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ABSTRACT: 8-Oxo-7,8-dihydro-2′-deoxyguanine (8-oxoG), a major
oxidative DNA lesion, exhibits ambiguous coding potential and can lead
to genomic mutations. Tight control of 8-oxoG bypass during DNA
replication is therefore extremely important in hyperthermophiles as the
rate of oxidative damage to DNA is significantly increased at high
temperatures. Here we employed pre-steady state kinetics to compare
the kinetic responses to an 8-oxoG lesion of the main replicative and
lesion bypass DNA polymerases of Sulfolobus solfataricus, a hyper-
thermophilic crenarchaeon. Upon encountering 8-oxoG, PolB1, the
replicative DNA polymerase, was completely stalled by the lesion, as its
3′ → 5′ exonuclease activity increased significantly and outcompeted its
slowed polymerase activity at and near the lesion site. In contrast, our
results show that Dpo4, the lone Y-family DNA polymerase in S.
solfataricus, can faithfully and efficiently incorporate nucleotides opposite 8-oxoG and extend from an 8-oxoG:C base pair with a
mechanism similar to that observed for the replication of undamaged DNA. Furthermore, we show that the stalling of PolB1 at
the lesion site can be relieved by Dpo4. Finally, the 3′ → 5′ exonuclease activity of PolB1 was the highest when 8-oxoG was
mispaired with an incorrect nucleotide and could therefore correct rare mistakes made by Dpo4 during 8-oxoG bypass. These
results provide a kinetic basis for a potential polymerase switching mechanism during 8-oxoG bypass whereby Dpo4 can switch
with the stalled PolB1 at the replication fork to bypass and extend the damaged DNA and then switch off of the DNA substrate
to allow continued replication of undamaged DNA by the more faithful PolB1.

Oxidative damage to cellular DNA can pose significant
problems for genomic replication. The reaction of

reactive oxygen species with the C8 atom of guanine leads to
the formation of 7,8-dihydro-8-oxoguanine (8-oxoG), a very
common oxidative DNA lesion.1,2 This lesion can be highly
mutagenic because of its ability to adopt both an anti
conformation, which forms a correct Watson−Crick base pair
with cytosine, and an unusual syn conformation, which forms a
Hoogsteen base pair with adenine that differs from a canonical
T:A pair only minimally in both melting temperature and
structure.3,4 Consequently, DNA polymerases widely differ in
their nucleotide incorporation preference opposite an 8-oxoG
lesion,5 with many polymerases favoring misincorporation of
dAMP,6−10 while others preferentially insert correct dCMP
opposite 8-oxoG, but with a varying degree of fidelity.5,7,8,11−16

Structural studies have revealed that nucleotide incorporation
preference opposite 8-oxoG depends largely upon how the
active site of a DNA polymerase accommodates the additional
carbonyl group, which may lead to stabilization of either the
anti or syn conformation of the damaged base.12,15,17−22

Interestingly, however, recent studies have shown that
accessory factor proteins are capable of improving the fidelity
of 8-oxoG bypass for several human lesion bypass DNA
polymerases.23,24

The dual coding potential of 8-oxoG creates difficulties for
faithful replication in vivo, especially for hyperthermophiles,
such as the crenarchaeon Sulfolobus solfataricus, as the incidence
of oxidative DNA lesions, including 8-oxoG, is greatly increased
at high temperatures.25 S. solfataricus encodes four DNA
polymerases,26 two of which demonstrate a level of polymerase
activity insufficient to play a major role in DNA replication.27

The two remaining, suitably active DNA polymerases include a
B-family replicative enzyme, DNA polymerase B1 (PolB1),26

and a Y-family lesion bypass enzyme, DNA polymerase IV
(Dpo4), which is capable of bypassing various DNA
lesions.28−31 PolB1 possesses both DNA polymerase activity
and 3′ → 5′ exonuclease activity, while Dpo4 has only the
former activity. The fidelity and mechanism of the replication of
undamaged DNA catalyzed by both enzymes have been
thoroughly investigated in our previously published stud-
ies.32−36 While a full kinetic characterization of the mechanism
of 8-oxoG bypass catalyzed by Dpo4 has not been reported,
studies have indicated that Dpo4 is capable of preferentially
incorporating dCMP over dAMP opposite 8-oxoG because of
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the stabilization of the damaged base in the anti conformation
through hydrogen bonding between Arg332 in the active site of
Dpo4 and the O8 atom of 8-oxoG.15,20−22 In contrast, data
suggest that PolB1 is completely stalled by 8-oxoG,37 unlike
other B-family DNA polymerases that can bypass the lesion
with varying degrees of fidelity.38−40 This suggests that when
PolB1 is stalled by 8-oxoG, Dpo4 might take over the
replication fork and bypass the lesion to allow genomic
replication to continue. This process, termed “polymerase
switching”, has been suggested to be the general mechanism by
which a specialized lesion bypass polymerase is able to rescue
stalled replication machinery and perform translesion DNA
synthesis (TLS) and then release the primer−template junction
to allow continued replication by a higher-fidelity replicative
polymerase.41 S. solfataricus represents an attractive model
system for investigation of polymerase switching, as there are
only two DNA polymerases likely to be involved in the process
in vivo. So far, the kinetic basis for polymerase switching in this
organism has not been established.
In this study, we performed a thorough pre-steady state

kinetic analysis of the response of both Dpo4 and PolB1 to a
site-specifically placed 8-oxoG. Our results indicate that, unlike
what has been observed for other types of DNA damage,28,29,31

Dpo4 utilized a mechanism for the bypass and extension of the
8-oxoG lesion similar to the mechanism established for
replication of undamaged DNA.32 Furthermore, we demon-
strate that the stalling of PolB1 at the 8-oxoG lesion site
stemmed from a sharp increase in its 3′ → 5′ exonuclease
activity, rather than the inability of its polymerase activity to
incorporate a nucleotide opposite the lesion. Finally, we show
that even in the absence of accessory factors, Dpo4 is able to
relieve the stalling of PolB1 at the site of DNA damage.
Collectively, our studies provide strong insight into how the
kinetics of each DNA polymerase can facilitate polymerase
switching during TLS of 8-oxoG in S. solfataricus.

