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Preface

Over the last 30 years, a revolution has taken place that has put molecular
biology at the heart of all the biological sciences, and has had extensive
implications in many fields, including the political arena. A major impetus
behind this revolution was the development of techniques that allowed the
isolation of specific DNA fragments and their replication in bacterial cells
(gene cloning). These techniques also included the ability to engineer bacteria
(and subsequently other organisms including plants and animals) to have novel
properties, and the production of pharmaceutical products. This has been
referred to as genetic engineering, genetic manipulation, and genetic modification
— all meaning essentially the same thing. However, many of the applications
extend further than that, and do not involve cloning of genes or genetic
modification of organisms, although they draw on the knowledge derived in
those ways. This includes techniques such as nucleic acid hybridization and the
polymerase chain reaction (PCR), which can be applied in a wide variety of
ways ranging from the analysis of differentiation of tissues to forensic applica-
tions of DNA fingerprinting and the diagnosis of human genetic disorders. In
an attempt to cover this range of techniques and applications, we have used the
term DNA technology in the subtitle.

The main title of the book, From Genes to Genomes, is derived from the
progress of this revolution. It signifies the move from the early focus on the
isolation and identification of specific genes to the exciting advances that have
been made possible by the sequencing of complete genomes. This has in turn
spawned a whole new range of technologies (post-genomics) that are designed
for genome-wide analysis of gene structure and expression, including com-
puter-based analyses of such large data sets (bioinformatics).

The purpose of this book is to provide an introduction to the concepts and
applications of this rapidly-moving and fascinating field. In writing this book,
we had in mind its usefulness for undergraduate students in the biological and
biomedical sciences (who we assume will have a basic grounding in molecular
biology). However, it will also be relevant for many others, ranging from
research workers who want to update their knowledge of related areas to
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anyone who would like to understand rather more of the background to
current controversies about the applications of some of these techniques.

We wish to acknowledge the valuable feedback received from anonymous
reviewers who read the manuscript, and students at the School of Biomedical
and Life Sciences at the University of Surrey who used it as a textbook.
Needless to say, any remaining errors and omissions are our own. Last but
not least, we wish to thank our editor, Nicky McGirr, for her help and
encouragement.

Jeremy W Dale
Malcolm von Schantz



Contents

Preface

1 Introduction

2 Basic Molecular Biology

2.1

2.2

23

Nucleic Acid Structure

2.1.1 The DNA backbone

2.1.2 The base pairs

2.1.3 RNA structure

2.1.4 Nucleic acid synthesis

2.1.5 Coiling and supercoiling
Gene Structure and Organization
2.2.1 Operons

2.2.2 Exons and introns
Information Flow: Gene Expression
2.3.1 Transcription

2.3.2 Translation

3 How to Clone a Gene

3.1
3.2
33
3.4
3.5

What is Cloning?

Overview of the Procedures
Gene Libraries
Hybridization

Polymerase Chain Reaction

4 Purification and Separation of Nucleic Acids

4.1

42

Extraction and Purification of Nucleic Acids
4.1.1 Breaking up cells and tissues

4.1.2 Enzyme treatment

4.1.3 Phenol-chloroform extraction

4.1.4 Alcohol precipitation

4.1.5 Gradient centrifugation

4.1.6 Alkaline denaturation

4.1.7 Column purification

Detection and Quantitation of Nucleic Acids

—
S 3 w;m wn N

11
12
14
14
15
16
16
19

21
21
22
25
26

31
31
31
32
32
33
34
34
35
36



s

e

CONTENTS

4.3 Gel Electrophoresis
4.3.1 Analytical gel electrophoresis
4.3.2 Preparative gel electrophoresis

Cutting and Joining DNA
5.1 Restriction Endonucleases
5.1.1 Specificity
5.1.2 Sticky and blunt ends
5.1.3 Isoschizomers
5.1.4 Processing restriction fragments
5.2 Ligation
5.2.1 Optimizing ligation conditions
5.3 Alkaline Phosphate
5.4 Double Digests
5.5 Modification of Restriction Fragment Ends
5.5.1 Trimming and filling
5.5.2 Linkers and adapters
5.5.3 Homopolymer tailing
5.6 Other Ways of Joining DNA Molecules
5.6.1 TA cloning of PCR products
5.6.2 DNA topoisomerase
5.7 Summary

