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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.

Table 1.1 Increases in sizes of genomes sequenced.

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 (0X174, 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).

Genome sequenced Year Genome size Comment

Bacteriophage $X174 1977 5.38kb First genome sequenced

Plasmid pBR322 1979 4.3 kb First plasmid sequenced

Bacteriophage A 1982 48.5 kb

Epstein—Barr virus 1984 172 kb

Yeast chromosome Il 1992 315 kb First chromosome sequenced

Haemophilus influenzae 1995 1.8 Mb First genome of cellular organism to be sequenced
Saccharomyces cerevisiae 1996 12 Mb First eukaryotic genome to be sequenced
Ceanorhabditis elegans 1998 97 Mb First genome of multicellular organism to be sequenced
Drosophila melanogaster 2000 165 Mb

Homo sapiens 2000 3000 Mb First mammalian genome to be sequenced
Arabidopsis thaliana 2000 125 Mb First plant genome to be sequenced
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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 as aresult 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

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

Cloned P450s g-.enetlc
isease
Infectious
disease
Diagnostic

nucleic

Pharamacogenomics
acids
Plants \ / / Gene therapy
Therapeutic Therapeutic £—— CGene repair
small molecules > MEDICINE ~ <——— nucleic
acids Anti-sense drugs
Microbes
DNA
Vaccines
Diagnostic Therapeutic Vaccines
proteins proteins
Microbes
. Plants
Microbes Animals

Fig. 1.1 Theimpact 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
to modulate 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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Box 1.1 The birth of an industry

Biotechnology is not new. Cheese, bread and yoghurt
are products of biotechnology and have been known
for centuries. However, the stock-market excitement
about biotechnology stems from the potential of
gene manipulation, which is the subject of this book.
The birth of this modern version of biotechnology
can be traced to the founding of the company
Genentech.

In 1976, a 27-year-old venture capitalist called
Robert Swanson had a discussion over a few beers
with a University of California professor, Herb Boyer.
The discussion centred on the commercial potential

Table B1.1 Key events at Genentech.

of gene manipulation. Swanson's enthusiasm for the
technology and his faith in it was contagious. By

the close of the meeting the decision was taken to
found Genentech (Genetic Engineering Technology).
Though Swanson and Boyer faced scepticism from
both the academic and business communities they
forged ahead with their idea. Successes came thick
and fast (see Table B1.1) and within a few years
they had proved their detractors wrong. Over

1000 biotechnology companies have been set up in
the USA alone since the founding of Genentech

but very, very few have been as successful.

1976 Genentech founded

1977 Genentech produced first human protein (somatostatin) in a microorganism

1978 Human insulin cloned by Genentech scientists

1979 Human growth hormone cloned by Genentech scientists

1980 Genentech went public, raising $35 million

1982 First recombinant DNA drug (human insulin) marketed (Genentech product licensed to Eli Lilly & Co.)

1984 First laboratory production of factor VIII for therapy of haemophilia. Licence granted to Cutter Biological

1985 Genentech launched its first product, Protropin (human growth hormone), for growth hormone deficiency in children
1987 Genentech launched Activase (tissue plasminogen activator) for dissolving blood clots in heart-attack patients
1990 Genentech launched Actimmune (interferon-ym) for treatment of chronic granulomatous disease

1990 Genentech and the Swiss pharmaceutical company Roche complete a $2.1 billion merger

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

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.



6 CHAPTER 1

The role of vectors Chapter 2
Basic Agarose gel electrophoresis
Techniques Blotting (DNA, RNA, protein)
Nucleic acid hybridization
DNA transformation & electroporation
Polymerase chain reaction (PCR)
Cutting & Restriction enzymes Chapter 3
Joining DNA Methods of joining DNA
Basic properties of plasmids Chapters 4 & 5
Desirable properties of vectors
Plasmids as vectors
Vectors Bacteriophage A vectors
Single-stranded DNA vectors
Vectors for cloning large DNA molecules
Specialist vectors
Over-producing proteins
Cloning strategies Chapter 6
Putting it Cloning genomic DNA
all together: ~ cDNA cloning
Cloning in Screening strategies
Practice Expression cloning
Difference cloning
Analysing & Basic DNA sequencing Chapter 7
Changing Analysing sequence data Fig. 1.2 ‘Roadmap’ outlining the basic
Cloned Site-directed mutagenesis techni . ipulati d
Cenes Phage display echniques in gene manipulation an

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

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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Getting DNA into bacteria Chapter 8 (B:;(::?elr:ig n
Cloning in Gram-negative bacteria Other Than
Cloning in Gram-positive bacteria E.coli

Why clone in fungi Chapter 9 Cloning in
Vectors for use in fungi Yeast &
Expression of cloned DNA Other

Two hybrid system Fungi

Analysis of the whole genome

Transformation of animal cells

Chapter 10 Gene

Use of non-replicating DNA Transfer
Replication vectors To Animal
Viral transduction Cells
Transgenic mice Chapter 11 Genetic
. Other transgenic mammals Manipulation
Transgenic birds, fish, Xenopus :
S of Animals
Transgenic invertebrates
Handling plant cells Chapter 12 Genetic
Agrobacterium-mediated transformation : :
—> Manipulation
Direct DNA transfer
. of Plants
Plant viruses as vectors
Inducible expression systems Chapter 13 Advanced
Site-specific recombination Techniques
Fig. 1.3 ‘Roadmap’ of the advanced Gene inhibition for Gene
techniques in gene manipulation and IGnsertlonaI mutagenesis Manipulation
I . ene tagging in Plant and
their application to organisms other Entrapment constructs Animals

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

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.

» Plant breeding 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

Basic techniques

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

and in the absence of replication will be diluted out of
their host cells. It should be noted that, even ifa 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

kb pairs
21.226

7.421
5.804

5.643
4.878

3.530

), ¢
@

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
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gel, the greater the ball of DNA which can pass
through and hence the larger the molecules which
can be separated. Once the globular volume of the
DNA molecule exceeds the pore size, the DNA
molecule can only pass through by reptation. This
occurs with molecules about 20 kb in size and it is
difficult to separate molecules larger than this with-
out recourse to pulsed electrical fields.

In pulsed-field gel electrophoresis (PFGE) (Schwartz
& Cantor 1984) molecules as large as 10 Mb can be
separated in agarose gels. This is achieved by caus-
ing the DNA to periodically alter its direction of
migration by regular changes in the orientation of
the electric field with respect to the gel. With each
change in the electric-field orientation, the DNA
must realign its axis prior to migrating in the new
direction. Electric-field parameters, such as the
direction, intensity and duration of the electric field,
are set independently for each of the different fields
and are chosen so that the net migration of the DNA
is down the gel. The difference between the direction
of migration induced by each of the electric fields is
the reorientation angle and corresponds to the angle
that the DNA must turn as it changes its direction of
migration each time the fields are switched.

A major disadvantage of PFGE, as originally
described, is that the samples do not run in straight
lines. This makes subsequent analysis difficult. This
problem has been overcome by the development of
improved methods for alternating the electrical field.
The most popular of these is contour-clamped homo-
geneous electrical-field electrophoresis (CHEF) (Chu
et al. 1986). In early CHEF-type systems (Fig. 2.2)
the reorientation angle was fixed at 120°. However,
in newer systems, the reorientation angle can be
varied and it has been found that for whole-yeast
chromosomes the migration rate is much faster with
an angle of 106° (Birren et al. 1988). Fragments of
DNA as large as 200—-300 kb are routinely handled
in genomics work and these can be separated in a
matter of hours using CHEF systems with a reori-
entation angle of 90° or less (Birren & Lai 1994).

Aaij and Borst (1972) showed that the migration
rates of the DNA molecules were inversely propor-
tional to the logarithms of the molecular weights.
Subsequently, Southern (1979a,b) showed that
plotting fragment length or molecular weight
against the reciprocal of mobility gives a straight

Migration of DNA

Fig. 2.2 Schematic representation of CHEF (contour-clamped
homogeneous electrical field) pulsed-field gel electrophoresis.

Fig. 2.3 Ethidium bromide.

line over a wider range than the semilogarithmic
plot. In any event, gel electrophoresis is frequently
performed with marker DNA fragments of known
size, which allow accurate size determination of an
unknown DNA molecule by interpolation. A par-
ticular advantage of gel electrophoresis is that the
DNA bands can be readily detected at high sensitiv-
ity. The bands of DNA in the gel are stained with
the intercalating dye ethidium bromide (Fig. 2.3),
and as little as 0.05 pg of DNA in one band can be
detected as visible fluorescence when the gel is
illuminated with ultraviolet light.

In addition to resolving DNA fragments of differ-
ent lengths, gel electrophoresis can be used to separ-
ate different molecular configurations of a DNA
molecule. Examples of this are given in Chapter 4
(see p. 44). Gel electrophoresis can also be used for
investigating protein—nucleic acid interactions in
the so-called gel retardation or band shift assay. It is
based on the observation that binding of a protein
to DNA fragments usually leads to a reduction in
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electrophoretic mobility. The assay typically involves
the addition of protein to linear double-stranded DNA
fragments, separation of complex and naked DNA
by gel electrophoresis and visualization. A review of
the physical basis of electrophoretic mobility shifts and
their application is provided by Lane et al. (1992).

Nucleic acid blotting

Nucleic acid labelling and hybridization on mem-
branes have formed the basis for a range of experi-
mental techniques central to recent advances in our
understanding of the organization and expression
of the genetic material. These techniques may be
applied in the isolation and quantification of specific
nucleic acid sequences and in the study of their
organization, intracellular localization, expression
and regulation. A variety of specific applications
includes the diagnosis of infectious and inherited
disease. Each of these topics is covered in depth in
subsequent chapters.

An overview of the steps involved in nucleic acid
blotting and membrane hybridization procedures is
shown in Fig. 2.4. Blotting describes the immobiliza-
tion of sample nucleic acids on to a solid support,
generally nylon or nitrocellulose membranes. The
blotted nucleic acids are then used as ‘targets’ in
subsequent hybridization experiments. The main
blotting procedures are:

Labelled DNA
or RNA probe

Fig. 2.4 Overview of nucleic acid
blotting and hybridization (reproduced
courtesy of Amersham Pharmacia
Biotech).

* blotting of nucleic acids from gels;

* dot andslot blotting;

* colony and plaque blotting.

Colony and plaque blotting are described in detail on
pp. 104-105 and dot and slot blotting in Chapter 14.

Southern blotting

The original method of blotting was developed by
Southern (1975, 1979b) for detecting fragments in
an agarose gel that are complementary to a given
RNA or DNA sequence. In this procedure, referred to
as Southern blotting, the agarose gel is mounted on
a filter-paper wick which dips into a reservoir con-
taining transfer buffer (Fig. 2.5). The hybridization
membrane is sandwiched between the gel and a
stack of paper towels (or other absorbent material),
which serves to draw the transfer buffer through the
gel by capillary action. The DNA molecules are car-
ried out of the gel by the buffer flow and immobilized
on the membrane. Initially, the membrane material
used was nitrocellulose. The main drawback with
this membrane is its fragile nature. Supported nylon
membranes have since been developed which have
greater binding capacity for nucleic acids in addition
to high tensile strength.

For efficient Southern blotting, gel pretreatment is
important. Large DNA fragments (> 10 kb) require a
longer transfer time than short fragments. To allow

Immobilization of nucleic acidsl

® Southern blot

* Northern blot

¢ Dot blot

* Colony/plaque lift

Pre-hybridization

Hybridization
l prior to reprobing

Removal of probe

Stringency washes

|

Detection
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Fig. 2.5 A typical capillary blotting apparatus.

Plastic tray

uniform transfer of a wide range of DNA fragment
sizes, the electrophoresed DNA is exposed to a short
depurination treatment (0.2 5 mol/l HCI) followed by
alkali. This shortens the DNA fragments by alkaline
hydrolysis at depurinated sites. It also denatures the
fragments prior to transfer, ensuring that they are in
the single-stranded state and accessible for probing.
Finally, the gelis equilibrated in neutralizing solution
prior to blotting. An alternative method uses posit-
ively charged nylon membranes, which remove the
need for extended gel pretreatment. With them the
DNA is transferred in native (non-denatured) form
and then alkali-denatured in situ on the membrane.

After transfer, the nucleic acid needs to be fixed to
the membrane and a number of methods are avail-
able. Oven baking at 80°C is the recommended
method for nitrocellulose membranes and this can
also be used with nylon membranes. Due to the
flammable nature of nitrocellulose, it is important
that it is baked in a vacuum oven. An alternative
fixation method utilizes ultraviolet cross-linking. It
is based on the formation of cross-links between a
small fraction of the thymine residues in the DNA
and positively charged amino groups on the surface
of nylon membranes. A calibration experiment must
be performed to determine the optimal fixation period.

Following the fixation step, the membrane is placed
in a solution of labelled (radioactive or non-radioactive)
RNA, single-stranded DNA or oligodeoxynucleotide
which is complementary in sequence to the blot-
transferred DNA band or bands to be detected.
Conditions are chosen so that the labelled nucleic
acid hybridizes with the DNA on the membrane.
Since this labelled nucleic acid is used to detect and
locate the complementary sequence, it is called the
probe. Conditions are chosen which maximize the
rate of hybridization, compatible with a low back-
ground of non-specific binding on the membrane
(see Box 2.1). After the hybridization reaction has
been carried out, the membrane is washed to remove
unbound radioactivity and regions of hybridization

Box 2.1 Hybridization of nucleic acids on membranes

The hybridization of nucleic acids on membranes is a
widely used technique in gene manipulation and
analysis. Unlike solution hybridizations, membrane
hybridizations tend not to proceed to completion.
One reason for this is that some of the bound nucleic
acid is embedded in the membrane and is inaccessible

to the probe. Prolonged incubations may not generate
any significant increase in detection sensitivity.

The composition of the hybridization buffer can
greatly affect the speed of the reaction and the
sensitivity of detection. The key components of these
buffers are shown below:

Rate enhancers
extent of hybridization

Detergents and blocking agents

Dextran sulphate and other polymers act as volume excluders to increase both the rate and the

Dried milk, heparin and detergents such as sodium dodecyl sulphate (SDS) have been used

to depress non-specific binding of the probe to the membrane. Denhardt's solution
(Denhardt 1966) uses Ficoll, polyvinylpyrrolidone and bovine serum albumin

Denaturants

Urea or formamide can be used to depress the melting temperature of the hybrid so that reduced

temperatures of hybridization can be used

Heterologous DNA

This can reduce non-specific binding of probes to non-homologous DNA on the blot

continued
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Box 2.1 continued

Stringency control

Stringency can be regarded as the specificity with
which a particular target sequence is detected by
hybridization to a probe. Thus, at high stringency,
only completely complementary sequences will be
bound, whereas low-stringency conditions will allow
hybridization to partially matched sequences.
Stringency is most commonly controlled by the
temperature and salt concentration in the post-
hybridization washes, although these parameters
can also be utilized in the hybridization step.

In practice, the stringency washes are performed
under successively more stringent conditions
(lower salt or higher temperature) until the desired
result is obtained.

The melting temperature (7, ) of a probe-target
hybrid can be calculated to provide a starting-point
for the determination of correct stringency. The
T, is the temperature at which the probe and
target are 50% dissociated. For probes longer than
100 base pairs:

T =815°C+16.6logM+041(%G+C)

where M = ionic strength of buffer in moles/litre.
With long probes, the hybridization is usually carried
outat T, —25°C. When the probe is used to
detect partially matched sequences, the
hybridization temperature is reduced by 1°C
for every 1% sequence divergence between
probe and target.

Oligonucleotides can give a more rapid
hybridization rate than long probes as they can
be used at a higher molarity. Also, in situations
where target is in excess to the probe, for example
dot blots, the hybridization rate is diffusion-limited
and longer probes diffuse more slowly than

are detected autoradiographically by placing the
membrane in contact with X-ray film (see Box 2.2).
A common approach is to carry out the hybridiza-
tion under conditions of relatively low stringency
which permit a high rate of hybridization, followed
by a series of post-hybridization washes of increasing

oligonucleotides. It is standard practice to use
oligonucleotides to analyse putative mutants
following a site-directed mutagenesis experiment
where the difference between parental and mutant
progeny is often only a single base-pair change
(see p. 132 et seq.).

The availability of the exact sequence of
oligonucleotides allows conditions for hybridization
and stringency washing to be tightly controlled so
that the probe will only remain hybridized when
itis 100% homologous to the target. Stringency is
commonly controlled by adjusting the temperature
of the wash buffer. The ‘Wallace rule’ (Lay Thein &
Wallace 1986) is used to determine the appropriate
stringency wash temperature:

T, =4 x (number of GC base pairs) + 2 x (number
of AT base pairs)

In filter hybridizations with oligonucleotide probes,
the hybridization step is usually performed at 5°C
below T, for perfectly matched sequences. For every
mismatched base pair, a further 5°C reduction is
necessary to maintain hybrid stability.

The design of oligonucleotides for hybridization
experiments is critical to maximize hybridization
specificity. Consideration should be given to:

* probe length — the longer the oligonucleotide, the
less chance there is of it binding to sequences other
than the desired target sequence under conditions
of high stringency;

* oligonucleotide composition — the GC content
will influence the stability of the resultant hybrid

and hence the determination of the appropriate
stringency washing conditions. Also the presence

of any non-complementary bases will have an effect
on the hybridization conditions.

stringency (i.e. higher temperature or, more com-
monly, lower ionic strength). Autoradiography
following each washing stage will reveal any DNA
bands that are related to, but not perfectly comple-
mentary with, the probe and will also permit an
estimate of the degree of mismatching to be made.
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The localization and recording of a radiolabel within
a solid specimen is known as autoradiography
and involves the production of an image in a
photographic emulsion. Such emulsions consist of
silver halide crystals suspended in a clear phase
composed mainly of gelatin. When a 3-particle or
y-ray from a radionuclide passes through the
emulsion, the silver ions are converted to silver atoms.
This results in a latent image being produced, which
is converted to a visible image when the image is
developed. Development is a system of amplification
in which the silver atoms cause the entire silver halide
crystal to be reduced to metallic silver. Unexposed
crystals are removed by dissolution in fixer, giving
an autoradiographic image which represents the
distribution of radiolabel in the original sample.
In direct autoradiography, the sample is placed
in intimate contact with the film and the radioactive
emissions produce black areas on the developed

35g

CHAPTER 2

Box 2.2 The principleM&iography

autoradiograph. It is best suited to detection of
weak- to medium-strength (3-emitting radionuclides
(3H, 14C, 3°S). Direct autoradiography is not suited
to the detection of highly energetic 3-particles,
such as those from 32P, or for y-rays emitted from
isotopes like '2°I. These emissions pass through and
beyond the film, with the majority of the energy
being wasted. Both 32P and '?°| are best detected
by indirect autoradiography.

Indirect autoradiography describes the technique
by which emitted energy is converted to light by
means of a scintillator, using fluorography or
intensifying screens. In fluorography the sample
is impregnated with a liquid scintillator. The
radioactive emissions transfer their energy to the
scintillator molecules, which then emit photons which
expose the photographic emulsion. Fluorography
is mostly used to improve the detection of weak
[B-emitters (Fig. B2.1). Intensifying screens are

3H

Fig. B2.1 Autoradiographs showing the detection of >°S- and *H-labelled proteins in acrylamide gels with (+) and without
(—) fluorography. (Photo courtesy of Amersham Pharmacia Biotech.)

continued
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Box 2.2 continued

sheets of a solid inorganic scintillator which are
placed behind the film. Any emissions passing
through the photographic emulsion are absorbed
by the screen and converted to light, effectively
superimposing a photographic image upon the
direct autoradiographic image.

The gain in sensitivity which is achieved by use of
indirect autoradiography is offset by non-linearity
of film response. A single hit by a B-particle or y-ray
can produce hundreds of silver atoms, but a single
hit by a photon of light produces only a single silver
atom. Although two or more silver atoms in a silver
halide crystal are stable, a single silver atom is
unstable and reverts to a silver ion very rapidly.

This means that the probability of a second photon
being captured before the first silver atom has
reverted is greater for large amounts of radioactivity
than for small amounts. Hence small amounts of
radioactivity are under-represented with the use of
fluorography and intensifying screens. This problem
can be overcome by a combination of pre-exposing a
film to an instantaneous flash of light (pre-flashing)
and exposing the autoradiograph at —70°C.
Pre-flashing provides many of the silver halide
crystals of the film with a stable pair of silver atoms.
Lowering the temperature to —70°C increases the
stability of a single silver atom, increasing the time
available to capture a second photon (Fig. B2.2).

A C
- s
e
ot

Fig. B2.2 The improvement in sensitivity of detection of '2°I-labelled IgG by autoradiography obtained by using an
intensifying screen and pre-flashed film. A, no screen and no pre-flashing; B, screen present but film not pre-flashed;
C, use of screen and pre-flashed film. (Photo courtesy of Amersham Pharmacia Biotech.)
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The Southern blotting methodology can be extre-
mely sensitive. It can be applied to mapping restric-
tion sites around a single-copy gene sequence in a
complex genome such as that of humans (Fig. 2.6),
and when a ‘mini-satellite’ probe is used it can be
applied forensically to minute amounts of DNA (see
Chapter 14).

Northern blotting

Southern’s technique has been of enormous value,
but it was thought that it could not be applied
directly to the blot-transfer of RNAs separated by gel
electrophoresis, since RNA was found not to bind to
nitrocellulose. Alwine et al. (1979) therefore devised
aprocedure in which RNA bands are blot-transferred
from the gel on to chemically reactive paper, where
they are bound covalently. The reactive paper is
prepared by diazotization of aminobenzyloxymethyl
paper (creating diazobenzyloxymethyl (DBM) paper),
which itself can be prepared from Whatman 540
paper by a series of uncomplicated reactions. Once
covalently bound, the RNA is available for hybrid-

phoresis  DNA
fragments —{

Short DNA
fragments —{—

<4

Fig. 2.6 Mapping restriction sites
around a hypothetical gene sequence
in total genomic DNA by the Southern
blot method.

Genomic DNA is cleaved with a
restriction endonuclease into hundreds
of thousands of fragments of various
sizes. The fragments are separated
according to size by gel electrophoresis
and blot-transferred on to nitrocellulose
paper. Highly radioactive RNA or
denatured DNA complementary in
sequence to gene X is applied to the
nitrocellulose paper bearing the blotted
DNA. The radiolabelled RNA or DNA
will hybridize with gene X sequences
and can be detected subsequently by
autoradiography, so enabling the sizes
of restriction fragments containing
gene X sequences to be estimated from
their electrophoretic mobility. By
) using several restriction endonucleases
gl s‘tran ded singly a!nd ip canbination, amap of
DNA fragments restriction sites in and around gene

X can be built up.

Agarose gel

Nitrocellulose

ization with radiolabelled DNA probes. As before,
hybridizing bands are located by autoradiography.
Alwine et al.’'s method thus extends that of Southern
and for this reason it has acquired the jargon term
northern blotting.

Subsequently it was found that RNA bands can
indeed be blotted on to nitrocellulose membranes
under appropriate conditions (Thomas 1980) and
suitable nylon membranes have been developed.
Because of the convenience of these more recent
methods, which do not require freshly activated paper,
the use of DBM paper has been superseded.

Western blotting

The term ‘western’ blotting (Burnette 1981) refers
to a procedure which does not directly involve nucleic
acids, but which is of importance in gene manipula-
tion. It involves the transfer of electrophoresed
protein bands from a polyacrylamide gel on to a
membrane of nitrocellulose or nylon, to which they
bind strongly (Gershoni & Palade 1982, Renart &
Sandoval 1984). The bound proteins are then avail-
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able for analysis by a variety of specific protein—ligand
interactions. Most commonly, antibodies are used to
detect specific antigens. Lectins have been used to
identify glycoproteins. In these cases the probe may
itself be labelled with radioactivity, or some other
‘tag’ may be employed. Often, however, the probe
is unlabelled and is itself detected in a ‘sandwich’
reaction, using a second molecule which is labelled,
for instance a species-specific second antibody, or
protein A of Staphylococcus aureus (which binds
to certain subclasses of IgG antibodies), or strept-
avidin (which binds to antibody probes that have
been biotinylated). These second molecules may
be labelled in a variety of ways with radioactive,
enzyme or fluorescent tags. An advantage of the
sandwich approach is that a single preparation of
labelled second molecule can be employed as a
general detector for different probes. For example,
an antiserum may be raised in rabbits which reacts
with a range of mouse immunoglobins. Such a
rabbit anti-mouse (RAM) antiserum may be radio-
labelled and used in a number of different applica-
tions to identify polypeptide bands probed with
different, specific, monoclonal antibodies, each mono-
clonal antibody being of mouse origin. The sand-
wich method may also give a substantial increase
in sensitivity, owing to the multivalent binding of
antibody molecules.

Alternative blotting techniques

The original blotting technique employed capillary
blotting but nowadays the blotting is usually accom-
plished by electrophoretic transfer of polypeptides
from an SDS-polyacrylamide gel on to the membrane
(Towbin et al. 1979). Electrophoretic transfer is also
the method of choice for transferring DNA or RNA
from low-pore-size polyacrylamide gels. It can also
be used with agarose gels. However, in this case,
the rapid electrophoretic transfer process requires
high currents, which can lead to extensive heating
effects, resulting in distortion of agarose gels. The
use of an external cooling system is necessary to
prevent this.

Another alternative to capillary blotting is vacuum-
driven blotting (Olszewska & Jones 1988), for which
several devices are commercially available. Vacuum
blotting has several advantages over capillary or

electrophoretic transfer methods: transfer is very
rapid and gel treatment can be performed in situ on
the vacuum apparatus. This ensures minimal gel
handling and, together with the rapid transfer, pre-
vents significant DNA diffusion.

Transformation of E. coli

Early attempts to achieve transformation of E. coli
were unsuccessful and it was generally believed that
E. coli was refractory to transformation. However,
Mandel and Higa (1970) found that treatment with
CaCl, allowed E. coli cells to take up DNA from bac-
teriophage A. A few years later Cohen et al. (1972)
showed that CaCl,-treated E. coli cells are also effect-
ive recipients for plasmid DNA. Almost any strain of
E. coli can be transformed with plasmid DNA, albeit
with varying efficiency, whereas it was thought that
only recBC™ mutants could be transformed with lin-
ear bacterial DNA (Cosloy & Oishi 1973). Later,
Hoekstra et al. (1980) showed that recBC* cells can
be transformed with linear DNA, but the efficiency is
only 10% of that in otherwise isogenic recBC™ cells.
Transformation of recBC™ cells with linear DNA is
only possible if the cells are rendered recombination-
proficient by the addition of a sbcA or sbcB muta-
tion. The fact that the recBC gene product is an
exonuclease explains the difference in transforma-
tion efficiency of circular and linear DNA in recBC*
cells.

As will be seen from the next chapter, many bac-
teria contain restriction systems which can influence
the efficiency of transformation. Although the com-
plete function of these restriction systems is not yet
known, one role they do play is the recognition and
degradation of foreign DNA. For this reason it is
usual to use a restriction-deficient strain of E. coli as
a transformable host.

Since transformation of E. coli is an essential step
in many cloning experiments, it is desirable that it be
as efficient as possible. Several groups of workers
have examined the factors affecting the efficiency of
transformation. It has been found that E. coli cells
and plasmid DNA interact productively in an en-
vironment of calcium ions and low temperature
(0—5°C), and that a subsequent heat shock (37-45°C)
is important, but not strictly required. Several other
factors, especially the inclusion of metal ions in
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addition to calcium, have been shown to stimulate
the process.

A very simple, moderately efficient transforma-
tion procedure for use with E. coli involves resus-
pending log-phase cells in ice-cold 50 mmol/l
calcium chloride at about 10'° cells/ml and keeping
them on ice for about 30 min. Plasmid DNA (0. 1 ug)
is then added to a small aliquot (0.2 ml) of these now
competent (i.e. competent for transformation) cells,
and the incubation on ice continued for a further
30 min, followed by a heat shock of 2 min at 42°C.
The cells are then usually transferred to nutrient
medium and incubated for some time (30 min to
1 h) to allow phenotypic properties conferred by the
plasmid to be expressed, e.g. antibiotic resistance
commonly used as a selectable marker for plasmid-
containing cells. (This so-called phenotypic lag
may not need to be taken into consideration with
high-level ampicillin resistance. With this marker,
significant resistance builds up very rapidly, and
ampicillin exerts its effect on cell-wall biosynthesis
only in cells which have progressed into active
growth.) Finally the cells are plated out on selective
medium. Just why such a transformation procedure
is effective is not fully understood (Huang & Reusch
1995). The calcium chloride affects the cell wall and
may also be responsible for binding DNA to the cell
surface. The actual uptake of DNA is stimulated by
the brief heat shock.

Hanahan (1983) has re-examined factors that
affect the efficiency of transformation, and has devised
a set of conditions for optimal efficiency (expressed
as transformants per pg plasmid DNA) applicable to
most E. coli K12 strains. Typically, efficiencies of 107
to 107 transformants/pg can be achieved depending
on the strain of E. coli and the method used (Liu &
Rashidbaigi 1990). Ideally, one wishes to make a
large batch of competent cells and store them frozen
for future use. Unfortunately, competent cells made
by the Hanahan procedure rapidly lose their com-
petence on storage. Inoue et al. (1990) have optimized
the conditions for the preparation of competent cells.
Not only could they store cells for up to 40 days at
—70°Cwhile retaining efficiencies of 1-5 x 10° cfu/ug,
but competence was affected only minimally by salts
in the DNA preparation.

There are many enzymic activities in E. coli which
can destroy incoming DNA from non-homologous

sources (see Chapter 3) and reduce the transforma-
tion efficiency. Large DNAs transform less effici-
ently, on a molar basis, than small DNAs. Even with
such improved transformation procedures, certain
potential gene-cloning experiments requiring large
numbers of clones are not reliable. One approach
which can be used to circumvent the problem of low
transformation efficiencies is to package recombin-
ant DNA into virus particles in vitro. A particular
form of this approach, the use of cosmids, is described
in detail in Chapter 5. Another approach is electro-
poration, which is described below.

Electroporation

A rapid and simple technique for introducing cloned
genes into a wide variety of microbial, plant and ani-
mal cells, including E. coli, is electroporation. This
technique depends on the original observation by
Zimmerman & Vienken (1983) that high-voltage
electric pulses can induce cell plasma membranes to
fuse. Subsequently it was found that, when sub-
jected to electric shock, the cells take up exogenous
DNA from the suspending solution. A proportion of
these cells become stably transformed and can be
selected if a suitable marker gene is carried on the
transforming DNA. Many different factors affect the
efficiency of electroporation, including temperature,
various electric-field parameters (voltage, resistance
and capacitance), topological form of the DNA,
and various host-cell factors (genetic background,
growth conditions and post-pulse treatment). Some
of these factors have been reviewed by Hanahan
etal.(1991).

With E. coli, electroporation has been found to give
plasmid transformation efficiencies (10° cfu/ug DNA)
comparable with the best CaC1, methods (Dower et al.
1988). More recently, Zhu and Dean (1999) have
reported 10-fold higher transformation efficiencies
with plasmids (9 x 10° transformants/ug) by co-
precipitating the DNA with transfer RNA (tRNA)
prior to electroporation. With conventional CaCl,-
mediated transformation, the efficiency falls off
rapidly as the size of the DNA molecule increases
and is almost negligible when the size exceeds 50 kb.
While size also affects the efficiency of electroporation
(Sheng et al. 1995), it is possible to get transforma-
tion efficiencies of 10° cfu/ug DNA with molecules
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as big as 240 kb. Molecules three to four times this
size also can be electroporated successfully. This is
important because much of the work on mapping
and sequencing of genomes demands the ability
to handle large fragments of DNA (see p. 64 and
p.126).

Transformation of other organisms

Although E. coli often remains the host organism of
choice for cloning experiments, many other hosts
are now used, and with them transformation may
still be a critical step. In the case of Gram-positive
bacteria, the two most important groups of organ-
isms are Bacillus spp. and actinomycetes. That B.
subtilis is naturally competent for transformation
has been known for a long time and hence the gen-
etics of this organism are fairly advanced. For this
reason B. subtilis is a particularly attractive alternat-
ive prokaryotic cloning host. The significant features
of transformation with this organism are detailed
in Chapter 8. Of particular relevance here is that
it is possible to transform protoplasts of B. subtilis, a
technique which leads to improved transformation
frequencies. A similar technique is used to transform
actinomycetes, and recently it has been shown that
the frequency can be increased considerably by first
entrapping the DNA in liposomes, which then fuse
with the host-cell membrane.

In later chapters we discuss ways, including elec-
troporation, in which cloned DNA can be introduced
into eukaryotic cells. With animal cells there is no
great problem as only the membrane has to be
crossed. In the case of yeast, protoplasts are required
(Hinnen et al. 1978). With higher plants one strat-
egy that has been adopted is either to package the
DNA in a plant virus or to use a bacterial plant
pathogen as the donor. It has also been shown that
protoplasts prepared from plant cells are competent
for transformation. A further remarkable approach
that has been demonstrated with plants and animals
(Klein & Fitzpatrick-McElligott 1993) is the use of
microprojectiles shot from a gun (p. 238).

Animal cells, and protoplasts of yeast, plant and
bacterial cells are susceptible to transformation by
liposomes (Deshayes et al. 1985). A simple transforma-
tion system has been developed which makes use of
liposomes prepared from a cationic lipid (Felgner

et al. 1987). Small unilamellar (single-bilayer) ves-
icles are produced. DNA in solution spontaneously
and efficiently complexes with these liposomes (in
contrast to previously employed liposome encapsida-
tion procedures involving non-ionic lipids). The
positively charged liposomes not only complex with
DNA, but also bind to cultured animal cells and are
efficient in transforming them, probably by fusion
with the plasma membrane. The use of liposomes as
a transformation or transfection system is called
lipofection.

The polymerase chain reaction (PCR)

The impact of the PCR upon molecular biology has
been profound. The reaction is easily performed, and
leads to the amplification of specific DNA sequences
by an enormous factor. From a simple basic prin-
ciple, many variations have been developed with
applications throughout gene technology (Erlich
1989, Innis et al. 1990). Very importantly, the PCR
has revolutionized prenatal diagnosis by allowing
tests to be performed using small samples of fetal tis-
sue. In forensic science, the enormous sensitivity of
PCR-based procedures is exploited in DNA profiling;
following the publicity surrounding Jurassic Park,
virtually everyone is aware of potential applica-
tionsin palaeontology and archaeology. Many other
processes have been described which should pro-
duce equivalent results to a PCR (for review, see
Landegran 1996) but as yet none has found wide-
spread use.

In many applications of the PCR to gene mani-
pulation, the enormous amplification is secondary
to the aim of altering the amplified sequence. This
often involves incorporating extra sequences at the
ends of the amplified DNA. In this section we shall
consider only the amplification process. The applica-
tions of the PCR will be described in appropriate places.

Basic reaction

First we need to consider the basic PCR. The
principle is illustrated in Fig. 2.7. The PCR involves
two oligonucleotide primers, 17-30 nucleotides in
length, which flank the DNA sequence that is to be
amplified. The primers hybridize to opposite strands
of the DNA after it has been denatured, and are
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Repeated cycles lead to exponential
doubling of the target sequence
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orientated so that DNA synthesis by the polymerase
proceeds through the region between the two
primers. The extension reactions create two double-
stranded target regions, each of which can again be
denatured ready for a second cycle of hybridization
and extension. The third cycle produces two double-
stranded molecules that comprise precisely the
target region in double-stranded form. By repeated
cycles of heat denaturation, primer hybridization
and extension, there follows a rapid exponential
accumulation of the specific target fragment of
DNA. After 22 cycles, an amplification of about 10°-
fold is expected (Fig. 2.8), and amplifications of this
order are actually attained in practice.

In the original description of the PCR method
(Mullis & Faloona 1987, Saiki et al. 1988, Mullis
1990), Klenow DNA polymerase was used and,
because of the heat-denaturation step, fresh enzyme
had to be added during each cycle. A breakthrough
came with the introduction of Tag DNA polymerase
(Lawyer et al. 1989) from the thermophilic bacterium
Thermus aquaticus. The Tag DNA polymerase is
resistant to high temperatures and so does not need
to be replenished during the PCR (Erlich et al. 1988,
Sakai et al. 1988). Furthermore, by enabling the
extension reaction to be performed at higher tem-
peratures, the specificity of the primer annealing is
not compromised. As a consequence of employing
the heat-resistant enzyme, the PCR could be auto-
mated very simply by placing the assembled reaction
in a heating block with a suitable thermal cycling
programme (see Box 2.3).

Fig. 2.7 (left) The polymerase chain reaction. In cycle 1 two
primers anneal to denatured DNA at opposite sides of the
target region, and are extended by DNA polymerase to give
new strands of variable length. In cycle 2, the original strands
and the new strands from cycle 1 are separated, yielding a
total of four primer sites with which primers anneal. The
primers that are hybridized to the new strands from cycle 1
are extended by polymerase as far as the end of the template,
leading to a precise copy of the target region. In cycle 3,
double-stranded DNA molecules are produced (highlighted in
colour) that are precisely identical to the target region.
Further cycles lead to exponential doubling of the target
region. The original DNA strands and the variably extended
strands become negligible after the exponential increase of
target fragments.
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Number of double-stranded
target molecules

Cycle number

1 0
2 0
3 2
4 4
5 8
6 16
7 32
8 64
9 128

10 256

11 512

12 1024

13 2048

14 4096

15 8192

16 16,384

17 32,768

18 65,536

19 131,072

20 262,144

21 524,288

22 1,048,576

23 2,097,152

24 4,194,304

25 8,388,608

26 16,777,216

27 33,554,432

28 67,108,864

29 134,217,728

30 268,435,456

Fig. 2.8 Theoretical PCR amplification of a target fragment
with increasing number of cycles.

Recent developments have sought to minimize
amplification times. Such systems have used small
reaction volumes in glass capillaries to give large
surface area-to-volume ratios. This results in almost
instantaneous temperature equilibration and minimal
annealing and denaturation times. This, accompan-
ied by temperature ramp rates of 10-20°C/s, made
possible by the use of turbulent forced hot-air sys-
tems to heat the sample, results in an amplification
reaction completed in tens of minutes.

While the PCR is simple in concept, practically
there are a large number of variables which can
influence the outcome of the reaction. This is espe-
cially important when the method is being used with
rare samples of starting material or if the end result
has diagnostic or forensic implications. For a detailed
analysis of the factors affecting the PCR, the reader
should consult McDowell (1999). There are many
substances present in natural samples (e.g. blood,
faeces, environmental materials) which can inter-

fere with the PCR, and ways of eliminating them
have been reviewed by Bickley and Hopkins (1999).

RT-PCR

The thermostable polymerase used in the basic PCR
requires a DNA template and hence is limited to the
amplification of DNA samples. There are numerous
instances in which the amplification of RNA would
be preferred. For example, in analyses involving the
diffierential expression of genes in tissues during
development or the cloning of DNA derived from an
mRNA (complementary DNA or cDNA), particularly
a rare mRNA. In order to apply PCR methodology
to the study of RNA, the RNA sample must first be
reverse-transcribed to cDNA to provide the necessary
DNA template for the thermostable polymerase. This
process is called reverse transcription (RT), hence
the name RT-PCR.

Avian myeloblastosis virus (AMV) or Moloney
murine leukaemia virus (MulV) reverse transcrip-
tases are generally used to produce a DNA copy of
the RNA template. Various strategies can be adopted
for first-strand cDNA synthesis (Fig. 2.9).

Long accurate PCR (LA-PCR)

Amplification of long DNA fragments is desirable for
numerous applications of gene manipulation. The
basic PCR works well when small fragments are
amplified. The efficiency of amplification and there-
fore the yield of amplified fragments decrease signi-
ficantly as the size of the amplicon increases over 5 kb.
This decrease in yield of longer amplified fragments
is attributable to partial synthesis across the desired
sequence, which is not a suitable substrate for the
subsequent cycles. This is demonstrated by the pres-
ence of smeared, as opposed to discrete, bands on a gel.

Barnes (1994) and Cheng et al. (1994) examined
the factors affecting the thermostable polymeriza-
tion across larger regions of DNA and identified key
variables affecting the yield of longer PCR frag-
ments. Most significant of these was the absence of
a 3’-5" exonuclease (proofreading) activity in Taq
polymerase. Presumably, when the Taq polymerase
misincorporates a dNTP, subsequent extension of
the strand either proceeds very slowly or stops
completely. To overcome this problem, a second
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Box 2.3 The polymerase chain reaction achieves enormous amplifications,
of specific target sequence, very simply

The reaction is assembled in a single tube, and then
placed in a thermal cycler (a programmable
heating/cooling block), as described below.

A typical PCR for amplifying a human genomic
DNA sequence has the following composition. The
reaction volume is 100 .

Input genomic DNA, 0.1-1 ug

Primer 1, 20 pmol

Primer 2, 20 pmol

20 mmol/I Tris-HCI, pH 8.3 (at 20°C)

1.5 mmol/| magnesium chloride

25 mmol/| potassium chloride

50 mmol/| each deoxynucleoside triphosphate
(dATP, dCTP, dGTP, dTTP)

2 units Tag DNA polymerase

A layer of mineral oil is placed over the reaction
mix to prevent evaporation.

Random primer

5 AAAAAAA 3’
3

random primer

Oligo (dT) primer

5 AAAAAAA 3
3 < TTTTTTT &

Sequence-specific primer

5 AAAAAAA 3’

3 -

primer

thermostable polymerase with proofreading capab-
ility is added. Thermostable DNA polymerases with
proofreading capabilities are listed in Table 2.1.

Key factors affecting the PCR

The specificity of the PCR depends crucially upon the
primers. The following factors are important in
choosing effective primers.

The reaction is cycled 25-35 times, with the
following temperature programme:

Denaturation 94°C, 0.5 min
Primer annealing 55°C,1.5 min
Extension 72°C, 1 min

Typically, the reaction takes some 2-3 h overall.
Notes:

 The optimal temperature for the annealing step
will depend upon the primers used.

 The pH of the Tris-HCl buffer decreases markedly
with increasing temperature. The actual pH varies
between about 6.8 and 7.8 during the thermal cycle.
 The time taken for each cycle is considerably
longer than 3 min (0.5 + 1.5 + 1 min), depending
upon the rates of heating and cooling between steps,
but can be reduced considerably by using turbo
systems (p. 21).

* The standard PCR does not efficiently amplify
sequences much longer than about 3 kb.

mRNA
Tst strand cDNA

mRNA
Tst strand cDNA

Fig. 2.9 Three strategies for synthesis of
first-strand cDNA. (a) Random primer;
(b) oligo (dT) primer; (c) sequence-specific
primer.

mRNA
Tst strand cDNA

* Primers should be 17 to 30 nucleotides in length.

* A GC content of about 50% is ideal. For pri-
mers with a low GC content, it is desirable to
choose a long primer so as to avoid a low melting
temperature.

» Sequences with long runs (i.e. more than three or
four) of a single nucleotide should be avoided.

» Primers with significant secondary structure are
undesirable.
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Table 2.1 Sources of thermostable DNA polymerases
with proofreading (3’-5" exonuclease) activity.

DNA polymerase Source

Tma Thermotoga maritima
Deep Vent™ Pyrococcus sp.

Tli Thermococcus litoralis
Pfu Pyrococcus furiosus
Pwo Pyrococcus woesi

 There should be no complementarity between the
two primers. The great majority of primers which
conform with these guidelines can be made to work,
although not all comparable primer sets are equally
effective even under optimized conditions.

In carrying out a PCR it is usual to employ a
hot-start protocol. This entails adding the DNA
polymerase after the heat-denaturation step of the
first cycle, the addition taking place at a temperature
at or above the annealing temperature and just prior
to the annealing step of the first cycle. The hot start
overcomes the problem that would arise if the DNA
polymerase were added to complete the assembly
of the PCR reaction mixture at a relatively low
temperature. At low temperature, below the desired
hybridization temperature for the primer (typically
in the region 45-60°C), mismatched primers will
form and may be extended somewhat by the poly-
merase. Once extended, the mismatched primer is
stabilized at the unintended position. Having been
incorporated into the extended DNA during the
first cycle, the primer will hybridize efficiently in
subsequent cycles and hence may cause the ampli-
fication of a spurious product.

Alternatives to the hot-start protocol include the
use of Taq polymerase antibodies, which are inactiv-
ated as the temperature rises (Taylor & Logan 1995),
and AmpliTaq Gold™, a modified Tag polymerase
that is inactive until heated to 95°C (Birch 1996).
Yet another means of inactivating Tag DNA
polymerase at ambient temperatures is the SELEX
method (systematic evolution of ligands by expo-
nential enrichment). Here the polymerase is
reversibly inactivated by the binding of nanomolar
amounts of a 70-mer, which is itself a poor poly-

merase substrate and should not interfere with the
amplification primers (Dang & Jayasena 1996).

In order to minimize further the amplification of
spurious products, the strategy of nested primers may
be deployed. Here the products of an initial PCR
amplification are used to seed a second PCR ampli-
fication, in which one or both primers are located
internally with respect to the primers of the first
PCR. Since there is little chance of the spurious prod-
ucts containing sequences capable of hybridizing
with the second primer set, the PCR with these
nested primers selectively amplifies the sought-after
DNA.

As noted above, the Tag DNA polymerase lacks a
3’-5’ proofreading exonuclease. This lack appears
to contribute to errors during PCR amplification due
to misincorporation of nucleotides (Eckert & Kunkel
1990). Partly to overcome this problem, other
thermostable DNA polymerases with improved
fidelity have been sought, although the Tag DNA
polymerase remains the most widely used enzyme
for PCR. In certain applications, especially where
amplified DNA is cloned, it is important to check the
nucleotide sequence of the cloned product to reveal
any mutations that may have occurred during the
PCR. The fidelity of the amplification reaction can be
assessed by cloning, sequencing and comparing
several independently amplified molecules.

Real-time quantitative PCR

There are many applications of the PCR where it
would be advantageous to be able to quantify the
amount of starting material. Theoretically, there is
a quantitative relationship between the amount of
starting material (target sequence) and the amount
of PCR product at any given cycle. In practice,
replicate reactions yield different amounts of prod-
uct, making quantitation unreliable. Higuchi et al.
(1992, 1993) pioneered the use of ethidium bromide
to quantify PCR products as they accumulate. Ampli-
fication produces increasing amounts of double-
stranded DNA, which binds ethidium bromide,
resulting in an increase in fluorescence. By plotting
the increase in fluorescence versus cycle number it is
possible to analyse the PCR kinetics in real time. This
is much more satisfactory than analysing product
accumulation after a fixed number of cycles.
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Reporter Quencher
Forward
primer e Probe @
LY m—
5
3
e 5
Reverse
primer
5
3

S S —

5
3

3 5’
5’ 3
e 5’

5

3’ 5
5 3’
< 157

The principal drawback to the use of ethidium
bromide is that both specific and non-specific prod-
ucts generate a signal. This can be overcome by the
use of probe-based methods for assaying product
accumulation (Livak et al. 1995). The probes used
are oligonucleotides with a reporter fluorescent dye
attached at the 5" end and a quencher dye at the 3’
end. While the probe is intact, the proximity of
the quencher reduces the fluorescence emitted by
thereporter dye. If the target sequence is present, the
probe anneals downstream from one of the primer
sites. As the primer is extended, the probe is cleaved
by the 5" nuclease activity of the Tag polymerase

Binding of
primers and probe

Polymerization

Strand
displacement

Release of
reporter

Polymerization
complete Fig. 2.10 Real-time quantitative PCR. See

text for details.

(Fig. 2.10). This cleavage of the probe separates
the reporter dye from the quencher dye, thereby
increasing the reporter-dye signal. Cleavage removes
the probe from the target strand, allowing primer
extension to continue to the end of the template
strand. Additional reporter-dye molecules are cleaved
from their respective probes with each cycle, effect-
ing an increase in fluorescence intensity proportional
to the amount of amplicon produced.
Instrumentation has been developed which
combines thermal cycling with measurement of
fluorescence, thereby enabling the progress of the
PCR to be monitored in real time. This revolutionizes
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the way one approaches PCR-based quantitation of
DNA. Reactions are characterized by the point in
time during cycling when amplification of a product
is first detected, rather than by the amount of PCR
product accumulated after a fixed number of cycles.
The higher the starting copy number of the target,

the sooner a significant increase in fluorescence is
noted. Quantitation of the amount of target in
unknown samples is achieved by preparing a stand-
ard curve, using different starting copy numbers of
the target sequence.
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Cutting and joining DNA

molecules

Cutting DNA molecules

Before 1970 there was no method of cleaving DNA
at discrete points. All the available methods for
fragmenting DNA were non-specific. The available
endonucleases had little site specificity and chemical
methods produced very small fragments of DNA.
The only method where any degree of control could
be exercised was the use of mechanical shearing.
The long, thin threads which constitute duplex
DNA molecules are sufficiently rigid to be very easily
broken by shear forces in solution. Intense sonica-
tion with ultrasound can reduce the length to about
300 nucleotide pairs. More controlled shearing
can be achieved by high-speed stirring in a blender.
Typically, high-molecular-weight DNA is sheared
to a population of molecules with a mean size of
about 8 kb by stirring at 1500 rev/min for 30 min
(Wensink et al. 1974). Breakage occurs essentially
at random with respect to DNA sequence. The ter-
mini consist of short, single-stranded regions which
may have to be taken into account in subsequent
joining procedures.

During the 1960s, phage biologists elucidated the
biochemical basis of the phenomenon of host restric-
tion and modification. The culmination of this work
was the purification of the restriction endonuclease
of Escherichia coli K12 by Meselson and Yuan (1968).
Since this endonuclease cuts unmodified DNA into
large discrete fragments, it was reasoned that it must
recognize a target sequence. This in turn raised the
prospect of controlled manipulation of DNA. Unfor-
tunately, the K12 endonuclease turned out to be
perverse in its properties. While the enzyme does
bind to a defined recognition sequence, cleavage
occurs at a ‘random’ site several kilobases away
(Yuan et al. 1980). The much sought-after break-
through finally came in 1970 with the discovery
in Haemophilus influenzae (Kelly & Smith 1970,
Smith & Wilcox 1970) of an enzyme that behaves

more simply. That is, the enzyme recognizes a par-
ticular target sequence in a duplex DNA molecule
and breaks the polynucleotide chain within that
sequence to give rise to discrete fragments of defined
length and sequence.

The presence of restriction and modification
systems is a double-edged sword. On the one hand,
they provide a rich source of useful enzymes for
DNA manipulation. On the other, these systems can
significantly affect the recovery of recombinant DNA
in cloning hosts. For this reason, some knowledge of
restriction and modification is essential.

Host-controlled restriction
and modification

Restriction systems allow bacteria to monitor the
origin of incoming DNA and to destroy it if it is
recognized as foreign. Restriction endonucleases
recognize specific sequences in the incoming DNA
and cleave the DNA into fragments, either at specific
sites or more randomly. When the incoming DNA is
a bacteriophage genome, the effect is to reduce the
efficiency of plating, i.e. to reduce the number of
plaques formed in plating tests. The phenomena of
restriction and modification were well illustrated
and studied by the behaviour of phage A on two
E. coli host strains.

If a stock preparation of phage A, for example, is
made by growth upon E. coli strain C and this stock is
then titred upon E. coli C and E. coli K, the titres
observed on these two strains will differ by several
orders of magnitude, the titre on E. coli K being the
lower. The phage are said to be restricted by the sec-
ond host strain (E. coli K). When those phage that do
result from the infection of E. coli K are now replated
on E. coli K they are no longer restricted; but if they
are first cycled through E. coli C they are once again
restricted when plated upon E. coli K (Fig. 3.1). Thus
the efficiency with which phage A plates upon a
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/ E. coli K \

EOP =10 QQ

EOP =1 ALK

EOP =1 EOP =1

70
\ E. coli C

Fig. 3.1 Host-controlled restriction and modification of phage
Ain E. coli strain K, analysed by efficiency of plating (EOP).
Phage propagated by growth on strains K or C (i.e. A.K or A.C)
have EOPs on the two strains, as indicated by arrows.

particular host strain depends upon the strain on
which it was last propagated. This non-heritable
change conferred upon the phage by the second
host strain (E. coli K) that allows it to be replated
on that strain without further restriction is called
modification.

The restricted phages adsorb to restrictive hosts
and inject their DNA normally. When the phage
are labelled with 32P, it is apparent that their DNA
is degraded soon after injection (Dussoix & Arber
1962) and the endonuclease that is primarily

responsible for this degradation is called a restriction
endonuclease or restriction enzyme (Lederberg &
Meselson 1964). The restrictive host must, of course,
protect its own DNA from the potentially lethal
effects of the restriction endonuclease and so its DNA
must be appropriately modified. Modification involves
methylation of certain bases at a very limited num-
ber of sequences within DNA, which constitute the
recognition sequences for the restriction endonucle-
ase. This explains why phage that survive one cycle
of growth upon the restrictive host can subsequently
reinfect that host efficiently; their DNA has been
replicated in the presence of the modifying methy-
lase and so it, like the host DNA, becomes methy-
lated and protected from the restriction system.
Although phage infection has been chosen as our
example to illustrate restriction and modification,
these processes can occur whenever DNA is trans-
ferred from one bacterial strain to another.

Types of restriction and modification
(R-M) system

At least four different kinds of R-M system are
known: type I, type II, type III and type IIs. The
essential differences between them are summarized
in Table 3.1.

The type I systems were the first to be character-
ized and a typical example is that from E. coli K12.
The active enzyme consists of two restriction sub-
units, two modification (methylation) subunits and
one recognition subunit. These subunits are the

Table 3.1 Characteristics of the different types of endonucleases.

System Key features

Type | One enzyme with different subunits for recognition, cleavage and methylation. Recognizes and methylates a single
sequence but cleaves DNA up to 1000 bp away

Typelll Two different enzymes which both recognize the same target sequence, which is symmetrical. The two enzymes either
cleave or modify the recognition sequence

Type Il One enzyme with two different subunits, one for recognition and modification and one for cleavage. Recognizes and
methylates same sequence but cleaves 24-26 bp away

Type lls Two different enzymes but recognition sequence is asymmetric. Cleavage occurs on one side of recognition sequence

up to 20 bp away
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Box 3.1 Restriction: from a phenomenon in
bacterial genetics to a biological revolution

In the two related phenomena of host-controlled
restriction and modification, a single cycle of phage
growth, in a particular host bacterium, alters the
host range of the progeny virus. The virus may fail
to plate efficiently on a second host; its host range
is restricted. This modification of the virus differs
fundamentally from mutation because it is imposed
by the host cell on which the virus has been grown
but it is not inherited; when the phage is grown

in some other host, the modification may be lost.

In the 1950s, restriction and modification were
recognized as common phenomena, affecting many
virulent and temperate (i.e. capable of forming
lysogens) phages and involving various bacterial
species (Luria 1953, Lederberg 1957).

Arber and Dussoix clarified the molecular basis
of the phenomena. They showed that restriction
of phage A is associated with rapid breakdown of
the phage DNA in the host bacterium. They also
showed that modification results from an alteration
of the phage DNA which renders the DNA insensitive
to restriction. They deduced that a single modified
strand in the DNA duplex is sufficient to prevent
restriction (Arber & Dussoix 1962, Dussoix &

Arber 1962). Subsequent experiments implicated
methylation of the DNA in the modification process
(Arber 1965).

Detailed genetic analysis, in the 1960s, of the
bacterial genes (in E. coli K and E. coli B) responsible
for restriction and modification supported the duality
of the two phenomena. Mutants of the bacteria could
be isolated that were both restriction-deficient and
modification-deficient (R"M"), or that were R"M™*.
The failure to recover R"M™ mutants was correctly
ascribed to the suicidal failure to confer protective
modification upon the host's own DNA.

The biochemistry of restriction advanced with
the isolation of the restriction endonuclease from
E. coli K (Meselson & Yuan 1968). It was evident
that the restriction endonucleases from E. coli K

and E. coli B were important examples of proteins
that recognize specific structures in DNA, but the
properties of these type | enzymes as they are now
known, were complex. Although the recognition
sites in the phage could be mapped genetically
(Murray et al. 1973a), determined efforts to define
the DNA sequences cleaved were unsuccessful
(Eskin & Linn 1972, Murray et al. 1973b).

The breakthrough came with Hamilton Smith's
discovery of a restriction endonuclease from
Haemopbhilus influenzae strain Rd (Smith & Wilcox
1970) and the elucidation of the nucleotide
sequence at its cleavage sites in phage T7 DNA
(Kelly & Smith 1970). This enzyme is now known as
Hindll. The choice of T7 DNA as the substrate for
cleavage was a good one, because the bacterium
also contains another type Il restriction enzyme,
Hindlll, in abundance. Fortunately, Hindlll does
not cleave T7 DNA, and so any contaminating
Hindlll in the HindIl preparation could not be
problematical (Old et al. 1975). Shortly after the
discovery of Hindll, several other type Il restriction
endonucleases were isolated and characterized.
EcoRI was foremost among these (Hedgepeth
etal. 1972). They were rapidly exploited in the first
recombinant DNA experiments.

s

GAATTC
CTTAAG

T

By the mid-1960s, restriction and modification
had been recognized as important and interesting
phenomena within the field of bacterial genetics
(see, for example, Hayes 1968), but who could
have foreseen the astonishing impact of restriction
enzymes upon biology?



Cutting and joining DNA molecules 29

products of the hsdR, hsdM and hsdS genes. The
methylation and cutting reactions both require ATP
and S-adenosylmethionine as cofactors. The recog-
nition sequences are quite long with no recognizable
features such as symmetry. The enzyme also cuts
unmodified DNA at some distance from the recogni-
tion sequence. However, because the methylation
reaction is performed by the same enzyme which
mediates cleavage, the target DNA may be modified
before it is cut. These features mean that type I sys-
tems are of little value for gene manipulation (see
also Box 3.1). However, their presence in E. coli
strains can affect recovery of recombinants (see
p. 33). Type III enzymes have symmetrical recog-
nition sequences but otherwise resemble type I
systems and are of little value.

Most of the useful R-M systems are of type II. They
have a number of advantages over type I and III
systems. First, restriction and modification are medi-
ated by separate enzymes so it is possible to cleave
DNA in the absence of modification. Secondly, the
restriction activities do not require cofactors such as
ATP or S-adenosylmethionine, making them easier
to use. Most important of all, type II enzymes recog-
nize a defined, usually symmetrical, sequence and
cut within it. Many of them also make a staggered
break in the DNA and the usefulness of this will
become apparent. Although type IIs systems have
similar cofactors and macromolecular structure to
those of type II systems, the fact that restriction
occurs at a distance from the recognition site limits
their usefulness.

