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Abstract
Thermostable DNA polymerases are being widely used in polymerase chain reaction for diagnosis, cloning and DNA sequencing
purposes. We have cloned a gene from Pyrobaculum calidifontis encoding a thermostable DNA polymerase and expressed in
Escherichia coli BL21(DE3). The gene product was produced in soluble and highly active form. However, the expression was
low, which resulted in a poor yield of the recombinant enzyme. In order to get higher expression, we introduced a silent mutation
at second codon by replacing the rare codon (AGG), for arginine, with an E. coli preferred codon (CGT). This resulted in nearly a
2-fold higher production of the recombinant protein. We further optimized the inducer concentration and time of cultivation after
induction. Under optimized conditions nearly 3-fold higher production of the recombinant protein was observed. Furthermore,
we changed the expression host to E. coliRosetta DE3 cells. However, there was no increase in the expression level, rather it was
slightly decreased. Such silent mutations and use of an alternate expression host can be used to enhance heterologous expression
of other genes too.
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Abbreviations
PCR polymerase chain reaction
Taq Thermus aquaticus
tRNA transfer RNA
mRNA messenger RNA
dNTP deoxynucleoside triphosphate
dATP deoxyadenosine triphosphate
dGTP deoxyguanosine triphosphate
dCTP deoxycytidine triphosphate
dTTP deoxythymidine triphosphate
SDS sodium dodecyl sulphate
PAGE polyacrylamide gel electrophoresis
Tm melting temperature
IPTG isopropyl β-D-1-thiogalactopyranoside.

Introduction

DNA polymerase is a vital enzyme for life as it copies DNA
during replication. DNA polymerases have various applica-
tions including polymerase chain reaction (PCR), a method
for amplification of desired DNA fragments (Kovarova and
Draber 2000; Zhu et al. 2020). During PCR, the high temper-
ature requires thermostable DNA polymerase. So, the DNA
polymerases from thermophilic bacteria and archaea find util-
ity in PCR. Taq DNA polymerase, an enzyme isolated from
T. aquaticus, is the most commonly used enzyme for this
purpose. However, this enzyme does not possess 3′ to 5′ exo-
nuclease activity. Hence it has low fidelity during DNA rep-
lication. Furthermore, it lacks the ability to amplify longer
DNA segments (Hamilton et al. 2001). These problems, can
be overcome by using DNA polymerases of archaeal origin.
Most of the DNA polymerases isolated from hyperthermo-
philic archaea belong to family B and possess 3′ to 5′ exonu-
clease activity (Lundberg et al., 1991; Takagi et al., 1997),
thereby display high fidelity in DNA amplification. Several
thermostable recombinant DNA polymerases have been char-
acterized from euryarchaeota including Pyrococcus abyssi
(Dietrich et al., 2002; Gueguen et al., 2001), Pyrococcus
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furiosus (Lundberg et al., 1991), Thermococcus litoralis
(Kong et al., 1993), Thermococcus aggregans (Niehaus
et al., 1997), Thermococcus gorgonarius (Hopfner et al.
1999), Thermococcus sp. 9_N-7 (Southworth et al., 1996),
Thermococcus kodakarensis (Takagi et al., 1997; Yamashita
et al. 2017), Thermococcus fumicolans (Cambon-Bonavita
et al., 2000) and Thermococcus gammatolerans (Zhang
et al. 2020). A few reports are also available from
crenarchaeota (Feng et al., 2020) including a family B DNA
polymerase from P. calidifontis (Ali et al., 2011; Guo et al.,
2017). However, heterologous expression of DNA polymer-
ase gene from P. calidifontis resulted in low yield of the re-
combinant enzyme.

