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Preface

It is 22 years since the first edition of Principles of
Gene Manipulation was published. In writing the first
edition, our aim was to explain a new and rapidly
growing technology. Our basic philosophy was to
present the principles of gene manipulation, and its
associated techniques, in sufficient detail to enable
the non-specialist reader to understand them. In this
new edition we have stuck to our original philo-
sophy which we feel has been justified with the
passage of time. Although originally intended as
an advanced undergraduate textbook we know that
many experienced researchers also used the previous
editions as an informative reference source. In
preparing this edition we have been conscious of the
need to serve these two types of reader but herein
lies a problem: the needs of experienced researchers
are now vastly different from those of the under-
graduate or early postgraduate student whereas this
was not true a generation ago. Deliberately, we have
not changed the level at which the book is written
nor the general style. Rather, our solution has been
to present the basic methodologies in the first half of
the book, which is devoted to cloning in Escherichia
coli, and to present the advanced techniques in the
second half. The reader who has read and under-
stood the material in the first half, or already knows
it, should have no difficulty in understanding any of
the material in the second half of the book. In the final
chapter we present an overview of some important
applications of recombinant DNA technology in a
format that should appeal to all readers.

In writing the first half of the book much thought
was given as to the amount of the early work on
gene manipulation to include. Although older
readers may feel that some of the material selected
is ‘dated’ we have included it because an under-
standing of it is assumed in many publications today
and is required if older papers are to be compre-
hended. In the second half of the book the emphasis
is on cloning in eukaryotes, particularly in higher
eukaryotes, and reflects current scientific focus.
What is not included is methodology for analysing
genomes since this is outwith the scope of ‘gene
manipulation’. However, this topic is covered in the
third edition of our companion book Principles of
Genome Analysis and Genomics.

We would like to thank our friends and colleagues
for reading and commenting on various chapters
prepared for this new edition. In particular we would
like to thank Dylan Sweetman, Jane Pritchard,
James Drummond, Roz Drummond, Phil Gardner,
Gavin Craig, Ajay Kohii, Eva Stoger, Mark Leech,
Victoria James, Paul Christou, Bruce Whitelaw, and
Sue Goddard and her staff at CAMR for providing
excellent library assistance.

Richard Twyman would like to dedicate this book
to his parents, Peter and Irene, and his children,
Emily and Lucy.

S.B. Primrose
R.M. Twyman
R.W.0Old



Contents

1 Gene manipulation: an all-embracing
technique, 1
Introduction, 1
Sequence analysis, 1
In vivo biochemistry, 2
The new medicine, 3
Biotechnology: the new industry, 4
The central role of E. coli, 5
Outline of the rest of the book, 6

2 Basictechniques, 8
Introduction, 8
The basic problems, 8
The solutions: basic techniques, 8
Agarose gel electrophoresis, 9
Nucleic acid blotting, 11
Transformation of E. coli, 17
The polymerase chain reaction (PCR), 19

3 Cutting and joining DNA
molecules, 26
Cutting DNA molecules, 26
Joining DNA molecules, 36

4 Basic biology of plasmid and
phage vectors, 43
Plasmid biology and simple plasmid
vectors, 43
The purification of plasmid DNA, 48

Desirable properties of plasmid cloning
vehicles, 49

Bacteriophage A, 53

DNA cloning with single-stranded DNA
vectors, 60

Cosmids, phasmids and other advanced
vectors, 64

Introduction, 64

Vectors for cloning large fragments

of DNA, 64

Specialist-purpose vectors, 70

Putting it all together: vectors with
combinations of features, 84

Cloning strategies, 85
Introduction, 85

Cloning genomic DNA, 86
cDNA cloning, 92
Screening strategies, 101
Difference cloning, 114

Sequencing and mutagenesis, 120
Introduction, 120

Basic DNA sequencing, 120
Whole-genome sequencing, 126
Analysing sequence data, 126
Changing genes: site-directed
mutagenesis, 132

Cloning in bacteria other than
Escherichia coli, 139

Introduction, 139

Introducing DNA into bacterial cells, 139



10

11

CONTENTS

Cloning in Gram-negative bacteria
otherthanE. coli, 144

Cloning in Gram-positive bacteria, 148
Cloning in streptomycetes, 153
Homoeologous recombination, 155

