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A B S T R A C T   

Positively charged amino acids in the DNA polymerase domain are important for interaction with DNA. Two 
potential residues in the palm domain of Pca-Pol, a DNA polymerase from Pyrobaculum calidifontis, were iden
tified and mutated to arginine in order to improve the properties of this enzyme. The mutant proteins were 
heterologously produced in Escherichia coli. Biochemical characterization revealed that there was no significant 
difference in pH, metal ion, buffer preferences, 3′ − 5′ exonuclease activity and error rate of the wild-type and 
the mutant enzymes. However, the specific activity, processivity and extension rate of the mutant enzymes 
increased significantly. Specific activity of one of the mutants (G522R-E555R) was nearly 9-fold higher than that 
of the wild-type enzyme. These properties make G522R-E555R mutant enzyme a potential candidate for com
mercial applications.   

1. Introduction 

DNA polymerase carries out template-guided synthesis of DNA. The 
enzyme functions in the presence of divalent cations (typically Mg+2). 
Positively charged amino acids of the enzyme are important for DNA 
binding [1]. DNA polymerases are used for a variety of applications 
including routine PCR, error-prone PCR, isothermal amplification, site- 
directed mutagenesis and DNA sequencing [2,3]. Both engineered and 
natural DNA polymerases are also used in synthetic biology as they can 
accept modified DNA substrates and can be used for propagation of an 
artificial genetic system [4,5]. Moreover, DNA polymerases are also 
important targets for treatment and prevention of diseases like cancer 
[1]. 

Based on the primary structure, DNA polymerases are classified into 
seven families namely A, B, C, D, X, Y and RT [6]. Family B DNA 
polymerases are found in all domains of life [7]. Many family B DNA 
polymerases have been reported from archaea [8,9]. Most of these 
belong to the phylum Euryarchaeota including Thermococcus gammato
lerans [10], Thermococcus gorganarius [11], Thermococcus kodakarensis 
(Tko) [12], Thermococcus eurythermalis [13] and Pyrococcus furiosus 
(Pfu) [14]. However, relatively less have been characterized from 
Crenarchaeota - Pyrobaculum calidifontis [15,16] and Sulfolobus 

solfataricus [17] – to name a few. 
The DNA polymerases from T. kodakarensis and P. furiosus have 

suitable properties for PCR application and are commercially available 
as well [18]. The DNA polymerase from T. kodakarensis displays better 
processivity, extension rate and fidelity. The presence of multiple posi
tively charged residues at the forked point is considered a key factor for 
its remarkable properties [19]. Also, when the polymerase domain of the 
low processivity P. furiosus DNA polymerase was replaced by the highly 
processive T. kodakarensis counterpart, it increased the processivity of 
the resulting chimeric enzyme [20]. Thus signifying better performance 
of T. kodakarensis DNA polymerase. 

The family B DNA polymerase from the hyperthermophilic archaeon 
P. calidifontis (Pca-Pol) has been cloned and characterized [16,21], and 
its crystal structure has been determined [15]. Pca-Pol can be used to 
amplify DNA by PCR (16). However, this enzyme exhibits lower proc
essivity. In order to improve the characteristics of this enzyme, its 
structure was compared with those of highly efficient DNA polymerases 
being used in PCR. Two amino acid residues (Gly 522 and Glu 555) in 
Pca-Pol were identified by this analysis which corresponded to posi
tively charged amino acids in the pocket of palm domain involved in 
DNA binding and metal ion interaction in Tko DNA polymerase. So, 
these amino acids were mutated to arginine and corresponding single 
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and double mutant variants were produced. Here we report the conse
quent improvements in the properties of these mutants including 
enzyme activity, processivity and extension rate which resulted in better 
PCR performance. 

2. Materials and methods 

2.1. In-silico mutagenesis and analysis of mutants 

The structure of Pca-Pol (PDB ID 5MDN) was used for in-silico anal
ysis of mutants [15]. In-silico mutagenesis was done by Modeller 10.2 
using “mutate_model.py” script [22]. The wild-type and mutant models 
were analyzed for salt bridges and hydrogen bonds by using ESBRI [23] 
and VADAR [24], respectively. In order to generate a model of the Pca- 
Pol and its mutants with DNA, its palm and thumb domains were indi
vidually fitted to those of T. kodakarensis (PDB ID 4K8Z) [12] followed 
by addition of DNA. The stability of the mutants was analyzed by FoldX 
[25]. 

