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PREFACE

Of the diverse ways to study the living world, molecular 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 organismal
genome sequence was obtained a little over 20 years ago. The
structure and function of genes and genomes and their associated
cellular processes are sometimes elegantly and deceptively simple
but frequently amazingly 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 molecular genetics and
molecular biology. In order to provide the most current
understanding of the rapidly changing subjects in molecular biology,
we have enlisted leading scientists to provide revisions and content
updates in their individual fields of expertise. Their expert
knowledge has been incorporated throughout the text. Much of the
revision and reorganization of this edition follows 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 topics; in particular, discussion of chromatin organization
and nucleosome structure precedes the discussion of eukaryotic
transcription, because chromosome organization 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 chromatin 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 RNA and microRNAs in
eukaryotes.

This book is organized into four parts. Part | (Genes and
Chromosomes) comprises Chapters 1 through 8. Chapter 1
serves as an introduction to the structure and function of DNA and
contains basic coverage of DNA replication and gene expression.
Chapter 2 provides information on molecular laboratory
techniques. Chapter 3 introduces the interrupted structures of
eukaryotic genes, and Chapters 4 through 6 discuss genome
structure and evolution. Chapters 7 and 8 discuss the structure of
eukaryotic chromosomes.

Part Il (DNA Replication, Repair, and Recombination) comprises
Chapters 9 through 16. Chapters 9 through 12 provide detailed
discussions of DNA replication in plasmids, viruses, and prokaryotic
and eukaryotic cells. Chapters 13 through 16 cover recombination
and its roles in DNA repair and the human immune system, with
Chapter 14 discussing DNA repair pathways in detail and Chapter
15 focusing on different types of transposable elements.

Part lll (Transcription and Posttranscriptional Mechanisms)
includes Chapters 17 through 23. Chapters 17 and 18 provide
more in-depth coverage of bacterial and eukaryotic transcription.
Chapters 19 through 21 are concerned with RNA, discussing
messenger RNA, RNA stability and localization, RNA processing,
and the catalytic roles of RNA. Chapters 22 and 23 discuss
translation and the genetic code.



Part IV (Gene Regulation) comprises Chapters 24 through 30. In
Chapter 24, the regulation of bacterial gene expression via
operons is discussed. Chapter 25 covers the regulation of
expression of genes during phage development as they infect
bacterial cells. Chapters 26 through 28 cover eukaryotic gene
regulation, including epigenetic modifications. Finally, Chapters 29
and 30 cover RNA-based control of gene expression in prokaryotes
and eukaryotes.

For instructors who prefer to order topics with the essentials of
DNA replication and gene expression followed by more advanced
topics, the following chapter sequence is suggested:

Introduction: Chapter 1

Gene and Genome Structure: Chapters 4—6

DNA Replication: Chapters 9-12

Transcription: Chapters 17-20

Translation: Chapters 22—-23

Regulation of Gene Expression: Chapters 7-8 and 24-30

Other chapters can be covered at the instructor’s discretion.



o

Top texture: © Laguna Design/Science Source

THE STUDENT EXPERIENCE

This edition contains several features to help students learn as they

read:

* Each chapter begins with a Chapter Outline that clearly lays
out the framework of the chapter and helps students plan their
reading and study.

aReplicatic
st
D“ . .,,new"‘dm ﬁwmaﬁd
11 55' u
coordmalind consists of
no\ﬂ"-‘“ 1a ding St
production wtﬂmﬂsﬂwﬂ : m“?dwmaﬂ Wmdw
11 111 1ol
. “““glﬂw arious NucA25S Clarp COOtrets 5o
paks phae ¥ gaaa THE S an DA e Linked by L9
a3 O merier! ouasa FITCL onn AT
asc® e
S % e 8 GO 1133 Esfm‘:';mmw“‘w,ﬂwﬂ
15 ;'::c‘lﬂﬂ mww 1354 mﬂwﬂl MW JE—
o DELR Y grronation O TZE e
08 Teat STl apeted® s S
ROECC e N e

e Each section is summarized with a bulleted list of Key

Concepts to assist students with distilling the focus of each
section.
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e GENES XllI includes the high-quality illustrations and

photographs that instructors and students have come to
expect in this classic title.




e Key Terms are highlighted in bold type in the text and compiled
in the Glossary at the end of the book.

e Each chapter concludes with an expanded and updated list of
References, which provides both primary literature and current
reviews to supplement and reinforce the chapter content.



e Additional online study tools are available for students and
instructors, including practice activities, prepopulated quizzes,
and an interactive eBook with Web Links to relevant sites,
including animations and other media.
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TEACHING TOOLS

A variety of teaching tools are available via digital download and
multiple other formats to assist instructors with preparing for and
teaching their courses with Lewin’'s GENES XiII.

e The Lecture Outlines in PowerPoint format presentation
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 XII. Instructors with Microsoft PowerPoint software can
customize the outlines, art, and order of presentation.
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o The Key Image Review provides the illustrations, photographs,
and tables to which Jones & Bartlett Learning holds the
copyright or has permission to reprint digitally. These images
are not for sale or distribution but may be used to enhance
existing slides, tests, and quizzes or other classroom material.



e

e The Test Bank has been updated and expanded by author
Stephen Kilpatrick to include over 1,000 questions, in addition to
the 750 questions and activities that are included in the online
study and assessment tools.

e Hand-selected Web Links to relevant websites are available in
a list format or as direct links in the interactive eBook.

e The publisher has prepared a Transition Guide to assist
instructors who have used previous editions of the text with
conversion to this new edition.
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Chapter 1: Genes Are DNA and
Encode RNAs and Polypeptides

Edited by Esther Siegfried

Chapter Opener: © bluebay/Shutterstock, Inc.

CHAPTER OUTLINE

1.1 Introduction

1.2 DNA Is the Genetic Material of Bacteria and
Viruses



1.3 DNA Is the Genetic Material of Eukaryotic
Cells

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

1.5 Supercoiling Affects the Structure of DNA
1.6 DNA Is a Double Helix
1.7 DNA Replication Is Semiconservative

1.8 Polymerases Act on Separated DNA Strands
at the Replication Fork

1.9 Genetic Information Can Be Provided by DNA
or RNA

1.10 Nucleic Acids Hybridize by Base Pairing
1.11 Mutations Change the Sequence of DNA

1.12 Mutations Can Affect Single Base Pairs or
Longer Sequences

1.13 The Effects of Mutations Can Be Reversed
1.14 Mutations Are Concentrated at Hotspots
1.15 Many Hotspots Result from Modified Bases
1.16 Some Hereditary Agents Are Extremely Small
1.17 Most Genes Encode Polypeptides

1.18 Mutations in the Same Gene Cannot
Complement

1.19 Mutations May Cause Loss of Function or
Gain of Function



1.20 A Locus Can Have Many Different Mutant
Alleles

1.21 A Locus Can Have More Than One Wild-Type
Allele

1.22 Recombination Occurs by Physical
Exchange of DNA

1.23 The Genetic Code Is Triplet

1.24 Every Coding Sequence Has Three Possible
Reading Frames

1.25 Bacterial Genes Are Colinear with Their
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1.1 Introduction

The hereditary basis of every living organism is its genome, a long
sequence of deoxyribonucleic acid (DNA) that provides the
complete 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
information because the genome does not itself perform an active
role in the development of the organism. Rather, the products of
expression of nucleotide sequences within the genome determine
development. By a complex series of interactions, the DNA



sequence directs production of all of the ribonucleic acids (RNAS)
and 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 structure of the organism; have the capacity to build the
structure; 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 can 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 can contain a large number of genes.
Genomes for living organisms might contain as few as about 500
genes (for mycoplasma, a type of bacterium), about 20,000 for
humans, or as many as about 50,000 to 60,000 for rice.

In this chapter, we explore the gene in terms of its basic molecular
construction and basic function. FIGURE 1.1 summarizes the
stages in the transition from the historical concept of the gene to
the modern definition of the genome.



1850 1865 Genes are particulate factors

1871 Discovery of nucleic acids
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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
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1961 Genetic code is triplet
1977 Eukaryotic genes are interrupted

2000 1977 DNA can be sequenced

1995 Bacterial genomes sequenced
2001 Human genome sequenced

2008 First synthetic genome
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FIGURE 1.1 A brief history of genetics.

The first definition of the gene as a functional unit followed from the
discovery that individual genes are responsible for the production of
specific proteins. 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 (at least initially) identical to one of the two
polynucleotide strands of DNA. In many cases, the RNAis in turn
used to direct production of a polypeptide. In other cases, such as
ribosomal RNA (rRNA) and transfer RNA (tRNA) genes, the RNA
transcribed 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.

Gene Chemical nature
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DMNA ‘MW Sequence of nucleotides

RNA Sequence of nucleotides
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Polypeptide M Sequence of amino acids

FIGURE 1.2 A gene encodes an RNA, which can encode a
polypeptide.

The gene is the functional unit of heredity. Each gene is a sequence
within the genome that functions by giving rise to a discrete
product, which can 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 can exist in alternative forms, called alleles.

In diploid organisms (having two sets of chromosomes), one of
each chromosome pair is inherited 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 chromosomes 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 a diploid individual,
a population might have many alleles of a single gene.

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. After the unit of recombination (reassortment)
was introduced as the measure of linkage, the construction of
genetic maps became possible. The recombination frequency
between loci is proportional to the physical distance between the
loci.

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, classic 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.

Variable nucleotide sites among alleles of a gene can be arranged
into a linear order, showing that the gene itself has the same linear
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 conclusion leads
naturally to the modern view summarized in FIGURE 1.3 that the
genetic material of a chromosome consists of an uninterrupted
length of DNA representing many genes. Having defined the gene
as an uninterrupted 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 messenger RNA (mMRNA) (see the
chapter titled The Interrupted Gene). Furthermore, there are
regions of DNA that control the timing and pattern of expression of
genes that can be located some distance from the gene itself.



A chromosome is a very long molecule of DNA

The chromosome
contains many genes

Each gene is
part of a continuous
sequence of DNA

Start of gene

End of gene
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FIGURE 1.3 Each chromosome consists of a single, long molecule
of DNA within which are the sequences of individual genes.

From the demonstration that a gene consists of DNA, and that a
chromosome consists of a long stretch of DNA representing many
genes, we will move to the overall organization of the genome. In
the chapter titled The Interrupted Gene, we take up in more detail
the organization of the gene and its representation in proteins. In
the chapter titled The Content of the Genome, we consider the
total number of genes, and in the chapter titled Clusters and



Repeats, we discuss other components of the genome and the
maintenance of its organization.

1.2 DNA Is the Genetic Material of
Bacteria and Viruses

KEY CONCEPTS

e Bacterial transformation provided the first evidence that
DNA is the genetic material of bacteria. We can transfer
genetic properties 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 some 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 organisms is DNA has its
roots in the discovery of transformation by Frederick Griffith in
1928. The bacterium Streptococcus (formerly Pneumococcus)
pneumoniae kills mice by causing pneumonia. The virulence of the
bacterium is determined by its capsular polysaccharide, which
allows the bacterium to escape destruction by its host. Several
types of S. pneumoniae 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 capsular 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 treatment, they can no longer
harm the animal. FIGURE 1.4, however, shows that when heat-
killed S bacteria and avirulent R bacteria are jointly injected into a
mouse, it dies as the result of a pneumonia infection. Virulent S
bacteria can be recovered from the mouse’s blood.

Pneumococcus types Injection of cells Result
Capsule Living S

Dies
smooth (S) f;b‘

dppearance : - —
Heat-killed S Lives ~ su
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Living R Lives /‘_&1
No cap/sule 4 g Heatkilled S Die |
rough (R) =“si & Living R
appearance
FIGURE 1.4 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.

In this experiment, the heat-killed S bacteria were of type Ill and
the live R bacteria had been derived from type Il. The virulent
bacteria recovered from the mixed infection had the smooth coat of
type Ill. So, some property of the dead IlIS bacteria can transform
the live IR bacteria so that they make the capsular polysaccharide
and become virulent. FIGURE 1.5 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 IlIS bacteria were
added to the live IIR bacteria before being plated on agar and



assayed for transformation (FIGURE 1.6). Purification of the
transforming principle in 1944 by Avery, MacLeod, and McCarty
showed that it is DNA.

Mouse injected
with heat-killed S
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FIGURE 1.5 The DNA of S-type bacteria can transform R-type
bacteria into the same S type.



FIGURE 1.6 Rough (left) and smooth (right) colonies of S.
pneumoniae.

© Avery, et al., 1944. Originally published in The Journal of Experimental Medicine, 79:

137-158. Used with permission of The Rockefeller University Press.

Having shown that DNA is the genetic material of bacteria, the next
step was to demonstrate that DNA is the genetic material 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 material enters the cell, and
then approximately 20 minutes later each cell bursts open, or lyses,
to release a large number of progeny phage.

FIGURE 1.7 illustrates the results of an experiment 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 [3°S]). The infected bacteria
were agitated in a blender and two fractions were separated by
centrifugation. One fraction, containing the empty phage “ghosts”



that were released from the surface of the bacteria, consisted of
protein and contained approximately 80% of the 3°S label. The
other fraction consisted of the infected bacteria themselves and
contained approximately 70% of the 32P label. Previously, it had
been shown that phage replication occurs intracellularly so that the
genetic material of the phage would have to enter the cell during
infection.
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FIGURE 1.7 The genetic material of phage T2 is DNA.

Most of the 32P label was present in the fraction containing infected
bacteria. The progeny phage particles produced by the infection

contained approximately 30% of the original 32P label. The progeny
received less than 1% of the protein contained in the original phage



population. This experiment directly showed that only the DNA of
the parent phages enters the bacteria and becomes part of the
progeny phages, which is exactly the expected behavior of genetic
material.

The phage possesses genetic material with properties analogous
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 of T2 reinforces the general conclusion that DNA is
the genetic material of the genome of a cell or a virus.

1.3 DNA Is the Genetic Material of
Eukaryotic Cells

KEY CONCEPTS

e 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 growing 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 1.8. Although for historical reasons these experiments are
described as transfection when performed with animal cells, they
are analogous to bacterial transformation. The DNA that is
introduced into the recipient cell becomes part of its genome and is
inherited with it, and expression of the new DNA results in a new
phenotype of the cells (synthesis of thymidine kinase in the
example of Figure 1.8). At first, these experiments were
successful only with individual cells growing 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 species and remain functional.
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FIGURE 1.8 Eukaryotic cells can acquire a new phenotype as the
result of transfection by added DNA.

The genetic material of all known organisms and many viruses is
DNA. Some viruses, though, use RNA as the genetic material. As a
result, the general nature of the genetic material is that it is always
nucleic acid; specifically, it is DNA, except in the RNA viruses.



1.4 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.

e 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'—-OH).

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

e 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.

e 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.

e DNA contains the four bases adenine, guanine, cytosine,
and thymine; RNA has uracil instead of thymine.

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

e A nitrogenous base
e A sugar
e One or more phosphates



The nitrogenous base is a purine or pyrimidine ring. The base is
linked to the 1’ (“one prime”) carbon on a pentose sugar by a
glycosidic bond from the Nz of pyrimidines or the Ng of purines. The
pentose sugar linked to a nitrogenous base is called a nucleoside.
To avoid ambiguity between the numbering systems of the
heterocyclic rings and the sugar, positions on the pentose 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
pentose ring. The sugar can be linked by its 5" or 3' carbon to a
phosphate group. A nucleoside linked to a phosphate at the 5’
carbon is a nucleotide.

A polynucleotide is a long chain of nucleotides. FIGURE 1.9
shows that the backbone of the polynucleotide chain consists of an
alternating series of pentose (sugar) and phosphate residues. The
chain is formed by linking the 5’ carbon of one pentose 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 pentose
is bonded to one oxygen of the phosphate, whereas the 5’ carbon
of the other pentose is bonded to the opposite oxygen of the
phosphate. The nitrogenous bases “stick out” from the backbone.
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FIGURE 1.9 A polynucleotide chain consists of a series of 5'-3'
sugar—phosphate links that form a backbone from which the bases
protrude.

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, uracil (U) is found instead of thymine. The
only structural difference between uracil and thymine is the
presence of a methyl group at position Cs.

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 is 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.



1.5 Supercoiling Affects the Structure
of DNA

KEY CONCEPTS

e Supercoiling occurs only in “closed” DNA with no free
ends.

e 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; thus,
it can occur only if the DNA has no free ends (otherwise the free
ends can rotate to relieve the tension) or in linear DNA (FIGURE
1.10, 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 1.10
(center) with the supercoiled circular molecule that forms a twisted,
and therefore more condensed, shape (Figure 1.10, bottom).



FIGURE 1.10 Linear DNA is extended (top); a circular DNA remains
extended if it is relaxed (nonsupercoiled; center); but a supercoiled
DNA has a twisted and condensed form (bottom).

Photos courtesy of Nirupam Roy Choudhury, International Centre for Genetic Engineering

and Biotechnology (ICGEB).

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 produces 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 tensions in the DNA
(which is why DNA molecules with no supercoiling are said to be
“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 central aspect of all of its
functional activities (e.g., recombination, replication, and
transcription) as well as of the organization of its higher order
structure. 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
1.11.



