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ABSTRACT

DNA/RNA helicases, which are enzymes for eliminating hydrogen bonds between bases of DNA/DNA, DNA/RNA, and RNA/
RNA using the energy of ATP hydrolysis, contribute to various biological activities. In the present study, the Euryarchaeota-spe-
cific helicase EshA (TK0566) from the hyperthermophilic archaeon Thermococcus kodakarensis (Tk-EshA) was obtained as a
recombinant form, and its enzymatic properties were examined. Tk-EshA exhibited maximal ATPase activity in the presence of
RNA at 80°C. Unwinding activity was evaluated with various double-stranded DNAs (forked, 5= overhung, 3= overhung, and
blunt end) at 50°C. Tk-EshA unwound forked and 3= overhung DNAs. These activities were expected to unwind the structured
template and to peel off misannealed primers when Tk-EshA was added to a PCR mixture. To examine the effect of Tk-EshA on
PCR, various target DNAs were selected, and DNA synthesis was investigated. When 16S rRNA genes were used as a template,
several misamplified products (noise DNAs) were detected in the absence of Tk-EshA. In contrast, noise DNAs were eliminated
in the presence of Tk-EshA. Noise reduction by Tk-EshA was also confirmed when Taq DNA polymerase (a family A DNA poly-
merase, PolI type) and KOD DNA polymerase (a family B DNA polymerase, � type) were used for PCR. Misamplified bands were
also eliminated during toxA gene amplification from Pseudomonas aeruginosa DNA, which possesses a high GC content (69%).
Tk-EshA addition was more effective than increasing the annealing temperature to reduce misamplified DNAs during toxA am-
plification. Tk-EshA is a useful tool to reduce noise DNAs for accurate PCR.

IMPORTANCE

PCR is a technique that is useful for genetic diagnosis, genetic engineering, and detection of pathogenic microorganisms. How-
ever, troubles with nonspecific DNA amplification often occur from primer misannealing. In order to achieve a specific DNA
amplification by eliminating noise DNAs derived from primer misannealing, a thermostable Euryarchaeota-specific helicase
(Tk-EshA) was included in the PCR mixture. The addition of Tk-EshA has reduced noise DNAs in PCR.

PCR is a technique for the amplification of nucleic acids in-
vented by Mullis in 1983 (1–3). This method is generally used

for cloning genes, sequencing DNA, detecting single nucleotide
polymorphisms (SNPs) in genetic diagnosis, and identifying mi-
crobial infections (4–6). PCR is a simple and efficient method for
DNA amplification and is now essential for molecular genetics.
However, unexpected DNA sometimes appears due to primer
misannealing. To avoid nonspecific amplification in PCR, optimi-
zation of the annealing temperature and Mg2� concentration, in
addition to primer redesigning, is generally attempted (7). How-
ever, these approaches are often not effective, and undesirable
DNA still appears due to unfavorable primer misannealing. To
reduce undesirable primer annealing, which causes nonspecific
amplification, several methods were developed, such as hot start.
The first method uses solid oil and is called the wax method (8).
This method separates the PCR mixture into two fractions, the
DNA template and DNA polymerase, by using solid oil during the
first cycle. The second method uses a neutralizing monoclonal
antibody directed against DNA polymerases, such as a Taq poly-
merase from Thermus aquaticus (9) and a KOD polymerase from
Thermococcus kodakarensis (10). This method is based on the prin-
ciple that the antibody inhibits polymerase activity before the on-
set of thermal cycling, preventing primer dimer formation and
primer misannealing at various positions besides the target re-
gion. In the first denaturation step in PCR, the antibody is quickly

inactivated, and PCR proceeds. The antibody-mediated hot start
method is significantly more convenient than the hot start method
using wax; however, hot start is not always successful, especially
when long DNA and high-GC-content DNA are used as the tem-
plates. A thermostable RecA protein that is involved in DNA re-
combination reduces nonspecific amplification in PCR (11, 12).
In addition, a technique was reported in which the mismatch-
recognizing protein MutS from a thermophilic bacterium was
added to the PCR mixture for accurate DNA amplification (13).
MutS is an initiator of the DNA mismatch repair pathway and is
conserved in a variety of thermophilic bacteria and in a very few
archaea (14). MutS binds to a mismatched primer-template com-
plex, thereby preventing the approach of the DNA polymerase to
the 3= end of the primer.
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In the present study, we tested a novel approach to reduce
unexpected misannealing and increase correct annealing of prim-
ers in order to efficiently reduce misamplified products. DNA/
RNA helicases are enzymes for eliminating hydrogen bonds be-
tween bases of DNA/DNA, DNA/RNA, and RNA/RNA from the
unpaired 3= or 5= end using the energy of ATP hydrolysis. Due to
their unwinding activity, helicases were expected to unwind the
structured template and partially annealed primer/template du-
plexes during PCR. RNA and DNA helicases are classified into
several superfamilies (SFs) based on their amino acid sequences
(15). An SF1 helicase, UvrD, was previously used to amplify DNA
at low temperatures, and this approach was called helicase-depen-
dent amplification (16–18). Because UvrD (a DNA helicase) un-
winds blunt-end substrates as well as nicked circular DNA (19),
nucleic acids are amplified with a mesophilic DNA polymerase
without complicated temperature control. A trial to reduce mis-
amplification during PCR using a helicase has not been reported.
We focused on a thermostable DNA/RNA helicase of SF2 from the
hyperthermophilic archaeon T. kodakarensis, which grows opti-
mally at 85°C (20). SF2 is the largest superfamily with members
that are involved in DNA and RNA metabolism. SF2 includes nine
families: Rec-G-like family, RecQ-like family, XPD/Rad3/DinG
family, Ski-2-like family, type 1 restriction enzyme helicase sub-
unit (T1R) family, Swi2/Snf family, XPF/Hef/ERCC4/RIG-I nu-
clease helicase family, DEAD box family, and DEAH/RHA family.
Recently, a novel SF2 helicase named Archaea-specific helicase
(ASH) was reported, which is specific to Euryarchaeota, with the
exception of Thermoproteales and Archaeoglobales (21). SF2 heli-
cases, which unwind DNA duplexes from unpaired 3= or 5= ends,
contain highly conserved nucleoside triphosphate (NTP) sub-
strate- or metal-binding motifs, such as Walker A and Walker B
motifs (22–25). T. kodakarensis possesses several SF2 genes in its
genome (26). A DEAD box RNA helicase (Tk-DeaD) belonging to
SF2 is dominantly expressed under cold stress conditions (60°C)
in T. kodakarensis (27). A recombinant form of Tk-DeaD is stable
in a high-ionic-strength buffer containing 500 mM NaCl but is
denatured in lower-ionic-strength buffers containing less than