Synonymous codon substitution, because of its apparent
silent behavior, has long been considered inconsequential.
However, this dogma has been refuted and significant impact
on heterologous gene expression level has been observed by
synonymous codon substitution (Bibi et al. 2017; Chamary
et al. 2006; Saunders and Deane 2010; Plotkin and Kudla,
2011; Chen et al., 2020). Translational efficiency is consid-
ered to be influenced by the mRNA secondary structure.
Expression level reduces significantly by strong hairpin loop
formation centered at initiation codon (AUG) and Shine-
Dalgarno ribosome binding site (Kubo and Imanaka, 1989).
Synonymous codon substitution at the 5′-end can impact
mRNA secondary structure and its stability, and thus the rel-
ative translation kinetics at initiation and elongation steps
(Tuller et al., 2010). Furthermore, the speed of translation of
a codon is also affected by its frequency. More frequent co-
don, in the genome of an organism, is translated faster because
of abundance of its cognate tRNA (Sørensen and Pedersen,
1991; Sørensen et al., 1989; Victor et al., 2020). Through
codon usage, the traffic of ribosomes on mRNA could be
controlled. More frequent codons would give smooth fast
traffic. The passage from a segment carrying rare codon to
one carrying frequent codon would minimize the bottleneck
for ribosome traffic and could reduce jamming, which in turn
could increase the level of gene expression (Deana et al.,
1998).We describe here the effect of: i) synonymousmutation
from a rare codon to E. coli preferred codon, ii) reduction in
hairpin loop formation in mRNA, iii) host cells, iv) inducer
concentration, and v) time after induction, on expression level
of a family B DNA polymerase gene from P. calidifontis.

Materials and methods

Chemicals, reagents, enzymes, plasmids and host cells

The chemicals used in this research work were of analytical
grade and purchased either from Merck (Germany), Sigma
(USA), Thermo Fisher Scientific (Leicestershire, UK) or
Fluka (Buchs, Switzerland). The primers for gene

amplification were synthesized by Macrogen (Korea). Taq
DNA polymerase, T4 DNA ligase, dNTPs, restriction endo-
nucleases, DNA and protein size markers were purchased
from Thermo Fisher Scientific (USA).

E. coli propagation strain DH5α and expression host
strains BL21 (DE3) and Rosetta (DE3) were from Novagen
(Merck, Germany). Cloning vector pTZ57R/T was from
Thermo Fisher Scientific (USA) and pET-21a(+) from
Novagen (Merck, Germany). Luria-Bertani (LB) broth and
agar were used as growth media of the host cells.

Cloning and expression of mutated DNA polymerase
gene

A silent mutation immediately after initiation codon was in-
troduced in the wild type gene. The low frequency codon in
E. coli for arginine (AGG) was replaced by a high frequency
codon (CGT).

Wild-type Gene: ATGAGGTTTTGGCCTCTAGA
CGCCACGTACTCTG……TAG.

Mutated Gene: ATGCGTTTTTGGCCTCTAGA
CGCCACGTACTCTG…….TAG.

For amplification of the mutant gene by polymerase chain
reaction (PCR), a set of forward (Pol2N) and reverse (Pol2C)
primers was used. Nucleotide sequence of the primers, their
melting temperature (Tm) and GC contents are shown in
Table 1. Genomic DNA ofP. calidifontis strain VA1was used
as template for PCR amplification of the mutated gene. The
PCR amplified gene was ligated in pTZ57R/T (Thermo Fisher
Scientific) and the resulting construct was names pTZ-PolM.
The DNA polymerase gene was liberated by digesting pTZ-
PolM with NdeI and BamHI and ligated in pET-21a(+)
digested with the same restriction enzymes. The resulting
plasmid was named pET-PolM. Construction of expression
plasmid for wild-type gene has been previously described
(Ali et al., 2011). Escherichia coli BL21 (DE3) and Rosetta
(DE3) were used as host cells for heterologous expression of
the gene. Host cells carrying pET-PolM plasmid were culti-
vated at 37 °C and gene expression was induced with 0.12,
0 . 2 5 , 0 . 5 a n d 1 . 0 mM o f i s o p r o p y l β - D - 1 -
thiogalactopyranoside (IPTG) when optical density of the cul-
ture at 600 nm was ~0.4. Cultivation was continued at the
same temperature for 1, 2, 4, and 6 h after induction. The cells
were harvested by centrifugation at 6000×g for 15 min and
suspended in 50 mM Tris-Cl pH 8.5. The cells were lysed by
sonication, using Vibra Cell 130 VC sonicator, with 50 pulses
at 80% amplitude, 12 watts power, and 10 s of pulse with a
pause of 1 min. The concentration of proteins in the lysate was
measured by Bradford method (Bradford 1976). The samples
were analyzed by 12% denaturing polyacrylamide gel electro-
phoresis (SDS-PAGE).
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Purification of the recombinant protein