Rotation about a free end

FIGURE 1.11 Separation of the strands of a DNA double helix can
be achieved in several ways.

Unwinding a short linear DNA presents no problems, because 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 also coated with proteins that serve to
anchor the DNA at numerous points. As a result, even a linear
eukaryotic chromosome does not functionally possess free ends.



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 increase their
winding about each other farther along the molecule, resulting in
positive supercoiling elsewhere in the molecule to balance the
underwinding generated in the single-stranded region. The problem
can be overcome by introducing a transient nick in one strand. An
internal 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 characterized 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
can have different linking numbers, reflecting different degrees of
supercoiling. Molecules of DNA that are the same except for their
linking numbers are called topological isomers.

The linking number is made up of two components: 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, T is the total number of base pairs divided by the number of
base pairs per turn. 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
guantitative 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 number, AL,
given by the equation:



AL = AW + AT

The equation states that any change in the total number 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
(AW) and changes in the helical repeat of the double helix itself
(AT). 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/turn) helical repeat is a very stable conformation
for DNA in solution. Thus, any AL 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 —AL)
corresponds to the introduction of some combination of negative
supercoiling (AW) and/or underwinding (AT). An increase in linking
number, measured as a change of +AL, 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, o = AL/LO, for which LO is the linking number
when the DNA is relaxed. If all of the change in the linking number
is due to change in W (that is, AT = 0), the specific linking
difference equals the supercoiling density. In effect, g, as defined in
terms of AL/LO, can be assumed to correspond to supercoiling
density so long as the structure of the double helix itself remains
constant.

The critical feature about the use of the linking number is that this
parameter is an invariant property of any individual closed DNA
molecule. The linking number cannot be changed by any
deformation 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 combinations of T and W,



but it cannot change their sum so long as the strands are unbroken.
(In fact, the partitioning of L between T and W prevents the
assignment of fixed values for the latter 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 supercoiling in the cell are
performed by topoisomerase enzymes (this is explored in more
detail in the chapter titled DNA Replication).

1.6 DNA Is a Double Helix

KEY CONCEPTS

e The B-form of DNA is a double helix consisting of two
polynucleotide chains that are antiparallel.

e 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
pairs.

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

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



By the 1950s, the observation by Erwin Chargaff that the bases
are present in different amounts in the DNAs of different species
led to the concept 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
explaining how a sequence of bases in DNA could determine 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
1953:

e 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 about 20 A (2 nm).
The distance between adjacent nucleotides is 3.4 A (0.34 nm);
thus, there must be 10 nucleotides per turn. (In aqueous
solution, the structure averages 10.4 nucleotides per turn.)

e 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).

e 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 of T. Consequently, the composition of any DNA
can be described by its G-C content, or the sum of the
proportions of G and C bases. (The proportions of Aand T
bases can be determined by subtracting the G-C content from



1.) G-C content ranges from 0.26 to 0.74 among different
species.

Watson and Crick proposed that the two polynucleotide chains in
the double helix associate by hydrogen bonding between the
nitrogenous 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 bases at the interfaces 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 polynucleotide chains running
in opposite directions, so they are said to be antiparallel, as
illustrated in FIGURE 1.12. Looking in one direction along the helix,
one strand runs in the 5' to 3' direction, whereas its complement
runs 3' to 5.
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FIGURE 1.12 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.

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 neutralized 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 organization of DNA in the cell.

The base pairs are on the inside of the double helix. They are flat
and lie perpendicular to the axis of the helix. Using the analogy of



the double helix as a spiral staircase, the base pairs form the
steps, as illustrated schematically in FIGURE 1.13. Proceeding up
the helix, bases are stacked on one another like a pile of plates.

Sugar Base Phosphate

FIGURE 1.13 Flat base pairs lie perpendicular to the sugar—
phosphate backbone.

Each base pair is rotated about 36° around the axis of the helix
relative to the next base pair, so approximately 10 base pairs make
a complete turn of 360°. The twisting of the two strands around
each other forms a double helix with a minor groove that is about
12 A (1.2 nm) across and a major groove that is about 22 A (2.2
nm) across, as can be seen from the scale model presented in
FIGURE 1.14. 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-DNA (named for the “zig-zag” pattern of the



backbone), is longer and narrower than the B-form and is a left-
handed helix.
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FIGURE 1.14 The two strands of DNA form a double helix. ©
Photodisc.

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 turn,
it is underwound. The degree of local winding can be affected by
the overall conformation of the DNA double helix or by the binding
of proteins to specific sites on the DNA.



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

1.7 DNA Replication Is
Semiconservative

KEY CONCEPTS

e The Meselson—Stahl experiment used “heavy” isotope
labeling to show that the single polynucleotide strand is
the unit of DNA that is conserved during replication.

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

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

To ensure the fidelity of genetic information, it is crucial that DNA is
reproduced accurately. The two polynucleotide strands are joined
only by hydrogen bonds, so they are able to separate without the
breakage of covalent bonds. The specificity of base pairing
suggests that both of the separated parental strands could act as
template strands for the synthesis of complementary daughter
strands. FIGURE 1.15 shows the principle that a new daughter
strand is assembled from each parental strand. The sequence of
the daughter strand is determined by the parental strand: An A in
the parental strand causes a T to be placed in the daughter strand;
a parental G directs incorporation of a daughter C; and so on.
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FIGURE 1.15 Base pairing provides the mechanism for replicating
DNA.

The top part of Figure 1.15 shows an unreplicated parental duplex
with the original two parental strands. The lower part shows the
two daughter duplexes produced by complementary base pairing.
Each of the daughter duplexes is identical in sequence to the
original parent duplex, containing one parental 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, called semiconservative replication, are
illustrated in FIGURE 1.16. The parental duplex is replicated to
form 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
individual strands comprising the parental duplex.
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FIGURE 1.16 Replication of DNA is semiconservative.

Figure 1.15 illustrates a prediction of this model. If the parental
DNA carries a “heavy” density label because the organism has
been grown in a medium containing a suitable isotope (such as
15N), its strands can be distinguished from those that are
synthesized when the organism is transferred to a medium
containing “light” isotopes. The parental DNA is a duplex of two
“heavy” strands (red). After one generation of growth in a “light”
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).

In this model, the individual strands of these duplexes are entirely
“heavy” or entirely “light” but never some combination of “heavy”
and “light.” This pattern 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 E. coli. When DNA was extracted from
bacteria and separated in a density gradient by centrifugation, the
DNA formed bands corresponding to its density—"“heavy” for
parental, hybrid for the first generation, and half hybrid and half
“light” in the second generation.

1.8 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.

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

e 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 of DNA 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 undergoes
renaturation, as the daughter duplex is formed. Only a small
stretch of the duplex DNA is denatured at any moment during
replication. (“Denaturation” 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.)



The helical structure of a molecule of DNA during replication is
illustrated in FIGURE 1.17. The unreplicated region consists of the
parental 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
parental strands and formation of daughter duplexes.

Replication fork

FIGURE 1.17 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 synthesis of DNA is aided by specific enzymes (called 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,
primase 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:



e Endonucleases break individual phosphodiester linkages within
RNA or DNA molecules, generating discrete fragments. 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 1.18.
Bond broken

FIGURE 1.18 An endonuclease cleaves a bond within a nucleic
acid. This example shows an enzyme that attacks one strand of
a DNA duplex.

e Exonucleases remove nucleotide residues one at a time from
the end of the molecule, generating mononucleotides. They only
act on a single nucleic acid 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 trimming reactions, as shown in FIGURE 1.19.

FIGURE 1.19 An exonuclease removes bases one at a time by
cleaving the last bond in a polynucleotide chain.

1.9 Genetic Information Can Be
Provided by DNA or RNA



KEY CONCEPTS

e Cellular genes are DNA, but viruses can have genomes
of RNA.

o DNA is converted into RNA by transcription, and RNA can
be converted into DNA by reverse transcription.

e The translation of RNA into polypeptide is unidirectional.

The central dogma describing the expression of genetic
information from DNA to RNA to polypeptide 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 1.20 illustrates the roles of replication, transcription, and
translation in the context of the so-called central dogma:
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FIGURE 1.20 The central dogma states that information in nucleic
acid can be perpetuated or transferred, but the transfer of
information into a polypeptide is irreversible.

e Transcription of DNA by a DNA-dependent RNA polymerase
generates RNA molecules. mRNAs are translated to
polypeptides. Other types of RNA, such as rRNAs and tRNAs,
are functional themselves and are not translated.

e A genetic system might 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 cells infected by these viruses.

e 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, polypeptides 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
1.21.
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FIGURE 1.21 Double-stranded and single-stranded nucleic acids
both replicate by synthesis of complementary strands governed by
the rules of base pairing.

Cellular genomes reproduce DNA by the mechanism of
semiconservative replication. 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 complement
(which is, of course, identical to the original strand). Replication
might involve the formation of stable double-stranded intermediates
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. The restriction is violated by the
retroviruses, which have genomes consisting of a single-stranded
RNA molecule. During the retroviral cycle of infection, 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 turn converted into a dsDNA. 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 (to copy DNA from DNA),
transcription (to copy RNA from DNA), and translation (to use
MRNA to direct the synthesis of a polypeptide). 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 transcription 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 perpetuation of genetic information
apply to the massive genomes of plants or amphibians as well as
the tiny genomes of mycoplasma and the even smaller genomes of
DNA or RNA viruses. TABLE 1.1 presents some examples that
illustrate the range of genome types and sizes. The reasons for
such variation in genome size and gene number are explored in the
chapters titled The Content of the Genome and Genome
Sequences and Evolution.

TABLE 1.1 The amount of nucleic acid in the genome varies

greatly.
Genome Number of Genes Number of Base Pairs
Organism
Plants <50,000 <101t
Mammals 30,000 ~3 x 10°
Worms 14,000 ~108
Flies 12,000 1.6 x 108
Fungi 6,000 1.3 x 107
Bacteria 2-4,000 <10’
Mycoplasma 500 <108
dsDNA Viruses
Vaccinia <300 187,000




Papova (SV40) ~6 5,226
Phage T4 ~200 165,000
ssDNAViruses

Parvovirus 5 5,000
Phage fX174 11 5,387
dsRNAViruses

Reovirus 22 23,000
ssRNAViruses

Ciribavirus 7 20,000
Influenza 12 13,500
™V 4 6,400
Phage MS2 4 3,569
STNV 1 1,300
Viroids

PSTV RNA 0 359
Note: TMV=tobacco mosaic virus; STNV=satellite tobacco necrosis virus; PSTV=potato
spindle tuber viroid.

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



function of the genetic information of viruses, whether DNA or RNA:
The nucleic acid encodes the protein(s) needed to package the
genome and for any other functions 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.)

1.10 Nucleic Acids Hybridize by Base
Pairing

KEY CONCEPTS

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

e The T, is the midpoint of the temperature range for
denaturation.

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

e Denaturation and renaturation/hybridization can occur
with DNA-DNA, DNA-RNA, or RNA—-RNA combinations
and can be intermolecular or intramolecular.

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

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 specificity of the processes of denaturation
and renaturation 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:
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FIGURE 1.22 Base pairing occurs in duplex DNA and also in intra-
and intermolecular interactions in single-stranded RNA (or DNA).

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

¢ A single-stranded nucleic acid can base pair with an
independent, complementary single-stranded nucleic acid to
form an intermolecular duplex.

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



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

Denaturation of DNA occurs over a narrow temperature range and
results in striking changes in many of its physical properties. The
midpoint of the temperature range over which the strands of DNA
separate is called the melting temperature (T,) 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 solution under physiological conditions, a DNA
that is 40% G-C (a value typical of mammalian genomes)
denatures with a T, 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 encounter 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
whenever 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.
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FIGURE 1.23 Denatured single strands of DNA can renature to
give the duplex form.

Experimentally, the hybridization reaction is used to combine two
single-stranded nucleic 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 linked to a filter. A second denatured DNA
(or RNA) preparation is then added. The filter is treated so that the
second preparation of nucleic acid can attach to it only if it is able
to base-pair with the DNA that was originally linked to the filter.
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.
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FIGURE 1.24 Filter hybridization establishes whether a solution of

denatured DNA (or RNA) contains sequences complementary to
the strands immobilized on the filter.

The extent of hybridization between two single-stranded nucleic
acids is determined by their complementarity. Two sequences need
not be perfectly complementary to hybridize under the appropriate
conditions. If they are similar but not identical, an imperfect duplex



is formed in which base pairing is interrupted at positions where the
two single strands are not complementary.

1.11 Mutations Change the Sequence
of DNA

KEY CONCEPTS

e All mutations are changes in the sequence of DNA.
e Mutations can occur spontaneously or can 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 can conclude that the
DNA encodes that protein. Furthermore, a corresponding change in
the phenotype of the organism can allow us to identify the function
of that protein. The existence of many mutations in a gene might
allow many variant forms of a protein to be compared, and a
detailed analysis can be used to identify regions of the protein
responsible for individual enzymatic or other functions.

All organisms experience a certain number of mutations as the
result of normal cellular operations or random interactions with the
environment. These are called spontaneous mutations, and the
rate at which they occur (the “background level”) is different among
species, and can be different among tissue types within the same
species. Mutations are rare events, and, of course, those that have
deleterious effects are selected against during evolution. It is
therefore difficult to observe large numbers of spontaneous
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 or genome.

Researchers can measure mutation rates at several levels of
resolution: mutation across the entire genome (as the rate per
genome per generation), mutation in a gene (as the rate per locus
per generation), or mutation at a specific nucleotide site (as the
rate per base pair per generation). These rates correspondingly
decrease as a smaller unit is observed.

Spontaneous mutations that inactivate gene function occur in
bacteriophages and bacteria at a relatively constant rate of 3—4 x
10~2 per genome per generation. Given the large variation in
genome sizes between bacteriophages and bacteria (about 103),
this corresponds to great differences in the mutation rate per base
pair.

This suggests that the overall rate of mutation has been subject to
selective forces that have balanced the deleterious effects of most
mutations 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 bacteria, the
mutation rate corresponds to about 1076 events per locus per

generation or to an average rate of change per base pair of 1072-



10710 per generation. The rate at individual base pairs varies very
widely, over a 10,000-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. Each human infant is estimated to
carry about 35 new mutations.
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FIGURE 1.25 A base pair is mutated at a rate of 1072-10710 per
generation, a gene of 1,000 bp is mutated at about 1076 per
generation, and a bacterial genome is mutated at 3 x 1073 per
generation.

1.12 Mutations Can 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 to T-A.

Insertions and/or deletions can result from the movement
of transposable elements.

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:

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

e 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:

e The most common class is the transition, which results from
the substitution 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.

e The less common class is the transversion, 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 deamination that converts cytosine into uracil, resulting 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.)
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FIGURE 1.26 Mutations can be induced by chemical modification of
a base.

Transitions are also caused by base mispairing, which occurs when
noncomplementary bases pair instead of the conventional G-C and
A-T base pairs. Base mispairing usually occurs as an aberration
resulting from the incorporation into DNA of an abnormal base that
has flexible 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 thymine. BrdU has flexible pairing
properties, though, because the presence of the bromine atom
allows a tautomeric shift from a keto (=0O) form to an enol (—OH)
form. The enol form of BrdU can pair with guanine, which after
replication leads to substitution of the original A-T pair by a G-C
pair.
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FIGURE 1.27 Mutations can be induced by the incorporation of
base analogs into DNA.



The mistaken pairing can occur either during 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 of transposable elements, which are
sequences of DNA with the ability to move from one site to another
(see the chapter titled Transposable Elements and Retroviruses).
An insertion within a coding region usually abolishes the activity of
the gene because it can alter the reading frame; such an insertion
is a frameshift mutation. (Similarly, a deletion within a coding region
is usually a frameshift mutation.) Insertions of transposable
elements can subsequently result in deletion of part or all of the
inserted material, and sometimes of the adjacent regions.

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 mechanisms, 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.

1.13 The Effects of Mutations Can Be
Reversed



KEY CONCEPTS

e 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.

e 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 reversion mutations, or
revertants, is an important characteristic that distinguishes point
mutations and insertions from deletions:
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mutation
ATCGGACTAACCGGTTA
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ATCGGACTTXXXXXACCGGTTA
TAGCCTGAAYYYYYTGGCCAAT

Reversion l
by deletion

ATCGGACTTACCGGTTA
TAGCCTGAATGGCCAAT

ATCGGACTTACCGGTTA
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ATCGGACGGTTA
TAGCCTGCCAAT

No reversion possible

FIGURE 1.28 Point mutations and insertions can revert, but
deletions cannot revert.

e A point mutation can revert either by restoring the original

sequence or by gaining a compensatory mutation elsewhere in
the gene.

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



e 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 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
following its insertion is another example of a true reversion. The
second type of back mutation, second-site reversion, can occur
elsewhere in the gene, and its effects compensate for the first
mutation. For example, one amino acid change in a protein can
abolish gene function, but a second alteration can 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 product. The possibilities for
back mutations are thus much more restricted than those for
forward mutations. The rate of back mutations is correspondingly
lower than that of forward mutations, typically by a factor of about
10.