2.2. Site-directed mutagenesis and construction of recombinant plasmids 

The palm domain of Pca-Pol was aligned with those of other archaeal 
counterparts. Gly522 at forked point and Glu555 near the metal-binding 
aspartate of Pca-Pol aligned with positively charged amino acids of 
T. kodakarensis DNA polymerase and were selected to be replaced by 
arginine. Overlap extension PCR was performed to produce three mu
tants including single mutants G522R, E555R and double mutant 
G522R-E555R. The sequences of external and internal overlapping 
primers are given in Table 1. PCR amplified mutant genes were cloned in 
pET-21a (+) expression vector. The corresponding recombinant plas
mids were named as pET-G522R, pET-E555R and pET-G522R-E555R. 
Sequencing of the cloned genes was done to confirm the mutants. 

2.3. Gene expression and protein purification 

E. coli BL21-CodonPlus(DE3)-RIL cells were transformed for expres
sion of mutant genes. Heterologous gene expression was induced with 
0.2 mM IPTG and the cultures were incubated in shaking incubator at 
37 ◦C for ~4 h. Un-induced cells of each culture were used as a control. 
The resulting cultures were centrifuged and cell pellets were suspended 
in 25 mM Tris-Cl buffer pH 8.5. Cells were lyzed by sonication (Vibra 
Cell 130 VC). Soluble fractions were separated by centrifugation at 6000 
×g for 10 min. The recombinant proteins were partially purified by 
heating the soluble fractions in water bath at 80 ◦C for 20 min to remove 
heat labile E. coli proteins. These heated fractions were centrifuged at 
12,000 ×g for 15 min to obtain heat-stable soluble fraction. The mutant 
recombinant proteins were further purified by HiTrap™ Heparin HP 
Column (GE Healthcare) using Äkta Purifier FPLC system (GE Health
care). After equilibration with 25 mM Tris-Cl pH 8.5 (containing 1 mM 
EDTA, 2 % glycerol and 1 % β-mercaptoethanol), the heat-stable frac
tions were loaded onto the column, washed and eluted with a linear 
gradient of elution buffer (0 to 1 M NaCl in equilibration buffer). The 
fractions containing the recombinant protein were pooled and dialyzed 
against dialysis buffer (10 mM Tris-Cl pH 8.5, 25 % glycerol, 0.1 % 
Tween 20 and 0.2 mg/mL BSA). Protein concentration was determined 

by Bradford method [26]. 

2.4. Optimization of PCR 

Buffer concentration, pH and MgCl2 concentration were optimized 
during PCR. The PCR reaction mixture, in 25 μL, contained 100 μM each 
dNTP, various concentrations of MgCl2, 0.2 μg template DNA, 50 pmol of 
each forward and reverse primers, Tris-Cl buffer (of various concentra
tions and pH) and the purified recombinant enzyme (0.1–2.0 μg). For pH 
optimization, PCR was performed at various pH of Tris-Cl buffer (7.0, 
7.5, 8.0, 8.5, and 9.0) keeping the buffer concentration constant at 30 
mM. For optimization of buffer concentration, PCR was performed at 
various concentrations of Tris-Cl buffer (10, 20, 40, 60 and 80 mM) of 
pH 8.0. For optimizing MgCl2 concentration, PCR was performed by 
using 0, 1, 2, 4, 6, 8 and 10 mM of MgCl2 in 30 mM Tris-Cl buffer pH 8.0. 
To determine the extension rate, the extension step in PCR was per
formed in optimized conditions for various time intervals (12–40 s) to 
amplify a 0.8 kb product. PCR temperature profile was: initial dena
turation at 95 ◦C for 3 min followed by 25 cycles of denaturation at 95 ◦C 
for 30 s, primer annealing at 55 ◦C for 30 s and extension at 72 ◦C for 45 s 
per kb [16]. 

