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Abstract

The Hot Start polymerase chain reaction (Hot Start PCR) is designed to reduce off-target amplification by blocking DNA
polymerase extension at room temperature until the desired temperature is reached. In this study, we investigated a new
method of Hot Start PCR that uses a modified Escherichia coli Exonuclease III (EcoExollIM) by substituting residues in the
DNA-binding pocket and catalytic center. The results showed that PCR amplification yield and specificity were significantly
promoted by the addition of EcoExollIM. We hypothesize that non-specific binding of primers at room temperature is pre-
vented by binding of the primed template by EcoExolIIM, which is then released from the DNA by heat denaturation before
the first PCR cycle. Through this mechanism, PCR would be enhanced by reducing off-target extension at room temperature.
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Introduction

The polymerase chain reaction (PCR) is one of the most
ubiquitous and well-developed molecular biology tools and
is used in a wide range of fields such as forensics, biode-
fence, and molecular diagnostics [1-8]. In a specific PCR
assay, primer sequences are selected that hybridize to both
ends of the intended target sequence. However, because of
sequence similarities between the target and non-targeted
regions, primers may anneal to undesired sequences, espe-
cially while setting up the PCR reactions on the bench at
room temperature [9, 10]. Although polymerase activity at
room temperature is relatively low, even a single base being
incorporated into off-target annealed primers can produce
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extension products that compete with amplification of the
desired target sequence, thereby suppressing the efficiency
and specificity of PCR, especially for low copy number tar-
gets [9, 11].

“Hot Start” strategies have been developed to reduce
off-target amplification in PCR and optimize the yield of
the desired amplified products. This approach is usually
achieved by preventing polymerase extension until the Hot
Start activation conditions are reached [9]. Generally, there
are three existing techniques for performing Hot Start PCR.
The first is to withhold one of the key components such as
the dNTPs, primers, Mg?*, or the DNA polymerase until
the reaction mixture reaches the desired elevated temper-
ature [12, 13]. The second is to temporarily block DNA
polymerase activity through chemical modifications [14,
15] or by employing anti-DNA polymerase antibodies or
oligonucleotide aptamers that bind to the DNA polymerase
[16—-18], or through the addition of accessory proteins such
as single-strand DNA-binding proteins (SSB) that sequester
the primers at lower temperatures [19]. The third approach is
the use of chemically modified oligonucleotide primers [11]
and dNTPs [20]. Every approach has its own pros and cons
and is discussed later.

In Escherichia coli (E. coli), the wild-type Exolll has
3'— 5’ exonuclease, 3'-phosphomonoesterase, 3'-esterase,
and RNase H activity that targets at least some of the follow-
ing polynucleotide structures: 1, the Apurinic/apyrimidinic
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site; 2, double-stranded DNA with 3’ extension (less than
4 nt); 3, blunt-end double-stranded DNA; and 4, double-
stranded DNA with 3’ recession [21-24]. The last DNA
substrate is structurally similar to primed DNA in a PCR
mixture, which can be extended by the limited activity of
the DNA polymerase at room temperature. It was previ-
ously reported that wild-type Exolll enhances the PCR of
damaged DNA templates, and even heat-denatured Exolll
has this effect. This observation implies the possibility of
the enhancement of PCR by Exolll through a mechanism
independent of nuclease activity. Herein, we describe the
design of a new Hot Start strategy that uses a modified E.
coli Exolll protein without nuclease activity, which we
termed EcoExollIM. We propose that EcoExollIM enhances
PCR through the inhibition of DNA extension by binding to
off-target primed DNA.

Materials and Methods
Plasmid Construction

The gene encoding EcoExollIM (ECBD_1895) was
amplified by PCR using E. coli BL21 genomic DNA
(ACT28942.1) as the template. Using four pairs of primers
(P1148 & P1465; P1466 & P1467; P1468 & P1469; and
P1470 & P1149; see Supplementary Table 1), four amplified
fragments (208, 172, 134, and 365 bp) were obtained and
used as the template for overlapping PCR using P1148 and
P1149 as the primers. The four mutated residues were shown
in Fig. 1. The full-length DNA fragment encoding EcoExol-
IIM was thereby acquired and cloned into a modified pET-
15b vector [25] to construct recombinant His-tagged EcoEx-
olIIM. The nucleotide sequence of the inserted EcoExollIM

