Chemical DNA Synthesis and
Recombinant DNA Studies
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Twenty years ago, the design and con-
struction of totally synthetic genes was
just a dream, something that most bio-
chemists and geneticists did not expect
to happen in their lifetimes. Fortunately,
nucleic acid chemistry was considered
interesting in its own right, and a few or-
ganic chemists, foremost among them H.
G. Khorana (/), made steady progress on
oligonucleotide synthesis throughout the
1960’s and early 1970’s.

The work of assembling nucleotides
was slow and tedious, but when the natu-
ral nucleotide sequence of a small trans-
fer RNA (tRNA) became known in 1965
(2), it was possible to begin the step-by-
step assembly of nucleotides to form this

Thus cloning is of great importance for
synthetic DNA chemistry, and, con-
versely, synthetic DN A has proved to be
generally useful for recombinant DNA
work. Table 1 outlines most of the prov-
en applications of chemical DNA syn-
thesis to recombinant DN A work. In the
following sections, we review most of
these applications.

Methods for Chemical DNA Synthesis

Figure 1 illustrates the three methods
for oligodeoxyribonucleotide synthesis
that have been useful for recombinant
DNA studies.

Summary. Chemically synthesized DNA has been used in many recombinant DNA
studies. These uses have included the total synthesis and cloning of functional genes,
the cloning and expression of natural genes, and editing and changing genes by

directed mutation.

gene [77 base pairs (bp)]. A large team of
scientists worked on this for several
years, and by 1970 they successfully pro-
duced a small amount of the alanine
tRNA gene (3). However, critics were
quick to point out that with the methods
available then, sequence errors would
have been missed unless they were pres-
" ent in the majority of molecules. The ag-
gregate probability of having a perfect
molecule was very low. Of what value
was it for a large team of scientists to
work for years to make a few micro-
grams of a gene that might not be func-
tional? Fortunately, the critics did not
prevail, probably because of the basic
elegance of this intellectual exercise.

In the mid-1970’s, chemical DNA syn-
thesis suddenly became of great practical
value because of the unexpected devel-
opment of recombinant DNA tech-
niques. Molecular cloning requires only
microgram quantities of DNA, and once
a desired clone is obtained, a continuous
supply of the DNA fragment is ensured.
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Diester method. The diester method
was the first to be developed to a usable
state, primarily by Khorana and co-
workers (/). The basic step is the joining
of two suitably protected deoxynucleo-
tides to form a dideoxynucleotide con-
taining a phosphodiester bond (Fig. 1).
The diester method is well established
and has been used to synthesize a num-
ber of DNA molecules, including two
genes for tRNA’s (/).

Triester method. Although perfected
more recently (4), this method has ad-
vantages in speed and yield. The main
difference between the diester and tri-
ester methods is the presence in the lat-
ter of an extra protecting group on the
phosphate atoms of the reactants and
products. The phosphate protecting
group is usually a chlorophenyl group,
which renders the nucleotides and poly-
nucleotide intermediates soluble in or-
ganic solvents. Therefore purifications
are done in chloroform solutions. Addi-
tional features of the method are given in

0036-8075/80/0919-1401$01.25/0  Copyright © 1980 AAAS

the legend to Fig. 2. Some recent im-
provements in the method are (i) the
block coupling of trimers and larger oli-
gomers, (ii) the extensive use of high-
performance liquid chromatography for
the purification of both intermediate and
final products, and (iii) solid-phase syn-
thesis.

Polynucleotide phosphorylase meth-
od. Smith and his colleagues (5, 6) devel-
oped an enzymatic method of DNA syn-
thesis and successfully synthesized
many useful oligodeoxynucleotides. Un-
der controlled conditions, polynucleo-
tide phosphorylase adds predominantly a
single nucleotide to a short oligodeoxy-
nucleotide. Chromatographic purifica-
tion allows the desired single adduct to
be obtained. At least a trimer is required
to start the procedure, and this primer
must be obtained by some other method.
The polynucleotide phosphorylase meth-
od works well and has the advantage that
the procedures involved are familiar to
most biochemists.

Solid-phase methods. Drawing on the
technology developed for the solid-phase
synthesis of polypeptides, it has been
possible to attach the initial nucleotide to
solid support material and proceed with
the stepwise addition of nucleotides (7).
All mixing and washing steps are sim-
plified, and the procedure becomes ame-
nable to automation. Several research
groups are developing automatic DNA
synthesizers.

