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Most DNA polymerases incorporate nucleotides opposite template 7,8-dihydro-8-oxoguanine (8-oxoG) le-
sions with reduced efficiency and accuracy. DNA polymerase (Pol) �, which catalyzes the error-free replication
of template thymine-thymine (TT) dimers, has the unique ability to accurately and efficiently incorporate
nucleotides opposite 8-oxoG templates. Here we have used pre-steady-state kinetics to examine the mechanisms
of correct and incorrect nucleotide incorporation opposite G and 8-oxoG by Saccharomyces cerevisiae Pol �. We
found that Pol � binds the incoming correct dCTP opposite both G and 8-oxoG with similar affinities, and it
incorporates the correct nucleotide bound opposite both G and 8-oxoG with similar rates. While Pol �
incorporates an incorrect A opposite 8-oxoG with lower efficiency than it incorporates a correct C, it does
incorporate A more efficiently opposite 8-oxoG than opposite G. This is mainly due to greater binding affinity
for the incorrect incoming dATP opposite 8-oxoG. Overall, these results show that Pol � replicates through
8-oxoG without any barriers introduced by the presence of the lesion.

Eukaryotic DNA polymerase (Pol) � is a specialized poly-
merase that functions in the error-free replication of thymine-
thymine (TT) dimers (19, 20), a common DNA lesion induced
by UV irradiation. In Saccharomyces cerevisiae, disruption of
the RAD30 gene encoding Pol � results in increased sensitivity
to UV irradiation and an increase in the number of UV-
induced mutations (21, 30, 37). In humans, the lack of Pol � is
responsible for the variant form of xeroderma pigmentosum
(18, 27), a genetic disorder characterized by increased UV
sensitivity and a predisposition for skin cancers.

Both yeast and human Pol � synthesize DNA with low fi-
delity with error frequencies ranging from 10�2 to 10�3 (19, 28,
44). These enzymes incorporate As opposite the Ts of a tem-
plate TT dimer—a distorting DNA lesion that blocks classical
polymerases—with nearly the same catalytic efficiency (kcat/
Km) and accuracy as opposite nondamaged Ts (19, 47). This
led to the notion that Pol � has an active site that is unusually
tolerant of the distorted geometry of the TT dimer (44). More-
over, the X-ray structure of Pol � has shown that it has an open
active site that can readily accommodate this distorted lesion
(40).

Pre-steady-state kinetics studies were used to examine the
mechanism of nucleotide incorporation opposite a template
TT dimer by Pol � (42, 43). With pre-steady-state kinetics
analyses, it is possible to directly measure the binding affinity
for the DNA and deoxynucleoside triphosphate (dNTP) sub-
strates as well as the first-order rate constants of the individual
steps of the nucleotide incorporation reaction (17). Pol � binds
dATP with the same affinity opposite the TT dimer as opposite
a nondamaged T (43). Similarly, Pol � incorporates the bound

nucleotide at the same rate opposite the TT dimer as opposite
a nondamaged T (43). Thus, the distorted geometry of the TT
dimer presents no barriers to nucleotide incorporation by Pol
�.

7,8-Dihydro-8-oxoguanine (8-oxoG) is a common form of
oxidative damage, with steady-state levels of about 1,000 to
10,000 lesions per mammalian cell (1, 14). This lesion is highly
mutagenic giving rise to G � C to T � A transversions (33). This
is because 8-oxoG base pairs with both C and A (Fig. 1). In the
8-oxoG � C base pair, the glycosidic bonds of both residues are
in the anti configuration, and these bases form normal Watson-
Crick hydrogen bonds (25, 34). In the 8-oxoG � A base pair, the
glycosidic bond of the 8-oxoG residue is in the syn configura-
tion and it base pairs along its Hoogsteen edge with A (22, 29).
With both 8-oxoG � C and 8-oxoG � A base pairs, the DNA
adopts the normal B form (22, 25, 29, 34); however, when
8-oxoG is in the anti configuration in the 8-oxoG � C base pair,
there are significant structural perturbations of the DNA back-
bone at the site of the lesion (25).

Classical polymerases typically incorporate nucleotides op-
posite 8-oxoG with lower catalytic efficiencies than opposite G.
For example, Escherichia coli Pol I exo� and Pol II exo�

incorporate C opposite 8-oxoG with 30-fold lower efficiencies
than opposite G (26). Similar trends have also been observed
with bacteriophage T7 DNA polymerase (10), human Pol �
(38), and calf thymus Pol � (6). Moreover, classical poly-
merases typically incorporate nucleotides opposite 8-oxoG
with lower fidelity. E. coli Pol I exo�, human Pol �, and T7
DNA polymerase all incorporate C with slightly higher fre-
quencies (less than fourfold) than A (10, 26, 31), and human
Pol � and calf thymus Pol � incorporate A with slightly higher
frequencies than C (6, 38).

