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Review

The Applications of Synthetic Oligonucleotides to

Molecular Biology

Ronald W. Ellis?

Over the last few years, the chemical synthesis of DNA in vitro has become a routine technique. The
ready availability of synthetic DNA has revolutionized molecular biological research and has enabled
new research approaches to be attempted that had not been possible previously. The most commonly
used approaches can be divided into three broad areas: the cloning and manipulation of genes, the
diagnosis of diseases by probing gene structure, and the specific in vitro mutagenesis of DNA for
structure/function studies. In this review, each of these three areas is discussed through specific ap-
plications from published work. This review is not intended to be comprehensive either in its scope or
in its documentation of published results. Rather, it is meant to present some of the most commonly
used applications of oligonucleotides in molecular biology through representative examples.
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INTRODUCTION

Over a decade has passed since Khorana and co-
workers utilized synthetic oligonucleotides to assemble the
alanine transfer RNA (tRNA) gene (1). This technical tour
de force required 20 man-years of work (2). The technology
for the synthesis of DNA has changed remarkably over the
intervening years. At present, commercially available semi-
or fully automated or manual ‘‘gene machines’’ can synthe-
size several oligonucleotides simultaneously at the rate of
one nucleotide added every 20 min, such that a DNA duplex
the size of the tRNA gene now can be synthesized in only a
few days. These gene machines are very reliable, being ca-
pable of synthesizing oligonucleotides of up to 100 residues
with yields at each step of >99%. Several different chemical
methods have been used for oligonucleotide synthesis. The
technique used by Khorana was the phosphodiester method
in solution. Major improvements followed with the develop-
ment of the phosphodiester and phosphite triester chemis-
tries as well as the adaptation of these chemical syntheses to
solid-phase supports. The details of the chemistries of these
techniques have been presented in several recent review ar-
ticles (2-8) as well as in a comprehensive textbook (9), al-
though the availability of dependable hardware has reduced
the need for many molecular biologists to become nucleotide
chemists!

The following article presents some of the more com-
monly used and versatile applications of synthetic oligonu-
cleotides in molecular biology. In terms of the cloning and
manipulation of genes, applications have included the isola-
tion of genes and their complementary DNA (cDNA) deriva-
tives from genomic DNA, the complete synthesis of func-

! Department of Virus & Cell Biology, Merck Sharp & Dohme Re-
search Laboratories, West Point, Pennsylvania 19486.

195

tional genes, DNA sequence analysis, and the modification
of DNA termini for the expression of recombinant DNA
(rDNA) in transformed host cells. With respect to diag-
nostics, several different point mutations which form the
molecular basis for inherited diseases now can be detected.
Finally, the employment of oligonucleotides for the in vitro
mutagenesis of DNA has been very useful for studies of
gene function and for protein engineering. In each of these
areas, specific examples are presented which exemplify the
power of these different approaches.

CLONING AND MANIPULATION OF GENES

One of the central paths of discovery in modern molec-
ular biology is the identification and sequence analysis of a
gene encoding a particular protein. This is followed by the
manipulation and expression of that gene or its mutated de-
rivatives as rDNA in a host cell in order to express large
quantities of that protein for ultimate structure—function
studies. Oligonucleotides have proven extremely useful and,
in many cases, indispensable to each of these steps.

Cloning of Genes and Their cDNA Products

The molecular cloning of genes as fragments of DNA
has depended upon the ability of a known tagged nucleic
acid probe (usually radiolabeled with 32P) to hybridize spe-
cifically to the cDNA encoding the information necessary
for synthesis of the protein of interest. In the middle to late
1970s, the development of techniques of rDNA technology
led to the preparation of “‘libraries’’ of genomic DNA as
fragments of total genomic DNA (10) and of cDNA clones as
a complement of the messenger RNA (mRNA) present
within cells (11). There were early constraints in the cloning
of genomic DNA due to the limited availability of specific
nucleic acid probes. Thus, genes cloned in the 1970s usually
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were limited to those encoding highly abundant proteins
such as globin (12) or immunoglobulin (13) .or protoonco-
genes for which viral oncogene probes were available
(14,15).

The groundwork for the use of oligonucleotides as
probes for DNA hybridization was laid in a number of early
studies which demonstrated that defined oligonucleotides
were capable of hybridizing to specific DNA (16-19) or
mRNA (20) sequences. The key principle demonstrated by
these studies was that oligonucleotides are able to form
Watson—Crick base pairs (bp) which are thermodynamically
stable under certain defined hybridization conditions. In ad-
dition to refinements in rDNA technology and oligonucleo-
tide synthesis, two other significant advances in rDNA tech-
nology enabled oligonucleotides to become versatile probes
for the cloning of genomic DNA and cDNA. These were the
establishment of reliable techniques for the sequencing of
DNA (21,22) and the development of methods for the hy-
bridization on solid supports (e.g., nitrocellulose) of DNA
fragments digested with restriction endonucleases and elec-
trophoretically resolved on the basis of size (23). Most re-
cent investigations have had the goal of cloning the complete
c¢cDNA from mRNA. The reason for this is that a cDNA
clone, unlike a genomic DNA clone, affords a complete and
perfect readout of the primary amino acid sequence of the
encoded protein and also can direct expression of its gene
product when cloned into an appropriate expression vector
and introduced into a suitable prokaryotic or eukaryotic host
cell.