Vectors
6.1 Plasmid Vectors
6.1.1 Properties of plasmid vectors
6.1.2 Transformation
6.2 Vectors Based on the Lambda Bacteriophage
6.2.1 Lambda biology
6.2.2 In vitro packaging
6.2.3 Insertion vectors
6.2.4 Replacement vectors
6.3 Cosmids
6.4 M13 Vectors
6.5 Expression Vectors
6.6 Vectors for Cloning and Expression in Eukaryotic Cells
6.6.1 Yeasts
6.6.2 Mammalian cells
6.7 Supervectors: YACs and BACs
6.8 Summary

Genomic and cDNA Libraries
7.1 Genomic Libraries
7.1.1 Partial digests
7.1.2 Choice of vectors
7.1.3 Construction and evaluation of a genomic library

36
37
39

41
41
42
45
47
48
49
51
53
54
55
56
57
58
60
60
61
63

65
65
65
71
73
73
78
79
80
83
84
86
90
90
92
96
97

99

99
101
103
106



CONTENTS

10

7.2
73

7.4

Growing and Storing Libraries

c¢cDNA Libraries

7.3.1 Isolation of mRNA

7.3.2 cDNA synthesis

7.3.3 Bacterial cDNA

Random, Arrayed and Ordered Libraries

Finding the Right Clone

8.1

8.2
8.3
8.4
8.5

Screening Libraries with Gene Probes

8.1.1 Hybridization

8.1.2 Labelling probes

8.1.3 Steps in a hybridization experiment

8.1.4 Screening procedure

8.1.5 Probe selection

Screening Expression Libraries with Antibodies
Rescreening

Subcloning

Characterization of Plasmid Clones

8.5.1 Restriction digests and agarose gel electrophoresis
8.5.2 Southern blots

8.5.3 PCR and sequence analysis

Polymerase Chain Reaction (PCR)

9.1
9.2

9.3
9.4
9.5
9.6
9.7

The PCR Reaction

PCR in Practice

9.2.1 Optimization of the PCR reaction

9.2.2 Analysis of PCR products

Cloning PCR Products

Long-range PCR

Reverse-transcription PCR

Rapid Amplification of cDNA Ends (RACE)
Applications of PCR

9.7.1 PCR cloning strategies

9.7.2 Analysis of recombinant clones and rare events
9.7.3 Diagnostic applications

DNA Sequencing

10.1 Principles of DNA Sequencing

10.2 Automated Sequencing

10.3 Extending the Sequence

10.4 Shotgun Sequencing: Contig Assembly
10.5 Genome Sequencing

10.5.1 Overview
10.5.2 Strategies
10.5.3 Repetitive elements and gaps

109
110
111
112
116
116

121
121
121
125
126
127
129
132
135
136
137
138
139
140

143
144
148
149
149
151
152
153
154
157
157
159
159

161
161
165
166
167
169
169
172
173



12 CONTENTS

11 Analysis of Sequence Data 177
11.1 Analysis and Annotation 177
11.1.1 Open reading frames 177
11.1.2 Exon/intron boundaries 181
11.1.3 Identification of the function of genes and their products 182
11.1.4 Expression signals 184
11.1.5 Other features of nucleic acid sequences 185
11.1.6 Protein structure 188
11.1.7 Protein motifs and domains 190
11.2 Databanks 192
11.3 Sequence Comparisons 195
11.3.1 DNA sequences 195
11.3.2 Protein sequence comparisons 199
11.3.3 Sequence alignments: CLUSTAL 206
12 Analysis of Genetic Variation 209
12.1 Nature of Genetic Variation 209
12.1.1 Single nucleotide polymorphisms 210
12.1.2 Large-scale variations 212
12.1.3 Conserved and variable domains 212
12.2 Methods for Studying Variation 214