Cloning in Saccharomyces cerevisiae and
other fungi, 156

Introduction, 156

Introducing DNA into fungi, 156

The fate of DNA introduced into

fungi, 156

Plasmid vectors for use in fungi, 158
Retrovirus-like vectors, 159

Expression of cloned genes, 163
Overexpression of proteins in fungi, 165
Specialist vectors, 166

Yeast surface display, 168

Identifying genes encoding particular
cellular activities, 171

Determining functions associated

with particular genes, 171

Gene transfer to animal cells, 174
Introduction, 174

DNA-mediated transformation, 174
Gene transfer by viral transduction, 187
Summary of expression systems for
animal cells, 199

Genetic manipulation of animals, 202
Introduction, 202

Genetic manipulation of mammals, 203
DNA transfer to other vertebrates, 215
DNA transfer to invertebrates, 218

Gene transfer to plants, 221

Introduction, 221

Agrobacterium-mediated transformation, 224
Direct DNA transfer to plants, 237

In planta transformation, 239

Chloroplast transformation, 240

Plant viruses as vectors, 241

Advances in transgenic technology, 247
Introduction, 247

Inducible expression systems, 247
Applications of site-specific

recombination, 253

Further transgenic strategies for gene
inhibition, 260

Transgenic technology for functional
genomics, 266

Applications of recombinant DNA
technology, 274

Introduction, 274

Theme 1: Nucleic acid sequences as
diagnostic tools, 274

Theme 2: New drugs and new therapies for
genetic diseases, 283

Theme 3: Combating infectious disease, 293
Theme 4: Protein engineering, 299

Theme 5: Metabolic engineering, 303
Theme 6: Plant breeding in the
twenty-first century, 311

Epilogue: from genes to genomes, 319

References, 320

Index, 377



CHAPTER 1

Gene manipulation:

an all-embracing technique

Introduction

Occasionally technical developments in science
occur that enable leaps forward in our knowledge
and increase the potential for innovation. Molecular
biology and biomedical research experienced such
a revolutionary change in the mid-70s with the
development of gene manipulation. Although the
initial experiments generated much excitement, it is
unlikely that any of the early workers in the field
could have predicted the breadth of applications to
which the technique has been put. Nor could they
have envisaged that the methods they developed
would spawn an entire industry comprising several
hundred companies, of varying sizes, in the USA
alone.
The term gene manipulation can be applied to
a variety of sophisticated in vivo genetics as well as
to in vitro techniques. In fact, in most Western
countries there is a precise legal definition of gene
manipulation as a result of government legisla-
tion to control it. In the UK, gene manipulation is
defined as
the formation of new combinations of heritable
material by the insertion of nucleic acid molecules,
produced by whatever means outside the cell,
into any virus, bacterial plasmid or other vector
system so as to allow their incorporation into a
host organism in which they do not naturally
occur but in which they are capable of continued
propagation.
The definitions adopted by other countries are sim-
ilar and all adequately describe the subject-matter
of this book. Simply put, gene manipulation per-
mits stretches of DNA to be isolated from their host
organism and propagated in the same or a different
host, a technique known as cloning. The ability to
clone DNA has far-reaching consequences, as will
be shown below.

Sequence analysis

Cloning permits the isolation of discrete pieces of a
genome and their amplification. This in turn enables
the DNA to be sequenced. Analysis of the sequences
of some genetically well-characterized genes led to
the identification of the sequences and structures
which characterize the principal control elements
of gene expression, e.g. promoters, ribosome bind-
ing sites, etc. As this information built up it became
possible to scan new DNA sequences and identify
potential new genes, or open reading frames, because
they were bounded by characteristic motifs. Initially
this sequence analysis was done manually but to
the eye long runs of nucleotides have little meaning
and patterns evade recognition. Fortunately such
analyses have been facilitated by rapid increases
in the power of computers and improvements in soft-
ware which have taken place contemporaneously
with advances in gene cloning. Now sequences can
be scanned quickly for a whole series of structural
features, e.g. restriction enzyme recognition sites,
start and stop signals for transcription, inverted
palindromes, sequence repeats, Z-DNA, etc., using
programs available on the Internet.

