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ABSTRACT: Sulfolobus solfataricus P2 is an aerobic crenarchaeon which grows optimally at 80 �C and pH 2-4.
This organism encodes a B-family DNApolymerase, DNApolymerase B1 (PolB1), which faithfully replicates
its genome of 3 million base pairs. Using pre-steady-state kinetic methods, we estimated the fidelity of PolB1
to be in the range of 10-6 to 10-8, or one error per 106 to 108 nucleotide incorporations in vivo. To discern how
the polymerase and 30 f 50 exonuclease activities contribute to the high fidelity of PolB1, an exonuclease-
deficient mutant of PolB1 was constructed bymutating three conserved residues at the exonuclease active site.
The base substitution fidelity of this mutant was kinetically measured to be in the range of 10-4 to 10-6 at
37 �C and pH 7.5. PolB1 exhibited high fidelity due to large differences in both ground-state nucleotide
binding affinity and nucleotide incorporation rates between correct and incorrect nucleotides. The kinetic
partitioning between the slowmismatch extension catalyzed by the polymerase activity and the fast mismatch
excision catalyzed by the 30 f 50 exonuclease activity further lowers the error frequency of PolB1 by 14-fold.
Furthermore, the base substitution error frequency of the exonuclease-deficient PolB1 increased by 5-fold as
the reaction temperature increased. Interestingly, the fidelity of the exonuclease-deficient PolB1 mutant
increased by 36-fold when the buffer pHwas lowered from 8.5 to 6.0. A kinetic basis for these temperature and
pH changes altering the fidelity of PolB1 was established. The faithful replication of genomic DNA catalyzed
by PolB1 is discussed.

DNA polymerases are known to catalyze genomic replication,
DNA damage repair, and DNA lesion bypass. Since the dis-
covery of Escherichia coli DNA polymerase I in the 1950s, six
families (A, B, C, D, X, and Y) of DNA polymerases have been
discovered in all three domains of life (1, 2). The B-family is
mainly composed of eukaryotic replicative DNA polymerases,
although some have been identified in archaea, bacteria, phages,
and viruses (2). Among the B-family members, archaeal DNA
polymerases have been studied as model enzymes in attempting
to understand DNA replication in the more complicated eukar-
yotic systems. In addition to template-dependent polymerase
activity, most B-family enzymes also possess 30 f 50 exonuclease
activity which detects and removes errors catalyzed by the
polymerase domain. Such an editing function enhances the
fidelity of replicative DNA polymerases by ∼200-fold (3, 4).
The overall fidelity of numerous replicative DNA polymerases,

estimated using either steady-state kinetics (5, 6), pre-steady-state
kinetics (5, 7-12), or M13mp2-based forward and reversion
mutation assays (13-16), is in the range of 10-6 to 10-8, i.e., one
error per 106 to 108 nucleotide incorporations. This high polym-
erization fidelity is essential for maintaining genomic stability
from generation to generation (17).

Sulfolobus solfataricus is an aerobic crenarchaeon that meta-
bolizes sulfur and grows optimally at 80 �C and pH 2-4 (18). The
genome of S. solfataricus P2 has been completely sequenced and
contains 2992245 base pairs (18). This hyperthermophile encodes
only four DNA polymerases: three in the B-family (PolB1,1

PolB2, and PolB3) and one in the Y-family (DNA polymerase
IV, Dpo4). Among these four DNA polymerases, PolB2 and
PolB3, which are identified on the basis of sequence homology,
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have not been shown to be active in vitro (18-20). In contrast,
Dpo4 catalyzes DNA polymerization and bypasses a myriad of
DNA lesions (21). Its polymerase active site is flexible and solvent
accessible and can accommodate bulky DNA lesions (22-24).
The polymerization fidelity of Dpo4 with undamaged DNA has
beenmeasured to be in the range of 10-3 to 10-4, or one error per
103 to 104 nucleotide incorporations, by utilizing both kinetic and
M13mp2-based fidelity assays (21, 25, 26). PolB1, a replicative
DNA polymerase (27-29), has been reported to possess both
DNA polymerase and 30 f 50 exonuclease activities in vitro (29).
The crystal structure of apoPolB1 shows that this enzyme, likeA-
and B-family DNA polymerases, contains an N-terminal proof-
reading 30 f 50 exonuclease domain and a C-terminal “right-
hand” DNA polymerase domain (30). Thus, the polymerization
fidelity of PolB1 is expected to be high but has not been reported.
In this paper, we employed pre-steady-state kinetic methods to
determine the base substitution fidelity and mismatch extension
fidelity of PolB1. The effect of reaction temperature and pH on
the polymerase selectivity and the contribution of the 30 f 50

exonuclease activity to the polymerization fidelity of PolB1 were
also investigated.

EXPERIMENTAL PROCEDURES

Materials. Materials were purchased from the following
companies: [γ-32P]ATP, PerkinElmer (Boston, MA); dNTPs,
GE Healthcare (Piscataway, NJ); Biospin columns, Bio-Rad
Laboratories (Herclues, CA); OptiKinase, USB (Cleveland,
OH); Quikchange XL site-directed mutagenesis kit, Stratagene
(La Jolla, CA); and Wizard Plus SV Miniprep kit, Promega
(Madison, WI).
Mutagenesis, Overexpression, and Purification of Wild-

Type PolB1 and the Exonuclease-Deficient Mutant. The
plasmid pET33b-PolB1, a generous gift from Dr. Hong Ling at
the University of Western Ontario (London, ON), encodes S.
solfataricus P2 PolB1 fused to a His6 tag at the C-terminus. Two
rounds of site-directed mutagenesis were performed to generate
the exonuclease-deficient triple-point mutant (D231A, E233A,
and D318A). First, a double mutant (D231A/E233A) was
constructed using the wild-type PolB1 plasmid as a template.
Then, the resulting plasmid was used to introduce the D318A
mutation. The DNA sequence of the mutant plasmids was
confirmed by sequencing (OSU Plant Microbe Genomics Facil-
ity).

