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bstract

We have determined a 2.6 Å resolution crystal structure of Pfu DNA polymerase, the most commonly used high fidelity PCR enzyme, from
yrococcus furiosus. Although the structures of Pfu and KOD1 are highly similar, the structure of Pfu elucidates the electron density of the interface
etween the exonuclease and thumb domains, which has not been previously observed in the KOD1 structure. The interaction of these two domains
s known to coordinate the proofreading and polymerization activity of DNA polymerases, especially via H147 that is present within the loop
residues 144–158) of the exonuclease domain. In our structure of Pfu, however, E148 rather than H147 is located at better position to interact

ith the thumb domain. In addition, the structural analysis of Pfu and KOD1 shows that both the Y-GG/A and �-hairpin motifs of Pfu are found

o differ with that of KOD1, and may explain differences in processivity. This information enables us to better understand the mechanisms of
olymerization and proofreading of DNA polymerases.

2008 Elsevier B.V. All rights reserved.
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. Introduction
DNA polymerases can be classified into seven main groups
ased upon sequence homology and phylogenetic relationships;
hese groups consist of family A (e.g., E. coli Pol I), family

Abbreviations: Pfu, Pfu DNA polymerase; KOD1, Pyrococcus kodakaraen-
is DNA polymerase; PCR, polymerase chain reaction; EDTA, ethylenediamine
etraacetic acid; DEAE, diethylaminoethyl; SDS-PAGE, sodium dodecyl sulfate
olyacrylamide gel electrophoresis; DTT, dithiothreitol; PEG, polyethylene gly-
ol; RCSB, Research Collaboratory for Structural Bioinformatics; RMSD, root
ean square deviation.
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(e.g., E. coli Pol II), family C (e.g., E. coli Pol III), fam-
ly D (e.g., Euryarchaeotic Pol II), family X (e.g., human Pol
), family Y, and family RT (e.g., reverse transcriptase) [1].
ach DNA polymerase can also be classified into replicative or

epairing, as well as error-free or error-prone, based on its own
haracteristics. At present, many DNA polymerase structures
ave been determined and their structures are well conserved
verall [2–7]. The structural components of DNA polymerases
ave been generally divided into three separate domains: the
ngers, palm, and thumb. Various aspects of DNA replication,
uch as substrate binding, nucleotide transfer, fidelity, and pro-
essivity, have been proposed from the binary/tertiary structures
f DNA polymerases in complex with diverse DNA substrates
8]. The fingers and thumb domains change positions depending
n whether the polymerase is bound to a substrate [9]. Unbound

NA polymerases form open conformations of the fingers and

humb domains, and when substrate is bound, the two domains
ove toward the palm domain to hold the template/primer strand
ore tightly [8].

mailto:lkang@konkuk.ac.kr
mailto:hscho8@yonsei.ac.kr
dx.doi.org/10.1016/j.ijbiomac.2008.01.010
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The existence of additional domains, such as an exonucle-
se for error-free replication, varies among DNA polymerases.
n the case of archaeal DNA polymerases, including Pfu, there
re five domains that consist of the fingers, palm, thumb,
xonuclease, and N-terminal domains [4,5]. The exonuclease
omain also changes its conformation depending on the sta-
us of DNA replication or editing [5]. When a mismatched
ucleotide is incorporated into the newly synthesized DNA
trand, the template/primer strand binds to the polymerase more
eakly or is misaligned with respect to the polymerase active

ite. Eventually, the double helix unwinds and the mismatched
ucleotide is moved to the active site of the exonuclease domain
nd is excised [3]. At the DNA-bound, closed conformation
f the thumb domain, the 3′ end of the primer strand can-
ot bind to the exonuclease domain due to steric hindrance,
rimarily caused by the edge of the thumb domain. Only
pen conformations of the thumb domain allow the binding
f single-stranded primer DNA (ssDNA) to the exonuclease
ctive site. The overall conformations of each domain are tightly
oordinated with the others to carry out the DNA replication
rocess.