Initial Synthetic Gene-Recombinant
DNA Studies

In 1976, two small synthetic genes
were cloned: a regulatory gene (the lac
operator) (8) and a tyrosine suppressor
gene (9). These studies established that
chemical DNA synthesis methods were
indeed capable of making biologically
functional DNA. Both genes were copies
of natural gene sequences. The lac oper-
ator functioned by binding the lac re-
pressor protein in vivo; the synthetic
tyrosine tRNA gene ‘‘suppressed’” a
phage mutation.

The lac operator cloning experiments
also demonstrated that restriction en-
zyme sites can be added to the ends of
DNA molecules by blunt-end ligation.
Figure 3, which is adapted from Scheller
et al. (10), illustrates this method, which
has proven to be of great value for re-
combinant DNA studies. Several linkers
are now available commercially. Early
applications included cloning sea urchin
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Table 1. Applications of chemical DNA synthesis.

Key words Explanation References

Linkers Restriction sites that can be ligated @, 10-13,23)
to DNA fragments to facilitate cloning

Primers Specific priming of DNA synthesis; 24-30)
DNA and RNA sequencing; directed
mutation; gene editing

Gene synthesis Transfer RNA genes; regulatory genes; 1,8,9,14,17)
hormone genes

Gene isolation Linkers; specific primers; hybridization @, 10-13, 23-30)
probes

Gene alteration Shortening, lengthening, or changing @1,31,32,34-38)

natural genes; hormone analogs;
directed mutation; editing for effi-

cient expression

genomic fragments (/1) and constructing
lambda libraries containing mouse, rab-
bit, or human DNA (/2). The cloning of
complementary DNA (cDNA) is dis-
cussed later.

Recently, nonsymmetrical linkers
were made (/3). With these, sticky ends
are present immediately after ligation; no
treatment with restriction enzyme is re-
quired, an advantage for the cloning of
large DNA fragments that may contain
the same restriction sites as the linker.

Hormones from Synthetic Genes

Somatostatin. The natural nucleotide
sequences were copied for both the lac
operator and the tRNA genes. Thus syn-
thetic copies of natural genes were
made, cloned, and shown to function in
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vivo. However, as expected from the na-
ture of the genes, no peptide products
were made. The first peptide product
from a synthetic gene was somatostatin,
a mammalian hormone (/4). Somatosta-
tin was the first potentially useful peptide
product of recombinant DNA work. As
outlined in Fig. 4, DNA fragments for a
57-bp somatostatin gene were synthe-
sized by the triester method, assembled
and joined by ligase to form double-
stranded DNA, and inserted near the end
of the gene for B-galactosidase. In vivo,
somatostatin was made as a short tail on
the end of the p-galactosidase poly-
peptide chain. Somatostatin was cleaved
from the fused protein product by treat-
ment in vitro with cyanogen bromide,
which very specifically and efficiently
cleaves polypeptide chains at methi-
onine. Because the gene was made syn-
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Fig. 1. Three methods for the synthesis of DNA. All of these methods have been used to make

DNA for recombinant DNA experiments.
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thetically, it was easy to arrange for a
methionine to be at the junction of 3-ga-
lactosidase and somatostatin.

Since the nucleotide sequence of the
natural gene for somatostatin was still
not known, investigators designed the
gene for somatostatin by using the ge-
netic code and knowing only the desired
sequence of amino acids. Thus the soma-
tostatin gene was a totally man-made
gene; yet it functioned well, with more
than 10* molecules of somatostatin being
made per bacterial cell. In this case, the
fused protein approach was essential.
When the somatostatin gene was moved
just downstream of the lac operator so
that the product would be made without
a precursor peptide, no detectable soma-
tostatin was made (/4)—presumably
since Escherichia coli rapidly degrades
most small peptides (15).

Human insulin. After the somatostatin
project established the feasibility of the
synthetic gene approach for bacterial
production of hormones, almost identi-
cal methods were used for insulin (/6,
17). As reported by Crea et al. (16),
genes for the A and B chains of human
insulin were designed using the genetic
code and then synthesized by the triester
method. To make these insulin genes re-
quired the synthesis of 29 oligonucleo-
tides averaging 14 nucleotides in length.
These fragments, enough for a total of
181 bp of duplex DNA, were made by
four scientists in about 3 months. Today,
with new improvements and solid-phase
methods, this same synthesis would
probably require only 1 month.