2.5. DNA polymerase activity assay 

DNA polymerase activity was assayed as described previously [16]. 
Briefly, the reaction mixture (30 μL) consisted of 200 μM each dNTP, 2 
mM MgCl2, 1–8 μg activated calf thymus DNA as template (Sigma 
Aldrich), 4 % glycerol, 0.4 % Tween20, 2 μg/mL BSA, 20–80 mM Tris-Cl 
(pH 8.0) and 0.5 μCi [methyl 3H]-TTP. The reaction mixture was pre- 
incubated at 75 ◦C for 3 min and then 0.1–2 μg of recombinant 
enzyme was added to start the reaction. Aliquots, 5 μL, were withdrawn 
after regular intervals (2, 4, 6 and 8 min), added to DE-81 filter discs and 
dried. The discs were washed thrice with 0.5 M sodium phosphate buffer 
(pH 7.0) followed by washing with 70 % ethanol. The discs were dried 
and added to vials containing 3 mL of scintillation fluid. Incorporation of 
radioactivity was measured as counts/min (cpm) by using Raytest 
Malisa scintillation counter (Berlin, Germany). One unit of DNA poly
merase activity was defined as the amount of the enzyme required to 
incorporate 10 nmol [3H]TTP into a polynucleotide fraction (adsorbed 
on DE-81 filter disc) at 75 ◦C in 30 min. The specific activity was 
calculated by using the following formula. 

Specific activity =
nmol

78 μCi
×

Stock μCi
Stock cpm

×
Sample cpm

Enzyme amount
×

dNTPs conc
3H–dTTP conc  

2.6. Processivity assay 

Processivity measurement was done by using FAM-labeled primer. 
The reaction mixture (20 μL) consisted of 125 μM of each dNTP, 2 mM 
MgCl2, 100 nM template (M13mp18 ssDNA), 1 mM 5′-FAM labeled 
primer (5′-GCATCGGAACGAGGGTAGCAACGG), 4 % glycerol, 0.4 % 
Tween 20, 2 μg BSA and 20–80 mM Tris-Cl (pH 8.0). The reaction 
mixture was incubated in water bath at 90 ◦C for 3 min and then allowed 
to cool slowly to 55 ◦C for primer annealing. The recombinant enzyme 
0.1–2.0 μg was added to the reaction mixture for polymerization and 
mixture was incubated at 72 ◦C for 10 s. The reaction was stopped by 

Table 1 
Sequence of primers used for mutagenesis by overlap extension PCR.  

Enzyme Substitution Primer Sequence (5′-3′) 

G522R Gly to Arg G522R-F TTAGGCTGGGTTCGTGCGCGGTGGTACAAG 
G522R-R TACCACCGCGCACGAACCCAGCCTAAGTAG 

E555R Glu to Arg E555R-F AGGCTTGGCATCCGTGTGATATACGGCGACACGG 
E555R-R GCCGTATATCACACGGATGCCAAGCCTCTTCGC 

Wild-type – External-F CATATGAGGTTTTGGCCTCTAGACGCCACGTACTCTG 
External-R GCAGAAACTAGCCTAGGAAGTCCAAGAGTG  
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adding 100 μM EDTA. Fragment analysis was performed to analyze the 
processivity of each mutant using ABI 3500 Genetic Analyzer (Applied 
Biosystems). The peaks of electropherogram traces of each enzyme (wild 
type and mutants) were plotted on a log scale [27]. 

2.7. 3′-5′ Exonuclease activity assay 

Assay for 3′-5′ exonuclease activity of the wild-type and mutant 
enzymes was done as described earlier [16]. Firstly, 3′ labeled DNA 
substrate was prepared. HindIII digested λ phage DNA was filled in by 
exo-deficient Klenow fragment in a reaction mixture containing 100 μM 
each of dATP, dGTP, dCTP and 1 μCi [methyl-3H]-TTP. After radio
labeling, purification of the substrate DNA was done by sephadex G 25 
spin column (GE healthcare). The assay mixture for 3′ → 5′ exonuclease 
activity, in 50 μL, contained 4 mM MgCl2, 1 % glycerol, 0.4 % Tween20, 
8 μg BSA, 20–80 mM Tris-Cl (pH 8.0) and labeled substrate DNA. The 
reaction mixture was pre-incubated at 75 ◦C for 5 min before the addi
tion of 1 μg of each recombinant enzyme. Aliquots were removed from 
the reaction mixture after various time intervals and added to DE-81 
filter paper discs. The discs were washed as described in the DNA po
lymerase assay and remaining radioactivity on the discs was measured 
to determine the exonuclease activity. 