200 mM NaCl, especially at temperatures higher than 60°C (27).
Because it is inactivated at temperatures higher than 60°C, Tk-
DeaD was not suitable for our purpose. Therefore, we screened for
helicases from T. kodakarensis that unwind misannealed primer/
template duplexes at high temperatures. In the present study, the
effect of an SF2 helicase on PCR was investigated.

MATERIALS AND METHODS
Microorganisms and media. The strains used in this study are summa-
rized in Table 1. Escherichia coli strains were routinely cultivated at 30°C or
37°C in lysogeny broth (LB) medium. Ampicillin (50 �g · ml�1), kana-
mycin (20 �g · ml�1), and/or chloramphenicol (25 �g · ml�1) was added
to the medium when needed.

Expression and purification of helicase candidates. The genes exam-
ined in this study are located at the following sites on the T. kodakarensis
genome: Tk0566, bp 486488 to 488986 (negative strand); and Tk0928, bp
806025 to 807410 (negative strand). The Tk0566 and Tk0928 genes were
amplified using the primer pairs tk0566-Fw/tk0566-Rv and tk0928-Fw/
tk0928-Rv, respectively (Table 1). PCR was performed in a mixture (50
�l) containing 120 mM Tris HCl (pH 8.0), 10 mM KCl, 6 mM
(NH4)2SO4, 0.1% Triton X-100, 10 �g · ml�1 bovine serum albumin
(BSA), 0.2 mM deoxynucleoside triphosphates (dNTPs), 1 mM MgSO4,
0.2 �M (each) primers, 50 ng of template DNA, and 1 U of KOD-Plus
DNA polymerase (Toyobo, Osaka, Japan) in a thermal cycler as follows: 2
min at 98°C, followed by 17 cycles of 15 s at 98°C, 30 s at 55°C, and 8.5 min
at 68°C. These amplified fragments of the Tk0566 and Tk0928 genes were
separately cloned into the NdeI/EcoRI sites of pET28a and in the NdeI/
SalI sites of pET28a, yielding the plasmids pHisTK0566 and pHisTK0928,
respectively. E. coli BL21-CodonPlus(DE3)-RIL cells were transformed
with these plasmids. TK0566 (the Euryarchaeota-specific helicase EshA
from T. kodakarensis [Tk-EshA]) and TK0928 were purified as a recom-
binant proteins with an N-terminal His tag. The recombinant E. coli cells
[BL21-CodonPlus(DE3)/pHisTK0566 and BL21-CodonPlus(DE3)/
pHisTK0928] were grown in LB medium containing 20 �g · ml�1 of
kanamycin and 25 �g · ml�1 of chloramphenicol at 37°C. Expression of
TK0566 (Tk-EshA) and TK0928 was induced by the addition of 1 mM
isopropyl-�-D-thiogalactopyranoside. After a further incubation for 4 h at
37°C, the cells were harvested by centrifugation, resuspended in buffer A
(50 mM imidazole, 20 mM Tris HCl [pH 8.0], 500 mM NaCl, and 0.1%
Triton X-100), and disrupted by sonication. Cell debris was removed by

TABLE 1 Strains and primers used in this study

Strain or primer Relevant characteristic(s) or sequence (5= to 3=)a Source or reference

Strains
E. coli

DH5� F� �80dlacZ�M15 �(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rK
� mK

