suggests that this provides a mechanism to link 
r-protein synthesis to rRNA synthesis. A gener
alized model is depicted in FIGURE 26.42. Suppose 

When rANA is available, the r-proteins associate with it. 
Translation of mANA continues. 

� � 
= � 

l mANA rAN A 

� 
• • • • 

r-proteins 

When no rANA is availale, r-proteins accumulate. 
An r-protein binds to mANA and prevents translation. 

• • • • • • • • • • 
FIGURE 26.42 Translation of the r-protein operons is 
autogenously controlled and responds to the level of rRNA. 



that the binding sites for the autogenous regula
tor r-proteins on rRNA are much stronger than 
those on the mRNAs. As long as any free rRNA 
is available, the newly synthesized r-proteins 
will associate with it to start ribosome assembly. 
There will be no free r-protein available to bind 
to the mRNA, so its translation will continue. 
As soon as the synthesis ofrRNA slows or stops, 
though, free r-proteins begin to accumulate. 
They are then available to bind their mRNAs 
and thus repress further translation. This circuit 
ensures that each r-protein operon responds in 
the same way to the level of rRNA: As soon as 
there is an excess ofr-protein relative to rRNA, 
synthesis of the protein is repressed. 

Summary 
Transcription is regulated by the interaction 
between trans-acting factors and cis-acting 
sites. A trans-acting factor is the product of a 
regulator gene. It is usually protein but also 
can be RNA. It diffuses in the cell, and as a 
result it can act on any appropriate target gene. 
A cis-acting site in DNA (or RNA) is a sequence 
that functions by being recognized in situ. It 
has no coding function and can regulate only 
those sequences with which it is physically 
contiguous. Bacterial genes coding for proteins 
whose functions are related, such as successive 
enzymes in a pathway, may be organized in a 
cluster that is transcribed into a polycistronic 
mRNA from a single promoter. Control ofthis 
promoter regulates expression of the entire 
pathway. The unit of regulation, which con
tains structural genes and cis-acting elements, 
is called the operon. 

Initiation of transcription is regulated by 
interactions that occur in the vicinity of the 
promoter. The ability of RNA polymerase to ini
tiate at the promoter is prevented or activated 
by other proteins. Genes that are active unless 
they are turned off by binding the regulator are 
said to be under negative control. Genes that 
are active only when the regulator is bound to 
them are said to be under positive control. The 
type of control can be determined by the domi
nance relationships between wild-type genes 
and mutants that are constitutive/derepressed 
(permanently on) or uninducible/superre
pressed (permanently off). 

A repressor or activator can control mul
tiple targets that have copies of an operator, 
or its consensus sequence. A repressor protein 
prevents RNA polymerase from either bind
ing to the promoter or activating transcription. 

The repressor binds to a target sequence, the 
operator, which is usually located around 
or upstream of the transcription start point. 
Operator sequences are short and often are pal
indromic. The repressor is often a homomulti 
mer whose symmetry reflects that of its target. 

The ability of the repressor protein to bind 
to its operator is often regulated by small mol
ecules, which provide a second level of gene 
regulation. If the repressor regulates genes 
that code for enzymes, the system may be 
induced by enzyme substrates or repressed 
by enzyme products. In a negative inducible 
gene, the substrate (an inducer) prevents a 
repressor from binding the operator. In a nega
tive repressible gene, the product or corepres
sor enables the regulator to bind the operator 
and turn off gene expression. Binding of the 
inducer or corepressor to its site on the regula
tor protein produces a change in the structure 
of the DNA-binding site of the protein. This 
allosteric reaction occurs both in free repres
sor proteins and directly in repressor proteins 
already bound to DNA. 

The lactose pathway in E. coli operates 
by negative induction. When an inducer, 
the substrate �-galactoside, diminishes the 
ability of repressor to bind its operator, tran
scription and translation of the lacZ gene then 
produce �-galactosidase, the enzyme that 
metabolizes �-galactosides. 

A protein with a high affinity for a particu
lar target sequence in DNA has a lower affinity 
for all DNA. The ratio defines the specificity 
of the protein. There are many more nonspe
cific sites (any DNA sequence) than specific 
target sites in a genome; as a result, a DNA
binding protein such as a repressor or RNA 
polymerase is  "stored" on DNA. (It is likely 
that none, or very little, is free . )  The specificity 
for the target sequence must be great enough 
to counterbalance the excess of nonspecific 
sites over specific sites. The balance for bacte
rial proteins is adjusted so that the amount of 
protein and its specificity allow specific recogni
tion of the target in "on" conditions but allow 
almost complete release of the target in "off" 
conditions. 

Some promoters cannot be recognized by 
RNA polymerase, or are recognized only poorly 
unless a specific activator protein (a positive 
regulator) is present. Activator proteins may 
also be regulated by small molecules. The CRP 
activator is only able to bind to target sequences 
when complexed with cAMP, which only hap
pens in conditions of low glucose. All promoters 
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that are controlled by catabolite repression have 
at least one copy of the CRP-binding site, as in 
the lac operon. Direct contact between CRP and 
RNA polymerase occurs through the C-terminal 
domain of the a subunits. 

The tryptophan pathway operates by nega
tive repression. The corepressor tryptophan, the 
product of the pathway, activates the repres
sor protein so that it binds to the operator and 
prevents expression of the genes that code for 
the enzymes that synthesize tryptophan. The 
trp operon is also controlled by attenuation that 
monitors the level of Trp-tRNA. 

Gene expression may also be modulated 
at the level of translation by the ability of an 
mRNA to attract a ribosome and by the abun
dance of specific tRNAs that recognize different 
codons. More active mechanisms that regulate 
at the level of translation are also found. Trans
lation may be regulated by a protein that can 
bind to the mRNA to prevent the ribosome from 
binding. Most proteins that repress translation 
possess this capacity in addition to other func
tional roles; in particular, translation is con
trolled in some cases of autoregulation, when a 
gene product regulates translation ofthe mRNA 
containing its own open reading frame. 
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Phage Strategies 
CHAPTER OUTLINE J 

fMI Introduction 

f.IJt.l Lytic Development Is Divided into Two Periods 

• A phage infective cycle is divided into the early period 
(before replication) and the late period (after the 
onset of replication). 

• A phage infection generates a pool of progeny phage 
genomes that replicate and recombine. 

flU Lytic Development Is Controlled by a Cascade 

• The early genes transcribed by host RNA polymerase fol
lowing infection include, or comprise, regulators required 
for expression of the middle set of phage genes. 

• The middle group of genes includes regulators to 
transcribe the late genes. 

• This results in the ordered expression of groups of 
genes during phage infection. 

f.IH Two Types of Regulatory Events Control the 

Lytic Cascade 

• Regulator proteins used in phage cascades may 
sponsor initiation at new (phage) promoters or cause 
the host polymerase to read through transcription 
terminators. 
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fU'I The Phage T7 and T4 Genomes Show Functional 

Clustering 

• Genes concerned with related functions are often 
clustered. 

' 

• 
• 

• Phages T7 and T 4 are examples of regulatory cascades 
in which phage infection is divided into three periods. 

1.1&1 Lambda Immediate Early and Delayed Early Genes 

Are Needed for Both Lysogeny and the Lytic Cycle 

• Lambda has two immediate early genes, Nand cro, 
which are transcribed by host RNA polymerase. 

• The product of the N gene is required to express the 
delayed early genes. 

• Three of the delayed early gene products are 
regulators. 

• Lysogeny requires the delayed early genes cii-ciii. 
• The lytic cycle requires the immediate early gene cro 

and the delayed early gene Q. 
fMI The Lytic Cycle Depends on Antitermination by pN 

• pN is an antitermination factor that allows RNA poly
merase to continue transcription past the ends of the 
two immediate early genes. 

• 
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CHAPTER OUTLINE. CONTINUED J 
• pQ is the product of a delayed early gene and is 

an antiterminator that allows RNA polymerase to 
transcribe the late genes. 

• Lambda DNA circularizes after infection; as a result, 
the late genes form a single transcription unit. 

tU:I Lysogeny Is Maintained by the Lambda Repressor 
Protein 

• The lambda repressor, encoded by the ci gene, is 
required to maintain lysogeny. 

• The lambda repressor acts at the OL and OR operators to 
block transcription of the immediate early genes. 

• The immediate early genes trigger a regulatory cas
cade; as a result, their repression prevents the lytic 
cycle from proceeding. 

t.IJill The Lambda Repressor and Its Operators Define the 
Immunity Region 

• Several lambdoid phages have different immunity regions. 
• A lysogenic phage confers immunity to further infection 

by any other phage with the same immunity region. 

*Ml•l The DNA-Binding Form of the Lambda Repressor 
Is a Dimer 

• A repressor monomer has two distinct domains. 
• The N-terminal domain contains the DNA-binding site. 
• The C-terminal domain dimerizes. 
• Binding to the operator requires the dimeric form so 

that two DNA-binding domains can contact the opera
tor simultaneously. 

• Cleavage of the repressor between the two domains 
reduces the affinity for the operator and induces a 
lytic cycle. 

*Mil Lambda Repressor Uses a Helix-Turn-Helix Motif to 
Bind DNA 

• Each DNA-binding region in the repressor contacts a 
half-site in the DNA. 

• The DNA-binding site of the repressor includes two 
short a-helical regions that fit into the successive 
turns of the major groove of DNA. 

• A DNA-binding site is a (partially) palindromic 
sequence of 17 bp. 

• The amino acid sequence of the recognition helix 
makes contact with particular bases in the operator 
sequence that it recognizes. 

*Mt• Lambda Repressor Dimers Bind Cooperatively to 
the Operator 

• Repressor binding to one operator increases the affin
ity for binding a second repressor dimer to the adja
cent operator. 

• The affinity is lOX greater for OLl and ORl than other 
operators, so they are bound first. 

• Cooperativity allows repressor to bind the OL2/0R2 
sites at lower concentrations. 

*MD Lambda Repressor Maintains an Autoregulatory 
Circuit 

• The DNA-binding region of repressor at OR2 contacts 
RNA polymerase and stabilizes its binding to PRM· 
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• This is the basis for the autoregulatory control of 
repressor maintenance. 

• Repressor binding at OL blocks transcription of gene N 
from PL. 

• Repressor binding at OR blocks transcription of cro, but 
also is required for transcription of ci. 

• Repressor binding to the operators therefore si multa
neously blocks entry to the lytic cycle and promotes its 
own synthesis. 

*Mt. Cooperative Interactions Increase the Sensitivity 
of Regulation 

• Repressor dimers bound at OLl and OL2 interact with 
dimers bound at ORl and OR2 to form octamers. 

• These cooperative interactions increase the sensitivity 
of regulation. 

*MIO'I The ell and ciil Genes Are Needed to Establish 
Lysogeny 

• The delayed early gene products eli and ciii are neces
sary for RNA polymerase to initiate transcription at the 
promoter PRE· 

• eli acts directly at the promoter and ciii protects eli 
from degradation. 

• Transcription from PRE leads to synthesis of repressor 
and also blocks the transcription of cro. 

*Mtll A Poor Promoter Requires ell Protein 

• PRE has atypical sequences at -10 and -35. 
• RNA polymerase binds the PRE promoter only in the 

presence of eli. 
• eli binds to sequences close to the -35 region. 

••:t:p•!l:t•• Lysogeny Requires Several Events 

• eli and ciii cause repressor synthesis to be established 
and also trigger inhibition of late gene transcription. 

• Establishment of repressor turns off immediate and 
delayed early gene expression. 

• Repressor turns on the maintenance circuit for its own 
synthesis. 

• Lambda DNA is integrated into the bacterial genome at 
the final stage in establishing lysogeny. 

*MI:I The Cro Repressor Is Needed for Lytic Infection 

• Cro binds to the same operators as the lambda repres
sor, but with different affinities. 

• When Cro binds to OR3, it prevents RNA polymerase 
from binding to PRM and blocks the maintenance of 
repressor promoter. 

• When Cro binds to other operators at OR or OL, it prevents 
RNA polymerase from expressing immediate early genes, 
which (indirectly) blocks repressor establishment. 

*MD What Determines the Balance Between Lysogeny 
and the Lytic Cycle? 

• The delayed early stage when both Cro and repressor 
are being expressed is common to lysogeny and the 
lytic cycle. 

• The critical event is whether eli causes sufficient syn
thesis of repressor to overcome the action of Cro. 

*.M.lel Summary 



Ill Introduction 
A virus consists of a nucleic acid genome con
tained in a protein coat. In order to repro
duce, the virus must infect a host cell. The 
typical pattern of an infection is to subvert the 
functions of the host cell for the purpose of 
producing a large number of progeny viruses. 
Viruses that infect bacteria are generally called 
bacteriophages, often abbreviated as phage 
or simply q>. Usually a phage infection kills 
the bacterium. The process by which a phage 
infects a bacterium, reproduces itself, and then 
kills its host is called lytic infection. In the 
typical lytic cycle, the phage DNA (or RNA) 
enters the host bacterium, its genes are tran
scribed in a set order, the phage genetic mate
rial is replicated, and the protein components 
of the phage particle are produced. Finally, 
the host bacterium is broken open (lysed) to 
release the assembled progeny particles by 
the process of lysis. For some phages, called 
virulent phages, this is their only strategy 
for survival. 

Other phages have a dual existence. They 
are able to perpetuate themselves via the same 
sort of lytic cycle in what amounts to an open 
strategy for producing as many copies of the 
phage as rapidly as possible. They also have an 
alternative form of existence, though, in which 
the phage genome is present in the bacterial 
genome in a latent form known as a prophage. 

This form of propagation is called lysogeny, 

and the infected bacteria are known as lyso
gens. Phages that follow this pathway are called 
temperate phages. 

In a lysogenic bacterium, the prophage 
is inserted, or recombined, into the bacterial 
genome and is inherited in the same way as 
bacterial genes. The process by which it is con
verted from an independent phage genome into 
a prophage that is a linear part of the bacterial 
genome is described as integration. By vir
tue of its possession of a prophage, a lysogenic 
bacterium has immunity against infection 
by other phage particles of the same type. 
Immunity is established by a single integrated 
prophage, so in general a bacterial genome 
contains only one copy of a prophage of any 
particular type. 

There are transitions between the lyso
genic and lytic modes of existence. FIGURE 27.1 
shows that when a temperate phage produced 
by a lytic cycle enters a new bacterial host cell, 
it either repeats the lytic cycle or enters the 
lysogenic state. The outcome depends on the 
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FIGURE 27.1 Lytic development involves the reproduction of phage par
ticles with destruction of the host bacterium, but lysogenic existence allows 
the phage genome to be carried as part of the bacterial genetic information. 

conditions of infection and the genotypes of 
phage and bacterium. 

A prophage is freed from the restrictions of 
lysogeny by a process called induction. First 
the phage DNA is released from the bacterial 
chromosome by another recombination event 
called excision; then the free DNA proceeds 
through the lytic pathway. 

The alternative forms in which these 
phages are propagated are determined by the 
regulation of transcription. Lysogeny is main
tained by the interaction of a phage repressor 
with an operator. The lytic cycle requires a cas
cade of transcriptional controls. The transition 
between the two lifestyles is accomplished by 
the establishment of repression (lytic cycle to 
lysogeny) or by the relief of repression (induc
tion of lysogen to lytic phage). These regulatory 
processes provide a wonderful example of how 
a series of relatively simple regulatory actions 
can be built up into complex developmental 
pathways. 
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Lytic Develo pment Is 
Divided into Two Periods 

Key concepts 

• A phage infective cycle is divided into the early 
period (before replication) and the late period 
(after the onset of replication). 

• A phage infection generates a pool of progeny 
phage genomes that replicate and recombine. 

Phage genomes by necessity are small. As 
with all viruses, they are restricted by the 
need to package the nucleic acid within the 
protein coat. This limitation dictates many 
of the viral strategies for reproduction. 
Typically, a virus takes over the apparatus 
of the host cell, which then replicates and 
expresses phage genes instead of the bacte
rial genes. 

Usually, the phage has genes whose func
tion is to ensure preferential replication of 
phage DNA. These genes are concerned with 
the initiation of replication and may even 
include a new DNA polymerase. Changes are 
introduced in the capacity of the host cell to 
engage in transcription. They involve replacing 
the RNA polymerase or modifying its capac
ity for initiation or termination. The result is 
always the same: Phage mRNAs are preferen
tially transcribed. As far as protein synthesis 
is concerned, the phage is, for the most part, 
content to use the host apparatus, redirecting 
its activities principally by replacing bacterial 
mRNA with phage mRNA. 

Lytic development is  accomplished by 
a pathway in which the phage genes are 
expressed in a particular order. This ensures 
that the right amount of each component is 
present at the appropriate time. The cycle can 
be divided into the two general parts illustrated 
in FIGURE 27.2: 

• Early infection describes the period 
from entry of the DNA to the start of its 
replication. 

• Late infection defines the period from 
the start of replication to the final step of 
lysing the bacterial cell to release prog
eny phage particles. 

The early phase is  devoted to the produc
tion of enzymes involved in the reproduction 
of DNA. These include the enzymes con
cerned with DNA synthesis, recombination, 
and sometimes modification. Their activities 
cause a pool of phage genomes to accumulate. 
In this pool, genomes are continually repli
cating and recombining, so that the events of 
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a single lytic cycle concern a population of phage 
genomes. 

During the late phase, the protein com
ponents of the phage particle are synthesized. 
Often many different proteins are needed 
to make up head and tail structures, so the 
largest part of the phage genome consists of 
late functions. In addition to the structural 
proteins, "assembly proteins" are needed to 
help construct the particle, although they 
are not incorporated into i t  themselves. 
By the time the structural components are 
assembling into heads and tails, replication 
of DNA has reached its maximum rate. The 
genomes then are inserted into the empty 
protein heads, tails are added, and the host 
cell i s  lysed to allow release of new viral 
particles. 

Phage � 
particle .1J_, 

---

---

Infection 

Phage 
attaches to 
bacterium 

DNA 
injected into 
bacterium 

Early 
development 

Enzymes for 
DNA synthesis 
are made 

Replication 
begins 

Late 
development 

Genomes, 
heads, and tails 
are made 

DNA packaged 
into heads; 
tails attached 

Lysis 

Cell is broken 
to release 
progeny 
phages 

FIGURE 27.2 Lytic development takes place by producing 
phage genomes and protein particles that are assembled 
into progeny phages. 



Lytic Development Is 
Controlled by a Cascade 

Key concepts 

• The early genes transcribed by host RNA poly
merase following infection include, or comprise, 
regulators required for expression of the middle 
set of phage genes. 

• The middle group of genes includes regulators to 
transcribe the late genes. 

• This results in the ordered expression of groups of 
genes during phage infection. 

The organization of the phage genetic map 
often reflects the sequence of lytic develop
ment. The concept of the operon is taken to 
somewhat of an extreme, in which the genes 
coding for proteins with related functions are 
clustered to allow their control with the maxi
mum economy. 'This allows the pathway of 
lytic development to be con trolled with a small 
number of regulatory switches. 

The lytic cycle is under positive control, 
so that each group of phage genes can be 
expressed only when an appropriate signal is 
given. FIGURE 27.3 shows that the regulatory 

Early phage genes are transcribed 
by host RNA polymerase 

Types of gene product 

Regulator gene(s): 
RNA polymerase, 
sigma factor, 
or antitermination factor 

Middle: early product causes 
transcription of middle genes 

Regulator gene(s): 
sigma factor, 
or antitermination factor 
Structural genes. 
replication enzymes, etc. 

Late m1ddle product causes 
transcription of late genes 

. ,.. . .. . 
. . . . � . . . . • • • 

Structural genes. 
phage components 

FIGURE 27.3 Phage lytic development proceeds by a 
regulatory cascade, in which a gene product at each stage 
is needed for expression of the genes at the next stage. 

genes function in a cascade, in which a gene 
expressed at one stage is necessary for synthe
sis of the genes that are expressed at the next 
stage. 

The early part of the first stage of gene 
expression necessarily relies on the transcrip
tion apparatus of the host cell. In general, only a 
few genes are expressed at this time. Their pro
moters are indistinguishable from those of host 
genes. The name of this class of genes depends 
on the phage. In most cases, they are known 
as the early genes. In phage lambda. they are 
given the evocative description of immediate 

early genes. Irrespective of the name, they 
constitute only a preliminary set of genes, rep
resentingjust the initial part of the early period. 
Sometimes they are exclusively occupied with 
the transition to the next period. In all cases. 
o11e of these genes always codes for a protei11, a ge11e 
regulator that is necessary for transcriptio11 of the 
next class of gmes. 

This next class of genes in the early stage is 
known variously as the delayed early or mid
dle gene group. Its expression typically starts as 
soon as the regulator protein coded by the early 
gene(s) is available. Depending on the nature of 
the control circuit, the initial set of early genes 
may or may not continue to be expressed at 
this stage. lfcontrol is at nanscription initiation, 
the two events are independent (as shown in 
FIGURE 27.4) and early genes can be switched 
off when middle genes are transcribed. If con
trol is at transcription termination, the early 

- Early region • -Next region • 
Terminator Promoter 

NEXT INITIATION 

iO!\ ('1\p.�f>. 
t.a\e te9 

FIGURE 27.4 Control at initiation utilizes independent 
transcription units, each with its own promoter and termi
nator, which produce independent mRNAs. The transcription 
units need not be located near one another. 
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-- Early region --!Jt� - Next region --!Jt� 

Promoter Terminator 

ANTITERMINATION 

FIGURE 27.5 Control at termination requires adjacent 
units, so that transcription can read from the first gene 
into the next gene. This produces a single mRNA that con
tains both sets of genes. 

genes must continue to be expressed, as shown 
in FIGURE 27 .5. Often, the expression of host 
genes is reduced. Together the two sets of early 
genes account for all necessary phage functions 
except those needed to assemble the particle 
coat i tself and to lyse the cell. 

When the replication of phage DNA begins, 
it is time for the late genes to be expressed. 
Their transcription at this stage usually is 
arranged by embedding an additional regula
tor gene within the previous (delayed early 
or middle) set of genes. This regulator may be 
another antitermination factor (as in lambda) 
or it may be another sigma factor (such as the 
B. subtilis factor). 

A lytic infection often falls into the stages 
just described, beginning with the early genes 
transcribed by host RNA polymerase (some
times the regulators are the only products at 
this stage). This stage is followed by those genes 
transcribed under the direction of the regula
tor produced in the first stage (most of these 
genes code for enzymes needed for replication 
of phage DNA}. The final stage consists of genes 
for phage components, which are transcribed 
under the direction of a regulator synthesized 
in the second stage. 

The use of these successive controls, in which each 
set of genes contai11s a regulator that is necessary for 
expression of the next set, creates a cascade in which 
groups of genes are turned on (and sometimes off) at 
particular times. The means used to construct 
each phage cascade are different, but the results 
are similar. 
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Two Types of Regulatory 
Events Control the 
Lytic Cascade 

Key concept 
• Regulator proteins used in phage cascades may 

sponsor initiation at new (phage) promoters or 
cause the host polymerase to read through tran
scription terminators. 

At every stage of phage expression, one or more 
of the active genes is a regulator that is needed 
for the subsequent stage. The regulator may 
take the form of a new sigma factor that redi
rects the specificity of the host RNA polymerase 
(see the ProkaryoticTra11scription chapter) or an 
antitermination factor that allows it to read a 
new group of genes (see the Prokaryotic Tran
scriptio1l chapter). Now, let's compare the use of 
switching at initiation or termination to control 
gene expressiOn. 

One mechanism for recognizing new phage 
promoters is to replace the sigma factor of the 
host enzyme with another factor that redi
rects its specificity in initiation, as shown in 
FIGURE 27.6. An alternative is to synthesize a 
new phage RNA polymerase. ln either case, the 
critical feature that distinguishes the new set of 
genes is their possession of differmt promoters 

Holoenzyme with o70 recognizes one set of promoters 

Phage synthesizes new sigma or RNA polymerase 

Phage sigma factor 
causes host enzyme OR 
to recognize new 
promoters 

Phage RNA polymerase 
recognizes new set of 
promoters 

FIGURE 27.6 A phage may control transcription at ini
tiation either by synthesizing a new sigma factor that 
replaces the host sigma factor or by synthesizing a new 
RNA polymerase. 



from those originally recognized by host RNA poly
merase. Figure 27.4 shows that the two sets of 
transcripts are independent; as a consequence, 
early gene expression can cease after the new 
sigma factor or polymerase has been produced. 

Antitermination provides an alternative 
mechanism for phages to control the switch from 
early genes to the next stage of expression. The 
use of anti termination depends on a particular 
arrangement of genes. Figure 27.5 shows that 
the early genes lie adjacent to the genes that 
are to be expressed next, but are separated from 
them by terminator sites. Jftermination is prevented 
at these sites, the polymerase reads through into the 
ge11es 011 the other side. So in anti tem1i nation, the 
same promoters continue to be recognized by RNA 
polymerase. The new genes are expressed only 
by extending the RNA chain to form molecules 
that contain the early gene sequences at the 5' 
end and the new gene sequences at the 3' end. 
The two types of sequences remain linked; thus, 
early gene expression inevitably continues. 

The regulator gene that controls the switch 
from immediate early to delayed early expres
sion in phage lambda is identified by mutations 
in gene N that can transcribe ouly the immediate 
early genes; they proceed no further into the 
infective cycle (see Figure 27. 1 0, later in this 
chapter). From the genetic point of view, the 
mechanisms of new initiation and antitennina
tion are similar. Both are positive controls i11 which 
an early gme product must be made by the phage in 
order to express the next set of genes. By employing 
either sigma factor or anti termination proteins 
with different specifications, a cascade for gene 
expression can be constructed. 

The Phage T7 and 
T4 Genomes Show 
Functional Clustering 

Key concepts 
• Genes concerned with related functions are often 

clustered. 

• Phages T7 and T4 are examples of regulatory 
cascades in which phage infection is divided into 
three periods. 

The genome of phage T7 has three classes of 
genes, each of which constitutes a group of adja
cent loci .  As FIGURE 27.7 shows, the class I genes 
are the immediate early type and are expressed 
by host RNA polymerase as soon as the phage 
DNA enters the cell. Among the products of 
these genes are a phage RNA polymerase and 
enzymes that interfere with host gene expres-

Class I Class II Class Ill 

5 genes ? genes 13 genes 

ANA polymerase 
rf • • • • • • • • • • • • • • • • • Host inte erence • • • 

• 
• 
• 

y DNA synthesis 
Lysozyme 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
y 

Heads and tails 
DNA maturation 

FIGURE 27.7 Phage T7 contains three classes of genes 
that are expressed sequentially. The genome is -38 kb. 

sion. The phage RNA polymerase is responsible 
for expressing the class II genes (which are con
cerned principally with DNA synthesis functions) 
and the class Ill genes (which are concerned with 
assembling the mature phage particle). 

Phage T4 has one of the larger phage 
genomes ( 165 kb ) ,  which is  organized with 
extensive functional grouping of genes. 
FIGURE 27.8 presents the genetic map. Essential 
genes are numbered: A mutation in any one 
of these loci prevents successful completion 
of the lytic cycle. Nonessential genes are indi
cated by three-letter abbreviations. (They are 
defined as nonessential under the usual condi
tions of infection. We do not really understand 
the inclusion of many nonessential genes, but 
presumably they confer a selective advan
tage in some of T4's habitats. In smaller phage 
genomes, most or all of the genes are essential.) 

There are three phases of gene expression. A 
summary of the functions of the genes expressed 
at each stage is shown in FIGURE 27.9 . The early 
genes are transcribed by host RNA polymerase. 
The middle genes are also transcribed by host 
RNA polymerase, but two phage-encoded 
products, MotA and AsiA, are also required. 
The middle promoters lack a consensus -35 
sequence and instead have a binding sequence 
for MotA. The phage protein is an activator that 
compensates for the deficiency in the promoter 
by assisting host RNA polymerase to bind. (This 
is similar to a mechanism employed by phage 
lambda with its ell gene, which is illustrated later 
in Figure 27.30 in the section Th e ell and clll 
Ge11es Are Needed to Establish Lysogwy.) The early 
and middle genes account for virtually all of the 
phage functions concerned with the synthesis of 
DNA, modifying cell structure, and transcribing 
and translating phage genes. 

The two essential genes in the Ntranscrip
tionN category hllfill a regulatory function: Their 
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FIGURE 27.8 The map of T4 is circular. There is extensive clustering of genes coding for 
components of the phage and processes such as DNA replication, but there is also dispersion 
of genes coding for a variety of enzymatic and other functions. Essential genes are indicated 
by numbers. Nonessential genes are identified by letters. Only some representative T4 genes 
are shown on the map. 
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FIGURE 27.9 The phage T4 lytic cascade falls into two 
parts: Early functions are concerned with DNA synthesis; 
late functions with particle assembly. 
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products are necessary for late gene expression. 
Phage T4 infection depends on a mechanical 
link between replication and late gene expres
sion. Only actively replicating DNA can be used 
as a template for late gene transcription. The 
connection is generated by introducing a new 
sigma factor and also by making other modifica
tions in the host RNA polymerase so that it is 
active only with a template of replicating DNA. 
This link establishes a correlation between the 
synthesis of phage protein components and the 
number of genomes available for packaging. 

Ill Lambda Immediate 
Early and Delayed Early 
Genes Are Needed 
for Both Lysogeny 
and the Lytic Cycle 

Key concepts 

• Lambda has two immediate early genes, Nand era, 
which are transcribed by host RNA polymerase. 

• The product of the N gene is required to express 
the delayed early genes. 

• Three of the delayed early gene products are 
regulators . 

• Lysogeny requires the delayed early genes cii-ciii-

• The lytic cycle requires the immediate early gene 
era and the delayed early gene Q_ 
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N = antiterminator 
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Delayed early 
ell, ell/ regulators 
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MAINTENANCE 

FIGURE 27.10 The lambda lytic cascade is interlocked 
with the circuitry for lysogeny. 

One of the most intricate cascade circuits is pro
vided by phage lambda. Actually, the cascade for 
lytic development itself is straightforward, with 
two regulators controlling the successive stages 
of development. The circuit for the lytic cycle, 
though, is interlocked with the circuit for estab
lishing lysogeny, as illustrated in FIGURE 27.10. 

When lambda DNA enters a new host 
cell, the lytic and lysogenic pathways start off 
the same way. Both require expression of the 
immediate early and delayed early genes, but 
then they diverge: Lytic development follows 
if the late genes are expressed, and lysogeny 
ensues if synthesis of a gene regulator called 
the lambda repressor is established by turning 
on its gene, the ci gene. Lambda has only two 
immediate early genes, transcribed indepen
dently by host RNA polymerase: 

• The N gene codes for an antitern1ination 
factor whose action at nut (N utilization) 

sites allows transcription to proceed into 
the delayed early genes (see the Prokaryotic 
Transcription chapter). The N gene is 
required for both the lytic and lysogenic 
pathways. 

• The cro gene codes for a repressor that 
prevents expression of the cl gene 

coding for the lambda repressor (essen
tially derepressing the late genes, a 
necessary action if the lytic cycle is to 
proceed). lt also turns off expression of 
the immediate early genes (which are 
not needed later in the lytic cycle). The 
lambda repressor is the major regulator 
required for lysogenic development . 

The delayed early genes, turned on by the 
product of the N gene, include two replication 
genes (needed for lytic infection), seven recom
bination genes (some involved in recombination 
during lytic infection, and two necessary to inte
grate lambda DNA into the bacterial chromo
some for lysogeny), and three regulator genes . 
These regulator genes have opposing functions: 

• The cll-clll pair of regulator genes is 
needed to establish the synthesis of 
the lambda repressor for the lysogenic 
pathway. 

• The Q regulator gene codes for an anti
tennination factor that allows host RNA 
polymerase to transcribe the late genes 
and is necessary for the lytic cycle. 

Thus, the delayed early genes serve two mas
ters: Some are needed for the phage to enter 
lysogeny, and the others are concerned with 
controlling the order of the lytic cycle . At this 
point, lambda is keeping open the option to 
choose either pathway. 

The Lytic Cycle Depends 
on Antitermination by pN 

Key concepts 

• pN is an antitermination factor that allows RNA 
polymerase to continue transcription past the 
ends of the two immediate early genes. 

• pQ is the product of a delayed early gene and is 
an antiterminator that allows RNA polymerase to 
transcribe the late genes. 

• Lambda DNA circularizes after infection; as a result. 
the late genes form a single transcription unit. 

To disentangle the lytic and lysogenic pathways, 
let's first consider just the lytic cycle. FIGURE 27.11 

gives the map of lambda phage DNA. A group of 
genes concerned with regulation is surrounded 
by genes needed for recombination and replica
tion. The genes coding for structural components 
of the phage are clustered. All of the genes neces
sary for the lytic cycle are expressed in polycis
tronic transcripts from three promoters. 

FIGURE 27.12 shows that the two immediate 
early genes, N and cro, are transcribed by host 
RNA polymerase. N is transcribed toward the 
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FIGURE 27.11 The lambda map shows clustering of related functions. The genome 
is 48,514 bp. 

left and cro toward the right. Each transcript is 
terminated at the end of the gene. The protein 
pN is the regulator, the anti termination factor 
that allows transcription to continue into the 
delayed early genes by suppressing use of the 
terminators tL and tR (see the Prokaryotic Tran
scription chapter). In the presence of pN, tran
scription continues to the left of the N gene into 
the recombination genes and to the right of the 
cro gene into the replication genes. 

Lambda has leftward and rightward transcription units 

• Left transcription unH-
� Delayed• + Immediate-

Promoters 

Terminators 

-Immediate • ·Delayed !11-
- Right transcription unH -!11-

Immediate early: only N and ero are transcribed 

N mRNA AlfA 
-vwVcro mANA 

pN extends transcription into delayed early genes 

® ' . . . . . . . . . . . . . . . . . . . . . .  . • • 
• 

FIGURE 27.12 Phage lambda has two early transcrip
tion units. In the "leftward" unit, the "upper" strand is 
transcribed toward the left; in the "rightward" unit, the 
"lower" strand is transcribed toward the right. Genes N 
and cro are the immediate early functions and are sepa
rated from the delayed early genes by the terminators. 
Synthesis of N protein allows RNA polymerase to pass the 
terminators tLI to the left and tR1 to the right. 
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The map in Figure 27 . l l  gives the orga
nization of the lambda DNA as it exists in the 
phage particle. Shortly after infection, though, 
the ends of the DNA join to form a circle. 
FIGURE 27.13 shows the true state of lambda DNA 
during infection. The late genes are welded into 
a single group, which contains the lysis genes 
S-R from the right end of the linear DNA and 
the head and tail genes A-J from the left end. 

The late genes are expressed as a single tran
scription unit, starting from a promoter PR· that lies 
between Q and S. The late promoter is used con
stitutively. In the absence of the product of gene 
Q (which is the last gene in the rightward delayed 
early unit), however, late transcription terminates 
at a site tRJ· The transcript resulting from this ter
mination event is 194 bases long; it is known as 6S 
RNA. When pQ becomes available, it suppresses 
termination at tR3 and the 6S RNA is extended, 
with the result that the late genes are expressed. 

State of lambda DNA Stage and activity 

Early 

Host RNA 
polymerase 
transcribes N 
and ero from 

PL and PR 

Delayed early 

pN permits 
transcription 
from same 
promoters to 
continue past 
N and ero 

Late 

Transcription 
initiates at PR' 

•v• (between Q Jl'li and S) and pQ 
permits it to 
continue 
through all 
late genes 

FIGURE 27.13 Lambda DNA circularizes during infection, 
so that the late gene cluster is intact in one transcrip
tion unit. 
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FIGURE 27.14 The lambda regulatory region contains a cluster of trans-acting functions and 
cis-acting elements. 

fill Lysogeny Is Maintained 
by the Lambda Repressor 
Protein 

Key concepts 
• The lambda repressor, encoded by the ci gene, 

is required to maintain lysogeny. 

• The lambda repressor acts at the OL and OR operators 
to block transcription of the immediate early genes. 

• The immediate early genes trigger a regulatory 
cascade; as a result their repression prevents the 
lytic cycle from proceeding. 

Looking at the lambda lytic cascade, we see 
that the entire program is set in motion by the 
initiation of transcription at the two promoters 
h and PR for the immediate early genes Nand 
era. Lambda uses antitermination to proceed 
to the next stage of (delayed early) expression; 
therefore, the same two promoters continue to 
be used throughout the early period. 

The expanded map of the regulatory region 
drawn in FIGURE 27.14 shows that the promoters 
h and PR lie on either side ofthe ci gene. Asso
ciated with each promoter is an operator (OL, 
OR) at which repressor protein binds to prevent 
RNA polymerase from initiating transcription. 
The sequence of each operator overlaps with 
the promoter that it controls, and because this 
occurs so often these sequences are described 
as the hi OL and PRJ OR control regions. 

As a result of the sequential nature of the 
lytic cascade, the control regions provide a pres
sure point at which entry to the entire cycle 
can be controlled. By denying RNA polymerase 
access to these promoters, the lambda repressor pro
tein prevents the phage genome from enteri11g the 
lytic cycle. The lambda repressor functions in the 
same way as repressors of bacterial operons: It 
binds to specific operators. 

The lambda repressor protein is encoded 
by the cl gene. Note in Figure 27.14 that the 
cl gene has two promoters, PRM (promoter 

right maintenance) and PRE (promoter right 
establishment). Mutants in this gene cannot 
maintain lysogeny, but always enter the lytic 
cycle. In the time since the original isolation of 
the lambda repressor protein, the characteriza
tion of the repressor protein has shown how it 
both maintains the lysogenic state and provides 
immunity for a lysogen against superinfection 
by new phage lambda genomes. 

The lambda repressor binds independently 
to the two operators, OL and OR· Its ability to 
repress transcription at the associated promot
ers is illustrated in FIGURE 27.15. 

At OL the lambda repressor has the same sort 
of effect that we have already discussed for sev
eral other systems: It prevents RNA polymerase 
from initiating transcription at PL. This stops the 
expression of gene N. h is used for all leftward 
early gene transcription; thus, this action pre
vents expression of the entire leftward early 

Repressor t 
dimer '\ 

t Repressor 
monomer 

Repressor 
prevents 

RNA polymerase 
from binding 

PL 

c/mRNA -"r 
PAM 

c/ repressor 
gene 

Repressor 
prevents 

RNA polymerase 
from binding 

PR 

FIGURE 27.15 Repressor acts at the left operator and 
right operator to prevent transcription of the immediate 
early genes (Nand cro). It also acts at the promoter PRr·l to 
activate transcription by RNA polymerase of its own gene. 
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transcription unit. Thus the lytic cycle is blocked 
before it can proceed beyond early stages. 

At OR, repressor binding prevents the use 
of PR, and so cro and the other rightward early 
genes cannot be expressed. The lambda repres
sor protein binding at OR also stimulates tran
scription of cl, its own gene from PRM· 

The nature of this control circuit explains 
the biological features of lysogenic existence. 
Lysogeny is stable because the control circuit 
ensures that, so long as the level of lambda 
repressor is adequate, there is continued expres
sion of the cl gene. The result is that OL and OR 
remain occupied indefinitely. By repressing the 
entire lytic cascade, this action maintains the 
prophage in its inert form. 

&II The Lambda Repressor 
and Its Operators Define 
the Immunity Region 

Key concepts 
• Several lambdoid phages have different immunity 

regwns. 

• A lysogenic phage confers immunity to further 
infection by any other phage with the same immu
nity region. 

The presence of lambda repressor explains the 
phenomenon of immunity. If a second lambda 
phage DNA enters a lysogenic cell, repressor 
protein synthesized from the resident prophage 
genome will immediately bind to OL and OR 
in the new genome. This prevents the second 
phage from entering the lytic cycle. 

The operators were originally identified 
as the targets for repressor action by virulent 

mutations (Avir) . These mutations prevent the 
repressor from binding at OL or OR, with the result 
that the phage inevitably proceeds into the lytic 
pathway when it infects a new host bacterium. 
Note that A.vir mutants can grow on lysogens 
because the virulent mutations in OL and OR 
allow the incoming phage to ignore the resident 
repressor and thus enter the lytic cycle. Virulent 
mutations in phages are the equivalent of oper
ator-constitutive mutations in bacterial operons. 

A prophage is induced to enter the lytic 
cycle when the lysogenic circuit is broken. This 
happens when the repressor is inactivated (see 
the next section, The DNA-Bi11ditzg Form of the 
Lambda Repressor Is a Dimer). The absence of 
repressor allows RNA polymerase to bind at 
h and PR, starting the lytic cycle, as shown in 
FIGURE 27.16 . 
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RNA polymerase cannot 
initiate at PAM in absence 
of repressor 

N mRNA /\If/' 
RNA polymerase 
initiates at PL 

RNA polymerase 
initiates at PA 

PAM • 

' cro mRNAVWV 
FIGURE 27.16 In the absence of repressor, RNA poly
merase initiates at the left and right promoters. It cannot 
initiate at PRM in the absence of repressor. 

The autoregulatory nature ofthe repressor
maintenance circuit creates a sensitive response. 
The presence of the lambda repressor is necessary 
for its own synthesis; therefore, expression ofthe 
cl gene stops as soon as the existing repressor is 
destroyed. Thus, no repressor is synthesized to 
replace the molecules that have been damaged. 
This enables the lytic cycle to start without inter
ference from the circuit that maintains lysogeny. 

The region including the left and right 
operators, the cl gene, and the cro gene deter
mines the immunity of the phage. Any phage 
that possesses this region has the same type of 
immunity, because it specifies both the repres
sor protein and the sites on which the repressor 
acts. Accordingly, this is called the immunity 

region (as marked in Figure 27.14). Each of the 
four lambdoid phages <p80, 21, 434, and A. has a 
unique immunity region. When we say that a 
lysogenic phage confers immunity to any other 
phage of the same type, we mean more pre
cisely that the immunity is to any other phage 
that has the same immunity region (irrespective 
of differences in other regions). 

The DNA-Binding Form of 
the Lambda Repressor 
Is a Dimer 

Key concepts 

• A repressor monomer has two distinct domains. 

• The N-terminal domain contains the DNA-binding 
site. 

• The C-terminal domain dimerizes. 

• Binding to the operator requires the dimeric form 
so that two DNA-binding domains can contact the 
operator simultaneously. 

• Cleavage of the repressor between the two 
domains reduces the affinity for the operator and 
induces a lytic cycle. 



The lambda repressor subunit is a polypeptide 
of 27 kD with the two distinct domains shown 
in FIGURE 27.17. 

• The N-terminal domain, residues l-92, 
provides the operator-binding site. 

• The C-terrninal domain, residues 132-
236, is responsible for dimerization. 

The two domains are joined by a connector of 
40 residues. When repressor is digested by a 
protease, each domain is released as a separate 
fragment. 

Each domain can exerdse its function inde
pendently of the other. The C-terminal frag
ment can form oligomers. The N-terminal 
fragment can bind the operators, although 
with a lower affinity than the intact lambda 
repressor. Thus, the information for specifically 
contacting DNA is contained within the N-ter
minal domain, but the effidency of the process 
is enhanced by the attachment of the C-termi
nal domain. 

The dim eric structure of the lambda repressor 
is crucial in maintaining /ysogwy. The induction 
of a lysogenic prophage into the lytic cycle is 
caused by cleavage of the repressor subunit in 
the connector region, between residues I l l  
and 1 1 3 .  (This is a counterpart to the allosteric 
change in conformation that results when a 
small-molecule inducer inactivates the repres
sor of a bacterial operon, a capacity that the 
lysogenic repressor does not have.) Induction 
occurs under certain adverse conditions, such 
as exposure of lysogenic bacteria to UV irradia
tion, which leads to proteolytic inactivation of 
the repressor due to the induction of the SOS 
damage response system. 

In the intact state, dimerization of the 
C-terminal domains ensures that when the 
repressor binds to DNA, its two N-terminal 
domains each contact DNA simultaneously. 

c 
236 
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92 

1 1 

N 

Dimerization 

Connector 

DNA-binding 

c c 

N 

FIGURE 27.17 The N-terminal and (-terminal regions of 
repressor form separate domains. The (-terminal 
domains associate to form dimers; the N-terminal domains 
bind DNA. 
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FIGURE 27.18 Repressor dimers bind to the operator. The 
affinity of the N-terminal domains for DNA is controlled by 
the dimerization of the (-terminal domains. 

Cleavage releases the C-terminal domains 
from the N-terminal domains, though. As 
illustrated in FIGURE 27.18, this means that the 
N-terminal domains can no longer dimerize, 
which upsets the equilibrium between mono
mers and dimers. As a result, they do not have 
sufficient affinity for the lambda repressor to 
remain bound to DNA, which allows the lytic 
cycle to start. Also, two dimers usually coop
erate to bind at an operator, and the cleavage 
destabilizes this interaction. 

The balance between lysogeny and the lytic 
cycle depends on the concentration of repres
sor. Intact repressor is present in a lysogenic 
cell at a concentration suffident to ensure that 
the operators are occupied. If the repressor is 
cleaved, however, this concentration is inad
equate, because of the lower affinity of the 
separate N-tenninal domain for the operator. 
A concentration of repressor that is too high 
would make it impossible to induce the lytic 
cycle in this way; a level that is too low, of 
course, would make i t  impossible to maintain 
lysogeny. 
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Lambda Repressor Uses a 
Helix-Turn-Helix Motif to 
Bind DNA 

Key concepts 
• Each DNA-binding region in the repressor contacts 

a half-site in the DNA. 

• The DNA-binding site of the repressor includes two 
short a-helical regions that fit into the successive 
turns of the major groove of DNA. 

• A DNA-binding site is a (partially) palindromic 
sequence of 17 bp. 

• The amino acid sequence of the recognition helix 
makes contact with particular bases in the opera
tor sequence that it recognizes. 

A repressor dimer is the unit that binds to DNA. 
It recognizes a sequence of 17 bp displaying par
tial symmetry about an axis through the central 
base pair. FIGURE 27.19 shows an example of a 
binding site. The sequence on each side of the 
central base pair is sometimes called a "half
site." Each individual N-tenninal region con
tacts a half-site. Several DNA -binding proteins 
that regulate bacterial transcription share a sim
ilar mode of holding DNA, in which the active 
domain contains two short regions of a-helix 
that contact DNA. (Some transcription factors 
in eukaryotic cells use a similar motif; see the 
Eukaryotic Transcriptio11 ReguLation chapter.) 

The N-tem1inal domain of lambda repressor 
contains several stretches of a-helix, which are 
ananged as illustrated diagrammatically in FIGURE 
27 .20. Two of the helical regions are responsible 
for binding DNA. The helix-turn-helix model 
for contact is illustrated in FIGURE 27 .21 . Looking 
at a single monomer, a-helix-3 consists of nine 
amino acids, each of which lies at an angle to 
the preceding region of seven amino acids that 
forms a-helix-2. In the dimer, the two apposed 
helix-3 regions lie 34 A apart, enabling them to 
fit into successive major grooves of DNA. The 
helix-2 regions lie at an angle that would place 
them across the groove. The symmetrical bind
ing of dimer to the site means that each N -ter
minal domain of the dimer contacts a similar set 
of bases in its half-site. 

TACCTCTGG CGGTGATA 

ATGGAGACCGCCACTAT 

FIGURE 27.19 The operator is a 17 -bp sequence with an 
axis of symmetry through the central base pair. Each half
site is marked in light blue. Base pairs that are identical 
in each operator half are in dark blue. 
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structure 
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FIGURE 27.20 lambda repressor's N-terminal domain con
tains five stretches of a-helix; helices 2 and 3 bind DNA. 

Related forms of the a-helical motifs 
employed in the helix -tum-helix of the lambda 
repressor are found in several DNA-binding 
.Proteins, including catabolite repressor pro
tein (CRP), the Lac repressor, and several other 
phage repressors. By comparing the abilities of 
these proteins to bind DNA, we can define the 
roles of each helix: 

• Contacts between helix-2 and helix-3 
are maintained by interactions between 
hydrophobic amino acids. 

• Contacts between helix-3 and DNA 
rely on hydrogen bonds between the 
amino acid side chains and the exposed 
positions of the base pairs. This helix is 
responsible for recognizing the specific 
target DNA sequence and is therefore 
also known as the .recognition helix. 

Half-site Half-site 

FIGURE 27.21 In the two-helix model for DNA binding, 
helix-3 of each monomer lies in the wide groove on the 
same face of DNA, and helix-2 lies across the groove. 



REPRESSOR - OR1 
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TACCTCTG 
ATGGAGACC 

TAT CT CTT 
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FIGURE 27.22 Two proteins that use the two-helix 
arrangement to contact DNA recognize lambda operators 
with affinities determined by the amino acid sequence 
of helix-3. 

By comparing the contact patterns illus
trated in FIGURE 27 .22, we see that the 
lambda repressor and Cro select differ
ent sequences in the DNA as their most 
favored targets because they have dif
ferent amino acids in the corresponding 
positions in helix-3. 

• Contacts from helix-2 to the DNA take 
the form of hydrogen bonds connect
ing with the phosphate backbone. These 
interactions are necessary for binding, but 
do not control the specificity of target rec
ognition. In addition to these contacts, a 
large part of the overall energy of interac
tion with DNA is provided by ionic inter
actions with the phosphate backbone. 

What happens if we manipulate the coding 
sequence to construct a new protein by substi 
tuting the recognition helix in one repressor 
with the corresponding sequence from a closely 
related repressor? The specificity of the hybrid 
protein is that of its new recognition helix. The 
amino acid sequmce of this short region determines 
the sequence specificities of the individual proteins 
and is able to ad in conjUttction with the rest of the 
polypeptide chain. 

The bases contacted by helix-3 lie on 
one face of the DNA, as can be seen from the 
positions indicated on the helical diagram in 
Figure 27.22. Repressor makes an addi tiona) 
contact with the other face of DNA, though. The 
last six N-terminal amino acids of the N-tenni
nal domain form an "arm" extending around 
the back. FIGURE 27.23 shows the view from the 

Arm of helix-1 

FIGURE 27.23 A view from the back shows that the 
bulk of the repressor contacts one face of DNA, but its 
N-termi nal arms reach around to the other face. 

back. Lysine residues in the arm make contact 
with G residues in the major groove, and also 
with the phosphate backbone. The interaction 
between the ann and DNA contributes heavily 
to DNA binding; the binding affinity of a mutant 
armless repressor is reduced by - 1 000 fold. 

Lambda Repressor Dimers 
Bind Cooperatively to 
the Operator 

Key concepts 
• Repressor binding to one operator increases the 

affinity for binding a second repressor dimer to 
the adjacent operator. 

• The affinity is lOX greater for Oll and ORl than 
other operators, so they are bound first. 

• Cooperativity allows repressor to bind the 0L2/0R2 
sites at lower concentrations. 

Each operator contains three repressor-binding 
sites. As can be seen in FIGURE 27.24, no two 
of the six individual repressor-binding sites are 
identical, but they all conform to a consensus 
sequence. The binding sites within each opera
tor are separated by spacers of 3 to 7 bp that are 
rich in A-T base pairs. The sites at each operator 
are numbered so that OR consists ofthe series of 
binding sites OR 1 -OR2-0R3, whereas OL consists 
ofthe series 0Ll-OL2-0L3· In each case, site I lies 
closest to the start point for transcription in the 
promoter, and sites 2 and 3 lie farther upstream. 

Faced with the triplication of binding sites at 
each operator, how does the lambda repressor 
decide where to start binding? At each operator, 
site l has a greater affinity (roughly tenfold) 
than the other sites for the lambda repressor. 
Thus, it always binds first to OL l and OR l .  

Lambda repressor binds to subsequwt sites 
within each operator in a cooperative manner. The 
presence of a dimer at site l greatly increases 
the affinity with which a second dimer can bind 
to site 2. When both sites l and 2 are occupied, 
this interaction does not extend farther, to site 3 .  
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FIGURE 27.24 Each operator contains three repressor-binding sites and overlaps with the promoter at which RNA polymerase binds. 
The orientation of OL has been reversed from usual to facilitate comparison with OR. 

At the concentrations of the lambda repressor 
usually found in a lysogen, both sites l and 2 are 
filled at each operator, but site 3 is not occupied. 

The C-terminal domain is responsible for 
the cooperative interaction between dimers, as 
well as for the dimer formation between sub
tmits. FIGURE 27.25 shows that it involves both 
subunits of each dimer; that is, each subunit 
contacts its counterpart in the other dimer, 
fom1ing a tetrameric structure. 

A result of cooperative binding is the 
increase in effective affi11ity of repressor for 
the operator at physiological concentrations. 
This enables a lower cm1centration of repres
sor to achieve occupancy of the operator. This 
is an importam consideration in a system in 
which release of repression has irreversible con
sequences. In an operon coding for metabolic 
enzymes, after all, failure to repress wiJI merely 

FIGURE 27.25 When two lambda repressor dimers bind 
cooperatively, each ofthe subunits of one dimer contacts 
a subunit in the other dimer. 
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allow unnecessary synthesis of enzymes. Fail
ure to repress lambda prophage, however, will 
lead to induction of phage and lysis of the cell. 

From the sequences shown in Figure 27 .22, 
we see that OLl and OR I lie more or less in the 
center of the RNA polymerase binding sites ofPL 
and PR, respectively. Occupancy of OLI -OL2 and 
OR l -OR2 thus physically blocks access of RNA 
.Polymerase to the corresponding promoters. 

Lambda Repressor 
Maintains an 
Autoregulatory Circuit 

Key concepts 
• The DNA-binding region of repressor at 0R2 con

tacts RNA polymerase and stabilizes its binding 
to PRt4· 

• This is the basis for the autoregulatory control 
of repressor maintenance. 

• Repressor binding at OL blocks transcription of 
gene N from fL. 

• Repressor binding at OR blocks transcription of cro, 
but also is required for transcription of ci. 

• Repressor binding to the operators therefore 
simultaneously blocks entry to the lytic cycle 
and promotes its own synthesis. 

Once lysogeny has been established, the ci 
gene is transcribed frorn the PRM promoter 
(see Figure 27.14) that lies to its right, close to 



PRIOR· Transcription terminates at the left end 
of the gene. The mRNA starts with the AUG 
initiation codon; because of the absence of a 5 '  
UTR containing a ribosome-binding site, this 
is a very poor message that is translated inef
ficiently, producing only a low level of protein. 
Note that we have not yet described how tran
scription for the ci gene is established (see the 
section later in this chapter, The Cro Repressor Is 
Needed for Lytic Infection) .  

The presence of the lambda repressor at 
OR has dual effects, as noted earlier in the sec
tion Lysogwy Is Maintained by the Lambda Repres
sor Protei1!. It blocks expression from PR, but it 
assists transcription from PRM· RNA polymerase 
can iHitiate efficiently at PRM oHly whw the lambda 
repressor is bound at OR· The lambda repressor 
thus behaves as a positive regulator protein that 
is necessary for transcription of its own gene, cl. 
This is the definition of an autoregulatory circuit. 

At OL, the repressor has the same sort of 
effect. It prevents RNA polymerase from initiat
ing transcription at h; this stops the expression 
of gene N. h is used for all leftward early gene 
transcription. As a result, this action prevents 
expression ofthe entire leftward early transcrip
tion unit. Thus, the lytic cycle is blocked before it cmz 
proceed beyo7!d early stages. Its actions at OR and OL 

are summarized in FIGURE 27 .26. 
The RNA polymerase binding site at PRM is 

adjacent to OR2· This explains how the lambda 
repressor autoregulates its own synthesis. 
When two dimers are bound at OR I - OR2, the 
amino terminal domain of the dimer at OR2 

interacts with RNA polymerase . The nature of 
the interaction is identified by mutations in the 
repressor that abolish positive control because 
they cannot stimulate RNA polymerase to tran
scribe from PRM· They map within a small group 
of amino acids, located on the outside of helix -2 

or in the turn between helix -2 and helix -3 .  The 
mutations reduce the negative charge of the 
region; conversely, mutations that increase 

Positive control mutations 

FIGURE 27.26 Positive control mutations identify a small 
region at helix-2 that interacts directly with RNA polymerase. 

the negative charge enhance the activation of 
RNA polymerase. This suggests that the group 
of amino acids constitutes an " acidic patch" that 
functions by an electrostatic interaction with a 
basic region on RNA polymerase to activate it. 

The location of these "positive control 
mutations" in the repressor is indicated in FIG
URE 27.27 . They lie at a site on repressor that is 
close to a phosphate group on DNA, which is 
also close to RNA polymerase. Thus, the group 
of amino acids on repressor that is involved 
in positive control is in a position to contact 
the polymerase. The important principle is that 
protein-protein interactions can release energy 
that is used to help to initiate transcription. 

The target site on RNA polymerase that 
the repressor contacts is in the cr70 subunit, 
which is within the region that contacts the 
- 3 5  region of the promoter. The interaction 
between repressor and polymerase is needed 
for the polymerase to make the transition from 
a closed complex to an open complex. 

This explains how low levels of repressor 
positively regulate its own synthesis. As long as 
enough repressor is available to fill OR2, RNA 
polymerase will continue to transcribe the ci 
gene from PRM· 

Cooperative Interactions 
Increase the Sensitivity 
of Regulation 

Key concepts 

• Repressor dimers bound at Oll and Ol2 interact with 
dimers bound at ORl and OR2 to form octamers. 

• These cooperative interactions increase the sensi
tivity of regulation. 

Lambda repressor dimers interact cooperatively 
at both the left and right operators, so that their 
normal condition when occupied by repressor is 
to have dimers at both the I and 2 binding sites. 
In effect, each operator has a tetra mer of repres
sor. This is not the end of the story, though. The 
two dimers interact with one another through 
their C-terminal domains to form an octamer, as 
depicted in FIGURE 27.28, which shows the distri
bution of repressors at the operator sites that are 
occupied in a lysogen. Repressors are occupying 
OL I ,  OL2, OR I ,  and OR2, and the repressor at the 
last of these sites is interacting with RNA poly
merase, which is initiating transcription at PRM· 

The interaction between the two operators 
has several consequences. It stabilizes repressor 
binding, thereby making it possible for repressor 
to occupy operators at lower concentrations. 

27.14 Cooperative Interactions Increase the Sensitivity of Regulation 793 



LYSOGENY 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

• • • • • • • • • • • • • • • • • • • • • • • 

• 

t 

• • • • • • • • • • • • • • • • • • • • • • • • • 

repressor 
dimer 

repressor 
monomer 

c/ mRNA 

• 
• 

y 

,., -
OJPL 

Repressor prevents 
RNA polymerase 
from binding PL 

c/ repressor gene OA/PA 

RNA polymerase 
binds PAM and 
transcribes c/ 

Repressor prevents 
RNA polymerase 
from binding PR 

NmRNA LYTIC CYCLE 

f'\..A.. 

t RNA polymerase cannot initiate 
at PAM in absence of repressor RNA polymerase 

initiates at PA 

RNA polymerase 
initiates at PL 

cro mRNA ..F\.A. 
FIGURE 27.27 Lysogeny is maintained by an autoregulatory circuit. 

Binding at OR2 stabilizes RNA polymerase bind
ing at PRM, which enables low concentrations of 
repressor to autogenously stimulate their own 
production. The octamer at sites 1 and 2 in OL 
and OR stimulate PRM transcription better than 
two dimers at OR· 

The DNA between the OL and OR sites 
(i.e., the gene cl) forms a large loop, which 
is held together by the repressor octamer. 

N ,. 

State of c/ gene: ON 

cro 

PAM 

FIGURE 27.28 In the lysogenic state, the repressors bound at 
OL1 and 0L2 interact with those bound at 0R1 and 0R2. RNA poly
merase is bound at PRr•l (which overlaps with 0R3) and interacts 
with the repressor bound at 0R2. 
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The octamer brings the sites 013 and OR3 into 
.Proximity. As a result, two repressor dimers 
can bind to these sites and interact with one 
another, as shown in FIGURE 27.29 . The occu
pation of OR3 prevents RNA polymerase from 
binding to PRM and therefore turns off expres
sion of repressor. 

This shows us how the expression of the ci 
gene becomes exquisitely sensitive to repres
sor concentration. At the lowest concentra
tions, it fonns the octamer and activates RNA 
.Polymerase in a positive autogenous regulation. 
An increase in concentration allows binding 
to 013 and OR3 and turns off transcription in 
a negative autogenous regulation. The thresh
old levels of repressor that are required for 
each of these events are reduced by the coop
erative interactions, which make the overall 
regulatory system much more sensitive. Any 
change in repressor level triggers the appropri
ate regulatory response to restore the lysogenic 
level. 

The overall level of repressor has been 
reduced (about threefold from the level that 



would be required ifl'here were no cooperative 
effects), and thus there is less repressor that has 
to be eliminated when it becomes necessary to 
induce the phage. This increases the efficiency 
of induction. 

The eli and ciii Genes 
Are Needed to Establish 
Lysogeny 

Key concepts 
• The delayed early gene products eli and ciii are 

necessary for RNA polymerase to initiate transcrip
tion at the promoter PRE· 

• eli acts directly at the promoter and ciii protects 
eli from degradation. 

• Transcription from PRE leads to synthesis of repres
sor and also blocks the transcription of cro. 

The control circuit for maintaining lysogeny 
presents a paradox. The preseuce of repressor pro
tein is necessary for its own synthesis. This explains 
how the lysogenic condition is perpetuated. 
How, though, is the synthesis of repressor 
established in the first place? 

When a lambda DNA enters a new host cell, 
RNA polymerase cannot transcribe ci because 
there is no repressor present to aid its binding at 
PRM· This same absence of repressor, however, 
means that PR and PL are available. Thus, the first 
event after lambda DNA infects a bacterium is 
when genes N and cro are transcribed. After this, 
pN allows transcription to be extended farther. 
This allows ell! (and other genes) to be tran
scribed on the left, whereas ell (and other genes) 
are transcribed on the right (see Figure 27 .14). 

The ell and ell! genes share with cl the prop
erty that mutations in them hinder lytic devel
opment. There is, however, a difference. The 
cl mutants can neither establish nor maintain 
lysogeny. The ell or clll mutants have some dif
ficulty in establishing lysogeny, but once it is 
established they are able to maintain it by the 
cl autoregulatory circuit. 

This implicates the ell and clll genes as posi
tive regulators whose products are needed for an 
altemative system for repressor synthesis. The 
system is needed only to initiate the expression of 
cJ in order to circumvent the inability of the auto
regulatory circuit to engage in de novo synthesis. 
They are not needed for continued expression. 

The ell protein acts directly on gene expres
sion as a positive regulator. Between the cro 
and ell genes is the second cl promoter, caJled 
PRE (PRE stands for promoter right establish
ment). This promoter can be recognized by RNA 

N ,. 

State of cl gene. OFF 

��M�17l�:z\":mLU!'Io:l'\c, � Ju;.u\.a.t� 
�3 OA2 OA1 

PAM 
�cl cro 

,. 

FIG�RE 27 .29 Ol3 and OR3 are brought into proximity by for
mation of the repressor octamer, and an increase i n  repressor 
concentration allows dimers to bind at these sites and to interact. 

polymerase only in the presence of ell protein, 
whose action is illustrated in FIGURE 27.30. The 
dl protein is extremely unstable i11 vivo, because 
it is degraded as the result ol' the activity of a 
host protein called HfiA ("hfl'' stands for higlt 
frequellcy lysogellizatioll). The role of clll is to pro
tect ell against this degradation. 

Transcription fTom PRe promotes lysogeny 
in two ways. Its direct effect is that cJ mRNA is 
translated into repressor protein. An indirect 
effect is that transcription proceeds through the 
ero gene in the Nwrong" direction. Thus, the 5' 

part of the RNA corresponds to an antisense 
transcript of cro; in fact, it hybridizes to au then
tic cro mRNA, which inhibits its translation. This 
is important because cro expression is needed 
to enter the lytic cycle (see the section later in 
this chapter, The Cro Repressor Is Needed for Lytic 
hrfeaioll). 

The cl coding region on the PRE transcript is 
very efficiently translated, in contrast with the 
weak translation of the PRM transcript. In fact, 
repressor is synthesized approximately seven to 
eight times more effectively via expression Erom 
PRe than from PRM· This reflects the fact that the 
PRE transcript has an efficient 5'  UTR contain
ing a strong ribosome-hindi ng site, whereas the 
PRM transcript (as noted earlier in this chapter 

J Cit protein 

PRe 
FIGURE 27 .30 Repressor synthesis is established by the 
action of eli and RNA polymerase at PRE to initiate tran
scription that extends from the antisense strand of cro 
through the ci gene. 

27.15 The ell and ciii Genes Are Needed to Establish Lysogeny 795 



in the section, Lambda Repressor Maintains an 
Autoregulatory Circuit) is a very poor mRNA. 

A Poor Promoter Requires 
eli Protein 

Key concepts 

• PRE has atypical sequences at -10 and -35. 
• RNA polymerase binds the PRE promoter only in the 

presence of elL 
• ell binds to sequences close to the -35 region. 

The PRE promoter has a poor fit with the con
sensus at - IO and lacks a consensus sequence 
at - 35 .  This deficiency explains its dependence 
on the positive regulator ell. The promoter can
not be transcribed by RNA polymerase alone in 
vitro, but can be transcribed when ell is added. 
The regulator binds to a region extending from 
about -25 to -45. When RNA polymerase is 
added, an additional region, which extends 
from - I 2  to I 3, is protected. As shown in 
FIGURE 27 .31, the two proteins bind to overlap
ping sites. 