The key requirement for the use of oligonucleotides as
hybridization probes would seem to be a knowledge of the
precise nucleotide sequence of the DNA to be detected.
Clearly, this could be a circular argument, since the goal is
to isolate the DNA; if the DNA sequence is known, then the
oligonucleotide hybridization approach is passé. However,
DNA sequence information is indirectly available through
microsequencing of purified proteins. By reverse-reading
the genetic code, one can impute the DNA sequences which
can encode the newly discovered amino acid sequence of
the protein of interest. Unfortunately, this analysis per se is
insufficient to derive a precise nucleotide sequence of the
oligonucleotide as a hybridization probe due to the: degen-
eracy of the genetic code (each of the 20 primary amino
acids is encoded by one to six codons in DNA).

Mixed-Sequence Oligonucleotides

Wallace and co-workers (24) first addressed this issue
by suggesting that a mixture of synthetic oligonucleotides
representing every possible set of coding sequences for a
given amino acid sequence could be used for probing the
DNA encoding that sequence. As also shown by others
(25,26), a duplex containing a single bp mismatch between a
synthetic oligonucleotide of 11-17 residues and a strand of
the target DNA is thermodynamically less stable than a per-
fectly base-paired duplex. Experimentally, the stability of
the duplex can be manipulated by adjusting the temperature
at which the hybridization is performed (27), such that an
appropriate (high) temperature can be chosen at which only
the perfectly base-paired oligonucleotide will form a stable
duplex. Empirical rules have been formulated (28) for the
design of mixtures of oligonucleotides as probes for the

Ellis

identification of cloned genomic DNA or cDNA sequences
(29). Such a mixture can be made by mixing approximately
equal amounts of each nucleotide monomer at a position of
redundancy in the chemical synthesis (30).

The strategy used to design a mixed sequence oligonu-
cleotide pool as a hybridization probe based on available
amino acid sequences is illustrated in Fig. 1. In general, an
effort is made to focus upon a region for oligonucleotide de-
sign where most of the consecutive amino acid residues are
encoded by one (Met or Tip) or two (Asn, Asp, Cys, Gln,
Glu, His, Lys, Phe, or Tyr) codons (Fig. 2) in order to mini-
mize codon degeneracy, thus maximizing the relative pro-
portion of that oligonucleotide in the mixture capable of per-
fect base-pairing. Oligonucleotide mixtures typically end at
residue +2 of a codon, since residue +3 is the source of
almost all the codon degeneracy. In addition, for cloning
from human DNA, a minimum of six amino acid codons
should be represented (including the first two nucleotides of
the last codon), since (20)°, the number of theoretical per-
mutations of a hexapeptide, well exceeds the number of
genes in the complete genome of humans. This approach
first was applied to the human p2-microglobulin gene (31).
Total mRNA from a cell line was converted enzymatically to
double-stranded cDNA, and this library was screened with
sets of 8 or 16 mixed-sequence oligonucleotides corre-
sponding to the known amino acid sequence of B2-microglo-
bulin (32). In this way, the complete cDNA was cloned and
sequenced. Since then, nearly 100 different cDNA clones
have been isolated through the use of mixed oligonucleotide
probes, some of which are mentioned below. The theoretical
maximum redundancy of an oligonucleotide mixture that
can be used as a probe is unknown; a mix of 384 oligomers
of 23 base length has been used successfully (33).

In the last few years, some refinements have been intro-
duced in the use of mixed oligonucleotides as hybridization
probes. One is the use of primer extention for cDNA enrich-
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i GAAIGCAIAUGIUGGICACICCA!

:GAG:GCG: ‘CAU:CCG: all possible codons at each
1GCC: :iccc: position of mRNA
‘GCU;

iccu:

5-GAAGCAATGTGGCACCC-3'
5'-GAAGCAATGTGGCATCC-3'
5'-GAAGCGATGTGGCACCC-3'
5'-GAA GCGATGTGGCATCC-3'
5'-GAA GCCATGTGGCACCC-3'
5'-GAA GCCATGTGGCATCC-%¥
5'-GAA GCTATGTGGCACCC-3'
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5'-GAG GCAATGTGGCACCC-3'
5'-GAGGCAATGTGGCATCC-3'
5'-GAGGCGATGTGGCACCC-3'
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5'-GAGGCCATGTGGCACCC-3'
5-GAGGCCATGTGGCATCC-3'
5'-GAGGCTATGTGGCACCC-3'
5'-GAGGCTATGTGGCATCC-3'

.

5'-GAéGchTGTGGCA‘T3cc-3' program for synthesis of
T 17-mer probe mixture (using
indicated nucleotide mixtures
at positions 3,6,15)

all 16 possible DNA sequences
(excluding position +3 in pro,
as discussed in the text)

Fig. 1. The strategy for synthesizing mixed-sequence oligonu-
cleotide probes.
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Fig. 2. The strategy for minimizing codon degeneracy in mixed-sequence
oligonucleotide probes.

ment (see below). Another is the use of sets of mixed oli-
gonucleotides based on nonoverlapping amino acid se-
quences from two distinct portions of the same protein; the
ability of the different sets to hybridize to the same clone
provides excellent confirmation that the clone does encode
the protein of interest. This strategy was used to clone the
cDNAs of human 3-phosphoglycerate kinase (34), bovine
retinal transducin (y subunit) (35), and chondroitin sulfate
proteoglycan (36). A novel strategy was used by two inde-
pendent groups to clone the cDNA for the human antihemo-
lytic factor VIII (37,38). Mixed oligonucleotides were used
to clone the human factor VIII gene. This gene then was
used as a probe for identifying that tissue with the greatest
amount of mRNA to be used as a source of cDNA synthesis.
The final cDNA then was cloned from that library.