�) phoA
supE44 	� thi-1 gyrA96 relA1

Stratagene

BL21-CodonPlus(DE3)-RIL E. coli B F� ompT hsdS(rB
� mB

�) dcm� Tetr gal 	(DE3) endA Hte [argU ileY leuW Camr] Stratagene

Primers
tk0566-Fw AAAAAACATATGCTCTTCGTCGTGAGACCGGGA This study
tk0566-Rv TTTGAATTCTTAGCGTATCATCCTCCCTTCTTCTA This study
tk0928-Fw AAAAAAACATATGATGGTTGTCCTGAGAATCCC This study
tk0928-Rv AAAAGTCGACTTAACTAGAGCGGCGCTTTTTGG This study
TK0566-D344A-E345A Fw GGAACCATAGTGATAGCCGCCATACACACGCTCGAC This study
TK0566-D344A-E345A Rv GTCGAGCGTGTGTATGGCGGCTATCACTATGGTTCC This study
16S rRNA gene Fw ATTCCGGTTGATCCTGCCGGAGGCCACTGC This study
16S rRNA gene Rv TCCGGCGATAGGAGGTGATCGAGCCGTAGG This study
toxA Fw ATGCACCTGACACCCCATTG This study
toxA Rv TTACTTCAGGTCCTCGCGCG This study
16 S miss 5= Rv ATGGAGGCGAGCTCGAAGCTCGCCCGACAC This study
16 S miss 3= Rv GGCGAGCTCGAAGCTCGCCCGACACAGCTA This study

a Mismatched nucleotides within the sequences of the 16S rRNA, Tk0566, or Tk0928 gene are underlined.

Noise Reduction in PCR Using an Archaeal Helicase

May 2016 Volume 82 Number 10 aem.asm.org 3023Applied and Environmental Microbiology

http://aem.asm.org


centrifugation, and each supernatant was incubated at 70°C for 30 min
and then centrifuged again. Each resultant supernatant was applied to a
column packed with 4 ml of Ni-nitrilotriacetic acid (Ni-NTA) agarose
(Qiagen, Tokyo, Japan) and eluted with buffer B (200 mM imidazole, 20
mM Tris HCl [pH 8.0], 500 mM NaCl, and 0.1% Triton X-100). Each
purified protein was finally dialyzed against buffer C (20 mM Tris HCl
[pH 8.0], 200 mM NaCl, 10% glycerol, and 1 mM dithiothreitol [DTT]).
The protein concentration was determined by the Bradford dye-binding
assay, using BSA as a standard (28). The A280/A260 ratios of the purified
TK0566 (Tk-EshA) and TK0928 were 1.52 and 1.85, respectively.

Construction of ATPase deficient mutant of Tk-EshA. The Tk-EshA
mutant (Tk-EshA-D344A-E345A) used in this study was generated by a
quick-change PCR using plasmid pHisTK0566 as a template. For the con-
struction of mutant, the primer set TK0566-D344A-E345A Fw and
TK0566-D344A-E345A Rv (Table 1) was utilized. The PCR product was
treated with DpnI (TaKaRa, Tokyo, Japan) to digest the template DNA. E.
coli DH5� was transformed by the nicked vector DNA containing the
desired mutations to yield plasmid pHisTK0566-D344A-E345A. E. coli
BL21-CodonPlus(DE3)-RIL cells were transformed with pHisTK0566-
D344A-E345A. The Tk-EshA mutant enzyme (Tk-EshA-D344A-E345A)
was purified as a recombinant protein with an N-terminal His tag in the
same way as a used for Tk-EshA.

ATPase assay of helicases. ATPase activity was measured by monitor-
ing phosphate released by ATP hydrolysis. The ATPase activity of heli-
cases was determined using a single-stranded RNA (ssRNA), ssRNA63, or
single-stranded DNA (ssDNA), N-DNA70 (Table 2). The reaction mix-
ture (10 �l) composed of 5 nM ssRNA or ssDNA, purified helicase (80 nM
TK0566 [Tk-EshA], 200 nM TK0928, and 80 nM Tk-EshA-D344A-
E345A), 1 mM ATP, 2 mM MgCl2, and 2 mM DTT, prepared in 50 mM
HEPES buffer (pH 7.6), was incubated at 30°C to 110°C for 20 min or 30
min. ATPase activity of Tk-EshA-D344A-E345A was measured using
ssDNA as a substrate. After incubation, the reaction mixture was kept on
ice to stop the enzymatic reaction. The concentration of free phosphate in
the reaction mixture was measured using a Biomol green kit (Enzo Life
Sciences, Plymouth Meeting, PA) (30, 31). Thereafter, 10 �l of the reac-
tion mixture, 40 �l of assay buffer (50 mM Tris HCl [pH 7.4] and 200 mM
NaCl), and 100 �l of Biomol green reagent (Enzo Life Sciences) were
applied to a 96-well plate and left at room temperature for 20 min. Ab-
sorbance at 260 nm was measured using an EnVision multilabel reader
(PerkinElmer Japan, Yokohama, Japan) to monitor the concentration of
free phosphate.

