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A novel mechanism for controlling the proofreading and polymerase
activities of archaeal DNA polymerases was studied. The 3 0-5 0exonuclease
(proofreading) activity and PCR performance of the family B DNA
polymerase from Thermococcus kodakaraensis KOD1 (previously Pyrococcus
kodakaraensisKOD1) were altered efficiently bymutation of a “unique loop”
in the exonuclease domain. Interestingly, eight different H147 mutants
showed considerable variations in respect to their 3 0-5 0exonuclease activity,
from 9% to 276%, as against that of the wild-type (WT) enzyme. We
determined the 2.75 Å crystal structure of the H147E mutant of KOD DNA
polymerase that shows 30% of the 3 0-5 0exonuclease activity, excellent PCR
performance and WT-like fidelity. The structural data indicate that the
properties of the H147Emutant were altered by a conformational change of
the Editing-cleft caused by an interaction between the unique loop and the
Thumb domain. Our data suggest that electrostatic and hydrophobic
interactions between the unique loop of the exonuclease domain and the tip
of the Thumb domain are essential for determining the properties of these
DNA polymerases.
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Introduction

Proliferation of cells requires faithful DNA
replication by DNA polymerase. Different families
of DNA polymerases are involved in different DNA
polymerization processes including not only DNA
replication but also exonuclease activity. Much is
known about the replication of phages,1 viruses,2,3

Procaryota,4 and Eukaryota.2,5 Recently the study of
archaeal replication, mostly family B DNA
polymerases similar to eukaryotic replication
enzymes pol a, d and 3, has been actively
lsevier Ltd. All rights reserve

e; ss, single-stranded.
ing author:
pursued6–9 because biotechnological applications
such as high-fidelity PCR require proofreading
activity and thermostability.7

Among archaeal DNA polymerases, the DNA
polymerase from Thermococcus kodakaraensis KOD1
is widely utilized because of its high efficiency and
extension rate. KOD DNA polymerase exhibits a
fivefold higher extension rate (100–130 nucleotides/
second) and 10–15-fold higher processivity (O300
bases) than the DNA polymerase from Pyrococcus
furiosus (Pfu DNA polymerase).7

It was described that the editing of the DNA
polymerase I Klenow fragment can be an intra-
molecular process or an intermolecular one
involving dissociation and reassociation of the
DNA.10 In family B DNA polymerases, including
bacteriophage, archaeal and most eukaryotic DNA
d.



Figure 1. Overall structure of KOD DNA polymerase.
The structure is composed of domains and subdomains,
namely the N-terminal domain (N-ter, violet), exo-
nuclease domain (Exo, gray) including the unique loop
(blue), polymerase domain (Pol) including the Palm
(brown) and Fingers (green) subdomains, and the
Thumb domain (red), including the Thumb-1 and
Thumb-2 subdomains and disordered regions (dotted
lines). The orange region represents the E-cleft. The
positions of two amino acids in the exonuclease domain
are shown as colored balls (red, AA147; light blue,
AA142).
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polymerases, the control of the two catalytic
activities was proposed to proceed intramolecu-
larly, mediated by the flexible loop containing
Y-GG/A motif located between the N-terminal
3 0-5 0exonuclease and the C-terminal polymerase
domain.11,12 In a study of the family B DNA
polymerase from Thermococcus aggregans, an effi-
cient change of the balance between synthesis and
degradation of the DNA chain was achieved by
mutations in the Y-GG/A motif,12 and it was
concluded that the conformation and flexibility of
the loop might determine the activity balance.