Mutations in other genes can also occur to circumvent the effects
of mutation in the original gene. This is called a suppression
mutation. A locus in which a mutation suppresses the effect of a
mutation in another unlinked locus is called a suppressor. For
example, a point mutation might cause an amino acid substitution in
a polypeptide, whereas a second mutation in a tRNA gene might
cause it to recognize the mutated codon, and as a result insert the
original amino acid during translation. (Note that this suppresses



the original mutation but causes errors during translation of other
MRNAS.)

1.14 Mutations Are Concentrated at
Hotspots

KEY CONCEPT

e 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 suggests 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
mutational event. Most mutations will occur at different sites, but
some will occur at the same position. Two independently isolated
mutations at the same site can constitute exactly the same change
in DNA (in which case the same mutation has happened more than
once), or they can constitute different changes (three different point
mutations are possible at each base pair).



The histogram in FIGURE 1.29 shows the frequency with which
mutations are found at each base pair in the /acl gene of E. coli.
The statistical probability that more than one mutation occurs at a
particular site is given by random-hit kinetics (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 expected from a random
distribution; they might have 10x or even 100x more mutations than
predicted by random hits. These sites are called hotspots.
Spontaneous mutations can occur at hotspots, and different
mutagens can have different hotspots.
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FIGURE 1.29 Spontaneous mutations occur throughout the /acl
gene of E. coli, but are concentrated at a hotspot.

1.15 Many Hotspots Result from
Modified Bases



KEY CONCEPTS

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

¢ A hotspot can result from imprecise replication 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 standard bases. The most common modified base is 5-
methylcytosine, which is generated when a methyltransferase
enzyme adds a methyl group to cytosine residues at specific sites
in the DNA.. Sites containing 5-methylcytosine 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 generates thymine. The effect is
to generate the mismatched base pairs G-U and G-T, respectively.
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FIGURE 1.30 Deamination of cytosine produces uracil, whereas
deamination of 5-methylcytosine produces thymine.

All organisms have repair systems that correct mismatched base
pairs by removing and replacing one of the bases (see Chapter
14, Repair Systems). The operation of these systems determines
whether mismatched pairs such as G-U and G-T persist into the
next round of DNA replication and thereby result in mutations.

FIGURE 1.31 shows that the consequences of deamination are
different for 5-methylcytosine and cytosine. Deaminating the (rare)
5-methylcytosine 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 base pairs.
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FIGURE 1.31 The deamination of 5-methylcytosine produces
thymine (by C-G to T-A transitions), whereas the deamination of
cytosine produces uracil (which usually is removed and then
replaced by cytosine).

E. coli contain an enzyme, uracil-DNA-glycosidase, that removes
uracil residues from DNA. 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 spontaneous 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-methylcytosine creates thymine and
results in a mismatched 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
mismatches 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). However, these systems are not 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 dinucleotide repeats that are concentrated in
regions called CpG islands (see the chapter titled Epigenetics |
Effects Are Inherited). Although 5-methylcytosine accounts for
about 1% of the bases in human DNA, sites containing the modified
base account for about 30% of all point mutations.

The importance of repair systems in reducing 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 might relate to the
need for stability of DNA sequences; the use of T means that any
deaminations of C are immediately recognized because they
generate 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 in
which 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 can skip
one repeat or replicate the same repeat twice, leading to a
decrease or increase in repeat number.

1.16 Some Hereditary Agents Are
Extremely Small

KEY CONCEPT

e 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 infectious 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.
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FIGURE 1.32 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.

A viroid RNA consists of a single molecule that is replicated
autonomously and accurately in infected cells. Viroids 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 can result in phenotypic differences among
infected cells. For example, the “mild” and “severe” strains of PSTV
differ by three nucleotide substitutions.



Viroids are similar to viruses in that they have 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
situation 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
template 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 interfering with the production of
necessary cellular RNAs. Alternatively, they might behave as
abnormal regulatory molecules, with particular effects upon the
expression of individual host cell 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 infectious 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 mammals) that is expressed in normal brain
cells. The protein exists in two forms: The version found in normal
brain cells is called PrP¢ and is entirely degraded by proteases; the
version found in infected brains is called PrPS¢ and is extremely

resistant to degradation by proteases. PrP¢ is converted to PrPs¢



by a conformational change that confers protease-resistance and
that has yet to be fully defined.

As the infectious agent of scrapie, PrPS¢ must in some way modify
the synthesis of its normal cellular counterpart so that it becomes
infectious instead of harmless (see the chapters titled Epigenetics |
and Epigenetics Il). Mice that lack a PrP gene cannot develop
scrapie, which demonstrates that PrP is essential for development
of the disease.

1.17 Most Genes Encode
Polypeptides

KEY CONCEPTS

e 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.

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

e Many mutations in coding sequences damage gene
function and are recessive to the wild-type allele.

The first systematic attempt to associate genes with enzymes,
carried out by Beadle and Tatum in the 1940s, showed that each
stage in a metabolic 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 can 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 modification is not completely
descriptive of the relationship between genes and proteins,
because 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 can in turn encode a
polypeptide. Most genes are structural genes that encode
messenger RNAs, which in turn direct the synthesis of
polypeptides, but some genes encode RNAs that are not translated
to polypeptides. These RNAs might be structural components of
the protein synthesis machinery or might have roles in regulating
gene expression (see the chapter titled Regulatory RNA). The
basic principle is that the gene is a sequence of DNA that specifies
the sequence of an independent product. The process of gene
expression might 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 function. 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 1.33 illustrates the relationship between
mutant recessive and wild-type alleles. When a heterozygote
contains one wild-type allele and one mutant allele, the wild-type
allele is able to direct production of the enzyme and is therefore
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 intermediate phenotype of a partially dominant allele
in a heterozygote.)
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FIGURE 1.33 Genes encode proteins; dominance is explained by
the properties of mutant proteins. A recessive allele does not
contribute to the phenotype because it produces no protein (or
protein that is nonfunctional).

1.18 Mutations in the Same Gene
Cannot Complement



KEY CONCEPTS

e 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.

e 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 recombine very
rarely), they might be alleles. However, in the absence of
information about their relative positions, they could also represent
mutations in two different genes whose proteins are involved in the
same function. The complementation test is used to determine
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 observing its phenotype.

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

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



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

mo+ o omy+
+

——and
m, + m

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:

in which the two parents between them have provided a wild-type
allele from each gene. The heterozygotes have wild-type
phenotypes because they are heterozygous for both mutant alleles,
and thus the two genes are said to complement,

The complementation test is shown in more detail in FIGURE 1.34.
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 trans configuration (both
mutations are not in the same allele) and the cis configuration (both
mutations are in the same allele). The trans configuration (where
the mutations lie on the same DNA molecule) is mutant because
each allele has a (different) mutation, whereas the cis configuration
(where the mutations lie on different DNA molecules) 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, 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 mutations 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, which
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.
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FIGURE 1.34 The cistron is defined by the complementation test.
Genes are represented by DNA helices; red stars identify sites of
mutation.

1.19 Mutations May Cause Loss of
Function or Gain of Function



KEY CONCEPTS

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

e Dominant mutations result from a gain of function, some
novel characteristic of the protein.

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

e Synonymous 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.

The various possible effects of mutation in a gene are summarized
in FIGURE 1.35. In principle, when a gene has been identified,
insight into its function 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 mutation is lethal when homozygous or
hemizygous. Many null mutations might not be lethal but
nonetheless disrupt some aspect of the form, growth, or
development of the organism, resulting in a specific phenotype.
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FIGURE 1.35 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.

To determine how a gene affects the phenotype, it is essential to
characterize the effect of a null mutation. Generally, if a null mutant
fails to affect a phenotype, we can 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 phenotype. 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 1.33). 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 opposite 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.

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:
(1) base changes in DNA that do not cause any change in the
amino acid in the resulting polypeptide (called synonymous
mutations); 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).

1.20 A Locus Can Have Many
Different Mutant Alleles

KEY CONCEPT

e 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 number of such mutations for any one gene. Many amino acid
replacements can 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 functional, whereas a mutant allele(s) encodes
polypeptides that are nonfunctional. However, there are often
cases in which a series of loss-of-function mutant alleles have
different, variable phenotypes. For example, wild-type function of
the X-linked white locus of Drosophila melanogaster is required for
development of the normal red color of the eye. The locus is
named for the effect of null mutations that, in homozygous females
or hemizygous males, cause the fly to have white eyes.

The wild-type allele is indicated as w* or just +, and the phenotype
is red eyes. An entirely defective form of the gene (white eye
phenotype) might be indicated by a “minus” superscript (w-). To
distinguish among a variety of mutant alleles with different effects,
other superscripts can be introduced, such as w (ivory eye color)
or w2 (apricot eye color). Although some alleles produce no visible
pigment, and therefore the eyes are white, many alleles produce
some color. Therefore, 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.

The w* allele is dominant over any other allele in heterozygotes and
there are many different mutant alleles for this locus. TABLE 1.2
shows a small sample. These alleles are named for the color of the
eye in a homozygous female or hemizygous male. (Most w alleles
affect the quantity of pigment in the eye. The list of white alleles in
the figure is arranged in roughly declining amount of color in the eye



pigment, but others, such as wsP, affect the pattern in which
pigment is deposited.)

TABLE 1.2 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.

Allele Phenotype of Homozygote
wt Red eye (wild type)
wP! Blood

weh Cherry

wPf Buff

wh Honey

nwa Apricot

we Eosin

w lvory

W Zeste (lemon-yellow)
PP Mottled, color varies
wh White (no color)

When multiple alleles exist, an organism might be a heterozygote
that carries two different mutant alleles. The phenotype of such a
heterozygote 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 might be dominant, there might be partial dominance, or there
might be codominance.

1.21 A Locus Can Have More Than
One Wild-Type Allele

KEY CONCEPT

e Alocus can have a polymorphic distribution of alleles with
no individual allele that can be considered to be the sole
wild type.

In some instances, such as the gene that controls the human ABO
blood group system, there is not necessarily a unique wild-type
allele for a particular locus. Lack of function is represented by the
null, or O, allele. However, the functional alleles A and B are
codominant with one another and dominant to the O allele. The
basis for this relationship is illustrated in FIGURE 1.36.



sssssssnsnsnse P —— — —‘-

1 A antigen i

A transferase

NIAININYG
A gene
BRa B 4 amino acid changes
H antigen i : B gene

B transferase

B antigen i

Phenotype Genotype Transferase Activity

(@] 00 MNone

A AQO or AA  N-Ac-Gal transferase

B BO or BB Gal transferase

AB AB Gal & N-Ac-Gal transferase

FIGURE 1.36 The ABO human blood group locus encodes a
galactosyltransferase whose specificity determines the blood

group.

The H antigen is generated in all individuals and consists of a
particular carbohydrate group that is added to proteins and lipids.
The ABO locus encodes a galactosyltransferase enzyme that puts
an additional sugar group on the H antigen. The specificity of this
enzyme determines the blood group. The A allele produces an
enzyme that uses the modified sugar UDP-N-acetylgalactose to
form the A antigen. The B allele produces an enzyme that uses the
modified sugar UDP-galactose to form the B antigen. The A and B
versions of the transferase enzyme differ in four amino acids that
presumably affect its ability to catalyze the addition of specific



sugars. The O allele has a small deletion that eliminates the activity
of the transferase, so no modification of the H antigen occurs.

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

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

1.22 Recombination Occurs by
Physical Exchange of DNA



KEY CONCEPTS

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

e 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.

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

e 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.
This arises because the two homologous copies of each
chromosome might have different alleles at some loci. By the
exchange of corresponding segments between the homologs,
called crossing over, recombinant chromosomes that are different
from the parental chromosomes can be generated.

Recombination results from a physical exchange of chromosomal
material. For example, recombination might result from the crossing
over that occurs when homologous chromosomes align during
meiosis (the specialized division that produces haploid gametes).
Meiosis begins with a cell that has duplicated its chromosomes so
that it has four copies of each chromatid (the two homologous
chromosomes and their identical [sister] copies that remain joined



after duplication). Early in meiosis, all four chromatids are closely
associated (synapsed) in a structure called a bivalent and, later, a
tetrad. At this point, pairwise exchanges of material between two
nonidentical (nonsister) chromatids (of the four total) can occur.

The point of synapsis between homologs is called a chiasma,; this
is illustrated diagrammatically in FIGURE 1.37. 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 broken and exchanged, recombinant chromatids will be
generated. Each recombinant chromatid consists of material
derived from one chromatid on one side of the 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 associated
chromatids, a single recombination event can produce only 50%
recombinants.
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FIGURE 1.37 Chiasma formation at Prophase | of meiosis is
responsible for generating recombinant chromosomes.

The complementarity of the two strands of DNA is essential for the
recombination process. Each of the chromatids shown in Figure
1.36 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 and align at exactly corresponding positions; this
mechanism 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 might migrate for some distance in either direction.
FIGURE 1.38 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 chromatids involved in recombination in Figure 1.37.
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 Recombination,



but the crucial feature that makes precise recombination possible is
the complementarity of DNA strands. Figure 1.38 shows only some
stages of the reaction, but we see that a stretch of heteroduplex
DNA forms in the recombination 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.

Parental DNA molecules

: :

mlllllllmtllllllmil'

. .
| | | |

Recombination intermediate

FIGURE 1.38 Recombination involves pairing between
complementary strands of the two parental duplex DNAs.

The formation of heteroduplex DNA requires the sequences of the
two recombining duplexes to be close enough to allow pairing



between the complementary strands. If there are no differences
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, recombination 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 chromosome usually
has three or four crossover events per meiosis, whereas a small
chromosome might have only one on average.

FIGURE 1.39 compares recombination frequencies in three
situations: two genes on different chromosomes, two genes that
are far apart on the same chromosome, and 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
chromosomes and they show 50% recombination.
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FIGURE 1.39 Genes on different chromosomes segregate
independently so that all possible combinations of alleles are
produced 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
might hardly ever occur.

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 single recombination event produces 50%
recombination, and this occurs in 25% of meioses). When genes
are very close together, as shown in the bottom panel of Figure
1.39, recombination between them might never be observed in
phenotypes of multicellular eukaryotes (because they produce few
offspring).

This leads us to the concept that a chromosome 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 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?”

1.23 The Genetic Code Is Triplet

KEY CONCEPTS

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

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

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

e 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
(or chains). The concept that each polypeptide 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 is 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 encodes the sequence of amino
acids that constitutes the corresponding polypeptide. 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 follows 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, the thousands of genes found in the
genome of a complex organism are 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 establishing 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
essential if the information carried in DNA is to have meaning. The
initial step in the interpretation of the genetic code is to copy DNA
into RNA. 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 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 nonoverlapping triplets from a fixed
Starting point:

e 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.

e The use of a fixed starting point means that assembly of a
polypeptide must begin 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)
aal aa2 aa3 aa4 (amino acids; the number reflects different

types of amino acids, not position)

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

UUU AAX GGG CCC

aal aab aa3 aa4

because only the second codon has been changed.

However, a mutation that inserts or deletes a single nucleotide will
change the triplet sets for the entire subsequent sequence. A
change of this sort is called a frameshift. An insertion might take
the following form:

UUU AAX AGG GCC C

aal aab aab aa7

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



Frameshift mutations are induced by the acridines, compounds
that bind to DNA and distort the structure of the 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, the 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. Combinations of such
mutations provided revealing evidence about the nature of the
genetic code, as is discussed in a moment.

FIGURE 1.40 illustrates the properties of frameshift mutations. An
insertion or deletion changes the entire polypeptide sequence
following the site of mutation. However, the combination of an
insertion and 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.



Wild type
j GCU GCU GCU GCU GCU GCU GCcu GCUZ'

Ala Ala Ala Ala Ala Ala Ala Ala
Insertion &
j GCU GCU AGC UGC UGC UGC uGcC UGGK

Ala Ala Ser Cys Cys Cys Cys Cys

Deletion E‘
j GCU GCU GCU GCU GCU CUG CUG CUGC

Ala Ala Ala Ala Ala Leu Leu Leu

Double mutant A G

v F Y

j GCU GCU AGC UGC UGCUucCU Gcu GGUK
Ala Ala Ser Cys Cys Ser Ala Ala

Triple mutant A A A
j GCU GCA UGC UGC AUG CAU GCU GGUC

Ala Ala Cys Cys Met His Ala Ala

Wild-type sequence Mutant sequence

FIGURE 1.40 Frameshift mutations show that the genetic code is
read in triplets from a fixed starting point.

In a 1961 experiment by Francis Crick, Leslie Barnett, Sydney
Brenner, and R. J. Watts-Tobin, genetic analysis of acridine
mutations in the ril 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 (+ —) and (- +) suppress one another so that one
mutation is described as a frameshift suppressor of the other. (In
the context of this 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 deletions remain mutant.
However, these observations do not suggest how many nucleotides
make up each codon.

When triple mutants are constructed, only (+ + +) and (— — -)
combinations show the wild-type phenotype, whereas other
combinations remain mutant. If we take three single nucleotide
additions or three deletions to correspond respectively to the
addition or omission 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 1.40.

1.24 Every Coding Sequence Has
Three Possible Reading Frames

KEY CONCEPT

e 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 translating any nucleotide sequence into
polypeptide, depending on the starting point. These are called
reading frames. For the sequence



ACGACGACGACGACGACG

the three possible reading frames are

ACG ACG ACG ACG ACG ACG ACG
CGA CGA CGACGACGACGACGA

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 reading frame that begins 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 (UAA, UAG, or UGA).