Wild-type plasmid pET33b-PolB1was transformed intoE. coli
expression strain BL21(DE3) Rosetta cells. An overnight culture
of the Rosetta cells carrying the wild-type PolB1 plasmid was
used to inoculate Luria-Bertani medium containing 50 μg/mL
kanamycin and 25 μg/mL chloramphenicol. Cells were grown at
37 �C. Once the OD600 of the cells reached 0.6, cultures were
induced with 0.15 mM IPTG and incubated at 30 �C until the
OD600 reached 1.7. Induced cells were harvested and resuspended
in buffer A [10 mM KH2PO4 (pH 7.0), 50 mM NaCl, 10 mM
MgCl2, 10% glycerol, 0.1% 2-mercaptoethanol, and 1 mM
imidazole]. A protease inhibitor cocktail tablet (Roche) and
PMSF (1 mM) were added to the cell paste. The cells were then
lysed by being passed through a French press cell three times at
16000 psi. The cell lysate was clarified by ultracentrifugation
(35000 rpm for 40 min). Clear lysate was subjected to heat
denaturation at 74 �C for 14 min to precipitate thermolabile E.
coli proteins which were subsequently removed by ultracentrifu-
gation. The supernatant was incubated with IMAC Fastflow6

Ni2+-charged resin (GE Healthcare) for 3 h in the presence of
10 mM imidazole, and the PolB1-bound resin was packed into a
column. After being washed with buffer B [10 mM KH2PO4

(pH 7.0), 350 mM NaCl, 35 mM imidazole, 10% glycerol, and
0.05% 2-mercaptoethanol], PolB1 was eluted using a linear
gradient from 35 to 500 mM imidazole in buffer B. Fractions
containing PolB1 were pooled and then dialyzed against buffer
C [50 mM Tris-HCl (pH 7.5 at 25 �C), 50 mM NaCl, 1 mM
EDTA, 10% glycerol, and 0.1% 2-mercaptoethanol]. The dia-
lyzed protein solution was passed through a HiTrap Q anion
exchange column (GEHealthcare). The loading elutewas applied
to a HiTrap SP cation exchange column (GE Healthcare). The
column-bound PolB1 was eluted using a gradient from 100 to
1000 mMNaCl in buffer C. The fractions containing PolB1 were
pooled and dialyzed against buffer D [25 mMHEPES (pH 7.0 at
4 �C), 150 mM NaCl, 1 mM EDTA, 1 mM DTT, and 50%
glycerol]. The dialyzed protein solution was then concentrated
and stored at -80 �C. The apparent homogeneity of purified
PolB1 (>95%) was assessed on the basis of Coomassie Blue-
stained SDS-PAGE gels. The concentration of purified wild-
type PolB1 was measured spectrophotometrically at 280 nm
using the calculated extinction coefficient of 124785 M-1 cm-1.
Similarly, the exonuclease-deficient triple point mutant (D231A/
E233A/D318A) of PolB1 was overexpressed, purified, and
quantitated.
DNA Substrates. The synthetic oligonucleotides listed in

Table 1were purchased from IntegratedDNATechnologies, Inc.
(Coralville, IA), and purified as described previously (26). The
primer strand 21-mer was 50-radiolabeled with [γ-32P]ATP and
Optikinase andwas annealed to the appropriate 41-mer (Table 1)
as described previously (26).
Reaction Buffers. All experiments, if not specified, were

performed in buffer A which contains 50 mMHEPES (pH 7.5 at
all temperatures), 15 mM MgCl2, 75 mM NaCl, 5 mM DTT,
10% glycerol, and 0.1 mg/mLBSA.Reactions were conducted at
temperatures ranging from 19 to 50 �C either using a rapid
chemical-quench flowapparatus (KinTek) or viamanual quench.
For buffer optimization and pH-dependent fidelity studies at
37 �C, assays were conducted in 25 mM MES buffer for pH
values between 6.0 and 7.0, 50 mM HEPES at pH 7.5, 25 mM
Tris-HCl at pH 8.0 and 8.5, and 25 mM glycine at pH 9.0 and
10.0. For both DNA polymerization and excision experiments,
the enzyme 3DNA complex was not pre-equilibrated in the
presence of MgCl2.
Polymerase and Exonuclease Single-Turnover Assays.

For polymerization reaction assays, PolB1 (120 nM) was
pre-incubated with D-DNA (30 nM) in buffer A before the
reaction was initiated with varying concentrations of a single
dNTP 3Mg2+ (1-2400 μM). For DNA excision assays, PolB1
(400 nM) was pre-equilibrated with DNA (100 nM), and the
reaction was initiated with the addition of Mg2+ (15 mM) in
buffer A.
Product Analysis. Reaction products were analyzed by

sequencing gel electrophoresis (17% acrylamide, 8 M urea, and
1� TBE running buffer) and quantitated using a Typhoon TRIO
(GE Healthcare) and ImageQuant (Molecular Dynamics).
Data Analysis. All kinetic data were fit by nonlinear regres-

sion using KaleidaGraph (Synergy Software). Data from single-
nucleotide incorporation experiments under single-turnover con-
ditions were fit to eq 1

½product� ¼ A½1-expð-kobstÞ� ð1Þ
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where A and kobs represent the reaction amplitude and observed
rate, respectively. Data from the plot of kobs versus nucleotide
concentrations were fit to eq 2

kobs ¼ kp½dNTP�=ðKd þ ½dNTP�Þ ð2Þ
where kp is themaximum rate of nucleotide incorporation andKd

is the equilibrium dissociation constant of a dNTP. When Kd is
too large, the plot of kobs versus nucleotide concentration was fit
to eq 3

kobs ¼ ðkp=KdÞ½dNTP� ð3Þ
which extracted the substrate specificity constant, kp/Kd.

Data from DNA excision experiments under single-turnover
conditions were fit to eq 4

½product� ¼ A expð-kexotÞ ð4Þ
where A and kexo represent the reaction amplitude and observed
DNA excision rate, respectively.

