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The development of genetic engineering, whereby a specific gene or cDNA (c is copy
or complementary) can be isolated as part of a minichromosome that can replicate
and be expressed (by transcription and translation) in a living cell, has made possible
in vitro techniques for micromanipulation (i.e. site-directed mutagenesis) of a cloned
gene, to make defined changes in the portion of the gene that encodes its protein
product. The methods by which this micromanipulation of a structural gene are
effected fall under three broad headings: (i) the production of random single base-pair
substitutions by chemical or enzymatic means; (ii) the construction of heteroduplex
DNA by annealing single-strand target DNA with a chemically synthesized mutagenic
oligonucleotide and (iii) the total or partial synthesis of mutant duplex DNA from
chemically synthesized oligonucleotides. As a consequence it is now possible to modify
a gene so that any amino acid in its product protein can be replaced by any other
amino acid.
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Definition of the functional roles of the structural components of proteins has benefitted
enormously from the comparison of amino-acid sequences of proteins with identical functions
that have been isolated from different species. This is especially true when the three-dimensional
structure of one or more of the proteins is available in atomic detail. The classical example
of the application of this principle is provided by cytochrome ¢ where the amino-acid sequences
of at least sixty different eukaryote cytochromes ¢ are known (Ferguson-Miller ef al. 1979) and
the detailed structures of tuna ferrocytochrome ¢ and ferricytochrome ¢ are established (Takano
& Dickerson 19814, ). Thus, it is possible to establish the precise locations of the amino acids,
approximately twenty-eightin number, that are conserved in all known eukaryote cytochromes ¢

and which, presumably, have essential functional or structural roles. Comparison of the
properties of different cytochromes ¢ provides considerable insight into the roles of many of the
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conserved amino-acid residues (Ferguson-Miller e al. 1979). However, interpretation is always
complicated by the multiplicity of differences in the amino-acid sequences of cytochromes ¢
and this demonstrates the need for mutants obtained by site-directed mutagenesis (Pielak et al.
1985). A similar situation exists with haemoglobins (Perutz 1979, 1983).

More detailed understanding of the role(s) of amino-acid side chains in protein structure and

SOCIETY

function is possible when many point mutants are available in the structural gene of a protein

THE ROYAL

for an individual species. The structural variants of the 146 amino-acid human B-globins, of
which there are more than 200, provide an excellent example (McKusick 1983). In micro-
organisms, fine-structure genetic analysis can provide a large number of mutants resulting from
single amino-acid replacements and which provide detailed insights into protein function. Here,
the archetypal example is the lac repressor (Miller 1978). Understanding of the function of this
and other bacterial proteins has been greatly extended by suppressing nonsense mutations with
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a battery of tRNA suppressors which allow insertion of several different amino acids at the site
of the nonsense mutation (Miller 1984).

The advent of recombinant DNA technology, which makes possible the molecular cloning
of individual genes and cDNA together with the reinsertion of the cloned gene into a living
cell, has opened up the possibility of site-directed mutagenesis; the construction of specific
mutations in vitro followed by n viwo analysis of the mutated gene (Shortle ef al. 1981; Smith
1985; Watson et al. 1983). The methods for site-directed mutagenesis that are applicable to
problems of protein structure and function are the subject of this article. Emphasis will be on
the strategies which are most appropriate for the modification of protein structural genes to
produce single amino-acid replacements in the protein of interest. A general recent review of
in vitro mutagenesis has been prepared by Smith (1985). Clearly, the achievement of a specific
codon replacement or of a family of codon replacements is only the first stage in obtaining a
mutant protein. For this reason, most success to date has been with genes or cDNA that can
be expressed and that give rise to an intact functional protein in Escherichia coli (Fersht et al.
1984 ; Inouye 1983 ; Shortle 1983 ; Shortle & Lin 1985; Villafranca et al. 1983 ; Winter & Fersht
1984). However, there is an increasing amount of work with homologous and heterologous
mutant protein structural genes expressed in Saccharomyces cerevisiae (Brake et al. 1984; Pielak
et al. 1985; Rosenberg et al. 1984) and in higher eukaryotes (Craik ef al. 1985; Gil et al. 1985;
Weinmaster ef al. 1984). Studies on mutant proteins produced in eukaryote cells in culture are
bound to increase in number and diversity because of their previous inaccessibility for structure
and function analysis.

