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ABSTRACT 
 
We have constructed a short gene with a single step assembly PCR without any additional amplification primers 
with Taq and Pfu polymerases. Since the Taq polymerase is a common and conventional enzyme for PCR reactions, 
we have analyzed various effects on its efficiency. Eventually, we have been able to synthesize the gene in less than 
40 minutes by Taq polymerase. 
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INTRODUCTION 
 
Since the first oligonucleotides assembly (Gupta et 
al., 1968; Kleppe et al., 1976; Crea et al., 1978; 
Goeddel et al., 1979) applied to gene synthesis, the 
technique has drawn much attention due to its 
extensive application in molecular biology and 
biotechnology. The examples of such applications 
to gene synthesis are a) the optimization of the 
DNA sequences for the heterologous expression in 
a suitable host (Wheeler et al., 1996; Milek et al., 
2000; Manoj et al., 2004; Peng et al., 2006), b) the 
modification of the original sequences for specific 
purposes including elimination of sequences which 
instabilize RNA (Kang et al., 2004) c) establishing 
cryptic promoters (Bertorello et al., 1990) 
providing a short path to directed evolution (Xiong 
et al., 2007) and d) the investigation of 
transcriptional regulation (Krieg et al., 1991). One 
of the most critical situations which can be 

addressed by chemical gene synthesis is the 
lacking of template DNA (Chang et al., 2002). 
Several methods including enzymatic ligation 
(Smith et al., 1982; Borodina et al., 2003), ForkI 
method (Hayden and Mandecki, 1988) and PCR-
based strategies (Ciccarelli et al., 1991; Stemmer 
et al., 1995; Wooddelland Burgess, 1996; Gao et 
al., 2003; Young and Dong, 2004; Xiong et al., 
2006) have already been applied to chemical gene 
synthesis.  
In 1995, Stemmer et al described the assembly 
PCR technique, which was an attractive and 
relative low cost method in gene synthesis, as a 
technique in which small genes or gene fragments 
were synthesized. In this method short oligos 
which cover the entire desired gene duplex are 
selected. There is an overlapping between the 
successive oligos on sense and antisense strands. 
Conventionally, this method is performed in two 
steps. In the first step, the oligonucleotides is self-
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assembled and primed by PCR. In the second step, 
in another round of PCR, two outside 
amplification primer are added and the gene is 
amplified (Stemmer et al., 1995). 
Sequence errors are important limitations of 
assembly PCR. Much of these errors are 
introduced in second PCR reaction and sometimes 
screening of multiple colonies is required to select 
a colony without any errors (Baedeker and Schulz, 
1999; Lin et al., 2002; Hu et al., 2006). This 
method was simplified by combining two PCR 
reactions into single reaction called "simplified 
gene synthesis". In this method, KOD polymerases 
perform better than Pfu and Taq polymerases 
which are conventionally used in assembly PCR. 
Despite their efforts to obtain full length 777 and 
936 bp gene product by Taq or Pfu polymerases, 
no obvious full length was found. Then various 
parameters on efficiency of this technique were 
analyzed by KOD polymerases on the above-
mentioned genes which resulted in full length 209 
bp gene by Taq or Pfu but various parameters on 
its synthesis were not analyzed. In this study, a 
short gene was constructed with 195 bp length by 
modified SGS (Simplified Gene Synthesis). Then, 
its various effects such as concentration of 
oligonucleotides, primers and DNA polymerase, 

the kind of DNA polymerase were analyzed. 
Finally, a very fast method for chemical gene 
synthesis with assembly PCR was established. 
 
 
MATERIALS AND METHODS: 
 
Gene and Oligo Design 
The gene sequence which was selected for this 
study is Synechococcus PCC7942 smtA CDS 
(Gene accession number is X64585) that encodes 
metallothionein protein; its sequence was obtained 
from NCBI databases. In the modified method, 
Restriction sites of the enzymes "BamH I-NdeI 
"and Hind III were added to 5' end and 3' end of 
the gene’s original sequence respectively so that it 
could be cloned in vectors such as pBluescript KS 
and pET 21. In fact, the overlapping oligo design 
was set upon the sequence that included the 
restriction site. This sequence was checked by 
Gene Runner program (version 3.05) in order to 
know whether the restriction sites for these 
enzymes were in the sequence or not. Then the 
composition of final sequence was checked by 
FREQSQ program (www.bioinfo.hku.hk/services/ 
analyseq/cgi-bin/freqsq_in.pl). The characteristics 
of this sequence are shown in the Table1. 