From the nucleotide sequence of a gene it is easy
to deduce the protein sequence which it encodes.
Unfortunately, we are unable to formulate a set of
general rules that allows us to predict a protein’s
three-dimensional structure from the amino acid
sequence of its polypeptide chain. However, based
on crystallographic data from over 300 proteins,
certain structural motifs can be predicted. Nor does
an amino acid sequence on its own give any clue to
function. The solution is to compare the amino acid
sequence with that of other better-characterized pro-
teins: a high degree of homology suggests similarity
in function. Again, computers are of great value
since algorithms exist for comparing two sequences
or for comparing one sequence with a group of other
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sequences simultaneously. The Internet has made
such comparisons easy because researchers can
access all the protein sequence data that are stored
in central databases, which are updated daily.

In vivo biochemistry

Any living cell, regardless of its origin, carries out a
plethora of biochemical reactions. To analyse these
different reactions, biochemists break open cells,
isolate the key components of interest and measure
their levels. They purify these components and try
to determine their performance characteristics. For
example, in the case of an enzyme, they might deter-
mine its substrate specificity and kinetic parameters,
suchasK andV,_, . andidentify inhibitors and their
mode of action. From these data they try to build up
a picture of what happens inside the cell. However,
the properties of a purified enzyme in a test-tube
may bear little resemblance to its behaviour when
it shares the cell cytoplasm or a cell compartment
with thousands of other enzymes and chemical com-
pounds. Understanding what happens inside cells
has been facilitated by the use of mutants. These
permit the determination of the consequences of
altered regulation or loss of a particular compon-
ent or activity. Mutants have also been useful in
elucidating macromolecule structure and function.
However, the use of mutants is limited by the fact
that with classical technologies one usually has
little control over the type of mutant isolated and/or
location of the mutation.

Gene cloning provides elegant solutions to the above

" problems. Once isolated, entire genes or groups of

genes can be introduced back into the cell type whence
they came or into different cell types or completely new
organisms, e.g. bacterial genes in plants or animals.
The levels of gene expression can be measured directly
or through the use of reporter molecules and can
be modulated up or down at the whim of the experi-
menter. Also, specific mutations, ranging from a
single base-pair to large deletions or additions, can
be built into the gene at any position to permit all
kinds of structural and functional analyses. Function
in different cell types can also be analysed, e.g. do
those structural features of a protein which result in
its secretion from a yeast cell enable it to be exported
from bacteria or higher eukaryotes? Experiments like
these permit comparative studies of macromolecu-
lar processes and, in some cases, gene cloning and
sequencing provides the only way to begin to under-
stand such events as mitosis, cell division, telomere
structure, intron splicing, etc. Again, the Internet has
made such comparisons easy because researchers can
access all the protein sequence data that are stored
in central databases, which are updated daily.

The original goal of sequencing was to determine
the precise order of nucleotides in a gene. Then the
goal became the sequence of a small genome. First it
was that of a small virus ($X174, 5386 nucleotides).
Then the goal was larger plasmid and viral genomes,
then chromosomes and microbial genomes until
ultimately the complete genomes of higher eukaryotes
(humans, Arabidopsis) were sequenced (Table 1.1).
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Now the sequencing of large genomes has become
routine, albeit in specialist laboratories. Having the
complete genome sequence of an organism provides
us with fascinating insights into certain aspects
of its biology. For example, we can determine the
metabolic capabilities of a new microbe without
knowing anything about its physiology. However,
there are many aspects of cellular biology that can-
not be ascertained from sequence data alone. For
example, what RNA species are made when in the
cell or organism life cycle and how fast do they
turn over? What proteins are made when and how
do the different proteins in a cell interact? How does
environment affect gene expression? The answers to
these questions are being provided by the new dis-
ciplines of genomics, proteomics and environomics
which rely heavily on the techniques of gene mani-
pulation, which are discussed in later chapters. A
detailed presentation of whole-genome sequencing,
genomics and proteomics can be found in Primrose
and Twyman (2002).

The new medicine

The developments in gene manipulation that have
taken place in the last 25 years have revolutionized
the study of biology. There is no subject area within
biology where recombinant DNA is not being used
and asaresult the old divisions between subject areas
such as botany, genetics, zoology, biochemistry, etc.
are fast breaking down. Nowhere has the impact of

Profiling

Animal models

or human disease  Pharamacogenomics

Plants \ o /

Therapeutic

small molecules— > MEDICINE

recombinant DNA technology been greater than on
the practice of medicine.