Another mechanism for determination of the
3 0-5 0exonuclease activity has been suggested. The
active center for polymerase activity is located on
the antiparallel b-sheet structure of the Palm
domain, and the reaction proceeds in an interspace
that is formed by the Palm, Fingers, and Thumb
domain. The Thumb domain contains the Thumb-1
and Thumb-2 subdomains. The exonuclease active
site (Editing cleft (E-cleft)) is located just opposite
the Thumb-2 subdomain. A study that structurally
compared gp43 from bacteriophage RB69 and the
family B DNA polymerase from Thermococcus
gorgonarius (Tgo) DNA polymerase, indicated a
structural change at the E-cleft possibly reflecting
a transition between open and closed forms.13 The
E-cleft of Tgo DNA polymerase is constricted by a
displacement of the tip of the Thumb-2 subdomain
toward the exonuclease domain to prevent single-
stranded (ss) DNA from entering in the E-cleft. The
gp43 and Tgo DNA polymerases have loop
structures that contain different sequences in the
exonuclease domain. The metal-binding site (active
center of the exonuclease activity) adjoins the loop.
In Tgo DNA polymerase, the interaction between
F152 at the root of the loop and F214 in the ExoII
motif permits the formation of a unique shape of the
loop, which is curved outward, away from the tip of
the Thumb-2 subdomain. The angle of this unique
loop enables the tip of the Thumb-2 subdomain to
put a lid on the E-cleft. The sequences around the
loop are highly conserved in a subset of the family B
DNA polymerase, especially in Archaea belong to
Thermococcus sp. and Pyrococcus sp. This loop
seemed to coordinate the distance between the
two domains.

Additionally, the balance between 03-5 0exo-
nuclease and polymerase activities was altered by
mutation of H123 and nearby residues, which are
located in the exonuclease domain but not in any
of the important motifs in T7 DNA polymerase,
a family A DNA polymerase.14 One possible
explanation given here is that the region in the
vicinity of H123 primarily has a structural role for
the exonuclease active site. However, this mecha-
nism remains unsolved and has not yet been
reported in family B DNA polymerases.

The first crystal structure of a family B DNA
polymerase to be obtained was that of bacterio-
phage RB69 DNA polymerase.15 The first crystal
structure of archaeal DNA polymerase was Tgo
DNA polymerase.13 Further crystal structures of
archaeal family B DNA polymerases have recently
been reported: Tok DNA polymerase from
Desulfurococcus sp. Tok,16 98N-7 DNA polymerase
from Thermococcus sp. 98N-7,17 and KOD DNA
polymerase.18 Also, the crystal structure of the
family A DNA polymerase from bacteriophage T7
has recently been reported.19 The 3 0-5 0exonuclease
domain of the family B DNA polymerase is
structurally equivalent to that of the family A
DNA polymerase, however, it is bound at the
opposite side of the polymerase unit by non-
covalent contacts to the Thumb domain at the
E-cleft, on one side, and by covalent and non-
covalent contact to the N-terminal and Palm
domain, on the other side.

Here, we present data on mutations in the unique
loop of the exonuclease domain away from the
Thumb-2 subdomain of KOD DNA polymerase.
Further, we demonstrate the structural mechanism
for the coordination of proofreading and polymer-
ase activities in DNA polymerase.
Results and Discussion

Site-directed mutagenesis of the loop

H123 of T7 DNA polymerase, described in
Introduction, is estimated to be located in a loop
facing toward the tip of the Thumb domain
according to a 3-D structure model obtained using
a polymerase lacking six residues (118–123).19 The
E-cleft is located just opposite the tip of the Thumb
domain. Similarly, the 3-D structure of the family B



Figure 2. Amino acid sequence
alignments of proposed structu-
rally corresponding residues of
KOD DNA polymerases (138–152,
exonuclease domain; and 682–697,
Thumb domain). Acidic, basic and
hydrophobic residues are shown in
red, blue and green, respectively.
The boxed amino acid residues
comprise the loop structure in the