The classification of R-M systems into types I to III
is convenient but may require modification as new
discoveries are made. For example, the Eco571 sys-
tem comprises a single polypeptide which has both

restriction and modification activities (Petrusyte
et al. 1988). Other restriction systems are known
which fall outside the above classification. Examples
include the mcr and mrr systems (see p. 34) and
homing endonucleases. The latter are double-
stranded DNases derived from introns or inteins
(Belfort & Roberts 1997). They have large, asym-
metric recognition sequences and, unlike standard
restriction endonucleases, tolerate some sequence
degeneracy within their recognition sequence.

Nomenclature

The discovery of a large number of restriction and
modification systems called for a uniform system of
nomenclature. A suitable system was proposed by
Smith and Nathans (1973) and a simplified version
of thisis in use today. The key features are:

» The species name of the host organism is identi-
fied by the first letter of the genus name and the first
two letters of the specific epithet to generate a three-
letter abbreviation. This abbreviation is always
written in italics.

e Where a particular strain has been the source
then this is identified.

e When a particular host strain has several different
R-M systems, these are identified by roman numerals.
Some examples are given in Table 3.2.

Homing endonucleases are named in a similar
fashion except that intron-encoded endonucleases
are given the prefix ‘I’ (e.g. I-Ceul) and intein
endonucleases have the prefix ‘PI-’ (e.g. Pl-Pspl).
Where it is necessary to distinguish between the
restriction and methylating activities, they are given
the prefixes ‘R’ and ‘M’, respectively, e.g. R.Smal and
M.Smal.

Table 3.2 Examples of restriction endonuclease nomenclature.

Enzyme Enzyme source Recognition sequence
Smal Serratia marcescens, 1st enzyme CCCGGG

Haelll Haemophilus aegyptius, 3rd enzyme GGCC

Hindll Haemophilus influenzae, strain d, 2nd enzyme GTPyPUuAC
Hindlll Haemophilus influenzae, strain d, 3rd enzyme AAGCTT

BamHI Bacillus amyloliquefaciens, strain H, 1st enzyme GGATCC
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Recognition sequences

Most, but not all, type II restriction endonucleases
recognize and cleave DNA within particular sequences
of four to eight nucleotides which have a twofold
axis of rotational symmetry. Such sequences are often
referred to as palindromes because of their similarity
to words that read the same backwards as forwards.
For example, the restriction and modification enzymes
R.EcoRI and M.EcoRI recognize the sequence:

5-GAAITTC-3
3-CT T{AAG-5

Axis of symmetry

The position at which the restricting enzyme cuts is
usually shown by the symbol ‘/" and the nucleotides
methylated by the modification enzyme are usually
marked with an asterisk. For EcoRI these would be
represented thus:

5-G/AA*T T C-3’
3-C TT A*A/G-5

For convenience it is usual practice to simplify the
description of recognition sequences by showing
only one strand of DNA, that which runs in the 5" to
3’ direction. Thus the EcoRI recognition sequence
would be shown as G/AATTC.

From the information shown above we can see
that EcoRI makes single-stranded breaks four bases
apart in the opposite strands of its target sequence so
generating fragments with protruding 5’ termini:

5’-G 5-AATTC-3’
3’-CTTAA-5" G-5

Intermolecular associatlon

These DNA fragments can associate by hydrogen
bonding between overlapping 5" termini, or the frag-
ments can circularize by intramolecular reaction
(Fig. 3.2). For this reason the fragments are said to
have sticky or cohesive ends. In principle, DNA frag-
ments from diverse sources can be joined by means
of the cohesive ends and, as we shall see later, the
nicks in the molecules can be sealed to form an intact
artificially recombinant DNA molecule.

Not all type IT enzymes cleave their target sites like
EcoRI. Some, such as PstI (CTGCA/G), produce frag-
ments bearing 3" overhangs, while others, such as
Smal (CCC/GGG), produce blunt or flush ends.

To date, over 10 000 microbes from around the
world have been screened for restriction enzymes.
From these, over 3000 enzymes have been found
representing approximately 200 different sequence
specificities. Some representative examples are shown
in Table 3.3. For a comprehensive database of
information on restriction endonucleases and their
associated methylases, including cleavage sites,
commercial availability and literature references,
the reader should consult the website maintained by
New England Biolabs (www.rebase.neb.com).

Occasionally enzymes with novel DNA sequence
specificities are found but most prove to have the
same specificity as enzymes already known. Restric-
tion enzymes with the same sequence specificity and
cut site are known as isoschizomers. Enzymes that
recognize the same sequence but cleave at different
points, for example Smal (CCC/GGG) and Xmal
C/CCGGQG), are sometimes known as neoschizomers.

Under extreme conditions, such as elevated pH
or low ionic strength, restriction endonucleases are

Intramolecular association

5 AATT . 5 AATT
TTAA 3
5 AATT
—— Base-pairing
AATT

LA

Base-pairing @
A

AATT AATT

5

TTAA TTAA

Fig. 3.2 Cohesive ends of DNA fragments produced
by digestion with EcoRI.
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Table 3.3 Some restriction endonucleases and their
recognition sites.

Enzyme Recognition sequence

4-Base cutters

Mbol, Dpnl, Sau3Al /GATC

Mspl, Hpall C/CGG

Alul AG/CT

Haelll GG/CC

Tail ACGCT/
6-Base cutters

Bglll A/GATCT

Clal AT/CGAT

Pvull CAG/CTG

Pvul CGAT/CG

Kpnl GGTAC/C
8-Base cutters

Notl GC/GGCCGC

Sbf CCTGCA /GG

capable of cleaving sequences which are similar but
not identical to their defined recognition sequence.
This altered specificity is known as star activity. The
most common types of altered activity are accept-
ance of base substitutions and truncation of the
number of bases in the recognition sequence. For
example, EcoRI* (EcoRI star activity) cleaves the
sequence N/AATTN, where N is any base, whereas
EcoRI cleaves the sequence GAATTC.

Number and size of restriction fragments

The number and size of the fragments generated
by a restriction enzyme depend on the frequency of

occurrence of the target site in the DNA to be cut.
Assuming a DNA molecule with a 50% G+C content
and a random distribution of the four bases, a four-
base recognition site occurs every 4% (256) bp.
Similarly, a six-base recognition site occurs every 4°
(4096) bp and an eight-base recognition sequence
every 48 (65 536) bp. In practice, there is not a ran-
dom distribution of the four bases and many organ-
isms can be AT- or GC-rich, e.g. the nuclear genome
of mammals is 40% G+C and the dinucleotide CG is
fivefold less common than statistically expected.
Similarly, CCG and CGG are the rarest trinucleotides
in most A+T-rich bacterial genomes and CTAG is the
rarest tetranucleotide in G+C-rich bacterial genomes.
Thus different restriction endonucleases with six-base
recognition sites can produce average fragment sizes
significantly different from the expected 4096 bp
(Table 3.4).

Certain restriction endonucleases show pre-
ferential cleavage of some sites in the same DNA
molecule. For example, phage A DNA has five sites
for EcoRI but the different sites are cleaved non-
randomly (Thomas & Davis 1975). The site nearest
theright terminus s cleaved 10 times faster than the
sites in the middle of the molecule. There are four
sites for SacIl in A DNA but the three sites in the
centre of the molecule are cleaved 50 times faster
than the remaining site. There is a group of three
restriction enzymes which show an even more
dramatic site preference. These are Narl, Nael and
Sacll and they require simultaneous interaction with
two copies of their recognition sequence before they
will cleave DNA (Kruger 1988, Conrad & Topal,
1989). Thus Narl will rapidly cleave two of the four
recognition sites on plasmid pBR322 DNA but will
seldom cleave the remaining two sites.

Table 3.4 Average fragment size (bp) produced by different enzymes with DNA from different sources.

Enzyme Target Arabidopsis Nematode Drosophila E. coli Human
Apal GGGCce 25000 40000 6000 15000 2000
Avrll CCTAGG 15 000 20 000 20 000 150 000 8000
BamH]I GGATCC 6000 9000 4000 5000 5000
Dral TITAAA 2000 1000 1000 2000 2000
Spel ACTAGT 8000 8000 9 000 60 000 10000
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Variations on cutting and
joining DNA molecules

In order to join two fragments of DNA together, it is
not essential that they are produced by the same
restriction endonuclease. Many different restriction
endonucleases produce compatible cohesive ends.
For example, Agel (A/CCGGT) and Aval (C/CCGGG)
produce molecules with identical 5" overhangs and
so can be ligated together. There are many other
examples of compatible cohesive ends. What is
more, if the cohesive ends were produced by six-base
cutters, the ligation products are often recleavable
by four-base cutters. Thus, in the example cited
above, the hybrid site ACCGGG can be cleaved by
Hpall (C/CGG), Necil (CC/GGG) or ScrFI (CC/NGG).

GAATTC
CTTAAG

EcoRI

G AATTC
CTTAA G

DNA polymerase

New restriction sites can be generated by filling in
the overhangs generated by restriction endonucle-
ases and ligating the products together. Figure 3.3
shows that after filling in the cohesive ends produced
by EcoRI, ligation produces restriction sites recog-
nized by four other enzymes. Many other examples
of creating new target sites by filling and ligation
are known.

There are also many examples of combinations of
blunt-end restriction endonucleases that produce
recleavable ligation products. For example, when
molecules generated by cleavage with Alul (AG/CT)
are joined to ones produced by EcoRV (GAT/ATC),
some of the ligation sites will have the sequence
GATCT and others will have the sequence AGATC.
Both can be cleaved by Mbol (GATC).

GAATT AATTC
CTTAA TTAAG
DNA ligase
GAATTAATTC
CTTAATTAAG
Xmnl Asel or
Msel
Tsp5091
GAATT AATTC GAAT TAATTC
CTTAA TTAAG CTTAAT TAAG
G AATTC
CTTAA G

(Identical to EcoRI cleavage)

Recognition Sequences
Asel AT/TAAT Tsp5091 /AATT

Msel T/TAA  Xmnl GAANN/NNTTC

Fig. 3.3 The generation of three new
restriction sites after filling in the
overhangs produced by endonuclease
EcoRI and ligating the products
together. Note that there are

two target sites, 4 bp apart, in the
reconstituted molecule

for endonuclease Tsp5091.
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A methyltransferase, M.SssI, that methylates the
dinucleotide CpG (Nur et al. 1985) has been isolated
from Spiroplasma. This enzyme can be used to modify
in vitro restriction endonuclease target sites which
contain the CG sequence. Some of the target
sequences modified in this way will be resistant to
endonuclease cleavage, while others will remain
sensitive. For example, if the sequence CCGG is
modified with SssI, it will be resistant to Hpall but
sensitive to Mspl. Since 90% of the methyl groups in
the genomic DNA of many animals, including verte-
brates and echinoderms, occur as 5-methylcytosine
in the sequence CG, M.Sss can be used to imprint
DNA from other sources with a vertebrate pattern.

The Dam and Dcm methylases of E. coli

Most laboratory strains of E. coli contain three site-
specific DNA methylases. The methylase encoded
by the dam gene transfers a methyl group from
S-adenosylmethionine to the N position of the
adenine residue in the sequence GATC. The methyl-
ase encoded by the dem gene (the Dcm methylase,
previously called the Mec methylase) modifies the
internal cytosine residues in the sequences CCAGG
and CCTGG at the C° position (Marinus et al. 1983).
In DNA in which the GC content is 50%, the sites
for these two methylases occur, on average, every
256-512 bp. The third methylase is the enzyme
M.EcoKI but the sites for this enzyme are much rarer
and occur about once every 8 kb.

These enzymes are of interest for two reasons.
First, some or all of the sites for a restriction en-
donuclease may be resistant to cleavage when
isolated from strains expressing the Dcm or Dam
methylases. This occurs when a particular base in
the recognition site of a restriction endonuclease
is methylated. The relevant base may be methylated
by one of the E. coli methylases if the methylase
recognition site overlaps the endonuclease recog-
nition site. For example, DNA isolated from Dam™
E. coliis completely resistant to cleavage by Mbol, but
not Sau3Al, both of which recognize the sequence
GATC. Similarly, DNA from a Decm™* strain will be
cleaved by BstNI but not by EcoRII, even though
both recognize the sequence CCATGG. It is worth
noting that most cloning strains of E. coli are Dam™
Dcm* but double mutants are available (Marinus
etal. 1983).

The second reason these methylases are of inter-
est is that the modification state of plasmid DNA can
affect the frequency of transformation in special situ-
ations. Transformation efficiency will be reduced when
Dam-modified plasmid DNA is introduced into Dam™
E. coli or Dam- or Dem-modified DNA is introduced into
other species (Russell & Zinder 1987). When DNA is
to be moved from E. coli to another species it is best to
use a strain lacking the Dam and Dcm methylases.

As will be seen later, it is difficult to stably clone
DNA that contains short, direct repetitive sequences.
Deletion of the repeat units occurs quickly, even
when the host strain is deficient in recombination.
However, the deletion mechanism appears to involve
Dam methylation, for it does not occur in dam
mutants (Troester et al. 2000).

The importance of eliminating
restriction systems in E. coli strains used
as hosts for recombinant molecules

If foreign DNA is introduced into an E. coli host it
may be attacked by restriction systems active in the
host cell. An important feature of these systems is
that the fate of the incoming DNA in the restrictive
host depends not only on the sequence of the DNA
but also upon its history: the DNA sequence may or
may not be restricted, depending upon its source
immediately prior to transforming the E. coli host
strain. As we have seen, post-replication modifications
ofthe DNA, usually in the form of methylation of par-
ticular adenine or cytosine residues in the target sequ-
ence, protect against cognate restriction systems but
not, in general, against different restriction systems.

Because restriction provides a natural defence
against invasion by foreign DNA, it is usual to
employ a K restriction-deficient E. coli K12 strain
as a host in transformation with newly created
recombinant molecules. Thus where, for example,
mammalian DNA has been ligated into a plasmid
vector, transformation of the EcoK restriction-
deficient host eliminates the possibility that the
incoming sequence will be restricted, even if the
mammalian sequence contains an unmodified EcoK
target site. If the host happens to be EcoK restriction-
deficient but EcoK modification-proficient, propagation
on the host will confer modification methylation and
hence allow subsequent propagation of the recom-
binant in EcoK restriction-proficient strains, if desired.
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/ mcrC mcrB hsdS  hsdM hsdR
H I [ ] I [ [

14 kb

Fig. 3.4 Theimmigration control region of
E. colistrain K12.

Whereas the EcoKI restriction system, encoded by
the hsdRMS genes, cleaves DNA that is not protected
by methylation at the target site, the McrA, McrBC
and Mrr endonucleases cut DNA that is methylated
at specific positions. All three endonucleases restrict
DNA modified by CpC methylase (M.SssI) and the
Mrr endonuclease will attack DNA with methylade-
nine in specific sequences. The significance of these
restriction enzymes is that DNA from many bacteria,
and from all plants and higher animals, is extensively
methylated and its recovery in cloning experiments
will be greatly reduced if the restriction activity is
not eliminated. There is no problem with DNA from
Saccharomyces cerevisiae or Drosophila melanogaster
since there is little methylation of their DNA.

All the restriction systems in E. coli are clustered
together in an ‘immigration control region’ about
14 kb in length (Fig. 3.4). Some strains carry muta-
tions in one of the genes. For example, strains DH1
and DH5 have a mutation in the hsdR gene and so
are defective for the EcoKI endonuclease but still
mediate the EcoKI modification of DNA. Strain DP50
has a mutation in the hsdS gene and so lacks both the
EcoKI restriction and modification activities. Other
strains, such as E. coli C and the widely used cloning
strain HB101, have a deletion of the entire mcrC—
mrrregion and hence lack all restriction activities.

The importance of enzyme quality

Restriction enzymes are available from many differ-
ent commercial sources. In choosing a source of
enzyme, it is important to consider the quality of the
enzyme supplied. High-quality enzymes are purified
extensively to remove contaminating exonucleases
and endonucleases and tests for the absence of such
contaminants form part of routine quality control
(QC) on the finished product (see below). The absence
of exonucleases is particularly important. If they are
present, they can nibble away the overhangs of
cohesive ends, thereby eliminating or reducing the
production of subsequent recombinants. Contamin-
ating phosphatases can remove the terminal phos-
phate residues, thereby preventing ligation. Even

where subsequent ligation is achieved, the resulting
product may contain small deletions. The message is
clear: cheap restriction enzymes are in reality poor
value for money!

A typical QC procedure is as follows. DNA frag-
ments are produced by an excessive overdigestion of
substrate DNA with each restriction endonuclease.
These fragments are then ligated and recut with the
same restriction endonuclease. Ligation can occur
only if the 3" and 5’ termini are left intact, and only
those molecules with a perfectly restored recogni-
tion site can be recleaved. A normal banding pattern
after cleavage indicates that both the 3" and 5’ termini
are intact and the enzyme preparation is free of de-
tectable exonucleases and phosphatases (Fig. 3.5).

Recut with
Pstl

Pstl digest

Ligation

Fig. 3.5 Quality control of the enzyme PstI. DNA was
overdigested with the endonuclease and the fragments were
ligated together and then recut. Note that the two digests give
an identical banding pattern upon agarose gel electrophoresis.
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An additional QC test is the blue/white screening
assay. In this, the starting material is a plasmid
carrying the E. coli lacZ gene in which there is a sin-
gle recognition site for the enzyme under test. The
plasmid is overdigested with the restriction enzyme,
religated and transformed into a LacZ~ strain of

E. coli. The transformants are plated on media con-
taining the B-galactosidase substrate Xgal. If the
lacZ gene remains intact after digestion and ligation,
it will give rise to a blue colony. If any degradation
of the cut ends occurred, then a white colony will
be produced (Box 3.2).

Box 3.2 o-Complementation of B-galactosidase and the use of Xgal

The activity of the enzyme -galactosidase is easily
monitored by including in the growth medium the
chromogenic substrate 5-bromo-4-chloro-3-indolyl-
-p-galactoside (Xgal). This compound is colourless
but on cleavage releases a blue indolyl derivative.
On solid medium, colonies that are expressing active

CH,OH

B-galactosidase are blue in colour while those
without the activity are white in colour. This is often
referred to as blue/white screening. Since Xgal is
not an inducer of B-galactosidase, the non-substrate
(gratuitous) inducer isopropyl-3-o-thiogalactoside
(IPTG) is also added to the medium.

0} O, Cl
HO
Br 5-Bromo-4-chloro-3-indolyl-
OH / B-p-galactoside (Xgal)
H
N
OH H

lﬁ—Galactosidase

O OH Cl o) 1) Cl
Br Br Br
\ Air
—_—  —
N N N
H H H

5-Bromo-4-chloroindoxyl

The phenomenon of a-complementation of
-galactosidase is widely used in molecular
genetics. The starting-point for a-complementation
is the M15 mutant of E. coli. This has a deletion
of residues 11-41 in the /acZ gene and shows no
[-galactosidase activity. Enzyme activity can be
restored to the mutant enzyme in vitro by adding
a cyanogen bromide peptide derived from amino
acid residues 3-92 (Langley et al. 1975, Langley
& Zabin 1976). Complementation can also be
shown in vivo. If a plasmid carrying the N-terminal
fragment of the /acZ gene encompassing the missing
region is introduced into the M15 mutant, then
-galactosidase is produced, as demonstrated by the
production of a blue colour on medium containing

5,5'-Dibromo-4,4'-dichloroindigo

Xgal. In practice, the plasmid usually carries the
lacl gene and the first 146 codons of the /acZ gene,
because in the early days of genetic engineering
this was a convenient fragment of DNA to
manipulate.

Since wild-type -galactosidase has 1021 amino
acids, it is encoded by a gene 3.1 kb in length.
While a gene of this length is easily manipulated
in vitro, there are practical disadvantages to using
the whole gene. As will be seen later, it is preferable
to keep cloning vectors and their inserts as small as
possible. The phenomenon of a-complementation
allows genetic engineers to take advantage of the
lac system without having to have the entire Z gene
on the vector.



36 CHAPTER 3

Joining DNA molecules

Having described the methods available for cutting
DNA molecules, we must consider the ways in which
DNA fragments can be joined to create artificially
recombinant molecules. There are currently three
methods for joining DNA fragments in vitro. The first
of these capitalizes on the ability of DNA ligase
to join covalently the annealed cohesive ends pro-
duced by certain restriction enzymes. The second
depends upon the ability of DNA ligase from phage
T4-infected E. coli to catalyse the formation of phos-
phodiester bonds between blunt-ended fragments.
The third utilizes the enzyme terminal deoxynu-
cleotidyltransferase to synthesize homopolymeric 3’
single-stranded tails at the ends of fragments. We
can now look at these three methods a little more
deeply.

DNA ligase

E. coli and phage T4 encode an enzyme, DNA ligase,
which seals single-stranded nicks between adjacent

Enzyme-AMP
A
| Enzyme
||’ NMN

P
5 P/I/P/l/OH/l/P/]/P/]/P 3
B B B ATP

5| p P/l/O}-rl/P P/]/P 3 NAD*

nucleotides in a duplex DNA chain (Olivera et al.
1968, Gumport & Lehman 1971). Although the
reactions catalysed by the enzymes of E. coli and
T4-infected E. coli are very similar, they differ in their
cofactor requirements. The T4 enzyme requires
ATP, while the E. coli enzyme requires NAD*. In
each case the cofactor is split and forms an enzyme—
AMP complex. The complex binds to the nick, which
must expose a 5" phosphate and 3" OH group, and
makes a covalent bond in the phosphodiester chain,
as shown in Fig. 3.6.

When termini created by a restriction endonucle-
ase that creates cohesive ends associate, the joint
has nicks a few base pairs apart in opposite strands.
DNA ligase can then repair these nicks to form an
intact duplex. This reaction, performed in vitro
with purified DNA ligase, is fundamental to many
gene-manipulation procedures, such as that shown
in Fig. 3.7.

The optimum temperature for ligation of nicked
DNA is 37°C, but at this temperature the hydrogen-
bonded join between the sticky ends is unstable.
EcoRI-generated termini associate through only

T4 DNA ligase

E.coli DNA ligase

Fig. 3.6 Action of DNA ligase. An enzyme
— AMP complex binds to a nick bearing 3"
OH and 5’ P groups. The AMP reacts with
the phosphate group. Attack by the 3”

OH group on this moiety generates a new
phosphodiester bond, which seals the nick.
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Fig. 3.7 Use of DNA ligase to create a
covalent DNA recombinant joined
through association of termini
generated by EcoRI.

four AT base pairs and these are not sufficient to
resist thermal disruption at such a high temper-
ature. The optimum temperature for ligating the
cohesive termini is therefore a compromise between
the rate of enzyme action and association of the
termini, and has been found experimentally to be
in the range 4—15°C (Dugaiczyk et al. 1975, Ferretti
& Sgaramella 1981).

The ligation reaction can be performed so as to
favour the formation of recombinants. First, the
population of recombinants can be increased by
performing the reaction at a high DNA concentra-
tion; in dilute solutions circularization of linear frag-
ments is relatively favoured because of the reduced
frequency of intermolecular reactions. Secondly, by
treating linearized plasmid vector DNA with alka-
line phosphatase to remove 5’-terminal phosphate
groups, both recircularization and plasmid dimer
formation are prevented (Fig. 3.8). In this case,

Transformation, Tc selection

circularization of the vector can occur only by inser-
tion of non-phosphatase-treated foreign DNA which
provides one 5’-terminal phosphate at each join.
One nick at each join remains unligated, but, after
transformation of host bacteria, cellular repair
mechanisms reconstitute the intact duplex.

Joining DNA fragments with cohesive ends by
DNA ligase is a relatively efficient process which has
been used extensively to create artificial recombin-
ants. A modification of this procedure depends upon
the ability of T4 DNA ligase to join blunt-ended DNA
molecules (Sgaramella 1972). The E. coli DNA ligase
will not catalyse blunt ligation except under special
reaction conditions of macromolecular crowding
(Zimmerman & Pheiffer 1983). Blunt ligation is most
usefully applied to joining blunt-ended fragments
via linker molecules; in an early example of this,
Scheller et al. (1977) synthesized self-complementary
decameric oligonucleotides, which contain sites for
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one or more restriction endonucleases. One such
molecule is shown in Fig. 3.9. The molecule can be
ligated to both ends of the foreign DNA to be cloned,
and then treated with restriction endonuclease to
produce a sticky-ended fragment, which can be
incorporated into a vector molecule that has been
cut with the same restriction endonuclease. Inser-
tion by means of the linker creates restriction-
enzyme target sites at each end of the foreign DNA
and so enables the foreign DNA to be excised and
recovered after cloning and amplification in the host
bacterium.

Adaptors

It may be the case that the restriction enzyme used to
generate the cohesive ends in the linker will also cut
the foreign DNA at internal sites. In this situation,

Fig. 3.8 Application of alkaline
phosphatase treatment to prevent
recircularization of vector plasmid
without insertion of foreign DNA.

the foreign DNA will be cloned as two or more sub-
fragments. One solution to this problem is to choose
another restriction enzyme, but there may not be a
suitable choice if the foreign DNA is large and has
sites for several restriction enzymes. Another solu-
tion is to methylate internal restriction sites with the
appropriate modification methylase. An example of
this is described in Fig. 6.2. Alternatively, a general
solution to the problem is provided by chemically
synthesized adaptor molecules which have a pre-
formed cohesive end (Wu et al. 1978). Consider a
blunt-ended foreign DNA containing an internal
BamHI site (Fig. 3.10), which is to be cloned in a
BamHI-cut vector. The Bam adaptor molecule has
one blunt end bearing a 5" phosphate group and a
Bam cohesive end which is not phosphorylated. The
adaptor can be ligated to the foreign DNA ends. The
foreign DNA plus added adaptors is then phosphory-



Fig. 3.9 A decameric linker molecule

containing an EcoRI target site is joined
by T4 DNA ligase to both ends of flush-

ended foreign DNA. Cohesive ends are

then generated by EcoRI. This DNA can
then be incorporated into a vector that

has been treated with the same
restriction endonuclease.

Fig. 3.10 Use of a BamHI adaptor

molecule. A synthetic adaptor molecule

isligated to the foreign DNA. The

adaptor is used in the 5’-hydroxyl form

to prevent self-polymerization. The
foreign DNA plus ligated adaptors is
phosphorylated at the 5’-termini and
ligated into the vector previously cut
with BamHI.
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lated at the 5 termini and ligated into the BamHI site
of the vector. If the foreign DNA were to be recovered
from the recombinant with BamHI, it would be
obtained in two fragments. However, the adaptor is
designed to contain two other restriction sites (Smal,
Hpall), which may enable the foreign DNA to be
recovered intact.

Note that the only difference between an adaptor
and a linker is that the former has cohesive ends and
the latter has blunt ends. A wide range of adaptors
are available commercially.

Homopolymer tailing

A general method for joining DNA molecules makes
use of the annealing of complementary homopolymer
sequences. Thus, by adding oligo(dA) sequences to
the 3’ ends of one population of DNA molecules and
oligo(dT) blocks to the 3” ends of another population,
the two types of molecule can anneal to form mixed
dimeric circles (Fig. 3.11).

An enzyme purified from calf thymus, terminal
deoxynucleotidyltransferase, provides the means

5 e— 3, 5
3 e— 3

A-exonuclease

5 —— 3

by which the homopolymeric extensions can be
synthesized, for if presented with a single deoxynu-
cleotide triphosphate it will repeatedly add nucleo-
tides to the 3" OH termini of a population of DNA
molecules (Chang & Bollum 1971). DNA with
exposed 3’ OH groups, such as arise from pretreat-
ment with phage A exonuclease or restriction with
an enzyme such as Pstl, is a very good substrate
for the transferase. However, conditions have been
found in which the enzyme will extend even the
shielded 3 OH of 5’ cohesive termini generated by
EcoRI (Roychoudhury et al. 1976, Humphries et al.
1978).

The terminal transferase reactions have been
characterized in detail with regard to their use in
gene manipulation (Deng & Wu 1981, Michelson
& Orkin 1982). Typically, 10-40 homopolymeric
residues are added to each end.

One of the earliest examples of the construction of
recombinant molecules, the insertion of a piece of A
DNA into SV40 viral DNA, made use of homopoly-
mer tailing (Jackson et al. 1972). In their experi-
ments, the single-stranded gaps which remained

3
5

A-exonuclease

3’

3 e 5 3~ 5
Terminal Terminal
transferase transferase
+dATP +dATP
5 e A(A) A 37 5" (), T3
3'AA) A 5’ 3'T(M), T 5
Mix and

%
' anneal
Al

Fig. 3.11 Use of calf-thymus terminal
deoxynucleotidyltransferase to add
complementary homopolymer tails to
two DNA molecules.
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in the two strands at each join were repaired in
vitro with DNA polymerase and DNA ligase so as to
produce covalent-ly closed circular molecules. The
recombinants were then transfected into susceptible
mammalian cells (see Chapter 10). Subsequently,
the homopolymer method, using either dA.dT or
dG.dC homopolymers was used extensively to con-
struct recombinant plasmids for cloning in E. coli. In
recent years, homopolymer tailing has been largely
replaced as a result of the availability of a much
wider range of restriction endonucleases and other
DNA-modifying enzymes. However, it is still impor-
tant for cDNA cloning (see p. 95 et seq.).

Joining polymerase chain
reaction (PCR) products

Many of the strategies for cloning DNA fragments do
not work well with PCR products. The reason for this
is that the polymerases used in the PCR have a ter-
minal transferase activity. For example, the Tag
polymerase adds a single 3" A overhang to each end
of the PCR product. Thus PCR products cannot be
blunt-end-ligated unless the ends are first polished
(blunted). A DNA polymerase like Klenow can be
used to fill in the ends. Alternatively, Pfu DNA poly-
merase can be used to remove extended bases with
its 3’ to 5" exonuclease activity. However, even
when the PCR fragments are polished, blunt-end-
ligating them into a vector still may be very
inefficient. One solution to this problem is to use T/A
cloning (Mead et al. 1991). In this method, the PCR
fragment is ligated to a vector DNA molecule with a
single 3” deoxythymidylate extension (Fig. 3.12).

Incorporation of extra sequence at the
5’ end of a primer into amplified DNA

A PCR primer may be designed which, in addition
to the sequence required for hybridization with the
input DNA, includes an extra sequence at its 5" end.
The extra sequence does not participate in the first
hybridization step — only the 3’ portion of the primer
hybridizes — but it subsequently becomes incorpo-
rated into the amplified DNA fragment (Fig. 3.13).
Because the extra sequence can be chosen at the
will of the experimenter, great flexibility is available
here.

A common application of this principle is the
incorporation of restriction sites at each end of the
amplified product. Figure 3.13 illustrates the addi-
tion of a HindlII site and an EcoRI site to the ends
of an amplified DNA fragment. In order to ensure
that the restriction sites are good substrates for
the restriction endonucleases, four nucleotides are
placed between the hexanucleotide restriction sites
and the extreme ends of the DNA. The incorporation
of these restriction sites provides one method for
cloning amplified DNA fragments (see below).

Joining DNA molecules without
DNA ligase

In all the cutting and joining reactions described
above, two separate protein components were
required: a site-specific endonuclease and a DNA lig-
ase. Shuman (1994) has described a novel approach
to the synthesis of recombinant molecules in which
a single enzyme, vaccinia DNA topoisomerase, both

(a)
GGTGANNNNNNNNNN---——
CCACTNNNNNNNNNN---—~
(b)  Hphl ‘
- " E— I i
Fig.3.12 Cleavage ofa vector DNA M\~ GGTGAACCCGGGTTCGA—————————~ AGAACCCGGGTTCACC —AW
molecule to generate single thymidylate ~ A\A—~ CCACTTGGGCCGAAGCT-————---—~— TCTTGGGCCCAAGTGG — W
overhangs. (a) The recognition i 1 Hph

sequence and cleavage point for the
restriction endonuclease Hphl.

(b) Sequences in the vector DNA which
result in desired overhangs after
cleavage with Hphl.

VYWAV— GGTGAACCCGGGT
YWA— CCACTTGGGCCC

[ Hphl

CCCGGGTTCACC /W
TGGGCCCAAGTGG W
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cleaves and rejoins DNA molecules. Placement of
the CCCTT cleavage motif for vaccinia topoisom-
erase near the end of a duplex DNA permits efficient
generation of a stable, highly recombinogenic protein
DNA adduct that can only religate to acceptor DNAs
that contain complementary single-strand exten-
sions. Linear DNAs containing CCCTT cleavage sites
at both ends can be activated by topoisomerase and
inserted into a plasmid vector.

Heyman et al. (1999) have used the properties
of vaccinia topoisomerase to develop a ligase-free

—

CTTaaGecae s

—

Fig. 3.13 Incorporation of extra
sequence at the 5" end of a primer.
Two primers have sequences designed
to hybridize at the ends of the target
region. Primer 1 has an extra sequence
near its 5" end which forms a HindIII
site (AAGCTT), and primer 2 has an
extra sequence near its 5" end which
forms an EcoRI (GAATTC) site. Each
primer has an additional 5’-terminal
sequence of four nucleotides so that
the hexanucleotide restriction sites are
placed within the extreme ends of

the amplified DNA, and so present
good substrates for endonuclease
cleavage.

Primer 2

AATTCGGCC
TTAAGCCGG

technology for the covalent joining of DNA fragments
to plasmid vectors. Whereas joining molecules
with DNA ligase requires an overnight incubation,
topoisomerase-mediated ligation occurs in 5 min.
The method is particularly suited to cloning PCR
fragments. A linearized vector with single 3" T
extensions is activated with the topoisomerase. On
addition of the PCR product with 3" A overhangs,
ligation is very rapid. In addition, the high substrate
specificity of the enzyme means that there is a low
rate of formation of vectors without inserts.



CHAPTER4

Basic biology of plasmid
and phage vectors

Plasmid biology and
simple plasmid vectors

Plasmids are widely used as cloning vehicles but,
before discussing their use in this context, it is appro-
priate to review some of their basic properties.
Plasmids are replicons which are stably inherited in
an extrachromosomal state. Most plasmids exist as
double-stranded circular DNA molecules. If both
strands of DNA are intact circles the molecules are
described as covalently closed circles or CCC DNA
(Fig. 4.1). If only one strand is intact, then the
molecules are described as open circles or OC DNA.
When isolated from cells, covalently closed circles
often have a deficiency of turns in the double helix,
such that they have a supercoiled configuration.

Supercoiled

DNA gyrase
9y Endonuclease

Topo-
isomerase

Relaxed, covalently
closed circular DNA

Open, circular DNA

Fig. 4.1 The interconversion of supercoiled, relaxed
covalently closed circular DNA and open circular DNA.

The enzymatic interconversion of supercoiled, relaxed
CCC DNA* and OC DNA is shown in Fig. 4.1.
Because of their different structural configurations,
supercoiled and OC DNA separate upon electro-
phoresis in agarose gels (Fig. 4.2). Addition of an
intercalating agent, such as ethidium bromide, to
supercoiled DNA causes the plasmid to unwind. If
excess ethidium bromide is added, the plasmid will
rewind in the opposite direction (Fig. 4.3). Use of
this fact is made in the isolation of plasmid DNA
(seep.48).

Not all plasmids exist as circular molecules.
Linear plasmids have been found in a variety of bac-
teria, e.g. Streptomyces sp. and Borrelia burgdorferi.
To prevent nuclease digestion, the ends of linear
plasmids need to be protected and two general
mechanisms have evolved. Either there are repeated
sequences ending in a terminal DNA hairpin loop
(Borrelia) or the ends are protected by covalent
attachment of a protein (Streptomyces). For more
details of linear plasmids the reader should consult
Hinnebusch and Tilly (1993).

Plasmids are widely distributed throughout the
prokaryotes, vary in size from less than 1 x 10°
daltons to greater than 200 x 10°, and are generally
dispensable. Some of the phenotypes which these
plasmids confer on their host cells are listed in
Table 4.1. Plasmids to which phenotypic traits have
not yet been ascribed are called cryptic plasmids.

Plasmids can be categorized into one of two major
type — conjugative or non-conjugative — depending
upon whether or not they carry a set of transfer
genes, called the tra genes, which promote bacterial
conjugation. Plasmids can also be categorized on the
basis of their being maintained as multiple copies per

* The reader should not be confused by the terms relaxed circle
and relaxed plasmid. Relaxed circles are CCC DNA that does not
have a supercoiled configuration. Relaxed plasmids are plas-
mids with multiple copies per cell.
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Direction of
migration

ocC

sC

Fig. 4.2 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
(which complexes with DNA by intercalating between
stacked base pairs) and photographing the orange
fluorescence which results upon ultraviolet irradiation.

(A) Open circular (OC) and supercoiled (SC) forms of a plasmid
of 6.4 kb pairs. Note that the compact supercoils migrate
considerably faster than open circles (B). Linear plasmid

(L) DNA is produced by treatment of the preparation shown
in lane (A) with EcoRI, for which there is a single target site.
Under the conditions of electrophoresis employed here, the
linear form migrates just ahead of the open circular form.

cell (relaxed plasmids) or as a limited number of
copies per cell (stringent plasmids). Generally, con-
jugative plasmids are of relatively high molecular
weight and are present as one to three copies per
chromosome, whereas non-conjugative plasmids
are of low molecular weight and present as multiple
copies per chromosome (Table 4.2). An exception is
the conjugative plasmid R6K, which has a molecu-
lar weight of 25 x 10° daltons and is maintained as a
relaxed plasmid.

OSSO

B

é
C
D

%
E

é

Fig. 4.3 Effect of intercalation of ethidium bromide on
supercoiling of DNA. As the amount of intercalated ethidium
bromide increases, the double helix untwists, with the result
that the supercoiling decreases until the open form of the
circular molecule is produced. Further intercalation
introduces excess turns in the double helix, resulting in
supercoiling in the opposite sense (note the direction of
coiling at B and D). For clarity, only a single line represents
the double helix.
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Table 4.1 Some phenotypic traits exhibited by
plasmid-carried genes.

Antibiotic resistance

Antibiotic production

Degradation of aromatic compounds
Haemolysin production

Sugar fermentation

Enterotoxin production

Heavy-metal resistance

Bacteriocin production

Induction of plant tumours
Hydrogen sulphide production
Host-controlled restriction and modification

Host range of plasmids

Plasmids encode only a few of the proteins required
for their own replication and in many cases encode
only one of them. All the other proteins required
for replication, e.g. DNA polymerases, DNA ligase,
helicases, etc., are provided by the host cell. Those
replication proteins that are plasmid-encoded are
located very close to the ori (origin of replication)
sequences at which they act. Thus, only a small
region surrounding the ori site is required for replica-
tion. Other parts of the plasmid can be deleted and
foreign sequences can be added to the plasmid and
replication will still occur. This feature of plasmids
has greatly simplified the construction of versatile
cloning vectors.

The host range of a plasmid is determined by its ori
region. Plasmids whose ori region is derived from

plasmid Col E1 have a restricted host range: they
only replicate in enteric bacteria, such as E. coli,
Salmonella, etc. Other promiscuous plasmids have
a broad host range and these include RP4 and
RSF1010. Plasmids of the RP4 type will replicate in
most Gram-negative bacteria, to which they are
readily transmitted by conjugation. Such promiscu-
ous plasmids offer the potential of readily transfer-
ring cloned DNA molecules into a wide range of
genetic backgrounds. Plasmids like RSF1010 are
not conjugative but can be transformed into a wide
range of Gram-negative and Gram-positive bacteria,
where they are stably maintained. Many of the plas-
mids isolated from Staphylococcus aureus also have a
broad host range and can replicate in many other
Gram-positive bacteria. Plasmids with a broad host
range encode most, if not all, of the proteins required
for replication. They must also be able to express
these genes and thus their promoters and ribosome
binding sites must have evolved such that they can
be recognized in a diversity of bacterial families.

Plasmid copy number

The copy number of a plasmid is determined by
regulating the initiation of plasmid replication. Two
major mechanisms of control of initiation have been
recognized: regulation by antisense RNA and regu-
lation by binding of essential proteins to iterons (for
review, see Del Solar et al. 1998). Most of the cloning
vectors in current use carry an ori region derived
from plasmid Col E1 and copy-number control is
mediated by antisense RNA. In this type of plas-
mid, the primer for DNA replication is a 555-base

Table 4.2 Properties of some conjugative and non-conjugative plasmids of Gram-negative organisms.

No. of plasmid copies/

Plasmid Size (MDa) Conjugative chromosome equivalent Phenotype

Col ET 4.2 No 10-15 Col ET production

RSF1030 5.6 No 20-40 Ampicillin resistance

clo DF13 6 No 10 Cloacin production

R6K 25 Yes 13-38 Ampicillin and streptomycin resistance
F 62 Yes =2 =

RI 62.5 Yes 3-6 Multiple drug resistance

Ent P307 65 Yes 1-3 Enterotoxin production
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ribonucleotide molecule called RNA II, which forms
an RNA-DNA hybrid at the replication origin
(Tomizawa & Itoh 1982), RNA II can only act as
a primer if it is cleaved by RNase H to leave a free
3’ hydroxyl group. Unless RNA II is processed in this
way, it will not function as a primer and replication
will not ensue. Replication control is mediated by
another small (108-base) RNA molecule called RNA
I (Tomizawa & Itoh 1981), which is encoded by
the same region of DNA as RNA II but by the com-
plementary strand. Thus RNA I and RNA II are
complementary to each other and can hybridize to
form a double-stranded RNA helix. The formation of
this duplex interferes with the processing of RNA II
by RNase H and hence replication does not ensue

coloured pale red and RNA Il dark red.
The Rop protein dimer enhances the
initial pairing of RNATand RNAII.

(Fig. 4.4). Since RNA I is encoded by the plasmid,
more of it will be synthesized when the copy number
of the plasmid is high. As the host cell grows and
divides, so the concentration of RNA I will fall and
the plasmid will begin to replicate again (Cesarini
etal. 1991, Eguchietal. 1991).

In addition to RNA I, a plasmid-encoded protein
called Rop helps maintain the copy number (Cesarini
et al. 1982). This protein, which forms a dimer,
enhances the pairing between RNA T and RNA II so
that processing of the primer can be inhibited even
atrelatively low concentrations of RNA I. Deletion of
the ROP gene (Twigg & Sherratt 1980) or mutations
in RNA I (Muesing et al. 1981) result in increased
copy numbers.
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Fig. 4.5 Theoriregion of pSC101.R1,R2,

and R3 are the three iteron sequences
(CAAAGGTCTAGCAGCAGAATTTACAGA for R3) to which
RepA binds to handcuff two plasmids. RepA autoregulates its
own synthesis by binding to the inverted repeats IR1 and IR 2.
The location of the partitioning site par and the binding sites
for the host protein DnaA are also shown.

In plasmid pSC101 and many of the broad-
host-range plasmids, the ori region contains three
to seven copies of an iteron sequence which is 17 to
22 bp long. Close to the ori region there is a gene,
called repA in pSC101, which encodes the RepA
protein. This protein, which is the only plasmid-
encoded protein required for replication, binds to the
iterons and initiates DNA synthesis (Fig. 4.5).

Copy-number control is exerted by two superim-
posed mechanisms. First, the RepA protein represses
its own synthesis by binding to its own promoter
region and blocking transcription of its own gene
(Ingmer & Cohen 1993). If the copy number is high,
synthesis of RepA will be repressed. After cell divi-
sion, the copy number and concentration of RepA
will drop and replication will be initiated. Mutations
in the RepA protein can lead to increased copy num-
ber (Ingmer & Cohen 1993, Cereghino et al. 1994).
Secondly, the RepA protein can link two plasmids
together, by binding to their iteron sequences, there-
by preventing them from initiating replication. By
this mechanism, known as handcuffing (McEachern
et al. 1989), the replication of iteron plasmids will
depend both on the concentration of RepA protein
and on the concentration of the plasmids themselves.

Partitioning and segregative
stability of plasmids

The loss of plasmids due to defective partitioning
is called segregative instability. Naturally occurring

plasmids are stably maintained because they con-
tain a partitioning function, par, which ensures that
they are stably maintained at each cell division.
Such par regions are essential for stability of low-
copy-number plasmids (for review, see Bingle &
Thomas 2001). The higher-copy-number plasmid
Col E1 also contains a par region but this is deleted in
many Col E1-derived cloning vectors, e.g. pPBR322.
Although the copy number of vectors such as pBR322
is usually high, plasmid-free cells arise under nutri-
ent limitation or other stress conditions (Jones et al.
1980, Nugent et al. 1983). The par region from a
plasmid such as pSC101 can be cloned into pPBR322,
thereby stabilizing the plasmid (Primrose etal. 1983).

DNA superhelicity is involved in the partitioning
mechanism (Miller et al. 1990). pSC101 derivatives
lacking the par locus show decreased overall super-
helical density as compared with wild-type pSC101.
Partition-defective mutants of pSC101 and similar
mutants of unrelated plasmids are stabilized in
Eseherichia coli by topA mutations, which increase
negative DNA supercoiling. Conversely, DNA gyrase
inhibitors and mutations in DNA gyrase increase
the rate of loss of par-defective pSC101 derivatives.

Plasmid instability may also arise due to the for-
mation of multimeric forms of a plasmid. The mech-
anism that controls the copy number of a plasmid
ensures a fixed number of plasmid origins per
bacterium. Cells containing multimeric plasmids
have the same number of plasmid origins but fewer
plasmid molecules, which leads to segregative instab-
ility if they lack a partitioning function. These mul-
timeric forms are not seen with Col E1, which has
a natural method of resolving multimers back to
monomers. It contains a highly recombinogenic site
(cer). If the cer sequence occurs more than once in a
plasmid, as in a multimer, the host-cell Xer protein
promotes recombination, thereby regenerating mono-
mers (Summers & Sherratt 1984, Guhathakurta
etal. 1996; for review, see Summers 1998).

Incompatibility of plasmids

Plasmid incompatibility is the inability of two differ-
ent plasmids to coexist in the same cell in the
absence of selection pressure. The term incompatib-
ility can only be used when it is certain that entry of
the second plasmid has taken place and that DNA
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restriction is not involved. Groups of plasmids which
are mutually incompatible are considered to belong
to the same incompatibility (Inc) group. Over 30 in-
compatibility groups have been defined in E. coli and
13 for plasmids of S. aureus. Plasmids will be incom-
patible if they have the same mechanism of replica-
tion control. Not surprisingly, by changing the
sequence of the RNA I/RNA II region of plasmids
with antisense control of copy number, it is possible
to change their incompatibility group. Alternatively,
they will be incompatible if they share the same par
region (Austin & Nordstrom 1990, Firsheim & Kim
1997).

The purification of plasmid DNA

An obvious prerequisite for cloning in plasmids is
the purification of the plasmid DNA. Although a
wide range of plasmid DNAs are now routinely
purified, the methods used are not without their
problems. Undoubtedly the trickiest stage is the lysis
of the host cells; both incomplete lysis and total
dissolution of the cells result in greatly reduced
recoveries of plasmid DNA. The ideal situation
occurs when each cell is just sufficiently broken to
permit the plasmid DNA to escape without too much
contaminating chromosomal DNA. Provided the
lysis is done gently, most of the chromosomal DNA
released will be of high molecular weight and can be
removed, along with cell debris, by high-speed
centrifugation to yield a cleared lysate. The produc-
tion of satisfactory cleared lysates from bacteria
other than E. coli, particularly if large plasmids are to
be isolated, is frequently a combination of skill, luck
and patience.

Many methods are available for isolating pure
plasmid DNA from cleared lysates but only two will
be described here. The first of these is the ‘classical’
method and is due to Vinograd (Radloff et al. 1967).
This method involves isopycnic centrifugation of
cleared lysates in a solution of CsCl containing
ethidium bromide (EtBr). EtBr binds by intercalating
between the DNA base pairs, and in so doing causes
the DNA to unwind. A CCC DNA molecule, such as
a plasmid, has no free ends and can only unwind to
a limited extent, thus limiting the amount of EtBr
bound. A linear DNA molecule, such as fragmented
chromosomal DNA, has no such topological con-

Upper band containing
chromosomal DNA and
open plasmid circles

Lower band of
covalently closed
circular plasmid DNA

Fig. 4.6 Purification of Col E1 Kan® plasmid DNA by
isopycnic centrifugation in a CsCI-EtBr gradient.
(Photograph by courtesy of Dr G. Birnie.)

straints and can therefore bind more of the EtBr
molecules. Because the density of the DNA-EtBr
complex decreases as more EtBr is bound, and
because more EtBr can be bound to a linear molecule
than to a covalent circle, the covalent circle has a
higher density at saturating concentrations of EtBr.
Thus covalent circles (i.e. plasmids) can be separated
from linear chromosomal DNA (Fig. 4.6).

Currently the most popular method of extracting
and purifying plasmid DNA is that of Birnboim and
Doly (1979). This method makes use of the observa-
tion that there is a narrow range of pH (12.0-12.5)
within which denaturation of linear DNA, but not
covalently closed circular DNA, occurs. Plasmid-
containing cells are treated with lysozyme to weaken
the cell wall and then lysed with sodium hydroxide
and sodium dodecyl sulphate (SDS). Chromosomal
DNA remains in a high-molecular-weight form but
isdenatured. Upon neutralization with acidic sodium
acetate, the chromosomal DNA renatures and aggreg-
ates to form an insoluble network. Simultaneously,
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the high concentration of sodium acetate causes
precipitation of protein—SDS complexes and of high-
molecular-weight RNA. Provided the pH of the
alkaline denaturation step has been carefully con-
trolled, the CCC plasmid DNA molecules will remain
in a native state and in solution, while the contamin-
ating macromolecules co-precipitate. The precipitate
can be removed by centrifugation and the plasmid
concentrated by ethanol precipitation. If necessary,
the plasmid DNA can be purified further by gel
filtration.

Recently a number of commercial suppliers of con-
venience molecular-biology products have developed
kits to improve the yield and purity of plasmid DNA.
All of them take advantage of the benefits of alkaline
lysis and have as their starting-point the cleared
lysate. The plasmid DNA is selectively bound to an
ion-exchange material, prepacked in columns or
tubes, in the presence of a chaotropic agent (e.g.
guanidinium hydrochloride). After washing away
the contaminants, the purified plasmid is eluted in a
small volume.

The yield of plasmid is affected by a number of
factors. The first of these is the actual copy num-
ber inside the cells at the time of harvest. The copy-
number control systems described earlier are not the
only factors affecting yield. The copy number is also
affected by the growth medium, the stage of growth
and the genotype of the host cell (Nugent etal. 1983,
Seelke et al. 1987, Duttweiler & Gross 1998). The
second and most important factor is the care taken
in making the cleared lysate. Unfortunately, the
commercially available kits have not removed the
vagaries of this procedure. Finally, the presence in
the host cell of a wild-type endA gene can affect the
recovery of plasmid. The product of the endA gene
is endonuclease I, a periplasmic protein whose
substrate is double-stranded DNA. The function
of endonuclease I is not fully understood. Strains
bearing endA mutations have no obvious phenotype
other than improved stability and yield of plasmid
obtained from them.

Although most cloning vehicles are of low molecu-
lar weight (see next section), it is sometimes neces-
sary to use the much larger conjugative plasmids.
Although these high-molecular-weight plasmids
can be isolated by the methods just described, the
yields are often very low. Either there is inefficient

release of the plasmids from the cells as a conse-
quence of their size or there is physical destruction
caused by shear forces during the various manipulat-
ive steps. A number of alternative procedures have
been described (Gowland & Hardmann 1986), many
of which are a variation on that of Eckhardt (1978).
Bacteria are suspended in a mixture of Ficoll and
lysozyme and this results in a weakening of the cell
walls. The samples are then placed in the slots of an
agarose gel, where the cells are lysed by the addition
of detergent. The plasmids are subsequently extracted
from the gel following electrophoresis. The use of
agarose, which melts at low temperature, facilitates
extraction of the plasmid from the gel.

Desirable properties of
plasmid cloning vehicles

An ideal cloning vehicle would have the following
three properties:

* low molecular weight;

« ability to confer readily selectable phenotypic traits
on host cells;

 single sites for a large number of restriction
endonucleases, preferably in genes with a readily
scorable phenotype.

The advantages of a low molecular weight are
several. First, the plasmid is much easier to handle,
i.e. it is more resistant to damage by shearing, and
is readily isolated from host cells. Secondly, low-
molecular-weight plasmids are usually present as
multiple copies (see Table 4.2), and this not only
facilitates their isolation but leads to gene dosage
effects for all cloned genes. Finally, with a low
molecular weight there is less chance that the vector
will have multiple substrate sites for any restriction
endonuclease (see below).

After a piece of foreign DNA is inserted into a
vector, the resulting chimeric molecules have to
be transformed into a suitable recipient. Since the
efficiency of transformation is so low, it is essential
that the chimeras have some readily scorable
phenotype. Usually this results from some gene, e.g.
antibiotic resistance, carried on the vector, but could
also be produced by a gene carried on the inserted
DNA.

One of the first steps in cloning is to cut the vector
DNA and the DNA to be inserted with either the
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same endonuclease or ones producing the same
ends. If the vector has more than one site for the
endonuclease, more than one fragment will be
produced. When the two samples of cleaved DNA
are subsequently mixed and ligated, the resulting
chimeras will, in all probability, lack one of the
vector fragments. It is advantageous if insertion of
foreign DNA at endonuclease-sensitive sites inactiv-
ates a gene whose phenotype is readily scorable,
for in this way it is possible to distinguish chimeras
from cleaved plasmid molecules which have self-
annealed. Of course, readily detectable insertional
inactivation is not essential if the vector and insert
are to be joined by the homopolymer tailing method
(see p. 40) or if the insert confers a new phenotype
on host cells.

(@)

4361/1

RSF 2124-derived
material

pSC101-derived
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3145

pMB1-derived material

CHAPTER 4

pBR322, a purpose-built cloning vehicle

In early cloning experiments, the cloning vectors
used were natural plasmids, such as Col E1 and
pSC101. While these plasmids are small and have
single sites for the common restriction endonucle-
ases, they have limited genetic markers for selecting
transformants. For this reason, considerable effort
was expended on constructing, in vitro, superior
cloning vectors. The best, and most widely used of
these early purpose-built vectors is pBR322. Plasmid
pBR 322 contains the ApR and TcR genes of RSF2124
and pSC101, respectively, combined with replication
elements of pMB1, a Col E1-like plasmid (Fig. 4.7a).
The origins of pBR322 and its progenitor, pBR313,
are shown in Fig. 4.7b, and details of its construction
can be found in the papers of Bolivar et al. (1977a,b).

(b)
R7268
R1 drd 19 Apt
Apf Cm Sm
SuR Kmf
pMB3
Ap*
pSF2124
Apf
\ 4 / PBR312
6 Ap TcR
pMB9
TR /
pBR31ZR 8 pBR322
Ap Tck Ap TR

Fig. 4.7 The origins of plasmid pBR322. (a) The boundaries between the pSC101, pMB1 and RSF2124-derived material. The
numbers indicate the positions of the junctions in base pairs from the unique EcoRI site. (b) The molecular origins of plasmid
pBR322.R7268 wasisolated in London in 1963 and later renamed R1. 1, A variant, R1drd19, which was derepressed for mating
transfer, was isolated. 2, The Ap® transposon, Tn 3, from this plasmid was transposed on to pMB1 to form pMB3. 3, This plasmid
was reduced in size by EcoRI* rearrangement to form a tiny plasmid, pMB8, which carries only colicin immunity. 4, EcoRT*
fragments from pSC101 were combined with pMBS8 opened at its unique EcoRI site and the resulting chimeric molecule
rearranged by EcoRI* activity to generate pMB9. 5, In a separate event, the Tn3 of R1drd19 was transposed to Col E1 to form
pSF2124. 6, The Tn3 element was then transposed to pMB9 to form pBR312. 7, EcoRI* rearrangement of pBR 312 led to the
formation of pBR3 13, from which (8) two separate fragments were isolated and ligated together to form pBR322. During this
series of constructions, R1 and Col E1 served only as carries for Tn 3. (Reproduced by courtesy of Dr G. Sutcliffe and Cold Spring

Harbor Laboratory.)
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Plasmid pBR322 has been completely sequenced.
The original published sequence (Sutcliffe 1979) was
4362 bp long. Position O of the sequence was arbit-
rarily set between the A and T residues of the EcoRI
recognition sequence (GAATTC). The sequence was
revised by the inclusion of an additional CG base
pair at position 526, thus increasing the size of the
plasmid to 4363 bp (Backman & Boyer 1983, Peden
1983). More recently, Watson (1988) has revised the
size yet again, this time to 4361 bp, by eliminating
base pairs at coordinates 1893 and 1915. The most
useful aspect of the DNA sequence is that it totally
characterizes pBR 322 in terms of its restriction sites,
such that the exact length of every fragment can be
calculated. These fragments can serve as DNA markers
for sizing any other DNA fragment in the range of
several base pairs up to the entire length of the plasmid.

There are over 40 enzymes with unique cleavage
sites on the pBR322 genome (Fig. 4.8). The target
sites of 11 of these enzymes lie within the Tc® gene,
and there are sites for a further two (Clal and HindIII)
within the promoter of that gene. There are unique
sites for six enzymes within the ApR gene. Thus,
cloning in pBR322 with the aid of any one of those
19 enzymes will result in insertional inactivation of
either the Ap® or the TcR markers. However, cloning
in the other unique sites does not permit the easy
selection of recombinants, because neither of the
antibiotic resistance determinants is inactivated.

Following manipulation in vitro, E. coli cells trans-
formed with plasmids with inserts in the Tc® gene
can be distinguished from those cells transformed
with recircularized vector. The former are Ap® and
TcS, whereas the latter are both Ap® and TcR. In
practice, transformants are selected on the basis
of their Ap resistance and then replica-plated on to
Tc-containing media to identify those that are TcS.
Cells transformed with pBR 322 derivatives carrying
inserts in the Ap® gene can be identified more readily
(Boyko & Ganschow 1982). Detection is based upon
the ability of the B-lactamase produced by Ap® cells
to convert penicillin to penicilloic acid, which in turn
binds iodine. Transformants are selected on rich
medium containing soluble starch and Tc. When
colonized plates are flooded with an indicator solu-
tion of iodine and penicillin, B-lactamase-producing
(ApR) colonies clear the indicator solution whereas
Ap® colonies do not.

The PstI site in the Ap® gene is particularly useful,
because the 3" tetranucleotide extensions formed on
digestion are ideal substrates for terminal transferase.
Thus this site is excellent for cloning by the homo-
polymer tailing method described in the previous
chapter (see p. 40). If oligo(dG.dC) tailing is used, the
Pstl site is regenerated (see Fig. 3.11) and the insert
may be cut out with that enzyme.