The first medical benefit to arise from recombinant
DNA technology was the availability of significant
quantities of therapeutic proteins, such as human
growth hormone (HGH). This protein is used to treat
adolescents suffering from pituitary dwarfism to enable
them to achieve a normal height. Originally HGH was
purified from pituitary glands removed from cadavers.
However, a very large number of pituitary glands
are required to produce sufficient HGH to treat just
one child. Furthermore, some children treated with
pituitary-derived HGH have developed Creutzfeld—
Jakob syndrome. Following the cloning and expres-
sion of the HGH gene in Escherichia coli, it is possible
to produce enough HGH in a 10 litre fermenter to
treat hundreds of children. Since then, many differ-
ent therapeutic proteins have become available for
the first time. Many of these proteins are also manu-
factured in E. coli but others are made in yeast or
animal cells and some in plants or the milk of animals.
The only common factor is that the relevant gene
has been cloned and overexpressed using the tech-
niques of gene manipulation.

Medicine has benefited from recombinant DNA
technology in other ways (Fig. 1.1). New routes to
vaccines have been developed. The current hepatitis
B vaccine is based on the expression of a viral anti-
gen on the surface of yeast cells and a recombinant
vaccine has been used to eliminate rabies from foxes
in a large part of Europe. Gene manipulation can

Genetic
Cloned P450s disease
Infectious
disease
Diagnostic

nucleic

acids
/ Gene therapy
. Therapeutic é Gene repair

Anti-sense drugs

Microbes

DNA
Vaccines

Diagnostic Therapeutic Vaccine

proteins proteins

Microbes
Plants

Microbes Animals

Fig. 1.1 The impact of gene manipulation on the practice of medicine.
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also be used to increase the levels of small molecules
within microbial cells. This can be done by cloning
all the genes for a particular biosynthetic pathway
and overexpressing them. Alternatively, it is pos-
sible to shut down particular metabolic pathways
and thus redirect particular intermediates towards
the desired end-product. This approach has been
used to facilitate production of chiral intermediates
and antibiotics. Novel antibiotics can also be created
by mixing and matching genes from organisms pro-
ducing different but related molecules in a technique
known as combinatorial biosynthesis.

Gene cloning enables nucleic acid probes to be
produced readily and such probes have many uses
in medicine. For example, they can be used to
determine or confirm the identity of a microbial
pathogen or to diagnose pre- or perinatally an
inherited genetic disease. Increasingly, probes are
being used to determine the likelihood of adverse
reactions to drugs or to select the best class of drug
to treat a particular illness (pharmacogenomics). A
variant of this technique is to use cloned cytochrome
P450s to determine how a new drug will be meta-
bolized and if any potentially toxic by-products will
result.

Nucleic acids are also being used as therapeutic
entities in their own right. For example, antisense
nucleic acids are being used to down-regulate gene
expression in certain diseases. In other cases, nucleic
acids are being administered to correct or repair
inherited gene defects (gene therapy/gene repair)
or as vaccines. In the reverse of gene repair, animals
are being generated that have mutations iden-
tical to those found in human disease. Note that
the use of antisense nucleic acids and gene therapy/
repair depends on the availability of information
on the exact cause of a disease. For most medical
conditions such information is lacking and cur-
rently available drugs are used to treat symptoms.
This situation will change significantly in the next
decade,

Biotechnology: the new industry

The early successes in overproducing mammalian
proteins in E. coli suggested to a few entrepreneurial
individuals that a new company should be formed to

exploit the potential of recombinant DNA technology.
Thus was Genentech born (Box 1.1). Since then
thousands of biotechnology companies have been
formed worldwide. As soon as major new develop-
ments in the science of gene manipulation are
reported, a rash of new companies are formed to
commercialize the new technology. For example,
many recently formed companies are hoping the
data from the Human Genome Sequencing Project
will result in the identification of a large number
of new proteins with potential for human therapy.
Others are using gene manipulation to understand
the regulation of transcription of particular genes,
arguing that it would make better therapeutic sense
tomodulate the process with low-molecular-weight,
orally active drugs.