2.8. Fidelity assay 

The fidelity of wild-type and mutant enzymes was determined by 
using a modification of method reported [28,29]. Briefly, pUC19 
plasmid was amplified by PCR using the forward (5′-GCTACA
GAGTTCTTGAAGTGGTGGCCTAAC-3′) and the reverse (5′- 
ACCGCCTACATACCTCGCTCTGCTAATCCT-3′) primers. The reaction 
mixture (50 μL) consisted of 2 mM MgCl2, 20–80 mM Tris-Cl buffer, 0.5 
mM dNTPs, 5 μg BSA, 0.4 % Tween 20, 1 % glycerol, 250 ng template 
DNA (pUC19), 100 pmol each primer and 1 μg of the recombinant DNA 
polymerase. PCR temperature profile was: initial denaturation at 95 ◦C 
for 3 min, followed by 30 cycles of denaturation at 95 ◦C for 30 s, primer 
annealing at 55 ◦C for 30 s and extension at 72 ◦C for 2 min. The 
amplified plasmid was analyzed by agarose gel electrophoresis, treated 
with DpnI and purified. E. coli DH5α competent cells were transformed 
with purified amplified plasmid and blue-white screening was per
formed on LB agar plates containing IPTG and X-gal. The error rate (ER) 
of the wild-type and mutant enzymes was calculated by using the 
following formula: 

Error rate =
mf

bp × d 

Where mf is the mutation frequency which is the ratio of white 
mutant colonies to the total colonies; bp is the number of amplified base 
pairs of LacZα part of pUC19 plasmid (321 bp) and d is the template 
doubling 2d (d = Amount of PCR product/amount of starting target). 

2.9. Densitometry of amplified product and statistical analysis 

After agarose gel electrophoresis, gel images were captured by using 
Chemi Doc™ XRS+ System (Bio-Rad) and analyzed with Image Lab™ 
Software (Bio-Rad) for quatification. All experiments were done in 
triplicates. One way analysis of variance (ANOVA) was done using 
Microsoft Excel. A p value less than 0.05 was considered statistically 
significant. 

3. Results 

3.1. In-silico analysis of mutants 

Positively charged amino acids in the palm domain of DNA poly
merases are important for DNA polymerase activity and processivity 
[19]. Multiple sequence alignment was generated among selected 

crenarchaeal and euryarchaeal family B DNA polymerases (Fig. 1A). 
This alignment revealed that Gly522 and Glu555 of Pca-Pol aligned with 
positively charged amino acids of T. kodakarensis. Hence, Gly522 and 
Glu555 in the palm domain of Pca-Pol were mutated to arginine residues 
both as single and double mutants. Fig. 1B shows these selected wild- 
type residues in the structure of Pca-Pol (PDB ID 5MDN). 

After in-silico mutagenesis, the mutant models were analyzed. 
Gly522 (which corresponds to Arg501 of KOD DNA polymerase and lies 
at the fork point) was mutated to Arg. The side chain of Arg522 was 
found to be approaching DNA at the fork point. It was found that this 
side chain protruded nearly 3.5 Å toward DNA as compared to wild-type 
Gly522 (Fig. 1C). So, this can have a stabilizing effect on DNA binding 
and contribute to improved properties of the mutant enzyme. Glu555 
corresponded to conserved positively charged amino acids of other 
archaeal DNA polymerases and, hence, was mutated to Arg555. When 
analyzed for their stability by using FoldX, these mutants were found to 
be stable (free energy change of − 0.02 for G522R mutant and − 0.04 for 
E555R mutant; as compared to the wild type). 

3.2. Cloning and sequencing 

Based on the results of in-silico analysis of the selected mutants, site- 
directed mutagenesis of Pca-Pol was done. Overlap extension PCR, using 
mutation specific primers (Table 1), resulted in amplification of the 
mutant genes (Fig. S1A). These mutant genes were cloned in pET-21a 
(+), and named as pET-G522R, pET-E555R and pET-G522R-E555R. 
Digestion of the resulting recombinant plasmids with NdeI and HindIII 
liberated nearly 2.4 kb DNA fragment from the vector (corresponding to 
the size of Pca-pol gene) (Fig. S1B) indicating the cloning of the PCR 
amplified mutant genes. The mutations were confirmed by DNA 
sequencing (Fig. S2). 

3.3. Production and purification of mutants 

E. coli BL21-CodonPlus(DE3)-RIL cells were transformed using pET- 
G522R, pET-E555R and pET-G522R-E555R recombinant plasmids 
individually. Induction of the cells with 0.2 mM IPTG resulted in the 
production of nearly 89 kDa protein band, corresponding to the size of 
Pca-Pol. Analysis of the soluble and insoluble fractions, after cell lysis 
and centrifugation, showed that all the three recombinant mutant pro
teins were present in the soluble fractions. After heat-treatment of these 
fractions at 80 ◦C, all three mutant proteins remained soluble. These 
resulting proteins fractions were applied to HiTrap Heparin column. The 
mutant proteins were purified to considerable level of purity as 
demonstrated in Fig. 2. 