12.2.1 Genomic Southern blot analysis — restriction fragment
length polymorphisms (RFLPs) 214
12.2.2 PCR-based methods 217
12.2.3 Genome-wide comparisons 222
13 Analysis of Gene Expression 227
13.1 Analysing Transcription 227
13.1.1 Northern blots 228
13.1.2 RNase protection assay 229
13.1.3 Reverse transcription PCR 231
13.1.4 In situ hybridization 234
13.1.5 Primer extension assay 235
13.2 Comparing Transcriptomes 236
13.2.1 Differential screening 237
13.2.2 Subtractive hybridization 238
13.2.3 Differential display 240
13.2.4 Array-based methods 241
13.3 Methods for Studying the Promoter 244
13.3.1 Reporter genes 244
13.3.2 Locating the promoter 245
13.3.3 Using reporter genes to study regulatory RNA elements 248
13.3.4 Regulatory elements and DNA-binding proteins 248
13.3.5 Run-on assays 252
13.4 Translational Analysis 253

13.4.1 Western blots

253



CONTENTS v

13.4.2 Immunocytochemistry and immunohistochemistry 254
13.4.3 Two-dimensional electrophoresis 255
13.4.4 Proteomics 256

14 Analysis of Gene Function 259
14.1 Relating Genes and Functions 259
14.2 Genetic Maps 259
14.2.1 Linked and unlinked genes 259

14.3 Relating Genetic and Physical Maps 262
14.4 Linkage Analysis 263
14.4.1 Ordered libraries and chromosome walking 264

14.5 Transposon Mutagenesis 265
14.5.1 Transposition in Drosophila 268
14.5.2 Other applications of transposons 270

14.6 Allelic Replacement and Gene Knock-outs 272
14.7 Complementation 274
14.8 Studying Gene Function through Protein Interactions 274
14.8.1 Two-hybrid screening 275
14.8.2 Phage display libraries 276

15 Manipulating Gene Expression 279
15.1 Factors Affecting Expression of Cloned Genes 280
15.2 Expression of Cloned Genes in Bacteria 284
15.2.1 Transcriptional fusions 284
15.2.2 Stability: conditional expression 286
15.2.3 Expression of lethal genes 289
15.2.4 Translational fusions 290

15.3 Expression in Eukaryotic Host Cells 292
15.3.1 Yeast expression systems 293
15.3.2 Expression in insect cells: baculovirus systems 294
15.3.3 Expression in mammalian cells 296

15.4 Adding Tags and Signals 297
15.4.1 Tagged proteins 297
15.4.2 Secretion signals 298

15.5 In vitro Mutagenesis 299
15.5.1 Site-directed mutagenesis 300
15.5.2 Synthetic genes 303
15.5.3 Assembly PCR 304
15.5.4 Protein engineering 304

16 Medical Applications, Present and Future 307
16.1 Vaccines 307
16.1.1 Subunit vaccines 309
16.1.2 Live attenuated vaccines 310
16.1.3 Live recombinant vaccines 312

16.1.4 DNA vaccines

314



CONTENTS

17

16.2 Detection and Identification of Pathogens
16.3 Human Genetic Diseases

16.3.1 Identifying disease genes

16.3.2 Genetic diagnosis

16.3.3 Gene therapy

Transgenics
17.1 Transgenesis and Cloning
17.2 Animal Transgenesis and its Applications
17.2.1 Expression of transgenes
17.2.2 Embryonic stem-cell technology
17.2.3 Gene knock-outs
17.2.4 Gene knock-in technology
17.2.5 Applications of transgenic animals
17.3 Transgenic Plants and their Applications
17.3.1 Gene subtraction
17.4 Summary