Although there are thousands of biotechno-
logy companies, fewer than 100 have sales of their
products and even fewer are profitable. Already
many biotechnology companies have failed, but
the technology advances at such a rate that there
is no shortage of new company start-ups to take
their place. One group of biotechnology companies
that has prospered is those supplying specialist
reagents to laboratory workers engaged in gene
manipulation. In the very beginning, researchers
had to make their own restriction enzymes and
this restricted the technology to those with pro-
tein chemistry skills. Soon a number of com-
panies were formed which catered to the needs of
researchers by supplying high-quality enzymes for
DNA manipulation. Despite the availability of these
enzymes, many people had great difficulty in clon-
ing DNA. The reason for this was the need for care-
ful quality control of all the components used in
the preparation of reagents, something researchers
are not good at! The supply companies responded
by making easy-to-use cloning kits in addition to
enzymes. Today, these supply companies can pro-
vide almost everything that is needed to clone,
express and analyse DNA and have thereby accel-
erated the use of recombinant DNA technology
in all biological disciplines. In the early days of
recombinant DNA technology, the development of
methodology was an end in itself for many academic
researchers. This is no longer true. The researchers
have gone back to using the tools to further our
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knowledge of biology, and the development of
new methodologies has largely fallen to the supply
companies.

The central role of E. coli

E. coli has always been a popular model system
for molecular geneticists. Prior to the development
of recombinant DNA technology, there existed a
large number of well-characterized mutants, gene
regulation was understood and there was a ready
availability of a wide selection of plasmids. Com-
pared with other microbial systems it was match-
less. It is not surprising, therefore, that the first

| G a ' ¢ ‘
laus mﬁawmmm;mmmmwmmﬂmn
~ Genentech W Activase (tissue plasminogen activator) for dissolving blood clots in heart-attack patients
Genentech launched Actimmune (mmy,,mmmmwmgmmm
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cloning experiments were undertaken in E. coli.
Subsequently, cloning techniques were extended to
a range of other microorganisms, such as Bacillus
subtilis, Pseudomonas sp., yeasts and filamentous
fungi, and then to higher eukaryotes. Curiously,
cloning in E. coli is technically easier than in any
other organism. As a result, it is rare for researchers
to clone DNA directly in other organisms. Rather,
DNA from the organism of choice is first mani-
pulated in E. coli and subsequently transferred back
to the original host. Without the ability to clone
and manipulate DNA in E. coli, the application of
recombinant DNA technology to other organisms
would be greatly hindered.
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Basic
Techniques

Cutting &
Joining DNA

Vectors

Putting it

all together:
Cloning in
Practice

Analysing &
Changing
Cloned
Genes

Outline of the rest of the book

Asnoted above, E. coli has an essential role in recom-
binant DNA technology. Therefore, the first half of
the book is devoted to the methodology for manipu-
lating genes in this organism (Fig. 1.2). Chapter 2
covers many of the techniques that are common
to all cloning experiments and are fundamental to
the success of the technology. Chapter 3 is devoted
to methods for selectively cutting DNA molecules
into fragments that can be readily joined together
again. Without the ability to do this, there would
be no recombinant DNA technology. If fragments
of DNA are inserted into cells, they fail to replicate
except in those rare cases where they integrate into
the chromosome. To enable such fragments to be
propagated, they are inserted into DNA molecules
(vectors) that are capable of extrachromosomal re-
plication. These vectors are derived from plasmids
and bacteriophages and their basic properties are
described in Chapter 4. Originally, the purpose of

Fig. 1.2 ‘Roadmap’ outlining the basic
techniques in gene manipulation and
their relationships.

vectors was the propagation of cloned DNA but
today vectors fulfil many other roles, such as facil-
itating DNA sequencing, promoting expression of
cloned genes, facilitating purification of cloned gene
products, etc. The specialist vectors for these tasks
are described in Chapter 5. With this background in
place it is possible to describe in detail how to clone
the particular DNA sequences that one wants. There
are two basic strategies. Either one clones all the
DNA from an organism and then selects the very
small number of clones of interest or one amplifies
the DNA sequences of interest and then clones these.
Both these strategies are described in Chapter 6.
Once the DNA of interest has been cloned, it can
be sequenced and this will yield information on
the proteins that are encoded and any regulatory
signals that are present. There might also be a wish
to modify the DNA and/or protein sequence and
determine the biological effects of such changes.
The techniques for sequencing and changing cloned
genes are described in Chapter 7.
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Fig. 1.3 ‘Roadmap’ of the advanced
techniques in gene manipulation and

their application to organisms other
than E. coli.