The insulin deoxyoligonucleotides
were assembled and joined covalently by
ligation to form the two insulin genes.
Each gene was cloned and attached to
the gene for B-galactosidase (as was
done for somatostatin). Thus two bacte-
rial strains were constructed: one pro-
ducing a fused protein carrying the hu-
man insulin A chain, and the other a sim-
ilar fused protein carrying the B chain.
The insulin chains were clipped from the
B-galactosidase precursor by treatment
with cyanogen bromide and then puri-
fied. The two insulin chains were joined
by the Katsoyannis procedure (/8) to
yield complete insulin (/7). Good yields
were obtained (more than 10° molecules
per cell) (I7). The human insulin pro-
duced after purifying and joining the
chains is fully active by a number of
tests, including radioimmunoassay, re-
ceptor binding assays, fat cell assays,
and the rabbit hypoglycemia assay (/7,
19).

Several peptide products have been
made in E. coli from cloned foreign
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genes. Those whose production involved
genes made either totally or partly from
chemically synthesized DNA include, to
date, somatostatin (/4), insulin (/7),
thymosin (20), and human growth hor-
mone (hGH) (21). The growth hormone
project is especially interesting because
part of the gene coding for the first 24
amino acids was made chemically,
whereas the rest of the gene came from
cDNA.

Gene Editing

Although a gene of any size can in
principle be made by chemical DNA syn-
thesis, for large genes it is probably more
practical to isolate the natural gene and
then, when necessary, merely ‘edit’’ the
gene with chemically synthesized DNA.
The efficacy of this approach was dem-
onstrated by Goeddel et al. (21) with
hGH. As obtained from messenger RNA
(mRNA), the hormone cDNA was either
too short or too long (pregrowth hor-
mone) for correct expression of biologi-
cally active hGH. However, as illus-
trated schematically in Fig. 5, a Hae III
restriction site is located 70 nucleotides
from the beginning of the hGH sequence.
A DNA fragment was then synthesized
chemically which completed the se-
quence and allowed for easy insertion of
the complete gene at the correct position
behind the lac promoter for efficient ex-
pression (27). Active hGH was made in
extremely good yields—more than 10°
molecules per cell. In this case, the hor-
mone is reasonably stable in E. coli; per-
haps because of its size (191 amino
acids), no precursor peptide is needed.

Very recently, Goeddel and co-work-
ers (22) used a similar approach to pro-
duce biologically active interferon in E.
coli. This approach to gene editing and
gene completion seems generally applic-
able, especially since, if convenient re-
striction sites are not available in the nat-
ural sequence, they could be made by di-
rected mutagenesis.

Gene Isolation

Because of the obvious importance of
natural gene isolation, it is fortunate that
chemical DNA synthesis can aid this ef-
fort. The most common approach for
gene isolation from natural sources has
been to make cDNA from mRNA and
then clone double-stranded cDNA.
Linkers, as described above, have fre-
quently been used to aid the cloning pro-
cess. Ullrich et al. (23) were the first to
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demonstrate the feasibility of this ap-
proach by adding Hind III linkers to the
ends of rat insulin cDNA. The method
works well, but has the disadvantage
that the addition of the linkers often is a
low-efficiency step; thus far it has been

practical only when the desired message
is abundant. A great many genes of inter-
est, probably the majority, are not ex-
pressed at high levels. With proven
methodology it is very difficult to clone
genes expressed to less than 1 percent of
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Fig. 2. Chemical synthesis of oligodeoxyribonucleotides by the improved triester method. Start-
ing with nucleosides, it is possible to make a library of fully protected triester trimers, such as 4a
and 4b. The type 4b trimer, with the benzoyl 3'-protecting group, will become the 3’ end of the
oligonucleotide. The type 4a trimer is bifunctional and, depending on the treatment (either mild
acid or base), will be either the 5’ end component or an internal sequence component. Because
of the chlorophenyl protecting groups attached by an ester linkage to the phosphate groups
(forming phosphotriesters), the trimers and intermediate oligonucleotides are not soluble in
water. Therefore all purifications are carried out in nonaqueous solvents such as chloroform.
Trimers can be condensed to yield hexamers (for example, 5 + 6 yields 8), and hexamers can be
condensed to yield dodecamers (for example, 8 + 9 yields 10, still in fully protected triester
form). The next to last step in a typical synthesis is the removal of all protecting groups by
treatment with NH,OH and acetic acid, generating the desired water-soluble single-stranded
DNA fragment. The last step is a careful purification of the DNA fragment by high-pressure