The Kuroita group previously proposed a novel role for the
nique loop of the exonuclease domain, which is exclusively
onserved within archaeal DNA polymerases [10]. The unique
oop, especially H147, has been shown by site-directed muta-
enesis and activity assays to interact directly with the edge
f the thumb domain. When H147 is mutated into a gluta-
ate residue, the negative charge of the glutamate reinforces

he electrostatic attraction for the positive charge of the thumb
omain, shifting the thumb domain 1.5 Å closer to the exonu-
lease domain. The closer position of the thumb domain to
he exonuclease domain prevents the binding of the 3′ end of
he ssDNA to the exonuclease active site, explaining the low
′–5′ exonuclease activity of the H147E mutant. The wide-open
onformation of the thumb domain is essential for the editing
unction of the polymerase [10,11]. All characteristics of each
NA polymerase, such as fidelity, processivity and the ability

o replicate damaged DNA, can be explained from small dif-
erences in the amino acid sequences of local regions which
nclude the active site, the unique loop, and the edge of the
humb domain. The balance between the polymerization and
diting activities is crucial for genomic stability and stimulation
f evolution.

Pfu is the most commonly used high fidelity DNA poly-
erase for PCR and exhibits an average error rate of

.3 × 10−6 mutations/bp/duplication [12], which is approxi-
ately eight-fold more accurate than Taq DNA polymerase.
OD1, an archaeal DNA polymerase from the hyperther-
ophilic archaeon Pyrococcus kodakaraensis, is as accurate

s Pfu, but its processivity and extension rates are higher than
fu. Although several archaeal DNA polymerase structures

with or without DNA substrates) have been determined, the
etails of fidelity and processivity in DNA replication are not

ully understood. Recent structural and mutational study of
OD1 suggested the coordinating mechanisms of proofreading
nd polymerase activities involve the interactions between the
xonuclease and thumb domains [10]. But the detailed interac-
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ion was not provided because of the unseen edge of the thumb
omain, which interacts with the unique loop of the exonucle-
se domain. Here, we determined the three-dimensional crystal
tructure of Pfu, the family B DNA polymerase from Pyrococ-
us furiosus, which shows clearly the edge in of the thumb
omain which was unseen in KOD1 structure. We also found
mportant differences between the Pfu and KOD1 structures.
his information enables us to better understand the coordi-
ated mechanisms of proofreading and polymerization that can
e used to generate a high-performance DNA polymerase for
CR.

. Material and methods

.1. Cloning, protein expression, and purification

P. furiosus cells were obtained from the Korean Culture Cen-
er of Microorganisms (KCCM) and genomic DNA was isolated
y standard procedures [14]. Based on the DNA sequence of the
fu DNA polymerase (accession no. D12983), two primers (5′-
GG AGC CAT ATG ATT TTA GAT GTG GAT TAC ATA-3′

nd 5′-CTA TCG GTC GAC TAG GAT TTT TTA ATG TTA
GC CA-3′) were synthesized and used for the amplification
f DNA templates of P. furiosus. DNA amplification was per-
ormed using 2.5 units of Pfu DNA polymerase (Stratagene) in
50 �L reaction volume of PCR buffer, 0.5 �M each primer,

.2 �M each dNTP, and 0.2 �g genomic DNA. The cycling con-
itions consisted of an initial denaturation step for 7 min at 95 ◦C,
ollowed by 35 cycles of 1 min at 95 ◦C, 1 min at 55 ◦C, 3 min at
2 ◦C, and an additional 10 min for final elongation at 72 ◦C. The
CR products were cloned into the expression vector pET21(b)
Novagen). Clones with the correct orientation were selected
nd designated as pET21-pfu.

Overexpression and purification of the Pfu DNA polymerase
ere carried out with modifications of methods described pre-
iously [15]. The Pfu DNA polymerase was expressed in E. coli
train BL21(DE3)pLysS carrying the pET21-pfu plasmid. For
he seed culture, this bacterial colony was cultured in 10 mL
uria–Bertani (LB) medium containing 0.1 mg/mL ampicillin
t 37 ◦C for 16 h. This seed culture was transferred to 1 L
B medium containing 0.1 mg/mL ampicillin and cultured at
7 ◦C to an optical density of 0.5 at 600 nm. For induction of
rotein production, isopropyl-�-d-thiogalactoside (IPTG) was
dded to the culture at a final concentration of 1 mM and the
ulture was incubated for 5 h at 37 ◦C. After protein induc-
ion, cells were harvested by centrifugation at 4000 rpm for
5 min at 4 ◦C. For protein purification, the cell pellet was
esuspended in 50 mM Tris–HCl (pH 8.0), 50 mM NaCl, and
mM EDTA. After sonication on ice, samples were immediately
eated at 75 ◦C for 30 min and then centrifuged at 16,000 × g
t 4 ◦C for 20 min. The supernatant was loaded onto a DEAE-
ephacel column, equilibrated, and eluted with Tris–HCl (pH
.0) plus 50 mM NaCl. The flow-through fraction was collected

nd immediately applied to a HiTrap Heparin HP column (Amer-
ham Biosciences) and equilibrated with Tris–HCl (pH 8.0)
lus 50 mM NaCl. The column was eluted by a 50–500 mM
aCl gradient in Tris–HCl (pH 8.0). Each fraction was assayed
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y SDS-PAGE and those containing a 90 kDa protein were
ooled and concentrated using a Centriprep 50 column (Ami-
on).