In the second half of the book the specialist tech-
niques for cloning in organisms other than E. coli
are described (Fig. 1.3). Each of these chapters can
be read in isolation from the other chapters in this
section, provided that there is a thorough under-
standing of the material from the first half of the
book. Chapter 8 details the methods for cloning in
other bacteria. Originally it was thought that some
of these bacteria, e.g. B. subtilis, would usurp the
position of E. coli. This has not happened and gene
manipulation techniques are used simply to better
understand the biology of these bacteria. Chapter 9
focuses on cloning in fungi, although the emphasis
is on the yeast Saccharomyces cerevisiae. Fungi are
eukaryotes and are useful model systems for invest-
igating topics such as meiosis and mitosis, control of
cell division, etc. Animal cells can be cultured like
microorganisms and the techniques for cloning in
them are described in Chapter 10. Chapters 11 and
12 are devoted to the intricacies of cloning in animal

Cloning in
Bacteria
| Other Than
. Ecoli

Cloning in
Yeast &
Other
Fungi

Gene
Transfer
To Animal
Cells

Genetic
Manipulation
of Animals

Genetic
Manipulation
of Plants

Advanced
Techniques
for Gene
Manipulation
in Plant and
Animals

and plant representatives of higher eukaryotes and
Chapter 13 covers some cutting-edge techniques for
these same systems.

The concluding chapter is a survey of the dif-
ferent applications of recombinant DNA techno-
logy that are being exploited by the biotechnology
industry. Rather than going through application
after application, we have opted to show the inter-
play of different technologies by focusing on six
themes: ;

* Nucleic acid sequences as diagnostic tools.

* New drugs and new therapies for genetic diseases.
* Combating infectious disease.

* Protein engineering.

» Metabolic engineering.

* Plantbreeding in the twenty-first century.

By treating the topic in this way we have been able to
show the interplay between some of the basic tech-
niques and the sophisticated analysis now possible
with genome sequence information.



CHAPTER 2

Introduction

The initial impetus for gene manipulation in vitro
came about in the early 1970s with the simultan-
eous development of techniques for:
* genetic transformation of Escherichia coli;
* cutting and joining DNA molecules;
« monitoring the cutting and joining reactions.

In order to explain the significance of these devel-
opments we must first consider the essential require-
ments of a successful gene-manipulation procedure.

The basic problems

Before the advent of modern gene-manipulation
methods there had been many early attempts at
transforming pro- and eukaryotic cells with foreign
DNA. But, in general, little progress could be made.
The reasons for this are as follows. Let us assume
that the exogenous DNA is taken up by the recipient
cells. There are then two basic difficulties. First,
where detection of uptake is dependent on gene
expression, failure could be due to lack of accurate
transcription or translation. Secondly, and more
importantly, the exogenous DNA may not be main-
tained in the transformed cells. If the exogenous
DNA is integrated into the host genome, there is no
problem. The exact mechanism whereby this integ-
ration occurs is not clear and it is usually a rare
event. However this occurs, the result is that the
foreign DNA sequence becomes incorporated into
the host cell’s genetic material and will subsequently
be propagated as part of that genome. If, however,
the exogenous DNA fails to be integrated, it will
probably be lost during subsequent multiplication of
the host cells. The reason for this is simple. In order
to be replicated, DNA molecules must contain an
origin of replication, and in bacteria and viruses there
is usually only one per genome. Such molecules are
called replicons. Fragments of DNA are not replicons
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and in the absence of replication will be diluted out of
their host cells. It should be noted that, even if a DNA
molecule contains an origin of replication, this may
not function in a foreign host cell.

There is an additional, subsequent problem. If the
early experiments were to proceed, a method was
required for assessing the fate of the donor DNA. In
particular, in circumstances where the foreign DNA
was maintained because it had become integrated in
the host DNA, a method was required for mapping the
foreign DNA and the surrounding host sequences.