The importance of the -3 5  and - IO regions 
for promoter function, in spite of their lack of 
resemblance with the consensus, is indicated by 
the existence of cy mutations. These have effects 
similar to those of ell and clll mutations in pre
venting the establishment of lysogeny, but they 
are cis-acting instead of trans-acting. They fall into 
two groups, cyL and cyR, which are localized at the 
consensus operator positions of - I  0 and -35 .  

The cyL mutations are located around - IO 
and probably prevent RNA polymerase from 
recognizing the promoter. 

The cyR mutations are located around - 3 5  
and fall into two types, which affect either 
RNA polymerase or ell binding. Mutations in 
the center of the region do not affect ell bind
ing; presumably they prevent RNA polymerase 
binding. On either side of this region, mutations 
in short tetrameric repeats, TTGC, prevent ell 
from binding. Each base in the tetra mer is I 0 bp 
(one helical turn) separated from its homolog 
in the other tetramer, so that when ell recog
nizes the two tetramers, it lies on one face of 
the double helix. 

..,.,.!------IIIII� bound by 
ell alone 

bound by ell + polymerase 
.. 1111 .. 1111 

-50 -40-30 -20 -10 +1 0 

Usual 
sequence 
at -35 

TIGACA 

Start point 

Usual 
sequence 
at -10 

TATAAT 
GCAACGCAAACAAACGTGCTTGGTATACATTCATAAAGGAATCTA 
CGTiTGCGTITG 

*** * * 1t • • • •  

cyR mutations 

• polymerase binding 
• affect ell binding 

cyL mutations 

polymerase binding 

FIGURE 27.31 RNA polymerase binds to PRE only in the 
presence of elL which controls the region around -35. 

Positive control of a promoter implies that 
an accessory protein has increased the effi
ciency with which RNA polymerase initiates 
transcription. FIGURE 27.3 2 reports that either 
or both stages of the interaction between pro
moter and polymerase can be the target for reg
ulation. Initial binding to form a closed complex 
or its conversion into an open complex can be 
enhanced. 

Lysogeny Requires 
Several Events 

Key concepts 
• ell and ciii cause repressor synthesis to be estab

lished and also trigger inhibition of late gene 
transcription. 

• Establishment of repressor turns off immediate 
and delayed early gene expression. 

• Repressor turns on the maintenance circuit for its 
own synthesis. 

• Lambda DNA is integrated into the bacterial 
genome at the final stage in establishing lysogeny. 

Now we can see how lysogeny is established 
during an infection. FIGURE 27.33 recapitulates 

Promoter Regulator Polymerase binding 
(equilibrium constant, Ka) 

Closed-open conversion 
(rate constant, k2) 
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repressor no effect 11X 
PRE ell 1 OOX 1 OOX 

FIGURE 27.3 2 Positive regulation can influence RNA polymerase at either stage 
of initiating transcription. 
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FIGURE 27.33 A cascade is needed to establish lysogeny, but then this circuit is switched off 
and replaced by the autogenous repressor-maintenance circuit. 

the early stages and shows what happens 
as the result of expression of clll and ell. clll 
protects ell. The presence of ell allows PRE to 
be used for transcription extending through cl. 
Lambda repressor protein is synthesized in high 
amounts from this transcript and immediately 
binds to ol and OR. 

By directly inhibiting any further transcrip
tion from h and PR, repressor binding turns off 
the expression of all phage genes. This halts 
the synthesis of ell and c!II proteins, which 
are unstable; they decay rapidly, with the 
result that PRE ca11 no longer be used. Thus, 

the synthesis of repressor via the establishment 
drcuit is brought to a halt. 

The lambda repressor is now present at 
OR2, though. Acting as a positive regulator, it 
switches on the maintenance circuit for expres
sion from PRM by makingcontacr wi th the RNA 
polymerase sigma factor. This may be a redun
dant mecha11ism, simply to ensure the switch. 
Repressor continues to be synthesized, although 
at the lower level typical of PRM function. Thus 
the establishment circuit starts off repressor syn
thesis at a high level; then repressor turns off all 
other functions, while at the same time turning 
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on the maintenance circuit, which functions at 
the low level adequate to sustain lysogeny. At 
even higher levels of lambda repressor, with 
occupancy of OR3, lambda repressor turns off 
its own synthesis. 

We shall not at this point deal in detail with 
the other functions needed to establish lysog
eny, but we can just briefly remark that the 
infecting lambda DNA must be inserted into the 
bacterial genome (see the chapter titled Homolo
gous and Site-Specific RecombiHatio11 ) .  The inser
tion requires the product of gene int, which is 
expressed from its own promoter h at which 
the ell positive regulator also is necessary. The 
functions necessary for establishing the lyso
genic control circuit are therefore under the 
same control as the function needed to inte
grate the phage DNA into the bacterial genome. 
Thus, the establishment of lysogeny is under a 
control that ensures all the necessary events 
occur with the same timing. 

Emphasizing the tricky quality of lambda's 
intricate cascade, we now know that ell pro
motes lysogeny in another, indirect manner. lt 
sponsors transcription from a promoter called 
Panti-Q, which is located within the Q gene. 
This transcript is an antisense version of the Q 
region, and it hybridizes with Q mRNA to pre
vent translation of Q protein, whose synthesis is 
essential for lytic development. Thus, the same 
mechanisms that directly promote lysogeny by 
causing transcription of the cJ repressor gene 
also indirectly help lysogeny by inhibiting the 
expression of cro (described earlier) and Q, the 
regulator genes needed for the antagonistic lytic 
pathway. 

The Cro Repressor 
Is Needed for Lytic 
Infection 

Key concepts 
• Cro binds to the same operators as the lambda 

repressor, but with different affinities. 
• When Cro binds to OR3, it prevents RNA polymerase 

from binding to PRM and blocks the maintenance 
of repressor promoter. 

• When Cro binds to other operators at OR or OL, it 
prevents RNA polymerase from expressing immedi
ate early genes, which (indirectly) blocks repressor 
establishment. 

Lambda is a temperate virus; thus it has the 
alternatives of entering either the lysogenic 
pathway or the lytic pathway. Lysogeny is 
initiated by establishing an autoregulatory 
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maintenance circuit that inhibits the entire 
lytic cascade through applying pressure at two 
points, PLOL and PROR· The two pathways begin 
exactly the same-with the immediate early 
gene expression of the N gene and the era gene, 
followed by the pN -directed delayed early tran
scription. We now face a problem. How does 
the phage enter the lytic cycle? 

The key to the lytic cycle is the role of the 
gene cro, which codes for another repressor 
protein. Cro is responsible for prevwting the syn
thesis of the lambda repressor protei11 cl; this action 
shuts off the possibility of establishing lysogeny. 
Cro mutants usually establish lysogeny rather 
than entering the lytic pathway, because they 
lack the ability to switch events away from the 
expression of repressor. 

Cro forms a small dimer (the monomer is 
9 kD) that acts within the immunity region. It 
has two effects: 

• It prevents the synthesis of the lambda 
repressor via the maintenance circuit; 
that is, it prevents transcription via PRM· 

• It also inhibits the expression of early 
genes from both PL and PR· 

This means that when a phage enters the lytic 
pathway, Cro has responsibility both for pre
venting the synthesis of the lambda repressor 
and subsequently for turning down the expres
sion of the early genes once there has been 
enough product made. 

Note that Cro achieves its function by bind
ing to the same operators as the lambda repres
sor protein, d.  Cro contains a region with the 
same general structure as the lambda repressor; 
a helix -2 is offset at an angle from the recogni
tion helix-3. The remainder of the structure is 
different, which demonstrates that the helix
turn-helix motif can operate within various 
contexts. As does the lambda repressor, Cro 
binds symmetrically at the operators. 

The sequence of Cro and the lambda repres
sor in the helix-tum-helix region are related, 
which explains their ability to contact the same 
DNA sequence (see Figure 27.22). Cro makes 
similar contacts to those made by the lambda 
repressor, but binds to only one face of DNA; it 
lacks the N-tenninal arms by which the lambda 
repressor reaches around to the other side. 

How can two proteins have the same sites 
of action yet have such opposite effects? The 
answer lies in the different affinities that each 
protein has for the individual binding sites 
within the operators. Let us consider OR, about 
which more is known, and where Cro exerts 
both its effects. The series of events is illustrated 
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FIGURE 27.34 The lytic cascade requires Cro protein, which directly prevents repressor maintenance via 
PR14, as well as turning off delayed early gene expression, indirectly preventing repressor establishment. 

in FIGURE 27.34. (Note that the first two stages 
are identical to those of the lysogenic circuit 
shown in Figure 27.33.) 

The affinity of Cro for OR3 is greater than 
its affinity for OR2 or OR I .  Thus, it binds first to 
OR3· This inhibits RNA polymerase from bind
ing to PRM· As a result, Cro's first action is to 
prevent the maintenance circuit for lysogeny 
from coming into play. 

Cro then binds to OR2 or OR I .  Its affinity for 
these sites is similar, and there is no cooperative 
effect. Its presence at either site is sufficient to 
prevent RNA polymerase from using PR· This in 
turn stops the production of the early functions 

(including Cro itself). As a result of ell's instabil
ity, any use of PRE is brought to a halt. Thus, the 
two actions of Cro together block all production 
of the lambda repressor. 

As far as the lytic cycle is concerned, Cro 
turns down (although it does not completely 
eliminate) the expression of the early genes. 
Its incomplete effect is explained by its affinity 
for ORI  and OR2, which is about eight times 
lower than that of the lambda repressor. This 
effect of Cro does not occur until the early 
genes have become more or less superfluous, 
because the pQ protein is present; by this time, 
the phage has started late gene expression and 
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is concentrating on the production of progeny 
phage particles. 

Note that in the early stages of the infec
tion, Cro is given a head start over the lambda 
repressor, and so it would seem that the lytic 
pathway is favored. Ultimately, the outcome 
is determined by the concentration of the 
two proteins and their intrinsic DNA-binding 
affinities. 

What Determines the 
Balance Between 
Lysogeny and the 
Lytic Cycle? 

Key concepts 
• The delayed early stage when both Cro and 

repressor are being expressed is common to 
lysogeny and the lytic cycle. 

• The critical event is whether eli causes sufficient 
synthesis of repressor to overcome the action 
of Cro. 

The programs for the lysogenic and lytic path
ways are so intimately related that it is impos
sible to predict the fate of an individual phage 
genome when it enters a new host bacterium. 
Will the antagonism between the lambda 
repressor and Cro be resolved by establish
ing the autoregulatory maintenance circuit 
shown in Figure 27.3 3, or by turning off lambda 
repressor synthesis and entering the late stage 
of development shown in Figure 27 .34? 

The same pathway is followed in both cases 
right up to the brink of decision. Both involve 
the expression of the immediate early genes 
and extension into the delayed early genes. The 
difference between them comes down to the 
question of whether the lambda repressor or 
Cro will obtain occupancy of the two operators 
OL and PL. 

The early phase during which the decision 
is made is limited in duration in either case. 
No matter which pathway the phage follows, 
expression of all early genes will be prevented 
ash and PR are repressed and, as a consequence 
ofthe disappearance of ell and ciii, production 
of repressor via PRE will cease. 

The critical question comes down to 
whether the cessation of transcription from 
PRE is followed by activation of PRM and the 
establishment of lysogeny, or whether PRM fails 
to become active and the pQ regulator commits 
the phage to lytic development. FIGURE 27.35 

shows the critical stage at which both repressor 
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and Cro are being synthesized. This is deter
mined by how much lambda repressor was 
made. This in turn is determined by how much 
ell transcription factor was made. Finally, this 
in turn is-at least partly-determined by how 
much ciii protein was made. 

The initial event in establishing lysogeny is 
the binding of lambda repressor at OL1 and OR 1 .  
Binding at the first sites is rapidly succeeded by 
cooperative binding of further repressor dimers 
at OL2 and OR2· This shuts off the synthesis 
of Cro and starts up the synthesis of lambda 
repressor via PRM· 

The initial event in entering the lytic cycle 
is the binding of Cro at OR3. This stops the lyso
genic maintenance circuit from starting up at 
PRM· Cro must then bind to OR 1 or OR2, and to 
OL 1 or OL2, to turn down early gene expression. 
By halting production of ell and ciii, this action 
leads to the cessation of lambda repressor syn
thesis via PRE· The shutoff of lambda repressor 
establishment occurs when the unstable ell and 
ciii proteins decay. 

The critical influence over the switch 
between lysogeny and lysis is how much ell 
protein is made. If ell is abundant, synthesis 
of repressor via the establishment promoter is 
effective, and, as a result, the lambda repressor 
gains occupancy of the operators. If ell is not 
abundant, lambda repressor establishment fails, 
and Cro binds to the operators. 

The level of ell protein under any particular 
set of circumstances determines the outcome of 
an infection. Mutations that increase the stabil
ity of ell increase the frequency of lysogeniza
tion. Such mutations occur in ell itself or in 
other genes. The cause of ell's instability is its 
susceptibility to degradation by host proteases. 
Its level in the cell is influenced by ciii as well 
as by host functions. 

The effect of the lambda protein ciii is sec
ondary: It helps to protect ell against degrada
tion. The presence of ciii does not guarantee 
the survival of ell; however, in the absence of 
ciii, ell is virtually always inactivated. 

Host gene products act on this pathway. 
Mutations in the host genes hf!A and hf!B 
increase lysogeny. The mutations stabilize ell 
because they inactivate host protease(s) that 
degrade it. 

The influence of the host cell on the level 
of ell provides a route for the bacterium to 
interfere with the decision-making process. 
For example, host proteases that degrade ell 
are activated by growth on rich medium. Thus, 
lambda tends to lyse cells that are growing well, 



Both Cro and repressor are expressed at the delayed early stage 
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FIGURE 27.35 The critical stage in deciding between lysogeny and lysis is when delayed 
early genes are being expressed. If eli causes sufficient synthesis of repressor, lysogeny 
will result because repressor occupies the operators. Otherwise Cro occupies the operators, 
resulting in a lytic cycle. 

but is more likely to enter lysogeny on cells that 
are starving (and that lack components neces
sary for efficient lytic growth). 

A different picture is seen if multiple phage 
infect a bacterium. Several parameters are 
altered. First, more dll per bacterial cell is made 
to counter the amount of host protease, and 
that therefore leads to more ell being able to be 
made. On the other hand, in a single cell infected 
by multiple phage, each lambda genome will 
ultimately make its own decision about enter
ing the lytic pathway or lysogenic pathway. 
This is a "noisy" decision that can be affected 
by .minor local differences in the concentration 
of different molecules and proteins. The final 
outcome for the cell is quite different from that 

of a single-phage infection because the status 
of each individual phage must be considered. 
Ultimately, one can imagine that a vote will be 
taken, and for lysogeny to occur the vote must 
be unanimous. Even if only one phage proceeds 
down the lytic pathway, cell death will occur. 

Summary 
Virulent phages follow a lytic lifecycle, in which 
infection of a lwst bacteriLm1 is followed by pro
duction of a large number of phage particles, 
lysis of the cell, and release of the viruses. 
Temperate pl1ages can follow the lytic path
way or the lysogenic pathway, in which the 
phage genome is integrated into the bacterial 
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chromosome and is inherited in this inert, 
latent form like any other bacterial gene. 

In general, lytic infection can be described 
as falling into three phases. In the first phase a 
small number of phage genes are transcribed by 
the host RNA polymerase. One or more of these 
genes is a regulator that controls expression of the 
group of genes expressed in the second phase. The 
pattern is repeated in the second phase, when one 
or more genes is a regulator needed for expression 
of the genes of the third phase. Genes active dur
ing the first two phases code for enzymes needed 
to reproduce phage DNA; genes of the final phase 
code for structural components of the phage par
ticle. It is common for the very early genes to be 
turned off during the later phases. 

In phage lambda, the genes are organized 
into groups whose expression is controlled by 
individual regulatory events. The immediate 
early gene N codes for an antiterminator that 
allows transcription of the leftward and right
ward groups of delayed early genes from the early 
promoters PR and h. The delayed early gene Q 
has a similar antitermination function that allows 
transcription of all late genes from the promoter 
PR·. The lytic cycle is repressed, and the lysogenic 
state maintained, by expression of the el gene, 
whose product is a repressor protein, the lambda 
repressor, that acts at the operators OR and OL to 
prevent use of the promoters PR and PL, respec
tively. A lysogenic phage genome expresses only 
the cl gene from its promoter, PRM· Transcription 
from this promoter involves positive autoregula
tion, in which repressor bound at OR activates 
RNA polymerase at PRM· 

Each operator consists of three binding sites 
for the lambda repressor. Each site is palindromic, 
consisting of symmetrical half-sites. Lambda 
repressor functions as a dimer. Each half-binding 
site is contacted by a repressor monomer. The 
N -tenninal domain of repressor contains a helix
turn-helix motif that contacts DNA. Helix-3 is 
the recognition helix and is responsible for mak
ing specific contacts with base pairs in the opera
tor. Helix-2 is involved in positioning helix-3; it 
is also involved in contacting RNA polymerase 
at PRM· The C-terminal domain is required for 
dimerization. Induction is caused by cleavage 
between the N- and C-terminal domains, which 
prevents the DNA-binding regions from func
tioning in dimeric fonn, thereby reducing their 
affinity for DNA and making it impossible to 
maintain lysogeny. Lambda repressor-operator 
binding is cooperative, so that once one dimer 
has bound to the first site, a second dimer binds 
more readily to the adjacent site. 
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The helix-tum-helix motif is used by other 
DNA-binding proteins, including lambda Cro. 
Cro binds to the same operators but has a dif
ferent affinity for the individual operator sites, 
which are determined by the sequence of 
helix-3. Cro binds individually to operator sites, 
starting with OR3, in a noncooperative manner. 
It is needed for progression through the lytic 
cycle. Its binding to OR3 first prevents synthesis 
of repressor from PRM, and then its binding to 
OR2 and OR 1 prevents continued expression of 
early genes, an effect also seen in its binding to 
OLI and OL2· 

Establishment of lambda repressor synthe
sis requires use of the promoter PRE, which is 
activated by the product of the ell gene. The 
product of eiii is required to stabilize the ell 

product against degradation. By turning off ell 

and ell! expression, Cro acts to prevent lysog
eny. By turning off all transcription except that 
of its own gene, the repressor acts to prevent the 
lytic cycle . The choice between lysis and lysog
eny depends on whether repressor or Cro gains 
occupancy of the operators in a particular infec
tion. The stability of ell protein in the infected 
cell is a primary determinant of the outcome. 
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Eu karyotic Transcription Regulation 
CHAPTER OUTLINE J 

f.l:ll Introduction 

• Eukaryotic gene expression is usually controlled at 
the level of initiation of transcription by opening the 
chromatin. 

f.l:t.l How Is a Gene Turned On? 

• Some transcription factors may compete with hi stones 
for DNA after passage of a replication fork. 

• Some transcription factors can recognize their targets 
in closed chromatin to initiate activation. 

• The genome is divided into domains by boundary 
elements (insulators). 

• Insulators can block the spreading of chromatin 
modifications from one domain to another. 

f.t:U Mechanism of Action of Activators and Repressors 

804 

• Activators determine the frequency of transcription. 
• Activators work by making protein-protein contacts 

with the basal factors. 
• Activators may work via coactivators. 
• Activators are regulated in many different ways. 
• Some components of the transcriptional apparatus 

work by changing chromatin structure. 

• Repression is achieved by affecting chromatin 
structure or by binding to and masking activators. 

f.f:Q Independent Domains Bind DNA and Activate 

Transcription 

• DNA-binding and transcription-activation activities are 
carried out by independent domains of an activator. 

• The role of the DNA-binding domain is to bring the 
transcription-activation domain into the vicinity of 
the promoter. 

f.l:lt The Two-Hybrid Assay Detects Protein-Protein 

Interactions 

• The two-hybrid assay works by requiring an interaction 
between two proteins, where one has a DNA-binding 
domain and the other has a transcription-activation 
domain. 

f.l:fil Activators Interact with the Basal Apparatus 

• The principle that governs the function of all 
activators is that a DNA-binding domain determines 
specificity for the target promoter or enhancer. 

• The DNA-binding domain is responsible for localizing a 
transcription-activating domain in  the proximity of the 
basal apparatus. 

• An activator that works directly has a DNA-binding 
domain and an activating domain. 



CHAPTER OUTLINE, CONTINUED J 
• An activator that does not have an activating domain 

may work by binding a coactivator that has an 
activating domain. 

• Several factors in the basal apparatus are targets with 
which activators or coactivators interact. 

• RNA polymerase may be associated with various 
alternative sets of transcription factors in the form of 
a holoenzyme complex. 

t.l:ll There Are Many Types of DNA-Binding Domains 
• Activators are classified according to the type of 

DNA-binding domain. 
• Members of the same group have sequence variations 

of a specific motif that confer specificity for individual 
DNA target sites. 

t.l:l:l Chromatin Remodeling Is an Active Process 
• There are numerous chromatin-remodeling complexes 

that use energy provided by hydrolysis of ATP. 
• All remodeling complexes contain a related ATPase 

catalytic subunit and are grouped into subfamilies con
taining more closely related ATPase subunits. 

• Remodeling complexes can alter, slide, or displace 
nucleosomes. 

• Some remodeling complexes can exchange one histone 
for another in a nucleosome. 

t.l:U Nucleosome Organization or Content May Be 
Changed at the Promoter 
• A remodeling complex does not itself have specificity 

for any particular target site, but must be recruited by 
a component of the transcription apparatus. 

• Remodeling complexes are recruited to promoters by 
sequence-specific activators. 

• The factor may be released once the remodeling 
complex has bound. 

• Transcription activation often involves nucleosome 
displacement at the promoter. 

• Promoters contain nucleosome-free regions flanked by 
nucleosomes containing the H2A variant H2AZ (Htz1 in 
yeast). 

• The MMTV promoter requires a change in rotational 
positioning of a nucleosome to allow an activator to 
bind to DNA on the nucleosome. 

Histone Acetylation Is Associated with 
Transcription Activation 
• Newly synthesized histones are acetylated at specific 

sites, then deacetylated after incorporation into 
nucleosomes. 

• Histone acetylation is associated with activation of 
gene expresswn. 

• Transcription activators are associated with histone 
acetylase activities in large complexes. 

• Histone acetyltransferases vary in their target 
specificity. 

• Deacetylation is associated with repression of gene 
activity. 

• Deacetylases are present in complexes with repressor 
activity. 

Methylation of Histones and DNA Is Connected 
• Methylation of both DNA and specific sites on hi stones 

is a feature of inactive chromatin. 
• The SET domain is part of the catalytic site of protein 

m ethylt ra nsfe rases. 
• The two types of methylation event are connected. 

Promoter Activation Involves Multiple Changes to 
Chromatin 
• Remodeling complexes can facilitate binding of 

acetyltransferase complexes, and vice versa. 
• Histone methylation can also recruit chromatin

modifying complexes. 
• Different modifications and complexes facilitate 

transcription elongation. 

Histone Phosphorylation Affects Chromatin 
Structure 
• Histone phosphorylation is linked to transcription, 

repair, chromosome condensation, and cell-cycle 
progress10n. 

Yeast GAL Genes: A Model for Activation and 
Repression 
• GALl/10 genes are positively regulated by the 

activator Gal4. 
• Gal4 is negatively regulated by Gal80. 
• Gal80 is negatively regulated by Gal3, the ultimate 

positive regulator, which is activated by the inducer 
galactose. 

• GALl/10 genes are negatively regulated by a 
noncoding RNA synthesized from a cryptic promoter 
that controls chromatin structure. 

• Activated Gal4 recruits the machinery necessary to 
alter the chromatin and recruit RNA polymerase. 

• Catabolite repression is mediated by a glucose
dependent protein kinase, Snf1. 

Summary 

Introduction 
Key concept 
• Eukaryotic gene expression is usually controlled at 

the level of initiation of transcription by opening 
the chromatin. 

The phenotypic differences that distinguish 
the various kinds of cells in a higher eukaryote 

are largely due to differences in the expres
sion of genes that code for proteins; that is, 
those transcribed by RNA polymerase II.  In 
principle, the expression of these genes might 
be regulated at any one of several stages. In 
FIGURE 28.1, we can distinguish (at least) six 
potential control points, which form the fol
lowing series: 
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Activation of gene structure: open chromatin 
j, 

Initiation of transcription and elongation 
j, 

Processing the transcript 
j, 

Transport to the cytoplasm from the nucleus 
j, 

Translation of mRNA 
j, 

Degradation and turnover of mRNA 

Whether a gene is  expressed depends 
on the structure of chromatin both locally 
(at the promoter) and in the surrounding 
domain. Chromatin structure correspond
ingly can be regulated by individual activa
tion events or by changes that affect a wide 
chromosomal region. The most localized 
events concern an individual target gene, 
where changes in nucleosomal structure and 

Control of transcription initiation: used for most genes 

Local structure of the gene is changed 

General transcription apparatus binds to promoter 

RNA is modified and processed: 
can control expression of alternative products from gene 

- � ... ·=�5�==AAAA 

mANA is exp0rted from nucleus to cytoplasm 

AAAA """"===!.=�-
; 

-·� 

Nucleus Cytoplasm 

mANA is translated and degraded 

FIGURE 28. 1 Gene expression is controlled principally 
at the initiation of transcription. Control of processing 
may be used to determine which form of a gene is rep
resented in mRNA. The mRNA may be regulated during 
transport to the cytoplasm, during translation, and by 
degradation. 

806 CHAPTER 28 Eukaryotic Transcription Regulation 

organization occur in the immediate vicinity 
of the promoter. Many genes have multiple 
promoters; the choice of the promoter can 
alter the pattern of regulation and influence 
how the mRNA is used because it will change 
the 5 '  UTR. More general changes may affect 
regions as  large as a whole chromosome. 
Activation of a gene requires changes in the 
state of chromatin. The essential issue is how 
the transcription factors gain access to the 
promoter DNA. 

Local chromatin structure is an integral 
part of controlling gene expression. Broadly 
speaking, genes may exist in either of two 
basic structural conditions. The first is an 
inactive gene in dosed chromatin. Alterna
tively, genes are found in an "active" state, 
or open chromatin, only in the cells in which 
they are expressed, or potentially expressed. 
The change of structure precedes the act of 
transcription and indicates that the gene 
is able to be transcribed. This suggests that 
acquisition of the "active" structure must be 
the first step in gene expression. Active genes 
are typically found in domains of euchroma
tin with a preferential susceptibility to nucle
ases, and hypersensitive sites are created at 
promoters before a gene is activated (see the 
Chromatin chapter). A gene that is  in open 
chromatin may actually be active and be tran
scribed, or it may be potentially active and 
waiting for a subsequent signal, a condition 
called "poi sed." 

There is an intimate and continuing con
nection between initiation of transcription 
and chromatin structure. Some activators 
of gene transcription directly modify his
tones; in particular, acetylation of hi stones is 
associated with gene activation. Conversely, 
some repressors of transcription function by 
deacetylating histones. Thus, a reversible 
change in histone structure in the vicinity 
of the promoter is involved in the control of 
gene expression. These changes influence the 
association of histone octamers with DNA and 
are responsible for controlling the presence 
and structure of nucleosomes at specific sites. 
This is an important aspect ofthe mechanism 
by whid1 a gene is maintained in an active or 
inactive state. 

The mechanisms by which regions of chro
matin are maintained in an inactive (silent) 
state are related to the means by which an 
individual promoter is repressed. The proteins 
involved in the formation of heterochroma
tin act on chromatin via the histones, and 



modifications of the hi stones are an important 
feature in the interaction. Once established, 
such changes in chromatin can persist through 
cell divisions, creating an epigenetic state in 
which the properties of a gene are determined 
by the self-perpetuating structure of chroma
tin. The name epigenetic reflects the fact that a 
gene may have an inherited condition (it may 
be active or inactive) that does not depend on 
its sequence (see the chapter titled Epigenetic 
Effects Are bzherited). Once transcription begins, 
regulation during the elongation phase of tran
scription is also possible (see the Eukaryotic 
Transcription chapter). However, attenuation, 
as we saw in bacteria (in the chapter titled The 
Opero11 ), cannot occur in eukaryotes because 
of the separation of chromosomes from the 
cytoplasm by the nuclear membrane. The pri
mary transcript is modified by capping at the 5 '  
end and for most protein-coding genes is also 
modified by polyadenylation at the 3 '  end (see 
the chapter RNA Splici11g and Processi11g) .  Many 
genes also have multiple termination sites, 
which can alter the 3 '  UTR and thus mRNA 
function and behavior. 

Introns must be excised from the tran
scripts of interrupted genes. The mature RNA 
must then be exported from the nucleus to 
the cytoplasm. Regulation of gene expres
sion at the level of nuclear RNA processing 
might involve any or all of these stages, but 
the one for which we have most evidence 
concerns changes in splicing; some genes are 
expressed by means of alternative splicing 
patterns whose regulation controls the type 
of protein product (see the RNA Splici11g a11d 
Processi11g chapter). 

The translation of an mRNA in the cyto
plasm can be specifically controlled, as can 
the turnover rate of the mRNA. This can 
also involve the localization of the mRNA to 
specific sites where it i s  expressed; in addi
tion, the blocking of initiation of translation 
by specific protein factors may occur. Dif
ferent mRNAs may have different intrinsic 
half-lives determined by specific sequence 
elements (see the chapter mRNA Stability a11d 
Localization) .  

Regulation oftissue-specific gene transcrip
tion lies at the heart of eukaryotic differentia
tion. It is also important for control of metabolic 
and catabolic pathways. Gene regulators are 
typically proteins; however, RNAs can also 
serve as gene regulators. We seek to answer two 
questions about gene regulation: "How does a 
protein transcription factor identify its group of 

target genes?" and "How is the activity of the 
regulator itself regulated in response to intrinsic 
or extrinsic signals?" 

How Is a Gene Turned On? 
Key concepts 
• Some transcription factors may com pete with his

tones for DNA after passage of a replication fork. 
• Some transcription factors can recognize their tar

gets in closed chromatin to initiate activation. 
• The genome is divided into domains by boundary 

elements (insulators). 
• Insulators can block the spreading of chromatin 

modifications from one domain to another. 

Multicellular eukaryotes typically begin 
life through the fertilization of an egg by a 
sperm. In both of these haploid gametes, 
but especially the sperm, the chromosomes 
are in super-condensed modified chromatin. 
Males of some species use positively charged 
polyamilzes like spermines and spermidines 
to replace the histones in sperm chromatin; 
others include sperm-specific histone variants. 
Once the process of fusion of the two haploid 
nuclei is complete in the egg, genes are then 
activated in a cascade of regulatory events. 
The general question of how a gene in closed 
chromatin is turned on can be broken down 
into (at least) two parts. How do we identify 
and target for activation an individual gene 
that is wrapped up in condensed chromatin? 
Furthermore, when we begin to modify the 
hi stones and remodel the chromatin, how do 
we prevent that from spreading to genes we 
do not wish to turn on? 

First of all, we can imagine that repli
cation is one mechanism by which closed 
chromatin can be disrupted in order to allow 
DNA-binding sequences to become accessible. 
Replication opens higher order chromatin 
structure by temporarily displacing histone 
octamers. The occupation of enhancer DNA 
sites on daughter strands subsequently can 
be viewed as competition between nucleo
somes and gene regulators. Chromatin can 
be opened if transcription factors are present 
in high enough concentration, as shown in 
FIGURE 28.2. If the transcription factor con
centration is low, then nucleosomes can 
bind and condense the region. This occurs in 
Xe11opus embryos as oocyte-specific 5S ribo
somal genes are repressed in the embryo after 
fertilization. 
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Replication 

FIGURE 28.2 When replication disrupts chromatin structure, after the Y fork 
has passed, either chromatin can reform or transcription factors can bind 
and prevent chromatin formation. 

Second, it is clear that some transcription 
factors can bind to their DNA target sequence 
in closed chromatin. The DNA exposed on the 
surface of the histone octamer is potentially 
accessible. These transcription factors can then 
recruit the histone modifiers and chromatin 
remodelers to begin the process of opening the 
gene region and clearing the promoter (see the 
section titled Chromatin Remodeling Is an Active 
Process later in this chapter). Recently described 
examples of antisense transcription through a 
gene region can facilitate this process; these 
are described in more detail in the Regulatory 
RNA chapter. 

Chromatin modification typically origi
nates from a point source (such as an 
enhancer) and then spreads, in most cases 
bidirectionally. (In those cases where modi
fication spreads in a unidirectional fashion, we 
can ask why it is not spread bidirectionally.) 
The next question is, what prevents chroma
tin modification from spreading into distant 
gene regions? 

Activation (as well as repression) is 
limited by boundaries called insulators or 
boundary elements (see the Chromatin 
chapter) .  Very few of these insulators have 
been described in detail, and their mecha
nisms of action are still poorly understood. In 
one sense, they are very much like enhanc
ers. They are modular, compact sequence 
sets that bind specific proteins. Insulators can 
also function within complex loci to separate 
multiple temporal and tissue-specific enhanc
ers so that only one can function at a time. 
Boundary elements are also required to pre
vent the heterochromatin at regions such as 
the centromeres and telomeres from spread
ing into euchromatin. 
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Mechanism of Action of 
Activators and Repressors 

Key concepts 
• Activators determine the frequency of 

transcription. 
• Activators work by making protein-protein 

contacts with the basal factors. 
• Activators may work via coactivators. 
• Activators are regulated in many different ways. 
• Some components of the transcriptional apparatus 

work by changing chromatin structure. 
• Repression is achieved by affecting chromatin 

structure or by binding to and masking activators. 

Initiation of transcription involves many 
protein-protein interactions between tran
scription factors bound at enhancers with the 
basal apparatus that assembles at the promoter, 
including RNA polymerase. We can divide these 
transcription factors into two opposing classes: 
positive activators and negative repressors. 

We see, in the chapter titled The Operon, 
that positive control in bacteria entails a 
regulator that aids the RNA polymerase in the 
transition from the closed complex to the open 
complex. Transcription factors like the E. coli 
CRP typically bind close to the promoter to 
allow the CTD of the ex subunit of RNA poly
merase to make direct physical contact. This 
usually occurs in a gene having a poor promoter 
sequence. The activator functions to overcome 
the inability of the RNA polymerase to open 
the promoter. Positive control in eukaryotes is 
quite different. We can identify three classes of 
activators that differ by function. 

The first class is the true activators (see 
the Eukaryotic Trallscriptioll chapter). These are 
the classical transcription factors that function 
by making direct physical contact with the basal 
apparatus at the promoter (see the next section 
titled Independwt Domains Bind DNA and Activate 
Trallscription) either directly, or indirectly, 
through a coactivator. These transcription fac
tors function on DNA or chromatin templates. 

The activity of a true activator may be regu
lated in any one of several ways, as illustrated 
schematically in FIGURE 28.3 : 

• A factor is tissue-specific because it is 
synthesized only in a particular type of 
cell. This is typical of factors that regulate 
development, such as homeodomain 
proteins. 

• The activity of a factor may be directly 
controlled by modification. HSF 
(heat shock transcription factor) is 
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FIGURE 28.3 The activity of a positive regulatory transcription factor may be controlled by {A) synthesis of protein, 
(B) covalent modification of protein, {C) ligand binding, or (D) binding of inhibitors that sequester the protein or 
affect its ability to bind to DNA {E) by the ability to select the correct binding partner for activation, and (F) by cleav
age from an inactive precursor. 

converted to the active form by phos
phorylation. 

• A factor is activated or inactivated by 
binding a ligand. The steroid recep
tors are prime examples. Ligand bind
ing may influence the localization of 
the protein (causing transport from 

cytoplasm to nucleus), as well as deter
mine its ability to bind to DNA. 

• Availability of a factor may vary; for 
example, the factor NF-KB (which 
activates immunoglobulin K genes in 
B lymphocytes) is present in many 
cell types. It is sequestered or masked 
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in the cytoplasm, however, by the 
inhibitory protein 1-KB. In B lympho
cytes, NF-KB is released from I-KB and 
moves to the nucleus, where it activates 
transcription. 

• A dimeric factor may have alternative 
partners. One partner may cause it to 
be inactive; synthesis of the active part
ner may displace the inactive partner. 
Such situations may be amplified into 
networks in which various alternative 
partners pair with one another, espe
cially among the HLH proteins. 

• The factor may be cleaved from an inac
tive precursor. One activator is produced 
as a protein bound to the nuclear enve
lope and endoplasmic reticulum. The 
absence of sterols (such as cholesterol) 
causes the cytosolic domain to be cleaved; 
it then translocates to the nucleus and 
provides the active form of the activator. 

The second class includes the anti

repressors. When one of these activators 
is bound to its enhancer, it recruits the his
tone modifier enzymes and/or the chromatin 
remodeler complexes to convert the chromatin 
from the closed state to the open state. This 
class has no activity on a DNA template; it only 
functions on chromatin templates (described 
later in the section Chromatin Remodeli11g Is a11 
Active Process) .  

The third class includes architectural pro

teins such as Yin-Yang; these proteins function 
to bend the DNA, either bringing bound pro
teins together to facilitate forming a coopera
tive complex, or bending the DNA the other 
way to prevent complex formation, as shown in 
FIGURE 28.4. Note that a strand of DNA may thus 

Or 

(B) 

FIGURE 28.4 Architectural proteins control the structure 
of DNA and thus control whether bound proteins can 
contact each other. 
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be bent in two different directions depending 
on whether the regulator binds to the top or to 
the bottom. This is a difference of one-half of a 
turn of the helix, which is -5 base pairs ( 10.5  
bp per turn). 

We have seen several examples of negative 

control in bacteria, in the lac operon and in 
the trp operon in the chapter titled The Operon. 
Repression can occur in bacteria when the 
repressor prevents the RNA polymerase from 
converting from the dosed complex to the open 
complex as in the lac operon, or binds to the 
promoter sequence to prevent polymerase from 
binding as in the trp operon. There are many 
more mechanisms by which repressors act in 
eukaryotes, some of which are illustrated in 
FIGURE 28.5. 

• One mechanism of action by which a 
eukaryotic repressor can prevent gene 
expression is to sequester a11 activator 
in the cytoplasm. Eukaryotic proteins 
are synthesized in the cytoplasm. Pro
teins that function in the nucleus have 
a domain that directs their transport 
through the nuclear membrane. A 
repressor can bind to that domain and 
mask it. 

• Several variations of that mechanism 
are possible. One that takes place in 
the nucleus occurs when the repres
sor binds to an activator that is already 
bound to an enhancer and masks its 
activation domai11, thus preventing it 
from functioning (such as with the 
Gal80 repressor; see the section later 
in this chapter titled Yeast GAL Ge11es: 
A Model for Activatio11 and Repressio11) .  

• Alternatively, the repressor can be 
masked and held in the cytoplasm until it 
is released to enter the nucleus. 

• A fourth mechanism is simple com
petitioll for a11 enha11cer, where either 
the repressor and activator have the 
same binding site sequence or have 
overlapping but different binding 
site sequences. This is a very versatile 
mechanism for a cell because there 
are two variables at work here: One 
is strength of a factor binding to DNA, 
and the second is factor concentration. 
By only slightly varying the concentra
tion of a factor, a cell can dramatically 
alter its developmental path. 

The transcription factors that recruit the 
histone modifiers and chromatin remodelers 
have as their counterparts repressors that 



recruit the complexes that undo (or change) 
the modifications and remodeling. The same 
is true for the architectural proteins, where, in 
fact, the same protein bound to a different site 
prevents activator complexes from forming. 

E1J Independent Domains 
Bind DNA and Activate 
Transcription 

Key concepts 
• DNA-binding and transcription-activation 

activities are carried out by independent domains 
of an activator. 

• The role of the DNA-binding domain is to bring 
the transcription-activation domain into the 
vicinity of the promoter. 

We know the most about the activator class of 
transcription factors. Activators require protein 
domains with multiple functions: 

• They recognize specifi c  DNA target 
sequences located in enhancers that 
affect a particular target gene. 

• Having bound to DNA, an activator 
exercises its function by binding to 
components of the basal transcription 
apparatus. 

• Many require a dimerization domain to 
form complexes with other proteins. 

Can we characterize domains in the acti
vator that are responsible for these activities? 
Often an activator has a separate domain that 
binds DNA and a separate domain that acti
vates transcription. Each domain behaves as a 
separate module that functions independently 
when it is linked to a domain of the other type. 
The geometry of the overall transcription com
plex must allow the activating domain to con
tact the basal apparatus irrespective ofthe exact 
location and orientation of the DNA-binding 
domain. 

Enhancer elements near the promoter may 
still be an appreciable distance from the start 
point, and in many cases may be oriented in 
either direction. Enhancers may even be farther 
away and always show orientation indepen
dence. This organization has implications for 
both the DNA and proteins. The DNA may be 
looped or condensed in some way to allow the 
fom1a tion of the transcription complex, pennit
ting interactions between factors bound at both 
the enhancer and the promoter. In addition, the 
domains of the activator may be connected in 
a flexible way, as illustrated in FIGURE 28.6. The 
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FIGURE 28.5 A repressor may control transcription by (A) sequesteri ng an acti

vator in the cytoplasm, (B) by binding an activator and masking its activation 
domain, (C) by being held in the cytoplasm until it is needed, or (D) by competi

tion with an activator for a binding site. 

main point here is that the DNA-binding and 
activating domains are independent and are 
connected in a way that allows the activating 
domain to interact with the basal apparatus 
irrespective of the orientation and exact loca
tion of the DNA-binding domain. 

Binding to DNA is usually necessary for 
activating transcription, but there are tran-

Connecting domain 

\ 

DNA-binding domain 

FIGURE 28.6 DNA-binding and activating functions in a 
transcription factor may comprise independent domains 
of the protein. 
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scription factors that function without a DNA
binding domain by virtue of protein-protein 
dimerization. Does activation depend on the 
particular DNA-binding domain? This question 
has been answered by making hybrid proteins 
that consist ofthe DNA-binding domain of one 
activator linked to the activation domain of 
another activator. The hybrid functions in tran
scription at sites dictated by its DNA-binding 
domain, but in a way determined by its activa
tion domain. 

This result fits the modular view oftranscrip
tion activators. The fundion of the DNA-binding 
domai11 is to bring the activation domain to the basal 
apparatus at the promoter. Precisely how or where 
it is bound to DNA is irrelevant, but once it is 
there, the activation domain can play its role. 
This explains why the exact locations of DNA
binding sites can vary. The ability of the two 
types of module to function in hybrid proteins 
suggests that each domain of the protein folds 
independently into an active structure that is 
not influenced by the rest of the protein. 

The Two-Hybrid Assay 
Detects Protein-Protein 
Interactions 

Key concept 
• The two-hybrid assay works by requiring an 

interaction between two proteins, where one 
has a DNA-binding domain and the other has a 
transcription-activation domain. 

The model of domain independence is  the 
basis for an extremely useful assay for detect
ing protein interactions. The principle is 
illustrated in FIGURE 28.7 . We fuse one of the 
proteins to be tested to a DNA-binding domain. 
We fuse the other protein to a transcription
activating domain. (This is done by linking the 
appropriate coding sequences in each case and 
making synthetic proteins by expressing each 
hybrid gene.) 

If the two proteins that are being tested 
can interact with one another, the two hybrid 
proteins will interact. This is reflected in the 
name of the technique: the two-hybrid assay. 
The protein with the DNA-binding domain 
binds to a reporter gene that has a simple 
promoter containing its target site. It cannot, 
however, activate the gene by itself. Activation 
occurs only if the second hybrid binds to the 
first hybrid to bring the activation domain to 
the promoter. Any reporter gene can be used 
where the product is readily assayed, and this 
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activation domain 
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Interacting proteins activate expression 

FIGURE 28.7 The two-hybrid technique tests the ability 
of two proteins to interact by incorporating them into 
hybrid proteins, where one has a DNA-binding domain and 
the other has a transcription-activating domain. 

technique has given rise to several automated 
procedures for rapidly testing protein-protein 
interactions. 

The effectiveness of the technique dra
matically illustrates the modular nature of 
proteins. Even when fused to another protein, 
the DNA-binding domain can bind to DNA, and 
the transcription -activating domain can acti
vate transcription. Correspondingly, the inter
action ability of the two proteins being tested 
is not inhibited by the attachment of the DNA
binding or transcription-activating domains. 
(Of course, there are some exceptions for which 
these simple rules do not apply and interference 
between the domains ofthe hybrid protein pre
vents the technique from working.) 

The power of this assay is that it requires 
only that the two proteins being tested can 
interact with each other. They need not have 
anything to do with transcription (in fact, if the 
proteins being tested themselves are involved 
in transcription, it can frequently lead to false 
positives, as a single hybrid may work as an 
activator). As a result of the independence of 
the DNA-binding and transcription-activating 
domains, all we require is that they are brought 
together. This will happen so long as the two 
proteins being tested can interact in the envi
ronment of the nucleus. 



Ell Activators Interact with 

the Basal Apparatus 
Key concepts 
• The principle that governs the function of all acti

vators is that a DNA-binding domain determines 
specificity for the target promoter or enhancer. 

• The DNA-binding domain is responsible for local
izing a transcription-activating domain in the 
proximity of the basal apparatus. 

• An ac�ivator that works directly has a DNA-binding 
doma1n and an activating domain. 

• An activator that does not have an activating 
domain may work by binding a coactivator that 
has an activating domain. 

• Several factors in the basal apparatus are targets 
with which activators or coactivators interact. 

• RNA polymerase may be associated with various 
alternative sets of transcription factors in the 
form of a holoenzyme complex. 

The true activator class of transcription factors 
may work directly when it consists of a DNA-bind
ing domain linked to a transcription-activating 
domain, as illustrated earlier in Figure 28.5. In 
other cases, the activator does not itself have 
a transcription-activating domain (or contains 
only a weak activation domain), but binds 
another protein-a coactivator-that has the 
transcription-activating activity. FIGURE 28.8 
shows the action of such an activator. We may 
regard coactivators as transcription factors 
whose specificity is conferred by the ability 
to bind to proteins that bind to DNA instead 
of directly to DNA. A particular activator may 
require a specific coactivator. 

Although the protein components are orga
nized differently, the mechanism is the same. 
An activator that contacts the basal appara
tus directly has an activation domain cova
lently connected to the DNA-binding domain. 
When an activator works through a coacti
vator, the connections involve noncovalent 
binding between protein subunits (compare 
Figures 28.5 and 28.6). The same interactions 
are responsible for activation, irrespective of 
whether the various domains are present in the 

Coactivator I 
Activator 

FIGURE 28.8 An activator may bind a coactivator that 
contacts the basal apparatus. 

Activator contacts TAF in TF 110 

Activator contacts TF 118 

����R� 28.9 Activa
_
tors may work at different stages of 

JmtJatwn bycontact1ng the TAFs ofTFuD or by contacting 
TFnB. 

same protein subunit or divided into multiple 
protein subunits. In addition, many coactivators 
also contain additional enzymatic activities that 
promote transcription activation, such as activi
ties that modify chromatin structure (see the 
section later in this chapter titled Histone Acety
lation Is Associated with Transcription Activation). 

An activation domain works by making 
protein-protein contacts with general tran
scription factors that promote assembly of the 
basal apparatus. Contact with the basal appa
ratus may be made with any one of several 
basal factors, but typically occurs with TPuD, 
TFuB, or TP11A. All of these factors participate 
in early stages of assembly of the basal appa
ratus (see the EukaryoticTranscription chapter). 
FIGURE 28.9 illustrates the situation in which 
such a contact is made. The major effect of the 
activators is to influence the assembly of the 
basal apparatus. 

TPuD may be the most common target 
for activators, which may contact any one of 
several TAPs. In fact, a major role of the TAPs 
is  to provide the connection from the basal 
apparatus to activators. This explains why TBP 
alone can support basal-level transcription, 
whereas the TAFs ofTF11D are required for the 
higher levels of transcription that are stimu
lated by activators. Different TAFs in TPuD may 
provide surfaces that interact with different 
activators. Some activators interact only with 
individual TAFs; others interact wi th multiple 
TAFs. We assume that the interaction assists 
the binding ofTF11D to the TATA box, assists the 
binding of other basal apparatus components 
around the TF11D-TATA box complex, or con
trols the phosphorylation of the CTD. In any 
case, the interaction stabilizes the basal tran
scription complex, speeds the process of initia
tion, and thereby increases use of the promoter. 
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The activating domains ofthe yeast activa
tor Gal4 (see the section later in this chapter 
titled Yeast GAL Genes: A Model for Activation 
and Repressio11) and others have multiple nega
tive charges, giving rise to their description as 
"acidic activators." Acidic activators function 
by enhancing the ability of TF11B to join the 
basal initiation complex. Experiments in vitro 
show that binding ofTF11B to an initiation com
plex at an adenovirus promoter is stimulated 
by the presence of Gal4 OJ other acid activa
tors, and that the activator can bind directly to 
TF11B. Assembly of TF11B into the complex at 
this promoter is therefore a rate-limiting step 
that is stimulated by the presence of an acidic 
activator. 

The resilience of an RNA polymerase II pro
moter to the rearrangement of elements, and 
its indifference even to the particular elements 
present, suggests that the events by which it is 
activated are relatively general in nature. Any 
activators whose activating region is brought 
within range of the basal initiation complex 
may be able to stimulate its formation. Some 
striking illustrations of such versatility have 
been accomplished by constructing promoters 
consisting of new combinations of elements. 

How does au activator stimulate transcrip
tion? We can imagine two general types of 
model: 

• The recruitment model argues that 
the activator's sole effect is to increase 
the binding of RNA polymerase to the 
promoter. 

• An alternative model is to suppose that 
the activator induces some change in 
the transcriptional complex-for exam
ple, in the conformation of enzymes 
such as protein kinases, which increases 
its efficiency. 

When we add up all the components 
required for efficient transcription-basal 
factors, RNA polymerase, activators, and 
coactivators-we get a very large apparatus that 
consists of -40 proteins. Is it feasible for this 
apparatus to assemble step by step at tl1e pro
moter? Some activators, coactivators, and basal 
factors may assemble stepwise at the promoter, 
but then they may be joined by a very large 
complex consisting of RNA polymerase preas
sembled with further activators and coactiva
tors, as illustrated in FIGURE 28.10. 

Several fonus of RNA polymerase in which 
the enzyme is associated with various tran
scription factors have been found. The most 
prominent "holoenzyme complex'' in yeast 
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FIGURE 28.10 RNA polymerase exists as a holoenzyme 
containing many activators. 

(defined as being capable of initiating transcrip
tion without addiLional components) consists of 
RNA polymerase associated with a 20-subunit 
complex called Mediator. Mediator includes 
products of several genes in wl1ich mutations 
block transcription, including some SRB loci (so 
named because many of their genes were origi
nally identified as suppressors of mutations in 
RNA polymerase B, another name for pol II). 
The name was suggested by its ability to mediate 
the effects of activators. Mediator is necessary 
for transcription of most yeast genes. Homolo
gous complexes are required for the transcrip
tion of most genes in multicellular eukaryotes 
as well. Mediator undergoes a conformational 
change when it interacts with the CTD of RNA 
polymerase . It can transmit either activating or 
repressing effects from upstream components 
to the RNA polymerase. His  probably released 
when a polymerase starts elongation. Some 
transcription factors influence transcription 
directly by interacting with RNA polymerase 
OJ the basal apparatus, whereas others work 
by manipulating tl1e structure of chromatin 
(see the section later in this chapter, Chromati11 
Remodeling Is a11 Active Process). 

We have been discussing gene regulation 
solely in terms of protein factors. We know, 
however, that in many cases, antisense tran
scripts participate in gene regulation (see the 
section later in this chapter, Yeast Gal Genes: 
A Model for Activatio11 and Repression, and the 
Regulatory RNA chapter). A second RNA
dependent pathway that bas been implicated in 
gene regulation and chromatin structure is RNA 
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FIGURE 28. 1 1  Higher order chromatin interactions synergistically promote transcription of clustered genes. These interactions indicate 
a topological, combinatorial mechanism of transcription regulation. Modified from Cel/ 148 (2012): 1-7. 

interference (RNAi). Recent data in Drosophila 
demonstrate the involvement of the processing 
machinery for RNAi-Dicer and Argonaute
associated with chromatin at actively tran
scribed heat shock loci. Furthermore, mutations 
that inactivate this macl1inery lead to problems 
with RNA polymerase ll positioning properly at 
the promoter. Sequencing of RNAs associated 
with Argonaute show small RNAs originating 
from both strands of the promoter region. 

On a global scale, transcription that takes 
place in a nucleus is not scattered randomly 
throughout at sites of individual genes, but 
rather is seen to occur in large foci sometimes 
called transcription factories . We see in the 
Chromosomes chapter that individual chromo
somes are not scattered randomly throughout 
the nucleus, but rather reside in chromo
somal domains. New imaging techniques, 
including chromatin interaction analysis by 
paired-end-tagged sequencing or Ch.JA-PET, 
allow one to examine interactions between 
distal loci, including enhancers and promot
ers. These interactions, seen in human cells, 

can be surprisingly long range-intragenic, 
extragenic, and even intergenic. Enhancer
promoter interactions were described earlier. 
Also seen now are promoter-promoter inter
actions between both nearby and distal genes, 
as shown in FIGURE 28. 1 1 . The data suggest the 
intriguing possibility that perhaps eukaryotes 
do possess a physical mechanism, the chroperon, 
to coordinate the expression of multiple genes 
similar to the operon model in prokaryotes. 

There Are Many Types of 
DNA-Binding Domains 

Key concepts 
• Activators are classified according to the type of 

DNA-binding domain. 
• Members of the same group have sequence varia

tions of a specific motif that confer specificity for 
individual DNA target sites. 

It is common for au activator to have a mod
ular structure in which different domains 
are responsible for binding to DNA and for 
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activating transcription. Factors are often clas
sified according to the type of DNA-binding 
domain. In general, a relatively short motif in 
this domain is responsible for binding to DNA: 

• The zinc finger motif comprises a DNA
binding domain.Jt was originally recog
nized in factor TF111A, which is required 
for RNA polymerase l1I to transcribe SS 
rRNA genes. 

The consensus sequence of a single 
finger is: 

Cys-X2 -4·Cys-X3-Phe-X5-Leu-
XrHis-X3-His 

The motif takes its name from the loop 
of -23 amino acids that protrudes from 
the zinc-binding site and is described 
as the Cys2/His1 finger. The zinc is held 
in a tetrahedral structure formed by 
the conserved Cys and His residues. 
This motif has since been identified in 
numerous other transcription factors 
(and presumed transcription factors). 
Proteins often contain multiple zinc 
fingers, such as the three shown in 
FIGURE 28.12. Some zinc finger proteins 
can bind to RNA. 

• Steroid receptors (and some other 
proteins) have another type of zinc 
finger that is different from the Cys2/ 
His2 finger. Its structure is based on 
a sequence with the zinc-binding 
con sensus: 

Cys-xl -Cys-X I 3-Cys-Xl -Cys 

These sequences are called Cys2/Cys2 
fingers. The steroid receptors are 

' 
(';;) 

� 
Q 

�n Q 
(;) 
Q� � 

Forms Forms 
� sheet a helix 

! 

FIGURE 28.12 Zinc fingers may form a helices that insert 
into the major groove, which is associated with 13 sheets 
on the other side. 
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FIGURE 28.13 The first finger of a steroid receptor con
trols which DNA sequence is bound (positions shown in 
purple); the second finger controls spacing between the 
sequences (positions shown in blue). 

defined as a group by a functional rela
tionship: Each receptor is activated by 
binding a particular steroid, such as 
glucocorticoid binding to the gluco
corticoid receptor. Toge ther with other 
receptors, such as the thyroid hormone 
receptor or the retinoic acid receptor, 
the steroid receptors are members of 
the superfamily of ligand-activated 
activators with the same general modus 
operandi: The protein factor is inactive 
until it binds a small ligand, as shown in 
FIGURE 28. 13. The steroid receptors bind 
to DNA as dimers-eilher homodimers 
or heterodimers. Each monomer of the 
dimer binds to a half-site that may be 
palindromic or directly repeated. 

• The helix-turn-helix motif was origi
nally identified as the DNA-binding 
domain of phage repressors. The 
(-terminal a-helix lies in the major 
groove of DNA and is the recognition 
helix; the middle a-h elix lies at an 
angle across DNA. The N-terminal arm 
lies in the minor groove and makes 
additional contacts. A related form of 
the motif is present in the hom eo do
main, a sequence first characterized in 
several proteins encoded by Homeobox 
genes involved in developmental regu
lation in Drosophila, and by the com
parable human Hox genes shown in 
FIGURE 28. 14. Homeodomain proteins 
can be activators or repressors. 

• The amphipathic helix-loop-helix 
(HLH) motif has been identified in some 
developmental regulators and in genes 
coding for eukaryotic DNA-binding 
proteins. Each amphipathic helix pres
ents a face of hydrophobic residues on 
one side and charged residues on the 



Helices 1 and 2 lie above the DNA 

N-terminal arm lies 
in minor groove 
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FIGURE 28.14 Helix 3 of the homeodomain binds in the 
major groove of DNA, with helices 1 and 2 lying outside 
the double helix. Helix 3 contacts both the phosphate 
backbone and specific bases. The N-terminal arm lies in 
the minor groove and makes additional contacts. 

other side. The length of the connecting 
loop varies from 1 2  to 28 amino acids. 
The motif enables proteins to dimerize, 
either homodimers or heterodimers, 
and a basic region near this motif con
tacts DNA, as shown in FIGURE 28.15. Not 
all of the HLH proteins contain a DNA
binding domain, but rather rely on their 
partner for sequence specificity. Part
ners may change during development 
to provide additional combinations. 

• Leucine zippers comi st of an amphipa
thic a-helix with a leucine residue in 
every seventh position. The hydropho
bic groups, including leucine, face one 
side while the charged groups face the 
other side. A leucine zipper domain in 
one polypeptide interacts with a leucine 
zipper domain in another polypeptide 

bHLH proteins dimerize 
and bind DNA 
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FIGURE 28.15 An HLH dimerin which both subunits are 
of the bHLH type can bind DNA, but a dimerin which one 
subunit lacks the basic region cannot bind DNA. 

Leucines on hydrophobic 
faces of helices interact 

Basic region /binds DNA 

Subunit 2 

FIGURE 28.16 The basic regions of the bZIP motif are 
held together by the dimerization at the adjacent zipper 
region when the hydrophobic faces of two leucine zippers 
interact in parallel orientation. 

to form a protein dimer. There are rules 
for which zippers may dimerize. Adja
cent to each zipper is another domain 
containing positively charged residues 
that is involved in binding to DNA; this 
is known as the bZIP ("basic zipper") 

structural motif shown in FIGURE 28.16. 

Chromatin Remodeling 
Is an Active Process 

Key concepts 
• There are numerous chromatin-remodeling 

complexes that use energy provided by hydrolysis 
of ATP. 

• All remodeling complexes contain a related ATPase 
catalytic subunit and are grouped into subfamilies 
containing more closely related ATPase subunits. 

• Remodeling complexes can alter, slide, or displace 
nucleosomes. 

• Some remodeling complexes can exchange one 
histone for another in a nucleosome. 

Transcriptional activators face a challenge 
when trying to bind to their recognition sites 
in eukaryotic chromatin. FIGURE 28.17 illustrates 
two general states that can exist at a eukaryotic 
promoter. In the inactive state, nucleosomes are 
present, and they prevent basal factors and RNA 
polymerase from binding. In the active state, 
the basal apparatus occupies the promoter, and 
histone octamers cannot bind to it. Each type 
of state is stable . In order to convert a promoter 
from the inactive state to the active state, the 
chromatin structure must be perturbed in order 
to allow binding of the basal factors. 

The general process of inducing changes 
in chromatin structure is called chromatin 

remodeling. This consists of mechanisms 
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Histone octamers cannot � 
get access to DNA T 

FIGURE 28.17 If nucleosomes form at a promoter, tran
scription factors (and RNA polymerase) cannot bind. If 
transcription factors (and RNA polymerase) bind to the 
promoter to establish a stable complex for initiation, 
histones are excluded. 

for repositioning or displacing hi stones that 
depend on the input of energy. Many protein
protein and protein-DNA contacts need to be 
disrupted to release bistones from chromatin. 
There is no free ride: Energy must be provided 
to disrupt these contacts. FIGURE 28. 18 iUustrates 
the principle of a dynamic model by a factor 

Remodeling complex --£ 
Octamer is displaced ;1�.,...'-....( 

Factors and RNA 
polymerase bind 

FIGURE 28. 18 The dynamic model for transcription of 
chromatin relies upon factors that can use energy pro
vided by hydrolysis of ATP to displace nucleosomes from 
specific DNA sequences. 
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that hydrolyzes ATP. When the histone octamer 
is released from DNA, other proteins (in this 
case transa·iplion factors and RNA polymerase) 
can bind. 

There are several alternative outcomes of 
chromatin remodeling, shown in FIGURE 28.19 : 

• Hi stone octamers may slide along DNA, 
changing the relationship between the 
nucleic acid and the protein. This can 
alter both the rotational and the transla
tional position of a particular sequence 
on the nucleosome. 

• The spaci11g between histone octamers 
may be changed, again with the 
result that the positions of individual 
sequences are altered relative to the 
histone octamer. 

• The most extensive change is that an 
octamer( s) may be displaced entirely from 
DNA to generate a nucleosome-free 
gap. Alternatively, one or both H2A
H2B dimers can be displaced, leaving 
an H3-H4 tetramer on the DNA. 

A major role of chromatin remodeling 
is to change the organization of nucleo
somes at the promoter of a gene that is to 
be transcribed. This is required to allow the 
transcription apparatus to gain access to the 
promoter. Remodeling can also act to prevent 
transcription by moving nucleosomes onto, 
rather than away from, essential promoter 
sequences. Remodeling is also required to 
enable other manipulations of chromatin, 
such as repair of damaged DNA (see the Repair 
Systems chapter). 

Remodeling often takes the form of dis
placing one or more histone octamers. This 
can result in the creation of a site that is 
hypersensitive to cleavage with DNase I (see 
the Chromati11 chapter). Sometimes there are 
less dramatic changes, such as alteration ofthe 
rotational positioning of a single nucleosome, 
detectable by loss or change of the DNase 1 
1 0 -bp ladder. Thus, changes in chromatin 
structure can extend from subtly altering the 
positions of nucleosomes to removing them 
a) together. 

Chromatin remodeHng is undertaken by 
ATP-dependent chromatin remodeling 

complexes, which use ATP hydrolysis to pro
vide the energy for remodeling. The I1eart of 
the remodeling complex is its ATPase subunit. 
The ATPase subunits of aU remodeling com
plexes are related members of a large superfam
ily of proteins, which is divided into subfamilies 
of more closely related members. Remodeling 



complexes are classified according to the 
subfamily of ATPase that they contain as their 
catalytic subunit. There are many subfamilies; 
four major ones (SWI/SNF, ISWI, CHD, and 
IN080/SWR I )  are shown in FIGURE 28.20. The 
first remodeling complex described was the 
SWI/SNF ("switch sniW) complex in yeast, 
which has homologs in all eukaryotes. The 
chromatin remodeling superfamily is large 
and diverse, and most species have multiple 
complexes in different subfamilies. Budding 
yeast have two SWIISNF-related complexes 
and three ISWI complexes. Eight different 
ISWI complexes have been identified thus far in 
mammals. Remodeling complexes range from 
small heterodimeric complexes (the ATPase 
subunit plus a single partner) to massive com
plexes of 10 or more subunits. Each type of 
complex may undertake a different range of 
remodeling activities. 

SWIISNF is the prototypic remodeling com
plex. Its name reflects the fact that many of its 
subunits are encoded by genes originally identi
fied by swi or snfmutations in Saccharomyces cere
visiae. (swi mutants cannot switch mating type, 
and snf-sucrose nonfermenting-mutants can
not use sucrose as a carbon source.) Mutations 
in these loci are pleiotropic, and the range of 
defects is similar to those shown by mutants 
that have lost part of the carboxyl-terminal 
domain (CTD) of RNA polymerase II. Early hints 
that these genes might be linked to chromatin 
came from evidence that these mutations show 
genetic interactions with mutations in genes 
that code for components of chromatin: SIN !, 
which encodes a nonhistone chromatin pro
tein, and SIN2, which encodes histone H3. The 
SWI and SNFgenes are required for expression 
of a variety of individual loci. -120 S. cerevisiae 
genes require SWI/SNF for normal expression, 
-2% of the total number of genes. Expression 
of these loci may require the SWII SNF complex 
to remodel chromatin at their promoters. There 
are only -150 complexes of SWI/SNF per yeast 
cell. The related RSC (remodels the structure of 
chromatin) complex is more abundant and is 
essential for viability. It acts at -700 target loci. 

Different subfamilies of remodeling com
plexes have distinct modes of remodeling, 
reflecting differences in their ATPase subunits 
as well as effects of other proteins in individual 
remodeling complexes. SWIISNF complexes 
can remodel chromatin i11 vitro without overall 
loss of hi stones, or can displace histone octam
ers. These reactions likely pass through the 
same intermediate in which the structure of 
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FIGURE 28.19 Remodeling complexes can cause nucleosomes 
to slide along DNA, displace nucleosomes from DNA, or reorga
nize the spacing between nucleosomes. 

the target nucleosome is altered, leading either 
to reformation of a (remodeled) nucleosome 
on the original DNA or to displacement of the 
histone octamer to a different DNA molecule. 
In contrast, the 1SWI family primarily affects 
nucleosome positioning without displacing 
octamers, in a sliding reaction in which the 
octamer moves along DNA. The activity of!SWI 
requires the histone H4 tail as well as binding 
to linker DNA. 