The manipulations of a structural gene which constitute an experiment in site-directed
mutagenesis involve several discrete but essential steps. First, the DNA as an isolated fragment
or as a component of a single- or double-strand DNA vector is modified by chemical or
enzymatic reagents. Next, the modified DNA, incorporated into a DNA replicating vector, is
used to transform bacterial cells, usually E. colz, and individual clones are isolated. Then, the
mutated vector-gene recombinant DNA is isolated from a number of clones and the sequence
of the mutant gene(s) is(are) determined. Finally, a characterized, mutant gene is used to
transform host cells in which the gene is expressed (transcribed and translated). In many cases
the host cell will also perform post-translational modification of the initial polypeptide product
to achieve a mature protein. Characterization of the mutant protein can involve definition of
its amino-acid composition and sequence, and its enzymatic characteristics, as well as
biophysical studies on its absorption, optical, nuclear magnetic and electron spin resonance
spectra, definition of its stability to thermal and chemical denaturation, its thermodynamic
properties (by microcalorimetry) and its crystallographic structure.

Methods that have been successfully used for site-directed mutagenesis of protein structural
genes (or which have the potential to be useful in this kind of study) fall into two broad classes.
These are the production of random point mutations within the target gene, which result in
random single amino-acid substitutions, and the production of specific, predetermined
mutations designed to produce a specific amino-acid substitution.

RANDOM POINT MUTATIONS

The objective in producing random point mutations in the structural gene of a protein is
to define, without prejudice, the role(s) of all, or most of, the constituent amino acids in the
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structure and function of the target protein. The protein to which this principle has been applied
most extensively is the endonuclease from Staphylococcus aureus, the gene for which can be
expressed in E. coli and where the activity of the product nuclease can be determined by a simple
plate assay (Shortle 1983). Over 150 unique mutations in the nuclease gene have been
generated and defined by DNA sequence determination. As well as creating mutants which
clearly relate to the function and the calcium-binding site of the enzyme, the strategy has
discovered a new class of amino-acid replacement, which acts as a global suppressor of second-site
mutations (Shortle & Lin 1985).

Two features of methods for production of random point mutations have to be considered.
These are the procedures, chemical or enzymatic, used to obtain the mutation and the strategy
for optimizing the production of single hits (to avoid or minimize the generation of multiple
mutations while producing single base-pair substitutions at a sufficiently high frequency that
screening by DNA sequence determination is feasible).

Chemical methods for producing point mutations can be divided into two classes: those which
modify bases so that their hydrogen-bond pairing with a complementary base is changed, and
those which so damage a base that it can no longer form hydrogen bonds with a complementary
base. The classical reagent for changing the base-pairing specificity of a target nucleotide is
sodium bisulphite. Reaction with DNA causes the hydrolytic deamination of deoxycytidine
residues with the formation of deoxyuridine, which pairs with deoxyadenosine. In wvivo
replication of bisulphite-treated DNA results in CG to TA mutations (Shortle & Botstein 1983;
Shortle & Nathans 1978). Bisulphite has the additional important property of being a reagent
that reacts, perferentially, with single-strand DNA; this is an aid to targeting. Other chemical
reagents which react preferentially, but not exclusively, with deoxycytidine residues, and which
have been used to produce random point mutations are hydrazine (Myers et al. 1985¢;
hydrazine reacts equally well with deoxythymidine residues), hydroxylamine (Busby et al.
1982), methoxylamine (Borrias et al. 1976; Kadonaga & Knowles, 1985) and nitrous acid
(Hirose et al. 1982; Myers et al. 1985¢; Warburton ef al. 1983). None of these reagents shows
a notable preference for single-strand DNA.

Chemical reagents that damage bases in DNA so that they can no longer form a Watson—Crick
base-pair are typified by acids which induce depurination (Gilbert 1981; Kunkel et al. 1981 4;
Loeb 1985; Myers et al. 1985¢). Their use to produce random point mutations involves the
treatment of single-stranded DNA with the reagent, followed by in vitro enzymatic synthesis
of the complementary strand by using a DNA polymerase (such as avian retrovirus reverse
transcriptase) that misincorporates a nucleotide opposite the damaged or missing base in the
template DNA strand (Kunkel ¢t al. 19814; Loeb 1985; Myers ef al. 1985¢).

