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Abstract The Thermococcus peptonophilus (Tpe) DNA polymerase gene was expressed
under the control of the T7lac promoter on pET-22b(+) in Escherichia coli BL21-
CodonPlus(DE3)-RIL in order to fully elucidate its biochemical properties and evaluate its
feasibility in polymerase chain reaction (PCR) application. The expressed enzyme was then
purified by heat treatment followed by two steps of column chromatography after which
optimum pH and temperature of the enzyme were evaluated to be 7.0 and 75 °C,
respectively. The optimal buffer for PCR with 7pe DNA polymerase consisted of 50 mM
Tris—HCI (pH8.0), 2 mM MgCl,, 80 mM KCI, and 0.02% Triton X-100. 7pe DNA
polymerase revealed a 3.6-fold higher fidelity (3.37x10 ) than Tag DNA polymerase
(12.13%10 ®) and performed significantly more efficiently in PCR amplification than both
Taq and Pfit DNA polymerases. Ratios of 31:1 of Tag to Tpe DNA polymerases allowed
PCR amplification of targets up to 15 kb in length with a 2.2-fold higher fidelity than Tag
DNA polymerase. The results of the PCR experiments indicate that 7pe DNA polymerase
may provide a higher fidelity DNA amplification in a shorter reaction time.

Keywords DNA polymerase - Thermococcus peptonophilus - Polymerase chain reaction -
PCR efficiency - PCR fidelity - Archaea

Introduction

Archaea, a relatively new third domain of living organisms, is distinguishable from the Bacteria

and Eukarya domains for all intensive purposes [1]. The archaea are divided into four phyla
called Euryarchaeota, Crenarchaeota, Korarchaecota, and Nanoarchaeota [2, 3], with
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Crenarchaeota and the Euryarchaeota containing the most culturable and well-investigated
species. Hyperthermophilic species of Crenarchaeota and Euryarchacota grow optimally at
temperatures of 80 °C or higher, and therefore have raised considerable interest for both basic
research and biotechnological applications. The exceptional thermostability of these hyper-
thermophilic enzymes has recently become very attractive for industrial processes,
commercial uses, and new applications that can advance molecular biology and related areas
[4]. Among the various applications, the most outstanding is the polymerase chain reaction
(PCR) [5], based upon the use of thermostable Tag and Pfit DNA polymerases. Thus, various
DNA polymerases from hyperthermophilic archaea have previously isolated and character-
ized [4, 6-19]. Archaeal DNA polymerases have been mostly identified as members of family
B, similar to eukaryotic replicative DNA polymerases [20]. Common traits of the family B
polymerases include remarkable accuracy during replication and strong 3" — 5' exonuclease
activity [6, 10-15]. The contribution of proofreading activity to DNA polymerase fidelity is
also evident when the error rates of proofreading and non-proofreading enzymes are
compared [21]. Two hyperthermophilic archaea from the genera Pyrococcus and Thermo-
coccus contain family B DNA polymerases that have recently become popular for potential
use in PCR because they offer high fidelity and considerable amplification [22].

Recent studies have shown that various mixtures of non-proofreading and proofread-
ing DNA polymerases synthesize higher yields of PCR product and allow amplification
of templates longer than previously possible with single enzyme formulations [21]. This
potential for discovering effective DNA polymerase mixtures, along with the increasing
number of applications that employ PCR amplification, has intensified the demand for
various thermostable DNA polymerases [23]. The hyperthermophilic Euryarchaeon
Thermococcus peptonophilus, which was isolated from deep-sea hydrothermal vent areas
in the western Pacific Ocean, is able to grow on tryptone and yeast extract as sole carbon
sources [24]. T. peptonophilus showed exceptionally fast growth rate when compared to
other species within the genus Thermococcus [24]. In this study, the gene encoding a
DNA polymerase from 7. peptonophilus was cloned and expressed in E. coli. We report
the purification protocol and biochemical properties of the enzyme as well as the results
of various PCR experiments. It was found a mixture of Tpe DNA polymerase and Tag
DNA polymerase improves the performance of 7pe DNA polymerase for long and
accurate PCR.