There are many contacts between DNA and 
a histone octamer; 14 are identified in the crystal 
structure. All of these contacts must be broken 
for an octamer to be released or for it to move 
to a new position. How is this achieved? The 
ATPase subunits are distantly related to heli
cases (enzymes that unwind double-stranded 
nucleic acids), but remodeling complexes do not 
have any unwinding activity. Present thinking 
is that remodeling complexes in the SWI/SNF 

Type of Complex SWIISNF IS WI CHD 

Yeast SWIISNF ISW1a, ISWb CHDI 
RSC ISW2 

Fly dSWIISNF NURF JMIZ 
(brahma) CHRAC 

ACF 

Human hSWI/SNF RSF NuRD 
hACF/WCFR 
hCHRAC 
WICH 

Frog WICH Mi-2 
CHRAC 
ACF 

INOSO/SWRI 

I NO SO 
SWRI 

Tip60 

INOSO 
SRCAP 

FIGURE 28.20 Remodeling complexes can be classified by their ATPase subunits. 
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and ISWI classes use the hydrolysis of ATP to 
translocate DNA on the nucleosomal surface, 
essentially by creating a twisting motion. This 
twisting creates a mechanical force that allows 
a small region of DNA to be released from the 
surface and then repositioned. This mechanism 
creates transient loops of DNA on the surface of 
the octamer; these loops are themselves acces
sible to interact with other factors, or they can 
propagate along the nucleosome, ultimately 
resulting in nucleosome sliding. In the case of 
SWUSNF complexes, this activity can also result 
in nucleosome disassembly, first by displace
ment of the H2A/H2B dimers, then of the H3/ 
H4 tetramer. 

Different remodeling complexes have dif
ferent roles in the cell. SWI/SNF complexes 
are frequently involved in transcriptional acti
vation, whereas some ISWI complexes act as 
repressors, using their remodeling activity to 
slide n ucleosomes o11to promoter regions to 
prevent transcription. Members of the CHD 
(chromodomain helicase DNA-binding) family 
have also been implicated in repression, par
ticularly the Mi-2/NuRD complexes, which 
contain both chromatin remodeling and his
tone deacetylase activities. Remodelers in the 
SWR l/IN080 class have a unique activity: In 
addition to their normal remodeling capabili
ties, some members of this class also have histone 
exchange capability, in which individual histones 
(usually H2AIH2B dimers) can be replaced in a 
nucleosome, typically with the H2AZ histone 
variant (see the Chromatin chapter). 

Nudeosome Organization 
or Content May Be 
Changed at the Promoter 

Key concepts 
• A remodeling complex does not itself have speci

ficity for any particular target site, but must be 
recruited by a component of the transcription 
apparatus. 

• Remodeling complexes are recruited to promoters 
by sequence-specific activators. 

• The factor may be released once the remodeling 
complex has bound. 

• Transcription activation often involves nucleo
some displacement at the promoter. 

• Promoters contain nucleosome-free regions 
flanked by nucleosomes containing the H2A vari
ant H2AZ (Htzl in  yeast). 

• The MMTV promoter requires a change in rota
tional positioning of a nucleosome to allow an 
activator to bind to DNA on the nucleosome. 
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How are remodeling complexes targeted to 
specific sites on chromatin? Most remodelers 
do not contain subw1its that bind specific DNA 
sequences, though there are a few exceptions. 
Tlus suggests the model shown in FIGURE 28.21, 
in which remodelers are recruited by activators 
or (sometimes) by repressors. 

The interaction between transcription 
factors and remodeling complexes gives a 
key in sight into their modus operandi. The 
transcription factor Swi5 activates the HO 
gene in yeast, a gene involved in mating-type 
switching. (Note that despite its name, Swi5 is 
not a member of the SWUSNF complex.) Swi5 
enters the nucleus near the end of mitosis and 
binds to the HO promoter. It then recruits SWI/ 
SNF to the promoter. Swi5 is then released, 
leaving SWI/SNF at the promoter. This means 
that a transcription factor can activate a pro
moter by a "hit and run" mechanism, in which 
its function is fulfilled once the remodeling 
complex has bound. This is  more likely to 
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FIGURE 28.21 A remodeling complex binds to chromatin 
via an activator (or repressor). 



occur with genes that are cell-cycle regulated 
or otherwise transiently activated; it is equally 
common at many genes for transcription fac
tors to remain associated with target genes for 
long periods. 

The involvement of remodeling complexes 
in gene activation was discovered because 
the complexes are necessary to enable cer
tain transcription factors to activate their tar
get genes. One of the first examples was the 
GAGA factor, which activates the Drosophila 
hsp70 promoter. Binding of GAGA to four 
(CT)0-rich sites near the promoter disrupts the 
nucleosomes, creates a hypersensitive region, 
and causes the adjacent nucleosomes to be 
rearranged so that they occupy preferential 
instead of random positions. Disruption is an 
energy-dependent process that requires the 
NURF remodeling complex, a complex in the 
ISWI subfamily. The organization of nucleo
somes is altered so as to create a boundary 
that determines the positions of the adjacent 
nucleosomes. During this process, GAGA binds 
to its target sites in DNA, and its presence fixes 
the remodeled state. 

The PHO system was one of the first in 
which i t  was shown that a change in nucleo
some organization is involved in gene acti
vation. At the PH05 promoter, the bHLH 
activator Pho4 responds to phosphate starva
tion by inducing the disruption of four pre
cisely positioned nucleosomes, as depicted 
in FIGURE 28.22 . This event is independent of 
transcription (it occurs in a TATA- mutant) 
and independent of replication. There are two 
binding sites for Pho4 (and another activator, 
Pho2) at the promoter. One is located between 
nucleosomes, which can be bound by the iso
lated DNA-binding domain of Pho4; the other 
lies within a nucleosome, which cannot be 
recognized. Disruption of the nucleosome to 
allow DNA binding at the second site is neces
sary for gene activation. This action requires 
the presence of the transcription-activating 
domain and appears to involve at least two 
remodelers: SWI/SNF and IN080. In addition, 
chromatin disassembly at PH05 also requires 
a histone chaperone, Asfl, which may assist 
in nucleosome removal or act as a recipient of 
displaced hi stones. 

A survey of nucleosome positions in a 
large region of the yeast genome shows 
that most sites that bind transcription fac
tors are free of nucleosomes. Promoters for 
RNA polymerase II typically have a nucleo
some-free region (NFR) -200 bp upstream 
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FIGURE 28.22 Nucleosomes are displaced from promoters 
during activation. The PH05 promoter contains nucleosomes 
positioned over the TATA box and one of the binding sites 
for the Pho4 and Pho2 activators. When PH05 is induced 
by phosphate starvation (-Pi), promoter nucleosomes are 
displaced. 

of the start point, which is flanked by posi
tioned nucleosomes on either side. These 
positioned nucleosomes typically contain 
the histone variant H2AZ (called Htzl in 
yeast); the deposition of H2AZ requires the 
SWR l remodeling complex. This organiza
tion appears to be present in many human 
promoters as well. It has been suggested that 
H2AZ-containing nucleosomes are more 
easily evicted during transcription activation, 
thus "poising" promoters for activation; how
ever, the actual effects of H2AZ on n ucleo
some stability i11 vivo are con troversia I. 

It is not always the case, though, that 
nucleosomes must be excluded in order to 
permit initiation of transcription. Some acti
vators can bind to DNA on a nucleosomal 
surface. Nucleosomes appear to be precisely 
positioned at some steroid hormone response 
elements in such a way that receptors can 
bind. Receptor binding may alter the inter
action of DNA with hi stones, and may even 
lead to exposure of new binding sites. The 
exact positioning of nucleosomes could be 
required either because the nucleosome 
"presents" DNA in a particular rotational 
phase or because there are protein-protein 
interactions between the activators and his
tones or other components of chromatin. 
Thus, we have now moved some way from 
viewing chromatin exclusively as a repres
sive structure to considering which interac
tions between activators and chromatin can 
be required for activation. 

The MMTV promoter presents an exam
ple of the need for specific nucleosomal 
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organization. I t  contains an array of six 
partly palindromic sites that constitute the 
hormone response element (HRE). Each site 
is bound by one dimer of hormone recep
tor (HR). The MMTV promoter also bas a 
single binding site for the factor NFl,  and 
two adjacent sites for the factor OTF. HR 
and NFl cannot bind simultaneously to their 
sites in free DNA. FIGURE 28. 23 shows how 
the nudeosomal structure controls binding 
of the factors. 

The HR protects its binding sites at the pro
moter when hormone is added, but does not 
affect the micrococcal nuclease-sensitive sites 
that mark either side of the nucleosome. This 
suggests tl1at HR is binding to the DNA on the 
nucleosomal surface; however, the rotational 
positioning of DNA on the nucleosome prior 
to hormone addition allows access to only two 
of the four sites. Binding to the other two sites 
requires a change in rotational positioning 
on the nucleosome. This can be detected by 
the appearance of a sensitive site at the axis 
of dyad symmetry (which is in the center of 
the binding sites that constitute the HRE). NF l 
can be detected on the nucleosome after hor
mone induction, so these structural changes 
may be necessaTy to allow NF l to bind, perhaps 
because they expose DNA and abolish the steric 
hindrance by which HR blocks NFl binding to 
free DNA. 

Histone 
octamer 

NF1 

I=IGURE 28.23 Hormone receptor and NF1 cannot bind 
simultaneously to the MMTV promoter in the form of 
linear DNA, but can bind when the DNA is presented on 
a nucleosomal surface. 
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Histone Acetylation 
Is Associated with 
Transcription Activation 

Key concepts 
• Newly synthesized histones are acetylated at spe

cific sites, then deacetylated after incorporation 
into nucleosomes. 

• Histone acetylation is associated with activation 
of gene expression. 

• Transcription activators are associated with his
tone acetylase activities in large complexes. 

• Histone acetyltransferases vary in their target 
specificity. 

• Deacetylation is associated with repression of 
gene activity. 

• Deacetylases are present in complexes with repres
sor activity. 

All of the core histones are subject to mul
tiple covalent modifications, as discussed in 
the Chromatin chapter. Different modifications 
result in different functional outcomes. One 
of the most extensively studied modifications 
(and the first to be characterized in detail) is 
lysine acetylation. All core hi stones are dynami
cally acetylated on lysine residues in the tails 
(and occasionally within the globular core). As 
described in the Chromatin chapter, certai.n pat
terns of acetylation are associated with newly 
synthesized hi stones that are deposited during 
DNA synthesis in S phase. This specific acety
lation pattern is then erased after histones are 
incorporated into nudeosomes. 

Outside of S phase, acetylation of hi stones 
in chromatin is generally correlated with the 
state of gene expression. The correlation was 
first noticed because histone acetylation is 
increased in a domain containing active genes, 
and acetylated chromatin is more sensitive to 
DNase I.  We now know that this occurs largely 
because of acetylation of the nucleosomes (on 
specific lysines) in the vicinity of the promoter 
when a gene is activated. 

The range of nucleosomes targeted for 
modification can vary. Modi-fication can be a 
local event-for example, restricted to nucleo
somes at a promoter. It can also be a general 
event, extending over large domains or even 
to an entire chromosome. Global changes in 
acetylation occur on sex chromosomes. This is 
part of the mechanism by which the activities 
of genes on the X chromosome are altered to 
compensate for the presence of two X chro
mosomes in one sex but only one X chromo
some (in addition to theY chromosome) in the 
other sex (see the chapter ti tied Epige11etic Effects 



Are luherited). The inactive X chromosome in 
female mammals has underacetylated hi stones. 
The superactive X chromosome in Drosophila 
males has increased acetylation of H4. This sug
gests that the presence of acetyl groups may be 
a prerequisite for a less condensed, active struc
ture. In male Drosophila, the X chromosome is 
acetylated specifically at K 1 6  of histone H4. The 
enzyme responsible for this acetylation is called 
MOF; MOF is recruited to the chromosome as 
part of a large protein complex. This "dosage 
compensation" complex is responsible for intro
ducing general changes in the X chromosome 
that enable it to be more highly expressed. The 
increased acetylation is only one of its activities. 

Acetylation is reversible. Each direc
tion of the reaction is catalyzed by a specific 
type of enzyme. Enzymes that can acetylate 
lysine residues in proteins are called histone 

acetyltransferases (HATs); when these 
enzymes target lysines in nonhistones, they 
are also known more generically as lysine (I<) 

acetyltransferases (I<ATs). The acetyl groups are 
removed by histone deacetylases (HDACs). 

There are two classes of HAT enzymes: Those in 
group A act on hi stones in chromatin and are 
involved with the control of transcription; those 
in group B act on newly synthesized hi stones in 
the cytosol and are involved with nucleosome 
assembly. 

Two inhibitors have been useful in analyz
ing acetylation. Trichostatin and butyric acid 
inhibit histone deacetylases and cause acety
lated nucleosomes to accumulate. The use of 
these inhibitors has supported the general view 
that acetylation is associated with gene expres
sion; in fact, the ability of butyric acid to cause 
changes in chromatin resembling those found 
upon gene activation was one of the first indi
cations of the connection between acetylation 
and gene activity. 

The breakthrough in analyzing the role of 
histone acetylation was provided by the char
acterization of the acetylating and deacetylat
ing enzymes, and their association with other 
proteins that are involved in specific events of 
activation and repression. A basic change in our 
view of histone acetylation was caused by the 
discovery that previously identified activators 
of transcription turned out to also have HAT 
activity. 

The connection was established when the 
catalytic subunit of a group A HAT was identi
fied as a homolog of the yeast regulator pro
tein GenS. It then was shown that yeast GenS 
itself has HAT activity, with histones H3 and 
H2B as its preferred substrates ill vivo. GenS had 

previously been identified as part of an adaptor 
complex required for the function of certain 
enhancers and their target promoters. It is now 
known that GenS's HAT activity is required for 
activation of a number of target genes. 

GenS was the prototypic HAT that opened 
the way to the identification of a large family 
of related acetyltransferase complexes con
served from yeast to mammals. In yeast, GenS 
is the catalytic subunit of several HAT com
plexes, including the 1 .8 MDa Spt-Ada-GcnS
acetyltransferase (SAGA) complex, which 
contains several proteins that are involved in 
transcription. Among these proteins are several 
TAF11s. In addition, the Tafl subunit ofTF11D is 
itself an acetyltransferase. There are some func
tional overlaps between TF11D and SAGA, most 
notably that yeast can survive the loss of either 
Tafl or GenS, but cannot tolerate the deletion 
of both. This suggests that an acetyltransferase 
activity is essential for gene expression, but can 
be provided by either TF11D or SAGA. As might 
be expected from the size of the SAGA com
plex, acetylation is only one of its functions. 
The SAGA complex has histone H2B deubiqui
tylation activity (dynamic H2B ubiquitylation/ 
deubiquitylation is also associated with tran
scription), and also contains subunits possessing 
bromodomains and chromodomains, allowing 
this complex to interact with acetylated and 
methylated histones. 

One of the first general activators to be 
characterized as HAT was p300/CREB-binding 
protein (CBP). (Actually, p300 and CBP are dif
ferent proteins, but they are so closely related 
that they are often referred to as a single type 
of activity.) p300/CBP is a coactivator that 
links an activator to the basal apparatus (see 
Figure 28.8). p300/CBP interacts with vari
ous activators, including hormone receptors, 
AP-I (c-Jun and c-Fos) and MyoD. p300/CBP 
acetylates multiple histone targets, with a pref
erence for the H4 tail. p300/CBP interacts with 
another coactivator, PCAF, which is related to 
GenS and preferentially acetylates H3 in nucleo
somes. p300/CBP and PCAF form a complex 
that functions in transcriptional activation. In 
some cases yet another HAT can be involved, 
such as the hormone receptor coactivator ACTR, 
which is itself a HAT that acts on H3 and H4. One 
explanation for the presence of multiple HAT 
activities in a coactivating complex is that each 
HAT has a different specificity, and that mul
tiple different acetylation events are required 
for activation. This enables us to redraw our 
picture for the action of coactivators, as shown 
in FIGURE 28.24, where RNA polymerase II is 
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FIGURE 28.24 Coactivators may have HAT activities that 
acetylate the tails of nucleosomal histones. 

bound at a hypersensitive site and coactivators 
are acetylating hi stones in the nudeosomes in 
the vicinity. 

Group A HATs, like ATP-dependent 
remodeling enzymes, are typically found in 
large complexes. FIGURE 28.25 shows a simpli
fied model for their behavior. HAT complexes 
can be targeted to DNA by interactions with 
DNA-binding factors. The complex also con
tains effector subunits that affect chromatin 
structure or act directly on transcription. It is 
likely that at least some of tl1e effectors require 
the acetylation event in order to act (such as the 
deubiquitylatiou activity of SAGA). 

The effect of acetylation may be both quan
titative and qualitative. In cases where the effect 
of charge neutralization on chromatin struc
ture is key, a certain minimal number of acetyl 
groups should be required to have an effect, 
and the exact positions at which they occur 
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FIGURE 28.25 Complexes that control acetylation levels have 
targeting subunits that determine their sites of action (usually 
subunits that interact with site-specific DNA-binding proteins), 
HAT or HDAC enzymes that acetylate or deacetylate hi stones, and 
effector subunits that have other actions on chromatin or DNA. 
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are largely irrelevant. In the case where the 
role of acetylation is primarily in the creation of 
a binding site (for a bromodoma.in-containing 
factor, for example), the specific position of 
the acetylation event will be critical. We might 
interpret the existence of complexes containing 
multiple HAT activities in either way-if indi
vidual enzymes have different specificities, we 
may need multiple activities either to acety
late a sufficient number of different positions 
or because the individual events are necessary 
for different effects upon transcription. At 
replication, it appears (at least with respect 
to histone H4) that acetylation at a.ny two of 
three particular positions is adequate, favoring a 
quantitative model in this case. Where chroma
tin structure is changed to affect transcription, 
acetylation at specific positions is important (see 
the chapter titled Epigenetic Effects Are Inherited). 

As acetylation is linked to activation, 
deacetylation is linked to transcriptional repres
sion. Whereas site-specific activators recruit 
coactivators with HAT activity, site-specific 
repressor proteins can recruit corepressor com
plexes, which often contain HDAC activity. 

In yeast, mutations in SLN3 and RPD3 
result in increased expression of a variety of 
genes, indicating that Sin3 and Rpd3 pro
teins act as repressors of transcription. Sin3 
and Rpd3 are recntited to a number of genes 
by interacting with the DNA-binding protein 
Ume6, which binds to the URSJ (upstream 
repressive sequence) element. The complex 
represses transcription at the promoters con
taining URSI, as illustrated in FIGURE 28.26. 
Rpd3 is a histone deacetylase, and its recruit
ment leads to deacetylation of nucleosomes 
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FIGURE 28. 26 A repressor complex contains three com
ponents: a DNA-binding subunit, a corepressor, and a 
histone deacetylase. 



at the promoter. Rpd3 and its homologs are 
present in multiple HDAC complexes found in 
eukaryotes from yeast to humans; these large 
complexes are typically built around Sin3 and 
its homologs. 

In mammalian cells, Sin3 is part of a repres
sive complex that includes histone-binding 
proteins and the Rpd3 homologs HDAC I and 
HDAC2. This corepressor complex can be 
recruited by a variety of repressors to specific 
gene targets. The bHLH family of transcription 
regulators includes activators that function 
as heterodimers, including MyoD. This fam
ily also includes repressors, in particular the 
heterodimer Mad:Max, where Mad can be any 
one of a group of closely related proteins. The 
Mad:Max heterodimer (which binds to spe
cific DNA sites) interacts with Sin3/HDAC l/2 
complex and requires the deacetylase activity 
of this complex for repression. Similarly, the 
SMRT corepressor (which enables retinoid 
hormone receptors to repress certain target 
genes) binds mSin3, which in turns brings the 
HDAC activities to the site. Another means of 
bringing HDAC activities to a DNA site can be 
an interaction with MeCP2, a protein that binds 
to methylated cytosines, a mark of transcrip
tional silencing (see the EukaryoticTranscripti011 
chapter and the chapter titled Epigenetic Effects 
Are Inherited). 

Absence of histone acetylation is also 
a feature of heterochromatin. This is true of 
both constitutive heterochromatin (typically 
involving regions of centromeres or telomeres) 
and facultative heterochromatin (regions that 
are inactivated in one cell although they may 
be active in another). Typically the N-terminal 
tails of hi stones H3 and H4 are not acetylated in 
heterochromatic regions (see the chapter ti tied 
Epigenetic Effects Are Inherited). 

Methylation of Histones 
and DNA Is Connected 

Key concepts 
• Methylation of both DNA and specific sites on 

histones is a feature of inactive chromatin. 
• The SET domain is part of the catalytic site of 

protein methyltransferases. 
• The two types of methylation event are connected. 

DNA methylation is associated with transcrip
tional inactivity, whereas histone methyla
tion can be linked to either active or inactive 
regions, depending on the specific site of 

methylation. There are numerous sites of 
lysine methylation in the tail and core of his
tone H3 (a few of which occur only in some 
species), and a single lysine in the tail of H4. 
In addition, three arginines in H3 and one in 
H4 are also methylated. Because lysines can be 
mono-, di-, or trimethylated, and arginines can 
be mono- or dimethylated (see the Chromati11 
chapter), the number of potential functional 
methylation marks is large. 

For example, di- or trimethylation ofH3K4 
is associated with transcriptional activation, and 
trimethylated H3K4 occurs around the start 
sites of active genes. In contrast, H3 methylated 
at 1<9 or 1<27 is a feature of transcriptionally 
silent regions of chromatin, including hetero
chromatin and smaller regions containing one 
or more silent genes. Whole genome studies 
have begun to uncover general patterns of 
modifications linked to different transcriptional 
states, as shown in FIGURE 28.27 . 

Histone lysine methylation is catalyzed by 
lysine methyltransferases (HMTs or KMTs), 
most of which contain a conserved region called 
the SET domain. Like acetylation, methyla
tion is reversible, and two different families 
of lysine demethylases (KDMs) have been 
identified: the LSD l (lysine-specific demethy
lase l, also known as KDM l )  family and the 
Jumonji family. Different classes of enzymes 
demethylate arginines. 

In silent or heterochromatic regions, the 
methylation ofH3 at 1<9 is linked to DNA meth
ylation. The enzyme that targets this lysine 
is a SET domain-containing enzyme called 
Suv39h l .  Deacetylation of H3K9 by HDACs 
must occur before this lysine can be methyl
ated. H3K9 methylation then recruits a protein 
called HP l (heterochromatin protein l), which 
binds H3K9me via its chromodomain. HPl then 
targets the activity of DNA methyltransferases 
(DNMTs). Most of the methylation sites in 
DNA are CpG islands (see the chapter titled 
Epigenetic Effects Are Inherited). CpG sequences 
in heterochromatin are typically methylated. 
Conversely, it is necessary for the CpG islands 
located in promoter regions to be unmethylated 
in order for a gene to be expressed. 

Methylation of DNA and methylation of 
histones is connected in a mutually reinforc
ing circuit. In addition to the recruitment of 
DNMTs via HP l binding to H3K4me, DNA 
methylation can in turn result in histone 
methylation. Some histone methyltransferase 
complexes (as well as some HDAC complexes) 
contain binding domains that recognize the 
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methylated CpG doublet, so the DNA meth
ylation reinforces the circuit by providing 
a target for the histone deacetylases and 
methyltransferases to bind. The important 
point is that one type of modification can be 
the trigger for another. These systems are 
widespread, as can be seen by evidence for 
these connections in fungi, plants, and animal 
cells, and for regulating transcription at pro
moters used by both RNA polymerases I and 
II, as well as maintaining heterochromatin in 
an inert state. 

Promoter Activation 
Involves M ultiple 
Changes to Chromatin 

Key concepts 
• Remodeling complexes can facilitate binding of 

acetyltransferase complexes, and vice versa. 
• Histone methylation can also recruit chromatin

modifying complexes. 
• Different modifications and complexes facilitate 

transcription elongation. 
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FIGURE 28.28 summarizes three common differ
ences between active chromatin and inactive 
chromatin: 

• Active chromatin is acetylated on the 
tails of hi stones H3 and H4. 

• Inactive chromatin is methylated on 
specific lysines (such as K9) of histone 
H3. 

• Inactive chromatin is methylated on 
cytosines of CpG doublets. 

The reverse events occur if we compare the 
activation of a promoter with the generation 
of heterochromatin. The actions oft he enzymes 
that modify chromatin ensure that activating 
events are mutually exclusive with inactivating 
events. For example, the silencing methylation 
of H3 K9 and the activating acetylation ofH3 at 
K9 and K 14 are mutually antagonistic. 

How are histone-modifying enzymes such 
as acetyltransferases or deacetylases recruited 
to their specific targets? As we have seen with 
remodeling complexes, the process is likely 
to be indirect. A sequence-specific activator 
(or repressor) may interact with a component of 
the acetyltransferase (or deacetylase) complex 
to recruit it to a promoter. 
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FIGURE 28.28 Acetylation of hi stones activates chroma
tin, and methylation of DNA and specific sites on hi stones 
inactivates chromatin. 

There can also be direct interactions 
between remodeling complexes and histone
modifying complexes. Binding by the SWIISNF 
remodeling complex may lead in turn to bind
ing by the SAGA acetyltransferase complex. 
Acetylation of hi stones may then stabilize the 
association with the SWI/SNF complex, making 
a mutual reinforcement of the changes in the 
components at the promoter. Some of these 
events result in displacement of nucleosomes 
from the promoter. Methylation of histone H3 
on K4 also results in recruitment of numer
ous factors, including the chromodomain
containing remodeler Chd l ,  which also 
associates with SAGA. H3K4me also directly 
recruits another acetyltransferase complex, 
NuA3, which recognizes H3K4me via a PHD 
domain in one of its subunits. These are just a 
few of the interactions that occur during tran
scription activation in yeast; similar complex 
networks of interactions also facilitate tran
scription in multicellular eukaryotes. A further 
set of dynamic modifications serves to facilitate 
transcriptional elongation, and to "reset" the 
chromatin behind the elongating polymerase. 

We can connect all of the events at the pro
moter into the series illustrated in FIGURE 28.29. 
The initiating event is the binding of a sequence
specific component, which is either able to find 
its target DNA sequence in the context of duo
marin or which binds to a site in a nucleosome
free region. This activator recruits remodeling 
and/or acetyltransferase complexes. Changes 

occur in nucleosome structure, and the acetyla
tion of target hi stones provides a covalent mark 
that the locus has been activated. Initiation com
plex assembly follows (after any other necessary 
activators bind), and at some point hi stones are 
typically displaced. 

Histone Phosphorylation 
Affects Chromatin 
Structure 

Key concept 
• Histone phosphorylation is linked to transcription, 

repair, chromosome condensation, and cell-cycle 
progresswn. 

All histones can be phosphorylated i11 vivo in 
different contexts. Hi stones are phosphorylated 
in three circumstances: 

• Cyclically during the cell cycle 
• In association with chromatin remodel

ing during transcription 
• During DNA repair 

It has been known for a long time that the 
linker histone H l  is phosphorylated at mito
sis, and H l  is an extremely good substrate for 
the Cdc2 kinase that controls cell division. This 
led to speculation that the phosphorylation 
might be connected with the condensation of 
chromatin, but so far no direct effect of this 
phosphorylation event has been demonstrated, 
and we do not know whether it plays a role in 
cell division. In Tetrahymwa, it is possible to 
delete all the genes for H l without significantly 
affecting the overall properties of chromatin. 
There is a relatively small effect on the ability 
of chromatin to condense at mitosis. Some 
genes are activated and others are repressed 
by this change, which suggests that there are 
alterations in local structure. Mutations that 
eliminate sites of phosphorylation in H l have 
no effect, but mutations that mimic the effects 
of phosphorylation produce a phenotype that 
resembles the deletion. This suggests that the 
effect of phosphorylating H l is to eliminate its 
effects on local chromatin structure . 

Phosphorylation of serine l 0 of histone H3 
is linked to transcriptional activation (where 
it promotes acetylation of K 14 in the same 
tail), as well to chromosome condensation and 
mitotic progression. In Drosophila melanogaster, 
loss of a kinase that phosphorylates histone 
H3S l 0 (JIL- l )  has devastating effects on chrom
atin structure. FIGURE 28.30 compares the usual 
extended structure oft he polytene chromosome 
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(upper photograph) with the structure that is 
found in a null mutant that has no JIL- l kinase 
(lower photograph) .  The absence of JIL-l is 
lethal, but the chromosomes can be visualized 
in the larvae before they die. 
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This suggests that H3 phosphorylation 
is required to generate the more extended 
chromosome structure of euchromatic regions. 
JIL-l also associates with the complex of 
proteins that binds to the X chromosome to 



Loss of J I L -1 causes condensation 

FIGURE 28.30 Flies that have no JIL-l kinase have 
abnormal polytene chromosomes that are condensed 
instead of extended. Photos courtesy of Jorgen Johansen 
and Kristen M. Johansen, Iowa State University. 

increase its gene expression in males (see the 
d1apter ti tied EpigeneticE!feds Are f11herited), and 
JIL-l -dependent H3Sl0 phosphorylation also 
antagonizes H3K9 dimethylation, a hetero
chromatic mark. These results are consistent 
with a role for nL-1 in promoting an active 
chromatin conformation. lnterestingly, H3S I 0 
phosphorylation by JIL-l is itself promoted by 
acetylation ofH4Kl2 by the ATAC acetyl trans
ferase complex; these complicated interactions 
make it cha!Jenging to determine whether one 
single modification is key for the transitions in 
chromatin structure, or whether several mod
ifications must occur together. It is also not 
clear how this role of H3 phosphorylation in 
promoting transcriptiona!Jy active chromatin is 
related to the requirement for H3 phosphoryla
tion to initiate chromosome condensation in at 
least some species (includi11g mammals and the 
ciliate Tetrahyme11a). 

This leaves us with somewhat conflicting 
impressions of the roles of histone phosphory
lation. Where it is important in the ce!J cycle, 
it is likely to be as a signal for condensation. Its 
effect in transcription and repair appears to be 
the opposite, where it contributes to open chro
matin structtues compatible with transcription 
activation and repair processes. (Histone phos
phorylation during repair is discussed in the 
Chromatiu and Repair Systems chapters. )  

It is possible, of course, that phosphoryla
tion of different hi stones, or even of different 
amino acid residues in one histone, has opposite 
effects on chromatin structure. 

Yeast GAL Genes: A 
Model for Activation 
and Repression 

Key concepts 
• GAL1j10 genes are positively regulated by the 

activate r Gal4. 
• Gal4 is negatively regulated by Gal80. 
• Gal80 is negatively regulated by Gal3, the ulti

mate positive regulator, which is activated by the 
inducer, galactose. 

• GAL1j10 genes are negatively regulated by a non
coding RNA synthesized from a cryptic promoter 
that controls chromatin structure. 

• Activated Gal4 recruits the machinery necessary to 
alter the chromatin and recruit RNA polymerase. 

• Catabolite repression is mediated by a glucose
dependent protein kinase, Snfl. 

Yeast, like bacteria, need to be able to rapidly 
respond to their environment (see the cl1apter 
titled The Opero11 ) .In ilie yeast Saccharomyces cerevi
siae, the GAL genes serve a similar function to the 
lac operon in E. coli. In an emergency, when there 
is little or no glucose as an energy source and only 
galactose (or in E. coli, lactose) is available, the cell 
wi!J survive because it can catabolize the alternate 
sugar to generate ATP. The GAL system in S. cere
visiae has been a model system to investigate gene 
regulation in eukaryotesfor many years. We will 
focus on twoofthegenes, GALl and GALlO, which 
are shown in FIGURE 28.31. Like most eukaryotic 
genes, the GAL genes are monocistronic. These 
two genes are divergently transcribed and reg
ulated from a central control region called the 
upstream activating sequence (UAS), which 
is similar to an enhancer. Like ilie lac operon in E. 
coli, tl1e GAL genes are induced by their substrate, 
galactose. For the same reason as in E. coli, the 
GAL genes are also under another level of control 
(described shortly): catabolite repression. They 
cannot be activated by the substrate galactose 
when there is a sufficient supply of glucose, the 
preferred energy source. 

All together, the GAL genes are under five 
different levels of control. The first level is 
chromatin structure. Mutations in any of the 
subunits ofthe chromatin remodeler SWI/SNF 
and in the acetyltransferase complex SAGA will 
result in reduced expression of the GAL genes. 
Second, in the UAS there are both general 
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enhancer and Migl repressor binding sites. 
The third level is through a noncoding RNA 
transcript that assists in maintaining repressed 
chromatin over the open reading frames. The 
fourth level is the GAL gene-specific, galactose 
induction mechanism. The fifth level is catabo
lite (glucose) repression. 

The two GAL genes are unusual in that they 
lack the typical nudeosome-free region present 
at the start sites of most yeast genes. Instead, 
the start sites are contained in well positioned 
nucleosomes. The UAS region that controls the 
GAL genes bas an unusual base composition, 
short-phased AT repeats every 1 0  base pairs, 
which causes the DNA to bend. Nudeosomes 
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80 
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FIGURE 28.3 2 The yeast GALl gene as it is being activated. Gal3 
is bound to Gal80 in the nucleus and cytoplasm, preventing it 
from hindi ng to Gal4 and allowing Gal4 to recruit the transcri p
tion machinery and activate transcription. 
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containing the histone variant H2AZ (Htz in 
yeast) are positioned over the promoters of both 
GALl and GALlO, aided in their positioning in 
part by the bent DNA. 

The GALlO gene is also an unusual gene 
in that it has a cryptic promoter in open chro
matin at its 3 '  end. This promoter transcribes 
a noncoding RNA that is antisense to GALlO 
and extends through and includes GALl (see 
the Regulatory RNA chapter). Transcription is 
very inefficient and the RNA abundance is 
extremely low (less than one copy per cell), due 
in part to rapid degradation. Under repressed 
conditions this promoter is stimulated by the 
Reb1 transcription factor, usually thought to 
be an RNA polymerase 1 transcription factor. 
The noncoding transcript represses transcrip
tion of the GALJ/10 pair of genes by recruit
ing the Set2 methyl transferase, which leads to 
H3K36 di- and trimethylation. H3K36 di- and 
trimethylation lead to the recruitment of HDAC 
to deacetylate the chromatin, which in turn 
leads to repressed chromatin structure. 

The GAL genes are ultimately controlled 
by the positive regulator Gal4, which binds as 
a dimer to four binding sites in the UAS region, 
as shown in Figure 28.31 and FIGURE 28.3 2. Its 
activation domain consists of two acidic patch 
domains. Gal4 in turn is regulated by GalBO, a 
negative regulator that binds to Gal4 and masks 
its activation domain, preventing it from acti
vating transcription. This is the normal state 
for the GAL genes: turned off and waiting to 
be induced. The chromatin architecture of 
the UAS has been difficult to discern. Recent 
data from uninduced cells suggest that a partly 



unwrapped nucleosome is constitutively held 
in place and positioned by the chromatin
remodeling factor RSC. RSC in yeast, unlike its 
homologs in higher eukaryotes, has a domain 
for sequence-specific DNA binding. This com
plex facilitates the binding of Gal4 by aiding in 
the phasing of the nucleosomes over the two 
promoters and prevents them from encroach
ing on the Gal4 binding sites. 

GalBO, itself is regulated by the negative 
regulator Gal3, which is controlled by the 
inducer galactose. GalBO contains overlapping 
binding sites for both Gal4 and Gal3. Gal3 is an 
interesting protein, having very high homology 
to Gall, which is a galactokinase enzyme whose 
function is to phosphorylate galactose. Gal3 has 
no enzymatic activity, but retains the ability to 
bind galactose and ATP. This changes the struc
ture of Gal3 to enable it to bind to GalBO in the 
presence of NADP. When it does, Gal3 masks 
the Gal4 binding site of GalBO, preventing it 
from binding to Gal4. This transition occurs 
very rapidly, leading to induction of Gall/10, 
due primarily to Gal3 binding GalBO in the 
nucleus. Gal3 is thus a negative regulator of 
a negative regulator, which makes it a posi
tive regulator of Gal4. This depletes the nuclear 
level of GalBO, unmasking Gal4 and allowing 
activation of the genes. NADP is thought to be 
a #second messenger" metabolic sensor. 

Unmasked Gal4 is now able to begin the 
process of turning on the GAL 1110 genes through 
direct contact with a number of proteins at the 
promoter. During induction, Reb! no longer 
binds to the cryptic promoter in GALlO. Gal4 
recruits an H2B histone ubiquitylation fac
tor (Rad6), which then stimulates histone di
and trimethylation of histone H3K4 by Set! .  
Next, the SAGA acetyltransferase complex is 
recruited by Gal4 and both deubiquitylates H2B 
and acetylates histone H3, ultimately resulting 
in the eviction of the poised nucleosomes from 
the two promoters. The removal is facilitated 
by the remodeler SWI/SNF and the chaperones 
Hsp90/70. SWI/SNF is not absolutely required 
but speeds up the process. This allows the 
recruitment of TBP/TF11D, which then recruits 
RNA polymerase II and the coactivator complex 
Mediator. The elongation control factor TF11S 
is also recruited, which actually plays a role in 
initiation for at least some genes. 

During the elongation phase of tran
scription, nucleosomes are disrupted (see the 
Eukaryotic Transcriptio11 chapter). In order to 
prevent spurious transcription from internal 
cryptic promoters on either strand, histone 

octamers must re-form as RNA polymerase II 
passes. A number of histone chaperones and 
the FACT (facilitating chromatin transcription) 
complex play a role in the dynamics of octamer 
disassembly and assembly during elongation. 

This system is also poised to rapidly repress 
transcription when the supply of galactose is 
used up or glucose becomes available. As Gal4 is 
activating transcription by RNA polymerase II, 
protein kinases associated with the activation 
of the polymerase also phosphorylate Gal4. This 
phosphorylation then leads to ubiquitination 
and destruction of Gal4. This turnover may be 
essential for RNA polymerase clearance and 
elongation. This is a dynamic system in which 
there must be a continuous positive signal, the 
presence of galactose. 

Although cataboli te repression in eukary
otes is used for the same purpose as in E. coli 
(which uses cAMP as a positive coregulator), 
it has a completely different mechanism. Glu
cose is a preferred sugar source compared to 
galactose. If the cell has both sugars, it will 
preferentially use the best source, glucose, 
and repress the genes for galactose utilization. 
Glucose repression of the yeast GAL genes is 
multifaceted. The glucose-dependent switch is 
the protein kinase Snfl. In low glucose, the 
GAL genes are transcribed because the general 
glucose-dependent repressor Mig 1 has been 
inactivated, phosphorylated by Snfl. Glucose 
repression inactivates Snfl, which allows Mig! 
to be active. 

A number of other genes involving galac
tose usage are also downregulated in glucose, 
including the galactose transporter and Gal4 
itself. Glucose inactivates Snfl, which leads to 
the activation of Mig! at the GAL locus. Mig! 
interacts at the GAL locus with the CycB-Tupl 
corepressor, which is known to recruit histone 
deacetylases. 

Summary 
Transcription factors include basal factors, 
activators, and coactivators. Basal factors inter
act wi th RNA polymerase at the start point 
within the promoter. Activators bind specific 
short DNA sequence elements located near 
promoters orin enhancers. Activators function 
by making protein-protein interactions with 
the basal apparatus. Some activators inter
act directly with the basal apparatus; others 
require coactivators to mediate the interaction. 
Activators often have a modular construc
tion, in which there are independent domains 
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responsible for binding to DNA and activating 
transcription. The main function of the DNA
binding domain may be to tether the activating 
domain in the vicinity of the initiation complex. 
Some response elements are present in many 
genes and are recognized by ubiquitous fac
tors; others are present in a few genes and are 
recognized by tissue-specific factors. 

Near the promoters for RNA polymerase II 
are a variety of short, cis-acting elements, each 
of which is recognized by a trails-acting factor. 
The cis-acting elements can be located upstream 
of the TATA box and may be present in either 
orientation and at a variety of distances with 
regard to the start point or downstream within 
an intron. These elements are recognized by 
activators or repressors that interact with the 
basal transcription complex to determine the 
efficiency with which the promoter is used. 
Some activators interact directly with compo
nents of the basal apparatus; others interact via 
intermediaries called coactivators. The targets 
in the basal apparatus are the TAPs of TF11D, 
TF11B, or TF11A. The interaction stimulates 
assembly of the basal apparatus. 

Several groups of transcription factors have 
been identified by sequence homology. The 
homeodomain is a 60-amino-acid sequence 
that regulates development in insects, worms, 
and humans. It is related to the prokaryotic 
helix-tum-helix motif and is the DNA-binding 
motif for these transcription factors. 

Another motif involved in DNA binding 
is the zinc finger, which is found in proteins 
that bind DNA or RNA (or sometimes both). A 
zinc finger has cysteine and histidine residues 
that bind zinc. One type of finger is found in 
multiple repeats in some transcription factors; 
another is found in single or double repeats in 
others. 

The leucine zipper contains a stretch of 
amino acids rich in leucine that are involved in 
dimerization of transcription factors. An adja
cent basic region is responsible for binding to 
DNA in the bZIP transcription factors. 

Steroid receptors were the first members 
identified of a group of transcription factors 
in which the protein is activated by binding a 
small hydrophobic hormone. The activated fac
tor becomes localized in the nucleus and binds 
to its specific response element, where it acti
vates transcription. The DNA-binding domain 
has zinc fingers. 

HLH (helix-loop-helix) proteins have 
amphipathic helices that are responsible for 
dimerization, which are adjacent to basic 
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regions that bind to DNA. bHLH proteins have 
a basic region that binds to DNA. They fall into 
two groups: ubiquitously expressed and tis
sue specific. An active protein is usually a het
erodimer between two subunits, one from each 
group. When a dimer has one subunit that does 
not have the basic region, it fails to bind DNA; 
thus such subunits can prevent gene expres
sion. Combinatorial associations of subunits 
form regulatory networks. 

Many transcription factors function as 
dimers, and it is common for there to be multi
pie members of a family that form homodimers 
and heterodimers. This creates the potential for 
complex combinations to govern gene expres
sion. In some cases, a family includes inhibi
tory members whose participation in dimer 
formation prevents the partner from activating 
transcription. 

Genes whose control regions are organized 
in nucleosomes usually are not expressed. In 
the absence of specific regulatory proteins, pro
moters and other regulatory regions are orga
nized by histone octamers into a state in which 
they cannot be activated. This may explain the 
need for nucleosomes to be precisely positioned 
in the vicinity of a promoter, so that essential 
regulatory sites are appropriately exposed. 
Some transcription factors have the capacity 
to recognize DNA on the nucleosomal surface, 
and a particular positioning of DNA may be 
required for initiation of transcription. 

Chromatin-remodeling complexes have 
the ability to slide or displace histone octam
ers by a mechanism that involves hydrolysis 
of ATP. Remodeling complexes range from 
small to extremely large and are classified 
according to the type of the ATPase subunit. 
Common types are SWI/SNF, ISWI, CHD, and 
SWRl /IN080. A typical form of this chro
matin remodeling is to displace one or more 
histone octamers from specific sequences of 
DNA, creating a boundary that results in the 
precise or preferential positioning of adjacent 
nucleosomes. Chromatin remodeling may also 
involve changes in the positions of nucleo
somes, sometimes involving sliding of histone 
octamers along DNA. 

Extensive covalent modifications occur on 
histone tails, all of which are reversible. Acety
lation of hi stones occurs at both replication and 
transcription and facilitates formation of a less 
compact chromatin structure. Some coactiva
tors, which connect transcription factors to the 
basal apparatus, have histone acetylase activity. 
Conversely, repressors may be associated with 



deacetylases. The modifying enzymes are usu
ally specific for particular amino acids in par
ticular histones. Some histone modifications 
may be exclusive or synergistic with others. 

Large activating (or repressing) complexes 
often contain several activities that undertake 
different modifications of chromatin. Some 
common motifs found in proteins that modify 
chromatin are the chromodomain (which binds 
methylated lysine), the bromodomain (which 
targets acetylated lysine), and the SET domain 
(which is part of the active sites of histone 
methyltransferases). 
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Epigenetic Effects 
Are I n herited 

CHAPTER OUTLINE J 
f.l!lll Introduction 

• Epigenetic effects can result from modification of a 
nucleic acid after it has been synthesized or by the 
perpetuation of protein structures. 

f.&iJtl Heterochromatin Propagates from a 
Nucleation Event 

• Heterochromatin is nucleated at a specific sequence 
and the inactive structure propagates along the chro
matin fiber. 

• Genes within regions of heterochromatin are 
inactivated. 

• The Length of the inactive region varies from cell to 
cell; as a result inactivation of genes in this vicinity 
causes position effect variegation. 

• Similar spreading effects occur at telomeres and at the 
silent cassettes in yeast mating type. 

tm Heterochromatin Depends on Interactions 

838 

with Histones 

• HPl is the key protein in forming mammalian 
heterochromatin; it acts by binding to methylated 
histone H3. 

• Rapl initiates formation of heterochromatin in yeast 
by binding to specific target sequences in DNA. 

Edited by T rygve T ollefsbol 

• The targets of Rapl include telomeric repeats and 
silencers at HML and HMR. 

• Rapl recruits Sir3 and Sir4, which interact with the 
N-terminal tails of H3 and H4. 

• Sir2 deacetylates the N-terminal tails of H3 and H4 and 
promotes spreading of Sir3 and Sir4. 

• RNAi pathways promote heterochromatin formation at 
centromeres. 

fM Polycomb and Trithorax Are Antagonistic Repressors 

and Activators 

• Polycomb group proteins (Pe-G) perpetuate a state of 
repression through cell divisions. 

• The PRE is a DNA sequence that is required for the 
action of Pe-G. 

• The PRE provides a nucleation center from which Pe-G 
proteins propagate an inactive structure. 

• Trithorax group proteins (trxG) antagonize the actions 
of the Pe-G. 

• Pe-G and trxG can bind to the same PRE with opposing 
effects. 

f.lilt X Chromosomes Undergo Global Changes 

• One of the two X chromosomes is inactivated at ran
dom in each cell during embryogenesis of eutherian 
mammals. 
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• In exceptional cases where there are >2 X chromo

somes, all but one are inactivated. 

• The Xic (X inactivation center) is a cis-acting region on 
the X chromosome that is necessary and sufficient to 
ensure that only one X chromosome remains alive. 

• Xic includes the Xist gene, which codes for an RNA that 
is found only on inactive X chromosomes. 

• Xist recruits Polycomb complexes, which modify his
tones on the inactive X. 

• Imprinted genes occur in clusters and may depend on 
a local control site where de novo methylation occurs 
unless specifically prevented. 

Oppositely Imprinted Genes Can Be Controlled by a 
Single Center 

• Imprinted genes are controlled by methylation of cis
acting sites. 

• Methylation may be responsible for either inactivating 
or activating a gene. 

• The mechanism that is responsible for preventing Xist 
RNA from accumulating on the active chromosome is 
unknown. 

f.ltll•l Epigenetic Effects Can Be Inherited 

Chromosome Condensation Is Caused by Condensins 

• SMC proteins are ATPases that include condensins and 
cohesins. 

• A heterodimer of SMC proteins associates with other 
subunits. 

• Condensins cause chromatin to be more tightly coiled 
by introducing positive supercoils into DNA. 

• Condensins are responsible for condensing chromo-
somes at mitosis. 

• Chromosome-specific condensins are responsible for 
condensing inactive X chromosomes in C. e/egans. 

CpG Islands Are Subject to Methylation 

• Most methyl groups in DNA are found on cytosine on 
both strands of the CpG doublet. 

• Replication converts a fully methylated site to a hemi-
methylated site. 

• Hemimethylated sites are converted to fully methyl-
ated sites by a maintenance methyltransferase. 

• TET proteins convert 5-methylcytosine to 5-hydroxy-
methylcytosine to lead to DNA de methylation. 

DNA Methylation Is Responsible for Imprinting 

• Paternal and maternal alleles may have different pat-
terns of methylation at fertilization. 

• Methylation is usually associated with inactivation of 
the gene. 

• When genes are differentially imprinted, survival of the 
embryo may require that the functional allele is pro-
vided by the parent with the unmethylated allele. 

• Survival of heterozygotes for imprinted genes is differ-
ent, depending on the direction of the cross. 

Ell Introduction 
Key concept 
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• Epigenetic effects can result from modification of 
a nucleic acid after it has been synthesized or by 
the perpetuation of protein structures. 

Epigenetic inheritance describes the ability 
of different states, which may have different 
phenotypic consequences, to be inherited 
without any change in the sequence of DNA. 

• Epigenetic effects can result from modification of a 
nucleic acid after it has been synthesized or by the 
perpetuation of protein structures. 

• Epigenetic effects may be inherited through 
generations. 

Yeast Prions Show Unusual Inheritance 

• The Sup35 protein in its wild-type soluble form is a 
termination factor for translation. 

• Sup35 can also exist in an alternative form of oligomeric 
aggregates, in which it is not active in protein synthesis. 

• The presence of the oligomeric form causes newly syn
thesized protein to acquire the inactive structure. 

• Conversion between the two forms is influenced by 
chaperones. 

• The wild-type form has the recessive genetic state psi
and the mutant form has the dominant genetic state PSI+. 

Prions Cause Diseases in Mammals 

• The protein responsible for scrapie exists in two forms: 
the wild-type noninfectious form PrPc, which is sus
ceptible to proteases, and the disease-causing PrP1', 
which is resistant to proteases. 

• The neurological disease can be transmitted to mice by 
injecting the purified Prpsc protein into mice. 

• The recipient mouse must have a copy of the PrP gene 
coding for the mouse protein. 

• The PrP1' protein can perpetuate itself by causing the 
newly synthesized PrP protein to take up the PrP1' 
form instead of the PrPc form. 

• Multiple strains of Prpsc may have different conforma
tions of the protein. 

Summary 

This means that two individuals with the same 
DNA sequence at the locus that controls the 
effect may show different phenotypes. The basic 
cause of this phenomenon is the existence of a 
self-perpetuating structure in one of the indi
viduals that does not depend on DNA sequence. 
Several different types of structures have the 
ability to sustain epigenetic effects: 

• A covalent modification of DNA 
(methylation of a base) 
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• A proteinaceous structure that assem
bles on DNA 

• A protein aggregate that controls the 
conformation of new subunits as they 
a_re synthesized 

In each case the epigenetic state results from a 
difference in function (typically inactivation) 
that is determined by the structure. 

In the case of DNA methylation, a DNA 
sequence methylated in its control region 
may fail to be transcribed, wl1ereas the 
llllmethylated sequence will be expressed (this 
idea is introduced in the Eukaryotic Transcrip
tiot1 chapter). FIGURE 29.1 shows how this situ
ation is inherited. One allele has a sequence 
that is methylated on both strands of DNA, 
whereas the other allele has an unmethylated 
sequence. Replication of the methylated allele 
creates hemimethylated daughters that are 
restored to the methylated state by a consti
tutively active methylase enzyme. Replication 
does not affect the state of the tmmethylated 
allele. If the state of methylation affects tran
scription, the two alleles differ in their state of 
gene expression, even though their sequences 
are identical. 

Self-perpetuating structures that assemble 
on DNA usually have a repressive effect by 

Methylated allele Nonmethylated allele 

Me 
Replication 

� Methylation 

Me 

Me 

� 

+ 

I=IGURE 29. 1 Replication of a methylated site produces 
hemimethylated DNA, in which only the parental strand 
is methylated. A perpetuation methylase recognizes 
hemimethylated sites and adds a methyl group to the 
base on the daughter strand. This restores the origi
nal situation, in which the site is methylated on both 
strands. An unmethylated site remains unmethylated 
after replication. 
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forming heterochromatic regions that prevent 
the expression of genes within them. Their 
perpetuation depends on the ability of proteins 
in a heterochromatic region to remain bound 
to those regions after replication, and then to 
recruit more protein subunits to sustain the 
complex. If individual subunits are distributed 
at random to each daughter duplex at repli
cation, the two daughters will continue to be 
marked by tl1e protein, although its density will 
be reduced to bali of the level before replica
tion. FIGURE 29 .2 shows that the existence of 
epigenetic effects forces us to the view that a 
protein responsible for such a situation must 
have some sort of self-templatiJlg or self-assem
bling capacity to restore the original complex. 

It can be the state of protein modification, 
rather than the presence oftbe protein per se, that 
is responsible for an epigenetic effect. Usually the 
tails of hi stones H3 and H4 are not acetylated in 
constiU1ti ve heterochromatin. Ifheterochroma
tin is acetylated, though, silenced genes in the 
region may become active. The effect may be 
perpetuated tluough mitosis and meiosis, which 
suggests that ru1 epigenetic effect has been cre
ated by changing the state of histone acetylation. 

Independent protein aggregates that cause 
epigenetic effects (called prions) work by 
sequestering the protein in a form in which its 
normal ftmction cannot be displayed. Once the 
protein aggregate has formed, it forces newly 
synthesized protein subunits to join it in the 
inactive confonnation. 

Heterochromatin Euchromatin 

CD, OJ»� � 
Rep I ication 

l 

� @)))�:]] 01» 
+ G)ti))]� � 

Protein self-assembly l 

FIGURE 29.2 Heterochromatin is created by proteins that 
associate with histones. Perpetuation through division 
requires that the proteins associate with each daughter 
duplex and then recruit new subunits to reassemble the 
repressive complexes. 



B1J Heterochromatin 
Propagates from a 
Nucleation Event 

Key concepts 

• Heterochromatin is nucleated at a specific 
sequence and the inactive structure propagates 
along the chromatin fiber. 

• Genes within regions of heterochromatin are 
inactivated. 

• The length of the inactive region varies from cell 
to cell; as a result, inactivation of genes in this 
vicinity causes position effect variegation. 

• Similar spreading effects occur at telomeres and at 
the silent cassettes in yeast mating type. 

An interphase nucleus contains both euchro
matin and heterochromatin. The condensa
tion state of heterochromatin is close to that 
of mitotic chromosomes. Heterochromatin is 
inert. It remains condensed in interphase, is 
transcriptionally repressed, replicates late in 
S phase, and may be localized to the nuclear 
periphery. Centromeric heterochromatin typi
cally consists of satellite DNAs; however, the 
formation of heterochromatin is  not rigor
ously defined by sequence. When a gene is 
transferred, either by a chromosomal trans
location or by transfection and integration, 
into a position adjacent to heterochromatin, 
it may become inactive as the result of its 
new location, implying that it has become 
heterochromatic. 

Such inactivation is the result of an epigen
etic effect (see the section later in this chapter 
ti tied Epigenetic Effects Can Be luherited). It may 
differ between individual cells in an animal, 
in which case it results in the phenomenon 
of position effect variegation (PEV), in 
which genetically identical cells have differ
ent phenotypes. This has been well charac
terized in Drosophila. FIGURE 29 .3 shows an 
example of position effect variegation in the 
ny eye. Some of the regions in the eye lack 
color, whereas others are red. This is because 
the white gene (required to develop red pig
ment) was inactivated by adjacent heterochro
matin in some cells, but remained active in 
others. 

The explanation for this effect is shown i11 
FIGURE 29.4. Inactivation spreads fTom hetero
chromatin into the adjacent region for a vari
able distance. In some cells it goes far enough 
to inactivate a nearby gene, whereas in others 
it does not. Tllis happens at a certain point in 
embryonic development, and after that point 

I 
Color lost 
in patches 

FIGURE 29.3 Position effect variegation in eye color 
results when the white gene is integrated near hetero
chromatin. Cells in which white is inactive give patches 
of white eye, whereas cells in which white is active give 
red patches. The severity of the effect is determined by 
the closeness of the i ntegrated gene to heterochroma
tin. Photo courtesy of Steven Henikoff, Fred Hutchinson 
Cancer Research Center. 

the state of the gene is stably inherited by all the 
progeny cells. Cells descended from an ancestor 
in wllich the gene was inactivated form patches 
corresponding to the phenotype of loss of func
tion (in the case of white, the absence of color). 

Active gene 

Achve gene Active gene 
• 

ActiVe gene Inactive gene 

Inactive gene 

Heterochromatin 

Wild-type cells 
have gene 

function 

• •  
- 

• 

Descendants 
lack gene 
function 

FIGURE 29.4 Extension of heterochromatin inactivates genes. The prob
ability that a gene will be inactivated depends on its distance from the 
heterochromatin region. 
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The closer a gene lies to heterochromatin, 
the higher the probability that it will be inac
tivated. This is due to the fact that formation 
of heterochromatin is typically a two-stage 
process: A nucleation event occurs at a specific 
sequence or region (triggered by binding of a 
protein that recognizes the DNA sequence or 
other identifiers in the region}, and then the 
inactive structure propagates along the chroma
tin fiber. The distance for which the inactive 
structure extends is not precisely determined 
and may be stochastic, being influenced by 
parameters such as the quantities of limiting 
protein components. One factor that may affect 
the spreading process is the activation of pro
moters in the region; an active promoter may 
inhibit spreading. Genes near heterochroma
tin are more likely to be inactivated; however, 
insulators can protect a transcriptionally active 
region by preventing heterochromatin from 
spreading (see the Chromatin chapter). 

The effect of telomeric silencing in yeast 
is analogous to position effect variegation in 
Drosophila; genes translocated to a telomeric 
location show the same sort of variable loss of 
activity . This results from a spreading effect that 
propagates from the telomeres. In this case, the 
binding of the Rap I protein to telomeric repeats 
triggers the nucleation event, which results in 
the recruitment of heterochromatin proteins, 
as described in the next section, Heterochromatin 
Depwds on Interactions with Histones. 

In addition to the telomeres, there are two 
other sites at which heterochromatin is nucle
ated in yeast. Yeast mating type is determined 
by the activity of a single active locus (MAT), 
but the genome contains two other copies of 
the mating type sequences (HML and HMR}, 
which are maintained in an inactive form. The 
silent loci HML and HMR nucleate heterochro
matin via binding of several proteins (rather 
than the single protein, Rap I ,  required at 
telomeres}, which then lead to propagation of 
heterochromatin similar to that at telomeres. 
Heterochromatin in yeast exhibits features 
typical of heterochromatin in other species, 
such as transcriptional inactivity and self-per
petuating protein structures superimposed on 
nucleosomes (which are generally deacety
lated). The only notable difference between 
budding yeast heterochromatin and that of 
most other species is  that histone methyla
tion in yeast is not associated with silencing, 
whereas specific sites of histone methylation 
are a key feature of heterochromatin forma
tion in most eukaryotes. 

842 CHAPTER 29 Epigenetic Effects Are Inherited 

Ill Heterochromatin 
Depends on Interactions 
with Histones 

Key concepts 

• HP1 is the key protein in forming mammalian 
heterochromatin; it acts by binding to methylated 
histone H3. 

• Rap1 initiates formation of heterochromatin in 
yeast by binding to specific target sequences 
in DNA. 

• The targets of Rap1 include telomeric repeats and 
silencers at HML and HMR. 

• Rap1 recruits Sir3 and Sir4, which interact with 
the N-termi nat tails of H 3 and H4. 

• Sir2 deacetylates the N-terminal tails of H3 and 
H4 and promotes spreading of Sir3 and Sir4. 

• RNAi pathways promote heterochromatin forma
tion at centromeres. 

Inactivation of chromatin occurs by the addi
tion of proteins to the nucleosomal fiber. The 
inactivation may be due to a variety of effects, 
including condensation of chromatin to make 
it inaccessible to the apparatus needed for gene 
expression, addition of proteins that directly 
block access to regulatory sites, or proteins that 
directly inhibit transcription. 

Two systems that have been characterized 
at the molecular level involve HP I in mam
mals and the SIR complex in yeast. Although 
many of the proteins involved in each system 
are not evolutionarily related, the general 
mechanism of reaction is similar: The points of 
contact in chromatin are the N-terminal tails 
of the hi stones. 

Our insights into the molecular mecha
nisms for regulating the formation of het
erochromatin originated with mutants that 
affect position effect variegation. Some 3 0  
genes have been identified in Drosophila. They 
are named systematically as Su(var) for genes 
whose products act to suppress variegation 
and E(var) for genes whose products enhance 
variegation. These genes were named for the 
behavior of the mutant loci; thus, Su(var) 
mutations lie in genes whose products are 
needed for the formation of heterochromatin. 
They include enzymes that act on chromatin, 
such as histone deacetylases, and proteins that 
are localized to heterochromatin. In contrast, 
E(var) mutations lie in genes whose products 
are needed to activate gene expression. They 
include members of the SWIISNF complex 
(see the Eukaryotic Transcription Regulation 
chapter). 



HP 1 (heterochromatin protein l )  is one 
of the most important Su(var) proteins. It was 
originally identified as a protein that is local
ized to heterochromatin by staining polytene 
chromosomes with an antibody directed against 
the protein. It was later shown to be the prod
uct of the gene Su(var)2-S. lts homolog in the 
yeast Schizosaccharomyces pombe is encoded by 
swi6. HPl is now called HPla because two 
related proteins, HP l � and HP l")', have since 
been found. 

HPl contains a chromodomain near the 
N-tenninus, and another domain that is related 
to i t  (the chromo-shadow domain) at tl1e C-ter
minus. The HP l chromodomain binds to histone 
H3 that is trimethylated at lysine 9 (H3K9me3). 
FIGURE 29.5 shows the structures ofthe cluomo
domain and cbromoshadow domains of HP I ,  
as well as a structure slwvving the interaction 
between the chromodomain and the methyl
ated lysine. This interaction is a hallmark of 
inactive chromatin. 

Mutation of a deacetylase that acts on 
H3Kl4Ac prevents the methylation at 1<9, 
resulting in loss of the HPl binding site. This 
suggests the model for initiating formation of 
heterochromatiJl shown in FIGURE 29.6. First tl1e 
deacetylase acts to remove the modification at 
K 14, and this allows the SUV39Hl methyltrans
ferase (also known as KMTlA) to methylate 
H3K9 to create the methylated signal to which 
HPl will bind. FIGURE 29.7 shows that the inac
tive region may then be extended by the ability 
of furtl1er HPl molecules to interact with one 
another. 

The state of histone methylation is impor
tant in the control of heterochromatin or 

SUV39H1 
Histone histone 
deacetylase methyltransferase HP1 

H3 

Active chromatin Inactive chromatin 

FIGURE 29.5 SUV39H 1 is a histone methyltransferase 
that acts on K9 of histone H3. HP1 binds to the methyl
ated histone. 

euchromatin states. Methylation of H3K9 
demarcates heterochromatin while H3K4 
methylation demarcates euchromatin. A tri
methyl H3K4 demethylase found in S. pombe 
referred to as Lid2 interacts with the Clr4 H3K9 
methyltransferase, resulting in H3K4 hypo
methylation and heterochromatin formation. 
The link between H3K4 demethylation and 
H3K9 methylation suggests that the two reac
tions act in a coordinated manner to control the 
relative state of heterochromatin or eucluoma
tin of a specific region. 

Heterochromatin formation at telomeres 
and silent mating-type loci in yeast relies on an 
overlapping set of genes known as silellt informa
tion regulators (SIR genes). Mutations in SJR2, 
SJR3, or SIR4 cause HML and HMR to become 
activated, and also relieve the inactivation of 
genes that have been integrated near telomeric 
heterochromatin. The products of these loci 
therefore function to maintain the inactive state 
of both types of heterochromatin. 

Chromo ) Linker }» Chromshadow ) ) c  

(B) (C) 
FIGURE 29.6 HPl contains a chromodomain and a chromoshadow domain. Trimethylation of histone H3 K9 creates a binding site for HPl. 
(A & B) Photo reproduced from G. Lomberk, L. Wallrath, and R. Urrutia, Genome Bioi. 7 (2006): p. 228. Used with permission of Raul A. Urrutia 
and Gwen Lamberk, Mayo Clinic. (C) Structure from Protein Data Bank lKNE. S. A. Jacobs and S. Khorasanizadeh, Science 295 (2002): 2080-2083. 
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HP1 binds to methylated H3 

Me 

FIGURE 29.7 Binding of HPl to methylated histone H3 
forms a trigger for silencing because further molecules of 
H Pl aggregate along the methylation chromatin domain. 

FIGURE 29.8 shows a model for the actions 
of these proteins. Only one of them-Rap l
is a sequence-specific DNA-binding protein. It 
binds to the C1_3A repeats at the telomeres, and 
also binds to the cis-acting silencer elements 
that are needed for repression of HML and HMR. 
The proteins Sir3 and Sir4 interact with Rap I 
and also with one another (they may function 
as a heteromultimer). Sir3 and Sir4 interact 
with the N-terminal tails of the histones H3 
and H4, with a preference for unacetylated tails. 
Another SIR protein, Sir2, is a deacetylase, and 
its activity is necessary to maintain binding of 
the Sir3/Sir4 complex to chromatin. 

Rap I has the crucial role of identifying 
the DNA sequences at which heterochromatin 
forms. It recruits Sir4, which in turn recruits 
both its binding partner Sir3 and the HDAC 
Sir2. Sir3 and Sir4 then interact directly with 
histones H3 and H4. Once Sir3 and Sir4 have 
bound to histones H3 and H4, the complex 
(including Sir2) can polymerize further and 
spread along the chromatin fiber. This may 
inactivate the region, either because coating 
with the Sir3/Sir4 complex itself has an inhibi
tory effect, or because Sir2-dependent deacety
lation represses transcription. We do not know 
what limits the spreading of the complex. The 
C-terminus of Sir3 has a similarity to nuclear 
lamin proteins (constituents of the nuclear 
matrix) and may be responsible for tethering 
heterochromatin to the nuclear periphery. 