Fig. 1 Multiple sequence align- A
ment and structural models of P.put H--GOKGHYGVALLSRREPLDLFKGFANDEEDAQRRFIWGTFADAHGTPITVMNGYFERE 114
Exonuclease III. a, Multiple E.coli H--GQKGHYGVALLTKETPIAVRRGFPGDDEEAQRRIIMAEIPSLLG-NVTVINGYFPRGE 113
sequence alignment of six R.ter H--GQKGHYGVALLTKETPVSVRRGFPGDDEEAQRRI IMAETPSASG-NVTVINGYFEQG 113
partial Exonuclease III amino M.eu SAAFRKJYSGVALYSKVQPQEVRYGFGINRFDHEGRILIAFYDD-———— FVLENIYFENG 112
d from Escheri M.th TPAERKGY|SGVAMYTKVPPSSLREGFGVERFDTEGRIQIADFDD-———— FLLYNIYFENG 115
acid sequences trom Lscheri- M.mar TPAERKQ¥|SGVAMYTRIPPKS IREGFGVERFDIEGRIQVADFDD—-———— FLLYNIYFENG 115
chia coli (E. coli), Raoultella R L T T
terrigena (R. te), Pseudomonas _
putida (P. pu), Methanother- P.put RDHPTKFPAKQRFYSDLQGLLEAQFRSDQPLLVMGDMNISPQDCDIGIGADNAKRWLR 174
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mobacter thermautotrophicus E.coli RDHPIKFPAKAQFYQNLONYLETELKRDNPVL ISPTDLDIGIGEENRKRWLR 173
M. 1. Methanoth bac R.ter RDHPTKFPAKAAFYQNLQDYLDNELKKDNPVLIMGDMNISPTDLDIGIGEESRKRWLR 173
(M. th), ethanothermobacter M.eu SDERLQY--KMDFYEAFLEYAQELRQEGYSVVVCGDLNTAHRPVDIARPKQNEK---— 166
marburgensis (M. ma), and M.th SEERLKY--KLEFYDAFLEDVNRERDSGRNVIICGDFNTAHREIDLARPKENSN---- 169
Methanohalophilus euhalobius M.mar SDERLKY--KLEFYDAFLEDVNRERDAGRNTVICGDFNTAHREIDLARPKENSN---- 169
- - .. *E ek - * . - -
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gene was confirmed by Sanger sequencing (Meiji, Shanghai,
China).

EcoExollIM Protein Expression and Purification

Recombinant His-tagged EcoExollIM protein was pro-
duced in the E. coli strain BL21-CodonPlus (DE3)-RIL
(Invitrogen, Shanghai, China) grown in 2.5 L Luria—Ber-
tani (LB) medium containing ampicillin (100 pg/mL) and
chloramphenicol (34 ug/mL). The cells were grown until
they reached an ODg, of 0.8 at 37 °C. Protein expression
was then induced with 0.5 mM IPTG for 6 h at 37 °C. The
cells were harvested and disrupted by sonication in Buffer A
(50 mM Tris—HCI pH 8.0, 200 mM NaCl). The soluble frac-
tions were precipitated with 80% saturated ammonium sul-
fate. The precipitated proteins were re-suspended in Buffer
A and dialyzed against Buffer A to remove the ammonium
sulfate. After dialysis, the samples were loaded onto a 2-mL
Ni—-NTA column. The column was washed with 10 column
volumes of Buffer A containing 40 mM imidazole and
eluted with three column volumes of Elution Buffer (Buffer
A containing 250 mM imidazole). The fractions containing
the proteins were pooled and dialyzed against Buffer A and

B

loaded onto a 5-mL HiTrap Q column, which was pre-equil-
ibrated with Buffer A. The eluted fractions (between 100
and 200 mM NaCl) were pooled, concentrated, and further
purified on a gel filtration column (Sephacryl S-200 HR)
pre-equilibrated with Buffer A. The collected peak fractions
were dialyzed against Storage Buffer (25 mM Tris—HCI pH
8.0, 100 mM NaCl, 0.5 mM EDTA, 0.1 mM DTT, 50% (v/v)
glycerol). EcoExolIIM proteins were highly purified based
(Fig. 2a) on SDS-PAGE analysis, and the final concentration
was 12 mg/mL based on the Bradford method.