Materials and Methods
Bacterial Strains and Growth Conditions

T. peptonophilus (DSM 10343) was obtained from the German Collection of Microorgan-
ism and Cell Cultures (Deutsche Sammlung von Mikroorganismen und Zellkulturen
GmbH, DSMZ). T. peptonophilus cells were grown anaerobically in DSMZ medium 760,
as recommended in DMSZ’s protocol. A medium containing 37.4 g/l of Marine Broth 2216
(Difco, USA) and 0.5 mg/1 of resazurin was prepared by adjusting the pH of the medium to
7.0 at 25 °C and incubation for 6 h at 95 °C. The heated medium was filtered through
normal filter paper to remove sediments and was dispensed into 120 ml serum bottles
(Wheaton Science Products, USA) containing finely divided sulfur (0.5% w/v) under 100%
N, gas. After sealing each serum bottle, 0.3 ml of 5% Na,S-9H,0 was added to the medium
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to eliminate any traces of oxygen prior to sterilization at 100 °C. The cells were then
inoculated with a syringe and incubated anaerobically at 85 °C for 20 h.

Escherichia coli DHS5« and E. coli BL21-CodonPlus(DE3)-RIL (Stratagene, USA) cells
were used for plasmid propagation and gene expression, respectively. E. coli strains were
cultured in Luria—Bertani (LB) medium at 37 °C with appropriate antibiotics.

Cloning and Expression of the 7pe DNA Polymerase Gene

Standard procedure [25] was used to isolate genomic DNA from 7. peptonophilus.
Restriction enzymes and other modifying enzymes were purchased from Takara (Takara,
Japan). Small-scale isolation of plasmid DNA from E. coli was performed using a plasmid
mini-prep kit (Qiagen, Germany).

The full-length gene encoding the 7 peptonophilus DNA polymerase (GenBank accession
no. E13952) flanked by Ndel and Sall sites was amplified by PCR using genomic DNA and
two primers (sense [S-TAGGTGTCCCATATGATCCTCGACACTGACTAC-3'] and anti-
sense [5'-CAAATGGAAGTCGACAGTTCCCTTCGGCTTCAGC-3']; the underlined
sequences indicate the Ndel site in the sense primer and the Sa/l site in the antisense primer).

The amplified DNA fragment was digested with Ndel and Sall, extracted with the
Qiaquick® gel extraction kit (Qiagen, Germany), and finally ligated with the
corresponding sites in the pET-22b(+) plasmid (Novagen, USA). E. coli BL2I-
CodonPlus(DE3)-RIL cells (Stratagene, USA) were transformed with the expression
construct by electroporation and correctly transformed clones were selected by restriction
enzyme analysis using plasmid minipreps. The sequence of the entire 7pe DNA
polymerase gene was confirmed by DNA sequencing (Macrogen, Korea). The resulting
expression plasmid was named pEPEPOL.

Purification of Tpe DNA Polymerase

Overexpression of the 7pe DNA polymerase protein was induced to a final concentration of
0.4 mM by the addition of isopropyl-3-D-thiogalactopyranoside (IPTG) at the mid-
exponential growth phase (ODggo of 0.5), followed by an additional 6 h of incubation at
37 °C. The cells were then harvested by centrifugation (5,590xg, 4 °C, 20 min) and
resuspended in 20 mM Tris—=HC1 buffer (pH7.8) containing 0.1 M KCl and 1 mM
phenylmethylsulfonyl fluoride. The cells were disrupted by sonication and centrifuged
(18,700%xg, 4 °C, 15 min). The resulting supernatant was heat-treated for 30 min at 80 °C then
centrifuged just as described. The sample was then applied to a HiTrap™ Heparin HP column
(GE Healthcare, UK) equilibrated with buffer A (20 mM Tris—HCI, pH7.8, and 0.1 mM KCI).
The column was washed with buffer A and the bound proteins were eluted with a 0.1-1.0 M
NaCl gradient in buffer A. The peak fractions containing 7pe DNA polymerase were pooled
and dialyzed against buffer B (20 mM Tris—HCI, pH7.8, and 0.5 M NaCl) then loaded onto a
HisTrap™ HP column (GE Healthcare, UK) equilibrated with buffer B and washed in the
same buffer. The combined proteins were eluted in a step-wise fashion using 0.1-0.5 M
imidazole in buffer B. The purified enzyme was dialyzed against 20 mM Tris—HCl (pH7.4),
0.1 mM EDTA, 0.1% Tween 20, 0.5% Nonidet P40, 0.1 M KCl, and 50% glycerol, and was
stored at —20 °C. Protein concentration was determined as previously described [26] using
bovine serum albumin (BSA) as a standard. Protein purity was examined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to standard procedure.
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DNA Polymerase Activity Assay