After cell lysis, soluble fraction was separated by centrifuga-
tion at 13,000×g and 4 °C for 15 min. Supernatant, containing
the recombinant protein PolM, was heated at 85 °C for 20 min
to denature the heat labile proteins of E. coli origin. The de-
natured and precipitated proteins were separated by centrifu-
gation at 18,000×g for 25 min. The supernatant containing
recombinant PolM was purified by using HiTrap Heparin
(GE Healthcare) column. The proteins bound to the column
were eluted using a linear gradient of 0 to 1MNaCl. Fractions
after column chromatography were analyzed by SDS-PAGE
and enzyme activity assay.

Enzyme activity assay

Enzyme activity of recombinant PolM, stored at 4 °C in
10 mM Tris-Cl (pH 8.5) containing 10% glycerol, was exam-
ined by measuring the incorporation of TTP [methyl-3H] by
using activated calf thymus DNA as a template. The reaction
mixture contained: 25 mM Tris-Cl pH 8.5, 4 mM MgCl2,
100 μM each of dATP, dGTP, dCTP, dTTP, 0.5 μCi TTP
[methyl-3H] (85 Ci/mmol), 5 μg activated calf thymus
DNA, 0.2 mg/mL BSA and 0.1% Tween 20 in a total volume
of 20 μL. The mixture was pre-warmed at 75 °C for 5 min
before addition of the recombinant enzyme. After the addition
of PolM, aliquots were taken at various intervals of time and
spotted onto DE-81 filter paper discs (23 mm diameter,
Whatman, Madison, UK). The filter paper discs were air dried
at room temperature, washed three times in 0.5 M sodium
phosphate buffer pH 7.0, followed by washing in 70% ethanol
and air-dried. The radioactivity incorporated on the filter pa-
per discs was measured in counts per second (cps) by using
Raytest Malisa scintillation counter (Berlin, Germany).

Use of PolM in PCR

To evaluate the DNA amplification by the recombinant en-
zyme by PCR, DNA fragment cloned in pET-21a(+) was used
as template. The primers, 522F and Pol2C, used for applica-
tion of PolM in PCR are given in Table 1. Amplified product
was obtained by using a set of gene specific primers. In addi-
tion to the primer-template set, the PCR mixture contained
10 mM Tris-Cl pH 8.5, 4 mM MgCl2, 200 μM each dNTP,

0.2 mg/mL BSA and 0.5 U recombinant PolM. Denaturation
was done at 95 °C, annealing at 55 °C and extension at 72 °C
for 25 cycles.

Results

Analysis of secondary structure of mRNA

Analysis of the secondary structure of 27 nucleotides from the
5′-end of the mRNA was done by using mfold program freely
available at http://unafold.rna.albany.edu/?q=mfold. This
indicated a hairpin loop formation between the codons of the
second (AGG) and fifth (CCT) amino acids (Fig. 1A).
Furthermore, AGG is not a preferred codon for E. coli. In
order to avoid hairpin loop formation, we designed Pol2N
primer for PCR amplification of the gene replacing AGG co-
don by CGT, a preferred codon inE. coli. When the secondary
structure of mRNA of the mutated gene was analyzed, the
hairpin loop in the structure was relaxed (Fig. 1B). Hence, this
substitution exhibited a dual advantage.

Cloning of mutated DNA polymerase gene

PCR, using primers Pol2N, Pol2C and the wild-type gene as a
template, resulted in amplification of a 2.4 kbp DNA frag-
ment, matching the size of the DNA polymerase gene from
P. calidifontis (Fig. 2A). Ligation of the PCR amplified DNA
fragment in pTZ-57R/T resulted in a recombinant construct
that was named pTZ-PolM. Digestion of pTZ-PolMwithNdeI
and BamHI liberated a 2.4 kbp DNA fragment, matching the
size of PolMDNA polymerase gene (Fig. 2B). For expression
of the gene, the liberated fragment was ligated in pET-21a(+)
vector and the resulting plasmid was named pET-PolM.
Cloning of PolM in pET-21a was confirmed by double
digesting isolated pET-PolM with NdeI and BamHI.
Digestion of pET-PolM resulted in liberation of a 2.4 kbp
DNA fragment indicating the presence of the gene in pET-
PolM (Fig. 2C). The presence of PolM gene in pET-PolMwas
further confirmed by digestion withHindIII, which resulted in
liberation of a ~ 1.4 kbp DNA fragment (Fig. 2D), matching
the expected fragment as the gene contains a HindIII recogni-
tion site at 1037 position.