RESULTS

Generation of the 30 f 50 Exonuclease-Deficient Mutant
of PolB1. It has been demonstrated previously that PolB1 (882
amino acid residues and 101.2 kDa) from S. solfataricus P2
possesses a strong 30 f 50 exonuclease activity (29), which would
complicate the interpretation of the kinetic data of nucleotide
incorporation. To eliminate this problem, we constructed an
exonuclease-deficient mutant of PolB1 (PolB1 exo-) by substitut-
ing an alanine for conserved residues D231, E233, and D318,
which are located in the conserved sequence motifs Exo I and II
among the B-family DNA polymerases (27). On the basis of
X-ray crystal structural analysis (30) and primary sequence
alignment (27), these three residues and D413 bind two Mg2+

ions required for catalysis. Following the successful site-directed
mutagenesis and purification processes, we examined the activity
of both the polymerase and exonuclease functions. A pre-
incubated solution of PolB1 (wild-type or exo-) and 50-32P-
labeled D-1 DNA (Table 1) was mixed with either 50 μM
dTTP 3Mg2+, 50 μM dCTP 3Mg2+, or Mg2+. Our data con-
firmed that wild-type PolB1 exhibited efficient exonuclease
activity, for significant product degradation (<21-mer) was

observed under all three reaction conditions (Figure 1A of the
Supporting Information). In contrast, elongated DNA products
accumulated for PolB1 exo- in the presence of both correct
(dTTP) and incorrect (dCTP) nucleotides (Figure 1B of the
Supporting Information). Furthermore, in the absence of nucleo-
tides, only substrate (21-mer) was present for PolB1 exo- for
reaction times from 15 s to 3 h (data not shown). Together, these
results showed that PolB1 exo- lacked 30 f 50 exonuclease activity
and its polymerase activity remained intact. Additionally, if one
or two of the three residues (D231, E233, and D318) were
mutated to alanine, the 30 f 50 exonuclease activity of the
mutants decreased but was not completely eliminated (data not
shown).
Optimization of the Reaction Conditions for the Poly-

merase Activity of PolB1. To optimize the reaction conditions
for the polymerase activity of PolB1, all reaction components
were kept constant while the concentrations of Mg2+ and NaCl
and the buffer pH were individually altered. A pre-incubated
solution of 120 nM PolB1 exo- and 30 nM 50-[32P]D-1 (Table 1)
reacted with 100 μM dTTP 3Mg2+ at 37 �C for various times
before the reaction was quenched with 0.37 M EDTA. The time
dependence of product concentration was fit to eq 1 (Experi-
mental Procedures) to obtain the observed reaction rate, kobs, and
reaction amplitude (data not shown). Figure 1 shows that the kobs
values varied depending on the concentrations of Mg2+ and
NaCl and with buffer pH. In comparison, the reaction amplitude
was close to 30 nM under all conditions except at 70 mMMg2+,
250 mM NaCl, and pH 10. On the basis of the kobs values and
reaction amplitudes for single correct nucleotide incorporation,
we concluded that the optimal reaction conditions for PolB1 exo-
were 15 mM MgCl2 (Figure 1A), 75 mMNaCl (Figure 1B), and
pH 7.5 (Figure 1C). Under non-optimum conditions, dTTP
incorporation occurred at significantly lower kobs values. There-
fore, all kinetic assays presented herein, if not specified, were
performed in the optimized buffer A which contains 50 mM
HEPES (pH 7.5 at 37 �C), 15 mM MgCl2, 75 mM NaCl, 5 mM
DTT, 10% glycerol, and 0.1 mg/mL BSA. Please note that most
of the assays shown in this work and our accompanying
paper (31) were performed at 37 �C, rather than 80 �C which is
the in vivo temperature for PolB1. The reaction temperature of
37 �C was selected because (i) the rapid chemical-quench
apparatus can function properly, (ii) the rates of correct nucleo-

Table 1: Sequences of Synthetic Double-Stranded DNA Substrates
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tide incorporation are within the range that can be accurately
measured by the rapid chemical-quench apparatus, (iii) most of
the DNA substrate 21/41-mer exists as a duplex, rather than
single-stranded oligomers, during polymerization, and (iv) our
fidelity and mechanism studies of Dpo4 revealed similar findings
at both 37 and 56 �C (26, 32, 33).
Substrate Specificity and Base Substitution Fidelity of

PolB1 exo- at 37 �C. It was expected that PolB1, like other
replicative DNA polymerases, incorporates correct nucleotides
with much higher substrate specificity than it incorporates

incorrect nucleotides. To determine the substrate specificity
constant (kp/Kd) of an incoming nucleotide, we measured the
maximum incorporation rate constant (kp) and the apparent
equilibrium dissociation constant (Kd) of an incoming nucleo-
tide (34). These two pre-steady-state kinetic parameters can be
determined through the nucleotide concentration dependence
of the observed incorporation rate (kobs). Figure 2 is a represen-
tative example of these kinetic measurements determined under
single-turnover reaction conditions, whereby the concentration
of the enzyme was 4-fold greater than the DNA concentration to
ensure that almost all of the DNA molecules were bound by
PolB1 exo-. In Figure 2A, a pre-incubated solution of 120 nM
PolB1 exo- and 30 nM 50-32P-labeled D-6 (Table 1) reacted with
increasing concentrations of correct dCTP 3Mg2+ in buffer A for
various amounts of time prior to the reaction being quenched
with 0.37 M EDTA. At each dCTP concentration, the product
concentration was plotted as a function of the reaction time, and
the data were fit to eq 1 (Experimental Procedures) to yield a kobs
(Figure 2A). In Figure 2B, the extracted kobs values were plotted
versus the corresponding dCTP concentration, and the data were
subsequently fit to eq 2 (Experimental Procedures) to yield a kp of
5.7 ( 0.1 s-1 and a Kd of 8.2( 0.5 μM for dCTP incorporation.
The substrate specificity constant for incorporation of dCTP into
D-6 was then calculated to be 0.70 μM-1 s-1. Similarly, we
measured the kp, Kd, and kp/Kd of the 15 other possible
incorporations of a single nucleotide (correct and incorrect) into
the four DNA substrates in Table 1 (data not shown), and the
kinetic parameters are listed in Table 2. For several incorrect
nucleotides, we could not determine the individual kp and Kd

