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266 PCR Methods and Applications

Precise and efficient synthesis of DNA
oligonucleotides is currently restricted
to a length of about 110-bp.™ Total gene
synthesis therefore involves the in-frame
assembly of such oligonucleotides to re-
sult in a coherent gene product. Such an
assembly is both time consuming and
fraught with the danger of generating
false sequences due to misannealing.
Also, the greater the number of steps
necessary to arrive at the final product,
the greater the chance of generating
false sequences. These problems are
much enhanced when genes >1 kb
length are synthesized. There are other
practical limitations to using total gene
synthesis as an alternative to more con-
ventional methods. Oligonucleotide
synthesis and subsequent assembly to ar-
rive at the final gene product is labor in-
tensive and requires extensive cloning
and sequencing to ensure a mutation-
free product. In addition, the need for a
large number of oligonucleotides could
be a budgetary limitation.

Total gene synthesis using a variety of
different methods has been reported pre-
viously. These methods include: (1) syn-
thesis of short, double-stranded (ds)DNA
fragments and subsequent ligation via
unique restriction sites,® (2) solid-phase
gene assembly,”® and (3) synthesis of
short (100-to 400-bp) dsDNA fragments
using PCR-based annealing/extension
and amplification.*"® These methods
involve synthesis of the oligonucleotide
building blocks and subsequent assem-
bly to yield the complete gene. The strat-
egy used to synthesize the 1610-bp hu-
man tissue type plasminogen activator
(t-PA) gene, by Bell et al.,”’ involved the
annealing and ligation of oligonucle-
otides to produce short dsDNA frag-
ments. These fragments were purified
and subsequently cloned. The inserts in
three different clones were then com-
bined via unique restriction sites to give
the final gene product. A similar strategy
is described by Jayaraman et al.,'?
wherein groups of oligonucleotides are
first pooled together in a ligation reac-
tion. The PCR reaction®'? is then used
to amplify the ligation product in the
presence of oligonucleotides comple-
mentary to the termini of the desired
product (terminal oligonucleotides).

The prerequisite for these methods is
that oligonucleotides spanning the en-
tire length of both DNA strands have to
synthesized, and that the polymerase is
used solely for amplification, and not

synthesis of, the parent molecule. The
difficulty in amplifying the parent mol-
ecule by PCR is proportional to the num-
ber of oligonucleotides that have been
ligated together. Our method signifi-
cantly reduces DNA synthesis by not re-
quiring oligonucleotides that span both
DNA strands completely. Based on an
observation by Mullis and colleagues
that multiple overlapping oligonucle-
otides could be used to generate syn-
thetic DNA through several sequential
rounds of Klenow-based PCR amplifica-
tion, =1 our method uses the overlap
extension technique™? in a stepwise
construction of Vent polymerase-based
PCR reactions.

The model system for our experi-
ments was the gene for the serine pro-
tease a-lytic protease. This 19.8-kD
protease is secreted by Lysobacter enzymo-
genes, a gram-negative soil bacterium.®?
The noncoding sequences preceding the
structural gene for a-lytic protease are of
the same pre-pro-mature structure that is
typical of the secreted proteases of Bacil-
Ius subtilis.*® Our objective was to in-
duce expression of a-lytic protease from
B. subtilis by making use of the noncod-
ing sequences of the B. amyloliquefaciens
protease subtilisin BPN’. One of the
problems inherent in such a strategy
comes from the fact that a-lytic protease
gene is extremely GC-rich (69% GC con-
tent)."'*19 Some genes that are effi-
ciently expressed in gram-negative or-
ganisms may not be expressed in B.
subtilis due to differences in amino acid
codon usage between these two classes
of organisms.*® An analysis of these
two genes o-lytic protease and subtilisin
BPN’) showed a marked difference in
codon preference. The codon preference
for the subtilisin gene from Bacillus was
incorporated into the pro- and mature
DNA sequences of the a-lytic protease
gene. Figure 1 shows the oligonucle-
otide design plan spanning the length of
this modified gene.