While workers have enjoyed clear successes with the
use of mixed oligonucleotides as hybridization probes, con-
cern has been raised over the different chemical coupling
rates of deoxyadenosine (dA), deoxyguanosine (dG), deoxy-
cytosine (dC), and deoxythymidine (dT) nucleotides at steps
of mixed synthesis, such that a particular nucleotide might
be underrepresented in a mixture. This concern has
spawned the use of unique sequence oligonucleotides and
other deoxynucleotides, as described below.

Unique-Sequence Oligonucleotides

As an alternative to the use of mixed oligonucleotide

probes, Jaye and co-workers (39) introduced the concept of
using a unique-sequence long oligonucleotide as a hybridiza-
tion probe for the cloning of the antihemolytic factor IX
cDNA. The design of the long oligonucleotide was based
upon the following considerations: (i) a segment of the avail-
able amino acid sequence with the least codon degeneracy;
(i) codon usage, meaning the nonrandom distribution of nu-
cleotide triplets which encode one particular amino acid,
best corresponding to condons of other proteins secreted by
the liver; (iii) the observation that a G:T mismatch at a given
position in a duplex does not contribute to the instability of
the duplex, while a G:A mismatch does (40); and (iv) the
minimization of predictable secondary structure in the oli-
gonucleotide. The resultant unique 52-base oligonucleotide
was used successfully to detect and clone the cDNA; the
authentic sequence proved to be 85% homologous to the oli-
gonucleotide. Several other recent studies have utilized
unique-sequence probes 50-90 nucleotides in length to
clone several cDNAs, including pancreatic trypsin inhibitor
(41), human insulin-like growth factor (42), cathepsin B (43),
and human insulin receptor (44). Theoretical predictions for
the design and use of unique sequence oligonucleotides as
hybridization probes have been discussed (45).

Primer Extension

In conjunction with the use of oligonucleotides as hy-
bridization probes for the cloning of DNA, primer extension
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has proven a valuable tool. Primer extension is the use of an
oligonucleotide hybridized to a DNA or RNA template as a
template—-primer combination for the synthesis of double-
stranded DNA or cDNA with DNA polymerase or reverse
transcriptase, respectively. Either mixed-sequence or
unique-sequence oligonucleotides can be used, depending
upon whether the sequence of the template is known. In ad-
dition, unique-sequence primers conforming to the rules of
Jaye et al. (39) can be used. In the cloning of bovine adrenal
preproenkaphalin (46), a mixture of two oligonucleotides
based on a pentapeptide of the protein was used to prime
cDNA synthesis from adrenal medullar mRNA, leading to
the establishment of an enriched ¢cDNA library which was
screened with these oligonucleotides for clone isolation.
Similarly, human B-nerve growth factor was cloned using a
mixture of 16 oligonucleotides first as a primer and then as a
screening probe (47). In the cloning of human tissue plas-
minogen activator cDNA (48), a clone was isolated through
oligonucleotide screening that contained only a 3’ portion of
the mRNA. Therefore, an oligonucleotide complementary to
the 5’ end of the cDNA fragment was used to prime a second
round of cDNA synthesis, thus leading to isolation of the
complete cDNA. Primer extension experiments also are
useful for increasing the specific activity of an oligonucleo-
tide pool. In the cloning of the interleukin-2 receptor cDNA
(49), the optimal available N-terminal amino acid sequence
could be encoded by 64 possible 17-mer sequences. There-
fore, the 64 were divided into 6 pools, only one of which
gave a clear primer extension product when tested against
T-cell mRNA. This oligonucleotide pool then was capable of
detecting a cDNA clone which proved to be the receptor
cDNA. Finally, perhaps the most fruitful uses of primer ex-
tension have been for DNA sequence analysis and for site-
directed mutagenesis in vitro. These applications are dis-
cussed below.

Other Nucleotides

There have been some recent reports of the use of nu-
cleotides other than dA, dG, dC, and dT as an alternative to
the use of mixed oligonucleotides at positions where there is
codon degeneracy for a given amino acid. Ohtsuka et al. (50)
have reported the synthesis of oligonucleotides containing
deoxyinosine (dI) at all ambiguous (third) positions of
codons. The high dissociation temperature of the duplex of
the dI-containing oligonucleotide with its homologous DN A
suggested that dI neither stabilized nor destabilized the du-
plex, consistent with the ability of dI to hydrogen-bond, but
not base-pair, with dA, dC, or dT. Therefore, long single-se-
quence oligonucleotides containing dI represent a useful al-
ternative to mixed sequence oligonucleotides as hybridiza-
tion probes, potentially reducing any concern regarding the
differential coupling rates of oligonucleotides at positions of
mixed synthesis. Huynh-Dinh ef al. (51) describe the use of
2-amino-2-deoxyadenosine and of mixed deblocking of tri-
azolodeoxynucleosides for certain codon degeneracies.
They demonstrate that these represent valid alternatives to
the use of mixed sequence oligonucleotides for the detection
of human antithrombin III cDNA. Clearly, these approaches
warrant further investigation.
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Summary