.2. Crystallization, data collection, and determination of
tructure

Crystals of Pfu were grown in a mixture of 1.5 �L protein
ample and 1.5 �L reservoir solution containing 0.2 M ammo-
ium sulfate, 0.1 M Na-cacodylate (pH 6.5), 5 mM DTT, 50 mM
nCl2, and 15% (w/v) PEG 8000, and equilibrated against
mL reservoir solution over 3–5 days. The X-ray diffraction
ata were collected to 2.6 Å at the 6B and 4A beamlines of the
ohang Light Source (PLS, Korea). Prior to data collection, a
fu crystal was soaked in mother liquor with 20% (v/v) glyc-
rol added as a cryoprotectant. Collected data were processed
sing DENZO and the scale adjusted by the HKL 2000 pro-
ram package [13]. The crystal was of the space group C2 with
ne molecule in the asymmetric unit with unit cell dimension
= 92.17, b = 127.80, c = 89.57 Å, α = 90◦, β = 109.12◦, γ = 90◦.

he pfu structure was determined by the molecular replace-
ent method (package CCP4) using the atomic coordinates of
OD1 (Protein Data Bank ID 1WNS) [14]. Subsequent rounds
f refinement were preformed using program CNS [15]. Man-

able 1
tatistics from crystallographic analysis

ata collection
Beam PLS 4A MMX
Space group C2
Resolution 50–2.6
Wavelength (Å) 1.00
Total reflections 846,202
Unique reflection 30,763
Completeness (%) 93.8 (85.1)
Rsym (%)a 0.064 (0.262)
Average I/σ (I) 18.3 (1.7)

tructure refinement
Resolution (Å) 15−2.6
Reflections 28,166
Rcyst (%)b 23.6
Rfree (%)c 25.1
Protein atoms 5,826
Water atoms 70
Heterogen atoms (Mn2+) 2
Rms deviations
Bond length (Å) 0.021
Bond angles (◦) 2.15

amachandran plot (%)d

Most favored 76
Additional allowed 20.4
Generally allowed 3.6
Disallowed 0

alues in parentheses are for the highest resolution shell.
a Rsym = �|Iobs − Iavg|/Iobs, where Iobs is the observed intensity of individual

eflection and Iavg is average over symmetry equivalents.
b Rcyst = �||Fobs| − |Fcalc||/� Fobs| × 100 for 95% of recorded data.
c Rfree is the R-factor calculated by using 5% of the reflection data chosen

andomly and omitted from the start of refinement.
d Calculated with program PROCHECK.
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al adjustments and rebuilding of the models were performed
sing the program O [16,17]. The final model was validated
ith PROCHECK [18]. The refinement data statistics are sum-
arized in Table 1. Refined coordinates and structure factors

ave been deposited in the RCSB Protein Data Bank under the
ccession code 2JGU.

.3. Modeling of the closed conformation of Pfu

The model of the DNA-bound Pfu polymerase was based on
he structure of DNA-bound Gp43 from bacteriophage RB69
Protein Data Bank ID 1Q9Y). Each domain of Pfu was sep-
rately aligned with the C� positions of each corresponding
omain of Gp43. Alignment of each domain was performed by
rogram O [16,17]. After fitting the positions of each domain of
fu into those of Gp43, the template and primer DNA strands
ere added into the closed conformation model of Pfu.

. Results and discussion

.1. Structure of Pfu polymerase

The 2.6-Å resolution crystal structure of Pfu was determined
Table 1). Pfu is a donut-shaped molecule with overall dimen-
ions of approximately 50 Å × 80 Å × 100 Å. The structure is
eminiscent of the canonical structures of other known fam-
ly B DNA polymerases. A single polypeptide chain of 775
mino acids is folded into five distinct structural domains:
he N-terminal domain (residues 1–130, 327–368), the 3′–5′
xonuclease domain (131–326), the palm domain (369–450
nd 501–588), the fingers (451–500), and the thumb domain
589–775). The Pfu structure shows an open conformation
ompared with the editing complex structure of Gp43 from bac-
eriophage RB69. The fingers and thumb domains are rotated
utward by 33◦ and 24◦, respectively, and its overall con-
ormation is similar to that of KOD1 DNA polymerase [4]
Fig. 1A).