The classical use of PCR for generat-
ing insertions and deletions and in swap-
ping gene domains is not independent
of concerns about polymerase fidelity.
This is mainly due to the lack of 3'—5’
proofreading exonuclease activity in Taq
polymerase. As a result, misincorpora-
tions are relatively frequent and are on
the order of one incorrect nucleotide for
every 9000 nucleotides incorporated and
one frameshift for every 41,000 nucle-
otides.'”’ The error frequency is further
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} Olige 1

1 GSGSATCCATACT ATACAATTAATN;AC&G AATAATCTGTCT ATT%TTA'I'I'CTGCAAATGMAMAP&&GPGG 75

Oligo 2

76 ATAAAGAGTG AGAGGCAAAA AAGT) ATGGATCJ’G'I'I'I’GCTG mGCTITAG CGTTAATCTT TACGATGGCG TTCGG 130

Oligo 3
1

151 GGCACATWTW@GC{GAWAGTAGAWCAAWMMTWATGCAAMMCI TGGCAT 225

Oligo 4

226 CTTTCCTACA CAATTA(XBCMTACFACAMWBAMMTT

'cTcAAGmGCAGCTATOGMAGAGA 300

AGCAAGAA
Oligo 5

301 AWWMWTWWTWMAW#GTWM 375

Olige 6
1

376 AGGGGCTAGAAAATCATCTA CATTPGGCGEGSTTGMGTT AGAACGTTAGATACTCACT TAAACAATTACAGTC 450

Oligo 7
1

451 WAWWWTMWWA+GWWWW 525

526 TTGGTACGTAGATCCTAGATCT, AACGCAGT TG‘WAA&GGTTGATGNXSG@CT ACTGA TGCAGGGGTAGACTT 600

Oligo 9

601 mTMVATmmmmmmwmmémmeM 675
o

Oligo 10
1

676 CAT IGMGGCGGMTEMTACI%WMMATGQTCACT&GWCLG%AGGCTTCmAGTAmTAQGGOGC 750
igo

i
AAACGCTACAG CAAGAATTGG AGGOGCTGTAGTTGG 825

751 TACTAAAGGC TTOGTTACTG TGGAACTGT
Longo 12

826 AACTTTOGCAGCTAGAGTATTCCC

!
CGACAGAGCT TGGGTATCAC TTACATCTGC GCAAACTCTTCTGEC 900

Olige 13

|
901 TAGAGTAGCA AACGGCTCTT CATTCGTAAC TGTTAGAGGG TCTACAGAAG CTGCAGTTGG AGCAGCTGTATGTAG 975
—_—

Olige 14

976 ATCAGGAAGA ACTACAGGGT ACCAGTGTGG CACTATTACAGCAAAGAACG TTACTGCTAA CTACGCAGAAGGOGC 1050
e

Oligo 15

]
1051 TGTTAGAGGC CTTACACAAG GAMCGCTTG TATGGGAAGA GBCGATTCTG GOGGATCATG GATTACATCTGOGGG 1125
e——

Olige 16

1126 WWAWWWWAWWWMWG 1200
igo

1201 ATCTTCATTATTCGAAAGAC

]
\T CTTATCTCAA TA%GOC’W CACTTGTAACAGGCTGATAAAACAT 1275
igo

|
127 6 AMMAAACCGG CCTTGGCCCC GOOGGTTTTT TATTATTTTT CTTOCTCOGC ATGTTCAATCC GCTCCATAA TOGAC 1350
————

1351@mm’|’m&3 1372
Olige 20

Oligo 19

FIGURE 1 Sequence of the modlfled a-lytic protease gene. The sequences of the 20 synthetic
oligonucleotides are indicated. All even-numbered oligonucleotides are of the sequence shown,
whereas all odd-numbered oligonucleotides had a sequence complementary to that indicated.
Each oligonucleotide has a 25-base overlap with its neighbor on both sides except those oligo-

nucleotides that are at the ends of the gene.

amplified when using several cycles in
an amplification reaction as prescribed
by most PCR protocols. Whatever the er-
ror frequency, the success of the PCR
technique in numerous applications
proves that this problem can be circum-
vented. Total gene synthesis using PCR
methods would clearly be disadvantaged
by the used of Taq polymerase. The large

number of PCR cycles used in the syn-
thesis could result in an unacceptable
cumulative level of misincorporations.
The enzyme Vent polymerase has a 3'—-
5’ exonuclease activity that is responsi-
ble for its high fidelity*®2" (about 10-
to 15-fold greater than Taq polymerase),
and would therefore help to reduce er-
rors arising out of misincorporations.