The use of synthetic oligonucleotides for the cloning of
DNA, and in particular cDNA, has extended technical capa-
bilities to the point where essentially any gene for which the
amino acid sequence of its purified protein product is avail-
able now can be cloned. A number of such genes has been
described above. Some other human genes that have been
cloned by this method and that encode products of pharma-
cological and physiological significance (chosen at random
and not meant to exclude other reported clonings of equal
merit) include sodium/potassium-dependent ATPase (52),
calcium/magnesium-dependent ATPase (53), granulocyte-
macrophage colony-stimulating factor (54), a-antitrypsin
(55,56,57), a-galactosidase (58), apolipoprotein B (59), mac-
rophage-specific colony-stimulating factor (60), erythro-
poietin (61), complement component C9 (62), antithrombin
III (63), preprourokinase (64), and growth hormone-re-
leasing factor (65). While mixed oligonucleotides have been
used most frequently, the applications of long single-se-
quence oligonucleotides, other deoxynucleotides, and
primer extension are contributing to the versatility of this
general approach. Another recently developed technique,
known as antibody screening (66), has been used alongside
oligonucleotide screening. In this procedure, a cDNA li-
brary is constructed directly in a bacterial expression vector,
and transformed colonies are screened for cDNA expression
with monospecific (polyclonal or monoclonal) antibodies di-
rected against the target protein. Many studies have utilized
both antibodies and oligonucleotides to provide confirma-
tory data on individual clones, in addition to those studies
using either technique independently.

Gene Synthesis

The seminal work of Khorana and co-workers in the
synthesis of the alanine tRNA gene (1) has served as a pro-
totype for the complete assembly of other genes from syn-
thetic oligonucleotides. As recently reviewed (5), two dif-
ferent approaches have been used to assemble the oligonu-
cleotides into complete functional genes. These two
approaches as well as the applications of gene synthesis are
discussed.

Assembly by DNA Ligase

This is the technique utilized for the synthesis of the
alanine tRNA gene. In this approach, overlapping oligonu-
cleotides that completely circumscribe both strands of the
target gene (of known sequence) are synthesized (Fig. 3).
Watson-Crick base-pairing stabilizes duplex formation
across the oligomers following phosphorylation of the 5'-hy-
droxyl termini with T4 polynucleotide kinase; the single-
stranded nicks are sealed by phosphodiester bond formation
through the action of T4 DNA ligase. The resulting unnicked
duplex, which is typically designed to leave the same cohe-
sive termini (often a 4-bp overhang) as would be left by re-
striction endonuclease digestion, then is amplified by molec-
ular cloning in a plasmid. Genes cloned in this manner in-
clude human growth hormone (66), a 585-bp duplex, human
epidermal growth factor (67), somatomedin (68), comple-
ment fragment CS5a (69), and interferon-a; (70).
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Fig. 3. The assembly of synthetic DNA duplexes using T4 DNA
ligase.

Assembly by DNA Polymerase

The advances in technology that have enabled long oli-
gonucleotides to be synthesized faithfully have led to the de-
velopment of this alternate technique (71). Oligonucleotides
are synthesized with only short, rather than total, stretches
of complementarity between the two strands (Fig. 4). DNA
polymerase I then catalyzes the incorporation of the four
deoxynucleotide triphosphates onto this template—primer
combination. Digestion with appropriate restriction endonu-
cleases then generates the cohesive ends required for molec-
ular cloning in a plasmid vector. With this technique, the
human insulin A-chain and interferon-a2 genes have been
synthesized (72). While less oligonucleotide synthesis is re-
quired for this approach compared to the ligase approach, it
is not clear based upon the limited number of synthetic
genes made to date which technique will prove more reliable
in the long run.

Applications

There are two general areas where the synthesis of oli-
gonucleotides for complete duplex DNA formation has
proven useful. The first area is that of modifications to pro-
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tein coding segments of DNA. It has been observed that in
many species of host cell, the abundant proteins are en-
coded by a nonrandom distribution of codons, e.g., for an
amino acid with four codons, one of these four might repre-
sent 80% of all codons found in the respective genes [see
also Jaye et al. (39), above]. Codon distribution patterns for
Escherichia coli (73) and Saccharomyces cerevisiae (74),
two common hosts for the expression of rDNA-derived pro-
teins, have been described. It has been reasoned that in a
microbial host cell, which can express some foreign genes
up to 10—20% of the total protein, the optimization of codon
usage patterns of the rDNA-derived gene to the pattern of
the host might optimize foreign protein expression. Such
optimization has been performed for the somatomedin C
gene for expression in E. coli (68) and for the first 21 amino
acid codons of the hepatitis B surface antigen gene for ex-
pression in S. cerevisiae (75). Unfortunately, neither study
reported a quantitative comparison of the expression of the
“‘optimized’’ and natural gene, such that the above rea-
soning remains to be validated. Another useful modification
to protein coding segments of DNA is the introduction of
novel restriction endonuclease sites by ‘‘wobble’” at the
third base position of codons. The placement of sites at less
than every 60—80 bp apart enables a segment to be removed
and replaced by another synthetic fragment with altered
coding capacity. This placement forms the basis for the in
vitro modification technique known as ‘‘cassette muta-
genesis,”” which is described below.

A second area for applying the chemical synthesis of
duplex DNA is for noncoding DNA, especially promoter se-
quences which direct the position and strength of transcrip-
tional initiation of genes. Not only can well-characterized
promoters be synthesized for facilitating the design of versa-
tile expression vectors, but novel promoters can be designed
for optimization based on a concensus of which elements are
thought to be most important for activity, and mutated pro-
moters can be synthesized to test the importance of specific
nucleotide residues in the promoter activity. Consequently,

Watson-Crick
base-pair formation

Dupiex formation by DNA polymerase |
in the presence of 4 deoxynucleotide triphosphates

Digest with appropriate
restriction endonuclease(s}

1

Restriction
endonuclease
terminus

O

lasmi
plasmid vector Restriction

endonuciease
terminus

l Clone into a T

Fig. 4. The assembly of synthetic DNA duplexes using DNA polymerase 1.
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several natural (76,77) and artificial (78,79) E. coli promoters
have been synthesized and tested. This approach also can be
applied to the analysis of other genetic regulatory elements,
including transcriptional termination, enhancers, and
homeo-boxes. Also, the synthesis of complete protein
coding sequences flanked by artificial restriction endonu-
clease sites facilitates the cloning of the synthetic gene in
expression vectors (see also below; Gene Manipulation and
Expression).