3.4. Characterization of mutant enzymes 

The mutant enzymes, after HiTrap Heparin column chromatography, 
were characterized and compared. Optimal buffer concentration and 
pH, MgCl2 concentration, extension ability, DNA polymerase activity, 
3′-5′ exonuclease activity and fidelity were determined. 

3.4.1. Comparison of PCR performance of mutants 
Performance of the mutants was monitored in PCR and was 

compared to that of the wild-type Pca-Pol [16]. G522R, E555R and 
G522R-E555R mutants did not show any difference in optimal buffer 
pH. All the mutants and the wild-type enzyme were optimally active at 
pH 8.0 (Fig. 3A). However, they displayed a slight difference in optimal 
buffer concentration. The single mutants, G522R and E555R, displayed 
a variation. They optimally amplified DNA fragments in PCR at 60–80 
mM Tris-Cl (pH 8.0) in contrast to the wild-type where no amplification 
was achieved at this concentration. However, the buffer preference for 
the double mutant G522R-E555R was similar as that of the wild-type 
enzyme. Both of these enzymes were optimally active at 20 mM Tris- 
Cl pH 8.0 (Fig. 3B). When MgCl2 concentration was compared, G522R 
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displayed highest amplification in the presence of 4 mM MgCl2, similar 
to the wild-type. The other two mutants, E555R and G522R-E555R, 
displayed highest amplification in the presence of 2 mM MgCl2 (Fig. 3C). 

Polymerization efficiency of the wild-type and the mutant enzymes 
was compared at different extension times in PCR ranging from 12 to 40 
s. The wild-type enzyme requires minimum of 30 s to amplify a 0.8 kb 
product to a detectable level. Whereas G522R mutant required at least 
18 s of extension time to amplify this fragment. Similarly, E555R mutant 
could amplify this product with a minimum extension time of 22 s. The 
double mutant, G522R-E555R, was able to amplify this DNA fragment 

even at an extension time of 12 s (Fig. 4, panels A, B, C and D). PCR 
amplification of double mutant G522R-E555R was also compared to 
those of Pfu and Taq DNA polymerases. It was found that G522R-E555R 
showed PCR amplification comparable to Pfu and Taq DNA polymerases 
(Fig. 4, panel E). No significant difference in amplification was observed 
when extension time was 1 min per kb for Taq and G522R-E555R DNA 
polymerases and 2 min per kb for Pfu enzyme (as recommended by the 
manufacturer). 

Fig. 1. A) Sequence alignment showing partial region of palm domain of Pca-Pol (Pca) PDB ID 5MDN aligned with palm domains of DNA polymerases from 
T. kodakarensis (Tko) PDB ID 4K8Z and P. furiosus (Pfu) PDB ID 4AIL. PcaGly522 and PcaGlu555 aligned with positively charged residues of other DNA polymerases 
are outlined. B) The tertiary structure of wild-type Pca-Pol (PDB ID 5MDN) showing the N-terminal, exonuclease, fingers, palm and thumb domains. Gly522 and 
Glu555 residues selected for mutagenesis are shown. C) Selected region of palm subdomain (green) of Pca-Pol double mutant showing Gly522Arg and Glu555Arg 
(sticks) mutations with DNA (magenta). 
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3.4.2. Comparison of DNA polymerase activity 
DNA polymerase activity of wild-type Pca-Pol and its mutants was 

determined by measuring the incorporation of [methyl 3H]-TTP in 
template DNA. The specific activity of E555R, G522R and G522R-E555R 
mutant enzymes was 2, 5.4 and 9.4-fold higher than that of the wild-type 
enzyme, respectively (Fig. 5). The specific activity of G522R-E555R was 

also compared with those of commercially available Pfu and Taq DNA 
polymerases by using the same amount of the enzymes. The determined 
specific activities of G522R-E555R, Pfu and Taq DNA polymerases were 
nearly 10,000, 8600 and 15,700 U/mg, respectively. 