Moreover, the higher thermal stability of
Vent polymerase (retains 50% of initial
activity after boiling for 3 hr) signifi-
cantly helps in reducing deletion errors
that could occur in areas of high second-
ary structure by using higher extension
temperatures.

MATERIALS AND METHODS

All DNA synthesis reagents, including
controlled pore glass columns and nu-
cleoside phosphoramidites, were pur-
chased from Applied Biosystems. The
oligonucleotides were synthesized on an
Applied Biosystems model 391 DNA syn-
thesizer and were purified using Oligo-
PAK-Column column purification. Taq
polymerase was purchased from Perkin-
Elmer Cetus and Vent Polymerase was
purchased from New England Biolabs.
All restriction enzymes, T4 DNA ligase,
and T4 polynucleotide kinase were ob-
tained from BRL, New England Biolabs,
or Boehringer Mannheim. Radiochemi-
cals were obtained from NEN duPont.

Phosphorylation, Extension, and
Ligation of Oligonucieotides

Fifty pmoles of each oligonucleotide was
phosphorylated individually in the pres-
ence of T4 polynucleotide kinase (20
units), kinase reaction buffer [final con-
centration: 50 mum Tris-HCl (pH 7.6), 10
mm MgCl,, 5 mum dithiothrietol (DTT)],
and an equimolar quantity of adenosine
triphosphate (ATP) in a final reaction
volume of 20 pl. The reaction mixture
was incubated at 37°C for 45 min and
then at 70°C for 10 min.

One to two pmoles of each phospho-
rylated oligonucleotide was mixed in an
annealing reaction volume of 20 ul [fi-
nal buffer concentration: 40 mwm Tris-
HCI (pH 7.5), 20 mm MgC,, 50 mm NaCl].
The reaction was incubated at 65°C for 2
min and the slowly cooled to room tem-
perature.

To 10 ul of the above annealing reac-
tion 2.5 units of T7 DNA polymerase and
5 units of E. coli DNA ligase were added
in a reaction mixture of 20 pl [final
buffer concentraction: 10 mM Tris-HCl
(pH 7.5), 2 mm DTT, 0.5 mm each dNTP,
and 1 mm ATP]. The reaction mixture
was incubated at 37°C for 60 min and
then at 70 °C for 10 min.

PCR Amplification

PCR amplification was carried out using
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50 pmoles of each terminal primer. In
those reactions where the reaction prod-
uct from an earlier reaction was required
as template, we used 2 ul (out of a 50-ul
total reaction volume) of the reaction
cocktail. The typical amplification con-
ditions were different for the two differ-
ent polymerases used as outlined below.

(1) Taq polymerase: Final buffer con-
centration: 10 mm Tris-HCI (pH 8.3), 50
mu KCI, 1.5 mm MgCl,, and 0.1 mg/ml
gelatine. To the reaction cocktail was
also added 200 pM final concentration of
each dNTP, 1.5 units Taq polymerase,
and 50 pmoles of each oligonucleotide
in a final reaction volume of 50 pl. The
reaction was overlayed with mineral oil
to prevent evaporation.

(2) Vent polymerase: Final buffer con-
centration: 20 mum Tris-HCI (pH 8.8), 10
myM KCl, 10 mm (NH,),SO,, 2 mwMm
MgSO,, and 0.1% Triton X-100. To the
reaction cocktail was also added 200 pm
final concentration of each dNTP, 100
ng/ml final concentration BSA, 1 unit of
Vent polymerase, and 50 pmoles of each
oligonucleotide in a final reaction vol-
ume of 50 pl. The reaction was overlayed
with mineral oil to prevent evaporation.