Bibliography
Glossary

Index

315
316
316
319
320

325
325
326
328
330
333
334
334
335
337
338

339
341
353



Introduction

This book is about the study and manipulation of nucleic acids, and how this
can be used to answer biological questions. Although we hear a lot about the
commercial applications, in particular (at the moment) the genetic modifica-
tion of plants, the real revolution lies in the incredible advances in our under-
standing of how cells work. Until about 30 years ago, genetics was a patient
and laborious process of selecting variants (whether of viruses, bacteria, plants
or animals), and designing breeding experiments that would provide data on
how the genes concerned were inherited. The study of human genetics pro-
ceeded even more slowly, because of course you could only study the conse-
quences of what happened naturally. Then, in the 1970s, techniques were
discovered that enabled us to cut DNA precisely into specific fragments, and
join them together again in different combinations. For the first time it was
possible to isolate and study specific genes. Since this applied equally to .
human genes, the impact on human genetics was particularly marked. In
parallel with this, hybridization techniques were developed that enabled the
identification of specific DNA sequences, and (somewhat later) methods were
introduced for determining the sequence of these bits of DNA. Combining
those advances with automated techniques and the concurrent advance in
computer power has led to the determination of the full sequence of the
human genome.

This revolution does not end with understanding how genes work and how
the information is inherited. Genetics, and especially modern molecular genet-
ics, underpins all the biological sciences. By studying, and manipulating,
specific genes, we develop our understanding of the way in which the products
of those genes interact to give rise to the properties of the organism itself. This
could range from, for example, the mechanism of motility in bacteria to the
causes of human genetic diseases and the processes that cause a cell to grow
uncontrollably giving rise to a tumour. In many cases, we can identify precisely
the cause of a specific property. We can say that a change in one single base in
the genome of a bacterium will make it resistant to a certain antibiotic, or that a
change in one base in human DNA could cause debilitating disease. This only
scratches the surface of the power of these techniques, and indeed this book can
only provide an introduction to them. Nevertheless, we hope that by the time
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you have studied it, you will have some appreciation of what can be (and
indeed has been) achieved.

Genetic manipulation is traditionally divided into in vitro and in vivo work.
Traditionally, investigators will first work in vitro, using enzymes derived from
various organisms to create a recombinant DNA molecule in which the DNA
they want to study is joined to a vector. This recombinant vector molecule is
then processed in vivo inside a host organism, more often than not a strain of the
Escherichia coli (E. coli) bacterium. A clone of the host carrying the foreign
DNA is grown, producing a great many identical copies of the DNA, and
sometimes its products as well. Today, in many cases the in vivo stage is
bypassed altogether by the use of PCR (polymerase chain reaction), a method
which allows us to produce many copies of our DNA in vitro without the help
of a host organism.

In the early days, E. coli strains carrying recombinant DNA molecules were
treated with extreme caution. E. coli is a bacterium which lives in its billions
within our digestive system, and those of other mammals, and which will
survive quite easily in our environment, for instance in our food and on our
beaches. So there was a lot of concern that the introduction of foreign DNA
into E. coli would generate bacteria with dangerous properties. Fortunately,
this is one fear that has been shown to be unfounded. Some natural E. coli
strains are pathogenic — in particular the O157:H7 strain which can cause
severe disease or death. By contrast, the strains used for genetic manipulation
are harmless disabled laboratory strains that will not even survive in the gut.
Working with genetically modified E. coli can therefore be done very safely
(although work with any bacterium has to follow some basic safety rules).
However, the most commonly used type of vector, plasmids, are shared readily
between bacteria; the transmission of plasmids between bacteria is behind
much of the natural spread of antibiotic resistance. What if our recombinant
plasmids were transmitted to other bacterial strains that do survive on their
own? This, too, has turned out not to be a worry in the majority of cases. The
plasmids themselves have been manipulated so that they cannot be readily
transferred to other bacteria. Furthermore, carrying a gene such as that coding
for, say, dogfish insulin, or an artificial chromosome carrying 100 000 bases of
human genomic DNA is a great burden to an E. coli cell, and carries no reward
whatsoever. In fact, in order to make them accept it, we have to create condi-
tions that will kill all bacterial cells not carrying the foreign gene. If you fail to
do so when you start your culture in the evening, you can be sure that your
bacteria will have dropped the foreign gene the next morning. Evolution in
progress!