■ EXPERIMENTAL PROCEDURES
Preparation of Enzymes and DNA Substrates. Wild-

type S. solfataricus Dpo4,33 wild-type PolB1, and the
exonuclease-deficient mutant (D231A/E233A/D318A) of
PolB135 were purified as described previously. The template
30mer containing a site-specifically placed 8-oxoG (Table 1)
was purchased from Midland Certified Reagent Co. All other
DNA oligomers in Table 1 were purchased from Integrated
DNA Technologies, Inc. All oligonucleotides were purified by
denaturing polyacrylamide gel electrophoresis (PAGE). For 5′-
radiolabeling, the oligonucleotide was reacted with [γ-32P]ATP
(MP Biomedicals) in the presence of OptiKinase (USB Corp.)
for 3 h at 37 °C. The labeling reaction was then terminated
when the mixture was heated at 95 °C for 5 min. The unreacted
[γ-32P]ATP was removed using a Bio-Spin 6 column (Bio-Rad
Laboratories). Each DNA substrate in Table 1 was annealed as
described previously.33

Reaction Buffers. All chemical-quench kinetic assays were
conducted in buffer R containing 50 mM HEPES, (pH 7.5 at 20
°C), 50 mM NaCl, 0.1 mg/mL BSA, 0.1 mM EDTA, 10%
glycerol, and either 5 or 15 mM MgCl2 for Dpo4-catalyzed

33 or
PolB1-catalyzed reactions,35 respectively. Notably, for all assays
with PolB1, the enzyme·DNA complex was pre-equilibrated in
the absence of MgCl2, which was added upon mixing with
dNTP to start reactions. Electrophoretic mobility shift assays
were conducted in buffer S containing 50 mM Tris-HCl (pH
7.5 at 20 °C), 50 mM NaCl, 5 mM MgCl2, 0.1 mM EDTA, and

10% glycerol. All reported concentrations indicate the final
concentrations upon mixing of all components. All assays were
performed at 20 °C.

Electrophoretic Mobility Shift Assays. Increasing
concentrations of wild-type Dpo4 (2−256 nM) were added
to 5′-32P-labeled DNA (10 nM) and the mixtures allowed to
equilibrate for 30 min at 20 °C. The Dpo4·DNA binary
complex was separated from free DNA by being run on a 4.5%
native acrylamide gel with the running buffer described
previously.28 The dried gel was scanned using a Typhoon
Trio (GE Healthcare) and quantitated using ImageQuant
(Molecular Dynamics). To determine the KD

DNA for formation
of the binary complex, the binary complex concentration was
plotted versus the total Dpo4 concentration and the plot was fit
to eq 1
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where E0 and D0 are the enzyme and DNA concentrations,
respectively.

Pre-Steady State Kinetic Assays. All fast reactions were
performed using a rapid chemical-quench flow apparatus
(KinTek). For the running start assay, a preincubated solution
of a DNA polymerase (100 nM) and 5′-32P-labeled DNA (100
nM) was mixed with a solution containing all four dNTPs (200
μM each) for various times before being quenched with 0.37 M
EDTA. The resulting polymerization pattern was resolved by
using denaturing PAGE.
To determine the maximal incorporation rate constant (kp)

and apparent equilibrium dissociation constant (Kd) for single-
nucleotide incorporation, a preincubated solution of wild-type

Table 1. Sequences of DNA Substratesa

aX denotes 8-oxoG.
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Dpo4 or PolB1 exo− (180 nM) and 5′-32P-labeled DNA (30
nM) was rapidly mixed with increasing concentrations of a
single dNTP. For DNA excision assays, wild-type PolB1 (400
nM) was preincubated with DNA (100 nM) and the reaction
was initiated with the addition of Mg2+ (15 mM). Aliquots of
the reaction mixtures were quenched with 0.37 M EDTA at
various time intervals. Reaction products were resolved by
denaturing PAGE, scanned using a Typhoon Trio (GE
Healthcare), and quantitated using ImageQuant (Molecular
Dynamics). For each nucleotide concentration, a plot of
product concentration versus time was fit to eq 2 using
KaleidaGraph (Synergy Software) to obtain an observed rate
(kobs)

= − −A k t[product] [1 exp( )]obs (2)

where A represents the reaction amplitude. The kp and
apparent Kd values for a single-nucleotide incorporation were
then obtained by fitting a plot of the extracted kobs as a function
of dNTP concentration to eq 3

= +k k K[dNTP]/([dNTP] )obs p d (3)

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

= −A k t[product] exp( )exo (4)

where A and kexo represent the reaction amplitude and observed
DNA excision rate, respectively.
For the DNA trap assay, a preincubated solution of Dpo4

(180 nM) and 5′-32P-labeled O-21 or O-22 [30 nM (Table 1)]
was mixed rapidly with unlabeled 21/41mer (10 μM) and
dCTP or dGTP (1 mM) and the reaction subsequently
quenched at various time intervals with 0.37 M EDTA. Data
were fit to eq 2.