A similar series of events forms the silenced 
regions at HMR and HML. Three sequence-specific 
factors are involved in triggering formation of 
the complex: Rap I ,  Abfl (a transcription factor), 
and ORC (the origin replication complex). In this 
case, Sirl binds to a sequence-specific factor and 
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H31H4 N-terminal tails 
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FIGURE 29.8 Formation of heterochromatin is initiated 
when Rapl binds to DNA. Sir3/4 bind to Rapl and also 
to histones H3/H4. Sir2 deacetylates histones. The SIR 
complex polymerizes along chromatin and may connect 
telomeres to the nuclear matrix. 

recruits Sir2, -3, and -4 to form the repressive 
structure. As at the telomeres, Sir2-dependent 
deacetylation is necessary to maintain binding 
of the Sir complex to chromatin. 

Formation of heterochromatin in the yeast 
S. pombe utilizes an RNAi-dependent pathway 
(see the Regulatory RNA chapter). This pathway 
is initiated by the production of siRNA mol
ecules resulting from transcription of centro
meric repeats. These siRNAs result in formation 
of the RNA-induced transcriptional silencing 
(RITS) complex. The siRNA components are 
responsible for localizing the complex at centro
meres. The complex contains proteins that are 
homo logs of those involved in heterochromatin 
formation in other organisms such as plants, 



Caworhabditis elegaHs, and D. melmzogaster. This 
complex includes Argonaute, which is involved 
in targeting RNA-induced silencing complex 
(RISC) remodeling complexes to chromatin. 
The siRNA complex promotes methylation of 
histone H3K9 by the Clr4 methyltransferase 
(also known as KMT I, a homolog of Drosophila 
Su[Varj3-9) .  H3K9 methylation recruits the S. 
pombe homolog of HPJ, Swi6. 

How does a silencing complex repress chro
matin activity? It could condense chromatin 
so that regulator proteins cannot find their 
targets. The simplest case would be to sup
pose that the presence of a silencing complex 
is mutually incompatible with the presence of 
transcription factors and RNA polymerase. The 
cause could be that silencing complexes block 
remodeling (and thus indirectly prevent fac
tors from binding) or that they directly obscure 
the binding sites on DNA for the transcription 
factors. The situation may not be that simple, 
though, because transcription factors and 
RNA polymerase can be found at promoters 
in silenced chromatin. This could mean that 
the silencing complex prevents the factors from 
working rather than from binding as such. In 
fact, there may be competition between gene 
activators and the repressing effects of cluo
matin, so that activation of a promoter inhibits 
spread of the silencing complex. 

Centromeric heterochromatin is particu
larly interesting, as it is not necessarily nucle
ated by simple sequences (as is the case for 
telomeres and the mating type loci in yeast), 
but instead depends on more complex mecha
nisms, some of which are RNAi dependent. 
The specialized chromatin structure that 
forms at the centromere may be associated 
with the formation of heterochromatin in the 
region. The unique centromeric chromatin 
structure and the centromere-specific histone 
H3 variants are discussed in the Chromosomes 
and Chromati11 chapters. In human cells, the 
centromere-specific protein CENP-B is required 
to initiate modifications of histone H3 (deacety
lation of K9 and K 14, followed by methyla
tion of K9) that trigger an association with HP l 
that leads to the formation of heterochroma
tin in the region. Moreover, heterochromatin 
and RNAi are required to establish the human 
CenH3 homolog, CENP-A, at centromeres. 
Heterochromatin is often present near CENP-A 
chromatin and the RNAi-directed heterochro
matin flanking the central kinetochore domain 
is required for kinetochore assembly. Several 
factors, such as the Suv39 methyltransferase, 

HP l ,  and components of the RNAi pathway 
(see the Regulatory RNA chapter), are required 
to form the CENP-A chromatin. 

Studies of the propagation of the pathogenic 
yeast, Candida albicans, have shown that naked 
centromeric  DNA that can confer centromeric 
activity in vivo is not able to assemble functional 
centromeric chromatin de 11ovo when reintro
duced into cells. This suggests that C. albicans 
centromeres are dependent on their preexisting 
chromatin state and provides an example of 
epigenetic propagation of a centromere. 

Polycomb and Trithorax 
Are Antagonistic 
Repressors and Activators 

Key concepts 

• Polycomb group proteins (Pe-G) perpetuate a state 
of repression through cell divisions. 

• The PRE is a DNA sequence that is required for the 
action of Pe-G. 

• The PRE provides a nucleation center from which 
Pe-G proteins propagate an inactive structure. 

• Trithorax group proteins (trxG) antagonize the 
actions of the Pe-G. 

• Pe-G and trxG can bind to the same PRE with 
opposing effects. 

Regions of constitutive heterochromatin, such 
as at telomeres and centromeres, provide one 
example of the specific repression of chro
matin. Another is provided by the genetics of 
homeotic genes (which affect the identity of 
body segments) in Drosophila, which has led 
to the identification of a protein complex that 
may maintain certain genes in a repressed state . 
Polycomb (Pc) mutants show transformations of 
cell type that are equivalent to gain-of-function 
mutations in the genes A11tennapedia (Antp) or 
Ultrabithorax, because these genes are expressed 
in tissues in which they are usually repressed. 
This implicates Pc in regulating transcription. 
Furthermore, Pc is the prototype for a class of 
- 1 5  loci called the Pc-group (Pe-G); mutations 
in these genes generally have the same result 
of derepressing homeotic genes, which suggests 
the possibility that the group of proteins has 
some common regulatory role. 

The Pc proteins function in large com
plexes. The PRC l (Polycomb-repressive com
plex) contains Pc itself, several other Pe-G 
proteins, and five general transcription factors. 
The Esc-E(z) complex contains Esc, E(z), other 
Pe-G proteins, a histone-binding protein, and a 
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FIGURE 29.9 Pe-G proteins do not initiate repression, but they are respon
sible for maintaining it_ 

histone deacetylase. Pc itself has a chromodo
main that binds to methylated H3, and E(z) is a 
methyltransferase that acts on H3. These prop
erties directly support the connection between 
chromatin remodeling and repression that was 
initially suggested by the properties of brahma, 
a fly counterpart to SW/2. The brahma gene 
encodes a component of the SWI!SNF remod
eling complex (see the Eukaryotic Transcriptio11 
Regulation chapter), and loss of brahma function 
suppresses mutations in Polycomb. 

Consistent with the pleiotropy of Pcmuta
tions, Pc is a nuclear protein that can be visu
alized at -80 sites on polytene chromosomes. 
These sites include the A1ltp gene. Another 
member of the Pe-G, polyhomeotic, is visualized 
at a set of polytene chromosome bands that 
are identical to those bound by Pc. The two 
proteins coimmunoprecipitate in a complex of 
-2.5 X 106 D that contains 1 0  to 1 5  polypep
tides. The relationship between these proteins 
and the products of the -30 Pe-G genes remains 
to be established. One possibility is that some of 
these gene products form a general repressive 
complex, and then some of the other proteins 
associate with it to determine its specificity. 

The Pe-G proteins are not conventional 
repressors. They are not responsible for deter
mining the initial pattern of expression of the 
genes on which they act. In the absence of Pe-G 
proteins, these genes are initially repressed as 
usual, but later in development the repression is 
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lost without Pe-G group functions. This suggests 
that the Pe-G proteins in some way recognize the state 
of repression when it is established, and they thw act 
to perpetuate it through cell division of the daughter 
cells. FIGURE 29.9 shows a model in which Pe-G 
proteins bind in conjunction with a repressor, 
but the Pe-G proteins remain bound after the 
repressor is no longer available. This is neces
sary to maintain repression; otherwise, the gene 
becomes activated if Pe-G proteins are absent. 

A region of DNA that is sufficient to enable 
the response to the Pe-G genes is called a Poly
comb response element (PRE). It can be defined 
operationally by the property that it maintains 
repression in its vicinity throughout develop
ment. The assay for a PRE is to insert it close to a 
reporter gene that is controlled by an enhancer 
that is repressed in early development, and then 
to determine whether the reporter becomes 
expressed subsequently in the descendants. An 
effective PRE will prevent such re-expression. 

The PRE is a complex structure that mea
sures - 1 0  kb. Several proteins with DNA
binding activity for sites within the PRE, 
including Pho, Pho 1 ,  and GAGA factor (GAP), 
have been identified, but there could be others. 
When a locus is repressed by Pe-G, however, 
the Pe-G proteins occupy a much larger length 
of DNA than the PRE itself. Pc is found locally 
over a few kilobases of DNA surrounding a 
PRE. This suggests that the PRE may provide a 
nucleation center from which a structural state 
depending on Pe-G proteins may propagate. 
This model is supported by the observation of 
effects related to position effect variegation (see 
Figure 2 9.4); that is, a gene near a locus whose 
repression is maintained by Pe-G may become 
heritably inactivated in some cells but not oth
ers. In one typical situation, crosslinking ex peri
ments in vivo showed that Pc protein is found 
over large regions of the bithorax complex that 
are inactive, but the protein is excluded from 
regions that contain active genes. The idea that 
this could be due to cooperative interactions 
within a multimeric complex is supported by 
the existence of mutations in Pc that change 
its nuclear distribution and abolish the abil
ity of other Pe-G members to localize in the 
nucleus. The role of Pe-G proteins in main
taining, as opposed to establishing, repression 
must mean that the formation of the complex 
at the PRE also depends on the local state of 
gene expresston. 

The effects of Pe-G proteins are vast in that 
hundreds of potential Pe-G targets in plants, 
insects, and mammals have been identified. 



A working model for Pe-G binding at a PRE is 
suggested by the properties of the individual 
proteins. First Pho and Phol bind to specific 
sequences within the PRE. Esc-E(z) is recruited 
to Pho/Pho 1 ;  it then uses its methyltransferase 
activity to methylate 1<27 of histone H3. This 
creates the binding site for the PRC, because 
the chromodomain of Pc binds to the methyl
ated lysine. In addition, long intergenic non
coding RNAs (lincRNAs) play an important 
role in assembly of Polycomb complexes. For 
example, the HOTAIR lincRNA acts as a scaf
fold for assembly of the PRC2 complex (see 
the Regulatory RNA chapter) .  The Polycomb 
complex induces a more compact structure in 
chromatin; each PRC 1 complex causes about 
three nucleosomes to become less accessible . 

In fact, the chromodomain was first identi
fied as a region of homology between Pc and 
the protein HPl found in heterochromatin. 
Binding of the chromodomain of Pc to 1<27 on 
H3 is analogous to HPJ's use of its chromo
domain to bind to methylated 1<9. Variegation 
is caused by the spreading of inactivity from 
constitutive heterochromatin, and as a result it 
is likely that the chromodomain is used by Pc 
and HP 1 in a similar way to induce the forma
tion of heterochromatic or inactive structures. 
This model implies that similar mechanisms 
are used to repress individual loci or to create 
heterochromatin. 

trithorax group (trxG) proteins have the 
opposite effect of Pe-G proteins: They act to 
maintain genes in an active state. trxG proteins 
are quite diverse; some comprise subunits of 
chromatin-remodeling enzymes such as SWI/ 
SNF, whereas others also possess important 
histone-modification activities (such as his
tone demethylases), which could oppose the 
activities of Pe-G proteins. There may be some 
similarities in the actions of the two groups: 
Mutations in some loci prevent both Pe-G and 
trxG from functioning, suggesting that they 
could rely on common components. The GAGA 
factor, which is encoded by the trithorax-like 
gene, has binding sites in the PRE. In fact, the 
sites where Pc binds to DNA coincide with the 
sites where GAGA factor binds. What does 
this mean? GAGA is probably needed for acti
vating factors, including trxG members, to 
bind to DNA. Is i t  also needed for Pe-G pro
teins to bind and exercise repression? This is 
not yet clear, but such a model would demand 
that something other than GAGA determines 
which of the alternative types of complex sub
sequently assemble at the site. 

The trxG proteins act by making chroma
tin continuously accessible to transcription fac
tors. Although PeG and trxG proteins promote 
opposite outcomes, they bind to the same PREs, 
which can regulate homeotic gene promoters 
some distance away from the PRE through 
looping of DNA. 

Ill X Chromosomes Undergo 
Global Changes 

Key concepts 
• One of the two X chromosomes is inactivated 

at random in each cell during embryogenesis of 
eutherian mammals. 

• In exceptional cases where there are >2 X chro
mosomes, all but one are inactivated. 

• The Xic (X inactivation center) is a cis-acting 
region on the X chromosome that is necessary and 
sufficient to ensure that only one X chromosome 
remains alive. 

• Xic includes the Xist gene, which codes for an RNA 
that is found only on inactive X chromosomes. 

• Xist recruits Polycomb complexes, which modify 
histones on the inactive X. 

• The mechanism that is responsible for preventing 
Xist RNA from accumulating on the active chromo
some is unknown. 

For species with chromosomal sex determina
tion, the sex of the individual presents an inter
esting problem for gene regulation, because of 
the variation in the number of X chromosomes. 
If X-linked genes were expressed equally well 
in each sex, females would have twice as much 
of each product as males. The importance of 
avoiding this situation is shown by the exis
tence of dosage compensation, which equal
izes the level of expression of X-linked genes 
in the two sexes. Mechanisms used in different 
species are summarized in nGURE 29.10: 

• In mammals, one of the two female 
X chromosomes is inactivated com
pletely. The result is that females have 
only one active X chromosome, which 
is the same situation found in males. 
The active X chromosome of females 
and the single X chromosome of males 
are expressed at the same level. 

• In Drosophila, the expression of the 
single male X chromosome is doubled 
relative to the expression of each female 
X chromosome. 

• In Caenorhabditis elegans, the expression 
of each female (hermaphrodite) X cluo
mosome is halved relative to the expres
sion of the single male X chromosome. 
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FIGURE 29.10 Different means of dosage compensation 
are used to equalize X chromosome expression in males 
and females. 

The common feature in all these mechanisms 
of dosage compensation is that the e11tire chromo
some is the target for regulatio11 .  A global change 
occurs that quantitatively affects almost all of 
the promoters on the chromosome. We know 
the most about the inactivation oft he X chromo
some in mammalian females, where the entire 
chromosome becomes heterochromatic. 

The twin properties of heterochromatin 
are its condensed state and associated inactivity 
(introduced in the Chromosomes chapter). It can 
be divided into two types: 

• Constitutive heterochromatin con
tains specific sequences that have no 
coding function. These include satel
lite DNAs, which are often found at the 
centromeres. These regions are invari
ably heterochromatic because of their 
intrinsic nature. 

• Facultative heterochromatin takes 
the form of chromosome segments 
or entire chromosomes that are inac
tive in one cell lineage, although they 
can be expressed in other lineages. 
The example par excellellce is the mam
malian X chromosome. The inactive 
X chromosome is perpetuated in a het
erochromatic state, whereas the active 
X chromosome is euchromatic. Thus, 
identical DNA sequences are involved 
in both states. Once the inactive state 
has been established, it is inherited by 
descendant cells. This is an example of 
epigenetic inheritance, because it does 
not depend on the DNA sequence. 

Our basic view ofthe situation oft he female 
mammalian X chromosomes was formed by the 
single X hypothesis in 1961 .  Female mice that 
are heterozygous for X-linked coat color muta
tions have a variegated phenotype in which 
some areas of the coat are wild type but others 
are mutant. FIGURE 29.11 shows that this can be 
explained if one of the two X chromosomes is 
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inactivated at random in each cell of a small pre
cursor population. Cells in which the X chromo
some carrying the wild-type gene is inactivated 
give rise to progeny that express only the mutant 
allele on the active chromosome. Cells derived 
from a precursor where the other chromosome 
was inactivated have an active wild-type gene. 
In the case of coat color, cells descended from 
a particular precursor stay together and thus 
form a patch of the same color, creating the 
pattern of visible variegation. In other cases, 
individual cells in a population will express one 
or the other of X-linked alleles; for example, in 
heterozygotes for the X-linked locus G6PD, any 
particular red blood cell will express only one of 
the two allelic forms. (Random inactivation of 
one X chromosome occurs in eutherian mam
mals. In marsupials, the choice is directed: It is 
always the X chromosome inherited from the 
father that is inactivated.) 

Inactivation of the X chromosome in 
females is governed by the n-1 rule: Regardless 
of how many X chromosomes are present, all 
but one will be inactivated. In normal females 
there are of course two X chromosomes, but in 
rare cases where nondisjunction has generated 
a 3X or greater genotype, only one X chromo
some remains active. This suggests a general 
model in which a specific event is limited to one 
X chromosome and protects it from an inactiva
tion mechanism that applies to all the others. 

Both X chromosomes are 
active in precursor cell 

Wild-type coat color ( Q ) 
Mutant coat color gene 4 mull§ 

I One X chromosome \ 
inactivated in each cell \ 

( a ) active allele ----<cC=!O!QC:::J 

<:;::;;;;;;;;t;G;>-- active allele c==cr=:> ( {j ) . 

Mutant 
coat 
color 

Expression 
of wild-type 
coat color 

FIGURE 29.11 X-linked variegation is caused by the ran
dom inactivation of one X chromosome in each precursor 
cell. Cells in which the 1 allele is on the active chromo
some have wild phenotype; cells in which the 2 allele is 
on the active chromosome have mutant phenotype. 



A single locus on the X chromosome is 
sufficient for inactivation. When a transloca
tion occurs between the X chromosome and 
an autosome, this locus is  present on only 
one of the reciprocal products, and only that 
product can be inactivated. By comparing dif
ferent translocations, it is possible to map this 
locus, which is called the Xic (X-inactivation 
center). A cloned region of450 kb contains all 
the properties of the Xic. When this sequence 
is inserted as a transgene onto an autosome, 
the autosome becomes subject to inactivation 
(at least in a cell culture system). Pairing of Xic 
loci on the two X chromosomes has been impli
cated in the mechanism for the random choice 
of X inactivation. Moreover, differences in the 
sister chromatid cohesion correlates with the 
outcome of the choice of the X chromosome to 
be inactivated, indicating that alternate states 
present before the inactivation process may 
direct the choice of which X chromosome will 
become inactivated. 

Xic is a cis-acting locus that contains the 
infonnation necessary to count X chromosomes 
and inactivate all copies but one. Inactivation 
spreads from Xic along the entire X chromo
some. When Xici s present on an X chromosome
autosome translocation, inactivation spreads 
into the autosomal regions (although the effect 
is not always complete). 

Xicis a complex genetic locus that expresses 
several long noncoding RNAs (ncRNAs). The 
most important of these is a gene called Xist 
(X inactive specific transcript), which is stably 
expressed only on the inadive X chromosome. 
The behavior of this gene is effectively the 
opposite of all other loci on the chromosome, 
which are turned off. Deletion of Xist prevents 
an X chromosome from being inactivated. 
It does not, however, interfere with the count
ing mechanism (because other X chromosomes 
can be inactivated) .  Thus, we can distinguish 
two features of Xic: an unidentified element(s) 
required for counting, and the Xist gene 
required for inactivation. 

The n-1 rule suggests that stabilization 
of Xist RNA is the "default," and that some 
blocking mechanism prevents stabilization at 
one X chromosome (which will be the active X). 
This means that, although Xic is necessary and 
sufficient for a chromosome to be inactivated, 
the products of other loci are necessary for the 
establishment of an adive X chromosome. 

The Xisttranscriptis regulated in a negative 
manner by Ts ix, its antisense partner. Loss of 
Tsix expression on the future inactive X chro-

mosome permits Xist to become upregulated 
and stabilized, and persistence of Tsix on the 
future active X chromosome prevents Xist 
upregulation. Tsix is regulated by Xite, which 
has a Tsix-specific enhancer and is located I 0 kb 
upstream of Tsix. 

FIGURE 29.12 illustrates the role of Xist RNA 
in X-inactivation. Xist codes for an ncRNA that 
lacks open reading frames. The Xist RNA " coats" 
the X chromosome from which it is synthe
sized, which suggests that it has a structural 
role. Prior to X-inactivation, it is synthesized 
by both female X chromosomes. Following 
inactivation, the RNA is found only on the 
inactive X chromosome. The transcription rate 
remains the same before and after inactivation, 
so the transition depends on posttranscriptional 
events. 

Prior to X-inactivation, Xist RNA decays 
with a half-life of -2 hours. X-inactivation is 
mediated by stabilizing the Xist RNA on the 
inactive X chromosome. The Xist RNA shows a 
punctate distribution along the X chromosome, 
which suggests that association with proteins to 
form particulate structures may be the means of 
stabilization. We do not know yet what other 
factors may be involved in this reaction and 
how the Xist RNA is limited to spreading in cis 
along the chromosome. 

Both X chromosomes express Xist: RNA is unstable 
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FIGURE 29.12 X-i nactivation involves stabilization of 
Xist RNA, which coats the inactive chromosome. Tsix pre
vents Xist expression on the future active X. 
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FIGURE 29.13 Xist RNA produced from the Xic locus accumulates on the 
future inactive X (Xi). This excludes transcription machinery, such as RNA 
polymerase II (Pol II). Polycomb group complexes are recruited to the Xist
covered chromosome and establish chromosome-wide histone modifications. 
Histone macroH2A becomes enriched on the Xi and promoters of genes on 
the Xi are methylated. In this phase X-inactivation is irreversible and Xist is 
not required for maintenance of the silent state. Adapted from A. Wutz and 
J. Gribnau, Curr. Opin. Genet. Dev. 17 (2007): 387-393. 

Accumulation of Xist on the future inac
tive X results in exclusion of transcription 
machinery (such as RNA polymerase II}, and 
leads to the recruitment of Polycomb repressor 
complexes (PRC 1 and PRC2), which trigger 
a series of chromosome-wide histone modi
fications (H2AK 1 19 ubiquitination, H3K27 
methylation, H4K20 methylation, and H4 
deacetylation). Late in the process, an inac
tive X-specific histone variant, macroH2A, 
is incorporated into the chromatin, and pro
moter DNA is methylated. These changes are 
shown in FIGURE 29.13. (The repressive effects 
of promoter methylation are discussed in the 
following sections.) At this point, the hetero
chromatic state of the inactive X is stable, and 
Xist is not required to maintain the silent state 
of the chromosome. 

Despite these findings, none of the chro
matin components or modifications found have 
been shown on their own to be essential for 
X chromosome silencing, indicating potential 
redundancy among them or the existence of 
pathways that are yet to be identified. 

Global changes also occur in other types 
of dosage compensation. In Drosophila, a 
large ribonucleoprotein complex, MSL, is 
found only in males, where it localizes on 
the X chromosome. This complex contains 
two noncoding RNAs, which appear to be 
needed for localization to the male X (per
haps analogous to the localization of Xist to 
the inactive mammalian X}, and a histone 
acetyltransferase that acetylates histone H4 
on K 1 6  throughout the male X. The net result 
of the action of this complex is the twofold 
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increase in transcription of all genes on the 
male X. In the next section, we discuss a third 
mechanism for dosage compensation, a global 
reduction in X-linked gene expression in XX 
(hermaphrodite) nematodes. 

Chro mosome 
Condensation Is Caused 
by Condensins 

Key concepts 

• SMC proteins are ATPases that include condensins 
and cohesins. 

• A heterodimer of SMC proteins associates with 
other subunits. 

• Condensins cause chromatin to be more tightly 
coiled by introducing positive supercoils into DNA. 

• Condensins are responsible for condensing chro
mosomes at mitosis. 

• Chromosome-specific condensins are responsible for 
condensing inactive X chromosomes in C. elegans. 

The structures of entire chromosomes are influ
enced by interactions with proteins of the struc
tural maintenance of chromosome (SMC) 
family. They are ATPases that fall into two func
tional groups. Condensins are involved in the 
control of overall structure and are responsible 
for the condensation into compact chromo
somes at mitosis. Cohesins are concerned with 
connections between sister chromatids that 
concatenate through a cohesion ring, which 
must be released at mitosis. Both consist of 
dimers formed by SMC proteins. Condensins 
form complexes that have a core of the het
erodimer SMC2-SMC4 associated with other 
(non-SMC) proteins. Cohesins have a similar 
organization but consist of SMCI and SMC3, 
and also interact with smaller non-SMC sub
units termed Sccl/Rad21 and Scc3/SA. 

FIGURE 29.14 shows that an SMC protein 
has a coiled-coil structure in its center that is 
interrupted by a flexible hinge region. Both the 
amino and carboxyl termini have ATP- and 
DNA-binding motifs. The ATP-binding motif 
is also known as a "Walker module." SMC 
monomers fold at the hinge region, forming an 
antiparallel interaction between the two halves 
of each coiled coil. This allows the amino and 
carboxyl termini to interact to form a "head" 
domain. Different models have been proposed 
for the actions of these proteins depending on 
whether they dimerize by intra- or intermo
lecular interactions. 

Folded SMC proteins form dimers via 
several different interactions. The most stable 
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FIGURE 29.14 (A) An SMC protein has a "Walker module" 
with an ATP-binding motif and DNA-binding site at each 
end, which are connected by coiled coils that are linked 
by a hinge region. (B) SMC monomers fold at the hinge 
regions and interact along the length of the coiled coils. 
The N-and C-termini interact to form a head domain. 
Adapted from I. Onn, et al., Annu. Rev. Cell Dev. Bioi. 24 
(2008): 105-129. 

association occurs between hydrophobic 
domains in the hinge regions. FIGURE 29.15 shows 
that these hinge-hinge interactions result in 
V -shaped structures. Electron microscopy shows 
that in solution, cohesins tend to form "V"s with 
the arms separated by a large angle, whereas 
condensins form more linear structures, with 
only a small angle between the arms. In addi
tion, the heads of the two monomers can inter
act, closing the V, and the coils of the individual 
monomers may also interact with each other. 
Various non-SMC proteins interact with SMC 
dimers and can influence the final structure of 
the dimer. 

The function of cohesins is to hold sister 
chromatids together, but it is not yet clear how 
this is achieved. There are several different 
models for cohesin function. FIGURE 29.16 shows 
one model in which a cohesin could take the 
form of extended dimers, interacting hinge
to-hinge, that crosslink two DNA molecules. 
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FIGURE 29.15 (A) The basic architecture of condensin 
and cohesin complexes. (B) Condensin and cohesin con
sist of V-shaped dimers of two SMC proteins interacting 
through their hinge domains. The two monomers in a 
condensin dimer tend to exhibit a very small separation 
between the two arms of the V, while cohesins have a 
much larger angle of separation between the arms. Parts A 
and B adapted from T. Hirano, Nat. Rev. Mol. Cell Bioi. 7 
(2006): 311-322. 

Head-head interactions would create tetra
meric structures, adding to the stability of cohe
sion. An alternative "ring" model is shown in 
FIGURE 29.17. In this model, dimers interact at 
both their head and hinge regions to form a 
circular structure. Instead of binding directly to 
DNA, a structure of this type could hold DNA 
molecules together by encircling them. 

While cohesins act to hold separate sister 
chromatids together, condensins are respon
sible for chromatin condensation. FIGURE 29.18 

shows that a condensin could take the form 
of a V -shaped dimer, interacting via the hinge 
domains, that pulls together distant sites on the 
same DNA molecule, causing it to condense. It 
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Cohesins may form an extended structure in which each 
monomer binds DNA and connects via the hinge region, 
allowing two different DNA molecules to be linked. Head 
domain interactions can result in binding by two cohesin 
di mers. Adapted from I. Onn, et al., Annu. Rev. Cell Dev. 
Bioi. 24 (2008): 105-129. 

is thought that dynamic head-head interactions 
could act to promote the ordered assembly of 
condensed loops, but the details of condensin 
action are still far from clear. 

Visualization of mitotic chromosomes 
shows that condensins are located all along 
the length of the chromosome, as shown in 
FIGURE 29.19 . (By contrast, cohesins are fotmd at 
discrete locations in a focal nonrandom pattern 
with an average spacing of about 1 0  kb.) The 

Hinge 

FIGURE 29.17 Cohesins maydimerize by intramolecular 
connections and then form multimers that are connected 
at the heads and at the hinge. Such a structure could hold 
two molecules of DNA together by surrounding them. 
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FIGURE 29. 18 Condensins may form a compact struc
ture by bending at the hinge, causing DNA to become 
compacted. 

condensin complex was named for its ability 
to cause chromatin to condense i11 vitro. It has 
an ability to introduce positive supercoils into 
DNA in an action that uses hydrolysis of ATP 
and depends on the presence of topoisomerase 
I .  This ability is controlled by the phosphoryla
tion of the non-SMC subunits, which occurs at 
.mitosis. We do not know yet how this connects 
with other modifications of chromatin-for 
example, the phosphorylation of hi stones. The 
activation of the condensin complex specifically 
at mitosis makes it questionable whether it is 
also involved in the formation of interphase 
heterochromatin. 

FIGURE 29.19 Condensins are located along the entire 
length of a mitotic chromosome. DNA is red; condensins are 
yellow. Photo courtesy of Ana Losada and Tatsuya Hirano. 



As discussed in the previous section, 
dramatic chromosomal changes occur dur
ing X-inactivation in female mammals and 
in X chromosome upregulation in male flies. 
In the nematode C. efegans, a third approach 
is used: twofold reduction of X-chromosome 
transcription in XX hermaphrodites relative 
to XO males. A dosage compensation complex 
(DCC) is maternally provided to both XX and 
XO embryos, but i t  then associates with both 
X chromosomes in only in XX animals, while 
remaining diffusely distributed in the nuclei of 
XO animals. The protein complex contains an 
SMC core and is similar to the condensin com
plexes that are associated with mitotic chromo
somes in other species. This suggests that it has 
a structural role in causing the chromosome to 
take up a more condensed, inactive state. Recent 
studies have shown, though, that SMC-related 
proteins may also have roles in dosage com
pensation in mammals: The protein SmcHD I 
(SMC-hinge domain 1 )  may actually contribute 
to the deposition of DNA methylation on the 
inactive X. SMCs could recruit DNA methyl
transferase via a component of the SMC core 
that is involved in RNAi-directed DNA methyla
tion, such as occurs in Arahidopsis via the DMS3 
protein (another SMC-related protein). 

Whatever the mechanism of transcrip
tional downregulation, multiple sites on the 
X chromosome appear to  be needed for the 
DCC to be fully distributed along it, and short 
DNA sequence motifs have been identified 
that appear to be key for localization of DCC. 
The complex binds to these sites, and then 
spreads along the chromosome to cover it more 
thoroughly. 

Changes affecting all the genes on a chro
mosome, either negatively (mammals and 
C. efegans) or positively (Drosophila), are there
fore a common feature of dosage compensation. 
The components of the dosage compensation 
apparatus may vary, however, as well as the 
means by which i t  is localized to the chro
mosome. Dosage compensation in mammals 
and Drosophila both entail chromosome-wide 
changes in histone acetylation and involve 
noncoding RNAs that play central roles in tar
geting X chromosomes for global change. In 
C. efega11s, chromosome condensation by con
densin homologs is used to accomplish dosage 
compensation. It remains to be seen whether 
there are also global changes in histone acetyla
tion or other modifications in XX C. elegans that 
reflect the twofold reduction in transcription of 
the X chromosomes. 

Ell CpG Islands Are Subject 
to Methylation 

Key concepts 

• Most methyl groups in DNA are found on cytosine 
on both strands of the CpG doublet. 

• Replication converts a fully methylated site to a 
hemimethylated site. 

• Hemi methylated sites are converted to fully meth
ylated sites by a maintenance methyltransferase. 

• TET proteins convert 5-methylcytosine to 
5-hydroxymethylcytosine to lead to DNA 
de methylation 

Methylation of DNA occurs at specific sites. In 
bacteria, it is associated with identifying the 
bacterial restriction-methylation system used 
for phage defense, and also with distinguishing 
replicated and nonreplicated DNA. In eukary
otes, its principal known function is connected 
with the control of transcription; methylation 
of a control region is usually associated with 
gene inactivation. Methylation in eukaryotes 
principally occurs at CpG islands in the 5' 
regions of some genes; these islands are defined 
by the presence of an increased density of the 
dinucleotide sequence, CpG (see the Eukaryotic 
Tra11scriptio11 chapter). 

From 2% to 7% of the cytosines of ani
mal cell DNA are methylated (the value varies 
with the species). The methylation occurs at 
the 5th carbon position of cytosine, producing 
5-methylcytosine (5mC). Most of the methyl 
groups are found in C G  dinucleotides in CpG 
islands, where the C residues on both strands of 
this short palindromic sequence are methylated. 

Such a site is described as fully methylated. 
Consider, though, the consequences of repli
cating this site. FIGURE 29.20 shows that each 
daughter duplex has one methylated strand 
and one unmethylated strand. Such a site is 
considered to be hemimethylated. 

The perpetuation of the methylated site 
now depends on what happens to hemimeth
ylated DNA. If methylation of the unmethylated 
strand occurs, the site is restored to the fully 
methylated condition. If replication occurs first, 
though, the hemimethylated condition will be 
perpetuated on one daughter duplex, but the 
site will become unmethylated on the other 
daughter duplex. FIGURE 29.21 shows that the 
state of methylation of DNA is controlled by 
DNA methyltransferases (often shortened to 
methylases), or Dnmts, which add methyl groups 
to  the 5 position of cytosine, and demethylases, 
which remove the methyl groups. 
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FIGURE 29.20 The state of methylated sites could be 
perpetuated by an enzyme (Dnmtl) that recognizes only 
hemimethylated sites as substrates. 

There are two types of DNA methyltrans
ferase, whose actions are distinguished by the 
state oft he methylated DNA. To modify DNA at 
a new position requires the action of a de novo 
methyltransferase, which recognizes DNA 
by virtue of a specific sequence. It acts only on 
unmethylated DNA to add a methyl group to 
one strand. There are two de novo methyltrans
ferases (Dnmt3A and Dnmt3B) in the mouse; 
they have different target sites, and both are 
essential for development. 

A maintenance methyltransferase acts 
constitutively only on hemimethylated sites to con
vert them to fully methylated sites. Its existence 
means that any methylated site is perpetuated 
after replication. There is one maintenance 
methyltransferase (Dnmt1 )  in mice, and it is 
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FIGURE 29.21 The state of methylation is controlled by 
three types of enzyme. Numerous de novo and perpetua
tion methylases are known, and methylation occurs in a 
single enzymatic step_ De methylation is more complex, 
and no single-step demethylases have been identified_ 

essential: Mouse embryos in which its gene 
has been disrupted do not survive past early 
embryogenesis. 

Maintenance methylation is almost 100% 
efficient. The result is that if a de novo methyla
tion occurs on one allele but not on the other, 
this difference will be perpetuated through 
ensuing cell divisions, maintaining a difference 
between the alleles that does not depend on 
their sequences. 

How does a maintenance methyltransferase 
such as Dnmt1 target methylated CpG sites to 
preserve DNA methylation patterns with each 
cell replication? One possibility is that Dnmt1 
is brought to hemimethylated sites by factors 
that recognize methylated CpG sites. Consistent 
with this concept, a protein has been identified, 
UHRF 1 ,  that is important for the maintenance of 
methylation both locally and globally through its 
association with Dnmtl. This protein is able to 
recognize CpG dinucleotides and to preferentially 
bind to hemimethylated DNA. Most impor
tantly, however, UHRF1 binds to Dnmt1 and 
appears to increase the efficacy of Dnmt 1 for 
maintenance methylation at hemimethylated 
CpG dinucleotides. Thus, UHRF1 has dual 
functions in recognizing sites for mainte
nance methylation as well as in recruitment 



of the maintenance methyltransferase to these 
sites for methylation of the unmethylated CpG 
on the newly synthesized strand, thereby pre
serving methylation patterns with each cell 
replication. 

Strikingly, UHRFI also interacts with 
methylated histone H3, which connects the 
maintenance of DNA methylation with the sta
bilization of heterochromatin structure (see the 
EukaryoticTranscription Regulatio!l chapter). DNA 
methylation and heterochromatin are in fact 
mutually reinforcing in several ways, such as in 
the example depicted in FIGURE 29.22. Recall that 
HP I is recruited to regions in which histone H3 
has been methylated at lysine 9, a modification 
involved in heterochromatin formation. It turns 
out that HP I can also interact with Dnmti,  
which can promote DNA methylation in the 
vicinity of HPI binding. Furthermore, Dnmti 
can directly interact with the methyltransferase 
responsible for H3K9 methylation, creating a 
positive feedback loop to ensure continued DNA 
and histone methylation. These interactions 
(and other similar networks of interactions) 
contribute to the stability of epigenetic states, 
allowing a heterochromatin region to be main
tained through many cell divisions. 

Methylation has various functional tar
gets. Gene promoters are a common target. The 
promoter may be methylated when a gene is 
inactive and is always unmethylated when it 
is active. The absence of Dnmt I in mice causes 
widespread demethylation at promoters; we 
assume this is lethal because oft he uncontrolled 
gene expression. Satellite DNA is another target. 
Mutations in Dnmt3B prevent methylation of 

H3K9 
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FIGURE 29.22 Mammalian HPl is recruited to regions 
where lysine 9 of histone H3 (H3K9) has been methylated 
by a histone methyl transferase. HPl then binds to DNMTl 
and potentiates its DNA methyltransferase activity (blue 
arrow), thereby enhancing cytosine methylation (meCG) 
on nearby DNA. DNMTl could in turn assist HPl loading 
onto chromatin (red arrow). Furthermore, association of 
DNMTl with the histone methyltransferase could allow a 
positive feedback loop to stabilize inactive chromatin. 

satellite DNA, which causes centromere insta
bility at the cellular level. Mutations in the cor
responding human gene cause a disease called 
ICF (immunodeficiency/centromere instability, 
facial anomalies). The importance of methyla
tion is emphasized by another human disease, 
Rett syndrome, which is caused by mutation 
of the gene for the protein MeCP2 that binds 
methylated CpG sequences. Patients with Rett 
syndrome exhibit autism-like symptoms that 
appear to be the result of a failure of normal 
gene silencing in the brain. 

How are demethylated regions established 
and maintained? If a DNA site has not been 
methylated, a protein that recognizes the 
unmethylated sequence could protect it against 
methylation. Once a site has been methyl
ated, there are several possible ways to gener
ate demethylated sites. Loss of methylation at 
a site can occur due to incomplete fidelity of 
Dnmti during maintenance methylation; this 
is a "passive" demethylation event. Another 
passive (i.e., nonenzymatic) mechanism is to 
block the maintenance methylase from acting 
on the site when it is replicated. After a second 
replication cycle, one of the daughter duplexes 
will be unmethylated .  A third mechanism is to 
actively demethylate the site, either by remov
ing the methyl group directly from cytosine, or 
by excising the methylated cytosine or cytidine 
from DNA for replacement by a repair system. 

Plants transmitgenomicmethylation patterns 
through each generation, although methylation 
is removed from repeated sequences to prevent 
interference with nearby gene expression. Plants 
therefore can easily remove DNA methylation. 
Plants use the DEMETER family of 5mC DNA 
glycosylases, followed by cleavage of the DNA 
backbone phosphodiester bond by AP endonu
clease and insertion of the unmethylated dCMP 
base through the base excision repair pathway 
(see the Repair Systems chapter) .  

In mammals, however, the genomic meth
ylation patterns are erased in primordial germ 
cells-the cells that ultimately give rise to the 
germline (see the next section in this chapter 
titled DNA Methylatio11 Is Respo11sible for lmpri1lt
ing). Primordial germ cells have low levels 
of Dnmti,  thereby eliminating the need for 
demethylation on larger scales, as seen in plants. 
This reduced need for DNA demethylation in 
mammals relative to plants may explain the 
challenges in characterizing their mechanisms 
for DNA demethylation. DNMT3A and DNMT3B 
(de !lovo me thy ltransferases) may paradoxi
cally participate in active DNA demethylation 
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in mammals, though. DNMT3A and DNMT3B 
may possess deaminase activity and are involved 
not only in gene demethylation, but also cycli
cal demethylation and remethylation within 
the cell cycle. These enzymes appear to medi
ate oxidative deamination at cytosine C4 in the 
absence of the methyl donor (S-adenosylmethi
onine) to convert 5-methylcytosine to thymine. 
The resulting guanine-thymine (G-T) mismatch 
is repaired by base excision, thereby returning 
the mismatch to a guanine-cytosine (G-C) pair 
and leading to demethylation of a previously 
methylated CpG site. 

Recent work has identified a new family 
of proteins that may be involved not only in 
active demethylation, but also potentially in 
producing novel epigenetic marks, such as 
5-hydroxymethylcytosine (5hmC). The "ten
eleven translocation l -3"  or Tetl-3 proteins 
are DNA hydroxylase enzymes that can con
vert 5mC to 5hmC, and can further convert 
5hmC to 5 - formylcytosine (5fC) and then 
5-carboxylcytosine (5caC) in successive reac
tions. These derivatives, especially 5hmC, can 
be detected in genomic DNA, and have been 
proposed to represent stages of demethylation 
and to create functionally significant modifi
cations themselves. Proteins that normally 
recognize 5mC, such as MeCP2, do not bind 
to 5hmC, suggesting that generation of 5hmC 
might serve to reverse methylation-dependent 
silencing. Similarly, Dnmtl does not recognize 
5hmC during DNA replication, so that the pres
ence of 5hmC can lead to passive demethylation 
by preventing maintenance methylation. It 
has also been suggested that, as in plants, 5mC 
oxidation by TET proteins could also lead to 
glycosylase action and removal of the methyl
ated site via base excision repair. Alternatively, 
5hmC could promote deamination by deami
nases such as AID, which can act on 5mC to 
create a mismatched T -G base pair, or on 5hmC 
to produce 5-hydroymethyluracil (5hmU) that 
a repair system can then correct to a standard 
(unmethylated) C-G pair. 

TET proteins/5hmC have been shown to 
be critical in genome-wide demethylation dur
ing zygotic development, and TET proteins also 
play a role in preventing hematopoietic malig
nancies (the original identification and name 
of TET proteins came from the discovery that 
Tetl is oncogenically fused to the histone meth
yltransferase MLL in a translocation in acute 
myeloid leukemia). Genome-wide analyses 
in embryonic stem cells have suggested that 
Tetl and 5hmC may have important roles in 
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transcriptional regulation. TET proteins (such 
as Tetl) contain CXXC motifs that bind to CpG 
islands and may result in maintaining the hypo
methylated state of CpG islands at transcrip
tion-active (or potentially active) sites. Tetl 
and 5hmC are enriched at promoters with so
called "bivalent" domains, which contain his
tone modifications associated with both active 
(H3K4me3) and repressive (H3K27me3) states; 
these types of promoters are usually present 
in developmentally regulated genes that are 
poised for expression in particular lineages. 
Other data suggestTetl/5hmC may be involved 
in both transcriptional activation and repres
sion. Ongoing research is seeking factors that 
bind to 5hmC or other derivatives to mediate 
their activities as true epigenetic marks that 
define the local function of chromatin. 

Ill DNA Methylation 
Is Responsible 
for Imprinting 

Key concepts 

• Paternal and maternal alleles may have different 
patterns of methylation at fertilization. 

• Methylation is usually associated with inactivation 
of the gene. 

• When genes are differentially imprinted, survival 
of the embryo may require that the functional 
allele is provided by the parent with the 
unmethylated allele_ 

• Survival of heterozygotes for imprinted genes is 
different, depending on the direction of the cross. 

• Imprinted genes occur in clusters and may depend 
on a local control site where de novo methylation 
occurs unless specifically prevented. 

The pattern of methylation of germ cells is 
established in each sex during gametogenesis 
by a two-stage process: First the existing pattern 
is erased by a genome-wide demethylation in 
primordial germ cells, and then the pattern spe
cific for each sex is imposed during meiosis. 

All allelic differences are lost when pri
mordial germ cells develop in the embryo; 
irrespective of sex, the previous patterns of 
methylation are erased, and a typical gene 
is then unmethylated. In males, the pattern 
develops in two stages. The methylation pattern 
that is characteristic of mature sperm is estab
lished in the spermatocyte, but further changes 
are made in this pattern after fertilization. In 
females, the maternal pattern is imposed during 
oogenesis, when oocytes mature through meio
sis after birth. 



As may be expected from the inactivity 
of genes in gametes, the typical state is to be 
methylated. There are cases of differences 
between the two sexes, though, for which 
a locus is unmethylated in one sex. A major 
question is how the specificity of methylation 
is determined in the male and female gametes. 

Systematic changes occur in early embryo
genesis. Some sites will continue to be meth
ylated, whereas others will be specifically 
unmethylated in cells in which a gene is 
expressed. From the pattern of changes, we 
may infer that individual sequence-specific 
demethylation events occur during somatic 
development of the organism as particular 
genes are activated. 

The specific pattern of methyl groups in 
germ cells is responsible for the phenomenon 
of imprinting, which describes a difference 
in behavior between the alleles inherited from 
each parent. The expression of certain genes 
in mouse embryos depends upon the sex of 
the parent from which they were inherited. 
For example, the allele coding for insulin-like 
growth factor II (IGF-11) that is inherited from 
the father is expressed, but the allele that is 
inherited from the mother is not expressed. 
The IGF-11 gene of oocytes is methylated in its 
promoter, whereas the IGF-11 gene of sperm is 
not, so that the two alleles behave differently 
in the zygote. This is the most common pattern, 
but the dependence on sex is reversed for some 
genes. In fact, the opposite pattern (expression 
of maternal copy) is shown for IGF-IIR, a recep
tor that causes the rapid turnover of IGF-11. 

This sex-specific mode of inheritance 
requires that the pattern of methylation is 
established specifically during each gameto
genesis. The fate of a hypothetical locus in a 
mouse is illustrated in nGURE 29.23. In the early 
embryo, the paternal allele is  unmethylated 
and expressed, and the maternal allele is 
methylated and silent. What happens when 
this mouse itself forms gametes? If it is a male, 
the allele contributed to the sperm must be 
nonmethylated, irrespective of whether it was 
originally methylated or not. Thus, when the 
maternal allele finds itself in a sperm, it must 
be demethylated. If the mouse is a female, 
the allele contributed to the egg must be 
methylated; if it was originally the paternal 
allele, methyl groups must be added. 

The consequence of imprinting is that an 
embryo is hemizygous for any imprinted gene. 
Thus, in the case of a heterozygous cross where 
the allele of one parent has an inactivating 
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FIGURE 29.23 The typical pattern for imprinting is that 
a methylated locus is inactive. If this is the maternal 
allele, only the paternal allele is active, and it will be 
essential for viability. The methylation pattern is reset 
when gametes are formed, so that all sperm have the 
paternal type and all oocytes have the maternal type. 

mutation, the embryo will survive if the wild
type allele comes from the parent in which this 
allele is active, but will die if the wild-type allele 
is the imprinted (silenced) allele. This type of 
dependence on the directionality of the cross 
(in contrast with Mendelian genetics) is an 
example of epigenetic inheritance, where some 
factor other than the sequences of the genes 
themselves influences their effects. Although 
the paternal and maternal alleles have identi
cal sequences, they display different properties, 
depending on which parent provided them. 
These properties are inherited through meiosis 
and the subsequent somatic mitoses. 

Although imprinted genes are estimated 
to comprise 1 %-2% of the mammalian tran
scriptome, these genes are sometimes clustered. 
More than half of the -25 known imprinted 
genes in mice are contained in two particular 
regions, each containing both maternally and 
paternally expressed genes. This suggests the 
possibility that imprinting mechanisms may 
function over long distances. Some insights 
into this possibility come from deletions in the 
human population that cause Prader-Willi and 
Angehnan syndromes. Most cases of these neu
rodevelopmental disorders involving the pro xi
mal long ann of chromosome 1 5  are caused 
by the same 4-Mb deletion, but the syndromes 
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are different, depending on whjch parent con
tributed the deletion. The reason is that the 
deleted region contains at least one gene that 
is paternally imprinted and at least one that 
is maternally imprinted. There are some rare 
cases, however, with much smaller deletions. 
Prader-Willi syndrome can be caused by a 20-kb 
deletion that silences distant genes on either side 
of the deletion. The basic effect of the deletion 
is to prevent a [ather Erom resetting the pater
nal mode to a chromosome inherited Erom his 
mother. The result is that these genes remain in 
maternal mode, so that the paternal and mater
nal alleles are silent in the offspring. The inverse 
effect is found in some small deletions that cause 
Angelman syndrome. These mutations have led 
to the identification of a Prader-Willi/ Angelman 
syndrome "imprint center" (PW /AS I C) that acts 
at a distance to regulate imprinting in either sex 
across the entire region. 

A microdeletion resulting in removal of 
a cluster of small nucleolar RNAs (snoRNAs) 
that is paternaiJy derived may result in the key 
aspects of Prader-Willi syndrome. Mutations 
that separate the snoRNA HBU-85 cluster hom 
its promoter cause Prader-Willi syndrome, 
although other genes in the region could also 
contribute to the syndrome. 

Imprinting may also regulate alternative 
polyadenylation. A number of mammalian 
genes utilize multiple polyadenylation (poly A) 
sites to conier diversity on gene transcription. 
The H 13 murine gene undergoes alternative 
polyadenylation in an allele-speci fie manner, 
in that poly A sites are differentially methylated 
in the maternal and paternal genome of this 
imprinted gene. Elongation proceeds to down
stream polyadenylation sites when the allele is 
methylated, indicating that epigenetic processes 
may influence alternative polyadenylation 
contributing to the diversity oEgene transcrip
tion in mammals. 

Ill Oppositely Imprinted 
Genes Can Be Controlled 
by a Single Center 

Key concepts 

• Imprinted genes are controlled by methylation of 
ds-acti ng sites. 

• Methylation may be responsible for either 
inactivating or activating a gene. 

Imprinting is determined by the state of 
methylation of a cis-acting site near a target 
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FIGURE 29.24 The ICR is methylated on the paternal 
allele. where Igf2 is active and H19 is inactive. ICR is 
unmethylated on the maternal allele, where Igf2 is inac
tive and H19 is active. 

gene or genes. These regulatory sites are known 
as differentially methylated domains (DMDs) 
or imprinting control regions (ICRs). Deletion 
of these sites removes imprinting, and the target 
loci then behave the same in both maternal and 
paternal genomes. 

The behavior of a region containjng two 
genes, Igj2 and H/9, illustrates the ways in 
which methylation can control gene activity. 
FIGURE 29.24 shows that these two genes react 
oppositely to the state of methylation at the ICR 
located between them. The ICR is methylated 
on the paternal allele. H / 9  shows the typi
cal response of inactivation. Note, however, 
that Jgf2 is expressed. The reverse situation is 
found on a maternal allele, where the ICR is 
not methylated. H 19 now becomes expressed, 
but lgj2 is inactivated. 

The control of  1gf2 is exercised by an 
insulator contained within the lCR (see the 
Chromatin chapter for a discussion of insula
tors). FIGURE 29. 25 shows that when the ICR 
is unmethylated, it binds the protein CTCF. 
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FIGURE 29. 25 The ICR contains an insulator that pre
vents an enhancer from activating Igf2. The insulator 
functions only when CTCF binds to unmethylated DNA. 



This creates a functional insulator that blocks 
an enhancer from activating the Jgf2 promoter. 
This is an unusual effect in which methyla
tion indirectly activates a gene by blocking an 
insulator. 

The regulation of H 19 shows the more usual 
direction of control in which methylation creates 
an inactive imprinted state. This could reflect a 
direct effect of methylation on promoter activity, 
though the effect could also be due to additional 
factors. CTCF regulates chromatin by repressing 
H3K27 trimethylation at the Jgf2 1ocus indepen
dent of repression by DNA hypermethylation. 
As a result, the effects of CTCF on chromatin, as 
well as on DNA methylation, likely contribute 
to the imprinting of H19 and Jgf2. 

Epigenetic Effects 
Can Be Inherited 

Key concepts 

• Epigenetic effects can result from modification of 
a nucleic acid after it has been synthesized or by 
the perpetuation of protein structures. 

• Epigenetic effects may be inherited through 
generations. 

Epigenetic inheritance describes the ability of 
different states, which may have different phe
notypic consequences, to be inherited without 
any change in the sequence of DNA. How can 
this occur? We can divide epigenetic mecha
nisms into two general classes: 

• DNA may be modified by the covalent 
attachment of a moiety that is then 
perpetuated. Two alleles with the same 
sequence may have different states 
of methylation that confer different 
properties. 

• A self-perpetuatingprotein state may be 
established. This might involve assem
bly of a protein complex, modification 
of specific protein(s), or establishment 
of an alternative protein conformation. 

Methylation establishes epigenetic inheri
tance so long as the maintenance methyl
transferase acts constitutively to restore the 
methylated state after each cycle of replication, 
as shown in Figure 29.20. A state of methyla
tion can be perpetuated through an indefinite 
series of somatic mitoses. This is probably the 
"default" situation. Methylation can also be 
perpetuated through meiosis: For example, 
in the fungus Ascobolus there are epigenetic 
effects that can be transmitted through both 
mitosis and meiosis by maintaining the state 

of methylation. In mammalian cells, epigenetic 
effects are first erased in primordial germ cells 
and then created by resetting the state of meth
ylation differently in male and female meioses 
during gametogenesis, as described in the pre
vious sections. 

Situations in which epigenetic effects 
appear to be maintained by means of protein 
states are less well understood in molecular 
terms. Position effect variegation shows that 
constitutive heterochromatin may extend for 
a variable distance, and the structure is then 
perpetuated through somatic divisions. There 
is no methylation of DNA in Saccharomyces and 
a vanishingly small amount in Drosophila, and 
as a result the inheritance of epigenetic states of 
position effect variegation or telomeric silenc
ing in these organisms is likely to be due to the 
perpetuation of protein structures. 

FIGURE 29.26 considers two extreme pos
sibilities for the fate of a protein complex at 
replication: 

• A complex could perpetuate itself if it 
splits symmetrically, so that half com
plexes associate with each daughter 
duplex. If the half complexes have the 
capacity to nucleate formation of full 
complexes, the original state will be 
restored. This is basically analogous to 
the maintenance of methylation. The 
problem with this model is that there 
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FIGURE 29.26 What happens to protein complexes on 
chromatin during replication? 
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is no evident reason why protein com
plexes should behave in this way. 

• A complex could be maintained as a 
unit and segregate to one of the two 
daughter duplexes. The problem with 
this model is that it requires a new 
complex to be assembled de novo on the 
other daughter duplex, and it is not evi
dent why this should happen. 

Consider now the need to perpetuate a 
heterochromatic structure consisting of pro
tein complexes. Suppose that a protein is 
distributed more or less continuously along 
a stretch of heterochromatin, as implied in 
Figure 29.4. If individual subunits are distrib
uted at random to each daughter duplex at 
replication, the two daughters will continue 
to be marked by the protein, although its den
sity will be reduced to half of the level before 
replication. If the protein has a self-assembling 
property that causes new subunits to associate 
with it, the original situation may be restored. 
Basically, the existence of epigwetic effects forces us 
to the view that a proteill responsible for such a 
situation must have some sort of selftemplating or 
selfassembling capacity. 

Histone tails are acetylated in parental chromatin 

Acetylated cores are distributed 
randomly at replication 

What is responsible for restoring 
the acetylated state? 

FIGURE 29.27 Acetylated histones are conseNed and distributed at 
random to the daughter chromatin fibers at replication. Each daughter 
fiber has a mixture of old (acetylated} cores and new (unacetylated} 
histones. 
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In some cases, it may be the state of pro
tein modification, rather than the presence 
of the protein per se, that is responsible for an 
epigenetic effect. There is a general correlation 
between the activity of chromatin and the state 
of acetylation of the histones, in particular 
the acetylation of the N-terminal tails of his
tones H3 and H4. Activation of transcription 
is associated with acetylation in the vicinity 
of the promoter, and repression of transcrip
tion is associated with deacetylation (see the 
Eukaryotic Transcriptioll Regulation chapter). The 
most dramatic correlation is that the inactive 
X chromosome in mammalian female cells is 
underacety Ia ted. 

The inactivity of constitutive heterochro
matin may require that the histones are not 
acetylated. If a histone acetyltransferase is 
tethered to a region of telomeric heterochroma
tin in yeast, silenced genes become active. When 
yeast is exposed to trichostatin (an inhibitor of 
deacety Ia ti on), centromeric h eteroch rom a tin 
becomes acetylated, and silenced genes in cen
tromeric regions may become active. The effect 
may persist even after trichostatin has been removed. 
In fact, it may be perpetuated through mitosis 
and meiosis. This suggests that an epigenetic 
effect has been created by changing the state 
of histone acetylation. 

How might the state of acetylation be per
petuated? Suppose that the H32-H42 tetramer 
is distributed at random to the two daughter 
duplexes. This creates the situation shown in 
FIGURE 29.27, in which each daughter duplex 
contains some histone octamers that are acety
lated on the H3 and H4 tails, whereas others 
are unacetylated. To account for the epigenetic 
effect, we could suppose that the presence of 
some acetylated histone octamers provides a 
signal that causes the unacetylated octamers 
to be acetylated. 

We do not yet fully understand how epi
genetic changes are inherited mitotically in 
somatic cells, but it is clear that this occurs. 
Surprisingly, several lines of evidence indi
cate that epigenetic effects may also be trans
mitted across generations in a process referred 
to as transgenerational epigenetics. Evi
dence that DNA methylation is a central coor
dinator that secures stable transgenerational 
inheritance in plants comes from studies of 
an Arabidopsis thaliana mutant deficient in 
maintaining DNA methylation. The loss of 
DNA methylation triggers genome-wide acti
vation of alternative epigenetic mechanisms 
such as RNA-directed DNA methylation, DNA 



demethylase inhibition, and retargeting of 
histone H3K9 methylation. In the absence 
of maintenance methylation, new and aber
rant patterns of epigenetic marks accumu
late over several generations, leaving these 
plants dwarfed and sterile. As a result-at 
least in plants-the case is strong that intact 
maintenance methylation plays a major role 
in transgenerational epigenetics. 

In mammals, support for transgenera
tional epigenetics is  less strong, but several 
lines of evidence indicate that this process 
occurs in mammals as well. Metastable epial
leles are dependent upon the epigenetic state 
for their transcription. This state can vary not 
only between cells, but also between tissues. 
Although the epigenetic state of the genome 
undergoes reprogramming in the parental 
genomes and during early embryogenesis, 
some loci may transmit the epigenetic state 
through the gametes to the next generation 
(transgenerational epigenetics). For example, 
in mice there is a dominant mutation of the 
agouti locus (a coat color gene) known as agouti 
viable yellow, which is caused by the insertion of 
a retrotransposon upstream ofthe agouti coding 
region. This allele shows variegation, resulting 
in coat colors ranging from solid yellow, to 
mottled, to completely agouti (dark). It has 
been observed that agouti females are more 
likely to produce agouti offspring and yellow 
females are more likely to produce yellow 
offspring-in other words, the variable level of 
expression of agouti in the mother appears to be 
transmitted to the offspring (while the color of 
the father is irrelevant). It turns out that DNA 
methylation of the inserted retrotransposon 
determines the coat color of the agouti mice, 
indicating transgenerational conservation of 
expression levels due to incomplete erasure 
of the epigenetic mark between generations. 

Metastable alleles may also play a role 
in transgenerational epigenetic inheritance 
in humans, as suggested by the high degree 
of copy-number variation within mono
zygotic twins. Moreover, in some cases of 
Prader-Willi syndrome, there is no apparent 
mutation but, rather, an epimutation involving 
aberrant DNA methylation. The cause for the 
epimutation may be due to an allele that has 
passed through the male gennline without era
sure of the silent epigenetic state established in 
the grandmother. Thus, the evidence for trans
generational epigenetic inheritance is emerging 
not only in plants and mammals, but also as a 
potential cause for gene control or diseases due 

to aberrant epigenetic control of transcription 
in humans. 

Yeast Prions Show 
UnusuaL Inheritance 

Key concepts 

• The Sup35 protein in its wild-type soluble form is 
a termination factor for translation. 

• Sup35 can also exist in an alternative form of 
oligomeric aggregates, in which it is not active in 
protein synthesis_ 

• The presence of the oligomeric form causes 
newly synthesized protein to acquire the inactive 
structure. 

• Conversion between the two forms is influenced by 
chaperones. 

• The wild-type form has the recessive genetic 
state psi- and the mutant form has the dominant 
genetic state PSI+. 

One of the clearest cases of the dependence 
of epigenetic inheritance on the condition of 
a protein is provided by the behavior of pri-
01!S. They have been characterized in two cir
cumstances: by genetic effects in yeast, and as 
the causative agents of neurological diseases 
in mammals, including humans. A striking 
epigenetic effect is found in yeast, where two 
different states can be inherited that map to a 
single genetic locus, although the seque11ce of the 
gene is the same in both states. The two different 
states are [psi-] and [PSI+]. A switch in condi
tion occurs at a low frequency as the result of 
a spontaneous transition between the states. 

The [psi] genotype maps to the locus 
SUP35, which codes for a translation termi
nation factor. FIGURE 29.28 shows the effects 
of the Sup35 protein in yeast. In wild-type 
cells, which are characterized as [psi-]. the 
gene is active, and Sup35 protein terminates 
protein synthesis. In cells of the mutant [PSI+] 
type, the oligomerized factor does not func
tion, which causes a failure to terminate pro
tein synthesis properly. (This was originally 
detected by the lethal effects of the enhanced 
efficiency of suppressors of ochre codons in 
[PSI+] strains.) 

[PSI+] strains have unusual genetic prop
erties. When a [psi-] strain is crossed with a 
[PSI+] strain, all of the proge11y are [PSI+] . This is 
a pattern of inheritance that would be expected 
of an extrachromosomal agent, but the [PSI+] 
trait cannot be mapped to any such nucleic 
acid. The [PSI+] trait is  metastable, which 
means that, although it is inherited by most 
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FIGURE 29.28 The state of the Sup35 protein determines 
whether termination of translation occurs. 

progeny, i t  is lost at a higher rate than is con
sistent with mutation. Similar behavior also is 
shown by the locus URE2, which codes for a 
protein required for nitrogen-mediated repres
sion of certain catabolic enzymes. When a yeast 
strain is converted into an alternative state 
called [URE3], the Ure2 protein is no longer 
functional. 

The [PSJ+] state i s  determined by the 
conformation of the Sup35 protein. In a 
wild-type [psi-] cell, the protein displays its 
normal function. In a [PSJ+] cell, though, the 
protein is present in an alternative conforma
tion in which its normal function has been 
lost. To explain the unilateral dominance of 
[PSJ+] over [psi-] in genetic crosses, we must 
suppose that the presence of protein in the [PSJ+] 
state causes all the protein in the cell to enter this 
state. This requires an interaction between 
the [PSJ+] protein and newly synthesized 
protein, which probably reflects the genera
tion of an oligomeric state in which the [PSJ+] 
protein has a nucleating role, as illustrated 
in FIGURE 29.29 . 

A feature common to both the Sup35 
and Ure2 proteins is that each consists of two 
domains that function independently. The 
C-terminal domain is sufficient for the activity 
of the protein. The N-terminal domain is  
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sufficient for formation of the structures that 
make the protein inactive. Thus, yeast in which 
the N-terminal domain of Sup35 has been 
deleted cannot acquire the [PSJ+] state, and the 
presence of a [PSJ+] N-terminal domain is suf
ficient to maintain Sup35 protein in the [PSJ+] 
condition. The critical feature of the N -terminal 
domain is that it is rich in glutamine and aspara
gine residues. 

Loss of function in the [PSJ+] state is due 
to the sequestration of the protein in an oligo
meric complex. Sup35 protein in [PSJ+] cells is 
clustered in discrete foci, whereas the protein 
in [psi-] cells is diffused in the cytosol. Sup35 
protein from [PSJ+] cells forms amyloid fibers 

in vitro-these have a characteristic high con
tent of 13-sheet structures. These amyloid fibers 
consist of a parallel in-register 13-sheet struc
ture, which allows the prion amyloid to induce 
a "templating" action at the end of filaments. 
This templating action provides the faithhll 
transmission of variant differences in these 
molecules and allows self-reproduction encod
ing heritable information reminiscent of the 
behavior of genes. 

(psil state: protein functions normally 

[PSI''] state: all protein enters mutant state 

Sup35 

FIGURE 29.29 Newly synthesized Sup35 protein is con
verted into the (PSJ+] state by the presence of preexisting 
[PSI+] protein. 



The involvement of protein conformation 
(rather than covalent modification) is  sug
gested by the effects of conditions that affect 
protein structure. Denaturing treatments 
cause loss of the [PSJ+] state. In particular, 
the chaperone Hsp104 is involved in inheri
tance of [PSJ+]. Its effects are paradoxical. 
Deletion of HSP/04 prevents maintenance 
of the [PSJ+] state, and overexpression of 
Hsp104 also causes loss of the [PSJ+] state 
through elimination of Sup35 proteins. 
The Ssa and Ssb components of the Hsp70 
chaperone system affect Sup35 priongenesis 
directly through cooperation with Hsp 104. 
Ssa and Ssb binding is facilitated by Hsp40 
chaperones through interactions with Sup35 
oligomers. At high concentrations, Hsp 104 
eliminates Sup35 prions while low levels of 
Hsp104 stimulate priongenesis and alleviate 
some Hsp70:Hsp40 pairs. Thus, the interplay 
among Hsp104, Hsp70, and Hsp40 regulates 
the formation, growth, and elimination of 
Sup35 prions. 