Effects of helicases on 16S rRNA gene amplification. To examine the
effect of SF2 helicases on PCR, 16S rRNA genes from T. kodakarensis (the
region from bp 2022864 to 2024361 in the genome) was targeted, and
genomic DNA from T. kodakarensis was used as a template. PCR was
performed in a mixture (20 �l) containing PCR buffer [120 mM Tris HCl
(pH 8.0), 10 mM KCl, 6 mM (NH4)2SO4, 0.1% Triton X-100, 10 �g ml�1

BSA, 0.2 mM dNTPs, 2 mM MgSO4], 0.6 �M (each) primers 16S rRNA
gene Fw and 16S rRNA gene Rv (Table 1), 20 ng of template DNA, 0.4 U

of KOD-Plus DNA polymerase, and 2 to 100 nM helicase (Tk-DeaD,
Tk-EshA, TK0928, Tk-EshA-D344A-E345A). PCR was performed in a
thermal cycler as follows: 2 min at 94°C, followed by 28 or 45 cycles of 15
s at 94°C, 30 s at 60°C, and 2 min at 68°C. The resultant DNA (1,498 bp)
was separated by 1% (wt/vol) agarose gel electrophoresis and visualized by
ethidium bromide (EtBr) staining. To examine the PCR specificity, band
intensities on agarose gels were measured using ImageJ software (National
Institutes of Health, Bethesda, MD). The relative amounts of PCR prod-
ucts were normalized by the intensities of the different size bands (bands
a [target], b [noise], and c [noise]; see Fig. 3A and C). Each band (a, b, or
c) was in the absence of Tk-EshA, which was set to 100%.

Effect of Tk-EshA on PCR specificity using competitive misanneal-
ing primers. PCR was performed in a mixture (20 �l) containing PCR
buffer as described above, 0.6 �M (each) primers 16S rRNA gene Fw and
16S rRNA gene Rv, 0.6 �M misannealing primer 16 S miss 5= Rv or 16 S
miss 3= Rv (Table 1), 20 ng of template DNA, 0.4 U of KOD-Plus DNA
polymerase, and 2 to 100 nM Tk-EshA. Five bases at the 5= end of primer
16 S miss 5= Rv and five bases at the 3= end of primer 16 S miss 3= Rv were
not complementary to the template DNA. PCR was performed in a ther-
mal cycler as follows: 2 min at 94°C, followed by 30 cycles of 15 s at 94°C,
30 s at 60°C, and 2 min at 68°C. The target DNA was amplified as 1,498-bp
DNA with primers 16S rRNA gene Fw and 16S rRNA gene Rv. In contrast,
an 805-bp DNA was synthesized by primers 16 S miss 5=Rv and 16S rRNA
gene Fw. Another misamplified product (800 bp) was synthesized by
primers 16 S miss 3= Rv and 16S rRNA gene Fw. PCR was performed with
specific primers, 16S rRNA gene Fw, 16S rRNA gene Rv, and 16 S miss 5=
Rv or 16 S miss 3=Rv, in the presence or absence of Tk-EshA. The products
were separated by 2% (wt/vol) agarose gel electrophoresis and visualized
by EtBr staining.

Effect of Tk-EshA on toxA amplification. As a high-GC-content tar-
get, the toxA region of Pseudomonas aeruginosa chromosomal DNA (bp
1240584 to 1242500; GC content, 69%) was used. PCR was performed in
a mixture (20 �l) containing PCR buffer as described above, 0.6 �M
(each) primers toxA Fw and toxA Rv (Table 1), 20 ng of template DNA,
0.4 U of KOD-Plus DNA polymerase, and 50 or 100 nM Tk-EshA. PCR
was performed in a thermal cycler as follows: 2 min at 96°C followed by 28
cycles of 15 s at 96°C, 30 s at 62°C, 65°C, or 68°C, and 2.5 min at 68°C. The
sample was separated by 2% (wt/vol) agarose gel electrophoresis and vi-
sualized by EtBr staining. The PCR efficiency of the resultant toxA DNA
(1,917 bp) was evaluated.

Effect of Tk-EshA on PCR by family A DNA polymerases. Enzymes
from T. aquaticus and Thermus thermophilus were used as family A DNA
polymerases (PolI type). Genomic DNA from T. kodakarensis was used as
a template, and the region of 16S rRNA genes (bp 2022864 to 2024361)
was targeted. PCR was performed in a mixture (20 �l) containing 20 mM
Tris HCl (pH 8.8), 10 mM (NH4)2SO4, 10 mM KCl, 4 mM MgSO4, 0.1%
Triton X-100, 0.2 mM dNTPs, 0.6 �M (each) primers 16S rRNA gene Fw
and 16S rRNA gene Rv (Table 1), 20 ng of template DNA, 0.5 U of Taq
DNA polymerase (New England BioLabs Japan, Tokyo) or 2.5 U of Tth

TABLE 2 Oligonucleotides for helicase assay in this study

Oligonucleotide Sequence (5= to 3=) Reference

ssRNA63 UGGGCUGCAGGUCGACUCUAGAGGAUCCCCGGGCGAGCUCGAAGUCGGGUCUCCCUAUAGUGA 27
L-HJ-3-54mer IRDye 700/TCACTCCGCATCTGCCGATTCTGGCTGTGGCGTGTTTCTGGTGGTTCCTAGGTC 29
N-HJ-3-54mer TCACTCCGCATCTGCCGATTCTGGCTGTGGCGTGTTTCTGGTGGTTCCTAGGTC 29
L-5=DNA34 IRDye 700/GACCTAGGAACCACCAGAAACACGCCACAGCCAG 29
N-5=DNA34 GACCTAGGAACCACCAGAAACACGCCACAGCCAG 29
L-3=DNA54 IRDye 700/CTGGCTGTGGCGTGTTTCTGGTGGTTCCTAGGTCTTAGCCGTCTACGCCTCACT This study
N-HJ-4 GACCTAGGAACCACCAGAAACACGCCACAGCCAGGAAGCCGATTGCGAGGCCGTCCTACCATCCTGCAGG 29
N-B-DNA54 GACCTAGGAACCACCAGAAACACGCCACAGCCAGAATCGGCAGATGCGGAGTGA This study
L-RNA54 Cy5.5/CUGGCUGUGGCGUGUUUCUGGUGGUUCCUAGGUCUUAGCCGUCUACGCCUCACU This study
N-DNA70 GGACGTCCTACCATCCTGCCGGAGCGTTAGCCGAAGGACCTAGGAACCACCAGAAACACGCCACAGCCAG This study
N-DNA34 CTGGCTGTGGCGTGTTTCTGGTGGTTCCTAGGTC This study
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DNA polymerase (Roche Diagnostics Japan, Tokyo), and 2 to 100 nM
Tk-EshA. PCR was performed in a thermal cycler as follows: 2 min at
94°C, followed by 30 cycles of 15 s at 94°C, 30 s at 60°C, and 2 min at 68°C.
The sample was separated by 2% (wt/vol) agarose gel electrophoresis and
visualized by EtBr staining. The resultant DNA (1,498 bp) was evaluated.