 
Table1 - Composition feature of the sequence. 

53.33% A+C 
49.23% A+G 
45.64% A+T 
54.36% G+C 

 
 
The result showed that the sequence was a typical 
sequence. Then DNA work program was used to 
design the oligos in overlapping Tm which equaled 
59º C. The oligos were changed in a way that their 
ends were only with G or C because Taq and Pfu 
polymerases work more efficiently with 3' end 
with G or C. six oligos were designed with a 
length ranging between 44 and 48 bp and 

overlapping region between 15-19 bases. All 
oligonucleotides were checked by Gene Runner 
program for their GC content, hairpin loops, bulg 
loops, and dimers in 59ºc. They were named Sm1 
to Sm6.The oligos are listed in Table2. They were 
purchased from TAG Copenhagen A/S with RP-
column purification and MALDI-TOF quality 
control. 

 
Table 2 - Oligos sequence which were used in this study. 

sm1 5'-AAA GGA TCC CAT ATG ACC TCA ACA ACG TTG GTC AAA TGC GCT TG-3' 

sm2 5'-GGG ATC GAC GTT GCA GAG ACA GGG CTC ACA AGC GCA TTT GAC CAA C-3' 

sm3 5'-CTC TGC AAC GTC GAT CCC AGC AAA GCG ATC GAT CGC AAC GGT CTG TAC-3' 

sm4 5'-GGC CAT CGG CAC AGG CTT CGC TGC AGT ACA GAC CGT TGC GAT CG-3' 

sm5 5'-CCT GTG CCG ATG GCC ACA CCG GTG GTA GCA AAG GCT GCG GCC ACA CC-3' 

sm6 5'-AAA AAA AAG CTT TTA GCC GTG GCA GTT ACA GCC GGT GTG GCC GCA GCC-3' 
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Gene Synthesis 
The solution of all the oligonucleotides was made 
with 100µM concentration by adding strilled 
ddH2O. Then an assembly mix solution was made 
in which the concentration of each oligonucleotide 
was 1 µM. By dilution of this mix, the desired 
concentration of each oligonucletide in PCR 
reaction mix was obtained. In the first PCR 
reaction mix, a solution was made with 50 µl 
volume including 5 µl PCR buffer 10X, 1.5 µl 
Mgcl2 (50mM) and 1 µl dNTP (10mM). Then 1 µl 
oligonucleotide and 2U Taq polymerase 
(Cinnagen) were added to the assembly mix. The 
final concentration of components in the PCR 
reaction mix was 1x (PCR buffer), 
1.5mM(Mgcl2), 0.2mM(dNTP) and 
20nM(oligonucleotides). For the second PCR 
reaction mix 0.5 µl Pfu buffer10x with MgSo4 

(Fermantes), 1 µl dNTP (10mM), 6U Pfu 
polymerase (Fermantes) and 1 µl oligonucleotide 
were added. So the final concentration of each 
component in this reaction was 1x (Pfu buffer), 
0.2mM (dNTP) and 20nM (oligonucleotides). In 
each reaction the first and the last oligos were used 
in excess amount (0.4µM). Each PCR reaction was 
carried out in 30 cycle of (i) denaturing in 94° C 
for 30s, (ii) annealing in 57°C for 30s and (iii) 
extension in 72°C for 1 min. duration of final 
extension was 4 min. 
 
Gel Electrophoresis and Sequencing of PCR 
Products: 
The PCR products of reactions with Taq and Pfu 
polymerases were loaded on 1% agarose gel with 
100 bp ladder and were sequenced by Macrogene 
Company.   
 
 
RESULTS AND DISCUSSION 
 
After observing the expected bands on the gel, 
they were sequenced. In the sequencing result 
there was no error in product of both reactions. 
Eventually various effects such as oligonucleotide 
concentration, amplification primers 
concentration, concentration of DNA polymerase, 
and the number of cycles were analyzed on 
construction of the gene. 
 