Plasmid pBR322 has been a widely used cloning
vehicle. In addition, it has been widely used as a
model system for the study of prokaryotic transcrip-
tion and translation, as well as investigation of the
effects of topological changes on DNA conformation.
The popularity of pBR322 is a direct result of the
availability of an extensive body of information on
its structure and function. This in turn is increased
with each new study. The reader wishing more
detail on the structural features, transcriptional sig-
nals, replication, amplification, stability and con-
jugal mobility of pBR322 should consult the review
of Balbasetal. (1986).

Example of the use of plasmid pBR322 as a vector:
isolation of DNA fragments which carry promoters

Cloning into the HindIII site of pBR322 generally
results in loss of tetracycline resistance. However,
in some recombinants, TcR is retained or even
increased. This is because the HindIII site lies within
the promoter rather than the coding sequence.
Thus whether or not insertional inactivation oc-
curs depends on whether the cloned DNA carries a
promoter-like sequence able to initiate transcription
of the TcR gene. Widera et al. (1978) have used
this technique to search for promoter-containing
fragments.
Four structural domains can be recognized within
E. coli promoters. These are:
* position 1, the purine initiation nucleotide from
which RNA synthesis begins;
e position —6 to—12, the Pribnow box;
* theregion around base pair—35;
* the sequence between base pairs —12 and —35.
Although the HindIII site lies within the Pribnow
box (Rodriguez et al. 1979) the box is re-created on
insertion of a foreign DNA fragment. Thus when
insertional inactivation occurs it must be the region
from —13 to—40 which is modified.
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Fig. 4.8 Restriction map of plasmid pBR322 showing the location and direction of transcription of the ampicillin (Ap) and
tetracycline (Tc) resistance loci, the origin of replication (ori) and the Col E1-derived Rop gene. The map shows the restriction
sites of those enzymes that cut the molecule once or twice. The unique sites are shown in bold type. The coordinates refer to the
position of the 5” base in each recognition sequence with the first T in the EcoRI site being designated as nucleotide number 1. The
exact positions of the loci are: Tc, 86-1268; Ap, 4084—-3296; Rop, 1918-2105 and the origin of replication, 2535.
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Improved vectors derived from pBR322

Over the years, numerous different derivatives of
pBR322 have been constructed, many to fulfil
special-purpose cloning needs. A compilation of the
properties of some of these plasmids has been pro-
vided by Balbas et al. (1986).

Much of the early work on the improvement of
PBR322 centred on the insertion of additional unique
restriction sites and selectable markers, e.g. pPBR325
encodes chloramphenicol resistance in addition
to ampicillin and tetracycline resistance and has a
unique EcoRI site in the Cm® gene. Initially, each
new vector was constructed in a series of steps
analogous to those used in the generation of
pBR322 itself (Fig. 4.7). Then the construction of
improved vectors was simplified (Vieira & Messing
1982, 1987, Yanisch-Perron et al. 1985) by the use
of polylinkers or multiple cloning sites (MCS), as
exemplified by the pUC vectors (Fig. 4.9). An MCS is
a short DNA sequence, 2.8 kb in the case of pUC19,
carrying sites for many different restriction endonu-
cleases. An MCS increases the number of potential
cloning strategies available by extending the range
of enzymes that can be used to generate a restriction
fragment suitable for cloning. By combining them
within an MCS, the sites are made contiguous, so
that any two sites within it can be cleaved simultan-
eously without excising vector sequences.

The pUC vectors also incorporate a DNA sequence
that permits rapid visual detection of an insert.
The MCS is inserted into the lacZ” sequence, which
encodes the promoter and the o-peptide of B-
galactosidase. The insertion of the MCS into the lacZ’
fragment does not affect the ability of the a-peptide
to mediate complementation, but cloning DNA frag-
ments into the MCS does. Therefore, recombinants
can be detected by blue/white screening on growth
medium containing Xgal (see Box 3.2 on p. 35). The
usual site for insertion of the MCS is between
the iniator ATG codon and codon 7, a region that
encodes a functionally non-essential part of the
a-complementation peptide. Recently, Slilaty and
Lebel (1998) have reported that blue/white colour
selection can be variable. They have found that
reliable inactivation of complementation occurs
only when the insert is made between codons 11
and 36.

Bacteriophage A

Essential features

Bacteriophage A is a genetically complex but very
extensively studied virus of E. coli (Box 4.1). Because
it has been the object of so much molecular-
genetical research, it was natural that, right from
the beginnings of gene manipulation, it should have
been investigated and developed as a vector. The
DNA of phage A, in the form in which it is isolated
from the phage particle, is a linear duplex molecule
of about 48.5 kbp. The entire DNA sequence has
been determined (Sanger et al. 1982). At each
end are short single-stranded 5" projections of 12
nucleotides, which are complementary in sequence
and by which the DNA adopts a circular structure
when it is injected into its host cell, i.e. A DNA
naturally has cohesive termini, which associate
to form the cos site.

Functionally related genes of phage A are clus-
tered together on the map, except for the two posit-
ive regulatory genes N and Q. Genes on the left of the
conventional linear map (Fig. 4.10) code for head
and tail proteins of the phage particle. Genes of the
central region are concerned with recombination
(e.g. red) and the process of lysogenization, in which
the circularized chromosome is inserted into its host
chromosome and stably replicated along with it as
a prophage. Much of this central region, including
these genes, is not essential for phage growth and
can be deleted or replaced without seriously impair-
ing the infectious growth cycle. Its dispensability
is crucially important, as will become apparent
later, in the construction of vector derivatives of
the phage. To the right of the central region are
genes concerned with regulation and prophage
immunity to superinfection (N, cro, cI), followed by
DNA synthesis (O, P), late function regulation (Q)
and host cell lysis (S, R). Figure 4.11 illustrates the
Alife cycle.

Promoters and control circuits

As we shall see, it is possible to insert foreign DNA
into the chromosome of phage-A derivative and, in
some cases, foreign genes can be expressed effici-
ently via A promoters. We must therefore briefly
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Fig. 4.9 Genetic maps of some pUC plasmids. The multiple cloning site (MCS) is inserted into the lacZ gene but does not interfere
with gene function. The additional codons present in the lacZ gene as a result of the polylinker are labelled with lower-case letters.
These polylinker regions (MCS) are identical to those of the M1 3 mp series of vectors (see p. 63).
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Box 4.1 Bacteriophage A: its important place in molecular biology and
recombinant DNA technology

DNA

Head
proteins

Tail proteins

In the early 1950s, following some initial studies on
Bacillus megaterium, André Lwoff and his colleagues
at the Institut Pasteur described the phenomenon of
lysogeny in E. coli. It became clear that certain strains
of E. coli were lysogenized by phage, that is to say,
these bacteria harboured phage A in a dormant
form, called a prophage. The lysogenic bacteria grew
normally and might easily not have been recognized
as lysogenic. However, when Lwoff exposed the
bacteria to a moderate dose of ultraviolet light, the
bacteria stopped growing, and after about 90 min
of incubation the bacteria lysed, releasing a crop
of phage into the medium.

The released phage were incapable of infecting
more E. coli than had been lysogenized by phage
A (this is called immunity to superinfection), but
non-lysogenic bacteria could be infected to yield

consider the promoters and control circuits affecting
A gene expression (see Ptashne (1992) for an excel-
lent monograph on phage-A control circuits).

In the lytic cycle, A transcription occurs in three
temporal stages: early, middle and late. Basically,
early gene transcription establishes the lytic cycle

another crop of virus. Not every non-lysogenic
bacterium yielded virus; some bacteria were
converted into lysogens because the phage
switched to the dormant lifestyle — becoming
prophage — rather than causing a lytic infection.

By the mid-1950s it was realized that the
prophage consisted of a phage A genome that had
become integrated into the E. coli chromosome. It
was also apparent to Lwoff's colleagues, Jacob and
Monod, that the switching between the two states of
the virus — the lytic and lysogenic lifestyles — was an
example of a fundamental aspect of genetics that
was gaining increasing attention, gene regulation.

Intensive genetic and molecular biological analysis
of the phage, mainly in the 1960s and 1970s, led to
a good understanding of the virus. The key molecule
in maintaining the dormancy of the prophage and in
conferring immunity to superinfection is the phage
repressor, which is the product of the phage ¢/ gene.
In 1967 the phage repressor was isolated by Mark
Ptashne (Ptashne 1967a,b). The advanced molecular
genetics of the phage made it a good candidate for
development as a vector, beginning in the 1970s and
continuing to the present day, as described in the
text. The development of vectors exploited the fact
that a considerable portion of the phage genome
encodes functions that are not needed for the
infectious cycle. The ability to package recombinant
phage DNA into virus particles in vitro was an
important development for library construction
(Hohn & Murray 1977).

A landmark in molecular biology was reached
when the entire sequence of the phage A genome,
48 502 nucleotide pairs, was determined by Fred
Sanger and his colleagues (Sanger et al. 1982).

(in competition with lysogeny), middle gene prod-
ucts replicate and recombine the DNA and late
gene products package this DNA into mature phage
particles. Following infection of a sensitive host,
early transcription proceeds from major promoters
situated immediately to the left (P} ) and right (Py) of
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stage transcription by anti-termination. The N gene

the repressor gene (cI) (Fig. 4.12). This transcription
product, expressed from P, directs this switch. It

is subject to repression by the product of the cI gene

and in a lysogen this repression is the basis of
immunity to superinfecting A. Early in infection,
transcripts from P; and Py, stop at termination sites t;
and ty,. Thesite ty, stops any transcripts that escape
beyond tg,. Lambda switches from early- to middle-

interacts with RNA polymerase and, antagonizing
the action of host termination protein p, permits it to
ignore the stop signals so that P; and Py, transcripts
extend into genes such as red, O and P necessary for
the middle stage. The early and middle transcripts
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Early transcripts

Middle transcripts

Late transcripts

Fig. 4.12 Major promoters and transcriptional termination
sites of phage A. (See text for details.)

and patterns of expression therefore overlap. The cro
product, when sufficient has accumulated, prevents
transcription from P, and P;. The gene Q is ex-
pressed from the distal portion of the extended Py
transcript and is responsible for the middle-to-late
switch. This also operates by anti-termination. The
Q product specifically anti-terminates the short P
transcript, extending it into the late genes, across
the cohered cos region, so that many mature phage
particles are ultimately produced.

Both N and Q play positive regulatory roles essen-
tial for phage growth and plaque formation; but an
N~ phage can produce a small plaque if the termina-
tion site ty, is removed by a small deletion termed nin
(N-independent) as in AN~ nin.

Vector DNA

Wild-type A DNA contains several target sites for
most of the commonly used restriction endonu-
cleases and so is not itself suitable as a vector.
Derivatives of the wild-type phage have therefore
been produced that either have a single target site
at which foreign DNA can be inserted (insertional
vectors) or have a pair of sites defining a fragment

that can be removed (stuffer) and replaced by foreign
DNA (replacement vectors). Since phage A can accom-
modate only about 5% more than its normal com-
plement of DNA, vector derivatives are constructed
with deletions to increase the space within the
genome. The shortest L DNA molecules that produce
plaques of nearly normal size are 25% deleted.
Apparently, if too much non-essential DNA is
deleted from the genome, it cannot be packaged into
phage particles efficiently. This can be turned to
advantage for, if the replaceable fragment of a
replacement-type vector is either removed by phys-
ical separation or effectively destroyed by treatment
with a second restriction endonuclease that cuts it
alone, then the deleted vector genome can give rise
to plaques only if a new DNA segment is inserted into
it. This amounts to positive selection for recombin-
ant phage carrying foreign DNA.

Many vector derivatives of both the insertional and
replacement types were produced by several groups
of researchers early in the development of recombin-
ant DNA technology (e.g. Thomas et al. 1974, Murray
& Murray 1975, Blattner et al. 1977, Leder et al.
1977). Most of these vectors were constructed for
use with EcoRI, BamHI or HindIII, but their applica-
tion could be extended to other endonucleases by
the use of linker molecules. These early vectors have
been largely superseded by improved vectors for
rapid and efficient genomic or complementary DNA
(cDNA) library construction (see Chapter 6).

Improved phage-A vectors

As with plasmid vectors, improved phage-vector
derivatives have been developed. There have been
several aims, among which are the following.

* To increase the capacity for foreign DNA frag-
ments, preferably for fragments generated by any
one of several restriction enzymes (reviewed by
Murray 1983).

» To devise methods for positively selecting recom-
binant formation.

» To allow RNA probes to be conveniently prepared
by transcription of the foreign DNA insert; this
facilitates the screening of libraries in chromosome
walking procedures. An example of a vector with
this property is AZAP (see p. 93).

» To develop vectors for the insertion of eukaryotic
cDNA (p. 93) such that expression of the cDNA, in
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the form of a fusion polypeptide with B-galactosidase,
is driven in E. coli; this form of expression vector is
useful in antibody screening. An example of such a
vectorisAgtll.

The first two points will be discussed here. The dis-
cussion of improved vectors in library construction
and screening is deferred until Chapter 6.

The maximum capacity of phage-A derivatives
can only be attained with vectors of the replacement
type, so that there has also been an accompanying
incentive to devise methods for positively selecting
recombinant formation without the need for prior
removal of the stuffer fragment. Even when steps are
taken to remove the stuffer fragment by physical puri-
fication of vector arms, small contaminating amounts
may remain, so that genetic selection for recombin-
ant formation remains desirable. The usual method
of achieving this is to exploit the Spi~ phenotype.

Wild-type A cannot grow on E. coli strains lyso-
genic for phage P2; in other words, the A phage is
Spi* (sensitive to P2 inhibition). It has been shown
that the products of A genes red and gam, which lie in
the region 64-69% on the physical map, are
responsible for the inhibition of growth in a P2 lyso-
gen (Herskowitz 1974, Sprague et al. 1978, Murray
1983). Hence vectors have been derived in which
the stuffer fragment includes the region 64—69%, so
that recombinants in which this has been replaced
by foreign DNA are phenotypically Spi~ and can be
positively selected by plating on a P2 lysogen (Karn
etal. 1986, Loenen & Brammar 1980).

Deletion of the gam gene has other consequences.
The gam product is necessary for the normal switch
in A DNA replication from the bidirectional mode to
the rolling-circle mode (see Fig. 4.11). Gam™ phage
cannot generate the concatemeric linear DNA
which is normally the substrate for packaging into
phage heads. However, gam™ phage do form plaques
because the rec and red recombination systems act
on circular DNA molecules to form multimers, which
can be packaged. gam™ red” phage are totally depend-
ent upon rec-mediated exchange for plaque forma-
tion on rect bacteria. A DNA is a poor substrate for
this rec-mediated exchange. Therefore, such phage
make vanishingly small plaques unless they contain
one or more short DNA sequences called chi (cross-
over hot-spot instigator) sites, which stimulate
rec-mediated exchange. Many of the current re-
placement vectors generate red~ gam~ clones and
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Fig. 4.13 The structure of bacteriophage A cloning vectors
EMBL3 and EMBL4. The polylinker sequence is present in
opposite orientation in the two vectors.

so have been constructed with a chi site within the
non-replaceable part of the phage.

The most recent generation of A vectors, which
are based on EMBL3 and EMBL4 (Frischauf et al.
1983; Fig. 4.13), have a capacity for DNA of size
9-23 kb. As well as being chi*, they have polylinkers
flanking the stuffer fragment to facilitate library
construction. Phages with inserts can be selected on
the basis of their Spi~ phenotype, but there is an
alternative. The vector can be digested with BamHI
and EcoRI prior to ligation with foreign DNA frag-
ments produced with BamHI. If the small BamHI-
EcoRI fragments from the polylinkers are removed,
the stuffer fragment will not be reincorporated.

Packaging phage-ADNA in vitro

So far, we have considered only one way of intro-
ducing manipulated phage DNA into the host
bacterium, i.e. by transfection of competent bacteria
(see Chapter 2). Using freshly prepared A DNA that
has not been subjected to any gene-manipulation
procedures, transfection will result typically in about
10° plaques/pg of DNA. In a gene-manipulation
experiment in which the vector DNA is restricted
and then ligated with foreign DNA, this figure
is reduced to about 10*-103 plaques/ug of vector
DNA. Even with perfectly efficient nucleic acid
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Fig. 4.14 Simplified scheme showing
packaging of phage-A DNA into phage
particles.

biochemistry, some of this reduction is inevitable.
It is a consequence of the random association of
fragments in the ligation reaction, which produces
molecules with a variety of fragment combinations,
many of which are inviable. Yet, in some contexts,
10° or more recombinants are required. The scale of
such experiments can be kept within a reasonable
limit by packaging the recombinant DNA into
mature phage particles in vitro.

Placing the recombinant DNA in a phage coat
allows it to be introduced into the host bacteria by
the normal processes of phage infection, i.e. phage
adsorption followed by DNA injection. Depending
upon the details of the experimental design, packag-
ing in vitro yields about 10° plaques/ug of vector
DNA after the ligation reaction.

Figure 4.14 shows some of the events occurring
during the packaging process that take place within
the host during normal phage growth and which we
now require to perform in vitro. Phage DNA in con-
catemeric form, produced by a rolling-circle replica-
tion mechanism (see Fig. 4.11), is the substrate for
the packaging reaction. In the presence of phage
head precursor (the product of gene E is the major
capsid protein) and the product of gene A, the
concatemeric DNA is cleaved into monomers and

sid

NG

Assembly proteins, products of genes W, FII plus
completed tails

-«

=

encapsidated. Nicks are introduced in opposite
strands of the DNA, 12 nucleotide pairs apart at
each cos site, to produce the linear monomer with its
cohesive termini. The product of gene D is then
incorporated into what now becomes a completed
phage head. The products of genes W and FII,
among others, then unite the head with a separately
assembled tail structure to form the mature particle.
The principle of packaging in vitro is to supply the
ligated recombinant DNA with high concentrations
of phage-head precursor, packaging proteins and
phage tails. Practically, this is most efficiently per-
formed in a very concentrated mixed lysate of
two induced lysogens, one of which is blocked at
the pre-head stage by an amber mutation in gene D
and therefore accumulates this precursor, while the
other is prevented from forming any head structure
by an amber mutation in gene E (Hohn & Murray
1977).Inthe mixed lysate, genetic complementation
occurs and exogenous DNA is packaged (Fig. 4.15).
Although concatemeric DNA is the substrate for
packaging (covalently joined concatemers are, of
course, produced in the ligation reaction by associ-
ation of the natural cohesive ends of A), the in vitro
system will package added monomeric DNA, which
presumably first concatemerizes non-covalently.
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There are two potential problems associated with
packaging in vitro. First, endogenous DNA derived
from the induced prophages of the lysogens used to
prepare the packaging lysate can itself be packaged.
This can be overcome by choosing the appropriate
genotype for these prophages, i.e. excision upon
induction is inhibited by the b2 deletion (Gottes-
mann & Yarmolinsky 1968) and imm 434 immun-
ity will prevent plaque formation if an imm 434
lysogenic bacterium is used for plating the complex
reaction mixture. Additionally, if the vector does not
contain any amber mutation a non-suppressing host
bacterium can be used so that endogenous DNA
will not give rise to plaques. The second potential
problem arises from recombination in the lysate
between exogenous DNA and induced prophage
markers. If troublesome, this can be overcome by
using recombination-deficient (i.e. red™ rec™) lyso-
gens and by UV-irradiating the cells used to prepare
the lysate, so eliminating the biological activity of
the endogenous DNA (Hohn & Murray 1977).

Fig. 4.15 Invitropackaging of concatemerized
phage-A DNA in a mixed lysate.

DNA cloning with single-stranded
DNA vectors

M13, f1 and fd are filamentous coliphages contain-
ing a circular single-stranded DNA molecule. These
coliphages have been developed as cloning vectors,
for they have a number of advantages over other
vectors, including the other two classes of vector for
E. coli, plasmids and phage A. However, in order to
appreciate their advantages, it is essential to have a
basic understanding of the biology of filamentous
phages.

The biology of the filamentous coliphages

The phage particles have dimensions 900 nm X
9 nm and contain a single-stranded circular DNA
molecule, which is 6407 (M13) or 6408 (fd) nucleo-
tides long. The complete nucleotide sequences of fd
and M1 3 are available and they are 97% homologous.
The differences consist mainly of isolated nucleotides
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here and there, mostly affecting the redundant bases
of codons, with no blocks of sequence divergence.
Sequencing of {1 DNA indicates that it is very similar
toM13 DNA.

The filamentous phages only infect strains of
enteric bacteria harbouring F pili. The adsorption
site appears to be the end of the F pilus, but exactly
how the phage genome gets from the end of the F
pilus to the inside of the cell is not known.
Replication of phage DNA does not result in host-cell
lysis. Rather, infected cells continue to grow and
divide, albeit at a slower rate than uninfected cells,
and extrude virus particles. Up to 1000 phage part-
icles may be released into the medium per cell per
generation (Fig. 4.16).

The single-stranded phage DNA enters the cell by
a process in which decapsidation and replication are
tightly coupled. The capsid proteins enter the cyto-
plasmic membrane as the viral DNA passes into the
cell while being converted to a double-stranded
replicative form (RF). The RF multiplies rapidly until
about 100 RF molecules are formed inside the cell.
Replication of the RF then becomes asymmetric, due
to the accumulation of a viral-encoded single-
stranded specific DNA-binding protein. This protein
binds to the viral strand and prevents synthesis of
the complementary strand. From this point on, only
viral single strands are synthesized. These progeny
single strands are released from the cell as filamen-
tous particles following morphogenesis at the cell
membrane. As the DNA passes through the mem-
brane, the DNA-binding protein is stripped off and
replaced with capsid protein.

Why use single-stranded vectors?

For several applications of cloned DNA, single-
stranded DNA is required. Sequencing by the ori-
ginal dideoxy method required single-stranded DNA,
as do techniques for oligonucleotide-directed muta-
genesis and certain methods of probe preparation.
The use of vectors that occur in single-stranded form
is an attractive means of combining the cloning,
amplification and strand separation of an originally
double-stranded DNA fragment.

As single-stranded vectors, the filamentous phages
have a number of advantages. First, the phage DNA
is replicated via a double-stranded circular DNA
(RF) intermediate. This RF can be purified and

manipulated in vitro just like a plasmid. Secondly,
both RF and single-stranded DNA will transfect
competent E. coli cells to yield either plaques or
infected colonies, depending on the assay method.
Thirdly, the size of the phage particle is governed by
the size of the viral DNA and therefore there are no
packaging constraints. Indeed, viral DNA up to six
times the length of M13 DNA has been packaged
(Messing et al. 1981). Finally, with these phages it is
very easy to determine the orientation of an insert.
Although the relative orientation can be determined
from restriction analysis of RF, there is an easier
method (Barnes 1980). If two clones carry the insert
in opposite directions, the single-stranded DNA from
them will hybridize and this can be detected by
agarose gel electrophoresis. Phage from as little as
0.1 ml of culture can be used in assays of this sort,
making mass screening of cultures very easy.

In summary, as vectors, filamentous phages pos-
sess all the advantages of plasmids while producing
particles containing single-stranded DNA in an eas-
ily obtainable form.

Development of filamentous
phage vectors

Unlike A, the filamentous coliphages do not have
any non-essential genes which can be used as
cloning sites. However, in M13 there is a 507 bp
intergenic region, from position 5498 to 6005 of the
DNA sequence, which contains the origins of DNA
replication for both the viral and the complementary
strands. In most of the vectors developed so far, for-
eign DNA has been inserted at this site, although it is
possible to clone at the carboxy-terminal end of gene
IV (Boeke et al. 1979). The wild-type phages are not
very promising as vectors because they contain very
few unique sites within the intergenic region: Asul in
the case of fd, and Asul and Aval in the case of M13.
The first example of M1 3 cloning made use of one
of 10 Bsul sites in the genome, two of which are in
the intergenic region (Messing et al. 1977). For
cloning, M13 RF was partially digested with Bsul
and linear full-length molecules isolated by agarose
gel electrophoresis. These linear monomers were
blunt-end-ligated to a HindII restriction fragment
comprising the E. coli lac regulatory region and the
genetic information for the o-peptide of B-galactosi-
dase. The complete ligation mixture was used to
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Fig. 4.16 Life cycle and DNA replication of phage M13.

transform a strain of E. coli with a deletion of the B- One of the blue plaques was selected and the virus in
galactosidase o-fragment and recombinant phage it designated M13 mp1.
detected by intragenic complementation on media Insertion of DNA fragments into the lac region of

containing IPTG and Xgal (see Box 3.2 on p. 35). M13 mpl destroys its ability to form blue plaques,
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Fig. 4.17 Restriction map of cloning vector M13mp18. PhagesM13mp18 and M13mp19 are 7249 bases in length and differ
only in the orientation of the 54-base polylinker that they carry. The map shows the restriction sites of enzymes that cut the
molecule once or twice. The unique sites are shown in bold type.

making detection of recombinants easy. However, base pair, thereby creating a unique EcoRI site within
the lac region only contains unique sites for Avall, the lac fragment. This variant was designated M13
Bgll and Pvul and three sites for Pvull, and there are mp2. This phage derivative was further modified to
no sites anywhere on the complete genome for the generate derivatives with polylinkers upstream of
commonly used enzymes such as EcoRI or HindIII. the lac o-fragment (Fig. 4.17). These derivatives
To remedy this defect, Gronenborn and Messing (mp7-mp11, mpl8, mpl9) are the exact M13
(1978) used in vitro mutagenesis to change a single counterparts of the pUC plasmids shown in Fig. 4.9.



CHAPTERS

Cosmids, phasmids and
other advanced vectors

Introduction

In the 1970s, when recombinant DNA technology
was first being developed, only a limited number
of vectors were available and these were based on
either high-copy-number plasmids or phage A. Later,
phage M13 was developed as a specialist vector to
facilitate DNA sequencing. Gradually, a number of
purpose-built vectors were developed, of which
pBR322 is probably the best example, but the cre-
ation of each one was a major task. Over time, a
series of specialist vectors was constructed, each
for a particular purpose. During this period, there
were many arguments about the relative benefits of
plasmid and phage vectors. Today, the molecular
biologist has available an enormous range of vectors
and these are notable for three reasons. First, many
of them combine elements from both plasmids and
phages and are known as phasmids or, if they contain
an M1 3 oriregion, phagemids. Secondly, many differ-
ent features that facilitate cloning and expression
can be found combined in a single vector. Thirdly,
purified vector DNA plus associated reagents can
be purchased from molecular-biology suppliers.
The hapless scientist who opens a molecular-biology
catalogue is faced with a bewildering selection of
vectors and each vender promotes different ones.
Although the benefits of using each vector may be
clear, the disadvantages are seldom obvious. The
aim of this chapter is to provide the reader with a
detailed explanation of the biological basis for the
different designs of vector.

There are two general uses for cloning vectors:
cloning large pieces of DNA and manipulating
genes. When mapping and sequencing genomes,
the first step is to subdivide the genome into man-
ageable pieces. The larger these pieces, the easier it is
to construct the final picture (see Chapter 7); hence
the need to clone large fragments of DNA. Large
fragments are also needed if it is necessary to ‘walk’

along the genome to isolate a gene, and this topic is
covered in Chapter 6. In many instances, the desired
gene will be relatively easy to isolate and a simpler
cloning vector can be used. Once isolated, the cloned
gene may be expressed as a probe sequence or as a
protein, it may be sequenced or it may be mutated
in vitro. For all these applications, small specialist
vectors are used.

Vectors for cloning large
fragments of DNA

Cosmid vectors

As we have seen, concatemers of unit-length A DNA
molecules can be efficiently packaged if the cos sites,
substrates for the packaging-dependent cleavage,
are 37-52 kb apart (75-105% the size of A* DNA).
In fact, only a small region in the proximity of the
cos site is required for recognition by the packaging
system (Hohn 1975).

Plasmids have been constructed which contain a
fragment of A DNA including the cos site (Collins &
Briining 1978, Collins & Hohn 1979, Wabhl et al.
1987, Evans et al. 1989). These plasmids have been
termed cosmids and can be used as gene-cloning
vectors in conjunction with the in vitro packaging
system. Figure 5.1 shows a gene-cloning scheme
employing a cosmid. Packaging the cosmid recombin-
ants into phage coats imposes a desirable selection
upon their size. With a cosmid vector of 5 kb, we
demand the insertion of 32—47 kb of foreign DNA —
much more than a phage-A vector can accommod-
ate. Note that, after packaging in vitro, the particle
is used to infect a suitable host. The recombinant
cosmid DNA is injected and circularizes like phage
DNA but replicates as a normal plasmid without
the expression of any phage functions. Transfor-
med cells are selected on the basis of a vector drug-
resistance marker.
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Fig. 5.1 Simple scheme for cloningina S
injection

cosmid vector. (See text for details.)

Cosmids provide an efficient means of cloning
large pieces of foreign DNA. Because of their capa-
city for large fragments of DNA, cosmids are par-
ticularly attractive vectors for constructing libraries
of eukaryotic genome fragments. Partial digestion
with a restriction endonuclease provides suitably
large fragments. However, there is a potential prob-
lem associated with the use of partial digests in

this way. This is due to the possibility of two or
more genome fragments joining together in the
ligation reaction, hence creating a clone containing
fragments that were not initially adjacent in the
genome. This would give an incorrect picture of
their chromosomal organization. The problem can
be overcome by size fractionation of the partial
digest.
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Even with sized foreign DNA, in practice cosmid
clones may be produced that contain non-contiguous
DNA fragments ligated to form a single insert.
The problem can be solved by dephosphorylating
the foreign DNA fragments so as to prevent their
ligation together. This method is very sensitive to
the exact ratio of target-to-vector DNAs (Collins &
Briining 1978) because vector-to-vector ligation
can occur. Furthermore, recombinants with a dup-
licated vector are unstable and break down in the

to the construction of a genomic library
of fragments obtained by partial
digestion with Sau3A. This restriction
endonuclease has a tetranucleotide
recognition site and generates
fragments with the same cohesive
termini as BamHI (see p. 31).

host by recombination, resulting in the propagation
of anon-recombinant cosmid vector.

Such difficulties have been overcome in a cosmid-
cloning procedure devised by Ish-Horowicz and
Burke (1981). By appropriate treatment of the cos-
mid vector pJB8 (Fig. 5.2), left-hand and right-hand
vector ends are purified which are incapable of self-
ligation but which accept dephosphorylated foreign
DNA. Thus the method eliminates the need to size
the foreign DNA fragments and prevents formation
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Bates and Swift (1983). The cosmid c2XB
contains two cos sites, separated by a site

for the restriction endonuclease Smal which
creates blunt ends. These blunt ends ligate
only very inefficiently under the conditions
used and effectively prevent the formation
of recombinants containing multiple

copies of the vector.

of clones containing short foreign DNA or multiple
vector sequences.

An alternative solution to these problems has
been devised by Bates and Swift (1983) who have
constructed cosmid c¢2XB. This cosmid carries a
BamHI insertion site and two cos sites separated by a
blunt-end restriction site (Fig. 5.3). The creation of
these blunt ends, which ligate only very inefficiently
under the conditions used, effectively prevents
vector self-ligation in the ligation reaction.

Modern cosmids of the pWE and sCos series (Wahl
etal. 1987, Evans et al. 1989) contain features such
as: (i) multiple cloning sites (Bates & Swift 1983,
Pirrotta et al. 1983, Breter et al. 1987) for simple
cloning using non-size-selected DNA; (ii) phage

(Blunt) (—E——— |y /A (Blun)
cos Ap“rep cos

37-52 kb

Only packageable molecules

v

Package
in vitro

promoters flanking the cloning site; and (iii) unique
Notl, Sacll or Sfil sites (rare cutters, see Chapter 6)
flanking the cloning site to permit removal of the
insert from the vector as single fragments. Mam-
malian expression modules encoding dominant
selectable markers (Chapter 10) may also be present,
for gene transfer to mammalian cells if required.

BACs and PACs as alternatives to cosmids

Phage P1 is a temperate bacteriophage which has
been extensively used for genetic analysis of
Escherichia coli because it can mediate generalized
transduction. Sternberg and co-workers have devel-
oped a P1 vector system which has a capacity for
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DNA fragments as large as 100 kb (Sternberg 1990,
Pierce et al. 1992). Thus the capacity is about twice
that of cosmid clones but less than that of yeast
artificial chromosome (YAC) clones (see p. 159). The
P1 vector contains a packaging site (pac) which is
necessary for in vitro packaging of recombinant
molecules into phage particles. The vectors contain
two loxP sites. These are the sites recognized by the
phage recombinase, the product of the phage cre
gene, and which lead to circularization of the pack-
aged DNA after it has been injected into an E. coli
host expressing the recombinase (Fig. 5.4). Clones
are maintained in E. coli as low-copy-number plas-
mids by selection for a vector kanamycin-resistance
marker. A high copy number can be induced by

Fig. 5.4 The phage P1 vector system.
The P1 vector Ad10 (Sternberg 1990)
isdigested to generate short and

long vector arms. These are
dephosphorylated to prevent
self-ligation. Size-selected insert DNA
(85-100 kb) is ligated with vector
arms, ready for a two-stage processing
by packaging extracts. First, the
recombinant DNA is cleaved at the pac
site by pacase in the packaging extract.
Then the pacase works in concert with
head/tail extract to insert DNA into
phage heads, pacsite first, cleaving off a
headful of DNA at 115 kb. Heads and
tails then unite. The resulting phage
particle can inject recombinant DNA
into host E. coli. The hostis cre™. The
crerecombinase acts on loxP sites to
produce a circular plasmid. The plasmid
ismaintained at low copy number, but
can be amplified by inducing the P1
Iytic operon.

P1 heads
and tails

exploitation of the P1 Iytic replicon (Sternberg 1990).
This P1 system has been used to construct genomic
libraries of mouse, human, fission yeast and Droso-
philaDNA (Hoheisel et al. 1993, Hartl et al. 1994).
Shizuya et al. (1992) have developed a bacterial
cloning system for mapping and analysis of complex
genomes. This BAC system (bacterial artificial chro-
mosome) is based on the single-copy sex factor F of E.
coli. This vector (Fig. 5.5) includes the A cosN and P1
loxP sites, two cloning sites (HindIIl and BamHI) and
several G+C restriction enzyme sites (e.g. Sfil, Notl,
etc.) for potential excision of the inserts. The cloning
site is also flanked by T7 and SP6 promoters for
generating RNA probes. This BAC can be trans-
formed into E. coli very efficiently, thus avoiding the
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Fig. 5.5 Structure of a BAC vector derived from a mini-F
plasmid. The oriS and repE genes mediate the unidirectional
replication of the F factor, while parA and parB maintain the
copy number at a level of one or two per genome. Cm® is a
chloramphenicol-resistance marker. cosN and loxP are the
cleavage sites for A terminase and P1 cre protein, respectively.
HindIll and BamHI are unique cleavage sites for inserting
foreign DNA. (Adapted from Shizuya et al. 1992.)

packaging extracts that are required with the P1
system. BACs are capable of maintaining human
and plant genomic fragments of greater than 300 kb
for over 100 generations with a high degree of
stability (Woo et al. 1994) and have been used to
construct genome libraries with an average insert
size of 125 kb (Wang et al. 1995a). Subsequently,
Ioannou et al. (1994) have developed a P1-derived
artificial chromosome (PAC), by combining features
of both the P1 and the F-factor systems. Such PAC
vectors are able to handle inserts in the 100—-300 kb
range.

The first BAC vector, pBAC108L, lacked a select-
able marker for recombinants. Thus, clones with
inserts had to be identified by colony hybridization.
While this once was standard practice in gene mani-
pulation work, today it is considered to be incon-
venient! Two widely used BAC vectors, pBeloBAC11
and pECBACI1, are derivatives of pBAC108L in

which the original cloning site is replaced with a lacZ
gene carrying a multiple cloning site (Kim et al.
1996, Frijters et al. 1997). pBeloBAC11 has two
EcoRI sites, one in the lacZ gene and one in the CMR
gene, wheras pECBAC1 has only the EcoRI site in
the lacZ gene. Further improvements to BACs have
been made by replacing the lacZ gene with the sacB
gene (Hamilton etal. 1996). Insertional inactivation
of sacB permits growth of the host cell on sucrose-
containing media, i.e. positive selection for inserts.
Frengen et al. (1999) have further improved these
BACs by including a site for the insertion of a trans-
poson. This enables genomic inserts to be modified
after cloning in bacteria, a procedure known as
retrofitting. The principal uses of retrofitting are the
simplified introduction of deletions (Chatterjee &
Coren 1997) and the introduction of reporter genes
for use in the original host of the genomic DNA
(Wangetal. 2001).

Choice of vector

The maximum size of insert that the different vectors
will accommodate is shown in Table 5.1. The size of
insert is not the only feature of importance. The
absence of chimeras and deletions is even more
important. In practice, some 50% of YACs show
structural instability of inserts or are chimeras in
which two or more DNA fragments have become
incorporated into one clone. These defective YACs
are unsuitable for use as mapping and sequencing
reagents and a great deal of effort is required to
identify them. Cosmid inserts sometimes contain

Table 5.1 Maximum DNA insert possible with
different cloning vectors. YACs are discussed on
p. 159.

Vector Host Insert size
A phage E. coli 5-25kb

A cosmids E. coli 35-45kb

P1 phage E. coli 70-100 kb
PACs E. coli 100-300 kb
BACs E coli <300 kb
YACs Saccharomyces cerevisiae 200-2000 kb
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the same aberrations and the greatest problem with
them arises when the DNA being cloned contains
tandem arrays of repeated sequences. The problem
is particularly acute when the tandem array is sev-
eral times larger than the allowable size of a cosmid
insert. Potential advantages of the BAC and PAC
systems over YACs include lower levels of chimerism
(Hartl et al. 1994, Sternberg 1994), ease of library
generation and ease of manipulation and isolation of
insert DNA. BAC clones seem to represent human
DNA far more faithfully than their YAC or cosmid
counterparts and appear to be excellent substrates
for shotgun sequence analysis, resulting in accurate
contiguous sequence data (Venter et al. 1996).

Specialist-purpose vectors

Vectors that can be used to make
single-stranded DNA for sequencing

Whenever a new gene is cloned or a novel genetic
construct is made, it is usual practice to sequence all
or part of the chimeric molecule. As will be seen later
(p. 120), the Sanger method of sequencing requires
single-stranded DNA as the starting material.
Originally, single-stranded DNA was obtained by
cloning the sequence of interest in an M13 vector
(see p. 60). Today, it is more usual to clone the
sequence into a pUC-based phagemid vector which
contains the M13 ori region as well as the pUC
(Col E1) origin of replication. Such vectors norm-
ally replicate inside the cell as double-stranded
molecules. Single-stranded DNA for sequencing can
be produced by infecting cultures with a helper
phage such as M13K07. This helper phage has the
origin of replication of P15A and a kanamycin-

-35 Region

resistance gene inserted into the M1 3 oriregion and
carries a mutation in the gII gene (Vieira & Messing
1987). M13KO7 can replicate on its own. However,
in the presence of a phagemid bearing a wild-type
origin of replication, single-stranded phagemid is
packaged preferentially and secreted into the cul-
ture medium. DNA purified from the phagemids can
be used directly for sequencing.

Expression vectors

Expression vectors are required if one wants to pre-
pare RNA probes from the cloned gene or to purify
large amounts of the gene product. In either case,
transcription of the cloned gene is required. Although
it is possible to have the cloned gene under the con-
trol of its own promoter, it is more usual to utilize a
promoter specific to the vector. Such vector-carried
promoters have been optimized for binding of the E.
coliRNA polymerase and many of them can be regu-
lated easily by changes in the growth conditions of
the host cell.

E. coli RNA polymerase is a multi-subunit enzyme.
The core enzyme consists of two identical o subunits
and one each of the B and B’ subunits. The core
enzyme is not active unless an additional subunit,
the o factor, is present. RNA polymerase recognizes
different types of promoters depending on which
type of o factor is attached. The most common pro-
moters are those recognized by the RNA polymerase
with 67°. A large number of 67° promoters from E. coli
have been analysed and a compilation of over 300 of
them can be found in Lisser and Margalit (1993). A
comparison of these promoters has led to the formu-
lation of a consensus sequence (Fig. 5.6). If the tran-
scription start point is assigned the position +1 then

-10 Region
123456789 1011121314151617

CONSENSUS oo TTGACA®oseoccess sossssssesTATAAT TS ®

lac GGCTTTACACTTTATGCTTCCGGCTCGTATATTGT

trp CTGTTGACAATTAATCAT CGAACTAGTTAACTAG

AP, GTGTTGACATAAATACCA CTGGCGGTGATACTGA

rec A CACTTGATACTGTATGAA GCATACAGTATAATTG Fig. 5.6 The base sequence of the
tacl CTGTTGACAATTAATCAT CGGCTCGTATAATGT —10and -3 5 regions of four natural
tacll CTGTTGACAATTAATCAT CGAACTAGTTTAATGT promoters, two hybrid promoters and

the consensus promoter.
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this consensus sequence consists of the —35 region
(5-TTGACA-) and the —10 region, or Pribnow box
(5-TATAAT). RNA polymerase must bind to both
sequences to initiate transcription. The strength of a
promoter, i.e. how many RNA copies are synthes-
ized per unit time per enzyme molecule, depends on
how close its sequence is to the consensus. While
the —35 and —10 regions are the sites of nearly all
mutations affecting promoter strength, other bases
flanking these regions can affect promoter activity
(Hawley & McClure 1983, Dueschle et al. 1986,
Keilty & Rosenberg 1987). The distance between the
—35 and —10 regions is also important. In all cases
examined, the promoter was weaker when the
spacing was increased or decreased from 17 bp.

Upstream (UP) elements located 5" of the —3 5 hex-
amer in certain bacterial promoters are A+T-rich
sequences that increase transcription by interacting
with the o subunit of RNA polymerase. Gourse et al.
(1998) have identified UP sequences conferring
increased activity to the rrn core promoter. The best
UP sequence was portable and increased heterolo-
gous protein expression from the lac promoter by a
factor of 100.

Once RNA polymerase has initiated transcription
at a promoter, it will polymerize ribonucleotides
until it encounters a transcription-termination
site in the DNA. Bacterial DNA has two types of
transcription-termination site: factor-independent
and factor-dependent. As their names imply, these
types are distinguished by whether they work with
just RNA polymerase and DNA alone or need other
factors before they can terminate transcription.
The factor-independent transcription terminators
are easy to recognize because they have similar
sequences: an inverted repeat followed by a string of
A residues (Fig. 5.7). Transcription is terminated
in the string of A residues, resulting in a string of

GC-rich inverted repeat

- mp

5-GTCAAAAGCCTCCGGTCGGAGGCTTTTGACT
CAGTTTTCGGAGGCCAGCCTCCGAAAACT GA-5'

Run of
A residues

Fig. 5.7 Structure of a factor-independent transcriptional
terminator.

U residues at the 3 end of the mRNA. The factor-
dependent transcription terminators have very little
sequence in common with each other. Rather,
termination involves interaction with one of the
three known E. coli termination factors, Rho (p),
Tau (t) and NusA. Most expression vectors incor-
porate a factor-independent termination sequence
downstream from the site of insertion of the cloned
gene.

Vectors for making RNA probes

Although single-stranded DNA can be used as a
sequence probe in hybridization experiments, RNA
probes are preferred. The reasons for this are that the
rate of hybridization and the stability are far greater
for RNA-DNA hybrids compared with DNA-DNA
hybrids. To make an RNA probe, the relevant gene
sequence is cloned in a plasmid vector such that it
is under the control of a phage promoter. After
purification, the plasmid is linearized with a suitable
restriction enzyme and then incubated with the
phage RNA polymerase and the four ribonucleoside
triphosphates (Fig. 5.8). No transcription termin-
ator is required because the RNA polymerase will fall
off the end of the linearized plasmid.

There are three reasons for using a phage pro-
moter. First, such promoters are very strong, enabling
large amounts of RNA to be made in vitro. Secondly,
the phage promoter is not recognized by the E. coli
RNA polymerase and so no transcription will occur
inside the cell. This minimizes any selection of vari-
ant inserts. Thirdly, the RNA polymerases encoded
by phages such as SP6, T7 and T3 are much simpler
molecules to handle than the E. coli enzyme, since
the active enzyme is a single polypeptide.

If it is planned to probe RNA or single-stranded
DNA sequences, then it is essential to prepare RNA
probes corresponding to both strands of the insert.
One way of doing this is to have two different clones
corresponding to the two orientations of the insert.
An alternative method is to use a cloning vector in
which the insert is placed between two different,
opposing phage promoters (e.g. T7/T3 or T7/SP6)
that flank a multiple cloning sequence (see Fig. 5.5).
Since each of the two promoters is recognized by a
different RNA polymerase, the direction of transcrip-
tion is determined by which polymerase is used.
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Add SP6 RNA polymerase.
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Labelled UTP
VVWWVWWWWW
mHigh specific activity
RNA probes Fig. 5.8 Method for preparing RNA
VWWWWWWVYWWWWA probes from a cloned DNA molecule
WAAAAAAAAAAAVAVAN using a phage SP6 promoter and SP6
AYAYAVAVAYAYAVAVAVAVAVAVAVAN RNA polymerase.
(a) LITMUS 28 LITMUS 29 LITMUS 38 LITMUS 39
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Spel  T7Y Spel  T7Y Spel  T7Y Spel  T7y
BglT1 KpnI-Acc651 Apal-Bsp1201 Salt
Nsil- Ppu 101 Sacl Mfel Sphi
BssHII Avrll NgoMI BsrGII
puC BsiWI Xbal Kasl BspEI
origin Xhol Agel HindIIl Miul
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Pstl Ncol EcoRV Nhel
EcoRV HindIIL BamHI EcoRI
M13 ™ BamHI BamHI EcoRI BamHI
origin  PLITMUS lacz’ HindIII EcoRV Nhel EcoRV
2.8 kb Ncol Pstl Eagl Pstl
Aatll EcoRI Milut HindIIl
Agel Xhol BspEII KasT
Xbal BsiW1 BsrGI NgoMI
Avrll BssHII Spht Mfel
Sacl Nsil - Ppul0I Sall Apa-Bsp1201
Kpnl - Acc651 Bgl11 Stul Stul
Stul Stul
Al T74 Al T74 Al 174 Al 174

Fig. 5.9 Structure and use of the LITMUS vectors for making RNA probes. (a) Structure of the LITMUS vectors showing the
orientation and restriction sites of the four polylinkers.
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(b) RNA transcript of top
strand of insert
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Fig. 5.9 (cont’d) (b) Method of using the LITMUS vectors to
selectively synthesize RNA probes from each strand of a
cloned insert. (Figure reproduced courtesy of New England
Biolabs.)

A further improvement has been introduced
by Evans et al. (1995). In their LITMUS vectors,
the polylinker regions are flanked by two modified
T7 RNA polymerase promoters. Each contains a

Table 5.2 Factors affecting the expression of

cloned genes.

Factor Text
Promoter strength Page 74
Transcriptional termination Page 71

Plasmid copy number

Plasmid stability

Host-cell physiology
Translational initiation sequences
Codon choice

mRNA structure

Page 45, Chapter 4
Page 47, Chapter 4
Chapters 4 & 5

Box 5.1, page 77
Box 5.1, page 77
Box 5.1, page 77

unique restriction site (Spel or AfIII) that has been
engineered into the T7 promoter consensus sequence
such that cleavage with the corresponding endonu-
clease inactivates that promoter. Both promoters
are active despite the presence of engineered sites.
Selective unidirectional transcription is achieved by
simply inactivating the other promoter by digestion
with Spel or AfIII prior to in vitro transcription
(Fig. 5.9). Since efficient labelling of RNA probes
demands that the template be linearized prior to
transcription, at a site downstream from the insert,
cutting at the site within the undesired promoter
performs both functions in one step. Should the
cloned insert contain either an Spel or an AfIII site,
the unwanted promoter can be inactivated by cut-
ting at one of the unique sites within the polylinker.

Vectors for maximizing protein synthesis

Provided that a cloned gene is preceded by a pro-
moter recognized by the host cell, then there is a
high probability that there will be detectable syn-
thesis of the cloned gene product. However, much
of the interest in the application of recombinant
DNA technology is the possibility of facile synthesis
of large quantities of protein, either to study its
properties or because it has commercial value. In
such instances, detectable synthesis is not sufficient:
rather, it must be maximized. The factors affecting
the level of expression of a cloned gene are shown
in Table 5.2 and are reviewed by Baneyx (1999).
Of these factors, only promoter strength is consid-
ered here.
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Table 5.3 Control of expression of

chloramphenicol acetyltransferase

Promoter Uninduced level of CAT Induced level of CAT Ratio (CAT) in E. coli by three different
promoters. The levels of CAT are

AP, 0.0275 28.18 1025 expressed as plg/mg total protein.

trc 1.10 5.15 47

T7 1.14 15.40 13.5

When maximizing gene expression it is not enough
to select the strongest promoter possible: the effects
of overexpression on the host cell also need to be con-
sidered. Many gene products can be toxic to the host
cell even when synthesized in small amounts.
Examples include surface structural proteins (Beck
& Bremer 1980), proteins, such as the PolA gene
product, that regulate basic cellular metabolism
(Murray & Kelley 1979), the cystic fibrosis trans-
membrane conductance regulator (Gregory et al.
1990) and lentivirus envelope sequences (Cunnin-
gham et al. 1993). If such cloned genes are allowed
to be expressed there will be a rapid selection for
mutants that no longer synthesize the toxic protein.
Even when overexpression of a protein is not toxic to
the host cell, high-level synthesis exerts a metabolic
drain on the cell. This leads to slower growth and
hence in culture there is selection for variants with
lower or no expression of the cloned gene because
these will grow faster. To minimize the problems
associated with high-level expression, it is usual to
use a vector in which the cloned gene is under the
control of a regulated promoter.

Many different vectors have been constructed for
regulated expression of gene inserts but most of
those in current use contain one of the following
controllable promoters: A P, , T7, trc (tac) or BAD.
Table 5.3 shows the different levels of expression that
can be achieved when the gene for chloramphenicol
transacetylase (CAT) is placed under the control of
three of these promoters.

The trc and tac promoters are hybrid promoters
derived from the lac and trp promoters (Brosius
1984). They are stronger than either of the two
parental promoters because their sequences are
more like the consensus sequence. Like lac, the tre
and tac promoters are inducibile by lactose and
isopropyl-B-p-thiogalactoside (IPTG). Vectors using

these promoters also carry the lacO operator and the
lacl gene, which encodes the repressor.

The pET vectors are a family of expression vectors
that utilize phage T7 promoters to regulate synthesis
of cloned gene products (Studier et al. 1990). The
general strategy for using a pET vector is shown in
Fig. 5.10. To provide a source of phage-T7 RNA
polymerase, E. coli strains that contain gene 1 of the
phage have been constructed. This gene is cloned
downstream of the lac promoter, in the chromo-
some, so that the phage polymerase will only be
synthesized following IPTG induction. The newly
synthesized T7 RNA polymerase will then transcribe
the foreign gene in the pET plasmid. If the protein
product of the cloned gene is toxic, it is possible to
minimize the uninduced level of T7 RNA poly-
merase. First, a plasmid compatible with pET vectors
is selected and the T7 lysS gene is cloned in it. When
introduced into a host cell carrying a pET plasmid,
the IysS gene will bind any residual T7 RNA poly-
merase (Studier 1991, Zhang & Studier 1997). Also,
if a lac operator is placed between the T7 promoter
and the cloned gene, this will further reduce tran-
scription of the insert in the absence of IPTG
(Dubendorff & Studier 1991). Improvements in the
yield of heterologous proteins can sometimes be
achieved by use of selected host cells (Miroux &
Walker 1996).

The A P, promoter system combines very tight
transcriptional control with high levels of gene
expression. This is achieved by putting the cloned
gene under the control of the P, promoter carried on
a vector, while the P, promoter is controlled by a cI
repressor gene in the E. coli host. This cI gene is itself
under the control of the tryptophan (trp) promoter
(Fig. 5.11). In the absence of exogenous tryptophan,
the cI gene is transcribed and the cI repressor binds
to the P, promoter, preventing expression of the
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IPTG induction Host cell IPTG Induction

E.coli RNA l T7 RNA
polymerase polymerase

Target gene
T7 RNA polymerase

Inactive

5

lac lac
repressor repressor
H i
i
' i
! I
lacl gene lacl gene

T7 lysozyme
5 pLysS
! rE
T7 lysozyme
gene

E.coligenome

Fig. 5.10 Strategy for regulating the expression of genes cloned into a pET vector. The gene for T7 RNA polymerase (gene 1) is
inserted into the chromosome of E. coli and transcribed from the lac promoter; therefore, it will be expressed only if the inducer
IPTGis added. The T7 RNA polymerase will then transcribe the gene cloned into the pET vector. If the protein product of the
cloned gene is toxic, it may be necessary to further reduce the transcription of the cloned gene before induction. The T7 lysozyme
encoded by a compatible plasmid, pLysS, will bind to any residual T7 RNA polymerase made in the absence of induction and
inactivate it. Also, the presence of lac operators between the T7 promoter and the cloned gene will further reduce transcription
of the cloned gene in the absence of the inducer IPTG. (Reprinted with permission from the Novagen Catalog, p. 24, Novagen,
Madison, Wisconsin, 1995.)

Minus tryptophan Plus tryptophan
Tryptophan
v No transcription

Pigm i Acl repressor l— @ i i Acl repressor |—

Bacterial trp repressor Bacterial
chromosome chromosome
Transcription

Transcription

No transcription

@ Py iATGl Gene of interest |— P, |ATG| Gene of interest |—

cl repressor Vector Vector

Fig. 5.11 Control of cloned gene expression using the Acl promoter. See text for details. (Diagram reproduced courtesy of
In Vitrogen Corporation.)

cloned gene. Upon addition of tryptophan, the trp The pBAD vectors, like the ones based on P,
repressor binds to the cI gene, preventing synthesis promoter, offer extremely tight control of expression
of the cI repressor. In the absence of cI repressor, of cloned genes (Guzman et al. 1995). The pBAD

there is a high level of expression from the very vectors carry the promoter of the araBAD (arabi-
strong P; promoter. nose) operon and the gene encoding the positive and



76 CHAPTER 5

(@)

AraC dimer
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Transcription
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Fig. 5.12 Regulation of the pPBAD promoter. (a) The
conformational changes that take place on addition of
arabinose. (b) Western blot showing the increase in synthesis
of a cloned gene product when different levels of arabinose are
added to a culture of the host cell.

negative regulator of this promoter, araC. AraC is a
transcriptional regulator that forms a complex with
L-arabinose. In the absence of arabinose, AraC binds
to the O, and I, half-sites of the araBAD operon,
forming a 210 bp DNA loop and thereby blocking
transcription (Fig. 5.12). As arabinose is added to
the growth medium, it binds to AraC, thereby releas-
ing the O, site. This in turn causes AraC to bind to
the I, site adjacent to the I, site. This releases the
DNA loop and allows transcription to begin. Binding
of AraC to I, and I, is activated in the presence of
cAMP activator protein (CAP) plus cAMP. If glucose
is added to the growth medium, this will lead to a
repression of cAMP synthesis, thereby decreasing
expression from the araBAD promoter. Thus one can
titrate the level of cloned gene product by varying

the glucose and arabinose content of the growth
medium (Fig. 5.12). According to Guzman et al.
(1995), the pBAD vectors permit fine-tuning of gene
expression. All that is required is to change the sugar
composition of the medium. However, this is disputed
by others (Siegele & Hu 1997, Hashemzadeh-Bonehi
etal. 1998).

Many of the vectors designed for high-level ex-
pression also contain translation-initiation signals
optimized for E. coli expression (see Box 5.1).

Vectors to facilitate protein purification

Many cloning vectors have been engineered so that
the protein being expressed will be fused to another
protein, called a tag, which can be used to facilitate
protein purification. Examples of tags include glu-
tathione-S-transferase, the MalE (maltose-binding)
protein and multiple histidine residues, which can
easily be purified by affinity chromatography. The
tag vectors are usually constructed so that the
coding sequence for an amino acid sequence cleaved
by a specific protease is inserted between the coding
sequence for the tag and the gene being expressed.
After purification, the tag protein can be cleaved off
with the specific protease to leave a normal or nearly
normal protein. It is also possible to include in the
tag a protein sequence that can be assayed easily.
This permits assay of the cloned gene product when
its activity is not known or when the usual assay is
inconvenient. Three different examples of tags are
given below. The reader requiring a more detailed
insight should consult the review by LaVallie and
McCoy (1995).

To use a polyhistidine fusion for purification, the
gene of interest is first engineered into a vector in
which there is a polylinker downstream of six hist-
idine residues and a proteolytic cleavage site. In the
example shown in Fig. 5.13, the cleavage site is that
for enterokinase. After induction of synthesis of the
fusion protein, the cells are lysed and the viscosity
of the lysate is reduced by nuclease treatment.
The lysate is then applied to a column containing
immobilized divalent nickel, which selectively binds
the polyhistidine tag. After washing away any
contaminating proteins, the fusion protein is eluted
from the column and treated with enterokinase to
release the cloned gene product.
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Box 5.1 Optimizing translation

High-level expression of a cloned gene requires more
than a strong promoter. The mRNA produced during
transcription needs to be effectively translated into
protein. Although many factors can influence the rate
of translation, the most important is the interaction
of the ribosome with the bases immediately upstream
from the initiation codon of the gene. In bacteria,

a key sequence is the ribosome-binding site or
Shine-Dalgarno (S-D) sequence. The degree of
complementarity of this sequence with the 165 rRNA
can affect the rate of translation (De Boer & Hui
1990). Maximum complementarity occurs with the
sequence 5-UAAGGAGG-3’ (Ringquist et al. 1992).
The spacing between the S-D sequence and the
initiation codon is also important. Usually there are
five to 10 bases, with eight being optimal.
Decreasing the distance below 4 bp or increasing it
beyond 14 bp can reduce translation by several
orders of magnitude.

Translation is affected by the sequence of bases
that follow the S-D site (De Boer et al. 1983b). The
presence of four A residues or four T residues in this
position gave the highest translational efficiency.
Translational efficiency was 50% or 25% of maximum
when the region contained, respectively, four C
residues or four G residues.

The composition of the triplet immediately
preceding the AUG start codon also affects
the efficiency of translation. For translation of
[-galactosidase mRNA, the most favourable
combinations of bases in this triplet are UAU and
CUU. If UUC, UCA or AGG replaced UAU or CUU, the
level of expression was 20-fold less (Hui et al. 1984).

The codon composition following the AUG
start codon can also affect the rate of translation.

For example, a change in the third position of

the fourth codon of a human y-interferon gene
resulted in a 30-fold change in the level of expression
(De Boer & Hui 1990). Also, there is a strong bias in
the second codon of many natural mRNAs, which is
quite different from the general bias in codon usage.
Highly expressed genes have AAA (Lys) or GCU (Ala)
as the second codon. Devlin et al. (1988) changed all
the G and C nucleotides for the first four codons of a

granulocyte colony-stimulating factor gene and
expression increased from undetectable to 17% of
total cell protein.