Nuclease and Binding Assays

Two DNA substrates (sequences shown in Fig. 2b) were
annealed to test structure-specific cleavage and binding of
EcoExollIIM in a standard PCR reaction. The two oligonu-
cleotides were synthesized by BGI Bioscience (Shenzhen,
China). The shorter oligonucleotide was labeled by Cy5
at the 5" end. The final concentration of the Cy5-labeled
shorter strand was 10 pmol/uL and that of the non-labeled
longer strand was 20 pmol/uL to ensure that all the fluores-
cently labeled strands were paired with non-labeled strands.
Annealing was performed in 0.5 mM EDTA pH 8.0. The

Cy5-5-GGGGCGAGTCCAGGTCAGGACCTTGCGGGG-3'
3-CCCCGCTCAGGTCCAGTCCTGGAACGCCCCATAACTATACATGAATATCATAACTAATAA-S
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Fig.2 Assays of the nuclease and DNA-binding activity of the wild-
type Exolll and EcoExollIM. a The expressed recombinant,wild-type
Exolll, EcoExollIM, and ExolIl-D151 K proteins were separated by
SDS-PAGE and stained with Coomassie Brilliant Blue. b DNA sub-
strates used to test the binding and exonuclease activity of EcoExol-
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IIM. ¢ Native gel analysis showing the nuclease and DNA-binding
activity of EcoExollIM and wild-type Exolll toward the DNA sub-
strate indicated in (b). In these reactions, the final concentrations of
ExolllI-D151 K and EcoExoIlIM were 0.3, 0.5, 1, 2, 4, 8, 16, and
32 pmol/uL (lanes 1-8 and lanes 9-16, respectively)
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mixtures were heated at 95 °C for 5 min, gradually cooled
to room temperature in the dark, and stored at 4 °C until
further use.

The DNA-binding reactions comprised a 20-pL. mixture
containing 25 mM Tris—HCI pH 8.5, 0.2 mM dNTPs, 2 mM
MgCl,, 10 mM (NH,),SO,4, 20 mM KCl, 2 pmol of the DNA
substrates, and various concentrations of Exolll (ExolIl-
D151 K or EcoExollIM) as indicated. Reactions were incu-
bated at 37 °C for 30 min and stopped by the addition of
an equal volume of stop buffer containing 10 mM EDTA,
1 X TBE, and 0.1% (w/v) bromophenol blue. Half the final
volume of each reaction (20 uL) was then loaded onto a 10%
polyacrylamide gel in 1 X TBE buffer and electrophoresed at
150 V for 90 min. Gels were imaged with a Typhoon 9410
scanner using Cy5 channel (GE Healthcare, US).

Standard PCR Assay

PCR components were mixed in 50 pL reaction systems
containing 25 mM Tris—HCI pH 8.5, 0.2 mM dNTPs, 2 mM
MgCl,, 10 mM (NH4),S0,, 20 mM KCI, 200 pmol of each
primers, and 10 ng template DNA as indicated in Supple-
mentary Tables 2 and 3. The indicated amounts of EcoEx-
olIIM or wild-type ExollI protein were added into the PCR
mixtures before adding 5 U of Taq DNA polymerase, in
Fig. 3. The amplification parameters were as follows: 25

cycles of denaturation at 94 °C for 30 s, annealing at 55 °C
for 30 s, and extension at 72 °C for different lengths of time
according to the target product length, followed by a final
2-min extension at 72 °C. The temperature was then reduced
to 4 °C and 5.5 pL of 10 X Loading Buffer (Takara, Dalian,
China) were added to the reactions. The PCR products (5
pL each) were resolved on a 1.5% agarose gel in 1 X TAE
containing 40 ug/mL EB and run at 5 v/cm for 25 min.

Results
Preparation of the EcoExollIM Mutant

Wild-type Exolll targets and digests 3'-recessed dou-
ble-stranded DNA, which simulates the structure of
primer—primer and primer-template duplexes (Fig. 4,
panel A). We propose that by binding these duplexes
(Fig. 4, panel C), this enzyme prevents DNA polymerase
extension of primed DNA at lower temperatures, whether
it be on- or off-target, until the first PCR cycle is initi-
ated at an elevated temperature (Fig. 4, panels B and D).
However, besides binding to the primed DNA template,
wild-type ExolllI also digests the oligonucleotide primers
and the DNA template. To produce an E. coli Exolll with
DNA-binding activity but without exonuclease activity,