■ RESULTS
Bypass of the 8-OxoG Lesion. Previously, strong pause

sites characterized by the accumulation of intermediate
products opposite to and downstream from DNA lesions

have been observed when S. solfataricus Dpo4 bypassed an
abasic site,28 cisplatin−d(GpG) adduct,29,30 or N-(deoxygua-
nosin-8-yl)-1-aminopyrene.31 To determine if Dpo4 is similarly
stalled by a site-specific 8-oxoG, “running start” assays were
performed to characterize the extension of DNA substrates O-
16 and C-16 (Table 1) in the presence of all four nucleotides.
Compared to undamaged C-16 (Figure 1A), Dpo4 efficiently
bypassed 8-oxoG in O-16 without significant pausing (Figure
1B), suggesting that the rate of DNA synthesis at and near the
lesion site was not affected. In contrast, wild-type PolB1 was
almost completely stalled by 8-oxoG (Figure 2B), as observed
previously for an abasic site.28 These results suggest that 8-
oxoG represents a legitimate roadblock to DNA replication in
S. solfataricus and that a switch to Dpo4 may be necessary for
the bypass of DNA lesions, including 8-oxoG, in vivo. To
determine whether the inability of PolB1 to bypass the lesion
was a result of drastically decreased nucleotide incorporation
efficiency, we repeated the running start assays with an
exonuclease-deficient mutant of PolB1 (PolB1 exo−).35
Surprisingly, the mutant enzyme was able to bypass the 8-
oxoG lesion as demonstrated by the accumulation of the full-
length product after 180 s (Figure 2D). However, in contrast to
Dpo4, polymerase pausing was observed as indicated by the
accumulation of intermediate products at several positions
ahead of the lesion site in O-16 (Figure 2D), whereas no
enzyme stalling was observed at the corresponding positions in
the undamaged C-16 (Figure 2C). Therefore, it is evident that
PolB1 exo− was able to incorporate nucleotides adjacent to and
opposite the 8-oxoG lesion with a lower efficiency than with
undamaged DNA. This finding suggests that the failure of wild-
type PolB1 to bypass 8-oxoG likely resulted from increased
exonuclease activity in the presence of the lesion, rather than
from inhibition of the polymerase activity alone.

In Vitro Polymerase Switching during Lesion Bypass.
We next performed running start assays in the presence of both
DNA polymerases, to determine if Dpo4 was able to claim the
replication fork from a stalled PolB1 and continuously replicate
the damaged DNA. When Dpo4 was added to the stalled PolB1

Figure 1. Running start assays with S. solfataricus Dpo4 at 20 °C. A preincubated solution of Dpo4 (100 nM) and 5′-32P-labeled DNA (100 nM) was
rapidly mixed with a solution containing all four dNTPs (200 μM each), and the reaction was quenched at various times with 0.37 M EDTA. Sizes of
the remaining primer and important intermediate products are indicated, and position 22 marks the location of the 8-oxoG lesion from the 3′-
terminus of the DNA template: (A) control DNA substrate C-16 and (B) damaged DNA substrate O-16 containing an 8-oxoG lesion (Table 1).
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reaction mixture, both lesion bypass and the subsequent
synthesis of full-length products were observed (Figure S1 of
the Supporting Information), indicating that Dpo4 was indeed
able to exchange with PolB1 to bypass 8-oxoG. Similarly, when
a preincubated solution of wild-type PolB1 and O-16 was mixed
with a solution containing Dpo4 and all four dNTPs, full-length
products were observed after 20 s (Figure 3). Interestingly,
some accumulation of 19mer and 20mer was observed, as seen
with running start assays in the presence of PolB1 alone (Figure
2B) but not in the same assays with Dpo4 alone (Figure 1).
This suggests that PolB1 initially elongated the primer and that
Dpo4 likely did not take over replication until position 21 with

8-oxoG as the templating base, where PolB1 alone was stalled
(Figure 2B). Notably, similar results were obtained when both
Dpo4 and PolB1 were preincubated with DNA prior to mixing
with dNTPs (Figure S2 of the Supporting Information),
indicating that PolB1 was initially able to outcompete Dpo4 in
binding to the DNA substrate before reaching the lesion site.
This is consistent with our previous studies that have shown
that PolB1 has a 10-fold higher DNA binding affinity than
Dpo4.32,34

Nucleotide Incorporation and Excision Kinetics of
PolB1 in the Presence of the 8-OxoG Lesion. To further
investigate the mechanistic details of the stalling of wild-type