DNA Sequencing

One of the greatest breakthroughs in the history of mo-
lecular biology was the development of two different yet ef-
ficient procedures for rapid determination of DNA sequence
(21,22), for which Walter Gilbert and Fred Sanger were
awarded the Nobel Prize in Chemistry (with Paul Berg) in
1980. The contribution of their technologies to modern bi-
ology is incalculable, its most celebrated contribution being
the definition of the amino acid sequence of the primary
translational product of every gene that has been cloned.
Each technique has its relative advantages and disadvan-
tages which will not be discussed here, but essentially all
molecular biology laboratories have adopted the use of ei-
ther or both technologies. The method of Gilbert (Maxam—
Gilbert) relies upon chemical degradation of DNA at specific
nucleotide residues followed by gel electrophoresis of the
degradation products. The Sanger method (chain termina-
tion) utilizes dideoxynucleotides (ddATP, ddGTP, ddCTP,
ddTTP) to achieve premature termination of polymerization
on a template—primer mediated by DNA polymerase, fol-
lowed by gel electrophoresis of the products of synthesis.
The development of M13 phage vectors for efficiently
cloning DNA into single-stranded circles (80) has provided a
convenient source of template, such template being a frag-
ment of the gene of unknown sequence. A synthetic ‘‘uni-
versal’’ oligonucleotide primer which is complementary to
the M13 sequence immediately 3’ to the target gene is an-
nealed to the template, thus providing a template—primer for
the ensuing polymerase reactions, as depicted in Fig. 5.
Early applications of this technique utilized small inserts in
the M13 vector, since individual sequencing experiments are
limited to approximately 200 nucleotides each. The tech-
nique has become more efficient with the following additions
(81): (i) utilize larger inserts in the M13 vector; (ii) sequence
the first stretch of 200 nucleotides by means of the universal
sequencing primer; (iii) synthesize as a second primer an
oligonucleotide composed of the last 15-20 nucleotides in
the first stretch; (iv) utilize the second sequencing primer for
deriving the sequence of the next 200 nucleotides; and (v)
synthesize another oligonucleotide primer, etc., until the en-
tire large insert has been sequenced. This technology now
has been used in hundreds of publications, and assay re-
agents are available from many different manufacturers in
easy-to-use Kkits.

Gene Manipulation and Expression

The successful manipulation of rDNA for molecular
cloning and for expression in heterologous hosts usually de-
pends upon the availability of convenient restriction endo-
nuclease sites for the isolation of protein coding sequences

Ellis

or genetic regulatory clements and their cloning in appro-
priate plasmid vectors, often for the purpose of expression
of a gene. Sometimes such sites are naturally available, but
usually life is not so straightforward! Synthetic oligonucleo-
tides are highly useful in this regard, in that they can be used
in conjunction with other techniques for the modification of
existing restriction endonuclease sites or for the creation of
novel sites not previously present. The creation of novel
sites by wobble of the third base position of codons during
gene synthesis has been described above. There are nu-
merous and elegant published techniques for the use of syn-
thetic oligonucleotides in the manipulation of restriction en-
donuclease sites; three of the common ones are outlined
below (Fig. 6).

(i) DNA fragments, whose termini are generated by re-
striction endonuclease digestion or by random chemical/en-
zymatic cleavage, are rendered flush-ended by the action of
T4 DNA polymerase or DNA polymerase 1-Klenow frag-
ment. These fragments are ligated by means of T4 DNA li-
gase to flush-ended (commercially available) synthetic oli-
gonucleotide duplexes containing the new desired restriction
endonuclease site (e.g., BamHI), then the DNA is digested
with the restriction endonuclease (BamHI) such that the
fragment can be cloned into a vector containing the new re-
striction endonuclease site. This general technique was ap-
plied by Maniatis et al. in the creation of the first described
genomic DNA ““library’” (10) and has been utilized by other
workers in subsequently described libraries.

(i) With the increasing availability of reliable ‘‘gene
machines,’” restriction endonuclease sites can be modified
and created in a more versatile way by means of ‘‘custom-
synthesized’” oligonucleotides rather than by those com-
mercially available. Two oligonucleotides are synthesized
and annealed to create a duplex with one overhang (ter-
minus) that can be ligated to the target DNA fragment and
with a second terminus that is the overhang for a second
restriction endonuclease site for the cloning of the fragment
into a vector containing that second site. In the example
shown, an EcoRI site in the target DNA (at amino acid
codon + 3) is modified to a BamHI terminus by ligation to a
synthetic duplex containing codons for amino acids 1-2, in-
cluding the ATG translational initiation codon, as well as a
““hidden’’ Hindlll site which might be useful for future ma-
nipulations. This fragment now can be cloned into the
BamHI site of an expression vector adjacent to promoter
sequences which will direct transcription of the gene in a
heterologous host cell.