The solutions: basic techniques

If fragments of DNA are not replicated, the obvious
solution is to attach them to a suitable replicon.
Such replicons are known as vectors or cloning
vehicles. Small plasmids and bacteriophages are the
most suitable vectors for they are replicons in their
own right, their maintenance does not necessarily
require integration into the host genome and their
DNA can be readily isolated in an intact form. The
different plasmids and phages which are used as
vectors are described in detail in Chapters 4 and 5.
Suffice it to say at this point that initially plasmids
and phages suitable as vectors were only found in E.
coli. An important consequence follows from the use
of a vector to carry the foreign DNA: simple methods
become available for purifying the vector molecule,
complete with its foreign DNA insert, from trans-
formed host cells. Thus not only does the vector
provide the replicon function, but it also permits the
easy bulk preparation of the foreign DNA sequence,
free from host-cell DNA.

Composite molecules in which foreign DNA has
been inserted into a vector molecule are sometimes
called DNA chimeras because of their analogy with
the Chimaera of mythology — a creature with the
head of a lion, body of a goat and tail of a serpent.
The construction of such composite or artificial
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recombinant molecules has also been termed genetic
engineering or gene manipulation because of the po-
tential for creating novel genetic combinations by
biochemical means. The process has also been termed
molecular cloning or gene cloning because a line of
genetically identical organisms, all of which contain
the composite molecule, can be propagated and grown
in bulk, hence amplifying the composite molecule
and any gene product whose synthesis it directs.
Although conceptually very simple, cloning of
a fragment of foreign, or passenger, or target DNA
in a vector demands that the following can be
accomplished.
* The vector DNA must be purified and cut open.
* The passenger DNA must be inserted into the
vector molecule to create the artificial recombinant.
DNA joining reactions must therefore be performed.
Methods for cutting and joining DNA molecules are
now so sophisticated that they warrant a chapter of
their own (Chapter 3).
* The cutting and joining reactions must be read-
ily monitored. This is achieved by the use of gel
electrophoresis.
* Finally, the artificial recombinant must be trans-
formed into E. coli or another host cell. Further details
on the use of gel electrophoresis and transformation
of E. coli are given in the next section. As we have
noted, the necessary techniques became available at
about the same time and quickly led to many cloning
experiments, the first of which were reported in
1972 (Jackson etal. 1972, Lobban & Kaiser 1973).

Agarose gel electrophoresis

The progress of the first experiments on cutting and
joining of DNA molecules was monitored by velocity
sedimentation in sucrose gradients. However, this
has been entirely superseded by gel electrophoresis.
Gel electrophoresis is not only used as an analytical
method, it is routinely used preparatively for the
purification of specific DNA fragments. The gel is
composed of polyacrylamide or agarose. Agarose is
convenient for separating DNA fragments ranging
in size from a few hundred base pairs to about 20 kb
(Fig. 2.1). Polyacrylamide is preferred for smaller
DNA fragments.

The mechanism responsible for the separation
of DNA molecules by molecular weight during gel
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Fig. 2.1 Electrophoresis of DNA in agarose gels. The direction
of migration is indicated by the arrow. DNA bands have been
visualized by soaking the gel in a solution of ethidium bromide
(see Fig. 2.3), which complexes with DNA by intercalating
between stacked base-pairs, and photographing the orange
fluorescence which results upon ultraviolet irradiation.

electrophoresis is not well understood (Holmes
& Stellwagen 1990). The migration of the DNA
molecules through the pores of the matrix must play
an important role in molecular-weight separations
since the electrophoretic mobility of DNA in free
solution is independent of molecular weight. An
agarose gel is a complex network of polymeric
molecules whose average pore size depends on the
buffer composition and the type and concentration
of agarose used. DNA movement through the gel
was originally thought to resemble the motion of a
snake (reptation). However, real-time fluorescence
microscopy of stained molecules undergoing elec-
trophoresis has revealed more subtle dynamics
(Schwartz & Koval 1989, Smith et al. 1989). DNA
molecules display elastic behaviour by stretching in
the direction of the applied field and then contract-
ing into dense balls. The larger the pore size of the