Sequences upstream from the S-D site can affect
the efficiency of translation of certain genes. In the
E. coli rnd gene there is a run of eight uracil residues.
Changing two to five of these residues has no effect
on mRNA levels but reduces translation by up to 95%
(Zhang & Deutscher 1992). Etchegaray and Inouye
(1999) have identified an element downstream of
the initiation codon, the downstream box, which
facilitates formation of the translation-initiation
complex. The sequence of the 3” untranslated region
of the mRNA can also be important. If this region is
complementary to sequences within the gene, hairpin
loops can form and hinder ribosome movement along
the messenger.

The genetic code is degenerate, and hence for
most of the amino acids there is more than one
codon. However, in all genes, whatever their origin,
the selection of synonymous codons is distinctly
non-random (for reviews, see Kurland 1987, Ernst
1988 and McPherson 1988). The bias in codon
usage has two components: correlation with tRNA
availability in the cell, and non-random choices
between pyrimidine-ending codons. Ikemura (1981a)
measured the relative abundance of the 26 known
tRNAs of E. coli and found a strong positive correlation
between tRNA abundance and codon choice. Later,
Ikemura (1981b) noted that the most highly expressed
genes in E. coli contain mostly those codons
corresponding to major tRNAs but few codons of
minor tRNAs. In contrast, genes that are expressed
less well use more suboptimal codons. Forman et al.
(1998) noted significant misincorporation of lysine,
in place of arginine, when the rare AGA codon was
included in a gene overexpressed in E. coli. It should
be noted that the bias in codon usage even extends
to the stop codons (Sharp & Bulmer 1988). UAA is
favoured in genes expressed at high levels, whereas
UAG and UGA are used more frequently in genes
expressed at a lower level.

For a review of translation the reader should
consult Kozak (1999).
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....... Asp Asp Asp Asp Lys Asp Pro
------- GAC GAT GAC CGA
------- Asp Asp Asp Asp Lys Asp Arg
------- GAC GAT GAC GAT AAG GAT | CGA
------- Asp Asp Asp Asp Lys , Asp Arg

Enterokinase

GAT AAG GAT !
cleavage '

pBAD/His
A,B,C

Trp  Gly Ser
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*Frame-dependent variations

AGC TCG AGA TCT GCA GCT-------

Ser Ser Ars Ser Ala

TGG GGA TCC GAG CTC GAG ATC TGC-------

Glu Leu Glu lle

TGG ATC CGA CCT CGA GAT CTG CAG-------
Trp

lle Arg Pro Arg Asp Leu

Fig. 5.13 Structure of a vector (pBAD/His, In Vitrogen Corporation) designed for the expression of a cloned gene as a fusion
protein containing a polyhistidine sequence. Three different variants (A, B, C) allow the insert to be placed in each of the three
translational reading frames. The sequence shaded pink shows the base sequence which is altered in each of the three vectors.
The lightly-shaded box (AGATCT) is the Bgl I site of the polylinker. Note that the initial A residue of the restriction site is at a

different point in the triplet codon in each of the three sequences.

For the cloned gene to be expressed correctly, it
has to be in the correct translational reading frame.
This is achieved by having three different vectors,
each with a polylinker in a different reading frame
(see Fig. 5.13). Enterokinase recognizes the sequence
(Asp),Lys and cleaves immediately after the lysine
residue. Therefore, after enterokinase cleavage, the
cloned gene protein will have a few extra amino
acids at the N terminus. If desired, the cleavage

site and polyhistidines can be synthesized at the C
terminus. If the cloned gene product itself contains
an enterokinase cleavage site, then an alternative
protease, such as thrombin or factor Xa, with a
different cleavage site can be used.

To facilitate assay of the fusion proteins, short
antibody recognition sequences can be incorporated
into the tag between the affinity label and the pro-
tease cleavage site. Some examples of recognizable
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Table 5.4 Peptide epitopes, and the

antibodies that recognize them, for use
in assaying fusion proteins.

Peptide sequence

Antibody recognition

-Glu-Gln-Lys-Leu-lle Ser-Glu-Glu-Asp-Leu-
-His-His-His-His-His-His-COOH
-Gly-Lys-Pro-lle-Pro-Asn-Pro-Leu-Leu-Gly-Leu-

Asp-Ser-Thr-

Anti-myc antibody
Anti-His (C-terminal) antibody
Anti-V5 antibody

epitopes are given in Table 5.4. These antibodies can
be used to detect, by western blotting, fusion pro-
teins carrying the appropriate epitope. Note that a
polyhistidine tag at the C terminus can function for
both assay and purification.

Biotin is an essential cofactor for a number of
carboxylases important in cell metabolism. The
biotin in these enzyme complexes is covalently
attached at a specific lysine residue of the biotin
carboxylase carrier protein. Fusions made to a
segment of the carrier protein are recognized in E.
coli by biotin ligase, the product of the birA gene, and
biotin is covalently attached in an ATP-dependent
reaction. The expressed fusion protein can be
purified using streptavidin affinity chromatography
(Fig. 5.14). E. coli expresses a single endogenous
biotinylated protein, but it does not bind to strepta-
vidin in its native configuration, making the affinity
purification highly specific for the recombinant
fusion protein. The presence of biotin on the fusion
protein has an additional advantage: its presence can
be detected with enzymes coupled to streptavidin.

The affinity purification systems described above
suffer from the disadvantage that a protease is
required to separate the target protein from the
affinity tag. Also, the protease has to be separated
from the protein of interest. Chong et al. (1997,
1998) have described a unique purification system
that has neither of these disadvantages. The system
utilizes a protein splicing element, an intein, from
the Saccharomyces cerevisiae VMA1 gene (see Box 5.2).
The intein is modified such that it undergoes a
self-cleavage reaction at its N terminus at low
temperatures in the presence of thiols, such as
cysteine, dithiothreitol or B-mercaptoethanol. The
gene encoding the target protein is inserted into a
multiple cloning site (MCS) of a vector to create a
fusion between the C terminus of the target gene and

the N terminus of the gene encoding the intein. DNA
encoding a small (5 kDa) chitin-binding domain
from Bacillus circulans was added to the C terminus
of the intein for affinity purification (Fig. 5.15).

The above construct is placed under the control of
an IPTG-inducible T7 promoter. When crude extracts
from induced cells are passed through a chitin col-
umn, the fusion protein binds and all contaminating
proteins are washed through. The fusion is then
induced to undergo intein-mediated self-cleavage on
the column by incubation with a thiol. This releases
the target protein, while the intein chitin-binding
domain remains bound to the column.

Vectors to promote solubilization of
expressed proteins

One of the problems associated with the overproduc-
tion of proteins in E. coli is the sequestration of the
product into insoluble aggregates or ‘inclusion bod-
ies’ (Fig. 5.16). They were first reported in strains
overproducing insulin A and B chains (Williams
et al. 1982). At first, their formation was thought to
be restricted to the overexpression of heterologous
proteins in E. coli, but they can form in the presence
of high levels of normal E. coli proteins, e.g. subunits
of RNA polymerase (Gribskov & Burgess 1983).
Two parameters that can be manipulated to re-
duce inclusion-body formation are temperature and
growth rate. There are a number of reports which
show that lowering the temperature of growth
increases the yield of correctly folded, soluble protein
(Schein & Noteborn 1988, Takagi et al. 1988,
Schein 1991). Media compositions and pH values
that reduce the growth rate also reduce inclusion-
body formation. Renaturation of misfolded proteins
can sometimes be achieved following solubilization
in guanidinium hydrochloride (Lilie et al. 1998).
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Fig. 5.14 Purification of a cloned gene
biotin product synthesized as a fusion to the
l biotin carboxylase carrier protein (tag).
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Cosmids, phasmids and advanced vectors 81

Box 5.2 Inteins, exeins and protein splicing

Protein splicing is defined as the excision of an
intervening protein sequence (the intein) from a
protein precursor. Splicing involves ligation of the
flanking protein fragments (the exteins) to form a

mature extein protein and the free intein. Protein
splicing results in a native peptide bond between the
ligated exteins and this differentiates it from other
forms of autoproteolysis.

N-extein Intein C-extein
Precursor protein
Splicing
N-extein C-extein Intein

Mature extein protein

Sequence comparison and structural analysis have
indicated that the residues responsible for splicing
are ~100 amino acids at the N terminus of the intein
and ~50 amino acids at the C terminus. These two
splicing regions are separated by a linker or a gene
encoding a homing endonuclease. If present in a cell,

the homing endonuclease makes a double-stranded
break in the DNA at or near the insertion site (the
home) of the intein encoding it. This endonuclease
activity initiates the movement of the intein into
another allele of the same gene if that allele lacks
the intein.

N-terminal

N-extein g .
splicing region

Linker or homing C-terminal

. . C-extein
endonuclease gene splicing region

Three ‘genetic’ methods of preventing inclusion-
body formation have been described. In the first of
these, the host cell is engineered to overproduce a
chaperon (e.g. DnaK, GroEL or GroES proteins) in
addition to the protein of interest (Van Dyk et al.
1989, Blum et al. 1992, Thomas et al. 1997).
Castanie et al. (1997) have developed a series of
vectors which are compatible with pBR322-type
plasmids and which encode the overproduction of
chaperons. These vectors can be used to test the
effect of chaperons on the solubilization of heterolo-
gous gene products. Even with excess chaperon
there is no guarantee of proper folding. The second
method involves making minor changes to the
amino acid sequence of the target protein. For
example, cysteine-to-serine changes in fibroblast
growth factor minimized inclusion-body formation
(Rinas et al. 1992). The third method is derived from
the observation that many proteins produced as

insoluble aggregates in their native state are
synthesized in soluble form as thioredoxin fusion
proteins (LaVallie et al. 1993). More recently, Davis
et al. (1999) have shown that the NusA and GrpE
proteins, as well as bacterioferritin, are even better
than thioredoxin at solubilizing proteins expressed
at a high level. Kapust and Waugh (1999) have
reported that the maltose-binding protein is also
much better than thioredoxin.

Building on the work of LaVallie et al. (1993), a
series of vectors has been developed in which the
gene of interest is cloned into an MCS and the gene
product is produced as a thioredoxin fusion protein
with an enterokinase cleavage site at the fusion
point. After synthesis, the fusion protein is released
from the producing cells by osmotic shock and
purified. The desired protein is then released by
enterokinase cleavage. To simplify the purification
of thioredoxin fusion proteins, Lu et al. (1996)



82 CHAPTER 5

CBD

T7 promoter N
CIomng and

expression l CBD

| | Intein (@

Load and
wash

<

Inducible cleavage
+DTT at 4°C | l

Target Protein

Lane 1: Protein Marker.
Lane 2: Crude extract from uninduced cells.
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Lane 7: Quick DTT wash to distribute DTT evenly throughout the chitin column.
Lanes 8-9: Fraction of eluted MBP after stopping column flow and inducing a self-cleavage reaction at 4°C overnight.
Lane 10: SDS stripping of remaining proteins bound to chitin column (mostly the cleaved intein-CBD fusion).

Fig. 5.15 Purification of a cloned gene product synthesized as a fusion with an intein protein. (Figure reproduced courtesy of New

England Biolabs.)

systematically mutated a cluster of surface amino
acid residues. Residues 30 and 62 were converted
to histidine and the modified (‘histidine patch’)
thioredoxin could now be purified by affinity chro-
matography on immobilized divalent nickel. An
alternative purification method was developed by
Smith et al. (1998). They synthesized a gene in
which a short biotinylation peptide is fused to the N
terminus of the thioredoxin gene to generate a new
protein called BIOTRX. They constructed a vector
carrying the BIOTRX gene, with an MCS at the C ter-
minus, and the birA gene. After cloning a gene in
the MCS, a fused protein is produced which can be
purified by affinity chromatography on streptavidin
columns.

An alternative way of keeping recombinant pro-
teins soluble is to export them to the periplasmic
space (see next section). However, even here they
may still be insoluble. Barth et al. (2000) solved this

problem by growing the producing bacteria under
osmotic stress (4% NaCl plus 0.5 mol/l sorbitol) in
the presence of compatible solutes. Compatible
solutes are low-molecular-weight osmolytes, such
as glycine betaine, that occur naturally in halophilic
bacteria and are known to protect proteins at high
salt concentrations. Adding glycine betaine for the
cultivation of E. coli under osmotic stress not only
allowed the bacteria to grow under these otherwise
inhibitory conditions but also produced a periplas-
mic environment for the generation of correctly
folded recombinant proteins.

Vectors to promote protein export

Gram-negative bacteria such as E. coli have a com-
plex wall-membrane structure comprising an inner,
cytoplasmic membrane separated from an outer
membrane by a cell wall and periplasmic space.
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Fig. 5.16 Inclusions of Trp polypeptide—proinsulin fusion protein in E. coli. (Left) Scanning electron micrograph of cells fixed in
the late logarithmic phase of growth; the inset shows normal E. coli cells. (Right) Thin section through E. coli cells producing Trp
polypeptide—insulin A chain fusion protein. (Photographs reproduced from Science courtesy of Dr D.C. Williams (Eli Lilly & Co.)

and the American Association for the Advancement of Science.)

Secreted proteins may be released into the periplasm
or integrated into or transported across the outer
membrane. In E. coli it has been established that pro-
tein export through the inner membrane to the
periplasm or to the outer membrane is achieved by a
universal mechanism known as the general export
pathway (GEP). This involves the sec gene products
(for review see Lory 1998). Proteins that enter the
GEP are synthesized in the cytoplasm with a signal
sequence at the N terminus. This sequence is cleaved
by a signal or leader peptidase during transport. A
signal sequence has three domains: a positively
charged amino-terminal region, a hydrophobic core,
consisting of five to 15 hydrophobic amino acids,
and a leader peptidase cleavage site. A signal sequence
attached to a normally cytoplasmic protein will
direct it to the export pathway.

Many signal sequences derived from naturally
occurring secretory proteins (e.g. OmpA, OmpT,
PelB, B-lactamase, alkaline phosphatase and phage
M1 3 gIII) support the efficient translocation of het-
erologous peptides across the inner membrane
when fused to their amino termini. In some cases,
however, the preproteins are not readily exported
and either become ‘jammed’ in the inner membrane,
accumulate in precursor inclusion bodies or are
rapidly degraded within the cytoplasm. In practice,
it may be necessary to try several signal sequences
(Berges et al. 1996) and/or overproduce different
chaperons to optimize the translocation of a particu-
lar heterologous protein. A first step would be to try
the secretion vectors offered by a number of molecular-
biology suppliers and which are variants of the
vectors described above.
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It is possible to engineer proteins such that they
are transported through the outer membrane and
are secreted into the growth medium. This is achieved
by making use of the type I, Sec-independent secre-
tion system. The prototype type I system is the
haemolysin transport system, which requires a short
carboxy-terminal secretion signal, two translocators
(HlyB and D), and the outer-membrane protein
TolC. If the protein of interest is fused to the carboxy-
terminal secretion signal of a type I-secreted protein,
it will be secreted into the medium provided HlyB,
HlyD and TolC are expressed as well (Spreng et al.
2000). An alternative presentation of recombinant
proteins is to express them on the surface of the
bacterial cell using any one of a number of carrier
proteins (for review, see Cornelis 2000).

Putting it all together:
vectors with combinations of features

Many of the vectors in current use, particularly
those that are commercially available, have com-
binations of the features described in previous sec-
tions. Two examples are described here to show the
connection between the different features. The first
example is the LITMUS vectors that were described
earlier (p. 73) and which are used for the generation
of RNA probes. They exhibit the following features:
 The polylinkers are located in the lacZo gene and
inserts in the polylinker prevent oi-complementation.
Thus blue/white screening (see Box 3.2 on p. 35)
can be used to distinguish clones with inserts from
those containing vector only.

e The LITMUS polylinkers contain a total of 32
unique restriction sites. Twenty-nine of these enzymes
leave four-base overhangs and three leave blunt ends.
The three blunt cutting enzymes have been placed at
either end of the polylinker and in the middle of it.

* The vectors carry both the pUC and the M13 ori
regions. Under normal conditions the vector replic-
ates as a double-stranded plasmid but, on infection
with helper phage (M13K07), single-stranded mole-
cules are produced and packaged in phage protein.

¢ The single-stranded molecules produced on helper-
phage addition have all the features necessary for
DNA sequencing (seep. 123).
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Fig. 5.17 Structural features of a PinPoint™ vector.
(Figure reproduced courtesy of Promega Corporation.)

* The vectors are small (< 3 kb) and with a pUC ori
have a high copy number.

The second example is the PinPoint series of
expression vectors (Fig. 5.17). These vectors have
the following features:

* Expression is under the control of either the T7
or the tac promoter, allowing the user great flexibil-
ity of control over the synthesis of the cloned gene
product.

» Some of them carry a DNA sequence specifying
synthesis of a signal peptide.

 Presence of an MCS adjacent to a factor-Xa cleav-
age site.

+ Synthesis of an N-terminal biotinylated sequence
to facilitate purification.

» Three different vectors of each type permitting
translation of the cloned gene insert in each of the
three reading frames.

* Presence of a phage SP6 promoter distal to the
MCS to permit the synthesis of RNA probes com-
plementary to the cloned gene. Note that the orienta-
tion of the cloned gene is known and so the RNA
probe need only be synthesized from one strand.
What is absent from these vectorsis an M1 3 origin of
replication to facilitate synthesis of single strands for
DNA sequencing.
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Cloning strategies

Introduction

In the early chapters of this book, we discussed DNA
cutting and joining techniques, and introduced
the different types of vectors that are available for
cloning DNA molecules. Any cell-based cloning
procedure has four essential parts: (i) a method
for generating the DNA fragment for cloning; (ii) a
reaction that inserts that fragment into the chosen
cloning vector; (iii) a means for introducing that
recombinant vector into a host cell wherein it is

replicated; and (iv) a method for selecting recipient
cells that have acquired the recombinant (Fig. 6.1).
To simplify the description of such procedures, the
assumption is made that we know exactly what
we are cloning. This is indeed the case with simple
subcloning strategies, where a defined restriction
fragment is isolated from one cloning vector and
inserted into another. However, we also need to
consider what happens in cases where the source
of donor DNA is very complex. We may wish, for
example, to isolate a single gene from the human

Restriction : Duplex Direct
DNA endonuclease l\/lser:]cef;a;rr:cal cDNA chemical PCR
fragm digestion 9 synthesis synthesis
l 4 4 +— _l_I_l
Joinin Homopolymer nghatl.on Bll'untt-'end Linker TA
tailing conesive 'gation molecules cloning
vector termini (no linker)
Transfection Transformation In vitro packaging into phage
Introdu with recombinant with recombinant coat: transduction with
into hos phage DNA plasmid DNA recombinant phage or cosmid
Selecti P . Protein—protein = Protein-ligand Functional Gain of
Hybridization PCR Immunochemical interactions interactions complementation function

screeni

Fig. 6.1 Generalized overview of cloning strategies, with favoured routes shown by arrows. Note that in cell-based cloning
strategies, DNA fragments are initially generated and cloned in a non-specific manner, so that screening for the desired clone is
carried out at the end of the process. Conversely, when specific DNA fragments are obtained by PCR or direct chemical synthesis,

there is no need for subsequent screening.
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genome, in which case the target sequence could be
diluted over a millionfold by unwanted genomic
DNA. We need to find some way of rapidly sifting
through, or screening, large numbers of unwanted
sequences to identify our particular target.

There are two major strategies for isolating
sequences from complex sources such as genomic
DNA. The first, a cell-based cloning strategy, is to
divide the source DNA into manageable fragments
and clone everything. Such a collection of clones,
representative of the entire starting population, is
known as a library. We must then screen the library to
identify our clone of interest, using a procedure that
discriminates between the desired clone and all the
others. A number of such procedures are discussed
later in the chapter. The second strategy is to select-
ively amplify the target sequence directly from the
source DNA using the polymerase chain reaction
(PCR), and then clone this individual fragment.
Each strategy has its advantages and disadvantages.
Note that, in the library approach, screening is
carried out after the entire source DNA population
has been cloned indiscriminately. Conversely, in the
PCR approach, the screening step is built into the
first stage of the procedure, when the fragments
are generated, so that only selected fragments are
actually cloned. In this chapter we consider prin-
ciples for the construction and screening of genomic
and complementary DNA (cDNA) libraries, and
compare the library-based route of gene isolation to
equivalent PCR-based techniques.

Cloning genomic DNA
Genomic DNA libraries

Producing representative genomic
libraries in A cloning vectors

Following the example above, let us suppose that we
wish to clone a single-copy gene from the human
genome. How might this be achieved? We could
simply digest total human DNA with a restriction
endonuclease, such as EcoRI, insert the fragments
into a suitable phage-A vector and then attempt to
isolate the desired clone. How many recombinants
would we have to screen in order to isolate the right
one? Assuming EcoRI gives, on average, fragments
of about 4 kb, and given that the size of the human
haploid genome is 2.8 x 10° kb, we can see that
over 7 x 10° independent recombinants must be
prepared and screened in order to have a reasonable
chance of including the desired sequence. In other
words we have to obtain a very large number of
recombinants, which together contain a complete
collection of all of the DNA sequences in the entire
human genome, a human genomic library. The sizes
of some other genomes are listed in Table 6.1.

There are two problems with the above approach.
First, the gene may be cut internally one or more
times by EcoRI so that it is not obtained as a single
fragment. This is likely if the gene is large. Also, it
may be desirable to obtain extensive regions flanking

Table 6.1 Genome sizes of selected

organisms.

Genome size (kb)

Organism

(haploid where appropriate)

Escherichia coli

Yeast (Saccharomyces cerevisiae)
Arabidopsis thaliana (higher plant)
Tobacco

Wheat

Zea mays

Drosophila melanogaster

Mouse

Human

Xenopus laevis

40x103
135x10%
1.25% 10°
1.6% 108
5.9x10°
1.5% 107
1.8x10°
23x10°0
2.8x10°
3.0x10°
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the gene or whole gene clusters. Fragments averag-
ing about 4 kb are likely to be inconveniently short.
Alternatively, the gene may be contained on an
EcoRI fragment that is larger than the vector can
accept. In this case the appropriate gene would not
be cloned at all.

These problems can be overcome by cloning ran-
dom DNA fragments of a large size (for A replacement
vectors, approximately 20 kb). Since the DNA is
randomly fragmented, there will be no systematic
exclusion of any sequence. Furthermore, clones will
overlap one another, allowing the sequence of very
large genes to be assembled and giving an oppor-
tunity to ‘walk’ from one clone to an adjacent one
(p. 107). Because of the larger size of each cloned
DNA fragment, fewer clones are required for a com-
plete or nearly complete library. How many clones
are required? Let n be the size of the genome relative
to a single cloned fragment. Thus, for the human
genome (2.8 x 10° kb) and an average cloned frag-
ment size of 20 kb, n = 1.4 x 10°. The number of
independent recombinants required in the library
must be greater than n, because sampling variation
will lead to the inclusion of some sequences several
times and the exclusion of other sequences in a
library of just n recombinants. Clarke and Carbon
(1976) have derived a formula that relates the
probability (P) of including any DNA sequence in a
random library of N independent recombinants:

_In(1-P)

N=—okbonun ~7
ln(l—lj
n

Therefore, to achieve a 95% probability (P=0.95) of
including any particular sequence in a random
human genomic DNA library of 20 kb fragment size:

In(1-0.95)

In 1—%
1.4x10°

Notice that a considerably higher number of recom-
binants is required to achieve a 99% probability, for
here N=6.5x10°.

How can appropriately sized random fragments
be produced? Various methods are available. Random
breakage by mechanical shearing is appropriate
because the average fragment size can be controlled,

N= =4.2x10°
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Fig. 6.2 Maniatis’ strategy for producing a representative
gene library.

but insertion of the resulting fragments into vectors
requires additional steps. The more commonly used
procedure involves restriction endonucleases. In the
strategy devised by Maniatis et al. (1978) (Fig. 6.2),
the target DNA is digested with a mixture of two
restriction enzymes. These enzymes have tetra-
nucleotide recognition sites, which therefore occur
frequently in the target DNA and in a complete
double-digest would produce fragments averaging
less than 1 kb. However, only a partial restriction
digest is carried out, and therefore the majority of
the fragments are large (in the range 10-30 kb).
Given that the chances of cutting at each of the
available restriction sites are more or less equi-
valent, such a reaction effectively produces a
random set of overlapping fragments. These can be
size-fractionated, e.g. by gel electrophoresis, so as
to give a random population of fragments of about
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Fig. 6.3 Creation of a genomic DNA library using the phage-A vector EMBL3 A. High-molecular-weight genomic DNA is partially
digested with Sau3 Al The fragments are treated with phosphatase to remove their 5" phosphate groups. The vector is digested
with BamHI and EcoRI, which cut within the polylinker sites. The tiny BamHI/EcoRI polylinker fragments are discarded in the
isopropanol precipitation, or alternatively the vector arms may be purified by preparative agarose gel electrophoresis. The vector
arms are then ligated with the partially digested genomic DNA. The phosphatase treatment prevents the genomic DNA fragments
from ligating together. Non-recombinant vector cannot re-form because the small polylinker fragments have been discarded.

The only packageable molecules are recombinant phages. These are obtained as plaques on a P2 lysogen of sup* E. coli. The Spi~
selection ensures recovery of phage lacking red and gam genes. A sup™ host is necessary because, in this example, the vector carries
amber mutations in genes A and B. These mutations increase biological containment, and can be applied to selection procedures,
such as recombinational selection, or tagging DNA with a sup* gene. Ultimately, the foreign DNA can be excised from the vector
by virtue of the Sall sites in the polylinker. (Note: Rogers et al. (1988) have shown that the EMBL3 polylinker sequence is not
exactly as originally described. It contains an extra sequence with a previously unreported Pstl site. This does not affect most
applications as a vector.)
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20 kb, which are suitable for insertion into a A re-
placement vector. Packaging in vitro (p. 58) ensures
that an appropriately large number of independent
recombinants can be recovered, which will give an
almost completely representative library.

Development of A replacement vectors for
genomic library construction

In the Maniatis strategy, the use of two different
restriction endonucleases with completely unrelated
recognition sites, Haelll and Alul, assists in obtaining
fragmentation that is nearly random. These enzymes
both produce blunt ends, and the cloning strategy
requires linkers (see Fig. 6.2). Therefore, in the early
days of vector development, a large number of
different vectors became available with alternative
restriction sites and genetic markers suitable for
varied cloning strategies. A good example of this
diversity is the Charon series, which included both
insertion- and replacement-type vectors (Blatttner
etal. 1977, Williams & Blattner 1979).

A convenient simplification can be achieved by
using a single restriction endonuclease that cuts fre-
quently, such as Sau3AI. This will create a partial
digest that is slightly less random than that achieved
with a pair of enzymes. However, it has the great
advantage that the Sau3 Al fragments can be readily
inserted into A replacement vectors, such as AEMBL3
(Frischauf et al. 1983), which have been digested
with BamHI (Fig. 6.3). This is because Sau3AI and
BamHI create the same cohesive ends (see p. 32). Due
to the convenience and efficiency of this strategy,
the AEMBL series of vectors have been very widely
used for genomic library construction (p. 58). Note
that AEMBL vectors also carry the red and gam genes
on the stuffer fragment and a chi site on one of the
vector arms, allowing convenient positive selec-
tion on the basis of the Spi phenotype (see p. 58).
Most A vectors currently used for genomic library
construction are positively selected on this basis,
including A2001 (Karn et al. 1984), ADASH and
AFIX (Sorge 1988). ADASH and AFIX (and recently
improved versions, ADASHII and AFIXII) are par-
ticularly versatile because the multiple cloning sites
flanking the stuffer fragment contain opposed
promoters for the T3 and T7 RNA polymerases. If
the recombinant vector is digested with a restriction

endonuclease that cuts frequently, only short frag-
ments of insert DNA are left attached to these
promoters. This allows RNA probes to be generated
corresponding to the ends of any genomic insert.
These are ideal for probing the library to identify
overlapping clones as part of a chromosome walk
(p. 107) and have the great advantage that they can
be made conveniently, directly from the vector, with-
out recourse to subcloning. Vector maps of ADASH
and AFIX are shown in Fig. 6.4. AFIX is similar to
ADASH, except that it incorporates additional Xhol
sites flanking the stuffer fragment. Digestion of the
vector with Xhol followed by partial filling of the
sticky ends prevents vector religation. However,
partially filled Sau3AI sticky ends are compatible
with the partially filled Xhol ends, although not with
each other. This strategy prevents the ligation of
vector arms without genomic DNA, and also prevents
the insertion of multiple fragments.

Genomic libraries in high-capacity vectors

In place of phage-A derivatives, a number of higher-
capacity cloning vectors such as cosmids, bacterial
artificial chromosomes (BACs), P1-derived artificial
chromosomes (PACs) and yeast artificial chromo-
somes (YACs) are available for the construction of
genomic libraries. The advantage of such vectors
is that the average insert size is much larger than
for A replacement vectors. Thus, the number of
recombinants that need to be screened to identify a
particular gene of interest is correspondingly lower,
large genes are more likely to be contained within
a single clone and fewer steps are needed for a chro-
mosome walk (p. 107). Generally, strategies similar
to the Maniatis method discussed above are used
to construct such libraries, except that the partial
restriction digest conditions are optimized for larger
fragment sizes, and size fractionation must be pre-
formed by specialized electrophoresis methods that
can separate fragments over 30 kb in length. Pulsed-
field gel electrophoresis (PFGE) and field-inversion
gel electrophoresis (FIGE) have been devised for this
purpose (p. 10). High-molecular-weight donor DNA
fragments can also be prepared using restriction
enzymes that cut very rarely.

Cosmids may be favoured over A vectors because
they accept inserts of up to 45 kb. However, since
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specific for the bacteriophage T3
and T7 RNA polymerases are
located adjacent to the cloning
sites, allowing RNA probes to be

these vectors are maintained as high-copy-number
plasmids in Escherichia coli, they have a tendency
to be unstable, undergoing deletions that favour
increased replication. Most workers also find that
plaques give less background hybridization than
colonies, so screening libraries of phage-A recombin-
ants by plaque hybridization gives cleaner results
than screening cosmid libraries by colony hybridiza-
tion (see p. 104). It may also be desired to retain and
store an amplified genomic library. With phage, the
initial recombinant DNA population is packaged
and plated out, and can be screened at this stage.
Alternatively, the plates containing the recombin-
ant plaques can be washed to give an amplified library
of recombinant phage. The amplified library can
then be stored almost indefinitely, because phage
have a long shelf-life. The amplification is so great
that samples of the amplified library can be plated
out and screened with different probes on hundreds
of occasions. With bacterial colonies containing
cosmids, it is also possible to store an amplified
library, but bacterial populations cannot be stored
as readily as phage populations, and there is often
an unacceptable loss of viability (Hanahan &
Meselson 1980). A word of caution is necessary,
however, when considering the use of any amplified
library. This is due to the possibility of distortion.
Not all recombinants in a population will propagate

generated that correspond to
each end of the insert.

equally well, e.g. variations in target DNA size or
sequence may affect replication of a recombinant
phage, plasmid or cosmid. Therefore, when a library
is put through an amplification step, particular
recombinants may be increased in frequency,
decreased in frequency or lost altogether. The devel-
opment of modern vectors and cloning strategies
has simplified library construction to the point
where many workers now prefer to create a new
library for each screening, rather than risk using a
previously amplified one. Furthermore, pre-made
libraries are available from many commercial
sources and the same companies often offer custom
library services. These libraries are often of high
quality and such services are becoming increasingly

popular.
The highest-capacity vectors — BACs, PACs and
YACs — would seem to be ideal for library con-

struction because of the very large insert sizes.
However, such libraries are generally more difficult
to prepare, and the larger inserts can be less than
straightforward to work with. Unless the genomic
target sequence is known to be very large and needs
to beisolated as a single clone, A replacement vectors
or cosmids remain the most appropriate choice for
many experiments. The main application of BAC,
PAC and YAC libraries is for genome mapping,
sequencing and the assembly of clone contigs.
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Subgenomic libraries

Genomic libraries have been prepared from single
human chromosomes separated by flow cytometry
(e.g.Daviesetal. 1981). Even greater enrichment for
particular regions of the genome is possible using
the technically demanding technique of chromosome
microdissection. In Drosophila, it has been possible
to physically excise a region of the salivary gland
chromosome by micromanipulation, and then digest
the DNA and clone it in phage-A vectors, all within
a microdrop under oil (Scalenghe et al. 1981).
Similarly, this has been achieved with specific bands
of human chromosomes using either extremely fine
needles or a finely focused laser beam (Ludecke et al.
1989, 1990). Regardless of the species, this is a
laborious and difficult technique and is prone to
contamination with inappropriate DNA fragments.
It has been rendered obsolete with the advent of
high-capacity vectors, such as YACs.

PCR as an alternative to genomic
DNA cloning

The PCR is a robust technique for amplifying specific
DNA sequences from complex sources. In principle,
therefore, PCR with specific primers could be used to
isolate genes directly from genomic DNA, obviating
the need for the production of genomic libraries.
However, a serious limitation is that standard PCR
conditions are suitable only for the amplification of
short products. The maximum product size that
can be obtained is about 5 kb, although the typical
size is more likely to be 1-2 kb. This reflects the
poor processivity of PCR enzymes such as Tagq poly-
merase, and their lack of proofreading activity. Both
of these deficiencies increase the likelihood of the
enzyme detaching from the template, especially if
the template is long. The extreme reaction con-
ditions required for the PCR are also thought to
cause damage to bases and generate nicks in DNA
strands, which increases the probability of premat-
ure termination on long templates.

Long PCR

Modifications to reaction conditions can improve
polymerase processivity by lowering the reaction

temperature and increasing the pH, thereby protect-
ing the template from damage (Foord & Rose 1994).
The use of such conditions in combination with two
DNA polymerases, one of which is a proofreading
enzyme, has been shown to dramatically improve
the performance of PCR using long templates (Barnes
1994, Cheng et al. 1994a). Essentially, the improve-
ments come about because the proofreading enzyme
removes mismatched bases that are often incor-
porated into growing DNA strands by enzymes such
as Taq polymerase. Under normal conditions, Taq
polymerase would stall at these obstructions and,
lacking the intrinsic proofreading activity to correct
them, the reaction would most likely be aborted.

Using such polymerase mixtures, it has been
possible to amplify DNA fragments of up to 22 kb
directly from human genomic DNA, almost the
entire 16.6 kb human mitochondrial genome and
the complete or near-complete genomes of several
viruses, including 42 kb of the 45 kb phage-A
genome (Cheng et al. 1994a,b). Several commercial
companies now provide cocktails of enzymes suit-
able for long PCR, e.g. TaqPlus Long PCR system,
marketed by Stratagene, which is essentially a
mixture of Tag polymerase and the thermostable
proofreading enzyme Pfu polymerase. The tech-
nique has been applied to the structural analysis
of human genes (e.g. Ruzzo et al. 1998, Bochmann
et al. 1999) and viral genomes, including human
immunodeficiency virus (HIV) (Dittmar et al. 1997).
Long PCR has particular diagnostic value for the
analysis of human triplet-repeat disorders, such as
Friedreich’s ataxia (Lamont et al. 1997). However,
while long PCR is useful for the isolation of genes
where sequence information is already available, it
is unlikely to replace the use of genomic libraries,
since the latter represent a permanent, full-genome
resource that can be shared by numerous laborator-
ies. Indeed, genomic libraries may be used in prefer-
ence to total genomic DNA as the starting-point for
gene isolation by long PCR.

Fragment libraries

Traditional genomic libraries cannot be prepared
from small amounts of starting material, e.g. single
cells, or from problematical sources, such as fixed tis-
sue. In these cases, PCR is the only available strategy
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for gene isolation. However, as well as being useful
for the isolation of specific fragments, the PCR can be
used to generate libraries, i.e. by amplifying a repres-
entative collection of random genomic fragments.
This can be achieved using either random primers
followed by size selection for suitable PCR products
or a strategy in which genomic DNA is digested with
restriction enzymes and then linkers are ligated to
the ends of the DNA fragments, providing annealing
sites for one specific type of primer (e.g. Zhang et al.
1992, Cheung & Nelson 1996). These techniques
are powerful because they allow genomic fragment
libraries to be prepared from material that could not
yield DNA of suitable quality or quantity for conven-
tional library construction, but competition among
the templates generally does not allow the produc-
tion of a truly representative library.

cDNA cloning

Properties of cDNA

cDNA is prepared by reverse-transcribing cellular
RNA. Cloned eukaryotic cDNAs have their own
special uses, which derive from the fact that they
lack introns and other non-coding sequences pre-
sent in the corresponding genomic DNA. Introns
are rare in bacteria but occur in most genes of
higher eukaryotes. They can be situated within the
coding sequence itself, where they then interrupt
the collinear relationship of the gene and its encoded
polypeptide, or they may occur in the 5" or 3" untrans-
lated regions. In any event, they are copied by RNA
polymerase when the gene is transcribed. The
primary transcript goes through a series of process-
ing events in the nucleus before appearing in the
cytoplasm as mature mRNA. These events include
the removal of intron sequences by a process called
splicing. In mammals, some genes contain numer-
ous large introns that represent the vast majority of
the sequence. For example, the human dystrophin
gene contains 79 introns, representing over 99% of
the sequence. The gene is nearly 2.5 Mb in length
and yet the corresponding cDNA is only just over 11
kb. Thus, one advantage of cDNA cloning is that in
many cases the size of the cDNA clone is significantly
lower than that of the corresponding genomic clone.
Since removal of eukaryotic intron transcripts by

splicing does not occur in bacteria, eukaryotic cDNA
clones find application where bacterial expression of
the foreign DNA is necessary, either as a prerequisite
for detecting the clone (see p. 109) or because ex-
pression of the polypeptide product is the primary
objective. Also, where the sequence of the genomic
DNA is available, the position of intron/exon bound-
aries can be assigned by comparison with the cDNA
sequence.

cDNA libraries

Under some circumstances, it may be possible to pre-
pare cDNA directly from a purified mRNA species.
Much more commonly, a ¢cDNA library is prepared
by reverse-transcribing a population of mRNAs and
then screened for particular clones. An important
concept is that the cDNA library is representative of
the RNA population from which it was derived.
Thus, whereas genomic libraries are essentially the
same, regardless of the cell type or developmental
stage from which the DNA was isolated, the con-
tents of cDNA libraries will vary widely according
to these parameters. A given cDNA library will also
be enriched for abundant mRNAs but may contain
only a few clones representing rare mRNAs. Fur-
thermore, where a gene is differentially spliced, a
c¢DNA library will contain different clones represent-
ing alternative splice variants.

Table 6.2 shows the abundances of different classes
of mRNAs in two representative tissues. Generally,
mRNAs can be described as abundant, moderately
abundant or rare. Notice that, in the chicken
oviduct, one mRNA type is superabundant. This
encodes ovalbumin, the major egg-white protein.
Therefore, the starting population is naturally so
enriched in ovalbumin mRNA that isolating the
ovalbumin cDNA can be achieved without the use of
alibrary. An appropriate strategy for obtaining such
abundant cDNAs is to clone them directly in an M13
vector, such as M13 mp8. A set of clones can then be
sequenced immediately and identified on the basis
of the polypeptide that each encodes. A successful
demonstration of this strategy was reported by
Putney et al. (1983), who determined DNA sequences
of 178 randomly chosen muscle cDNA clones. Based
on the amino acid sequences available for 19
abundant muscle-specific proteins, they were able to
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Table 6.2 Abundance classes of typical

mRNA populations.

Number of Abundance

Source different mRNAs (molecules/cell)
Mouse liver cytoplasmic poly(A)* 9 12 000
700 300
11500 15
Chick oviduct polysomal poly(A)* 1 100 000
7 4000
12 500 5

References: mouse (Young et al. 1976); chick oviduct (Axel et al. 1976).

identify clones corresponding to 13 of these 19
proteins, including several protein variants.

For the isolation of cDNA clones in the moderate-
and low-abundance classes, it is usually necessary
to construct a cDNA library. Once again, the high
efficiency obtained by packaging in vitro makes
phage-A vectors attractive for obtaining large num-
bers of cDNA clones. Phage-A insertion vectors are
particularly well suited for cDNA cloning and some of
the most widely used vectors are discussed in Box 6.1.

Typically, 10°~10° clones are sufficient for the isola-
tion of low-abundance mRNAs from most cell types,
i.e. those present at 15 molecules per cell or above.
However, some mRNAs are even less abundant than
this, and may be further diluted if they are expressed
in only a few specific cells in a particular tissue. Under
these circumstances, it may be worth enriching the
mRNA preparation prior to library construction, e.g.
by size fractionation, and testing the fractions for the
presence of the desired molecule. One way in which

Box 6.1 Phage-A vectors for cDNA cloning and expression

Agt10 and Agt11

Most early cDNA libraries were constructed using
plasmid vectors, and were difficult to store and
maintain for long periods. They were largely replaced
by phage-A libraries, which can be stored indefinitely
and can also be prepared to much higher titres.
Agt10 and Agt11 were the standard vectors for
cDNA cloning until about 1990. Both Agt10 and
Agt11 are insertion vectors, and they can accept
approximately 7.6 kb and 7.2 kb of foreign DNA,
respectively. In each case, the foreign DNA is
introduced at a unique EcoRI cloning site. Agt10

is used to make libraries that are screened by
hybridization. The EcoRl site interrupts the phage

cl gene, allowing selection on the basis of plaque

morphology. Agt11 contains an E. coli lacZ gene
driven by the /ac promoter. If inserted in the correct
orientation and reading frame, cDNA sequences
cloned in this vector can be expressed as
[-galactosidase fusion proteins, and can be detected
by immunological screening or screening with other
ligands (see p. 109). Agt11 libraries can also be
screened by hybridization, although Agt10 is more
appropriate for this screening strategy because
higher titres are possible.

NZAP series

While phage-A vectors generate better libraries, they
cannot be manipulated in vitro with the convenience
of plasmid vectors. Therefore, phage clones have to

continued
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Box 6.1 continued

be laboriously subcloned back into plasmids for
further analysis. This limitation of conventional
phage-A vectors has been addressed by the
development of hybrids, sometimes called phasmids,
which possess the most attractive features of both
bacteriophage A and plasmids (see Chapter 5). The
most popular current vectors for cDNA cloning are
undoubtedly those of the AZAP series marketed by
Stratagene (Short et al. 1988). A map of the original
ANZAP vector is shown below. The advantageous
features of this vector are: (i) the high capacity — up
to 10 kb of foreign DNA can be cloned, which is large
enough to encompass most cDNAs; (i) the presence
of a polylinker with six unique restriction sites,

which increases cloning versatility and also allows
directional cloning; and (iii) the availability of T3
and T7 RNA polymerase sites flanking the polylinker,

allowing sense and antisense RNA to be prepared
from the insert. Most importantly, all these features
are included within a plasmid vector called
pBluescript, which is itself inserted into the phage
genome. Thus the cDNA clone can be recovered from
the phage and propagated as a high-copy-number
plasmid without any subcloning, simply by
coinfecting the bacteria with a helper f1 phage

that nicks the AZAP vector at the flanks of the
plasmid and facilitates excision. Another member
of this series, AZAP Express, also includes the human
cytomegalovirus promoter and SV40 terminator,

so that fusion proteins can be expressed in
mammalian cells as well as bacteria. Thus, cDNA
libraries can be cloned in the phage vector in E. coli,
rescued as plasmids and then transfected into
mammalian cells for expression cloning.

T3 T7

p Bluescript

7] ;

Amp

ColETori
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this can be achieved is to inject mRNA fractions into
Xenopus oocytes (p. 215) and test them for produc-
tion of the corresponding protein (Melton 1987). See
also the discussion of subtraction cloning on p. 115.

Preparation of cDNA for library
construction

The cDNA synthesis reaction

The synthesis of double-stranded cDNA suitable for
insertion into a cloning vector involves three major
steps: (i) first-strand DNA synthesis on the mRNA
template, carried out with a reverse transcriptase;
(ii) removal of the RNA template; and (iii) second-
strand DNA synthesis using the first DNA strand as a
template, carried out with a DNA-dependent DNA
polymerase, such as E. coli DNA polymerase 1. All
DNA polymerases, whether they use RNA or DNA
as the template, require a primer to initiate strand
synthesis.

Development of cDNA cloning strategies

The first reports of cDNA cloning were published in
the mid-1970s and were all based on the homopoly-
mer tailing technique, which is described briefly in
Chapter 3. Of several alternative methods, the one
that became the most popular was that of Maniatis
et al. (1976). This involved the use of an oligo-dT
primer annealing at the polyadenylate tail of the
mRNA to prime first-strand cDNA synthesis, and
took advantage of the fact that the first cDNA strand
has the tendency to transiently fold back on itself,
forming a hairpin loop, resulting in self-priming of
the second strand (Efstratiadis et al. 1976). After the
synthesis of the second DNA strand, this loop must
be cleaved with a single-strand-specific nuclease,
e.g. S1 nuclease, to allow insertion into the cloning
vector (Fig. 6.5).

A serious disadvantage of the hairpin method is
that cleavage with S1 nuclease results in the loss of
a certain amount of sequence at the 5" end of the
clone. This strategy has therefore been superseded
by other methods in which the second strand is
primed in a separate reaction. One of the simplest
strategies is shown in Fig. 6.6 (Land et al. 1981).
After first-strand synthesis, which is primed with an

oligo-dT primer as usual, the cDNA is tailed with a
string of cytidine residues using the enzyme ter-
minal transferase. This artificial oligo-dC tail is then
used as an annealing site for a synthetic oligo-dG
primer, allowing synthesis of the second strand.
Using this method, Land et al. (1981) were able to
isolate a full-length ¢cDNA corresponding to the
chicken lysozyme gene. However, the efficiency can
be lower for other cDNAs (e.g. Cooke et al. 1980).

For ¢cDNA expression libraries, it is advantageous
if the cDNA can be inserted into the vector in the
correct orientation. With the self-priming method,
this can be achieved by adding a synthetic linker
to the double-stranded cDNA molecule before the
hairpin loop is cleaved (e.g. Kurtz & Nicodemus
1981; Fig. 6.7a). Where the second strand is primed
separately, direction cloning can be achieved using
an oligo-dT primer containing a linker sequence
(e.g. Coleclough & Erlitz 198 5; Fig. 6.7b). An altern-
ative is to use primers for cDNA synthesis that are
already linked to a plasmid (Fig. 6.7¢). This strategy
was devised by Okayama and Berg (1982) and has
two further notable characteristics. First, full-length
cDNAs are preferentially obtained because an RNA—
DNA hybrid molecule, the result of first-strand
synthesis, is the substrate for a terminal transferase
reaction. A cDNA that does not extend to the end of
the mRNA will present a shielded 3-hydroxyl group,
which is a poor substrate for tailing. Secondly, the
second-strand synthesis step is primed by nicking the
RNA at multiple sites with RNase H. Second-strand
synthesis therefore occurs by a nick-translation
type of reaction, which is highly efficient. Simpler
cDNA cloning strategies incorporating replacement
synthesis of the second strand are widely used (e.g.
Gubler & Hoffman 1983, Lapeyre & Amalric 1985).
The Gubler-Hoffman reaction, as it is commonly
known, is show in Fig. 6.8.

Full-length cDNA cloning

Limitations of conventional cloning strategies

Conventional approaches to the production of cDNA
libraries have two major drawbacks. First, where
oligo-dT primers are used to initiate first-strand syn-
thesis, there is generally a 3’-end bias (preferential
recovery of clones representing the 3" end of cDNA
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Fig. 6.5 An early cDNA cloning strategy, involving hairpin-primed second-strand DNA synthesis and homopolymer tailing to

insert the cDNA into the vector.

sequences) in the resulting library. This can be
addressed through the use of random oligonucleo-
tide primers, usually hexamers, for both first- and
second-strand cDNA synthesis. However, while this
eliminates 3’-end bias in library construction, the
resulting clones are much smaller, such that full-

length ¢cDNAs must be assembled from several
shorter fragments. Secondly, as the size of a cDNA
increases, it becomes progressively more difficult to
isolate full-length clones. This is partly due to
deficiencies in the reverse-transcriptase enzymes
used for first-strand cDNA synthesis. The enzymes
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Fig. 6.6 Improved method for cDNA
cloning. The first strand is tailed with
oligo(dC) allowing the second strand to
be initiated using an oligo(dG) primer.

are usually purified from avian myeloblastosis virus
(AMV) or produced from a cloned Moloney murine
leukaemia virus (MMLV) gene in E. coli. Native
enzymes have poor processivity and intrinsic RNase
activity, which leads to degradation of the RNA tem-
plate (Champoux 1995). Several companies pro-
duce engineered murine reverse transcriptases that
lack RNase H activity, and these are more efficient
in the production of full-length cDNAs (Gerard &
D’Allesio 1993). An example is the enzyme Super-
Script II, marketed by Life Technologies (Kotewicz
et al. 1988). This enzyme can also carry out reverse
transcription at temperatures of up to 50°C. The native
enzymes function optimally at 37°C and therefore
tend to stall at sequences that are rich in secondary

TTTT 5

Insert into vector by
either further homopolymer
tailing or linkers

@

structure, as often found in 5" and 3’ untranslated
regions.

Selection of 5"mRNA ends

Despite improvements in reverse transcriptases,
the generation of full-length clones corresponding
to large mRNAs remains a problem. This has been
addressed by the development of ¢cDNA cloning
strategies involving the selection of mRNAs with
intact 5" ends. Nearly all eukaryotic mRNAs have
a 5" end cap, a specialized, methylated guanidine
residue that is inverted with respect to the rest of the
strand and is recognized by the ribosome prior to the
initiation of protein synthesis. Using a combination
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AAAA, mRNA
Oligo (dT)
AAAA, mRNA
TTTT, cDNA
Reverse transcriptase
+ 4 dNTPs
AAAA, mRNA
TTTT, cDNA
RNAseH
random primers
DNA polymerase
TTTT, cDNA

AAAA, duplex
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Fig. 6.8 The Gubler-Hoffman method, a simple and general
method for non-directional cDNA cloning. First-strand
synthesis is primed using an oligo(dT) primer. When the first
strand is complete, the RNA is removed with RNase H and the
second strand is random-primed and synthesized with DNA
polymerase I. T4 DNA polymerase is used to ensure that the
molecule is blunt-ended prior to insertion into the vector.

of cap selection and nuclease treatment, it is possible
to select for full-length first-strand cDNAs and thus
generate libraries highly enriched in full-length
clones.

An example is the method described by Edery et al.
(1995) (Fig. 6.9). In this strategy, first-strand cDNA
synthesis is initiated as usual, using an oligo-dT
primer. Following the synthesis reaction, the hybrid
molecules are treated with RNase A, which only

Fig. 6.7 (opposite) Methods for directional cDNA cloning. (a)
An early strategy in which the formation of a loop is exploited
to place a specific linker (in this example, for Sall) at the open
end of the duplex cDNA. Following this ligation, the loop is
cleaved and trimmed with S1 nuclease and EcoR1 linkers are
added to both ends. Cleavage with EcoR1 and Sall generates
arestriction fragment that can be unidirectionally inserted
into a vector cleaved with the same enzymes. (b) A similar
strategy, but second-strand cDNA synthesis is random-
primed. The oligo(dT) primer carries an extension forming

a Sall site. During second-strand synthesis, this forms a
double-stranded Sall linker. The addition of further EcoRI
linkers to both ends allows the cDNA to be unidirectionally
cloned, as above. (c) The strategy of Okayama and Berg
(1982), where the mRNA is linked unidirectionally to the
plasmid cloning vector prior to cDNA synthesis, by virtue
of a cDNA tail.

AAA

First strand
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Full
length
cDNA
cap AAA Partial
TTT length
cDNA
RNAse A
AAA
treatment —_—TTT
RNAse A
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Isolation on
elF-4E affinity —
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Fig. 6.9 The CAPture method of full-length cDNA cloning,
using the eukaryotic initiation factor eIF-4E to select
mRNAs with caps protected from RNase digestion by a
complementary DNA strand.

digests single-stranded RNA. DNA-RNA hybrids
therefore remain intact. If the first-strand cDNA is
full-length, it reaches all the way to the 5" cap of the
mRNA, which is therefore protected from cleavage
by RNase A. However, part-length cDNAs will leave
astretch of unprotected single-stranded RNA between
the end of the double-stranded region and the cap,
which is digested away with the enzyme. In the next
stage of the procedure, the eukaryotic translational
initiation factor eIF-4E is used to isolate full-length
molecules by affinity capture. Incomplete cDNAs
and cDNAs synthesized on broken templates will
lack the cap and will not be retained. A similar
method based on the biotinylation of mRNA has also
been reported (Caminci et al. 1996). Both methods,
however, also co-purify cDNAs resulting from the
mispriming of first-strand synthesis, which can
account for up to 10% of the clones in a library.
An alternative method, oligo-capping, addresses this
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Fig. 6.10 Oligo-capping, the addition of specific
oligonucleotide primers to full-length RNAs by

sequential treatment with alkaline phosphatase and

acid pyrophosphatase. Once the oligo cap has annealed
tothe 5" end of the mRNA, it can serve as a primer binding
site for PCR amplification.

problem by performing selection at the RNA stage
(Maruyama & Sugano 1994, Suzuki et al. 1997,
2000; Fig. 6.10). The basis of the method is that
RNA is sequentially treated with the enzymes
alkaline phosphatase and acid pyrophosphatase.
The first enzyme removes phosphate groups from
the 5 ends of uncapped RNA molecules, but does
not affect full-length molecules with a 5" cap. The
second treatment removes the cap from full-length
RNAs, leaving a 5’-terminal residue with a phosphate

group. Full-length molecules can be ligated to a
specific oligonucleotide, while broken and degraded
molecules cannot. The result is an oligo-capped
population of full-length mRNAs. This selected popu-
lation is then reverse-transcribed using an oligo-dT
primer. Second-strand synthesis and cloning is then
carried out by PCR using the oligo-dT primer and
a primer annealing to the oligonucleotide cap. Only
full-length ¢cDNAs annealing to both primers will
be amplified, thus eliminating broken or degraded
RNAs, incomplete first cDNA strands (which lack
a 5’ primer annealing site) and misprimed cDNAs
(which lack a 3’ primer annealing site).

PCR as an alternative to cDNA cloning

Reverse transcription followed by the PCR (RT-PCR)
leads to the amplification of RNA sequences in cDNA
form. No modification to the basic PCR strategy
(p. 19) is required, except that the template for
PCR amplification is generated in the same reaction
tube in a prior reverse-transcription reaction (see
Kawasaki 1990, Dieffenbach & Dvesler 1995). Using
gene-specific primers, RT-PCR is a sensitive means
for detecting, quantifying and cloning specific cDNA
molecules. Reverse transcription is carried out using
a specific 3" primer that generates the first cDNA
strand, and then PCR amplification is initiated follow-
ing the addition of a 5" primer to the reaction mix.
The sensitivity is such that total RNA can be used
as the starting material, rather than the poly(A)*
RNA which is used for conventional cDNA cloning.
Total RNA also contains ribosomal RNA (rRNA)
and transfer RNA (tRNA), which can be present in a
great excess to mRNA.

Due to the speed with which RT-PCR can be
carried out, it is an attractive approach for obtaining
a specific cDNA sequence for cloning. In contrast,
screening a cDNA library is laborious, even presum-
ing that a suitable cDNA library is already available
and does not have to be constructed for the purpose.
Quite apart from the labour involved, a cDNA library
may not yield a cDNA clone with a full-length cod-
ing region, because, as described above, generating
a full-length cDNA clone may be technically chal-
lenging, particularly with respect to long mRNAs.
Furthermore, the sought-after cDNA may be very
rare even in specialized libraries. Does this mean
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that cDNA libraries have been superseded? Despite
the advantages of RT-PCR, there are still reasons for
constructing cDNA libraries. The first reflects the
availability of starting material and the permanence
of the library. A sought-after mRNA may occur in a
source that is not readily available, perhaps a small
number of cells in a particular human tissue. A good-
quality ¢DNA library has only to be constructed
once from this tissue to give a virtually infinite
resource for future use. The specialized library is per-
manently available for screening. Indeed, the library
may be used as a source from which a specific cDONA
can be obtained by PCR amplification. The second
reason concerns screening strategies. The PCR-based
approaches are dependent upon specific primers.
However, with cDNA libraries, screening strategies
are possible that are based upon expression, e.g.
immunochemical screening, rather than nucleic
acid hybridization (see below).

As discussed above for genomic libraries, PCR can
be used to provide the DNA for library construc-
tion when the source is unsuitable for conventional
approaches, e.g. a very small amount of starting
material or fixed tissue. Instead of gene-specific
primers, universal primers can be used that lead to
the amplification of all mRNAs, which can then be
subcloned into suitable vectors. A disadvantage of
PCR-based strategies for cDNA library construction
is that the DNA polymerases used for PCR are more
error-prone than those used conventionally for
second-strand synthesis, so the library may contain
a large number of mutations. There is also likely to
be a certain amount of distortion due to competition
among templates, and a bias towards shorter cDNAs.

A potential problem with RT-PCR is false results
resulting from the amplification of contaminating
genomic sequences in the RNA preparation. Even
trace amounts of genomic DNA may be amplified.
In the study of eukaryotic mRNAs, it is therefore
desirable to choose primers that anneal in different
exons, such that the products expected from the
amplification of cDNA and genomic DNA would be
different sizes or, if the intron is suitably large, so
that genomic DNA would not be amplified at all.
Where this is not possible (e.g. when bacterial RNA
isused as the template), the RNA can be treated with
DNase prior to amplification to destroy any contam-
inating DNA.

Rapid amplification of cDNA ends (RACE)

Another way to address the problem of incomplete
cDNA sequences in libraries is to use a PCR-based
technique for the rapid amplification of ¢cDNA ends
(RACE) (Frohman et al. 1988). Both 5" RACE and 3’
RACE protocols are available, although 3" RACE is
usually only required if cDNAs have been generated
using random primers. In each case, only limited
knowledge of the mRNA sequence is required. A
single stretch of sequence within the mRNA is suf-
ficient, so an incomplete clone from a cDNA library
is a good starting-point. From this sequence, specific
primers are chosen which face outwards and which
produce overlapping cDNA fragments. In the two
RACE protocols, extension of the cDNAs from the
ends of the transcript to the specific primers is
accomplished by using primers that hybridize either
at the natural 3’ poly(A) tail of the mRNA, or at a
synthetic poly(dA) tract added to the 5" end of the
first-strand cDNA (Fig. 6.11). Finally, after ampli-
fication, the overlapping RACE products can be
combined if desired, to produce an intact full-length
cDNA.