Genetic studies with yeast have demonstrated that Pol �
functions in the error-free replication of 8-oxoG by preferen-
tially incorporating C opposite G (13). Steady-state kinetics
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studies have shown that unlike classical polymerases, Pol �
replicates through 8-oxoG both efficiently and accurately (13).
In fact, Pol � incorporates C opposite 8-oxoG with the same
catalytic efficiency as opposite G, and it incorporates C oppo-
site 8-oxoG with a 20-fold higher frequency than A (13).

While steady-state kinetics studies have shown than Pol �
efficiently and accurately replicates through 8-oxoG, the mech-
anism by which Pol � does this remains unclear. This is because
in steady-state kinetics, it is not generally possible to directly
observe the individual steps of the overall reaction, such as the
DNA binding, dNTP binding, and nucleotide incorporation
steps. Consequently, in order to examine these individual steps
and determine the mechanism of efficient and accurate incor-
poration by Pol � opposite 8-oxoG, we carried out pre-steady-
state kinetics studies of this reaction. We have found that Pol
� binds dCTP with the same affinity opposite either 8-oxoG or
G, and it incorporates the bound nucleotide at the same rate
when bound opposite either template.

MATERIALS AND METHODS

Purification of Pol �. Yeast Pol � was overexpressed in yeast strain BJ5464
carrying plasmid pR30.175, which encodes Pol � fused in frame with glutathione
S-transferase (GST). The GST fusion protein was purified, and the GST portion
was removed by treatment with PreScission protease (Amersham BioSciences) as
described elsewhere (42). Purified protein was stored at �80°C in 50-�l aliquots.
The active concentration of purified protein was determined by active-site titra-
tion (see Results).

DNA and nucleotide substrates. DNA substrates were composed of two syn-
thetic oligonucleotide strands. The same 24-mer primer sequence, 5�-GCC TCG
CAG CCG TCC AAC CAA CTC, was used for all incorporation measurements.
Two 45-mer templates were used with the sequence 5�-GGA CGG CAT TGG
ATC GAC CTG GAG TTG GTT GGA CGG CTG CGA GGC; in one template
the underlined G is a nondamaged G, and in the other the underlined base is an
8-oxoG. The oligonucleotide containing the 8-oxoG was synthesized by Midland
Certified Reagent Company, Inc. The primer strand was 5�-32P end labeled with

T4 polynucleotide kinase (New England Biolabs) and [	-32P]ATP (6,000 Ci/
mmol; Amersham BioSciences) at 37°C for 1 h. Labeled primer strands were
separated from unreacted [	-32P]ATP with a Sephadex G-25 spin column (Am-
ersham BioSciences). The labeled primer strands were annealed to template
strands in 50 mM Tris Cl and 100 mM NaCl by heating at 90°C for 2 min and slow
cooling to room temperature over several hours. Annealed strands were stored
at 4°C for up to 2 weeks. Solutions of each dNTP (100 mM, sodium salt) were
obtained from New England Biolabs and stored at �80°C.

Pre-steady-state kinetics. All polymerase reactions were measured in 25 mM
TrisCl (pH 7.5), 5 mM MgCl2, 5 mM dithiothreitol, and 10% glycerol at 22°C.
The incorporation of A opposite either template G or 8-oxoG was slow enough
to be measured by hand. However, the incorporation of C opposite template G
or 8-oxoG was much faster and was measured on a rapid chemical quench flow
instrument (KinTek Corp.). Preincubated Pol � (33 nM final concentration) and
labeled DNA substrate (10 to 100 nM final concentration) in one syringe were
mixed rapidly with dCTP (0 to 20 �M final concentration) from the second
syringe. Nucleotide incorporation was quenched after various times (0 to 15 s)
with 0.2 M EDTA. Extended primer strands (the product) were separated from
unextended primer strands (the substrate) on a 15% polyacrylamide sequencing
gel containing 8 M urea. The labeled gel bands were quantified with the Instant-
Imager (Packard). Each set of DNA and dNTP concentrations were repeated
several times to ensure reproducibility, and the amplitudes and rates obtained
from these multiple experiments were in close agreement.