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 encoding 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 1.41 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 ORF is
unlikely to exist by chance; if it had not been translated into
polypeptide, there would have been no selective pressure to
prevent the accumulation of termination 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 (URF).

Initiation Only one open reading frame Termination
| | I
I I = = I 1
 AUBAGCAUA AAK AUAGAGAGA /I [ UUCGOUAGAGUUAAUGARGCAUAA

Second reading frame is closed Third reading frame is closed

FIGURE 1.41 An open reading frame starts with AUG and
continues in triplets to a termination codon. Closed reading frames
can be interrupted frequently by termination codons.

1.25 Bacterial Genes Are Colinear
with Their Products

KEY CONCEPTS

o A bacterial gene consists of a continuous length of 3N
nucleotides that encodes N amino acids.

e The gene is colinear with both its mMRNA and polypeptide
products.

By comparing the nucleotide sequence of a gene with the amino
acid sequence of its polypeptide 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 in the DNA; amino acid distance was measured as the
number of amino acids separating sites of amino acid replacement.
FIGURE 1.42 compares the two maps; the wild-type protein
sequence is illustrated on top, highlighting the seven amino acids
that were replaced in the mutant protein (shown below). The order
of seven variable sites is the same as the order of the
corresponding sites of amino acid replacement, and the
recombination distances are roughly similar to the actual distances
in the protein. The recombination map expands the distances
between some variable sites, but otherwise there is little distortion
of the recombination map relative to the physical map.
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FIGURE 1.42 The recombination map of the tryptophan synthetase
gene corresponds with the amino acid sequence of the

polypeptide.

The recombination map leads to two further general points about
the organization of the gene. Different mutations can cause a wild-
type amino acid to be replaced with different 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 happens because the unit of genetic recombination (1
bp) is smaller than the unit encoding the amino acid (3 bp).



1.26 Several Processes Are Required
to Express the Product of a Gene

KEY CONCEPTS

o Atypical bacterial gene is expressed by transcription into
MRNA and then by translation of the mRNA into
polypeptide.

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

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

e Each mRNA consists of an untranslated 5’ region (5'
UTR), a coding region, and an untranslated 3' region (3’
UTR).

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 polypeptide. However, a
gene is not directly translated into polypeptide but is expressed via
the production of a messenger RNA (mRNA), a nucleic acid
intermediate actually used to synthesize a polypeptide (as we see
in detail in the chapter titled Translation).

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 1.43 shows that the sequence of mMRNA
iIs complementary to the sequence of one strand of DNA—called
the antisense (or template) strand—and is identical (apart from
the replacement of T 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 coding strand and runs 5' to
3.

DNA consists of two base-paired strands

coding or sense strand
5" ATGCCGTTAGACCGTTAGCGGACCTGAC

3 TACGGCAATCTGGCAATCGCCTGGACTG
template or anti-sense strand

RNA
synthesis

5" AUGCCGUUAGACCGUUAGCGGACCUGAC &

RNA has same sequence as DNA coding or sense strand;
is complementary to DNA template or anti-sense strand

FIGURE 1.43 RNA is synthesized by using one strand of DNA as a
template for complementary base pairing.

The process by which information from a gene is used to
synthesize an RNA or polypeptide product is called gene
expression. In bacteria, expression of a structural gene consists
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 a 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 nucleotides that contain the
codons for the amino acids in the polypeptide. This part of the
nucleic acid is called the coding region. However, 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.
These UTRs are important for mRNA stability and translation.



The gene includes the entire sequence represented in MRNA,
including the UTRs. Sometimes, mutations impeding gene function
are found in the additional, noncoding regions, confirming the view
that these comprise a legitimate part of the genetic unit. FIGURE
1.44 illustrates this situation, in which the gene is considered to
comprise a continuous stretch of DNA needed to produce a
particular polypeptide, including the 5" UTR, the coding region, and
the 3' UTR.
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Protein defines coding region

FIGURE 1.44 The gene is usually longer than the sequence
encoding the polypeptide.

A bacterial cell has only a single compartment, so transcription and
translation occur in the same place and are concurrent, as
illustrated in FIGURE 1.45. 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 transcription (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 1.46.
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FIGURE 1.45 Transcription and translation take place in the same
compartment in bacteria.
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FIGURE 1.46 In eukaryotes, transcription occurs in the nucleus and
translation occurs in the cytoplasm.

The most important stage in RNA processing is splicing. Many
genes in eukaryotes (and a majority in multicellular eukaryotes)
contain regions of noncoding sequence embedded in coding
sequence; these internal DNA sequences are initially transcribed
but are excised and are not present in the mature mRNA. These
excised sequences are referred to as introns. The remaining



sequences are joined together. The sequences that are
transcribed, retained, and joined in the mature mRNA are called
exons. Other processing events that occur at this stage involve the
modification of the 5" and 3' ends of the pre-mRNA.

Translation of the mature mRNA into a polypeptide is accomplished
by a complex apparatus that includes both protein and RNA
components. The actual “machine” that undertakes the process is
the ribosome, a large complex that includes some large RNAs
—tribosomal RNAs (rRNAs)—and many small proteins. The
process of recognizing which amino acid corresponds to a
particular nucleotide triplet 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
chapter titled Translation, but note for now that the ribosomes are
the large structures in Figure 1.45 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
providing components of the apparatus. The rRNA and tRNA
components are encoded by genes and are generated by the
process of transcription (like mRNA), but they are not translated to
polypeptide. In addition, there are RNAs (e.g., sShRNA and
microRNAS) that do not encode polypeptides but are nonetheless
essential for gene expression.

1.27 Proteins Are trans-Acting but
Sites on DNA Are cis-Acting



KEY CONCEPTS

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

e 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 of 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 frans. So two
mutations might 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 Mutations in the Same Gene Cannot Complement earlier
in this chapter). We can now extend the concept 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 1.47, 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.
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FIGURE 1.47 Control sites in DNA provide binding sites for
proteins; coding regions are expressed via the synthesis of RNA.

Gene expression can be inactivated either by a mutation in a
control site or by a mutation in a coding region. 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 comprising part
of the gene in the same way as a mutation in the coding region.

FIGURE 1.48 shows that a deficiency in the control site affects
only the coding region to which it is connected; it does not affect
the ability of the homologous allele to be expressed. A mutation
that acts solely by affecting the properties of the contiguous
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 control region is on the
same DNA molecule as the coding sequence.
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FIGURE 1.48 A cis-acting site controls expression of the adjacent
DNA but does not influence the homologous allele.

We can contrast the behavior of the cis-acting mutation shown in
Figure 1.47 with the result of a mutation in the gene encoding the
regulatory protein. FIGURE 1.49 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

.— Mutant protein

NO RNA SYNTHESIZED FROM ALLELE 2
o N TToNTENTTENTTON T

"\

FIGURE 1.49 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, it must function by directly
affecting the properties of the contiguous DNA, which means that it
IS not expressed in the form of RNA or protein but instead is some
alteration in the DNA of the control region itself.

Summary



e Two classic experiments provided strong evidence that DNA is
the genetic material of bacteria, viruses, and eukaryotic cells.
DNA isolated from one strain of Pneumococcus bacteria can
confer properties of that strain upon another strain. In addition,
DNA is the only component that is inherited by progeny phages
from parental phages. We can use DNA to transfect new
properties into eukaryotic cells.

e DNA s 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
to T, and G is complementary to C. In semiconservative
replication, the two strands separate and both are used as
templates for the assembly of daughter strands by
complementary base pairing. Complementary base pairing is
also used to transcribe an RNA from one strand of a DNA
duplex.

e A stretch of DNA can encode a polypeptide. 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.

e 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 can
change the sequence of amino acids in the corresponding
polypeptide. Point mutations can be reverted by back mutation
of the original mutation. Insertions can revert by loss of the
inserted material, but deletions cannot revert. Mutations can
also be suppressed indirectly when a mutation in a different
gene counters the original defect.

e The natural incidence of mutations is increased by mutagens.
Mutations can 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 about 1076 per locus per generation; back
mutations are rarer.

¢ 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 consist 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.

e 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 translated into
a polypeptide sequence if it is a structural gene. An RNA or
protein product of a gene is said to be frans-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.

e 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.

e A gene can 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 mutations that create a
new property in the protein.
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2.1 Introduction

Today, the field of molecular biology focuses on the mechanisms by
which cellular processes 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 biologist’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
engineering 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 content 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 specific 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 amplifying DNA have been developed. Now that we
have entered the era of routine whole-genome sequencing, the
function and expression of entire genomes have become
commonplace. This chapter discusses some of the most common
methods used in molecular biology, ranging from the very first tools
developed by molecular biologists to some of the most recently
developed methods to assess the content.

2.2 Nucleases



KEY CONCEPTS

¢ Nucleases hydrolyze an ester bond within a
phosphodiester bond.

e Phosphatases hydrolyze the ester bond in a
phosphomonoester bond.

* Nucleases have a multiplicity of specificities.

e Restriction endonucleases cleave DNA into defined
fragments.

e A map can be generated by using the overlaps between
the fragments generated by different restriction
enzymes.

Nucleases are one of the most valuable tools in a molecular biology
laboratory. One class of enzymes, the restriction endonucleases
(discussed shortly), was critical for the cloning revolution.
Nucleases are enzymes that degrade nucleic acids, the opposite
function of polymerases. They hydrolyze, or break, an ester bond
in a phosphodiester linkage between adjacent nucleotides in a
polynucleotide chain, as shown in FIGURE 2.1.



(d)

FIGURE 2.1 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 (b»). Nucleases
can cleave internal bonds (c) as an endonuclease, or begin at an
end and progress into the fragment (d) as an exonuclease.

There is another, related class of enzymes that can hydrolyze an



ester bond in a nucleotide chain—a monoesterase, usually called a
phosphatase. The critical difference between a phosphatase and
a nuclease is shown in Figure 2.1. 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, whereas 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. We can distinguish between endonucleases
and exonucleases as shown in Figure 2.1. An endonuclease can
hydrolyze internal bonds within a polynucleotide chain, whereas an
exonuclease must begin at the end of a chain and hydrolyze from
that end position.

The specificity of nucleases ranges from none to extreme.
Nucleases can 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 can
be specific for either single-stranded 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' nucleotides or 3' nucleotides,
as shown in Figure 2.1. An exonuclease can 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' (Figure 2.1).

Nucleases might have a sequence preference, such as pancreatic
RNase A, which preferentially cuts after a pyrimidine, or T1 RNase,
which cuts single-stranded RNA chains after a G. At the extreme
end of sequence specificity lie the restriction endonucleases,
usually called restriction enzymes. These are endonucleases
from eubacteria and Archaea that recognize a specific DNA
sequence. Their name typically derives from the bacteria in which
they were discovered. For example, EcoRL1 is the first restriction
enzyme from an Escherichia coli R strain.

Broadly speaking, there are three different classes of restriction
enzymes and several subclasses. In 1978, the Nobel Prize in
Medicine 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:
(1) recognize a specific sequence, and (2) cut, or restrict, at or
near that sequence.

The type Il restriction enzymes (with several subgroups) are the
most common. Type Il enzymes are distinguished because the
recognition site and cleavage site are the same. These sites range
in length from 4 to 8 base pairs (bp). The sites are typically
inversely palindromic, that is, reading the same forward and
backward on complementary strands, as shown in FIGURE 2.2,
Restriction enzymes can cut the DNA in two different ways, as
demonstrated in Figure 2.2. The first and more common is a
staggered cut, which leaves single-stranded overhangs, or “sticky



ends.” The overhang can be a 3' or a 5’ overhang. The second way
is a blunt double-stranded cut, which does not leave an overhang.
An additional level of specificity determines whether the enzyme will
cut DNA containing a methylated base. The degree of specificity in
the site also varies. Most enzymes are very specific, whereas
some will allow multiple bases at one or two positions within the
site.

(a) (b)
EcoR1 Haelll

Y N\ GAATTC V\/ Y \/\/ GGCCW
s/ \/\ CTTAAG JAVA s/ \/\ coea /\/\
| }
B-WG 4Jiﬁunrrm\/\/ 3rWGG + CGW
s/ \/\ crran o / N\ s/\/\ o« o /\\

or
Pstl

Y
. CTGCAG
AVAVARV.V
5'/ t/ \ GACGTC / \/ \
A

|

; CTGCA G
AV VARV,
s/\/\s  acarc/ M\

FIGURE 2.2 (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.



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

Types | and Il enzymes differ from type Il enzymes in that the
recognition site and cleavage site are different and are usually not
palindromes. With a type | enzyme, the cleavage site can be up to
1,000 bp away from the recognition site. Type Il 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
molecule 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 electrophoresis
(described later, in the section DNA Separation Techniques). By
analyzing the restriction fragments of DNA, it is possible to
generate a map of the original molecule in the form shown in
FIGURE 2.3. The map shows the positions at which particular
restriction enzymes cut DNA. The DNA is divided into a series of
regions of defined lengths that lie between sites recognized by the
restriction enzymes. A restriction map can be obtained for any
sequence of DNA, irrespective of whether we have any knowledge
of its function. If the sequence of the DNA is known, we can
generate a restriction map in silico by simply searching for the
recognition sites of known enzymes. Knowing the restriction map of
a DNA sequence of interest is extremely valuable in DNA cloning,
which is described in the next section.
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FIGURE 2.3 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 fragments, which overlap those
of B, and B produces three fragments, which overlap those of A.

2.3 Cloning

KEY CONCEPTS

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

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

To clone a fragment of DNA, we must create and copy a
recombinant DNA molecule 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 specifically 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 selection later.) In
general, about a microgram of vector DNA will be ligated with
about a microgram of the insert DNA that we want 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, beginning 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 fragment from another clone
to be subcloned (i.e., taking a smaller part of the larger fragment),
a PCR fragment (see the section PCR and RT-PCR later in this
chapter), or even a DNA fragment synthesized in 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
“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 common type of plasmid cloning vector called a
blue/white selection vector is used, as shown in FIGURE 2.4. This
vector has been constructed with a number of important elements.
It has an ori, or origin of replication (see the chapter titled 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 titledThe Operon), which will
allow selection of an insert DNA fragment in the vector.
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FIGURE 2.4 (a) A plasmid that contains three key sites (an origin
of replication, ori; a gene for ampicillin resistance, amp’; and lacZ
with an MCS), together with the insert DNA to be cloned, is
restricted with EcoR1. (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.

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 /acZ gene itself. This is



the heart of blue/white selection. The lacZ gene codes for the [3-
galactosidase (B-gal) enzyme, which cleaves the galactoside bond
in lactose. It will also cleave the galactoside 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. If a
fragment of DNA is cloned (inserted) into the MCS, the lacZ gene
will be disrupted, inactivating it, and the resulting [3-gal will no
longer be able to cleave X-gal, resulting in white bacterial
colonies rather than blue colonies. This is the blue/white selection
mechanism.

Let us now begin the cloning experiment. Following along in Figure
2.4, both the vector and the insert are cut with the same restriction
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, but still doable. Two completely different 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 | or type Il
restriction enzyme, the ends must also be blunted. An important
alternative is to use two different restriction enzymes that leave
different 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 vector that has the
appropriate restriction endonuclease 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 10-to-1
molar ratio of insert to vector is usually used. If you use too much
vector, vector—vector dimers will be produced. If you use too much
insert, multiple inserts per vector will be produced. The size of the
insert is important; too large (over ~10 kilobases [kb]) an insert will
not be efficiently 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 and generate fewer
multimers.

The pool of randomly generated ligated DNA molecules is how
used to “transform” E. coli. Transformation is the process by
which DNA is introduced into a host cell. E. coli does not normally
undergo physiological transformation. 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 calcium
chloride (CaCl,), 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 fraction 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 function without this fragment). DH5a is a
commonly used strain.

Transformation results in a pool of multiple types of bacteria, most
of which are not wanted because they either contain a vector with
no insert or have not taken up any DNA at all. Select the handful of
bacteria that contain recombinant plasmids from the millions that do
not. The transformed bacterial cells are plated on an agar plate



containing both the antibiotic ampicillin and an artificial 3-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 amp’ plasmid. The remaining
bacteria can now grow and form visible colonies. As shown in
FIGURE 2.5, there are two different types of colonies: blue ones
that contain a vector without an insert—because (3-gal cleaved X-
gal into a blue compound—and white ones, for which the
inactivated (3-gal did not cleave X-gal and so remained colorless.

it

Bl

FIGURE 2.5 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.

This is not quite the end of the story. False-positive clones, such as
those that were formed as vector-only dimers, must be identified
and removed. 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 contaminant has not been cloned is also
suggested (see the section DNA Sequencing later in this chapter).



2.4 Cloning Vectors Can Be
Specialized for Different Purposes

KEY CONCEPTS

¢ Cloning vectors can be bacterial plasmids, phages,
cosmids, or yeast artificial chromosomes.

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

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

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

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

In the example in the section Cloning earlier in the chapter, we
described the use of a vector that is designed simply for amplifying
insert DNA, with inserts up to ~10 kb. It is often desirable to clone
larger inserts, though, and sometimes the goal is not just to amplify
the DNA but also to express cloned genes in cells, investigate
properties of a promoter, or create various fusion proteins (defined
shortly). TABLE 2.1 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
packaged into the viral coat (although more than can be carried in a
plasmid). The advantages of plasmids and phages are combined in
the cosmid, 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).