Figure 2. Running start assays with S. solfataricus PolB1 at 20 °C. A preincubated solution of PolB1 (100 nM) and 5′-32P-labeled DNA (100 nM) in
the absence of Mg2+ was rapidly mixed with a solution containing all four dNTPs (200 μM each) and Mg2+ (15 mM). The reaction was quenched at
various times with 0.37 M EDTA. Sizes of the remaining primer and important intermediate products are indicated, and position 22 marks the
location of the 8-oxoG lesion from the 3′-terminus of the DNA template: (A) wild-type PolB1 with control C-16 (Table 1), (B) wild-type PolB1
with damaged O-16 (Table 1), (C) PolB1 exo− with C-16, and (D) PolB1 exo− with O-16.
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PolB1 at the 8-oxoG lesion, we examined the kinetics of
nucleotide incorporation and the 3′ → 5′ exonuclease activity in
the vicinity of 8-oxoG. As many DNA polymerases exhibit dual
coding potential when replicating past 8-oxoG,5 we performed
single-nucleotide incorporation assays to identify the preferred
incorporation opposite the lesion. As seen in Figure S3 of the
Supporting Information, PolB1 exo− was able to incorporate
both correct dCMP and incorrect dAMP opposite 8-oxoG;
however, the correct incorporation was more efficient. In
comparison, almost no incorporation of incorrect dGMP or
dTMP opposite the lesion was observed. Therefore, we
preformed single-turnover kinetic analysis to determine the
maximal incorporation rate constant (kp) and apparent
nucleotide equilibrium dissociation constant (Kd) of single-
nucleotide incorporations to quantitatively compare the
incorporation efficiency (kp/Kd) of dCMP and dAMP opposite
both undamaged dG and damaged 8-oxoG (Figure 4). A fit of
the plot of the observed incorporation rate (kobs) versus dCTP
concentration yielded a kp of 0.0067 ± 0.0002 s−1 and a Kd of
180 ± 20 μM for incorporation of dCMP opposite 8-oxoG
(Figure 4B). The efficiency of incorporation of dCMP opposite
the lesion was determined to be 3.7 × 10−5 μM−1 s−1, 2 orders
of magnitude lower than the kp/Kd measured opposite the
undamaged dG, largely because of a 50-fold decrease in kp
(Table 2). The misincorporation of dAMP opposite 8-oxoG
was ∼50-fold less efficient than correct dCMP incorporation,
indicating that PolB1 exo− is able to faithfully bypass the lesion
with a fidelity of 2.1 × 10−2 (Table 2). Additionally, it should be
noted that dAMP was incorporated opposite 8-oxoG with a
slightly higher efficiency than opposite an unmodified dG, and
that both the overall fidelity and correct nucleotide
incorporation efficiency of PolB1 exo− are significantly lower
with damaged DNA than with undamaged DNA (Table 2).
To examine if the effect of 8-oxoG on the exonuclease

activity of PolB1 is the reason behind the polymerase stalling in
Figure 2B, we measured the 3′ → 5′ excision rate (kexo) of wild-
type PolB1 with damaged and undamaged DNA substrates
(Table 1) under single-turnover kinetic conditions (Figure 5

and Figure S4 of the Supporting Information). For substrate O-
22 containing a terminal 8-oxoG:C base pair, the kexo was
determined to be 0.098 ± 0.009 s−1, nearly 200-fold faster than
the rate observed with the corresponding undamaged substrate
C-22 and 10-fold faster than with undamaged substrate A-22
containing a terminal G:A mismatch (Table 3). The excision
rate was increased even further to 0.28 ± 0.04 s−1 in the
presence of a terminal 8-oxoG:A base pair in OA-22 (Table 3),
indicating that incorporation of either dAMP or dCMP
opposite the lesion significantly stimulated the exonuclease
activity of wild-type PolB1. Interestingly, compared to that of
undamaged DNA, the kexo (Table 3) was also higher with 8-
oxoG in the templating position [O-21 (Table 1)] or base-
paired with either A or C at position −1 from the primer−
template junction [O-23 and OA-23 (Table 1)], but not with 8-
oxoG at position −2 (O-24), +2 (O-20), or +3 (O-19). Thus,
the exonuclease activity of PolB1 is sensitive to the lesion at the
primer−template junction and one position upstream or
downstream from the junction, but not at more distant sites
(Table 3).
In Figure S5A of the Supporting Information, we determined

the kobs for correct nucleotide incorporation at and near the
lesion site catalyzed by PolB1 exo− under the same reaction
conditions used for the running start experiments (Figure 2).
These kobs values and the kexo values measured above (Table 3)
establish a kinetic basis for the observed pausing pattern of
wild-type PolB1 in Figure 2B (in Scheme 1, forward and
reverse reaction rates represent kobs and kexo, respectively). In
short, intermediate products accumulated when the rate of
product formation (extension of one-nucleotide shorter
products and breakdown of one-nucleotide longer products)
exceeded the rate of product removal (extension or excision of
the product itself). The kobs and kexo values listed in Scheme 1
account for the observed accumulation of 19-, 20-, and 21mer
products. Notably, the 21mer → 22mer extension rate (0.0015
s−1) is almost 100-fold lower than the 22mer → 21mer excision
rate (0.098 s−1), thus explaining why the intermediate 22mer
was barely observed in the running start assay with the wild-

Figure 3. Running start assays with S. solfataricus PolB1 and Dpo4 at 20 °C. A preincubated solution of PolB1 (100 nM) and 5′-32P-labeled DNA
(100 nM) in the absence of Mg2+ was rapidly mixed with a solution containing all four dNTPs (200 μM each), Mg2+ (15 mM), and Dpo4 (100 nM).
The reaction was quenched at various times with 0.37 M EDTA. Sizes of the remaining primer and important intermediate products are indicated,
and position 22 marks the location of the 8-oxoG lesion from the 3′-terminus of the DNA template: (A) control DNA substrate C-16 and (B)
damaged DNA substrate O-16 containing an 8-oxoG lesion (Table 1).
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type enzyme (Figure 2). Interestingly, our results show that the
negative impact of 8-oxoG on the polymerase and exonuclease
activities of PolB1 decreased significantly after the lesion was
bypassed. The 23mer → 24mer extension rate (0.21 s−1) and
the 24mer → 23mer excision rate (5.4 × 10−4 s−1) are within
the error range of the corresponding rates with undamaged
DNA (Tables 2 and 3), suggesting that the effect of 8-oxoG
disappeared and PolB1 may be able to resume replication after

successful 8-oxoG bypass and the subsequent one-nucleotide
extension catalyzed by Dpo4 (see below).