Data analysis. The amounts of product (P) formed were graphed as a function
of time (t), and the data were fit by nonlinear regression (SigmaPlot 8.0) to the
burst equation P 
 A[1 � e�k(obs)t] � vt, where A is the amplitude of the
pre-steady-state burst phase, kobs is the first-order rate constant for the burst
phase, and v is the velocity of the steady-state phase.

To determine the dissociation constant (Kd) for the nucleotide binding step
and the maximum first-order rate constant for nucleotide incorporation (kpol),
the observed rate constants for the pre-steady-state phases were graphed as a
function of dNTP concentration and the data were fit by nonlinear regression to
the hyperbolic equation kobs 
 (kpol[dNTP])/(Kd � [dNTP]).

To determine the active concentration of Pol � ([Pol �]) and the dissociation
constant (Kd) for the DNA binding step, the amplitudes of the pre-steady-state
burst phases were graphed as a function of total DNA concentration ([DNA])
and the data were fit to the quadratic equation A 
 0.5(Kd � [Pol �] � [DNA])2

� {0.25([Pol �] [DNA])}1/2.
For A incorporation opposite template G and 8-oxoG, the amounts of product

(P) formed were graphed as a function of time (t), and the data were fit to a
straight line. The observed rate constants (kobs) were obtained from the slopes of
the lines divided by the active concentration of Pol �. The kobs values were
plotted as a function of [dATP] and fit to the hyperbolic equation to determine
the values for Kd for initial dATP binding and the maximum first-order rate
constant (kpol) for nucleotide incorporation.

RESULTS

To our knowledge, Pol � is the only polymerase that incor-
porates nucleotides opposite template 8-oxoG residues with
high efficiency and accuracy (13). To understand the mecha-
nistic basis of this efficiency and accuracy, we have carried out
a pre-steady-state kinetics analysis of C and A incorporation
opposite a nondamaged G template and an 8-oxoG template.
We have measured and compared the dissociation constants
(Kd) for the nucleotide binding step and the first-order rate
constants (kpol) for the nucleotide incorporation step for these
four reactions. However, before determining the values of
these parameters, we first had to determine whether or not Pol
� displayed biphasic kinetics, determine the concentration of
active Pol � molecules, and measure the Kd for the DNA
binding step.

Biphasic kinetics of C incorporation opposite G and 8-oxoG.
As a necessary first step to examining the mechanisms of nu-
cleotide incorporation opposite G and 8-oxoG, we first exam-
ined whether the incorporation of C opposite these templates
displayed biphasic kinetics (“burst kinetics”). Using a rapid
chemical quench flow instrument, we mixed a solution contain-

FIG. 1. Structures of the 8-oxoG � C and 8-oxoG � A base pairs. The
anti and syn designations refer to the relative orientation of the base
and sugar around the glycosidic bond.
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ing preincubated Pol � (33 nM final concentration) and either
template G DNA or template 8-oxoG DNA (100 nM final
concentration) with a solution containing dCTP (20 �M final
concentration). We rapidly quenched the reactions following
time intervals ranging from 0.2 to 15 s. The quenched samples
were analyzed by polyacrylamide gel electrophoresis, and the
amounts of product formed were graphed as a function of time
(Fig. 2). For incorporation opposite both G and 8-oxoG, Pol �
clearly displayed two kinetic phases.

Burst kinetics is observed when the individual step leading to
product formation, which for Pol � is the nucleotide incorpo-
ration step, occurs earlier along the reaction pathway than the
slowest individual step of the overall reaction, which for Pol �
is likely the DNA dissociation step. Two kinetic phases are
observed because product is formed more rapidly in the first
enzyme turnover than it is in subsequent turnovers (the steady-
state phase), which are limited by the slow DNA dissociation
step. Opposite G, the first phase (the burst phase) had an
observed first-order rate constant (kobs) equal to 1.5 s�1, and
opposite 8-oxoG the burst phase had a kobs equal to 1.4 s�1.

Active-site titration and Kd for DNA binding. The presence
of a pre-steady-state burst phase allowed us to examine the
nucleotide binding step and nucleotide incorporation step in
the first enzyme turnover before information regarding these
steps was masked by the slow DNA dissociation step that
dominates the steady-state phase. Before measuring these
steps, however, we next had to carry out an active-site titration
to determine the concentration of active Pol � molecules and
measure the Kd for the DNA binding step. This was possible
because the amplitude of the burst phase reflects the amount
of active Pol �-DNA complex formed during the preincubation
period (17). Consequently, in order to determine the active Pol
� concentration and the Kd for the DNA binding step, we
examined the variation of the burst amplitude as a function of
total DNA concentration.