TABLE 2.1 Cloning vectors may be based on plasmids or phages
or may mimic eukaryotic chromosomes.

Vector Features Isolation of DNA DNALimit
Plasmid High copy number Physical 10 kb
Phage Infects bacteria Via phage packaging 20 kb
Cosmid High copy number Via phage packaging 48 kb
BAC Based on F plasmid Physical 300 kb
YAC Origin + centromere + telomere Physical >1Mb

Two vectors used for cloning the largest possible DNA inserts are
the yeast artificial chromosome (YAC) and the human artificial
chromosome (HAC). A YAC has a yeast origin to support
replication, a centromere to ensure proper segregation, and
telomeres to afford stability. In effect, it is propagated just like a
yeast chromosome and can carry inserts measured in the
megabase (Mb) length range. The HAC is the newest addition to
the line of vectors and it offers the advantage of having virtually
unlimited capacity.

There is an extremely useful class of vectors known as shuttle
vectors that we can use in more than one species of host cell. The
example shown in FIGURE 2.6 contains origins of replication and
selectable markers for both E. coli and the yeast Saccharomyces
cerevisiae. It can replicate as a circular multicopy plasmid in E.



coli. It has a yeast centromere, and it also has yeast telomeres
adjacent to BamHl restriction sites so that cleavage with BamHI
generates a YAC that can be propagated in yeast.
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FIGURE 2.6 pYAC?2 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
antibiotic resistance gene. Yeast features (shown in red and
yellow) include an origin, centromere, two selectable markers, and

telomeres.

Other vectors, such as expression vectors, can contain
promoters to drive expression of genes. Any open reading frame



can be inserted into the vector and expressed without further
modification. These promoters can be continuously active, or they
can be inducible so that they are only expressed under specific
conditions.

Alternatively, the goal might 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, determining the effects of mutations in
it or the activities of transcription factors that bind to it) or
determining its tissue-specific pattern of expression. FIGURE 2.7
summarizes a common system for assaying promoter activity. A
cloning vector is created that has a eukaryotic promoter linked to
the coding region of /uciferase, a gene that encodes the enzyme
responsible for bioluminescence in the firefly. In general, a
transcription termination signal is added to 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.
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FIGURE 2.7 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 © Cathy Keifer/Dreamstime.com.

Some very striking reporters are now available for visualizing gene
expression. The lacZ gene, described in the blue/white selection
strategy earlier, also serves as a very useful reporter gene.
FIGURE 2.8 shows what happens when the /acZ gene is placed
under the control of a promoter that regulates the expression of a
gene in the nervous system. The tissues in which this promoter is
normally active can be visualized by providing the X-gal substrate
to stain the embryo.



FIGURE 2.8 Expression of a lacZ gene can be followed in the
mouse by staining for -gal (in blue). In this example, lacZ 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.

One of the most popular reporters that can be used to visualize
patterns of gene expression 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 different colors, such as yellow
(YFP), cyan (CFP), and blue (BFP), have been developed. We can
use GFP and its variants as reporter genes on their own, or we
can use them to generate fusion proteins 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 2.9.

(b)



FIGURE 2.9 (a) Since the discovery of GFP, derivatives that
fluoresce in different colors have been engineered. (b) A live
transgenic mouse expressing human rhodopsin (a protein
expressed in the retina of the eye) fused to GFP.

(a) Photo courtesy of Joachim Goedhart, Molecular Cytology, SILS, University of

Amsterdam. (b) © Eye of Science/Science Source.

Vectors are introduced into different species in a variety of ways.
Bacteria and simple eukaryotes like yeast can be transformed
easily, using chemical treatments that permeabilize the cell
membranes (as discussed in the section Cloning earlier in this
chapter). Many types of cells cannot be transformed so easily,
though, and we must use other methods, as summarized in
FIGURE 2.10. Some types of cloning vectors use natural methods
of infection to pass the DNA into the cell, such as a viral vector that
uses the viral infective process to enter the 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. Microinjection
uses a very fine needle to puncture the cell membrane. A solution
containing DNA can be introduced into the cytoplasm or directly into
the nucleus for cases in which 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; thus, the “gene gun”
was invented as a means to overcome 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 species, including mammalian cells.



A viral vector introduces DNA by infection

Microinjection introduces DNA directly into
the cytoplasm or nucleus

MNanospheres can be shot into the cell by
a gene gun
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FIGURE 2.10 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.
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2.5 Nucleic Acid Detection

KEY CONCEPT

e Hybridization of a labeled nucleic acid to complementary
sequences can identify specific nucleic acids.

There are a number of different ways to detect DNA and RNA. The
classical method relies on the 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 versus double-
stranded nucleic acids, but not DNA versus RNA. Protein
contamination can affect the outcome, but because proteins absorb
maximally at 280 nm, tables have been published of 260/280 ratios
that allow quantitation of the amount of nucleic acid present.

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

We now focus on the detection of specific sequences of nucleic
acids. The ability to identify 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 need 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 variables
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 ou.

The probe functions as a single-stranded molecule (if it is double
stranded, it must be melted). The target can 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 DNA Sequencing and PCR and 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 Blotting Methods later in this chapter). The target can
be DNA (called a Southern blot) or RNA (called a Northern blot);
the probe is usually DNA.

For this exercise, let’'s 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
Cloning earlier in this chapter). Starting with the clones on the plate
from Figure 2.5, we can isolate plasmid DNA from each white
clone and restrict the DNA with the same restriction enzymes used
to clone the fragments. The DNA fragments will be separated on an
agarose gel and blotted onto nitrocellulose (see the section DNA
Separation Techniques later in this chapter).

To increase the sensitivity from the optical range, the probe must
be labeled. Begin with radiolabeling and then describe alternate
labeling without radioactivity. For most reactions, 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 by
using a kinase and 32P. Alternatively, a probe can be generated by
nick translation or random 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 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)
container in a buffer that contains a set of molecules 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 filter 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 stringency of the
wash is usually set quite high to avoid spurious results. Higher



stringency conditions include higher temperature (closer to the
melting temperature of the probe) and lower concentration of
cations. (Lower salt concentrations 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 species 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 empirical. An estimate of the
total radioactivity can be made with a handheld radiation monitor.
Sample results are shown in FIGURE 2.11. 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.
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FIGURE 2.11 A cartoon of an autoradiogram of a gel prepared
from the colonies described in Figure 2.5. 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 EcoR1. Lanes 3 to 6 each contain
plasmid DNA from one of the white clones from Figure 2.4 that
was restricted with EcoR1. A cartoon of the photograph of the gel
Is on the left; the radioactive bands are marked with an asterisk.

Using a simple modification of the autoradiography procedure
called in situ hybridization allows one to peer into a cell and
determine the location, at a microscopic level, of specific nucleic
acid sequences. We simply modify a few steps in the process to
perform the hybridization 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 emulsion instead of film is applied to
the slide, covering 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 radioactivity
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 nonradioactive procedure that uses a fluorescently
labeled probe. This method is illustrated in FIGURE 2.12. Multiple
fluorophores in different colors are available—about a dozen now—
but ratios of different probe color combinations can be used to
create additional colors.
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FIGURE 2.12 Fluorescence in situ hybridization (FISH).

Data from an illustration by Darryl Leja, National Human Genome Research Institute

(www.genome.gov).

These procedures are more picturesque but less quantitative than
traditional scintillation counting. At best, they can be called
semiquantitative. It is possible to use an optical scanner to
guantitate 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.

2.6 DNA Separation Techniques



KEY CONCEPTS

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

e 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 Mb in
length, making them too physically 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 bp 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 relevant 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 randomness in breakpoints is
required, such as to create a library of short DNA molecules that
“tile” or partially overlap one another while together representing a
much larger genomic region, such as an entire chromosome or
genome. Alternatively, restriction endonucleases (see the section
Nucleases earlier in this chapter) can 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 EcoRl sites spaced 2.3 kb apart.



Digestion of the bacterial DNA with EcoRI will yield a range of small
DNA molecules, but genX will always occur on the same 2.3-kb
fragment. Depending on the size and complexity of the starting
genome, there might be several other DNA segments of similar size
produced, or in a simple enough system, this 2.3-kb size might be
unique to the genX fragment. In this latter case, detection or
visualization of a 2.3-kb fragment is enough to definitively identify
the presence of genX. Many of the earliest laboratory techniques
developed in working with DNA relate to separating and
concentrating DNA molecules based on size expressly to take
advantage of these concepts. The ability to separate DNA
molecules based on size allows for taking a complex mixture of
many fragment 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. Although 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
molecular sieve, with a “mesh” pore size being determined 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 uniform 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 farthest from the wells and the
largest move the least. All fragments of a given size will move at
about the same rate, effectively concentrating any population of
equal-sized molecules into a discrete band at the same distance
from the well. The addition of a DNA-binding fluorescent dye to the
gel, such as ethidium bromide or SYBR green, 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 consisting 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 2.13. DNA
molecules of roughly 50 to 10,000 bp can be quickly separated,
identified, and sized to within about 10% accuracy by this simple
method, which remains a common laboratory technique. DNA
molecules can be separated not only by size but also by shape.
Supercoiled DNA, which is compact compared to relaxed or linear
DNA, migrates more rapidly on a gel, and the more supercoiling,
the faster the migration, as shown in FIGURE 2.14.
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FIGURE 2.13 DNA sizes can be determined by gel electrophoresis.
(a) A DNA of standard size and a DNA of unknown size are run in
two lanes of a gel, depicted schematically. (b) The migration of the
DNAs of known size in the standard is graphed to create a



standard curve (migration distance in cm versus log bp). The point
shown in green is for the DNA of unknown size.

Data from an illustration by Michael Blaber, Florida State University.



FIGURE 2.14 Supercoiled DNA molecules 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 negative supercoils in single steps
(one supercoll relaxed per strand broken and reformed).

Reproduced from: Keller, W. 1975. Proc Natl Acad Sci USA 72:2550-2554. Photo courtesy

of Walter Keller, University of Basel.

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 of DNA molecules
from roughly 10 to 1,500 base pairs in size. Both resolution and
sensitivity are further improved by making these types of gels as
thin as possible, normally requiring that 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 secondary 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 key component of the classic DNA sequencing technique
whereby the separation and detection of a series of single
nucleotide—length difference DNA products allows for the reading of
the underlying order of nucleotide bases.

Another method for separating DNA molecules 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 2.15. The most frequent
implementation of this is isopycnic 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 solution 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/outside of rotor). When placed on top of this
gradient (or even mixed uniformly within the gradient) and subjected
to continued centrifugation, individual DNA molecules will migrate to
a position in the gradient 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 excitation) 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.
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FIGURE 2.15 Gradient centrifugation separates samples based on
their density.

Choice of the gradient matrix material, its concentration, and the
centrifugation conditions 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 and Encode RNAs and
Polypeptides chapter), in which the stepwise density changes in
the DNA genomes of bacteria shifted from growth in “heavy”
nitrogen (°N) to “regular” nitrogen (}4N) were observed. The
method’s capacity to differentially band DNA with pure 1°N, 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 preparative purification
technique with wider density ranges to purify DNAs as a group
away from proteins and RNAs.

2.7 DNA Sequencing

KEY CONCEPTS

¢ Classic 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.

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

The classic method of DNA sequencing called dideoxy
sequencing has not changed significantly since Frederick Sanger



and colleagues developed the technique in 1977. This method
requires many identical copies of the DNA, either through cloning or
by PCR, an oligonucleotide 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 synthesis reaction. The ddNTPs are
added at much lower concentrations than the normal nucleotides 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 electrophoresis 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
terminated 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 1,000 bp.

A major advance was the use of a different 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 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 Separation Techniques).
These tubes can dissipate heat more rapidly, allowing the
electrophoresis to be run at a higher voltage, greatly reducing the
time required for separation. A schematic illustrating this process is
shown in FIGURE 2.16. As the figure illustrates, the process 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 process 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.
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FIGURE 2.16 DideoxyNTP sequencing using fluorescent tags.

The next generation of sequencing technologies that followed
sought to eliminate the need for time-consuming gel separation and
reliance on human labor. Modifications of procedures 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 amplification 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
identification 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 nucleotides 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 homopolymeric DNA (such as a run of adenines). Still
another version, called pyrosequencing, detects the release of
pyrophosphate from the newly added base. These second-
generation systems utilize amplification of material to produce
massively parallel analysis runs, but the drawback is that there are
typically very short read lengths. The data then require computation
to stitch them together into what are called contigs (contiguous
sequences).

Technology is now moving from this second generation to a set of
third-generation NGS systems. Third-generation sequencing is a
collection of methods that avoids the problems of amplification by



direct sequencing of the material, DNA or RNA, still giving multiple
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 methods in
development are nanopore sequencing and tunneling currents
sequencing. The first aims to detect individual nucleotides as a DNA
sequence is run through a silicone nanopore, the second, through a
channel. Tiny transistors are used to control a current passing
through the pore. As a nucleotide passes through, it disturbs the
current in a manner unigue to its chemical structure. If successful,
these technologies have 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 examination by electron microscopy and single-base
synthesizing. The accuracy might not be as high as second-
generation systems, but read lengths are longer, approaching
1,000 bp.

2.8 PCR and RT-PCR



KEY CONCEPTS

e Polymerase chain reaction permits the exponential
amplification of a desired sequence by using primers that
anneal to the sequence of interest.

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

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

e 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). Although evidence exists that the underlying core principles
of the method were 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 illustrated in FIGURE 2.17. While in the context
of normal cellular DNA replication (see the chapter titled DNA
Replication) 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 buffer causes
thermal denaturation as the template strands melt apart from each
other (Figure 2.17a and b). Rapid cooling to the annealing
temperature (or T,) 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 2.17c). If presented to a
polymerase, this annealed primer presents a defined location from
which to commence primer extension (Figure 2.17d). 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.
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FIGURE 2.17 Denaturation (a) and rapid cooling (b) of a DNA
template molecule in the presence of excess primer allow the
primer to hybridize 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.

The ingenuity of PCR arises from simultaneously incorporating a
nearby second primer of opposing polarity (i.e., complementary to
the opposite strand to which the first primer anneals) and then
subjecting the mixture of template, two primers (at high
concentrations), thermostable DNA polymerase, and dNTP
containing 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, creating the situation
depicted in FIGURE 2.18. If polymerase extension is allowed to
proceed for a short period of time (on the order of 1 minute per
1,000 base pairs), each of the primers will be extended out and
past the location of the other, thus creating a new complementary
annealing site for the opposing primer. Raising the temperature
back to denaturation stops the primer elongation process and
displaces the polymerases and newly created strands. As the
system is cooled again 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 proceeds only as far as the template
exists—that is, the 5' end of the 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 denaturation, annealing, and primer extension leads to an



exponential increase (2N, where N is the number of thermal cycles)
in the number of this defined product, allowing for phenomenal
levels of “sequence amplification.” Close consideration of the
process reveals that even though this also creates uncertain length
products from the extension of each primer off the original template
molecule with each cycle, these products 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 1012 amplicons—more than enough to go
from an invisible target to a clearly visible fluorescent dye—stained
product.
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FIGURE 2.18 Thermally driven cycles of primer extension where
primers of opposite polarity have nearby priming sites on each of
the two template strands lead to the exponential production of the
short, primer-to-primer—defined sequence (the “amplicon”).

Perhaps not surprisingly, there are many technical complexities
underlying this deceptively simple description. Primer design must
take into account issues such as DNA secondary structures,
uniqueness of sequence, and similarity of T, between primers. Use
of a thermostable 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., exonuclease activities for increased accuracy) can
be exploited to meet individual application needs. Buffer
composition (including agents such as DMSO to help reduce
secondary structural barriers to effective amplification, and
inclusion of divalent cations such as Mg?* at sufficient concentration
not to be depleted by chelation to nucleotides) often needs some
optimization for effective reactions. In general, the PCR process
works best when the primers are within short distances of each
other (100 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
products. Generally, somewhere around 40 thermal 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, if the
appropriate template was not present in the reaction, 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 cDNA and then
subject to regular 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.
Postreaction “endpoint techniques” include gel electrophoresis and
DNA-specific dye staining. Long a staple of molecular biological
techniques (described earlier in the section 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 of PCR products to microarrays or
suspension bead arrays can be used to detect specific amplicons
when more than one product sequence might come out of an
assay. These in turn use a variety of methods for amplicon labeling,
including chemiluminescence, 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 for
which 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 threshold
cycle(Cy)—and the starting template concentration. Thus, real-
time methods are effective template quantification approaches. As
a result, these methods are often referred to as quantitative PCR
(gPCR) 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 extension thermal steps of
each cycle. The real-time instrument monitors fluorescence in each
reaction 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
approximately midrange in the exponential phase of this curve is
used for calculating the Ct of each sample and can be used for
guantitation 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 temperature is slowly raised
while fluorescence is constantly monitored. Specific amplicons will
have a characteristic melt point at which fluorescence is lost,
whereas 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 application 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). Photons emitted at the
reporter dye emission wavelength 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, at each annealing
step these two probes can anneal to the single-stranded product
and thereby place the reporter and quencher molecules close to
each other. lllumination 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
contrast, if the homologous template for the probe molecules is not
present (i.e., the expected PCR product), the two dyes will not be
colocalized and excitation of the reporter dye will lead to
fluorescence at its emission frequency. This is illustrated in
FIGURE 2.19. As with the DNA-binding dye approach, the real-time
instrument monitors the quencher emission wavelength during each
cycle and generates a similar sigmoidal amplification curve. Multiple
alternate 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 underlying
concept is similar and all generate data in a similar fashion.
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FIGURE 2.19 Fluorescence resonant energy transfer (FRET)
occurs only 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 stimulated 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.