Using the ability of Sup35 to form the inac
tive structure in vitro, it is possible to provide 
biochemical proof for the role of the protein. 
FIGURE 29.30 illustrates a striking experiment in 
which the protein was converted to the inactive 
form in vitro, put into liposomes (where in 
effect the protein is surrounded by an artificial 

[psil protein [PSIT] protein 

Q 
Convert in vitro � 

Incorporate into liposome l l 
~ (ID 
Fuse liposome with [psil yeast l l 

FIGURE 29.30 Purified protein can convert the [psi-] 
state of yeast to [PSJ+]. 

membrane), and then introduced directly into 
cells by fusing the liposomes with [psi-] yeast. 
The yeast cells were converted to [PSJ+]! This 
experiment refutes all of the objections that 
were raised to the conclusion that the protein 
has the ability to confer the epigenetic state. 
Experiments in which cells are mated, or in 
which extracts are taken from one cell to treat 
another cell, always are susceptible to the pos
sibility that a nucleic acid has been transferred. 
When the protein by itself does not convert 
target cells, though (even though protein con
verted to the inactive state can do so), the only 
difference is the treatment of the protein
which must therefore be responsible for the 
converst on. 

The ability of yeast to form the [PSJ+] prion 
state depends on the yeast's genetic back
ground. The yeast must be [PJN+] in order for 
the [PSJ+] state to form. The [PJN+] condition 
itself is an epigenetic state. It can be created 
by the formation of prions from any one of 
several different proteins. These proteins share 
a key characteristic of Sup35, which is that 
they have Gin/ Asn -rich domains. Overexpres
sion of these domains in yeast stimulates for
mation of the [PSJ+] state. This suggests that 
there is a common model for the formation 
of the prion state that involves aggregation 
of the Gin/ Asn domains into self-propagating 
amyloid structure. 

How does the presence of one Gin/ Asn 
protein influence the formation of prions by 
another? We know that the formation of Sup3 5 
prions is specific to Sup35 protein; that is, it 
does not occur by cross-aggregation with other 
proteins. This suggests that the yeast cell may 
contain soluble proteins that antagonize prion 
formation. These proteins are not specific for 
any one prion. As a result, the introduction 
of any Gin/ Asn domain protein that interacts 
with these proteins will reduce the concentra
tion. This will allow other Gin/ Asn proteins to 
aggregate more easily. 

Prions have recently been linked to 
chromatin-remodeling factors. Swi 1 is a sub
unit of the SWI/SNF chromatin-remodeling 
complex (see the Eukaryotic Transcriptio11 
Regulatioll chapter), and this protein can 
become a prion. Swi 1 aggregates in [SWJ+] 
cells but not in nonprion cells, and is domi
nantly and cytoplasmically transmitted. 
This suggests that inheritance through pro
teins can impact chromatin remodeling and 
potentially affect gene regulation throughout 
the genome. 
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Prions Cause Diseases 
in Mammals 

Key concepts 
• The protein responsible for scrapie exists in two 

forms: the wild-type noninfectious form PrPc, 
which is susceptible to proteases, and the disease
causing PrPSc, which is resistant to proteases. 

• The neurological disease can be transmitted to mice 
by injecting the purified Prpsc protein into mice. 

• The recipient mouse must have a copy of the PrP 
gene coding for the mouse protein. 

• The PrP5< protein can perpetuate itself by causing 
the newly synthesized PrP protein to take up the 
Prpsc form instead of the PrPC form. 

• Multiple strains of PrP5< may have different confor
mations of the protein. 

Prion diseases have been found in humans I 

sheep, cows, and more recently in wild deer 
and elk. The basic phenotype is an ataxia
a neurodegenerative disorder that is mani
fested by an inability to remain upright. The 
name of the disease in sheep, scrapie, reflects 
the phenotype: The sheep rub against walls in 
order to stay upright. Scrapie can be perpetu
ated by inoculating sheep with tissue extracts 
from infected animals. In humans, the disease 
kuru was found in New Guinea, where it  
appeared to be perpetuated by cannibalism, in 
particular the eating of brains. Related diseases 
in Western populations with a pattern of 
genetic transmission include Gerstmann-

RECIPIENTS RESULTS 

� <� 
m-PrP m-PrPSc 

' � � m-PrPSc 

Knockout mouse PrP gene is required 
No Prp gene for successful infection 

m-PrP 
Infected hamster 

~ h-PrP 
h-PrP c 

h-PrPSc cannot infect 
mouse with m-PrP 

.__ ___ ____. 
h-PrP h-PrP5c can infect 

mouse with h-PrP 

FIGURE 29.31 A Prp5< protein can only infect an animal that has the same 
type of endogenous PrPC protein. 
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Straussler syndrome and the related 
Creutzfeldt-Jakob disease (CJD), which occurs 
sporadically . A disease resembling CJD appears 
to have been transmitted by consumption of 
meat from cows suffering from "mad cow" 
disease. 

When tissue from scrapie-infected sheep 
is inoculated into mice, the disease occurs in 
a period ranging from 7 5  to 1 5 0  days. The 
active component is a protease-resistant pro
tein. The protein is coded by a gene that is 
normally expressed in the brain. The form 
of the protein in a normal brain, called PrPc, 
is sensitive to proteases. Its conversion to 
the resistant form, called Prpsc, i s  associated 
with occurrence of the disease. Neurotoxic
ity is mediated by PrPL, which is catalyzed 
by PrP5c and occurs when PrPL concentration 
becomes too high. Rapid propagation results 
in severe neurotoxicity and eventual death. 
The infectious preparation has no detectable 
nucleic acid, is sensitive to UV irradiation at 
wavelengths that damage protein, and has 
a low infectivity ( 1  infectious unit/ 105 PrPSc 
proteins) .  This corresponds to an epigenetic 
inheritance in which there is no change in 
genetic information (because normal and dis
eased cells have the same PrP gene sequence), 
but the PrP5c form of the protein is the infec
tious agent (whereas PrPc is harmless). The 
PrPSc form has a high content of 13-sheets, 
which form an amyloid fibrillous structure 
that is  absent from the PrPc form. The basis 
for the difference between the PrPSc and 
Prpc forms appears to lie with a change in 
conformation rather than with any covalent 
alteration. Both proteins are glycosylated and 
linked to the membrane by a GPI-Iinkage. 

The assay for infectivity in mice allows 
the dependence on protein sequence to be 
tested. FIGURE 29.31 illustrates the results of 
some critical experiments. In the normal 
situation, PrP5c protein extracted from an 
infected mouse will induce disease (and ulti
mately kill) when it is injected into a recipient 
mouse. If the PrP gene is "knocked out," a 
mouse becomes resistant to infection. This 
experiment demonstrates two things. First, 
the endogenous protein is necessary for an 
infection, presumably because it provides the 
raw material that is converted into the infec
tious agent. Second, the cause of disease is 
not the removal of the PrPc form of the pro
tein, because a mouse with no PrPc survives 
normally: The disease is caused by a gain of 
function in PrPsc. If the PrP gene is altered 



to prevent the GPI-Iinkage from occurring, 
mice infected with PrP5" do not develop dis
ease, which suggests that the gain of func
tion involves an altered signaling function for 
which the GPI-Iinkage is required. 

The existence of species barriers allows 
hybrid proteins to be constructed to delineate 
the features required for infectivity. The origi
nal preparations of scrapie were perpetuated 
in several types of animal, but these cannot 
always be transferred readily. For example, 
mice are resistant to infection from prions of 
hamsters. This means that hamster-PrP5" can
not convert mouse-PrPc to PrP5". The situa
tion changes, though, if the mouse PrP gene 
is replaced by a hamster PrP gene. (This can 
be done by introducing the hamster PrP gene 
into the PrP knockout mouse.) A mouse with 
a hamster PrP gene is sensitive to infection by 
hamster PrP5". This suggests that the conver
sion of cellular PrPc protein into the Sc state 
requires that the PrPs" and PrPC proteins have 
matched sequences. 

There are different "strains" of PrP5", 
which are distinguished by characteristic incu
bation periods upon inoculation into mice. 
This implies that the protein is not restricted 
solely to alternative states of PrPC and PrPs", 
but rather that there may be multiple Sc states. 
These differences must depend on some self
propagating property of the protein other 
than its sequence. If conformation is the fea
ture that distinguishes PrPS" from PrPc, then 
there must be multiple conformations, each of 
which has a self-templating property when it 
converts PrPc. 

The probability of conversion from PrPc 

to PrP5" is affected by the sequence of PrP. 
Gerstmann-Straussler syndrome in humans is 
caused by a single amino acid change in PrP. 
This is inherited as a dominant trait. If the 
same change is made in the mouse PrP gene, 
mice develop the disease. This suggests that the 
mutant protein has an increased probability of 
spontaneous conversion into the Sc state. Simi
larly, the sequence of the PrP gene determines 
the susceptibility of sheep to develop the disease 
spontaneously; the combination of amino acids 
at three positions (codons 136, 1 54, and 1 7 1 )  
determines susceptibility. 

The prion offers an extreme case of epi
genetic inheritance, in which the infectious 
agent is a protein that can adopt multiple con
formations, each of which has a self-templating 
property. This property is likely to involve the 
state of aggregation of the protein. 

Summary 
The fom1ation of heterochromatin occurs by pro
teins that bind to specific chromosomal regions 
(such as telomeres) and that interact with his
tones. The fom1ation of an inactive structure may 
propagate along the chromatin thread from an 
initiation center. Similar events occur in silenc
ing of the inactive yeast mating type loci . Repres
sive structures that are required to maintain the 
inactive states of particular genes are fom1ed by 
the Pe-G protein complex in Drosophila. They 
share with heterochromatin the property of 
propagating from an initiation center. 

Formation of heterochromatin may be ini
tiated at certain sites and then propagated for a 
distance that is not precisely determined. When 
a heterochromatic state has been established, 
it is inherited through subsequent cell divi
sions. This gives ri se to a pattern of epigenetic 
inheritance, in which two identical sequences 
of DNA may be associated with different protein 
structures and therefore have different abilities 
to be expressed. This explains the occurrence of 
position effect variegation in Drosophila. 

Modification of histone tails is a trigger for 
chromatin reorganization. Acetylation is gen
erally associated with gene activation. Histone 
acetyltransferases are found in activating com
plexes, whereas histone deacetylases are found 
in inactivating complexes. Histone methylation 
is associated with gene inactivation or activa
tion, depending on the specific histone residues 
that are affected. Some histone modifications 
may be exclusive or synergistic with others. 

Inactive chromatin at yeast telomeres and 
silent mating type loci appears to have a com
mon cause and involves the interaction of 
certain proteins with the N-terminal tails of 
hi stones H3 and H4. Formation of the inactive 
complex may be initiated by binding of one 
protein to a specific sequence of DNA; the other 
components may then polymerize in a coopera 
tive manner along the chromosome. 

Inactivation of one X chromosome in 
female (eutherian) mammals occurs at ran
dom. The Xic locus is necessary and sufficient 
to count the number of X chromosomes. The 
n-1 rule ensures that all but one X chromo
some are inactivated. Xic contains the gene 
Xist, which codes for an RNA that is expressed 
only on the inactive X chromosome. Stabiliza
tion of Xist RNA is the mechanism by which 
the inactive X chromosome is  distinguished; 
it is then inactivated by the activities of Poly
comb complexes, heterochromatin fom1ation, 
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and DNA methylation. The antisense RNA Tsix 
negatively regulates Xist on the future active X 
chromosome. 

Methylation of DNA is inherited epigeneti
cally. Replication of DNA creates hemimethyl
ated products, and a maintenance methylase 
restores the fully methylated state. Epigenetic 
effects can be inherited during mitosis in somatic 
cells or they may be transmitted through organ
isms from one generation to another. Some 
methylation events depend on parental origin. 
Sperm and eggs contain specific and different 
patterns of methylation, with the result that 
paternal and maternal alleles are differently 
expressed in the embryo. This is responsible for 
imprinting, in which the unmethylated allele 
inherited from one parent is essential because it 
is the only active allele; the allele inherited from 
the other parent is silent. Patterns of methyla
tion are reset during gamete formation in every 
generation after erasure in primordial germ cells, 
the cells that ultimately give rise to the germline. 
Demethylation occurs through glycosylase action 
and base excision repair in plants. In mammals 
TET proteins convert 5mC to 5hmC and other 
products, which can serve as glycosylase/BER 
targets or lead to passive demethylation. These 
products may also act as epigenetic marks. 

Prions are proteinaceous infectious agents 
that are responsible for the disease of scrapie 
in sheep and for related diseases in humans. 
The infectious agent is a variant of a normal 
cellular protein. The PrP5c form has an altered 
conformation that is self-templating: The nor
mal PrPc form does not usually take up this 
conformation, but does so in the presence of 
PrPsc. A similar effect is responsible for inheri
tance of the [PSI] element in yeast. 
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Regu latory RNA 
CHAPTER OUTLINE J 

II•II Introduction 

• RNA functions as a regulator by forming a region of 
secondary structure (either inter- or intramolecular) 
that changes the properties of a target sequence. 

II•fl A Riboswitch Can Alter Its Structure 
According to Its Environment 

• A riboswitch is an RNA whose activity is controlled by 
a small ligand (a ligand is any molecule that binds to 
another), which may be a metabolite product. 

• A riboswitch may be a ribozyme. 

11•11 Noncoding RNAs Can Be Used to Regulate 
Gene Expression 

• Vast tracts of the eukaryotic genome are transcribed. 

• A regulator RNA can function by forming a duplex 
region with a target RNA that may block initiation of 
translation, cause termination of transcription, or cre
ate a target for an endonuclease. 

• Transcriptional interference occurs when an overlap
ping transcript on the same or opposite strand pre
vents transcription of another gene. 

• Noncoding RNAs (such as CUTs and PROMPTs) are often 
polyadenylated and very unstable. 

II•H Bacteria Contain Regulator RNAs 

• Bacterial regulator RNAs are called sRNAs. 

872 

• Numerous sRNAs are bound by the protein Hfq, which 
increases their effectiveness. 

• The oxyS sRNA activates or represses expression of 
-40 loci at the posttranscriptional level. 

• Tandem repeats can be transcribed into powerful anti
viral RNAs. 

II•X.'I MicroRNAs Are Widespread Regulators in Eukaryotes 

• Eukaryotic genomes code for many short ( -22 bases) 
RNA molecules called microRNAs. 

• piRNAs regulate gene expression in germ cells and act 
to silence transposable elements. 

• siRNAs are complementary to viruses and transposable 
elements. 

11•0 How Does RNA Interference Work? 

• MicroRNAs regulate gene expression by base pairing 
with complementary sequences in  target mRNAs. 

• RNA interference triggers degradation or translation 
inhibition of mRNAs complementary to miRNA or 
siRNA. It can also lead to mRNA activation. 

• dsRNA may cause silencing of host genes. 

II•U Heterochromatin Formation Requires MicroRNAs 

• MicroRNAs can promote heterochromatin formation. 

11•1:1 Summary 



Ill Introduction 
Key concept 
• RNA functions as a regulator by forming a region 

of secondary structure (either inter- or intramo
lecular) that changes the properties of a target 
sequence. 

The basic principle of regulation is that gene 
expression is controlled by a regulator that inter
acts with a spedfic sequence or structure in DNA 
or mRNA at some stage prior to the synthesis of 
protein. The stage of expression that is controlled 
can be transcription when the target for regula
tion is DNA, or i t  can be at translation when the 
target for regulation is RNA. ContTol during tran
scription can be at initiation, elongation, or ter
mination. The regulator can be a protein or an 
RNA. "Controlled" can mean that the regulator 
turns off (represses) or turns on (activates) the 
target. Expression of many genes can be coordi
nately controlled by a single regulator gene on 
the prindple that each target contains a copy of 
the sequence or structure that the regulator rec
ognizes. Regulators may themselves be regu
lated, most typically in response to small mole
cules whose supply responds to environmental 
conditions. Regulators may be controlled by 
other regulators to make complex circuits. 

Let's compare the ways that different 
types of regulators work. 

Many protein regulators work on the 
principle of allosteric changes. The protein has 
two binding sites-one for a nucleic acid tar
get, the other for a small molecule. Binding of 
the small molecule to its site changes the con
formation in such a way as to alter the affin
ity of the other site for the nucleic acid. The 
way in which this happens is known in detail 
for the lac repressor in E. coli (see the chapter 
titled The Operon). Protein regulators are often 
multimeric, with a symmetrical organization 
that allows two subunits to contact a palin
dromic or repeated target on DNA. This can 
generate cooperative binding effects that cre
ate a more sensitive response to regulation. 

Regulation via RNA uses changes in sec
ondary structure base pairing as the guiding 
principle. The ability of an RNA to shift between 
different conformations with regulatory conse
quences is the nucleic acid's alternative to the 
allosteric changes of protein conformation. The 
changes in structure may result from either 
intramolecular or intermolecular interactions. 

The most common role for intramolecu
lar changes is for an RNA molecule to assume 
all'ernative secondary structures by utilizing 

clifferent schemes for base pairing. The prop
erties of the alternative conforn1ations may be 
clifferent. Changes in secondary structure of an 
mRNA can result in a change in its ability to be 
translated. Secondary structure also is used to 
regulate the termination of transcription, when 
the alternative structures differ in whether 
they permit termination, or not (as we see with 
attenuation in the chapter titled The Opero11). 

In intermolecular interactions, an RNA 
regulator recognizes its target by the famil
iar principle of complementary base pairing. 
FIGURE 30.1 shows that the regulator is usu
ally a small RNA molecule with extensive sec
ondary structure, but with a single-stranded 
region(s) that is complementary to a single
stranded region in its target. The formation of 
a double-helical region between regulator and 
target can have two types of consequence: 

• Formation of the double-helical struc
ture may itself be sufficient for regula
tory purposes. In some cases, a protein 
can bind only to the single-stranded fom1 
of the target sequence and is therefore 
prevented from acting by duplex forma
tion. In other cases, the duplex region 
becomes a target for binding-for exam
ple, by nudeases that degrade the RNA 
and therefore prevent its expression. 

• Duplex formation may be important 
because it sequesters a region of the target 
RNA that would otherwise participate in 
some alternative secondary structure. 

We once thought that RNA was merely 
structural: mRNA carried the blueprint for the 
synthesis of a protein, rRNA was the structural 
component of the ribosome, and tRNA shut
tled amino acids to the ribosome. We now see 

Target ANA 

t 
Regulator ANA V 

! 
Duplex region 

v 
FIGURE 30.1 A regulator RNA is a small RNA with a 
single-stranded region that can pair with a single-stranded 
region in a target RNA. 
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a vast RNA world where RNAs have numerous 
functions, where mRNA can regulate its own 
translation (see the chapter titled The Opero11), 
where rRNA catalyzes peptide bond forma
tion (see the Trallslatioll chapter), and where 
tRNAs participate in the mechanism of fidelity 
of translation (see the Tra11slatioll chapter). 

The RNA world extends far beyond the 
three major RNA types described here to 
include dozens of different RNAs. These RNAs 
can function as guide RNAs or splicing cofac
tors. In addition, there is a large and very het
erogeneous class of RNAs with known and 
suspected regulatory functions, described later. 
However, we have certainly not yet uncov
ered all the mysteries in this new RNA world. 

11J A Riboswitch Can Alter 
Its Structure According 
to Its Environment 

Key concepts 

• A riboswitch is an RNA whose activity is controlled 
by a small ligand (a ligand is any molecule that binds 
to another), which may be a metabolite product. 

• A riboswitch may be a ribozyme. 

As seen in the chapter titled The Operon, an mRNA 
is more than simply an open reading frame. We 
have seen that regions in the bacterial 5 '  UTR 
(5' untranslated region) contain elements that, 
due to coupled transcription/translation, can 
control transcription termination. We have also 
seen that the 5 '  UTR sequence itself can make 
an mRNA into a "good" message, which supports 
a high level of translation, or a "poor" message, 
which does not. What we will see now is another 
type of element in a 5 '  UTR that can control 
expression of the mRNA with a different mecha
ni sm, called a riboswitch. A riboswitch is an RNA 
domain that co11tains a sequeuce that can change in 
seco11dary structure to control its activity. This change 
can be mediated by small metabolites. I tis impor
tant to note that RNA structural change can be 
at the level of secondary structure-how the 
RNA folds-or tertiary structure-how the RNA 
arms and loops associate together. These are 
independent structural features. 

There are dozens of different riboswitches, 
each responding to a different ligand. The RNA 
domain that binds the metabolite is called the 
aptamer. Aptamer binding causes a structural 
change to the platform, the remainder of the 
riboswitch that carries out its function. One 
type of riboswitch is an RNA element that can 

874 CHAPTER 30 Regulatory RNA 

assume alternate base-pairing configurations 
(controlled by metabolites in the environ
ment) that can affect translation of the mRNA. 
FIGURE 30.2 illustrates the regulation of the 
system that produces the metabolite GlcN6P 
(Giucosamine-6-phosphate). The gene glmS 
codes for an enzyme that synthesizes GlcN6P 
from fructose-6-phosphate and glutamine. 
GlcN6P is a fundamental intermediate in bac
terial cell wall biosynthesis. The mRNA con
tains a long 5 '  UTR before the coding region 
of the mRNA. (Extra long 5 '  or 3 '  UTRs are 
a clue that there may be regulatory elements 
in them.) Within the 5 '  UTR is a ribozyme

a sequence of RNA that has catalytic activity 
(see the Catalytic RNA chapter) .  In this case, 
the catalytic activity is an endonuclease that 
cleaves its own RNA. It is activated by bind
ing of the metabolite product, GlcN6P, to the 
aptamer region of the ribozyme. The conse
quence is that accumulation of GlcN6P acti
vates the ribozyme, which cleaves the mRNA, 
which in turn prevents further translation. 
This is an exact parallel to allosteric control 
of a repressor protein by the end product of 
a metabolic pathway. There are numerous 
examples of such riboswitches in bacteria .  

Not all riboswitches encode a ribozyme that 
controls the mRNA stability. Other riboswitches 

Ribozyme 

glmS mANA 

5' -----

Cleavage 

Coding region 

--------- 3 ' � translation 

GlmS enzyme � enzyme activity 

Fru6P GlcN6P 

� · � NH2 

mRNA is inactivated 

FIGURE 30.2 The 5'untranslated region of the mRNA 
for the enzyme that synthesizes GlcN6P contains a ribo
zyme that is activated by the metabolic product. The 
ribozyme inactivates the mRNA by cleaving it. 
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FIGURE 30.3 Expression of the NMT1 gene is regulated at the level of pre-mRNA alternate splicing by a riboswitch that binds to TPP. (A) At low 
concentrations of TPP, the TPP-binding apamer region of the riboswitch base pairs with sequences surrounding a splice site (red blocking line) in 
a nearby noncoding sequence and prevents its selection by the splicing machinery. A distal splice site is selected resulting in a short mRNA with 
an open reading frame that translates into a functional protein. (B) At high TPP levels, the aptamer undergoes a conformational rearrangement 
so that the region that was previously bound to the nearby splice site is now bound to TPP. This and other conformational changes results in a 
longer mRNA splice variant that contains short decoy ORFs, preventing functional NMT1 expression. Reproduced from Wachter A et al. Plant Cell 
2007; 19:3437-3450. 

have altemate configurations of the RNA that 
allow or prevent expression of the mRNA by 
affecting ribosome binding. Riboswitches are 
found predominantly in bacteria and less com
monly in eukaryotes. 

An interesting eukaryotic riboswitch has 
been described in the fungus Neurospora to con
trol altemate splicing. The gene NMTJ (involved 
with vitamin B 1 synthesis) produces an mRNA 
precursor with a single intron that has two splice 
donor sites (see the chapter titled RNA Splicing 
a11d Processing). Altemative use of these two sites 
can produce a functional or nonfunctional mes
sage depending on the concentration of a vita
min B 1 metabolite, thiamine pyrophosphate 
(TPP) .  Thus, product concentration controls 
product formation, a form of repressible control. 
The selection of the splice site is controlled by a 
riboswitch in the intron. At a low concentration 
of TPP the proximal splice donor site is chosen 
and the distal splice donor site is blocked by the 
riboswitch, as shown in FIGURE 30.3. This splice 
produces a functional mRNA. At high TPP con
centration, TPP binds the riboswitch to alter its 
configuration and prevents blocking the distal 
splice donor site to allow the altemate splice, 
which produces a nonfunctional mRNA. 

Noncoding RNAs Can Be 
Used to Regulate Gene 
Expression 

Key concepts 
• Vast tracts of the eukaryotic genome are 

transcribed. 

• A regulator RNA can function by forming a duplex 
region with a target RNA that may block initiation 
of translation, cause termination of transcription, 
or create a target for an endonuclease. 

• Transcriptional interference occurs when an over
lapping transcript on the same or opposite strand 
prevents transcription of another gene. 

• Noncoding RNAs (such as CUTs and PROMPTs) are 
often polyadenylated and very unstable. 

Noncoding RNAs (ncRNAs) and their genes, 
such as rRNA and tRNA, have been known 
since the 1950s. Whole families of new ncRNAs 
and their genes have been identified since then. 
These include snRNAs involved in splicing, 
snoRNAs involved in processing large RNAs 
(see the chapter titled RNA Splicing a11d 
Processi11g), and microRNAs described in the sec
tions in this chapter that follow. These RNAs 
can generally be divided by size into large 
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(rRNA size), medium (tRNA size), and 
microRNA sizes. This section focuses on the 
large size class of ncRNAs, also called lncRNAs. 

Experiments using both whole genome tiling 
arrays (probing not just genes but whole genomes) 
and massive, whole-cell RNA-sequencing experi
ments have shown that the vast majority of the 
eukaryotic genome is transcribed. This includes 
gene regions, of course, but surprisingly also 
includes both the coding and noncoding strands 
of the genes. The estimate is that as much as 70% 
of human genes produce antisense RNA. This 
pattern varies with the cell type and is presum
ably regulated. Transcription from the both the 
coding (sense) and noncoding (antisense) strands 
can result in noncoding RNAs with regulatory 
functions. Another ncRNA class is long intergenic 
noncoding RNA (lincRNA), as the name implies 
originating from intergenic regions, previously 
assumed to house no information. 

A systematic, focused effort began a few 
years ago to examine the human genome in 
depth to understand its functional genomic 
content-called the Encyclopedia of DNA Ele
ments (ENCODE) project. Shortly thereafter, 
the model organism ENCODE (modENCODE) 
projects were begun, focusing on the C. elegans 
and Drosophila mela11ogaster genomes. The first 
phase of these projects has examined about 
1 %  of the human genome and the entire 
C. elegans and Drosophila genomes. 

At the start of the modENCODE project, C. 
elega11s was known to have about 1000 ncRNAs. 
There are now data to support a model show
ing more than 2 1 ,000 ncRNAs called the 21 k set 
(remember, C. elegans has about 19,000 classical 
genes, but what is the definition of a gene?). 
A second set, comprising about 7000 ncRNAs 
(called the 7k set) has been culled from the first 
by fine-tuning the identification model. This in 

FIGURE 30.4 Antisense RNA can be generated by reversing the orien
tation of a gene with respect to its promoter and can anneal with the 
wild-type transcript to form duplex DNA. Promoter 

5' 

itself demonstrates the difficulty of distinguish
ing potentially genuine functional transcripts 
from accidental transcription events. 

Base pairing offers a powerful means for 
one RNA to control the activity of another. 
There are many cases in both prokaryotes 
and eukaryotes where a (usually rather short) 
single-stranded RNA base pairs with a comple
mentary region of an mRNA, and as a result it 
prevents expression of the mRNA. One of the 
early illustrations of this effect was provided 
by an artificial situation in which antisense 
genes were introduced into eukaryotic cells. 

Antisense genes are constructed by revers
ing the orientation of a gene with regard to its 
promoter, so that the "antisense" strand is tran
scribed into an antisense noncoding RNA, as 
illustrated in FIGURE 30.4. Synthesis of antisense 
RNA can inactivate a target RNA in either pro
karyotic or eukaryotic cells. An antisense RNA 
is in effect an RNA regulator. Quantitation of 
the effect is not entirely reliable, but it seems 
that an excess (perhaps a considerable excess) 
of the antisense RNA may be necessary. 

At what level does the antisense RNA 
inhibit expression? It could in principle pre
vent transcription of the authentic gene, 
processing of its RNA product, or translation 
of the messenger. Results with different sys
tems show that the inhibition depends on 
formation of RNA-RNA duplex molecules, 
but this can occur either in the nucleus or 
in the cytoplasm. In the case of an antisense 
gene stably carried by a cultured cell, sense
antisense RNA duplexes form in the nucleus, 
preventing normal processing and/or trans
port of the sense RNA. In another case, injec
tion of antisense RNA into the cytoplasm 
inhibits translation by forming duplex RNA in 
the 5 '  region of the mRNA. 

Wild-type gene 

Transcript � 
�"\C\.��� 
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This technique offers a powerful approach 
for turning off genes at will; for example, the 
function of a regulatory gene can be investi
gated by introducing an antisense version. An 
extension of this technique is to place the anti
sense gene under the control of a promoter that 
is itself subject to regulation. The target gene 
can then be turned off and on by regulating the 
production of antisense RNA. This technique 
allows investigation of the importance of the 
timing of expression of the target gene. 

Antisense RNA has been known for 
some time in eukaryotes. The first genome
sequencing projects demonstrated that nested 

genes (genes located within the introns of 
other genes) are widespread. They are more 
common than was first thought, comprising 
as much as 5%-10% of genes. If the nested 
gene is transcribed from the opposite strand, 
then antisense RNA is produced. This head
to-head arrangement of a nested gene will 
also lead to transcriptional interference 

(TI) because both genes cannot be transcribed 
simultaneously. 

Transcriptional interference has emerged 
as a significant mechanism of transcriptional 
regulation, and it can actually occur both when 
an interfering RNA is produced in an antisense 
orientation, as described earlier, or in the 
sense orientation. For example, the yeast SER3 
gene (involved in serine biosynthesis) is nor
mally repressed in the presence of serine and 
induced in its absence. It turns out that under 
serine-rich, repressive conditions, a noncoding 
RNA is expressed from the intergenic region 
upstream of the SER3 promoter and is tran
scribed from the same strand as SER3 across its 
promoter. This RNA (named for its gene, the 
SER3 regulatory gene, or SRG I)  does not encode 
a protein, but its high expression ultimately 
serves to disrupt transcription initiation at the 
SER3 promoter. SRGI is induced by serine; 
transcription by RNA pol II and the elongation 
factor Pafl results in the recruitment of his
tone modification factors and the chromatin
remodeling complex SWIISNF, which then 
results in the deposition of a nucleosome on 
the SER3 promoter, preventing transcription. 
The end product of the biosynthetic pathway, 
serine, thus regulates SER3 by causing tran
scriptional interference at the SER3 promoter 
by a sense transcript. It is important to note that 
in transcriptional interference, it can be tran
scription per se, rather than the RNA product, 
that is responsible for the regulatory effect. 

A direct role for antisense RNA in tran
scription control has been demonstrated in 

the yeast S. cerevisiae. The gene PH084 is reg
ulated in part by a class of noncoding RNAs 
called cryptic unstable transcripts, or CUTs. 
As shown in FIGURE 30.5, in addition to the 
promoter at the 5 '  end of the gene, there is 
another promoter on the opposite strand that 
is unregulated. This promoter requires Setl 
histone methyltransferase for activity and pro
duces an antisense RNA. Under normal con
ditions, this RNA is rapidly degraded by the 
TRAMP and exosome RNase complexes (see 
the mRNA Stability mzd Localization chapter) as 
it is produced. In the absence of degradation 
or in aging cells, the antisense RNA persists. 
This antisense RNA, or CUT, works in trans 
to recruit histone deacetylase enzymes that 
remove acetate groups from histones, thereby 
causing the chromatin over the gene region to 
be remodeled and condensed so that the gene 
can no longer be transcribed (see the Eukaryotic 
Transcription Regulation chapter). This is gene
specific remodeling directed by the antisense 
RNA and does not extend to the neighboring 
genes. The effect may also be brought about by 
a second exogenous copy of PH084 on a plas
mid in trmzs, called transcriptional gem silencing 
or TGS, a phenomenon often seen in plants. 

Since this discovery, similar examples of 
ncRNAs that result in alteration of local chro
matin structure have been described, such as a 
long RNA transcribed from the GALJ-10 locus 
(see the Eukaryotic Transcriptio11 Regulatio11 
chapter) that also results in histone deacety
lation (as well as methylation) to promote 
GAL gene repression. ncRNAs also prevent Ty 
retrotransposition through changes in chro
matin structure in trans; this is reminiscent 
of the role of piRNAs in Drosophila (discussed 

FIGURE 30.5 PH084 antisense RNA stabilization is paralleled by histone 
deacetylase recruitment, histone deacetylation, and PH084 transcription 
repression. In wild-type cells, the RNA is rapidly degraded. In aging cells, 
antisense transcripts are stabilized and recruit the histone deacetylase 
to repress transcription. Adapted from J. Camblong, et al., Cell 131 
(2007): 706-717. 
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later in the section titled MicroRNAs Are Wide
spread Regulators in Eukaryotes). 

This phenomenon may be quite wide
spread. In human HeLa cells, when a com
ponent of the RNA degradation machinery 
is disabled, vast amounts of upstream tran
scripts are observed from all three classes of 
active promoters, called PROMPTs (promoter 
upstream transcripts). These RNAs are capped 
and polyadenylated at their 3 '  end. Like CUTs 
in yeast, this RNA is very unstable . It can 
occur in both directions and may by related to 
the fact that open chromatin is available. 

While some of these long ncRNAs are 
clearly derived from the promoters or gene 
body of classical genes, as the PROMPTs and 
CUTs described earlier, others are derived 
from intergenic regions and are not associated 
with classical genes. One of the best examples, 
known for some time, is Xist (described in the 
chapter, Epigmetic Effects are Inherited). While 
Xist acts only in cis, on the X chromosome, oth
ers can act in trans, on multiple chromosomes. 
In response to DNA damage, p53 acting as 
a transcription factor activates multiple lin
cRNAs. One of these, called lincRNA-p2 1 (see 
the chapter titled Replicati01z Is Connected to the 
Cell Cycle) is itself targeted to multiple sites and 
acts as a transcription repressor. 

Another lincRNA that is well characterized 
is the human HOTAIR, named because when 
discovered, it was believed by many that this 
field of research was useless. It is transcribed 
from the developmental HOX C homeotic gene 
region, but targets multiple genes on other chro
mosomes. At its target loci, it acts as a scaffold 
to assemble the Polycomb Repressive Complex 
2 (PCR2; see the chapter titled Epigmetic Effects 
Are hzherited) to reprogram chromatin structure 
and silence those genes that should be turned 
off. HOTAIR expression has also been found 
to be deregulated in several cancers where it is 
associated with a poor prognosis. 

In general, ncRNAs can function in mul
tiple ways, in cis, as with CUTs and PROMPTs, 
and in trans as we have seen for HOTAIR. A 
second way to examine function is mecha
nistic. ncRNAs can work as antisense RNA, 
either by directly binding to its counterpart or 
by transcriptional interference. ncRNAs can 
function by binding and targeting a protein 
to a specific gene or region. Many ncRNAs 
work as scaffolds for chromatin modifiers and 
remodelers, either in cis or in trans. Alterna
tively, an ncRNA can bind a protein and act as 
an allosteric modifier. 
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Ill Bacteria Contain 
Regulator RNAs 

Key concepts 
• Bacterial regulator RNAs are called sRNAs. 

• Numerous sRNAs are bound by the protein Hfq, 
which increases their effectiveness. 

• The oxyS sRNA activates or represses expression of 
-40 loci at the posttranscriptional level. 

• Tandem repeats can be transcribed into powerful 
antiviral RNAs. 

Bacteria contain many-up to hundreds-genes 
that code for regulator RNAs. These are short 
RNA molecules, ranging from about 50 nucleo
tides to about 200 nucleotides, which are col
lectively known as small RNAs or sRNAs. Some 
of the sRNAs are general regulators that affect 
many target genes; others are specific for a sin
gle transcript. These sRNAs typically function 
as imperfect (meaning that only small regions 
within the sRNA are complementary to the tar
get) antisense RNAs; that is, their sequences are 
complementary to their target RNAs. 

At what level does the antisense RNA 
inhibit expression? As described for eukary
otic antisense RNAs, prokaryotic sRNAs could 
in principle: 1 )  prevent transcription of the 
gene, 2) affect processing of its RNA product, 3) 
affect translation of the messenger, or 4) affect 
stability of the RNA. The action of sRNAs is pri
marily mediated by the formation of RNA-RNA 
duplex molecules. 

Oxidative stress in E. coli provides an 
interesting example of a general control sys
tem in which an sRNA is the regulator. When 
exposed to reactive oxygen species, bacte
ria respond by inducing antioxidant defense 
genes. Hydrogen peroxide activates the tran
scription activator OxyR, which controls the 
expression of several inducible genes. One of 
these genes is oxyS, which codes for an sRNA. 

FIGURE 30.6 shows two salient features of 
the control of oxyS expression. In a wild-type 
bacterium under normal conditions, it is not 
expressed. The pair of gels on the left side of 
the figure shows that it is expressed at high 
levels in a mutant bacterium with a constitu
tively active oxyR gene. This identifies oxyS as 
a target for activation by oxyR. The pair of gels 
on the right side of the figure shows that oxyS 
RNA is transcribed within 1 minute of expo
sure to hydrogen peroxide. 

The oxyS RNA is a short sequence (109 
nucleotides) that does not code for protein. It is 
a trans-acting antisense regulator that affects 
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FIGURE 30.6 The gels on the left show that oxyS RNA 
is induced in an oxyR constitutive mutant. The gels on 
the right show that oxyS RNA is induced within 1 min
ute of adding hydrogen peroxide to a wild-type culture. 
Reprinted from Cell 90, S. Altuvia, et al., A small stable 
RNA ... , pp. 43-53. Copyright 1997, with permission 
from Elsevier [http:/ jwww.sciencedirect.comjsciencej 
journal/00928674]. Photo courtesy of Gisela Storz, 
National Institutes of Health. 

gene expression at the level of translation. 
It has -40 target mRNAs; at some of them, it 
activates expression, and at others it represses 
expression. FIGURE 30.7 shows the mechanism 
of repression of one target, the jlhA mRNA. 
Three stem-loop double-stranded RNA struc
tures protrude in the secondary structure of 
oxyS RNA, a11d the loop closest to the 3' temu
nus is complementary to a sequence just pre
ceding the initiation codon of flhA mRNA. Base 
pairing between oxyS RNA and flhA RNA pre
vents the ribosome from binding to tJ1e initia
tion codon and therefore represses translation. 
There is also a second pairing interaction that 
involves a sequence within the coding region 
of the f!M mRNA. 

Another target for oxyS is rpoS, tJ1e gene 
coding for an alternative sigma factor (which 
activates a genera] stress response). rpoS mRNA 
is negatively autoregulated by a stem loop in 
the 5 '  region of the message, wluch prevents 
ribosome access to the OR F. By reinforcing this 
and thus inhibiting production of the sigma 
factor, oxyS ensures that the specific response 

flhA mRNA 

3' 

FIGURE 30.7 oxyS RNA inhibits translation of flhA mRNA by base pairing 
with a sequence just upstream of the AUG initiation codon. 

to oxidative stress does not trigger the response 
that is appropriate for other stress conditions. 
The rpoS gene is also positively regulated by 
three other sRNAs (dsrA, arcZ, and rprA), which 
activate it by binding to the stem-loop region, 
opening it up, and making the ORF available to 
the ribosome. These four sRNAs appear to be 
global regulators that coordi11ate responses to 
various environmental conditions. 

The actions of three of tJ1ese sRNAs are 
assisted by an RNA-binding protein called Hfq 
(DsrA can act partly independently of Hfq} 
that acts to stabilize the sRNA/mRNA binding. 
The Hfq protein was originally identified as a 
bacterial host factor needed for replication of 
the RNA bacteriophage Qj3. It is related to the 
Sm .Proteins of eukaryotes that bind to many 
of the small nuclear RNAs (snRNAs} that have 
regulatory roles in gene expression (see the 
RNA Splici119 a11d Processitzg chapter). Mutations 
in its gene have many effects; this identifies 
it as a pleiotropic protein. Hfq binds to many 
of the sRNAs of E. coli, and it increases the 
effectiveness of oxyS RNA by enhandng its abil
ity to bind to its target mRNAs. The effect ofHfq 
is probably mediated by causing a small change 
in the secondary strucntre of oxyS RNA that 
improves the exposure of the single-stranded 
sequences that pair with the target mRNAs. 

We are just begiJming to realize the vast 
potential that small RNAs possess in control
li11g so much of the Lifecycle of an organism. 
A system of bacterial defense against foreig11 
invaders, both viruses and certain plasmids in 
the very well known bacterium E. coli, pro
vides an example of just how much we have 
yet to learn. This adaptive immune system 
is based upon clusters of short palindromic 
repeats called CRISPRs (clusters of regu
larly interspersed short pali11dromi c repeats} 
separated by hypervariable spacer sequences 
derived from captured phage and plasmids. 
These are widespread in both eubacteria 
and archaea. These hypervariable CRISPR 
spacer sequences are used to provide the host 
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bacteria with resistance to further phage and 
plasmid infection, as shown in FIGURE 30.8. 

The CRISPR defense system requires tran
scription of the repeat-spacer array from a 
leader sequence (acting as a promoter) and is 
used in conjunction with an RNA-processing 
system of eight genes, called cas (CRISPR
associated) genes in E. coli K 12, usually located 
adjacent to each CRISPR locus. These genes 
code for a variety of polymerases, nucleases 
(both DNA and RNA), helicases, and RNA
binding proteins. A multimeric complex of 
five Cas proteins can be identified and is called 
Cascade (CRISPR-associated complex for anti
viral defense). The Cas complex is responsible 
not only for the interference stage, but also 
for the adaptation stage, which processes the 
foreign invader for incorporation into the 
CRISPR locus. There are three major families 

FIGURE 30.8 Adaptation and  interfer
ence stages of the CRISPR/Cas system. {A) 
Stage I: Adaptation. Entry of foreign DNA 
into a cell through transformation, conjuga
tion, or transduction can lead to acquisition 
of new DNA spacer(s) by the adaptation Cas 
complex (unknown protein assembly). If no 
spacer is acquired, the phage lytic cycle or 
plasmid replication can proceed (not shown)
(B) Stage II: Interference_ The interfering Cas 
complexes are bound to a crRNA produced 
from the transcription of the CRISPR locus 
and subsequent processing. A cell carrying a 
crRNA targeting a region (by perfect pairing) 
of foreign nucleic acid can interfere with the 
invasive genetic material and destroy it via 
an interference Cas complex (unknown protein 
assembly except for Cascade in Escherichia 
coli). If there is no perfect pairing between 
the spacer and the protospacer (as in the case 
of a phage mutant), the CRISPR/Cas system 
is counteracted and replication of the i nva
sive genetic material can occur_ Reproduced 
from Deveau, H., et al. Annu. Rev. Microbial. 
64:475-93. 
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of CRISPR/Cas genes, depending on the spe
cific Cas proteins in the genome. 

The CRISPR region is transcribed into a long 
RNA, pre-crRNA, which is processed into short 
CRISPR RNAs of about 57 nucleotides contain
ing a spacer flanked by two conserved partial 
repeats, the protospacer-adjacent motifs (PAM). 
The model proposed is that these spacer/PAM 
RNAs, complementary to phage DNA proto
spacer sequences, are subsequently used as 
guides for the Cas interference machinery. Pair
ing is initiated by a high-affinity seed sequence 
at either end of the crRNA spacer sequence 
(this is similar to what we will see for eukary
otic miRNA function in the section later in this 
chapter, How Does RNA Jnterfermce Work?) . The 
complex base pairs with the virus genome (or its 
RNA) to prevent expression of the phage genes 
and ultimately leads to degradation. Mutations 
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in either the spacer DNA core seed sequence or 
the PAM sequence abolish CRISPR/Cas immu
nity by altering binding. 

These mechanisms offer powerful ap
proaches for turning off genes at will and altering 
gene expression. lt is not, however, necessarily a 
one-way street where a regulatory RNA is pro
duced and simply turns off expression of a mes
sage. This system can also be balanced by the 
production of a counter protein that can bind 
to and interfere with the sRNA. Thus, dynamic 
systems can exist that can change over time 
according to demands placed on the cell. 

The function of a regulatory gene can be 
investigated by introducing an antisense version. 
An extension of this technique is to place the 
antisense gene under the control of a promoter 
that is itself subject to regulation. The target 
gene can then be turned oH and on by regulat
ing the production of antisense RNA. This tech
nique allows investigation of the importance of 
the timing of expression of the target gene. 

111 MicroRNAs Are 
Widespread Regulators 
in Eukaryotes 

Key concepts 

• Eukaryotic genomes code for many short 
( -22 bases) RNA molecules called microRNAs. 

• piRNAs regulate gene expression in germ cells and 
act to silence transposable elements. 

• siRNA are complementary to viruses and transpos
able elements. 

Eukaryotes, like bacteria, use RNAs to regulate 

gene expression. Noncoding RNAs are used to 
control gene expression in the nucleus at the level 
of DNA; in many cases the expression and function 
of these RNAs are inextricably linked to chromatin 
structure. Transcription of tandemly repeated, 
simple-sequence satellite heterochromatic DNA 
is required for the formation of heterochromatin 
itself (see the d1apters titled EukaryoticTranscription 
Regulation and Epigmetic Effects Are Inherited). Here 
we focus mainly on control in the cytoplasm at 

the level of the mRNA. As we will see, the eukary
otic mechanisms, while related to the bacterial 
mechanisms, are very different.  

Like bacteria, eukaryotes use RNA to regu
late gene expression . Note, though, that atten
uation is not possible in eukaryotes (as it is in 
E. coli), because the nuclear membrane sepa
rates the processes of transcription and transla
tion. Given that eukaryotic mRNA is so much 

more stable than bacterial mRNA, with an aver
age half-life of hours as opposed to minutes, 

much more tTanslation-level control is used in 
eukaryotes, both at the level of translation initi
ation and mRNA stability control itself (see the 
chapter titled mRNA Stability and Localizatio11). 

There are numerous classes of small non

coding RNAs in eukaryotes, besides the major 
SS rRNA and tRNAs. We have already seen 
some of these, such as the different classes of 
guide RNAs that are involved in RNA splicing, 
editing, and modification (see the chapters titled 

RNA Splicing and Processi119 and Catalytic RNA). 
Very small RNAs or microRNAs, miRNAs, 

are gene-expression regulators found in most, 
if  not all, eukaryotes. These bear some resem
blance to their bacterial sRNA counterparts, but 
they are typically smaller and their mechanism 
of action is diHerent. The human genome 
has an estimated 1000 genes that code for 
miRNAs that participate in RNA interference 
(RNAi), half from the introns of coding genes, 
and about half from large ncRNAs. Even more 
interesting, miRNAs can originate b·om pseu
dogenes-supposedly inactive genelike regions 
that were thought to have no function. This is a 
general mechanism to repress gene expression, 
usually (but not always) at the level of transla
tion. These miRNAs go by a number of names 
and are sometimes called short temporal RNA, 
stRNA, because many are involved in devel
opment. Some miRNAs have also been shown 
to affect transcription initiation by binding to 
the gene's promoter. It is estimated that many 
hundreds of miRNAs control thousands of 
mRNAs, perhaps as much as 90% of the gene 
total, at all stages of development. Each miRNA 
may have hundreds of target mRNAs. A given 
mRNA may be the target of multiple miRNAs. 

Piwi-associated RNAs, piRNA, are a special 
class of miRNA found in germ cells. Another type 

of very small RNA is siRNA (small interfering 
RNA), which is typically produced during a virus 
infection. Both piRNAs and siRNAs can be used 
to control the expression of transposable ele
ments. In fact, this may be how these small RNAs 
originated and evolved. These RNAs have multi
ple 01igins and multiple mechanisms of synthesis 
and processing. Most are produced as larger pre
cursor RNAs that are processed and cleaved to 
the correct size and then delivered to their target. 

The miRNAs used in RNAi are produced as 
large RNA primary transcripts calJed pri-miRNA 
tl1at are self-complementary and can automati
calJy fold into a double-strand hairpin structure, 
usually with some imperfect base pairing. The 
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pri-miRNA is processed in a two-step reaction 
(shown in FIGURE 30.9} .  The first step is catalyzed 
by Drosha, an RNase III superfamily member 
endonuclease, in the nucleus. Drosha reduces 
the pri-RNA to about a 70-bp, hairpin-shaped 
precursor fragment, pre-miRNA, which has a 
phosphate group at the 5' end. This cleavage 
determines the 5 '  and 3 '  ends of the precursor. 

After export from the nucleus to the 
cytoplasm, the second step, pre-miRNA to 
miRNA, is catalyzed by a second RNase III 
family member, Dicer, by counting from the 
3 '  end to produce a short, double-stranded 
-22-bp segment. The miRNA now has a short, 
-2-nucleotide single-stranded 3 '  end, which is 
then usually modified by adding a 2' -0-methyl 

Dicer 

Pre-miRNA 

Pre-miRNA 

Cytoplasmic 
processing 

miRNA/miRNA* 5'------3' 
Duplex 3'------5' 

RISC formation 

c-. _;) 
FIGURE 30.9 miRNAs are generated by processing from 
a precursor Pre-miRNA by the enzyme Drosha. The Pre
miRNA is then processed by the enzyme Dicer for assembly 
into the Argonaute complex. Adapted from Slezak-Pro
chaska, et al. 2010. RNA 16:1087-1095 and Bajan and 
Hutvagner, 2011 Mol. Ce/144: 345-347. 
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group for stability. Dicer has an N-terminal 
helicase activity, which enables it to unwind 
the double-stranded region, and two nuclease 
domains that are also related to the bacterial 
RNase III. Related enzymes are nearly uni
versal in eukaryotes. In plants, the Dicer-like 
enzyme performs both the pri-miRNA and 
pre-miRNA processing steps in the nucleus. 

Extensive modifications, beyond the stan
dard 2' -0-methylation, are possible. Some 
pri-miRNAs can undergo RNA editing by the 
enzyme ADAR, which converts adenosine to 
inosine. This can result in altered target speci
ficity. miRNAs can also undergo uridylation or 
adenylation at the 3' end. Short oligo-U tracts 
are a signal for degradation, while oligo-A tracts 
(and 2-0-methylation) have the opposite effect. 

These short, double-stranded RNA frag
ments are delivered to, or loaded onto, a 
complex called RISC (RNA-induced silencing 
complex). Proteins in the Argonaute (Ago) 
family are components of this complex and 
are required for the final processing to a single 
strand, by the elimination of the passenger 
strand, which is denoted as miRNA*. RISC then 
(usually) delivers the miRNA to the 3'UTR of 
its target mRNA. Humans have eight Ago fam
ily members, Drosophila has five, plants have 
l 0, and C elega11s has 26. These proteins have 
an ancient origin and are found in bacteria, 
archaea, and eukaryotes (though this system is 
absent in the yeast Saccharomyces cerevisiae, but 
is present in some of its close relatives). 

The degree of base pairing and the 
sequence of the ends (determined by Dicer 
cleavage) of the duplex dictate which of the 
multiple Ago family members picks up the 
RNA duplex and which strand is selected as 
the passenger strand to be degraded, as shown 
in FIGURE 30.10. The RISC complex is now in 
a position to use the mature miRNA to guide 
it to its target mRNA. Selection of the class of 
target by RISC lies with the specific Argonaute 
protein, while the specific RNA target itself is 
determined by the miRNA. 

A germline subset of miRNA is the Piwi
interacting RNA or piRNA (P-element-induced 
wimpy testis). In Drosophila, these are sometimes 
called rasiRNAs for "repeat-associated siRNAs." 
These are so named because they interact with 
a different subfamily member of the Ago class 
proteins, known as Piwi (also called Miwi in 
mice and Hiwi in humans). Piwi-class proteins 
are only found in metazoan organisms (multi
cellular eukaryotes). In addition, the piRNAs are 
somewhat longer than miRNAs, ranging from 
24 to 3 1  nucleotides, and also 2' -0-methylated 
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FIGURE 30.10 Processing and regulation of miRNA processing via the loop. The basic steps of of the canonical miRNA processing from transcrip
tion are shown. Several proteins that regulate this process by directly binding to the loop sequence of miRNA(s) are indicated. The function of 
MCPIPl and Lin28 are negative regulators of a set of miRNAs. MCPIPl cleaves the loop which leads to degradation of the set that it regulates. 
Lin28 recruits a uridylyl transferase enzyme which adds a poly-U tail leading to degradation. KSRP, another regulatory factor, is a positive regula
tor. Adapted from Sarah Bajan and Gyorgy Hutvagner, Molecular Cell 44 (2011): 345-347. 

at their 3 'end. piRNAs are found in giant tan
dem dusters; there can be tens of thousands of 
copies. The processing pathway has not yet been 
determined, but it is probably similar to that of 
the mi.RNAs. They are delivered to different Ago 
family members than mi.RNAs, including the 
Piwi, Aubergine, and Ago3 proteins. 

The function of the piRNAs is also differ
ent from miRNAs. Their primary function is 
nuclear, to repress the expression of transpos
able elements, preserve genome integrity, and 
control chromatin structure (see the chapters 
titled Transposable Elements and Retroviruses 
and Eukaryotic Transcriptio11 Regulation). The 
mechanism whereby piRNAs affect chromatin 
control is reminiscent to what we saw earlier 

in the chapter Epigwetic Effects Are Inherited. In 
the mouse (and in mammals in general) certain 
genes show parental origin-specific expression 
due to DNA methylation patterns in differen
Lially methylated regions (DMRs). Methyla
lion of the gene Rasgrfl is controlled through 
its DMR, which contains both LINE elements 
and SINE elements. These are transcribed into 
pi.RNAs and long ncRNAs that then serve as a 
scaffold for the enzymes that methylate and 
repress transcription from Rasgrfl . 

Only a small fraction of the piRNAs are 
complementary to transposable elements. Most 
map to single-copy DNA, both genes, and inter
genic regions. In Drosophila, it is maternally 
inherited piRNAs that provide protection against 
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transposon activation to the female from P ele
ment-mediated hybrid dysgenesis (see the chap
ter titled Tra!lsposable Elements and Retroviruses). 

siRNAs have a different origin. These are 
derived from viral infections, which typically 
transcribe both genomic strands to produce com
plementary double-stranded RNAs. These large, 
double-stranded RNAs are processed by Dicer in 
a manner similar to that of the miRNAs described 
earlier and are delivered to RISC. siRNAs use a 
different Ago family member (and therefore a 
different RISC). siRNAs are also derived from 
transcription of transposable elements and are 
used to silence them. An interesting feature of 
siRNAs is that they have the ability to spread 
from cell to cell throughout an organism, a use
ful feature to have during a viral infection. This 
phenomenon is very conunon in plants and has 
also been seen in C. elegalls. This process can be 
amplified in these organisms by an RNA-depen
dent RNA polymerase. Humans and Drosophila 
may not possess this polymerase enzyme. 

11!1 How Does RNA 
Interference Work? 

Key concepts 

• MicroRNAs regulate gene expression by base 
pairing with complementary sequences in target 
mRNAs. 

• RNA interference triggers degradation or transla
tion inhibition of mRNAs complementary to miRNA 
or siRNA. It can also lead to mRNA activation. 

• dsRNA may cause silencing of host genes. 

RISC is the complex that carries out transla
tional control, guided to its mRNA target in 
the cytoplasm by the associated miRNA. There 
are two primary mechanisms used to control 
mRNA expression: degradation of the mRNA 
or inhibition of translation of the mRNA. 
Plants use miRNA primarily for mRNA degra
dation, whereas animals primarily use trans
lation inhibition. Both groups, however, do 
use both mechanisms. The choice is primarily 
determined by the degree of base pairing 
between the miRNA and the mRNA. The higher 
the degree of base pairing, the more likely that 
the target mRNA will be degraded. While most 
examples ofmiRNA mechanisms are inhibitory, 
there are a few examples where an miRNA is 
required for translation activation. 

This is an essential mechanism for fine
tuned control of translation in eukaryotes. As 
noted earlier, eukaryotic mRNA is much more 
stable than bacterial mRNA, and because 
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degradation of some mRNAs is stochastic, 
cells must be able to tightly control which 
mRNAs will be translated into protein. During 
development, it is especially critical to ensure 
rapid and complete turnover of key mRNAs. 

RISC uses the miRNA as a guide to scan 
RNAs for small regions of homology. These 
regions are usually found in an AU -rich 
region in the 3' UTR of mRNAs, with a few 
found in the ORF. A given mRNA may con
tain multiple target sites and thus respond to 
different miRNAs under different conditions. 
In binding to its target site on the mRNA, the 
5 '  end of the miRNA from about nucleotide 2 
to 8 is the most important-the seed sequwce. 
These should have perfect base pairing. 

Once binding has occurred, there are sev
eral different possible outcomes, as shown in 
FIGURE 30.11, ranging from various mechanisms 
of inhibiting translation to degradation of the 
message. RISC can interfere with translation 
already underway from a ribosome by block
ing translation elongation (Figure 30. l lA) or 
by inducing proteolysis of the nascent poly
peptide being produced (Figure 30. l lB). 

RISC can also inhibit translation initia
tion in multiple ways, presumably by virtue 
of the fact that the central domain of the 
Ago polypeptide has homology to the cap
binding initiation factor, eiF4E (see the Tra!ls
latioll chapter). RISC can bind to the cap and 
inhibit eiF4E from joining (Figure 30. l lC)  
or prevent the large 60S ribosomal subunit 
from joining (Figure 30. l lD). RISC can also 
prevent the circularization of the mRNA 
by preventing cap binding to the polyA tail 
(Figure 30. l lE) .  One way in which RISC can 
promote mRNA degradation is by promoting 
deadenylation and subsequent decapping of 
the message (Figure 30.llF) .  RISC can also 
indirectly facilitate mRNA degradation by 
targeting the mRNA to existing degradation 
pathways. RISC mediates the sequestering of 
mRNAs to processing centers called P bodies 
(cytoplasmic processing bodies). These are 
sites where mRNA can be stored for future 
use and where decapped mRNA is degraded. 

Although translation repression is the 
most common outcome (that we currently 
know about) for miRNA action, miRNAs can 
also lead to translation activatioll. The 3 '  UTR 
of tumor necrosis factor-a (TNF-a) contains a 
regulatory RNA element called an ARE (AU
rich element). These are common elements 
that are usually involved in translation repres
sion (see the chapter titled mRNA Stability mzd 
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FIGURE 30.11 Mechanisms of miRNA-mediated gene silencing. (A) Postinitiation mechanisms. MicroRNAs (miRNAs; 
red) repress translation of target mRNAs by blocking translation elongation or by promoting premature dissociation of 
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inhibited, but rather the nascent polypeptide chain is degraded cotranslationally. The putative protease is unknown. 
(C-E) Initiation mechanisms. MicroRNAs interfere with a very early step of translation, prior to elongation. (C) Argonaute 
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Localizatiou). In this case, the ARE is involved 
in activation of translation of the mRNA upon 
serum starvation. This activation bas now 
been shown to require RISC and its miRNA in 
a complex with the fragile X-related protein 
FXR 1 ,  au RNA-binding protein. The question 
of how the RISC complex is converted from its 
normal repression action to activation hinges 
on the exact makeup of the complex. Differ
ent protein partners in the complex wi1J elicit 
different responses. Serum starvation leads to 
the recruitment of FXR 1 ,  which alters RISC 
action, perhaps because RISC is conununicat
ing between the 3 '  UTR and the mRNA cap, 
where translation initiation is controlled. 

One of the earliest known examples of 
RNAi in animals was discovered in the nema
tode Caenorhabditis elegans as the result of the 
interaction between the regulator gene li114 
(lineage) and its target gene, linl4. The litz14 
gene produces an mRNA that regulates larval 
developmental timing; it is a heterochro11ic gene. 
Lin14 is a critical protein for specifying the 
timing of mitotic divisions in a special group 
of cells. Both loss-of-function mutations and 
gain-of-function mutations result in embryos 
with severe defects. Expression of liu14 is 
controlled by lill4, which codes for a miRNA. 
The liu4 transcripts are complementary to a 
10-base sequence that is imperfectly repeated 
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seven times in the 3 '  UTR of the lin14 mRNA. 
lin4 miRNA binds to these repeats both with 
a bulge (due to imperfect pairing) and with
out a bulge in the perfectly paired repeats and 
regulates expression at a posttranslation ini
tiation step as shown in Figure 30. l lF. 

As we described for bacterial sRNA, there 
can be a dynamic interplay between differ
ent elements that modulates the ultimate 
outcome. There are multiple mechanisms to 
control the reaction between RISC and its 
target mRNA. Proteins can bind to mRNA 
target sequences to prevent their utilization 
by RISC, and tl1e 3 '  UTR of the mRNA itself 
may have alternate base-pairing structures 
that can influence the ability ofRISC to iden
tify and target a binding site. rniRNA precur
sors can be edited by ADAR, an adenosine 
deaminase editing enzyme, which converts 
A to I and disrupts A:U base pairing. This 
can result in either activation or inactivation 
of an miRNA. Multiple Ago proteins allow 
an interesting modulation mechanism. In 
the plant Arabidopsis, alternate Ago proteins 
binding to one miRNA can lead to alternate 
outcomes. Ago1 binds to most miRNAs and 
causes mRNA target degradation. AgolO, 
described as a decoy, can bind the same set 
of rniRNAs as Ago1 and prevent that tar
get degradation, as seen in FIGURE 30.12. 
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FIGURE 30.12 Arabidopsis AG010 predominantly associates with miR166/165. The duplex structure of 
miR166/165 determines their specific association with AG010. AG010 competes with AG01 for miR166/165 
binding. The decoy activity of AG010 drives shoot apical meristem development. Modifed from H. Zhu, 
et al., Ce/1 145 (2011): 242-256. 
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C. elegans and some viruses can express an 
ncRNA, which can interfere with Dicer and 
alter the mRNA profile of a cell. Even more 
interesting is that some genes have alternate 
poly(A) cleavage sites and are able to pro
duce two versions of the mRNA, differing 
in the length and therefore the makeup of 
the 3 'UTR, to either contain more or fewer 
miRNA target sites. 

RNAi has become a powerful technique 
for ablating the expression of a specific tar
get gene in invertebrates. The technique 
was initially more limited in mammalian 
cells, which have the more generalized 
response to dsRNA of shutting down protein 
synthesis and degrading mRNA. FIGURE 30.13 
shows that this happens as a result of two 
reactions. The dsRNA activates the enzyme 
PKR, which inactivates the translation ini
tiation factor eiF2a by phosphorylating it. 
It also activates 2' ,5'  oligoadenylate syn
thetase, whose product activates RNase L, 
which degrades all RNAs in the cell. It turns 
out, however, that these reactions require 
dsRNA that is longer than 26 nucleotides. 
If shorter dsRNA ( 2 1  to 23 nucleotides) is 
introduced into mammalian cells, i t  triggers 
the specific degradation of complementary 
RNAs, just as with the RNAi technique in 
worms and flies. 

RNA interference is related to natural pro
cesses in which gene expression is silenced. 
Plants and fungi show RNA silencing 

(sometimes called posttrallscriptional gene 
silenci11g), in which dsRNA inhibits expression 

dsANA >26 nucleotides l 
PKA a l 
eiF2a � 

l 
X 

Protein synthesis 
cannot initiate 

l 
� 2',5'AS 

l 
ij ANase L l 

of a gene. The most common sources of the 
RNA are a replicating virus or a transposable 
element. This mechanism may have evolved 
as a defense against these elements. When 
a virus infects a plant cell, the formation of 
dsRNA triggers the suppression of expres
sion from the plant genome. Similarly, trans
posable elements also produce dsRNA. RNA 
silencing has the further remarkable feature 
that it is not limited to the cell in which the 
viral infection occurs: It can spread through
out the plant systemically. Presumably, the 
propagation of the signal involves passage 
of RNA or fragments of RNA. It may require 
some of the same features that are involved 
in movement of the virus itself. RNA silenc
ing in plants involves an amplification of 
the signal by an RNA-dependent RNA poly
merase, which uses the siRNA as a primer to 
synthesize more RNA on a template of com
plementary RNA. 

Ill Heterochromatin 
Formation Requires 
MicroRNAs 

Key concept 
• MicroRNAs can promote heterochromatin formation. 

As we saw in the chapter titled Epigenetic 
Effects Are !11herited, heterochromatin is one of 
the major subdivisions that can be seen in 
chromosomes. It is visually different when 
stained because it is more condensed than 
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FIGURE 30.13 Long dsRNA inhibits protein synthesis and triggers deg
radation of all mRNA in mammalian cells, as well as having sequence
specific effects_ 
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euchromatin. It is late replicating and has few 
genes. The underlying DNA sequence is dif
ferent from euchromatin in that it consists 
primarily of simple sequence satellite DNA 
organized in giant tandem blocks. Small 
islands of unique sequence DNA containing 
genes are found within heterochromatin. 
These simple sequence regions have been 
thought to be largely transcriptionally silent. 
We now understand that virtually the entire 
genome is transcribed, including the simple 
sequence satellite DNA that is often found 
surrounding centromeres and the repeats 
found in telomeres. In fact, transcripts from 
these sequences are used to organize the het
erochromatin structure and repress its 
tran scription. 