FIGURE 1: Effect of Mg2þ concentration, NaCl concentration, and
pHon the enzymatic activity of PolB1 exo-. A pre-incubated solution
of D-1 50-labeled with 32P (30 nM) and a 3-fold excess of PolB1 exo-
(120 nM) was rapidly mixed with the correct nucleotide (100 μM
dTTP) for various time intervals under single-turnover conditions.
Eachplot shows thekobs values (b) and reactionamplitudes (9) as the
(A) Mg2þ concentration, (B) NaCl concentration, or (C) buffer pH
was varied. Activity in panel C was assayed in 25 mM MES-NaOH
buffer between pH 6.0 and 7.0, in 25 mMTris-HCl buffer for pH 8.0
and 8.5, and in 25 mM glycine-NaOH buffer for pH 9.0 and 10.0.

FIGURE 2: Dependence of concentration on the pre-steady-state rate
of correct and incorrect nucleotide incorporation catalyzed by PolB1
exo-. (A) A pre-incubated solution of PolB1 exo- (120 nM) and
50-32P-labeledD-6 (30 nM)wasmixed with various concentrations of
dCTP 3Mg2þ [1 (b), 2.5 (O), 5 (9), 10 (0), 20 (2), 45 (4), and 90 μM
([)] for various time intervals. The solid lines are the best fits to the
single-exponential equation. (B) The single-turnover rates (kobs) were
plotted as a function of dCTP concentration. These datawere then fit
to a hyperbolic equation toyield a kp of 5.7( 0.1 s-1 and aKd of 8.2(
0.5 μM.
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values because of their extremely weak apparent ground-state
binding affinity (1/Kd) for an incoming dNTP. Instead, we
determined the kp/Kd values by fitting the plots of kobs versus
nucleotide concentration to eq 3 in Experimental Procedures
(data not shown). On average, incorrect nucleotides had
∼370-fold weaker apparent ground-state binding affinities and
were incorporated with 11-fold slower kp values than correct
nucleotides. The calculated substrate specificity constants indi-
cated that correct nucleotides were incorporated with 103- to 105-
fold higher efficiency than incorrect nucleotides. In addition, we
calculated the base substitution fidelity of PolB1 exo- to be in the
range of 10-4 to 10-6 (Table 2), or one mistake per 104 to 106

nucleotide incorporations at 37 �C.
Effect of Temperature on the Base Substitution Fidelity

of PolB1 exo- at pH 7.5. Since S. solfataricus P2 grows
optimally at 80 �C (18), it is important to kinetically determine
the fidelity of PolB1 at its physiological temperature. However,
this cannot be accomplished here because the rapid chemical-
quench apparatus cannot be operated at 80 �C, and correct
nucleotide incorporations catalyzed by PolB1 exo- at such a high
temperature are predicted to be finished within the mixing
dead time (1-3 ms) of the apparatus. To estimate the fidelity
of PolB1 at 80 �C, we decided to determine the temperature
dependence of the fidelity. Under single-turnover conditions,
PolB1 exo- (120 nM) and 30 nM 50-[32P]D-1 (Table 1) were first
pre-incubated on ice and then equilibrated at 19, 26, 32, 44, or
50 �C. Such a gradual increase in the incubation temperature
helped to stabilize the DNA duplex at the polymerase active site
of PolB1 exo-, especially at temperatures exceeding 37 �C. The
pre-incubated solutions of D-1 and PolB1 were then reacted with
increasing concentrations of correct dTTP 3Mg2+ or incorrect
dATP 3Mg2+ for various times at the appropriate temperature.
The reactions were quenched and analyzed as described above.

The kinetic parameters for the incorporations of correct dTTP
and incorrect dATP intoD-1 are listed inTable 3. The kp for both
dTTP and dATP increased dramatically with reaction tempera-
ture while the apparent Kd changed slightly. Interestingly, the
kp/Kd for both correct and incorrect nucleotide incorporations
increased with a similar magnitude at each temperature, leading
to a modest change of 5-fold in the base substitution fidelity of
PolB1 exo- from 19 to 50 �C (Figure 3).
Effect of pH on the Base Substitution Fidelity of PolB1

exo- at 37 �C. Although S. solfataricus P2 grows optimally at
pH 2-4 (18), its cytoplasmic pH, which is unknown at present, is
expected to be near neutral so that genomic stability is main-
tained. Because the cytoplasmic pH of S. solfataricus P2may not
be 7.5 as in our optimized reaction buffer, it is important to
determine the effect of pH on the polymerase fidelity of PolB1.

Table 2: Kinetic Parameters of Nucleotide Incorporation into DNA

Catalyzed by PolB1 exo- at 37 �C

dNTP kp (s
-1) Kd (μM) kp/Kd (μM

-1 s-1) Fpol
a

Template dA (D-1)

dTTP 8.2( 0.6 11 ( 2 7.5� 10-1

dATP 1.3( 0.1 (2.8 ( 0.3) � 103 4.6 � 10-4 6.2� 10-4

dCTP - - 1.9� 10-4 2.5� 10-4

dGTP 0.05( 0.01 (1.2 ( 0.2) � 103 4.2 � 10-5 5.6� 10-5

Template dT (D-7)

dATP 11.5( 0.2 4.9 ( 0.3 2.3

dCTP 0.7( 0.2 (3.3 ( 1.5) � 103 2.1 � 10-4 9.0� 10-5

dGTP 0.9( 0.1 (3.2 ( 0.8) � 103 2.8 � 10-4 1.2� 10-4

dTTP 1.7( 0.3 (4.5 ( 1.0) � 103 3.8 � 10-4 1.6� 10-4

Template dG (D-6)

dCTP 5.7( 0.1 8.2 ( 0.5 7.0� 10-1

dATP - - 7.5� 10-6 1.1� 10-5

dGTP 0.032( 0.002 (0.9 ( 0.1) � 103 3.3 � 10-5 4.8� 10-5

dTTP 1.3( 0.2 (3.5 ( 0.7) � 103 3.7 � 10-4 5.3� 10-4

Template dC (D-8)

dGTP 5.3( 0.1 4.1 ( 0.3 1.3

dATP 0.34( 0.05 (2.3 ( 0.6) � 103 1.3 � 10-4 1.0� 10-4

dCTP 0.009( 0.002 (2.0 ( 0.9) � 103 4.5 � 10-6 3.5� 10-6

dTTP - - 1.6� 10-4 1.2� 10-4

aCalculated as (kp/Kd)incorrect/[(kp/Kd)correct þ (kp/Kd)incorrect].