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
medical applications such as the detection of infectious disease
agents at sensitivities, specificities, and speeds much greater than
alternate methods. Whereas the two primer sites must be of known
sequence, the internal section can be any sequence of a general
length, which leads directly to applications for which 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
biologists have made use of PCR to amplify DNA from well-
preserved samples, such as insects encased in amber millions of
years old, with subsequent sequencing and phylogenetic analysis,
yielding fascinating results on the continuity and evolution of life on
Earth. Quantitative real-time approaches have applications in
medicine (e.g., monitoring viral loads in transplant patients),
research (e.g., examining transcriptional activation of a specific



target gene in a single cell), or environmental monitoring (e.g.,
water purification quality control).

In general, PCR reactions are run with carefully optimized Ty,
values that maximize sensitivity and amplification kinetics while
ensuring that primers will only anneal to their exact hybridization
matches. Lowering the T, of a PCR reaction—in effect, relaxing
the reaction stringency and allowing primers to anneal to not quite
perfect hybridization partners—has 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, planned
mismatches in the primer sequence and slightly lowered T,s can
be used to introduce wanted mutations in a process called site-
directed mutagenesis. It's possible to perform differential
detection of single nucleotide polymorphisms (SNPs) (see the
chapter titled The Content of the Genome), which can be directly
indicative of particular genotypes or serve as surrogate linked
markers for nearby genetic targets of interest, through the design
of PCR primers with a 3' terminal nucleotide specific to the
expected polymorphism. At the optimal Ty, this final crucial
nucleotide can only hybridize and provide a 3' hydroxyl to the
waiting polymerase if the matching single nucleotide polymorphism
occurs. This process is known by several names, including
amplification refractory mutation selection (ARMS) or allele-specific
PCR extension (ASPE).

The PCR process described thus far has been restricted to
amplification of a single target per reaction, or simplex PCR.
Although this is the most common application, it is possible to
combine multiple, independent PCR reactions into a single reaction,



allowing for an experiment 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 applications 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
undesired false products. At best, multiplexing tends to result in
loss of some sensitivity for each individual PCR due to effective
competition between them for limited polymerase and nucleotides.

A final point of interest to many students 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
extremophiles 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 those
that 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 exploration.

2.9 Blotting Methods



KEY CONCEPTS

e 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.

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

e 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 sequence-nonspecific, or specific
sequences can be detected using a method generically referred to
as blotting. Although slower and more involved than direct
visualization by 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 application 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 inventor, Dr. Edwin Southern). A
schematic of this process is shown in FIGURE 2.20. A regular
agarose gel is made and run (and if desired, stained) as described
previously. Following this, the gel is soaked in an alkali buffer to
denature the DNA, and then placed in contact with a sheet of
porous membrane (commonly nitrocellulose or nylon). Next, 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 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 transfer. This induces nucleic 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.
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FIGURE 2.20 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.

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 membrane and the
nucleic acids (primarily pyrimidines). The blot is now ready for



blocking, where it is immersed in a warmed, low-salt buffer
containing materials that will bind to and block areas of the blot that
might bind organic compounds nonspecifically. Following blocking, a
probe molecule is introduced. The probe consists of a labeled
(isotopically or chemically, e.g., through incorporation of
biotinylated nucleotides) copy of the target sequence of interest,
which is either synthesized as a single-stranded oligonucleotide, or
(if double stranded) has been heat denatured and rapidly cooled to
place it in a single-stranded form. When this is added to the
warmed buffer 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 nonspecifically 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 3°S) 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 technique 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 unlabeled probe sequence) is
included in the gel, comparison of this standard to target band
intensities allows for determination of target quantity in the starting
sample. This information can be useful for applications such as
determining 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 DNASs.
For example, two-dimensional gels can be used to separate DNA
molecules by shape as well as size. FIGURE 2.21 illustrates a two-
dimensional mapping 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 deviation 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
fragment is in the midst of replication, but does not itself contain an
origin of replication) 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 at the point at which the bubble is
converted to a Y-structure as one fork runs off the end.
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FIGURE 2.21 One application of Southern blotting allows detection
of fragments 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 the 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 RNA molecules 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 similarly
guantitative method for detection of any type of RNA. If mRNA is



the target of interest, it is possible to separate mRNA from all the
other classes of RNA in the cell. mMRNA (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 Splicing and
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 2.22.
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FIGURE 2.22 Poly(A)+ RNA can be separated from other RNAs by
fractionation on an oligo(dT) column.

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 2.23. There are some
key differences between the procedures for blotting proteins
compared to nucleic acids. First, protein-separation gels typically
contain the detergent SDS, which serves to unfold the proteins so
that they will migrate according to size rather than shape. It 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.)

1. Protein applied to SDS 2. Electrotransfer proteins 3. Incubate membrane
gel and electrophoresed from gel to membrane with primary antibody
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FIGURE 2.23 In a western blot, proteins are separated by size on
an SDS gel, transferred to a nitrocellulose membrane, and
detected by 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.

After 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 vacuum 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 it can recognize an epitope tag that has been fused
to the protein 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
the N- or C-terminus of the 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 Cloning Veectors 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 of the primary antibody with a secondary antibody, 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
antirabbit” antibody will recognize a primary antibody raised in a
rabbit; see the chapter titled Somatic DNA Recombination and
Hypermutation in 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 fluorescent 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
(chemiluminescent detection). Use of primary and secondary
antibodies (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.

2.10 DNA Microarrays

KEY CONCEPTS

o DNA microarrays comprise known DNA sequences
spotted or synthesized on a small chip.

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

¢ Single nucleotide polymorphism arrays permit genome-
wide genotyping of single-nucleotide polymorphisms.

e Array-comparative genomic hybridization 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
membrane and the probe in solution, this effectively reverses the
two. These originated in the form of “slot-blots” or “dot-blots,”
whereby 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 sample 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 miniaturization 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 1,000 spots. Today, silicon chip
substrates have hundreds of thousands and up to a million or more
individual spots in an area about the size of a postage stamp.

To visualize the distinct spots in such a high-density array,
automated optical microscopy is used and fluorescence has
replaced radiolabeling both to allow for increased spatial 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 applications of microarrays
are really limited only by the user’s imagination, there are a number
of particular applications for which they have become standard
tools.

The first of these is in gene expression profiling, wherein 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 cDNA by a random primed
reverse transcription. A label is incorporated into the cDNA during
its synthesis (either through use of labeled nucleotides or having
the primers themselves with a label); this can be either a
fluorophore (“direct labeling”) or another hapten (such as biotin),
which can at a later stage be exposed to a fluorophore conjugate
that will bind the hapten (in the present example, streptavidin-
phycoerythrin conjugate might be used) in what is called “indirect
labeling.” This labeled cDNA is then hybridized 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 complementary labeled cDNA and thus the
readout of which genes are being expressed in the original sample.
This process is depicted in FIGURE 2.24. This method is fairly
quantitative, 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 differentiate and quantitate the relative levels
of alternate splicing products from a single gene. By comparison of
the data from such experiments 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.
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FIGURE 2.24 Gene expression arrays are used to detect the levels
of all the expressed genes in an experimental sample. mMRNAs 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.

A second major application is in genotyping. Analysis of the human
genome (and other organisms) has led to the identification of large
numbers of single nucleotide polymorphisms (SNPs), which are
single nucleotide substitutions at a specific genetic locus (see the
chapter titled The Content of the Genome). Individual SNPs occur
at known frequencies, which often differ between populations. The
most straightforward examples are where the SNP creates a
missense mutation within a gene of interest, such as one involved in
the metabolism of a drug. People carrying one allele of the SNP
might clear a drug from circulation at a very different rate from
those with an alternate allele, and thus determination of a patient’s
allele at this SNP can 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 dosage of the anticoagulant warfarin.
Another is in SNP genotyping of the K-Ras oncogene in some types
of cancer patients in order to determine whether EGFR-inhibitory
drugs will be of therapeutic value. Other SNPs might be of no direct
biological consequence but can become a valuable genetic marker
if found to be closely associated to a particular allele of interest—
that is, if in genetic terms it is closely linked. Hundreds 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, it should be noted that SNP genotyping
—in the common case of linked 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 definitive. 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
might move to become the dominant approach for genotyping.

A third major application of DNA microarrays is array-comparative
genomic hybridization (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 labeling 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 comparison, any DNA regions that occur more in one sample
than the other will outcompete and thus show a stronger color on
their complementary probe spot than will the deficient sample.
Computer-assisted image analysis can read out and quantitate
small color changes on each array spot and thus detect



hemizygous loss or duplication of even very small regions in a test
sample. The resolution and facility for automation 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 chromatin immunoprecipitation
studies, which can identify sequences interacting with a DNA-
binding protein or complex on a genome-wide scale; this is
described in the section 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 signal 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 cDNA 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 effectively have two-dimensional kinetics.

2.11 Chromatin Immunoprecipitation



KEY CONCEPTS

e Chromatin immunoprecipitation allows detection of
specific protein—-DNA interactions in vivo.

e “ChIP on chip” or “ChlP-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 detection 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. These techniques either allow direct
visualization of the in vivo behavior of macromolecules (e.qg.,
imaging of GFP fusions in live cells) or allow researchers to take a
“snapshot” of the in vivo localization or interactions of
macromolecules at a particular condition or point in time.

There are numerous proteins that function by interacting directly
with DNA, such as chromatin proteins, or the factors that perform
replication, repair, and transcription. Although much of our
understanding of these processes is derived from in vitro
reconstitution experiments, it is critical to map the dynamics of
protein—DNA interactions in living cells in order to fully understand
these complex functions. The powerful technique of chromatin
immunoprecipitation (ChlP) 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 Chromatin chapter.) ChIP allows researchers to
detect the presence of any protein of interest at a specific DNA
sequence in Vvivo.



FIGURE 2.25 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 Blotting
Methods earlier in this chapter), this antibody can be against the
protein itself, or against an epitope-tagged target.
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FIGURE 2.25 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 immunoprecipitate 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.

The first step in ChiP is typically the crosslinking of the 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 interactions
through the subsequent analysis. ChlIP can be performed 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
1,000 bp each. This can be achieved by sonication, which uses
high-intensity sound waves to nonspecifically shear the chromatin.
Nucleases (either sequence-specific or sequence-nonspecific) can
also 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 of interest still crosslinked to any DNA it was
associated with in 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.
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 distinguish between different posttranslational



modifications of the same protein. As a result, ChlP can distinguish
the difference between RNA polymerase Il engaged in initiation at
the promoter of a gene from pol Il that has entered the elongation
phase of transcription, because pol Il 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
guery 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 powerful variations, known as ChlP-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 querying 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; this is now the most popular method). Either method
allows a researcher to obtain a genome-wide footprint of all of the
binding sites of the protein of interest. For example, putative origins
of replication (which are difficult to identify in multicellular
eukaryotes) can be detected en masse by performing a ChiP
against proteins in the origin recognition complex (ORC).

2.12 Gene Knockouts, Transgenics,
and Genome Editing



KEY CONCEPTS

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

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

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

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

e 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.

e The Crel/lox system is widely used to make inducible
knockouts and knock-ins.

e Several tools exist to edit the genome directly in living
cells.

An organism that gains new genetic information from the addition of
foreign DNA is described as transgenic. For simple organisms
such as bacteria or yeast, it is easy to generate transgenics by
transformation with DNA constructs containing sequences of
interest. Transgenesis in multicellular organisms, however, can be
much more challenging.

The approach of directly injecting DNA can be used with mouse
eggs, as shown in FIGURE 2.26. Plasmids carrying the gene of
interest 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
vasectomized 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 transfected
sequence. In general, multiple copies of the plasmid appear to
have been integrated in a tandem array into a single chromosomal
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 transgenes introduced in this way is highly
variable, both due to copy number and the site of integration. A
gene can be highly expressed if it integrates within an active
chromatin domain, but not if it integrates in or near a silenced
region of the chromosome.
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FIGURE 2.26 Transfection can introduce DNA directly into the
germline of animals.

Photo reproduced from: Chambon, P. 1981. Sci Am 244:60-71. Used with permission of
Pierre Chambon, Institute of Genetics and Molecular and Cellular Biology, College of

France.

Transgenesis with novel or mutated genes can be used to study
genes of interest in the whole animal. In addition, defective genes
can be replaced by functional genes using transgenic techniques.
One example is the cure of the defect in the hypogonadal 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 techniques, it is expressed in the appropriate
tissues. FIGURE 2.27 summarizes experiments to introduce 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



regulatory control can be indistinguishable from the behavior of the
normal allele.
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FIGURE 2.27 Hypogonadism can be averted in the progeny of hpg
mice by introducing a transgene that has the wild-type sequence.

Although promising, there are impediments to using such
techniques to cure human genetic defects. The transgene must be
introduced into the germline of the preceding generation, the ability
to express a transgene is not predictable, and an adequate level of
expression of a transgene can be obtained in only a small minority
of the transgenic individuals. In addition, the large number of
transgenes that might be introduced into the germline, and their
erratic expression, could pose problems in cases in which
overexpression of the transgene is harmful. In other cases, the
transgene can integrate near an oncogene and activate it,
promoting carcinogenesis.

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 to understand the function of a
gene, it is most useful to be able to remove the gene or its function
and observe the resulting phenotype. The most powerful
techniques for changing the genome use gene targeting to delete
or replace genes by homologous recombination. Gene deletions
are usually referred to as knockouts, whereas replacement of a
gene with an alternative 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 transformed into the
yeast. As little as 40 bp or so of homology will result in extremely
efficient replacement of the target gene by the introduced marker



gene, via homologous recombination 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 target specific mRNAs for destruction. (RNAI is
described in the Regulatory RNA chapter.) Briefly, introduction of
double-stranded RNA into most eukaryotic cells triggers a
response in which these RNAs are cleaved by a nuclease called
Dicer into 21 bp dsRNA fragments (siRNAs), unwound into single
strands, and then used by another enzyme, RISC, to find and
anneal to mMRNAs containing complementary sequence. When a
fully complementary mRNA is found, it is cleaved and destroyed. In
practice, this means that the mRNA for any gene can be targeted
for destruction by introduction of a dsRNA designed to anneal to
the target of interest. The means of introducing the dsRNA
depends on the species being targeted; in mammalian cells, one
method is transfection with DNA encoding a self-annealing RNA that
forms a hairpin containing the targeting sequence. For many
species, researchers are developing siRNA libraries that allow
systematic elimination of large sets of target mRNAs, one at a
time, providing a powerful new tool for genetic screening.

In some multicellular organisms, gene deletion is possible, but the
process is more complicated than in organisms like yeast. In
mammals, the target is usually the genome of an ES cell, which is
then used to generate a mouse with the knockout. ES cells are
derived from the mouse blastocyst (an early stage of development,



which precedes implantation of the egg in the uterus). FIGURE
2.28 illustrates the general approach.
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FIGURE 2.28 ES cells can be used to generate mouse chimeras,
which breed true for the transfected DNA when the ES cell
contributes to the germline.

ES cells are transfected with DNA in the usual way (most often by
microinjection or electroporation). By using a donor that carries an
additional sequence, such as a drug-resistance marker or some
particular enzyme, it is possible to select ES cells that have
obtained an integrated transgene carrying any particular donor
trait. This results in a population of 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 blastocyst; other tissues are
derived from the injected ES cells. The proportion of tissues in the
adult mouse that are derived from cells in the recipient blastocyst
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 contributed 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 might insert into the
genome by either nonhomologous or homologous recombination.
Homologous recombination is relatively rare, probably representing
<1% of all recombination events, and thus occurring at a frequency
of ~10~7. By designing the donor DNA appropriately, though, we
can use selective techniques to identify those cells in which
homologous recombination has occurred.

FIGURE 2.29 illustrates the knockout technique 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 neo® 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.
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FIGURE 2.29 A transgene containing neo within an exon and TK
downstream can be selected by resistance to G418 and loss of TK
activity.



When this knockout construct is introduced into an ES cell,
homologous and nonhomologous recombinations will result in
different outcomes. Nonhomologous recombination inserts the
entire construct, including 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 phosphorylates ganciclovir, which converts it to a toxic
product). In contrast, homologous recombination involves two
exchanges within the sequence of the donor gene, resulting in the
loss of the flanking TK gene. Cells in which homologous
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, plating 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 exon 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 a particular gene is essential, and what
functions in the animal are perturbed by its loss. Sometimes
phenotypes can even be observed in the heterozygote.