The centromeric heterochromatin of the 
fission yeast, Schizosaccharomyces pombe, has 
been a model for understanding heterochro
matin formation. The outer region repeat 
sequences of the heterochromatin are tran
scribed into ncRNAs by RNA polymerase 
II. This transcript is copied by an RNA

dependent RNA polymerase (RDRP) to 
give a double-stranded RNA, which is pro
cessed into siRNAs. Plants use a variation of 
the RNA polymerase called RNA polymerase 
IVb/V to amplify the ncRNA signal. 

In a manner similar to what we saw ear
lier in the section How Does RNA Interference 
Work?, the RNA is processed by Dicer. An 
alternative processing pathway through the 
TRAMP (Trf4-Airl -Mtr4 polyadenylation) 
exosome complex also exists. The complex 
to which the fragments are delivered is called 
RNA-induced transcriptional silencing 

(RITS). RITS contains an Argonaute sub
unit, Ago l .  RITS and RDRP are in a complex 
together. Again, as shown earlier, RITS uses 
the siRNA as a targeting mechanism back to 
its origin to begin the process of repressing 
transcription. This entails the recruitment 
of factors to begin chromatin modification, 
such as a histone H3K9 methyltransferase 
(see the chapter titled Epigenetic Effects Are 
Inherited), as seen in FIGURE 30.14. If this 
methyltransferase is tethered to euchroma
tin, heterochromatin will be induced at that 
site. The only function for the outer repeats 
and the siRNA is to recruit the methyltrans
ferase. An analogous system is found in 
Drosophila, as described earlier for rasiRNAs 
that are targeted to the alternate RISC com
plex containing Piwi, Aubergine, and Ago3 
proteins. 
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Telomere heterochromatin is also tran
scribed. Similar to centromeric hetero
chromatin, telomeres are also composed of 
repeat-sequence DNA. These are transcribed 
into large ncRNAs called TERRA (telomere 
repeat-containing RNA). The G-rieb TERRA 
folds into G quadruplex structures as shown 
in nGURE 30.15. A number of proteins bind 
to TERRA and are involved in the control of 
telomerase-directed replication at the telo
mere (see the Chromosomes chapter). 

Ill Summary 
Gene expression can be regulated positively 
by factors that activate a gene or negatively by 
factors that repress a gene. Translation may be 
controlled by regulators that interact with 
mRNA. The regulatory products may be pro
teins, which often are controlled by allosteric 
interactions in response to the environment, 
or RNAs, which function by base pairing with 
the target nucleic acids to change the tar
get's secondary structure or interfere with its 
function. Small metabolites can also bind to 
RNA aptamer domains and affect an altera
tion in secondary structure, as seen in ribo
switches. Regulatory networks can be created 
by linking regulators so that the production 
or activity of one regulator is controlled by 
another. 

ncRNAs such as antisense RNA are used 
in bacterial and eukaryotic cells as a powerful 
system to regulate gene expression. This regu
lation can be direct, at the level of interference 
with an RNA polymerase, or indirect, by affect
ing the chromatin configuration of the gene. 
Antisense transcripts can also function in the 
cytoplasm by giving rise to a host of small regu
latory RNAs. 

Small regulator RNAs are found in both 
bacteria and eukaryotes. E. coli has more than 
70 sRNA species, and bacteria with larger 
genomes may have hundreds. The oxyS sRNA 
controls about 40 target loci at the posttran
scriptional level; most of them are repressed, 
whereas others are activated. Repression 
is caused when the sRNA binds to a target 
mRNA to form a duplex region that includes 
the ribosome-binding site. 

Eukaryotic microRNAs are -22 bases 
long and are produced in most eukaryotes by 
Drosha and Dicer cleavage of a longer tran
script, which is then delivered to the appro
priate RISC for delivery to its target mRNA. 
They function by base pairing with target 



Heterochromatin 
formation 

Pol ll Po l ll RdRP 

RdRP Pol II Pol II 
(A) S. pombe ! dsRNA Dicer RITS 

RdRP in RDRC 
generates more dsRNA 

RDRC 
Chp1 binds to 

H3K9me 
Ago 

dsRNA production via !1111111111111!1� RITS b" d t t b.d. t· 1 t · t· ir' Tas3 1n s o nascen 1 1rec 1ona ranscnp 10n 1 . . RITS recruits Clr4 Pol II 
and RDRC ®8>.�� ..... or RdRP ,. + 

� RITS loadu
.

g 
�

repeat transcnpts
--l•� 

..,.,..1--i•� 

siR N.f'lili
U: Chp1 Ago Pol II Cir4 � Cir4 methylates 

production by Dicer 

(B) Drosophila 
�

I 

·�I ll 
A 

Au�� -cJ._z Ago3 ()u� u 
Maternally provided � Ago3 /A� 
Aub/Piwi-antisense � � ;: 9 11o 

rasiRNA complex 
U Antisense 

RNA-directed DNA 
methylation in plants Pol IVa 

Pol l�_j.'.'F 
ssRNA 1 formation + 
~ 

RNA 

dsRNA 

Heterochromatin 
formation ._...u C)Aub/Piwi 

A - - - - - - - · 

Swi6/H P 1 binds 
to H3K9me 

H3K9 

Swi6/HP1 CDCIDCD 
--��� --

""=•� SPREADING SPREADING Ago3 

DRM2 

� 

FIGURE 30.14 (A) Heterochromatin formation in Schizosaccharomyces pombe. DNA repeats produce double-stranded (ds)RNAs through bidi
rectional transcription or RNA-dependent RNA synthesis. dsRNAs are cut into small-interfering (si)RNAs that are loaded into an RNA-induced 
transcriptional silencing complex (RITS) that consists of Ago; Tas3, an 5. pombe-specific protein; and Chp1, a chromodomain-containing protein. 
RITS finds the DNA repeats through siRNA base pairing with the nascent transcript and recruits the RNA-directed RNA polymerase complex (RDRC) 
and Clr4, a histone methyltransferase that methylates histone H3 at lysine 9 (H3K9me). RdRP in RDRC uses the Ago-cut nascent RNA as a tem
plate to synthesize more dsRNA, which in turn will be cut into siRNAs to reinforce heterochromatin formation. Chp1 in the RITS complex binds to 
H3K9me, resulting in stable interaction of RITS and heterochromatic DNA. H3K9me also binds to another chromodomain protein, Swi6 (an HP1 
homolog), leading to the spreading of heterochromatin. (B) Heterochromatin formation in Drosophila. Repeat-associated small-interfering RNAs 
(rasiRNAs) are produced in a Dicer-independent, Aub/Piwi-Ago3 "ping-pong" mechanism. Aub/Piwi associates with antisense rasiRNAs with a 
preference for a U at the 5 '  end, whereas Ago associates with sense-strand derived rasiRNA with a preference to an A at nucleotide 10. Aub/Piwi
rasiRNA complex binds to sense-strand RNA via a 10-nucleotide (nt) complementary sequence. Aub/Piwi cleaves sense strand RNA, producing 
sense rasiRNA precursor. A yet-to-be-identified nuclease (denoted "?") generates the sense rasiRNAs that associate with Ago3. In turn, Ago3-
sense siRNA binds to antisense RNA and generates more antisense rasiRNAs. In this ping-pong model, the initial AubjPiwi-rasiRNA complex is 
maternally deposited. The resulting rasiRNA complexes initiate heterochromatin formation (dotted arrow line). As in yeast, H3K9me binds to an 
HP1 protein, leading to the spreading of heterochromatin. A similar mechanism has been reported in mammals. Reprinted from Cell, vol. 130, Y. 
Bei, S. Pressman, and R. Carthew, SnapShot: Small RNA-Mediated ... , pp. 756.e1-756.e2. Copyright 2007, with permission from Elsevier [http:j j 
www .sciencedirect.comjscie ncejjou rnal/0092867 4]. 

mRNAs to form duplex regions that are sus
ceptible to cleavage by endonucleases or 
inhibition of translation. These are dynamic 
systems, which themselves are controlled 
by accessory protein and enzymes and by 
other RNAs. The technique of RNA inter
ference is becoming the method of choice 

for inactivating eukaryotic genes. It uses 
the introduction of short dsRNA sequences 
with one strand complementary to the tar
get RNA, and i t  works by inducing degrada
tion of the targets. This may be related to a 
natural defense system in plants called RNA 
silencing. 

30.8 Summary 889 



H 
I 

I I 
H 

FIGURE 30.15 G-quartet and G-quadruplex structures and topologies. The guanine bases 
are connected by Hoogsteen hydrogen-bonded base pairing. A central monovalent ion is 
necessary for formation and stabilization. Reprinted from Yan Xu, et al., Proc. Natl. Acad. 
Sci. USA 107 (2010): 14579-14584. Copyright <P 2010 National Academy of Sciences, U.S.A. 
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Glossary 

10-nm fiber A linear array of nucleosomes, generated by 

unfolding from the natural condition of chromatin. 

-10 element The consensus sequence centered about 

I 0 bp before the start point of a bacterial gene. It is involved 

in melting DNA during the initiation reaction. 

2R hypothesis The hypothesis that the early vertebrate 

genome underwent two rounds of duplication. 

3' untranslated region (UTR) The region in an mRNA 

between the termi nation codon and the end of the message. 

30-nm fiber A coil of nucleosomes. It is the basic level of 

organization of nucleosomes in chromatin. 

-35 element The consensus sequence centered about 35 
bp before the start point of a bacterial gene. It is involved in 

initial recognition by RNA polymerase. 

5' end resection The generation of 3' overhanging single

stranded regions that occurs via exonucleolytic digestion of 

the 5' ends at a double-strand break. 

5' untranslated region (UTR) The region in an mRNA 

between the start of the message and the first codon. 

A complex The second splidng complex, formed by the 

binding of U2 snRNP to the E complex. 

A domain The conserved 1 1 -bp sequence of A-T base 

pairs in the yeast ARS element that comprises the replica

tion origin. 

A site The site of the ribosome that an aminoa<.)'l-tRNA 

enters to base pair with the codon. 

Abortive initiation Describes a process in which RNA 

polymerase starts transcription but terminates before it has 

left the promoter. It then reinitiates. Several cycles may 

occur before the elongation stage begins. 

Abundance The average number of mRNA molecules 

per cell. 

Abundant mRNA Consists of a small number of individual 

spedes, each present in a large number of copies per cell. 

Ac element Activator element; an autonomous transpos

able element in maize. 

Acentric fragment A fTagment of a chromosome (gener

ated by breakage) that lacks a centromere and is lost at cell 

division. 
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Acridines Mutagens that act on DNA to cause the inser

tion or deletion of a single base pair. They were useful in 

defining the triplet nature of the genetic code. 

Activation-induced (cytidine) deaminase (AID) An enzyme 

that removes the amino group from the cytidine base in DNA. 

AID mediates secondary antibody diversification. It mediates 

the DNA damage that leads to the initiation of three inununo

globulin (Ig) diversification processes, somatic hypemmtation 

(SHM}, class switch recombination (CSR), and gene conver

sion (GC}. AID requires active DNA transcription in order to 

exert its deaminating adivity. AID activity is several orders of 

magnitude higher in the immunoglobulin switch regions and 

Nvariablew regions than other regions of the genome that are 

known to be subject to AID adivity. 

Activator A protein that stimulates the expression of a 

gene, typically by interacting with a promoter to stimulate 

RNA polymerase. In eukaryotes, the sequence to which it 

binds in the promoter is called an enhancer. 

Adaptive (acquired) immunity The response mediated by 

lymphocytes that are activated by their spedfic interaction 

with antigen. The response develops over several days as 

lymphocytes with antigen-spedfic receptors are stimulated 

to proliferate and become effector cells. It is responsible for 

immunological memory. 

Addiction system A survival mechanism used by plas

mids. The mechanism kills the bacterium upon loss of the 

plasmid. 

Agropine plasmids Plasmids that carry genes coding for 

the synthesis of opines of the agropine type. The tumors 

usually die early. 

AID See activation-induced (cytidine) deaminase. 

Allele One of several alternative fonns of a gene occupy

ing a given locus on a chromosome. 

Allelic exclusion The expression in any particular 

lymphocyte of only one allele coding for the expressed 

immunoglobulin heavy or light chain. This is caused 

by feedback from the first immunoglobulin allele to be 

expressed that prevents activation of the allele on the 

other chromosome. 

Allolactose A byproduct of the �-galactosidase enzyme 

(encoded by LacZ), the true inducer of the lac operon. 



Allopolyploidy Polyploidization resulting from hybridiza

tion between two different but reproductively compatible 

speaes. 

Allosteric control The ability of a protein to change its 

conformation (and therefore activity) at one site as the 

result of binding a small molecule to a second site located 

elsewhere on the protein. 

Alternative splicing The production of different RNA 

products from a single product by changes in the usage of 

splicing junctions. 

Alu element One of a set of dispersed, related sequences, 

each -300 bp long, in the human genome (members of the 

SINE family). The individual members have Alu cleavage 

sites at each end. 

Amber codon The triplet UAG, one of the three termina

tion codons that end polypeptide translation. 

Amplicon The precise, primer-to-primer, double-stranded 

nucleic acid product of a PCR or RT-PCR reaction. 

Amyloid fibers Insoluble fibrous protein polymers with a 

cross 13-sheet structure, generated by prions or other dys

functional protein aggregations (such as in Alzheimer's 

disease). 

Annealing The renaturation of a duplex strucntre from 

single strands that were obtained by denaturing duplex 

DNA. 

Anti-Sm An autoimmune antiserum that defines the Sm 

domain that is common to a group of proteins found in 

s11RNPs that are involved in RNA splicing. 

Antibody A protein that is produced by B lymphocytes 

and that binds a particular antigen. An antibody con

sists of two identical light chains disulfide bond-linked to 

two identical heavy chains. Antibodies are synthesized in 

membrane-bound and secreted fom1s. Those produced 

during an immune response recruit effector functions to 

help neutralize and eliminate the pathogen. 

Antigen A molecule that can bind specifically to an anti

gen receptor, such as a BCR or an antibody, and can induce 

a specific immune response. 

Antigen-presenting cells (APCs) Cells of the immune sys

tem that are very efficient at internalizing antigen either 

by phagocytosis or by receptor-mediated endocytosis, and 

then displaying a fragment of the antigen, bound to a Class 

II MHC molecule, on their membrane. APCs include den

dritic cells, macrophages, and B cells. 

Antiparallel Strands of the double helix are organized 

in opposite orientation, so that the 5' end of one strand is 

aligned with the 3' end of the other strand. 

Antirepressor A positive regulator that functions in open

ing chromatin. 

Antisense RNA RNA that has a complementary sequence 

to an RNA that is its target. 

Antisense strand See template strand 

Antitermination A mechanism of transcriptional control 

in which termination is prevented at a specific temlina

tor site, allowing RNA polymerase to read into the genes 

beyond it. 

Antitermination complex Proteins that allow RNA poly

merase to transcribe through certain tenninator sites. 

Anucleate cell Bacteria that lack a nucleoid but are of 

similar shape to wild-type bacteria. 

Apoptosis Programmed cell death triggered by a cellular 

stimulus through a signal transduction pathway. 

Aptamer An RNA domain that binds a small molecule; 

this can result in a conformation change in the RNA. 

Architectural protein A protein that when bound to DNA, 

can alter its structure. For example. it might introduce a 

bend. They may have no other function. 

ARE See A U-rich element. 

ARS An origin for replication in yeast. The common fea

ture among different examples of these sequences is a con

served I I -bp sequence called the A domain. 

Assembly factors Proteins that are required for fom1ation 

of a macromolecular structure but are not themselves part 

of that structure. 

AlP-dependent chromatin remodeling complex A com

plex of one or more proteins associated with an ATPase of 

the SWI2/SNF2 superfamily that uses the energy of ATP 

hydrolysis to alter or displace nucleosomes. 

att sites The loci on a lambda phage and the bacterial 

chromosome at· which recombination integrates the phage 

into, or excises it from, the bacterial chromosome. 

Attenuation The regulation of bacterial operons by con

trolling termination of transcription at a site located before 

the first structural gene. 

Attenuator A terminator sequence at which attenuation 

occurs. 

AU-rich element (ARE) A eukaryotic mRNA cis sequence 

consisting largely of A and U ribonucleotides that acts as a 

destabilizing element. 

Autoimmune disease A pathological condition in which 

the immune response is directed to self-antigens. 

Autonomous transposons An active transposon with the 

ability to transpose (encodes a functional transposase). 

Autopolyploidy Polyploidization resulting from mitotic or 

meiotic errors within a species. 

Autoradiography A method of capturing an image of 

radioactive materials on film. 

Autoregulation A site or mutation that affects the proper

ties only of its own molecule of DNA, often indicating that 

a site does not code for a diffusible product. 
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Autosplidng (self-splicing) The ability of an intron to 

excise itself from an RNA by a catalytic action that depends 

only on the sequence of RNA in the intron. 

Axial element A proteinaceous structure around which 

the duomosomes condense at the start of synapsis. 

B cell A lymphocyte that produces antibodies. Develop

ment of B cells occurs primarily in bone marrow. B cells 

emerging from the marrow undergo further differentiation 

in the bloodstream and peripheral lymphoid organs. 

B cell receptor (BCR) The antigen-binding membrane 

immunoglobulin and the lga and lg� signaling coreceptors 

comprise the BCR. The BCR has the same structure and 

specificity of the antibody that will be produced by the 

same B cell after its activation by antigen. 

Back mutation A mutation that reverses the effect of a 

mutation that had inactivated a gene; thus, it restores the 

original sequence or function of the gene product. 

Bacteriophage A bacterial virus. 

Bam islands A series of short, repeated sequences found 

in the nontranscribed spacer of Xe11opus rONA genes. 

Bands Portions of polytene chromosomes visible as dense 

regions that contain the majority of DNA; they include 

active genes. 

Basal apparatus The complex of transcription factors 

that assembles at the promoter before RNA polyn1erase is 

bound. 

Basal transcription factors Transcription factors required 

by RNA polymerase II to form the initiation complex at 

all RNA polymerase II promoters. Factors are identified as 

TF11X, where X is a letter. 

BCR See B cell receptor. 

Bidirectional replication A system in which an ongm 

generates two replication forks that proceed away from the 

origin in opposite directions. 

Bivalent The structure containing all four chromatids 

(two representing each homologue) at the start of meiosis. 

Blocked reading frame See closed reading frame. 

Boundary (insulator) element A DNA sequence element 

bound by proteins that prevents the spread of open or 

dosed chromatin. 

Branch migration The ability of a DNA strand partially 

paired with its complement in a duplex to extend its pairing 

by displacing the resident strand with whid1 it is homologous. 

Branch site A short sequence just before the end of an 

intron at which the lariat intermediate is formed in splicing 

by joining the 5' nucleotide of the intron to the 2 '  position 

of an adenosine. 

Breakage and reunion The mode of genetic recombination 

in which two DNA duplex molecules are broken at cor

responding points and then rejoined crosswise (involving 
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fom1ation of a length of heteroduplex DNA around the site 

of joining). 

Bromodomain A I I  0-amino acid domain that binds to 

acetylated lysines (often in histones). 

Brownian ratchet Stochastic nuctuations that can be 
locked into a productive structure. 

bZIP A bZIP (basicz.ipper) protein has a basic DNA-binding 

region adjacent to a leucine zipper dimerization motif. 

C genes Genes that code for the constant regions of 

immunoglobulin heavy or light chain. 

C-value The total amount of DNA in the genome (per 

haploid set of chromosomes). 

C-value paradox The lack of relationship between the DNA 

content (C-value) of an organism and its coding potential. 

cAMP See cyclic AMP. 

Cap The structure at the 5'  end of eukaryotic mRNA; it is 

introduced after transcription by linking the terminal phos

phate of 5' GTP to the terminal base of the mRNA. 

Capsid The external protein coat of a virus particle. 

Carboxy terminal domain (CTD) The domain of eukaryotic 

RNA polymerase !I that is phosphorylated at initiation and is 

involved in coordinating several activities with transcription. 

Cascade A sequence of events, each of which is stimulated 

by the previous one. In transcriptional regulation, as seen 

in sporulation and phage lytic development, it means that 

regulation is divided into stages, and at each stage, one of 

d1e genes that is expressed codes for a regulator needed to 

express the genes of the next stage. 

Catabolite regulation The ability of glucose to prevent the 

expression of a number of genes. In bacteria this is a posi

tive control system; in eukaryotes, it is completely different. 

Catabolite repressor protein (CRP) A positive regulator 

protein activated by cyclic AMP. It is needed for RNA poly

merase to initiate transcription of many operons of E. coli. 

Catenate To link together two drcular molecules, as in a 

chain. 

eDNA A single-stranded DNA complementary to an RNA, 

synthesized from it by reverse transcription in vitro. 

Cell-mediated response The immune response that is 

mediated primarily by T lymphocytes. It is defined based on 

inununity that cannot be transferred from one organism to 

another by serum antibody. 

Central dogma Information cannot be transferred from 

protein to protein or protein to nucleic acid but can be 

transferred between nucleic adds and from nucleic acid to 

protein. 

Central element A structure that lies in the middle of the 

synaptonemal complex. along which the lateral elements 

of homologous chromosomes align; it is formed from Zip 

proteins. 



Centromere A constricted region of a chromosome that 

includes the site of attachment (the kinetochore) to the 

mitotic or meiotic spindle. It consists of unique DNA 

sequences and proteins not found anywhere else in the 

chromosome. 

Checkpoint A biochemical control mechanism that pre

vents the cell from progressing from one stage to the next 

unless specific goals and requirements have been met. 

Chemical proofreading A proofreading mechanism in 

which the correction event occurs after the addition of an 

incorrect subunit to a polymeri c chain by means of revers

ing the addition reaction. 

Chiasma (pl. chiasmata) A site at which two homologous 

chromosomes synapse during meiosis. 

Chromatin The combination of DNA and proteins that 

make up the contents of the nucleus of a cell. The primary 

functions of chromatin are: to package DNA into a smaller 

volume to fit in the cell, to strengthen the DNA to allow 

mitosis and meiosis and prevent DNA damage, and to con

trol gene expression and DNA replication and repair. The 

primary protein components of chromatin are hi stones that 

compact the DNA. 

Chromatin immunoprecipitation (ChiP) A method for 

detecting in vivo protein-DNA interactions that entails 

isolating proteins with an antibody and identifying DNA 

sequences that are associated with these proteins. 

Chromatin remodeling The energy-dependent displace

ment or reorganization of nucleosomes that occurs in 

conjunction with activation of genes for transcription. 

Chromocenter An aggregate in the nucleus of heterochro

matin from different chromosomes. 

Chromodomain -60-amino acid domains that recognize 

various methylated states of lysines in histones and other 

proteins; some chromodomains have other functions such 

as RNA binding. 

Chromomeres Densely staining granules visible in chromo

somes under certain conditions, especially early in meiosis, 

when a chromosome may appear to consist of a series of 

chromomeres. 

Chromosome A discrete unit of the genome carrying many 

genes. Each consists of a very long molecule of duplex DNA 

and an approximately equal mass of proteins (in eukary

otes). It is visible as a morphological entity only during cell 

division. 

Chromosome pairing The coupling of the homologous 

chromosomes at the start of meiosis. 

Chromosome scaffold A proteinaceous structure in the 

shape of a sister chromatid pair, generated when chromo

somes are depleted of hi stones. 

Chromosome territories The discrete three-dimensional 

spaces occupied by individual chromosomes in the inter

phase nucleus. 

cis-acting A site that affects the activity only of sequences 

on its own molecule of DNA (or RNA); this property usually 

implies that the site does not code for protein. 

cis-dominant A site or mutation that affects the properties 

only of its own molecule of DNA, often indicating that a site 

does not code for a diffusible product. 

Cistron The genetic unit defined by the complementation 

test; it is equivalent to a gene. 

Clamp A protein complex that forms a circle around the 

DNA; by connecting to DNA polymerase, it ensures that the 

enzyme action is processive. 

Clamp loader A 5-subunit protein complex that is responsi

ble for loading the 13 clamp onto DNA at the replication fork. 

Class switching/class switch DNA recombination (CSR) 
A somatic change in the Ig gene locus organization, in 

which the constant region of the heavy chain is changed 

but the variable region (and therefore antigen specificity) 

remain the same. This allows different progeny B cells from 

the same activated B cell to produce antibodies of differ

ent classes or isotypes. Naive mature B cells express IgM 

and IgD. After activation by antigen, they undergo class 

switching to IgG, IgA, or IgE. Class switching is effected 

by DNA recombination between the switch regions lying 

upstream of different C heavy chain gene clusters. 

Clonal selection The process by which only lymphocyte(s) 

that bind a given antigen through their surface BCR are 

stimulated to proliferate and differentiate to produce 

antibodies that specifically bind the same antigen. Clonal 

selection requires that each lymphocyte expresses on its 

surface BCRs of a single, typically unique specificity. Thus, 

the antigen "selects" the lymphocytes to be activated. 

Clonal selection was originally a theory, but it is now an 

established principle in immunology. 

Clone An exact replica or copy, whether it is Dolly the 

sheep or a fragment of DNA. 

Cloning Propagation of a DNA sequence by incorporating 

it into a hybri d construct that can be replicated in a host cell. 

Cloning vector DNA (often derived from a plasmid or a 

bacteriophage genome) that can be used to propagate an 

incorporated DNA sequence in a host cell; vectors contain 

selectable markers and replication origins to allow identifi

cation and maintenance of the vector in the host. 

Closed (blocked) reading frame A reading frame that 

cannot be translated into protein because of the occurrence 

of termination codons. 

Closed complex The stage of initiation of transcription 

before RNA polymerase causes the two strands of DNA to 

separate to form the "transcription bubble. "  The DNA is 

double stranded. 

Coactivator Factors required for transcription that do not 

bind DNA, but are required for (DNA -binding) activators to 

interact with the basal transcription factors. 
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Coding end Constitutes an intem1ediate during recombi

nation of immunoglobulin and T cell receptor V(D)J gene 

segments. Coding ends identify with the termini of the 

cleaved V, D, and J DNA regions. Their subsequent joining 

yields coding joint(s). 

Coding region A part of a gene that codes for a polypeptide 

sequence. 

Coding strand The DNA strand that has the same sequence 

as the mRNA and is related by the genetic code to the pro

tein sequence that it represents. 

Codon I )  A triplet of nucleotides that codes for an amino 

acid. 2) A termination signal. 

Codon bias A higher usage of one codon in genes to 

encode amino acids for which there are several synony

mous codons. 

Codon usage A description of the relative abundance of 

tRNAs for each codon. 

Cognate tRNAs tRN As recognized by a particular 

aminoacyl-tRNA synthetase. All are charged with the same 

amino acid. 

Coinddental evolution See concerted evolution. 

Cointegrate A structure that is produced by fusion of two 

replicons, one originally possessing a transposon and the 

other lacking it; the cointegrate has copies of the transpo

son present at both junctions of the replicons, oriented as 

direct repeats. 

Coli near The relationship that describes the I :  I corre

spondence of a sequence of triplet nucleotides to a sequence 

of amino acids. 

Compatibility group A group of plasmids that contains 

members unable to coexist in the same bacterial cell. 

Complement A set ol' -20 proteins that function through 

a cascade of proteolytic actions that lead to generation of 

intermediates (membrane attack complex) that lyse target 

cells and/or chemotactic fragments that attract macro

phages, neutrophils, or lymphocytes. 

Complementary Base pairs that match up in the pairing 

reactions in double helical nucleic acids (A with T in DNA 

or with U in RNA, and C with G). 

Complementation test A test that detem1ines whether 

two mutations are alleles of the same gene. It is accom

plished by crossing two different recessive mutations that 
have the same phenotype and determining whether the 

wild-type phenotype can be produced. If so, the mutations 

are said to complement each other and are probably not 

mutations in the same gene. 

Complex mRNA See scarce mRNA. 

Composite Transposable elements cons1snng of two 

IS elements (can be the same or different )  and the DNA 

sequences between the IS elements; the non-IS sequences 

often include gene(s) conferring antibiotic resistance. 
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Concerted evolution (coinddental evolution) The ability 

of two or more related genes to evolve together as though 

constituting a single locus. 

Conditional lethal A mutation that is lethal under one set 

of conditions but not lethal under a second set of condi

tions, such as temperature. 

Conjugation A process in which two cells come in con

tact and transfer genetic material. In bacteria, DNA is trans

ferred from a donor to a recipient cell. In protozoa, DNA 

passes fTom each cell t·o the other. 

Consensus sequence An idealized sequence in which 

each position represents the base most often found when 

many actual sequences are compared. 

Conservative transposition The movement of large ele

ments that were originally classified as transposons but now 

are considered to be episomes. The mechanism of move

ment resembles that of phage excision and integTation. 

Conserved sequence Sequences in which many examples 

of a particular nucleic acid or protein are compared and the 

same individual bases or amino acids are always found at 

particular locations. 

Constant (C) region The part of an immunoglobulin or 

T cell receptor that varies least in amino acid sequence 

between different molecules. C regions are encoded by C 

gene segments. In antibodies, the heavy chain regions iden

tify the class or subclass of immunoglobulin and mediate 

effector functions. There are five Ig classes or isotypes in 

humans: IgM, JgD, IgG (IgG I ,  IgG2, IgG3, and IgG4), IgA, 

and IgE. 

Constitutive expression This describes a state in which a 
gene is expressed continuously. 

Constitutive gene See housekeeping gene. 

Constitutive heterochromatin The inert state of particular 

(often repetitive) DNA sequences, such as satellite DNA. 

Context The fact that neighboring sequences may change 

the efficiency with which a codon is recognized by its 

aminoacyl-tRNA or is used to terminate polypeptide 

translation. 

Controlling elements Transposable units in maize origi

nally identified solely by their genetic properties. They may 

be autonomous (able to transpose independently) or non

autonomous (able to transpose only in the presence of an 

autonomous element). 

Copy number The number of copies of a plasmid that is 

maintained in a bacterium (relative to the number of copies 

of the origin of the bacterial chromosome). 

Core enzyme The complex of RNA polymerase subunits 

needed for elongation. It does not include additional subunits 

or factors that may be needed for initiation or tem1ination. 

Core histone One of the four types of histone (H2A, H2B, H3, 

and H4 and their variants) found in the core particle derived 

from the nucleosome. (This excludes linker hi stones. ) 



Core promoter The shortest sequence at which an RNA 

polymerase can initiate transcription (typically at a much 
lower level than that displayed by a promoter containing 

additional elements). For RNA polymerase II it is the mini
mal sequence at which the basal transcription apparatus 

can assemble, and it includes three sequence elements: the 
Inr, the TATA box, and the DPE. It is typically -40 bp long. 

Corepressor A molecule that triggers repression of tran
scription by binding to a regulator protein. 

Core sequence The segment of DNA that is common to 

the attachment sites on both the phage lambda and bacte
rial genomes. It is the location of the recombination event 
that allows phage lambda to integrate. 

Cosmid Cloning vector derived from a bacterial plasmid 

by incorporating the cos sites of phage lambda, which make 
the plasmid DNA a substrate for the lambda packaging 

system. 

Countertranscript An RNA molecule that prevents an 
RNA primer from initiating transcription by base pairing 

with the primer. 

Coupled transcription/translation The process in bacteria 

where a message is simultaneously being translated while it 
is still being transcribed. 

CpG islands Stretches of 1-2 kb in mammalian genomes 
that are enriched in CpG dinucleotides; frequently found 

in promoter regions of genes. CpG identifies a dinucleotide 

in which a cytosine precedes a guanine in linear sequence 

of bases, separated by a phosphate, which links the two 
nucleosides. "CpG" is to distinguish a cytosine followed by 
guanine from a cytosine paired to a guanine. 

CRISPR Clusters of regularly interspersed short palindromic 
repeats in prokaryot·es that are transcribed and processed 
into short RNAs that function in RNA interference. 

Crossover fixation A possible consequence of unequal 

crossing over that allows a mutation in one member of a 
tandem cluster to spread through the whole cluster (or to 

be eliminated). 

Crown gall disease A tumor that can be induced in 

many plants by infection with the bacterium Agrobacterium 
tumefaciens. 
CRP See catabolite repressor protein. 

Cryptic satellite A satellite DNA sequence not identified 

as such by a separate peak on a density gradient; that is, it 
remains present in main band DNA. 

Cryptic unstable transcripts (CUTs) Nonprotein-coding 
RNAs transcribed by RNA Pol II, frequently generated from 
the 3' ends of genes (resulting in antisense transcripts) and 
rapidly degraded after synthesis. 

C-terminal domain (CTD) The domain of RNA polymerase 

that is involved in stimulating transcription by contact with 

regulatory proteins. 

ctDNA (cpDNA) Chloroplast DNA. 

CUT See cryptic unstable transcripts. 

Cyclic AMP (cAMP) The coregulator of CRP; it has an 

internal 3'-5' phosphodiester bond. Its concentration is 

inverse to the concentration of glucose. 

Cyclin-dependent kinases Serine-threonine protein kinases 

that are synthesized in an inactive fonn and activated by 
binding a cyclin protein subunit. 

Cyclins Cell cycle-dependent proteins that have no intrin
sic enzymatic activity but when bound to an inactive cyclin
dependent kinase can activate it. 

Cytoplasmic domain The part of a transmembrane protein 
that is exposed to the cytosol. 

Cytotoxic T cell (CTL) A T lymphocyte, usually CD8+, 
that can kill target cells expressing antigens specifically rec
ognized by the CTL, such as virus-encoded glycoproteins 
expressed on the surface of virus-infe<.:ted cells. 

Cytotype A cytoplasmic condition that affects P element 

activity. The effect of cytotype is due to the presence or 
absence of a repressor of transposition, which is provided 
by the mother to the egg. 

D loop A region within mitochondrial DNA in which a 

short stretch of RNA is paired with one strand of DNA, dis
placing the original parmer DNA strand in this region. The 
same tenn is also used to describe the displacement of a 
region of one stTa.nd of duplex DNA by a complementary 

single-stranded invader. 

D segment D gene segments are coding sequences in the 

Ig heavy chain and TCR� and TCRo loci. They lie in cluster 

between the variable (V) and joining (J) gene segment clus
ters. to, lgA., and TCRcx and TCRy loci do not contain D genes. 

de novo methyltransferase An enzyme that adds a methyl 

group to an unmethylated target sequence on DNA. 

Deacylated tRNA tRNA that has no amino acid or poly
peptide chain attached because it has completed its role 
in protein synthesis and is ready to be released from the 

ribosome. 

Deadenylase (or poly[A] nuclease) An exoribonuclease 
that is specific for digesting poly(A) tails. 

Decapping enzyme An enzyme that catalyzes the removal 

of the 7-methyl guanosine cap at the 5' end of eukaryotic 

mRNAs. 

Degradosome A complex of bacterial enzymes, including 
RNAase and helicase activities, that is involved in degrading 

mRNA. 

Delayed early genes Genes in phage lambda that are 
equivalent to the middle genes of other phages. They can
not be transcribed until regulator protein(s) coded by the 
immediate early genes have been synthesized. 

Demethylase A casual name for an enzyme that removes 

a methyl group, typically from DNA. RNA, or protein. 
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Denaturation A molecule's conversion from the physio

logical conformation to some other (inactive) confom1ation. 

In DNA, this involves the separation of the two strands due 
to breaking of hydrogen bonds between bases. 

Dendritic cell The most powerful antigen-presenting cell. 

Dendritic cells' (DCs) main function is to process antigen 

material and present it to T cells to initiate an immune 

response. DCs account for less than I %  of blood mono

nuclear cells. They are present in small quantities in tissues 

that are in contact with the external environment. In the 

skin, dendritic cells are called Langerhans cells. 

Destabilizing element (DE) Any one of many different cis 
sequences, present in some mRNAs, that stimulates rapid 

decay of that mRNA. 

Dicer An endonuclease that processes double-stranded 

precursor RNA to 2 1-23 nucleotide RNAi molecules. 

Dideoxynucleotide (dNTP) A chain-terminating nucleo

tide that lacks a 3'-0H group and therefore is not a substrate 

for DNA polymerization. Used in DNA sequendng and as 

an antiviral drug. 

Direct repeats Identical (or closely related) sequences 

present in two or more copies in the same orientation in 

the same molecule of DNA. 

Distributive (nuclease) An enzyme that catalyzes the 

removal of only one or a few nucleotides before dissodating 

from the substrate. 

Divergence The corrected percent difference in nucleotide 

sequence between two related DNA sequences or in amino 

add sequences between two proteins. 

DNA fingerprinting A technique for analyzing the differ

ences between individuals of the fragments generated by 
using restriction enzymes to cleave regions that contain 

short repeated sequences or by PCR. The lengths of the 

repeated regions are unique to every individual. and as a 
result the presence of a particular subset in any two individ

uals can be used to deline their common inheritance (e.g., a 

parent-child relationship). 

DNA ligase The enzyme that makes a bond between an 

adjacent 3'-0H and 5'-phosphate end where there is a nick 

in one strand of duplex DNA. 

DNA methyltransferase An enzyme that adds a methyl 

group to a DNA substrate. 

DNA mutants Temperature-sensitive replication mutants 

in E. coli that identify a set of lod called the dna genes. 

DNA polymerase An enzyme that synthesizes a daughter 

strand(s) of DNA (under direction from a DNA template). 

Any particular enzyme may be involved in repair or repli

cation (or both). 

DNA repair The removal and replacement of damaged 

DNA by the correct sequence. 

DNA replicase See DNA polymerase. 
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DNase An enzyme that degrades DNA. 

Domain In reference to a chromosome, it may refer either 

to a discrete structural entity defined as a region within 

which supercoiling is independent of other regions or to 

an extensive region including an expressed gene that has 
heightened sensitivity to degradation by the enzyn1e DNase I. 

ln a protein, it is a discrete continuous part of the amino add 

sequence that can be equated with a particular function. 

Dominant negative A mutation that results in a mutant 

gene product that prevents the function of the wild-type 

gene product, causing loss or reduction of gene activity 

in cells containing both the mutant and wild-type alleles. 

The most common cause is that the gene codes for a 

homomultimeric protein whose hmction is lost if only one 

of the subunits is a mutant. 

Dosage compensation Mechanisms employed to com

pensate for the discrepancy between the presence of two 

X chromosomes in one sex but only one X chromosome in 

the other sex. 

Double-strand breaks (DSB) Breaks that occur when 

both strands of a DNA duplex are cleaved at the same site. 

Genetic recombination is initiated by such breaks. The cell 

also has repair systems that act on breaks that are created 

at other times. 

Doubling time The period (usually measured in minutes) 

that it takes for a bacterial cell to reproduce. 

Down mutation A mutation in a promoter that decreases 

the rate of transcription. 

Downstream Sequences proceeding farther in the direction 

of expression within the transcription unit. 

Downstream promoter element (DPE) A common compo

nent of RNA polymerase II promoters that do not contain 

a TATA box. 

Drosha An endonuclease that processes double-stranded pri

mary RNA s into short, -70-bp precursors for Dicer processing. 

Ds element Dissociation element; a nonautonomous 

transposable element in maize, related to the autonomous 

Activator (Ac) element. 

E complex The first complex to form at a splice site, con

sisting of Ul snRNP bound at the splice site together with 

factor ASF/SF2, U2AF bound at the branch site, and the 

bridging protein SFI/BBP. 

E site The site of the ribosome that briefly holds deacyl

ated tRNAs before their release. 

Early genes Genes that are transcribed before the repli

cation of phage DNA. They code for regulators and other 

proteins needed for later stages of infection. 

Early infection The part of the phage lytic cycle between 

entry and replication of the phage DNA. During this time, the 

phage synthesizes the enzymes needed to replicate its DNA. 



EF-Tu The elongation factor that binds aminoacyl-tRNA 

and places it into the A site of a bacterial ribosome. 

EJC See ex on junction complex . 

Elongation The stage in a macromolecular synthesis reac

tion (replication, tTanscription. or translation) when the 

nucleotide or polypeptide chain is extended by the addition 

of individual subunits. 

Elongation factors Proteins that assodate with ribosomes 

cyclically during the addition of each amino add to the 

polypeptide chain. 

Endonuclease An enzyme that cleaves bonds within a 

nucleic add chain; it may be specific for RNA or for single

stranded or double-stranded DNA. 

Endoribonuclease A ribonuclease that cleaves an RNA at 

internal site(s). 

Enhancer A cis-acting sequence that increases the utiliza

tion of (most) eukaryotic promoters and can function in 

either orientation and in any location (upstream or down

stream) relative to the promoter. 

Epigenetic Changes that influence the phenotype with

out altering the genotype. They consist of changes in the 

properties of a cell that are inherited but that do not repre

sent a change in genetic infom1ation. 

Episome A plasmid able to integrate into bacterial DNA. 

Epitope tag A polypeptide that has been added to a pro

tein that allows its identification by an antibody. 

Error-prone polymerase A DNA polymerase that incorpo

rates noncomplementary bases into the daughter strand. 

Error-prone synthesis A repair process in which non

complementary bases are incorporated into the daughter 

strand. 

Euchromatin Regions that comprise most of the genome 

in the interphase nucleus. are less tightly coiled than het

erochromatin, and contain most of the active or potentially 

active single-copy genes. 

Exdsion Release of phage or episome or other sequence 

from the host chromosome as an autonomous DNA molecule. 

Exdsion repair A type of repair system in which one 

strand of DNA is directly exdsed and then replaced by 

resynthesis using the complementary strand as template. 

Exon Any segment of an interrupted gene that is repre

sented in the mature RNA product. 

Exon definition The process in which a pair of splidng sites 

are recognized by interactions involving the 5' site of the 

intron and also the 5' site of the next intron downstream. 

Exon junction complex (EJC) A protein complex that 

assembles at exon-exon junctions during splidng and 

assists in RNA transport, localization, and degradation. 

Exon shuffling The hypothesis that genes have evolved by 

the recombination of various exons coding for functional 

protein domains. 

Exon trapping Inserting a genomic fragment into a vector 

whose function depends on the provision of splidng junc

tions by the fragment. 

Exonuclease An enzyme that cleaves nucleotides one at 

a time from the end of a polynucleotide chain; it may be 

spedfic for either the 5' or 3' end of DNA or RNA. 

Exoribonuclease A ribonuclease that removes tenninal 

1ibonucleotides from RNA. 

Exosome An exonuclease complex involved in nuclear 

processing and nuclear/cytoplasmic RNA degradation. 

Expressed sequence tag (EST) A short-sequenced frag

ment of a eDNA sequence that can be used to identify an 

actively expressed gene. 

Expression vector A cloning vehicle containing a pro

moter that can drive expression of an attached gene. 

Extein A sequence that remains in the mature protein 

that is produced by processing a precursor via protein 

splicing. 

Extranuclear genes Genes that reside outside the nucleus, 

in organelles such as mitochondria and chloroplasts. 

F plasmid An episome that can be free or integrated in 

E. coli, and that can sponsor conj ugation in either form. 

Facultative heterochromatin The inert state of sequences 

that also exist in active copies, for example, one mamma

lian X chromosome in females. 

Fixation The process by which a new allele replaces the 

allele that was previously predominant in a population. 

Fluorescence resonant energy transfer (FRET) A process 

whereby the emission from an exdted fluorophore is cap

tured and reemined at a longer wavelength by a nearby 

second fluorophore whose exdtation spectrum matches the 

emission frequency of the first fluorophore. 

Footprinting A technique for identifying the site on DNA 

bound by some protein by virtue of the protection of bonds 

in this region against attack by nucleases. 

Forward mutation A mutation that inactivates a func

tional gene. 

Frameshift A mutation caused by deletions or insertions 

that are not a multiple of three base pairs. They change the 

frame in which triplets are translated into polypeptide. 

Fully methylated A site that is a palindromic sequence 

that is methylated on both strands of DNA. 

y-H2AX Denotes the fom1 of the histone variant H2AX 

when it is phosphorylated on a SQEL!Y motif at the site of 

a double strand break. 

G quadruplex Nucleic adds that are rich in guanine and 

can fold into a four-strand structure stabilized by hydrogen 

bonds that can be stacked. 
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G-bands Bands generated on eukaryotic chromosomes by 

staining techniques that appear as a series of lateral striations. 

They are used for karyotyping (identifying chromosomes 

and chromosomal regions by the banding pattern). 

Gain-of-function mutation A mutation that causes an 

increase in the nom1al gene activity. It sometimes repre

sents acquisition of certain abnom1al properties. It is often, 

but not always, dominant. 

Gap repair A type of DNA repair in which one DNA duplex 

may act as a donor of genetic infonnation that directly 

replaces the corresponding sequences in the redpient 

duplex by a process of gap generation, strand exchange, 

and gap filling. 

Gene cluster A group of adjacent genes that are identical 

or related. 

Gene conversion The alteration of one strand of a het

eroduplex DNA to make it complementary with the other 

strand at any posi tion(s) where there were mispaired bases, 

or the complete replacement of genetic material at one 

locus by a homologous sequence. 

Gene expression The process by which the information in 

a sequence of DNA in a gene is used to produce an RNA or 

polypeptide, involving transcription and (for polypeptides) 

translation. 

Gene family A set of genes within a genome that code for 

related or identical proteins or RNAs. The members were 

derived by duplication of an ancestTal gene followed by 

accumulation of changes in sequence between the copies. 

Most often the members are related but not identical. 

Genetic code The correspondence between triplets in 

DNA (or RNA) and amino adds in polypeptide. 

Genetic drift The chance fluctuation (without selective 

pressure) of the [Tequendes of alleles in a population. 

Genetic hitchhiking The change in frequency of a genetic 

variant due to its linkage to a selected variant at another locus. 

Genetic map See linkage map. 

Genetic recombination A process by which separate DNA 

molecules are joined into a single molecule due to such 

processes as crossing over or transposition. 

Genome The complete set of sequences in the genetic 

material of an organism. It includes the sequence of each 

chromosome plus any DNA in organelles. 

Glycosylase A repair enzyme that removes damaged bases 

by cleaving the bond between the base and the sugar. 

GMP-PCP An analog of GTP that cannot be hydrolyzed. It 

is used to test which stage in a reaction requires hydrolysis 

of GTP. 

Gratuitous inducer Inducers that resemble authentic 

inducers of transcription but are not substrates for the 

induced enzymes. 

Growing point See replication fork. 

902 Glossary 

GU-AG rule The rule that describes the presence of these 

constant dinucleotides at the first two and last two positions 

of introns of nuclear genes. 

Guide RNA A small RNA whose sequence is complemen

tary to the sequence of an RNA that has been edited. It is 

used as a template for changing the sequence of the pre

edited RNA by inserting or deleting nucleotides. 

Gyrase An enzyme that changes the number of times the 

two strands in a closed DNA molecule cross each other. It 

does this by cutting the DNA, passing DNA through the 

break, and resealing the DNA. 

Hairpin An RNA sequence that can fold back on itself, 

fom1ing double-stranded RNA. 

Half-life (RNA) The time taken for the concentration of a 

given population of RNA molecules to decrease by halt in 
the absence of new synthesis. 

Haplotype The particular combination of alleles in a 

defined region of some chromosome-in effect, the geno

type in miniature. Originally used to described combina

tions of major histocompatibility complex (MHC) alleles, 

it now may be used to describe particular combinations of 

RFLPs, SNPs, or other markers. 

Hapten A small molecule that can elidt an immune 

response only when conjugated with a carrier, such as 

a large protein or a MAMP. Once antibodies have been 

induced by the carrier-conjugated hapten, the hapten will 

in general bind those antibodies. 

Hb anti-Lepore A fusion gene produced by unequal 

crossing over that has the N-tem1inal part of 13 globin and 
the C-tem1inal pan of o globin. 

Hb Kenya A fusion gene produced by unequal crossing 

over between the y and 13 globin genes. 

Hb Lepore An unusual globin protein that results from 

unequal crossing over between the 13 and o genes. The 

genes become fused together to produce a single 13-like 

chain that consists of the N-terminal sequence of o joined 

to the C-terminal sequence of 13. 
HbH disease A condition in which there is a dispropor

tionate amount of the abnom1al tetramer 134 relative to the 

amount of normal hemoglobin (a213J. 
Heatshock genes A set of lod activated in response to 

an increase in temperature (and other stresses to the cell). 

All organisms have them. Their products usually include 

d1aperones that act on denatured proteins. 

Heat shock response See heatshock genes. 

Heavy (H) chain See Immunoglobulin heavy (H) chain. 

Helicase An enzyme that uses energy provided by ATP 

hydrolysis to separate the strands of a nucleic add duplex. 

Helix-loop-helix The motif that is responsible for dimer

ization of a class of transcription factors called HLH proteins. 



A bHLH protein has a basic DNA-binding sequence close to 

the dimerization motif. 

Helix-turn-helix The motif that describes an arrangement 

of two a-helices that form a site that binds to DNA, one 

fitting into the major groove of DNA and the other lying 

across it. 

Helper T cell A T lymphocyte that activates macrophages 

and stimulates B cell proliferation and antibody production. 

They usually express cell surface CD4 but not CD8. 

Helper virus A virus that provides functions absent from a 

defective virus, enabling the latter to complete the infective 

cycle during a mixed infection with the helper virus. 

Hemimethylated DNA DNA that is methylated on one 

strand of a target sequence that has a cytosine on each 

strand. 

Heterochromatin Regions of the genome that are highly 

condensed, are not transcribed, and are late replicating. It is 

divided into two types: constitutive and facultative. 

Heteroduplex DNA DNA that is generated by base pairing 

between complementary single strands derived from 

the different parental duplex molecules; it occurs during 

genetic recombination. 

Heterogeneous nuclear RNA (hnRNA) RNA that comprises 

nuclear transcripts made primarily by RNA polymerase II; it 

has a wide size distribution and variable stability. 

Heteroplasmy Having more than one mitochondrial 

allelic variant in a cell. 

Hfr A bacterium that has an integrated F plasmid within 

its chromosome. Hfr stands for high frequency recombination, 
referring to the fact that chromosomal genes are transferred 

from an Hfr cell to an p- cell much more frequently than 

from an p+ cell. 

Histone acetyltransferase (HAT) An enzyme that modifies 

histones by addition of acetyl groups; some transcriptional 

coactivators have this activity. Also known as lysine acetyl

transferase {KAT). 

Histone code The hypothesis that combinations of specific 

modifications on specific histone residues act cooperatively 

to define chromatin function. 

Histone deacetylase (HDAC) Enzyme that removes acetyl 

groups from histones; may be associated with repressors of 

transcription. 

Histone fold A motif found in all four core histones in 

which three a-helices are connected by two loops. 

Histone octamer The complex of 2 copies each of the 

four different core hi stones (H2A, H2B, H3, and H4}; DNA 

wraps around the histone octamer to form the nucleosome. 

Histone tails Flexible amino- or carboxy-terminal regions 

of the core histones that extend beyond the surface of the 

nucleosome; histone tails are sites of extensive posttransla

tional modification. 

Histone variant Any of a number of histones closely 

related to one of the core histones (H2A, H2B, H3, or H4) 

that can assemble into a nucleosome in the place of the 

related core histone; many histone variants have special

ized functions or localization. There are also numerous 

linker histone variants. 

Histones Conserved DNA-binding proteins that form the 

basic subunit of chromatin in eukaryotes. H2A, H2B, H3, 

and H4 form an octameric core around which DNA coils 

to form a nucleosome. Linker histones are external to the 

nucleosome. 

hnRNP The ribonucleoprotein form of hnRNA (heteroge

neous nuclear RNA), in which the hnRNA is complexed 

with proteins. Pre-mRN As are not exported until processing 

is complete; thus, they are found only in the nucleus. 

Holliday junction An intermediate structure in homolo

gous recombination, for which the two duplexes of DNA 

are connected by the genetic material exchanged between 

two of the four strands, one from each duplex. A joint 

molecule is said to be resolved when nicks in the structure 

restore two separate DNA duplexes. 

Holoenzyme I )  The DNA polymerase complex that is 

competent to initiate replication. 2} The RNA polymerase 

fom1 that is competent to initiate transcription. It consists of 

the five subunits of the core enzyme (a21313'oo) and cr factor. 

Homeodomain A DNA-binding motif that typifies a class 

of transcription factors. 

Homolog See homologous genes. 

Homologous genes (homologs) Related genes in the 

same species, such as alleles on homologous chromosomes, 

or multiple genes in the same genome sharing common 

ancestry. 

Homologous recombination Recombination involving 

a reciprocal exchange of sequences of DNA, for example, 

between two chromosomes that carry the same genetic loci. 

Homomultimer A molecular complex (such as a protein) 

in which the subunits are identical. 

Horizontal transfer The transfer of DNA from one cell to 

another by a process other than cell division, such as bacte

rial conjugation. 

Hotspots A site in the genome at which the frequency 

of mutation (or recombination) is very much increased, 

usually by at least an order of magnitude relative to neigh

boring sites. 

Housekeeping gene A gene that is (theoretically) 

expressed in all cells because it provides basic functions 

needed for sustenance of all cell types. 

Humoral response An immune response that is mediated 

primarily by antibodies. It is defined as immunity that can 

be transferred from one organism to another by serum anti

body. 
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Hybrid dysgenesis The inability of certain strains of 
D. melanogaster to interbreed, because the hybrids are sterile 
(although otherwise they may be phenotypically nom1al). 

Hybridization The pairing of complementary RNA and 
DNA strands to give an RNA-DNA hybrid. 

Hydrops fetalis A fatal disease resulting from the absence 

of the hemoglobin a gene. 

Hypersensitive site A short region of chromatin detected 
by its extreme sensitivity to cleavage by DNase I and other 
nucleases; it comprises an area from which nudeosomes 
are excluded. 

IF-1 A bacterial initiation factor that stabilizes the initia
tion complex for polypeptide translation. 

IF-2 A bacterial initiation factor that binds the initiator 
tRNA to the initiation complex for polypeptide translation. 

IF-3 A bacterial initiation factor required for 30S ribosomal 
subunits to bind to initiation sites in mRNA. It also prevents 
30S subunits from binding to 50S ribosomal subunits. 

Immediate early genes Genes in phage lambda that are 

equivalent to the early class of other phages. They are 
transcribed immediately upon infection by the host RNA 
polymerase. 

Immune response An organism's spedfic response to an 
antigen, mediated by components of the immune system. 

Immunity In phages, the ability of a prophage to prevent 
another phage of the same type from infecting a cell. In plas
mids. the ability of a plasmid to prevent another of the same 
type from becoming established in a cell. It can also refer to 
the ability of certain transposons to prevent others of the 
same type from transposing to the same DNA molecule. 

Immunity region A segment of the phage genome that 

enables a prophage to inhibit additional phage of the same 
type from infecting the bacterium. This region has a gene 
that encodes for the repressor, as well as the sites to which 
the repressor binds. 

Immunoglobulin (Ig) A protein (antibody) that is pro

duced by B cells and in large amounts by plasma cells, and 
that binds to a particular antigen. By definition, all immu
noglobulins are antibodies and all antibodies are immuno
globulins. The term immt111oglobulin was minted when i t  
was realized that antibodies are globular proteins. 

Immunoglobulin heavy (H) chain One of two types of 
identical subunits in an antibody tetramer. Each antibody 
contains two of them. The NH2-end fonns part of the anti
gen recognition site, whereas the COOH-end detennines 
the class or isotype. 

Immunoglobulin light (L) chain One of two types of 
identical subunits in an antibody tetramer. Ead1 antibody 
contains two of them. The NH,-end forms part of the anti
gen recognitio

_
n site, whereas the COOH-end determines 

the class. K or A.. 
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Impredse exdsion Occurs when the transposon removes 
itself from the original insertion site but leaves behind some 

of its sequence. 

Imprinting A change in a gene that occurs during pas
sage through the spenn or egg with the result that the 
paternal and maternal alleles have different properties 
in the very early embryo. This is caused by methylation 
of DNA. 

In situ hybridization Hybri dization performed by dena
turing the DNA of cells squashed on a microscope slide so 
that reaction is possible with an added single-stranded RNA 
or DNA; the added preparation is radioactively labeled and 
its hybridization is l'ollowed by autoradiography. 

In vitro complementation A hmctional assay used to iden

tify components of a process. The reaction is reconstructed 
using extracts from a mutant cell. Fra<."tions from wild-type 
cells are then tested for restoration of activity. 

Indsion A step in a mismatch exdsion-repair system in 

which an endonuclease recognizes the damaged area in the 
DNA and isolates it by cutting the DNA strand on both sides 
of the damage. 

Indirect end labeling A technique for exa1nining the 
organization of DNA by making a cut at a spedfic site and 
identifying all fragments containing the sequence adjacent 
to one side of the cut; it reveals the distance from the cut to 

the next break(s) in DNA. 

Induced mutations Mutations that result from the action 
of a mutagen. The mutagen may act directly on the bases in 
DNA or it may act indirectly to trigger a pathway that leads 
to a change in DNA sequence. 

Inducer A molecule that triggers gene transcription by 
binding to a regulator protein. 

Indudble gene A gene that is turned on by the presence 

of its substrate. 

Induction The ability to synthesize certain enzymes only 
when their substrates are present; applied to gene expres
sion, it refers to switching on transcription as a result of 
interaction of the inducer with the regulator protein. 

Induction of phage A phage's entry into the lytic (infec

tive) cycle as a result of destruction of the lysogenic 
repressor, which leads to exdsion of free phage DNA from 
the bacterial chromosome. 

Initiation The stages of transcription up to synthesis of 
the first bond in RNA. This includes binding of RNA poly
merase to the promoter and melting a short region of DNA 

into single strands. 

Initiation codon A spedal codon (usually AUG) used to 
start synthesis of a polypeptide. 

Initiation factors (IFs) Proteins that assodate with the 
small subunit of the ribosome spedfically at the stage of 
initiation of polypeptide translation. 



Initiator (Inr) The sequence at the start point of tran
scription of a pol II promoter between - 3  and + 5 that has 
the general sequence Py2CAPy5. 

Innate immunity A response triggered by receptors whose 
specificity is predefined for certain common motifs found 
in bacteria and other infectious agents. The receptor that 
triggers the response is typically a member of the Toll-like 
receptor (TLR) family, and the pathway resembles the sig
naling pathway triggered by the Toll receptor of Drosophila. 
The pathway culminates in activation of transcription fac
tors that induce the expression of genes, whose products 
inactivate the infective agent, typically by permeabilizing 
its membrane. 

Insert DNA The fragment of DNA that is to be cloned in 

a vector. 

Insertion sequences (IS) A small bacterial transposon 
that carries only the genes needed for its own transposition. 

Insulator A sequence that prevents an activating or inac
tivating effect from passing from one side to the other. 

Integrase An enzyme that is responsible for a site-specific 
recombination that inserts one molecule of DNA into 
another. 

Integration Insertion of a viral or another DNA sequence 
into a host genome as a region covalently linked on either 
side to the host sequences. 

Intein The part that is removed from a protein that is pro
cessed by protein splicing. 

Interactome The complete set of protein complexes/ 
protein-protein interactions present in a ceiL tissue, or 
orgamsm. 

Interallelic complementation The change in the proper
ties of a heteromultimeric protein brought about by the 
interaction of subunits coded by two different mutant 
alleles; the mixed protein may be more or Jess active than 
the protein consisting of subunits of only one or the other 
type. 

Interbands The relatively dispersed regions of polytene 
chromosomes that lie between the bands. 

Interdstronic region The distance between the termina
tion codon of one gene and the initiation codon of the next 
gene. 

Internal ribosome entry site (IRES) A eukaryotic mes
senger RNA sequence that allows a ribosome to initiate 
polypeptide translation without migrating from the 5'  end. 

Interrupted gene A gene in which the coding sequence is 
not continuous due to the presence of introns. 

Intrinsic terminator Tem1inators that are able to tem1inate 
transcription by bacterial RNA polymerase in the absence of 
any additional factors. 

Intron A segment of DNA that is transcribed but later 
removed from within the transcript by splicing together the 
sequences (exons) on either side of it. 

Intron definition The process in which a pair of splicing 
sites are recognized by interactions involving only the 5'site 
and the branchpoint/3' site. 

Intron homing The ability of certain introns to insert 
themselves into a target DNA. The reaction is specific for a 
single target sequence. 

Introns early hypothesis The hypothesis that the earliest 
genes contained introns and some genes subsequently lost 
them. 

Introns late hypothesis The hypothesis that the earliest 
genes did not contain introns, and that introns were subse
quently added to some genes. 

Inverted terminal repeats The short, related or identical 
sequences present in reverse orientation at the ends of 
some transposons. 

IRES See internal ribosome entry site. 

Iron-response element (IRE) A cis sequence found in 
certain mRNAs whose stability or translation is regulated 
by cellular iron concentration. 

Isoaccepting tRNAs See cognate tRNAs. 

J (joining) segment J gene segments are coding sequences 
in the immunoglobulin and T cell receptor loci. They lie as 
the only element or in clusters between the variable (V) 

and constant (C) gene segment clusters. 

Joint molecule A pair of DNA duplexes that are connected 
together through a reciprocal exchange of genetic material. 

Kinetic proofreading A proofreading mechanism that 
depends on incorrect events proceeding more slowly than 
correct events, so that incorrect events are reversed before 

a subunit is added to a polymeric chain. 

Kinetochore A small organelle associated with the surface 
of the centromere that attaches a chromosome to the 
microtubules of the mitotic spindle. Each mitotic chromo
some contains two "sisters" that are positioned on opposite 
sides of its centromere and face in opposite directions. 

Kirromydn An antibiotic that inhibits protein synthesis by 
acting on EF-Tu. 

Knockdown A process by which a gene is downregulated 
by introducing a silencing vector or molecule to reduce the 
expression (usually translation) of the target gene. 

Knock-in A process similar to a knockout, in which new 
genes or genes containing more subtle mutations are 
inserted into the genome. 

Knockout A process in which a functional gene is elimi
nated, usually by replacing most of the coding sequence 
with a selectable marker in vitro and transferring the altered 
gene to the genome by homologous recombination. 

Kuru A human neurological disease caused by prions. 
It may be caused by eating infected brains. 
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lac repressor A negative gene regulator encoded by the 

lac/ gene that turns off the lac operon. 

Lagging strand The strand of DNA that must grow overall 

in the 3' to 5' direction and is synthesized discontinuously 

in the form of short fragments (5'-3') that are later con

nected covalently. 

Lamp brush chromosomes The extremely extended meiotic 

bivalents of certain amphibian oocytes. 

Lariat An intermediate in RNA splidng in which a drcular 

structure with a tai I is created by a 5' to 2 '  bond. 

Late genes Genes transcribed when phage DNA is being 

replicated. They encode components of the phage particle. 

Late infection The part ol' the phage lytic cycle from DNA 

replication to lysis of the cell. During this time, the DNA is 

replicated and structural components of the phage particle 

are synthesized. 

Lateral element A structure in the synaptonemal com

plex that fom1s when a pair of sister chromatids condenses 

on to an axial element. 

LCR See locus control region. 

Leader (5' UTR) In mRNA, it is the untranslated sequence 

at the 5' end that precedes the initiation codon. 

Leader peptide The product that would result from 

translation of a short coding sequence used to regulate tran

scription of an operon by controlling ribosome movement. 

Leading strand The strand of DNA that is synthesized 

continuously in the 5' to 3' direction. 

Lesion bypass Replication by an error-prone DNA poly

merase on a template that contains a damaged base. The 

polymerase can incorporate a noncomplementary base into 

the daughter strand. 

Leucine-rich region A motif found in the extracellular 

domains of some surface receptors in animal and plant 

cells. It consists of repeating 20-30 amino add stretches 

that are unusually rich in the hydrophobic amino add leu

dne. Leudne-rich repeats are frequently involved in the 

fom1ation of protein-protein interactions. They are char

acteristic and shared components of the Toll-like receptors, 

which possess several sequential LRR motifs, used to bind 

their MAMP ligands. 

Leucine zipper A dimerization motif that is found in a 

class of transcription factors. 

Licensing factor A factor located in the nucleus and 

necessary for replication; it is inactivated or destroyed after 

one round of replication. New factors must be provided for 

further rounds of replication to occur. 

lincRNA A type of hnRNA; long intergenicnoncoding RNA. 

LINEs See long interspersed elements. 

Linkage The tendency of genes to be inherited together 

as a result of their location on the same chromosome; mea

sured by percent recombination between lod. 
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Linkage disequilibrium A nonrandom assodation between 

alleles at two different lod, often as a result of linkage. 

Linkage map A map of the positions of lod or other 

genetic markers on a chromosome obtained by measuring 

recombination frequendes between markers. 

Linker DNA Nonnucleosomal DNA present between 

nucleosomes. 

Linker hi stones A family of hi stones (such as histone H l )  

that are not components of the nucleosome core; linker 

hi stones bind nucleosomes and/or linker DNA and promote 

30-nm fiber formation. 

Linking number (L) In a closed molecule of DNA, the 

number of times one strand crosses over another in space. 

Locus The position on a chromosome at which the gene 

for a particular trait resides; it may be occupied by any one 

of the alleles for the gene. 

Locus control region (LCR) The region that is required for 

the expression of several genes in a domain. 

Long interspersed elements (LINEs) Long interspersed 

nuclear elements; a major class of retrotransposons that 

occupy - 2 1 %  of the human genome (see retrotransposon). 

Long terminal repeat (LTR) The sequence that is repeated 

at each end of the provirus (integrated retroviral sequence). 

Loss-of-function mutation A mutation that eliminates or 

reduces the activity of a gene. It is often, but not always, 

recessive. 

LTR See long terminal repeat. 