Table 3: Temperature Dependence of the Nucleotide Incorporation Fide-

lity Catalyzed by PolB1 exo-

dNTP kp (s
-1) Kd (μM) kp/Kd (μM

-1 s-1) Fpol
a

19 �C

dTTP 0.14( 0.01 38 ( 6 3.7 � 10-3

dATP 0.0033( 0.0008 (4.0 ( 1.3) � 103 8.3 � 10-7 2.2� 10-4

26 �C

dTTP 1.6( 0.01 18 ( 0.4 8.9 � 10-2

dATP 0.018( 0.008 (2.5 ( 1.5) � 103 7.2 � 10-5 8.1� 10-4

32 �C

dTTP 2.6( 0.1 6.9 ( 0.5 3.8 � 10-1

dATP 0.19( 0.06 (2.3 ( 0.8) � 103 8.3 � 10-5 2.2� 10-4

37 �C

dTTP 8.2( 0.6 11 ( 2 7.5 � 10-1

dATP 1.3( 0.1 (2.8 ( 0.3) � 103 4.6 � 10-4 6.1� 10-4

44 �C

dTTP 38( 1 13 ( 1 2.9

dATP 5.4( 1.3 (2.5 ( 0.8) � 103 2.2 � 10-3 7.6� 10-4

50 �C

dTTP 92( 2 20 ( 1 4.6

dATP 22( 5 (4.2 ( 1.5) � 103 5.2 � 10-3 1.1� 10-3

aCalculated as (kp/Kd)incorrect/[(kp/Kd)correct þ (kp/Kd)incorrect].

FIGURE 3: Temperature dependence of the nucleotide incorporation
fidelity of PolB1 exo-.
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Using similar kinetic assays described above, we measured the
kinetic parameters (Table 4) for the incorporations of correct
dTTP and incorrect dATP into D-1 (Table 1) at 37 �C catalyzed
byPolB1 exo- at different buffer pH values (6.0, 6.5, and 8.5). For
dTTP incorporation, the kp (from 5.8 to 8.9 s-1) changed
insignificantly while the apparent Kd increased from 3.2 to
21 μM when the buffer pH changed from 6.0 to 8.5. In contrast,
the kp for the incorrect dATP incorporation changed significantly
from 0.19 to 2.0 s-1 with an increase in buffer pH from 6.0 to 8.5.
However, the pHdid not affect the apparentKd of dATPuntil the
pH was 8.5, whereby a 6-fold increase was observed from pH 6.5
to 8.5. Interestingly, when the buffer pH changed from 6.0 to 8.5,
the calculated substrate specificity constant for correct dTTP
incorporation decreased by ∼10-fold while the kp/Kd for dATP
misincorporation increased by ∼4-fold, leading to a 36-fold
decrease in the base substitution fidelity of PolB1 exo- (Table 4
andFigure 4). Thus, PolB1 exo- had higher polymerase efficiency
and fidelity at a relatively low pH.
Mismatch Extension Fidelity of PolB1 exo- at 37 �C.

When PolB1 exo- misincorporates a nucleotide, it may continue
polymerization to bury themisincoporation by either a correct or
incorrect nucleotide. Under similar single-turnover conditions as
described above, we measured the kinetic parameters (Table 5)
for each of the four possible incorporations into M-1 which

contains a mismatched dA 3dA base pair at its primer-template
junction (Table 1). Among the four nucleotides, the correct dCTP
was incorporated by PolB1 exo- with the highest substrate
specificity constant (Table 5). Notably, the kp, apparent Kd,
and kp/Kd values of dCTP are comparable to the corresponding
values of several misincorporations in Table 2, e.g., incorrect
dATP intoD-8.While the incorporations of incorrect nucleotides
dATP and dGTP were not observed even after 3 h (data
not shown), misincorporation of dTTP into M-1 was readily
detected, and the substrate specificity constant was determined to
be 3.8�10-7 (Table 5). However, the kp and apparent Kd values
for dTTP misincorporation were not determined due to an
extremely weak apparent ground-state binding affinity (see
above). On the basis of the substrate specificity constants, the
extension fidelity was calculated to be 2.9� 10-3 for dTTP or
higher for dATP and dGTP (Table 5).
Exonuclease Cleavage of Double-Stranded DNA Sub-

strates Containing Matched and Mismatched 30-Terminal
Nucleotides at 37 �C. The 30 f 50 exonuclease activity
of a replicative DNA polymerase is known to proofread polym-
erization products and excise misincorporated nucleotides.
To examine if the 30 f 50 exonuclease activity of PolB1 has a
similar function, wemeasured the excision rate (kexo) of wild-type
PolB1 with both D-1 and M-1 (Table 1) under single-turnover
conditions. Wild-type PolB1 (400 nM) and 50-32P-labeled D-1
or M-1 (100 nM) in buffer A () were pre-equilibrated before
Mg2+ (15 mM) was added to initiate the exonuclease reaction.
The molar amount of remaining substrate was plotted as
a function of time (Figure 5), and the data were fit to eq 4 () to