Totally enzymatic methods for producing random point mutations use a DNA polymerase
to insert a mutagenic nucleoside analogue in a random way in a DNA strand produced i vitro
by template-dependent synthesis, or they deliberately induce misincorporation of normal
nucleotides into an ¢ vitro synthesized DNA strand. The nucleoside analogue that has been
used most extensively as a substrate for i wvitro mutagenesis is N®-hydroxydeoxycytidine
(Mueller et al. 1978; Weissmann ¢t al. 1979). Its appeal lies in the fact that it substitutes with
almost equal efficiency for both deoxycytidine and deoxythymidine. However, in normal host
strains the analogue is a good substrate for i viwo mismatch (or damage) repair and an
additional in vitro step is required for efficient mutagenesis (Dierks et al. 1983; Wieringa et al.
1983). Other nucleoside analogues, which have been used as site-specific mutagens after in vitro
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incorporation into DNA as deoxynucleoside-5'-triphosphates, are O%-methyldeoxyguanosine
(Dodson et al. 1982), 2-aminopurinedeoxyriboside (Grossberger & Clough 1981), and also
5-bromodeoxyuridine (Mott et al. 1984). None of these analogues is as efficient in producing
mutants as N*-hydroxydeoxycytidine and a phenotypic screen is essential for their use.

Enzymatic misincorporation of nucleotides involves the use of strategies which subvert
enzymatic mechanisms for editing misincorporation. The first type of strategy creates
randomly distributed short single-strand gaps in duplex DNA where the single-strand segment
is only three or four nucleotides in length. Here, the gap is filled enzymatically by using a DNA
polymerase with only three of the four deoxyribonucleoside-5'-triphosphates as substrates.
Misincorporation occurs when the template demands the insertion of the missing nucleotide
and the reaction is driven by enzymatic ligation of the newly synthesized gap-filling sequence
to the adjacent segment of the same DNA strand (Shortle et al. 1982). The second strategy
for misincorporation of normal nucleotides involves two enzymatic synthetic steps. In the first
step a DNA primer, annealed to the target template strand, is extended by using only one
nucleotide as substrate (four different reactions can take place in parallel), in conjunction with
a non-editing DNA polymerase, such as a reverse transcriptase. The primer is then extended
with all four nucleotides used as substrates (Traboni ¢t al. 1983, 1984; Zakour & Loeb 1982;
Zakour et al. 1984). .

Nucleoside-5"-a-thiotriphosphates are substrates for DNA polymerases; however, the incor-
porated nucleoside-5’-a-thiophosphate is not removed by the editing 3’-exonuclease activity
of E. coli DNA polymerase I (Kunkel et al. 1981). This property makes these nucleotide
analogues ideal substrates for the first, misincorporation, step of the two-step strategy outlined
above (Shortle ef al. 1982) and their use has been very effective in obtaining random point
mutants (Shortle & Lin 1983).

As indicated earlier in this section, the efficient achievement of single-hit mutation is an
essential component of site-directed mutagenesis. The chemical damage methods have used two
procedures to maximize single hits. When the reagent is single-strand specific, such as sodium
bisulphite, the target single strand can be a very short gap in an otherwise duplex molecule
(Shortle & Botstein 1983; Shortle & Nathans 1978). When the strategy involves a long
single-strand or double-strand region as a target (there are many such strategies: see Smith
1985), single hits result from control of the chemical reaction (Myers ¢f al. 1985¢; Shortle &
Botstein 1983). The problem with limiting a reaction to no more than a single hit on a relatively
long DNA target is that 909, or more of the target DNA molecules are not damaged. Two
procedures have been devised for isolating mutants at high efficiency under these circumstances.
The first of these involves treatment of each of the separated DNA strands of the target with
the reagent under one-hit conditions, after which the two mutagenized DNA strands are
annealed and cloned (Kadonaga & Knowles 1985). The second procedure takes advantage
of the exquisite sensitivity of the initiation of denaturation of double-strand DNA fragments
to local DNA sequences and of the fact that partly denatured double-strand DNA migrates
very slowly during gel electrophoresis (Myers et al. 1985a, ). These properties allow the
separation of mutant duplex DNA fragments, up to several hundred nucleotides in length, from
the parent wild-type fragment (Myers ef al. 1985¢).

In chemical mutagenesis, where the reagent does not select a target region, such as a
single-strand gap in a duplex molecule, mutations (although the reaction may be base-specific)
will be distributed randomly throughout the target region. When the target is a single-strand

[6]


http://rsta.royalsocietypublishing.org/

THE ROYAL

PHILOSOPHICAL
TRANSACTIONS

p
s

PHILOSOPHICAL
TRANSACTIONS

/ y

SOCIETY

—
>~
O H
~ =
k= O
= O
= uw

OF

OF

Downloaded from rsta.royalsocietypublishing.org

SITE-DIRECTED MUTAGENESIS 299

gap, it is necessary to ensure that the gaps (one per target molecule) is distributed randomly.
This is achieved by use of superhelical double-strand circular plasmid DNA as target for a
non-specific endonuclease in the presence of ethidium bromide. This limits the exonuclease to
one hit per molecule (Greenfeld ef al. 1975), and the resultant nick is converted to a short gap
by limited exonuclease treatment (Shortle & Botstein 1983).