3.4.3. Processivity analysis 
Processivity of the mutant enzymes was compared to that of the wild- 

type Pca-Pol. Processivity was determined at minimum extension time 
and DNA polymerase concentration to identify single hit condition. The 
electropherogram traces with and without various DNA polymerases are 
shown in Fig. 6A. Microscopic processivity (P) values were determined 
by analyzing the lengths (in nucleotides) and intensity of peaks of 
fragments extended by each enzyme. Each value of microscopic proc
essivity was obtained by linear regression as shown in Fig. 6B and 
average primer extension was calculated from 1/1 − P. The average 
primer extension lengths for P. furiosus (Pfu) DNA polymerase, Pca-Pol, 
E555R, G522R and G522R-E555R DNA polymerases were calculated as 
6, 9, 12, 23 and 38 nucleotides, respectively (Table 2). Although both 
the single mutants displayed an increase in processivity as compared to 
the wild-type, highest increase (more than 4-fold) was observed in case 
of double mutant G522R-E555R. KOD DNA polymerase, however, has 
been reported to have a processivity of more than 300 bases [30], a 
value much higher than those of the double mutant G522R-E555R and 
Pfu DNA polymerase. 

3.4.4. 3′-5′ exonuclease activity 
DNA polymerases having 3′-5′ exonuclease activity can correct errors 

during DNA synthesis by removing misincorporated nucleotides. 3′-5′

exonuclease activity of wild-type Pca-Pol and its mutants was analyzed. 
No significant difference in the 3′-5′ exonuclease activity of wild-type 
enzyme and its three mutants was observed (Table 3). The wild-type 
and all its mutant enzymes (both single and double mutants) released 
the same amount of radioactivity (nearly 70 %) from the 3′-end of 3H- 

Fig. 2. Coomassie brilliant blue stained SDS-PAGE showing purified wild-type 
Pca-Pol and its mutants (~89 kDa). Lane M, protein molecular mass marker; 
lane 1, wild-type Pca-Pol; lane 2, single mutant G522R; lane 3, single mutant 
E555R; lane 4, double mutant G522R-E555R. 

Fig. 3. A) Determination of optimum buffer pH for Pca-Pol mutants in PCR. I) Single mutant G522R. II) Single mutant E555R. III) Double mutant G522R-E555R. 
Lane M, molecular mass marker; lane 1, pH 7.0; lane 2, pH 7.5; lane 3, pH 8.0; lane 4, pH 8.5; lane 5, pH 9.0. B) Determination of optimum buffer concentra
tion for Pca-Pol mutants in PCR. I) Single mutant G522R. II) Single mutant E555R. III) Double mutant G522R-E555R. Lane M, molecular mass marker; lane 1, 10 mM; 
lane 2, 20 mM; lane 3, 40 mM; lane 4, 60 mM; lane 5, 80 mM. C) Determination of optimum MgCl2 concentration for Pca-Pol mutants in PCR. I) Single mutant G522R. 
II) Single mutant E555R. III) Double mutant G522R-E555R. Lane M, molecular mass marker; lane 1, 0 mM; lane 2, 1 mM; lane 3, 2 mM; lane 4, 4 mM; lane 5, 6 mM; 
lane 6, 8 mM; lane 7, 10 mM. 
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labeled DNA substrate. This indicated that all the mutants generated in 
this study retained 3′-5′ exonuclease activity in addition to an increase in 
their processivity as compared to that of wild-type Pca-Pol. 

3.4.5. Analysis of fidelity 
For fidelity analysis, pUC19 plasmid was PCR amplified by using 

different enzymes including wild-type Pca-Pol, G522R, E555R, G522R- 

Fig. 4. Ethidium bromide stained agarose gel demonstrating comparison of PCR extension efficiency of wild-type Pca-Pol and its mutants. A) Wild-type; B) E555R; C) 
G522R; D) G552R-E555R. M, molecular mass marker. Extension time in seconds is shown on top of each lane. E) Comparison of PCR amplification by G522R-E555R 
and commercial DNA polymerases. Lane M, standard marker; lane 1, G522R-E555R; lane 2, Pfu; lane 3; Taq. 

Fig. 5. Comparison of specific activities of wild-type Pca-Pol, its single mutants 
E555R and G522R, and double mutant G522R-E555R. 

Fig. 6. A) Electropherogram traces of Primers, Pfu, Pca-Pol (wild-type), single mutant E555R, single mutant G522R and double mutant G522R-E555R DNA poly
merases. Blue peaks in electropherogram correspond to single primer extension products and yellow peaks correspond to the standard LIZ600 size marker. B) 
Processivity of wild type Pca-Pol, single- and double-mutant DNA polymerases. Single primer extension products are plotted as log (Ant/AT) versus the length of 
extended primers and fitted by linear regression. Ant and AT represent the total extended fragments and the sum of the lengths of the extended primers. 