The DNA polymerase activity of the purified enzyme was measured as previously
described [18]. The basic reaction mixture (50pul) contained 50 mM Tris—HCI (pH7.5);
5 mM MgCl,; 50 mM KCl; 1 mM 2-mercaptoethanol; 100uM each of dATP, dCTP, and
dGTP; 10uM dTTP; 0.5uCi of [methyl-3H]thymidine 5'-triphosphate (30 Ci/mmol, GE
Healthcare, UK); 1.25 ug of activated calf thymus DNA; and enzyme solution. One unit of
Tpe DNA polymerase was defined as the amount of polymerase that incorporated 10 pmol
of [PH]TTP into an acid-insoluble product at 75 °C for 10 min.

Exonuclease Activity Assay

Measurement of exonuclease activity was performed as previously described [19]. The
3’-end-labeled DNA substrate was prepared by filling pBluescript SK-DNA linearized by
Nofl with a Klenow fragment in the presence of [a->>P]dCTP. After labeling, DNA
substrate was purified by gel filtration, followed by ethanol precipitation. For evaluation of
exonuclease activity, end-labeled DNA substrate was placed in 50 mM Tris—HCI (pH7.5),
14 mM MgCl,, 80 mM KCl, 0.01% BSA, and enzyme solution. The reaction mixture was
incubated at 75 °C in the absence or presence of 0.4 mM dNTPs (final concentration), as
described in our previous study [19].

Optimization of PCR Amplification Using Tpe DNA Polymerase

Oligonucleotide primers that anneal to A DNA [27] were synthesized for PCR analysis.
The primer sequences are presented in Table 1. PCR was performed with 1 U of purified
Tpe DNA polymerase in a 50-ul reaction mixture containing 23 ng of A DNA, 10 pmol
each of the primers anchor-A F and A-2 R, 250 uM of dNTPs and PCR reaction buffer. The
reaction buffer conditions are indicated in the corresponding figure legend. PCR was
conducted as follows: 1 min at 94 °C; 30 cycles of 20 s at 94 °C, and 30 s at 72 °C; and
10 min at 72 °C.

Table 1 Primers used for PCR extension efficiency assays.

Primer name Primer sequence Lambda DNA sequence (bp)
(target size)

Anchor-A F 5'-CCTGCTC TGCCGCTTCACGC-3’ 30,352-30,371
A-500 R (0.5 kb) 5'-CGTCGATGACATTTGCCGTAGCG-3' 30,815-30,837
A-1 R (1 kb) 5'-GGAGCAATGGCGATGACGCATCC-3' 31,343-31,365
A-2 R (2 kb) 5'-CCATGATTCAGTGTGCCCGTCTGG-3' 32,326-32,349
A-4 R (4 kb) 5'-CGAAGAGCATCCTCAGGATGTGATGG-3' 34,316-34,341
A-6 R (6 kb) 5'-GAGATGGCATATTGCTACGCAAGA-3' 36,339-36,362
A-8 R (8 kb) 5'-GCCTCGTTGCGTTTGTTTGCACG-3' 38,373-38,395
A-10 R (10 kb) 5'-GCACAGAAGCTATTATGCGTCCCCAGG-3' 40,316-40,342
A-12 R (12 kb) 5'-TCTTCCTCGTGCATCGAGCTATTCGG-3' 42,409-42,434
A-15 R (15 kb) 5-CTTGTTCCTTTGCCGCGAGAATGG-3' 45,228-45,251

Oligonucleotide primers are in antisense orientation (reverse primer) except for the anchor-A F primer
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DNA Polymerase Mixtures for Long-Range PCR