(iii)) Where no restriction endonuclease site exists in the
desired region of the rDNA molecule, the rDNA can be di-
gested to the distal side of the site with an appropriate re-
striction endonuclease, then treated with an exonuclease
such as Bal31 (82) back to the desired region of DNA (as
diagnosed by DNA sequence analysis), and a synthetic oli-
gonucleotide duplex ligated to the terminus for creation of a
new restriction endonuclease site. This site then functions
as a new terminus for the further manipulation of the rDNA
fragment from the desired region. A most elegant applica-
tion of this approach by McKnight and co-workers (83,84)
was the creation of a series of clones containing deletions of
varying size spanning a 100 nucleotide stretch of noncoding
DNA which is important in transcriptional initiation of the
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Fig. 5. The use of synthetic oligonucleotide primers in M13-dideoxynucleotide DNA
sequencing.

thymidine kinase gene. These so-called ‘‘linker-scanning’’
mutants were used to elucidate three distinct elements (8—10
nucleotides each in length) of this gene promoter important
in the regulation of transcriptional initiation.

DIAGNOSTICS

Specific oligonucleotides can be used as hybridization
probes for the detection of point mutations in DNA. This
technique is especially powerful when applied to particular
human genes where single bp substitutions can cause certain
genetic diseases (85-90). The molecular basis for this tech-
nique was first suggested from the work of Wallace and co-
workers (24,29), who demonstrated that an oligonucleotide —
DNA duplex with a single bp mismatch will not form stably
under certain hybridization conditions under which a per-
fectly base-paired duplex will form. This means that the hy-
bridization specificity of an oligonucleotide can discriminate
between two different DNA molecules that differ by a point

mutation (91). Thus, two oligonucleotides can discriminate
by hybridization between two different gene copies allelic at
a point mutation (Fig. 7).

Applications

Conner et al. (92) first applied this technique to the
diagnosis of the point mutation (Glu® — Val®) in the sickle-
cell B-globin gene (93) relative to the normal human -globin
gene. In addition, they demonstrated the utility of direct gel
hybridization (94) of oligonucleotides as an alternative to the
Southern blot method (23) of hybridization of electrophoreti-
cally resolved (on the basis of size) DNA transferred to ni-
trocellulose. In direct gel hybridization, an agarose gel con-
taining electrophoretically resolved DNA is dried and hy-
bridized directly with the radiolabelled probe, in this case
the oligonucleotide, which readily diffuses into the gel. This
technique is more efficient than Southern blot hybridization
in terms of both shorter hybridization times as well as
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Fig. 6. The use of synthetic oligonucleotide duplexes for the modification of the termini of DNA fragments.

greater sensitivity because of reduced DNA losses. This
group utilized two 19-mer oligonucleotides to resolve the $3-
globin gene alleles by this method. Subsequently, the diag-
nosis of point mutations in $-thalassemia (95,96) and «-anti-
trypsin deficiency (97) has been reported using these tech-
niques.

Refinements

There have been recent technical refinements in the use
of oligonucleotides as probes for DNA. Most oligonucleo-
tide probes have utilized a single 3?P molecule enzymatically
added to the 5’ end of the molecule as the detection signal.
While such probes are sensitive in their detection level of
DNA, these probes are stable for only a few weeks due to
the radioactive decay of the 3P. Moreover, the use of 3P
constitutes a biohazard risk to laboratory workers, thereby
requiring special safety features. Thus, interest has turned to
biotin as a tag on oligonucleotides and DNA duplexes.
Biotin can bind to the glycoprotein avidin with a very high
affinity (98) and then can be detected by biotinylated alka-
line phosphatase in the presence of a substrate that develops
a colored product upon digestion with an enzyme. The bio-
tinylation of nucleotides first was reported utilizing RNA
(99), then subsequently for duplex DNA through the use of a

DNA polymerase reaction incorporating biotinylated nu-
cleotides onto a template—primer (100,101). More recently,
techniques have been described for the synthesis and use of
biotinylated oligonucleotides as hybridization probes
(102,103). These probes demonstrate a high specificity,
longer useful half-lines, and greater safety, but less sensi-
tivity, than 32P-labeled oligonucleotide probes. Improve-
ments in detection and labeling methods should increase the
sensitivity of these probes.

A second technical advance has been in the increase in
specific activity of oligonucleotide probes. As described
above, probes classically are tagged with a single *2P mole-
cule at its 5’ end. The incorporation of all four 32P-labeled
deoxyribonucleoside triphosphates onto a DNA template—
primer, followed by strand separation and purification of the
32P.labeled primer strand, enables ?P-labeled oligonucleo-
tide probes to be prepared to a specific activity an order of
magnitude higher than that attained by the earlier method
(104). As a result, the amount of genomic DNA required for
the detection of a single-copy gene by an oligonucleotide
probe can be reduced from 10 to 1 pg per sample. This en-
ables many more genetic analyses to be performed upon a
single DNA sample.

The use of oligonucleotide probes is permitting the
diagnosis of genetic diseases in utero (from DNA in amniotic
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Oligonucteotides
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312 313 3t4 315 316 317
asp pro lys thr gly ser

-«GACCCAAAGACAGGTTC T+
<«CTGGGTTTCTGTCCAAGA"

ge! electrophcresis

l Restriction endonuclease digestion l

denaturation
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CTGGGTTTCCGTCCAAGA GACCCAAAGGCAGGTTCT GACCCAAA AGGTTCT
CTGGGTTTCCGTCCAAGA CTGGGTTT TCCAAGA

perfect duptex mismatched duplex
GACCCAAAGIQCAGGTTCT GACCCAAAGACAGGTTCT
CTGGGTTTCTGTCCAAGA CTGGGTTTCGTCCAAGA CTGGGTTTCTGTCCAAGA

mismatched duplex

perfect dupiex
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Fig. 7. The molecular basis for the use of synthetic oligonucleotides to diagnose point
mutations in genomic DNA.