Analysis of Oligonucleotide Concentration on 
Efficiency of Gene Synthesis 
With the result of Taq and Pfu polymesrases 
functioning well for short gene synthesis, various 
conditions for their function were analyzed so that 
these enzymes could be more applicable for short 
gene synthesis in single step assembly PCR. In 
accordance with the conventional assembly PCR, 
the equal molar of each oligonucleotide was used 
in each PCR reaction. Wu et al (2006) suggested 
that the optimal concentration of each 
oligonucleotide in single step assembly PCR was 
10-25 nM. 
However, this result was achieved by using KOD 
polymerases as well as the longer genes. In order to 
know whether using this range of concentration 
could be a rule for all of the polymerases and gene 
lengths, experimentsL were done with five 
different concentrations which four of them were 
out of this range. All of the reactions were 
performed in the above-mentioned conditions in 
material and method. The concentrations of the 
oligonucleotides in PCR reactions were 20, 50, 
100 and 200 nM. Then PCR products were loaded 
on 1% agarose gel with 100bp ladder. Results 
(Figure1) showed that the optimal concentration of 
oligonucleotides in PCR reactions could be out of 
the range (10-25 nM). As the results show, in the 
concentration of 20, 50, and 100 nM, this method 
gave an acceptable result, but at 200 nM, the result 
was not desirable.  To confirm the assumption that 
it was the extra concentration of oligos which 
affected the result, the oligos were used in PCR 
mix with 500 nM concentration. The result was 
not desirable too.  
It appeared that the smears below the expected 
bands were the result of the oligos that were not 
bound to each other; not having eventually 
extended completely, they produced truncated 
genes with different lengths. Meanwhile, the 
smears upper than the expected positions were due 
to extra and nonspecific binding of gene fragments 
to each other and to oligos. It indicated that the 
amount of oligonucleotides that were added to the 
PCR mix might be too high. 
This showed us that in single step assembly PCR 
with a definite PCR condition, the concentration of 
assembly oligos were critical, but depending on 
the conditions, these concentrations would be 
different. 
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L    A   B    C    D   E    F    G   H    I     J 

 
 
Figure 1 - Lanes A, B, C, D and E represent the PCR products by the oligonucleotides with 20, 

50,100,200 and 500 nM respectively. The amount of Taq polymerases in these reactions 
was 2U. The lane F to J represents the PCR reaction products with 500nM and with 2, 
2.5, 3, 4, 5 U Taq polymerase respectively (Ladder: 100bp, gel agarose 1%). 

 
 

Analysis of Taq Polymerase Concentration on 
Efficiency of Gene Synthesis 
The gene synthesis was done by 20 nM 
concentrations (an optimal concentration) of oligos 
with 2U, 4U and 6U Taq polymerase but no 
significant difference between PCR products 
bands on gel was observed (results not shown).  
After observing the result for the 500 nM 
concentrations of oligos, to understand whether the 
concentration of Taq polymerase could affect the 
smears on gel electrophoresis or not, five different 
PCR reactions with different concentration of Taq 
polymerases was performed in another analysis. 
But results showed that there was no significant 
difference for this oligo concentration and smear 
bands persisted upon gel (Figure1). In the results 
of Wu et al (2006) experiment, these smear bands 
could be seen in PCR products with KOD 
polymerases, Taq and Pfu polymerase. The 
difference between these smear bands among the 
polymerases was that in reactions by Taq and Pfu, 
the smear bands were below the predicted size of 
the gene, but in the reactions by KOD polymerases 
they were both below and above it. These results 
could be attributed to the properties of KOD 
polymerases. The elongation rate and processivity 
of KOD polymerases were much more than the 
conventional polymerases (Takagi, et al., 1997). 
The oligos could not bind in reaction with Taq 
polymerase and remained intact because the 

condition was not optimized for the PCR reaction. 
Meanwhile, in reaction with KOD polymerase, 
nonspecific longer genes were upon the gel in 
addition to truncated fragments because of the 
KOD polymerases properties and the non 
optimized PCR conditions. It is important to note 
that by performing the PCR with Taq and Pfu 
polymerase, and by increasing the concentration of 
oligos, the observed band on gel became nearer to 
the expected band. This occurrence was less poor 
by Pfu polymerase and it could be due to the 
smaller elongation rate as well as the processivity 
of Pfu compared to the Taq polymerase. Thus, it 
could be possible to construct longer genes by 
more concentration of Taq or Pfu polymerases or 
by modifying the PCR reaction condition. 
 