The amplification efficiency of a 15-kb DNA fragment with lambda DNA as a template
was compared by varying the ratio of 7aq to Tpe DNA polymerase from 1:1 to 255:1. The
mixture of 7ag and Tpe DNA polymerases was used for PCR with the Tag buffer (PCR
buffer; Takara, Japan). PCR amplification for the 15-kb targets was carried out in 30 cycles
0f 94 °C for 20 s and 72 °C for 15 min. In comparing extension efficiencies between DNA
polymerases, a set of primers (Table 1) was used to amplify DNA fragments of 2, 4, 6, 8,
10, 12, and 15 kb in size from the lambda DNA in a 50-pl reaction. The DNA polymerases
Tpe, Taq, and Tpe plus (Taq/Tpe DNA polymerase, 31:1 ratio) were evaluated. PCR was
performed at 94 °C for 1 min; 30 cycles of 94 °C for 20 s, 62 °C for 20 s, and 72 °C for
60 s/kb (target length).

PCR Amplification Efficiency Assay

PCR was performed with 7pe, Tag (Takara, Japan), and Pfi (Promega, USA) DNA
polymerases in each enzyme’s recommended buffer, with A phage DNA (23 ng) [27] as a
template. Comparison of amplification efficiency used primers (Table 1) in order to amplify
amplicons of 0.5, 1, 2, and 4 kb in size from the template in a 50-ul reaction. The cycling
protocol used is indicated in the corresponding figure legends. Upon completion of the
PCR, 5ul of the PCR was mixed with loading dye and loaded onto a 0.8% agarose gel.

PCR Fidelity Assay

PCR fidelity assays were performed by first constructing the plasmid pJR2-lacZ [19] using
pJR [28] and pLEX/lacZ (Invitrogen, USA) as follows (Fig. 1). pJR contains BamHI sites
in the front of the 5' region tac promoter and the 5’ region of the multiple cloning site, of
which the former must be removed in order to form plasmid pJR2. In order to eliminate the
BamHI site near the front of the pJR tac promoter, pJR was first partially cleaved with
BamHI and the BamHI ends were filled-in, ligated, and pJR2 then selected. On the other
hand, the 3-kb BamHI-Pst] fragment containing the entire gene for (3-gactosidase from
pLEX/lacZ DNA was obtained and then joined to the multiple cloning BamHI-Pst site of
pJR2. At this point, pJR2-lacZ (5.7 kb), an expression plasmid containing the entire lacZ
gene, was constructed and ready to be used as a template in PCR fidelity evaluations. An
832-bp fragment containing the 5’ region of the lacZ gene was amplified using the
primers Lac-B (5'-NNNNGGATCCAATGATAGATCCCGTCGTTTTAC-3’) and Lac-C
(5'-NNNNATCGATAATTTCACCGCCGAAAGGCGC-3"), in which the BamHI and Clal
sites, respectively, are underlined [19, 29]. PCR was performed with the Tpe, Tpe plus,
and 7ag DNA polymerase in the optimized buffer or the buffer supplied by the
manufacturer at 94 °C for 1 min; 30 cycles of 94 °C for 20 s, and 62 °C for 1 min; and
72 °C for 3 min. PCR with Pfu DNA polymerase was also performed in the supplied
buffer at 94 °C for 1 min; 30 cycles of 94 °C for 20 s, and 62 °C for 1 min; and 72 °C for
3 min. The PCR products were digested with BamHI and Clal endonuclease, purified, and
ligated with the 4.9 kb BamHI/Clal fragment from pJR2-lacZ. E. coli DH5w cells were
transformed with each ligate by electroporation and then plated on LB agar plates
containing 50 pug/ml ampicillin, 0.3 mM IPTG, and 20pug X-gal. Pale blue and white
colonies were formed by cells containing mutant plasmids, while blue colonies were
formed by cells containing intact plasmids. Error rates (ER) were calculated using the
equation ER=mf/(bpxd), where mf is the mutation frequency, bp is the number of
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Fig. 1 Construction of the plasmid pJR2-lacZ for PCR fidelity assay. Plasmid pJR2 was constructed from
pJR. The BamHI-Pstl fragment containing the entire gene for 3-gactosidase from pLEX/lacZ DNA was
obtained and then joined to the multiple cloning BamHI-Pstl site of pJR2. An 832-bp fragment containing
the 5’ region of the lacZ gene is used for fidelity assay. Amp', ampicillin resistance gene; Ori, replication
origin; Py, tac promoter; Py, AP promoter

detectable sites in the region of /acZ (832 bp), and d is the number of template doublings
[12, 21].