Table 2 
Comparison of processivitya of wild-type Pca-Pol and its mutants with Pfu and 
KOD DNA polymerases.  

Enzyme Microscopic processivity (PI) Average primer extended length 

Pfu 0.847 ± 0.02 6 ± 1 
Wild-type 0.906 ± 0.002 9 ± 1 
E555R 0.920 ± 0.004 12 ± 1 
G522R 0.957 ± 0.004 23 ± 2 
G522R-E555R 0.974 ± 0.002 38 ± 3 
KOD – >300b  

a Processivity is shown in terms of average primer extended length. 
b Processivity of KOD DNA polymerase is reported from Takagi et al., 1997. 
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E555R, and Pfu DNA polymerases. After transformation, blue and white 
colonies on the selection plates were counted and error rate was deter
mined. The error rate of these enzymes was: 2.7 × 10− 6 (Pfu), 5.1 × 10− 6 

(wild-type Pca-Pol), 5.5 × 10− 6 (G522R), 5.3 × 10− 6 (E555R) and 5.8 ×
10− 6 (G522R-E555R) as shown in Table 4. Although, the fidelity of wild- 
type Pca-Pol and all mutant DNA polymerase was ~2-fold lower than 
that of the Pfu DNA polymerase but ~2-fold higher than that of Taq DNA 
polymerase [31]. All the three mutants generated in this study have fi
delity similar to the wild-type enzyme Pca-Pol but showed improvement 
in their processivity. 

4. Discussion 

Many archaeal DNA polymerases have been characterized and used 
for biotechnological applications [32] and some have found commercial 
applications as well. However, virtually all commercial DNA poly
merases are from the members of phylum euryarchaea [18]. The finger, 
palm and thumb domains of DNA polymerases are important for sub
strate binding and catalysis. Several studies have reported that modifi
cation of amino acids in these regions can improve the properties of DNA 
polymerases [29,31,33]. Also hybrid DNA polymerases have been 
shown to have improved properties and performance in PCR [20,34]. 

Processivity and fidelity are among the important properties of DNA 
polymerase. It has been reported that extension rate and processivity of 
DNA polymerases can be improved by coupling them to DNA binding 
proteins as a fusion protein [34–36]. In this connection, another 
important factor is the presence of positively charged amino acids which 
interact with bound DNA [19,37,38]. The DNA polymerase from 
T. kodakarensis (KOD DNA polymerase) has shown high processivity and 
extension rate in PCR [30]. Also it has been reported that presence of 
multiple positively charged amino acids in KOD DNA polymerase is 
important for DNA binding and catalysis [12]. Therefore, KOD DNA 
polymerase was used as a template to align and mutate Pca-Pol for 
improving its properties as the wild-type Pca-Pol exhibited relatively 
low processivity and extension rate [16]. Therefore, based on sequence 
alignment and structural analysis, a couple of mutations were intro
duced in Pca-Pol to improve its properties. The amino acid sequence of 
palm domain of Pca-Pol was aligned with that of KOD DNA polymerase. 
Arg501 of KOD DNA polymerase is an important positively charged 
amino acid at the fork point [19]. The corresponding amino acid of Pca- 
Pol was found to be Gly522. Similarly, Glu555 of Pca-Pol aligned with a 

conserved positively charged residue of other archaeal DNA poly
merases. Therefore, both Gly522 and Glu555 of Pca-Pol were mutated to 
arginine, both as single mutants and a double mutant as well. 

When the mutant models of Pca-Pol were analyzed by in silico anal
ysis, it was found that both mutants were stable. In addition, PcaArg522 
mutant was predicted to form a salt bridge with Glu393 – whereas wild- 
type Gly522 does not have this interaction. Similarly PcaArg555 mutant 
was predicted to form a hydrogen bond with Lys567. Moreover, the 
Arg555 mutant has greater solvent accessible area as compared to wild- 
type Glu555. Collectively, these factors can contribute to the observed 
improvement in stability and properties of the double mutant. Also 
PcaArg555 lies close to metal binding aspartates of the palm domain. So 
it may possibly influence enzyme activity. 

