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The chemical basis for the de novo design,1 engineering,2 and 
dissection of structure, function, and thermodynamic relationships 
of proteins3 depends on rapid, efficient, and accurate methods to 
create and alter the amino acid sequence. Synthetic genes are 
critical for the design of new proteins and provide the basis for 
powerful mutagenesis strategies.4 Existing methods for gene 
synthesis have many drawbacks, which include chemical synthesis 
of the entire duplex, multiple enzymatic reactions, purification 
of a large number of oligonucleotides (oligos), and length 
limitations.5 

In this paper we describe two general strategies for the rapid 
synthesis of long genes or gene fragments using multiple 
overlapping oligos6 and the polymerase chain reaction (PCR).7 

This general PCR gene synthesis (PGS) approach, one form of 
which is outlined in Figure 1, requires (i) chemical synthesis of 
less than 60% of the duplex, (ii) a single enzyme reaction, and 
(iii) purification of a minimal number of oligos and gives the 
desired gene as the only major product. We have also evaluated 
a convergent multistep synthetic scheme and have separately 
determined optimal conditions for Deep VentR(exo~) and VentR 
DNA polymerases (New England Biolabs, Inc.).8 

The target gene encodes bacteriorhodopsin (bR), a polytopic, 
a-helical membrane protein from Halobacterium halobium.9-10 

As part of this laboratory's structural and thermodynamic study 
of membrane proteins, we designed a novel gene (see Figure 2) 
optimized for cassette mutagenesis and helix-swapping experi
ments. The wild-type gene11 was used as the starting point for 
the introduction and removal of restriction sites12 via amino acid-
silent changes in the nucleotide sequence.13 A retrosynthetic 
strategy14 was employed in which the sites flanking the helices 
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Figure 1. Illustration of one possible mechanism for the PGS process. 
The complementary ends of the long oligos create short regions of duplex 
DNA, thereby priming the elongation by DNA polymerase. Products of 
the elongation reactions serve as substrates for formation of longer 
duplexes, eventually resulting in the synthesis of full-length material, 
which is then amplified by the short oligos, Pl and P2. 

were introduced first and then additional, intervening sites were 
added. The resulting synthetic bR gene (sbR) has 33 unique 
restriction sites, spaced an average of 24 base pairs (bp) apart, 
which required the substitution of 76 nucleotides. 

The long oligos were designed according to the following 
criteria: formation of unique overlaps, approximately 20 bp in 
length, minimization of intramolecular base pairing, and the use 
of oligos between 70 and 100 nucleotides in length. The oligos 
were chemically synthesized and purified.15 The lengths of the 
short oligos were selected to allow annealing at approximately 50 
0C. 

A systematic exploration of the reaction conditions indicated 
that the concentrations of long and short oligos and the annealing 
temperature were critical variables for the PGS reactions. 
Concentrations of deoxynucleotide triphosphates (dNTPs) and 
Mg2+ were chosen to maximize the fidelity of Taq DNA 
polymerase.16 Conditions for the synthesis and amplification of 
the gene segments I, II, and III using three sets of four oligos 
(4-part)l7 were more permissive than those required for the entire 
gene using 12 oligos (12-part).18 Optimization of the 12-part 
reactions compared to the 4-part reactions necessitated raising 
the annealing temperature and decreasing the concentration of 
both the long and the short oligos. Conditions for Deep 
VentR(exo-) and VentR DNA polymerases in the 12-part reaction 
were determined in an effort to increase the yield, purity, and 
fidelity of the product.19 Utilization of VentR DNA polymerase, 
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Figure 2. Illustration of the restriction sites, the transmembrane helical boundaries (A-G, unfilled regions), the intervening loops (filled regions), and 
the 5' and 3 ' flanking sequences (shaded regions) of the sbR gene. I, II, and III correspond to the sections synthesized separately using the 4-part PGS 
strategy. 
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Figure 3. Analytical agarose gel (2%) of the 4-part and 12-part PCR results. 
Lanes 1 and 2 are the PCR positive and negative controls, respectively.18 

