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Preface

The ability to purify specific pieces of prokaryotic and eukaryotic DNA has greatly
accelerated progress in almost all fields of biology and is already beginning to {inl
major medical and commercial applications. The aim of this book is to describe how
DNA cloning is used to isolate and manipulate DNA. It is not possible in a book ot
this length to describe all of the procedures in use, however, our ain is to present
the basic principles and to describe the most commonly used methods i de il
emphasizing the latest methods and their applications.
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- Introduction

1. General aspects of gene cloning

The cominon feature of all cloning experiments is the introduction into a host cell of
a single DNA molecule whichi is able to replicate in parallel with the host cell genome
but which remains in an episomal, non-integrated state. The simplest form of cloning
might be considered to occur naturally, when a single bacteriophage (phage) particle
infects a susceptible Escherichia coli host cell and a phage plaque is formed containing
t the progeny of the single infecting particle. Genetically engineered derivatives of

bacteriophages have been constructed into which foreign segments of DNA can be
introduced by enzymatic manipulation. When a complex mixture of DNA molecules
is introduced into such a phage vector and a single plaque is selected after infection
of E.coli, it will contain only one of the different ‘target’ molecules. Such a DNA
molecule is said 10 be a recombinant. The power of the technigue is illustrated by
the fact that it is now possible to isolate a specific recombinant DNA from the 10°
different fragments generated by breaking up a eukaryotic genome into clonable
segments of DNA.

In general, recombinant DNA molecules are isolated by cloning in E.coli because
there is such a wealth of experience in manipulating this bacterium genetically and
because it has such a short generation time. This background of fundamental research
has made it possible to construct elegantly engineered bacteriophage vectors designed
to facilitate cloning. There are also extremely valuable vectors derived from bacterial
drug resistance plasmids; these exist in wild-type E.coli cells as extrachromosomal,
circular DNA molecules. Naturally occurring plasmids often encode genes for multiple
drug resistance but the commonly used vectors contain only one or two such genes.
- Here the vector is introduced intu E.coli directly, to transform the host cell to drug
L - resistance. Each colony of bacteria which grows up is a clone containing the progeny
of only one of the plasmid DNA molecules used in transformation.

By propagating the recombinant phage or recombinant plasmid in bacteria it is
» possxble to prepare milligram amounts of DNA. This can be analysed to determine
thé precise organization and coding potential of the cloned gene. The gene can then
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2 Genetic engineering

be used in many different ways. Thus a human globin gene might be used as a probe
in nucleic acid hybridization teo identify the specific mutation responsible for a heredit-
able disease, such as a thalassaemia. If the gene encodes a commercially valuable
product it might be inserted into a prokaryotic or eukaryotic vector designed to
maximize production of the specific protein. These, and the many other uses to
which recombinant DNA technology can be put, all utilize enzvmes which can be
used to manipulate nucleic acids.
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The enzymology of genetic engineering

1. Introduction

The basic substrate of molecular cloning is DNA and cloning is only possible because
of the availability of enzymes able to make, hreak and join pieces of DNA. Before
considering these enzymes individually, it is necessary to consider the basic structure
of DNA and the way in which it is synthesized and degraded in vivo. A DNA chain
is built up by the polymerization of nucleoside triphosphate molecules. These are
composed of one of the four bases, guanine (G), cytosine (C), adenine (A) or thymine
(T), attached to a deoxyribose ring at its 1'-carbon residue, with a triphosphate-
moiety on the 5’'-position of the sugar ring (Figure 2.1). A DNA polymer is constructed
by the sequential addition of nucleoside monophosphate residues which attach to the
growing chain at the 3'-hydroxyl of the sugar ring of the preceding residue in the
sequence. Thus DNA chains are said to grow in a5’ to 3’ direction and the sequence
of a DNA chain is always presented in this way, that is with the 5'-terminus residue,
the first nucleotide to be incorporated during synthesis, as the first residue. The
two antiparallel strands of a double-stranded DNA molecule are held together by
complémentary base-pairing between the C and G bases, and between A and T. The
_ two strands can be separated (denatured) by heat treatment or exposure to high
pH. They will rejoin (anneal) to one another when incubated under suitable conditions
of temperature and ionic strength. This is known as nucleic acid hybridization and it
is highly specific; a single strand of DNA will hybridize to its complementary sequence
but not to unrelated sequences. This specificity allows nucleic.acid hybridization to
be used as a very powerful too! for detecting specific sequences in a complex mixture
of nucleic acid molecules (1).

2. Enzymes-which synthesize DNA

2.1 Terminal transferase .

This enzyme, which is found in the mammalian thymus, adds residues to any free
3'-terminus. It is used to add complementary homopolymer tracts, for example poly

3



4 Genetic engineering

Polymerization

Figure 2,1. = The synthesis of a DNA molecule. P, phosphate; S, sugar (deoxyribose): B, base.

deoxyguanidylic acid (dG) and poly deoxycytidylic acid (dC) to two DNA molecules
which are to be joined together for cloning (2).