Results and Discussion
Expression and Purification of 7pe DNA Polymerase

The Tpe DNA polymerase gene was amplified by PCR and inserted into the Ndel and Sal/l
sites of pET-22b(+) to facilitate overexpression and purification of pEPEPOL. E. coli
BL21-CodonPlus(DE3)-RIL cultures harboring pEPEPOL were generated, cells harvested,
and then initially sonicated. Purification of the 7pe DNA polymerase was performed
through a combination of heat, a HiTrap™™ Heparin HP column (GE Healthcare, UK), and
a HisTrap™ HP Ni*" affinity column (GE Healthcare, UK). The specific activity of the
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purified enzyme was determined to be 692.9 U/mg, and based on the total activity of the
sonicated extract, the recovery was determined to be approximately 18.8%. The purification
of the enzyme was monitored by SDS-PAGE (Fig. 2), which revealed a 90-kDa major
protein band consistent with the 89,707-Da molecular mass calculated based on the 774
amino acid sequence.

Characterization of Tpe DNA Polymerase

Tpe DNA polymerase activity exhibited pH dependence in the pH range of 6.5-10.0. The
buffers used were 50 mM MOPS-NaOH (pH6.0-7.0), 50 mM Tris—HCI (pH7.0-9.0), and
50 mM glycine—NaOH (pH9.0-10.0). The enzyme activity was highest at pH7.0 (Fig. 3a).
The dependence of the 7pe DNA polymerase activity on temperature was found in the
range of 50-90 °C. From these experiments, the optimal temperature for the 7pe DNA
polymerase was determined to be approximately 75 °C (Fig. 3b). The DNA polymerase
was highly dependent on MgCl,, with maximal activity at 14 mM MgCl, and no detectable
activity in the absence of MgCl, (Fig. 3¢). KCl also affected the activity of Tpe DNA
polymerase, with an optimal concentration of 80 mM (Fig. 3d). Thermostability of 7Tpe
DNA polymerase (0.1 pg/ul concentration) was tested by measuring the decrease in activity
after preincubation at 90 and 95 °C. Thermostability was revealed to be remarkably high, as
was expected from a thermostable protein. The half-life of the enzyme was 4 h at 90 °C

(Fig. 4).
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Fig. 2 SDS-PAGE analysis of Tpe DNA polymerase. Electrophoresis was performed on a vertical, 10%
polyacrylamide gel, stained with Coomassie Brilliant Blue R-250. Lane assignments: M, low molecular mass
markers; lane 1, sonicated extract of uninduced cells; lane 2, sonicated extract of induced cells; lane 3, heat
treatment; lane 4, HiTrap'™ Heparin HP column chromatography; lane 5, HisTrap™ HP column
chromatography
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Fig. 3 Characterization of 7pe DNA polymerase. a Effect of pH on Tpe DNA polymerase activity: 50 mM
MOPS-NaOH (empty circle), 50 mM Tris—HCl (empty triangle), and 50 mM glycine-NaOH (empty square).
All buffer pH values were measured at 75 °C. b Effect of temperature on 7pe DNA polymerase activity. ¢
Effect of MgCl, on Tpe DNA polymerase activity. d Effect of KCI on Tpe DNA polymerase activity