liquid chromatography.
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Fig. 3. (A) Decameric linker
(10-mer) bearing a restriction A

enzyme site is joined by blunt- T4 Restriction
end ligation to both ends of the Decamer DNA Ligase endonuclease
DNA to be cloned. Cohesive WM + (ZZzzzzzZZZ) L Z 72

ends are produced by treat- B _ Ligase

ment with the restriction endo- 772277277777 + cf,'gé‘{g? _

nuclease; the DNA can then Réasrsricltion

be incorporated into a vector CCOAATTCGG endonuciease

that was cut with the same re- CGCTTAAGCC

striction endonuclease. (B)
Nucleotide sequence of an
Eco RI linker.

the total mRNA. Therefore it is fortunate
that oligodeoxynucleotides show great
promise in providing additional tools to
aid gene isolation.

Specific primers and hybridization
probes. Reverse transcriptase does not
initiate DNA synthesis on single-
stranded RNA. It is similar to DNA
polymerase in that it requires a primer
with a free 3’-hydroxyl to be base-paired
to the template strand. Oligodeoxythy-
midylate (dT) has been used to prime
most reverse transcription of mRNA,
but of course this is nonselective. When
sequence information is known or can be
guessed, it is possible to selectively
prime cDNA synthesis for the gene of in-
terest. For molecular cloning, specific
priming was first used successfully by
Villa-Komaroff et al. (24) to clone the
gene for rat proinsulin. The first two nu-
cleotides preceding the poly(A) (poly-
adenylate) tail of the message were
known to be GC (G, guanine; C, cyto-

A

Eco Ri

Ala Gly Cys Llys Asn Phe Phe

Trp  Lys

sine), so a (dT)sdGdC primer was used.
An enrichment for insulin cDNA was
probably obtained. Recently, a specific
deoxydecanucleotide primer aided the
cloning of full-length cDNA’s for rat pro-
insulin I and II (25). Specific priming
gave single-stranded cDNA’s that were
pure enough to use as hybridization
probes for screening colonies by the
Grunstein-Hogness colony hybridization
procedure (26). Earlier, use of a tri-
decamer as a hybridization probe allowed
the identification of a clone carrying the
gene for yeast cytochrome ¢ (27).

The exact sequence of nucleotides in
the desired mRNA was known for the
studies described above. In most cases,
however, such information is unavail-
able. However, if the sequence of the
protein is known, the genetic code can
be used to predict possible DNA se-
quences. Because of the degeneracy of
the genetic code, there will usually be
several possible sequences. However,
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5rAATTCATGGCTGGTTGTAAGAACTTCTTTTGGAAGACTTTCACTTCGTGTTGATAG
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(E} (F)
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5'; Trp
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S
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with the recent improvements in DNA
synthesis rates, all these sequences can
be made. As an application of this ap-
proach, Noyes et al. (28) used a dodeca-
mer to specifically prime gastrin cDNA
synthesis. Even with total mRNA from
the pyloric gland area, only two promi-
nent cDNA bands were seen by gel elec-
trophoresis analysis. Maxam-Gilbert se-
quencing established that one of the
bands was indeed derived from gastrin
mRNA. Two pentadecamers based on
the sequence of human interferon have
also been used to specifically prime re-
verse transcriptase (29). Priming was so
specific that sequencing of the interferon
message was possible. Other studies in
which mixed oligodeoxynucleotides are
used as primers and hybridization probes
are under way in several laboratories.
Wallace et al. (30) have shown that short
oligonucleotides (a heptadecamer, for
example) have an advantage over longer
DNA fragments as hybridization probes
in that single-base-pair mismatches have
a large effect on the stability, thus allow-
ing one to distinguish mutant from wild-
type.