2.2 DNA polymerase |

A DNA chain is normally synthesized by the copying of a pre-existing DNA molecule
and enzymes capable of such a reaction require as a substrate a template-primer
complex (Figure 2.2). The E.coli enzyime DNA polymerase 1 will utilize such a
substrate to synthesize a double-stranded DNA. In addition to its 5'- to 3'-polymerase
activity, this enzyme has two intrinsic nuclease activities which are responsible for
correcting errors introduced during DNA synthesis in »ivo. These are exonuclease
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Polymerase

Template
5' : ! 3
3’ —l— 5 Primer
Nucleoside *
“triphosphate

Figure 2.2. DNA synthesis on a template-primer complex.

activities, that is they progressively remove bases from the ends of the DNA. There
are, within the single polypeptide chain of the enzyme, two separate domains, one
of which acts to digest DNA in a 5’ to 3’ direction and the other in the opposite (3’
to 5') direction.

One of the major uses of this enzyme is to generate radioactively labelled DNA
probes. These are used in nucleic acid hybridization to detect complementary DNA
sequences. In this process, which is termed nick translation (3), DNA is treated
with a very low level of DNase I, an endonuclease which cleaves at more or less
random points within one of the two strands of the DNA. The four nucleoside
triphpsphates, one or more of which contains a [#’P|phosphorus atom in the a-phos-
phate group (this phosphate group is retained after polymerization), and DNA
polymerase I are then added. The 5’ to 3/ exonucleolytic action of this enzyme allows
it to degrade the existing unlabelled strand and the polymerase activity allows it
simultaneously to synthesize a new isotopically labelled copy of the complementary
strand (Figure 2.3a).

The domain responsible for the 5’ to 3’ exonuclease activity of DNA polymerase
I can be cleaved from the enzyme to leave a large polypeptide, known as the Klenow
fragment, which retains the polymerase and 3’ to 5" exonuclease activities only. This
fragment has several very important uses because, in the presence of excess nuc-
leoside triphosphates, its 3' to 5" exonuclease activity is supressed and it can act
on a template-primer complex to generate a perfect double-stranded DNA copy of
the template. It is, therefore, used to copy single-stranded DNA and one of its major
uses is in the ‘dideoxy method’ of DNA sequence analysis (see Chapter 5). It can
also be used as a method to generate highly labelled DNA as an alternative to nick
translation (Figure 2.3b). If the DNA to be labelled is double stranded, it is first
denatured, by heating, and then rapidly cooled to prevent re-annealing. A random
mixture of short (10-20 residues) oligonucleotides, synthesized chemically using a
mixture of all four nucleotide precursors, provides non-specific primers, with sufficient
complementarity to initiate DNA synthesis (4). If a radiolabelled triphosphate is
incorporated during copying, a high specific activity probe can be synthesized.
Because it lacks the 5’ to 3’ exonuclease activity, the Klenow fragment is also used
to fill in overhanging ends generated on double-stranded DNA by endonucleases
which cleave the DNA leaving a projecting 5'-terminus. The latter function is some-
times performed using the DNA polymerase encoded by phage T4, which has very
similar properties to the Klenow fragment.
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Figure 2.3. Isotopic labelling of DNA. (a) Nick translation, (b) random-primed synthesis.

2.3 Reverse transcriptase

This enzyme, which is found within the virion of RNA tumour viruses, will copy
single-stranded RNA or DNA templates in the presence of a complementary primer.
It has no associated exonuclease activities. Although occasionally used to copy DNA,
its major use is to synthesize complementary DNA (cDNA) copies of polyadenylated
eukaryotic mRNA sequences (see Chapter 4). '



The enzymology of genetic engineering 7

AENERERERNERRRERERERNEE

Exonuclease 111

Figure 2.4, Degradation of DNA by exonuclease I11.

3. Enzymes which degrade DNA

3.1 Nuclease S1

This enzyme from the fungus Aspergillus degrades single-stranded DNA in an
endonucleolytic manner (5). It is used to remove projecting 3’-regions of single-
stranded DNA in some cloning procedures and in the analysis of RNA transcripts in
a hybridization technique known as S1 mapping (see Chapter 5).

3.2 Exonuclease 111

This is an E.coli enzyme which progressively degrades one of the two strands of
double-stranded DNA (6). It acts only on 3’-termini which must be part of a DNA
double helix. Hence the enzyme will only initiate degradation upon flush-ended,
double-stranded DNA, or DNA with a projecting 5'-terminus (Figure 2.4). This
property has formed the basis of a widely used method of deleting DNA in a unidirec-
tional fashion (see Chapter 5).

3.3 Bal 31

This is an endonuclease which simultaneously degrades both strands of double-
stranded DNA (7). It is also used to delete regions of DNA sequence selectively.
Its advantage over exonuclease 11 is that it deletes both strands of the DNA simul-
taneously. When a deletion ‘series’ is prepared using exonuclease III the 5'-strand
of the DNA is left intact and must be degraded in a subsequent reaction using an
enzyme such as nuclease S1. The major disadvantages of Bal 31 are that it is not as