Although simple in principle, RACE suffers from
the same limitations that affect conventional cDNA
cloning procedures. In 5 RACE, for example, the
reverse transcriptase may not, in many cases, reach
the authentic 5" end of the mRNA, but all first-strand
cDNAs, whether full length or truncated, are tailed
in the subsequent reaction, leading to the amplifica-
tion of a population of variable-length products.
Furthermore, as might be anticipated, since only a
single specific primer is used in each of the RACE
protocols, the specificity of amplification may not be
very high. This is especially problematical where the
specific primer is degenerate. In order to overcome
this problem, a modification of the RACE method has
been devised which is based on using nested primers
to increase specificity (Frohman & Martin 1989).
Strategies for improving the specificity of RACE have
been reviewed (Schaefer 1995, Chen 1996).

Screening strategies

The identification of a specific clone from a DNA
library can be carried out by exploiting either the
sequence of the clone or the structure/function of its
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Fig. 6.11 Rapid amplification of cDNA ends (RACE) (Frohman et al. 1988). 3" Protocol. The mRNA is reverse transcribed using an
oligo(dT, ;) primer which has a 17 nucleotide extension at its 5’-end. This extension, the anchor sequence, is designed to contain
restriction sites for subsequent cloning. Amplification is performed using the anchor 17-mer (which hasa T, higher than
oligo(dT, ;)) and a primer specific for the sought-after cDNA. 5" Protocol. The mRNA is reverse transcribed from a specific primer.
The resultant cDNA is then extended by terminal transferase to create a poly(dA) tail at the 3’-end of the cDNA. Amplification is
performed with the oligo(dT, ,)/anchor system as used for the 3" protocol, and the specific primer. Open boxes represent DNA
strands being synthesized; coloured boxes represent DNA from a previous step. The diagram is simplified to show only how the
new product from a previous step is used. Molecules designated TR, truncated, are shorter than full-length (+) or (-) strands.
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Box 6.2 Expressed sequence tags (ESTs) for high-throughput genome research

The gold standard in the analysis of individual
genes is a full-length cDNA clone that has been
independently sequenced several times to ensure
accuracy. Such clones are desirable for accurate
archiving and for the detailed mapping of
genomic transcription units, i.e. to determine

the transcriptional start and stop sites, and all
intron/exon boundaries. However, as discussed

in the main text, such clones can be difficult and
expensive to obtain. Technology has not yet
advanced to the stage where full-length cDNAs can
be produced and sequenced in a high-throughput
manner.

Fortunately, full-length cDNA clones are not
required for many types of analysis. Even short cDNA
sequence fragments can be used to unambiguously
identify specific genes and therefore map them
on to physical gene maps or provide information
about their expression patterns. The development
of high-throughput sequencing technology has
allowed thousands of clones to be picked randomly
from cDNA libraries and subjected to single-pass
sequencing to generate 200-300 bp cDNA
signatures called expressed sequence tags
(ESTs) (Wilcox et al. 1991, Okubo et al. 1992).
Although short and somewhat inaccurate, very large
numbers of sequences can be collected rapidly and
inexpensively and deposited into public databases
that can be searched using the Internet. The vast
majority of database sequences are now ESTs rather
than full cDNA or genomic clones. ESTs have been
used for gene discovery, as physical markers on

expressed product. The former applies to any type of
library, genomic or cDNA, and can involve either
nucleic acid hybridization or the PCR. In each case,
the design of the probe or primers can be used to
home in on one specific clone or a group of struc-
turally related clones. Note that PCR screening can
also be used to isolate DNA sequences from uncloned
genomic DNA and cDNA. Screening the product of
a clone applies only to expression libraries, i.e.
libraries where the DNA fragment is expressed to
yield a protein. In this case, the clone can be

genomic maps and for the identification of genes

in genomic clones (e.g. Adams et al. 1991, 1992,
Banfietal. 1996). Over two million ESTs from
numerous species are currently searchable using the
major public EST database, dbEST (Boguski et al.
1993). The development of EST informatics has been
reviewed (Boguski 1995, Gerhold & Caskey 1996,
Hartl 1996, Okubo & Matsubara 1997). The advent
of ESTs prompted a wide public debate on the
concept of patenting genes. The National Institutes
of Health attempted to patent more than 1000 of
the first EST sequences to be generated, but the
patent application was rejected, predominantly on
the grounds that ESTs are incomplete sequences and
lack precise functional applications (for discussion,
see Roberts 1992).

As well as their use for mapping, ESTs are useful
for expression analysis. PCR primers designed
around ESTs have been used to generate large
numbers of target sequences for cDNA microarrays
(see Box 6.5), and the partial cDNA fragments
used for techniques such as differential-display
PCR are also essentially ESTs (p. 116). The ultimate
EST approach to expression analysis is serial
analysis of gene expression (SAGE). In this technique,
the size of the sequence tag is only 9—10 bp
(the minimum that is sufficient to uniquely identify
specific transcripts) and multiple tags are ligated
into a large concatemer allowing expressed genes
to be ‘read’ by cloning and sequencing the tags
serially arranged in each clone (for details see
Velculescu et al. 1995).

identified because its product is recognized by an
antibody or a ligand of some nature, or because the
biological activity of the protein is preserved and can
be assayed in an appropriate test system.

Sequence-dependent screening

Screening by hybridization

Nucleic acid hybridization is the most commonly
used method of library screening because it is rapid,
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it can be applied to very large numbers of clones and,
in the case of cDNA libraries, can be used to identify
clones that are not full-length (and therefore cannot
be expressed).

Grunstein and Hogness (1975) developed a
screening procedure to detect DNA sequences in
transformed colonies by hybridization in situ with
radioactive RNA probes. Their procedure can rapidly
determine which colony among thousands contains
the target sequence. A modification of the method
allows screening of colonies plated at a very high
density (Hanahan & Meselson 1980). The colonies
to be screened are first replica-plated on to a nitrocel-
lulose filter disc that has been placed on the surface
of an agar plate prior to inoculation (Fig. 6.12). A
reference set of these colonies on the master plate is
retained. The filter bearing the colonies is removed
and treated with alkali so that the bacterial colonies
are lysed and the DNA they contain is denatured.

Autoradiograph

CHAPTER 6

Transformant colonies growing
on agar surface

s

Retain master
plate

|

Pick
positive
colony

e Fig. 6.12 Grunstein—-Hogness method for
detection of recombinant clones by colony
hybridization.

The filter is then treated with proteinase K to remove
protein and leave denatured DNA bound to the
nitrocellulose, for which it has a high affinity, in
the form of a ‘DNA print’ of the colonies. The DNA
is fixed firmly by baking the filter at 80°C. The
defining, labelled RNA is hybridized to this DNA
and the result of this hybridization is monitored by
autoradiography. A colony whose DNA print gives a
positive autoradiographic result can then be picked
from the reference plate.

Variations of this procedure can be applied to
phage plaques (Jones & Murray 1975, Kramer et al.
1976). Benton and Davis (1977) devised a method
called plaque lift, in which the nitrocellulose filter is
applied to the upper surface of agar plates, making
direct contact between plaques and filter. The plaques
contain phage particles, as well as a considerable
amount of unpackaged recombinant DNA. Both
phage and unpackaged DNA bind to the filter and
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Fig. 6.13 Benton and Davis’ plaque-lift
procedure.

can be denatured, fixed and hybridized. This method
has the advantage that several identical DNA prints
can easily be made from a single-phage plate: this
allows the screening to be performed in duplicate,
and hence with increased reliability, and also allows
a single set of recombinants to be screened with two
ormore probes. The Benton and Davis (1977) proced-
ure is probably the most widely applied method of
library screening, successfully applied in thousands
of laboratories to the isolation of recombinant phage
by nucleic acid hybridization (Fig. 6.13). More re-
cently, however, library presentation and screening
have become increasingly automated. Box 6.3 con-
siders the advantages of gridded reference libraries.
In place of RNA probes, DNA or synthetic oligonu-
cleotide probes can be used. A number of alternative
labelling methods are also available that avoid the use

(5) Wash, autoradiograph or
otherwise detect label

Pick plugs of agar from retained
plate at positions corresponding

to positive plaques

Isolate recombinant phage

In primary screen of densely-plated
phage library single plaques will not
be identifiable; therefore pick area,
dilute, repeat

of radioactivity. These methods involve the incorpor-
ation of chemical labels into the probe, such as digoxi-
genin or biotin, which can be detected with a specific
antibody or the ligand streptavidin, respectively.

Probe design

A great advantage of hybridization for library screen-
ing is that it is extremely versatile. Conditions can be
used in which hybridization is very stringent, so that
only sequences identical to the probe are identified.
This is necessary, for example, to identify genomic
clones corresponding to a specific cDNA or to identify
overlapping clones in a chromosome walk (see below).
Alternatively, less stringent conditions can be used
to identify both identical and related sequences.
This is appropriate where a probe from one species
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Box 6.3 Gridded (arrayed) hybridization reference libraries

Traditionally, library screening by hybridization
involves taking a plaque lift or colony blot, which
generates a replica of the distribution of clones on an
agar plate. However, an alternative is to individually
pick clones and arrange them on the membrane in
the form of a reqular grid. Once a laborious process,
gridding or arraying has been considerably simplified
through the use of robotics. Machines can be
programmed to pick clones from microtitre dishes
and spot them onto membranes at a high density;
then the membrane can be hybridized with a
radioactive probe as normal. Using traditional
libraries, positive clones are detected by
autoradiography and the X-ray film must be aligned
with the original plates in order to identify the
corresponding plaques. With gridded libraries,
however, positive signals can be used to obtain sets
of coordinates, which then identify the corresponding
clone from the original microtitre dishes. Since
identical sets of membranes can be easily prepared,

is being used to isolate a homologous clone from
another species (e.g. see Old et al. 1982). Probes cor-
responding to a conserved functional domain of a
gene may also cross-hybridize with several different
clones in the same species at lower stringency, and
this can be exploited to identify members of a gene
family. The identification of the vertebrate Hox genes
provides an example in which cross-species hybrid-
ization was used to identify a family of related clones
(Levine et al. 1984). In this case a DNA sequence
was identified that was conserved between the
Drosophila developmental genes fushi tarazu and
Antennapedia. When this sequence, the homoeobox,
was used to screen a Southern blot of DNA from
other species, including frogs and humans, several
hybridizing bands were revealed. This led to the
isolation of a number of clones from vertebrate cDNA
libraries representing the large family of Hox genes
that play a central role in animal development.
Hybridization thus has the potential to isolate any
sequence from any library if a probe is available. If a
suitable DNA or RNA probe cannot be obtained from
an existing cloned DNA, an alternative strategy is to

duplicates can be distributed to other laboratories
for screening. These laboratories can then determine
the coordinates of their positive signals and order
the corresponding clone from the source laboratory.
Thus, one library can serve a number of different
users and all data can be centralized (Zehetner &
Lehrach 1994). Gridded libraries, while convenient
for screening and data sharing, are more expensive
to prepare than traditional libraries. Therefore,

they are often prepared for high-value libraries with
wide applications, such as genomic libraries cloned
in high-capacity P1, BAC or YAC vectors (Bentley
etal. 1992) and also for valuable cDNA libraries
(Lennon & Lehrach 1991). It is possible to plate
libraries at a density of one clone per well, although
for PACs and BACs it is more common to pool clones
in a hierarchical manner, so that individual clones
may be identified by successive rounds of screening
on smaller subpools (e.g. Shepherd et al. 1994,
Shepherd & Smoller 1994).

make an oligonucleotide probe by chemical synthe-
sis. This requires some knowledge of the amino acid
sequence of the protein encoded by the target clone.
However, since the genetic code is degenerate (i.e.
most amino acids are specified by more than one
codon), degeneracy must be incorporated into probe
design so that a mixture of probes is made, at least
one variant of which will specifically match the tar-
get clone. Amino acid sequences known to include
methionine and tryptophan are particularly valu-
able because these amino acids are each specified by
asingle codon, hence reducing the degeneracy of the
resulting probe. Thus, for example, the oligopeptide
His-Phe-Pro-Phe-Met may be identified and chosen
to provide a probe sequence, in which case 32 differ-
ent oligonucleotides would be required:

5 CATTTTCCETTTATG 3
cC C
A
G

These 32 different sequences do not have to be syn-
thesized individually because it is possible to perform
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a mixed addition reaction for each polymerization
step. This mixture is then end-labelled with a single
isotopic or alternatively labelled nucleotide, using
an exchange reaction. This mixed-probe method
was originally devised by Wallace and co-workers
(Suggs et al. 1981). To cover all codon possibilities,
degeneracies of 64-fold (Orkin et al. 1983) or even
256-fold (Bell et al. 1984) have been employed suc-
cessfully. What length of oligonucleotide is required
for reliable hybridization? Even though 11-mers can
be adequate for Southern blot hybridization (Singer-
Sam et al. 1983), longer probes are necessary for
good colony and plaque hybridization. Mixed probes
of 14 nucleotides have been successful, although
16-mers are typical (Singer-Sam et al. 1983).

An alternative strategy is to use a single longer
probe of 40—60 nucleotides. Here the uncertainty at
each codon is largely ignored and instead increased
probe length confers specificity. Such probes are
usually designed to incorporate the most commonly
used codons in the target species, and they may
include the non-standard base inosine at positions of
high uncertainty because this can pair with all four
conventional bases. Such probes are sometimes
termed guessmers. Hybridization is carried out under
low stringency to allow for the presence of mis-
matches. This strategy is examined theoretically by
Lathe (1985) and has been applied to sequences cod-
ing for human coagulation factor VIII (Toole et al.
1984, Wood et al. 1984) and the human insulin
receptor (Ullrich et al. 1985).

Chromosome walking

Earlier in this chapter, we discussed the advantages
of making genomic libraries from random DNA frag-
ments. One of these advantages is that the resulting
fragments overlap, which allows genes to be cloned
by chromosome walking. The principle of chromosome
walking is that overlapping clones will hybridize to
each other, allowing them to be assembled into a
contiguous sequence. This can be used to isolate
genes whose function is unknown but whose genetic
location is known, a technique known as positional
cloning.

To begin a chromosome walk, it is necessary to
have in hand a genomic clone that is known to lie
very close to the suspected location of the target

gene. In humans, for example, this could be a restric-
tion fragment length polymorphism that has been
genetically mapped to the same region. This clone is
then used to screen a genomic library by hybridiza-
tion, which should reveal any overlapping clones.
These overlapping clones are then isolated, labelled
and used in a second round of screening to identify
further overlapping clones, and the process is repeated
to build up a contiguous map. If the same library
is used for each round of screening, previously
identified clones can be distinguished from new
ones, so that walking back and forth along the same
section of DNA is prevented. Furthermore, modern
vectors, such as ADASH and AFIX, allow probes to be
generated from the end-points of a given genomic
clone by in vitro transcription (see Fig. 6.4), which
makes it possible to walk specifically in one direc-
tion. In Drosophila, the progress of a walk can also be
monitored by using such probes for in situ hybridiza-
tion against polytene chromosomes. Monitoring is
necessary due to the dangers posed by repetitive
DNA. Certain DNA sequences are highly repetitive
and are dispersed throughout the genome. Hybrid-
ization with such a sequence could disrupt the
orderly progress of a walk, in the worst cases
causing a ‘warp’ to another chromosome. The
probe used for stepping from one genomic clone
to the next must be a unique sequence clone, or a
subclone that has been shown to contain only a
unique sequence.

Chromosome walking is simple in principle, but
technically demanding. For large distances, it is
advisable to use libraries based on high-capacity
vectors, such as BACs and YACs, to reduce the
number of steps involved. Before such libraries were
available, some ingenious strategies were used to
reduce the number of steps needed in a walk. In one
of the first applications of this technology, Hogness
and his co-workers (Bender et al. 1983) cloned
DNA from the Ace and rosy loci and the homoeotic
Bithorax gene complex in Drosophila. The number of
steps was minimized by exploiting the numerous
strains carrying well-characterized inversions and
translocations of specific chromosome regions. A
different strategy, called chromosome jumping, has
been used for human DNA (Collins & Weissman
1984, Poustka & Lehrach 1986). This involves the
circularization of very large genomic fragments
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Box 6.4 A landmark publication. Identification of the cystic
fibrosis gene by chromosome walking and jumping

Cystic fibrosis (CF) is a relatively common severe
autosomal recessive disorder. Until the CF gene was
cloned, there was little definite information about the
primary genetic defect. The cloning of the CF gene
was a breakthrough for studying the biochemistry of
the disorder (abnormal chloride-channel function),
for providing probes for prenatal diagnosis and for
potential treatment by somatic gene therapy or other
means. The publication is especially notable for the
generality of the cloning strategy. In the absence of
any direct functional information about the CF gene,
the chromosomal location of the gene was used as
the basis of the cloning strategy. Starting from
markers identified by linkage analysis as being close
to the CF locus on chromosome 7, a total of about
500 kb was encompassed by a combination of
chromosome walking and jumping. Jumping was
found to be very important to overcome problems
caused by ‘unclonable’ regions which halted the
sequential walks, and in one case achieved a distance
of 100 kb (Collins et al. 1987). In this work, large

generated by digestion with endonucleases, such
as Notl, which cut at very rare target sites. This
is followed by subcloning of the region covering
the closure of the fragment, thus bringing together
sequences that were located a considerable distance
apart. In this way a jumping library is constructed,
which can be used for long-distance chromosome
walks (Collins et al. 1987, Richards et al. 1988). The
application of chromosome walking and jumping to
the cloning of the human cystic fibrosis gene is dis-
cussed in Box 6.4.

Screening by PCR

The PCR is widely used to isolate specific DNA
sequences from uncloned genomic DNA or cDNA,
but it also a useful technique for library screening
(Takumi, 1997). As a screening method, PCR has
the same versatility as hybridization, and the same
limitations. It is possible to identify any clone by PCR

numbers of clones were involved, obtained from
several different phage and cosmid genomic libraries.
Among these libraries, one was prepared using the
Maniatis strategy using the ACharon 4A vector, and
several were prepared using the ADASH and AFIX
vectors (Fig. 6.4) after partial digestion of human
genomic DNA with Sau3Al. Cloned regions were
aligned with a map of the genome in the CF region,
obtained by long-range restriction mapping using
rare-cutting enzymes, such as Notl, in combination
with pulsed-field gel electrophoresis (p. 10). The
actual CF gene was detected in this cloned region
by a number of criteria, such as the identification

of open reading frames, the detection of cDNAs
hybridizing to the genomic clones, the detection

of cross-hybridizing sequences in other species and
the presence of CpG islands, which are known

to be associated with the 5" ends of many genes

in mammals.

From: Rommens et al. (1989) Science 245: 1059-65.

but only if there is sufficient information about its
sequence to make suitable primers.*

To isolate a specific clone, PCR is carried out with
gene-specific primers that flank a unique sequence
in the target. A typical strategy for library screening
by PCR is demonstrated by Takumi and Lodish
(1994). Instead of plating the library out on agar, as
would be necessary for screening by hybridization,
pools of clones are maintained in multiwell plates.
Each well is screened by PCR and positive wells are
identified. The clones in each positive well are then

* Note that, in certain situations, clever experimental design
can allow the PCR to be used to isolate specific but unknown
DNA sequences. One example of this is 5 RACE, which is dis-
cussed on p. 101. Another is inverse PCR (p. 267), which can
be used to isolate unknown flanking DNA surrounding the
insertion site of an integrating vector. In each case, primers
are designed to bind to known sequences that are joined to the
DNA fragment of interest, e.g. synthetic homopolymer tails,
linkers or parts of the cloning vector.
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diluted into a series in a secondary set of plates and
screened again. The process is repeated until wells
carrying homogeneous clones corresponding to the
gene of interest have been identified.

There are also several applications where the use
of degenerate primers is favourable. A degenerate
primer is a mixture of primers, all of similar sequence
but with variations at one or more positions. This is
analogous to the use of degenerate oligonucleotides
as hybridization probes, and the primers are syn-
thesized in the same way. A common circumstance
requiring the use of degenerate primers is when the
primer sequences have to be deduced from amino
acid sequences (Lee et al. 1988). Degenerate primers
may also be employed to search for novel members
of a known family of genes (Wilks 1989) or to search
for homologous genes between species (Nunberg
et al. 1989). As with oligonucleotide probes, the
selection of amino acids with low codon degeneracy
isdesirable. However, a 128-fold degeneracy in each
primer can be successful in amplifying a single-copy
target from the human genome (Girgis et al. 1988).
Under such circumstances, the concentration of
any individual primer sequence is very low, so mis-
matching between primer and template must occur
under the annealing conditions chosen. Since mis-
matching of the 3’-terminal nucleotide of the primer
may prevent efficient extension, degeneracy at this
position is to be avoided.

Screening expression libraries
(expression cloning)

If a DNA library is established using expression
vectors (see Chapter 5), each individual clone can be
expressed to yield a polypeptide. While all libraries
can be screened by hybridization or PCR, as dis-
cussed above, expression libraries are useful because
they allow a range of alternative techniques to be
employed, each of which exploits some structural or
functional property of the gene product. This can be
important in cases where the DNA sequence of the
target clone is completely unknown and there is no
strategy available to design a suitable probe or set of
primers.

For higher eukaryotes, all expression libraries are
cDNA libraries, since these lack introns and the
clones are in most cases of a reasonable size. Gener-

ally, a random primer method is used for cDNA
synthesis, so there is a greater representation of 5
sequences. As discussed above, such libraries are
representative of their source, so certain cDNAs are
abundant and others rare. However, it should be
noted that bacterial expression libraries and many
yeast expression libraries are usually genomic, since
there are few introns in bacteria and some yeasts
and very little intergenic DNA. Efficient expression
libraries can be generated by cloning randomly
sheared genomic DNA or partially digested DNA,
and therefore all genes are represented at the same
frequency (Young et al. 1985). A potential problem
with such libraries is that clones corresponding to a
specific gene may carry termination sequences from
the gene lying immediately upstream, which can pre-
vent efficient expression. For this reason, conditions
are imposed so that the size of the fragments for clon-
ingissmaller than that of the target gene, and enough
recombinants are generated for there to be a reason-
able chance that each gene fragment will be cloned
in all six possible reading frames (three in each orient-
ation). Considerations for cloning DNA in E. coli ex-
pression vectors are discussed further in Chapter 8.

Immunological screening

Immunological screening involves the use of anti-
bodies that specifically recognize antigenic deter-
minants on the polypeptide synthesized by a target
clone. This is one of the most versatile expression-
cloning strategies, because it can be applied to any
protein for which an antibody is available. Unlike
the screening strategies discussed below, there is
also no need for that protein to be functional. The
molecular target for recognition is generally an
epitope, a short sequence of amino acids that folds
into a particular three-dimensional conformation
on the surface of the protein. Epitopes can fold
independently of the rest of the protein and there-
fore often form even when the polypeptide chain
is incomplete or when expressed as a fusion with
another protein. Importantly, many epitopes can
form under denaturing conditions, when the overall
conformation of the protein is abnormal.

The first immunological screening techniques
were developed in the late 1970s, when expression
libraries were generally constructed using plasmid
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Fig. 6.14 Antigen—antibody complex formation in the
immunochemical detection method of Broome and Gilbert.
(See text for details.)

vectors. The method of Broome and Gilbert (1978)
was widely used at the time. This method exploited
the fact that antibodies adsorb very strongly to
certain types of plastic, such as polyvinyl, and that
IgG antibodies can be readily labelled with '2°I by
iodination in vitro. As usual, transformed cells were
plated out on Petri dishes and allowed to form
colonies. In order to release the antigen from positive
clones, the colonies were lysed, e.g. using chloro-
form vapour or by spraying with an aerosol of virul-
ent phage (a replica plate is required because this
procedure kills the bacteria). A sheet of polyvinyl
that had been coated with the appropriate antibody
was then applied to the surface of the plate, allowing
antigen—antibody complexes to form. The sheet
was then removed and exposed to '2°I-labelled IgG
specific to a different determinant on the surface of
the antigen (i.e. a determinant not involved in the
initial binding of the antigen to the antibody-coated
sheet (Fig. 6.14)). The sheet was then washed and
exposed to X-ray film. The clones identified by this
procedure could then be isolated from the replica
plate. Note that this ‘sandwich’ technique is applic-
able only where two antibodies recognizing different
determinants of the same protein are available. How-
ever, if the protein is expressed as a fusion, antibodies

that bind to each component of the fusion can be
used, efficiently selecting for recombinant molecules.

While plasmid libraries have been useful for
expression screening (Helfman et al. 1983, Helfman
& Hughes 1987), it is much more convenient to use
bacteriophage-A insertion vectors, because these
have a higher capacity and the efficiency of in vitro
packaging allows large numbers of recombinants to
be prepared and screened. Immunological screening
with phage-A c¢cDNA libraries was introduced by
Young and Davies (1983) using the expression
vector Agtl1, which generates fusion proteins with
B-galactosidase under the control of the lac promoter
(see Box 6.1 for a discussion of Agtl1 and similar
fusion vectors, such as AZAP). In the original tech-
nique, screening was carried out using colonies of
induced lysogenic bacteria, which required the pro-
duction of replica plates, as above. A simplification of
the method is possible by directly screening plaques
of recombinant phage. In this procedure (Fig. 6.15),
the library is plated out at moderately high density
(up to 5 x 10* plaques/9 cm? plate), with E. coli
strain Y1090 as the host. This E. coli strain overpro-
duces the lac repressor and ensures that no expres-
sion of cloned sequences (which may be deleterious
to the host) takes place until the inducer isopropyl-B-
p-thiogalactoside (IPTG) is presented to the infected
cells. Y1090 is also deficient in the lon protease,
hence increasing the stability of recombinant fusion
proteins. Fusion proteins expressed in plaques are
absorbed on to a nitrocellulose membrane overlay,
and this membrane is processed for antibody screen-
ing. When a positive signal is identified on the
membrane, the positive plaque can be picked from
the original agar plate (a replica is not necessary)
and the recombinant phage can be isolated.

The original detection method using iodinated
antibodies has been superseded by more convenient
methods using non-isotopic labels, which are also
more sensitive and have a lower background of non-
specific signal. Generally, these involve the use of
unlabelled primary antibodies directed against the
polypeptide of interest, which are in turn recognized
by secondary antibodies carrying an enzymatic label.
As well as eliminating the need for isotopes, such
methods also incorporate an amplification step,
since two or more secondary antibodies bind to the
primary antibody. Typically, the secondary antibody
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Fig. 6.15 Immunochemical screening
of Agt11 or AZAP recombinant
plaques.

recognizes the species-specific constant region of the
primary antibody and is conjugated to either horse-
radish peroxidase (De Wet et al. 1984) or alkaline
phosphatase (Mierendorf et al. 1987), each of which
can in turn be detected using a simple colorimetric
assay carried out directly on the nitrocellulose filter.
Polyclonal antibodies, which recognize many dif-
ferent epitopes, provide a very sensitive probe for
immunological screening, although they may also
cross-react to proteins in the expression host. Mono-
clonal antibodies and cloned antibody fragments
can also be used, although the sensitivity of such
reagents is reduced because only a single epitope is
recognized.

Screen nitrocellulose plaque-lift
with specific antibody to detect
fusion protein

Identify positive plaque

South-western and north-western screening

We have seen how fusion proteins expressed in
plaques produced by recombinant Agtl1l or AZAP
vectors may be detected by immunochemical screen-
ing. A closely related approach has been used for the
screening and isolation of clones expressing sequence-
specific DNA-binding proteins. As above, a plaque
lift is carried out to transfer a print of the library on to
nitrocellulose membranes. However, the screening
is carried out, without using an antibody, by incub-
ating the membranes with a radiolabelled double-
stranded DNA oligonucleotide probe, containing the
recognition sequence for the target DNA-binding
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protein. This technique is called south-western screen-
ing, because it combines the principles of Southern
and western blots. It has been particularly successful
in the isolation of clones expressing cDNA sequences
corresponding to certain mammalian transcription
factors (Singh et al. 1988, Staudt et al. 1988, Vinson
etal. 1988, Katagirietal. 1989, Williamsetal. 1991,
Xiaoetal. 1991). A limitation of this technique is that,
since individual plaques contain only single cDNA
clones, transcription factors that function only in the
form of heterodimers or as part of a multimeric com-
plex do not recognize the DNA probe and the cor-
responding ¢cDNAs cannot be isolated. Clearly the
procedure can also be successful only in cases where
the transcription factor remains functional when
expressed as a fusion polypeptide. It is also clear that
the affinity of the polypeptide for the specific DNA
sequence must be high, and this has led to the prefer-
ential isolation of certain types of transcription fac-
tor (reviewed by Singh 1993). More recently, a
similar technique has been used to isolate sequence-
specific RNA-binding proteins, in this case using a
single-stranded RNA probe. By analogy to the above,
this is termed north-western screening and has been
successful in a number of cases (e.g. see Qian &
Wilusz 1993; reviewed by Bagga & Wilusz 1999).
Both south-western and north-western screening are
most efficient when the oligonucleotide contains the
binding sequence in multimeric form. This may mean
that several fusion polypeptides on the filter bind to
each probe, hence greatly increasing the average
dissociation time. To minimize non-specific binding,
a large excess of unlabelled double-stranded DNA
(or single-stranded RNA) is mixed with the specific
probe. However, it is usually necessary to confirm
the specificity of binding in a second round of screen-
ing, using the specific oligonucleotide probe and
one or more alternative probes containing a similar
sequences that are not expected to be recognized.

Screening with alternative ligands

Aswell as DNA and RNA, a whole range of alternat-
ive ‘ligands’ can be used to identify polypeptides that
specifically bind certain molecules (for example, as
an alternative to south-western screening). Such
techniques are not widely used because they gener-
ally have a low sensitivity and their success depends

on the preservation of the appropriate interacting
domain of the protein when exposed on the surface
of anitrocellulose filter. Furthermore, as discussed in
Chapter 9, the yeast two-hybrid system and its
derivatives now provide versatile assay formats for
many specific types of protein—protein interaction,
with the advantage that such interactions are tested
in living cells, so the proteins involved are more
likely to retain their functional interacting domains.

Functional cloning

Finally, we consider screening methods that depend
on the full biological activity of the protein. This is
often termed functional cloning. In contrast to posi-
tional cloning, described above, functional cloning
is possible in complete ignorance of the whereabouts
of the gene in the genome and requires no prior
knowledge of the nucleotide sequence of the clone or
the amino acid sequence of its product. As long as
the expressed protein is functional and that function
can be exploited to screen an expression library, the
corresponding clone can be identified.

Screening by functional complementation

Functional complementation is the process by which
a particular DNA sequence compensates for a miss-
ing function in a mutant cell, and thus restores the
wild-type phenotype. This can be a very powerful
method of expression cloning, because, if the mutant
cells are non-viable under particular growth condi-
tions, cells carrying the clone of interest can be posi-
tively selected, allowing the corresponding clones to
be isolated.

Ratzkin and Carbon (1977) provide an early
example of how certain eukaryotic genes can be
cloned on the basis of their ability to complement
auxotrophic mutations in E. coli. These investigators
inserted fragments of yeast DNA, obtained by mech-
anical shearing, into the plasmid ColEl, using a
homopolymer-tailing procedure. They transformed
E. coli hisB mutants, which are unable to synthesize
histidine, with the recombinant plasmids and plated
the bacteria on minimal medium. In this way, they
selected for complementation of the mutation and
isolated clones carrying an expressed yeast his gene.
If the function of the gene is highly conserved, it is
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Fig. 6.16 Functional
complementation in transgenic

mice to isolate the Shaker-2 gene.
Homozygous shaker-2 fertilized mouse
eggs were injected with BAC clones
derived from the Shaker-2 candidate
region of a wild-type mouse. Progeny
were screened for restoration of the
wild-type phenotype, thus identifying
the BAC clone corresponding to the
Shaker-2 gene. This clone is then
sequenced and used to isolate and map
the corresponding human disease
gene DFNB3.

quite possible to carry out functional cloning of, for
example, mammalian proteins in bacteria and yeast.
Thus, complementation in yeast has been used to
isolate cDNAs for a number of mammalian meta-
bolic enzymes (e.g. Botstein & Fink 1988) and certain
highly conserved transcription factors (e.g. Becker
etal. 1991), as well as regulators of meiosis in plants
(Hirayama et al. 1997). This approach can also
be used in mammalian cells, as demonstrated by
Strathdee et al. (1992), who succeeded in isolating
the FACC gene, corresponding to complementation
group C of Fanconi’s anaemia. Generally a pool sys-
tem is employed, where cells are transfected with a
complex mix of up to 100 000 clones. Pools that
successfully complement the mutant phenotype are
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spanning shaker-2
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then subdivided for a further round of transfection,
and the procedure repeated until the individual
cDNA responsible is isolated.

Functional complementation is also possible in
transgenic animals and plants. In this way, Probst
et al. (1998) were able to clone the mouse deafness-
associated gene Shaker-2, and from there its human
homologue, DFNB3 (Fig. 6.16). The shaker-2 muta-
tion had previously been mapped to a region of
the mouse genome that is syntenic to the region
involved in a human deafness disorder. BAC clones
corresponding to this region were therefore prepared
from wild-type mice and microinjected into the eggs
of shaker-2 mutants. The resulting transgenic mice
were screened for restoration of a normal hearing
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phenotype, allowing a BAC clone corresponding to
the functional Shaker-2 gene to be identified. The
gene was shown to encode a cytoskeletal myosin
protein. This was then used to screen a human
genomic library, resulting in the identification of the
equivalent human gene. Note that no sequence
information was required for this screening proced-
ure, and without the functional assay there would
have been no way to identify either the mouse or
human gene except through a laborious chromo-
some walk from a linked marker. The recent devel-
opment of high-capacity transformation vectors for
plants (p. 236) has allowed similar methods to be
used to identify plant genes (e.g. Sawa et al. 1999,
Kubo & Kakimoto 2001).

Screening by ‘gain of function’

Complementation analysis can be used only if an
appropriate mutant expression host is available. In
many cases, however, the function of the target
gene is too specialized for such a technique to work
in a bacterial or yeast expression host and, even in
a higher eukaryotic system, loss of function in the
host may be fully or partially compensated by one or
more other genes. As an alternative, it may be possi-
ble to identify clones on the basis that they confer a
gain of function on the host cell. In some cases, this
gain of function is a selectable phenotype that allows
cells containing the corresponding clone to be posi-
tively selected. For example, in an early example
of the expression of a mammalian gene in E. coli,
Chang et al. (1978) constructed a population of
recombinant plasmids containing ¢cDNA derived
from unfractionated mouse mRNA. This population
of mRNA molecules was expected to contain the
transcript for dihydrofolate reductase (DHFR ). Mouse
DHFR is much less sensitive to inhibition by the drug
trimethoprim than E. coli DHFR, so growing trans-
formants in medium containing the drug allowed
selection for those cells containing the mouse Dhfr
cDNA.

In other cases, the phenotype conferred by the
clone of interest is not selectable, but can be detected
because it causes a visible change in phenotype. In
mammalian cells, for example, clones corresponding
to cellular oncogenes have been identified on the
basis of their ability to stimulate the proliferation

of quiescent mouse 3T3 fibroblast cells either in
culture or when transplanted into ‘nude mice’ (e.g.
Brady et al. 1985). Many different specific assays
have also been developed for the functional cloning
of cDNAs encoding particular types of gene product.
For example, Xenopus melanophores have been used
for the functional cloning of G-protein-coupled
receptors. Melanophores are dark cells containing
many pigment organelles, called melanosomes. A
useful characteristic of these organelles is that they
disperse when adenyl cyclase or phospholipase C
are active and aggregate when these enzymes are
inhibited. Therefore, the expression of cDNAs encod-
ing G-protein-coupled receptors and many types of
receptor tyrosine kinases leads to redistribution of
pigmentation within the cell, which can be used
as an assay for the identification of receptor cDNAs
(reviewed be Lerner 1994).

Difference cloning

Difference cloning refers to a range of techniques
used to isolate sequences that are represented in one
source of DNA but not another. Normally this
means differentially expressed cDNAs, representing
genes that are active in one tissue but inactive in
another, but the technique can also be applied to
genomic DNA to identify genes corresponding to
deletion mutants. There are a number of cell-based
differential cloning methods and also a range of PCR
techniques. Each method follows one of two prin-
ciples: either the differences between two sources are
displayed, allowing differentially expressed clones to
be visually identified, or the differences are exploited
to generate a collection of clones that are enriched
for differentially expressed sequences. The analysis
of differential gene expression has taken on new
importance recently with the advent of high-
throughput techniques allowing the monitoring of
many and, in some cases, all genes simultaneously.

Difference cloning with DNA libraries

Displaying differences — differential screening

An early approach to difference cloning was differential
screening, a simple variation on normal hybridization-
based library screening protocols that is useful for
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the identification of differentially expressed cDNAs
that are also moderately abundant (e.g. Dworkin
& Dawid 1980). Let us consider, for example, the
isolation of cDNAs derived from mRNAs which are
abundant in the gastrula embryo of the frog Xenopus
but which are absent, or present at low abundance,
in the egg. A cDNA library is prepared from gastrula
mRNA. Replica filters carrying identical sets of
recombinant clones are then prepared. One of these
filters is then probed with 32P-labelled mRNA (or
cDNA) from gastrula embryos and one with 32P-
labelled mRNA (or cDNA) from the egg. Some
colonies will give a positive signal with both probes;
these represent cDNAs derived from mRNA types
that are abundant at both stages of development.
Some colonies will not give a positive signal with
either probe; these correspond to mRNA types
present at undetectably low abundance in both
tissues. This is a feature of using complex probes,
which are derived from mRNA populations rather
than single molecules: only abundant or moder-
ately abundant sequences in the probe carry a
significant proportion of the label and are effective
in hybridization. Importantly, some colonies give a
positive signal with the gastrula probe, but not
with the egg probe. These can be visually identified
and should correspond to differentially expressed
sequences.

A recent resurgence in the popularity of differen-
tial screening has come about through the develop-
ment of DNA microarrays (Schena et al. 1995). In
this technique, cDNA clones are transferred to a
miniature solid support in a dense grid pattern and
screened simultaneously with complex probes from
two sources, which are labelled with different fluoro-
phores. Clones that are expressed in both tissues will
fluoresce in a colour that represents a mixture of
fluorophores, while differentially expressed clones
will fluoresce in a colour closer to the pure signal
of one or other of the probes. A similar technique
involves the use of DNA chips containing densely
arrayed oligonucleotides. These methods are com-
pared in Box 6.5.

Enrichment for differences — subtractive cloning

An alternative to differential screening is to generate
a library that is enriched in differentially expressed

clones by removing sequences that are common to
two sources. This is called a subtracted cDNA library
and should greatly assist the isolation of rare cDNAs.
If we use the same example as above, the aim of the
experiment would be to generate a library enriched
for cDNAs derived from gastrula-specific mRNAs.
This would be achieved by hybridizing first-strand
cDNAs prepared from gastrula mRNA with a large
excess of mRNA from Xenopus oocytes. If this driver
population is labelled in some way, allowing it to be
removed from the mixed population, only gastrula-
specific cDNAs would remain behind. A suitable
labelling method would be to add biotin to all the
oocyte mRNA, allowing oocyte/gastrula RNA/cDNA
hybrids as well as excess oocyte mRNA to be sub-
tracted by binding to streptavidin, for which biotin
has great affinity (Duguid et al. 1988, Rubinstein
et al. 1990). Highly enriched libraries can be pre-
pared by several rounds of extraction with driver
mRNA, resulting in highly enriched subtracted
libraries (reviewed by Sagerstrom et al. 1997).

An example of subtractive ¢cDNA cloning and
differential screening is provided by Nedivi et al.
(1993). These investigators were interested in the
isolation of rat cDNAs that are induced in a particular
region of the brain (the dentate gyrus (DG)) known
to be involved in learning and memory. The induc-
ing stimulus was kainate, a glutamate analogue
that induces seizures and memory-related synaptic
changes. Poly(A)* RNA was extracted from the DG
of kainate-treated animals and used for first-strand
c¢DNA synthesis. Ubiquitous sequences present in
the activated DG cDNA preparation were hybridized
with an excess of poly(A)* RNA from total unin-
duced rat brain. This RNA had previously been
biotinylated (using a photobiotinylation procedure)
and so hybrids and excess RNA could be removed
using a streptavidin extraction method (Sive & St
John 1988). The unhybridized cDNA was then con-
verted into double-stranded form by conventional
methods and used to construct the subtracted cDNA
library in AZAP. This subtracted library was differ-
entially screened using radiolabelled cDNA from
activated and non-activated DG as the differential
probes. A large number of activated DG clones were
isolated, of which 52 were partially sequenced. One-
third of these clones corresponded to known genes;
the remainder were new.
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Box 6.5 Differential screening with DNA chips

cDNA microarrays

Miniaturization and automation have facilitated
the development of DNA microarrays, in which

DNA sequences are displayed on the surface of a
small ‘chip’ of either nylon or glass. In the initial
description of this technology (Schena et al. 1995),
up to 10 000 cDNA clones, each in the region of
several hundred nucleotides in length, could be
arrayed on a single microscope slide. The cDNAs
were either obtained from an existing library or
generated de novo by PCR. In each case, the machine
transfers a small amount of liquid from a standard
96-well microtitre plate on to a poly-L-lysine-coated
microscope slide, and the DNA is fixed in position
by UV irradiation. Arrays are used predominantly for
the multiplex analysis of gene expression profiles.
Total RNA is used to prepare fluorescently labelled
cDNA probes and signals are detected using a laser.
Each hybridization experiment generates a large
amount of data. Comparisons of expression profiles
generated using probes from different sources can
identify genes that are differentially expressed in
various cell types, at different developmental stages
orin response to induction (reviewed by Schena

et al. 1998, Xiang & Chen 2000). There have been
many successes with this relatively new technology,
including the identification of genes involved in the
development of the nervous system (Wen et al. 1998)
and genes involved in inflammatory disease (Heller
etal. 1997). Arrays have been constructed including
every gene in the genome of E. coli (Tao et al. 1999)

Difference cloning by PCR

Displaying differences — differential-display
PCR and arbitrarily primed PCR

As expected, PCR-based methods for difference
cloning are more sensitive and rapid than library-
based methods, and can be applied to small amounts
of starting material. Two similar methods have been

and most genes of the yeast Saccharomyces
cerevisiae (De Risi et al. 1997). This has allowed
comprehensive parallel analysis of the expression of
all genes simultaneously in a variety of experimental
assays (Cho et al. 1998, Chu et al. 1998, Spellman
et al. 1998, Jelinsky & Samson 1999). It is likely that
complete genome arrays will be available for higher
eukaryotes, including humans, within the next few
years, offering an unprecedented ability to capture
functional snapshots of the genome in action.

Oligonucleotide chips

An alternative to spotting presynthesized cDNAs or
ESTs on to slides is to synthesize oligonucleotides
in situ on silicon or glass wafers, using similar
processes to those used in the manufacture of
semiconductors (Lockhart et al. 1996, Shalon et al.
1996). Using current techniques, up to 1 000 000
oligonucleotides can by synthesized in tightly
packed regular arrays on chips approximately

1 cm? (Lipshutz et al. 1999). Unlike cDNA arrays, a
hybridizing probe sequence is recognized not by a
single cognate cDNA, but by a combination of short
oligonucleotides, from which its sequence can be
deduced (reviewed by Southern 1996a,b). Chips
are more versatile than arrays, because they can be
used not only for expression analysis but also for
DNA sequencing (resequencing) (Chee et al. 1996)
and the analysis of differences between genomes
at the level of single nucleotide polymorphisms
(Hacia 1999).

described which use pairs of short arbitrary primers
to amplify pools of partial cDNA sequences. If the
same primer combinations are used to amplify
c¢DNAs from two different tissues, the products can
be fractionated side by side on a sequencing gel, and
differences in the pattern of bands generated, the
mRNA fingerprint, therefore reveal differentially
expressed genes (Fig. 6.17). Essentially, the distinc-
tion between the two techniques concerns the
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Box 6.6 A landmark publication. Subtraction cloning of the human
Duchenne muscular dystrophy (DMD) gene

While most subtractive cloning experiments involve
cDNAs, this publication reports one of the few
successful attempts to isolate a gene using a
subtracted genomic library. The study began with
the identification of a young boy, known as ‘BB’,
who suffered from four X-linked disorders, including
DMD. Cytogenetic analysis showed that the boy
had a chromosome deletion in the region Xp21,
which was known to be the DMD locus. Kunkel's
group then devised a subtraction-cloning procedure
to isolate the DNA sequences that were deleted

in BB. Genomic DNA was isolated from BB and
randomly sheared, generating fragments with

blunt ends and non-specific overhangs. DNA was
also isolated from an aneuploid cell line with four
(normal) X chromosomes. This DNA was digested
with the restriction enzyme Mbol, generating sticky
ends suitable for cloning. The Mbol fragments were
mixed with a large excess of the randomly sheared
DNA from BB, and the mixture was denatured and
then persuaded to reanneal extensively, using phenol
enhancement. The principle behind the strategy was

primer used for first-strand cDNA synthesis. In the
differential-display PCR technique (Liang & Pardee
1992), the antisense primer is an oligo-dT primer
with a specific two-base extension, which thus
binds at the 3” end of the mRNA. Conversely, in the
arbitrarily primed PCR method (Welsh et al. 1992),
the antisense primer is arbitrary and can in prin-
ciple anneal anywhere in the message. In each case,
an arbitrary sense primer is used, allowing the
amplification of partial cDNAs from pools of several
hundred mRNA molecules. Following electropho-
resis, differentially expressed cDNAs can be excised
from the gel and characterized further, usually to
confirm its differential expression.

Despite the fact that these display techniques
are problematical and appear to generate a large
number of false-positive results, there have been
remarkable successes. In the original report by

that, since the randomly fragmented DNA was
present in a vast excess, most of the DNA from the
cell line would be sequestered into hybrid DNA
molecules that would be unclonable. However,
those sequences present among the Mbol fragments
but absent from BB's DNA due to the deletion would
only be able to reanneal to complementary strands
from the cell line. Such strands would have intact
Mbol sticky ends and could therefore be ligated into
an appropriate cloning vector. Using this strategy,
Kunkel and colleagues generated a genomic library
that was highly enriched for fragments corresponding
to the deletion in BB. Subclones from the library
were tested by hybridization against normal DNA
and DNA from BB to confirm that they mapped

to the deletion. To confirm that the genuine DMD
gene had been isolated, the positive subclones

were then tested against DNA from many other
patients with DMD, revealing similar deletions

in 6.5% of cases.

From Kunkel (1986) Nature 322: 73-77.

Liang and Pardee (1992), the technique was used
to study differences between tumour cells and
normal cells, resulting in the identification of a
number of genes associated with the onset of cancer
(Liang et al. 1992). Further cancer-related gene
products have been discovered by other groups
using differential display (Sager et al. 1993, Okamato
& Beach 1994). The technique has also been used
successfully to identify developmentally regulated
genes (e.g. Adati et al. 1995) and genes that are
induced by hormone treatment (Nitsche et al. 1996).
An advantage of display techniques over sub-
tracted libraries is that changes can be detected in
related mRNAs representing the same gene family.
In subtractive-cloning procedures, such differences
are often overlooked because the excess of driver
DNA can eliminate such sequences (see review by
McClelland et al. 1995).



118 CHAPTER 6

(@)

AGTTTTTTTT GGTTTTTTTT CGTTTTTTTT TGTTTTTTTT

AATTTTTTTT GATTTTTTTT CATTTTTTTT TATTTTTTTT

NVTTTTTTTT

ACTTTTTTTT GCTTTTTTTT CCTTTTTTTT TCTTTTTTTT

(b)

AAAAAAAA

AAAAAAAA
< NVTTTTTTTT

NVTTTTTTTT

NVTTTTTTTT
AAAAAAAA

I

AAAAAAAA

AAAAAAAA
< NVTTTTTTTT

NVTTTTTTTT

NVTTTTTTTT
AAAAAAAA

©

Fig. 6.17 Summary of the differential mRNA display technique, after Liang and Pardee (1992). (a) A set of 12 oligo(dT) primers
is synthesized, each with a different two-base extension; the generic designation for this primer set is NVTTTTTTTTT, where N is
any nucleotide and V is any nucleotide except T. (b) Messenger RNA from two sources is then converted into cDNA using these
primers, generating 12 non-overlapping pools of first strand cDNA molecules for each source, The PCR is then carried out using
the appropriate oligo(dT) primer and a set of arbitrary 9-mers (N,), which may anneal anywhere within the cDNA sequence. This
facilitates the amplification of pools of cDNA fragments, essentially the same as expressed sequence tages (ESTs). (¢) Pools of PCR
products, derived from alternative mRNA sources but amplified with the same pair of primers, are then compared side by side on a
sequencing gel. Bands present in one lane but absent from the other are likely to represent differentially-expressed genes. The
corresponding bands can be excised from the sequencing gel and the PCR products subcloned, allowing sequence annotation and
expression analysis, e.g. by northern blot or in situ hybridization, to confirm differential expression.

Enrichment for differences — representational
difference analysis

Representational difference analysis is a PCR sub-
traction technique, i.e. common sequences between
two sources are eliminated prior to amplification.
The method was developed for the comparative
analysis of genomes (Lisitsyn et al. 1993) but has
been modified for cloning differentially expressed

genes (Hubank & Schatz 1994). Essentially, the
technique involves the same principle as subtraction
hybridization, in that a large excess of a DNA from
one source, the driver, is used to make common
sequences in the other source, the tester, unclonable
(in this case unamplifiable). The general scheme is
shown in Fig. 6.18. cDNA is prepared from two
sources, digested with restriction enzymes and
amplified. The amplified products from one source
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are then annealed to specific linkers that provide
annealing sites for a unique pair of PCR primers.
These linkers are not added to the driver cDNA. A
large excess of driver cDNA is then added to the
tester cDNA and the populations are mixed. Driver/
driver fragments possess no linkers and cannot be

First difference product

amplified, while driver/tester fragments possess only
one primer annealing site and will only be amplified
in a linear fashion. However, cDNAs that are present
only in the tester will possess linkers on both strands
and will be amplified exponentially and can there-
fore be isolated and cloned.
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Sequencing and mutagenesis

Introduction

DNA sequencing is a fundamental requirement
for modern gene manipulation. Knowledge of the
sequence of a DNA region may be an end in its
own right, perhaps in understanding an inherited
human disorder. More importantly, sequence infor-
mation is a prerequisite for planning any substantial
manipulation of the DNA; for example, a computer
search of the sequence for all known restriction-
endonuclease target sites will provide a complete
and precise restriction map. Similarly, mutants are
an essential prerequisite for any genetic study and
never more so than in the study of gene structure
and function relationships.

Classically, mutants are generated by treating the
test organism with chemical or physical agents that
modify DNA (mutagens). This method of mutagene-
sis has been extremely successful, as witnessed by
the growth of molecular biology, but suffers from
a number of disadvantages. First, any gene in the
organism can be mutated and the frequency with
which mutants occur in the gene of interest can be
very low. This means that selection strategies have
to be developed. Second, even when mutants with
the desired phenotype are isolated, there is no guar-
antee that the mutation has occurred in the gene of
interest. Third, prior to the development of gene
cloning and sequencing techniques, there was no
way of knowing where in the gene the mutation had
occurred and whether it arose by a single base
change, an insertion of DNA or a deletion.

As techniques in molecular biology have devel-
oped, so that the isolation and study of a single gene
is not just possible but routine, so mutagenesis has
also been refined. Instead of crudely mutagenizing
many cells or organisms and then analysing many
thousands or millions of offspring to isolate a desired
mutant, it is now possible to specifically change any
given base in a cloned DNA sequence. This technique
is known as site-directed mutagenesis. It has become a

basic tool of gene manipulation, for it simplifies DNA
manipulations that in the past required a great
deal of ingenuity and hard work, e.g. the creation or
elimination of cleavage sites for restriction endonu-
cleases. The importance of site-directed mutagenesis
goes beyond gene structure—function relationships,
for the technique enables mutant proteins to be
generated with very specific changes in particular
amino acids (protein engineering). Such mutants
facilitate the study of the mechanisms of catalysis,
substrate specificity, stability, etc (see p. 299 et seq.).

Basic DNA sequencing

The first significant DNA sequence to be obtained
was that of the cohesive ends of phage-A DNA (Wu &
Taylor 1971), which are only 12 bases long. The
methodology used was derived from RNA sequenc-
ing and was not applicable to large-scale DNA
sequencing. An improved method, plus and minus
sequencing, was developed and used to sequence
the 5386 bp phage ®X 174 genome (Sanger et al.
1977a). This method was superseded in 1977 by
two different methods, that of Maxam and Gilbert
(1977) and the chain-termination or dideoxy method
(Sanger et al. 1977b). For a while the Maxam and
Gilbert (1977) method, which makes use of chemical
reagents to bring about base-specific cleavage of
DNA, was the favoured procedure. However, refine-
ments to the chain-termination method meant that by
the early 1980s it became the preferred procedure.
To date, most large sequences have been determined
using this technology, with the notable exception of
bacteriophage T7 (Dunn & Studier 1983). For this
reason, only the chain-termination method will be
described here.

The chain-terminator or dideoxy procedure for
DNA sequencing capitalizes on two properties of
DNA polymerases: (i) their ability to synthesize faith-
fully a complementary copy of a single-stranded
DNA template; and (ii) their ability to use 2°,3’-
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Sequencing gel autoradiograph
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Fig. 7.4 Sequence of M13 mp7 DNA in the vicinity of the multipurpose cloning region. The upper sequence is that of M13 mp7
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galactosidase gene. The short sequence at the right-hand side is that of the primer used to initiate DNA synthesis across the
cloned insert. The numbered boxes correspond to the amino acids of the B-galactosidase fragment.

dideoxynucleotides as substrates (Fig. 7.1). Once the
analogue is incorporated at the growing point of the
DNA chain, the 3’ end lacks a hydroxyl group and
is no longer a substrate for chain elongation. Thus,
the growing DNA chain is terminated, i.e. dideoxy-
nucleotides act as chain terminators. In practice,

the Klenow fragment of DNA polymerase is used
because this lacks the 5" — 3" exonuclease activity
associated with the intact enzyme. Initiation of DNA
synthesis requires a primer and this is usually a
chemically synthesized oligonucleotide which is
annealed close to the sequence being analysed.
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DNA synthesis is carried out in the presence of the
four deoxynucleoside triphosphates, one or more of
which islabelled with 32P, and in four separate incu-
bation mixes containing a low concentration of one
each of the four dideoxynucleoside triphosphate
analogues. Therefore, in each reaction there is a
population of partially synthesized radioactive DNA
molecules, each having a common 5’ end, but each
varying in length to a base-specific 3" end (Fig. 7.2).
After a suitable incubation period, the DNA in each
mixture is denatured and electrophoresed in a
sequencing gel.

A sequencing gel is a high-resolution gel designed
to fractionate single-stranded (denatured) DNA frag-
ments on the basis of their size and which is capable
of resolving fragments differing in length by a single
base pair. They routinely contain 6-20% polyacry-
lamide and 7 mol/l urea. The function of the urea is
to minimize DNA secondary structure, which affects
electrophoretic mobility. The gel is run at sufficient
power to heat up to about 70°C. This also minimizes
DNA secondary structure. The labelled DNA bands
obtained after such electrophoresis are revealed by
autoradiography on large sheets of X-ray film and
from these the sequence can be read (Fig. 7.3).

To facilitate the isolation of single strands, the DNA
to be sequenced may be cloned into one of the clus-
tered cloning sites in the lac region of the M13 mp
series of vectors (Fig. 7.4). A feature of these vectors
is that cloning into the same region can be mediated
by any one of a large selection of restriction enzymes
but still permits the use of a single sequencing primer.

Modifications of chain-terminator
sequencing

The sharpness of the autoradiographic images can
be improved by replacing the 32P-radiolabel with the
much lower-energy 3P or 3°S. In the case of 338, this
is achieved by including an o-3°S-deoxynucleoside
triphosphate (Fig. 7.5) in the sequencing reaction.
This modified nucleotide is accepted by DNA poly-
merase and incorporated into the growing DNA
chain. Non-isotopic detection methods have also been
developed with chemiluminescent, chromogenic or
fluorogenic reporter systems. Although the sensi-
tivity of these methods is not as great as with radio-
labels, it is adequate for many purposes.
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Fig. 7.5 Structure of an o->>S-deoxynucleoside triphosphate.

Other technical improvements to Sanger’s original
method have been made by replacing the Klenow
fragment of Escherichia coli DNA polymerase I.
Natural or modified forms of the phage T7 DNA
polymerase (‘Sequenase’) have found favour, as has
the DNA polymerase of the thermophilic bacterium
Thermus aquaticus (Taq DNA polymerase). The T7
DNA polymerase is more processive than Klenow
polymerase, i.e. it is capable of polymerizing a longer
run of nucleotides before releasing them from the
template. Also, its incorporation of dideoxynucleo-
tides is less affected by local nucleotide sequences
and so the sequencing ladders comprise a series of
bands with more even intensities. The Tag DNA
polymerase can be used in a chain-termination reac-
tion carried out at high temperatures (65-70°C) and
this minimizes chain-termination artefacts caused by
secondary structure in the DNA. Tabor and Rich-
ardson (1995) have shown that replacing a single
phenylalanine residue of Tag DNA polymerase with
a tyrosine residue results in a thermostable sequenc-
ing enzyme that no longer discriminates between
dideoxy- and deoxynucleotides.

The combination of chain-terminator sequencing
and M13 vectors to produce single-stranded DNA
is very powerful. Very good-quality sequencing is
obtainable with this technique, especially when
the improvements given by >°S-labelled precursors
and T7 DNA polymerase are exploited. Further
modifications allow sequencing of ‘double-stranded’
DNA, i.e. double-stranded input DNA is denatured
by alkali and neutralized and then one strand is
annealed with a specific primer for the actual chain-
terminator sequencing reactions. This approach has
gained in popularity as the convenience of having
a universal primer has grown less important with
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the widespread availability of oligonucleotide syn-
thesizers. With this development, Sanger sequenc-
ing has been liberated from its attachment to the M 13
cloning system; for example, polymerase chain
reaction (PCR)-amplified DNA segments can be
sequenced directly. One variant of the double-
stranded approach, often employed in automated
sequencing, is ‘cycle sequencing’. This involves a
linear amplification of the sequencing reaction,
using 25 cycles of denaturation, annealing of a
specific primer to one strand only and extension in
the presence of Taqg DNA polymerase plus labelled
dideoxynucleotides. Alternatively, labelled primers
can be used with unlabelled dideoxynucleotides.