For nucleotide misincorporation, the reaction tends to misincorporate only one nucleotide
(Shortle et al. 1982; Shortle & Lin 1985). Hence misincorporation by n vitro enzyme-catalysed
synthesis is intrinsically efficient in producing single hits. A variety of approaches have been
developed for obtaining a completely random set of priming sites throughout the target DNA.
These include the use of randomly distributed short gaps (Shortle & Botstein 1983; Shortle
& Lin 1985), random priming sites produced by exonuclease digestion from one end of the
target (Abarzua & Marians 1984) and random priming sites generated by enzymatic extension
of a single primer fragment (Brown & Smith 1977; Traboni et al. 1983; Zakour et al. 1984;
A. Spence & M. Smith, unpublished results).

The use of synthetic oligodeoxyribonucleotides as mutagens does not appear to be an
attractive approach to random mutant production. However, synthetic oligonucleotides have
been used in this way to a limited extent and it is likely that this use will increase. There are
several reasons for this. First, methods for the automated synthesis of oligonucleotides are
becoming more widely available and improvements in the synthetic chemistry are making
possible the synthesis of very long oligodeoxyribonucleotides (Sinha et al. 1984). Secondly, the
segmented-disc—solid-support method allows the parallel synthesis of very many oligodeoxy-
ribonucleotides (Frank et al. 1983 ; Ott & Eckstein 1984). Thirdly, very efficient procedures are
now available for producing mutants by using oligonucleotides and, lastly, oligonucleotide
mutagenesis is the only method available for deleting or inserting specific codons in the
structural gene for a protein or for making codon substitutions which involve more than a single
base-pair change.

The prime example of the use of synthetic oligonucleotides to produce a considerable number
of replacement or deletion mutants by oligonucleotide mutagenesis of a structural gene is the
study of the signal peptide of the outer membrane lipoprotein of E. coli (Inouye et al. 1982).
The basic strategy in these experiments is that which is used for producing a single defined
mutant. T'wo other strategies, specifically designed to produce random mutants, use synthetic
oligonucleotides. The first of these uses a long (50 nucleotides or more) synthetic strand in which
a low random or semi-random level of the three nucleotides, other than the correct nucleotide,
is incorporated at each position, as well as the correct nucleotide. This oligonucleotide is
incorporated into the target DNA and clones of mutant DNAs are isolated after transformation
of the host-cell line (J. B. McNeil & M. Smith, unpublished results). The method has two
attractive features. First, the target is precisely defined by the ends of the synthetic oligo-
nucleotide. Secondly, the misincorporations can be chosen so that all the codon changes
generate amino-acid substitutions with no nonsense mutations. The second strategy, where a
single oligodeoxyribonucleotide is used to produce random mutations, is the structural gene
for a protein involved in frame insertions of a short symmetrical oligonucleotide (containing
3n nucleotides: see Stone et al. 1984). This is a very useful technique for identifying or disrupting
functional domains.

[ 7]
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OLIGONUCLEOTIDE HETERODUPLEX MUTAGENESIS

The principle of this method is to use heteroduplex DNA, formed by annealing a vector
containing the target gene as a single strand with a complementary synthetic oligodeoxyribo-
nucleotide containing the desired codon change (which, usually, is extended and integrated
into duplex DNA by using DNA polymerase and ligase), to transform a cell line in which the
vector can replicate (Hutchison et al. 1978 ; Razin et al. 1978). The progeny recombinant DNA
contains either the wild-type gene or the gene with the mutation specified by the synthetic
oligodeoxyribonucleotide (Smith & Gillam 1981 ; Smith 1985). A considerable amount of work
has been done to make this basic procedure as technically straightforward as possible (Zoller
& Smith 1984; Inouye & Inouye 1985), and to improve the efficiency with which the
heteroduplex DNA produces progeny from the mutant-containing strand. Apart from care with
the enzymatic manipulations which are used to lengthen the mutagenic oligonucleotide before
transformation (Gillam & Smith 1979a; Kunkel 1985; Zoller & Smith 1983), procedures which
improve yields of desired mutants include genotypic selection with the use of the mutagenic
oligonucleotide (Gillam & Smith 19796), prevention of in vivo DNA mismatch repair that is
biased towards the sequence of the template (Kramer ¢t al. 1982; Marmenout ¢ al. 1984), by
using mismatch repair of the template strand to convert it to the mutant sequence (Kunkel
1985), in vitro enzymatic synthesis of mutant recombinant DNA (Abarzua & Marians 1984)
and covalent linkage of the mutagenic oligonucleotide to a selectable genetic marker (Carter
et al. 1985; Kramer et al. 1984). Use of these principles has resulted in the generation of a very
large number of mutant proteins for structure-function studies (Smith 1985) and in the
production of new proteins with useful biochemical properties (Courtenay ef al. 1985; Craik
et al. 1985; Perry & Wetzel 1984; Rosenberg ¢t al. 1984; Wang et al. 1984; Wilkinson et al.
1984). An impressive application has been the production of a large number of mutants of
tyrosyl-tRINA synthetase (Fersht et al. 1984).