Table 4: pH Dependence of the Nucleotide Incorporation Fidelity of

PolB1 exo- at 37 �C

dNTP kp (s
-1) Kd (μM) kp/Kd (μM

-1 s-1) Fpol
a

pH 6.0

dTTP 8.9( 0.3 3.2 ( 0.4 2.8

dATP 0.19( 0.01 (2.9 ( 0.2) � 103 6.6 � 10-5 2.4� 10-5

pH 6.5

dTTP 8.5( 0.2 4.5 ( 0.3 1.9

dATP 0.32( 0.02 (2.2 ( 0.2) � 103 1.5 � 10-4 7.9� 10-5

pH 7.5

dTTP 8.2( 0.6 11 ( 2 7.5 � 10-1

dATP 1.3( 0.1 (2.8 ( 0.3) � 103 4.6 � 10-4 6.1� 10-4

pH 8.5

dTTP 5.8( 0.1 21 ( 0.4 2.8 � 10-1

dATP 2.0( 0.5 (8.4 ( 2.3) � 103 2.4 � 10-4 8.6� 10-4

aCalculated as (kp/Kd)incorrect/[(kp/Kd)correct þ (kp/Kd)incorrect].

FIGURE 4: pH dependence of the nucleotide incorporation fidelity of
PolB1 exo-.

FIGURE 5: Rate of 30 f 50 exonuclease activity catalyzed by PolB1. A
pre-incubated solution of PolB1 (400 nM) and DNA (100 nM) was
rapidly mixed with Mg2þ (15 mM) for various reaction times. The
amount of remaining substrate was plotted as a function of time. The
solid lines represent the best fit to a single-exponential decay. PolB1
catalyzed the excisionof anucleotide for amatched [D-1DNA(b)] or
mismatched [M-1 DNA (9)] DNA terminus at rates of 0.44 ( 0.02
and 1.86 ( 0.08 s-1, respectively.

Table 5: Fidelity of the Extension of a Mismatched dA 3 dA Terminus

Catalyzed by PolB1 exo- at 37 �C

dNTP kp (s
-1) Kd (μM) kp/Kd (μM

-1 s-1) Fext
a

dCTP 0.13 ( 0.01 (1.0 ( 0.2) � 103 1.3 � 10-4

dATP no observed incorporation

dGTP no observed incorporation

dTTP - - 3.8� 10-7 2.9� 10-3

aCalculated as (kp/Kd)incorrect/[(kp/Kd)correct þ (kp/Kd)incorrect].
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yield kexo and reaction amplitudes (A). The kexo andA values are
0.44 ( 0.02 s-1 and 91 nM for matched D-1 DNA and 1.86 (
0.08 s-1 and 94 nM for mismatched M-1 DNA, respectively.
Thus, at the primer-template junction, a mismatched dA 3dA
base pairwas excisedwith a 3-fold faster rate than amatched base
pair, dA 3dT.

DISCUSSION

Pre-steady-state kinetic methods have been used to determine
the fidelity of several DNApolymerases and to establish a kinetic
basis for the fidelity of each of them (3, 9-12, 26, 32, 33, 35-39).
By employing these methods, we first measured the base
substitution fidelity of the exonuclease-deficient PolB1 from
S. solfataricus P2 at 37 �C. The kinetic parameters for all 16
possible single-nucleotide incorporations under single-turnover
reaction conditions were individually determined. The base
substitution fidelity (Fpol) of PolB1 exo- was determined to
be in the range of 10-4 to 10-6 (Table 2). Additionally, PolB1
incorporated four correct incorporations with 6-60-fold
higher substrate specificity than Dpo4 (26), a DNA lesion
bypass Y-family polymerase from the same archaeon S. solfatar-
icus P2. Both the high substrate specificity for correct incorpora-
tions and the low incorporation efficiency for misincorporations
contributed to the Fpol of PolB1 exo-. Because the average
kp/Kd for four correct incorporations (1.3 μM-1 s-1) was 6800-
fold higher than the average kp/Kd for 12 misincorporations
(1.9 � 10-4 μM-1 s-1), the calculation formula of Fpol can
be rearranged as shown below:

Fpol ¼ ðkp=KdÞincorrect=½ðkp=KdÞcorrect
þ ðkp=KdÞincorrect�≈ðkp=KdÞincorrect=ðkp=KdÞcorrect

¼ ½ðKdÞincorrect=ðKdÞcorrect�-1½ðkpÞcorrect=ðkpÞincorrect�-1

¼ ðaffinity differenceÞ-1ðrate differenceÞ-1 ð5Þ

In eq 5, Fpol is approximately equal to the ratio of substrate
specificities of correct and incorrect nucleotides and is inversely
proportional to both the apparent affinity difference [defined as
(Kd)incorrect/(Kd)correct] and to the rate difference [defined as
(kp)correct/(kp)incorrect]. For correct incorporations, the Kd values
were in the range of 4-11 μM while the kp values were in the
range of 5-12 s-1 (Table 2). In comparison, the measurable
apparent Kd values were in the range of 900-4500 μM while the
measurable kp values were in the range of 0.009-1.7 s-1 for
incorrect incorporations (Table 2). For each D-DNA substrate
(Table 1), we then calculated the apparent affinity difference and
the rate difference which provided 109-918- and 4-589-fold