Exonuclease Activity of 7pe DNA Polymerase

Almost all archaeal family B DNA polymerases are known to have associated 3’ — 5’
proofreading exonuclease activity, which is responsible for the correction of mismatched
dNTPs. Likewise, we wished to investigate the presence of proofreading activity in DNA
polymerase from 7. peptonophilus. Highly conserved amino acids in three domains (Exo I,
Exo 11, and Exo III) could be identified within the deduced amino acid sequence from Tpe
DNA polymerase (data not shown). Incubation of 7pe DNA polymerase with linear DNA
fragments in the absence of dNTPs led to degradation of the fragments indicating the
existence of exonuclease activity in the preparation. This activity was checked by assaying
the *?P-labeled product released from an end-labeled DNA substrate, both with and without
dNTPs. Tpe DNA polymerase could release about 80% 2P from the 3'-end of the substrate
DNA within 30 min in the absence of dNTPs (Fig. 5) and also about 10% 2P from the 3'-
end of the substrate DNA within 30 min in the presence of ANTPs. This result demonstrated
that Tpe DNA polymerase possesses a 3' — 5’ exonuclease activity, which is consistent
with its deduced amino acid sequence as described above. This 3' — 5’ exonuclease
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Fig. 4 Thermostability of 7pe DNA polymerase. Purified 7pe DNA polymerase was incubated separately at
90 °C (filled circle) and 95 °C (empty circle). Aliquots of the mixture were removed at intervals up to 8 h
later and quenched on ice. The residual activity of the quenched samples was measured in the basic reaction
mixture

activity, which can remove mispaired bases (proofreading activity) up to five nucleotides
after the misincorporation, is ultimately responsible for the fidelity of DNA polymerases
[30]. The importance of proofreading activity has been demonstrated for Thermococcus
litoralis (Vent) and Pfu DNA polymerases, which exhibit 5-fold and 7-40-fold increase in
error rate, respectively, when 3’ — 5’ exonuclease activity is inactivated [13, 21]. The

100

Relative activity (%)

0O
0

5 10 15 20 25 30
Time (min)
Fig. 5 Exonuclease activities of 7pe DNA polymerase. The 3’ — 5’ exonuclease activity was measured at

75 °C in the absence (empty circle) or presence (filled circle) of 0.4 mM dNTPs (final concentration).
Activity was calculated as the amount of supernatant radioactivity/total radioactivity

My,
3.« Humana Press



1594 Appl Biochem Biotechnol (2010) 160:1585-1599

significant increase in error frequency is also observed when 3" — 5’ exonuclease activity is
inactivated in Thermococcus zilligii (Tzi) DNA polymerase [10].

Optimization of PCR Amplification Using 7pe DNA Polymerase

PCR technology is widely used in molecular biology and molecular genetics research,
including genome mapping, site-directed mutagenesis, and sequencing studies. However,
more precise reaction buffer optimizations can surely improve yield and specificity in PCR.
The optimal buffer for PCR with 7pe DNA polymerase was therefore determined. To
determine the optimum pH, PCR was performed in the pH range of 7.0-9.0 using Tris—HCI
buffer. The A DNA fragment was found to be amplified optimally at pH8.0 (Fig. 6a). In
addition, PCR was carried out under various concentrations of MgCl,, KCl, and Triton X-
100, which resulted in optimal concentrations of 2—3 mM (Fig. 6b), 80-100 mM (Fig. 6¢),
and 0.01-0.1% (Fig. 6d), respectively. Duplicate experiments established that the optimal

M 7.0 72 74 7.6 7.8 8.0 8.2 84 8.6 88 9.0 (pPH)

2 kb

I

bM012345678910(mM)

2 kb

Cc

M 0 10 20 30 40 50 60 70 80 90 100 (mM)

2 kb

d

M 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 (%)

2 kb

Fig. 6 PCR optimization with 7pe DNA polymerase. a Effect of pH on PCR amplification with 7pe DNA
polymerase. The amplification of the 2-kb A DNA fragment was performed at the indicated pH values. b
Effect of MgCl, on PCR amplification with 7pe DNA polymerase. ¢ Effect of KCl on PCR amplification
with 7pe DNA polymerase. d Effect of Triton X-100 on PCR amplification with 7pe DNA polymerase. Lane
M, DNA molecular size markers
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PCR buffer with 7pe DNA polymerase consisted of 50 mM Tris—HCI (pH8.0), 2 mM
MgCl,, 80 mM KCl, and 0.02% Triton X-100.