exonuclease domain. The underlined amino acid residues are the core sequence of the Exo I motif. The abbreviations
used are as follows: KOD, Thermococcus kodakaraensis DNA polymerase; Tgo, Thermococcus gorgonarius DNA polymerase;
Tli, Thermococcus litoralis DNA polymerase; 98N-7, Thermococcus sp. 98N-7 DNA polymerase; Tag, Thermococcus aggregans
DNA polymerase; Pfu, Pyrococcus furiosus DNA polymerase; RB69, bacteriophage RB69 DNA polymerase; T7,
bacteriophage T7 DNA polymerase.
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DNA polymerase from T. gorgonarius reveals that a
loop toward the edge of the Thumb domain can
play an important role in the conformational change
of the two domains that is essential for switching
between the “editing mode” and the “polymerase
mode”.13 The 3-D structure of KOD DNA poly-
merase implies that movement of the loop is
required to interact with the primer bound at the
E-cleft.18 This loop is located adjacent to the Exo I
motif and contains a histidine residue at the tip
of the loop.13,17,18 Figure 1 shows the three-
dimensional relationship between the unique loop
and other domains of KOD DNA polymerase. As
shown in Figure 2, the loops, which are presumed to
be facing toward the Thumb-2 subdomain, are
characterized by negatively charged and hydro-
phobic amino acids. In particular, the sequences of
the loops are highly conserved among the family B
DNA polymerases from Thermococcus sp. and
Pyrococcus sp., while T4 (data not shown) and
RB69 DNA polymerases lack this loop. The family
B DNA polymerases (e.g. KOD DNA polymerase,
Pfu DNA polymerase, Vent DNA polymerase and
Deep Vent DNA polymerase) from Thermococcus sp.
Table 1. Comparison of the polymerase activities, 3 0-5 0exonucl
type and mutated KOD DNA polymerases

Relative polymerase activity (%)a

DNA
polymerase

Relative
exonuclease
activity (%)a

Calf thymus
DNA

Primed M13
DNA

H147K 276 69 93
H147R 234 78 99
WT 100 100 100
H147Y 124 138 195
H147Q 66 131 N.D.b

H147S 60 119 N.D.b

H147A 41 136 149
H147E 30 120 160
I142Q 24 97 114
H147D 9 155 210
I142K 7 110 118
Taq N.D.b N.D.b N.D.b

Pfu N.D.b N.D.b N.D.b

a Relative activity to the wild-type enzyme.
b N.D., not determined.
and Pyrococcus sp. are the DNA polymerases that
have commonly been used as high-fidelity PCR
enzymes.
On the other hand, the edges of the Thumb-2

subdomain of these DNA polymerases are charac-
terized by positively charged and hydrophobic
amino acids. As shown in Figure 1, the edge of
the Thumb-2 subdomain facing the unique loop is
estimated to correspond to disordered region II in
KODDNA polymerase. Interestingly, the edge of the
Thumb domain (597DGRKVHVRSPHAALNT) of T7
DNA polymerase, a family A DNA polymerase, is
also characterized by positively charged and
hydrophobic amino acids. These observations
suggest the possibility that electrostatic and hydro-
phobic interactions between the loop of the
exonuclease domain and the tip of the Thumb-2
subdomain are essential for determining the prop-
erties of these DNA polymerases. Therefore, we
started by exchanging H147 to basic amino acids
(Lys and Arg), acidic amino acids (Glu and Asp)
and neutral amino acids (Ala, Tyr, Ser and Gln). For
a comparison with exonuclease-deficient mutants,
ease activities, PCR fidelities and elongation rates of wild-

Exo/Pol

Calf thymus
DNA

Primed M13
DNA

Mutation
frequency (%)

Elongation
rate (bp sK1)

4.0 3.0 0.12 133
3.0 2.4 0.17 131
1.0 1.0 0.47 130
0.90 0.64 0.39 N.D.b

0.50 – N.D.b N.D.b

0.50 – N.D.b N.D.b

0.30 0.28 0.45 N.D.b

0.25 0.19 0.47 133
0.25 0.21 0.47 N.D.b

0.06 0.04 0.65 132
0.06 0.06 0.95 127
– – 7.91 N.D.b

– – 1.27 20



Figure 3. PCR with KOD polymerase mutants.
(a) Agarose gel (1%) showing 3.6 kb PCR products. One
unit of each mutant or WT enzyme was added to a
mixture of 10 ng human genomic DNA and a primer pair
designed to yield a 3.6 kb DNA fragment. (b) Long PCR
with each mutant. One unit of each mutant was added to
a mixture of 50 ng human genomic DNA and a primer
pair designed to yield a 6.2 kb DNA fragment.
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Exo I motif mutants (I142Q and I142K)20 of KOD
DNA polymerase were prepared and examined.