Kinetics of 8-OxoG Bypass Catalyzed by Dpo4.
Previous studies have investigated the pre-steady state kinetics
of only correct dCMP insertion opposite 8-oxoG.15 To
establish a more complete kinetic basis for 8-oxoG bypass by
Dpo4, we performed similar pre-steady state kinetic analysis as
described above to determine the kp and Kd values for all four
dNMP incorporations both opposite to and extending from the
8-oxoG lesion (Table 1). The incorporation efficiency (kp/Kd)
of dCMP opposite 8-oxoG in O-21 was determined to be 3.1 ×
10−2 μM−1 s−1 (Figure S6A of the Supporting Information),

Figure 4. Single-turnover kinetic assays at 20 °C. (A) A preincubated
solution of PolB1 exo− (180 nM) and 5′-32P-labeled O-21 (30 nM)
was rapidly mixed with increasing concentrations of dCTP [10 (●), 35
(○), 60 (■), 100 (□), 175 (▲), 300 (△), 500 (◆), and 750 μM
(◇)] for various time intervals prior to the reaction being quenched
with 0.37 M EDTA. Solid lines represent fits to eq 2 to obtain kobs. (B)
Plot of kobs vs nucleotide concentration fit to eq 3 to yield the
indicated kp and Kd values.

Table 2. Kinetic Parameters for Incorporation of a Single
dNMP into Damaged or Undamaged DNA Substrates (Table
1) at 20 °C Catalyzed by PolB1 exo−

base kp (s
−1) Kd (μM)

kp/Kd
(μM−1 s−1) fidelitya

O-21 (templating base 8-oxoG)
dC 0.0067 ± 0.0002 180 ± 20 3.7 × 10−5

dA 0.0019 ± 0.0001 2400 ± 500 8.0 × 10−7 2.1 × 10−2

C-21 (templating base dG)
dC 0.36 ± 0.02 70 ± 10 5.1 × 10−3

dA 0.00080 ± 0.00009 2600 ± 600 3.1 × 10−7 6.1 × 10−4

aCalculated as (kp/Kd,incorrect dNTP)/(kp/Kd,correct dNTP + kp/
Kd,incorrect dNTP).

Figure 5. Measurements of 3′ → 5′ exonuclease rates. A preincubated
solution of wild-type PolB1 (400 nM) and 5′-32P-labeled DNA (100
nM) was rapidly mixed with Mg2+ (15 mM) for varying time intervals
prior to the reaction being quenched with 0.37 M EDTA. The
concentration of the remaining substrate [O-19 (◆), O-20 (●), O-21
(○), O-22 (□), OA-22 (■), O-23 (△), OA-23 (▲), and O-24 (◇)]
was plotted as a function of time. The solid lines represent the fit to eq
4 to yield the DNA excision rates listed in Table 3.

Table 3. The 3′ → 5′ Exonuclease Rates of Wild-Type PolB1
with Damaged and Control DNA Substrates (Table 1) at 20
°C

aX denotes 8-oxoG.
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∼3-fold higher than the value of 1.2 × 10−2 μM−1 s−1 measured
for the undamaged substrate C-21 (Table 4). Therefore, unlike
that of PolB1, the DNA polymerization activity of Dpo4 was in
fact slightly enhanced by the 8-oxoG lesion. In stark contrast,
other lesions have been found to decrease correct nucleotide
incorporation efficiency by several orders of magnitude and to
significantly stall Dpo4 during TLS.28,29,31 The overall fidelity
range for nucleotide incorporation opposite 8-oxoG by Dpo4
(10−3 to 10−5 in Table 4) is similar to that measured with
undamaged DNA (10−3 to 10−4).33,42 Furthermore, dAMP, the
most efficient incorrect nucleotide, was incorporated into O-21
with an efficiency 138-fold lower than that of matched dCMP.
Thus, Dpo4 can bypass 8-oxoG as faithfully as it replicates
undamaged DNA.
As previous studies have shown that lesions are capable of

altering the binding of Dpo4 to DNA,28,29,31 we investigated
the effect of the 8-oxoG lesion on the DNA binding properties
of Dpo4. Interestingly, 8-oxoG had little effect on the binding
affinity of DNA for Dpo4 as suggested by the similarly high
binding affinities of O-21 and C-21 estimated through gel
mobility shift assays (Figure S7B of the Supporting
Information). Furthermore, the binding of O-21 to Dpo4
predominantly formed a productive complex, as with
undamaged DNA,28 demonstrated by the fast monophasic
kinetics of incorporation of dCMP into O-21 in the presence of
an unlabeled 21/41mer trap DNA (Figure S8 of the Supporting
Information). The unlabeled trap DNA serves to effectively
sequester any Dpo4 that dissociates from 5′-32P-labeled O-21
(Table 1), thus ensuring that any observed product formation is
the result of a single binding event. However, at each Dpo4
pause site with the lesions mentioned above, correct nucleotide
incorporation follows biphasic kinetics in the presence of a
DNA trap (a small, fast phase precedes a large, slow phase),

indicating that the Dpo4·damaged DNA complex exists
predominately in a nonproductive conformation.28,29,31 To-
gether, these kinetic data demonstrate that the conversion of
the intermediate product 21mer into a 22mer was slightly
facilitated by 8-oxoG and that Dpo4 likely follows the same
kinetic mechanism for 8-oxoG bypass as for incorporation of
the correct nucleotide into undamaged DNA.32