The primer extension ability of the double mutant, G522R-E555R, 
was more than 2-fold higher than that of the wild-type Pca-Pol. In 
addition, the amount of this double mutant required to produce same 
amount of DNA product by PCR was 8-fold lower than that of the wild- 
type. This value for the wild-type Pca-Pol was ~2-fold lower than that of 
Pfu DNA polymerase. Furthermore, this double mutant exhibited nearly 
9-fold higher specific DNA polymerase activity as compared to the wild- 
type enzyme. 

When compared with other commercial DNA polymerases, PCR 
extension ability of G522R-E555R double mutant was similar to that of 
Pfu and Taq DNA polymerases - both of which are routinely used DNA 
polymerases. However, the extension rate of G522R-E555R double 
mutant was more than its wild-type enzyme. Nonetheless, G522R-E555R 
double mutant exhibited better fidelity as compared to that of Taq DNA 
polymerase and could synthesize DNA more accurately. 

In addition to processivity, the 3′- to 5′-exonuclease activity is pivotal 
for accurate copying of template by DNA polymerases. Wild-type Pca- 
Pol and its mutants generated in this study, possessed nearly same extent 
of 3′-5′ exonuclease activity. Because of the presence of 3′-5′ exonu
clease activity, the error rate of wild-type Pca-Pol and its mutants was 
much lower than that of Taq DNA polymerase [18]. 

Many commercial DNA polymerases are available nowadays. 
T. aquaticus DNA polymerase and its variants are still widely used for 
PCR. Among archaeal DNA polymerases, all commercially available 
enzymes are of euarychaeal origin. KOD DNA polymerase, however, is 
superior in its properties with an elongation rate of more than hundred 
nucleotides/s and a processivity of around 300 bases [30]. Fork-point 
arginine residues of KOD DNA polymerase are important for DNA 
binding and enhanced processivity. Introduction of arginine residues on 
corresponding positions of Pfu DNA polymerase improved the properties 
of resulting variant [20]. Several studies have compared the perfor
mance of various commercial DNA polymerases (including both 
archaeal and bacterial DNA polymerases) and found T. kodarensis-based 
DNA polymerases to be more suitable for these PCR applications 
[39–41]. So, introducing arginine mutations in Pca-Pol has resulted in 
improving the properties of its resulting mutants. The double mutant 
G522R-E555R has better processivity and extension ability as compared 
to wild type Pca-Pol without affecting its fidelity. Moreover, the G522R- 
E555R double mutant showed better processivity and extension rate as 
compared to Pfu DNA polymerase – a widely used archaeal DNA 
polymerase. 

5. Conclusion 

Replacement of non-polar (Gly522) and negatively charged (Glu555) 
residues with positively charged arginine in the palm domain resulted in 
increased substrate affinity. The double mutant enzyme, G522R-E555R, 
exhibited ~9-fold higher specific activity than that of the wild-type. 
Processivity of G522R-E555R was ~4-fold higher than that of the 
wild-type. Error rate of G522R-E555R mutant was nearly same as that of 
the wild-type despite an increase in processivity. The extension ability of 
this mutant was equivalent to commercially available Taq DNA poly
merase while double than that of the wild-type Pca-Pol and Pfu DNA 

Table 3 
Exonuclease activity (3′-5′) of wild-type Pcal-Pol and its mutants.  

Enzyme Released radioactivity (cpm) 

Wild-type 21,959 ± 19 
G522R 21,735 ± 17 
E555R 22,174 ± 21 
G522R-E555R 21,689 ± 15  

Table 4 
Comparison of fidelity of wild-type Pca-Pol and its mutants with Pfu DNA 
polymerase.  

Enzyme Blue 
colonies 

White 
colonies 

Mutation 
frequency 
(mf) 

Template 
doubling (d) 

Error rate 
(×10− 6) 

Pfu 6171 ±
118 

36 ± 2 0.006 ±
0.002 

7 ± 0.3 2.7 ± 0.2 

Pca-Pol 5697 ±
109 

72 ± 4 0.012 ±
0.0002 

7 ± 0.1 5.1 ± 0.3 

G522R 6235 ±
120 

79 ± 5 0.012 ±
0.001 

7 ± 0.4 5.5 ± 0.3 

E555R 5974 ±
113 

76 ± 5 0.012 ±
0.0003 

7 ± 0.5 5.3 ± 0.3 

G522R- 
E555R 

6814 ±
126 

93 ± 6 0.013 ±
0.0005 

7 ± 0.2 5.8 ± 0.2  
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polymerase. These improved features make G522R-E555R a potential 
candidate for applications in PCR. 
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