One of the most attractive features of oligonucleotide heteroduplex mutagenesis is the use
of the mutagenic oligonucleotide as a probe for mutant DNA recognition. This procedure takes
advantage of the very substantial decrease in duplex stability for a mismatched oligonucleotide
relative to the stability of a perfectly matched oligonucleotide (Gillam et al. 1975; Smith 1983).
It has been applied to nitrocellulose dot-blots of recombinant phage DNA (Zoller & Smith
1982, 1983, 1984), to plaques (Zoller & Smith 1984), and to colonies containing recombinant
plasmids (Wallace et al. 1981).

MUTAGENESIS BY PARTIAL (CASSETTE) OR TOTAL GENE SYNTHESIS

A major factor in choosing a mutagenic strategy for producing a desired change or set of
changes in the gene encoding a protein of interest is the efficiency with which the mutant(s)
is(are) produced. Modification in the heteroduplex procedures outlined above, and analogous
procedures for mutant enrichment which have been applied to random iz vitro mutagenesis
(Abarzua & Marians 1984; Kunkel 1985; Myers et al. 1985; Traboni et al. 1983), have greatly
increased efficiencies and reduced the labour of genotypic screening. However, a mutagenic
procedure which is 1009, efficient has a great appeal. The most obvious approach to this
objective is the synthesis of both strands of the desired mutant by enzymatic ligation of
chemically synthesized oligodeoxyribonucleotides. A simple application of this principle is

[ 8]
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possible if the target segment of the gene lies between two closely spaced, unique, restriction
endonuclease cleavage sites. The intervening segment is excised and replaced by a totally
chemically synthesized mutant duplex (Liu ef al. 1984 ; Smith 1985). Oligonucleotides which
contain a mixture of substitutions at a particular codon can be used in this procedure to generate
a large family of amino-acid substitutions (Wells et al. 1985). The ready availability of synthetic
oligodeoxyribonucleotides of lengths of more than 20 nucleotides has made total gene synthesis,
formerly a formidable task (Khorana 1979), an attractive option for mutant production (Edge
et al. 1981). The attraction of partial or total gene synthesis for genes that are to be expressed
in a heterologous host is that codons can be used to specify the amino acids which are most
generally used in the new host-cell line (Edge et al. 1981 ; Buell et al. 1985). In addition, the fact
that the chemical synthesis yields relatively large amounts of the oligonucleotides allows the
repeated use of subsets as building blocks for different mutants of the same gene (Lo ¢t al. 1984).

CONCLUSIONS

This article has described the three basic strategies that are presently available, and in use,
for the systematic iz vitro mutagenesis of protein structural genes. These are: the production
of random base-pair substitutions in the target gene by chemical or enzymatic means; the
production of a mutant programmed by a chemically synthesized oligodeoxyribonucleotide
annealed as a heteroduplex with the wild-type target DNA; and the partial or total chemical
synthesis of both strands of a mutant gene. All three approaches are exceedingly powerful in
their ability to produce mutant genes. For this reason, it is not clear that one method is
superior to another. In fact, it is quite possible that studies directed at producing
mutants in a particular protein will have occasion to use more than one or all of the
approaches. What is impressive is that an experimental approach that was first described less
than ten years ago has developed so rapidly that it is now essential to the work of a number
of laboratories. Even more surprising is the rapidity with which oligodeoxyribonucleotide
synthesis has become one of the most efficient and rapid of chemistries, with the consequence
that molecular genetics cannot be performed in the most efficient way without the routine use
of synthetic oligodeoxyribonucleotides. It is clear that the combination of site-directed
mutagenic methods described in this article has opened up a completely new era in protein and
enzyme chemistry.

Research in the author’s laboratory was supported by the Medical Research Council and
the National Institute of Canada. The author is a Career Investigator of the Medical Research
Council of Canada.
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