Table 1 Characteristics of the
oligonucleotide primers used for
amplification of DNA
polymerase gene

Primer Sequence (5′- to 3′-) Tm (°C) GC (%)

Pol2N CATATGCGTTTTTGGCCTCTAGACGCCACGTA
CTCTG

77.8 51.3

Pol2C GCAGAAACTAGCCTAGGAAGTCCAAGAGTG 65.4 50.0

522F TTAGGCTGGGTTCGTGCGCGGTGGTACAAG 67.1 60.0
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Production of recombinant DNA polymerase in E.coli

When the expression of the wild-type and the mutant genes
was compared by inducing the host cells carrying pET-PolM

construct with 0.5 mM IPTG, a 2-fold higher production of
recombinant protein was observed in the cells harboring pET-
PolM plasmid compared to the cells containing the wild-type
gene in pET-Pol construct (Fig. 3A). This was further

Fig. 1 Prediction of mRNA secondary structure of the 5′-end of the gene. A) mRNA secondary structure of the wild-type gene. B) mRNA secondary
structure of the 5′-end of the synonymously mutated gene

Fig. 2 Ethidium bromide stained 1% agarose gel demonstrating cloning of PolM gene. A) PCR amplified PolM gene. B) Cloning of PolM gene in
pTZ57R/T. C) Cloning of PolM gene in pET-21a(+) expression vector. D) Confirmation of cloning of PolM gene in pET-21a(+) expression vector
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confirmed by analyzing the enzyme activity in the cell-free
lysates of both the samples. Cells carrying pET-PolM plasmid
(mutant gene) exhibited nearly 2-fold higher activity
(~6150 U/L of the culture) compared to the cells containing
pET-Pol (wild-type gene; ~3295 U/L of the culture). These
results were in agreement with the production of the recombi-
nant protein demonstrated by SDS-PAGE. We further re-
placed the expression host, E. coli BL21 (DE3) by E. coli
Rosetta (DE3), however no increase in expression level was
found (Fig. 3B). The time of cultivation, after induction, is an
important factor for optimal expression.We analyzed the sam-
ples after various times after induction and found relative
higher production of recombinant protein at 4 h after induction
(Fig. 4A). In addition to the time after induction, concentration
of the inducer also affects the production of recombinant pro-
teins. When various concentrations of IPTG were used to
induce the gene expression, relatively higher expression was
observed at 0.12 mM (Fig. 4B). Under optimized expression
conditions, ~9120 U of DNA polymerase activity was found
per litre of the culture.

Partial purification and application in PCR

Thermostable recombinant PolM was partially purified by
heat treatment and affinity column chromatography. Heat
treatment of the clarified lysate resulted in precipitation of
majority of the host-cell proteins. Recombinant PolM
remained in the soluble fraction after heat treatment and was
further purified by using HiTrap Heparin column (Fig. 5).
Recombinant PolM eluted between 30 and 40% of 1 M

NaCl. Concentration of NaCl at elution peak was 350 mM.
The specific activities after heat treatment and column chro-
matography were 90 and 395 U/mg, respectively. The recom-
binant PolM was purified to ~6-fold with a yield of 60%
(~23 mg). The partially purified recombinant PolM was suc-
cessfully applied in PCR for amplification of 0.8 kbp gene
fragment cloned in pET-21a(+) vector (Fig. 6).