Lanes 3. 4, and 5 are the 4-part PGS reactions for fragments I, II, and III, 
respectively. The reagent concentrations were 1 »M short oligo, 0.01 jiM long 
oligo, 200 «M dNTP, 150OMM Mg2*, and 2.5 U Taq DNA polymerase. The 
thermocycle program was 94 °C (1 min)/50 °C (2 min)/72 0 C (3 min) for 
25 cycles. Lanes 6, 7, and 8 are the 12-part PGS reactions for the full length 
sbR gene using Taq , Deep Ventn(exo), and VentR DNA polymerases, 
respectively. The reagent concentrations and the thcrmocycling programs arc 
as follows: lane 6, 1 jiM short oligo, 0.005 nM long oligo, 200 «M dNTP, 
1500 uM Mg2*, 2.5 U Taq, 94 "C (1 min)/50 0 C (2 min)/72 "C (3 min), 
31 cycles (this reaction mixture was concentrated 9-fold prior to loading on 
the gel);" lane 7, 0.1 »iM short oligo, 0.005 »iM long oligo, 200 jiM dNTP, 
2000 WM Mg2*.2unitsDeepVent„(exo-),94°C(l min)/56 °C (2 min)/72 
0 C (3 min), 31 cycles; lane 8, 1 «M short oligo, 0.005 uM long oligo, 400 »M 
dNTP, 2000 MM Mg2*, 2 units VentR. 95 "C (30 s)/56 "C (30 s)/72 0 C (1 
min), 31 cycles. Lane 9: Molecular weight markers, in bp. 

which possesses 3'—5' proofreading activity,8 required an increase 
in the dNTP and short oligo concentrations and a decrease in the 
times for denaturation, annealing, and extension. Analysis of 
the crude 4-part and 12-part reactions is shown in Figure 3. 

The desired 12-part PGS product was digested with either 
Nde\/BamHI, Ndel/HindUl,or EcoRl/BamHl and cloned into 
pUC19.20 DNA sequencing21 of both strands from seven clones 
(pGQ123B, I-IV) derived from the optimized conditions using 

(18) For typical 12-part PCR reactions using Deep VentR DNA polymerase, 
19 ML of distilled water was mixed with 10 nL of 1Ox buffer (200 mM Tris-
HCl, pH 8.8,10OmM KCl, 100 mM (NH,)jSO,,20mM MgSO4,1% Triton 
X-100), 2 uL of each dNTP (10 mM stock solution), I nL of each short oligo 
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by Perkin-Elmer Cetus. Following the addition of the reagents, the solution 
was quickly mixed and centrifuged, and one drop of mineral oil was added. 
Thermocycling was initiated immediately. After the end of the cycling, the 
reaction mixture was cooled to 0 "C and analyzed by gel electrophoresis on 
a 2% agarose gel. 

(19) Although conditions for Taq DNA polymerase in the 12-part PCR 
reaction were not fully optimized, Taq generally gave a lower yield of the 
full-length product when compared to Deep VentR DNA polymerase. One 
possible reason is that Taq is less thermostable than Deep VentR. 

Deep VentR(exo") DNA polymerase showed an error frequency 
of 0.24% (0.15% substitution, 0.07% deletion, and 0.02% inser
tion). After sequencing both strands of four independent clones 
obtained from a VentR PGS reaction, we found a similar error 
frequency of 0.22% (0.13% substitution and 0.09% deletion). The 
correct, full-length sbR gene was obtained by excising the Styl/ 
BamHI fragment from clone pGQ123BI and the Ndel/Styl 
section from clone pGQ123BII; these fragments were ligated 
into pUC19 which had been digested with Ndel/BamHI.20 In 
a convergent approach, we separately synthesized fragments I, 
II, and III using three sets of four long oligos and six short oligos 
with Taq DNA polymerase.22 The three fragments were 
sequentially inserted into a pUCI9 cloning vector. Sequencing 
six independent colonies gave an average error frequency of 0.19%. 
We have confirmed the expression of the synthetic gene in 
Escherichia coli by Western blotting using both amino and 
carboxyl terminal monoclonal antibodies.22 

The sequencing results indicate that the proofreading VentR 
enzyme has minimal, if any, effect on the correctness of the final 
product. Instead, the intrinsic homogeneity of the chemically 
synthesized oligo templates probably has the greatest impact. 
Our results agree with estimates of errors in chemically synthesized 
oligos which are, on average, 0.15% per nucleotide.52 This value 
and our data indicate that the ideal length of a gene fragment 
prepared using the PGS approach is on the order of 400-600 
bp.5a.23 

In summary, we have determined optimal conditions for the 
single step, total synthesis of a gene using DNA polymerases 
with and without proofreading activity, we have evaluated linear 
and convergent synthetic strategies, and we have defined important 
factors for gene synthesis using the PGS approach. 
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