Specially, the major divergence between optimal buffer of enzyme activity and
optimal PCR buffer of DNA amplification is MgCl, concentration. Magnesium is a
required cofactor for DNA polymerases, and magnesium concentration is a crucial factor
that can affect enzyme activity. MgCl, dissociate to Mg2+ and 2CI in reaction buffer. The
DNA polymerase requires Mg”" to be able to bind also to the negatively charged DNA
and Mg”" additionally forms a complex with dNTPs. Tpe DNA polymerase is also
inactive in the absence of MgCl, (Figs. 3¢ and 6b). Tpe DNA polymerase had the highest
activity with 14 mM, as described above (Fig. 3¢). The enzyme activity sharply increases
in the concentration of 2 mM MgCl,, but the activity slowly increases up to 14 mM

However, the optimum concentration of MgCl, for PCR was 2 mM, which was much
lower than under standard activity assay. This might be due to the strong base pairing of
Mg?", as they could be released from anionic DNA by repetitive thermal cycle under PCR
conditions [31]. When Mg*" is too high in the PCR mixture, primers fail to anneal to the
target DNA. When the concentration of MgCl, is too high in the PCR mixture, the base
pairing becomes too strong and the amplicon fails to denature completely when the PCR
mixture is heated to 94 °C [32].

Long-Range PCR by Various DNA Polymerases

Despite the utility of PCR, the technique is limited by the amplification of long DNA
targets over 5 kb. Recently, successful protocols have identified the conditions for effective
amplification of longer DNA targets [33]: the combined modification of standard PCR
buffers and thermal cycling profiles with a two polymerase system in order to provide
optimal levels of both processive and proofreading polymerase activities [22, 33]. Long-
range PCR is based on this simple principle: DNA synthesis is catalyzed by means of
exonuclease-free DNA polymerase (7ag DNA polymerase) at relatively high concentration
in PCR mixture, and misincorporated nucleotides during an amplification reaction by 7ag
DNA polymerase are repaired by a DNA polymerase with 3’ — 5’ exonuclease activity,
which is present at low concentration [22, 34]. This combination of two DNA polymerases
allows longer primer extension than can be achieved with 7ag DNA polymerase alone. For
further investigation, the ratio of 7ag DNA polymerase to Tpe DNA polymerase was varied
from 1:1 to 255:1 and their characteristics in PCR were examined. The most efficient DNA
amplification was observed at a ratio of 31:1 (Fig. 7a). We named the enzyme mixture with
Taq and Tpe DNA polymerase as Tpe plus DNA polymerase. To investigate the extension
efficiency of the 7pe plus DNA polymerase, PCR was conducted using various fragment
sizes. Tpe DNA polymerases could amplify the A DNA fragment up to 4 kb. Tug DNA
polymerase barely amplified the A DNA fragment at 10 kb (Fig. 7b) and was incapable of
amplifying any longer fragment. On the contrary, Tpe plus DNA polymerase clearly
demonstrated enhanced efficiency in successfully amplifying the 15-kb fragment using
23 ng of A DNA as a template (Fig. 7b). Commercial “LA (long and accurate) PCR” kit
(Takara, Japan) typically consists of 7ag DNA polymerase along with a lesser amount of an
archaeal proofreading DNA polymerase [21]. The direct amplification and DNA
sequencing of whole mitochondrial genomes also have been used by long-range PCR
[35, 36]. Tpe plus DNA polymerase might be useful in long-range DNA amplification and
various PCR-based applications.
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Fig. 7 Comparison of long-range PCR amplification abilities. a Target of 15 kb was amplified using
mixtures of 7pe and Tag DNA polymerases (7pe/Taq) at the indicated ratios. b Amplification of 2—15 kb was
conducted by Tpe (lanes 1-7), Tpe plus (lanes 9-15), and Taq (lanes 17-23) DNA polymerases. Target
product sizes (kb) are indicated above each lane. Lane M, DNA molecular size marker

PCR Amplification Efficiency Assay

In vitro amplification of DNA fragments and determination of DNA sequence are the major
uses of thermostable DNA polymerases [6]. Tag DNA polymerase is most widely used, but
the high error rate causes amplicons to be prone to unexpected mutations.