The properties of the mutated KOD DNA
polymerases are summarized in Table 1. The
polymerase activities of the WT and mutated
enzymes were measured using activated calf
thymus DNA and primed M13 DNA. The analysis
revealed that the polymerase activity of each
enzyme did not change dramatically, although
H147D showed an increase in activity to above
150% (calf thymus DNA) and 200% (primed M13
DNA). The exonuclease activities of the WT and
mutated enzymes were assayed using 3H-labeled
Escherichia coli DNA. Regarding the exonuclease
activity, the mutants were divided into three
groups: (i) mutants having WT-like exonuclease
activity (50–150%): H147Y, H147Q and H147S;
(ii) mutants with enhanced exonuclease activity
(O150%): H147K and H147R; and (iii) mutants with
decreased exonuclease activity (!50%): H147D,
H147E, H147A, I142Q and I142K. In the H147
mutants, basic amino acids at position 147 increased
the 3 0-5 0exonuclease activity, while acidic amino
acids decreased the activity. On the other hand, it
has been demonstrated that both basic and acidic
amino acids decrease the 3 0-5 0exonuclease activity
of Ile142 mutants.20 Increases in the 3 0-5 0exo-
nuclease activity have not been reported after
mutagenesis of the core sequences of the exo-
nuclease motifs. This suggests that the charge of
the amino acid at position 147 is essential for
regulating the 3 0-5 0exonuclease activity of family B
DNA polymerases.

These results for KOD DNA polymerase have
some analogy with those for T7 DNA polymerase.
In the site-directed mutagenesis of residue 123 in T7
DNA polymerase, substitution to an acidic amino
acid (Glu) decreased the 3 0-5 0exonuclease activity
more than substitution to a neutral amino acid (Ser).
Moreover, it was also confirmed that the substi-
tution affected the 3 0-5 0exonuclease activity more
than the polymerase activity.14

The elongation rate of each enzyme was
measured using primed M13 DNA. As shown in
Table 1, all the mutants showed a WT-like
elongation rate. The mutation frequency of each
enzyme was measured using a PCR-based fidelity
assay. Mutants were divided into the following
groups: (i) mutants showing WT-like mutation
frequency (0.2–0.5%): H147Y, H147A and H147E;
(ii) mutants with decreased mutation frequency (!
0.2%): H147K and H147R; and (iii) mutants with
increasedmutation frequency (O0.5%): H147D. The
mutation frequency of each mutant showed a
correlation with the 3 0-5 0exonuclease activity to
some extent. Even H147D showed a higher fidelity
(12-fold) than that of Taq DNA polymerase.

PCR efficiency of the mutants

It has been indicated that insufficient template
DNA can sometimes cause poor amplification that
produces an indistinct non-specific band, especially
for PCR of large targets of over 2 kb using KOD
DNA polymerase. The strong 3 0-5 0exonuclease
activity of KOD DNA polymerase has been thought
to be the cause of the poor efficiency and the
indistinct non-specific band.