A B
EcoExollIM - wt E— ExolllM - wi I—
DNAPol + + + + + + + + + + + + DNAPol + + + + + + + + + +

M 1

C
EcoExollIM - wt IE——

2 3 4 5 6 7 8 9 10 1112 M 1

DNAPol + + + + + +

12 3 4 5 6 7 8 910112 M M 1

Fig.3 PCR enhancement by EcoExollIM. The PCR reactions con-
tained 125 ng wild-type Exolll (lane 2) and 4 pg, 2 pg, 1 pg, 500 ng,
250 ng, 125 ng, 60 ng, 30 ng, 15 ng, and 8 ng of EcoExollIM (lanes

+ + + + + +

2 3 4 5 6 7 8 910

D
ExolliM - wt [H—

DNAPol + + + + + + + + + +

2 3 4 5 6 7 8 910

3-12, respectively). Primer and template sequences are available in
Supplementary Tables 2 and 3, respectively. After PCR, 5 uL of each
sample were separated by agarose gel electrophoresis
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Fig.4 Proposed mechanism of EcoExolll enhancement of PCR. At
room temperature, primers have the potential to undergo non-specific
annealing (a), which can be extended by DNA polymerase to gener-
ate short oligonucleotides that are off-target (b). In the presence of
EcoExolIIM (c), non-specifically annealed DNA is blocked and pro-

we analyzed the published Exolll structure (1AKO) and
sequences of Exolll homologues from bacteria and archaea
from Protein Data Bank. As shown in Fig. 1a, residue
D151 (blue box in Fig. 1a) was reported to be the metal
cofactor-binding residue required for exonuclease activity
[26]. For this reason, we substituted D151 with lysine to
inactivate the nuclease activity of Exolll. Furthermore,
since tight binding to primed DNA was also important
to achieve our goal of preventing off-target extension at
room temperature, we introduced additional mutations into
E. coli Exolll to increase its binding affinity to primed
DNA. Based on the available structure of MthExolIIl com-
plexed with DNA (Exolll from Methanothermobacter
thermautotrophicus, PDB: 3G2D), we located the three
residues within MthExolII that were closest in proximity
to the DNA ligand: Tyr68, Asnl14, and Lys116 (Fig. 1a,

@ Springer

tected from unwanted extension by DNA polymerase. When the reac-
tion temperature is elevated to initiate PCR, denaturation of Exolll
releases the primed template, which itself deanneals and is available
for the subsequent PCR reaction

red rectangle; C, red spheres; and D, the three residues).
Although no E. coli ExollI-DNA complexed structure
has yet been published, other published data have shown
that MthExollIl and EcoExollIl are highly similar both
in terms of their three-dimensional structure and amino
acid sequence (Fig. la—c). H62, Q112, and E114 (Fig. 1a,
red boxes) of EcoExolll are located at equivalent posi-
tions to the three residues identified in MthExolII (Y68,
N114, and K116). For this reason, besides the D151 K
mutation, we further incorporated the mutations H62R,
QI112R, and E114 K (Fig. 1d) to increase the DNA-binding
affinity of E. coli Exolll, and we designated the mutant
H62R-Q112R-E114 K-D151 K as EcoExolIIM. The plas-
mids for expressing wild-type E. coli Exolll and EcoEx-
olIIM were verified by sequencing and the corresponding
proteins were overexpressed in E. coli and purified. Pro-
teins were analyzed by SDS-PAGE (Fig. 2a).
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EcoExollIM is Deficient in Nuclease Activity
but Maintains DNA-Binding Activity

To verify the predicted biochemical activities of EcoExollIM,
a DNA cleavage assay was performed. Duplex DNA with 3’
recession was used to mimic a primer duplex (Fig. 2b). EcoEx-
ollIM was mixed with the above substrate in the same reaction
mixture used for standard PCR. DNA-binding analysis was per-
formed after the substrates were incubated with ExollI-D151 K
or EcoExollIM in the presence of 2 mM Mg>* (Fig. 2c). The
wild-type Exolll exhibited strong nuclease activity and was
able to completely digest the primer duplex substrate (Sup-
plementary Fig. 2, lanes 1-8), which agrees with expectation.
In contrast, EcoExollIM showed no obvious nuclease activity
by 30 min at a concentration of 0.3—-8 pmol/uL (Fig. 2c, lanes
9-14). Interestingly, retarded DNA bands were observed, indi-
cating that EcoExolIIM bound stably to the substrate (Fig. 2c,
lanes 13-16). These data showed that EcoExollIM lost its
nuclease activity but retained its DNA-binding activity.