Following lesion bypass, 8-oxoG was embedded in the
template and could affect subsequent nucleotide incorpora-
tions. As observed with O-21, the 8-oxoG:C base pair had an
insignificant effect on the overall binding affinity (Figure S7C of
the Supporting Information) and productive binding (Figure
S8B of the Supporting Information) of the DNA substrate O-
22 (Table 1) to Dpo4. These results, along with the lack of
pausing observed in the running start assays (Figure 1B),
indicate that the extension after 8-oxoG bypass likely follows
the same kinetic mechanism described for undamaged DNA.32

Unexpectedly, the correct dGMP was incorporated into O-22
(Figure S6B of the Supporting Information) with an efficiency
(3.6 × 10−3 μM−1 s−1) 3-fold higher than that for incorporation
into C-22 (Table 4). Thus, 8-oxoG slightly enhanced the first
extension step in addition to 8-oxoG bypass. Notably, the
kinetic data with O-21 and O-22 (Table 4) also show that the
extension step is ∼9-fold less efficient than 8-oxoG bypass;
however, this difference was due to DNA sequence depend-
ence, rather than the effect of 8-oxoG, as a similar efficiency
ratio was obtained for incorporation of the correct nucleotide
into undamaged C-21 and C-22 (Table 4).

■ DISCUSSION

Despite the low pH and extreme temperature of their natural
habitat, in which the rate of DNA damage, including oxidative

Scheme 1

Table 4. Kinetic Parameters for Incorporation of a Single dNMP into Damaged or Control DNA Substrates (Table 1) Catalyzed
by Dpo4 at 20 °C

base kp (s
−1) Kd (μM) kp/Kd (μM

−1 s−1) efficiency ratioa fidelityb

O-21 (templating base 8-oxoG)
dC 0.43 ± 0.02 14 ± 2 3.1 × 10−2

dA 0.22 ± 0.01 929 ± 9 2.4 × 10−4 1.4 × 102 7.2 × 10−3

dG 0.0011 ± 0.0002 880 ± 90 1.3 × 10−6 2.5 × 104 3.9 × 10−5

dT 0.026 ± 0.002 800 ± 100 3.3 × 10−5 1.0 × 103 1 × 10−3

C-21 (templating base dG)
dC 0.59 ± 0.02 49 ± 4 1.2 × 10−2

dA 0.00126 ± 0.00008 420 ± 80 3.0 × 10−6 3.7 × 103 2.7 × 10−4

O-22 (templating base dC, extending from the 8-oxoG:C base pair at position −1)
dG 0.38 ± 0.01 105 ± 9 3.6 × 10−3

dT 0.010 ± 0.002 1900 ± 500 5.3 × 10−6 6.8 × 102 1.5 × 10−3

dC 0.00072 ± 0.00001 120 ± 10 6.0 × 10−6 6.0 × 102 1.7 × 10−3

dA 0.0010 ± 0.0001 1000 ± 300 1 × 10−6 3.6 × 103 3 × 10−4

C-22 (templating base dC, extending from the G:C base pair at position −1)
dG 0.38 ± 0.03 290 ± 60 1.2 × 10−3

aCalculated as (kp/Kd,correct dNTP)/(kp/Kd,incorrect dNTP).
bCalculated as (kp/Kd,incorrect dNTP)/(kp/Kd,correct dNTP + kp/Kd,incorrect dNTP).
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damage, is greatly increased,25 hyperthermophilic Archaea have
been shown to achieve lower rates of genomic mutation than
mesophilic organisms.43 To maintain its high genomic stability
under such adverse environmental conditions, S. solfataricus
must utilize an effective system for the efficient and faithful
bypass of mutagenic lesions, such as 8-oxoG. Our detailed pre-
steady state kinetic analysis has revealed that S. solfataricus is
able to avoid the difficulties associated with the mutagenic
potential of 8-oxoG through the inherited incapability of its
replicative DNA polymerase, PolB1, to bypass the lesion. This
ensures that during DNA replication the lesion can be bypassed
efficiently only after a switch to the lone Y-family polymerase in
S. solfataricus, Dpo4, which exhibits a fidelity of 8-oxoG bypass
among the highest of any DNA polymerase characterized to
date.5

Kinetic and Structural Basis for Efficient and Faithful
Bypass of 8-OxoG by Dpo4. Our pre-steady state kinetic
studies demonstrate not only that Dpo4 discriminated against
the incorporation of incorrect nucleotides, including dAMP
opposite 8-oxoG, with a fidelity in the range of 10−3 to 10−5

(Table 4) but also that the efficiency of correct incorporation
both opposite and extending from the lesion is higher than that
observed for undamaged DNA (Table 4). To date, only yeast
DNA polymerase η has been shown to replicate past 8-oxoG
with a similarly high fidelity and efficiency.13 Our kinetic studies
also show that 8-oxoG had almost no effect on maximal
nucleotide incorporation rate constants (Table 4), the overall
DNA binding affinities (Figure S7 of the Supporting
Information), or the productive DNA binding mode (Figure
S8 of the Supporting Information), suggesting that Dpo4 likely
followed the same kinetic mechanism described for undamaged
DNA32 to bypass and extend from 8-oxoG.
Interestingly, crystallographic studies show that relative to

undamaged dG in the Dpo4·DNA·dCTP ternary complex,
additional hydrogen bonds form between the LF (R331 and