Automated DNA sequencing

In manual sequencing, the DNA fragments are
radiolabelled in four chain-termination reactions,
separated on the sequencing gel in four lanes and
detected by autoradiography. This approach is not

CHAPTER 7

well suited to automation. To automate the process,
itis desirable to acquire sequence data in real time by
detecting the DNA bands within the gel during the
electrophoretic separation. However, this is not triv-
ial, as there are only about 107'>~107'® moles of
DNA per band. The solution to the detection prob-
lem is to use fluorescence methods. In practice, the
fluorescent tags are attached to the chain-terminating
nucleotides. Each of the four dideoxynucleotides
carries a spectrally different fluorophore. The tag is
incorporated into the DNA molecule by the DNA
polymerase and accomplishes two operations in one
step: it terminates synthesis and it attaches the
fluorophore to the end of the molecule. Alternat-
ively, fluorescent primers can be used with non-
labelled dideoxynucleotides. By using four different
fluorescent dyes, it is possible to electrophorese
all four chain-terminating reactions together in
one lane of a sequencing gel. The DNA bands are
detected by their fluorescence as they electrophorese
past a detector (Fig. 7.6). If the detector is made to
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scan horizontally across the base of a slab gel, many
separate sequences can be scanned, one sequence
per lane. Because the different fluorophores affect
the mobility of fragments to different extents, sophist-
icated software is incorporated into the scanning
step to ensure that bands are read in the correct
order. A simpler method is to use only one fluoro-
phore and to run the different chain-terminating
reactions in different lanes.

For high-sensitivity DNA detection in four-colour
sequencing and high-accuracy base calling, one
would ideally like the following criteria to be met:
each of the four dyes to exhibit strong absorption at a
common laser wavelength; to have an emission
maximum at a distinctly different wavelength; and
to introduce the same relative mobility shift of the
DNA sequencing fragments. Recently, dyes with
these properties have been identified and success-
fully applied to automated sequencing (Glazer &
Mathies 1997).

Automated DNA sequencers offer a number of
advantages that are not particularly obvious. First,
manual sequencing can generate excellent data, but
even in the best sequencing laboratories poor
autoradiographs are frequently produced that make
sequence reading difficult or impossible. Usually the
problem isrelated to the need to run different termina-
tion reactions in different tracks of the gel. Skilled
DNA sequencers ignore bad sequencing tracks, but
many laboratories do not. This leads to poor-quality
sequence data. The use of a single-gel track for all
four dideoxy reactions means that this problem is
less acute in automated sequencing. Nevertheless, it
is desirable to sequence a piece of DNA several times
and on both strands, to eliminate errors caused by
technical problems. It should be noted that long
runs of the same nucleotide or a high G+C content
can cause compression of the bands on a gel, neces-
sitating manual reading of the data, even with
an automated system. Note also that multiple,
tandem short repeats, which are common in the
DNA of higher eukaryotes, can reduce the fidelity
of DNA copying, particularly with Taq DNA poly-
merase. The second advantage of automated DNA
sequencers is that the output from them is in
machine-readable form. This eliminates the errors
that arise when DNA sequences are read and tran-
scribed manually.

A third advantage derives from the new genera-
tion of sequencers that have been introduced
recently. In these sequencers, the slab gel is replaced
with 48 or 96 capillaries filled with the gel matrix.
The key feature of this system is that the equipment
has been designed for use with robotics, thereby
minimizing hands-on time and increasing through-
put. With a 96-capillary sequencer, it is possible to
sequence up to 750 000 nucleotides per day.

Sequence accuracy

As part of a programme to sequence a 96 kb stretch
of mouse DNA, Wilson et al. (1992) analysed 288
sequences containing part of the vector DNA. By
comparing raw sequence data with known vector
sequences, it was possible to calculate the error
frequency. Sequences that were read beyond 400 bp
contained an average of 3.2% error, while those less
than 400 bp had 2.8% error. At least one-third of
the errors were due to ambiguities in sequence read-
ing. In those sequences longer than 400 bp that
were read, most errors occurred late in the sequence
and were often present as extra bases in a run of
two or more of the same nucleotide. The remainder
of the errors were due to secondary structure in
the template DNA. However, because the complete
sequence was analysed with an average 5.9-fold
redundancy and most of it on both strands, the final
error frequency is estimated to be less than 0.1%. In
comparison, 35 different European laboratories were
engaged in sequencing the Saccharomyces cerevisiae
genome, with the attendant possibility of a very high
error frequency. However, by using a DNA coordin-
ator who implemented quality-control procedures
(Table 7.1), the overall sequence accuracy for yeast
chromosome XI (666 448 bp) was estimated to
be 99.97% (Dujon et al. 1994), i.e. similar to that
noted above. Lipshutz et al. (1994 ) have described a
software program for estimating DNA sequence
confidence. Fabret et al. (1995) have analysed the
errors in finished sequences. They took advantage of
the fact that the surfactin operon of Bacillus subtilis
had been sequenced by three independent groups.
This enabled the actual error rate to be calculated. It
was found to range from 0.02 to 0.27%, the different
error rates being ascribed to the detailed sequenc-
ing tactics used. Other studies of DNA sequencing
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Table 7.1 Quality control of sequence

data from 35 laboratories engaged in

Total number  Total bp Error % sequencing yeast chromosome XI.
Method of verification of fragments  verified  detected (Data from Dujon et al. 1994 with
permission from Nature, © Macmillan
Original overlap between cosmids 28 63424 0.02 Magazines Ltd.)
Resequencing of selected segments
(3-5 kb long) 21 72270 0.03
Resequencing of random segments
(~300 bp long) 71 18778 0.05
Resequencing of suspected segments
(~300 bp long) from designed
oligonucleotide pairs 60 17 035 0.03
Total 180 171507
Average error rate 0.03

accuracy have been summarized by Yager et al
(1997).1In general, asequence read of > 350 nucleo-
tides at 99% accuracy can be expected using current
ultrathin-slab gel technology. Reading lengths in
excess of 1000 nucleotides have been reported
(Noolandietal. 1993; Vossetal. 1995).

Whole-genome sequencing

Asnoted in Chapter 1 (p. 2), many different genomes
have been completely sequenced and the list includes
viruses, bacteria, yeast, Caenorhabditis, Drosophila,
Arabidopsis and humans. A detailed description of
the methodology used for sequencing these genomes
is outside the scope of this book and the interested
reader is referred to the sister publication Principles
of Genome Analysis (Primrose & Twyman 2002).
Suffice is to say that the underlying principle is to
subdivide the genome into small fragments of a
size suitable for sequencing by the methods just
described. Provided that the fragments overlap, the
individual sequences can then be assembled into
the complete genome sequence. However, the scale
of the task of complete sequence assembly can be
gauged from a comparison of the length of frag-
ment that can be sequenced (600—1000 nucleotides)
with the number of such fragments in the genome
(> 3 million for the human genome)!

Analysing sequence data

DNA sequence databases

Since the current DNA sequencing technology was
developed, a large amount of DNA sequence data
has accumulated. These data are maintained in
three databases: the National Center for Biotechno-
logy Information in the USA, the DNA Databank
of Japan and the European Bioinformatic Institute
in the UK (Benson et al. 1996, 1997, Stoesser et al.
1997, Tateno & Gojobori 1997). Each of these
three groups collects a portion of the total sequence
data reported worldwide and all new and updated
database entries are exchanged between the groups
on a daily basis. In addition, several specialized
genome databases exist, including seven for bac-
terial genomes: four for E. coli, two for B. subtilis and
one at the Institute for Genome Research, an organ-
ization responsible for the complete sequencing of a
number of genomes. Users worldwide can access
these databases directly via the Worldwide Web or
receive the information on CD-ROMs. The former
option is the best because it ensures that an up-to-
date database is being used. There are a number of
different sequence-retrieval systems and the best of
these are Network Entrez and DNA Workbench
(Brenner 1995).
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In working with databases, it is important to re-
cognize their inherent deficiencies. As well as errors
in the sequencing process itself, there can be tran-
scriptional errors when the data are transferred
from laboratory notebook to publications and data-
bases. For example, when screening 300 human
protein sequences in the SWISS-PROT database that
had been published separately more than once, Bork
(1996) found that 0.3% of the amino acids were
different. This is a lower limit, for many corrections
will already have been made and in many instances
the sequences appearing in two different publica-
tions are not independent. Note that only stop
codons and frame shifts can be detected unambigu-
ously: point mutations are hard to verify, as natural
polymorphisms or strain differences cannot easily be
excluded. Sequencing by hybridization may be of
great use here. Other database problems include
misspelling of genes, resulting in confusion with
ones of similar name or the generation of synonyms:
different genes being given the same name and
multiple synonyms for the same gene. Examples of
the latter are the E. coli gene hns, which has eight
synonyms, and the protein annexin V, which has
five synonyms.

Analysing sequence data

Discovering new genes and their functions is a key
step in analysing new sequence data. The process is
facilitated by special-purpose gene-finding software,
by searches in key databases and by programs for
finding particular sites relevant to gene expression,
e.g. splice sites and promoters. Unfortunately, no
one software package contains all the necessary
tools. Rather, optimal gene finding is dependent on
combining evidence derived from use of multiple
software tools (Table 7.2).

Fickett (1996) has described a framework for
finding genes which makes use of a number of differ-
ent software programs. Evidence for the presence or
absence of genes in a sequence is gathered from a
number of sources. These include sequence similarity
to other features, such asrepeats, which are unlikely
to overlap protein-coding sequences, sequence sim-
ilarity to other genes, statistical regularity evincing
apparent codon bias over a region, and matches to
template patterns for functional sites on the DNA,

such as consensus sequences for TATA boxes. All
the information so gathered is integrated to make as
coherent a picture as possible.

When analysing sequences from eukaryotes, it is
best to locate and remove interspersed repeats before
searching for genes. Not only can repeats confuse
other analyses, such as database searches, but they
provide important negative information on the loca-
tion of gene features. For example, such repeats
rarely overlap the promoters or coding portions of
exons. Once this is done, the next step is to identify
open reading frames (ORFs). Despite the availability
of sophisticated software search routines, unam-
biguous assignment of ORFs is not easy. For exam-
ple, the Haemophilus influenzae genome sequence
submitted to the database included 1747 predicted
protein-encoding genes (Fleischmann et al. 1995).
When Tatusov et al. (199 6) reanalysed the sequence
data using different algorithms and different dis-
crimination criteria, they identified a new set of
1703 putative protein-encoding genes. In addition
to 1572 ORFs, which remained the same, they
identified 23 new ORFs, modified 107 others and
discarded the balance. Note that gene finding
is relatively easy in compact and almost intron-free
genomes, such as yeast. In higher plants and ani-
mals, the task is much greater, for a 2 kb ORF could
be split into 15 exons spread over 30 kb of genomic
DNA.

Database searches

Searching for a known homologue is the most
widely used means of identifying genes in a new
sequence. If a putative protein encoded by an
uncharacterized ORF shows statistically significant
similarity to another protein of known function, this
simultaneously proves, beyond doubt, that the ORF
in question is a bona fide new gene and predicts its
likely function. Even if the homologue of the new
protein has not been characterized, useful informa-
tion is produced in the form of conserved motifs that
may be important for protein function. In this way,
Koonin et al. (1994) analysed the information con-
tained in the complete sequence of yeast chromo-
some III and found that 61% of the probable gene
products had significant similarities to sequences in
the current databases. As many as 54% of them had
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Table 7.2 Internet tools for gene discovery in DNA sequence data.

Important Home Pages
European Molecular Biology Laboratory (EMBL)
http://www.ebi.ac.uk/ebi_docs/embl_db/ebi/topembl.html
Cambridge, UK.

UK Human Genome Mapping Project — Resource Center (HGMP-RC)
http://www.hgmp.mrc.ac.uk/

SegNet: UK Node of European Molecular Biology Network (EMBNet)
http://www.segnet.dl.ac.uk /About/SEQNET/

GenBank

http://www.ncbi.nlm.nih.gov/Genbank/

GenBank at the National Center for Biotechnology (NCBI) of the National Library of Medicine (NLM) at the National Institutes for
Health (NIH) campus, USA.

DNA Databank of Japan (DDBJ)
http://www.ddbj.nig.ac.jp

Genome Sequence DataBase (GSDB)

http://seqsim.ncgr.org/

The National Center for Genome Resources, Genome Sequence Database.
The server is a supercomputer with genomic algorithm acceleration.

The Institute for Genomic Research (TIGR)
http://www.tigr.org/

The Sanger Centre
http://www.sanger.ac.uk/

Swiss Institute of Bioinformatics (Expasy)
http://www.expasy.ch/

Genomic Sequence Databases
These are the three primary sequence databases. They exchange sequence information daily.

European Molecular Biology Laboratory (EMBL)
http://www2.ebi.ac.uk/Help/General/general.html
Cambridge, UK.

GenBank

http://www.ncbi.nlm.nih.gov/Web/Search/index.html

GenBank at the National Center for Biotechnology (NCBI) of the National Library of Medicine (NLM) at the National Institutes for
Health (NIH) campus, USA.

DNA Databank of Japan (DDBIJ)
http://www.ddbj.nig.ac.jp

Sequence Search and Retrieval
Sequence Retrieval System (SRS)
http://srs.hngmp.mrc.ac.uk/

Entrez
http://www.ncbi.nlm.nih.gov/Entrez/
Very comprehensive indeed!

Open Reading Frame (ORF) Finder
ORF Finder
http://www.ncbi.nlm.nih.gov/gorf/gorf.html
Finds likely open reading frames in a sequence.

continued
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Table 7.2 (cont’d)

Sequence Translation
Nucleotide to Protein (EMBL)
5-4-1-DUW/UK
http://www.ebi.ac.uk/contrib/tommaso./translate.html
Translates a nucleotide sequence into a protein sequence.

Forward and Reverse Translation

5-5-2-DUPUFWE/UK

http://www.sanger.ac.uk/Software/Wise2 /genewiseform.shtml
Translates a protein sequence into a genomic DNA sequence, and vice versa.

Protein and cDNA Translation

5-4-2-DcUPU/UK
http://www.sanger.ac.uk/Software/Wise2/genewiseform.shtml
Translates a protein sequence into a cDNA sequence, and vice versa.

Protein Sequence Databases
Translated EMBL (TrEMBL)
http://www.expasy.ch/sprot/sprot-top.html
Database of all the protein-coding regions stored in the EMBL database.
Comprehensive, but (generally) at the cost of poor annotation.

SWISS-PROT

http://expasy.hcuge.ch/sprot/sprot-top.html

A database of protein sequences, translated from the EMBL genomic database. Protein sequences have been checked and
annotated.

PIR

http://www nbrf.georgetown.edu/ pir/

Four databases: PIR1 is the most comprehensive with entries classified and annotated. PIR4 is the least comprehensive, with
unencoded or untranslated entries.

Protein Three-dimensional Structure Database
Protein Databank
http://pdb.pdb.bnl.gov/
Three-dimensional protein structures which can be downloaded and viewed locally (viewer required) or viewed in a hypertext
browser window (e.g. Netscape). The structures are experimentally determined by X-ray crystallography and nuclear magnetic
resonance (NMR) imaging.

Protein Analysis Utilities
Web Cutter — Restriction Enzyme Mapping Utility
http://www.medkem.gu.se/cutter/
Map restriction-enzyme sites on your sequence. Easy to use and comprehensive options.

Sequence Identification (BLAST), FASTA, etc.)
The Sanger Centre Database Search Services
5-2-5-DDPDFWE/UK - Clean, simple design.
http://www.sanger.ac.uk/DataSearch/
BLAST and WU-BLAST 2.0 searches which can be refined to finished and/or unfinished genomic sequences.

BLAST 2 Similarity Search (EMBNet)
5-3-2-PUWE/Switzerland
http://www.ch.embnet.org/software/frameBLAST.html
WU-BLAST 2.0 similarity searches.

FASTA 3 (EMBL)
http://www2.ebi.ac.uk /fasta3/
FASTA 3 similarity search. Links to GenBank sequences returned. MolView presents alignment results well and in colour.

continued
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Table 7.2 (cont'd)

FASTA
http://www2.igh.cnrs.fr/bin/fasta-guess.cgi

FASTA similarity search and a clean, basic and simple interface.

Blitz
http://www.ebi.ac.uk/searches/blitz.html

Blitz should only be used if BLAST and FASTA have failed to yield the desired results. It is a sensitive search, but also slow!

Beauty

http://dot.imgen.bcm.tmc.edu:9331/seq-search/ protein-search.html
Beauty is an enhanced BLAST search, returning output which predicts the function of the protein being tested.

Sequence Alignment
Network Protein Sequence Analysis
5-4-1-PUW/France
http:// pbil.ibcp.fr/NPSA/npsa_clustalw.html
ClustalW multiple sequence alignment.

Multiple Sequence Alignment with Hierarchical Clustering
5-5-3-PUW/France
http://www.toulouse.inra.fr/multalin.html

Sequence alignment with a colour output where differing or similar amino acids in the alignment can be highlighted.

ALIGN
5-1-1-DUPUWE/France
http://www2.igh.cnrs.fr/bin/align-guess.cgi

Applies the BLOSUMS50 matrix to deduce the optimal alignment between two sequences.

New Sequence Submission
EMBL
http://www.ebi.ac.uk/Submissions/index.html

Banklt (GenBank)
http://www.ncbi.nlm.nih.gov/Banklt/

known functions or were related to functionally
characterized proteins and 19% were similar to pro-
teins of known three-dimensional structure. Other
examples are given later. The methods of choice for
screening databases in this way are those such as
BLASTX that translate the query nucleotide sequence
in all six reading frames and compare the resulting
putative protein sequences to the protein-sequence
database. Such methods allow the detection of
frame-shift errors and will not miss even small ORFs
ifhomologues are present in the database.
Significant matches of a novel ORF to another
sequence may be in any of four classes (Oliver
1996). First, a match may predict both the bio-
chemical and physiological function of the novel
gene. An example is ORF YCR24c from yeast chro-
mosome III and the E. coli Asn-tRNA synthetase.

Secondly, a match may define the biochemical func-
tion of a gene product without revealing its bio-
chemical function. An example of this is the five
protein-kinase genes found on yeast chromosome IIT
whose biochemical function is clear (they phospho-
rylate proteins) but whose particular physiological
function in yeast is unknown. Thirdly, a match may
be to a gene from another organism whose function
isunknown in that organism, e.g. ORF YCR6 3w from
yeast, protein G10 from Xenopus and novel genes
from Caenorhabditis and humans, none of whose
functions is known. Finally, a match may occur to a
gene of known function that merely reveals that our
understanding of that function is very superficial,
e.g. yeast ORF YCL1 7c and the Nif S protein of nitro-
gen-fixing bacteria. After similar sequences were
found in a number of bacteria which do not fix nitro-
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gen, it was shown that the Nif S protein is a pyridoxal
phosphate-dependent aminotransferase.

Because the DNA and protein-sequence databases
are updated daily, it could be that homologues of
previously unidentified proteins have been found.
Thus it could pay to repeat the search of the
databases at regular intervals, as Robinson et al.
(1994) found. Starting with more than 18 million
bp of prokaryotic DNA sequence, they executed a
systematic search for previously undetected protein-
coding genes. They removed all DNA regions known
to encode proteins or structural RNAs and used an
algorithm to translate the remaining DNA in all six
reading frames. A search of the resultant transla-
tions against the protein-sequence databases un-
covered more than 450 genes which previously had
escaped detection. Seven of these genes belonged
to gene families not previously identified in prokar-
yotes. Others belonged to gene families with critical
roles in metabolism. Clearly, periodic exhaustive
reappraisal of databases can be very productive!

If homology with known proteins is to be used to
analyse sequence data, then sequence accuracy is
paramount. With the gene density and ORF size
distribution of yeast (Dujon et al. 1994) and the
nematode (Wilson et al. 1994), even relatively rare
sequencing errors, many of which are missing
nucleotides, will result in a large fraction of the
protein-coding genes being affected by frame shifts.
At 99% accuracy virtually all genes will contain
errors and at 99.9% accuracy two-thirds of the
genes will still contain an error, most probably a
frame shift. With the 99.97% accuracy obtained in
the yeast sequencing, about one-third of predicted
genes will still contain errors (Fig. 7.7).

Because sequence-similarity search programs are
so vital to the analysis of DNA sequence data, much
attention has been paid to the precise algorithms
used and their precise speed. However, the effective-
ness of these searches is dependent on a number of
factors. These include the choice of scoring system,
the statistical significance of alignments and the
nature and extent of sequence redundancy in the
databases (Altschul et al. 1994; Coulson 1994).
Most database search algorithms rank alignments
by a score whose calculation is dependent upon a
particular scoring system. Optimal strategies for
detecting similarities between DNA protein-coding
regions differ from those for non-coding regions.

o
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Fig. 7.7 Quantitative effect of sequence accuracy on gene
accuracy. The figure indicates the fraction of error-free genes
predicted from a DNA sequence, as a function of average
sequence accuracy. The theoretical curve was computed
using the size distribution of protein-coding genes in yeast
and assuming random occurrence of sequencing errors. All
types of errors are considered together. In practice, frame
shifts, which have the most deleterious effects on gene
interpretation, represent about two-thirds of all sequencing
errors. The figure illustrates the difference between an
average sequence accuracy of 99.9%, where only one-third
of all genes are properly described, and an average sequence
accuracy of 99.99%, where more than 85% of genes are
properly described. It also illustrates the difference between
average database entries (99.9% accuracy, arrow 1) and
systematic sequencing programs with sequence verifications
(99.97% accuracy, arrow 2). (Redrawn with permission from
Dujon 1996.)

Special scoring systems have been developed for
detecting frame-shift errors in the databases, a
problem highlighted above. Thus a database search
program should make use of a variety of scoring sys-
tems. Furthermore, given a query sequence, most
database search programs will produce an ordered
list of imperfectly matching database similarities,
but none of them need have any biological signi-
ficance. Many of the genes originally predicted by
these statistical methods have subsequently proved
to be homologous to newly described genes or have
been confirmed experimentally, thus supporting the
robustness of the predictive methods (Koonin et al.
1996).
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Eventually, with the accumulation of new
sequences, sequence conservation will become the
definitive criterion for gene identification and the
contribution of statistical methods will decrease.
Nevertheless, it is still likely that some genes will not
have identifiable homologues and statistical and ex-
perimental approaches will remain necessary for their
detection. Furthermore, even for genes that have
homologues, statistical methods of coding-potential
analysis will remain useful for localizing frame shifts
and choosing among the possible initiation codons.

Changing genes: site-directed
mutagenesis

Three different methods of site-directed mutagenesis
have been devised: cassette mutagenesis, primer
extension and procedures based on the PCR. All
three are described below but the reader wishing
more detail should consult the review of Ling and
Robinson (1998).

In some cases, the goal of protein engineering is to
generate a molecule with an improvement in some
operating parameter, but it is not known what
amino acid changes to make. In this situation,
a random mutagenesis strategy provides a route to
the desired protein. However, methods based on
gene manipulation differ from traditional mutagen-
esis in that the mutations are restricted to the gene
of interest or a small portion of it. Genetic engineer-
ing also provides a number of simple methods of
generating chimeric proteins where each domain
is derived from a different protein.

It should not be forgotten that constructing the
mutant DNA is only part of the task. The vector for
expression, the expression system and strategies

Arg Glu lle ¥ Glu Met B8 Glu Ala Val Ser Met
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for purification and assay must also be considered
before embarking on protein mutagenesis.

Cassette mutagenesis

In cassette mutagenesis, a synthetic DNA fragment
containing the desired mutant sequence is used to
replace the corresponding sequence in the wild-type
gene. This method was originally used to generate
improved variants of the enzyme subtilisin (Wells
et al. 1985). It is a simple method for which the
efficiency of mutagenesis is close to 100%. The
disadvantages are the requirement for unique
restriction sites flanking the region of interest and
the limitation on the realistic number of different
oligonucleotide replacements that can be synthes-
ized. The latter problem can be minimized by the use
of doped oligonucleotides (Fig. 7.8; Reidhaar-Olson
and Sauer, 1988), as described on pp. 107-109.

Primer extension:
the single-primer method

The simplest method of site-directed mutagenesis is
the single-primer method (Gillam et al. 1980, Zoller
& Smith 1983). The method involves priming in
vitro DNA synthesis with a chemically synthesized
oligonucleotide (7—20 nucleotides long) that carries
abase mismatch with the complementary sequence.
As shown in Fig. 7.9, the method requires that the
DNA to be mutated is available in single-stranded
form, and cloning the gene in M13-based vectors
makes this easy. However, DNA cloned in a plasmid
and obtained in duplex form can also be converted to
a partially single-stranded molecule that is suitable
(Dalbadie-McFarland et al. 1982).

Fig. 7.8 Mutagenesis by means of
doped oligonucleotides. During
synthesis of the upper strand of the
oligonucleotide, a mixture of all four
nucleotides is used at the positions
indicated by the letter N. When the
lower strand is synthesized, inosine
(I) is inserted at the positions shown.
The double-stranded oligonucleotide
isinserted into the relevant position

Spht of the vector.
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Single-stranded
M13 recombinant

Fig. 7.9 Oligonucleotide-directed
mutagenesis. Asterisks indicate
mismatched bases. Originally the
Klenow fragment of DNA polymerase
was used, but now this has been largely
replaced with T7 polymerase.

The synthetic oligonucleotide primes DNA syn-
thesis and is itself incorporated into the resulting
heteroduplex molecule. After transformation of the
host E. coli, this heteroduplex gives rise to homodu-
plexes whose sequences are either that of the original
wild-type DNA or that containing the mutated base.
The frequency with which mutated clones arise,
compared with wild-type clones, may be low. In
order to pick out mutants, the clones can be screened
by nucleic acid hybridization (see Chapter 6) with
32p_labelled oligonucleotide as probe. Under suitable
conditions of stringency, i.e. temperature and cation

Wild-type

Chemically synthesized
oligonucleotide

Anneal

p 4

TCAGGCT

(1) DNA polymerase + 4dNTPs
(2) T4 DNA ligase + ATP

é

Transform E. coli

4

Mutant

AG ¢ AG ¢

4

Screen plaques with 32P-labelled
oligonucleotide as hybridization
probe

Isolate mutant

concentration, a positive signal will be obtained only
with mutant clones. This allows ready detection of
the desired mutant (Wallace et al. 1981, Traboni
etal. 1983).In order to check that the procedure has
notintroduced other adventitious changes, it is prud-
ent to check the sequence of the mutant directly by
DNA sequencing. This was a particular necessity
with early versions of the technique which made use
of E. coli DNA polymerase. The more recent use of
the high-fidelity DNA polymerases from phages T4
and T7 has minimized the problem of extraneous
mutations, as well as shortening the time for copying
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Mutant oligonucleotide
with multiple (four)
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mutagenesis
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Deletion
mutagenesis

Mutant oligonucleotide
spanning the region to
be deleted, binding to
two separate sites, one
on either side of the
target

Fig. 7.10 Oligonucleotide-directed

complementary to sites
on either sides of the
target site in the
template

the second strand. Also, these polymerases do not
‘strand-displace’ the oligomer, a process which would
eliminate the original mutant oligonucleotide.

A variation of the procedure (Fig. 7.10) outlined
above involves oligonucleotides containing inserted
or deleted sequences. As long as stable hybrids are
formed with single-stranded wild-type DNA, prim-
ing of in vitro DNA synthesis can occur, ultimately
giving rise to clones corresponding to the inserted or
deleted sequence (Wallace et al. 1980, Norrander
etal. 1983).

Deficiencies of the single-primer method

The efficiency with which the single-primer method
yields mutants is dependent upon several factors.
The double-stranded heteroduplex molecules that
are generated will be contaminated both by any
single-stranded non-mutant template DNA that
has remained uncopied and by partially double-
stranded molecules. The presence of these species
considerably reduces the proportion of mutant
progeny. They can be removed by sucrose gradient
centrifugation or by agarose gel electrophoresis, but
this is time-consuming and inconvenient.

Following transformation and in vivo DNA syn-
thesis, segregation of the two strands of the het-
eroduplex molecule can occur, yielding a mixed
population of mutant and non-mutant progeny.
Mutant progeny have to be purified away from
parental molecules, and this process is complicated
by the cell’s mismatch repair system. In theory, the
mismatch repair system should yield equal numbers

mutagenesis used for multiple point
mutation, insertion mutagenesis and
deletion mutagenesis.

of mutant and non-mutant progeny, but in practice
mutants are counterselected. The major reason for
this low yield of mutant progeny is that the methyl-
directed mismatch repair system of E. coli favours
the repair of non-methylated DNA. In the cell, newly
synthesized DNA strands that have not yet been
methylated are preferentially repaired at the position
of the mismatch, thereby eliminating a mutation. In
a similar way, the non-methylated in vitro-generated
mutant strand is repaired by the cell so that the
majority of progeny are wild type (Kramer, B. et al.
1984). The problems associated with the mismatch
repair system can be overcome by using host strains
carrying the mutL, mutS or mutH mutations, which
prevent the methyl-directed repair of mismatches.

A heteroduplex molecule with one mutant and
one non-mutant strand must inevitably give rise to
both mutant and non-mutant progeny upon replica-
tion. It would be desirable to suppress the growth of
non-mutants, and various strategies have been
developed with this in mind (Kramer, B. 1984, Carter
etal. 1985, Kunkel 1985, Sayers & Eckstein 1991).

Another disadvantage of all of the primer exten-
sion methods is that they require a single-stranded
template. In contrast, with PCR-based mutagenesis
(see below) the template can be single-stranded or
double-stranded, circular or linear. In comparison
with single-stranded DNAs, double-stranded DNAs
are much easier to prepare. Also, gene inserts are in
general more stable with double-stranded DNAs.
These facts account for the observation that most
commercial mutagenesis kits use double-stranded
templates.
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Fig. 7.11 Site-directed mutagenesis by

means of the PCR. The steps shown in

the top-left corner of the diagram show

the basic PCR method of mutagenesis. 5
The bottom half of the figure shows

how the mutation can be moved to the

middle of a DNA molecule. Primers are

shown in bold and primers A and A” are

complementary.

PCR methods of site-directed
mutagenesis

Early work on the development of the PCR method of
DNA amplification showed its potential for mutage-
nesis (Scharf et al. 1986). Single bases mismatched
between the amplification primer and the template
become incorporated into the template sequence
as a result of amplification (Fig. 7.11). Higuchi et al.
(1988) have described a variation of the basic method
which enables a mutation in a PCR-produced DNA
fragment to be introduced anywhere along its length.
Two primary PCR reactions produce two overlap-
ping DNA fragments, both bearing the same muta-
tion in the overlap region. The overlap in sequence
allows the fragments to hybridize (Fig. 7.11). One
of the two possible hybrids is extended by DNA

polymerase to produce a duplex fragment. The other
hybrid has recessed 5" ends and, since it is not a
substrate for the polymerase, is effectively lost from
the reaction mixture. As with conventional primer-
extension mutagenesis, deletions and insertions can
also be created.

The method of Higuchi et al. (1988) requires four
primers and three PCRs (a pair of PCRs to amplify the
overlapping segments and a third PCR to fuse the
two segments). Sarkar and Sommer (1990) have
described a simpler method, which utilizes three
oligonucleotide primers to perform two rounds of
PCR. In this method, the product of the first PCR is
used as a megaprimer for the second PCR (Fig. 7.12).

The advantage of a PCR-based mutagenic proto-
col is that the desired mutation is obtained with
100% efficiency. There are two disadvantages. First,
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the PCR product usually needs to be ligated into a
vector, although Sarkar and Sommer (1990) have
generated the mutant protein directly, using cou-
pled in vitro transcription and translation. Secondly,
Taq polymerase copies DNA with low fidelity (see
p. 23). Thus the sequence of the entire amplified
segment generated by PCR mutagenesis must be
determined to ensure that there are no extraneous
mutations. Alternatively, thermostable polymerases
with improved fidelity can be used (Cariello et al.
1991, Lundberg etal. 1991, Mattila etal. 1991).

Selection of mutant peptides by phage
and phasmid display

In phage display, a segment of foreign DNA is
inserted into either a phagemid or an infectious
filamentous phage genome and expressed as a
fusion product with a phage coat protein. It is a
very powerful technique for selecting and engineer-
ing polypeptides with novel functions. The tech-
nique was developed first for the E. coli phage
M13 (Parmley & Smith 1988), but has since been
extended to other phages such as T4 and A (Ren &
Black 1998, Santini etal. 1998).

The M1 3 phage particle consists of a single-stranded
DNA molecule surrounded by a coat consisting of
several thousand copies of the major coat protein,

later rounds of PCR.

P8. At one end of the particle are five copies each of
the two minor coat proteins P9 and P7 and at the
other end five copies each of P3 and P6. In early
examples of phage display, a random DNA cassette
(see above) was inserted into either the P3 or the P8
gene at the junction between the signal sequence
and the native peptide. E. coli transfected with the
recombinant DNA molecules secreted phage part-
icles that displayed on their surface the amino acids
encoded by the foreign DNA. Particular phage
displaying peptide motifs with, for example, antibody-
binding properties were isolated by affinity chro-
matography (Fig. 7.13). Several rounds of affinity
chromatography and phage propagation can be
used to further enrich for phage with the desired
binding characteristics. In this way, millions of ran-
dom peptides have been screened for their ability to
bind to an anti-peptide antibody or to streptavidin
(Cwirla et al. 1990, Devlin et al. 1990, Scott & Smith
1990), and variants of human growth hormone
with improved affinity and receptor specificity have
been isolated (Lowman etal. 1991).

One disadvantage of the original method of phage
display is that polypeptide inserts greater than 10
residues compromise coat-protein function and so
cannot be efficiently displayed. This problem can be
solved by the use of phagemid display (Bass et al.
1990). In this system, the starting-point is a plasmid
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Fig. 7.13 The principle of phage display
of random peptides.

carrying a single copy of the P3 or P8 gene from
M13 plus the M13 ori sequence (i.e. a phagemid,
see p. 70). As before, the random DNA sequence is
inserted into the P3 or P8 gene downstream from
the signal peptide-cleavage site and the construct
transformed into E. coli. Phage particles displaying
the amino acid sequences encoded by the DNA insert
are obtained by superinfecting the transformed cells
with helper phage. The resulting phage particles are
phenotypically mixed and their surfaces are a
mosaic of normal coat protein and fusion protein.
Specialized phagemid display vectors have been
developed for particular purposes. For example,
phagemids have been constructed that have an
amber (chain-terminating) codon immediately down-
stream from the foreign DNA insert and upstream

I— Random

protein

—— DNA

.

Test binding to antibody
or receptor

from the body of P3 or P8. When the recombinant
phagemid is transformed into non-suppressing
strains of E. coli, the protein encoded by the foreign
DNA terminates at the amber codon and is secreted
into the medium. However, if the phagemid is
transformed into cells carrying an amber suppres-
sor, the entire fusion protein is synthesized and
displayed on the surface of the secreted phage par-
ticles (Winter et al. 1994). Other studies (Jespers
etal. 1995, Fuh & Sidhu 2000, Fuh et al. 2000) have
shown that proteins can be displayed as fusions to
the carboxy terminus of P3, P6 and P8. Although
amino-terminal display formats are likely to domin-
ate established applications, carboxy-terminal display
permits constructs that are unsuited to amino-
terminal display.
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For a detailed review of phage and phagemid dis-
play, the reader should consult Sidhu (2000) and
Sidhu et al. (2000).

Directed mutation in vivo

In vitro mutagenesis methods are very useful when
working with small plasmids carrying cloned genes.
However, if it is desired to modify a single residue on
a very large vector, such as a yeast artificial chro-
mosome (YAC), Pl-derived artificial chromosome
(PAC) or bacterial artificial chromosome (BAC),
in vitro methods are not appropriate. With such
large plasmids, directed mutagenesis has to be done
in vivo and a number of different methods have
been described (Muyrers et al. 2000, Lalioti &
Heath 2001). The simplest is that of Yu et al. (2000),
which involves recombination between linear DNA

fragments carrying the desired mutation and the
homologous region on the chromosome.

Unlike many organisms, E. coli is not readily
transformed by linear DNA fragments. The main
reason for this is the rapid degradation of the DNA by
the intracellular RecBCD exonuclease. Mutant
strains lacking the exonuclease do not degrade lin-
ear DNA very rapidly, but such strains grow poorly,
are defective for recombination and do not support
efficient replication of plasmid vectors. The solution
devised by Yu et al. (2000) was to use an E. coli strain
containing a A prophage harbouring the genes exo,
bet and gam under the control of a temperature-
sensitive Acl repressor. The Gam gene product stops
the RecBCD nuclease from attacking the linear
DNA and the Exo and Bet gene products generate
recombination activity to enable DNA exchange
to occur.
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Cloning in bacteria other than
Escherichia coli

Introduction

For many experiments it is convenient to use E. coli
as a recipient for genes cloned from eukaryotes or
other prokaryotes. Transformation is easy and there
is available a wide range of easy-to-use vectors
with specialist properties, e.g. regulatable high-level
gene expression. However, use of E. coli is not always
practicable because it lacks some auxiliary biochem-
ical pathways that are essential for the phenotypic
expression of certain functions, e.g. degradation of
aromatic compounds, antibiotic synthesis, patho-
genicity, sporulation, etc. In such circumstances,
the genes have to be cloned back into species similar
to those whence they were derived.

There are three prerequisites for cloning genes
in a new host. First, there needs to be a method for
introducing the DNA of interest into the potential
recipient. The methods available include transforma-
tion, conjugation and electroporation, and these
will be discussed in more detail later. Secondly, the
introduced DNA needs to be maintained in the
new host. Either it must function as a replicon in its
new environment or it has to be integrated into the
chromosome or a pre-existing plasmid. Finally, the
uptake and maintenance of the cloned genes will
only be detected if they are expressed. Thus the
inability to detect a cloned gene in a new bacterial
host could be due to failure to introduce the gene,
to maintain it or to express it, or to a combination
of these factors. Another cause of failure could
be restriction. For example, the frequency of trans-
formation of Pseudomonas putida with plasmid
RSF1010 is 10° transformants/pug DNA, but only
if the plasmid is prepared from another P. putida
strain. Otherwise, no transformants are obtained
(Bagdasarianetal. 1 979). Wilkins et al. (1996) have
noted that conjugative transfer of promiscuous IncP
plasmids is unusually sensitive to restriction.

Introducing DNA into bacterial cells

DNA can be transferred between different strains
of E. coli by the three classical methods of conjuga-
tion, transduction and transformation, as well as
by the newer method of electroporation. For gene-
manipulation work, transformation is nearly always
used. The reasons for this are threefold. First, it is relat-
ively simple to do, particularly now that competent
cells are commercially available. Secondly, it can be
very efficient. Efficiencies of 108-10 transformants/
pg plasmid DNA are readily achievable and are more
than adequate for most applications. Thirdly, self-
transmissible cloning vectors are much larger than
their non-transmissible counterparts because they
have to carry all the genes required for conjugal
transfer.

A large number of bacteria from different taxo-
nomic groups, including archaebacteria, are known
to be transformable. For example, Lorenz and
Wackernagel (1994) listed over 40 species and the
numbers are still growing. However, transformation
in these organisms differs in a number of respects
from that in E. coli. First, transformation in these
organisms occurs naturally, whereas transformation
in E. coli is artificially induced. With the exception
of Neisseria gonorrhoeae, competence for trans-
formation is a transient phenomenon. Secondly,
transformation can be sequence-independent, as in
Bacillus subtilis and Acinetobacter calcoaceticus, but in
other species (Haemophilus influenzae, N. gonorrhoeae)
is dependent on the presence of specific uptake
sequences. Thirdly, the mechanism of natural trans-
formation involves breakage of the DNA duplex
and degradation of one of the two strands so that a
linear single strand can enter the cell (for review, see
Dubnau 1999). This mechanism is not compatible
with efficient plasmid transformation (see Box 8.1).
Geneticists working with B. subtilis and Streptomyces
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Box 8.1 Transforming Bacillus subtilis with plasmid DNA

Although it is very easy to transform B. subtilis with
fragments of chromosomal DNA, there are problems
associated with transformation by plasmid molecules.
Ehrlich (1977) first reported that competent cultures
of B. subtilis can be transformed with covalently closed
circular (CCC) plasmid DNA from Staphylococcus aureus
and that this plasmid DNA is capable of autonomous
replication and expression in its new host. The
development of competence for transformation by
plasmid and chromosomal DNA follows a similar time
course and in both cases transformation is first-order
with respect to DNA concentration, suggesting that

a single DNA molecule is sufficient for successful
transformation (Contente & Dubnau 1979). However,
transformation of B. subtilis with plasmid DNA is
very inefficient in comparison with chromosomal
transformation, for only one transformant is obtained
per 103-10% plasmid molecules.

An explanation for the poor transformability of
plasmid DNA molecules was provided by Canosi et al.
(1978). They found that the specific activity of plasmid
DNA in transformation of B. subtilis was dependent on
the degree of oligomerization of the plasmid genome.
Purified monomeric CCC forms of plasmids transform
B. subtilis several orders of magnitude less efficiently
than do unfractionated plasmid preparations or
multimers. Furthermore, the low residual transforming
activity of monomeric CCC DNA molecules can be
attributed to low-level contamination with multimers
(Mottes et al. 1979). Using a recombinant plasmid
capable of replication in both E. coli and B. subtilis
(pHV14) (see p. 149), Mottes et al. (1979) were
able to show that plasmid transformation of E. coli
occurs regardless of the degree of oligomerization,
in contrast to the situation with B. subtilis.
Oligomerization of linearized plasmid DNA by DNA
ligase resulted in a substantial increase of specific
transforming activity when assayed with B. subtilis
and caused a decrease when used to transform
E. coli. An explanation of the molecular events in
transformation which generate the requirement for
oligomers has been presented by De Vos et al.
(1981). Basically, the plasmids are cleaved into linear
molecules upon contact with competent cells, just as

chromosomal DNA is cleaved during transformation of
Bacillus. Once the linear single-stranded form of the
plasmid enters the cell, it is not reproduced unless it
can circularize; hence the need for multimers to provide
regions of homology that can recombine. Michel et al.
(1982) have shown that multimers, or even dimers,
are not required, provided that part of the plasmid
genome is duplicated. They constructed plasmids
carrying direct internal repeats 260-2000 bp long
and found that circular or linear monomers of such
plasmids were active in transformation.

Canosi et al. (1981) have shown that plasmid
monomers will transform recombination-proficient
B. subtilis if they contain an insert of B. subtilis DNA.
However, the transformation efficiency of such
monomers is still considerably less than that of
oligomers. One consequence of the requirement for
plasmid oligomers for efficient transformation of
B. subtilis is that there have been very few successes
in obtaining large numbers of clones in B. subtilis
recipients (Keggins et al. 1978, Michel et al. 1980).
The potential for generating multimers during
ligation of vector and foreign DNA is limited.

Transformation by plasmid rescue

An alternative strategy for transforming B. subtilis has
been suggested by Gryczan et al. (1980). If plasmid
DNA is linearized by restriction-endonuclease cleavage,
no transformation of B. subtilis results. However, if
the recipient carries a homologous plasmid and if the
restriction cut occurs within a homologous marker,
then this same marker transforms efficiently. Since
this rescue of donor plasmid markers by a homologous
resident plasmid requires the B. subtilis recE gene
product, it must be due to recombination between
the linear donor DNA and the resident plasmid.

Since DNA linearized by restriction-endonuclease
cleavage at a unique site is monomeric, this rescue
system (plasmid rescue) bypasses the requirement
for a multimeric vector. The model presented by

De Vos et al. (1981) to explain the requirement for
oligomers (see above) can be adapted to account for
transformation by monomers by means of plasmid

continued
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Box 8.1 continued

rescue. In practice, foreign DNA is ligated to monomeric
vector DNA and the in vitro recombinants are used to
transform B. subtilis cells carrying a homologous
plasmid. Using such a ‘plasmid-rescue’ system,
Gryczan et al. (1980) were able to clone various
genes from B. licheniformis in B. subtilis.

One disadvantage of the plasmid-rescue method
is that transformants contain both the recombinant
molecule and the resident plasmid. Incompatibility
will result in segregation of the two plasmids. This
may require several subculture steps, although
Haima et al. (1990) observed very rapid segregation.
Alternatively, the recombinant plasmids can be
transformed into plasmid-free cells.

Transformation of protoplasts

A third method for plasmid DNA transformation in

B. subtilis involves polyethylene glycol (PEG) induction
of DNA uptake in protoplasts and subsequent
regeneration of the bacterial cell wall (Chang & Cohen
1979). The procedure is highly efficient and yields up
to 80% transformants, making the method suitable

for the introduction even of cryptic plasmids. In
addition to its much higher yield of plasmid-containing
transformants, the protoplast transformation system
differs in two respects from the ‘traditional’ system
using physiologically competent cells. First, linear
plasmid DNA and non-supercoiled circular plasmid
DNA molecules constructed by ligation in vitro can
be introduced at high efficiency into B. subtilis by
the protoplast transformation system, albeit at a
frequency 10-1000 lower than the frequency
observed for CCC plasmid DNA. However, the
efficiency of shotgun cloning is much lower with
protoplasts than with competent cells (Haima et al.
1988). Secondly, while competent cells can be
transformed easily for genetic determinants located
on the B. subtilis chromosome, no detectable
transformation with chromosomal DNA is seen using
the protoplast assay. Until recently, a disadvantage
of the protoplast system was that the regeneration
medium was nutritionally complex, necessitating

a two-step selection procedure for auxotrophic
markers. Details have been presented of a defined
regeneration medium by Puyet et al. 1987.

Table B8.1 Comparison of the different methods of transforming B. subtilis.

Efficiency
System (transformants/ g DNA) Advantages Disadvantages
Competent Unfractionated plasmid 2x10*  Competent cells readily prepared Requires plasmid oligomers or
cells Linear 0 Transformants can be selected internally duplicated plasmids,
CCC monomer 4x10%  readily on any medium which makes shotgun experiments
CCC dimer 8x10° Recipient can be Rec™ difficult unless high DNA
CCC multimer 26x10° concentrations and high vector/
donor DNA ratios are used
Not possible to use phosphatase-
treated vector
Plasmid Unfractionated plasmid 2x10%  Oligomers not required Transformants contain resident
rescue Can transform with linear DNA plasmid and incoming plasmid and
Transformants can be selected on these have to be separated by
any medium segregation or retransformation
Recipient must be Rec*
Protoplasts Unfractionated plasmid 3.8x10° Most efficient system Efficiency lower with molecules
Linear 2x10*  Gives up to 80% transformants which have been cut and religated
CCC monomer 3x10%  Does not require competent cells Efficiency also very size-dependent,
CCC dimer 2x10%  Can transform with linear DNAand  and declines steeply as size increases
CCC multimer 2x10%  canuse phosphatase-treated vector




142 CHAPTER 8

sp. have developed specialized methods for over-
coming these problems. For work with other species,
electroporation (see p. 18) offers a much simpler
alternative, although the efficiency may not be
high e.g. in Methanococcus voltae, it was only 102
transformants/ug plasmid DNA (Tumbula & Whit-
man 1999).

Given that plasmid transformation is difficult in
many non-enteric bacteria, conjugation represents
an acceptable alternative. The term promiscuous
plasmids was originally coined for those plasmids
which are self-transmissible to a wide range of
other Gram-negative bacteria (see p. 45), where
they are stably maintained. The best examples are
the IncP alpha plasmids RP4. RP1, RK2, etc., which
are about 60 kb in size, but the IncW plasmid Sa
(29.6 kb) has been used extensively in Agrobacterium
tumefaciens. Self-transmissible plasmids carry tra
(transfer) genes encoding the conjugative apparatus.
IncP plasmids are able to promote the transfer of
other compatible plasmids, as well as themselves.
For example, they can mobilize IncQ plasmids,
such as RSF1010. More important, transfer can be
mediated between E. coli and Gram-positive bacteria
(Trieu-Cuot et al. 1987, Gormley & Davies 1991), as
well as to yeasts and fungi (Heinemann & Sprague
1989, Hayman & Bolen 1993, Bates et al. 1998).
However, the transfer range of a plasmid may be
greater than its replication maintenance or host
range (Mazodier & Davies 1991).

Self-transmissible plasmids have been identified in
many different Gram-positive genera. The transfer
regions of these plasmids are much smaller than
those for plasmids from Gram-negative bacteria. One
reason for this difference may be the much simpler
cell-wall structure in Gram-positive bacteria. As
well as being self-transmissible, many of these Gram-
positive plasmids are promiscuous. For example,
plasmid pAMB1 was originally isolated from Enter-
ococcus faecalis but can transfer to staphylococci,
streptococci, bacilli and lactic acid bacteria (De Vos
et al. 1997), as well as to Gram-negative bacteria,
such as E. coli (Trieu-Cuot et al. 1988). The self-
transmissible plasmids of Gram-positive bacteria, like
their counterparts in the Gram-negative bacteria,
can also mobilize other plasmids between different
genera (Projan & Archer 1989, Charpentier et al.
1999). Non-self-transmissible plasmids can also be

mobilized within and between genera by conjugat-
ive transposons (Salyers et al. 1995, Charpentier
etal. 1999).

It should be noted that conjugation is not a
replacement for transformation or electroporation.
If DNA is manipulated in vitro, then it has to be
transferred into a host cell at some stage. In many
cases, this will be E. coli and transformation is a
suitable procedure. Once in E. coli, or any other
organism for that matter, it may be moved to other
bacteria directly by conjugation, as an alternative to
purifying the DNA and moving it by transformation
or electroporation.

Maintenance of recombinant
DNA in new hosts

For recombinant DNA to be maintained in a
new host cell, either it must be capable of replica-
tion or it must integrate into the chromosome or a
plasmid. In most instances, the recombinant will
be introduced as a covalently closed circle (CCC)
plasmid and maintenance will depend on the host
range of the plasmid. As noted in Chapter 4 (p. 45),
the host range of a plasmid is dependent on the
number of proteins required for its replication which
it encodes. Some plasmids have a very narrow host
range, whereas others can be maintained in a wide
range of Gram-negative or Gram-positive genera.
Some, such as the plasmids from Staphylococcus
aureus and RSF1010, can replicate in both Gram-
negative and Gram-positive species (Lacks et al.
1986, Gormley & Davies 1991, Leenhouts et al.
1991).

As noted in Chapter 5, there is a very wide range
of specialist vectors for use in E. coli. However, most
of these vectors have a very narrow host range and
can be maintained only in enteric bacteria. A com-
mon way of extending the host range of these vec-
tors is to form hybrids with plasmids from the target
species. The first such shuttle vectors to be described
were fusions between the E. coli vector pBR322 and
the S. aureus/B. subtilis plasmids pC194 and pUB110
(Ehrlich 1978). The advantage of shuttle plasmids is
that E. coli can be used as an efficient intermediate
host for cloning. This is particularly important if
transformation or electroporation of the alternative
host is very inefficient.
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Integration of recombinant DNA

When a recombinant plasmid is transferred to an
unrelated host cell, there are a number of possible
outcomes:

It may be stably maintained as a plasmid.

» It may be lost.

It may integrate into another replicon, usually the
chromosome.

e A gene on the plasmid may recombine with a
homologous gene elsewhere in the cell.

Under normal circumstances, a plasmid will be
maintained ifit can replicate in the new host and will
be lost if it cannot. Plasmids which will be lost in
their new host are particularly useful for delivering
transposons (Saint et al. 1995, Maguin et al. 1996).
If the plasmid carries a cloned insert with homology

to a region of the chromosome, then the outcome
is quite different. The homologous region may be
excised and incorporated into the chromosome by
the normal recombination process, i.e. substitution
occurs via a double crossover event. If only a single
crossover occurs, the entire recombinant plasmid is
integrated into the chromosome.

It is possible to favour integration by transferring
aplasmid into a host in which it cannot replicate and
selecting for a plasmid-borne marker. For example,
Stoss et al. (1997) have constructed an integrative
vector by cloning a neomycin resistance gene and
part of the amyE (alpha amylase) gene of B. subtilis in
plasmid pBR322. When this plasmid is transferred
to B. subtilis, it is unable to replicate, but, if selection
is made for neomycin resistance, then integration
of the plasmid occurs at the amyE locus (Fig. 8.1).
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Fig. 8.1 Cloning DNA sequences
flanking the site of insertion. The red
bar on the plasmid represents a BamHI
fragment of B. subtilis chromosomal
DNA carrying the amyE gene. Note that
the plasmid has no BgllI sites. (See text
for details.)
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Cut with Pstl and transform
with selection for Km®
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Fig. 8.2 Insertion of plasmid DNA into the chromosome by
adouble crossover event. The B. subtilis DNA is shown in
grey and the letters A to D represent different chromosomal
sequences. Vector DNA is shown in white and other
vector-borne genes in pink.

This technique is particularly useful if one wishes
to construct a recombinant carrying a single copy of
a foreign gene.

Once a recombinant plasmid has integrated into
the chromosome, it is relatively easy to clone adja-
cent sequences. Suppose, for example, that a vector
carrying B. subtilis DNA in the BamHI site (Fig. 8.1)
has recombined into the chromosome. If the recom-
binant plasmid has no BglII sites, it can be recovered
by digesting the chromosomal DNA with BglII, ligat-
ing the resulting fragments and transforming E. coli
to ApR. However, the plasmid which is isolated will
be larger than the original one, because DNA flank-
ing the site of insertion will also have been cloned.
In this way, Niaudet et al. (1982) used a plasmid
carrying a portion of the B. subtilis ilvA gene to clone
the adjacent thyA gene.

Genes cloned into a plasmid and flanked by regions
homologous to the chromosome can also integrate

without tandem duplication of the chromosomal
segments. In this case, the plasmid DNA is linearized
before transformation, as shown in Fig. 8.2. The
same technique can be used to generate deletions.
The gene of interest is cloned, a portion of the gene
replaced in vitro with a fragment bearing an anti-
biotic marker and the linearized plasmid trans-
formed into B. subtilis, with selection made for
antibiotic resistance.

Cloning in Gram-negative bacteria
other than E. coli

To clone DNA in non-enteric bacteria, a plasmid
cloning vehicle is required which can replicate in the
selected organism(s). Under normal circumstances,
E. coli will be used as an intermediate host for trans-
formation of the ligation mix and screening for
recombinant plasmids. Therefore, the vector must
be able to replicate in E. coli as well. The options
which are available are to generate a shuttle vector
or to use a broad-host-range plasmid as a vector. If
a small plasmid can be isolated from the bacterium
of interest, then it is easy to splice it into an existing
E. coli vector to generate a shuttle vector. Recent
examples of this approach are the construction
of vectors for use in Pasteurella (Bills et al. 1993),
Desulfovibrio (Rousset et al. 1998) and Thermus (De
Grado et al. 1999). This approach is particularly
useful if the selectable markers used in E. coli
also function in the new host. Then one can take
advantage of the many different specialist vectors
(see Chapter 5) which already exist, e.g. expres-
sion vectors, secretion vectors, etc. If the selectable
markers are not expressed in the new host, then
extensive manipulations may be necessary just to
enable transformants to be detected.

With broad-host-range plasmids, there is a high
probability that the selectable markers will be ex-
pressed in the new host and confirming that this is
indeed the case is easy to do. However, the naturally
occurring plasmids do not fulfil all the criteria for an
ideal vector, which are:

* small size;

¢ having multiple selectable markers;

¢ having unique sites for a large number of restric-
tion enzymes, preferably in genes with readily
scorable phenotypes.
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Consequently the natural plasmids have been ex-
tensively modified, but few approach the degree of
sophistication found in the standard E. coli vectors.

Vectors derived from the IncQ-group
plasmid RSF1010

Plasmid RSF1010 is a multicopy replicon which
specifies resistance to two antimicrobial agents,
sulphonamide and streptomycin. The plasmid DNA,
which is 8684 bp long, has been completely
sequenced (Scholz et al. 1989). A detailed physical
and functional map has been constructed (Bag-
dasarian et al. 1981, Scherzinger et al. 1984). The
features mapped are the restriction-endonuclease
recognition sites, RNA polymerase binding sites,
resistance determinants, genes for plasmid mobiliza-
tion (mob), three replication proteins (Rep A, B and
C) and the origins of vegetative (ori) and transfer
(nic) replication.

Plasmid RSF1010 has unique cleavage sites for
EcoRI, BstEIl, Hpal, Drall, Nsil and Sacl and, from
the nucleotide sequence data, is predicted to have
unique sites for AfIII, Banll, Notl, Sacll, Sfil and
Spll. There are two Pstl sites, about 750 bp apart,
which flank the sulphonamide-resistance determin-
ant (Fig. 8.3). None of the unique cleavage sites is

Hpal EcoRI
Pstl
Pstl

e

0

BstEIl

RSF 1010
(8.68 kb)

Fig. 8.3 The structure of plasmid RSFI010. The pink tinted
areas show the positions of the Sm® and Su® genes. The region
marked ori indicates the location of the origin of replication.
The mob function is required for conjugal mobilization by a
compatible self-transmissible plasmid. A, B and C are the
regions encoding the three replication proteins.

located within the antibiotic-resistance determin-
ants and none is particularly useful for cloning.
Before the Bst, Eco and Pst sites can be used, another
selective marker must be introduced into the
RSF1010 genome. This need arises because the Sm®?
and SuR genes are transcribed from the same pro-
moter (Bagdasarian et al. 1981). Insertion of a DNA
fragment between the Pst sites inactivates both
resistance determinants. Although the Eco and Bst
sites lie outside the coding regions of the Sm® gene,
streptomycin resistance is lost if a DNA fragment is
inserted at these sites unless the fragment provides a
new promoter. Furthermore, the Su® determinant
which remains is a poor selective marker.

A whole series of improved vectors has been
derived from RSF1010 but only a few are mentioned
here. The earliest vectors contained additional
unique cleavage sites and more useful antibiotic-
resistance determinants. For example, plasmids
KT230 and KT231 encode Km® and Sm® and have
unique sites for HindIII, Xmal, XhoRI and SstI which
can be used for insertional inactivation. These two
vectors have been used to clone in P. putida genes
involved in the catabolism of aromatic compounds
(Franklin et al. 1981). Vectors for the regulated
expression of cloned genes have also been described.
Some of these make use of the tac promoter
(Bagdasarian et al. 1983, Deretic et al. 1987) or the
phage T7 promoter (Davison et al. 1989), which will
function in P. putida as well as E. coli. Another makes
use of positively activated twin promoters from a
plasmid specifying catabolism of toluene and xylenes
(Mermod et al. 1986). Expression of cloned genes
can be obtained in a wide range of Gram-negative
bacteria following induction with micromolar quan-
tities of benzoate, and the product of the cloned gene
can account for 5% of total cell protein.

Vectors derived from the
IncP-group plasmids

Both the IncP alpha plasmids (R18, R68, RK2, RP1
and RP4), which are 60 kb in size, and the smaller
(52 kb) IncP beta plasmid R751 have been com-
pletely sequenced (Pansegrau et al. 1994, Thorsted
et al. 1998). As a result, much is known about the
genes carried, the location of restriction sites, etc.
Despite this, the P-group plasmids are not widely
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used as vectors because their large size makes
manipulations difficult.