We carried out experiments as described above, except that
the DNA final concentration was varied from 10 to 100 nM
(Fig. 3). The amplitudes of the burst phases were graphed as a
function of total DNA concentration. For incorporation oppo-
site G, the best fit of these data to the quadratic equation gave
a concentration of active Pol � equal to 33 nM and a Kd for the
DNA binding step equal to 22 nM. For incorporation opposite
8-oxoG, the active Pol � concentration was 23 nM and the Kd

was 17 nM. These Pol � concentrations were used for all
experiments in the present study, and all subsequent experi-
ments were performed at DNA concentrations about fivefold

FIG. 2. Biphasic kinetics of C incorporation opposite G and an
8-oxoG. (A) Preincubated Pol � (33 nM) and the template G DNA
substrate (100 nM) were mixed with dCTP (20 �M) by using a rapid
chemical quench flow instrument for various reaction times. The
amounts of product formed (F) were graphed as a function of time,
and the data were fit to the burst equation with an amplitude equal to
25 � 3 nM and a rate constant for the exponential phase equal to 1.5
� 0.5 s�1. (B) Preincubated Pol � (33 nM) and the template 8-oxoG
DNA substrate (100 nM) were mixed with dCTP (20 �M) for various
reaction times. The data were fit to the burst equation with an ampli-
tude equal to 20 � 1 nM and a rate constant for the exponential phase
equal to 1.4 � 0.2 s�1.

FIG. 3. Active-site titration and Kd for DNA binding. (A) Preincu-
bated Pol � (33 nM) and various concentrations of template G DNA
(F, 10 nM; E, 20 nM; ■ , 30 nM; �, 50 nM; Œ, 75 nM; ‚, 100 nM) were
mixed with dCTP (20 �M) for various reaction times. The solid lines
represent the best fits to the burst equation. (B) Amplitudes of the
exponential phases (F) were graphed as a function of total DNA
concentration. The solid line represents the best fit to the quadratic
equation, with an active-site concentration equal to 33 � 1 nM and a
Kd for the Pol �-DNA complex equal to 22 � 2 nM. (C) Preincubated
Pol � (33 nM) and various concentrations of template 8-oxoG DNA
(F, 10 nM; E, 20 nM; ■ , 30 nM; �, 50 nM; Œ, 75 nM; ‚, 100 nM) were
mixed with dCTP (20 �M) for various reaction times. The solid lines
represent the best fits to the burst equation. (D) Amplitudes of the
exponential phases (F) were graphed as a function of total DNA
concentration. The solid line represents the best fit to the quadratic
equation, with an active-site concentration equal to 23 � 1 nM and a
Kd for the Pol �-DNA complex equal to 17 � 3 nM.
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greater than the Kd to ensure that we were close to saturating
conditions. These results also show that the binding affinity for
the DNA substrate is approximately the same when G or
8-oxoG is the template base.

The reproducible one-third reduction in the active Pol �
concentration with 8-oxoG relative to G was surprising. How-
ever, similar reductions have been seen previously with other
polymerases. A 10-fold reduction in the active E. coli Pol II
concentration was observed previously with 8-oxoG relative to
G (26), a 2-fold reduction in the active human immunodefi-
ciency virus type 1 reverse transcriptase concentration was
observed previously with 8-oxoG relative to G (10), and a
one-fourth reduction in the active T7 DNA polymerase con-
centration was observed previously with 8-oxoG relative to G
(10). In the case of human immunodeficiency virus type 1
reverse transcriptase, this reduction in active enzyme concen-
tration was attributed to nonproductive substrate binding (11).
It is likely that, for reasons unknown, 8-oxoG induces varying
degrees of nonproductive substrate binding in many poly-
merases, including Pol �.

Mechanism of C incorporation opposite G and 8-oxoG. To
better understand the mechanistic basis of the efficiency of
incorporation opposite 8-oxoG, we determined the mechanism
of C incorporation opposite G and 8-oxoG. We examined the
variation of the kobs for the burst phase as a function of dCTP
concentration. From these experiments it was possible to de-
termine the Kd for the dCTP binding step and the kpol for the
nucleotide incorporation step. We carried out experiments as
described above with 33 nM Pol � and 100 nM DNA, except
that the concentrations of dCTP ranged from 0.5 to 20 �M
(Fig. 4). The kobs values for the burst phases were graphed as
a function of dCTP concentration, and from the best fit of the
data to the hyperbolic equation we obtained a Kd for the dCTP
binding step opposite G equal to 4.5 �M and a kpol for the
nucleotide incorporation step opposite G equal to 2.1 s�1. We
also obtained a Kd for dCTP binding opposite 8-oxoG equal to
9.4 �M and a kpol for incorporation opposite G equal to 2.2
s�1. Thus, dCTP binds 2.1-fold weaker opposite 8-oxoG than
G, but nucleotide incorporation occurs at nearly the same rate
opposite both templates (Table 1).