.2. Structure of the interface between the exonuclease
omain and the edge of the thumb domain

The structure of Pfu contains a previously disordered elec-
ron density in the edge of the KOD1 thumb domain (Fig. 1B).
he KOD1 DNA polymerase has as much fidelity as Pfu and
ven higher processivity. The Kuroita group proposed that the
echanisms of proofreading and polymerization are coordi-

ated from the interactions between the loop (residues 144–158)
f the exonuclease domain and the positively charged edge of
he thumb domain [10]. The H147 residue was speculated to
xist at the tip of the unique loop based on the structure of T7
NA polymerase in complex with template/primer DNA sub-

trates. The mutation of H147 into negatively, neutrally, and
ositively changed residues, respectively, tested the hypothesis

hat H147 directly interacts with the edge of the thumb domain
ince the edge of the thumb domain has many positively charged
esidues, and such mutations within the unique loop can either
isrupt or reinforce the binding between the exonuclease and
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Fig. 1. Overall structure of Pfu DNA polymerase and comparsion with KOD1. (A) The structure of Pfu consists of five domains, which are exonuclease domain
(blue), N-terminal domain (purple), palm domain (orange), finger domain (green), and thumb domain (red). The structure has a wide-open conformation compared
with DNA-bound close conformation. Superimposed KOD1 structure is shown as silver. (B) The 2Fo-Fc (green at 1.0σ) density of Pfu at 2.6 Å resolution is overlaid
o onucl
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n the refined model in the region around interface between the unique loop of ex
nd thumb domain is represented, and key residues are shown as sticks. (For inte
eb version of the article.)

humb domains. It was found that the higher exonuclease and
ower polymerase activities were obtained in KOD1 having a
ositively charged residue at the position of H147. This result
uggests that the disruption of binding between the two domains
llows Pfu to have an open conformation that is more suitable
or the editing function rather than polymerization.

As suggested, the edge of the thumb domain is located proxi-

ally to the unique loop of the exonuclease domain in our crystal

tructure; however, in the wide-open conformation, there is no
irect contact between these domains. Interestingly, from our
rystal structure E148 (among residues in the unique loop) is

t
i
a
e

ig. 2. Structural comparison of Pfu with KOD1 and open and close conformations
nd the helix are represented as ribbons. Y-GG/A motif and inserted leusine residue ar
odeled based on the DNA-bound Gp43 structure from bacteriophage RB69. Templ

pen conformation of Pfu is shown as green. (For interpretation of the references to co
ease and the edge of thumb domains. (C) The interface between the exonuclease
ation of the references to color in this figure legend, the reader is referred to the

ocated at a better position at which to have direct contact with
he edge of the thumb compared with H147 (Fig. 1C). The dis-
ances between the terminal oxygen atoms of the carboxylic
roup in the E148 residue in the exonuclease loop and the ter-
inal nitrogen atom of the 4-aminobutyl side chain in both the
693 and K695 residues at the edge of the thumb domain are
.6 Å and 3.7 Å, respectively, in the closest rotamer conforma-

ion of each residue (the density of the side chains is not shown
n the 2Fc-Fc map). However, E148 does not directly contact
ny part of the thumb domain. These weak interactions can be
xplained from the wide-open conformation of this DNA poly-

of Pfu. (A) Structures of Pfu (green) and KOD1 (orange) at the Y-GG/A motif
e represented as sticks. (B) The DNA-bound structure of Pfu, shown as pink, is
ate DNA strand is shown as blue; primer DNA strand, red. Crystal structure of
lor in this figure legend, the reader is referred to the web version of the article.)
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erase while the closer interactions between the exonuclease
omain and the thumb domain are found in the model struc-
ure of the DNA-bound Pfu polymerase (Fig. 2B). Based on our
rystal structure, H147 appears to affect both editing and poly-
erization functions indirectly rather than by having a direct

ontact with the edge of the thumb domain.

.3. Fidelity and processivity of the Pfu polymerase

Although several structures of archaeal DNA polymerases
ave been determined, including the structure of the high fidelity
OD1 DNA polymerase, the detailed mechanisms controlling
delity and processivity of DNA replication are not fully under-
tood. Archaeal DNA polymerases generally have high fidelity;
mong them, KOD1 and Pfu have the highest fidelity. KOD1
lso has the highest processivity and elongation rate. We com-
ared both the structures and sequences of the Pfu and KOD1
NA polymerases to explain the differences in processivity.
verall sequence identity between the two polymerases was
9.6%, and the RMS deviation between the two structures was
.56 Å.