To minimize any possible misincorporations that may occur during PCR, several family
B DNA polymerases were isolated from the hyperthermophilic archaca. Among them, Pfi
DNA polymerase was found to possess high 3’ — 5’ exonuclease proofreading activity that
subsequently lowered amplification efficiency. In this study, we confirmed that 7pe DNA
polymerase has a higher amplification efficiency compared to 7ag DNA polymerase,
despite its possession of 3" — 5’ exonuclease activity. Pfii DNA polymerase is able to
amplify a 1-kb target but with a lower efficiency compared to 7ag DNA polymerase
(Fig. 8c). Tpe DNA polymerase with 1 min/cycle extension time could amplify target DNA
up to 4 kb, outperforming both 7ag and Pfiu DNA polymerase (Fig. 8b). This suggests Tpe
DNA polymerase might produce a more efficient DNA amplification in a shorter reaction
time.

PCR Fidelity of 7pe DNA Polymerase

The use of high fidelity DNA polymerases in PCR is essential for reducing amplification
errors in PCR products that are to be used in cloning and site-directed mutagenesis [37].
The high fidelity is achieved by selection of the correct nucleotide in the polymerase (Pol)
domain and subsequent proofreading in the exonuclease (Exo) domain. Proofreading by the
associated 3’ — 5’ exonuclease activity removes most misincorporated nucleotides [38].
The importance of proofreading activity to replication fidelity has been demonstrated for
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Fig. 8 Comparison of PCR efficiency of Tpe, Tag, and Pfu DNA polymerase. A DNA was used as the
template and the amplicon sizes are indicated at the bottom. The cycling protocol was: 94 °C for 20 s;
30 cycles of 94 °C for 20 s and 72 °C for 30 s (a) or for 60 s (b) or for 2 min (c); 72 °C for 30 s. Lane M,
DNA molecular size marker

Table 2 Comparison of Tpe, Tpe plus, Taq, and Pfu DNA polymerase fidelities.

Blue White Mutation Template Error rate® (x107°) Fold improvement
frequency” doublings” over Tag
Tpe 5,423 120 0.0216 7.72 3.37 3.6
Tpe plus 4,808 155 0.0312 6.91 5.43 2.2
Pfu 6,175 84 0.0134 7.41 2.18 5.6
Taq 5,810 526 0.0831 8.23 12.13 1

 The mutation frequency is expressed as a percentage of mutant colonies in relation to the total number of colonies
® Template doublings are calculated using the equation 2¢ =(amount of PCR product)/(amount of starting target)

¢ Error rate is determined using the equation ER=mf/(bpxd), where mf is the mutation frequency, bp is the
lacZ target size(=832), and d is the number of template doublings
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both the Klenow fragment [39] and for Vent polymerase [13], which exhibit 10- and 5-fold
increases in error rates, respectively, when the associated 3' — 5’ exonuclease activity is
inactivated. The contribution of proofreading activity to DNA polymerase fidelity is also
evident when the error rates of proofreading and non-proofreading enzymes are compared
[21]. The fidelity of DNA polymerases has been assigned to the presence of a 3' — 5'
proofreading exonuclease activity as described above. The fidelity of 7pe DNA polymerase in
PCR was compared with that of Tag and Pfii DNA polymerases by measuring the error
frequency of each enzyme in the lacZ forward mutation assay [19]. Tpe DNA polymerase
showed high fidelity with an error rate of 3.37x10° (error rate = mutation frequency/bp/
duplication [12, 21]). Moreover, a Tpe plus DNA polymerase was compared with other DNA
polymerases. Tpe plus DNA polymerase exhibited an error rate of 5.43x10°° in the Tag
buffer. Error rates of DNA polymerases increased in following order: Pfir (2.18x10 %) < Tpe
(3.37x10°%) < Ipe plus (5.43x10 ) < Tag (12.13x 10 °) (Table 2). The fidelity of Tpe DNA
polymerase was approximately 3.6-fold better than 7ag DNA polymerase, yet worse than Pfis
DNA polymerase. Tpe plus DNA polymerase also had superior fidelity than 7ag DNA
polymerase.
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