Mechanism of A incorporation opposite G and 8-oxoG. To
better understand the mechanistic basis of the accuracy of
incorporation opposite 8-oxoG, we determined the mechanism
of A incorporation opposite G and 8-oxoG. Unlike C incor-
poration, A incorporation did not display biphasic kinetics;
instead, the amounts of product formed varied linearly with
reaction time. The absence of burst kinetics indicates that the
slowest step in the overall reaction is the step leading to the
formation of product, which in this case is the nucleotide in-
corporation step. Only one kinetic phase is observed, because
the first enzyme turnover and all subsequent enzyme turnovers
occur at the same rate.

From these experiments, it was possible to determine the Kd

for the dATP binding step and the kpol for the incorporation
step with G and 8-oxoG by examining the variation of the kobs

for the linear phase as a function of dATP concentration.
Here, the kobs values were determined by dividing the slopes of
the lines by the concentration of active Pol � (33 nM for
template G and 23 nM for template 8-oxoG). We carried out
experiments as described above, except that the concentrations

of dATP ranged from 50 to 2,000 �M for incorporation oppo-
site G and from 2 to 100 �M for incorporation opposite
8-oxoG (Fig. 5). We obtained a Kd for dATP binding opposite
G equal to 120 �M and a kpol for incorporation opposite G
equal to 0.012 s�1. We also obtained a Kd for dATP binding
opposite 8-oxoG equal to 6.5 �M and a kpol for incorporation
opposite G equal to 0.022 s�1. Thus, dATP binds significantly
weaker (27-fold) opposite G relative to dCTP binding opposite
G, but dATP binds with nearly the same affinity opposite
8-oxoG as dCTP binds opposite G (Table 1). In addition, A is
incorporated opposite both G and 8-oxoG significantly slower
(180- and 95-fold, respectively) than C is incorporated oppo-
site G (Table 1).

DISCUSSION

Steady-state kinetics studies have been carried out with a
wide range of DNA polymerases to quantify the efficiency and
accuracy of nucleotide incorporation opposite 8-oxoG tem-
plates. Most DNA polymerases, including E. coli Pol I and Pol
II (26), Bacillus stearothermophilus Pol I (15), bacteriophage
T7 DNA polymerase (10), human Pol � (38), and fetal calf
thymus Pol � (6), incorporate nucleotides opposite 8-oxoG
with both low efficiency (i.e., the efficiency of C incorporation
opposite 8-oxoG is more than fivefold lower than opposite G)
and low accuracy (i.e., the efficiency of C incorporation is less

FIG. 4. Kinetics of dCTP incorporation opposite G and 8-oxoG.
(A) Preincubated Pol � (33 nM) and the template G DNA substrate
(100 nM) were mixed with various concentrations of dCTP (F, 0.5 �M;
E, 1 �M; ■ , 2 �M; �, 5 �M; Œ, 10 �M; Œ, 20 �M) for various reaction
times. The solid lines represent the best fits to the burst equation.
(B) Observed rate constants of the exponential phases (F) were
graphed as a function of dCTP concentration. The solid line represents
the best fit to the hyperbolic equation, with a kpol equal to 2.1 � 0.2 s�1

and a Kd for the Pol �-DNA-dCTP complex equal to 4.5 � 1.2 �M.
(C) Preincubated Pol � (33 nM) and template 8-oxoG DNA substrate
(100 nM) were mixed with various concentrations of dCTP (F, 0.5 �M;
E, 1 �M; ■ , 2 �M; �, 5 �M; Œ, 10 �M; ‚, 20 �M) for various reaction
times. The solid lines represent the best fits to the burst equation.
(D) Observed rate constants of the burst phases (F) were graphed as
a function of dCTP concentration. The solid line represents the best fit
to the hyperbolic equation, with a kpol equal to 2.2 � 0.5 s�1 and a Kd
for the Pol �-DNA-dCTP complex equal to 9.4 � 4.8 �M.
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than fivefold greater than A incorporation). By contrast, hu-
man Pol � incorporates nucleotides opposite 8-oxoG with high
efficiency (C incorporation opposite 8-oxoG is only threefold
lower than opposite G) but low accuracy (C incorporates only
twofold better than A) (31). In addition, bacteriophage Rb69
DNA polymerase (9) and human Pol � (41) incorporate nucle-
otides opposite 8-oxoG with low efficiency but high accuracy (C
incorporation is preferred over A by 20- and 30-fold, respec-
tively). To our knowledge, only Pol � incorporates nucleotides
opposite 8-oxoG with both high efficiency (the efficiency of C
incorporation opposite G and 8-oxoG is the same) and high
accuracy (C incorporation is preferred over A by 20-fold) (13).