All reactions were thermally cycled
for 1 min at 94°C, 1 min at 48°C, fol-
lowed by 1 min at 72°C. In some cases,
better results were observed upon raising
the annealing temperature to 55°C. Gen-
erally 30 temperature cycles were carried
out followed by a final incubation at
72°C for 10 min to ensure complete ex-
tension.

Oligonucleotide Design

Figure 1 shows the complete sequence of
the modified a-lytic protease gene, indi-
cating the 20 oligonucleotides that were
synthesized. In general, the length of
each oligonucleotide is 100 bases with
the exception of the oligonucleotides at
the ends of the gene that are of shorter
lengths. Each oligonucleotide has a 25-
base complementarity with its neighbor.

Cloning and Sequencing

The final PCR product was run on an
agarose gel, and the band was excised
and purified using the GeneClean (BIO
101) procedure. The fragment was then
digested with BamHI repurified to elim-
inate the excised ends, and then cloned
into m13mp19 using standard proce-
dures.®® The positive clones obtained
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were sequenced wusing Promega’s
TaqTrack(TM) DNA sequencing kit.

Three different experimental strate-
gies in the order outlined below, were
tested.

(1) Annealing and extension of oligo-
nucleotides followed by PCR amplifica-
tion using terminal primers. In this
method, all 25 oligonucleotides were
phosphorylated and then pooled to-
gether in an extension/ligation reaction.
Because each oligonucleotide has a 20-
base complementarity with its in-frame
neighbor, each oligonucleotide would
precisely anneal and extend at the 3’ end
upon its neighbor with the help of the
added T7 polymerase. This would result
in the filling in of the missing sequences
in both strands of the double-stranded
fragment. T7 DNA ligase was added for
sealing the resulting nicks after the ex-
tension was completed. PCR amplifica-
tion using 50 pmoles of each terminal
primer and 2 ul of the above extension
amplification reaction as parent DNA
was carried out. The product was run on
a polyacrylamide gel. However, this did
not result in any detectable amounts of
the required product.

(2) Sequential PCR amplification of
gene fragments: A total of 10 separate
PCR reactions, each with one pair of ad-
jacent oligonucleotides (oligonucle-
otides 1 and 2, oligonucleotides 3 and 4,
and so on), was carried out using both
Taq polymerase and Vent polymerase.
The short pieces of dsDNA primary
dimers resulting from the first set of re-
actions were then directly mixed to-
gether in pairs (products from PCR of
oligonucleotides 1 and 2 and of oligonu-
cleotides 3 and 4 and so on) and sub-
jected to another round of thermal
cycling. Since the product of oligonucle-
otides 1 and 2 has a 25-base overlap with
the product of oligonucleotides 3 and 4,
the annealing and extension results in
the in-frame assembly of the two frag-
ments, yielding a larger fragment which
is a combination of oligonucleotides 1,
2, 3, and 4. This method, however, did
not result in any detectable amounts of
the larger fragment when analyzed on a
polyacrylamide gel.

(3) Sequential PCR amplification of
gene fragments using terminal primers.
In the previous strategy, the entire prod-
ucts of two primary PCR reactions were
directly mixed together and subjected to
thermal cycling. No detectable product
was obtained. However, upon addition