PCR Efficiency Enhanced by EcoExollIM

During previous routine PCR experiments, we experienced
that certain PCR reactions never generated satisfactory prod-
ucts (data not shown), which is an issue commonly encoun-
tered by most researchers. Eight of these previously failed/
poorly performing PCR experiments were selected to test
the effect of ExolIM. Four of the PCR assays did not exhibit
any significant improvement (data not shown). Notably, the
remaining four PCRs showed an obvious improvement fol-
lowing titration with EcoExollIM, even when the reactions
were placed at room temperature for 30 min before PCR was
initiated (Fig. 3a—d). The predicted product sizes ranged from
600-3000 bp. In contrast, the presence of wild-type Exolll
did not improve the same PCR reactions, although in some
cases, we did observe a decrease in primer dimers (Fig. 3d),
implying the digestion of primer dimers by wild-type Exolll.
It was interesting to note that in the presence of 60-250 ng
EcoExollIM, even though the primer dimers were not reduced,
the product yield was significantly increased in these PCR
reactions (Fig. 3d, lanes 7-9). For the PCR assays shown in
Fig. 3a—c, the yield of the targeted PCR products increased
significantly in the presence of EcoExollIM compared with
lane 1 where no EcoExollIM was added, although no obvious
decrease in primer dimers was observed. These results clearly
indicate that EcoExollIM increases PCR yields.

Discussion

As described in this work, by depleting the exonuclease
activity while preserving the DNA-binding ability of
ExollII (Fig. 2b), we generated a mutant Exolll from E.

coli designated as EcoExolIIM, which significantly pro-
motes the efficiency of PCR. The use of EcoExollIM pro-
vides a new strategy for performing Hot Start PCR. We
hypothesize that EcoExollIM exerts its affect through the
following mechanism. At lower temperatures, EcoExolIlIM
binds to the 3" ends of DNA structures, including primer
self-dimers, primer heterodimers, and oligonucleotides
formed by primers annealing to the template DNA at both
desired and undesired locations (see Fig. 4). Theoretically,
the binding of EcoExollIM to the 3’ end of oligonucleo-
tides blocks polymerase extension at room temperature
while the PCR mixtures are being prepared. Once the PCR
mixture reaches the desired elevated temperature, EcoEx-
olIIM is denatured and releases the 3’ end of DNA oligo-
nucleotides. The primers also deanneal at this elevated
temperature and are, therefore, free to participate in the
specific annealing and extension steps of the PCR. Accord-
ing to the proposed mechanism, off-target amplification
would thereby be inhibited, and the specificity and effi-
ciency of PCR would be accordingly promoted. This puta-
tive mechanism is consistent with the observed enhance-
ment of PCR following the addition of EcoExollIM.

A previous report by Fromenty et al. described the appli-
cation of wild-type Exolll in long-range PCR [27]. Inter-
estingly, in Fig. 1 of Fromenty’s paper, the heat-denatured
Exolll, as well as the wild-type Exolll, enhanced PCR effi-
ciency. This agrees with our observation that the nuclease-
deficient EcoExollIM enhanced PCR, which implies that the
two different Exollls employed by these two studies may
share the same mechanism. Further investigation would be
necessary to reveal the mechanisms of this enhancement and
to further extend the applications of exonuclease III in PCR.

To improve the efficiency and specificity of PCR, many
approaches have been developed to eliminate the extension
of non-specific/undesired annealed primers at room tem-
perature [28]. Hot Start PCR is one of the methods devised
to suppress this undesired polymerase activity. However,
various drawbacks are associated with current approaches
to Hot Start PCR. Introducing Anti-polymerase antibod-
ies to inhibit polymerase at the same time introduce risk
related to the use of animal-sourced materials. A Cold
Start strategy, whereby all the reagents are mixed on ice
and the tube is transferred to a PCR machine preheated
to the melting temperature stage, which would eliminate
polymerase activity during PCR preparation. However, the
requirement for ice cold manipulation makes Cold Start
PCR unfeasible. Single-strand DNA-binding (SSB) pro-
teins can be used to block all single-stranded DNA at room
temperature, only to release the DNA for PCR following
denaturation of SSB during the melting stage of PCR [19].
However, SSB proteins bind not only to the primed region,
but also non-specifically to any region of single-stranded
DNA. For this reason, a large amount of SSB is needed
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to completely protect the DNA template. In comparison,
EcoExolIIM binds specifically to the primed region of the
DNA template and should, therefore, offer more efficient
protection from unwanted extension.