Such steady-state kinetics studies are useful for measuring
the efficiency and accuracy of nucleotide incorporation by
DNA polymerases (4). However, in steady-state kinetics, one
only observes the slowest step in the overall reaction, which for

DNA polymerases is usually a step following the nucleotide
incorporation step along the reaction pathway (3, 6, 8, 12, 24,
35, 36, 43, 45, 46, 48). For this reason, steady-state kinetics
does not generally provide information regarding the mecha-
nism of nucleotide incorporation by polymerases. This requires
pre-steady-state kinetics, in which it is possible in principle to
observe all the individual steps of the nucleotide incorporation
reaction (16, 17). For DNA polymerases, these steps include at
least the following: (i) DNA binding to the enzyme (E) to form
the E-DNA binary complex, (ii) dNTP binding to the E-DNA
binary complex to form the E-DNA-dNTP ternary complex,
(iii) the incorporation of the bound nucleotide onto the 3� end
of the primer strand, (iv) release of the PPi product, and (v)
dissociation of the DNA to regenerate the free enzyme. While
it is likely that some of these steps can be divided into further
steps, including conformational changes in the binary and ter-
nary complexes (5, 7, 32, 42, 49), this simple, minimal mecha-
nism is sufficient for our purpose here.

To understand the mechanistic basis of the efficiency of
nucleotide incorporation opposite 8-oxoG by Pol �, we have
carried out a pre-steady-state kinetics study. For the incorpo-
ration of C opposite G and 8-oxoG, we have measured the Kd

values for dNTP binding (step 2) and the kpol values for nu-
cleotide incorporation (step 3). From these values, we gener-
ated free energy diagrams for portions of these two nucleotide
incorporation reactions (Fig. 6). The left panel shows the in-
corporation of C opposite G, and the right panel shows the
incorporation of C opposite 8-oxoG. Here we have found that
at the nucleotide binding step (step 2), Pol � binds dCTP
2.1-fold tighter when the template residue is a G than when it
is an 8-oxoG. This difference is very small and corresponds to
a G equal to 0.43 kcal/mol. We have also found that at the
nucleotide incorporation step (step 3), the bound nucleotide is
incorporated by Pol � at nearly the same rate when the tem-
plate residue is a G or an 8-oxoG, and the G‡ corresponds
to only �0.03 kcal/mol. These results show that the 8-oxoG
lesion presents no barrier to Pol � at either the nucleotide
binding step or nucleotide incorporation step.

Pre-steady-state kinetics studies have also been carried out
with several DNA polymerases that incorporate nucleotides
opposite 8-oxoG with low efficiencies. These include E. coli Pol
I and Pol II (26) and the bacteriophage T7 DNA polymerase
(10). For both E. coli Pol I and Pol II, the efficiencies of C
incorporation opposite 8-oxoG are about 30-fold lower than
those opposite G. Interestingly, this similar decrease in effi-
ciency results from distinct mechanisms. In the case of Pol I,
the 8-oxoG impacts both the nucleotide binding step and the
nucleotide incorporation step. The dCTP binds sixfold weaker
with a template 8-oxoG, and the nucleotide is incorporated

FIG. 5. Kinetics of dATP incorporation opposite G and 8-oxoG.
(A) Preincubated Pol � (33 nM) and the template G DNA substrate
(100 nM) were mixed with various concentrations of dATP (F, 50 �M;
E, 100 �M; ■ , 200 �M; �, 500 �M; Œ, 1,000 �M; ‚, 2,000 �M) for
various reaction times. The solid lines represent the best fits to the
linear equation. (B) Observed rate constants (F) were graphed as a
function of dATP concentration, and the solid line represents the best
fit to the hyperbolic equation, with a kpol of 0.012 � 0.001 s�1 and a Kd
for the Pol �-DNA-dATP complex equal to 120 � 50 �M. (C) Prein-
cubated Pol � (33 nM) and the template 8-oxoG DNA substrate (100
nM) were mixed with various concentrations of dATP (F, 2 �M; E, 5
�M; ■ , 10 �M; �, 20 �M; Œ, 50 �M; ‚, 100 �M) for various reaction
times. The solid lines represent the best fits to the linear equation.
(D) Observed rate constants (F) were graphed as a function of dATP
concentration. The solid line represents the best fit to the hyperbolic
equation, with a kpol of 0.022 � 0.001 s�1 and a Kd for the Pol
�-DNA-dATP complex equal to 6.5 � 1.2 �M.