Preparation of substrate DNAs for helicase activity. To examine un-
winding activity for helicase evaluation, various double-stranded DNA
(dsDNA) substrates (forked, 5= overhung, 3= overhung, and blunt end)
were prepared. The oligonucleotide sequences used in this study were
modified based on a previous report (29). Oligonucleotides L-HJ-3-
54mer, L-5=DNA34, and L-3=DNA54 (Table 2) were fluorescently labeled
at the 5= terminus with IRDye 700 (Integrated DNA Technologies, Cor-
alville, IA). To prepare forked, 5= overhung, 3= overhung, and blunt-end
DNAs, the labeled oligonucleotides L-HJ-3-54mer, L-5=DNA34,
L-3=DNA54, and L-HJ-3-54mer were annealed with nonlabeled N-HJ-4,
N-HJ-3-54mer, N-5=DNA34, and N-B-DNA54, respectively, in a solution
containing 20 mM Tris HCl (pH 8.0) and 50 mM NaCl, heated at 95°C for
3 min, and cooled to 25°C for 1 h. To prepare the RNA/DNA duplex
substrate, oligonucleotide L-RNA54 labeled at the 5= terminus with Cy5.5
(Integrated DNA Technologies) was annealed with nonlabeled N-DNA70
(Table 2) under the same conditions as for dsDNA substrates.

Monitoring the unwinding activity of helicases. The unwinding as-
say of helicases was performed using a trap DNA according to a previous
report, with slight modifications (29). Trap DNA was included to capture
produced single-stranded DNA at the time of double-strand separation.
The reaction was carried out at 50°C for 40 min in a mixture (20 �l)
containing 20 mM Tris HCl (pH 8.0), 10 mM MgSO4, 2 mM DTT, 0.01%
BSA, 0.01% Triton X-100, 3.3 mM ATP, 2 pmol of the DNA substrate, 4 or
10 pmol of the trap DNA, and a helicase (Tk-DeaD, Tk-EshA, TK0928, or
Tk-EshA-D344A-E345A). When blunt-end dsDNA was used, 10 pmol of
the trap DNA was added to the reaction mixture. The sequence of the trap
DNA (N-DNA34) for 5= overhung (L-5=DNA34 and N-HJ-3-54mer) and
3= overhung (L-3=DNA54 and N-5=DNA34) DNAs is shown in Table 2.
The N-5=DNA34 oligonucleotide was used to trap single-stranded DNA
from forked (L-HJ-3-54mer and N-HJ-4) and RNA/DNA hybrid (L-
RNA54 and N-DNA70) substrate DNAs, and N-HJ-3-54mer was used for
blunt-end substrate DNA (L-HJ-3-54mer and N-B-DNA54) (Table 2).
The unwinding reaction was terminated by immediately transferring the
tube to ice. Thereafter, 1 �l of loading buffer (0.5 mg · ml�1 bromophenol
blue, 50% glycerol, 100 mM EDTA, and 1% SDS) and 7 �l of water were
added to 2 �l of the reaction sample. These samples (10 �l) were resolved
on a 13% native polyacrylamide gel by electrophoresis at 15 mA for 50
min. Fluorescence on the gel was detected by an Odyssey infrared imaging
system (Li-Cor Biosciences, Lincoln, NE). The unwinding activity of he-
licases was quantified by measuring band intensities using the application
software (Li-Cor).