contributions, respectively, to the Fpol of PolB1 exo- (Table 6).
Interestingly, the apparent affinity difference was much larger
than that observed with Dpo4 (26) but similar to those observed
with the exonuclease-deficient T7 DNA polymerase (T7 DNA
Pol) (9), human mitochondrial DNA polymerase γ (hPolγ) (10),
rat DNA polymerase β (rPolβ) (36), and human immunodefi-
ciency virus type 1 reverse transcriptase (HIV-1 RT) (35) (Ta-
ble 6). The selection provided by nucleotide ground-state binding
affinity reflects the tightness of a replicative polymerase’s active
site and the strength of the interactions between active site
residues and an incoming nucleotide (26). For example, Dpo4,
a low-fidelity Y-family enzyme which binds both correct and
incorrect nucleotides weakly (26), possesses a loose active site
which interacts minimally with an incoming nucleotide (22).
Conversely, more intimate contacts between the enzyme and
dNTP have been observed in the ternary crystal structures
(E 3DNA 3dNTP) of high-fidelity DNA polymerases (40-44)
and HIV-1 RT (45), which possess tighter active sites than
the Y-family DNA polymerases. A tight polymerase active site
can select a correct versus incorrect nascent base pair by shape,
leading to high base selectivity (46). Therefore, we hypothesize
that the active site of PolB1 is relatively tight and interacts
extensively with an incoming nucleotide. Thermodynamically,
this hypothesis is reasonable since the average apparent affinity
difference (374) with PolB1 corresponds to a ΔΔG {=RT
ln[(Kd)incorrect/(Kd)correct]} of 3.8 kcal/mol. This value is larger
than the free energy differences (0.3-1.0 kcal/mol at 37 �C)
between correct and incorrect base pairs at the primer terminus
measured through DNA melting experiments (47). Thus,
the differential interactions between correct and incorrect
nucleotides with the polymerase active site residues of PolB1
provided a free energy difference of 2.6-3.3 kcal/mol for
nucleotide selection. To further evaluate our above hypothesis,
we are currently attempting to determine the ternary crystal
structure of PolB1 (PolB1 3DNA 3dNTP). Interestingly, Table 6
also shows that the rate difference, although varying in a large
range, does contribute to the Fpol of all five DNA polymerases
from four different families. This suggests that the nucleotide
incorporation step provides a common and important fidelity
checkpoint during polymerization (48). Thus, the polymerase
activity of PolB1 uses both the nucleotide binding step and
the nucleotide incorporation step to discriminate against incor-
rect nucleotides (Table 6).
Cost of Proofreading. During proofreading, the 30 f 50

exonuclease activity selectively excises mismatched bases on a
primer’s 30-terminus. Although rare, this activity can also cleave
matched bases and slow DNA synthesis. The “cost” of utilizing
this editing function has been previously defined as the ratio of
the excision rate ofmatchedDNA (kexo) to the incorporation rate

Table 6: Comparison of the Base Substitution Fidelity of PolB1 exo- and Four Other DNA Polymerases and HIV-1 Reverse Transcriptase

polymerase polymerase family Fpol
a affinity difference [(Kd)incorrect/(Kd)correct] rate difference [(kp)correct/(kp)incorrect]

PolB1 exo-b B 3.5 � 10-6 to 1.2 � 10-4 109 to 918 4 to 589

Dpo4c Y 1.5 � 10-4 to 3.2 � 10-3 1 to 18 2.4 � 102 to 1.7 � 103

rPolβd X 1.1 � 10-5 to 5.9 � 10-4 35 to 342 28 to 708

hPolγe A 4.6 � 10-7 to 2.9 � 10-4 42 to 900 39 to 1.2 � 104

T7 DNA Polf A 2.6 � 10-7 to 6.7 � 10-6 200 to 400 2.0 � 103 to 4.0 � 103

HIV-1 RTg RT 5.9 � 10-5 to 5.8 � 10-4 210 to 310 7 to 80

aCalculated as (kp/Kd)incorrect/[(kp/Kd)correct þ (kp/Kd)incorrect].
bAt 37 �C (this work). cAt 37 �C (26). dAt 37 �C (36). eAt 37 �C, excluding the fidelity

contribution from the 30 f 50 exonuclease activity (10). fAt 20 �C, excluding the fidelity contribution from the 30 f 50 exonuclease activity (9). gAt 37 �C and
with a DNA substrate (35).
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of the next correct nucleotide (kp) (4). PolB1 excised matched
D-1 (Table 1) at a rate of 0.44 s-1 (Figure 5), while its polymerase
domain incorporated correct dTTP into D-1 at a rate of 8.2 s-1

(Table 2). Thus, the cost of proofreading at 37 �C is calculated to
be 5.4%which is 38-fold higher than the value of 0.14%observed
with the human mitochondrial DNA polymerase complex (4).
Such costly proofreading activity could be caused by either non-
physiological reaction conditions (e.g., temperature and pH) or
the absence of a potential accessory protein to PolB1 (see below).
These possibilities are being investigated in our laboratory.
Contribution of the 30f50 Exonuclease Activity to the

Fidelity of PolB1 at 37 �C. When the polymerase activity of
PolB1 incorporates an incorrect nucleotide under single-turnover
conditions, one of the following competing pathways will occur if
the DNA substrate does not dissociate from PolB1: the mis-
incorporated nucleotide will be excised with a rate of kexo by the
30 f 50 exonuclease activity, or polymerization will proceed with
a rate of kp to bury the misincorporated nucleotide by a correct
nucleotide. On the basis of the kinetic partitioning between these
two pathways, we define themismatch removal probability as the
ratio of kexo/(kexo+kp) and themismatch extension probability as
the ratio of kp/(kexo+kp). If the first pathway dominates, then the
mismatch removal probability and the mismatch extension
probability will approach 100 and 0%, respectively. Therefore,
the 30 f 50 exonuclease activity will significantly increase the
polymerization fidelity of PolB1. Thus, we further define the
component (Fexo) contributed by the 30f50 exonuclease to the
overall fidelity of PolB1 as