In this study, we reported the use of bioinformatic and
structural information on Exolll from E. coli and M. ther-
mautotrophicus to engineer a protein with no nuclease activ-
ity and remains affinity for DNA, designated as EcoExollIM.
EcoExollIM increased the yields of four poorly performing
PCR experiments. This protein could, therefore, act as a
potential enhancer for PCR. A similar mechanism utilizing
other proteins that block the 3’ end of DNA could also be
explored in future work to further enhance PCR.

Acknowledgements This work was supported by grants from the
National Natural Science Foundation of China to Z.L. (31500027),
and the Startup Funding of TIO to Z.L.

References

1. Ralser, M., Querfurth, R., Warnatz, H. J., Lehrach, H., Yaspo, M.
L., & Krobitsch, S. (2006). An efficient and economic enhancer
mix for PCR. Biochemical and Biophysical Research Communica-
tions, 347, 7147-1751.

2. Saiki, R. K., Gelfand, D. H., Stoffel, S., Scharf, S. J., Higuchi, R.,
Horn, G. T, et al. (1988). Primer-directed enzymatic amplification of
DNA with a thermostable DNA polymerase. Science, 239, 487-491.

3. Budowle, B., Schutzer, S. E., Einseln, A., Kelley, L. C., Walsh,
A. C., Smith, J. A., et al. (2003). Building microbial forensics as
a response to bioterrorism. Science, 301, 1852-1853.

4. Dabhiya, R., Deng, G., Selph, C., Carroll, P., & Presti, J, Jr. (1998).
A novel p53 mutation hotspot at codon 132 (AAG->AGG) in
human renal cancer. Biochemistry and Molecular Biology Inter-
national, 44, 407-415.

5. Elnifro, E. M., Ashshi, A. M., Cooper, R. J., & Klapper, P. E.
(2000). Multiplex PCR: optimization and application in diagnostic
virology. Clinical Microbiology Reviews, 13, 559-570.

6. Kolmodin, L. A., & Williams, J. F. (1997). PCR. Basic principles
and routine practice. Methods in Molecular Biology, 67, 3—15.

7. Saldanha, J., & Minor, P. (1994). A sensitive PCR method for
detecting HCV RNA in plasma pools, blood products, and single
donations. Journal of Medical Virology, 43, 72-76.

8. Sato, Y., Hayakawa, M., Nakajima, T., Motani, H., & Kiuchi, M.
(2003). HLA typing of aortic tissues from unidentified bodies
using hot start polymerase chain reaction-sequence specific prim-
ers. Legal Medicine (Tokyo), 5(Suppl 1), S191-S193.

9. Chou, Q., Russell, M., Birch, D. E., Raymond, J., & Bloch, W.
(1992). Prevention of pre-PCR mis-priming and primer dimeri-
zation improves low-copy-number amplifications. Nucleic Acids
Research, 20, 1717-1723.

10. Paul, N., Shum, J., & Le, T. (2010). Hot start PCR. Methods in
Molecular Biology, 630, 301-318.

11. Lebedev, A. V., Paul, N., Yee, J., Timoshchuk, V. A., Shum, J.,
Miyagi, K., et al. (2008). Hot start PCR with heat-activatable
primers: a novel approach for improved PCR performance.
Nucleic Acids Research, 36, el131.

12. Hebert, B., Bergeron, J., Potworowski, E. F., & Tijssen, P. (1993).
Increased PCR sensitivity by using paraffin wax as a reaction
mix overlay. Molecular and Cellular Probes, 7, 249-252.

@ Springer

13. Kaijalainen, S., Karhunen, P. J., Lalu, K., & Lindstrom, K. (1993).
An alternative hot start technique for PCR in small volumes using
beads of wax-embedded reaction components dried in trehalose.
Nucleic Acids Research, 21, 2959-2960.

14. Birch, D. E. (1996). Simplified hot start PCR. Nature, 381,
445-446.

15. Moretti, T., Koons, B., & Budowle, B. (1998). Enhancement of
PCR amplification yield and specificity using AmpliTaq gold
[TM] DNA polymerase. BioTechniques, 25, 716-722.