Although these two structures are strikingly similar, we found
everal significant differences that provide clues for the sources
f the difference in processivity. The high processivity of KOD1
s explained previously by seven arginine residues at the forked-
oint that stabilize melted DNA strands for editing [4]. In Pfu,
hree of the seven arginine residues are replaced with methion-
ne, threonine, and lysine residues. There is the Y-GG/A motif,
hich plays an important role in processivity and fidelity [19],

nd the �-helix just in front of the Y-GG/A motif that has exten-
ive contacts with the phosphate backbone of the template DNA
trand. At this site, the template DNA strand is bent almost 117◦
t the reference position of the phosphate backbone. Pfu has
n additional leucine residue inserted at the end of the helix,
hich shifts the sequence one residue toward the C-terminal

nd (Fig. 3). This shift makes the Y385 residue, the tyrosine
esidue of Y-GG/A motif, face inside the Pfu enzyme instead
f facing outside and the two glycines of the Y-GG/A motif are
hus located further away from the DNA backbone (Fig. 2A).
uch a conformational change disrupts the conserved interac-
ions between the phosphate backbone of the template DNA and
he Y-GG/A motif of the archaeal DNA polymerases. Another
mportant difference exists at the �-hairpin motif of the exonu-
lease domain. The R247 residue in KOD1 is known to bind the

s
r
t
e

ig. 3. Sequence alignment among archaeal DNA polymerases. The structure-base
emplate DNA interacting �-helix and Y-GG/A motif in palm domain. The positions
odakaraensis DNA polymerase; D. TOK, Desulfurococcus tok DNA polymerase; T
NA polymerase; Pfu, P. furiosus DNA polymerase.
ical Macromolecules 42 (2008) 356–361

enultimate base at the 3′ end of the template/primer for edit-
ng. R247 in KOD is replaced by methionine in Pfu, which is not
s good an electron donor as arginine and may also slow down
olymerization by Pfu.

.4. Model of DNA-bound conformation of the Pfu
olymerase

To mimic the detailed interactions between the exonucle-
se and thumb domains, the closed Pfu structure is modeled
fter the DNA-bound Gp43 structure from bacteriophage RB69
Fig. 2B). The palm domain of Pfu is first aligned with that of
p43 by superpositioning the conserved residues in the active

ite. Each of other four domains is aligned separately with its
orresponding domain in Gp43, especially based on the struc-
urally robust, conserved secondary structures of each domain.
o minimize errors caused by the molecular modeling process,
urther optimizations were omitted, such as energy minimiza-
ion of the closed Pfu structure. From the closed conformation

odel, the unique loop of the exonuclease domain and the edge
f the thumb domain are within hydrogen bonding distance as
e speculated.
Interestingly, in the closed conformation model a previ-

usly unrecognized motif within the exonuclease domain, the
-hairpin (residues 243–248), was found to be located suffi-
iently near the same edge of the thumb domain to allow direct
ontact. The amino acid sequence of the �-hairpin motif is also
niquely found in archaeal DNA polymerases Fig. 3. The �-
airpin motif is located at the junction of the template-binding
nd editing clefts and is known to play a key role in switching the
′ end of the primer strand between the polymerization and edit-
ng active sites for rapid and accurate replication [4]. From our

odel it is possible that the �-hairpin has direct contacts with the
dge of the thumb domain and affects the conformational change
f the thumb domain (Fig. 2B). Additional experiments, such
s site-directed mutagenesis and enzymatic activity assays, are
ecessary to clarify the proposed additional role of the �-hairpin
otif.
Most DNA polymerase loops in each domain from archaea

nd thermophiles are shortened compared with those in other

pecies that live either at lower temperatures or in milder envi-
onments (e.g., mesophiles and eukaryotes), but the edge of the
humb domain in archaea has retained a long loop length despite
volutionary pressure for thermostability. The conserved edge

d sequence alignments of the �-hairpin motif in exonuclease domain and the
of M247 and L381 are marked with the reversed triangle. KOD, Thermococcus
GO, Thermococcus gorgonarious DNA polymerase; 9◦N-7, Thermococcus sp.
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f the thumb domain enables close interactions with several
ifferent regions of the exonuclease domain, supporting the
mportant coordinated roles of proofreading and polymeriza-
ion. Taken together, these data help us to better understand the
olymerization and proofreading activities of DNA polymerases
nd can be used to generate more efficient DNA polymerases
hat exhibit more stringent fidelity during PCR.
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