R332) and Finger (S34) domains of Dpo4 and the O8 atom
and phosphate group of 8-oxoG (Figure S9A of the Supporting
Information),15,20 which are critical for both the efficiency and
the fidelity of 8-oxoG bypass.22 These extra hydrogen bonds
stabilize 8-oxoG in the anti conformation but do not exist if 8-
oxoG is in the syn conformation, leading to both preferential
base pairing with dCTP and a 66-fold higher binding affinity
(Table 4) of dCTP (Kd = 14 μM) over dATP (Kd = 929 μM).
An incorrect dATP is known to form Hoogsteen base pairs
with 8-oxoG in the syn conformation at the active site of
Dpo4.15 Furthermore, these aforementioned extra hydrogen
bonds also stabilized the templating base 8-oxoG slightly more
so than dG (Figure S9A,B of the Supporting Information),
leading to a 3-fold higher binding affinity of dCTP for the
Dpo4·O-21 complex (Kd = 14 μM) than for the Dpo4·C-21
complex [Kd = 49 μM (Table 4)]. Similarly, the embedded 8-
oxoG enhanced the binding affinity of the correct dGTP for the
Dpo4·O-22 complex by ∼3-fold relative to that for the
Dpo4·C-22 complex (Table 4) because of the additional
stabilization of O-22 provided by the extra hydrogen bonds
formed between Dpo4 and 8-oxoG at the −1 template position
(Figure S9C,D of the Supporting Information).21,44 Thus, these
extra hydrogen bonds with 8-oxoG enhanced correct nucleotide
binding and incorporation during both the lesion bypass and
subsequent extension steps, resulting in the relatively high
fidelity of 8-oxoG bypass catalyzed by Dpo4 (Table 4).

Kinetic Basis for the Stalling of Wild-Type PolB1 near
an 8-OxoG Site. Many high-fidelity A- and B-family DNA
polymerases are able to bypass 8-oxoG but with a fidelity much
lower than that observed for undamaged DNA.9−11,38,45

However, our results demonstrate that wild-type PolB1
completely failed to bypass the lesion (Figure 2B) because of
both a reduction in correct nucleotide incorporation efficiency
(Table 2) and an increase in the 3′ → 5′ exonuclease activity in
the vicinity of the lesion (Table 3 and Figure 5). PolB1 does

Figure 6. Proposed mechanism for the PCNA-mediated switching between the DNA polymerases of S. solfataricus during TLS of 8-oxoG. The sizes
of the arrows represent the relative rates of the 3′ → 5′ exonuclease and polymerase activities of PolB1.
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have an intrinsic ability to incorporate a nucleotide opposite 8-
oxoG as observed from assays with its exonuclease-deficient
mutant, but the efficiency is decreased by >100-fold compared
to that of replication opposite undamaged DNA (Table 2). As
detailed in Scheme 1, the greatly increased rate of DNA
excision, both at and near the lesion site, exceeds the decreased
nucleotide incorporation rate at these sites, effectively
preventing the formation of any lesion bypass product.
Furthermore, the exonuclease activity is the most rapid in the
presence of a terminal 8-oxoG:A mismatch and is also increased
with an embedded mismatch at position −1 (Table 3),
indicating that wild-type PolB1 can efficiently remove any
misincorporation opposite the lesion generated by the
polymerase activity of PolB1 or Dpo4. However, our results
also indicate that once an 8-oxoG:C base pair has been
extended by one nucleotide, the rate of incorporation of a
nucleotide into O-23 (Table 1 and Scheme 1) and the rate of
excision of the subsequent product O-24 (Table 3 and Scheme
1) return to the levels for undamaged DNA (Table 3), thus
allowing PolB1 to switch with Dpo4 and resume replication
once the lesion has been bypassed and extended by Dpo4
(Figure 6).
Increased exonuclease activity in response to a DNA lesion

has been suggested to play a role in TLS by other DNA
polymerases. Elimination of the 3′ → 5′ exonuclease activity has
been shown to enhance the ability of Escherichia coli
polymerases I and II46,47 as well as human polymerase δ48 to
bypass an abasic site and T4 DNA polymerase to bypass an O6-
methylguanine.49 However, in each of these cases, unlike the
results observed here with PolB1, the lesion did not lead to
complete stalling of the wild-type enzyme, and a detailed
kinetic basis for the polymerase pausing was not established.
Furthermore, the lesions investigated in those studies lead to
significant destabilization of the duplex DNA, which may
stimulate exonuclease activity,49 whereas 8-oxoG is not likely to
affect the melting temperature of DNA to a similar extent.4

Consequently, unlike PolB1, the exonuclease activities of T7
DNA polymerase and polymerase δ have little or no effect on
their ability to bypass 8-oxoG.18,48 The 3′ → 5′ exonuclease
activity acts to increase the fidelity of a DNA polymerase by
promoting the excision of misincorporations that lead to
distorted local DNA structure. Thus, the increased exonuclease
activity of wild-type PolB1 in the presence of the 8-oxoG lesion
may be a result of distorted local DNA geometry rather than a
destabilized DNA duplex.
Structural Basis for the Fidelity of PolB1 exo− during