A number of groups have developed mini-IncP
plasmids as vectors and good examples are those
of Blatny et al. (1997). Their vectors are only 4.8—
7.1 kb in size but can still be maintained in a wide
range of Gram-negative bacteria. All the vectors
share a common polylinker and lacZ ‘region, thereby
simplifying cloning procedures and identification of
inserts by blue/white screening (see p. 35) and most
carry two antibiotic-resistance determinants. All the
vectors retain the oriT (origin of transfer) locus,
enabling them to be conjugally transferred in those
cases where the recipient cannot be successfully
transformed or electroporated. Two other features
of these vectors deserve mention. First, the parDE
region from the parent plasmid has been included in
some of the vectors, since this greatly enhances their
segregative stability in certain hosts. Secondly, the
trfA locus on the vectors contains unique sites for
the restriction enzymes Ndel and Sfil. Removal of
the Ndel-Sfil fragment results in an increased copy
number. Expression vectors have also been devel-

pJB3Tc20

7069 bp

lacZ’

Fig. 8.4 Map and construction of
general-purpose broad-host-range
cloning vectors derived from plasmid
RP4. The restriction sites in the
polylinker downstream of the lacZ
promoter are marked (V¥), and the sites
are, in the counterclockwise direction,

Bgill HindIIL SphL, PstL, Sall/HincIl/ Accl,

pkq
e
oriT

& 5594 bp

Pneo oriV

Xbal, BamHI, Xmal/Smal, Kpnl, Sacl and
EcoRI. Sites in the polylinker that are
not unique are indicated elsewhere

on each vector. Note that the sites for
Ndel and Sfil are unique for all of the
vectors except pJB321. Pneo, promoter
from the neomycin resistance gene;
bla, kan, tet and cat, genes encoding
ampicillin, kanamycin, tetracycline
and chloramphenicol resistance,
respectively. (Figure modified from
Blatny etal. 1997.)

oped by the inclusion of controllable promoters.
Representative examples of these vectors are shown
in Fig. 8.4.

An alternative way of using P-group plasmids as
cloning vectors has been described by Kok et al.
(1994). Their method combines the advantages
of high-copy-number pBR 322 vectors with the con-
venience of conjugative plasmids. This is achieved
by converting the pBR322 vector into a transpos-
able element. Most pPBR322 derivatives contain the
B-lactamase gene and one of two 38 bp inverted
repeats of transposon Tn2. By adding a second
inverted repeat, a transposable element is created
(Fig. 8.5). All that is missing is transposase activity
and this is provided by another plasmid, which is a
pSC101 derivative carrying the tnpA gene. To use
this system, the desired DNA sequence is cloned into
the transposition vector. The recombinant molecules
are transformed into an E. coli strain carrying the
P-group plasmid (e.g. R751) and the pSC101 tnpA
derivative and selection is made for the desired char-
acteristics. Once a suitable transformant has been
selected, it is conjugated with other Gram-negative
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Fig. 8.5 A transposable vector derived from pBR322. The
solid arrowheads indicate the inverted repeats required for
transposition. Insertion of a DNA fragment in the multiple-
cloning site results in inactivation of the lacZo. gene and
regulated gene expression from the wild-type lac promoter.
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bacteria and selection made for the ampicillin-
resistance marker carried on the transposon.

Vectors derived from the IncW plasmid Sa

Although a group-W plasmid, such as plasmid pSa
(Fig. 8.6) can infect a wide range of Gram-negative
bacteria, it has been developed mainly as a vector
for use with the oncogenic bacterium A. tumefaciens
(see p. 224). Two regions of the plasmid have been
identified as involved in conjugal transfer of the plas-
mid and one of them has the unexpected property
of suppressing oncogenicity by A. tumefaciens (Tait
et al. 1982). Information encoding the replication of
the plasmid in E. coli and A. tumefaciens is contained
within a 4 kb DNA fragment. Leemans et al. (1982b)
have described four small (5.6—7.2 MDa), multiply
marked derivatives of pSa. The derivatives contain
single-target sites for a number of the common
restriction endonucleases and at least one marker in
each is subject to insertional inactivation. Although
these Sa derivatives are non-conjugative, they can
be mobilized by other conjugative plasmids. Tait
et al. (1983) have also constructed a set of broad-
host-range vectors from pSa. The properties of their

EcoRI
SstIl

Smal
Bg/TI FcoR1

Fig. 8.6 The structure of plasmid Sa. The grey area encodes
the functions essential for plasmid replication. The dark red
areas represent the regions containing functions essential for
self-transmission, the one between the Sst and Sal sites being
responsible for suppression of tumour induction by
Agrobacterium tumefaciens.

derivatives are similar to those of Leemans et al.
(1982b), but one of them also contains the bacterio-
phage A cos sequence and hence functions as a
cosmid. Specialist vectors for use in Agrobacterium
and which are derived from a natural Agrobacterium
plasmid have been described by Gallie et al. (1988).

Vectors derived from pBBR1

Plasmid BBR1 is a broad-host-range plasmid origin-
ally isolated from Bordatella bronchiseptica that is
compatible with IncP, IncQ and IncW plasmids and
replicates in a wide range of bacteria. Kovach et al.
(1995) have developed a series of vectors from
pBBR1 that are relatively small (< 5.3 kb), possess
multiple cloning sites, allow direct selection of
recombinants in E. coli by blue/white screening and
are mobilizable by IncP plasmids. Newman and
Fuqua (1999) have developed an expression vector
from one of these pBBR1 derivatives by incorporat-
ing the araBAD/araC cassette from E. coli (see p. 76)
and shown that the promoter is controllable in
Agrobacterium. Sukchawalit et al. (1999), using a
similar vector, have shown that the promoter is also
controllable in Xanthomonas.
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Cloning in Gram-positive bacteria

In Gram-positive bacteria, the base composition of
the different genomes ranges from < 30% GC to
> 70% GC. Given this disparity in GC content, the
preferred codons and regulatory signals used by
organisms at one end of the % GC spectrum will not
be recognized by organisms at the other end. This
in turn means that there are no universal cloning
vehicles for use with all Gram-positive bacteria.
Rather, one set of systems has been developed for
high-GC organisms (e.g. streptomycetes) and another
for low-GC organisms. This latter group comprises
bacteria from the unrelated genera Bacillus, Clostrid-
ium and Staphylococcus and the lactic acid bacteria
Streptococcus, Lactococcus and Lactobacillus.

Vectors for cloning in Bacillus subtilis
and other low-GC organisms

The development of B. subtilis vectors began with
the observation (Ehrlich 1977) that plasmids from
S. aureus (Table 8.1) can be transformed into B.
subtilis, where they replicate and express antibiotic
resistance normally.

As can be seen from Table 8.1, none of the natural
S. aureus plasmids carries more than one selectable
marker and so improved vectors have been con-
structed by gene manipulation, e.g. pHV11is pC194
carrying the TcR gene of pT127 (Ehrlich 1978). In
general, these plasmids are stable in B. subtilis, but
segregative stability is greatly reduced following
insertion of exogenous DNA (Bron & Luxen 1985).
Reasoning that stable host-vector systems in B.

subtilis are more likely if endogenous plasmids are
used, Bron and colleagues have developed the cryp-
tic Bacillus plasmid pTA1060 as a vector (Haima
etal. 1987, Bronetal. 1989).

Because of the difficulties experienced in direct
cloning in B. subtilis, hybrid plasmids were con-
structed which can replicate in both E. coli and
B. subtilis. Originally most of these were constructed
as fusions between pBR322 and pC194 or pUB110.
With such plasmids, E. coli can be used as an efficient
intermediate host for cloning. Plasmid preparations
extracted from E. coli clones are subsequently used
to transform competent B. subtilis cells. Such pre-
parations contain sufficient amounts of multimeric
plasmid molecules to be efficient in B. subtilis-
competent cell transformation (see p. 140).

Table 8.2 lists some of the commonly used shuttle
plasmids. Note that some of them carry some of the
features described earlier for E. coli plasmids, e.g. the
E. coli lacZo-complementation fragment, multiple
cloning sites (MCS) (see p. 53) and the phage f1
origin for subsequent production of single-stranded
DNA in a suitable E. coli host (see p. 70).

The influence of mode of replication:
vectors derived from pAMB1

Early in the development of B. subtilis cloning vectors,
it was noted that only short DNA fragments could be
efficiently cloned (Michel et al. 1980) and that longer
DNA segments often undergo rearrangements (Ehrlich
et al. 1986). This structural instability is independ-
ent of the host recombination systems, for it still
occurs in Rec™ strains (Peijnenburg et al. 1987).

Table 8.1 Properties of some S. aureus plasmids used as vectors in B. subtilis.

Phenotype conferred

Plasmid on host cell Size  Copy no. Other comments

pC194 Chloramphenicol 2906 bp 15 Generates large amount of high-molecular-weight DNA when carrying
resistance heterologous inserts

pE194 Erythromycin 3728 bp 10 cop-6 derivative has copy number of 100.
resistance Plasmid is naturally temperature-sensitive for replication

pUB110 Kanamycin 4548 bp 50 Virtually the complete sequence is involved in replication maintenance,
resistance site-specific plasmid recombination or conjugal transfer
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Replicon Markers
Size

Plasmid (kbp) E.coli B.subtilis E.coli  B. subtilis Comments

pHV14 46 PpBR322 pCl194 Ap, Cm Cm pBR322/pC194 fusion. Sites: Pstl, BamHI, Sall, Ncol
(Ehrlich 1978)

pHV15 4.6 pBR322 pCl194 Ap, Cm Cm pHV14, reversed orientation of pC194 relative to pBR322

pHV33 4.6 pBR322 pCl194 Ap, Tc, Cm Cm Revertant of pHV14 (Primrose & Ehrlich 1981)

pEB10 89 pBR322 pUBTI10 Ap, Km Km pBR322/pUB110 fusion (Bron et al. 1988)

pLB5 58 pBR322 pUB110  Ap,Cm,Km  Cm,Km Deletion of pBR322/pUB110 fusion, CmR gene of pCI94
Segregationally unstable (Bron & Luxen 1985). Sites:
BamHl|, EcoRl, Bg/lll (in KmR gene), Ncol (in Cm" gene)

pHP3 48 pBR322 pTA1060 Em,Cm Em, Cm Segregationally stable pTA1060 replicon (Peeters et al.
1988). Copy number c. 5. Sites: Ncol (CmR gene), Bcll
and Hpal (both Em® gene)

pHP3Ff 53 pBR322 pTA1060 Em,Cm Em, Cm Like pHP3; phage f1 replication origin and packaging
signal

pGPA14 58 pBR322 pTA1060 Em Em Stable pTA1060 replicon. Copy number c. 5.
a-Amylase-based selection vector for protein export
functions (Smith et al. 1987). MCS of M13mp11 in lacZa

pGPB14 57 pBR322 pTA1060 Em Em As pGPA14, probe gene TEM-B-lactamase

pHP13 49 pBR322 pTA1060 Em,Cm Em, Cm Stable pTA1060 replicon. Copy number c. 5. Efficient
(shotgun) cloning vector (Haima et al. 1987). MCS of
M13mp9 in lacZx
LacZa not expressed in B. subtilis. Additional sites: Bc/l
and Hpal (both Em® gene)

pHV1431 109 pBR322 pAMPI Ap, Tc,Cm Cm Efficient cloning vector based on segregationally stable
pAMB1 (Janniere et al. 1990). Copy number c. 200. Sites:
BgmHl, Sall, Pstl, Ncol. Structurally unstable in E. coli

pHV1432 88 pBR322 pAMpPI Ap, Tc,Cm Cm pHV1431 lacking stability fragment orfH. Structurally
stable in E. coli

pHV1436 82 pBR322 pTB19 Ap, Tc,Cm Cm Low-copy-number cloning vector (Janniére et al. 1990)

Structurally stable

A major contributing factor to structural instabil-
ity of recombinant DNA in B. subtilis appears to be
the mode of replication of the plasmid vector (Gruss
& Ehrlich 1989, Janniere et al. 1990). All the B. sub-
tilis vectors described above replicate by a rolling-
circle mechanism (see Box 8.2). Nearly every step in
the process digresses or could digress from its usual
function, thus effecting rearrangements. Also, single-
stranded DNA is known to be a reactive intermediate

in every recombination process, and single-stranded
DNA is generated during rolling-circle replication.

If structural instability is a consequence of rolling-
circle replication, then vectors which replicate by
the alternative theta mechanism could be more
stable. Janniére et al. (1990) have studied two poten-
tially useful plasmids, pAMB1 and pTB19, which
are large (26.5 kb) natural plasmids derived from
Streptococcus (Enterococcus) faecalis and B. subtilis,



Box 8.2 The two modes of replication of circular DNA molecules

There are two modes of replication of circular DNA
molecules: via theta-like structures or by a rolling-
circle type of mechanism. Visualization by electron
microscopy of the replicating intermediates of many
circular DNA molecules reveals that they retain a ring
structure throughout replication. They always possess
a theta-like shape that comes into existence by the
initiation of a replicating bubble at the origin of
replication (Fig. B8.1). Replication can proceed either
uni- or bidirectionally. As long as each chain remains
intact, even minor untwisting of a section of the
circular double helix results in the creation of positive
supercoils in the other direction. This supercoiling is
relaxed by the action of topoisomerases (see Fig. 4.1),
which create single-stranded breaks (relaxed
molecules) and then reseal them.

sCertele

Fig. B8.1 Thetareplication of a circular DNA molecule.
The original DNA is shown in black and the newly-
synthesized DNA in red. @ represents the origin of
replication and the arrow shows the direction of
replication.

An alternative way to replicate circular DNA is the
rolling-circle mechanism (Fig. B8.2). DNA synthesis
starts with a cut in one strand at the origin of
replication. The 5" end of the cut strand is displaced
from the duplex, permitting the addition of
deoxyribonucleotides at the free 3" end. As
replication proceeds, the 5' end of the cut strand is
rolled out as a free tail of increasing length. When a
full-length tail is produced, the replicating machinery
cuts it off and ligates the two ends together. The
double-stranded progeny can reinitiate replication,
whereas the single-stranded progeny must first be
converted to a double-stranded form. Gruss and
Ehrlich (1989) have suggested how deletants and
defective molecules can be produced at each step in
the rolling-circle process.
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Fig. B8.2 Rolling-circle replication of a circular DNA
molecule. The original DNA is shown in black and the
newly synthesized DNA in red. The solid and open circles
represent the positions of the replication origins of the
outer (+) and inner () circles, respectively.
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respectively. Replication of these plasmids does not
lead to accumulation of detectable amounts of single-
stranded DNA, whereas the rolling-circle mode
of replication does. Also, the replication regions of
these two large plasmids share no sequence homo-
logy with the corresponding highly conserved regions
of the rolling-circle-type plasmids. It is worth noting
that the classical E. coli vectors, which are derived
from plasmid ColEl, all replicate via theta-like
structures.

Renault et al. (1996) have developed a series of
cloning vectors from pAMp1. All the vectors carry a
gene essential for replication, repE, and its regulator,
copF. The latter gene can be inactivated by inserting
a linker into its unique Kpnl site. Since copF down-
regulates the expression of repE, its inactivation
leads to an increase in the plasmid copy number
per cell. The original low-copy-number state can be
restored by removal of the linker by cleavage and
religation. This new replicon has been used to build
vectors for making transcriptional and translational
fusions and for expression of native proteins. Poyart
and Trieu-Cuot (1997) have constructed a shuttle
vector based on pAMP1 for the construction of tran-
scriptional fusions; it can be conjugally transferred
between E. coli and a wide range of Gram-positive
bacteria.

Transcription and translation

The composition of the core RNA polymerase in
B. subtilis and other low-GC hosts resembles that of
E. coli. The number of sigma factors is different in each
of the various genera but the principal sigma factor
is sigma A. Analysis of many sigma A-dependent
Bacillus promoters shows that they contain the
canonical —35 and —10 sequences found in E. coli
promoters. In B. subtilis, at least, many promoters con-
tain an essential TGTG motif (—16 region) upstream
of the —10 region. Mutations of this region signific-
antly reduce promoter strength (Helmann 1995,
Voskuil & Chambliss 1998). The promoters also have
conserved polyA and polyT tracts upstream of the
—35region. Although the —16 region is found in some
E. coli promoters, such promoters often lack the —35
region, whereas this never occurs in B. subtilis.

The translation apparatus of B. subtilis differs
significantly from that of E. coli (for review, see

Vellanoweth 1993). This is demonstrated by the
observation that E. coli ribosomes can support pro-
tein synthesis when directed by mRNA from a range
of Gram-positive and Gram-negative organisms,
whereas ribosomes from B. subtilis recognize only
homologous mRNA (Stallcup et al. 1974). The
explanation for the selectivity of B. subtilis ribosomes
is that they lack a counterpart of the largest E. coli
ribosomal protein, S1 (Higo et al. 1982, Roberts &
Rabinowitz 1989). Other Gram-positive bacteria,
such as Staphylococcus, Streptococcus, Clostridium and
Lactobacillus, also lack an S1-equivalent protein and
they too exhibit mRNA selectivity. The role of S1 is
believed to be to bind RNA non-specifically and bring
it to the decoding site of the 30S subunit, where proper
positioning of the Shine-Dalgarno (S-D) sequence
and initiation codon signals can take place. This
is reflected in a more extensive complementarity
between the S-D sequences and the 3" end of the
168 ribosomal RNA (rRNA) than found in bacteria
which have ribosomal protein S1.

The additional sequence requirements for efficient
transcription and translation in B. subtilis and other
low-GC organisms probably explain why many E. coli
genes are not expressed in these hosts.

Controlled expression in B. subtilis and
other low-GC hosts

The first controlled expression system to be used in
B. subtilis was the Spac system (Yansura & Henner
1984). This consists of the E. coli lacI gene and the
promoter of phage SPO-1 coupled to the lac operator.
More recently, the E. coli T7 system (see p. 74) has
been successfully implemented in B. subtilis (Conrad
et al. 1996). This was achieved by inserting the T7
RNA polymerase gene (rpoT7) into the chromosome
under the control of a xylose-inducible promoter
and cloning the gene of interest, coupled to a T7 pro-
moter, on a B. subtilis vector. Of course, expression
of the heterologous gene can be made simpler by
putting it directly under the control of the xylose-
inducible promoter (Kim et al. 1996). A similar
xylose-inducible system has been developed in
staphylococci (Sizemore et al. 1991, Peschel et al.
1996) and Lactobacillus (Lokman et al. 1997). Many
different controllable promoters are available in
Lactococcus lactis (for reviews see Kuipers et al. 1995,
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Table 8.3 Some inducible systems in L. lactis.

Promoter Inducer

lacA or lacR Lactose

dnaJ High temperature

sodA Aeration

PA170 Low pH, low temperature
trpE Absence of tryptophan
®31 and ori ®31 infection

nisA or nisF Nisin

De Vos et al. 1997) and some representative ex-
amples are shown in Table 8.3.

In the $31 system of L. lactis, the gene of interest is
placed under the control of a phage middle promoter
inserted in a low-copy-number vector carrying the
phage ori region. Following infection of the host cell
with ¢31, the plasmid copy number rapidly increases
and this is followed by expression from the phage
promoter. Following induction in this manner, the
level of expression of the cloned gene can increase
over 1000-fold (O’Sullivan et al. 1996). Similar
levels of expression can be achieved by using the
nisA and nisF systems but with the added advantage
that the exact level of expression depends on the
amount of nisin added to the medium (Kuipers et al.
1995, De Ruyteretal. 1996).

Secretion vectors for low-GC bacteria

The export mechanism in Bacillus and other low-GC
bacteria resembles that of E. coli (for review, see
Tjalsma et al. 2000). However, there are differences
in the signal peptides compared with those found
in E. coli and eukaryotes. The NH, termini are
more positively charged. The signal peptides are also
larger and the extra length is distributed among all
three regions of the signal peptide. Hols et al. (1992)
developed two probe vectors for the identification
of Gram-positive secretion signals. These vectors
made use of a silent reporter gene encoding the
mature o-amylase from Bacillus licheniformis. The dis-
advantage of this system is that detection of secreted
amylase involves flooding starch-containing media
with iodine and this kills the bacteria in the colonies.

Consequently, replica plates must be made before
iodine addition.

Poquet et al. (1998) have developed an alterna-
tive probe system which uses the S. aureus-secreted
nuclease as a reporter. This nuclease is a small (168
amino acid), stable, monomeric enzyme that is devoid
of cysteine residues and the enzymatic test is non-
toxic to bacterial colonies. The probe vectors have the
nuclease gene, lacking its signal sequence, located
downstream from an MCS. Cloning DNA in the vec-
tors results in the synthesis of fusion proteins and
those containing signal sequences are detected by
nuclease activity in the growth medium. Le Loir et al.
(1998) have noted that inclusion of a nine-residue
synthetic propeptide immediately downstream of
the signal-peptide cleavage site significantly enhances
secretion.

Vectors for systematic gene inactivation

With the advent of mass sequencing of genomes
(see p. 2), many genes have been discovered whose
function is unknown. One way of determining
function is to inactivate the gene and then monitor
the effect of this on cell fitness under different growth
conditions. To study the functions of uncharacter-
ized open reading frames in B. subtilis, Vagner et al.
(1998) constructed a series of vectors to perform
directed insertional mutagenesis in the chromo-
some. These vectors, which have been given the
designation pMUTIN, have the following properties:
¢ an inability to replicate in B. subtilis, which allows
insertional mutagenesis;

* areporter lacZ gene to facilitate the measurement
of expression of the target gene;

¢ the inducible Pspac promoter to allow controlled
expression of genes downstream of and found in the
same operon as the target gene.

A typical pMUTIN vector is shown in Fig. 8.7 and
their mode of use is as follows. An internal fragment
of the target gene is amplified by polymerase chain
reaction (PCR) and cloned in a pMUTIN vector and
the resulting plasmid is used to transform B. subtilis.
Upon integration, the target gene is interrupted and
a transcriptional fusion is generated between its
promoter and the reporter lacZ gene (Fig. 8.8). If the
targeted gene is part of an operon, then any genes
downstream of it are placed under the control of the
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Fig. 8.7 A typical pMUTIN vector. The Em®, lacI and lacZ
genes are expressed in B. subtilis and the Ap® gene is expressed
in E. coli. ‘Ter’ indicates the presence of a terminator to
prevent run-through transcription from the Em® gene.

‘Op’ represents the Lacl operator.

Pspac promoter. It should be noted that the pro-
cedure shown in Fig. 8.8 simultaneously generates
two types of mutants: an absolute (null) mutation in
orf2 through gene inactivation, and a conditional
mutation in orf3, which can be relieved by induction
with isopropyl-B-p-thiogalactoside (IPTG).

Fig. 8.8 Integration of pMUTIN into

a target gene. Genes of the orf1-orf3

operon are indicated as white boxes.

Red box corresponds to the internal

segment of the target gene. The vector is

integrated in orf2 by a single crossing-

over event. (Figure reproduced for

Microbiology courtesy of Dr S.D. Ehrlich r’

Cloning in streptomycetes

Cloning in Streptomyces has attracted a lot of interest
because of the large number of antibiotics that are
made by members of this genus. Although Strep-
tomyces coelicolor is the model species for genetic
studies (Hopwood 1999), many other species are the
subject of intensive study and methods developed
for one species may not work particularly well in
another.

Streptomycete DNA has a G+C content of 70-75%
and this affects the frequency of restriction sites.
As might be expected, AT-rich recognition sites are
rare and this can be useful if large-sized fragments
of DNA are wanted. For the construction of gene
libraries, the most commonly used enzymes are
ones with a high GC content in their recognition
sequence, e.g. BamH1 (G'GATCC), Bglll (A’GATCT),
and Bell (T'"GATCA).

In Streptomyces, promoters may be several hund-
red base pairs upstream of the start of the gene and
so can be lost during gene cloning. Also, many
Streptomyces promoters are complex and may
include tandem sites for recognition by different
sigma factors. Streptomycetes are good at express-
ing genes (promoters, ribosome binding sites, etc.)
from low-G+C organisms, but Streptomyces genes
are usually difficult to express in E. coli because most
promoters do not function, and translation may be
inefficient unless the initial amino acid codons are
changed to lower-G+C alternatives.
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There are several ways in which DNA can be
introduced into streptomycetes, including transfor-
mation, transfection and conjugation. Transforma-
tion is achieved by using protoplasts, rather than
competent cells, and high frequencies of plasmid DNA
uptake can be achieved in the presence of poly-
ethylene glycol (Bibb et al. 1978). Plasmid mono-
mers that are covalently closed will yield 10°-107
transformants/ug of DNA, even with plasmids up to
60 kb in size. Open circular and linearized molecules
with sticky ends transform with 10-100-fold lower
efficiency (Bibb et al. 1980). The number of trans-
formants obtained with non-replicating plasmids
that integrate by homologous recombination into
the recipient chromosome is greatly stimulated by
simple denaturation of the donor DNA (Oh & Chater
1997). This stimulation reflects an increased fre-
quency of recombination rather than an increased
frequency of DNA uptake. Electroporation has been
used to transform streptomycetes, since it bypasses
the need to develop protoplast regeneration pro-
cedures (Pigac & Schrempf 1995, Tyurin et al.
1995). For electroporation, limited non-protoplasting
lysozyme treatment is used to weaken the cell wall
and improve DNA uptake. Intergeneric conjugation
of mobilizable plasmids from E. coli into strepto-
mycetes (see p. 142) is increasingly being used,
because the required constructs can be made easily
in E. coli and the conjugation protocols are simple.
For intergeneric conjugation to occur, the vectors
have to carry the oriT locus from RP4 and the E. coli
strain needs to supply the transfer functions in trans
(Mazodier etal. 1989).

Transformants are generally identified by the
selection of appropriate phenotypes. However, anti-
biotic resistance has much less utility than in other
organisms, because many streptomycetes produce
antibiotics and hence have innate resistance to
them. One particularly useful phenomenon is that
clones harbouring conjugative plasmids can be
detected by the visualization of pocks. The property
of pock formation, also known as lethal zygosis, is
exhibited if a strain containing a conjugative plasmid
is replica-plated on to a lawn of the corresponding
plasmid-free strain. Under these conditions, clones
containing plasmids are surrounded by a narrow
zone in which the growth of the plasmid-free strain
isretarded (Chater & Hopwood 1983).

Table 8.4 Streptomyces plasmids that have been used
in the development of vectors.

Mode of Copy Host

Plasmid Size replication number range

plJ101 8.8kb Rollingcircle 300

pIV1 11.1kb  Rolling circle Broad
pSG5 12.2kb Rolling circle ~ 20-50 Broad
SCP2* 31kb  Theta 1-4

SLP1 17.2kb Rolling circle Integrating Limited
pSAM2 10.9kb Rolling circle Integrating Broad

Vectors for streptomycetes

With the exception of RSF1010 (see p. 145), no plas-
mid from any other organism has been found to
replicate in Streptomyces. For this reason, all the
cloning vectors used in streptomycetes are derived
from plasmids and phages that occur naturally in
them. The different replicons that have been sub-
jugated as vectors are listed in Table 8.4. Nearly all
Streptomyces plasmids carry transfer functions that
permit conjugative plasmid transfer and provide
different levels of chromosome-mobilizing activity.
These transfer functions are very simple, consisting
of a single transfer gene and a repressor of gene
function.

Plasmid SCP2*is a deriviative (Lydiate etal. 1985)
of the sex plasmid SCP2. Both plasmids have a size
of 31.4kb and are physically indistinguishable,
although SCP2* exhibits a much more pronounced
lethal zygosis reaction. SCP2* is important because
it is the progenitor of many very low-copy-number,
stable vectors. High-copy-number derivatives have
also been isolated with the exact copy number (10 or
1000) being dependent on the sequences from the
replication region that are present. SLP1 and pSAM2
are examples of Streptomyces plasmids that normally
reside integrated into a specific highly conserved
chromosomal transfer RNA (tRNA) sequence (Kieser
& Hopwood 1991). Many different specialist vectors
have been derived from these plasmids, including
cosmids, expression vectors, vectors with promo-
terless reporter genes, positive-selection vectors,
temperature-sensitive vectors, etc., and full details
can be found in Kieser et al. (2000).
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The temperate phage ¢C31 is the streptomycete
equivalent of phage A and has been subjugated as a
vector. 0C3 1-derived vectors have upper and lower
size limits for clonable fragments with an average
insert size of 8 kb. In contrast, there are no such size
constraints on plasmid cloning, although recombin-
ant plasmids of a size greater than 35 kb are rare with
the usual vectors. However, phage vectors do have
one important advantage: plaques can be obtained
overnight, whereas plasmid transformants can take
up to 1 week to sporulate. Plasmid-integrating vectors
can be generated by incorporating the integration
functions of §C3 1.

As noted earlier, a major reason for cloning in
streptomycetes is to analyse the genetics and regula-
tion of antibiotic synthesis. Although all the genes
for a few complete biosynthetic pathways have been
cloned (Malpartida & Hopwood 1985, Kao et al.
1994, Schwecke et al. 1995), some gene clusters may
be too large to be cloned in the standard vectors. For

this reason, Sosio et al. (2000) generated bacterial
artificial chromosomes (BACs) that can accommodate
up to 100 kb of streptomycete DNA. These vectors
can be shuttled between E. coli, where they replic-
ate autonomously, and Streptomyces, where they
integrate site-specifically into the chromosome.

Homoeologous recombination

Homoeologous recombination is the recombina-
tion between DNA sequences that are only partially
homologous. In most bacteria, homoeologous re-
combination fails to occur because of mismatch
repair, but it does occur in streptomycetes, although
the frequency of recombination is about 10°-fold
lower than for homologous recombination. The
significance of homoeologous recombination is that
it permits the formation of hybrid genes, gene clus-
ters or even species and can lead to the formation of
new antibiotics (Baltz 1998).
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Cloning in Saccharomyces
cerevisiae and other fungi

Introduction

The analysis of eukaryotic DNA sequences has been
facilitated by the ease with which DNA from eukary-
otes can be cloned in prokaryotes, using the vectors
described in previous chapters. Such cloned sequences
can be obtained easily in large amounts and can be
altered in vivo by bacterial genetic techniques and in
vitro by specific enzyme modifications. To determine
the effects of these experimentally induced changes
on the function and expression of eukaryotic genes,
the rearranged sequences must be taken out of the
bacteria in which they were cloned and reintroduced
into a eukaryotic organism. Despite the overall unity
of biochemistry, there are many functions common
to eukaryotic cells which are absent from prokary-
otes, e.g. localization of ATP-generating systems to
mitochondria, association of DNA with histones,
mitosis and meiosis, and obligate differentiation of
cells. The genetic control of such functions must be
assessed in a eukaryotic environment.

Ideally these eukaryotic genes should be reintro-
duced into the organism from which they were
obtained. In this chapter we shall discuss the poten-
tial for cloning these genes in Saccharomyces cere-
visiae and other fungi and in later chapters we shall
consider methods for cloning in animal and plant
cells. It should be borne in mind that yeast cells are
much easier to grow and manipulate than plant and
animal cells. Fortunately, the cellular biochemistry
and regulation of yeast are very like those of higher
eukaryotes. For example, signal transduction and
transcription regulation by mammalian steroid
receptors can be mimicked in strains of S. cerevisiae
expressing receptor sequences (Metzger et al. 1988,
Schena & Yamamoto 1988). There are many yeast
homologues of human genes, e.g. those involved in
cell division. Thus yeast can be a very good surrog-
ate host for studying the structure and function of
eukaryotic gene products.

Introducing DNA into fungi

Like Escherichia coli, fungi are not naturally trans-
formable and artificial means have to be used for
introducing foreign DNA. One method involves the
use of spheroplasts (i.e. wall-less cells) and was first
developed for S. cerevisiae (Hinnen et al. 1978). In
this method, the cell wall is removed enzymically and
the resulting spheroplasts are fused with ethylene
glycol in the presence of DNA and CaCl,. The
spheroplasts are then allowed to generate new cell
walls in a stabilizing medium containing 3% agar.
This latter step makes subsequent retrieval of cells
inconvenient. Electroporation provides a simpler and
more convenient alternative to the use of sphero-
plasts. Cells transformed by electroporation can be
selected on the surface of solid media, thus facilitat-
ing subsequent manipulation. Both the spheroplast
technique and electroporation have been applied to
a wide range of yeasts and filamentous fungi.

DNA can also be introduced into yeasts and
filamentous fungi by conjugation. Heinemann and
Sprague (1989) and Sikorski et al. (1990) found that
enterobacterial plasmids, such asR751 (IncPf) and
F (IncF), could facilitate plasmid transfer from E. coli
to S. cerevisiae and Schizosaccharomyces pombe. The
bacterial plant pathogen Agrobacterium tumefaciens
contains a large plasmid, the Ti plasmid, and part
of this plasmid (the transfered DNA (T-DNA)) can be
conjugally transferred to protoplasts of S. cerevisiae
(Bundock et al. 1995) and a range of filamentous
fungi (De Groot et al. 1998). T-DNA can also be
transferred to hyphae and conidia.

The fate of DNA introduced into fungi

In the original experiments on transformation of S.
cerevisiae, Hinnen et al. (1978) transformed a leucine
auxotroph with the plasmid pYeLeu 10. This plasmid
is a hybrid composed of the enterobacterial plasmid
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ColEl and a segment of yeast DNA containing the
LEU2* gene and is unable to replicate in yeast.
Analysis of the transformants showed that in some
of them there had been reciprocal recombination
between the incoming LEU2* and the recipient
Leu2~ alleles. In the majority of the transformants,
ColE1 DNA was also present and genetic analysis
showed that in some of them the LEU2* allele was
closely linked to the original Leu2~ allele, whereas
in the remaining ones the LEU2" allele was on a
different chromosome.

The results described above can be confirmed by
restriction-endonuclease analysis, since pYeLeu 10
contains no cleavage sites for HindIII. When DNA
from the Leu2~ parent was digested with endonucle-
ase HindIII and electrophoresed in agarose, multiple
DNA fragments were observed but only one of these
hybridized with DNA from pYeLeu 10. With the
transformants in which the Leu2~ and LEU2* alleles
were linked, only a single fragment of DNA hybridized
to pYeLeu 10, but this had an increased size, con-
sistent with the insertion of a complete pYeLeu 10
molecule into the original fragment. These data are
consistent with there being a tandem duplication of
the Leu2 region of the chromosome (Fig. 9.1). With
the remaining transformants, two DNA fragments
that hybridized to pYeLeu 10 could be found on
electrophoresis. One fragment corresponded to the
fragment seen with DNA from the recipient cells,
the other to the plasmid genome which had been

Chromosome structure of
transformants and recipient
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inserted in another chromosome (see Fig. 10.1). These
results represented the first unambiguous demon-
stration that foreign DNA, in this case cloned ColE1
DNA, can integrate into the genome of a eukaryote.
A plasmid such as pYeLeu 10 which can do this is
known as a yeast integrating plasmid (YIp).

During transformation, the integration of exogen-
ous DNA can occur by recombination with a homo-
logous or an unrelated sequence. In most cases,
non-homologous integration is more common than
homologous recombination (Fincham 1989), but
this is not so in S. cerevisiae (Schiestl & Petes 1991).
In the experiments of Hinnen et al. (1978) described
above, sequences of the yeast retrotransposon Ty2
were probably responsible for the integration of
the plasmid in novel locations of the genome, i.e.
the ‘illegitimate’ recombinants were the result of
homologous crossovers within a repeated element
(Kudla & Nicolas 1992). Based on a similar prin-
ciple, a novel vector has been constructed by Kudla
and Nicolas (1992) which allows integration of
a cloned DNA sequence at different sites in the
genome. This feature is provided by the inclusion
in the vector of a repeated yeast sigma sequence
present in approximately 20—30 copies per genome
and spread over most or all of the 16 chromosomes.

When T-DNA from the Ti plasmid of Agrobacterium
is transferred to yeast, it too will insert in different
parts of the genome by illegitimate recombination
(Bundock & Hooykaas 1996).

Electrophoretic separation
of HindIII generated
fragments which hybridize
with pYeleu 10
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Fig. 9.1 Analysis of yeast transformants.
(See text for details.)
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Schiestl and Petes (1991) developed a method for
forcing illegitimate recombination by transforming
yeast with BamH1-generated fragments in the pres-
ence of the BamH1 enzyme. Not only did this increase
the frequency of transformants but the transformants
which were obtained had the exogenous DNA integ-
rated into genomic BamH1 sites. This technique,
which is sometimes referred to as restriction-enzyme-
mediated integration (REMI), has been extended to
other fungi, such as Cochliobolus (Lu et al. 1994),
Ustilago (Bolker et al. 1995) and Aspergillus (Sanchez
etal. 1998).

Plasmid vectors for use in fungi

If the heterologous DNA introduced into fungi is to
be maintained in an extrachromosomal state then
plasmid vectors are required which are capable of
replicating in the fungal host. Four types of plasmid
vector have been developed: yeast episomal plasmids
(YEps), yeast replicating plasmids (YRps), yeast
centromere plasmids (YCps) and yeast artificial
chromosomes (YACs). All of them have features in
common. First, they all contain unique target sites
for a number of restriction endonucleases. Secondly,
they can all replicate in E. coli, often at high copy
number. This is important, because for many exper-
iments it is necessary to amplify the vector DNA in
E. coli before transformation of the ultimate yeast
recipient. Finally, they all employ markers that
can be selected readily in yeast and which will often
complement the corresponding mutations in E. coli
as well. The four most widely used markers are His3,
Leu2, Trpl and Ura3. Mutations in the cognate chro-
mosomal markers are recessive, and non-reverting
mutants are available. Two yeast selectable mark-
ers, Ura3 and Lys2, have the advantage of offering
both positive and negative selection. Positive selec-
tion is for complementation of auxotrophy. Negative
selection is for ability to grow on medium containing
a compound that inhibits the growth of cells ex-
pressing the wild-type function. In the case of Ura3,
it is 5-fluoro-orotic acid (Boeke et al. 1984) and
for Lys2 it is a-aminoadipate (Chatoo et al. 1979).
These inhibitors permit the ready selection of those
rare cells which have undergone a recombination or
loss event to remove the plasmid DNA sequences.
The Lys2 gene is not utilized frequently because it is

Fig. 9.2 Schematic representation of a typical yeast episomal
plasmid (YEp 24). The plasmid can replicate both in E. coli
(due to the presence of the pBR322 origin of replication) and
in S. cerevisiae (due to the presence of the yeast 2 pm origin of
replication). The ampicillin and tetracycline determinants
are derived from pBR322 and the URA3 gene from yeast.

large and contains sites within the coding sequence
for many of the commonly used restriction sites.

Yeast episomal plasmids

YEps were first constructed by Beggs (1978) by
recombining an E. coli cloning vector with the nat-
urally occurring yeast 2 wm plasmid. This plasmid is
6.3 kb in size, has a copy number of 50-100 per
haploid cell and has no known function. A repres-
entative YEp is shown in Fig. 9.2.

Yeast replicating plasmids

YRps were initially constructed by Struhl et al. (1979).
They isolated chromosomal fragments of DNA which
carry sequences that enable E. coli vectors to replic-
ate in yeast cells. Such sequences are known as
ars (autonomously replicating sequence). An ars is
quite different from a centromere: the former acts
as an origin of replication (Palzkill & Newlon 1988,
Huang & Kowalski 1993), whereas the latter is
involved in chromosome segregation.
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Although plasmids containing an ars transform
yeast very efficiently, the resulting transformants
are exceedingly unstable. For unknown reasons, YRps
tend to remain associated with the mother cell and
are not efficiently distributed to the daughter cell.
(Note: S. cerevisiae does not undergo binary fission
but buds off daughter cells instead.) Occasional
stable transformants are found and these appear to
be cases in which the entire YRp has integrated into
a homologous region on a chromosome in a manner
identical to that of YIps (Stinchcomb et al. 1979,
Nasmyth & Reed 1980).

Yeast centromere plasmids

Using a YRp vector, Clarke and Carbon (1980)
isolated a number of hybrid plasmids containing
DNA segments from around the centromere-linked
leu2, ¢dc10 and pgk loci on chromosome III of yeast.
As expected for plasmids carrying an ars, most of the
recombinants were unstable in yeast. However, one
of them was maintained stably through mitosis
and meiosis. The stability segment was confined to a
1.6 kb region lying between the leu2 and cdc10 loci
and its presence on plasmids carrying either of two
ars tested resulted in those plasmids behaving like
minichromosomes (Clarke & Carbon 1980, Hsiao &
Carbon 1981). Genetic markers on the minichromo-
somes acted as linked markers segregating in the
first meiotic division as centromere-linked genes and
were unlinked to genes on other chromosomes.
Structurally, plasmid-borne centromere sequences
have the same distinctive chromatin structure that
occurs in the centromere region of yeast chromo-
somes (Bloom & Carbon 1982). Functionally YCps
exhibit three characteristics of chromosomes in
yeast cells. First, they are mitotically stable in the
absence of selective pressure. Secondly, they segreg-
ate during meiosis in a Mendelian manner. Finally,
they are found at low copy number in the host cell.

Yeast artificial chromosomes

All three autonomous plasmid vectors described above
are maintained in yeast as circular DNA molecules
— even the YCp vectors, which possess yeast cen-
tromeres. Thus, none of these vectors resembles the
normal yeast chromosomes which have a linear

structure. The ends of all yeast chromosomes, like
those of all other linear eukaryotic chromosomes,
have unique structures that are called telomeres.
Telomere structure has evolved as a device to pre-
serve the integrity of the ends of DNA molecules,
which often cannot be finished by the conventional
mechanisms of DNA replication (for detailed dis-
cussion see Watson 1972). Szostak and Blackburn
(1982) developed the first vector which could be
maintained as a linear molecule, thereby mimicking
a chromosome, by cloning yeast telomeres into a
YRp. Such vectors are known as yeast artificial chro-
mosomes (YACs).

One advantage of YACs is that, unlike the other
plasmid vectors, their stability increases as the
size of the insert increases. Thus, there is no prac-
tical limitation to the size of a YAC and they are
essential tools in any genome-sequencing project.
The method for cloning large DNA sequences in
YACs developed by Burke et al. (1987) is shown in
Fig. 9.3.

Retrovirus-like vectors

The genome of S. cerevisiae contains 30—40 copies
of a 5.9 kb mobile genetic element called Ty (for
review see Fulton et al. 1987). This transposable
element shares many structural and functional
features with retroviruses (see p. 193) and the
copia element of Drosophila. Ty consists of a central
region containing two long open reading frames
(ORFs) flanked by two identical terminal 334 bp
repeats called delta (Fig. 9.4). Each delta element
contains a promoter as well as sequences recognized
by the transposing enzyme. New copies of the trans-
poson arise by a replicative process, in which the Ty
transcript is converted to a progeny DNA molecule
by a Ty-encoded reverse transcriptase. The comple-
mentary DNA can transpose to many sites in the
host DNA.

The Ty element has been modified in vitro by
replacing its delta promoter sequence with pro-
moters derived from the phosphoglycerate kinase
or galactose-utilization genes (Garfinkel et al. 1985,
Mellor et al. 1985). When such constraints are intro-
duced into yeast on high-copy-number vectors, the
Ty element is overexpressed. This results in the
formation of large numbers of virus-like particles



160

EcoRl Target DNA

cloning site

BamH]I

BamHI and
EcoRI-digest

TRP ARS CEN

CHAPTER 9

Partial
EcoRI-digest

H 7 B

URA

Ligate

¢

TEL TRP ARS CEN

[LTR

Primary transcript

ORF 1 | E—
ORF 2 [ ]

Fig. 9.4 Structure of a typical Ty element. ORF 1 and ORF 2
represent the two open reading frames. The delta sequences
are indicated by LTR (long terminal repeats).

(VLPs), which accumulate in the cytoplasm (Fig. 9.5).
The particles, which have a diameter of 60—80 nm,
have reverse-transcriptase activity. The major struc-
tural components of VLPs are proteins produced
by proteolysis of the primary translation product of

o[ B

Fig. 9.3 Construction of a yeast
artificial chromosome containing large
pieces of cloned DNA. Key regions of the
pYAC vector are as follows: TEL, yeast
telomeres; ARS 1, autonomously
replicating sequence; CEN 4,
centromere from chromosome 4; URA3
and TRP1, yeast marker genes; Amp,
ampicillin-resistance determinant of
pBR322; ori, origin of replication of
pBR322.

URA TEL

ORF 1. Adams et al. (1987) have shown that fusion
proteins can be produced in cells by inserting part of
a gene from human immunodeficiency virus (HIV)
into ORF 1. Such fusion proteins formed hybrid
HIV:Ty-VLPs.

The Ty element can also be subjugated as a vector
for transposing genes to new sites in the genome.
The gene to be transposed is placed between the 3’
end of ORF 2 and the 3’ delta sequence (Fig. 9.6).
Providing the inserted gene lacks transcription-
termination signals, transcription of the 3’ delta
sequence will occur, which is a prerequisite for
transposition. Such constructs act as amplification
cassettes, for, once introduced into yeast, transposi-
tion of the new gene occurs to multiple sites in the
genome (Boeke et al. 1988, Jacobs etal. 1988).
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LTy

Fig. 9.5 Ty virus-like particles (magnification 80 000) carrying the entire HIV1 TAT coding region. (Photograph courtesy of

Dr S. Kingsman.)

Transcript
of gene
insert

URA 3

Fig. 9.6 Structure of the multicopy plasmid used for inserting
amodified Ty element, carrying a cloned gene, into the yeast
chromosome. pGAL and P are yeast promoters,  represents
the long terminal repeats (delta sequences) and the red region
represents the cloned gene. (See text for details. )

Choice of vector for cloning

There are three reasons for cloning genes in yeast.
The first of these relates to the potential use of yeast
as a cloning host for the overproduction of proteins of
commercial value. Yeast offers a number of advant-
ages, such as the ability to glycosylate proteins dur-
ing secretion and the absence of pyrogenic toxins.
Commercial production demands overproduction and

the factors affecting expression of genes in yeast are
discussed in a later section (see p. 165). Yeast is also
used in the production of food and beverages. The
ability to clone in yeast without the introduction of
bacterial sequences by using vectors like those of Chin-
ery and Hinchliffe (1989) is particularly beneficial.
A second reason for cloning genes in yeast is the
ability to clone large pieces of DNA. Although there
is no theoretical limit to the size of DNA which can
be cloned in a bacterial plasmid, large recombinant
plasmids exhibit structural and segregative instabil-
ity. In the case of bacteriophage-A vectors, the size of
the insert is governed by packaging constraints. Many
DNA sequences of interest are much larger than this.
For example, the gene for blood Factor VIII covers
about 190 kbp, or about 0.1% of the human X chro-
mosome, and the Duchenne muscular dystrophy gene
spans more than a megabase. Long sequences of
cloned DNA have greatly facilitated efforts to sequence
the human genome. YACs offer a convenient way
to clone large DNA fragments but are being replaced
with BACs and PACs (see p. 67) because these have
greater stability. Nevertheless, the availability of
YACs with large inserts was an essential prerequisite
for the early genome-sequencing projects and they
were used in the sequencing of the entire S. cerevisiae
chromosome III (Oliver et al. 1992). The method for
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Table 9.1 Properties of the different yeast vectors.
Loss in
Transformation Copy non-selective
Vector frequency no./cell medium Disadvantages Advantages
Ylp 10 transformants 1 Much lessthan 1 Low transformation 1 Of all vectors, this kind give most
per ug DNA 1% per frequency stable maintenance of cloned genes
generation 2 Can only be recovered 2 An integrated Ylp plasmid behaves
from yeast by cutting as an ordinary genetic marker, e.g.
chromosomal DNA with a diploid heterozygous for an
restriction endonuclease integrated plasmid segregates the
which does not cleave plasmid in a Mendelian fashion
original vector 3 Most useful for surrogate genetics
containing cloned gene of yeast, e.g. can be used to
introduce deletions, inversions and
transpositions (see Botstein &
Davis 1982)
YEp 10%-10° 25-200 1% per Novel recombinants 1 Readily recovered from yeast
transformants generation generated in vivo by 2 High copy number
per ug DNA recombination with 3 High transformation frequency
endogenous 2 um 4 Very useful for complementation
plasmid studies
YRp 10* transformants 1-20 Much greater Instability of 1 Readily recovered from yeast
per ug DNA than 1% per transformants 2 High copy number. Note that the
generation but copy number is usually less than that
can get of YEp vectors but this may be useful
chromosomal if cloning gene whose product is
integration deleterious to the cell if produced in
excess
3 High transformation frequency
4 Very useful for complementation
studies
5 Can integrate into the chromosome
YCp 10 transformants 1-2 Less than 1% Low copy number makes 1 Low copy number is useful if
per g DNA per generation recovery from yeast product of cloned gene is deleterious
more difficult than that to cell
with YEp or YRp vectors 2 High transformation frequency
3 Very useful for complementation
studies
4 At meiosis generally shows
Mendelian segregation
YAC 1-2 Depends on Difficult to map by 1 High-capacity cloning system
length: the standard techniques permitting DNA molecules greater
longer the YAC than 40 kb to be cloned
the more 2 Can amplify large DNA molecules
stable it is in a simple genetic background
Ty Depends on ~20 Stable, since Needs to be introduced Can get amplification following
vector used to integrated into  into cell in another chromosomal integration
introduce Ty chromosome vector

into cell
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cloning large DNA sequences developed by Burke et
al. (1987)isshown in Fig. 9.3).

For many biologists the primary purpose of clon-
ing is to understand what particular genes do in vivo.
Thus most of the applications of yeast vectors have
been in the surrogate genetics of yeast. One advant-
age of cloned genes is that they can be analysed easily,
particularly with the advent of DNA-sequencing
methods. Thus nucleotide-sequencing analysis can
reveal many of the elements that control expression
of a gene, as well as identifying the sequence of
the gene product. In the case of the yeast actin gene
(Gallwitz & Sures 1980, Ng & Abelson 1980) and
some yeast transfer RNA (tRNA) genes (Peebles et al.
1979, Olson 1981), this kind of analysis revealed the
presence within these genes of non-coding sequences
which are copied into primary transcripts. These
introns are subsequently eliminated by a process
known as splicing. Nucleotide-sequence analysis can
also reveal the direction of transcription of a gene,
although this can be determined in vivo by other
methods. For example, if the yeast gene is expressed
in E. coli using bacterial transcription signals, the
direction of reading can be deduced by observing the
orientation of a cloned fragment required to permit
expression. Finally, if a single transcribed yeast gene
is present on a vector, the chimera can be used as a
probe for quantitative solution hybridization analysis
of transcription of the gene.

The availability of different kinds of vectors with
different properties (see Table 9.1) enables yeast
geneticists to perform manipulations in yeast like
those long available to E. coli geneticists with their
sex factors and transducing phages. Thus cloned
genes can be used in conventional genetic analysis
by means of recombination using YIp vectors or
linearized YRp vectors (Orr-Weaver et al. 1981).
Complementation can be carried out using YEp,
YRp, YCp or YAC vectors, but there are a number of
factors which make YCps the vectors of choice (Rose
et al. 1987). For example, YEps and YRps exist at
high copy number in yeast and this can prevent the
isolation of genes whose products are toxic when
overexpressed, e.g. the genes for actin and tubulin.
In other cases, the overexpression of genes other
than the gene of interest can suppress the mutation
used for selection (Kuo & Campbell 1983). All the
yeast vectors can be used to create partial diploids or

partial polyploids and the extra gene sequences can
be integrated or extrachromosomal. Deletions, point
mutations and frame-shift mutations can be intro-
duced in vitro into cloned genes and the altered genes
returned to yeast and used to replace the wild-type
allele. Excellent reviews of these techniques have
been presented by Botstein and Davis (1982), Hicks
etal. (1982), Struhl (1983) and Stearns et al. (1990).

Plasmid construction by homologous
recombination in yeast

During the process of analysing a particular cloned
gene it is often necessary to change the plasmid’s
selective marker. Alternatively, it may be desired
to move the cloned gene to a different plasmid, e.g.
from a YCp to a YEp. Again, genetic analysis may
require many different alleles of a cloned gene to be
introduced to a particular plasmid for subsequent
functional studies. All these objectives can be ach-
ieved by standard in vitro techniques, but Ma et al.
(1987) have shown that methods based on recom-
bination in vivo are much quicker. The underlying
principle is that linearized plasmids are efficiently
repaired during yeast transformation by recombina-
tion with a homologous DNA restriction fragment.

Suppose we wish to move the HIS3 gene from
pBR328, which cannot replicate in yeast, to YEp420
(see Fig. 9.7). Plasmid pRB328 is cut with Pvul
and Pvull and the HIS3 fragment selected. The HIS3
fragment is mixed with YEp420 which has been
linearized with EcoRI and the mixture transformed
into yeast. Two crossover events occurring between
homologous regions flanking the EcoRI site of YEp420
will result in the generation of a recombinant YEp
containing both the HIS3 and URA3 genes. The
HIS3 gene can be selected directly. If this were not
possible, selection could be made for the URA3 gene,
for a very high proportion of the clones will also
carry the HIS3 gene.

Many other variations of the above method have
been described by Ma et al. (1987), to whom the
interested reader is referred for details.

Expression of cloned genes

When gene manipulation in fungi first became
possible, there were many unsuccessful attempts to
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. Pvul + Pvull
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Bam

Sal
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Fig. 9.7 Plasmid construction by homologous recombination
in yeast. pRB328 is digested with Pvul and Pvull and the
HIS3-containing fragment is transformed into yeast along
with the EcoRI-cut YEp420. Homologous recombination
occurs between pBR322 sequences, shown as thin lines, to
generate a new plasmid carrying both HIS3 and URA3.

express heterologous genes from bacteria or higher
eukaryotes. This suggested that fungal promoters
have a unique structure, a feature first shown for
S. cerevisiae (Guarente 1987). Four structural elements
can be recognized in the average yeast promoter

Initiator
Coding
U A sequence

mRNA I
40-120 bp|

20-40 bp

| 100-1400 bp |

Fig. 9.8 Structure of typical yeast promoters.
(See text for details.)

(Fig. 9.8). First, several consensus sequences are
found at the transcription-initiation site. Two of these
sequences, TC(G/A)A and PuPuPyPuPu, account
for more than half of the known yeast initiation
sites (Hahn et al. 1985, Rudolph & Hinnen 1987).
These sequences are not found at transcription-
initiation sites in higher eukaryotes, which implies
a mechanistic difference in their transcription
machinery compared with yeast.

The second motif in the yeast promoter is the
TATA box (Dobson et al. 1982). This is an AT-rich
region with the canonical sequence TATAT/AAT/A,
located 60—120 nucleotides before the initiation
site. Functionally, it can be considered equivalent to
the Pribnow box of E. coli promoters (see p. 51).

The third and fourth structural elements are
upstream activating sequences (UASs) and upstream
repressing sequences (URSs). These are found in
genes whose transcription is regulated. Binding of
positive-control proteins to UASs increases the rate
of transcription and deletion of the UASs abolishes
transcription. An important structural feature of
UASs is the presence of one or more regions of
dyad symmetry (Rudolph & Hinnen 1987). Binding
of negative-control proteins to URSs reduces the
transcription rate of those genes that need to be
negatively regulated.

The level of transcription can be affected by
sequences located within the gene itself and which
are referred to as downstream activating sequences
(DASs). Chen et al. (1984) noted that, when using
the phosphoglycerate kinase (PGK) promoter, sev-
eral heterologous proteins accumulate to 1-2% of
total cell protein, whereas phosphoglycerate kinase
itself accumulates to over 50%. These disappointing
amounts of heterologous protein reflect the levels of
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mRNA which were due to a lower level of initiation
rather than a reduced mRNA half-life (Mellor et al.
1987). Addition of downstream PGK sequences
restored the rate of mRNA transcription, indicating
the presence of a DAS. Evidence for these DASs has
been found in a number of other genes.

Overexpression of proteins in fungi

The first overexpression systems developed were
for S. cerevisine and used promoters from genes

encoding abundant glycolytic enzymes, e.g. alcohol
dehydrogenase (ADH1), PGK or glyceraldehyde-3-
phosphate dehydrogenase (GAP). These are strong
promoters and mRNA transcribed from them can
accumulate up to 5% of total. They were at first
thought to be constitutive but later were shown to
be induced by glucose (Tuite et al. 1982). Now there
is a large variety of native and engineered promoters
available (Table 9.2), differing in strength, regulation
and induction ratio. These have been reviewed in
detail by Romanos et al. (1992).

Table 9.2 Common fungal promoters used for manipulation of gene expression.

Species Promoter Gene Regulation
General
S. cerevisiae PGK Phosphoglycerate kinase Glucose-induced
GALI Galactokinase Galactose-induced
PHOS Acid phosphatase Phosphate-repressed
ADH2 Alcohol dehydrogenase II Glucose-repressed
CUP1 Copper metallothionein Copper-induced
MFal Mating factor a1 Constitutive but temperature-induced
variant available
Candida albicans MET3 ATP sulphur lyase Repressed by methionine and cysteine
Methanol utilizers
Candida boidnii AOD1 Alcohol oxidase Methanol-induced
Hansenula polymorpha MOX Alcohol oxidase Methanol-induced
Pichia methanolica AUGI Alcohol oxidase Methanol-induced
Pichia pastoris AOX1 Alcohol oxidase Methanol-induced
GAP Glyceraldehyde-3-phosphate Strong constitutive
dehydrogenase
FLD1 Formaldehyde dehydrogenase Methanol- or methylamine-induced
PEX8 Peroxin Methanol-induced
YPT1 Secretory GTPase Medium constitutive
Lactose utilizer
Kluyveromyces lactis LAC4 [-Galactosidase Lactose-induced
PGK Phosphoglycerate kinase Strong constitutive
ADH4 Alcohol dehydrogenase Ethanol-induced
Starch utilizer
Schwanniomyces AMY1 a-Amylase Maltose- or starch-induced
occidentalis
GAM1 Glucoamylase Maltose- or starch-induced
Xylose utilizer
Pichia stipitis XYL1 Xylose-induced
Alkane utilizer
Yarrowia lipolytica XPR2 Extracellular protease Peptone-induced
TEF Translation elongation factor Strong constitutive
RPS7 Ribosomal protein S7 Strong constitutive
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The ideal promoter is one that is tightly regulated
so that the growth phase can be separated from
the induction phase. This minimizes the selection of
non-expressing cells and can permit the expression
of proteins normally toxic to the cell. The ideal
promoter will also have a high induction ratio. One
promoter which has these characteristics and which
is now the most widely used is that from the GALI
gene. Galactose regulation in yeast is now extremely
well studied and has become a model system for
eukaryotic transcriptional regulation (see Box 9.1).