A major extension of ability to manipulate a target genome has
been made possible by using the phage Cre/lox system to engineer
site-specific recombination in a eukaryotic cell. The Cre enzyme
catalyzes a site-specific recombination reaction between two /ox
sites, which are identical 34-bp sequences. FIGURE 2.30 shows



that the consequence of the reaction is to excise the stretch of DNA
between the two /ox sites.
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FIGURE 2.30 The Cre recombinase catalyzes a site-specific
recombination between two identical /ox sites, releasing the DNA
between them.

Structure from Protein Data Bank: 10UQ. E. Ennifar, et al. 2003. Nucleic Acids Res
31:5449-5460.

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 /ox sites. FIGURE 2.31
shows that we can control the reaction to make it work in a
particular cell by placing the cre gene under the control of a
regulated promoter. The procedure begins with two mice. One



mouse has the cre gene, typically controlled by a promoter that can
be turned on specifically in a certain cell or under certain

conditions. The other mouse has a target sequence flanked by /ox
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 cre gene. This allows the sequence between
the /ox sites to be excised in a controlled way.
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FIGURE 2.31 By placing the Cre recombinase under the control of
a regulated promoter, it is possible to activate the excision system
only in specific cells. One mouse is created that has a promoter-
cre construct, and another that has a target sequence flanked by
lox sites. The mice are crossed to generate progeny that have both
constructs. Then excision of the target sequence can be triggered
by activating the promoter.

The Crel/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 neoR gene (or any other gene that is
used similarly in a selective procedure) with /ox sites. After the
knockout has been made, the target gene can be reactivated by



causing Cre to excise the neo gene in some particular
circumstance (such as in a specific tissue).

FIGURE 2.32 shows a modification of this 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 neo®
sequence, we have in effect replaced the original gene with a
different version.
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FIGURE 2.32 An endogenous gene is replaced in the same way as
when a knockout is made (see Figure 2.30), but the neomycin
gene is flanked by /ox 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.

A useful variant of this method is to introduce a wild-type copy of
the gene of interest in which the gene itself (or one of its exons) is
flanked by /ox sites. This results in a normal animal that can be
crossed to a mouse containing Cre under control of a tissue-
specific or otherwise regulated promoter. The offspring of this
cross are conditional knockouts, 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 difficult to study.

Recently, several technologies have emerged that allow direct
editing of target sequences in the genome in vivo. These methods
are all based on endonucleases that can be targeted very
specifically to genomic sites. The double-strand breaks created by
these nucleases then utilize the cell's own repair machinery
(homologous recombination or nonhomologous end-joining; see the
Repair Systems chapter) to generate sequence alterations. These
changes can include gene mutation, deletion, insertion, or even
precise gene editing or correction based on a provided donor
template.

The specificity and outcomes of these techniques depend on the
specific targeting of endonucleases to only the site(s) of interest.
Four general classes of nucleases are used: zinc finger nucleases
(ZFNs), meganucleases, transcription activator-like effector
nucleases (TALENS), and, most recently, the CRISPR/Cas9
system. The basic characteristics of these systems are
summarized in TABLE 2.2.

TABLE 2.2 Basic features of endonuclease-based genome-editing
systems.

Genome- Derivation Targeting Characteristics

Editing Tool

ZFN Zinc finger DNA— Multifinger arrays Pros: Can trigger
binding domain selected for binding to | both NHEJ and
fused to Fokl desired target site HR; modest size
restriction Con: Generating
endonuclease specificity to

desired target can




be labor-intensive

TALEN

TALE proteins from
Xanthomonus
bacteria (plant
pathogens) fused to
Fokl restriction

endonuclease

~35 amino acid TALE
repeats each bind
specific DNAbase
pairs, strung together
to match target

sequence

Pro: Can be
designed for
virtually any
sequence

Con: Large size
makes in vivo
delivery

challenging

Meganuclease

Homing
endonucleases

(e.g., I-Scel)

Homing endonuclease
reengineered/selected
to recognize desired

target

Pros: Cleavage
produces 3'
overhang—more
recombinogenic;
small size for ease
of delivery

Con: Limits to the
number of
sequences

recognized

CRIPSR/Cas9

RNA-guided
nucleases from
bacterial adaptive

immune system

Sequence of the guide
RNA (gRNA)
component provides

target specificity

Pro: Can just
change gRNA
sequence rather
than engineer new
proteins for each
target site

Con: Target
sequences slightly
limited by
requirement for a
short motif 3' to the

target site

ZFNs take advantage of the fact that zinc finger (ZF) DNA binding
domains (discussed in the chapter titled Eukaryotic Transcription)
are modular domains that each recognize a 3-bp sequence and can




be strung together into multifinger domains to recognize longer
sequences. A combination of engineering and selection allows the
creation of ZF arrays that will target a locus of interest. The ZF
portion is fused to the endonuclease domain of the Fokl restriction
enzyme to create the ZFN, which then dimerizes to make a DSB at
the desired site.

Similarly, TALENSs utilize a modular DNA binding repeat; in this
case, a set of conserved 33-35 amino acid repeats derived from
the TALE proteins of the Xanthomonas bacterial plant pathogens.
Each TALE repeat recognizes a single base pair (determined by
two variable amino acids within the 33—35 aa repeat), so multiple
TALE repeats can be strung together to recognize virtually any
sequence (with the only requirement that there be a T at the 5’ end
of the target). As for ZFNs, the TALE array is fused to the Fokl
enzyme to provide the cleavage. A downside of TALENS is that
because each base pair in the target site is recognized by an
approximately 35 aa motif, targeting sequences long enough to be
unique in the genome can result in very large TALENSs, which
makes delivery into target cells or tissues more challenging.

The meganucleases, despite their name, are actually the smallest
of these editing nucleases and thus the easiest to deliver (in fact,
several meganucleases with different specificities could be
delivered simultaneously for multiplex editing). These nucleases are
derived from naturally occurring homing endonucleases, a family of
nucleases encoded within introns or as self-splicing inteins. These
nucleases naturally recognize long, usually asymmetric, sites of up
to 40 bp that typically occur only 1 or 2 times in a genome. (The
large target sites are the origin of the name.) Meganucleases can
be engineered or selected to recognize novel sequences, but
because they lack the modular nature of ZFNs and TALENS, this
can be difficult.



The most recent—and most exciting—gene editing tool to be
developed is based on the CRISPR-Cas RNA-guided nucleases
that form the basis of a bacterial adaptive immune response
against viruses and plasmids. The CRISPR-Cas system is
described in more detail in the chapter titled Regulatory RNA.
Briefly, the CRISPR-Cas system involves integration of invading
nucleic acids into CRISPR loci, where they are transcribed into
CRISPR RNAs (crRNAs). These then form a complex with a trans-
activating crRNA and Cas (CRISPR-associated) proteins. The
crRNA then targets cleavage of complementary DNA sequences.
To adapt this system for gene editing, the two RNAs are fused into
a single guide RNA (gRNA), and changes to a portion of this
sequence can be used to define desired targets. This is an
enormous advantage over the other technologies, which need to
engineer novel proteins for every desired target sequence. The
same Cas9 protein can simply be delivered with a gRNA (or
several!) designed against the site of interest. Cas9 proteins do
require a short (about 3 bp) protospacer-adjacent motif (PAM) 3' to
the target site, which can limit some target sequences. Recent
efforts have focused on developing Cas9 proteins with different
PAM specificities to expand this repertoire as well as developing
Cas9 variants with increased specificity to reduce off-target
cleavage.

With these techniques, we are able to investigate the functions and
regulatory features 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. Gene editing techniques have already begun to show
promise as a gene therapy tool to treat human genetic disorders
and other diseases. For example, ZFNs have been used in Phase 1



clinical trials to modify the CCRS5 receptor (used by HIV to enter
cells) in HIV-infected patients. All of the gene editing tools are
being utilized in preclinical studies. Ultimately, we can expect
routinely to replace or repair defective genes in the genome in a
targeted manner.

Summary

¢ DNA can be manipulated and propagated by 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 nonspecifically by the use of
dyes that bind independent of sequence. Specific nucleic acid
sequences can be detected by using base complementarity.
Specific 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, respectively. Proteins are detected
on western blots using antibodies.

Sequencing technology is advancing rapidly. The original cost to
determine the human genome sequence was about $1 billion.
By the beginning of 2012, multiple individuals had their
sequence determined. For many now, normal and tumor-derived
sequences have been determined and their sequences
compared for a price of just a few thousand dollars. The original



goal of the next generation sequencing methodologies was a
$1,000 genome, a target that is now here.

DNA microarrays are solid supports (usually silicon chips or
glass slides) on which DNA sequences corresponding to ORFs
or complete 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 in vivo using
chromatin immunoprecipitation. The DNA obtained in a
chromatin immunoprecipitation experiment can be used as a
probe on a genome tiling array, or it can be sequenced directly,
to map all localization sites for a given protein in the genome.
New sequences of DNA can be introduced into a cultured cell by
transfection or into an animal egg by microinjection. The foreign
sequences can become integrated into the genome, often as
large tandem arrays. The array appears to be inherited as a
unit in a cultured cell. The sites of integration appear to be
random. A transgenic animal arises when the integration event
occurs in a genome that enters the germ 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 creating 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 Cre-
dependent recombination), and knock-ins, where a donor gene
specifically replaces a target gene. Transgenic mice can be
obtained by injecting recipient blastocysts with ES cells that
carry transfected DNA. Knockdowns, most commonly achieved
by using RNA interference, can be used to eliminate gene
products in cell types for which knockout technologies are not



available. New genome editing technologies based on targeted
endonucleases have dramatically expanded our capacity to
make changes to genomes in vivo.
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3.1 Introduction

The simplest form 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 acids. However, in eukaryotes,



ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and most
messenger RNAs (mRNAs) are first synthesized as long precursor
transcripts that are subsequently shortened (see the chapter titled
RNA Splicing and Processing). Thus, eukaryotic genes are usually
much longer than the functional transcripts they produce. It is
reasonable to assume that the shortening involved a trimming of
additional, perhaps regulatory, sequences at the 5" and/or 3' end of
transcripts, leaving the rRNA or protein-encoding sequence of the
precursor intact.

However, a eukaryotic gene can include additional sequences that
lie both within and outside the region that is operational with
respect to phenotype. Protein-encoding sequences can be
interrupted, as can the 5" and 3' sequences (UTRSs) 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 comprising an interrupted protein-encoding gene
are divided into the two categories (see FIGURE 3.1):
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FIGURE 3.1 Interrupted genes are expressed via a precursor RNA.
Introns are removed when the exons are spliced together. The
mature mRNA has only the sequences of the exons.

e Exons are the sequences retained in the mature RNA product.
A mature transcript begins and ends with exons that
correspond to the 5" and 3’ ends of the RNA.

e 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



interrupted 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 an mRNA that consists only of a series of exons. This process
is called RNA splicing (see the chapter titled Genes Are DNA and
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 begins 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 of the 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.

3.2 An Interrupted Gene Has Exons
and Introns

KEY CONCEPTS

¢ Introns are removed by RNA splicing, which occurs in cis
in individual RNA molecules.

e Mutations in exons can affect polypeptide sequence;
mutations in introns can affect RNA processing and
hence can influence the sequence and/or 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 correspondence
between the gene and polypeptide sequences is maintained.
FIGURE 3.2 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 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 transcript
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.)

Genomic DNA
Exon1 Intron 1 Exon 2 Intron 2 Exon 3
lessssn B messsss  C

A-B B-C
mRNA
Exon1 Exon2 Exon 3
s f i B C
| Il |
1 [
A-B B-C

FIGURE 3.2 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.



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 can
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 substitutions at the junctions between introns and
exons. They might cause an exon 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 can
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 uninterrupted. In
multicellular eukaryotes most genes are interrupted, and the introns
are usually much longer than exons so that genes are considerably
larger than their coding regions.

3.3 Exon and Intron Base
Compositions Differ



KEY CONCEPTS

e The four “rules” for DNA base composition are the first
and second parity rules (both also known as Chargaff’s
rules), the cluster rule, and the GC rule. Exons and
introns can be distinguished on the basis of all rules
except the first.

e The second parity rule suggests an extrusion of
structured stem-loop segments from duplex DNA, which
would be greater in introns.

e 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
rule for duplex DNA (see the chapter titled Genes Are DNA and
Encode RNAs and Polypeptides). 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 dinucleotides,
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 second parity rule. The little-known second
parity rule is that, to a close approximation, there are 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
oligonucleotide sequences: For example, in a very long strand there
are approximately equal numbers 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—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 structures, 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 in exons, especially
in exons under positive selection pressure (see the section “Exon
Sequences Under Positive Selection Vary but Introns Are
Conserved” later in this chapter).

Finally, there is the GC rule, which is that the overall proportion of
G+C in a genome (GC content) tends to be a species-specific
character (although individual genes within that genome tend to
have distinctive values). The GC content tends to be greater in
exons than in introns. Chargaff’s four rules are seen to relate to
characters or “pressures” that are intrinsic to the genome,
contributing to what was termed the genome phenotype (see the
section There Are Many Forms of Information in DNA later in this
chapter).

3.4 Organization of Interrupted Genes
Can Be Conserved



KEY CONCEPTS

¢ Introns can be detected when genes are compared with
their RNA transcription products by sequencing.

e The positions of introns are usually conserved when
homologous genes are compared between different
organisms. The lengths of the corresponding introns can
vary greatly.

e Introns usually do not encode proteins.

When a gene is uninterrupted, the 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 3.3 compares the restriction
maps of a (3-globin gene and its MRNA. There are two introns,
each of which contains a series of restriction sites that are absent
from the complementary DNA (cDNA). The pattern of restriction
sites in the exons is the same in both the cDNA and the gene. The
finer comparison of the base sequences of a gene and its mRNA
permits 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.
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FIGURE 3.3 Comparison of the restriction maps of cDNA and
genomic DNA for mouse [b-globin shows that the gene has two
introns that are not present in the cDNA. The exons can be aligned
exactly between cDNA and the gene.

The structures of eukaryotic genes show extensive variation. Some
genes are uninterrupted 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 can all have introns.
Introns also are found in mitochondrial genes of plants, fungi,
protists, and one metazoan (a sea anemone), as well as in
chloroplast genes. Genes with introns have been found in every
class of eukaryotes, 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 Members
of a Gene Family Have a Common Organization later in this
chapter). The two general classes of globin gene, a and 3, share a
common organization: They originated from an ancient gene
duplication event and are described as paralogous genes or



paralogs. The consistent structure of mammalian globin genes is
evident from the “generic” globin gene presented in FIGURE 3.4.
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FIGURE 3.4 All functional globin genes have an interrupted
structure with three exons. The lengths indicated in the figure apply
to the mammalian [3b-globin genes.

Introns are found at homologous positions (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 second intron
in the mouse a-globin gene is only 150 base pairs (bp) of the total
850 bp of the gene, whereas the homologous intron in the mouse
major [3-globin gene is 585 bp of the total 1,382 bp. The difference
in length of the genes is much greater than that of their mRNAs (a-
globin mMRNA = 585 bases; [3-globin mRNA = 620 bases).

The example of the gene for the enzyme dihydrofolate reductase
(DHFR), a somewhat larger gene, is shown in FIGURE 3.5. The
mammalian DHFR gene is organized into six exons that correspond
to a 2,000-base mRNA. The gene itself is long because the introns
are very long. In three mammal species the exons are essentially
the same and the relative positions of 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 31 kilobases (kb).
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FIGURE 3.5 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 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.

3.5 Exon Sequences Under Negative
Selection Are Conserved but Introns
Vary



KEY CONCEPTS

e 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.

e |ntrons evolve much more rapidly than exons because of
the lack of selective pressure to produce a polypeptide
with a useful sequence.

Is a single-copy structural gene completely uniqgue 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 might 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 relationship between their introns. In an
extreme case, the exons of two genes might encode the same
polypeptide sequence, whereas the introns are different. This
situation can result from the duplication of a common ancestral
gene followed by unique base substitutions in 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 Sequences and
Evolution, where we consider the evolution of the genome, exons
can be considered basic building blocks that may be assembled in
various 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 can result from duplication and
translocation of individual exons.



We can plot the homology between two genes in the form of a dot
matrix comparison, as in FIGURE 3.6. 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 nucleotide
deletions or insertions in one or the other sequence.
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FIGURE 3.6 The sequences of the mouse bp™a- and bp™-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.

When the two mouse 3-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 longer 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 substitutions. In the
translated regions, changes in exon sequences are constrained by
selection against mutations that alter or destroy the function 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 survive and produce fertile progeny. For example, if a
mutation in an exon of a gene encoding a crucial enzyme destroys
the function of that enzyme, those individuals that carry the
mutation (if diploid, then in homozygous form) either do not survive
or are otherwise severely affected. The new mutation does not
persist.

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 rapidly than exons when
the exons are under negative selection pressure. When a gene is



compared among different species, there are instances in which its
exons are homologous but its introns have diverged so much that
very little homology is retained. Although mutations in certain intron
sequences (branch site, splicing junctions, and perhaps other
sequences influencing splicing) will be subject to selection, 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 can more freely accumulate point substitutions
and other changes. Indeed, it is sometimes possible to locate
exons in uncharted sequences by virtue of their conservation
relative to introns (see the chapter The Content 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.