8-OxoG Bypass. Despite the fact that wild-type PolB1 cannot
bypass 8-oxoG (Figure 2B), its exonuclease-deficient mutant
may utilize a structurally conserved motif to achieve high
fidelity when incorporating an incoming dNMP opposite the
lesion. The B-family DNA polymerase from bacteriophage
RB69 exhibits a relatively high fidelity during 8-oxoG bypass
compared to other DNA polymerases.50 This results from a
decreased efficiency of dAMP incorporation because of a steric
clash between residues Y567 and G568 and the O8 atom of 8-
oxoG when it is in the syn conformation.50,51 Analogous
residues play a similar role in 8-oxoG bypass for ϕ29 DNA
polymerase and human polymerase γ.40,52 These tyrosine and
glycine residues appear to be highly conserved among A- and B-
family DNA polymerases.53 Consequently, a superimposition of
the apo structure of PolB154 onto the ternary structure of RB69
DNA polymerase50 indicates that Y610 and G611 of PolB1
overlay very closely with Y567 and G568 of RB69 DNA

polymerase (Figure S10 of the Supporting Information),
indicating that these residues serve a similar function in aiding
the fidelity of PolB1 exo− during the incorporation of dNMP
opposite 8-oxoG. However, because the efficiency of
incorporation of dCMP opposite 8-oxoG is 100-fold lower
than that of incorporation opposite undamaged dG and 1000-
fold lower than that measured for Dpo4 (Tables 2 and 4), the
8-oxoG lesion likely disrupts the active site of PolB1 even when
it is in the anti conformation.

Role of Kinetics in Polymerase Switching. The
complete stalling of wild-type PolB1 at the 8-oxoG site, along
with the efficient and faithful bypass of the lesion by Dpo4 is
consistent with the model of “polymerase switching” at a lesion
site.41 Our results clearly show that, even in the absence of
accessory factor proteins, this switch can occur in vitro in
response to an 8-oxoG lesion, as Dpo4 was shown to relieve the
pausing of PolB1 at the lesion site (Figure 3 and Figures S1 and
S2 of the Supporting Information). PolB1 and Dpo4 may be
the only polymerases involved in the switching mechanism in S.
solfataricus, as the organism’s other two DNA polymerases most
likely have an activity too low to play a major role in TLS.27

While our results cannot provide a full picture of the in vivo
mechanism of polymerase switching because of the lack of
inclusion of the processivity factor PCNA, we are able to
propose a hypothetical model for the process based on the
kinetic properties of each DNA polymerase elucidated in this
work. Wild-type PolB1 will replicate undamaged DNA (Figure
6, complex 1) until it encounters a lesion site, where it will stall
(Figure 6, complex 2) as the exonuclease rate (0.098 s−1) is
increased to 66-fold higher than the nucleotide incorporation
rate (0.0015 s−1) (Scheme 1). During this stalling, PolB1 can
transiently dissociate from the replication fork (Figure 6,
complex 3). The polymerase·PCNA complex can then rotate to
allow Dpo4 to overtake the replication fork and bypass the
lesion (Figure 6, complex 4). Dpo4 is also more efficient than
PolB1 when extending from the lesion as the rate of extension
past the 8-oxoG:C base pair for Dpo4 [0.25 s−1 at 200 μM
dGTP (Figure S6B of the Supporting Information)] is higher
than the rate measured for PolB1 (0.06 s−1) at the same dGTP
concentration (Scheme 1). However, the rate of the subsequent
nucleotide incorporation catalyzed by Dpo4 [0.18 s−1 (Figure
S5B of the Supporting Information)] is slightly smaller than the
rate (0.21 s−1) measured for PolB1 under the same reaction
conditions (Scheme 1). Furthermore, the DNA excision rate
and nucleotide incorporation rate of PolB1 are no longer
affected by the lesion at this position and beyond (Scheme 1).
Thus, once the lesion is bypassed and the lesion bypass product
is elongated by at least one nucleotide, Dpo4 can dissociate
from the DNA, allowing wild-type PolB1, which replicates
undamaged DNA with a fidelity 103−105-fold higher than that
of Dpo4,33,35 to replace Dpo4 and resume replication (Figure 6,
complexes 5 and 6) to maintain the high genomic stability of S.
solfataricus (see above). The reclaiming of the replication fork
by PolB1 may be aided by the 10-fold higher DNA binding
affinity of PolB1 compared to that of Dpo4,32,34 along with
Dpo4's slowed conformational dynamics and translocation
along the DNA during the extension of the lesion bypass
product described in our recent work.55 Although it is plausible
that Dpo4 will be switched off after it extends just one
nucleotide post-lesion bypass, the exact position at which PolB1
resumes replication is unclear and requires further investigation.
However, our results do suggest that Dpo4 did not overtake the
primer−template junction until the lesion was in the templating
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position, as the pattern of intermediate product accumulation
prior to the lesion site in the presence of both polymerases
(Figure 3) mimics that observed for PolB1 alone (Figure 2B).
While our results demonstrate that switching can occur in the
absence of any other accessory proteins, polymerase switching
is thought to be mediated by the processivity factor,
proliferating cell nuclear antigen (PCNA), which can act as a
tool belt, whereby it is simultaneously bound to both a
replicative and a lesion bypass DNA polymerase to facilitate
switching between the two enzymes before and after the lesion
bypass.56 Interestingly, S. solfataricus PCNA is a heterotrimer,
with PolB1 and Dpo4 each known to interact with a different
subunit,57,58 suggesting that this tool belt model for PCNA-
mediated polymerase switching may indeed be accurate for S.
solfataricus. Presumably, PCNA will help prevent the complete
dissociation of both Dpo4 and PolB1 from DNA during DNA
synthesis. This suggests that competition between PolB1 and
Dpo4 for the binding of the primer−template junction near the
lesion will be influenced by polymerase kinetics in the presence
of PCNA as proposed in Figure 6. Interestingly, it has recently
been suggested that PCNA may influence the efficiency and
fidelity of lesion bypass for individual polymerases.23,24 Our
results provide a solid foundation for future investigation into
the role of PCNA and other replication factors on the
mechanism of polymerase switching during TLS.
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