At first, a fragment of the human b-globin gene
(3.6 kb) was amplified from different concentrations
of human genomic DNA (final concentrations 2 ng/
ml and 0.2 ng/ml) by each mutated enzyme. Under
the high template DNA condition (2 ng/ml), each
mutant showed a distinct band at the expected
position upon gel analysis (data not shown). The
change in template concentration from 2 ng/ml to
0.2 ng/ml greatly increased the frequency of failed
reactions. Only four mutants (i.e. H147D, H147E,
H147Y and H147A) resulted in successful amplifi-
cation. Although I142K also showed a faint band,
conspicuous unexpected bands were amplified at
the same time. The other mutants generated only
indistinct non-specific bands (Figure 3(a)). This
experiment indicates that the 3 0-5 0exonuclease
activity is not the only cause of PCR failure, because
some mutants exhibiting similar Exo/Pol ratios
(e.g. H147E and I142Q) produced different results.
From these experiments, it is concluded that the
negative charge or hydrophobicity of the amino
acid at position 147 plays an important role for the
sensitivity of PCR.

Next, the mutants that showed successful
amplification in the above experiments (H147D,
H147E, H147Y and H147A) were applied to “long
PCR”. A DNA fragment of the myosin heavy chain
(6.2 kb) was amplified from human genomic DNA
(final concentration, 1 ng/ml). As shown in
Figure 3(b), H147D and H147E successfully ampli-
fied 6.2 kb products. The yield with H147D was
higher than that with H147E. The target was not
amplified by H147Yand H147A. PCRwith the other
mutants and the WT enzyme also ended in failure
(data not shown). These results indicate that a
negative charge at residue 147 of KOD DNA
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polymerase plays an essential role for efficient
amplification of a long target. Moreover, these
results suggest that interaction between the two
domains through the intermediary of the loop
determines the PCR performance.
Structural change of the exonuclease-Thumb
interface

To confirm the interaction between the exo-
nuclease domain and the Thumb-2 subdomain,
the crystal structure of the H147E mutant of KOD
DNA polymerase was determined at 2.75 Å resolu-
tion and compared with that of the WT enzyme.
H147E is a clone that shows higher PCR efficiency
than the exonuclease active site-deficient mutant
(I142Q), which exhibits similar 3 0-5 0exonuclease
activity to the H147E mutant and has identical
fidelity to the WT enzyme. It is thought that the
structures of KOD DNA polymerases described
here provide information for the DNA-free, most
relaxed conformations.

As shown in Figure 4, three disordered regions
(disordered region I, R667-G677; disordered region
II, R689-696; and disordered region III, K705-D712)
were observed at the tip of the Thumb-2 subdomain
in the H147E mutant as well as in the WT enzyme.
Disordered region II is presumed to be able to
interact with the loop of the exonuclease domain.
The average B-factor of the Thumb domain (588–
758) of the H147E mutant was similar to that of the
WT enzyme (WT, 99.4; H147E mutant, 91.4). The B-
factors of protein crystal structures reflect the
fluctuation of atoms about their average positions
and provide important information about protein
dynamics. The slight decrease in the B-factor of the
H147E mutant’s Thumb domain might indicate a
measure of stabilization for the Thumb domain. The
Figure 4. Comparison of the three-dimensional struc-
tures of the H147E mutant and wild-type KOD DNA
polymerase. The main-chains of the exonuclease domains
of the WT enzyme and H147E mutant are overlaid. Gray,
WT KOD DNA polymerase; colored in red and yellow,
H147E mutant; dotted line, assumed disordered regions
in the H147E mutant (the corresponding regions of the
WT enzyme are not shown). AA147 is shown as a ball-
and-stick model. In H147E mutant, the Thumb domain is
estimated to move 1.5 Å closer to the exonuclease
domain.
relative shift of the tip of the Thumb-2 subdomain
(helical region (678–688)) toward the loop was
estimated to be 1.5 Å. On the other hand, structural
change was not observed in the main-chain of the
exonuclease domain (r.m.s. deviation 0.59 Å for the
Ca of 196 residues), and the structures of the side-
chains of the active center of the 3 0-5 0exonuclease
domain were very similar (shown in Figure 4). In
the H147E mutant, the decrease in the 3 0-
5 0exonuclease activity is estimated to be caused by
a constriction of the E-cleft depending on displace-
ment of the tip of the Thumb-2 subdomain toward
the exonuclease domain that prohibits ssDNA
binding.
The movement of the Thumb-2 subdomain