Gene Alteration

Chemical DNA synthesis allows es-
sentially complete flexibility with regard
to gene manipulation and construction.
In most cases, the natural sequence will

Synthetic DNA Natural cDNA

hGH (1-24) hGH (24-191)
fmetay -+ raps @ **:aj91 Stop
T ] [ ]
R1 Hae Il Hae il Smal
R1 Hae lll Sma

T I ]
Complete human growth hormone

Fig. 4 (left). (A) Somatostatin gene. Eight oli-
godeoxynucleotides (fragments A to H) were
synthesized by the modified triester method
@). The codons are underlined and their cor-
responding amino acids are given. The eight
fragments were designed to have at least five
nucleotide complementary overlaps to ensure
correct joining by T4 DNA ligase to give du-
plex DNA 60 nucleotides long. (B) Schematic
overview of the stomatostatin project. The
gene for somatostatin was fused to the E. coli
B-galactosidase gene on the plasmid pBR322.
After transformation into E. coli, the plasmid
directs the synthesis of a chimeric protein that
has somatostatin on a short tail on the end of
B-galactosidase. Somatostatin is clipped off
by treatment with cyanogen bromide, which
cleaves specifically at methionine resi-
dues. Fig. 5 (right). Combination of chem-
ically synthesized DNA with an incomplete
human growth hormone (hGH) gene to pro-
duce a complete gene. The natural gene se-
quence for amino acids 24 to 191 (the COOH
terminus) was obtained by the molecular clon-
ing of pituitary cDNA. This natural gene se-
quence was then completed by the addition of
chemically synthesized DNA (21).
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be just the starting point. An excellent
example of this is provided by the ele-
gant studies on the lac operator by Caru-
thers and his colleagues (37). Many
changes have been made in the lac oper-
ator by combined chemical and enzymat-
ic synthesis. These operator ‘‘mutants,”’’
most of which are different from oper-
ator mutants obtained by classical ge-
netics, have led to a greater understand-
ing of specific protein-DNA interactions
(31, 32). Studies are under way in several
laboratories to make altered promoters.

Hormone and enzyme analogs. Organ-
ic chemists and peptide chemists have
long been making analogs, often with
good results, but analogs of the larger
peptide hormones have been difficult to
make. However, these hormones now
can be changed at will. With directed
mutation and other editing techniques,
specifically planned changes can be
made even in large hormones and en-
Zymes, SO we expect many hormone ana-
log experiments to be done in the near
future by recombinant DNA techniques.
In the long range, ‘‘natural’’ hormones
and enzymes may not be most suitable
for many applications.

Gene editing. We use the term editing
in the same sense as a film maker would.
Most natural genes will probably need to
be cut, spliced, or ‘‘mutated’’ for opti-
mum expression in E. coli. Unwanted
leader sequences, or, in some cases, in-
ternal sequences will need to be re-
moved. If the natural sequence near the
ribosome binding site and translational
start signal is such that inappropriate
mRNA secondary structure occurs, the
early portion of the gene can be re-
worked to change the mRNA secondary
structure.

wild
type

3'A ACA’C‘CCTATGGGAs'

TTGT, _GGATACCCT
\A/

am 3
wild type wild type
/\
DNA
Polymerase In vivo
—
T4 replication
Ligase

Directed Mutation

A powerful tool for gene alteration is
provided by directed mutation. There
are several methods for directing muta-
tions to specific sites (33), but the most
precise, flexible methods use synthetic
oligodeoxynucleotides. Hutchinson et
al. (34) and Razin et al. (35) first demon-
strated, using single-stranded ¢X174
DNA, that AT (A, adenine; T, thymine)
to GC transitions could be directed ef-
ficiently by oligodeoxyribonucleotides.
The process, which depends on DNA
synthesis by DNA polymerase specifi-
cally primed by synthetic DNA, is illus-
trated in Fig. 6. All types of single-base
changes have been made, both transition
and transversions (36). In vitro methods
for selection of the desired ‘‘mutant”
DNA were developed by Gillam and
Smith (37). Wallace et al. (38) recently
extended the method for use on double-
stranded DNA (pBR322) and showed
that specific deletions can be made. In
this case, an intron was removed from
a yeast suppressor tRNA precursor gene
that had been cloned in pBR322. It is
now clear that almost any well-defined,
simple change can be made by directed
mutation techniques.

Conclusion

Fortunately, the fields of chemical
DNA synthesis and recombinant DNA
came of age at approximately the same
time. From this short review, we hope it
is apparent that there already has been a
synergistic interaction between these
fields and probably the best is yet to
come.

Synthetic
primer

__ bx174
DNA

Select or screen
for wild type

Fig. 6. Correction of a mutant by directed mutation. A chemically synthesized oligodeoxynu-
cleotide with a wild-type sequence is hybridized (with a single-base-pair mismatch) to a $X174
mutant, amber 3 (am 3). The oligonucleotide serves as a primer for DNA synthesis in vitro.
Transfection and replication in vivo yield a sizable percentage of ‘‘corrected’’ progeny.
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