Whilst nobody today worries about genetically modified E. coli, and indeed
diabetics have been injecting genetically modified insulin produced by E. coli
for decades, the issue of genetic engineering is back on the public agenda, this
time pertaining to higher organisms. It is important to distinguish the genetic
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modification of plants and animals from cloning plants and animals. The latter
simply involves the production of genetically identical individuals; it does not
involve any genetic modification whatsoever. (The two technologies can be
used in tandem, but that is another matter.) So, we will ignore the cloning of
higher organisms here. Although it is conceptually very similar to producing a
clone of a genetically modified E. coli, it is really a matter of reproductive cell
biology, and frankly relatively uninteresting from the molecular point of view.
By contrast, the genetic moedification of higher organisms is both conceptually
similar to the genetic modification of bacteria, and also very pertinent as it is a
potential and, in principle, fairly easy application following the isolation and
analysis of a gene.

At the time of writing, the ethical and environmental consequences of this
application are still a matter of vivid debate and media attention, and it would
be very surprising if this is not still continuing by the time you read this. Just as
in the laboratory, the genetic modification as such is not necessarily the biggest
risk here. Thus, if a food crop carries a gene that makes it tolerant of herbicides
(weedkillers), it would seem reasonable to worry more about increased levels of
herbicides in our food than about the genetic modification itself. Equally, the
worry about such an organism escaping into the wild may turn out to be
exaggerated. Just as, without an evolutionary pressure to keep the genetic
modification, our E. coli in the example above died out overnight, it appears
quite unlikely that a plant that wastes valuable resources on producing a
protein that protects it against herbicides will survive long in the wild in the
absence of herbicide use.

Nonetheless. this issue is by no means as clear-cut as that of genetically
modified bacteria. We cannot test these organisms in a contained laboratory.
They take months or a year to produce each generation, not 20 minutes as
E. coli does. And even if they should be harmless in themselves, there are other
issues as well, such as the one exemplified above. Thus, this is an important and
complicated issue, and to understand it fully you need to know about evolu-
tion, ecology, food chemistry, nutrition, and molecular biology. We hope that
reading this book will be of some help for the last of these. We also hope that it
will convey some of the wonder, excitement, and intellectual stimulation that
this science brings to its practitioners. What better way to reverse the boredom
of a long journey than to indulge in the immense satisfaction of constructing a
clever new screening algorithm? Who needs jigsaw and crossword puzzles when
you can figure out a clever way of joining two DNA fragments together? And
how can you ever lose the fascination you feel about the fact that the drop of
enzyme that you’re adding to your test tube is about to manipulate the DNA
molecules in it with surgical precision?
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In this book, we assume you already have a working knowledge of the basic
concepts of molecular biology. This chapter serves as a reminder of the key
aspects of molecular biology that are especially relevant to this book.

Nucleic Acid Structure

The DNA backbone

Manipulation of nucleic acids in the laboratory is based on their physical and
chemical properties, which in turn are reflected in their biological function.
Intrinsically, DNA is a very stable molecule. Scientists routinely send DNA
samples in the post without worrying about refrigeration. Indeed, DNA of high
enough quality to be cloned has been recovered from frozen mammoths and
mummified Pharaohs thousands of years old. This stability is provided by the
robust repetitive phosphate—sugar backbone in each DNA strand, in which the
phosphate links the 5’ position of one sugar to the 3’ position of the next
(Figure 2.1). The bonds between these phosphorus, oxygen, and carbon atoms
are all covalent bonds. Controlled degradation of DNA requires enzymes
(nucleases) that break these covalent bonds. These are divided into endonu-
cleases, which attack internal sites in a DNA strand, and exonucleases, which
nibble away at the ends. We can for the moment ignore other enzymes that
attack for example the bonds linking the bases to the sugar residues. Some of
these enzymes are non-specific, and lead to a generalized destruction of DNA.
It was the discovery of restriction endonucleases (or restriction enzymes), which
cut DNA strands at specific positions, that opened up the possibility of
recombinant DN A technology (‘genetic engineering’), coupled with DN A ligases,
which can join two double-stranded DNA molecules together.

RNA molecules, which contain the sugar ribose (Figure 2.2), rather than the
deoxyribose found in DNA, are less stable than DNA. This is partly due to
their greater susceptibility to attack by nucleases (ribonucleases), but they are
also more susceptible to chemical degradation, especially by alkaline condi-
tions.
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