fluid) or for genetic analyses of adult tissues. One can envi-
sion a day when such analyses will be entirely automated by
a computer utilizing hundreds of oligonucleotide probes for
the rapid analysis of multiple genes. Some applications to
adult genetic analysis would be relatively straightforward in
terms of their ethical implications, such as forensics and pa-
ternity suits. However, the implications of other potential
applications, e.g., a diagnosis of genetic predispositions to
cancer, heart disease, or schizophrenia, are much more dif-
ficult to contemplate because of the great likelihood for dis-
crimination were such information about an individual made
widely known. Moreover, given the spectres of eugenics or
abortion, it is far from clear as to how society will handle the
information derived from the analysis of mutations in certain
genes in fetal DNA.

IN VITRO MUTAGENESIS

With the development of rDNA cloning and sequencing
techniques, the opportunity to define and direct genetic
changes on the molecular level became available. In partic-
ular, the cloning and sequencing of wild-type genes and their
available mutants coupled with a comparison of the function
of the variant genes or gene products afford the potential to
define structure/function relationships on the molecular
level. While early analyses depended upon the availability of
random, nonspecifically derived mutants, the availability of
oligonucleotides has enabled scientists to create point muta-
tions at any desired position in a DNA molecule. The tech-
niques used for this site-specific oligonucleotide-directed
mutagenesis as well as specific applications of these
methods are discussed below. It is noteworthy that a wide
range of other chemical and enzymatic techniques also has
been used to create both site-directed and random point mu-
tations as well as insertions and deletions in target genes.
Several excellent review articles discuss these other ap-
proaches (105-107).

General Techniques

The general principle involved in the use of synthetic
oligonucleotides to create insertions, deletions, or point mu-
tations is outlined in Fig. 8. This approach is based upon the
principle that an oligonucleotide that shares substantial but
incomplete homology with a single-stranded DNA template

is capable of hybridizing under appropriate conditions to the
template and of priming DNA polymerase-mediated syn-
thesis of a second strand. The incomplete homology can
consist of a point mutation, insertion, or deletion with re-
spect to the DNA template, as long as the oligonucleotide
forms at least several perfect base pairs with the template on
both sides of the nonhomology region. Following hybridiza-
tion, the action of DNA polymerase I-Klenow fragment and
T4 DNA ligase catalyzes the formation of covalently closed
double-stranded DNA containing the mismatch. Upon the
introduction of the DNA into E. coli, DNA replication of the
plasmids will cause segregation of wild-type plasmids from
mutant plasmids which contain the new sequence intro-
duced by the oligonucleotide. The mutant and wild-type
DNAs can be distinguished from one another by hybridiza-
tion with the mutagenic oligonucleotide (24). The single-
stranded template first used in this technique was ¢$X174
(108-110). For routine use, the target gene can be intro-
duced into M13 cloning vectors (80,81) which allow the iso-
lation of single-stranded DNA containing the target gene as
a template. Alternatively, the target gene can be cloned into
a plasmid vector; the double-stranded DNA can be enzymat-
ically nicked, and covalently closed circular single-stranded
DNA isolated for use as a template (111). There have been
several reported refinements to increase the efficiency of
mutagenesis in plasmid (91,112) or M13 (113-118) vectors;
the efficiency of mutagenesis generally has been higher in
the M13 system.

Applications

Operationally, DNA sequences can be divided into two
categories, protein coding sequences and noncoding se-
quences. The applications of site-directed in vitro muta-
genesis have focused on both types of sequences as targets.

Protein Engineering

The ability to utilize oligonucleotides for in vitro muta-
genesis has created great interest among protein chemists in
the designing of new proteins. The creation of mutated pro-
teins holds the prospect for an increased understanding of
such areas of protein chemistry as the basis for enzymatic
action, the mechanism and structural consequences of pro-
tein folding, and the mapping of active sites in a protein. A
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Fig. 8. The use of synthetic oligonucleotides in site-directed in
vitro mutagenesis.
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general review has been published recently (119) which dis-
cusses how amino acid modification generally can be used
for understanding the biological function of proteins. Sev-
eral examples of the results achieved by this technique
follow. (i) The earliest applications of this technique were to
probe the active site of B-lactamase, the bacterial protein
which mediates ampicillin resistance. The Ser’-Thr"!
(meaning threonine at amino acid position 71) dyad in the
presumptive active site was inverted to Thr’°—Ser’!; the re-
sulting mutant no longer had enzymatic activity (120). In an-
other study, it was shown that the replacement of Ser™ by
Cys™ did not destroy enzymatic activity (121) but did alter
substrate specificity (122). (ii) In the active site of the tyrosyl
tRNA synthetase of Bacillus stearothermophilus, Cys* in
the active site was converted to Ser® (123) and Thr’! was
converted to either Ala’! or Pro’ (124). Among these mu-
tants, enzyme activity was lowered 3-fold in one case and
raised 25-fold in another case, apparently as a result of an
altered K,, for ATP. (iii) Dihydrofolate reductase (DHFR),
found in every known organism, plays a key metabolic role
in the biosynthesis of several molecules. Three mutations in
the enzyme were constructed at sites which, based upon
X-ray crystal structural analyses of amino acid residues,
were important in DHFR structure and function: Asp?” —
Asn?, Pro* — Cys*®, and Gly*> — Ala® (125). The mutant
proteins displayed structural alterations consistent with
roles for these residues in catalysis and three-dimensional
protein structure. (iv) Ribulose-1,5-biphosphate carboxylase
is an important enxyme in photosynthesis. The Asp!®® —
Glu'*® mutation displayed altered Kinetic properties, sug-
gesting that the carboxyl group of Asp'® contributes to the
formation of the divalent metal ion binding site (126). (v) The
antiprotease a,-antitrypsin inhibits hydrolysis of connective
tissues, in particular lung. The active-site residue Met35® has
been altered to either Val® (57,127) or Arg?’® (128).