toward the exonuclease domain side seems to be
led by an interaction between the negatively
charged residue (E147) and the tip of the Thumb-2
subdomain, which is characterized by positively
charged and hydrophobic residues. Similar effects
are analogized about the mutants that have
negatively charged or hydrophobic amino acids at
position 147. On the other hand, opposite results are
expected for the mutants that have a positively
charged amino acid at residue 147. These confor-
mation changes can be connected to the so-called
“closed” and “open” conformations of the E-cleft. It
has been reported that the Thumb domain of KOD
DNA polymerase is shifted to produce an open
conformation and that a portion of the Palm domain
neighboring the root of the Thumb domain is
slightly shifted as a result of the large movement
of the Thumb domain in comparison to other
archaeal DNA polymerases.18 Our results suggest
that the mechanisms of the changes in the
enzymatic properties of H147 mutants are funda-
mentally different from those of active site-deficient
mutants (i.e. I142 mutants). For the active site-
deficient mutants, ssDNAs, which need to be
proofread, have to undergo extra movement on
average compared with the H147 mutants. This
extra movement can be inhibitory for PCR. For long
PCR in particular, the mutants having an acidic
amino acid at position 147 (i.e. H147D and H147E)
are thought to have an advantage over the other
mutants, because of their reduced E-cleft. It would
appear that the active site-deficient mutants are not
accompanied by structural changes like the H147
mutants.
A correlation between the unique loop and the

Thumb domain has been reported.13 Here, we
demonstrated the structure-function relationships
in the family B DNA polymerase from
T. kodakaraensis KOD1. Simultaneously, we reported
the same observations for T7 DNA polymerase,
which is categorized as a family A DNA polymer-
ase. Interestingly, DNA polymerases that have the
loop characterized by acidic and hydrophobic
amino acids always have basic and hydrophobic
amino acids at the tip of the Thumb-2 subdomain.
This suggests that electrostatic and hydrophobic
interactions between the loop and the tip of the
Thumb domain also play important roles in
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determining the enzymatic properties of WT DNA
polymerases. The evolution of the interaction
between the two domains is interesting because
some family B DNA polymerases (e.g. RB69)
lacking the loop have no basic or hydrophobic
amino acids at the tip of the Thumb domain. We can
consider the possibility that this kind of structural
relationship between the unique loop and the
Thumb domain in a subset of the family B DNA
polymerases has evolved in parallel with that in
several family A DNA polymerases containing T7
DNA polymerase independent of the Y-GG/A
motif, although the sequences and overall struc-
tures of the two groups are reasonably different.
Furthermore, it is likely that the histidine residue in
the unique loop has evolved as the most appro-
priate residue to regulate the overall performance of
the enzyme. Moreover, it is interesting to discover
that such useful polymerases have obtained this
structural relationship.

The conformational change in the Thumb domain
can also affect the properties of the polymerase
activity since some mutants showed increased
polymerase activity, especially on the primed M13
DNA (H147D, H147E, H147A and H147Y). Newly
synthesized duplex DNA is grasped by the
polymerase and Thumb domains. The tip of the
Thumb-2 subdomain of KOD DNA polymerase is
estimated to be flexible. The average B-factor of the
Thumb domain of KOD DNA polymerase is
markedly higher than the other domains.18 The
Thumb domains of H147 mutants that showed
improved PCR performance might be stabilized by
the exonuclease-Thumb interaction because the
rates of increase in polymerase activity on primed
M13 DNA polymerase for H147D and H147E
were more significant than those for I142K and
I142Q, which showed similar 3 0-5 0exonuclease
activities.