TABLE 1. Nucleotide incorporation by Pol � on template G and 8-oxoG

dNTP � template Kd (�M) kpol (s�1) kpol/Kd
(�M�1 s�1) Kd/Kd

a kpol/kpol
b

dCTP � G 4.5 � 1.2 2.1 � 0.2 0.47
dCTP � 8-oxoG 9.4 � 4.8 2.2 � 0.5 0.23 2.1 0.95
dATP � G 120 � 50 0.012 � 0.001 0.00010 27 180
dATP � 8-oxoG 6.5 � 1.2 0.022 � 0.001 0.0034 1.4 95

a Calculated by dividing Kd for dCTP � 8-oxoG, dATP � G, or dATP � 8-oxoG by Kd for dCTP � G.
b Calculated by dividing kpol for dCTP � G by kpol for dCTP � 8-oxoG, dATP � G, or dATP � 8-oxoG.
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sixfold slower with a template 8-oxoG (26). In the case of Pol
II, the 8-oxoG impacts primarily the nucleotide binding step.
The dCTP binds 11-fold weaker with a template 8-oxoG, but
the nucleotide is incorporated only 2-fold slower with a tem-
plate 8-oxoG (26). For the bacteriophage T7 DNA polymer-
ase, the incorporation of C opposite 8-oxoG is about 140-fold
less efficient than opposite G. In this case, the 8-oxoG impacts
primarily the nucleotide incorporation step. The dCTP binds
4-fold weaker with a template 8-oxoG, but the nucleotide is
incorporated 50-fold slower with a template 8-oxoG (10).
Thus, for other polymerases, the 8-oxoG lesion is able to create
barriers at the nucleotide binding step, the nucleotide incor-
poration step, or both steps.

We have also used pre-steady-state kinetics studies to exam-
ine the mechanistic basis of the accuracy of nucleotide incor-
poration opposite 8-oxoG by Pol �. The free energy diagrams
for the incorporation of A opposite G (left panel) and 8-oxoG
(right panel) are shown in Fig. 6. We found that the mecha-
nistic basis for the discrimination against A incorporation was
quite different opposite G and 8-oxoG. For template G, Pol �
binds dCTP 27-fold tighter than dATP, corresponding to a
G equal to 1.93 kcal/mol, and Pol � incorporates the bound
C 180-fold faster than A, corresponding to a G‡ equal to
3.02 kcal/mol. For 8-oxoG, Pol � binds dCTP with approxi-
mately the same affinity as dATP, corresponding to a G
equal to 0.21 kcal/mol. However, Pol � incorporates the bound
C 100-fold faster than A, corresponding to a G‡ equal to
2.70 kcal/mol. We conclude from this that the accuracy of
incorporation opposite 8-oxoG by Pol � comes from a barrier
to incorporation of A at mainly the nucleotide incorporation
step.

It is curious and interesting that, in the case of Pol �, the
binding affinity of dCTP and dATP opposite 8-oxoG is approx-
imately the same. This is different from what has been ob-

served with other polymerases. For example, in the cases of E.
coli Pol I (26) and T7 DNA polymerase (10), dATP binding
opposite 8-oxoG is 10- and 14-fold weaker, respectively, than
dCTP binding. This difference is likely because the active site
of Pol � is larger than the active sites of other DNA poly-
merases, allowing the 8-oxoG to easily interconvert between
the syn and anti configurations in the Pol �-DNA binary com-
plex. A rapid equilibrium between the syn and anti states
would allow dCTP and dATP to bind with nearly the same
affinity. However, despite this, the strong kinetic barrier for
incorporating the A bound opposite 8-oxoG still allows Pol �
to replicate through this lesion with greater accuracy than
these other polymerases.