RESULTS
Temperature dependency of ATPase activity. Three candidate
SF2 helicases were selected based on differences in their molecular
masses (Tk-DeaD, 46 kDa; TK0566, 96 kDa; TK0928, 53 kDa).
TK0566 and TK0928 were expressed in E. coli cells, and the recom-
binant forms were purified to near homogeneity (Fig. 1A). Heli-
cases unwind folded DNA and/or RNA, generally coupled with
NTP hydrolysis. The ATPase activity of the DEAD box RNA heli-
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case (Tk-DeaD) was described previously (27), and the optimum
temperature for Tk-DeaD activity, which is dependent on the
presence of ssRNA, is 50°C. To examine the enzymatic properties
of TK0566 and TK0928, ATPase activity for ssRNA was first mea-
sured at 30°C to 110°C by monitoring phosphate released from
ATP. TK0566 and TK0928 showed the highest ATPase activity at
80°C and 90°C, respectively (Fig. 1B). The highest ATPase activity
of TK0566 (158 nmol/min/mg) was almost 5.3-fold higher than
that of TK0928 (30 nmol/min/mg). To examine the nucleic acid
dependency of helicase, ATPase activity of TK0566 and
TK0928 for ssDNA was also measured at 80°C and 90°C, re-
spectively. ATPase activity of TK0566 showed no significant
difference in the presence of ssDNA or of ssRNA (Fig. 1B).
ATPase activity of TK0928 in the presence of ssDNA was almost
3-fold lower than in the presence of ssRNA (Fig. 1B). The ATPase
activity in the absence of RNA or DNA was slightly detected by
adding TK0566 (13.7 nmol/min/mg) and TK0928 (0.19 nmol/
min/mg). They would be caused by prebound RNA derived from
E. coli, as E. coli cells were used for recombinant helicase expres-
sion.

Unwinding activity of thermostable helicases. To assess the
enzymatic property, the unwinding activity of thermostable heli-
cases (Tk-DeaD, TK0566, and TK0928) for forked double-
stranded DNA was measured. The substrate was fluorescently la-
beled with 5= IRDye 700, and a trap DNA was added to prevent

reannealing of the unwound DNA during the unwinding reaction.
As a result, by adding TK0566, the intensity of forked DNA was
decreased, and dsDNA with trap DNA was increased (Fig. 2B).
Addition of Tk-DeaD also reduced the intensity of forked DNA,
but its effect was less than that of adding TK0566 (Fig. 2A). On the
other hand, unwound product for TK0928 was not observed
(Fig. 2C). This result showed that Tk-DeaD and TK0566 had an
unwound activity for forked dsDNA but that TK0928 did not
unwind the forked dsDNA at 50°C. Based on the amino acid se-
quence, TK0566 orthologs have been classified in the group of
Archaea-specific helicases (21), which is specific to Euryarchaeota,
with the exception of Thermoproteales and Archaeoglobales (21).
The ortholog is not conserved in the Crenarchaeota. In the present
study, TK0566 has been designated a Euryarchaeota-specific heli-
case, EshA (Tk-EshA), and used for further study. The Walker B
motif of helicase is known to play an important role for ATPase
activity (15). We constructed mutant Tk-EshA by replacing con-
served Asp344 and Glu345 with Ala, and the mutant was desig-
nated Tk-EshA-D344A-E345A. ATPase activity of Tk-EshA-
D344A-E345A was measured at 30°C to 100°C in the presence of
ssDNA, and no activity was detected at any of the temperatures
examined (Fig. 1B). In addition, unwinding activity of Tk-EshA-
D344A-E345A for forked dsDNA was not detected (Fig. 2D).

Effects of thermostable helicases on PCR specificity. To ex-
amine the effects of Tk-DeaD, Tk-EshA, and TK0928 on PCR
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amplification, the helicases were added to PCR mixtures, and the
amplified patterns of DNA were compared. The genomic DNA of
T. kodakarensis was used as a template, and full-length 16S rRNA
genes (1,498 bp) were amplified by a DNA polymerase (KOD
polymerase). Misamplified products (noise DNAs) were detected
in the absence of helicases (Fig. 3A). In contrast, when 50 nM
Tk-EshA was added to the PCR mixture, the signals of noise DNAs
were decreased (Fig. 3A). The addition of an excess amount of
Tk-EshA (100 nM) almost eliminated noise DNAs and partially
decreased the target product. However, by increasing PCR cycles
from 28 to 45, the target band was detected in the presence of 100
nM Tk-EshA. In the presence of Tk-DeaD or TK0928, no signifi-
cant difference was observed. Noise DNAs were still detected in
the presence of 100 nM Tk-DeaD or TK0928. Because TK0928
showed a lower ATPase activity and did not show unwound activ-
ity, an even larger concentration of it (1 �M) was added to the
PCR mixture; however, no DNA amplification was observed (data
not shown). We concluded that only Tk-EshA shows a unique

noise reduction effect in PCR among the tested SF2 enzymes. To
determine the effect of Tk-EshA on PCR, the amounts of amplified
DNAs were compared by measuring the intensity of each band on
the agarose gel. In the absence of Tk-EshA, three bands (band a,
target; band b, noise; band c, noise) were detected (Fig. 3A and C).
By increasing the amount of Tk-EshA, the signals of noise DNAs
(bands b and c) were gradually decreased. The signal of the tar-
geted DNA (band a) was also gradually decreased by increasing the
amount of Tk-EshA (Fig. 3C); however, the rate of this decrease
was lower than those of the other two bands. This result suggested
that Tk-EshA dominantly inhibits the misannealing of primers and
decreases misamplification during PCR, resulting in specific DNA
amplification of the region targeted by primers. An excess amount of
Tk-EshA inhibited specific DNA amplification. Tk-EshA-D344A-
E345A was also added to the PCR mixture, and the effect was exam-
ined (Fig. 3B). In the presence of Tk-EshA-D344A-E345A, noise
DNAs still remained, indicating that Tk-EshA-D344A-E345A
does not show specific noise reduction. In the presence of a high
concentration (100 nM) of Tk-EshA-D344A-E345A, DNA ampli-
fication was inhibited. An excess amount of Tk-EshA-D344A-
E345A inhibited DNA amplification, probably due to unspecific
Tk-EshA-D344A-E345A binding to DNA, resulting in prevention
of DNA polymerase access.