Discussion

E. coli expression system is one of the most popular expres-
sion systems. Usually high levels of recombinant proteins are
produced by this system. However, sometimes no or very low
production of recombinant proteins is reported (Rosano and
Ceccarelli 2014). This could be due to a hairpin loop forma-
tion in the mRNA structure or codon bias of the host organ-
ism. Similar was the case with the DNA polymerase gene
from P. calidifontis. When this gene was expressed in
E. coli, a low level of recombinant protein was observed.
Analysis of the secondary structure of the mRNA, usingmfold
web server, revealed the formation of a hairpin loop. In order
to remove this loop, AGG codon for arginine, at position 2,
was replaced by CGT, which also codes for arginine. This
silent mutation resulted in removal of the hairpin loop forma-
tion at this position and ultimately resulted in a higher expres-
sion of the gene. Hairpin loop formation in mRNA can also be
avoided by altering the expression vector. A gene encoding
glyceraldehyde-3-phosphate dehydrogenase from
Trypanosoma brucei was cloned in two different vectors,

Fig. 3 Coomassie brilliant blue stained 12% SDS-PAGE demonstrating
the expression levels of wild-type and mutated genes. A) Comparison of
expression of wild-type and mutated genes in E. coli BL21(DE3). Lane
M, standard molecular weight marker (ThermoFisher Scientific #
SM0661); lane TLM, total lysate of cells carrying mutated gene; lane

TLW, total lysate of cells carrying wild-type gene. B) Comparison of
heterologous expression in BL21(DE3) and Rosetta (DE3) cells of
E. coli. Lane M, standard molecular weight marker (ThermoFisher
Scientific # SM0661); lane BL, BL21(DE3) cells; lane Ros, Rosetta
(DE3) cells
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pET-3a and pET-28a(+), and expressed in E. coli BL21(DE3)
cells. There was two-fold increase in the production of recom-
binant protein from pET-28a(+) vector as compared to pET-3a
(Hannaert et al. 1995). In the present study, we too cloned the
DNA polymerase gene in two different vectors, pET-21a(+)
and pET-28a(+), and expressed in E. coli. However there was
no significant difference in production of the recombinant

protein from both the vectors (data not shown). In addition
to the vector, expression host is one of the factors which affect
the level of the gene expression. It has been suggested that
E. coliRosetta (DE3) strain is advantageous for producing the
recombinant proteins that are difficult to produce in E. coli
BL21(DE3) (Tegel et al., 2010). In our case the results were
opposite. There was a relatively higher expression in
BL21(DE3) compared to the Rosetta (DE3).

Optical density of the culture at the time of induction and
cultivation time after induction play a crucial role in the pro-
duction of a recombinant protein. Inducing the expression at
early log phase or early mid-log phase is beneficial in most of
the cases. There was notable decrease in recombinant protein
production when induction was carried out after mid-log
phase (Berrow et al., 2006). We, therefore induced the culture
in early mid-log phase to get optimal expression. In addition to
culture density, heterologous expression level is usually relat-
ed to the amount of the inducer. A very low level of inducer
results in low expression while a very high induction level is
toxic to the cells (Lopes et al., 2019). Therefore, we examined
the expression at various concentrations of the inducer and
found 0.12 mM as optimal concentration.

In conclusion, the results obtained in this study indicated
that mRNA secondary structure, codon bias, expression host
and inducer concentration contribute to the heterologous
expression of a gene. Silent mutations in the gene to
avoid hairpin loop formation, use of suitable expression
host and utilization of codons preferred by the host can
be exploited to enhance heterologous expression of for-
eign genes.

Fig. 4 Coomassie brilliant blue stained 12% SDS-PAGE demonstrating
the expression levels at various times after induction and induction with
various concentrations of IPTG. A) Comparison of expression level at
various time intervals. Lane M, standard molecular weight marker; lane
3 h, sample at 3 h after induction; lane 4 h, sample at 4 h after induction;
lane 5 h, sample at 5 h after induction; and lane 6 h, sample at 6 h after

induction. B) Comparison of expression level after induction with various
concentrations of IPTG. LaneM, standard molecular weight marker; lane
0.0, sample without induction; lane 0.12, sample induced with 0.12 mM
IPTG; lane 0.25, sample induced with 0.25 mM IPTG; lane 0.5, sample
induced with 0.5 mM IPTG; and lane 1.0, sample induced with 1.0 mM
IPTG

Fig. 5 Coomassie brilliant blue stained 12% SDS-PAGE demonstrating
partially purified PolM DNA polymerase. Lane M, standard molecular
weight marker (ThermoFisher Scientific # SM0671); lane 1, partially
purified PolM
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