Ellis

Changing the Met rendered the enzyme oxidation-resistant
and also changed the antiprotease specificity of the enzyme.
(vi) The Phe? residue of yeast cytochrome ¢, having been
suggested to be in a functionally important region, was
changed to Ser®”, Tyr?’, or Gly% (129). While the mutant
proteins were equally active in electron transport as the wild
type, their reduction potentials were lowered significantly.
(vii) A functional analysis of the acetylcholine receptor was
performed with respect to the contribution of several muta-
tions in the a-subunit to overall receptor function (130). A
total of 20 deletions (by means other than oligonucleotide
mutagenesis) and 6 point mutations was constructed. In this
way, several regions and individual residues were implicated
in a-subunit function. (viii) Subtilisin, a serine protease of
Bacillus amyloliquefaciens, can be inactivated oxidatively at
Met?2 (131). Nineteen mutant proteins at position 222 were
created by substituting each of the 19 other amino acids for
Met (132). These mutations were produced efficiently by
means of the ‘‘cassette mutagenesis’’ technique (133). In
this method, nearby restriction endonuclease sites are cre-
ated that flank the condon on interest and that do not create
any changes in the condons at the new restriction endonu-
clease sites. The wild-type DNA between the two sites is
excised and replaced by synthetic DNA duplexes containing
the desired mutation. In the case of subtilisin, 19 different
25-bp duplexes were utilized. It was found that some of the
substitutions were highly resistant to oxidation. (ix) In an-
other study of subtilisin from Bacillus amyloliquefaciens,
based upon crystallographic data, the Asp®® — Ser® muta-
tion near the active site significantly changed the pH depen-
dence of the enzyme (134). (x) Mutants of trypsin, Gly?!¢ —
Ala?'® and Gly?*¢ — Ala??6, demonstrated reduced catalytic
rates but enhanced substrate specificities (135). (xi) Analysis
of the Tyr?*® — Phe?*® mutation of carboxypeptidase A dem-
onstrated that this residue is not critical to catalysis but that
it does participate in ligand binding (136).

As new genes for different proteins are cloned and se-
quenced, we can anticipate that the use of site-directed oli-
gonucleotide-mediated in vitro mutagenesis will contribute
to an understanding of the structure and function of these
proteins. While the scope for analysis is very broad, this
must be placed in perspective. More than one region of a
protein can be involved in a particular aspect of structure
and function; thus, analysis of mutants in only limited re-
gions of a protein will yield only partial information. Never-
theless, the versatility of this technique makes it extremely
useful for initiating such analyses.

Analysis of Noncoding Regions of Genes

DNA segments that do not encode mature protein
products can have a large range of functions such as tran-
scriptional initiation signals, transcriptional termination
signals, transcriptional enhancement, and intracellular pro-
tein routing. In vitro mutagenesis has been very useful in
dissecting the qualitative and quantitative nature of these
functions.

In one of the first uses of this technique, Wallace et al.
(137) created a 14-bp deletion in a region of the yeast tyro-
sine transfer RNA suppressor gene known as an intron, or
intervening sequence. This is a region present in the initial
RNA transcript of the gene that is removed (spliced out)
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during processing to the final mature form of RNA. The al-
tered gene was fully functional, thus demonstrating the non-
essential nature of these intron sequences.

The function of particular individual nucleotide residues
in transcriptional initiation regions (promoter sequences)
has been studied. One such sequence in the promoter for
chicken albumin received a single A — G mutation, which
was shown to markedly reduce the efficiency of gene ex-
pression, i.e., transcriptional initiation (138). Recently,
Kozak demonstrated that in a particular eukaryotic gene a
single C — A mutation at nucleotide —3 to the 5' side of the
ATG translational initiation codon increased the efficiency
of initiation at that ATG by a factor of 15 (139).

Another application of this approach is in the analysis
of sequences responsible for signalling the entry of proteins
into the secretory pathway of the cell. While these se-
quences initially are transcribed and translated into amino
acids, these ‘‘signal’’ amino acids are cleaved proteolyti-
cally after the entry of the polypeptide chain into the secre-
tory pathway, thus being absent in the mature protein
product. While one study showed that a Ser — Arg mutation
at the second amino acid residue of the signal sequence did
not affect the secretion of B-lactamase (140), another study
did identify key amino acid residues in signalling secretion.
The first five amino acids of the natural secretion signal se-
quence of the major E. coli outer membrane lipoprotein
have a net charge of +2. Mutants were created containing
net charges of +2, +1, 0, and —1 in these residues. With
increasing negative charge, less of the protein was secreted,
thus implicating net charge as a contributing factor to the
secretion signal (141).

Such approaches have great potential in defining the
role of individual nucleotides in the regulation of the flow of
genetic information DNA — RNA — protein.

CONCLUSION

Oligonucleotides rapidly are becoming routine labora-
tory reagents, and techniques for their use are increasingly
easier to perform. Their potential applications and multi-
plicity of targets are essentially unlimited. We can anticipate
fruitful applications not only in the above-mentioned areas
but also in areas yet to be developed.
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