of small quantitites (10-25 pmoles) of
the terminal oligonucleotides 1 and 4,
and subsequent amplification, the larger
fragment became visible on a polyacry-
lamide gel. We found that Vent(R) poly-
merase yielded larger amounts of ampli-
fied product for the reaction conditions
used. Also, because Vent(R) polymerase
has 3'—§' proofreading capability, we
decided to use Vent(R) polymerase for all
subsequent amplifications. In a modi-
fied experimental approach, 1-2 ul
rather than the entire amounts of the
products from the first set of reactions,
were mixed together in pairs (product
from PCR of oligonucleotides 1 and 2
and of oligonucleotides 3 and 4, and so
on) in a fresh PCR reaction and ampli-
fied using 50 pmoles of each terminal
primer. This resulted in large amounts of
the larger fragment. Similar results were
observed for fragments from other sec-
tions of the gene. This procedure was
then carried out in a step-by-step se-
quential manner until all sections of the
gene were assembled, and the product
from the last amplification resulted in
the entire gene. As the fragments became
larger, some modifications to the gen-
eral protocol were necessitated. It was
found that the quantity of the product in
some cases became smaller as the prod-
uct size increased. In those cases, the use
of smaller oligonucleotides (the first 20
bases from the 5’ end of the larger olig-
onucleotide) as the terminal primers
solved the problem. Also, more stringent
annealing conditions (55°C instead of
48°C) were called for to reduce the pos-
sibilities of misannealing.

RESULTS AND DISCUSSIONS

Our first approach to total gene synthe-
sis was designed to generate small
amounts of the required product by di-
rect annealing, extension, and ligation
of the oligonucleotides. One of the olig-
onucleotides was radiolabeled to facili-
tate subsequent detection of the product
gene. A similar strategy was used to syn-
thesize the human t-PA gene'” with,
however, one basic difference. The
method used to synthesize the t-PA gene
required the synthesis of oligonucle-
otides spanning the entire length of
both DNA strands. Our oligonucleotides
did not span the entire length of both
strands but, rather, shared short overlaps
resulting in approximately half the
amount of DNA synthesis required. No
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product of the correct size was observed
upon analysis on an acrylamide gel fol-
lowed by autoradiography. Even upon
PCR amplification of the extension/liga-
tion reaction product using terminal oli-
gonucleotides, no detectable product
was obtained. Thus, when using the
overlap extension method, simple liga-
tion will not suffice.

The second approach uses direct ther-
mal cycling (i.e., without addition of the
terminal oligonucleotides) after combin-
ing larger quantities (40 pmoles) of the
primary double-stranded fragments.
Once again, no discernible target prod-
uct was detected. When two dsDNA frag-
ments are melted and annealed, only the
product with the 3’ end overlap can ex-
tend productively to form the larger ds-
DNA fragment. This is only a small per-
centage of the total DNA present, and, as
a result, would be difficult to detect.
Upon repeating the reaction in the pres-

ence of terminal oligonucleotides, the
small amounts of the desired product
(now serving as the template) can be am-
plified exponentially. This formed the
basis of the final method.

In the third method, dsDNA product
obtained from the first set of PCR reac-
tions served as the parent material in the
second set. The second PCR reaction was
carried out in the presence of the termi-
nal oligonucleotides yielding significant
quantities of product. Figure 2 illustrates
the overall experimental strategy for
constructing the synthetic gene using
terminal primer-mediated sequential
gene amplification. As illustrated, a total
of four sets of PCR reactions were carried
out, ten in the first, four in the second,
two in the third, and one in the final
reaction. Using the optimized reaction
conditions, the entire gene assembly can
be completed in 4 days, 1 day for each
set of reactions. Each set involves the

PCR reaction itself after which the prod-
uct is analyzed. This purified product is
used in the next set of reactions. Each
reaction brings about the precise anneal-
ing and amplification of the parent frag-
ments.

The first set of reactions resulted in 10
short strands of dsDNA, and almost no
single-stranded oligonucleotides were
visible when 1 pmole (1 ul out of the 50
pul reaction volume containing 50
pmoles of reaction product) of the prod-
uct was analyzed on a polyacrylamide
gel stained with ethidium bromide. Each
dsDNA fragment resulting from this first
round of PCR amplification shares a 25-
bp complementarity with its neighbor-
ing dsDNA fragment. Two or three of
these dsDNA fragments (1-2 pmoles)
were used as template in the second
round of PCR, as shown in Figure 2. The
reaction allowed the dsDNA fragments
to cross-anneal and extend upon each