16. Dang, C., & Jayasena, S. D. (1996). Oligonucleotide inhibitors
ofTagDNA polymerase facilitate detection of low copy number
targets by PCR. Journal of Molecular Biology, 264, 268-278.

17. Kellogg, D. E., Rybalkin, I., Chen, S., Mukhamedova, N., Vlasik,
T., Siebert, P. D., et al. (1994). TagStart Antibody:” hot start” PCR
facilitated by a neutralizing monoclonal antibody directed against
Taq DNA polymerase. BioTechniques, 16, 1134-1137.

18. Scalice, E. R., Sharkey, D. J., & Daiss, J. L. (1994). Monoclonal
antibodies prepared against the DNA polymerase from Thermus
aquaticus are potent inhibitors of enzyme activity. Journal of
Immunological Methods, 172, 147-163.

19. Dabrowski, S., & Kur, J. (1999). Cloning, overexpression, and
purification of the recombinant His-tagged SSB protein of Escher-
ichia coli and use in polymerase chain reaction amplification. Pro-
tein Expression and Purification, 16, 96—102.

20. Koukhareva, I., Haoqiang, H., Yee, J., Shum, J., Paul, N., Hogrefe,
R. I, et al. (2008). Heat activatable 3’-modified dNTPs: synthe-
sis and application for hot start PCR. Nucleic Acids Symposium
Series, 52(1), 259-260.

21. Demple, B., Johnson, A., & Fung, D. (1986). Exonuclease III and
endonuclease IV remove 3'blocks from DNA synthesis primers
in H,0,-damaged Escherichia coli. Proceedings of the National
Academy of Sciences USA, 83, 7731-7735.

22. Mol, C. D., Hosfield, D. J., & Tainer, J. A. (2000). Abasic site
recognition by two apurinic/apyrimidinic endonuclease families in
DNA base excision repair: the 3’ ends justify the means. Mutation
Research/DNA Repair, 460, 211-229.

23. Richardson, C. C., & Kornberg, A. (1964). A deoxyribonucleic
acid phosphatase-exonuclease from Escherichia coli 1. Purifica-
tion of the enzyme and characterization of the phosphatase activ-
ity. Journal of Biological Chemistry, 239, 242-250.

24. Richardson, C. C., Lehman, I. R., & Kornberg, A. (1964). A
deoxyribonucleic acid phosphatase-exonuclease from Escherichia
coli II. Characterization of the exonuclease activity. Journal of
Biological Chemistry, 239, 251-258.

25. Shen, Y., Musti, K., Hiramoto, M., Kikuchi, H., Kawarabayashi,
Y., & Matsui, I. (2001). Invariant Asp-1122 and Asp-1124 are
essential residues for polymerization catalysis of family D DNA
polymerase from Pyrococcus horikoshii. Journal of Biological
Chemistry, 276, 27376-27383.

26. Mol, C. D., Kuo, C. F., Thayer, M. M., Cunningham, R. P., &
Tainer, J. A. (1995). Structure and function of the multifunctional
DNA-repair enzyme exonuclease III. Nature, 374, 381-386.

27. Fromenty, B., Demeilliers, C., Mansouri, A., & Pessayre, D.
(2000). Escherichia coli exonuclease III enhances long PCR
amplification of damaged DNA templates. Nucleic Acids
Research, 28, E50.

28. Zhong, Y., Huang, L., Zhang, Z., Xiong, Y., Sun, L., & Weng, J.
(2016). Enhancing the specificity of polymerase chain reaction by
graphene oxide through surface modification: zwitterionic poly-
mer is superior to other polymers with different charges. Interna-
tional Journal of Nanomedicine, 11, 5989-6002.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	An Alternative Hot Start PCR Method Using a Nuclease-Deficient ExoIII from Escherichia coli
	Abstract
	Introduction
	Materials and Methods
	Plasmid Construction
	EcoExoIIIM Protein Expression and Purification
	Nuclease and Binding Assays
	Standard PCR Assay

	Results
	Preparation of the EcoExoIIIM Mutant
	EcoExoIIIM is Deficient in Nuclease Activity but Maintains DNA-Binding Activity
	PCR Efficiency Enhanced by EcoExoIIIM

	Discussion
	Acknowledgements 
	References