Luxury gene A gene coding for a sped ali zed function, syn

thesized (usually) in large amounts in particular cell types. 

Lyase A repair enzyme (usually also a glycosylase) that 

opens the sugar ring at the site of a damaged base. 

Lysine (K) acetyltransferase (KAT) An enzyme (typically 

present in large complexes) that acetylates lysine residues 

in hi stones (or other proteins). Previously known as histone 

acetyltransferase (HAT). 

Lysis The death of bacteria at the end of a phage infective 

cycle when they burst open to release the progeny of an 

infecting phage (because phage enzymes disrupt the bacte

ri um's cytoplasmic membrane or cell wall). The same tem1 

also applies to eukaryotic cells; for example, when infected 

cells are attacked by the immune system. 

Lysogeny The ability of a phage to survive in a bacterium 

as a stable prophage component of the bacterial genome. 

Lytic infection Infection of a bacterium by a phage that 

ends in the destruction of the bacterium with release of 

progeny phage. 

Macrophage Includes phagocytic and antigen-presenting 

cells. They are found in tissues emerging from drculating 

monocytes, upon extravasation. Monocytes and macro

phages play important roles in both innate immunity and 



adaptive immunity of vertebrate animals. Macrophages 

phagocytose, that is, take up and then digest cell debris and 

pathogens, and express polypeptides in conjunction with 

MHC Class II molecules for presentation toT cells. 

Maintenance methyltransferase An enzyme that adds a 

methyl group to a target site that is already hemimethylated. 

Major groove A fi ssure running the length of the DNA 

double helix that is 22 A across. 

Major histocompatibility complex (MHC) A chromosomal 

region containing genes that are involved in the immune 

response. The genes encode proteins for antigen 

presentation, cytokines, and complement, as well as other 

functions. It is highly polymorphic. Its genes and proteins 

are divided into three classes. 

MAMPs Microbe-associated molecular patterns, previously 

referred to as pathogen-associated molecular patterns 

(PAMPs), are broadly conserved microbial components, 

including bacterial flagellin and lipopolysaccharides, that 

are recognized by pattern-recognition receptors, which 

critically initiate innate immune responses. 

Maternal inheritance The preferential survival in the 

progeny of genetic markers provided by one parent. 

Maternal mRNA granules Oocyte particles containing 

translationally repressed mRNAs awaiting activation later 

in development. 

Mating type cassette Yeast mating type is determined 

by a single active locus (the active cassette) and two inac

tive copies of the locus (the silent cassettes). Mating type is 

d1anged when an active cassette of one type is replaced by 
a silent cassette of 1 he other type. 

Matrix attachment region (MAR) A region of DNA that 

attaches to the nuclear matrix. It is also known as a scaffold 

attachment site (SA R). 

Maturase A protein encoded by a group I or group II 

intron that is needed to assist the RNA to form the active 

conformation that is required for self-spiking. 

Mature transcript A modified RNA transcript. Modifi

cation may include the removal of intron sequences and 
alterations to the 5' and 3 '  ends. 

MCS See multiple cloning site. 

Mediator A large protein complex assodated with yeast 

RNA polymerase II. It contains factors that are necessary for 
transcription from many or most promoters. 

Melting temperature The midpoint of the temperature 

range over which the stnnds of DNA separate. 

Messenger RNA (mRNA) The intern1ediate that represents 

one strand of a gene coding for polypeptide. Its coding 

region is related to the polypeptide sequence by the triplet 

genetic code. 

Metaphase (or mitotk) scaffold A proteinaceous struc

ture in the shape of a sister chromatid pair, generated when 
chromosomes are depleted of hi stones. 

Methyltransferase An enzyme that adds a methyl group 

to a substrate, which can be a small molecule, a protein, or 

a nucleic add. 

MHC See major histocompatibility complex. 

Microarray An arrayed series of thousands of tiny DNA 

oligonucleotide samples imprinted on a small chip. mRNAs 

can be hybridized to microarrays to assess the amount and 

level of gene expression. 

Micrococcal nuclease (MNase) An endonuclease that 

cleaves DNA; in chromatin, DNA is cleaved preferentially 

between nucleosomes. 

microRNA (miRNA) Very short RNAs that may regulate 

gene expression. 

Mkrosatellite DNAs consisting of tandem repetitions of 

very short (typically < I  0 bp) units repeated a small num

ber of times. 

Microtubule-organizing center (MTOC) A region from 

which microtubules emanate. In animal cells the centro

some is the major microtubule-organizing center. 

Middle genes Phage genes that are regulated by the pro

teins encoded by early genes. Some proteins coded by them 

catalyze replication of the phage DNA; others regulate the 

expression of a later set of genes. 

Minicell An anucleate bacterial (£. coli) cell produced by a 
division that generates a cytoplasm without a nucleus. 

Minisatellite DNAs consisting of tandemly repeated copies 
of a short, repeating sequence, with more repeat copies 

than a microsatellite but fewer than a satellite. The length 

of the repeating unit is measured in tens of base pairs. The 

number of repeats varies between individual genomes. 

Minor groove A fissure running the length of the DNA 

double helix that is 1 2  A across. 

Minus strand DNA The single-stranded DNA sequence 

that is complementary to the viral RNA genome of a plus

strand virus. 

miRNA Very short RNAs that may regulate gene expression. 

Mismatch repair Repair that corrects recently inserted 

bases that do not pair properly. The process preferentially 

corrects the sequence of the daughter strand by distinguish

ing the daughter strand and parental strand, sometimes on 

the basis of their states of methylation. 

Missense suppressor A suppressor that codes for a tRNA 

that has been mutated to recognize a different codon. By 

inserting a different amino add at a mutant codon, the 

tRNA suppresses the effect of the original mutation. 

Molecular clock An approximately constant rate of evolu

tion that occurs in DNA sequences, such as by the genetic 

drift of neutral mutations. 

Monodstronic mRNA mRNA that codes for one polypeptide. 

mRNA decay mRNA degradation, assuming that the deg

radation process is stochastic. 
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mtDNA Mitochondrial DNA. 

Multicopy replication control Occurs when the control 
system allows the plasmid to exist in more than one copy 
per individual bacterial cell. 

Multiforked chromosome A bacterial chromosome that 
has more than one set of replication forks, because a second 
initiation has occurred before the first cycle of replication 
has been completed. 

Multiple cloning site (MCR) A sequence of DNA contain
ing a series of tandem restriction endonuclease sites, used 
in cloning vectors for creating recombinant molecules. 

Mutagens Substances that increase the rate of mutation by 
inducing changes in DNA sequence, directly or indirectly. 

Mutation hotspot A site in the genome at which the 
frequency of mutation (or recombination) is very much 
increased, usually by at least an order of magnitude relative 

to neighboring sites. 

Mutator A mutation or a mutated gene that increases the 
basal level of mutation. Such genes often code for proteins 
that are involved in repairing damaged DNA. 

N nucleotide A short, nontemplated sequence that is 
added randomly by the enzyme TdT at coding joints during 

rearrangement of immunoglobulin and T cell receptor 
genes. N nucleotides increase the degree of diversity of the 
antigen receptors' V(D)J sequences. 

n-1 rule The rule that states that only one X chromosome is 
active in female mammalian cells; any others are inactivated. 

N-formyl-methionyl-tRNA The aminoacyl-tRNA that ini 
tiates bacterial polypeptide translation. The amino group of 

the methionine is formylated. 

Nascent RNA A ribonucleotide chain that is still being 
synthesized, so that its 3 '  end is paired with DNA where 
RNA polymerase is elongating. 

ncRNAs See noncoding RNAs. 

Negative complementation This occurs when interallelic 
complementation allows a mutant subunit to suppress the 
activity of a wild-type subunit in a multimeric protein. 

Negative control This describes a mechanism of gene reg
ulation in which a regulator is required to tum the gene off. 

Negative indudble A control drcuit in which an active 
repressor is inactivated by the substrate of the operon. 

Negative repressible A control drcuit in which an inac
tive repressor is activated by the product of the operon. 

Nested gene A gene located within an intron of another 
gene. 

Neuronal granules Particles containing translationaiJy 
repressed mRNAs in tTansit to final cell destinations. 

Neutral mutation A mutation that has no significant 
effect on evolutionary fitness and usually has no effect on 
the phenotype. 
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Neutral substitutions Substitutions in a protein that 
cause changes in amino adds that do not affect activity. 

Nick translation The ability of E. coli DNA polymerase I 
to use a nick as a starting point from which one strand of a 
duplex DNA can be degraded and replaced by resynthesis 
of new material; it is used to introduce radioactively labeled 
nucleotides into DNA i11 vitro. 

No-go decay (NGD) A pathway that rapidly degrades an 
mRNA with ribosomes stalled in its coding region. 

Non-Mendelian inheritance A pattern of inheritance that 
does not follow that expected by Mendelian prindples 
(each parent contributing a single allele to offspring). Extra
nuclear genes show a non-Mendelian inheritance pattern. 

Nonallelic genes TWo (or more) copies of the same gene 
that are present at different locations in the genome (con
trasted with alleles, which are copies of the same gene 
derived from different parents and present at the same loca
tion on the homologous chromosomes). 

Nonautonomous transposons A transposon that encodes 
a nonfunctional transposase; it can transpose only in the 
presence of a trails-acting autonomous member of the same 
family. 

Noncoding RNAs (ncRNAs) RNA that does not contain an 

open reading frame. 

Nonhistone Any structural protein found in a chromo
some except one of the hi stones. 

Nonhomologous end-joining (NHEJ) The process that 
ligates blunt ends. It is common to many repair pathways 
and to certain recombination pathways (such as immuno
globulin recombination). 

Nonprocessed pseudogene An inactive gene copy that 
arises by incomplete gene duplication or duplication fol
lowed by inactivating mutations. 

Nonproductive rearrangement This occurs as a result of 
the recombination of V (D )J gene segments if the rearranged 

gene segments are not in the correct reading frame. It occurs 
when nucleotide addition or subtraction disrupts the read

ing frame or when a functional protein is not produced. 

Nonrepetitive DNA DNA that is unique (present only 
once) in a genome. 

Nonreplicative transposition The movement of a trans
poson that leaves a donor site (usually generating a double
strand break) and moves to a new site. 

Nonsense-mediated mRNA decay (NMD) A pathway that 
degrades an mRNA that has a nonsense mutation prior to 
the last exon. 

Nonsense suppressor A gene coding for a mutant tRNA 
that is able to respond to one or more of the tennination 
codons and insert an amino add at that site. 

Nonstop decay (NSD) A pathway that rapidly degrades an 
mRNA that lacks an in-frame termination codon. 



Nonsynonymous mutation Mutations have altered the 

amino acid that is encoded. 

Nontemplate strand See coding strand. 

Nontranscribed spacer The region between transcription 

units in a tandem gene cluster. 

Nonviral superfamily Transposons originated indepen

dently of retroviruses. 

Nopaline plasmids Ti plasmids of Agrobacterium tumefa

ciws that carry genes for synthesizing the opine, nopaline. 

They retain the ability to differentiate into early embryonic 

structures. 

Nuclease An enzyme that can break a phosphodiester 

bond. 

Nucleation center A duplex hairpin in TMY (tobacco 

mosaic virus) in which assembly of coat protein with RNA 

is initiated. 

Nucleoid The structure in a prokaryotic cell that contains 

the genome. The DNA is bound to proteins and is not 

enclosed by a membrane. 

Nucleolar organizer The region of a chromosome carrying 

genes coding for rRNA. 

Nucleolus A discrete region of the nucleus where ribo

somes are produced. 

Nucleoside A molecule consisting of a purine orpyrimidine 

base linked to the I '  carbon of a pentose sugar. 

Nucleosome The basic structural subunit of chromatin, 

consisting of -200 bp of DNA and an octamer of histone 

proteins. 

Nucleosome positioning The placement of nudeosomes 

at defined sequences of DNA instead of at random locations 

with regard to sequence. 

Nucleotide A molecule consisting of a purine or pyrimi

dine base linked to the 1 '  carbon of a pentose sugar and a 

phosphate group linked to either the 5 '  or 3 '  (or, rarely, 2') 

carbon of the sugar. 

Nucleotide excision repair (NER) A repair pathway that 

entails excision of a large region of DNA containing a site 

of (typically helix-distorting) damage such as UV-induced 
photoproducts. In humans, defects in XP genes involved in 

NER result in the disease Xeroderma pigmentosum. 

Null mutation A mutation that completely eliminates the 

function of a gene. 

Nut site An acronym for N utilization site, the sequence 

of DNA that is recognized by theN antitem1ination factor. 

Ochre codon The triplet UAA, one of the three temunation 

codons that end polypeptide translation. 

Octopine plasmids Plasmids of Agrobacterium tumefaciens 

that carry genes coding the synthesis of opines of the octo

pine type. The tumors are undifferentiated. 

Okazaki fragment Short stretches of 1000 to 2000 bases 

produced during discontinuous replication; they are later 

joined into a covalently intact strand. 

Oligo(A) tail A short poly(A) tail, generally referring to a 
stretch of less than I 5 adenylates. 

Oncogenes A gene that when mutated may cause cancer. 

The mutation is a dominant gain of function mutation. 

One gene-one enzyme hypothesis Beadle and Tatum's 

hypothesis that a gene is responsible for the production of 

a single enzyme. 

One gene-one polypeptide hypothesis A modified ver

sion of the not generally correct one gene-one enzyme 

hypothesis; the hypothesis that a gene is responsible for the 

production of a single polypeptide. 

Opal codon The triplet UGA, one of the three tennination 

codons that end polypeptide translation. It has evolved to 

code for an amino acid in a small number of organisms or 

organelles. 

Open complex The stage of initiation of transoiption 

when RNA polymerase causes the two strands of DNA to 

separate to form the #transcription bubble. N 

Open reading frame (ORF) A sequence of DNA consisting 

of triplets that can be translated into amino acids starting 

with an initiation codon and ending with a tem1ination 

codon. 

Operator The site on DNA at which a repressor protein 

binds to prevent tnnscription from initiating at the adjacent 

promoter. 

Operon A unit of bacterial gene expression and regula

tion, including structural genes and control elements in 

DNA recognized by regulator gene product(s). 

Opine A derivative of arginine that is synthesized by plant 

cells infected with crown gall disease. 

Origin A sequence of DNA at which replication is initiated. 

Origin recognition complex (ORC) Found in eukaryotes, 

a multiprotein complex that binds to the replication origin, 

the ARS, and remains associated with it throughout the cell 

cycle. 

Orthologous genes ( orthologs) Related genes in different 

speaes. 

Overlapping gene A gene in which part of the sequence is 

found within part of the sequence of another gene. 

Overwound B-form DNA that has more than 10.5 base 
pairs per turn or the helix. 

P element A type of transposon in D. melanogaster. 

P nucleotide A short palindromic (inverted repeat) sequence 

that is generated dming rearrangement of immunoglobulin 

and T cell receptor V(D)J gene segments. P nudeotides gener

ated at coding joints when RAG proteins cleave the hairpin 

ends generated during V(D)J rearrangement. 
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P site The site in the ribosome that is occupied by 

peptidyl-tRNA, the tRNA carrying the nascent polypeptide 

chain, still paired with the codon to which it is bound in 

the A site. 

Packing ratio The ratio of the length of DNA to the unit 

length of the fiber containing it. 

Palindrome A symmenical sequence that reads the same 

forward and backward. 

Patch recombinant DNA that results from a Holliday junc

tion being resolved by cutting the exchanged strands. The 

duplex is largely unchanged, except for a DNA sequence on 

one strand that came from the homologous chromosome. 

Pathogenicity islands DNA segments that are present 

in pathogenic bacterial genomes but absent in their non

pathogenic relatives. 

Peptidyl transferase The activity of the large ribosomal 

subunit that synthesizes a peptide bond when an amino 

acid is added to a growing polypeptide chain. The actual 

catalytic activity is a property of the rRNA. 

Peptidyl-tRNA The tRNA to which the nascent polypep

tide chain has been transferred following peptide bond 

synthesis during polypeptide translation. 

Phage An abbreviation of bacteriophage or bacterial virus. 

Phosphatase An enzyme that can break a phosphomono

ester bond, cleaving a terminal phosphate. 

Phosphorelay A pathway in which a phosphate group is 

passed along a series of proteins. 

Photoreactivation A repair mechanism that uses a white 

light-dependent enzyme to split cyclobutane pyrimidine 

dimers formed by ultraviolet light. 

Pili A surface appendage on a bacterium that allows the 

bacterium to attach to other bacterial cells. It appears as a 

short, thin, tlexible rod. During conjugation, it is used to 

transfer DNA from one bacterium to another. 

Pilin The subunit that is polymerized into the pilus in 
bacteria. 

Pioneer round of translation The first translation event 
for a newly synthesized and exported mRNA. 

pi RNA Piwi RNA. a special form of miRNA found in germ 

cells. 

Plant homeodomain (PHD) -50-80 amino acid domain, 

also called PHD finger. Many PHDs bind various methyla

tion states of lysines in hi stones. 

Plasmid Circular. extrachromosomal DNA. It is autono

mous and can replicate itself. 

Plus strand DNA The stTand of the duplex sequence rep

resenting a retrovirus that has the same sequence as that 

of the RNA. 

Plus strand virus A virus with a single-stranded nucleic 

acid genome whose sequence directly codes for the protein 

products. 
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Polarity The effect of a mutation in one gene in influencing 

the expression (at transcription or translation) of subse

quent genes in the same transcription unit. 

Poly(A) A stretch of adenylic acid that is added to the 3' 
end of mRNA following its synthesis. 

Poly(A) binding protein (PABP) The protein that binds to 

the 3' stTetch of poly(A) on a eukaryotic mRNA. 

Poly(A) nuclease (or deadenylase) An exoribonuclease 

that is speci[ic for digesting poly(A) tails. 

Poly(A) polymerase (PAP) The enzyme that adds the 

stretch of polyadenylic acid to the 3 '  end of eukaryotic 
mRNA. It does not use a template. 

Polycistronic mRNA mRNA that includes coding regions 

representing more than one gene. 

Polymerase chain reaction (PCR) A process for the ampli

fication of a defined nucleic acid section through repeated 

them1al cycles of denaturation, annealing, and polymerase 

extension. 

Polymorphism The simultaneous occurrence in the popu

lation of alleles showing variations at a given position. 

Polynucleotide A chain ofnucleotides, such as DNA or RNA. 

Polyploidization An event that results in an increase in 

the number of haploid chromosome sets in the cell, typi

cally from diploid to tetraploid and usually as a result of 
fertilization of unreduced gametes. 

Polyribosome (or polysome} An mRNA that is simultane

ously being translated by multiple ribosomes. 

Polysome See polyribosome. 

Polytene chromosomes Chromosomes that are generated 

by successive replications of a chromosome set without sep

aration of the replicas. 

Position effect variegation (PEV) Silencing of gene ex

pression that occurs as the result of proximity to hetero

chromatin. 

Positive control This describes a system in which a gene is 
not expressed unless some action turns it on. 

Positive inducible A control circuit in which an inactive 

positive regulator is converted into an active regulator by 
the substrate of the operon. 

Positive repressible A control circuit in which an active 

positive regulator is inactivated by the product of the 

operon. 

Postreplication complex A protein-DNA complex in S. 
cerevisiae that consists of the ORC complex bound to the 

ongm. 

Posttranscriptional modification All d1anges made to the 

nudeotides of RNA after their initial incorporation into the 

polynucleotide chain. 

ppGpp Guanosine tetraphosphate, a signaling molecule in 
bacteria to reduce transcription of rRNA (and some other) 

genes when the amount of acylated tRNA is reduced. 



pre-mRNA The nuclear transcript that is processed by 
modification and splicing to give an mRNA. 

Precise excision The removal of a transposon plus one 

of the duplicated target sequences from the duomosome. 
Such an event can restore function at the site where the 

transposon inserted. 

Preinitiation complex The assembly of transcription 
factors at the promoter before RNA polymerase binds in 

eukaryotic transcription. 

Premature termination The termination of protein or of 
RNA synthesis before the chain has been completed. In 
translation it can be caused by mutations that create stop 
codons within the coding region. In RNA synthesis it  is 
caused by various events that act on RNA polymerase. 

Prereplication complex A protein-DNA complex at the ori
gin in S. cerevisiae that is required for DNA replication. The com
plex contains the ORC complex, Cdc6, and the MCM proteins. 

Presynaptic filaments Single-stranded DNA bound in a 
helical nucleoprotein filament with a strand transfer protein 

such as Rad51 or RecA. 

Primary (RNA) transcript The original unmodified RNA 
product corresponding to a transcription unit. 

Primase A type of RNA polymerase that synthesizes short 
segments of RNA that will be used as primers for DNA 
replication. 

Primer A short sequence (often of RNA ) that is paired 
with one strand of DNA and provides a free 3'-0H end at 

which a DNA polymerase starts synthesis of a deoxyribo

nucleotide chain. 

Primosome A protein complex required to synthesize an 
RNA primer during replication. 

Prion A proteinaceous infectious agent that behaves as 
an inheritable trait, although it contains no nucleic acid. 
Examples are PrPSc, the agent of scrapie in sheep and 
bovine spongiform encephalopathy, and Psi, which confers 
an inherited state in yeast. 

Probe A radioactive nucleic acid, DNA or RNA, used to 
identify a complementary fragment. 

Processed pseudogene An inactive gene copy that Jacks 

introns, contrasted with the interrupted structure of the 
active gene. Such genes originate by reverse transcription 
of mRNA and insertion of a duplex copy into the genome. 

Processing body (PB) A particle containing multiple 
mRNAs and proteins involved in mRNA degradation and 
translational repression, occurring in many copies in the 

cytoplasm of eukaryotes. 

Processive (nuclease) An enzyme that remains associated 

with the substrate while catalyzing the sequential removal 

of nucleotides. 

Processivity The ability of an enzyme to perfom1 multiple 
catalytic cycles with a single template instead of di ssociating 

after each cycle. 

Productive rearrangement This occurs as a result of the 

recombination of V(D)J gene segments if all the rearranged 
gene segments are in the correct reading frame. 

Programmed frameshifting Frameshifting that is required 

for expression of the polypeptide sequences encoded 

beyond a specific site at which a +  1 or - 1  frameshift occurs 
at some typical frequency. 

Promoter A region of DNA where RNA polymerase binds 
to initiate transcription. 

PROMPT Promoter upstream transcripts, short RNAs pro

duced [Tom both strands of DNA from active promoters. 

Proofreading A mechanism for correcting errors in DNA 

synthesis that involves scrutiny of individual units after 
they have been added to the chain. 

Prophage A phage genome covalently integrated as a 
linear part of the bacterial chromosome. 

Protein splicing The autocatalytic process by which an 

intein is removed from a protein and the exteins on either 
side become connected by a standard peptide bond. 

Proteome The complete set of proteins that is expressed by 
the entire genome. Sometimes the term is used to describe the 
complement of proteins expressed by a cell at any one time. 

Provirus A duplex sequence of DNA integrated into a 
eukaryotic genome that represents the sequence of the 
RNA genome of a retrovirus. 

Pseudogenes Inactive but stable components of the 

genome derived by mutation of an ancestral active gene. 

Usually they are inactive because of mutations that block 
transcription or translation or both. 

Puff An expansion of a band of a polytene chromosome 
associated with the synthesis of RNA at some locus in the 

band. 

Purine A double-ringed nitrogenous base, such as adenine 

or guamne. 

Puromycin An antibiotic that terminates protein synthesis 

by mimicking a tRNA and becoming linked to the nascent 

protein chain. 

Pyrimidine A single-ringed nitrogenous base, such as 
cytosine, thymine, or uraci I. 

Pyrimidine dimer A dimer that forms when ultraviolet 
irradiation generates a covalent link directly between two 
adjacent pyrimidine bases in DNA. It blocks DNA replication 

and transcription. 

Quantitative PCR (qPCR) See real-time PCR. 

Quick-stop mutant Temperature-sensitive replication 

mutants that are defective in replication elongation during 

synthesis of DNA. 

R segments The sequences that are repeated at the ends 
of a retroviral RNA. They are called R-US and U3-R. 
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RAGs See recombination activating genes. 

rasiRNA Repeat-associated silencer RNA is a gem1Iine 

subset of miRNA transcribed from transposable elements 

and other repeated elements that is used to silence them. 

rONA Genes encoding ribosomal RNA (rRNA). 

Reading frame One of three possible ways of reading a 

nucleotide sequence. Each divides the sequence into a 

series of successive triplets. 

Readthrough Occurs at transcription or translation when 

RNA polymerase or the ribosome. respectively, ignores a 

termination signal because of a mutation of the template or 

the behavior of an accessory factor. 

Real-time PCR (rt-PCR) Technique with continuous mon

itoring of product formation as process proceeds, usually 

through fluorometric methods. Also known as quantitative 

PCR (qPCR). Not to be confused with reverse transcription 

PCR (RT-PCR). which is a method that allows detection of 

RNAs by PCR. 

Recoding Events that occur when the meaning of a codon 

or series of codons is changed from that predicted by the 

genetic code. It may involve altered interactions between 

aminoacyl-tRNA and mRNA that are influenced by the 

ribosome. 

Recognition helix One of the two helices of the helix

tum-helix motif that makes contacts with DNA that are 

specific for particular bases. This determines the specificity 

of the DNA sequence that is bound. 

Recombinant DNA A DNA molecule composed of 

sequences from two different sources. 

Recombinant joint The point at which two recombining 

molecules of duplex DNA are connected (the edge of the 

heteroduplex region). 

Recombinase Enzyme that catalyzes site-spedfic recom

bination. 

Recombination activating genes (RAGs) Encode enzymes 

that play an important role in the rearrangement and 

recombination of the genes of immunoglobulin and T cell 

receptor molecules during the process of V (D )J recombina

tion. There are two recombination activating gene products, 

known as RAG- I and RAG-2, whose cellular expression 

is restricted to lymphocytes during their developmental 

stages. 

Recombination nodules (nodes) Dense objects present 

on the synaptonemal complex; they may represent protein 

complexes involved in crossing over. 

Recombination-repair A mode of filling a gap in one 

strand of duplex DNA by retrieving a homologous single 

strand from another duplex. 

Recombination signal sequences (RSS) Consist of con

served nonamers-12 or 23 spacer-heptamer sequences 

flanking one end of the coding sequence of Ig and TCR 

V (D )J genes. 
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Redundancy The concept that two or more genes may 

fulfill the same function, so that no single one of them is 

essential. 

Regulator gene A gene that codes for a product (typically 

protein) that controls the expression of other genes (usu

ally at the level of tTanscription). 

Relaxase An enzyme that cuts one strand of DNA and 

binds to the free 5' end. 

Relaxed mutants In E. coli, these do not display the strin

gent response to starvation for amino adds (or other nutri

tional deprivation). 

Relaxosome A bacterial complex assembled for the pur

pose of conjugation, transferring genetic material between 

bacteria. 

Release factor (RF) A protein required to terminate poly

peptide translation to cause release of the completed poly

peptide chain and the ribosome from mRNA. 

Renaturation The reassociation of denatured complemen

tary single strands of a DNA double helix. 

Repetitive DNA DNA that is present in many (related or 

identical) copies in a genome. 

Replication bubble A region in which DNA has been 

replicated within a longer, unreplicated region. 

Replication-defective virus A virus that cannot perpetu

ate an infective cycle because some of the necessary genes 

are absent (replaced by host DNA in a transducing virus) 

or mutated. 

Replication fork The point at which strands of parental 

duplex DNA are separated so that replication can proceed. 

A complex of proteins including DNA polymerase is found 

there. 

Replicative transposition The movement of a transposon 

by a mechanism in which first it is replicated, and then one 
copy is transferred t:o a new site. 

Replicon A unit of the genome in which DNA is replicated. 

Each contains an origin for initiation of replication. 

Replisome The multiprotein structure that assembles 

at the bacterial replication fork to undertake synthesis of 

DNA. It contains DNA polymerase and other enzymes. 

Reporter gene A gene attached to another promoter and/ 

or gene, which encodes a product that is easily identified or 

measured. 

Repressible gene A gene that is ntmed off by its product. 

Repression The ability to prevent synthesis of certain 

enzymes when their products are present; more generally, 

it refers to inhibition of transcription (or translation) by 

binding of repressor protein to a spedfic site on DNA (or 
mRNA). 

Repressor A protein t·hat inhibits expression of a gene. It 

may act to prevent transcription by binding to an enhancer 

or silencer. 



Resolution Resolution occurs by a homologous recombi

nation reaction between the two copies of the transposon 

in a cointegrate. The reaction generates the donor and tar

get replicons, each with a copy of the transposon. 

Resolvase The enzyme activity involved in site-specific 

recombination between two copies of a transposon that has 

been duplicated. 

Restriction endonuclease An enzyme that recognizes spe

cific short sequences of DNA and cleaves the duplex (some

times at the target site, sometimes elsewhere, depending 

on type). 

Restriction fragment length polymorphism (RFLP) Inher

ited differences in sites l'or restriction enzymes (e.g., caused 

by base changes in the target site) that result in differences 

in the lengths of the fragments produced by cleavage with 

the relevant restriction enzyme. They are used for genetic 

mapping to link the genome directly to a conventional 

genetic marker. 

Restriction map Determination of a linear array of sites 

on DNA cleaved by various restriction endonucleases. 

Restriction point The point in G I of the cell cycle when 

the cell becomes committed to S phase. 

Retrotransposon (retroposon) A transposon thatmobilizes 

via an RNA form; the DNA element is transcribed into RNA, 

and then reverse-transcribed into DNA, which is inserted 

at a new site in the genome. It does not have an infective 

(viral) fom1. 

Retrovirus An RNA virus with the ability to convert its 

sequence into DNA by reverse transcription. 

Reverse transcriptase An enzyme that uses single-stranded 

RNA as a template to synthesize a complementary DNA 

strand. 

Reverse transcription Synthesis of DNA on a template of 

RNA. It is accomplished by the enzyme reverse transcriptase. 

Reverse transcription polymerase chain reaction (RT-PCR) 
A technique for the detection and quantification of expres

sion of a gene by reverse transcription and amplification of 

RNAs ll'om a cell sample. 

Revertants Reversions of a mutant cell or organism to the 

wild-type phenotype. 

RF1 The bacterial release factor that recognizes UAA and 

UAG as signals to terminate polypeptide translation. 

RF2 The bacterial release factor that recognizes UAA and 

UGA as signals to terminate polypeptide translation. 

RF3 A polypeptide translation termination factor related 

to the elongation factor EF-G. It functions to release the 

factors RFI or RF2 from the ribosome when they act to 

terminate polypeptide translation. 

Rho-dependent termination Transcriptional tennination 

by bacte1ial RNA polymerase in the presence of the rho 

factor. 

Rho factor A protein involved in assisting E. coli RNA 

polymerase to terminate transcription at certain temlina

tors (called rho-dependent tem1inators). 

Ri plasmid Plasmids found in Agrobacterium tume[acie11s. 
Like Ti plasmids, they carry genes that cause disease in 

infected plants. The disease may take the form of either 

hairy root disease or crown gall disease. 

Ribonuclease An enzyme that cleaves phosphodiester 

linkages between RNA ribonucleotides. 

Ribonucleoprotein (RNP) A complex of RNA and proteins. 

Larger complexes are sometimes called ribonucleoprotein 

particles. 

Ribosomal RNAs (rRNAs) A major component of the 

ribosome. 

Ribosome A large assembly of RNA and proteins that 

synthesizes proteins under direction from an mRNA 

template. 

Ribosome-binding site A sequence on bacterial mRNA 

that includes an initiation codon that is bound by a 305 

subunit in the initiation phase of polypeptide translation. 

Ribosome stalling The inhibition of movement that 

occurs when a ribosome reaches a codon for which there is 

no corresponding charged aminoacyl-tRNA. 

Riboswitch A catalytic RNA whose activity responds to a 

small ligand. 

Ribozyme An RNA that has catalytic activity. 

RISC RNA-induced silencing complex, a ribonucleopro

tein particle composed of a short, single-stranded siRNA 

and a nuclease that cleaves mRNAs complementary to 

the siRNA. It receives siRNA from Dicer and delivers it to 

the mRNA. 

RNA-binding protein (RBP) A protein containing one or 

more domains that confer an affinity for RNA, usually in an 
RNA sequence- or structure-specific manner. 

RNA-dependent RNA polymerase (RDRP) An RNA poly

merase that uses RNA as the template to synthesize a new 

strand. 

RNA editing A change of sequence at the level of RNA 

following transcription. 

RNA-induced transcriptional silencing (RITS) A mecha

nism of gene expression silencing carried out by microRNAs. 

RNA interference (RNAi) A process by which short 21 to 

23 nucleotide antisense RNAs, derived from longer double

stranded RNAs, can modulate expression of mRNA by 
translation inhibition or degradation. 

RNA ligase An enzyme that functions in tRNA splicing 

to make a phosphodiester bond between the two exon 

sequences that are generated by cleavage of the intron. 

RNA polymerase An enzyme that synthesizes RNA using a 

DNA template (formally described as DNA-dependent RNA 

polymerases). 
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RNA processing Modifications to RNA transcripts of genes. 
This may include alterations to the 3 '  and 5' ends and the 
removal of introns. 

RNA regulon A set of RNAs that are coregulated by the 
same set of RNA -binding proteins that control their splicing, 

stability, localization, etc. 

RNA silencing The ability of an RNA, especially ncRNA, 
to alter chromatin structure in order to prevent gene 
transcription. 

RNA splicing The process of excising introns from RNA 
and connecting the exons into a continuous mRNA. 

RNA surveillance systems Systems that check RNAs (or 
RNPs) for errors. The system recognizes an invalid sequence 
or structure and triggers a response. 

RNase An enzyme that degrades RNA. 

Rolling circle A mode ol' replication in which a replication 
fork proceeds around a circular template for an indefinite 
number of revolutions; the DNA strand newly synthesized 
in each revolution displaces the strand synthesized in the 
previous revolution, giving a tail containing a linear series of 
sequences complementary to the circular template strand. 

Rotational positioning The location of the histone octamer 
relative to turns of the double helix that detem1ines which 
face of DNA is exposed on the nucleosome surface. 

RSS See recombination signal sequences. 

Rut An acronym for rho utilization site, the sequence of 
RNA that is recognized by the rho tem1ination factor. 

S phase The restricted part of the eukaryotic cell cycle 
during which synthesis of DNA occurs. 

S region See switch region. 

Satellite DNA DNA that consists of many tandem repeats 
(identical or related) of a short, basic repeating unit. See 
virusoid. 

Scaffold protein A multidomain protein or multisubunit 

protein oligomer that. by switching the conformation of 
its ligands, coordinates the spatio-temporal organization 
of macromolecular complex, leading to the proximity of 
enzymes with their substrates and, eventually, specific bio

logical infom1ation output. 

Scarce mRNA mRNA that consists of a large number of indi
vidual mRNA species, each present in very few copies per cell. 
This accounts for most of the sequence complexity in RNA. 

Scrapie A disease caused by an infective agent made of 
protein (a prion). 

Second-site reversion A second mutation suppressing the 

effect of a first mutation. 

Selfish DNA DNA sequences that do not contribute to 
the phenotype of the organism but have self-perpetuation 
within the genome as their sole function. 

Self-splicing See autosplicing. 
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Semiconservative replication DNA replication accom

plished by separation of the strands of a parental duplex, 
each strand then acting as a template for synthesis of a 

complementary strand. 

Semidiscontinuous replication The mode of replication in 

which one new stTand is synthesized continuously while 
the other is synthesized discontinuously. 

Septal ring A complex of several proteins coded by fts 
genes of E. coli that forms at the midpoint of the cell. It gives 

1ise to the septum at cell division. The first of the proteins 
to be incorporated is FtsZ, which gave rise to the original 

name of the Z-ring. 

Septum The structure that forms in the center of a dividing 

bacteri urn, providing the site at which the daughter bacteria 
will separate. The same term is used to describe the cell wall 

that forms between plant cells at the end of mitosis. 

Sequence context The sequence surrounding a consen

sus sequence. It may modulate the activity of the consensus 
sequence. 

Severe combined immunodeficiency (SCID) Severe com

bined immunodeficiency syndrome stems from mutations 

in different genes that result in B and/or T cell deficiency. 

Shine-Dalgarno sequence The polypurine sequence 
AGGAGG centered about I 0 bp before the AUG initia

tion codon on bacterial mRNA. It is complementary to the 
sequence at the 3' end of 16S rRNA. 

Short interspersed elements (SINEs) A major class of short 
(<500 bp) nonautonomous retrotransposons that occupy 

-13% of the human genome (see retrotransposon). 

SHM See somatic hypermutation. 

Shuttle vectors A cloning vector that can be used in more 
than one species of host cell. 

Sigma factor The subunit of bact.erial RNA polymerase 

needed for initiation; it is the major influence on selection 
of promoters. 

Signal end It is produced during recombination of immu

noglobulin and T cell receptor genes. Signal ends are at the 

termini of the cleaved fragment containing the recombi
nation sig11al sequences. Their subsequent joining yields a 

signal joint. 

Signal transduction pathway The process by which a 

stimulus or cellular state is sensed by and transmitted to 

pathways within the cell. 

Silencer A short sequence of DNA that can inactivate 

expression of a gene in its vicinity. 

Silent mutation A mutation that does not change the 

sequence of a polypeptide because it produces synonymous 
co dons. 

Simple sequence DNA Short. repeating units of DNA 
sequence. 



Single-copy replication control A control system in which 

there is only one copy of a replicon per unit bacterium. The 

bacterial chromosome and some plasmids have this type of 

regulation. 

Single nucleotide polymorphism (SNP) A polymorphism 

(variation in sequence between individuals) caused by a 

change in a single nucleotide. This is responsible for most of 

the genetic variation between individuals. 

Single-strand binding protein (SSB) The protein that 

attaches to single-stranded DNA, thereby preventing the 

DNA from forming a duplex. 

Single-strand exchange A reaction in which one of the 

strands of a duplex of DNA leaves its former partner and 

instead pairs with the complementary strand in another 

molecule, displacing its homologue in the second duplex. 

Single-strand invasion (or single-strand assimilation) 
The process in which a single strand of DNA displaces its 

homologous strand in a duplex. 

Single X hypothesis The theory that describes the inacti

vation of one X chromosome in female mammals. 

siRNA Short interfering RNA, an miRNA that prevents 

gene expressiOn. 

Sister chromatid Each of two identical copies of a replicated 

chromosome; this term is used as long as the two copies 

remain linked at the centromere. Sister chromatids separate 

during anaphase in mitosis or anaphase II in meiosis. 

Site-specific recombination Recombination that occurs 

between two specific sequences, as in phage integration/ 

excision or resolution of cointegrate structures during 

transposition. 

SKI proteins A set of protein factors that target nonstop 

decay (NSD) substrates for degradation. 

Slow-stop mutant Temperature-sensitive replication mu

tants that are defective in initiation of replication. 

SL RNA See spliced leader RNA. 

Small cytoplasmic RNAs (scRNA; scyrps) RNAs that are 

present in the cytoplasm (and sometimes are also found in 

the nucleus). 

Small nuclear ribonucleoproteins (snRNPs; snurps) Com

plexes of snRNAs and proteins that make up the spliceosome. 

Small nuclear RNA (snRNA) One of many small RNA 

species confined to the nucleus; several of them are involved 

in splicing or other RNA-processing reactions. 

Small nucleolar RNA (snoRNA) A small nuclear RNA that 

is localized in the nucleolus. 

Somatic hypermutation (SHM) An active process of muta

tion functioning in B cells but not T cells. It introduces 

mutations in rearranged immunoglobulin V(D)J genes at a 

rate, which is at least I 06 higher than that of spontaneous 

mutations in the genome at large. Somatic hypermutation 

can change the sequence of the antibody, especially in its 

antigen-binding site. 

Somatic mutation A mutation occurring in a somatic cell, 

therefore affecting only its daughter cells; it is not inherited 

by descendants of the organism. 

Somatic recombination Recombination that occurs in non

geml cells (i.e., it does not occur during meiosis). Most com

monly used to refer to recombination in the immune system, 

in which case it refers to the process of joining V(D}J gene 

segments in a B or T lymphocyte to generate a BCR or TCR. 

Somatic recombination also underlines lg class switching. 

Southern blotting A process for the transfer of DNA bands 

separated by gel electrophoresis from the gel matrix to a 

solid support matrix such as a nylon membrane for subse

quent probing and detection. 

Spindle A structure made up of microtubules that guides 

the movements of the chromosomes during mitosis. 

Splice recombinant DNA that results from a Holliday junc

tion being resolved by cutting the nonexchanged strands. 

Both strands of DNA before the exchange point come from 

one chromosome; the DNA after the exchange point come 

from the homologous chromosome. 

Spliced leader RNA (SL RNA) A small RNA that donates 

an exon in the trmzs-splidng reaction of trypanosomes and 

nematodes. 

Spliceosome A complex that is required for RNA splicing, 

fom1ed by snRNPs and additional protein factors. 

Splicing The process of excising introns from RNA and 

connecting the exons into a continuous mRNA. 

Splicing factor A protein component of the spliceosome 

that is not part of one of the snRNPs. 

Spontaneous mutations Mutations occurring in the 

absence of any added reagent to increase the mutation rate, 

as the result of errors in replication (or other events involved 

in the reproduction of DNA) or by random changes to the 
chemical structure of bases. 

Sporulation The generation of a spore by a bacterium (by 

morphological conversion) or by a yeast (as the product of 

meiosis). 

SR protein A protein that has a variable length of a Ser

Arg-rich region and is involved in splicing. 

sRNA A small bacterial RNA that functions as a regulator 

of gene expression. 

Stabilizing element One of a variety of cis sequences 

present in some mRNAs that confers a long half-life on that 

mRNA. 

Start point The position on DNA corresponding to the 

first base incorporated into RNA. 

Steady state (molecular concentration) The concentra

tion of population of molecules when the rates of synthesis 

and degradation are constant. 

Stem-loop A secondary structure that appears in RNAs 

consisting of a base-paired region (stem) and a terminal 

loop of single-stranded RNA. Both are variable in size. 
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Steroid receptor Transcription factors that are activated 

by binding of a steroid ligand. 

Stop codon One of three triplets (UAG, UAA, or UGA) 

that cause polypeptide translation to terminate. They are 

also known historically as nonsense codons. The UAA 

codon is called ochre and the UAG codon is called amber, 

after the names of the nonsense mutations by which they 

were originally identified. 

Strand displacement A mode of replication of some 

viruses in which a new DNA strand grows by displacing the 

previous (homologous) stTand of the duplex. 

Stress granules Cytoplasmic particles containing transla

tionally inactive mRNAs that form in response to a general 

inhibition of translation initiation. 

Stringency A measure of the exactness of complementarity 

required between two DNA strands to allow them to 

hybridize. Stringent)' is related to buffer ionic strength 

and reaction temperature above or below TM with lower 

ionic strengths and higher temperatures giving higher 

stringencies (greater exactness required). 

Stringent factor The protein RelA, which is associated 

with ribosomes; synthesizes ppGpp and pppGpp when an 

und1arged tRNA enters the ribosome. 

Stringent response The ability of a bacterium to shut 

down synthesis of ribosomes and tRNA in a poor gTowth 

medium. 

stRNA Short temporal RNA, a fom1 of miRNA in eukary

otes that modulates mRNA expression during development. 

Structural gene A gene that codes for any RNA or poly

peptide product other than a regulator. 

Subclone The process of breaking a cloned fragment into 

smaller fragments for further cloning. 

Supercoiling The coiling of a closed duplex DNA in space 
so that it crosses over its own axis. 

Superfamily A set of genes all related by presumed 

descent from a common ancestor but now showing consid

erable variation. 

Suppression mutation A second event eliminates the 

effects of a mutation without reversing the original change 

in DNA. 

Switch (S) region A sequence involved in immunoglobulin 

class switch DNA recombination. S regions consist of repeti

tive 3- to 5-kb sequences upstream of the each duster of 

gene segments encoding the heavy chain constant regions. 

Synapsis The association of the two pairs of sister chroma

tids (representing homologous chromosomes) that occurs at 
the start of meiosis; the resulting structure is called a bivalent. 

Synaptonemal complex The morphological structure of 

synapsed duomosomes. 

Synonymous codons Codons that have the same meaning 

(specifying the same amino add, or specifying tem1ination 

of translation) in the genetic code. 
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Synonymous mutation A mutation in a coding region that 

does not alter the amino add sequence of the polypeptide 

product. 

Synteny A relationship between chromosomal regions 

of different spedes where homologous genes occur in the 

same order. 

Synthetic genetic array analysis (SGA) An automated 

teclmique in budding yeast whereby a mutant is crossed to 

an array of approximately 5000 deletion mutants to deter

mine if the mutations interact to cause a synthetic lethal 

phenotype. 

Synthetic lethality This occurs when two mutations that 

are viable by themselves cause lethality when combined. 

T cell receptor (TCR) The antigen receptor on T lympho

cytes; it is clonally expressed and binds to a complex of 

MHC class I or class II protein and antigen-derived peptide. 

T cells Lymphocytes of the T (thymic) lineage. T cells 

differentiate in the thymus from stem cells of bone mar

row origin. They are grouped in several functional types 

(subsets) according to their phenotype, mainly expression 

of surface CD4, CD8, or CD25. Different T cell subsets are 

involved in different cell-mediated immune responses. 

TAFs The subunits of TFIID that assist TBP in binding to 

DNA. They also provide points of contact for other compo

nents of the transcription apparants. 

TATA-binding protein (TBP) The subunit of transcription 

factor TFIID that binds to the TATA box in the promoter and 

is positioned at the promoters that do not contain a TATA 

box by other factors. 

TATA box A conserved A-T-rich octamer found about 

25 bp before the start point of each eukaryotic RNA poly

merase II transcription unit; it is involved in positioning the 

enzyme for correct initiation. 

TATA-less promoter A gene promoter that does not have a 
TATA box in the sequence upstream of its start point. 

TCR See T cell receptor. 

T-DNA The part of the Ti plasmid that is transferred from 

Agrobacterium into a plant cell, required for infection. 

TdT See terminal deoxynucleotdyl transferase. 

Telomerase The ribonucleoprotein enzyme that creates 

repeating units of one strand at the telomere by adding 

individual bases to the DNA 3' end, as directed by an RNA 

sequence in the RNA component of the enzyme. 

Telomere The natural end of a chromosome; the DNA 

sequence consists of a simple repeating unit with a pro

truding single-stranded end. 

Telomeric silencing The repression of gene activity that 

occurs in the vidnity of a telomere. 

Temperate phage A bacteriophage that can follow the 

lytic or lysogenic pathway. 



Template strand The DNA strand that is copied by the 

polymerase. 

Teratoma A growth in which many differentiated cell 

types-including skin, teeth, bone, and others-grow in a 

disorganized manner after an early embryo is  transplanted 

into one of the tissues of an adult animal. 

Terminal deoxynudeotdyl transferase (TdT) An enzyme 

that catalyzes the insertion of unencoded (N) nucleotides 

into V-0-J coding sequences during V(D)J recombination. 

Terminal protein A protein that allows replication of a lin

ear phage genome to start at the very end. It attaches to the 

5 '  end of the genome through a covalent bond, is associated 

with a DNA polymerase, and contains a cytosine residue 

that serves as a primer. 

Terminase An enzyme cleaves multimers of a viral 

genome and then uses hydrolysis of ATP to provide the 

energy to translocate the DNA into an empty viral capsid 

starting with the cleaved end. 

Termination A separate reaction that ends a macromolec

ular synthesis reaction (replication, transcription, or trans

lation) by stopping the addition of subunits and (typically) 

causing disassembly of the synthetic apparatus. 

Termination codon One of the three codons (UAA, UAG, 

UGA) that signal the termination of translation of a poly

peptide. 

Terminator A sequence of DNA that causes RNA poly

merase to terminate tnnscription. 

Terminus A segment of DNA at which replication ends. 

Ternary complex The complex in initiation of transcrip

tion that consists of RNA polymerase and DNA as well as a 

dinucleotide that represents the first two bases in the RNA 

product. 

TF11D The transcription factor that binds to the TATA 

sequence upstream of the start point of promoters for RNA 

polymerase 11. It consists of TBP (TATA -binding protein) 

and the TAF subunits that bind to TBP. 

Thalassemia A disease of red blood cells resulting from 

lack of either a or � globin. 

Third-base degeneracy The lesser effect on codon meaning 

of the nucleotide present in the third (3 ' )  codon position. 

Threshold cycle (Cr) The thermocycle number in a real

time PCR or RT-PCR reaction at which the product signal 

rises above a specified cutoff value to indicate amplicon 

production is occurring. 

Ti plasmid An episome of the bacterium Agrobaderium 
tumefacieus that carries the genes responsible for the induc

tion of crown gall disease in infected plants. 

Tiling array An array of immobilized nucleic acid 

sequences which together represent the entire genome of 

an organism. The shorter each array spot is, the larger the 

total number of spots is required but the greater the genetic 

resolution of the array. 

TLR See Toll-like receptors. 

T M The theoretical melting temperature of a duplex 

nucleic add segment into separate strands. TM is dependent 

on parameters including sequence composition, duplex 

length, and buffer ionic strength. 

tmRNA A tRNA-mRNA hybrid that allows recycling of 

stalled ribosomes. 

Tn Followed by a number, it denotes bacterial transpo

sons' carrying markers that are not related to their function, 

for example, drug resistance. 

Toll-like receptors (TLR) A family of proteins that play a 

fundamental role in recognition of microbes and activation 

of innate immunity. TLRs are named for the high degree of 

conservation in structure and function seen between mam

malian TLRs and the Drosophila transmembrane protein 

Toll. TLRs are transmembrane proteins, expressed on the 

cell surface and the endocytic compartment; they recognize 

microbe-assodated molecular pattems (MAMPs) on micro

o rga m sm s. 

Topoisomerase An enzyme that changes the number of 

times the two strands in a closed DNA molecule cross each 

other. It does this by cutting the DNA, passing DNA through 

the break, and resealing the DNA. 

Trailer (3'UTR) An untranslated sequence at the 3 '  end of 
an mRNA following the termination codon. 

TRAMP A protein complex that identifies and polyadenyl

ates aberrant nuclear RNAs in yeast, recruiting the nuclear 

exosome for degradation. 

trans-acting A product that can function on any copy of 

its target DNA. This implies that it is a diffusible protein or 

RNA. 

trans-acting sequence ON A sequence coding for a product 

that can function on any copy of its target DNA. This implies 
that it is a diffusible protein or RNA. 

Transcription Synthesis of RNA from a DNA template. 

Transcription unit The sequence between sites of initia

tion and termination by RNA polymerase; it may include 

more than one gene. 

Transcriptional interference (TI) The phenomenon in 

which transcription from one promoter interferes directly 

with transcription from a second, linked promoter. 

Transcriptome The complete set of RNAs present in a celL 

tissue, or organism. Its complexity is due mostly to mR1�As, 

but it also includes noncoding RNAs. 

Transducing virus A virus that carries part of the host 
genome in place of part of its own sequence. The best 

known examples are retroviruses in eukaryotes and DNA 

phages in E. coli. 
Transesteriftcation A reaction that breaks and makes 

chemical bonds in a coordinated transfer so that no energy 

is required. 
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Transfection In eukaryotic cells, it is the acquisition of 
new genetic markers by incorporation of added DNA. 

Transfer region A segment on the F plasmid that is 

required for bacterial conj ugation. 

Transfer RNA (tRNA) The intem1ediate in protein synthe

sis that interprets the genetic code. Each molecule can be 

linked to an amino acid. It has an anticodon sequence that 

is complementary to a triplet codon representing the amino 

acid. 

Transformation In bacteria, it is the acquisition of new 
genetic material by incorporation of added DNA. 

Transforming principle DNA that is taken up by a bacte

rium and whose expression then changes the properties of 

the recipient cell. 

Transgenerational epigenetics Transmission ofnongenetic 

information (epigenetic states) from an organism to its 

offspring. 

Transgenic animals Animals created by introdudng DNA 

prepared in test tubes into the germline. The DNA may be 

inserted into the genome or exist in an extrachromosomal 

structure. 

Transition A mutation in which one pyrimidine is 

replaced by the other, or in which one purine is replaced 

by the other. 

Translation Synthesis of protein on an mRNA template. 

Translational positioning The location of a histone octamer 

at successive turns of the double helix that detennines 

which sequences are located in linker regions. 

Translesion DNA synthesis (TLS) polymerase Involved in 

bypass of base damage in DNA. TLS polymerases display 

in general low fidelity and low processivity, and are error

prone when copying undamaged DNA templates. 

Translocation I )  The movement of the ribosome one 

codon along mRNA alter the addition of each amino add 

to the polypeptide chain. 2 )  The reciprocal or nonreciprocal 

exchange of chromosomal material between nonhomolo

gous chromosomes. 

Transplantation antigen Protein encoded by a major 

histocompatibility locus, present on all mammalian cells, 

involved in interactions between lymphocytes and self cells. 
It is typically responsible for the rejection of incompatible 

transplanted organs by the host immune system. 

Transposase The enzyme activity involved in insertion of 

transposon at a new site. 

Transposition The movement of a transposon to a new 

site in the genome. 

Transposon A DNA sequence able to insert itself (or a copy 

of itself) at a new location in the genome without having 

any sequence relationship with the target locus. 

Transversion A mutation in which a purine is replaced by 

a pyrimidine or vice versa. 
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tRNA,""t The special RNA used to initiate polypeptide 

translation in bacteria. It mostly uses AUG but can also 

respond to GUG and CUG. 

tRNAm Met The bacterial tRNA that inserts methionine at 

internal AUG codons. 

True activator A positive transcription faction that func

tions by making contact, direct or indirect, with the basal 
apparatus to activate transcription. 

True reversion A mutation that restores the original 

sequence of the DNA. 

Tumor suppressors Proteins that usually act by blocking 

cell proliferation or promoting cell death. Cancer may result 

when a tumor-suppressor gene is inactivated by a loss-of

function mutation. 

Twisting number (T) In the DNA double helix, the rotation 

of one strand about the other. 

U3 The repeated sequence at the 3 '  end of a retroviral RNA. 

US The repeated sequence at the 5 '  end of a retroviral RNA. 

UAS See upstream activating sequence. 

Underwound B-form ON A that has fewer than I 0. 5 base 

pairs per tum of the helix. 

Unequal crossing over (nonreciprocal recombination) It 

results from an error in pairing and crossing over in whid1 

nonequivalent sites are involved in a recombination event. 
It produces one recombinant with a deletion of material 

and one with a duplication. 

Unidentified reading frame (URF) An open reading frame 
with an as yet undetermined hmction. 

Unidirectional replication The movement of a single rep

lication fork from a given origin. 

Uninducible A mutant in which the affectedgene(s) cannot 

be expressed. 

UP element A sequence in bacteria adjacent to the promoter, 

upstream of the -35 element, that enhances transcription. 

UPF proteins A set of protein factors that target nonsense

mediated decay (N MD) substrates for degradation. 

Upstream Sequences in the opposite direction from 

expressiOn. 

Upstream activating sequence {UAS) The equivalent in 

yeast of the enhancer in higher eukaryotes that is bound 

by transcriptional activator proteins; a UAS caru1ot function 

downstream of the promoter. 

Up mutation A mutation in a promoter that increases the 

rate of transcription. 

V gene A sequence coding for the major part of the vari

able (N -terminal) region of an immunoglobulin chain. 

Variable (V) gene A sequence coding for the major part of 
the variable (N -terminal) region of an Ig chain. 



Variable number tandem repeat (VNTR) Very short re

peated sequences, including microsatellites and mini

satellites. 

Variable region (V region) An antigen-binding site of 

an immunoglobulin or T cell receptor molecule. They 

are composed of the variable domains of the component 

chains. They are coded by V gene segments and vary exten

sively among antigen receptors as the result of multiple, 

different genomic copies and of changes introduced during 

synthesis. 

V(D)J recombination A mechanism of genetic recombi

nation that creates the repertoire of BCRs and TCRs of lym

phocytes. Y (D )J recombination takes place in the primary 

lymphoid tissue (bone marrow for B  cells, and thymus for 

T cells). Y (D )J recombination nearly randomly recombines 

variable, diverse, and joining gene segments of vertebrates, 

and because of its randomness in choosing different genes. 

it is critical for antibody diversification. V(D}J recombina

tion requires RAG I and RAG2 proteins, Ku70/Ku86, DNA

PKcs, Artemis, XRCC4, and Ligase IV. 

Vector An engineered DNA molecule used to transfer and 
propagate various insert DNAs. 

Vegetative phase The period of norn1al growth and divi

sion of a bacterium. For a bacterium that can sporulate, 

this contrasts with the sporulation phase, when spores are 

being formed. 

Viroid A small infectious nucleic add that does not have 

a protein coat. 

Virulent mutations Phage mutants that are unable to 

establish lysogeny. 

Virulent phage A bacteriophage that can only follow the 

lytic cycle. 

Virusoid (satellite RNA) A small infectious nucleic add 

that is encapsidated by a plant virus together with its own 

genome. 

Wobble hypothesis The ability of a tRNA to recognize more 

than one codon by unusual (non-G-C, non-A-T} pairing 

with the third base of a codon. 

Writhing number (W) In DNA. the turning of the axis of 

the duplex in space. 

Xeroderma pigmentosum (XP) A disease caused by muta
tion in one of the XP genes. which results in hypersensitivity 

to sunlight (particularly ultraviolet light), skin disorders, 

and cancer predisposition. 

Yeast artiftdal chromosome (YAC) A cloning vector used 

in yeast that can hold up to 3000 kb of DNA and contains a 

centromere, telomeres, and origin of replication. 

Z-ring See septal ring. 

Zinc finger A DNA -binding motif that typifies a class of 

transcription factor. 

Zipcode (or localization signal) Any of the number of 

mRNA cis elements involved in directing cellular localization. 

Zoo blot The use of Southern blotting to test the ability of 

a DNA probe from one spedes to hybridize with the DNA 
from the genomes of a variety of other spedes. 
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polypeptide chain transfer, 688-689 
selection of. 737 
St l'UCI Ll rc, 691 1. 703( 

nminoacyi-IRNA synthctascs, 610, 726-728, 7271 
dnsscs ol. 728-730, 7291 
cl'rors mndc by. 677 
proofreading by, 731 I 

n minoacylation, 731 r 
amp genes, 47f 

n mphibin ns 

lnmpbrush chromosomes, 1 1 9  
ampicillin, 47, 471 
omplicons, 62 
amplification refractory mutation selection 

(ARMS), 65 
amyloid fibers, 861 
ancestral consensus sequences. 173( 
Angclman syndrome, 857-858 
annealing. description of. 1 6  
Alltl!l/1/a�dltl (AIItp} genes, 845-846 
onti-Sm, 587 
antibodies 

monodonal, 485 
responses, 462 
secret ion of, 466 
in wc�1crn blouing, 68-69 

onticodons, 71 7-71 9. S>!e also codon-anticodon 

pa1nng 

mutated, 732-734 
antigen-presenting cells (APCs), 494 
nn1igcnic determinants, 469 
nntigcnic switching. 356 
nn1igcnicval·iation, 387-388, 38Sr 
nn1igcns 

description of. 462 
su rfoce, 357 

nntipnrallcl chains. 1 0  
nntircprcssors, 810 
antisense RNA, 340, 876, 876( 
nn1iscnsc strands, 38 
ontisigma !actors, 538, 541, 542, 5421 
antitcrmination, 531 

early gene expression and, 783 
Junction ol. 543( 
N genes in, 785, 799[ 
phage lytic cyde and, 785-786 
Q·containing complexes, 545 
regulation by, 541-544, 543( 

antitcrmination complexes, 535 
anudcatc cells, .270 
APE I endonuclease, 404, 4S4 
opolipoprotein-8 (apo-B) gene, 661-662, 6621 
opoptosis. 281, 598-599 
opt mers, 874 
opyrimidinic/apurinic endonuclease (APE), 

404, 484 



Aq�tifexaeofu:.,s. 123 

ArabidopSJs spp. 