Substrate specificity of Tk-EshA. We measured the unwind-
ing activity of Tk-EshA for various DNA substrates (5= overhung,
3=overhung, and blunt end) to understand how Tk-EshA unwinds
misannealed primer/template duplexes. These substrates were
fluorescently labeled with 5= IRDye 700, and a trap DNA was
added to prevent reannealing of the unwound DNA during the
unwinding reaction. The intensity of 3= overhung DNAs was de-
creased and the intensity of duplex DNA with trap DNA was in-
creased by increasing the amount of Tk-EshA (Fig. 4A, upper
panel). In contrast, unwound molecules were not produced by
Tk-EshA from 5= overhung or blunt-end DNAs (Fig. 4A, middle
and lower panels). The relative unwinding efficiency of Tk-EshA
for each substrate is compared with that for forked DNA set to
100% in Fig. 4B. The unwinding activity for 3= overhung DNA was
the highest among the substrates (Fig. 4B), indicating that Tk-
EshA unwound misannealed primers from the 3= terminus. In
addition, we measured the unwinding activity of Tk-EshA for RNA/
DNA hybrid duplexes. The intensity of RNA/DNA hybrid duplexes
was decreased and that of DNA duplexes with trap DNA was in-
creased by increasing the amount of Tk-EshA (Fig. 5). This result
showed that Tk-EshA also unwound RNA/DNA hybrid duplexes.

Effect of Tk-EshA on PCR containing competitive misan-
nealed primers. To evaluate the action of Tk-EshA on partially
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annealed primers, oligonucleotides that partially anneal to the tar-
get region were designed. Five bases at the 5= end of primer 16 S
miss 5= Rv and five bases at the 3= end of primer 16 S miss 3= Rv
were designed to be partially complementary to the target 16S
rRNA genes. Full-length 16S rRNA genes (1,498 bp) were ampli-
fied by primers 16S rRNA gene Fw and 16S rRNA gene Rv (Fig. 6A,
lane FR). When primers 16 S miss 5= Rv and 16S rRNA gene Fw
were used for DNA amplification, an 805-bp DNA was produced
(Fig. 6A, lane FR5=R). Furthermore, when primers 16 S miss 3=Rv
and 16S rRNA gene Fw were used, an 800-bp DNA was produced
(Fig. 6A, lane FR3=R). Amplification of 16S rRNA genes was per-
formed with primers 16S rRNA gene Fw and 16S rRNA gene Rv in the
presence of primer 16 S miss 3=Rv or 16 S miss 5=Rv. In the absence
of Tk-EshA, the target band (1,498 bp) and noise bands (805 bp and
800 bp) were detected in PCR conditions with a 5= overhung primer
(16 S miss 5= Rv) and a 3= overhung primer (16 S miss 3= Rv). In the
presence of 50 nM Tk-EshA, noise DNAs (800 bp and 805 bp) pro-
duced by misannealed primers disappeared, while target DNA (1,498
bp) was detected (Fig. 6B and C).

Effect of Tk-EshA addition on PCR efficiency with a high-
GC-content DNA template. Generally, PCR from high-GC-con-
tent templates is not successfully completed due to unfavorable
secondary structures formed in the DNA template and/or misan-
nealing of primers. Tk-EshA was examined for the amplification
of high-GC-content template DNAs. Genomic DNA from Pseu-
domonas aeruginosa was used as the template, and full-length toxA
(length, 1,917 bp; GC content, 69%) was amplified by a DNA
polymerase (KOD-Plus polymerase) from T. kodakarensis. Some
noise DNAs were detected in addition to toxA DNA in the absence
of Tk-EshA (Fig. 7). These noise DNAs were not eliminated by
increasing the annealing temperature from 62°C to 68°C. In con-
trast, noise DNAs were eliminated by adding 50 nM Tk-EshA.
When 100 nM Tk-EshA was added, toxA DNA was also elimi-
nated. This result means that Tk-EshA reduced the level of mis-
amplified DNAs when added at an appropriate concentration but
also reduced target DNA amplification when an excess amount
was added.

Effect of Tk-EshA on PCR by family A DNA polymerases
from T. aquaticus and T. thermophilus. The above-mentioned

experiments were carried out using a family B DNA polymerase
(KOD polymerase from T. kodakarensis). Another type of DNA
polymerase (family A) from T. aquaticus (Taq polymerase) and T.
thermophilus (Tth polymerase) is also commonly used for PCR.
Taq and Tth polymerases belong to family A and do not possess
proofreading activity. We examined the effect of Tk-EshA on PCR
using Taq and Tth polymerases. Genomic DNA from T. kodakar-
ensis was used as the template, and full-length 16S rRNA genes
(1,498 bp) were amplified. Noise DNAs amplified by Taq and Tth
polymerases were also eliminated by Tk-EshA (Fig. 8A and B), as
in the case of the family B DNA polymerase (KOD polymerase
from T. kodakarensis).