Fexo ¼ mismatch removal probability=mismatch extension probability

¼ kexo=kp

For M-1 (Table 1), the single mismatched dA 3dA base pair at
the junction of the primer and template was excised with a kexo of
1.86 s-1 (Figure 5) while it was extended by a correct dCTPwith a
kp of 0.13 s-1 (Table 5), resulting in a removal probability of
93%, a mismatch extension probability of 7%, and an Fexo of 14.
Because the mismatch extension fidelity (Table 5) was high, we
did not consider the possibility of misincorporations during
mismatch extension. Considering that Fpol is in the range of
10-4 to 10-6 (Table 2), the overall fidelity of PolB1, which is the
ratio of Fpol and Fexo, was calculated to be in the range of 10-5 to
10-7. In addition to reaction conditions (pH and temperature),
this fidelity can be affected by the following factors: (i) faster
intramolecular transfer of mismatched than matched DNA from
the polymerase to the exonuclease active site, (ii) mismatched
DNAdissociates faster thanmatchedDNA from the polymerase
active site, and (iii) mismatched DNA binds faster than matched
DNA to the 30 f 50 exonuclease active site. These factors have
been proven to contribute to the fidelity of T7DNAPol (3, 9) and
hPolγ (4) in which the 30 f 50 exonuclease activity enhances their
overall fidelity by ∼200-fold. We are currently investigating the
potential contributions of these factors to the overall fidelity of
PolB1. Moreover, the enzymatic properties, including fidelity of
several replicative DNA polymerases, have been found to be
altered by their accessory proteins. For example, the fidelity of
hPolγ is increased by 14-foldwith its accessory subunit (12).With
regard to PolB1, a similar accessory protein has not been
identified, although the genome of S. solfataricus P2 encodes a
heterotrimer of proliferating cell nuclear antigen.
Insignificant Effect of Temperature on the Base Sub-

stitution Fidelity of the Polymerase Activity of PolB1.

When the reaction temperature increased from 19 to 50 �C,
Table 3 shows that the base substitution fidelity of PolB1 exo-
decreased by only 5-fold. A similar modest increase in base
substitution rates with temperature has been observed with S.
solfataricus Dpo4 (25, 33), the exonuclease-deficient Thermus
aquaticus (Taq) DNA polymerase (14), Vent DNA polymer-
ase (15), and T4DNA polymerase (13, 16). Therefore, we project
the base substitution fidelity of PolB1 exo- in vivo (80 �C) will be
slightly higher than the fidelity value calculated at 50 �C (Table 3).
As in our previous kinetic analysis of the temperature effect on
the fidelity ofDpo4 (33), the kinetic basis for the small decrease in
the base substitution fidelity of PolB1 exo- was due to a similar
change in magnitude of the kp/Kd with temperature for both
correct and incorrect dNTP incorporations (Table 3). Also
similar toDpo4 (33), the apparent ground-state binding affinities
of both correct and incorrect nucleotides and their ratio
(Kd)incorrect/(Kd)correct were altered slightly over a temperature
range of 31 �C. In stark contrast, PolB1 exo- catalyzed the
incorporations of both correct and incorrect nucleotides with a
much faster kp at 50 �C than at 19 �C. This indicated that PolB1,
like Dpo4 (33), becomes more dynamic at higher temperatures.
The contribution of increased protein dynamics of PolB1 to
catalysis is discussed in detail in the accompanying paper (31).
Higher Polymerization Fidelity of PolB1 at Lower pH.

Using M13mp2-based fidelity assays, the base substitution
fidelity of several DNA polymerases, including the exonu-
clease-deficient Taq DNA polymerase (49) and E. coli DNA
polymerase I (50), has been found to be ∼10-60-fold higher
when the reaction pH is lowered by three units from pH 8-9 to
5-6 (49-51). Consistently, the base substitution fidelity of PolB1
exo- increased by 36-fold when the reaction pH was decreased
from 8.5 to 6.0 (Table 4). Thus, both kinetic andM13mp2-based
fidelity assays indicate that these DNA polymerases are less
faithful at higher pH. Mechanistically, the 36-fold drop in the
polymerase fidelity of PolB1 exo- when the reaction pH was
increased from 6.0 to 8.5 was contributed by both a 10-fold lower
incorporation efficiency of correct dTTP and a 3.6-fold higher kp/
Kd for incorrect dATP incorporation (Table 4). Moreover, these
changes in the incorporation efficiency were due mostly to a 7-
fold increase in the apparent Kd for correct dTTP incorporation
and a 10-fold increase in the kp for dATP misincorporation.
Interestingly, the cytoplasmic pH of another Sulfolobus species,
Sulfolobus acidocaldarius, has been estimated to be ∼6.0 (52),
although this organism grows optimally under harsh environ-
mental conditions (80 �C and pH 2-4) like S. solfataricus (18).
On the basis of the physiological similarity between these two
Sulfolobus species, we hypothesize that the cytoplasmic pH of S.
solfataricus, which has not been measured, is approximately 6.0.
At this pH, the polymerase activity of PolB1 will have a base
substitution fidelity 25-fold higher than the fidelity at pH 7.5
(Table 2). After offsetting the opposing effects of temperature
and pH on the Fpol, we further estimate the overall fidelity of
PolB1 to be in the range of 10-6 to 10-8 in vivo.
Biological Relevance of the Kinetically Estimated Fide-

lity of PolB1. Although inhabiting environments at extremely
high temperature and low pH, hyperthermophilic archaea have
much lower genetic mutation rates than other DNA microbes
and eukaryotes (53). For example, the base substitution fre-
quency of S. acidocaldarius when it is growing at pH 3.5 and
75 �C is 3.2� 10-10 per base (53). Although such a frequency for
S. solfataricus has not been reported, we estimated it to be either
3.2�10-10 or 100-fold higher on the basis of the following in vivo
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observation: the average frequency of spontaneous mutations in
S. solfataricus, which are dominated by transposon mutagenesis,
is at least 50-60-fold higher than the one inS. acidocaldarius (54).
Taken together, we estimate the base substitution frequency in S.
solfataricus to be in the range of 10-8 to 10-10 per base. This
frequency is ∼100-fold lower than the estimated error rate (10-6

to 10-8) of PolB1 in vitro (see the above discussion). Although
the effects of several kinetic factors and a potential accessory
protein may further decrease the error rate of PolB1, other
cellular proteins or pathways clearly play amajor role in lowering
the substitution frequency in S. solfataricus. For example, active
DNA repair pathways have been proposed to maintain the
overall genetic fidelity in S. acidocaldarius (53). Similar pathways
in S. solfataricus likely correct most misincorporations generated
by PolB1 or other polymerases in vivo.

SUPPORTING INFORMATION AVAILABLE

Comparison of polymerase and 30 f 50 exonuclease activity for
PolB1 enzymes (Figure 1). This material is available free of
charge via the Internet at http://pubs.acs.org.
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