AGO I 0. 8861 

Ago protein>. 886-887 
centromeric DNA. 2 1 1-212 

ddml mutant. 437 
DNA methylation. 853 
evolution of. I 85 

gene lamilin. 1261 

genome >ize. 1221. 124. 1 26 
polj•ploidization events. I 85 

archaeans 
chromosomes, 295 
genomes 

gene numben, 1 221 

replicalion, 288 

tR NA nudcotidylt rn nslcroses, 720 
architectural proteins. 810. 810[ 

AREs (Au-rich) cle ments, 884. 886 

Argonoutc, 8 1 5  
aroH gene>. 765 
a rray-compa1·ative He nomic hybridizntion 

(array·CGH), 70 

ARS (a utonomomly rcplicoting sequence), 297 
Artemis protein, 414, 479 

arthropods. >ntcllitc DNA in. 154 

Ascobof11s >-p .. 859 
ascomycetes fungi, 3621 

ASF1. 244 

ASH/ mRNA. 641-<>42, 6411 
Ash I protein. 641 

AsiA protein. 783 
asparaginyl·tRNA >ynthcso'c (AsnRS). 729 
aspartyl·tRNA synthetase (AspRS), 729. 7301 

assembly foetor>. 556 

atoxia-tdcgiectO>lO (AT). 4 1 4  

otaxia-tdcgiecta>Oa·likc disorder (ATLD). 376 
ATLD (ataxio·tdcgicctuio·like disorder), 376 
ATP-dependenl chromatin remodeling complexes, 

818-819 
ATP hydrolysi>. 686 

ATPosc subunit>. 8 1 8-819. 8 1 9 1  

allachmcnt (all) >iLc>. 379-381 
cross-wise reunion� and, 3SOr 

integralion/excision nnd, 39 1 

altenuation 

control ol, 767-770 
repression and, 766 

altenuaton. 766 
Au-rich ci.r·octing clcnlcnts, 606 
AU-rich clement> (AREs). 633-634, 643 

AUG initiation codons. 36. 683. 707 

autoimmune di)cosc�. 467 
autonomous transposons, 434-435 

autopolyploidy. 185 

autoradiography, 53. 531 
autoregulation. 765. 771-773 

a utmiplici ng 

group I introm •. 649 
introns. 594 

axial clement:.. 366 

5-azacytidine. 570 

B 
B a ntigcn. 32 

B cell receptor> (OCR>) 
description ol. 462 

genes. 492 

repertoire. 4681 

B cells 

description ol. 462 

development ol. 4901 

differentiation. 489�91. 491 I 

immunoglobulin encoding. 661 

memory. 490. 491 

B 1 complexes, 591-591 

B-ONA. 139 

B lymphocytes. "'� B cells 

�1-microglobulin. 495 

�1-microglobulin gene. 497 

899 subunit. 557 

BAC. doning usc of. 49t 

Bacillus anthracis. 12 3 

Bacillus subtilis 

DNA synthesis in. 315 

genome size. 122f 

phage <p29, 1 96 

RTP contrahclicasc, 325 

sigma factors. 539. 545 

SPO 1 phages. 542-543 

spore formation, 540-541 

sporulation. 277 

back mutations, 19-20 

bacteria. see also Specific bac.1cria 

bacteriophage infection of. 97 

DNA in. 5-6 

doubling time. 269 

gene numbers, 1 1 1  f. 1221 

genes, 37 

gcnomes, 113, 197-198. 289-290 

replication. 288 

supcrcoile<l 198-200 

initiation of translation. 677-679 

mating. 3361 

mRNA cyde of. 705-708 

negative control. 8 1  0 

pathogenic, 113 

phage infection of. 779 

positive ront rol in, 808 

RecBCD system. 370-371 

regulator RNAs. 878-881 

replication. 267-270, 2681 

ribosomes. 695-{>96 

RNA polymerases. 5 1 5-516. 551 

septum. 270-17 1  

transcription, 391. 707f 
trnnslation, 39[ 

tRNA nudeotidyftransfcrascs. 720 

bacteriophages. see phages 
B albia ni rings, 2 08 

Bam islands, 149 

BamH I restriction sites. 49 

basal apparatus, 81 3-815. 832 

basal transcription fact.ors. 551 

basal transcription factors and 
initiation, 55 L 

base excision repair (BER) 

function of. 397. 398 

glyrosylases in. 4�6 

base Dipping. 405�06. 527-528 

base pairing 

description. 1 0 

DNA replication and. 12 1 

initiation of translation and. 679-{>80 

mispairing. 18-19 

nudcic acid hybridization. 15-17. 161 

RNA function and. 876 

RNA I. 3431 

transcription and, 512-51 3 

base pairs 

mutation rates and, 17. LSI 

positioning of. I I I 

pre-edited. 6641 

bosic·lcucine zippers (bZIP). 6 1 3  

BER (base excision repair) 

Junction of. 397, 398 

glyrosylascs in. �6 

�-satellite families, 151 

b_q/Y mutation. 198 

bHLH proteins, 815, 832 

bicoid mRNA. 641 

bidirectional replication. 189, 1901 

DIR (break-induced replication). 364-365, 3651 

bithorax (BX·C) locus. 157 

bivolcnts, formation of, 359 

BLM gene, 415 

IllM hclicoscs. 376 

nloom syndrome, 415 

blotting methods. 65-{>9 

bluc/·whitc selection vectors, 46-47, 48( 
bone mnrrow, 489-491 

bouncln ry clements, 808 

box A sequence, 556 

box B sequence, 556 

box C sequence, 556 

boxgcncs, 114 

B rachyury. 5091 

bra/una gene. 846 

brnnch migration. 360-361, 3611 

brnnch sites. splicing. 586 

BRCA2 protein, 377, 387-388 

brcok·induced replication (BIR), 364-365. 3651 

brcost cancers, 1371 

Brh2 protein. 377 

bromodomoins, 133, 1351 

bromouracil (BrdU), 1 9  

Brownian ratchet mechanisms .. '530 .. 566 

8rr1 protein. 593 

bulgc·hdix·bulgc structures, 6 1 1  

butyric acid. 823 

bypassing. translation. 740-741, 7401 

bZIP (basic zipper). 817. 8171 

c 
C-bo nding. 21 Of 

cl gene, 792-793 
cl genes 

lombda repressor protein and$ 787 

promoters, 787 

sensirivity to repressors, 794-795 

ell genes, 783 

antltermination and, 799£ 

lysogeny ond. 795-796 

ell proteins 
lytic cycle ond, SOO 

repressor synthesis and,. 796--798 

requirement for. 796 

stnbility ol. 795 

ell/ genes. 783-785 

Antitermination ond$ 799( 

lysogeny and, 795-796 

ell I proteins 

lytic cycle and. 800 

repressor synthesis and. 796-798 

('-Dill' genes.. 447 

C regions, 47 3 

C·tcrminal domains (CTDs). 5 I 5 

C·valucs. 177 

CA dinudcotidcs, 445 

CAAT box. 567 

Ctuuorhahditis degaus 

csscntiol genes. 1 33. 1 331 

gene fomllies, 126( 

genome size, 122(. 124 
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heterochromatin formation. 844-845 

nonrcpctitivc DNA, 107 
PTC recognition, 638 
RNAi in, 886 
Tcllmarmer superfamily. 435 
tTOIIS·'l'Jicing in, 604-605 
X chromosome, 847-848, 853 

CAF·I (chromatin .. .,cmbly factors), 260 
CAKs (CDK·activating kina>c>), 280 
calcium chloride (CaCI,). 48 
CaM Kilo gme, 598-599, 599f 
cancer, telomere:. in. 2 1 5  
Candida >pp., 72 3-724, 844 
caps, 596f 

monomcthylatcd, 582 
RNA. 582 

capsids. 195 
carboxy-terminal domains (CTDs), 553 
Cas proteins, 880, 880f 
cascades. definition ol. 781 
catabolite repression, 762-764, 790 
catabolite rcpressot· protein> (CRPs), 762. 7621, 763f 

action ol, 763-764 
activating region, 764 
binding. 763-764, 763f 
consensus sequence:.. 7631 

catalysis, RNA-based, 647-670 
Caulobacter cresautus. 340 
Cbf5 protein, 615 
Cbfl proteins, 2 1  3 
CBF3 proteins, 2 1 3  
CBPl0/80 complex, 597 
CBPl0/20 hctcrodimcr>, 582 
CCR4-NOT complcxe>, 630, 634, 643 
CD40, 481, 491 
CD I 54, 481 
CD3 surface antigen, 494 
CD4 surface antigen, 494 
CDS surface antigen, 494 
Cdc6, binding of, 300 
Cdcl5 pho>l'hata>c. 281 
CDE·I (cydc-dcpcndcnt clcmcnl ), Cbll binding. 219 
CDE·/1 (cydc-dcpcndenl clement), Csc4 

binding. 219 
CDE·/1 (cydc·dcpcndenl clement)/, Cdfl 

binding. 2 I 9 
CDK4 (cydin-dcpendenl kinase 4), 281 
CDK6 (cydin-dcpcndcnl kinase 6), 281 
CDK9 (cydin·dependenl kinase 9), 564 
eDNA 

ex cess, I 351 

restriction maps, 851 
restriction sites and. 85 

Cdtl, stabilization of. 300 
Ccch, Thomas, 648 
cell cycle. sec also mcio:.b; mitosis 

checkpoint control, 28()-281, 281-282, 295 
G I phase, 268, 282 
Gl phase, 268 
growth factors in, 2821 
interphase 

chromatin in. 200 
chromatin ma)� 194 
DNA attachment, 201-202 
euchromatin, 219 

metaphase, >caffold. lOQ-201 
replication and, 266-285 
S phase 

acetylation of histone:., 822 
checkpoint control, 280-281, 281-282 
rcplicons, 295 
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cell differentiation, 215 
cell division, 271-272 

cell-mediated immunity, 467f 
cell-mediated responses, 466-467 
CEN clements, 212, 2 121, 2 1 3  
CcnH3 protein, 21()-21 1 
CENP·A protein, 210, 844 

CENP·B protein, 844 

CENP·C protein. see Mill proteins 
central dogma, 14, 141 
central dements, 366 
ccntromeres 

function of. 209 
structure of. 2 1 1 1  

CG rules, 84 
CGT version, 480 
ChJA-PET (chromntin interaction analysis by 

paired-end-tagged sequencing). 8 1 5  
Chagas disease, 387-388 
chaperones, molecular, 243-244 
Chargall, Erwin, I 0, 84 
Chase, Martha, 6 
checkpoint control 

G, to S phase, 295 
S phase, 28()-281, 281-282 

checkpoints, description of, 268 
chemical proofreading. 731 
chemilumincsccnt detection. 69 
chi sites, 371 
chiasmata 

description, 32-33 
diplotene stage, 370 
formation ol, 331, 1431, 359 
in meiosis, 370 

chimeras 
development of. 77 
generation of. 761 

chimpanzees, 184-185, 1841 
Chkl protein, 281 
Chk2 protein, 281 
chloroplast DNA. 1 1 3  
chloroplasts 

DNA, I 1 3  
evolution of, 116-117 
gcnomc, l 1 5-116, 1 1 5 1  
RNA polymcrascs, 553 

Cltoudricltthyes 'PP·· 183 
chromatids 

mitotic pair, 202 f 
sister, 359, 3671 

chromatin, 22 3-264 
ncctylation of histones. 822 
digestion of. 226, 252 
disruption of. 8081 
divisions of, 202-204 
DNA repair and, 415-418 
in eukaryotic nudci. 194 
fibers, 24()-242, 2411 
histone pho'Phoryation and, 827-829 
hypersensitive sites. 573 
inactivation of. 841 
interphase appearance, 200 
modification of, 808 
organization ol 2261 
packaging of. 194, 242! 
promoter activation and. 816-817 
rcmodclcrs, 81 Q-81 1 
remodeling complexes, 8l0f 
remodeling process, 41 3, 416f. 817-820 
replication of. 242-245, 8591 
RNA poly me rases and, 55()-552 
structure of. 806 

chromatin assembly factors (CAFs), 144, 260 
chromatin immunoprccipitation (ChiP), 72-74, 731 
chromatosomes� 131 
chromoccnter staining. 203 
chromodomains, 133 
chromomere staining. 205 
chromosome condensation .. 850-853 
chromosome conformation capture (3C). 259 
chromosomes, 1 91-122 

orchacal, 295 
binding patterns, 204-105 
bivalcnts, 359 
circular, 275f 
description of, 4 
DNnsc sensitive sites, 153 
cssentinl fentures, 118-219 
cubryotc, 2961 
genes within, 28£ 
gcnomcs nnd, 4 
ginnt, 207 
hiS1onc·dcplctcd, 20()-201, 2001 
lompbrush, 206 
linked, 275f 
mcchanicol shearing of. 55 
muililorkcd, 269-270, 2691 

pairing. 359, 369-370 
polytene, 206-207 
recombinant, 142-143 
segregation, 274-276 
separation, 276-277 
synapsed, 358-359 
synapsis, 359 
synaptoncmal complexes and, 369-370 
territories, 104, 2041 

chropcron, 815 
d1•A gene, 347 
d1•B gene, 347 
cirdc transcripts, 481 
n.r--a<1ing dements 

coding lor, 747 
gene fun a ion and, 748 
mutations, 633 

crs---a<1ing mutations, 40f 
CIS cleavage, 38 I -382 
cu'-dominanl mutations, 754 
cistrons, 30, 30f 
C, genes, 472, 472f 

dn nlp londcrs 
DNA polymerase, 316 
function of, 317 

damps, DNA polymerase, 316-319 
doss switch DNA recombination (CSR), 482-484, 

487-488 
doss switching. 481 
dothrin·mcdiatcd endocytosis, 278 
dcovagc and polyadcnylation 'Pccilicity factors 

(CPSFs), 608, 609 
cleavage stimulatory factor (CstF), 606, 6061 
donal selection, 468-469 
doni ng. 46-49 

dircctionat 48 
vectors lor, 43, 49t 

dosed complexes, 514, 518, 544 
Clr4 mcthyhranslcrasc, 844 

Clr4H3K9 mcthyhranslcrasc, 843 
clustering. tandem, 15()-151 
du�ers 

divergence and. 181-183 
functional, 783-784 
gene, 144-146, 750 
gene identity and. 141 



Hoxgenn. 186 

meiotic. 2161 

rONA tramcription ond. 1481 
rearrangement. 144-146 

repeats and. 141-160 
rules lor duplex DNA. 84 

telomere. 2161 
unequal CfO)Mng over and, 144-146 

cMyc. 566 
C,(Afr) •. 219 
coilctivators. sec also ACTR roaC1ivator 

cnhilnccr clements and, 552 

HAT activities, 823-824. 8241 
>-pecilicit)' ol, 8 1 3  

Cockoync syndrome. 402. 404. 567 
coding ends. 475, 4781 
coding regions, 38 

coding strands. 51  I 

cod on-anticodon poi ring.. 702 f 

effect ol modi lied bnscs on. 722-723 
preci>ion ol, 737 
recognition. 717-719, 737 
wobbling and. 7191 

codon bia>. 170, 187-1 SS 

codons 

amber. 692 
description. 34-36 

ochre. 692 
opal. 692 
premature termination, 692 
related. amino acid> in. 716-717 
stop. 692 
synonymou:s;. 716 
tcnnination 

recognition ol. 693-694 
triplet> in. 716f 

translation modulation by. 705 

triplet. 716f 
cognate tRNA>. 727. 731 f 

cohc!tilu 

dimcrization, 8521 
DNA linking. 852f 
lunrtion ol. 366. 850 

structure of, 8511 

coincidental evolution, ISO 

cointcgrate>. 431-432 
ColE I compatibility >)'stem. 341-343. 3421 

colicin E3. 70 I 
colincargcnc!t, 37 
co Iori met ric detection, 69 
commitment complex, 588 . !it'� a/� E complex 

comparative gcnomin. 163 
comparative hybridization. 71 r 
compatibility group>. 34Q-341 

complement pathway. 466 
complementary. J 0 
complemcnliltion. 111 VItrO, 306 
complementation tc:�rot. 29. 301 
composite trampo>On> (Tns). 429-430 
concerted cvol ution .. ISO 

condensation. 195-196 
condcn.\i ns 

chromosome conden5ation and, 850-853 

funrtion of. 850. 852f 
structure of. 8511 

conditional knodcout), 79 
conditional let hah. 306 
conjugation. bacterial. 335-336. 336f 
conscnsu:. sequcn�:\, 520 
conserved !tcqucnC'C), 520 
constant region� (C regions). 470 

constitutive expression. 751 

constitutive genes. se� housekeeping gene) 

constitutive heterochromatin, 848 

context. 681�81 

rontigs. definition ol. 59 

control sites. DNA. 39-41. 40f 

ropy choice mechanisms. 445. 445f 

ropy numbers. plasmid. 338 

rordycepin. 605 

rore DNA. 227 

core enzyme. 544 

core histoncs. ns. 236f 

core promoters, 551 

core sequences, 379 

corepressors, 748 

a>s sites. 196 

cosmids 

cloning usc of. 49t 

propogotion ol. 49 

countersclectablc ma rkcrs, 77 

countcrtranscripts, 342 

coupled transcription/translation. 706. 747 
Coxiella bumetii. 147 

roxlll gene. 663. 6631 

CPI90 protein. 156 

cpDNA (chloroplast DNA). 1 1 3  

CpGislonds 

doublets. 571-571 

lunrtion of. 571-573 

methylotion. 571. 853-856 

Crcllox system. 78-79. 381. 388. 3891. 391 
Cre rerombinasc. 781. 174. 379. 380. 398 

CREB-binding proteins (CBP). 823 

Creutzfddt-Jakob disease. 23. 864 

Crick. Francis. I 0 

CRISPRs. 879-880. 880f 

cro gcnes 

c/ gene coding and. 785 

lytic cycle and. 795 

transcription of. 785-786 

i mmediotc co rly genes. 7991 

Cro repressor protein 

lytic cascade and. 7991 

lytic infections and. 798-SOO 

crossing over. 32 

tdomcric regions. 218f 

unequal, 143, 143f. 144-146 

crossover rixation, 150-152 

crossover interference, 358 

Crown gall disease. 346-347 

cruci£orms, generation or. 200 

cryptic sntcllitcs. 1 5  3 

cryptic unstable transcripts (Cl!Ts). 561. 636. 

644, 877 

CSA mutations. 402 

CSB mutations, 402 

Cse4proteins. ll0. 2 1 3, 236 

CstF proteins. 605. 606. 6061 

CTCF proteins. 858-859 

nONA (chloroplast DNA). 1 1 3  

Ctfl9 protein. 1 1 3  

CUA anticodon. 734 

cue mutations. 716-717 

CUCU sequence. 654 

CXXC motifs. 856 

cy mutations. 796 

CyB genes. 664f 

Cyc8-Tupl corepressor. 831 

cyde·dependcnt clements (CDE). 212. 21  3. 

2 1 31. 119 

cyclic AMP (cAMP). 761-763. 762f 

cydin A, synthesis of. 282 

cydin D. 281, 182 

cydin·depcndent kinase-activating kinase 

(CAK). 280 

eydin-dcpendent kinascs (CDKs). 180. 

281. 564 

eydin E. 182 

eydin E/Cdk1 complex. 60S 

eydins. description of. 280 

CYP450 SNP genotyping. 70 

cyR mutations, 796 
Cys,/His2 finger. 816 

cyr/8 mutants, 651 

cy1idine dcnminnses, 483-484� 662 

cytochrome b, 1 1 4  

cytochrome b genes. 663. 664 

cy10ch rome c, 170 

cytochrome c oxidase Ill, 663 

cyloch I'Omc oxidilscs, l l 4  
cytologicnl mnps, 207, 207f 

cy10plnsmic cnp-binding proteins, 630 

cytosine (C) 
clenmination of. 11 I, 398, 3991. 405 

in nudeic acids, 7 

proportions in DNA. I 0 

cytosine deaminoses (CDA). 463 

cytotoxieT cells (CTls). 466 

cytotypes. 439-440 

D 
D-loops (displacement loops) 

)ormation of, 36Q-361 

mitochondrial origins. 344-345. 345f 

D segments, 471 

dA-dT runs. 247 

DADD45 protein. 281 

dam gene, 408 

Dam methylase. 291, 407 

dat locus. 194 

ddml mutants, 437 

dr 1101'0 methyltrans£crases, 854 

dcacetylnses, 843 

dcacelylnlion, 824 

deacylated tRNA, 674 

deadcnylases. ,.,, poly(A) nudcoscs 

deadcnylation triggers, 606-607 

denmination, 662 

dccnpping enzyme complexes, 630 

deep RNA sequencing. 1 1 0  

degrildosomcs, 628-629 

DcgS prot cases, 5 38 

delayed enrly genes 

Cro repressor prolcin,. 799£ 

function of, 785 

lysogeny cascade and. 797f 

lytic cascade and, 7991 

phage, 781 

phage Ia mbda. 784-785 

transcription. 786 

DEMETER lamily. 855 

demethylases. 847 

demethylation. passive, 8'5'5 

denaturation 

dclinition of. 1 3  

DNA. 16 

dendritic cells (DCs), 463 

Denisovans, I 04-
3' -deoxyadenosine. 605 

depurination. 4001 

destabilizing clements (DEs). 633. 634f 

diakinesis, 3581 
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Dicrr RNasc, 76. 815. 882. 8821. 888 

dideoxy sequencing. 58 
dideoxynudeotides (ddNTPS), 58. 591 

dillerentially methylated region' (DMRs). 883 

digoxygenin labeling. 54 
dihj•drololate reducta>e (DHFR). 85. 861 

diuB gene. 3071. 406. 407 
diplotene sage. 3581. 370 
direct repeats. 428 
directional cloning. 48 
diseases, protein change:. in, I 08 

divergence 
dclinition ol. 170 
gene dusters and. 181-183 
rates ol. 172-174. 1731 

Dmc] protein. 371 
DNA. see also doublc->trn nd b1·eaks 

A-lorm. l I 
architectural pro1cins i.lnd, SJOr 
B-form. II 
bent. I I 
cell division and. 287 
chloropla>1. I I 3 
circular. 1 1 3-115, 3801 

control !lites. 39-41 
damage repair. 398-:100 
demethylation. 569-571 
denaturation ol. 16, 2381 
density ol. I 0 
detection of. 52-54 
dige>1ion. 66 
double-strand break>. 6561 
double-stranded. 312-313 
epigenetic ellect> on. 839-840 
error-prone :o•ynthcsi) ol 406 
euko ryotic. 20Q-20 I 
lootprinting. 525-528 
genomic. 85 r 
hemimethylated. 291. 8401 
hypermethylation. 436 
information in, 95-97 
linear. 330-331 
linker. 226 
methylation ol. 437. 840. 866 
minus suand. 443, 443f 
mitochondrial. 1 1 3. 1151.  308. 3441, 664 

mobilization ol, 426 
packaging. 193 
plus strand. 443 
repressor binding. 761 1 
rc�"lriction maps. 851 
S cirde. 482 
scrunching. 5.28 
separation technique.), 54-57 

gel dectrophoresi>. 54-56. 56! 
gradient centrifugation, 56-57. 571 

mechanical shearing. 54 
rcstriaion cndonudctncs in, 54 

sequencing. 58-59 
size of. I I 3 
strong·>1op, 444 
structure of. IQ-12 
supercoiled. 199. 1991 
synthesis of. 306-307, 3071. 31 3-314. 444 
TB P and. 5601 
unpaired. 512-513 
unwinding of. 312-313 
viral 

initiation. 331-332 
i ntcgnHion of. 445-446 

DNA-binding domain>. 815-817 
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Dna1 endonuclease, 376 
DNA fingerprinting. I 06, 159 
DNA ligoscs 

in excision repair. 400 
Junction of. 310 
liglV. 41 51 

DNA melting. 515-518 
DNA methylation, 856-858 
DNA methyhranslerases (DNMTs). 570. 853-856 
DNA microarrays. 69-70. 69-72 
dua mutants, 306 
DNA polymerases 

dclinit.ion of. 1 3  
DNA polymerase alpha. 321 
DNA polymerase delta. 321-323. 378 
DNA polymerase epsilon. 322 
DNA polymerase gamma, 322 
DNA polymerase 1], 407 
DNA polymerase 1]/RAD30. 378 
DNA polymerase I. 308. 310 
DNA polymerase Ill, 310 
DNA polymerase IV. 309. 406. 407 
DNA polymerase V. 407 
DNA replication and. 1861 
elongation functions. 321-323 
error-prone. 307 
errors made by. 309 
in excision repair. 400-401 
functions ol 306-308. 3211 
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Poi lU subcomplexes. 315-316. 316l 

3171_ 3181 
primers lor, 443 
repair pathway and. 3751 
repair through, 397 
replication fidelity and, 308-310 
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structure of. 310-31 I 

DNA repair reactions 
consequences ol. 306-307. 3071 
DNA polymerase !unction and. 323-324 
nonhomologous end-joining. 414-415 
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DNA replicases, 307 
DNA replication, 12-13, 121. 304-327 
DnaA protein. 168. 290-291 
DnaB hclicase. 191. 314. 324 
DnaC hdicase. 191 
DnaE polypeptides, 315 
DnaG primase. 193. 314 
duaQ gene, 310 
DNases. 199 

definition of. 1 3  
DNase I. 137, 238. 573 

digestion by, 153, 1531 
DNase II. 137. 138 
!unction ol. 152-154 
sites sensitive to, l52f 

DnaT protein. 314 
DNMTs. see DNA methyhranslerases (DNMT>) 
Dom34 protein, 639 
domains, chromosomal. 199 
dominant negative mutations, 755-756 
dorsal-related immunity factor (DIF). 464 
dosage compensation, 847. 8481. 850 
dosage compensation complex (DCC). 85 3 
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double-strand breaks (DSBs) 
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genetic exchange and, 359 
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down mutations, 52 J 
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downstrcnrn promoter dements (OPEs), 558 
Drosho RNase, 882, 8821. 888 
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centromeric chromatin, 236 
centromeric DNA, 2 I I 
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eye color mutations. 3 1  
FLP/FRT system, 388-389 
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gene families. 1261 
genes, 891, 1251 
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histone phosphorylation, 817 
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origin recognition complexes, 298 
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RNA localization. 641 
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PTC recognition. 638 
RNAi processing in. 8 1 5  
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dyneins, 641 
dyskerin. 615 
dyst rophin genes, 89 
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geu� 28 mutants, 540 

phage, 781 

early infeClions, phage, 780 
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ectopic expression. 389 
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EF-G proteins, 691-692, 772 

E F-Tu, 686-688, 691 f. 772 
EF-Tu-GTP, 687f 
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clcclron ll'ansfcl' �)')1cms, I 14 
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DNA polymcroses and, 321-323 
DNA replication and, 305 
promoter, 564-567 

transcription rcaC1ion, 514 

tra!>Siotion, 676, 6761 
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binding. 690-692 

EF-Tu, 736 
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prokoryotic, 708-709 

recognition of. 726 
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embryonic stem (ES) cclb. 76f 
transleClion of, 7fr-77 
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Encyclopedia ol DNA Element> (ENCODE) 

project, 876 
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APE I, 404 

C-terminof, 613 

Exol, 376 

FEN, 320f 
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gmup I int1·ons in, 655-657 

HO, 386f 
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Mus81 protein, 375 
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DNA separation, 55 

function of, 43 
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endoribonucleoscs, 625 
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bidireClional, 567-568 
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aClivators and, 568-569 

lunClion of, 568-569, 569f 

eu., genes, 455 
Em• polyprotein, 442 

EnvA protein, 271 
enzyme units, liS 
epidermal growth faClor (EGF). 277. 278f 

epidermal growth factor recepto1· (EGFR). 277-278 

epigenetic inheritance, 838-871 

epigenetic states, 807 

epigenctics .. transgenerational, 860-861 

episomes, 330 

cpitope tags, 68 

cpitopes, 469 

ERCCI protein, 401 

eRFI protein, 639 

ERKs (extracellular signal-regulated 

kinascs). 280 

error-prone polymerases. 307, 322. 323 

error-prone synthesis, DNA, 406 

Esc-E(z) complex, 845, 847 
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3' processing. 720 

a nucleate cells, 272f 
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dam mutants, 408 

DNA polymerases, 307 

DNA supercoils. 199-200 

essentinl genes. 132 

excision repair systems. 400-401 

formate dehydrogennse, 725 

gene number, I 23 

genome replication.. 290 

genome size, I 12 I. I 99 

hdicases, 312 

holoenzymes, 51  5 

lad gene, 10 

lacZ gene, 47 

ligascs. 310 

lysis. cell envelope, 197-198, 1981 

nonrepctitive DNA, 107 

nucleic acid length, 194f 

oriCgene, 190-191, 2911 

oxidative stress in,. 878 

poles, 170 

pri genes, 324 

RecA protein. 371-374 

recombinases, 274-275 

recombination-repair systerns. 409-41 1. 41 or 
replication of, 282-283 

RNase P, 648 

rm operons, 614, 614f 

rR NA genes, 147 

rRNA operon structure, 770f 

self-splicing. 652 

shuttle vectors and, 49 

sigma factors, 523f, 537, 5381 

tryptophnn synthetase genes, 37 

Tus contrahdicase, 325 

uracil-DNA-glycosidase, 22 

estJ mutants, 217 

ESTI protein, 217 

est/ mutants, 111 

ethidium bromide (EtBr), 52, 198-199 

euchromatin, 202-204 

description, I 5 3  

human genome. 118 

interphase chromatin and, 219 

location ol 203-204 

eukaryotes 

alternative splicing in, 598-601 

chromosomes, 209-210, 295-297, 2961 

complexity of, 180f 

DNA, 200-201 

Drosophila genes and. 126f 

excision repair pathways, 401-404 

gene expression. I 35-1 36 

gene numbers, 1111, 113-125, 113f 

genomes, I Ofr-1 07. 288 

homologous recombination, 37(;-379 
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microRNA, 881-884 
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capping. 581-582 

degradation, 632f 

features of. 614 
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operons. 748-749 
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protein functions. 179£ 

replication, 267 

RNA pofymerases, 552-553, 553f 

satellite DNA in, 152 

transcription, 549-577, 804-837 

lrtl111iTJOSOI1S, 426 
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c1F4E. 884. 887 

c1F4F 

cap binding by, 582 

cytoplasmic cap-binding proteins, 630-631 

heterotrimer, 686f 

elF I G heterotrimer. 686f 

EuploiEs crasrus. 726 

EuploiEs«taroriuatus, 723-714 

E(var) mutations, 842 

evolution 

coincidental, 150 

roncened. I 50 

genome constitution and. 143 

genomic. 162-191 

interrupted genes. 174-177 

mitochondrial code. 724 

morphological complexity and. 178-180 

PCR of preserved samples, 63 

ribosome conservation. 673 
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imprecise. 431 
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prophage, 779 

eXCISIOn repair 

5. coli systems for. 400-401 

excision !t1cp, 400 

inci!tion step, 400 

pathways in eukaryotes, 401-404 
process of, 397f. 400f 

Exol endonuclease, 376 

cxon-intron boundaries. 583 

exon junction complex (EJC). 597, 597f. 

5981. 638 

exon-shullling hypothesis, 174-176, 175f 

exonic splicing enhancers (ESEs), 601, 601 f. 602 

exonic splicing silencers (ESSs), 601, 601 f 

exons. 39 

composition of.. 84 
conservation of. 8�7 

definition, 589, 590f 
description of. 82 
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order in. 831 

positive selection. 87-88 

protein Junctional domains, 92-93 
trapping. I 08, I 091 
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5'-3
. 

582 • 

action ol. 359-360 

lu nction ol, 1 3. 14f, 31 I. 398 

U-spccilic. 665 

exoribonudeases 

description of, 625 

di>1ributivc. 625 

proce�ive. 625 

exosomcs 

cataly>is by. 631 

RNA surveillance and, 635 

expressed sequence tags (ESTs). I I  I 

cxpres�ion vectors, 49 

cxtcins, 665, 6651 

external transcribed >pacers (ETS), 613 

extranuclca r genes, 1 1 2 
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F 
F plasmids 

bacterial conjuga tion and. 336f 

lrcc. 351 

transfer ol. 335-338. 3371 

Fab-7 clement. 257, 2571 

FACT (facilitates chromatin transcription). 251 

(aculative heterochromatin .. 848 
Fanconi anemia, 377 

FEN (Oap) cndonudca>c>. 3201. 402. 404 
ferritin, 634, 635f 

fertility !actors. 337 

Fculgcn >1aining. 2031 
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i
dization, 17f 

fir>1 parity rule, 84 

5' end, primilry tran�cript. 5 1 2  
5' -end resection. 360 

5' splice >itc, 5891. 5901 

5' untranslated region�. 38 

flhA mRNA. 879 

Flp (Flip) rccombino>cs, 379, 389, 398 

FLP/ FRT sy>tcm, 388, 3901 

fluorescence in •·itu hybridization (FISH), 
54, 541 
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63, 641 

lold potential. 87-88 

lold pressures, 96 

lootprinting. DNA. 525-528. 5261 
lormate dchydrogcmne bozymcs, 725 
N -lormyl-met hionyl-t RNA (l R N AtMet ). 680-682, 

6811. 6821 

lormylation, 68 I 
5-lormylcytosine (SIC), 856 

lorward mutations.- 19-20 
FOS transcription laelor, 280 

Fox proteins. 6021 

fragile X-rclatcd protein (FXR I), 886 
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Ira meshi It suppreuon� 36 
lramcshihs 

causes of, 741-742 

gene expression and, 739t 
programmed. 739 

at slippery sequences. 738-740 

Franklin. Rosalind. I 0 

lruit !lies. see Drowplula spp. 
FtsA proteins, 272 
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FtsW proteins, 273. 283 

FtsZ-183, 181 

FtsZ genes, 271-273. 2711 

FtsZ proteins, 274 

lully methylated sites, 853 

fusion proteins, 5 1  

G 
G I phase, 268. 282 

G1 phase, 268 

G418, resistance to, 771 

G6PD gene. 848 

rccombi na nts, 169, 1691 

G-banding. 2041 

G-C content, human. 205, 2051 

G-proteins. encoding. 279 

G -quad ruplex structures, 888, 8901 

gag genes, 455 

gag·pol·euv sequence, 441 

Gag polyprotei n. 441-442 

Gag-v-Onc proteins, 446-447 

GAGA factors (GAFs). 82 I. 846-846 

gain·of·function mutations, 30, 279 

Gal4. 814 

GAL/-10 genes, 877 

GAL genes, 829-831. 8301 

Gal3 proteins, 830-831. 8301 

Gal4 proteins, 830-831. 830f 

Gal80 proteins, 830-831. 8301 

�lactosidasc (8-gal) enzyme. 753 

coding lor, 750 

E. coli synthesis ol. 651. 6511 

!unction ol. 47-48 

lac/ gene expression in mouse, 511 

lacZ gene coding lor, 47 

�-galactoside permease, 75 3 

�-galactoside sugars, 750 

�-galactoside transacetylase, 753 

galactosyltranslcrasc. 321 

y-globin gene, 571 

ganddovir sensitivity, 77 

gap repair. su mismatch repair 

Garl protein, 615 

GATC sequences, 408 

GEF (guanosine nucleotide exchange 

laCior). 279 

GenS protein, 823 

gender, male-spccificgcncs, I 31-132 

gene dusters 

gene identity and. 142 

structural. 750 

unequal crossing over and, 144-146 

gene conversion. 187-188 

concerted evolution and, 150 

description ol. 362 

lg assembly. 488-489 

intcralldic recombination and, 361-363 

recombination and, 485 

unidirectional. 386-387 

gene duplication 

genome evolution and. 180-181 

rates ol 1861 

gene expression 

constitutive. 75) 

control ol. 805-807. 8061 

description ol, 38 

DNA demethylation and. 569-571 

eukaryote cells. 1 35-136 

nc.RNAs and. 875-878 

phases ol, 783 

turning oil 748 

gene expression profiling. 69-70, 711 

gene families 

descendants ol, 141 

description ol. 115-116 
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gene guns, 5 1  

gene numbers 

CTOS)i ng over and, 1441 

genome sequences and, 1 20-140 

prokoryotes, 111-12 3 

genes 
ddini1ion of, 4, I 21 

duplicntion ol, 115, I 261 

essentinl, 1 32-135 

lunCiional, 109-1 1 1  

homology between, 86-87 

inducible, 749 

imc1'ruptcd, 81-99 

knockouts. 74-79 

length ol, 83-84 

negative inducible, 748 

negative repressible, 748 

positive inducible, 748 

positive repressible, 748 

regulator, 747 

repressible, 748 

segregation ol, 34, 341 

silencing. 8851 

sizes, 88-90 

structural, 28, 747 

targeting. 75 

•turned on,· 807-808 

types ol, 125-127 

genetic rode 

codons, 35 

degeneracy ol, 188 

mitochondrial, 7241 

univcrSlllity ol. 713-725 

u'c ol, 714-743 

genetic drill, I 651 

gcnclic engineering methods. 42-80 

genetic hitchhikin� 167 

genetic mapping. I 58-159, 1581 

gcnc1ic rcrombinnlion, 32-35 

gcnc1ics, history of. 41 

gcnomcs 
baelerinl, 197-198, I 99£. 289-290 

supet•coiled, I 98-100 

chloroplast, I I 5-116, I 1 5  I 
circular DNA in, I I 3-1 I 5 

conservation of. I 09-1 I I 
content ol. I 00-119 

definition ol. 1 0 1  

description ol. 3 

DNA in. 3 

eukaryote, I 06-107 

evolution ol. 161-191 

gene duplication and, 180-181_ 1 85-186 

transposable clements in, 1 86-187 

cxlrachromasomal. 319 

gene distribution in. 129-130 

haploid, 1771 

human, I 30 

mapping ol, I 02-1 03 

methylation patterns, 855 

mitochondrial, 1 14, 1 1 41. 1 1 5 1  

nudcor, 7231 

nudcic acid content of. 141 

organelle, I I 3-115 

packaging. I 94-197 



phage, 78}-784, 7861 
potential ol, I 02 
rcarrangcmcnls, 427 
replication, 288 
sequence changes, 4261 
sequences, 1 2()-140 
size ol, 177-178 

gene number< and, 1221 
human, 127-129, 1281 

variation in, I 03-104 
Gcrminin, 300 

GFP (green fluorescent protein), 5 1 ,  511 
Gicnuo staining. 204 
GlcN6P protein, 874 
glm5 gene, 655, 874 
Gln-tRA synthesis, 730, 7301 
globnl genome repair (GG-NER), 402. 4031 
globin genes, 861 

• ncestrnl forms. 183, 1831 
dusters, 1 8 1-1 83 
conscrvntion, 93 
divergence of, 17()-172, 1 70-173, 1721 
duplicated, 149-150, 1811  
evolutionary crcc, 173 
cxon structure i n, 94( 
LCR domains, 258-260, 2581 
map ol, 851 
in venebrates, 1831 

�-globin genes 
mammalian, 144, 1461. 584-585 

y-globin genes, 571 
globin proteins, 142 
glurosamine-6-pho>phate (GicN6P). 6561. 874, 8741 

glutamate receptors, 662, 6621 
glutamine, coding ol. 717 
glutamyl-tRNA 'l)'nthetase (GiuRS). 728. 729 
glyceraldehyde pho'Phate dehydrogenase 

(DAPDH) gene, II 0 
glyrosylascs 

nction ol, 4051 
in bose excision repair, 404-406 
description of. 404, 4041 

GMP-PCP. 688 

gp28 (glycoprotein 28), 540 
gp33 (glycoprotein 33), 540 
gp34 (glycoprotein 34), 540 
gratuitous inducers, 752 
GreA protein, 53 1 
GreB protein, 531 
green fluorescent protein (GFI'), 5 1 , 5 1 1  

Griffith, Frederick 5 
growing points. !;cc replica lion forks 

growth factor rccc.?ptor gene, 277 
GTP. hydrolysis, 709 
GU-AG intron•. 593 
GU-AG rule, 583, 5831, 616 
guanine (G) 

association ol, 214-21 5 
in nudcic acids, 7 
oxidized, 4071, 408 
proponions in DNA, 1 0  

guanine nucleotide excha nge !actor> (GEFs). 
685, 686 

guanine tripho'Phatc (GTP), 676. 679, 709 
guanosine nucleotide exchange lactor (GEF). 279 

guanosine nuclcotidcs, 650, 719-720 
guanosine tctrapho,-phatc, 770 
guanylyl-translcrasc (GT), 582. 5961 
guide RNAs, 66}-665 
gypsy transposon, 256, 2561 
gyrascs, 29 3 

H 
HilA promoter, 795 
H3. L �- hi stones, H 3 
H chains. 471-473, 473, 498 
H 19 gene, 858-859 
H-NS. �-protein HI 
HACI genes, 6 1 3  
Hacl transcription factors, 613 
Haemopltilus iuflueuzae 

gene families, 1261 
gene number. l 2 3  

genome size, l22£ 
hairpins .. 532 
hairy root disease, 346 
hall-lives (T,,), 615-626, 6261 
hammerhead ribozymcs, 660, 661 I, 872f 
haplotypes, I 06 
hapten, 469 
y-H2AX, 236-237 
H2AX histone, 416-417 
Hb. see hemoglobins 

Hbsl protein, 639 
Hda factor. 294 
HDACI, 815 
HDAC1, 815 
heat -shod< responses, 5 38 
heavy (H) chains 

constant region (C region), 470 
genes, 4731 

immunoglobulin, 911, 469 
hdicases 

description ol. 311 
in DNA replication. 311-313 
DnaB, 191 
!unction of, I 3, 398 
hexamerie, 3111 
replicative, 144 

helix-loop-helix (HLH) motifs. 816-817, 8171, 832 
helix-turn-helix (HTH) motifs. 756, 79()-791, 

802, 816 
helpcrT (T,) cells, 466 

helper viruses, 447 
hemimcthylated DNA. 191 
hemimethylated sites, 853 
hemoglobin genes, I 82, 1821 
hemoglobins 

Hb anti-Lepore type, 146 
Hb H (HbH) disenses, 145 
Hb Kenya, 146 
Hb Lepore type, 146 

hepatitis dcltn virus (HDV), 660 

heptamers, 475 
hereditary nonpolyposis colored a( cancer 

(HNPCC). 409 
Hershey, Allred, 6 
heterochromatin, 102-104, 1031 

centromeric .. 841 
characteristics ol. 825 
constitutive. 848 
CpG sequences, 825 
creation of. 8401 
extension of, 8411 
laculativc, 848 
!ormation ol, 806-807, 8441, 887-888 
gene expression and. 840 
histone interactions and, 842-845 
human genome. 128 
propagation ol. 841-842 
5. pomk 8891 
satellite DNAs in, 152-153, 153 

heterochromatin proteins (HPs). 841-843, 
8431. 8441 

hctcroduplex DNA, 33 
extension of. 378 

!ormation ol 360, 391 
recombination and, 361-363 

heterogenous nuclear RNA (hnRNA), 
553, 581 

hctcromultimcr, 28 
heteroplasmy. 343 
Hfq protein, 879 
Hfr (high frequency recombination), 337, 351 

liimA gene, 383 
IIimD gene, 383 
HIRA, replication-dependent pathways, 245 
histone ocelylln1nslerases (HATs), 823 

histone deacetylases (HDACs), 813 
hi�ione down�1rcnm clements (HOEs), 608 
hi�ione genes, 142 

K.,K, ratios, l67 

histone methyltranslcrase (HMTs), 825, 888 
histone:; 

acetylation, 203, 822-825, 8271, 8601 
chaperones, 244 

code. 2 32 
core, 228, 2 361 
diSLribution ol. 826f 
cukaryotic chromatin, 260 

lolds 
core hi>1ones, 2361 
domains, 2311 

>1ructure ol. 229, 1301 
y-H2AX. 236-237, 1371 
HI, 2321 
H3. 228-229, 417. 567. 844 

methylation of, 855 
mRNA, 6091 

H� 228-23� 236.417. 844 
K16 ol. 823 

H3 variants, 21()-212 
H2A, 228-230. 236 
H2AX, 236 
H2AZ. 821 

H2Az. 237 
H2AZ variant. 819 
H2B, 228-230, 567 

dcubiquinotion, 823 

rccruiLment of. 831 
H3K4, 825 
H3K9. 8551 

methylation, 843 

trimcthvlation 843f . . 
H3K4me, 827 
interactions, 842-845 
linker, 225 

macroH2A. 237 
methylation, 203, 825-816, 843 
modilications, 358, 826f 
modifiers, 81()-811 

mR NA. 3' end formation, 608-609 
N-terminal tails, 865 
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octamers, 227, 228 
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disassembly ol. 251 I 
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sliding ol. 818 

phmphorylation, 827-829 
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Index 927 



variants. 234-237. H41 

rore. 2 35 

DNA patterns. 237-238 

macroH2A. 235 

HIV. NCp7 protein. 445 

Hiwi protein. 882 

HLA-DPgenes. 496 

HLA-DQ genes. 496 

HLA-DR genes. 496 

HAIL loci. 385. 386, 842. 843 

HAIR loci. 385-386. 842. 843 

HO alleles. 385 

HO endonudeose. 3861. 391-392 

HO gene activation, 820 

HO loci. 386f 

Holliday junctions. 354f. 361 

dissolution. 3781 

resolution ol. 188, 374-375 
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holocnzymes. ».:e also RNA pol}'lllt:rnscs 
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E. coli, 51 5 
RNA polymcra>c a>, 814, 814f 

transitions, 5 1 8  

ltomcobox genes. 816 

homeodomains, 816. 8171 

homing. intron. 657 

Homosapieus. src human) 

homologous gene.). 94 

homologous recombination, 354-394 

branch migration. 378 

description. 77. 356-358 

DNA heteroduplcx extension, 378 

DSB repair model. 3601 

end procc>-,inglprnynap>h, 376-378 

eukaryotie gene> in. 376-379 

meiotic. 3691 

resolution, 378-379 

synapsis. 378 

trypanosoma! ilntigcnicvariation and, 387-388 

homologs, !tpcciation and, 94 

homomuhimcr, 28 

HOP2 gene. 369 

lzop2 mutalion�. 369 
horlzontill transfer. 123 

hormone rc>-pon sc clcmenh (H REs). 821. 822 

HOTAIR lincRNA. 847, 878 

hotspots, mutational, 309 

housekeeping genes, I 36, 552 

housekeeping pi'Otcim, 179, 1791 

Hoxgcnc clusters. 186 

ltoxA genes, 543 

ltoxB genes. 543 

HoxC4 genes, 484 
HPI (heterochromatin protein 1), 842-843. 

855, 855f 
ltpg mice, 75 

HR23B protein. 402 

Hsp70 chaperone system, 863 

lzsp70genes. 255 

lzsp83 mRNA. 643 

lzsp 70 promoters. 821 

Hu protein. 293 

human leukocyte antigen (HLA). 11:� major 

histocompatibility romplex (MHC) 

humans 

gene lengths, 128f 

genetic delccts. 1 341 

genome. 1221 

size, 127-1 29, 1291. 178 

928 Index 

point mutations. 134f 

prot come size_.. 179 

pseudogenes, 1 27. 184 

RP pseudogenes, I 84-185. 1841 

hybrid dysgenesis 

interactions in_.. 4401 

P dements. 455 

symmetry ol. 438, 4381 

transposons in, 437-438 
hybrid stale models, 689-690 

hybridization 

conditions lor, 53 
cytological. 1 5  3 
description ol. 1 6 
excess mRNA and eDNA, 1351 
Iiller, I 71 

nucleic acid, 15-17, 52-54 
ol probes, 52 

hydrogen bonds, I 0 

5-hydromcthyluracil (5hmU), 856 
hydrops fctalis, 145 
HYP protein, 279 
hypersensitive sites 

chromatin digestion .. 2 52 
globin genes. 258f 
structure ol. 253 

hypogonadism. 751 
hypoxanthine removal. 405 

I 
1-KB, 809 

ICF (immunodcficicncy/ccntromcrc 

instability), 855 
icosahedral symmetry, 195 

ICRs. "'' internal control regions (ICRs) 

19/1 gene, 858-859 

IHFs. ""' integration host factors (IHFs) 

immediate early genes 

cro gene transcription, 799t 

lysogeny cascade and. 7971 
phage, 781 
phage lambda, 784-785 
phage T4, 783 
phage T7, 783 

immune evasion, 387-388 
1mmune responses 

antigenic variation and. 387-388 
innnte, 463-466 

immunity 

ndaptive, 462-463 
innnte, 462-463 
lambda repressor in. 788 

plasmid, 330 

regions, phage, 788 
immunoglobulins (lgs) 

Cu genes, 482 

classes of. 481 
encoding. 92-93 
gene assembly. 469-471, 4691 

H chains. 472-473, 474f 

heavy (H) chains, 921. 469. 470, 473f 

lgM. 499 
immune responses and. 498499 

l chains, 471-472 

light chains, 921. 469 

secretion of. 466 
types and functions, 4821 

variable regions (V regions), 470 

imprecise exdsion. 431 
imprinting. DNA methylation and, 

856-858, 8571 

iu s1nt hybridization; 5�54 
chromosome band identification, 207, 2071 

telomere Ouorcsccnt, l16f 

111 "'tro romplcmcntation, 306 

incision, in excision repair. 400 

indels, 19 

indirect end labeling. 246 

induced mutations,. 1 7  
i nd ucc:rs-

binding ol, 758-759 
description ol. 748 

tronscription and. 753d 
induction 

definition of, 749 
prophoge, 779 

inhcritnncc 

epigenetic, 839-840. 859-861 
yeost prions, 86 I -863 

i nil in I ion 

in boeterin, 677-679 
bDsnl I rnnscription factors and, 55 I 

bose poi ring and. 679-680 
DNA polymernses and, 321-323 
DNA replirntion and. 305 
phage lytic development, 871, 871 r 
rcgulotion of, 537-539 
sites ol. 706f 
tro nscription reaction, 514, 518-519, 806 
trAnslation, 675 

initiotion codon (AUG), 36, 683, 707 

initiation foctors (lfs). 678-679, 6781 
rontrol ol fMET-tRNA• 681-682, 6821 

clf2 mutations, 736 

eukaryote. 684-687 

homologies, 695f 

prokaryotic initiation. 708 

recognition of, 716 

tRNA,Met, 681-682 

initiation sites, mRNA. 682-684 

initiators (lnr), 558 

innl.'ltc immunity. 463-466, 464f 

INOSO complex, 41 7, 821 
inosine (I), 721-712, 7221 
i no sit ol· rcq ui ring protein (Ire l )$ 61 2 

insertion sequcnscs (ISs), 427-429, 4281 
inscr1s 

doni ng usc of, 48 
derivation of. 46 

insula1ors 

function o£, 261 

gene activnlion and, 808 
gypsy tronsposon. 2561 
transcriptionally independent domains and. 

254-257 

insulin genes. rnl. 94f 
iut gene, 798 

lnt protein, 391 

attP binding sites, 3831 

binding modes, 383 

function of. 3841 

intcgrases. 381 f. 441, 4461 

integration 

lombda DNA insertion and, 379-380 

prophage, 779 

intcgrotion host factors (IHFs), 196, 391 

attP binding sites, 3831 

Junction ol. 339 

intcgration/cxdusion functions, 383 

protein HU and, 198 
inteins, 665-666. 665f 
intcractomcs, J 02 



intcrallclic complementation. 755 

intcrallclic recombination, 361-363 
intcrcist ronic region). 707 
internal control rcg�ons (ICRs) 

methylation. 8581 
55 rRNA. 556 

internal guide >cqucnccs (IGSs), 652, 
65 3, 6541 

internal ribo�ome elll ry �itcs 

(IRESs). 684 
internal tramcribcd >pacers (ITS), 613 

interphase 
chromatin in, 200 

chromatin mas�. 194 
DNA attachment, 201-202 
euchronullin, 2 19 

interrupted gene�. Sl-99 

composition of, 83-84 
conscrvotion of. 84-86 
evolution ol, 174-177 
lcngt h ol. 83 
organizotion of. 84-86 

i nt ra.some�. 38 3, 39 1 
intrinsic terminator�. 532 
intron definition, 589, 5901 
intronic enhancer�. 486 
intronic >pi icing enhancers (ISE<), 601. 6011 
int ronic >plici ng >i lcnccrs (ISS), 60 I, 60 I I  
introns� 39 

AU-AC type. 5831 
chloropla>1. I 15 
classes ol. 594-595, 5951 

composition of. 84 
conservation ol 87-88 
description ol. 82 
evolution ol. 87, 658 
cxci>ion ol. 594-595, 6511. 807 
group I 

catalytic activity ol, 653 
cndonudea>c encoding by, 655-657 
rRNA, 6531 
secondary >tructurcs ol, 651-653, 6521 
scll->plicing. 649-65 1 

group II. 649, 657 
GU-AG type, 5831, 593 
homing ol, 657 
mobility ol. 656 
origin ol. 6581 
removal ol, 451, 581, 5811 
sell-splicing. 649-65 1 
size ol. 88-90. 901 
>plicing signa h. 58}-584 
types ol. 58}-584, 5831 
U2-depcndent. 594 
Ul2-dcpcndcnt, 594 
Ul-type, 5831 
Ul l-typc, 5831 
yeast tRNA. 6091 

"introns early" mo<lcl, 174 
•intron:s late'"' model .. 174 
invenebrate.) .. immune .system.. 462 
invened tenninal repeat�. 428 
Ire! (inositol-requiring protein), 6 1 2  
iron-rc-�pon)e clement) (IREs). 634 

isoacccpting tRNA>, 727 
isoclectric focu)ing,. 68 
isolc, active >itc>, 732, 7321 
isolcucyl·tRNA >-ynthctosc (llcRS), 731 

isopropylthiogalocto.idc (IPTG), 48, 752 

isopycnic banding. 56-57 
ISW I complexes, 819 

J 
J segments. 470-471, 475 
Jacob, Fran<;ois. 747 
JIL-l kinase, 827-829. 8291 
joint molecules. 359, 361 
JUN transcription factor, 280 
junk genes, 107 

K 
K-Ras oncogene, 70 
K,K, ratios, 166-16 7 
kasugamycin, 701 
kasugamydn-resistant mutants, 701 
KDM. St!e LSD I (lysinc->pccilic dcmcthylosc I) 

killer T cells, 466 
kincsins, 641 
kinetic proo(readi ng. 730 
kinetochores 

description, 21  0 
)ormation ol, 153 

kirromycin, 688 
Klcnow fragments. 308. 310 
KMTI, 844 
knock-ins. 75 
knockdown approaches. 75 
knockouts. 75 
KSR protein, 279-180. 2791 
Ku70, 414, 4151 
Ku80, 414, 4151 
Ku70:Ku80, 483 
Ku70:Ku86, 479. 490 
kuru, 23. 864 

L 
L chains, 471-472 
lac genes, 20 

expression in mouse, 51  I 
lacA. 750, 751 
lacY. 750, 751 
lacZ, 471, 750. 751 
mutations, 754-755. 7551 
transcription of. 751 

lac operon, 750. 7501. 758 
catabolite repression and. 762-764 
control, 762-764 
induction ol, 753-754 
negative inducibilc, 751-752 
repression and, 81 0 

Lacl protein, dimeric, 756 
lac repressor. 751. 75 I I  

binding. 759-760. 76 I I  
coding ol, 704-705 
control ol, 752-753. 7531 
mutations, 7571 

uninduciblc, 757 
>1ructure ol. 756-757. 7561, 7571 
tetramcrs, 7601 
transcription,. 704 

lac repressor protein. 7451 
lactose pathways, 773 
LacY proteins, 75 3 
LacZ proteins, 75 3 
lagging strands 

definition of. 311  
synthesis of. 31 11, 314-315. 3151 

lambda DNA insertion, 379-380 
lambda recombination, 38}-3B4 
lambda repressor protein 

autoregulatory circuit, 792-793 
binding sites lor, 802 

cooperative interactions, 

79}-795 
dimcrs, 789, 7891 
DNA-binding form. 788-791, 7891 
function of. 7871 
helix-turn-helix motif. 79�791 
lysogeny and, 787-788, 797 
N-tcrminal domain, 7901 
operators, 787-788, 791 -795, 7921 
synt he>i s ol, 7951. 800 

lambda repressors, 419 
synthesis of. 785 

lampbrush chromosomes, 206, 219 
lariats 

dcbranching. 586 
prc-mRNA splicing and, 585-586 

late genes, 539 
phage, 782 
trnnscription units, 786 

late infcdions, phngc, 780 
Intend clements, 366 
leader pcptidcs, 767 
!coders. 38 
leo ding strands 

definition of. 3 1 1  
synthesis of. 3 1 1 1. 314-315. 3151 

lcghcmoglobin genes 

ll nccst ral forms. 1 8  3 
leghcmoglobins, 93 
u.shmauia 

cytodtrom� b gene, 663 
genome. 6641 
mitochondrial DNA. 664 

leptotene stage, 3581 
lesion bypass, 32}-315 
leucine zippers, 817, 831 
l.xA gene, 418 
LcxA protein, 418-419, 4191 
licensing factors, 192 

cukaryotic replication and, 
298-299, 2991 

ORC binding. 299-301, 2991 
lifespan, tclomcrnsc length in, 219  
ligascs 

DNA 

in excision repair, 400 
function ol, 320 
LigiV, 4151 

E. coli, 320 
function o£, 1 3  
ligosc I, 404 
ligase 111/XRCCI complex, 402 
phage, 320 
RNA. 610. 612 

light (L) chains, lg. 469 
LINEs (long-interspersed nuclear clements). 

448 450, 452-454, 883 
liui-J (lineage) gene, 886 
linkage. genetic,. 27 
linkage disequilibrium, 168-169 
li nkagc maps, I 02 
linker DNA. 216, 127 
linker histoncs. 225, 13�131 
linking number paradox, 239 
linking numbers (L) 

change in, 9 
of dosed molecules, I 0 
definition, 9 

lipascs, snake venom, 88f 
liposomcs, 5 I 
loci, description, 27 
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locus control region> (LCRs) 

domain rontrol by, 258-260, 2581 

T .2. 259. 261 

long-interspersed nuclear clements (LINEs), 

448 450, 452-45� 883 

long-patch repair, 401,404-405 
long-terminal repeat> (LTR>) 

description ol. 444 
U 3 region, 446 

loss·of-function mutation), 30 

low-density lipoprotein rccrptors (LDLRs), 

93. 93f 

lox site, 274 

loxA recombination complex. 38ll 

loxP seq uencr, 380 
LSD I (ly>

i
ne->-pecific demethylose I ) ,  825 

lsm 1 -7 complex. 631. 632 

LSM I 0 protein, 608 
LSM I I  protein, 608 
l11ciforasc genes, 50, SOf 
I ux u ry genes. I 36 

lyascs 
action of. 405f 

description of. 404 

lysine 
acrtylation, 822 

histone tail, 231 

methylated. 2351 

methylation, 825 

neutralization# 2 3 lf 
trimethylation of. 843 

lysis. procrss of. 779 

lysogeny 

cascade in, 7971 

description ol. 330 

establishment ol. 7971 

lambda repre>>or, 787-788 

lytic cycle and, 800-801, 8011 

maintenancr of. 779, 779f, 787-788, 797f 

phage lambda. 784-785 

prophage, 779 

requirements lor, 796-798 

lysozyme, 168 
lytic cycle. lysogeny and. 800-801, 801 f 

lytic infections 
C ro repressor an d. 798-800 

description ol. 779 

phage, 781-782 

regulatory events, 782-783 

M 
macroH2A. 2 35, 237 

Mad:Max heterodimer, 825 

magnesi
um (Mg'++), 655 

maintenance mcthyhr.:tn!tfcrascs, 854 

maize. see 'ZLa mays (maize) 

major groove, I I  
major hi>1ocompatibility complex (MHC), 467 

classes ol. 495-498. 4961 

locus for, 495-498 

T cell recrptors and. 493-495 

/llakorill-lpl p>eudogene. 185 

MALITI RAP. 465 

mammals. sec also spcc1{tc mammal� 

cxons in. 88f 

gene number>, 1 2 1 1  

genes, 89f 

genome !tizcs, 127-128 

non rcpctil i vc DNA. I 07 

satellite DNAs, 154-158 

X ch romosomcs, 847 
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MAMPs, 463, 4641. 465. 481. 498 

Map1, function of. 570f 
MAPKKK (mitogen-activated protein kina>e 

kinase kinase). 279 

,lfATioci, 384-387, 391, 842 

maternal inheritance 
description of. 1 1 1 
mitochondrial. 112-113 

mating type cassette model, 385. 3861, 3871 

mating type locus (MAT), 416 

matrix attachment regions (MARs). 201-202, 2011 

maturases, 657, 658 

mature transcripts, 82 
MB D4 enzymes. 22 
McCP2 protein, 825 

MCM2-7, function of. 300 
Mcm21 protein, 2 1 3  
MDM2 protein, 281 
MeCPI protein, 572, 855 

medaka fish, 435 

Mediator coactivation, 564 
Mediator complex. 814 

111CIOSIS 

chiasma £ormation .. 33, 370 
chromosome recombination. 365-366 
chromosome segregation at, 209 

description. 32 
double-strand breaks in, 359 
gene expression during. 205 

homologous recombination in, 358-359 
prophase, 358f 
recombination during. 391 
stages ol 358f 
telomere dusters, 216f 
tdomcrcs in, 115 

melting temperatures (T.). DNA. 16 
Mesclson, Matthew, 1 3  

Mesclson-Stahl experiment, 57 

Mesorhizobium loti. 12 3 
messenger RNAs (mRNAs) 

3' -ends 
modification. 581 

procrssi
ng. 607-608 

s· -ends 
capping of. 581-582 
modification of, 581 

3' UTRs, 38 
s· UTRs. 38, 874f 

abundant, 136 
antisense RNA and, 340 
bacterial 

cycle of, 705-708 
intcrcistronic regions, 707 
stability of, 706 

codon interpretation, 716 
complex, I 36 
control of. 884 

degradation pathways. 631-633. 643. 706f 
eukaryotic, 640-643 
excess, eDNA and. 135. 135f 
f/hA, 879 

hall-life of. 615-626, 633-635 
histone, 608-609 

initiation sites, 682-684. 7051 
lac. 752f 

localization of. 640-643, 6411 
mature, transport of. 5811  

monocistronic, 115. 628. 707 
phage, 780 
polycistronic, 125, 750 
primary transcript, 5 I 2 

production of. 38 

prokaryotic, 627-629, 618f 

ribosome-b
i
nding sites. 679f 

rpoS, 879 

scarcr, I 36 
secondary structure. 873 
sequestration of, 639-640 
>ilcncrd, 6 39-640 
>l'licing 

site recognition, 584 

sites of. 583-584 

stages of, 585-586. 5851 

stability of, 622-666 

stcndy stale, 626 
transcription of, 107. 55 I, 706f 
trntlSintion of, 14, 807 

in bacteria. 706f 
quality control, 636-639 

metaphase, scaffold. 200-201 

nlctns1ilblc cpinllclcs, 861 
Mctlrattoaxcus jatttta.�r:hii, 122 f, 12 3 
Mctlrauosarciun, 7 26 
methyl-lysine binding domains, 233-234 
l·mcthyladcninc, correction of. 405 
3·mcthvladcninc, removal of. 405 
methylamine mcthyltrans·(crasc, 726 
methylases. "'' DNA methyhransferases (DNMTs); 

met hyhrans(crascs 

met hyiAtion 

bose, 399-400, 399f 

DNA. 866 

lully methylated sites, 853 

hcmimcthylatcd sites. 853 
hi>1one, 815-826 

mRNA c•pping procrss and, 581. 5811 

nudeosome modification, 231, 232f 
at the promoter, 570 

transcrip1 ion and, 840 
uracil position 5, 721 

5-methylcytosine, deamination of, 21-22, 2 1 1  

7·mcthylguaninc, removal of. 405 

7-methyltransferase, 596f 

mcrhyltransfcrascs. 5961. 843 
Clr4. 844 
Clr4H3K9, 843 
de ttot·o, 8 54 
DNA, 570. 853-856 
E(z). 846 

hi>1one, 825, 888 

nlainlcnnncc, 854 
mcthylnminc, 726 

Suv39, 844 

SUV39HI. 843 

Mid protein, 401. 401 f 

Mi-2 /NuRD complexes, 819 
microarrays, 69-72. 137 
micrococcal nuclease (MNase), 226, 226f 
microinjcctions, 5 1 
microRNAs (miRNAs) 

eukaryote, 881-884 
Junction of. 881 
gene .ilencing and. 885f 

heterochromatin formation and, 887-888 

mR NA degradation and, 633 
procrssing. 8831 

>l'licing and, 875 

microsatellites, stability of, 159, 409 

microtubule organizing crnters (MTOCs). 209 

microtubulcs, dcacylation. 278 
middle genes, 5 39, 781 
Mif2 p rotei ns, 2 1 3  



Migl repre>Sor. 831 

miuB gene. 273 

miuCgene. 273 

MinC protein. 27}-274 

MinCO protein. 273, 2731 

miuD gene. 27}-274 

minE gene, 273 

MinE protein. 27}-274 

minicells, 272 

minichromo),omc�. 239 

minisatdlitc DNA 
description ol. 143, 158 
genetic mapping and, 158-159, 1581 
>1obility ol. 159 

minor groove, �izc of. 1 I 
minus strand DNA, 443, 4431 

minus strand RNA, 659-660 
miRNAs. •�c microRNAs (miRNAs) 
misnHHch rcpoir (1\�MR ) 

description ol. 362 
directional control ol, 407-409 
Junction of. 397-398 

somatic hypcrmuuuion nnd, 
486-487 

missense suppre>>ion, 732-734, 7331 
mitochondria 

DNA replication, 308 
evolution ol. 1 16-1 I 7 

gene tran:dcr�. 1 1 7  
genetic code change>. 724, 7241 

genomes. I 14. 114L I I 51 
species romparbon�. 177 

group l 667 

group II. 66 7 

human. I 941 
inheritance of. I I 21 
nudeic ocid length, I 941 

replication. 34}-344 

RNA polymero>CS, 553 
segrega tion, 343-344 

mitosis 
chromo�omc segregation nt, 209 
condensed chromo)omcs, 194 

rccombinntion events, 356 
>-pi ndlo. 209 

Miwi protein, 882 
Mlhl protein, 41 5 

MMTV promoter, 821-822, 8221 
MNose. >-pccilicity, 246-247 
MNTI gene, 875, 8751 
mod(mdg4) protein, 256 

moleculor biology. mel hod<, 42-80 

molecular chi.lpcronc), 243-244 

molecular dock>, 169-173 

mono·ubiquitylation, 231 
monocistronic mRNA, 125 

dn1ruction of, 628 

ORFs, 707 

monodonol hybridomos, 485 
Monod, Jocqun, 747 
MotA protein. 783 

mouse 
genome :"Jizc. 1281 
pseudogene>. I 27 

satellite DNA. I 551 

separation of DNA. I 5 31 

Mrcl I. 376, 3771. 4 I 31 

Mrcl i /Rod50/Xb>l complex, 413. t>ua/so 

MRN complex: MRX complex 
MreB protein, 270 
MREII gene mutrllion�. 376 

MRN complex, 376 
5' end resection and. 41 31 
nonhomologous end-joining. 414-41 5 

mRNAs. see messenger RNAs (mRNAs) 
mRNP granules, 642 
MRX complex, 376 
Msh2·Msh3 dimers, 408 
Msh2-Msh6 dimers, 408 
Msh3 protein, 408 
Msh4 protein, 370 
Msh6 protd n, 408 
mtDNA (mitochondrial DNA), I I 3, I I 5£. 308, 664 
Mu clements, 437 
Mu transposition, 431 I 
Mud5, 588 
MuDR tronsposons, 435 
m11drA gene, 435 
mudrB gene, 435 
muk mutations? 276 
MukB gene, 276 
MukB protein, 276 
MukBEF complex, 276 
MukE protein, 276 
MukF protein, 276 
MULE (Mu·like clement) superfamily. 534 

Mullis, Kory, 60 
multilorked chromosomes. 269-270, 2691 
multiple doning sites (MCSs). 47 
multiplex PCR, 65 
Mus musm/us (mouse). I 55. 1551 
Mus81 protein, 375 
mut genes. 407 
mutagens. I 7 
mutants 

constitutive. 754 
relaxed. 771 
lor replication, 306 
traus·acting. 754-755 
uninducible, 754 

mutation hotspots, 309 
mutations 

accumulation of. 149 
affecting splicing. 84 
bock, I 9-20 
bioses in, I 87-188 
cis·octing. 401 

complementation te�1. 29 
DNA sequence changes, 17-18 
DNA sequence evolution, 16}-165 
dominant negative, 755-756 
down, 52 I 
in exons, 83-84 
lorwa rd, I 9-20 
frequency of. 20 
goin-of·function, 30 
hotspots, 20-21 
induced, I 7, I 8l I 91 
leaky, 30 
lethal. I 3}-134 
lon·of-function, 30 

neutral. 28. I 66 
nonlethal. 1 341 
nonsense. 5 34 
null. 30 
partition process and. 276 
promoter, 521-522 
random effects of, I 64 
rates of. I 7-18 
reversion, 19-20 
selection ond, 165-169 
silent, 31 

single pairs, 18-19 
spontaneous, 1 1  f 
suppression, 10 

synthetic lethal, 1 34  
traus-acting. 40-41 
up, 521 
virulent 

phage Ia mbda, 788 
mutator phenotypes? 407 
Mll1ator transposon. 435 
Mli1H protein. 408 
Mutl protein, 407, 408 
MutM protein, 407, 408 
MutS/Mutl system, 409, 4091. 420 
MutS protein, 407, 408, 4091 
MutT protein, 407 
MutY protein, 407, 408 
IV\YC transcription £actor, 280 
Mycobacterium tuberculosis. 467 
Mycopla.rma spp. 

genome size, 177-178 
M capricolwn, genetic code? 72 3 
M geuitalium 

genome, 1 2  I, 1221, 132 
insertions, 132 

M pueumouiae, rRNA genes. 147 
UGA codon, 717 

MyD88, 465 
myelin bosicprotein (MBP), 641 
myelomas. mutations in. 485 
Myo4 protein, 641 
MyoD protein, 823, 815 
myoglobins. conservation, 93 

N 
n-1 rule. 848 
N genes, 783 

antitermination and. 785 
expression of, 787 
tronscription of, 785-786, 7991 

N nudeotides, 479 
N protein, 543, 545 
N utiliznlion substances (Nus). 543 
NADH dehydrogenase, I 14 
nanopore sequencing. 59 
//OliOS mR NA, 641, 643 
nascent RNA, 707 
NilS I, 414-415 
Nbsl complex. 376, 3771 
Neanderthals, 104 
negative complementation, 755 
negative control 

bacterial. 810 
transcriptional.. 748 

negative selection 
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