DISCUSSION

PCR is a technique that is used in various genetic experiments,
such as gene cloning, genotyping, and mutation introduction into
DNA. It is also applied to investigate genetic diagnosis and detect
pathogenic microorganisms. However, accurate DNA amplifica-
tion is often hampered by the misannealing of primers, especially
when long DNAs and high-GC-content DNAs are targeted. DNA/
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RNA helicases eliminate hydrogen bonds between DNA or RNA
bases using energy from ATP hydrolysis. Helicases are expected to
unwind the secondary structure of the template and misannealed
primer/template duplexes in PCR. To achieve noise reduction in
PCR by eliminating primer misannealing, a thermostable helicase
was included in PCR amplifications. Three putative SF2 helicases
from T. kodakarensis were examined. The enzyme characteristics
of Tk-DeaD were examined previously (27). It exhibits maximal
ATPase activity and unwinding activity specific for single-strand
paired RNA at 50°C, which is lower than the temperature growth
limit of T. kodakaraensis. The optimum temperatures for Tk-EshA
and TK0928 activity were 80°C and 90°C, respectively (Fig. 1B).
Tk-DeaD and Tk-EshA showed unwinding activity for forked
DNA, while TK0928 did not show the activity (Fig. 2A to C).
Among the tested helicases, only TK0566, designated Tk-EshA
(Euryarchaeota-specific helicase from T. kodakarensis), showed a
noise reduction effect (Fig. 3A). Tk-DeaD also showed slight un-
winding activity for forked DNA. However, the thermolabile
property of Tk-DeaD would not be suitable for noise reduction in
PCR. In the present study, the amount of desired amplification
products relative to the amount of nonspecific products was in-
creased depending on the concentration of Tk-EshA (Fig. 3C).
Tk-EshA unwound 3= overhung DNA (Fig. 4), suggesting that
Tk-EshA unwinds misannealed primer/template duplexes from

the 3= terminus during the annealing step of PCR, while primers
perfectly bound to the target region are not peeled off, because a 5=
overhang region forms (Fig. 9). This idea is supported by data
showing that Tk-EshA did not unwind 5= overhung or blunt-end
DNA duplexes. In addition, Tk-EshA dominantly unwound mis-
annealed 5= overhung and 3= overhung primers rather than target-
specific primers (Fig. 6). This result suggests that Tk-EshA un-
wound the 3= overhung primer (16 S miss 3= Rv) from template
DNA or primer and peeled it off. Tk-EshA also reduced noise
DNAs produced by the 5= overhung primer (16 S miss 5= Rv) and
primer 16S rRNA gene Fw, suggesting that Tk-EshA accesses the 3=
end of the template and unwinds primer/template duplexes.
When an excess amount of Tk-EshA was added, the specific target
DNA was eliminated. Tk-EshA might attack the primer that an-
neals to the specific target, and DNA synthesis by DNA poly-
merases might be inhibited by Tk-EshA, because it competes for
Mg2� for the polymerization reaction. When Tk-EshA is used to
reduce PCR noise, a series of Tk-EshA concentrations should be
prepared in advance. By adding Tk-EshA, noise bands were effi-
ciently eliminated in the amplification of GC-rich toxA (Fig. 7).
Tk-EshA addition was more effective than increasing the anneal-
ing temperature. As for the mechanism underlying the effect of
Tk-EshA, two possibilities are considered. One is a primer-peeling
action, as shown in Fig. 9. Tk-EshA is predicted to peel off partially
annealed primers. The second possibility is that Tk-EshA en-
hances the unwinding of template DNA. Tk-EshA could unwind
template DNA, resulting in the easy access of primers to the target.
Tk-EshA seems to be functional by one or both of these mecha-
nisms.

Comparative analysis found Tk-EshA orthologs only in the
phylum Euryarchaeota of the domain Archaea, not in the domains
Bacteria and Eucarya. Tk-EshA orthologs were identified in meth-
anogens and extreme halophiles but not in thermophilic bacteria.
Euryarchaeota-specific helicase (ESH) possesses the distinct con-
sensus sequence rich in cysteine at the N terminus. This region is
predicted to be a metal-binding motif (21). Tk-EshA also has a
cysteine-rich sequence. Its Euryarchaeota-specific existence led us
to hypothesize that Tk-EshA is functional only for family B DNA
polymerases and not for family A DNA polymerases, because fam-
ily A DNA polymerase is not found in the domain Archaea. How-
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ever, Tk-EshA was effective for family A DNA polymerases in our
evaluation. Taq and Tth DNA polymerases are classified into fam-
ily A and used for PCR. Tk-EshA also inhibited misamplification
in the family A polymerase reaction (Fig. 8). Taq and Tth poly-
merases are applicable for the amplification refractory mutation
system (ARMS) to detect SNPs in genetic diagnosis, because they
do not possess 3=-to-5= exonuclease activity. Tk-EshA would be
useful in reducing the occurrence of false positives.

The elimination of nonspecific amplification is important for a
wide range of PCR-based technologies, including the detection of
viral and bacterial infections and identification of SNPs. RecA and
MutS are used to enhance the specificity of PCR (11–14). Given
that Tk-EshA functions in a different manner than RecA and
MutS, a combined effect is expected by using them together. Fur-
thermore, Tk-EshA seems to be applicable not only for PCR but
also for other methods to detect nucleic acids, such as transcrip-
tion-mediated amplification, ligase chain reaction, and nucleic
acid sequence-based amplification (32–37), because Tk-EshA also
unwinds RNA/DNA hybrids (Fig. 5).
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