This theory suggests the possibility that some
mutation in the unique loop or Thumb domain
enables the generation of a more useful DNA
polymerase exhibiting high efficiency and excellent
fidelity. Furthermore, methods for altering the
structure of a domain interface, that includes the
active center or binding site, can be important
strategies for the improvement of enzymes.
Materials and Methods
Purification and mutagenesis of KOD DNA
polymerase

A QuikChange Site-Directed Mutagenesis Kit (Strata-
gene, La Jolla, CA) was used to introduce mutations into
the KOD DNA polymerase gene. Enzymes were over-
expressed in E. coli BL21(DE3) and purified using a
previously reported method.7 The purification involved
a heat treatment step and chromatography on heparin-
Sepharose. All protein samples were O95% pure, as
determined by Coomassie blue-stained SDS-PAGE.
Assay for DNA polymerase activity and exonuclease
activity

DNA polymerase activity was measured by a TCA
precipitation assay.21 The reaction mixture contained
20 mM Tris–HCl (pH 7.5), 8 mM MgCl2, 50 mg mlK1

BSA, 0.15 mM each dNTP, [methyl-3H]TTP
(0.13 mCi nmolK1 final concentration), 150 mg mlK1 acti-
vated calf thymus DNA, and 7.5 mM dithiothreitol. One
unit of activity was defined as the amount of enzyme
required to incorporate 10 nmol of dNTP into an acid-
insoluble fraction at 75 8C in 30 minutes. For DNA
polymerase activity assays with single-stranded (ss)
DNA, the reaction mixture contained 20 mM Tris–HCl
(pH 7.5), 8 mM MgCl2, 50 mg mlK1 BSA, 0.15 mM each
dNTP, [methyl-3H]TTP (0.13 mCi nmolK1 final concen-
tration), M13 ssDNA primed with the P7 primer
(5 0-CGCCAGGGTTTTCCCAGTCACGAC-3 0), and
7.5 mM dithiothreitol.
Uniformly 3H-labeled E. coli DNA was used as a

substrate for measurement of the exonuclease activity.20

Reaction mixtures for the exonuclease assay (50 ml)
contained 120 mM Tris–HCl (pH 8.0), 1.2 mM MgCl2,
6 mM (NH4)2SO4, 10 mM KCl, 0.1% (v/v) Triton X-100,
0.01% (w/v) BSA, 5 mg of 3H-labeled DNA (7.4 kBq mgK1)
and serially diluted enzymes. After incubation at 75 8C for
ten minutes, the reactions were stopped by the addition of
50 ml of BSA and 100 ml of 10% trichloroacetic acid. After
incubation on ice for ten minutes, the precipitated DNA
was collected by centrifugation at 12,000g for ten minutes.
The acid-soluble radioactivity was measured in 100 ml of
the supernatant. The relative exonuclease activity of each
enzyme was estimated using the radioactivity counts of
the serially diluted enzymes.
The elongation rate of DNA polymerase was calculated

from the length of DNA synthesized in a fixed time (30 s,
60 s or 90 s) using M13 ssDNA primed with the P7 primer
(5 0-CGCCAGGGTTTTCCCAGTCACGAC-3 0) as a sub-
strate.20 The reaction mixture for the elongation rate
assay (20 ml) contained 20 mM Tris–HCl (pH 8.8), 2 mM
MgSO4, 6 mM (NH4)2SO4, 10 mM KCl, 0.1% Triton X-100,
0.1 mg mlK1 BSA, 0.4 mg M13 ssDNA, 4 pmol P7 primer,
0.2 mM dATP, dGTP and TTP, 0.1 mM [a-32P]dCTP
(1.11 MBq), and 1.25 units of DNA polymerase. The
mixtures were incubated at 75 8C for various times. The
reactions were stopped by the addition of 20 ml of 60 mM
EDTA, 60 mM NaOH and 0.1% (w/v) bromophenol blue.
The samples were electrophoresed in a 1% (w/v) agarose
gel containing 50 mM NaOH and 1 mM EDTA, and then
visualized by autoradiography.
The mutation frequency rates of the DNA polymerases

on PCR were measured by the positive selection system
using the rpsL gene as reported.20 Twenty-five cycles were
carried out as follows: 20 s at 99 8C, 2 s at 65 8C, and three
minutes at 68 8C. The PCR products included the full-
length DNA (4.0 kbp) from the plasmid pMol21,22

carrying the bla gene for ampicillin resistance and the
rpsL gene for streptomycin sensitivity.
Polymerase chain reaction