Following addition of galactose, GAL1 mRNA is
rapidly induced over 1000-fold and can reach 1%
of total mRNA. However, the promoter is strongly
repressed by glucose and so in glucose-grown cul-
tures this induction only occurs following depletion
of glucose. To facilitate galactose induction in the
presence of glucose, mutants have been isolated which
are insensitive to glucose repression (Matsumoto
etal. 1983, Horland et al. 1989). The trans-activator
GAL4 protein is present in only one or two molecules
per cell and so GAL1 transcription is limited. With
multicopy expression vectors, GAL4 limitation is
exacerbated. However, GAL4 expression can be made
autocatalytic by fusing the GAL4 gene to a GAL10
promoter (Schultz et al. 1987), i.e. GAL4 expression
isnow regulated (induced) by galactose.

In recent years, methylotrophic yeasts, such as
Pichia pastoris, have proved extremely popular as
hosts for the overexpression of heterologous pro-
teins. There are a number of reasons for this. First,
the alcohol oxidase (AOX1) promoter is one of the
strongest and most regulatable promoters known.
Second, it is possible to stably integrate expression
plasmids at specific sites in the genome in either
single or multiple copies. Third, the strains can be
cultivated to very high density. To date, over 300
foreign proteins have been produced in P. pastoris
(Cereghino & Cregg 1999, 2000). Promoters for use
in other yeasts are shown in Table 9.2.

Specialist vectors

Many different specialist yeast vectors have been
developed which incorporate the useful features
found in the corresponding E. coli vectors (see
p. 70), e.g. an f1 origin to permit sequencing of
inserts production of the cloned gene product as a

purification fusion, etc. Some representative exam-
ples are shown in Fig. 9.9. Two aspects of these
vectors warrant further discussion: secretion and
surface display.

In yeast, proteins destined for the cell surface or
for export from the cell are synthesized on and
translocated into the endoplasmic reticulum. From
there they are transported to the Golgi body for
processing and packaging into secretory vesicles.
Fusion of the secretory vesicles with the plasma
membrane then occurs constitutively or in response
to an external signal (reviewed by Rothman & Orci
1992). Of the proteins naturally synthesized and
secreted by yeast, only a few end up in the growth
medium, e.g. the mating pheromone o factor and
the Kkiller toxin. The remainder, such as invertase
and acid phosphatase, cross the plasma membrane
but remain within the periplasmic space or become
associated with the cell wall.

Polypeptides destined for secretion have a
hydrophobic amino-terminal extension, which is
responsible for translocation to the endoplasmic
reticulum (Blobel & Dobberstein 1975). The exten-
sion is usually composed of about 20 amino acids
and is cleaved from the mature protein within the
endoplasmic reticulum. Such signal sequences pre-
cede the mature yeast invertase and acid phos-
phatase sequences. Rather longer leader sequences
precede the mature forms of the oo mating factor
and the killer toxin (Kurjan & Herskowitz 1982,
Bostian et al. 1984). The initial 20 amino acids or so
are similar to the conventional hydrophobic signal
sequences, but cleavage does not occur in the endo-
plasmic reticulum. In the case of o factor, which has
an 89 amino acid leader sequence, the first cleavage
occurs after a Lys—Arg sequence at positions 84 and
85 and happens in the Golgi body (Julius et al. 1983,
1984).

To date, a large number of non-yeast polypeptides
have been secreted from yeast cells containing the
appropriate recombinant plasmid and in almost all
cases the o-factor signal sequence has been used.
There is a perception that S. cerevisiae has a lower
secretory capacity than P. pastoris and other yeasts
(Muller et al. 1998), but the real issue may be the
type of vector used. For example, Parekh et al.
(1996) found that S. cerevisiae strains containing
one stably integrated copy of an expression cassette



Box 9.1 Galactose metabolism and its control in Saccharomyces cerevisiae

Galactose is metabolized to glucose-6-phosphate in
yeast by an identical pathway to that operating in
other organisms (Fig. B9.1). The key anzymes and
their corresponding genes are a kinase (GALT), a
transferase (GAL7), an epimerase (GAL10) and a
mutase (GAL5). Melibiose (galactosyl-glucose) is
metabolized by the same enzymes after cleavage
by an a-galactosidase encoded by the MELT gene.
Galactose uptake by yeast cells is via a permease
encoded by the GAL2 gene. The GAL5 gene is
constitutively expressed. All the others are induced
by growth on galactose and repressed during growth
on glucose.

The GALT, GAL7 and GALT0 genes are clustered
on chromosome Il but transcribed separately from
individual promoters. The GAL2 and MEL]T genes are
on other chromosomes. The GAL4 gene encodes a

protein that activates transcription of the catabolic
genes by binding UAS 5” to each gene. The GAL80
gene encodes a repressor that binds directly to GAL4
gene product, thus preventing it from activating
transcription. The GAL3 gene product catalyses

the conversion of galactose to an inducer, which
combines with the GAL80 gene product, preventing
it from inhibiting the GAL4 protein from binding to
DNA (Fig. B9.2).

The expression of the GAL genes is repressed
during growth on glucose. The regulatory circuit
responsible for this phenomenon, termed catabolite
repression, is superimposed upon the circuit
responsible for induction of GAL gene expression.
Very little is known about its mechanism.

For a review of galactose metabolism in S. cerevisiae,
the reader should consult Johnston (1987).
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Fig. B9.1 The genes and enzymes associated with the metabolism of galactose by yeast.
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Fig. B9.2 The regulation of transcription of the yeast galactose genes.
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Fig. 9.9 Two specialized vectors for use in Saccharomyces (YES vectors) and Pichia (pPICZ). V5, Express, 6XHis and c-myc encode
epitopes which can be readily detected and purified by affinity chromatography. The YES vectors offer a choice of 2 um origin for
high copy or CEN6/ARSH4 origin for low copy in yeast, a choice of URA3 or TRP1 genes for auxotrophic selection on minimal
medium, blasticidin resistance for dominant selection in any strain and an f1 origin to facilitate DNA sequencing. In the pPICZ
vectors, the zeocin-resistance gene is driven by the EM-7 promoter for selection in E. coli and the TEF1 promoter for selection in
Pichia. More details of these features can be found in Chapter 5. (Figure reproduced courtesy of Invitrogen Corporation.)

secreted more bovine pancreatic trypsin inhibitor
than strains with the same expression cassette on a
2 um multicopy vector. Optimal expression was
obtained with 10 integrated copies. With those
proteins which tend to accumulate in the endoplas-
mic reticulum as denatured aggregates, secretion
may be enhanced by simultaneously overexpressing
chaperons (Shusta et al. 1998). Secretion may also
be enhanced by minor amino acid changes. Katakura
etal. (1999) noted a sixfold increase in lactoglobulin
secretion by conversion of a tryptophan residue to
tyrosine.

Yeast surface display

S. cerevisiae can be used to elucidate and dissect the
function of a protein in a manner similar to phage-
display systems. Either can be used to detect protein—

ligand interactions and to select mutant proteins
with altered binding capacity (Shusta et al. 1999).
However, phage-display systems often cannot dis-
play secreted eukaryotic proteins in their native
functional conformation, whereas yeast surface
display can.

Yeast surface display makes use of the cell surface
receptor o-agglutinin (Aga), which is a two-subunit
glycoprotein. The 72 5-residue Agalp subunit anchors
the assembly to the cell wall via a covalent linkage.
The 69-residue binding subunit (Aga2p) is linked to
Agalp by two disulphide bonds. To achieve surface
display, the appropriate gene is inserted at the C
terminus of a vector-borne Aga2p gene under the
control of the GAL1 promoter. The construct is then
transformed into a yeast strain carrying a chro-
mosomal copy of the Agalp gene, also under the
control of the GAL1 promoter. If the cloned gene has
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Fig. 9.10 Yeast surface display of
heterologous proteins. (a) Schematic
representation of surface display.

(b) A vector used for facilitating surface
display. MCS, multiple cloning site;
HA, haemagglutinin epitope; c-myc,
c-myc epitope. See text for details.

been inserted in the correct translational reading
frame, its gene product will be synthesized as a
fusion with the Aga2p subunit. The fusion product
will associate with the Agalp subunit within the
secretory pathway and be exported to the cell sur-
face (Boder & Wittrup 1997).

In practice, the gene fusion is somewhat more
complicated. Usually the cloned gene product is
sandwiched between two simple epitopes to permit
quantitation of the number of fusion proteins per
cell and to determine the accessibility of different
domains of the fusion protein (Fig. 9.10).

Detecting protein—-protein interactions

Chien et al. (1991) have made use of the properties of
the GAL4 protein to develop a method for detecting
protein—protein interactions. The GAL4 protein has
separate domains for the binding to UAS DNA and
for transcriptional activation. Plasmids were con-
structed which encode two hybrid proteins. The first
consisted of the DNA-binding domain (residues
1-147) of the GAL4 protein fused to a test protein.
The second consisted of residues 768—881 of the
GAL4 protein, representing the activation domain,
fused to protein sequences encoded by a library of
yeast genomic DNA fragments. Interaction between
the test protein (bait) and a protein encoded by one
of the library plasmids (prey) led to transcriptional
activation of a reporter gene (Fig. 9.11). This method
is known as the two-hybrid system. The two-hybrid
system has become a major tool in the study of
protein—protein and protein-ligand interactions (see
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Fig. 9.11 Strategy to detect interacting proteins using

the two-hybrid system. UAS; is the upstream activating
sequence for the yeast GAL genes, which binds the GAL4
protein, DBD is a DNA-binding domain and TAD is a
transcription-activation domain. Interaction is detected by
expression of a GAL1-lacZ gene fusion. (Reproduced courtesy
of Dr S. Fields and the National Academy of Sciences.)



Box 9.2 Variations of the two-hybrid system

Post-translational modifications

A limitation of using the two-hybrid system is that
certain protein—protein interactions are not possible
in S. cerevisiae because of the absence of the
appropriate post-translational modifying enzymes.
This is a particular problem with baits relevant to
signal transduction in higher eukaryotes, because
of the prevalence of site-specific phosphorylation

by tyrosine kinase as a means of regulating protein—
protein interactions. Osborne et al. (1996) were able
to solve this problem by using a strain of yeast
expressing the mammalian tyrosine kinase Lck.

Protein-peptide interactions

The utility of the two-hybrid system can be extended
to interactions between proteins and very small

(< 16 residues) peptides (Yang et al. 1995, Colas
etal. 1996). Small peptides can be used not only

as the prey, as in the studies just cited, but also as
the bait (Geyer et al. 1999, Norman et al. 1999).

In another variation, Stagljar et al. (1996) have
described a rapid method to identify small
interaction-specific sequences within larger proteins.
In their method, complementary DNA (cDNA)
encoding a known interacting protein is sheared

by sonication and shotgun-cloned into a prey vector.
The resulting targeted library is cotransformed

with the bait of interest and direct selection made
for fragments capable of conferring the desired
interaction.

Three-component systems

In some cases, a bait and prey may not directly
interact, or else form a transient contact, because a
third component is missing. However, co-expression

of the bait with a previously identified partner
protein may permit expression of the reporter
gene (Tomashek et al. 1996). The ternary partner
in such three-component interactions need

not be a protein but can be a small molecule,
such as a hormone (Lee et al. 1995) or a drug
(Chiuetal. 1994).

Bait and hook

The two-hybrid system can be modified to study
the interaction between proteins and RNA
(SenGupta et al. 1999) or proteins and drugs
(Licitra & Liu 1996). To do this a 'hook’ is used to
display an RNA molecule or a drug to the incoming
prey, thereby forming a non-protein bridge to the
reporter gene (Fig. B9.3).

Reverse two-hybrid system

The original two-hybrid system relies on
transcriptional activation of reporter genes to

detect protein—protein interactions (Fig. 9.11).
However, the two-hybrid system can be ‘turned on its
head' to monitor /oss of protein—protein interactions.
Forexample, Vidal et al. (1996a,b), have described a
screen for mutations that disrupted the ability of the
transcription factor E2F1 to associate with its partner
DP1. In the absence of interaction between the two
partner proteins, transcription of the URA3 reporter
gene was abolished. This in turn allowed the host
yeasts to grow in the presence of 5-fluoro-orotic acid,
a compound that is toxic to cells capable of
synthesizing uracil. This type of reverse selection

can be used to screen for peptides or other small
molecules that disrupt protein—protein interactions
and that could have utility as drugs (Huang &
Schreiber 1997).

Fig. B9.3 The bait-and-hook

UAS | Reporter

variation of the two-hybrid system.
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DBD, TAD

Transcription

Fig. 9.12 The dual-bait two-hybrid

system. The first DNA-binding domain
fusion protein (DBD,-Bait, ) drives

the expression of reporter 1 through
UAS,. Asecond separate DNA-binding
domain fused to a distinct bait
(DBD,-Bait,) directs expression of
reporter 2 through UAS, . In this
example, the prey can interact with

Bait 1 but not Bait 2.

Box 9.2 and the reviews by Colas & Brent 1998, and
Uetz & Hughes 2000).

A major operational problem with the two-hybrid
system has been the high frequency of false positives,
i.e. cells in which the reporter gene is active even
though the bait and prey do not interact in nature
and/or in yeast. There are two general solutions to
this problem. In the first of these (James et al. 1996),
a host strain is used that contains three reporter
genes under the control of different GAL4-inducible
promoters. An alternative approach is to use the
two-bait system (Fig. 9.12). In this system, the yeast
expresses a single prey and two independent baits,
each targeted to distinct reporter genes (Xu et al.
1997). In weeding out false positives, one looks for
preys that interact with only one bait. The rationale
here is that the more related the two baits are, the
more likely it is that a prey interacting with only one
ofthem is a natural interaction.

Identifying genes encoding particular
cellular activities

As a result of a major genome-sequencing project,
the sequences of genes encoding every biochemical
activity of S. cerevisiae are known. The next task is
to connect specific biochemical activities with par-
ticular genes. Martzen et al. (1999) have developed
a rapid and sensitive method for doing this which
is applicable to almost any activity. The starting-
point was a yeast vector containing the glutathione-
S-transferase (GST) gene under the control of the
CUP1 promoter. A large number of different DNA
fragments bearing yeast ORFs were cloned in this
vector to generate GST-ORF fusions. In all, 6144

constructs were made and these were transformed
back into S. cerevisiae.

To correlate genes with activity, the different trans-
formants were dispensed into 64 96-well microtitre
plates (64 x 96 = 6144). Initially, all the clones from
each plate were pooled and the 64 pools analysed for
a specific biochemical activity. Analysis is facilitated
since the GST—OREF fusions are readily purified from
other cellular activities by affinity chromatography
using immobilized glutathione. Once a plate was
identified as having the desired activity, pools of
clones were made from each of the eight rows and
12 columns of wells and these 20 pools reassayed. If
only one clone expresses the desired activity, then one
row and one column should be identified (Fig. 9.13)
and the point of intersection identifies the wanted
clone. Sequencing of the ORF then allows identifica-
tion of the gene corresponding to the activity.

Determining functions associated
with particular genes

Determining the function of a particular gene product
usually involves determining the expression profile of
the gene, the subcellular location of the protein, and
the phenotype of a null strain lacking the protein.
Conditional alleles of the gene are often created as
an additional tool. These procedures usually require
multiple independent manipulations. Ross-Macdonald
et al. (1997) have developed a multifunctional,
transposon-based system that simultaneously gener-
ates constructs for all of the above analyses and is
suitable for mutagenesis of any given S. cerevisiae
gene. The transposons used by them are shown in
Fig. 9.14. Each carries areporter gene (3-galactosidase
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or green fluorescent protein) lacking a promoter.
In-frame fusions between a yeast coding region and
the transposon can be detected by B-galactosidase
activity or fluorescence. The transposon insertion
creates a truncation of the gene, thereby generating
a null phenotype. The method is also adaptable
to genome-wide analyses, using a high-throughput
screening methodology (Ross-Macdonald etal. 1999).

res ‘3xHa +cre
—>

H—,
274-bp
+cre -%:I HAT tag

7

Fig. 9.13 Method for selecting
glutathione-S-transferase open-
reading-frame fusions. (Figure
reproduced from Trends in Genetics
courtesy of Elsevier Press.)

Fig. 9.14 Schematic representation of
the transposons, and the derived HAT
tag elements, for use in yeast. Each
transposon carries the tetracycline-
resistance determinant, a functional
yeast URA3 gene, and the res element
from transposon Tn3. The function
of the res element is to resolve
transposition cointegrates. (Figure
reproduced courtesy of Dr Michael
Snyder and the National Academy of
Sciences.)

262-bp
HAT tag

To use this transposon system, yeast genes are
cloned in an E. coli strain that overexpresses the Tn3
transposase. The transposon, carried on a derivative
of the sex factor F, is introduced by mating and trans-
position ensues. Yeast DNA containing the transposon
is excised from the E. coli vector and transformed back
into yeast, with selection made for URA3 activity. Two
types of transformants are obtained. If homologous
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Fig. 9.15 ‘Knockout’ strain collection. (a) The bar-coded
deletion cassette is generated in two rounds of PCR. It
contains a kanamycin-resistance gene for selection in yeast
and two molecular bar-codes 20 bp long that are unique to
each deletion. The molecular bar-codes are flanked by
common sequence elements that allow for the PCR
amplification of all the bar-codes in a population of yeast
strains. At the end of the cassette are 45 bp sequences that
are homologous to sequences flanking the gene of interest.
(b) The deletion cassette is transformed into diploid yeast
strains. The 45 bp of yeast sequences allows one copy of the
gene of interest to be replaced with the deletion cassette via
homologous recombination. The resulting heterozygous
strains (c) can then be sporulated and dissected to generate
a collection of haploid mutant strains, if viable (d).
Homozygous mutant strains (e) are made by the selective
matings of haploid segregants. (Figure reproduced courtesy
of Elsevier Science Ltd and the authors.)

recombination occurs at the URA3 locus, then no
reporter activity is seen. If integration occurs at the
locus of the gene carrying the transposon, reporter
activity is retained but gene function islost (Fig. 9.14).
This reporter activity can be used to study the expres-
sion of the cloned gene under different growth condi-
tions. If the transformants also carry a phage P1 cre
gene (see p. 68), under the control of the GAL1 pro-
moter, excision of most of the transposon sequences
can be induced by growth of the host strain in the
presence of galactose. In most instances, this results
in restoration of gene activity and the gene product
can be purified by affinity purification, using anti-
bodies to the haemagglutinin determinants.

An alternative approach to the large-scale muta-
tional analysis of the yeast genome is to individually
delete each gene using a polymerase chain reaction
(PCR)-based methodology (Winzeler et al. 1999).
For each gene, a deletion cassette is constructed
(Fig. 9.15) that contains a kanamycin resistance
gene, two ‘molecular bar-codes’ and yeast sequences
homologous to the upstream and downstream flank-
ing sequences. This construct is amplified by PCR and
transformed into a diploid yeast strain, where the dele-
tion cassette replaces one of the two chromosomal
gene sequences. The diploid strains are then allowed
to sporulate and those haploid segregants that are
viable are recovered.

The molecular bar-codes are particularly important
since they are unique to each deletion strain within
a pool of many different strains (Shoemaker et al.
1996). The bar-code can be amplified by PCR, using
common primer sequences that flank the bar-code.
A pool of yeast mutant strains can thus be analysed
in a single experiment by amplifying the bar-codes
and probing a DNA microarray (p. 116) containing
sequences complementary to the bar-codes. Variations
on this technique have been used in other organisms
to identify key functions associated with particular
activities. For example, signature-tagged mutagenesis
has been used to identify genes essential for virulence
(for review, see Lehoux & Levesque 2000).

The application of genome-wide mutagenesis tech-
niques to the understanding of the ways in which
the different components of the yeast cell interact
has been reviewed by Delneri et al. (2001) and Vidan
and Snyder (2001).
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Gene transfer to animal cells

Introduction

Gene transfer to animal cells has been practised now
for over 40 years. Techniques are available for the
introduction of DNA into many different cell types in
culture, either to study gene function and regulation
or to produce large amounts of recombinant protein.
Animal cells are advantageous for the production of
recombinant animal proteins because they perform
authentic post-translational modifications that are
not carried out by bacterial cells and fungi. Cell cultures
have therefore been used on a commercial scale to
synthesize products such as antibodies, hormones,
growth factors, cytokines and viral coat proteins for
immunization. There has been intense research into
the development of efficient vector systems and
transformation methods for animal cells. Although
this research has focused mainly on the use of mam-
malian cell lines, other systems have also become
popular, such as the baculovirus expression system,
which is used in insects. More recently, research has
focused on the introduction of DNA into animal cells
in vivo. The most important application of this tech-
nology is in vivo gene therapy, i.e. the introduction of
DNA into the cells of live animals in order to treat
disease. Viral gene-delivery vectors are favoured for
therapeutic applications because of their efficiency,
but safety concerns have prompted research into
alternative DNA-mediated transfer procedures.

This chapter focuses on the introduction of DNA
into somatic cells. Unlike the situation in plants,
most animal cells are restricted in terms of their
developmental potential and cannot be used to
generate transgenic animals. Mouse embryonic stem
cells (ES cells) are exceptional in this respect because
they are derived from the early embryo prior to the
formation of the germ line. Gene transfer to ES cells is
therefore discussed in the next chapter, along with
the introduction of DNA into oocytes, eggs and cells
of the early embryo.

Overview of gene-transfer strategies

Gene transfer to animal cells can be achieved essen-
tially via three routes. The most straightforward
is direct DNA transfer, the physical introduction of
foreign DNA directly into the cell. For example, in
cultured cells this can be done by microinjection,
whereas for cells in vivo direct transfer is often
achieved by bombardment with tiny DNA-coated
metal particles. The second route is termed transfec-
tion, and this encompasses a number of techniques,
some chemical and some physical, which can be
used to persuade cells to take up DNA from their sur-
roundings. The third is to package the DNA inside an
animal virus, since viruses have evolved mechan-
isms to naturally infect cells and introduce their
own nucleic acid. The transfer of foreign DNA into a
cell by this route is termed transduction. Whichever
route is chosen, the result is transformation, i.e. a
change of the recipient cell’s genotype caused by the
acquired foreign DNA, the transgene. Transforma-
tion can be transient or stable, depending on how
long the foreign DNA persists in the cell.

DNA-mediated transformation
Transformation techniques

DNA/calcium phosphate coprecipitate method

The ability of mammalian cells to take up exogen-
ously supplied DNA from their culture medium was
first reported by Szybalska and Szybalski (1962).
They used total uncloned genomic DNA to transfect
human cells deficient for the enzyme hypoxanthine-
guanine phosphoribosyltransferase (HPRT). Rare
HPRT-positive cells, which had presumably taken
up fragments of DNA containing the functional
gene, were identified by selection on HAT medium
(p. 177). At this time, the actual mechanism of DNA
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uptake was not understood. Much later, it was
appreciated that successful DNA transfer in such
experiments was dependent on the formation of a
fine DNA/calcium phosphate coprecipitate, which
first settles on to the cells and is then internalized.
The precipitate must be formed freshly at the time of
transfection. It is thought that small granules of
calcium phosphate associated with DNA are taken
up by endocytosis and transported to the nucleus,
where some DNA escapes and can be expressed
(Orrantia & Chang, 1990). The technique became
generally accepted after its application, by Graham
and Van der Erb (1973), to the analysis of the infect-
ivity of adenoviral DNA. It is now established as a
general method for the introduction of DNA into a
wide range of cell types in culture. However, since
the precipitate must coat the cells, this method is
suitable only for cells growing in monolayers, not
those growing in suspension or as clumps.

As originally described, calcium phosphate trans-
fection was limited by the variable and rather low
proportion of cells that took up DNA (1-2%). Only a
small number of these would be stably transformed.
Improvements to the method have increased the
transfection frequency to 20% for some cell lines
(Chu & Sharp 1981). A variant of the technique,
using a different buffer system, allows the precipitate
to form slowly over a number of hours, and this
can increase stable transformation efficiency by up
to 100-fold when using high-quality plasmid DNA
(Chen & Okayama 1987, 1988).

Other chemical transfection methods

The calcium phosphate method is applicable to many
cell types, but some cell lines are adversely affected
by the coprecipitate due to its toxicity and are hence
difficult to transfect. Alternative chemical transfec-
tion methods have been developed to address this
problem. One such method utilizes diethylamino-
ethyl dextran (DEAE-dextran), a soluble polycationic
carbohydrate that promotes interactions between
DNA and the endocytotic machinery of the cell. This
technique was initially devised to introduce viral
DNA into cells (McCutchan & Pango 1968) but was
later adapted as a method for plasmid DNA transfer
(Milman & Herzberg 1981). The efficiency of the
original procedure was improved by Lopata et al.

(1984) and Sussman and Milman (1984) by adding
after-treatments, such as osmotic shock or expos-
ure to chloroquine, the latter having been shown
to inhibit the acidification of endosomal vesicles
(Luthmann & Magnusson 1983). Although efficient
for the transient transfection of many cell types,
DEAE-dextran cannot be used to generate stably
transformed cell lines. Another polycationic chem-
ical, the detergent Polybrene, has been used for
the transfection of Chinese hamster ovary (CHO)
cells, which are not amenable to calcium phosphate
transfection (Chaney etal. 1986).

Phospholipids as gene-delivery vehicles

An alternative to chemical transfection procedures
is to package DNA inside a phosopholipid vesicle,
which interacts with the target cell membrane and
facilitates DNA uptake. The first example of this
approach was provided by Schaffner (1980), who
used bacterial protoplasts containing plasmids to
transfer DNA into mammalian cells. Briefly, bac-
terial cells were transformed with a suitable plasmid
vector and then treated with chloramphenicol to
amplify the plasmid copy number. Lysozyme was
used to remove the cell walls, and the resulting pro-
toplasts were gently centrifuged on to a monolayer
of mammalian cells and induced to fuse with them,
using polyethylene glycol. A similar strategy was
employed by Wiberg et al. (1987), who used the
haemoglobin-free ghosts of erythrocytes as delivery
vehicles. The procedures are very efficient in terms of
the number of transformants obtained, but they are
also labour-intensive and so have not been widely
adopted as a general transfection method. However,
an important advantage is that they are gentle,
allowing the transfer of large DNA fragments with-
out shearing. Yeast cells with the cell wall removed
(sphaeroplasts) have therefore been used to intro-
duce yeast artificial chromosome (YAC) DNA into
mouse ES cells by this method, for the production of
YAC transgenic mice (see Chapter 11).

More widespread use has been made of artificial
phospholipid vesicles, which are called liposomes
(Schaefer-Ridder et al. 1982). Initial liposome-based
procedures were hampered by the difficulty encoun-
tered in encapsulating the DNA, and provided a
transfection efficiency no better than the calcium
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phosphate method. However, a breakthrough came
with the discovery that cationic/neutral lipid mix-
tures can spontaneously form stable complexes
with DNA that interact productively with the cell
membrane, resulting in DNA uptake by endocytosis
(Felgner et al. 1987, 1994). This low-toxicity trans-
fection method, commonly known as lipofection, is
one of the simplest to perform and is applicable to
many cell types that are difficult to transfect by other
means, including cells growing in suspension (e.g.
Ruysscharet et al. 1994). This technique is suitable
for transient and stable transformation, and is suf-
ficiently gentle to be used with YACs and other large
DNA fragments. The efficiency is also much higher
than that of chemical transfection methods — up to
90% of cells in a culture dish can be transfected. A
large number of different lipid mixtures is available,
varying in efficiency for different cell lines. A unique
benefit of liposome gene-delivery vehicles is their
ability to transform cells in live animals following
injection into target tissues or even the bloodstream.
Transfection efficiency has been improved and tar-
geting to specific cell types achieved by combining
liposomes with viral proteins that promote cell
fusion, nuclear targeting signals and various molecu-
lar conjugates that recognize specific cell surface
molecules. The development of liposomes for gene
therapy has been comprehensively reviewed (Scheule
& Cheng 1996, Tseng & Huang 1998).

Electroporation

Electroporation involves the generation of transient,
nanometre-sized pores in the cell membrane, by
exposing cells to a brief pulse of electricity. DNA
enters the cell through these pores and is trans-
ported to the nucleus. This technique was first
applied to animal cells by Wong and Neumann
(1982), who successfully introduced plasmid DNA
into mouse fibroblasts. The electroporation tech-
nique has been adapted to many other cell types
(Potter et al. 1984 ). The most critical parameters are
the intensity and duration of the electric pulse, and
these must be determined empirically for different
cell types. However, once optimal electroporation
parameters have been established, the method is
simple to carry out and highly reproducible. The
technique has high input costs, because a specialized

capacitor discharge machine is required that can
accurately control pulse length and amplitude
(Potter 1988). Additionally, larger numbers of cells
may be required than for other methods because,
in many cases, the most efficient electroporation
occurs when there is up to 50% cell death.

In an alternative method, pores are created using
a finely focused laser beam (Kurata et al. 1986).
Although very efficient (up to 0.5% stable transforma-
tion), this technique is applicable to only small num-
bers of cells and has not gained widespread use.

Direct transfer methods

A final group of methods considered in this section
encompasses those in which the DNA is transferred
directly into the cell nucleus. One such procedure is
microinjection, a technique that is guaranteed to
generate successful hits on target cells but that can
only be applied to a few cells in any one experiment.
This technique has been applied to cultured cells
that are recalcitrant to other transfection methods
(Capecchi 1980), but its principal use is to introduce
DNA and other molecules into large cells, such as
oocytes, eggs and the cells of early embryos, as
discussed in Chapter 11. Particle bombardment is
another direct delivery method, initially developed
for the transformation of plants (Chapter 12). This
involves coating small metal particles with DNA and
then accelerating them into target tissues using a
powerful force, such as a blast of high-pressure gas
or an electric discharge through a water droplet.
In animals, this technique is most often used to
transfect multiple cells in tissue slices rather than
cultured cells (e.g. Arnold etal. 1994, Loetal. 1994).
It has also been used to transfer DNA into skin cells
invivo (Haynes etal. 1996).

Transformation with
non-replicating DNA

Transient and stable transformation

DNA-mediated transformation of animal cells occurs
in two stages, the first involving the introduction of
DNA into the cell (the transfection stage) and the
second involving its incorporation into the genome
(the integration stage). Transfection is much more



Gene transfer to animal cells 177

efficient than integration; hence a large proportion
of transfected cells never integrate the foreign DNA
they contain. The DNA is maintained in the nucleus
in an extrachromosomal state and, assuming it does
not contain an origin of replication that functions in
the host cell, it persists for just a short time before it is
diluted and degraded. This is known as transient
transformation (the term transient transfection is also
used), reflecting the fact that the properties of the cell
are changed by the introduced transgene, but only
for a short duration. In a small proportion of trans-
fected cells, the DNA will integrate into the genome,
forming a new genetic locus that will be inherited by
all clonal descendants. This is known as stable trans-
formation, and results in the formation of a ‘cell line’
carrying and expressing the transgene. Since integ-
ration is such an inefficient process, the rare stably
transformed cells must be isolated from the large
background of non-transformed and transiently
transformed cells by selection, as discussed below.
While stable transformation is required for long-
term analytical experiments and the production of
large amounts of recombinant protein over a pro-
longed time, transient transformation is sufficient
for many types of short-term experiments, such as
determining the efficiency of promoter sequences
attached to areporter gene (Box 10.1).

Cotransformation and selection of
stable transformants

Following the general acceptance of the calcium
phosphate transfection method, it was shown that
mouse cells deficient for the enzyme thymidine kinase
(TK) could be stably transformed to a wild-type pheno-
type by transfecting them with the herpes simplex
virus (HSV) Tk gene (Wigler et al. 1977). As for the
HPRT* transformants discussed earlier in the chap-
ter, cells positive for TK can be selected on HAT
medium. This is because both enzymes are required
for nucleotide biosynthesis via the salvage pathway
(Fig. 10.1). In mammals, nucleotides are produced
via two alternative routes, the de novo and salvage
pathways. In the de novo pathway, nucleotides are
synthesized from basic precursors, such as sugars
and amino acids, while the salvage pathway recy-
cles nucleotides from DNA and RNA. If the de novo
pathway is blocked, nucleotide synthesis becomes

dependent on the salvage pathway, and this can be
exploited for the selection of cells carrying functional
Hprt and Tk genes. The drug aminopterin blocks the
de novo synthesis of both inosine monophosphate
(IMP) and thymidine monophosphate (TMP) by
inhibiting key enzymes in the de novo pathway. Cells
exposed to animopterin can thus survive only if they
have functional Hprt and Tk genes and a source of
hypoxanthine and thymidine. Hprt™ and Tk* trans-
formants can therefore both be selected using HAT
medium, which contains hypoxanthine, aminopterin
and thymidine.

In these early experiments, the transgene of
interest conferred a selectable phenotype on the
cell. However, most genes do not generate a con-
veniently selectable phenotype, and the isolation of
transformants in such experiments was initially
problematic. A breakthrough was made when it was
discovered that transfection with two physically
unlinked DNAs resulted in cotransformation, i.e. the
integration of both transgenes into the genome
(Wigler et al. 1979). To obtain cotransformants,
cultured cells were transfected with the HSV Tk gene
and a vast excess of well-defined DNA, such as the
plasmid pBR322. Cells selected on HAT medium
were then tested by Southern blot hybridization for
the presence of the non-selected plasmid DNA.
Wigler and colleagues found evidence for the pres-
ence of non-selected DNA in nearly 90% of the TK*
cells, indicating that the HSV Tk gene could be used
as a selectable marker. In subsequent experiments,
it was shown that the initially unlinked donor
DNA fragments were incorporated into large con-
catemeric structures up to 2 Mbp in length prior to
integration (Perucho et al. 1980b).

Other selectable markers for animal cells

The phenomenon of cotransformation allows the
stable introduction of any foreign DNA sequence
into mammalian cells as long as a selectable marker
is introduced at the same time. The HSV Tk gene is
representative of a class of genes known as endogen-
ous markers, because they confer a property that is
already present in wild-type cells. A number of such
markers have been used, all of which act in redund-
ant metabolic pathways (Table 10.1). The major
disadvantage of endogenous markers is that they
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Fig. 10.1 Simplified representation of the de novo and salvage nucleotide synthesis pathways. Top panel: purine synthesis.
De novo purine nucleotide synthesis (shown on the right) initially involves the formation of inosine monophosphate (IMP)

which is then converted into either adenosine monophosphate (AM

P) or, via xanthine monophosphate (XMP), guanosine

monophosphate (GMP). The de novo synthesis of IMP requires the enzyme dihydrofolate reductase (DHFR ), whose activity can

be blocked by aminopterin or methotrexate. In the presence of such
shown on the left. Cells lacking one of the essential salvage enzymes

inhibitors, cell survival depends on nucleotide salvage, as
,such as HPRT or APRT, therefore cannot survive in the

presence of aminopterin or methotrexate unless they are transformed with a functional copy of the corresponding gene. Thus,
the genes encoding salvage-pathway enzymes can be used as selectable markers. Note that the enzyme XGPTR, which converts

xanthine to XMP, is found only in bacterial cells and not in animals.
nucleotide synthesis (shown on the right) initially involves the form

Bottom panel: pyrimidine synthesis. De novo pyrimidine
ation of uridine diphosphate (UDP). This step requires a

multifunctional enzyme, CAD, whose activity can be blocked by N-phosphonacetyl-1-aspartate (PALA). UDP is then converted
into either thymidine monophosphate (TMP) or cytidine triphosphate (CTP), the latter via uridine triphospate (UTP). De novo
TMP synthesis requires DHFR, so the reaction can be blocked in the same way as in de novo purine synthesis, making cell survival

dependent on the salvage enzyme thymidine kinase (TK). Thus, the
pathway for CTP.

can only be used with mutant cell lines in which the
corresponding host gene is non-functional. This
restricts the range of cells that can be transfected.
Endogenous markers have therefore been largely
superseded by so-called dominant selectable markers,
which confer a phenotype that is entirely novel
to the cell and hence can be used in any cell type.
Such markers are usually drug-resistance genes of
bacterial origin, and transformed cells are selected on

Tk gene can be used as a selectable marker. There is no salvage

a medium that contains the drug at an appropriate
concentration. For example, Escherichia coli trans-
posons Tn 5 and Tn601 contain distinct genes encod-
ing neomycin phosphotransferase, whose expression
confers resistance to aminoglycoside antibiotics
(kanamycin, neomycin and G418). These are protein-
synthesis inhibitors, active against bacterial and
eukaryotic cells, and can therefore be used for selec-
tion in either bacteria or animals. By attaching the
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Table 10.1 Commonly used endogenous selectable marker genes. Most of these markers are involved in the redundant
endogenous nucleotide biosynthetic pathways (Fig. 10.1). They can also be used as counterselectable markers. For
example, negative selection for TK activity is achieved using toxic thymidine analogs (e.g. 5-bromodeoxyuridine,
ganciclovir), which are incorporated into DNA only if there is TK activity in the cell.

Marker Product Selection References
Ada Adenosine deaminase Xyl-A (9-3-p-xylofuranosyl adenosine) Kaufman et al. 1986
and 2’-deoxycoformycin
Aprt Adenine Adenine plus azaserine, to block de novo dATP Lester et al. 1980
phosphoribosyltransferase synthesis
Cad Multifunctional enzyme PALA (N-phosphonacetyl-L-aspartate) inhibits the De Saint-Vincent et al.
aspartate transcarbamylase activity of CAD* 1981
Hprt Hypoxanthine-guanine Hypoxanthine and aminopterin, to block de novo Lester et al. 1980
phosphoribosyltransferase IMP synthesis
Selected on HAT medium
Tk Thymidine kinase Thymidine and aminopterin to block de novo Wigleretal. 1977

dTTP synthesis

Selected on HAT medium

*CAD: carbamyl phosphate synthetase/aspartate transcarbamylase/dihydroorotase.

selectable marker to the simian virus 40 (SV40)
early promoter (Berg 1981) or the HSV Tk promoter
(Colbére-Garapin et al. 1981), both of which function
in many cell types, neomycin phosphotransferase
was shown to confer antibiotic resistance in a vari-
ety of non-mutant cell lines. This marker continues
to be used in many contemporary expression vec-
tors. The power of aminoglycoside antibiotic resist-
ance as a selective system in eukaryotes is now very
evident. It also has application in yeast (Chapter 9)
and plants (Chapter 12). Other commonly used
dominant selectable markers are listed in Table 10.2.

Selectable markers and transgene amplification

If animal cells are exposed to toxic concentrations
of certain drugs, rare individual cells can survive
because they have spontaneously undergone a
mutation that confers resistance to that drug. The
first such compound to be investigated in this man-
ner was the folic acid analog methotrexate, which
is a competitive inhibitor of the enzyme dihydrofo-
late reductase (DHFR). The analysis of surviving cells
showed that some had undergone point mutations
in the Dhfr locus, producing an enzyme with resist-
ance to the inhibitor. Others had undergone muta-

tions in other loci, for example preventing the
uptake of the drug. The most interesting group com-
prised those cells that had survived by amplifying
the Dhfr locus, therefore providing enough enzyme
to outcompete the inhibitor (Schimke et al. 1978).
This type of amplification mutation is useful because
the drug dose can be progressively increased, result-
ing in the stepwise selection of cells with massively
amplified Dhfr gene arrays. Such cells can survive in
media containing methotrexate concentrations up
to 10 000 times higher than the nominal dose lethal
to wild-type cells. The amplified loci are often main-
tained within the chromosome as extended homo-
geneously staining regions or alternatively as small
extra chromosomes called double minutes.

Cells with high copy numbers of the Dhfr locus are
not generated in response to methotrexate exposure,
but arise randomly in the population and are selected
on the basis of their resistance to the drug. The
random nature of the amplification is confirmed by
the fact that, as well as the Dhfr gene itself, extensive
regions of flanking DNA are also amplified, even
though they confer no advantage on the cell.
This phenomenon can be exploited to co-amplify
transgenes introduced along with a Dhfr marker
gene, resulting in high-level expression. Wigler et al.



180

CHAPTER 10

Table 10.2 Commonly used dominant selectable marker genes in animals (see Box 12.2 for selectable markers

used in plants).

Marker Product (and source) Principles of selection References

as Asparagine synthase Toxic glutamine analog albizziin Andrulis &
(Escherichia coli) Siminovitch 1981

ble Glycopeptide-binding protein Conlfers resistance to glycopeptide antibiotics Genilloud et al. 1984
(Streptoalloteichus hindustantus) bleomycin, pheomycin, Zeocin™

bsd Blasticidin deaminase Confers resistance to basticidin S lzumietal. 1991
(Aspergillus terreus)

gpt Guanine-xanthine Analogous to Hprt in mammals, but possesses Mulligan & Berg
phosphoribosyltransferase additional xanthine phosphoribosyltransferase 1981b
(E. coli) activity, allowing survival in medium containing

aminopterin and mycophenolic acid
(Fig 10.1)

hisD Histidinol dehydrogenase Confers resistance to histidinol Mantei et al. 1979
(Salmonella typhimurium)

hpt Hygromycin phosphotransferase Confers resistance to hygromycin-B Blochlinger &
(E. coli) Diggelmann 1984

neo (nptll) Neomycin phosphotransferase Confers resistance to aminoglycoside Colbeére-Garapin et al.
(E. colr) antibiotics (e.g. neomycin, kanamycin, G418) 1981

pac Puromycin N-acetyltransferase Confers resistance to puromycin Vara et al. 1986
(Streptomyces alboniger)

trpB Tryptophan synthesis (E. coli) Confers resistance to indole Hartman & Mulligan

1988

(1980) demonstrated this principle by transfecting
methotrexate-sensitive mouse cells with genomic
DNA from the methotrexate-resistant cell line A29,
which contains multiple copies of an altered Dhfr
gene. They linearized the A29 genomic DNA with
the restriction enzyme Sall, and ligated it to Sall-
linearized pBR322 DNA prior to transfection. Fol-
lowing stepwise drug selection of the transformed
cells, Southern-blot hybridization showed that the
amount of pPBR322 DNA had increased more than
50-fold.

Methotrexate selection has been used for the
large-scale expression of many recombinant proteins,
including tissue plasminogen activator (Kaufman
et al. 1985), hepatitis B surface antigen (HBSAg)
(Patzer etal. 1986) and human factor VIII (Kaufman
et al. 1988). CHO cells are preferred as hosts for this
expression system because of the availability of a
number of dhfr~ mutants (Urlaub et al. 1983). In

non-mutant cell lines, non-transformed cells can
survive selection by amplifying the endogenous Dhfr
genes, generating a background of ‘false positives’.
Alternative strategies have been developed that
allow DHFR selection to be used in wild-type cells.
Expressing the Dhfr marker using a strong con-
stitutive promoter (Murray et al. 1983) or using a
methotrexate-resistant allele of the mouse gene
(Simonsen & Levinson 1983) allows selection at
methotrexate concentrations much higher than
wild-type cells can tolerate. The E. coli dhfr gene is
also naturally resistant to methotrexate, although
for this reason it cannot be used for amplifiable selec-
tion (O'Hare et al. 1981). Another useful strategy is
to employ a second marker gene, such as neo, allow-
ing non-transformed cells to be eliminated using
G418 (Kim & Wold 1985). Although dhfris the most
widely used amplifiable marker, many others have
been evaluated, as shown in Table 10.3.
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Table 10.3 Common markers used for in situ gene amplification. Many amplifiable markers can also be used as
endogenous or dominant selectable markers, but, in some cases, the drug used for amplification may not be the same as

that used for standard selection.

Marker Product Amplifying selective drug References

Ada Adenosine deaminase Deoxycoformycin Kaufman et al. 1986

as Asparagine synthase B-Aspartylhydroxamate Cartier et al. 1987

Cad Aspartate transcarbamylase N-Phosphonacetyl-L-aspartate Wahl et al. 1984

Dhfr Dihydrofolate reductase Methotrexate Kaufman et al. 1985

gpt Xanthine-guanine phosphoribosyltransferase Mycophenolic acid Chapman et al. 1983

GS Glutamine synthase Methionine sulphoxamine Cockett et al. 1990

Hprt Hypoxanthine-guanine Aminopterin Kanalas & Suttle 1984
phosphoribosyltransferase

Impdh Inosine monophosphate dehydrogenase Mycophenolic acid Collart & Huberman 1987

Mt-1 Metallothionein 1 Cd** Beach & Palmiter 1981

wres Multidrug resistance: P-glycoprotein 170 gene Adriamycin, colchicine, others Kane et al. 1988

Odc Ornithine decarboxylase Difluoromethylornithine Chiang & McConlogue 1988

Tk Thymidine kinase Aminopterin Roberts & Axel 1982

Umps Uridine monophosphate synthases Pyrazofurin Kanalas & Suttle 1984

Plasmid vectors for DNA-mediated gene transfer

Stable transformation by integration can be achieved
using any source of DNA. The early gene-transfer
experiments discussed above were carried out using
complex DNA mixtures, e.g. genomic DNA, bacterial
plasmids and phage. Calcium phosphate trans-
fection was used in most of these experiments, and
the specific donor DNA was often bulked up with a
non-specific carrier, such as cleaved salmon-sperm
DNA. However, it is generally more beneficial to use
a purified source of the donor transgene. This prin-
ciple was originally demonstrated by Wigler et al.
(1977), who transfected cultured mouse cells with
a homogeneous preparation of the HSV Tk gene.
Later, this gene was cloned in E. coli plasmids to pro-
vide a more convenient source. The use of plasmid
vectors for transfection provides numerous other
advantages, depending on the modular elements
included on the plasmid backbone.

1 The convenience of bacterial plasmid vectors can
be extended to animal cells, in terms of the ease of

subcloning, in vitro manipulation and purification of
recombinant proteins (p. 76).

2 More importantly, modular elements can be
included to drive transgene expression, and these
can be used with any transgene of interest. The pSV
and pRSV plasmids are examples of early expression
vectors for use in animal cells. As discussed in
Box 10.2, transcriptional control sequences from
SV40 and Rous sarcoma virus are functional in a
wide range of cell types. The incorporation of
these sequences into pBR322 generated convenient
expression vectors in which any transgene could be
controlled by these promoters when integrated into
the genome of a transfected cell (Fig. 10.2).

3 The inclusion of a selectable marker gene
obviates the need for cotransformation, since the
transgene and marker remain linked when they
cointegrate into the recipient cell’s genome. A range
of pSV and pRSV vectors were developed containing
alternative selectable marker genes, e.g. pSV2-neo
(Southern & Berg 1982), pSV2-gpt (Mulligan & Berg
1980) and pSV2-dhfr (Subramani et al. 1981).
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Fig. 10.2 The mammalian plasmid expression vectors
pSV2-dhfr and pRSV-neo.

4 Asdiscussed below, some plasmid vectors for gene
transfer to animal cells are designed to be shuttle
vectors, i.e. they contain origins of replication
functional in animal cells, allowing the vector to be
maintained as an episomal replicon.

Non-replicating plasmid vectors for
transient transformation

One application in which the use of plasmid vectors
is critical is transient transformation. Here, the goal
is to exploit the short-term persistence of extrachro-
mosomal DNA. Such experiments have a variety of
uses, including transient assays of gene expression
and the recovery of moderate amounts of recom-
binant protein. Generally, transient transformation
is used as a test system, e.g. to assay regulatory
elements using reporter genes (Box 10.1), to check
the correct function of an expression construct
before going to the expense of generating stable cell
lines or to recover moderate amounts of recom-
binant protein for verification purposes. Transient
transformation is particularly useful for testing large
numbers of alternative constructs in parallel. No
regime of selection is required because stable cell
lines are not recovered — the cells are generally
transfected, assayed after 1 or 2 days and then dis-
carded. The simplest way to achieve the transient
transformation of animal cells is to use a plasmid

Box 10.1 Reporter genes and promoter analysis

Reporter genes are also known as screenable marker
genes. These differ from selectable marker genes

in that they do not confer a property that allows
transformed cells to survive under selective
conditions. Instead, they encode a product that

can be detected using a simple and inexpensive
assay.

When controlled by a strong constitutive promoter,
reporter genes are often used as markers to confirm
transient or stable transformation, since only cells
containing the reporter-gene construct can express
the corresponding protein. Importantly, the assays
used to detect reporter-gene activity are quantitative,

so they can also be used to measure transformation
efficiency. If attached to a cloned promoter,
reporter genes can therefore be used to determine
transcriptional activity in different cell types and
under different conditions. Transient reporter assays
have been widely used to characterize and dissect
the regulatory elements driving eukaryotic genes, as
shown in the example below. The use of reporters is
advantageous, because it circumvents the necessity
to derive different assays for individual genes

and also allows the activities of transgenes and
homologous endogenous genes to be distinguished
in the same cell.

continued
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Box 10.1 continued

An example of in vitro promoter analysis using
chloramphenicol acetyltransferase

The first reporter gene to be used in animal cells was
cat, derived from E. coli transposon Tn9 (Gorman
etal. 1982b); it has also been used to a certain
extent in plants (Herrera-Estrella et al. 1983a,b).
This gene encodes the enzyme chloramphenicol
acetyltransferase (CAT), which confers resistance to
the antibiotic chloramphenicol by transferring acetyl
groups on to the chloramphenicol molecule from
acetyl-CoA. If "“C-labelled chloramphenicol is used
as the substrate, CAT activity produces a mixture

of labelled monoacetylated and diacetylated

forms, which can be separated by thin-layer
chromatography and detected by autoradiography.
The higher the CAT activity, the more acetylated
forms of chloramphenicol are produced. These

can be quantified in a scintillation counter or using a
phosphorimager. Gorman et al. (1982a,b) placed the
cat gene downstream of the SV40 and Rous sarcoma
virus (RSV) promoters in the expression vectors pSV2
and pRSV2, to create the pSV-CAT and pRSV-CAT
constructs, respectively. These vectors, and derivatives
thereof, have been widely used to analyse transient-
transfection efficiency, because the promoters are
active in many animal cells and CAT activity can

be assayed rapidly in cell homogenates.

The cat gene has also been used to test regulatory
elements by attaching it to a ‘minimal promoter’,
typically a simple TATA box. This basic construct
generates only low-level background transcription
in transiently transfected cells. The activity of
other regulatory elements, such as promoters and
enhancers, and response elements, which activate
transcription in response to external signals, can be
tested by subcloning them upstream of the minimal
promoter and testing their activity in appropriate cell
types. In an early example of this type of experiment,
Walker et al. (1986) attached the promoter and
5’-flanking sequences of human and rat insulin and
rat chymotrypsin genes, which are expressed at a
high level only in the pancreas, to the cat gene. Each

gene is expressed in clearly distinct cell types: insulin
is synthesized in endocrine 3 cells and chymotrypsin
in exocrine cells. Plasmid DNA was introduced into
either pancreatic endocrine or pancreatic exocrine
cell lines in culture and, after a subsequent 44 h
incubation, cell extracts were assayed for CAT
activity. It was found that the constructs retained
their preferential expression in the appropriate cell
type. The insulin 5’-flanking DNA conferred a high
level of CAT expression in the endocrine but not the
exocrine cell line, with the converse being the case for
the chymotrypsin 5’-flanking DNA. The analysis was
extended by creating deletions in the 5’-flanking
sequences and testing their effects on expression.
From such experiments it could be concluded that
sequences located 150-300 bp upstream of the
transcription start are essential for appropriate
cell-specific transcription.

Other reporter genes

The cat reporter gene has been widely used for in
vitro assays but has a generally low sensitivity and is
dependent on a rather cumbersome isotopic assay
format. An alternative reporter gene, SeAP (secreted
alkaline phosphatase), has been useful in many cases
because various sensitive colourimetric, fluorometric
and chemiluminescent assay formats are available.
Also, since the reporter protein is secreted, it can be
assayed in the growth medium, so there is no need
to kill the cells (Berger et al. 1988, Cullen & Malim
1992). The bacterial genes lacZ and gusA have
been used as reporters for in vitro assays using
colourimetric and fluorometric substrates. An
important advantage of these markers is that they
can also be used for in situ assays, since histological
assay formats are available. More recently,
bioluminescent markers, such as luciferase and green
fluorescent protein, have become popular because
these can be assayed in live cells and whole animals
and plants. The lacZ, gusA, luciferase and green
fluorescent protein reporter genes are discussed in
more detail in Box 13.1.
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vector lacking an origin of replication functional in
the host. Although the vector cannot replicate, gene
expression from a mammalian transcription unit is
possible for as long as the plasmid remains stable,
which depends on the host cell's propensity to
break down extrachromosomal DNA. Linear DNA
is degraded very quickly in mammalian cells, so
high-quality supercoiled plasmid vectors are used.
Even covalently closed circular DNA tends to remain
stable for only 1 or 2 days in most animal cells, but
this is sufficient for the various transient-expression
assays. Some cell types, however, are renowned for
their ability to maintain exogenous DNA for longer
periods. In the human embryonic kidney cell line
293, for example, supercoiled plasmid DNA can
remain stable for up to 80 h (Gorman et al. 1990).

Transformation with replicon vectors

Runaway polyomavirus replicons

Transient transformation can also be achieved using
replicon vectors that contain origins of replication
derived from certain viruses of the polyomavirus
family, such as SV40 and the murine polyoma-
virus. These viruses cause lytic infections, i.e. the
viral genome replicates to a very high copy number,
resulting in cell lysis and the release of thousands of
progeny virions. During the infection cycle, viral
gene products accumulate at high levels, so there
has been considerable interest in exploiting this
strategy to produce recombinant proteins. SV40
was the first animal virus to be characterized in
detail at the molecular level, and for this reason it
was also the first to be developed as a vector. The
productive host range of the virus is limited to cer-
tain simian cells. The development of SV40 replicon
vectors is discussed in some detail below, but first it is
necessary to understand a little of the molecular
biology of the virus itself.

SV40 has a small icosahedral capsid and a circu-
lar double-stranded DNA genome of approximately
5 kb. The genome has two transcription units, known
as the early and late regions, which face in opposite
directions. Both transcripts produce multiple prod-
ucts by alternative splicing (Fig. 10.3). The early
region produces regulatory proteins, while the late
region produces components of the viral capsid.

Origin of
replication

Fig. 10.3 Transcripts and transcript processing of SV40.
Intron sequences which are spliced out of the transcripts are
shown by red lines.

Transcription is controlled by a complex regulatory
element located between the early and late regions,
and this includes early and late promoters, an
enhancer and the origin of replication. During the
first stage of the SV40 infection cycle, the early tran-
script produces two proteins, known as the large T
and small t tumour antigens. The function of the T
antigen is particularly important, as this protein
binds to the viral origin of replication and is abso-
lutely required for genome replication. All vectors
based on SV40 must therefore be supplied with
functional T antigen, or they cannot replicate, even
in permissive cells. The T antigen also acts as an
oncoprotein, interacting with the host’s cell-cycle
machinery and causing uncontrolled cell proliferation.

The first SV40 vectors were viral vectors and were
used to introduce foreign genes into animal cells by
transduction. The small size of the viral genome
made in vitro manipulation straightforward. Either
the late region (Goff & Berg 1976) or the early region
(Gething & Sambrook 1981) could be replaced with
foreign DNA. However, since both these regions are
essential for the infection cycle, their functions had
to be provided in trans initially by a co-introduced
helper virus. The use of early replacement vectors
was considerably simplified by the development of
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the COS cell line, a derivative of the African green-
monkey cell line CV-1 containing an integrated
partial copy of the SV40 genome. The integrated
fragment included the entire T-antigen coding
sequence and provided this protein in trans to any
SV40 recombinant in which the early region had
been replaced with foreign DNA (Gluzman 1981).
For example, using this system, Gething and Sam-
brook (1981) made recombinant viruses that ex-
pressed influenza-virus haemagglutinin in COS cells.

The major problem with these initial SV40 vec-
tors was that the capacity of the viral capsid allowed
a maximum of only about 2.5 kb of foreign DNA to
be incorporated. The discovery that plasmids carry-
ing the SV40 origin of replication behaved in the
same manner as the virus itself, i.e. replicating to a
high copy number in permissive monkey cells, was
a significant breakthrough. Since these SV40 repli-
cons were not packaged into viral capsids, there
were no size constraints on the foreign DNA. Many
laboratories developed plasmid vectors on this
principle (Myers & Tjian 1980; Lusky & Botchan
1981; Mellon et al. 1981). In general, these vectors
consisted of a small SV40 DNA fragment (contain-
ing the origin of replication) cloned in an E. coli plas-
mid vector. Some vectors also contained a T-antigen
coding region and could be used in any permissive
cell line, while others contained the origin alone and
could only replicate in COS cells. Permanent cell
lines are not established when SV40 replicons are
transfected into COS cells, because the massive
vector replication eventually causes cell death. How-
ever, even though only a low proportion of cells are
transfected, the high copy number (10° genomes
per cell) is compensatory, allowing the transient
expression of cloned genes and the harvesting of
large amounts of recombinant protein.

Similar vectors have been designed that incorpor-
ate the murine-polyomavirus origin, which is func-
tional in mouse cells. These vectors allow transient,
high-level recombinant-protein expression in per-
missive mouse cells, such as MOP-8 (which contains
an integrated polyomavirus genome and supplies
T antigen in trans (Muller et al. 1984)) and WOP
(which is latently infected with the virus). A series
of vectors currently marketed by Invitrogen are
particularly versatile, because they contain both
the SV40 and the murine-polyomavirus origins,

pcDNAT1.1/
Amp
4.8 kb

Ampicily,

/’o/yOIna ori

ColE1

Fig. 10.4 The transient expression vector pcDNA1.1/Amp,
which has origins of replication for both SV40 and murine
polyomavirus. (Reproduced with permission from
Invitrogen.)

allowing high-level protein expression in cells that
are permissive for either virus. For example, the
vector pcDNA1.1/Amp contains the SV40 and
polyoma origins, a transcription unit comprising the
human cytomegalovirus promoter and SV40 intron/
polyadenylaton site, an interstitial polylinker to insert
the transgene and the ampicillin-resistance marker
for selection in E. coli (Fig. 10.4).

Stable transformation with BK and BPV replicons

As an alternative to integration, stable transforma-
tion can be achieved using a recombinant vector
that is maintained as an episomal replicon. While
viruses such as SV40 use a lytic infection strategy,
others, such as human BK virus and Epstein—Barr
virus (EBV), cause latent infections, where the viral
genome is maintained as a low- to moderate-
copy-number replicon that does not interfere with
host cell growth. Plasmids that contain such latent
origins behave in a similar manner to the parental
virus, except they are not packaged in a viral capsid.
Such vectors are advantageous, because the DNA
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does not need to integrate in order to be stably
maintained, thus stable transformation occurs with
an efficiency equal to that normally achieved with
transient transformation. Furthermore, while the
expression of integrated transgenes is often affected
by the surrounding DNA, a probl