Effect of Primer Concentration on Efficiency of 
Gene Synthesis 
In this work, no additional external amplification 
primers were used. Instead, the first and the last 
oligonucleotides were employed in excess amount 
so that they could be used as amplification 
primers. The first and the last oligonucleotide 
could be designed in such a way that their ends 
functioned as sequences which include multiple 
restriction sites for different studies. In this part of 
the analysis, the oligos with 100nM concentration 
and 2U Taq polymerase were used.  
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L       A          B         C 

 
 

Figure2 - Lanes A, B and C represent the one step assembly PCR products with 100nM 
oligonucleotide concentration and 2U Taq polymerase. Amplification 
primers:assembly oligos ratio is 25:1, 50:1 and 90:1 in lane A, B and C respectively 
(Ladder: 100bp, gel agarose 1%). 

 
 
Eventually, the PCR reaction with the ratio of 
primer to oligos equal to 25:1, 50:1 and 90:1 was 
carried out. 
Although the gene was constructed in the ratio of 
50:1, it seemed that the excess amount of primers 
was not been served. Furthermore, in the ratio of 
90:1, because of extra excess of the first and the 
last oligos, the yield of gene construction was low. 
In fact, in this concentration of primers the other 
oligos had no sufficient opportunity to bind 
together. By analyzing this result, it seemed that to 
achieve a more efficient one step assembly PCR 
product without any additional primers the 
concentration of the first and the last oligos should 
be optimized. 

Very Fast Gene Synthesis by Single Step 
Assembly PCR 
Finally, by various experiments (data not shown), 
a procedure was established in which gene 
synthesis could be carried out in a short time. In 
the PCR reaction mixes, the PCR buffer, Mgcl2 
and dNTP concentration was the same as the 
above. 
The amount of Taq polymerase was 6U and the 
number of the cycles decreased to 10. The results 
for the oligonucleotide with concentration of 
20, 50, 100 and 200 nM are shown in Figure 3. 
Thus, a short gene was constructed in less than 40 
minutes. 

 
L     A        B        C       D 

 
 

Figure 3 - Lanes A, B, C and D represent the very fast single step assembly PCR with 20, 50, 100 
and 200 nM respectively. The concentration of the first and the last oligos as 
amplification primers was 0.4µM and the amount of Taq polymerase was 6 U (Ladder: 
100bp, gel agarose 1%) 
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To analyze whether decreasing the number of 
cycles could affect the non- specific gene 
construction by oligonucleotides with 500nM 
concentration or not, this procedure was used for 
500 nM oligo concentration; the results (Figure 4) 

showed that in this condition There was not 
sufficient time to construct intact gene, and the 
excess oligos were shown in a smear manner 
above the gel. 

 
 
 

 
 

Figure 4 - The gene synthesis by 500nM oligo concentration, 0.4 µM amplification primers and  
6 U by very fast single step assembly PCR (Ladder:100bp, gel agarose 1%). 

 
 
 

In short, in this study, a short gene was 
synthesized by single step assembly PCR with Taq 
and Pfu polymerases.  This method was modified 
so that any additional external primers were not 
used. The first and the last oligonucleotides 
themselves were used as amplification primers. 
Moreover, since the Taq polymerase is a common 
and conventional enzyme for PCR reactions, some 
analysis were done to understand which 
parameters could affect the efficiency of the result. 
Finally, the short gene was constructed by an 
optimized procedure in less than 40 minutes. 
By analyzing our results and comparing them with 
those of Wu et al (2006), with respect to the 
properties of KOD polymerases and their more 
elongation rate and processivity, it was confirmed 
that by modifying the PCR conditions such as 
oligonucleotides, polymerases and oligonucleotide 
concentration, by adjusting thermal cycle 
durations as well as the number of the cycles, the 
Taq and Pfu polymerases could be used for longer 
genes in single step assembly PCR. 
Finally, It could be concluded that each of the 
above parameters, depending on the condition of 
the reaction (other parameters and the length of the 

gene), could affect the yield of the simplified gene 
synthesis by Taq polymerase. 
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