3.6 Exon Sequences Under Positive
Selection Vary but Introns Are
Conserved



KEY CONCEPTS

e Under positive selection, an individual with an
advantageous mutation survives (i.e., is able to produce
more progeny that are fertile) relative to others without
the mutation.

e 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 advantageous phenotype to an
organism, relative to individuals in the same population without the
mutation, can result in the preferential survival (positive selection)
of that organism. Pathogenic bacteria are killed by an antibiotic, but
a bacterium 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
confronted by a venom-resistant prey population, has a mutation
that enhances the power of its venom will be positively selected.
This can trigger an attack—defense cycle—an “arms race” between
two protagonist species.

In such situations the pattern of exon conservation and intron
variation seen in genes under negative selection can be reversed
because exons evolve faster than introns. Thus, a plot similar to
FIGURE 3.6 will have lines in introns and gaps in exons.

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 and
Processing). In addition to these, base order has been adapted to
promote the potential of the duplex DNA in the region to extrude
stem-loop structures (fold potential). Thus, base order-dependent
fold potential along the length of the gene (measured in negative
units) is high (more negative) in introns, and low (more positive) in
exons. This reciprocal relationship between substitution frequency
and the contribution of base order to fold potential is a
characteristic of DNA sequences under positive selection. Indeed,
the low (more positive) value of fold potential in an exon provides
evaluation of the extent to which it has been under positive
selection, without the need to compare two sequences (the classic
way of determining if selection is positive or negative).

3.7 Genes Show a Wide Distribution
of Sizes Due Primarily to Intron Size
and Number Variation

KEY CONCEPTS

e Most genes are uninterrupted in Saccharomyces
cerevisiae but are interrupted in multicellular eukaryotes.

e Exons are usually short, typically encoding fewer than
100 amino acids.

e Introns are short in unicellular/oligocellular eukaryotes but
can be many kb in multicellular eukaryotes.

e The overall length of a gene is determined largely by its
introns.

FIGURE 3.7 compares the organization of genes in a yeast, an
insect, and mammals. In the yeast Saccharomyces cerevisiae, the



majority of genes (more than 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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FIGURE 3.7 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 blue.)

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 10. Mammalian genes are split into more pieces and some
have more than 60 exons. Approximately 50% of mammalian 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 3.8
that there is a striking difference between yeast and multicellular



eukaryotes. The average yeast gene is 1.4 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 gene encoding Caspr2, with a length of
2,300 kb, is the longest known human gene (it encompasses nearly
1.5% of the entire length of human chromosome 7!).

S. cerevisiae

D. melanogaster

o0

40
30

20
10
50 Mammals
40

30
20
10

<05 <1 <2 <5 <10 <25 <50 <100 =100
Size of gene (kb)

Percent

FIGURE 3.8 Yeast genes are short, but genes in flies and
mammals have a dispersed bimodal distribution extending to very
long sizes.

The switch from largely uninterrupted to largely interrupted genes
seems to have occurred with 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



(fewer than 6) and are fairly short (less than 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.

FIGURE 3.9 shows that exons encoding stretches of protein tend
to be fairly small. In multicellular eukaryotes, the average exon
codes for about 50 amino acids, and the general distribution is
consistent with the hypothesis that genes have evolved by the
gradual addition of exon units that encode short, functionally
independent protein domains (see the Genome Sequences and
Evolution chapter). There is no significant difference in the average
size of exons in different multicellular 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 uninterrupted 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.
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FIGURE 3.9 Exons encoding polypeptides are usually short.

FIGURE 3.10 shows that introns vary widely in size among
multicellular eukaryotes. (Note that the scale of the x-axis differs
from that of Figure 3.9.) In worms and flies, the average intron is
no longer than the exons. There are no very long introns in worms,
but flies contain many. In vertebrates, the size distribution is much
wider, extending from approximately the same length as the exons
(less than 200 bp) up to 60 kb in extreme cases. (Some fish, such
as fugu [pufferfish], have compressed genomes with shorter introns
and intergenic regions than mammals have.)
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FIGURE 3.10 Introns range from very short to very long.

Very long genes are the result of very long introns, not the result of
encoding longer products. There is no correlation between total
gene size and total exon size in multicellular 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 5 times that of the total length of its exons.

3.8 Some DNA Sequences Encode
More Than One Polypeptide



KEY CONCEPTS

e The use of alternative initiation or termination codons
allows multiple variants of a polypeptide chain.

o Different polypeptides can be produced from the same
sequence of DNA when the mRNA is read in different
reading frames (as two overlapping genes).

e Otherwise identical polypeptides, differing by the
presence or absence of certain regions, can be
generated by differential (alternative) splicing. This can
take the form of including or excluding individual exons,
or of choosing between alternative exons.

Many structural genes consist of a sequence that encodes a single
polypeptide, although the gene can 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 can have two
alternative start codons in the same reading frame (see FIGURE
3.11). Thus, under different conditions one or the other of the start
codons might be used, allowing the production of either a short
form of the polypeptide or a full-length form, where the short form
is the last portion of the full-length form.
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FIGURE 3.11 Two proteins can be generated from a single gene
by starting (or terminating) expression at different points.

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 coding 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
illustrated in FIGURE 3.12. The length of overlap is usually short,
so that most of the DNA sequence encodes a unique polypeptide
sequence.
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FIGURE 3.12 Two genes might overlap by reading the same DNA
sequence in different frames.

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 that of the host gene.

In some genes there are switches in the pathway for splicing the
exons that result in alternative patterns of gene expression. A
single gene might generate a variety of mRNA products that differ
in their exon content. Certain exons might be optional; in other
words, they might be included or spliced out. There also might 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 might have regulatory consequences, but
the same polypeptide is made. In other cases, one exon is
substituted for another, as in FIGURE 3.13. In this example, the
polypeptides produced by the two mRNAs contain 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 mMRNA.
Three exons (W, X, and 2) are included in all mMRNAs. However, in
one alternative splicing pattern, the a exon is included between X
and Z, whereas in the other pattern it is replaced by the (3 exon.
The a and 3 forms of troponin T therefore differ in the sequence of
the amino acids between W and Z, depending on which of the
alternative exons (a or (3) is used. Either one of the a and [3 exons
can be used in an individual mRNA, but both cannot be used in the
same mMRNA.
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FIGURE 3.13 Alternative splicing generates the a and b variants of
troponin T.

FIGURE 3.14 shows that alternative splicing can lead to the
inclusion of an exon in some MRNASs, whereas it leaves it out of
others. A single primary transcript can be spliced in either of two
ways. In the first (more standard) pathway, two introns are spliced
out and the three exons are joined together. In the second
pathway, the second exon is excluded as if a single large intron is
spliced out. This intron consists of intron 1 + exon 2 + intron 2. In
effect, exon 2 has been treated in 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
middle. (Other types of combinations that are produced by



alternative splicing are discussed in the RNA Splicing and
Processing chapter.)
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FIGURE 3.14 Alternative splicing uses the same pre-mRNA to
generate mRNAs that have different combinations of exons.

Sometimes two alternative splicing pathways 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) splicing can generate different
polypeptides with 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 might be multiple
products from a single locus. Due to alternative splicing, there are
about 15% 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 Genome Sequences and Evolution).

3.9 Some Exons Correspond to
Protein Functional Domains

KEY CONCEPTS

e Proteins can consist of independent functional modules,
the boundaries of which, in some cases, correspond to
those of exons.

e The exons of some genes appear homologous to the
exons of others, suggesting a common exon ancestry.

The issue of the evolution of interrupted genes is more fully
considered in the Genome Sequences and Evolution 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 exon added at a time.
Each addition would need 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 might



have originally been pieced together reflected in their present
structures? If a protein sequence were randomly interrupted,
sometimes the interruption would intersect a domain and
sometimes it would lie between domains. If we can associate the
functional domains of current proteins with the individual exons of
the corresponding genes, 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 might be special cases.
The example par excellence is provided by the immunoglobulin
(antibody) proteins—an extracellular system for self-/nonself-
discrimination that aids in the elimination of foreign pathogens.
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 might
someday encounter again (see the chapter titled Somatic DNA
Recombination and Hypermutation in the Inmune System).
FIGURE 3.15 compares the structure of an immunoglobulin with its
gene.
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FIGURE 3.15 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 I5.

An immunoglobulin is a tetramer of two light chains and two heavy
chains that covalently 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
produced 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 functions. In secretory proteins, such as insulin, the
first exon that encodes the N-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 can share some related



exons but also have unique exons. FIGURE 3.16 summarizes the
relationship between the receptor for human plasma low-density
lipoprotein (LDL) and other proteins. The LDL receptor gene has a
series of exons related to the exons of the epidermal growth factor
(EGF) 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 modules are also used in different combinations in
other proteins.

LDL receptor

C9 complement EGF precursor
homology homology

EGF precursor

FIGURE 3.16 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.

Exons tend to be fairly small—around the size of the smallest
polypeptide that can assume a stable folded structure
(approximately 20 to 40 residues). It might be that proteins were
originally 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 protein. As modules are added to a
protein, the connections—at least of the most recently added
modules—could tend to lie at the surface.

3.10 Members 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 in
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
identical, but then they diverge as different mutations accumulate in
them. Further duplications and divergences extend the family. The
globin genes are an example of a family that can be divided into
two subfamilies (a globin and (3 globin), but all of its members have



the same basic structure and function (see the Genome
Sequences and 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 conservation is presented by the
a and 3 globins and two other proteins related to them. Myoglobin
IS @ monomeric oxygen-binding protein in animals. Its amino acid
sequence suggests a common (though ancient) origin with a and 3
globins. Leghemoglobins are oxygen-binding proteins present in
legume plants; like myoglobin, they are monomeric and share a
common origin with the other heme-binding proteins. Together, the
globins, myoglobins, and leghemoglobins make up the globin
superfamily—a set of gene families all descended from an ancient
common ancestor.

Both a- and [3-globin genes have three exons and two introns in
conserved positions (see Figure 3.4). 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 conserved
three-exon structure therefore predates the common ancestor of
the myoglobin and globin genes.

Leghemoglobin genes contain three introns, the first and last of
which are homologous to the two introns in the globin genes. This
remarkable similarity suggests an exceedingly ancient origin for the
interrupted structure of heme-binding proteins, as illustrated in
FIGURE 3.17. 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 of two central exons in the ancestral
gene? Or, is the single central exon the ancestral form? In this
case, an intron must have been inserted into it early in plant
evolution.
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FIGURE 3.17 The exon structure of globin genes corresponds to
protein function, but leghemoglobin has an extra intron in the central
domain.

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 might provide information about their
evolution. An example is insulin. Mammals and birds have only one
gene for insulin, except for rodents, which have two. FIGURE 3.18
illustrates the structures of these genes.
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FIGURE 3.18 The rat insulin gene with one intron evolved by loss
of an intron from an ancestor with two introns.

We use the principle of parsimony in comparing the organization of
orthologous genes by assuming that a common feature predates
the evolutionary separation of the two species. In chickens, 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 these cases, there must have been extensive
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 fewer than 100 bases, a
coding region of about 1,200 bases, and a trailer of about 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 3.19 shows that almost every actin gene is different in its
pattern of intron positions. Among all the genes being compared,
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, different
introns have been lost in each evolutionary 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 insertion continued independently in the different
lineages.
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FIGURE 3.19 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.

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 be located. On
the other hand, when exons are under negative selection (resulting
in homology conservation), in-series recombination between



members of an expanding gene family (that could cause a
contraction 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.

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 one-
to-one 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 presence of related exons in different proteins leave no
doubt that the duplication and juxtaposition of exons have played
important roles in evolution. It is possible that the number of
ancestral exons—from which all proteins have been derived by
duplication, variation, and recombination—could be relatively small,
perhaps as little as a few thousand. The idea that exons are the
building blocks of new genes is consistent with the “introns early”
model for the origin of genes encoding proteins (see the Genome
Sequences and Evolution chapter).



3.11 There Are Many Forms of
Information in DNA

KEY CONCEPTS

e Genetic information includes not only that related to
characters corresponding to the conventional phenotype
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.”

e Positional information might be important in development.
e Sequences transferred “horizontally” from other species
to the germ line could land in introns or intergenic DNA
and then transfer “vertically” through the generations.

Some of these sequences might be involved in
intracellular non-self-recognition.

The term genetic information can include all information that
passes “vertically” through the germ line, not just 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. For 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 expression, we can reverse the usual description of the



gene. Instead of saying “one gene—one polypeptide,” we can
describe the relationship as “one polypeptide—one gene.” So we
regard the sequence involved in production of the polypeptide
(including introns and exons) as constituting 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 “alternative” genes.

We can now see how far we have come from the one gene—one
enzyme hypothesis of the 20th century. The driving question at that
time was the nature of the gene. It was thought that genes
represented “ferments” (enzymes), but what was the fundamental
nature of ferments? After 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 particular
protein. Either directly or indirectly, protein-encoding pressure was
responsible for what we can now refer to as the conventional
phenotype. We now recognize that genetic units encoding
polypeptides can also include information corresponding to the
genome phenotype, manifestations of which include fold
pressure, purine-loading (AG) pressure, and GC pressure.
There can be conflict between different pressures, such as
competition for space in the gamete 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
CGQG). Alternatively, fold pressure might require the corresponding
nucleic acid to fold into a stem-loop structure in which 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 need 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 adjacent 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 organisms required 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 beginning of embryonic development leads to
expression of the genes involved in the next stage of development,
which in turn leads to a further stage, and so on, until all of the
tissues of the adult are formed and functioning. The molecular
nature of this regulatory network is still under investigation, but we
see 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 specific question concerns the
nature and role of positional information. We know that all parts
of a fertilized egg are not equal; one of the features 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 particular examples have been well studied (see
the mRNA Stability and Localization chapter). We assume,
however, that the existence of positional information in the egg



leads to the differential 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 might 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 comprising 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
expression of the proper genes?

After tissues and organs have developed, they not only must 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 (1) respond
extracellularly by the synthesis of immunoglobulin 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 DNA Recombination and
Hypermutation in 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
produce “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 trigger secondary
defenses (see the example of bacterial CRISPRs discussed in the
Regulatory RNA chapter). The host could store a “memory” of
previous intracellular invaders by converting some pathogen
transcripts into DNA through reverse transcription and inserting
them into its genome in an inactive form 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 transferred
“vertically” to offspring. The diversity of some elements found within
introns and extragenic DNA (see the chapter titled Transposable
Elements and Retroviruses) could in part reflect such past
pathogen attacks. There is recent evidence of such inherited
antiviral immunity in several animal and plant species.

Summary

e Most eukaryotic genomes contain genes that are interrupted by
intron sequences. The proportion of interrupted genes is low in
some fungi, but few genes are uninterrupted in multicellular
eukaryotes. The size of a gene is determined primarily by the
lengths of its introns. The range of gene sizes in mammals is
generally from 1 to 100 kb, but there are some that are even
larger.

e Introns are found in all classes of eukaryotic 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 alternative splicing
patterns, in which a particular sequence is removed as an intron
in some situations but retained as an exon in others.

e Often, when the organizations of orthologous genes are
compared, the positions of introns are conserved. In genes
under negative selection pressure, intron sequences vary—and
might even appear unrelated—although exon sequences remain
closely related. We can use this conservation of exons, which
allows the conservation of important phenotypic characters, to
identify related genes in different species. In genes under
positive selection pressure, however, exon sequences vary,
although intron sequences can remain more similar. This
conservation of introns relates to characters corresponding to
the genome phenotype, such as fold pressure, which might
relate to error correction in DNA.

e Some 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 might have been incorporated 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
organisms, thus facilitating the assembly process. We can
explain some of the relationships between homologous genes
by loss of introns from the ancestral genes, with different
introns being lost in different lines of descent.
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4.1 Introduction

One key question about any genome is how many genes it
contains. However, there’s an even more fundamental question:
“What is a gene?” Clearly, genes cannot be defined solely as a
sequence of DNA that encodes a polypeptide, because many
genes encode multiple polypeptides 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 transcription. However, large areas of
chromosomes previously thought to be devoid of genes now
appear to be extensively transcribed, so at present 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
correspond to successive stages in gene expression:

e 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 it might not be possible to identify
every gene unequivocally solely on the basis of sequence.

e The transcriptome is 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 messenger RNAs (mMRNAS), the
transcriptome is likely to be larger than the actual number of
genes in the genome. The transcriptome includes noncoding
RNAs such as transfer RNAs (tRNAs), ribosomal RNAs
(rRNAs), microRNAs (miRNAs), and others (see the chapters
titled Noncoding RNA and Regulatory RNA), as well as
MRNAS.

e The proteome is the complete set of polypeptides encoded by
the whole genome or produced in any particular cell or tissue. It
should correspond to the mRNAs in the transcriptome, although
there can be differences of detail reflecting changes in the
relative abundance or stabilities of mMRNAs and proteins. There
might also be posttranslational modifications to proteins that
allow more than one protein to be produced from a single



transcript (this is called protein splicing; see the Catalytic RNA
chapter).

¢ Proteins can function independently or as part of multiprotein or
multimolecular complexes, such as holoenzymes and metabolic
pathways where enzymes are clustered together. The RNA
polymerase holoenzyme (see the Prokaryotic Transcription
chapter) and the spliceosome (see the RNA Splicing and
Processing chapter) are two examples. If we could identify all
protein—protein interactions, 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 fact that interrupted genes might consist of many sep