The reaction mixture (50 ml) consisted of 1 mM MgSO4,
200 mM dNTPs, 0.3 mM each primer, one unit of enzyme,
10 ng, 50 ng or 100 ng of human genomic DNA and buffer
for KOD-Plus (TOYOB, Japan). For the cycling reaction, a
GeneAmp 2400 (Perkin-Elmer) was used. The thermal
conditions were two minutes at 94 8C, followed by 35
cycles of 15 s at 94 8C, 30 s at 55 8C and one minute/kb at
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68 8C. The primers were as follows (5 0to 3 0): bg-F: GGT
GTTCCCTTGATGTAGCACA; bg-R: ACATGTATTTGC
ATGGAAAACAACTC; my-F: AGTGCTTCGTGCCCGA
TGAC; and my-R: TGCCCCTTGGTGACATACTCG.
Crystallization, data collection and structure
determination

Crystals were grown by the hanging-drop vapor-
diffusion method23 at 20 8C. Drops containing 2 ml of
protein solution at 6.0 mg mlK1 in 50 mM Tris–HCl (pH
8.0), 0.1 mM EDTA, 1.0 mM DTT, 0.001% (v/v) Tween 20,
50% (v/v) glycerol, and 2 ml of precipitating buffer were
equilibrated against 500 ml of precipitating buffer contain-
ing 3% (w/v) polyethylene glycol 1450, 10 mMNiCl2, and
17.5% glycerol. Crystals took one day to appear and up to
three days to grow to a size suitable for diffraction
analysis. The crystals belonged to space group P212121,
with cell dimensions of aZ74.34 Å, bZ111.13 Å and cZ
111.56 Å.
X-ray diffraction data were measured at the SPring-8 in

Japan. The crystal-to-detector distance and the crystal
oscillation angle per image were set to 220 mm and 18,
respectively. Reflections were indexed, integrated and
scaled using DENZO and SCALEPACK24 (Table 2).
Assuming monomeric DNA polymerase in the asym-
metric unit, the crystal volume per enzymemass (Vm) and
the solvent content were calculated to be 2.57 Å3/Da and
51.9%, respectively.25 The refinement data statistics are
summarized in Table 2.
The crystal structure was determined using a KOD

DNA polymerase structure (Protein Data Bank entry
1GCX) as the initial phasing model. The model was
manually modified using the program O26 and subjected
to further rounds of refinement using data in the
resolution range 33.3–2.75 Å with the program CNS.27

The Rfree set contained a random sample of 5% of all data.
The refinement statistics are shown in Table 2. MOL-
SCRIPT28 and Raster3D29 were used for drawing Figure 4.
Secondary structural elements were determined with
DSSP.30
Table 2. Crystallographic data statistics

KOD DNA polymerase(H147E)

Diffraction data
Space group P212121
Cell dimensions (Å) aZ74.34

bZ111.13
cZ111.56

Resolution range (Å) 33.3–2.75
No. of observations 90,637
No. of unique observations 22,669
Completeness (%) 90.0 (78.2)
Rmerge (%) 8.2 (27.8)
I/s(I) 10.0
Structure refinement
Resolution range (Å) 33.3–2.75
R-factor (%) 22.7
No. of reflections used 21,228
Free R-factor (%) 30.6
No. of reflections used 1092
No. of protein atoms 5877
No. of solvent atoms 278
No. of heterogen atoms 7
Average B (Å2) 53.7
r.m.s.d. in bond lengths (Å) 0.008
r.m.s.d. in bond angles (8) 1.2
Protein Data Bank accession numbers

The coordinates of the structure have been deposited in
the RCSB Protein Data Bank (accession code 1WN7).
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