1 3 5 9 11 13 15 17 19
y) q 4 . 10 T2 14 16 i3 20
[PCR REACTION 1 |
1 1 15
— i i —
-~ 0 14 | / <5
|PCR REACTION 2 |
1 11
— - —
[ )
PCR REACTION 3
1
—
20
PCR REACTION 4
FINAL CONSTRUCT

FIGURE 2 Experimental strategy for constructing the synthetic gene. Four sets of PCR reactions are carried out in a sequential manner, resulting in
the in-frame assembly of the oligonucleotides to give the final gene. Note that each end of each oligonucleotide overlaps with a region in the

adjacent oligonucleotide.
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other resulting in the formation of the
desired DNA molecules. The DNA frag-
ments thus formed are now the template
upon which the added terminal oligonu-
cleotides function as primers, further
amplifying the quality of the target DNA
molecules. In this way, significant quan-
tities of target fragment were obtained.
Two more PCR amplifications were car-
ried out. The first resulted in two halves
of the gene, and the second resulted in
the total gene (Fig. 3).

Throughout the gene synthesis, the
oligonucleotides used in constructing
the parent dsDNA fragment served as the
terminal primers. However, in the final
amplification of the total gene, shorter
oligonucleotides were found to improve
the quantity of the product remarkably.
This is probably due to the greater mo-
bility, and therefore higher priming effi-
ciency, of the smaller oligonucleotides.
Moreover, larger oligonucleotides do
not purify as easily as smaller ones, and
the impurities present in large oligonu-
cleotides can cause the formation of
nonspecific products.

Vent polymerase, however, has high
fidelity"®2" and helps to reduce errors
arising out of misincorporations. Also of
concern ate errors that might arise due

<1360

FIGURE 3 Modified a-lytic protease synthetic
gene. Standard: Lambda DNA EcoRI, HindlIl
double digest.
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to misannealing when many oligonucle-
otides are added to the reaction pool.
This could result in a variety of prob-
lems, ranging from rearrangement of the
oligonucleotides to large deletions
within the intended gene sequence.
Upon sequencing five M13 clones of our
putative gene, we found that the oligo-
nucleotides were arranged in the ex-
pected order. This shows that the indi-
vidual oligonucleotides annealed and
extended upon each other correctly.
Three of the clones had sequence errors
in the form of small (2- to 10-bp) dele-
tions and single-base misincorporations.
The number of errors as well as the po-
sitions at which they occurred varied
among the three clones. Of the other
two clones sequenced, one had multiple
single-base misincorporations, whereas
the other had a single misincorporation
error and no deletions. The latter clone
with a single misincorporation occurred
in the codon ACT wherein the T was re-
placed with an A. Because both codons
ACT and ACA code for threonine the er-
ror was not serious.

CONCLUSION

We have shown that a straightforward
PCR method can be used to generate
large synthetic genes in vitro. The
method uses PCR in a step-by-step se-
quential assembly of the gene. Each step
brings about the precise annealing and
amplification of each building block
fragment, which then serves as the par-
ent material for the next step. One of the
major advantages of this procedure is the
use of the polymerase to extend each oli-
gonucleotide upon its complement, thus
obviating the need to synthesize oligo-
nucleotides spanning the entire lengths
of both strands of the gene. The final
gene of 1.35-kb length is produced in a
total of just four sets of PCR reactions.
In the first two sets of PCR amplifica-
tions, optimization of reaction condi-
tions was not necessary. In fact, signifi-
cant variations in reaction conditions in
terms of buffer concentrations and cy-
cling temperatures did not produce any
discernible differences in product qual-
ity and quantity. However, reaction con-
ditions had to be optimized for the third
and fourth set of reactions. Also, the PCR
amplification efficiency was greatly im-
proved in some cases by substituting
smaller oligonucleotides (20 bases start-
ing from the 5’ end of the large oligonu-

cleotide) for the larger ones. In this way,
a small number of target DNA mole-
cules, already created in one round of
PCR, were amplified at a greater effi-
ciency using smaller terminal primers in
the second round.
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