High-resolution structures have been determined recently
for four DNA polymerases bound to DNA substrates contain-
ing 8-oxoG lesions (2, 9, 15, 23), and these structures reveal
how these polymerases might avoid a potential steric clash
between the O8 atom on the 8-oxoG and the sugar moiety
when the 8-oxoG is in the anti configuration. Several high-
resolution structures of B. stearothermophilus Pol I (which in-
corporates opposite 8-oxoG with low efficiency and low accu-
racy) in complex with DNA containing 8-oxoG provide a series
of snapshots of the incorporation of C and A opposite 8-oxoG
(15). However, structures of ternary complexes with incoming
dCTP or dATP opposite 8-oxoG—complexes that are most
critical to understanding the structural basis of the efficiency
and accuracy of nucleotide incorporation opposite this le-
sion—were not among these. Structures were determined for
the binary complexes following the incorporation of C or A
opposite 8-oxoG. When C pairs with 8-oxoG in the “postin-
sertion site” (i.e., the primer-terminal base pair), the 8-oxoG is
in the anti configuration. In this configuration, a potential
steric clash between the O8 of the 8-oxoG and the O4� of the
sugar is avoided by a change in relative orientation of the sugar
and base, leading to a distortion of the template strand in the
vicinity of the lesion. This distortion resembles what has been
observed previously with incorrect base pairs (15), and this
may be responsible for the substantially decreased ability of
Pol I to incorporate C opposite 8-oxoG.

For human Pol � (which incorporates opposite 8-oxoG with
high efficiency but low accuracy), a structure of a ternary com-
plex with incoming dCTP opposite 8-oxoG was determined
(23). A structure with A opposite 8-oxoG was also determined,
but the incoming dATP was hydrolyzed to dAMP, the 8-oxoG
was in the anti rather than syn configuration, and the polymer-
ase was in the inactive, open conformation (23); thus, it is
unclear how to interpret this particular structure. However, the
structure of the ternary complex with incoming dCTP opposite
8-oxoG provided excellent insight into how this lesion is ac-
commodated in the anti configuration. To accommodate the
O8 of the 8-oxoG, the single-stranded region of the template
strand on the 5� side of the 8-oxoG is flipped in the active site
of the polymerase relative to the manner in which Pol � binds
nondamaged DNA. This flip results from a 180° rotation of the
� torsional angle along the covalent bond connecting the O5�

and the 5� P atoms (23). This dramatic change in the confor-
mation of the DNA substrate is apparently well tolerated by
this enzyme, as demonstrated by its high efficiency of incorpo-
ration of nucleotides opposite 8-oxoG.

For bacteriophage T7 DNA polymerase (which incorporates

FIG. 6. Free energy diagrams of a portion of the nucleotide incor-
poration reaction. The left panel represents the incorporation of C
(black) and A (gray) opposite template G, and the right panel repre-
sents the incorporation of C and A opposite template 8-oxoG. The
ground state of the Pol �-DNA-dNTP complex is labeled E-DNA-
dNTP, and the transition state of the nucleotide incorporation step is
labeled (E-DNA-dNTP)‡. To calculate these values, we have assumed
arbitrary concentrations of DNA equal to 100 nM and dNTP equal to
100 �M.
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opposite 8-oxoG with low efficiency and low accuracy), several
high-resolution structures were determined with DNA con-
taining 8-oxoG, including structures of the ternary complex
with incoming dCTP bound opposite 8-oxoG as well as struc-
tures following the incorporation step in which either C or A
opposite 8-oxoG is in the postinsertion site (2). In addition, for
Rb69 DNA polymerase (which incorporates opposite 8-oxoG
with low efficiency but high accuracy), a structure was deter-
mined for the ternary complex with dCTP bound opposite
8-oxoG (2, 9). Interestingly, in both of these polymerases, the
large bend in the primer strand between the template residue
(the 8-oxoG) and the adjacent residue on its 5� side avoids any
potential steric clash with the O8 on the 8-oxoG in the anti
configuration. In fact, no structural differences were observed
between the conformations of the bound DNA containing
8-oxoG and bound nondamaged DNA (2, 9). It therefore re-
mains unclear why these polymerases do not incorporate nu-
cleotides opposite this lesion more efficiently.

Based upon these structural studies, there appear to be three
modes by which the 8-oxoG lesion is accommodated by DNA
polymerases to avoid steric problems: (i) the relative positions
of the sugar and base change to create a distortion in the
geometry of the template strand, (ii) the single-stranded region
of the template strand rotates by 180° between the template
residue and the adjacent 5� residue, and (iii) the DNA is bound
with a very large bend between the template residue and the
adjacent 5� residue. Although it is possible that Pol � utilizes
any one of these modes to accommodate the 8-oxoG lesion, we
believe that the first one is the most likely. The second and
third modes, for example, would require that the structural
basis for the efficient and accurate replication through 8-oxoG
lesions and TT dimers be very different. Consider the case
when the first T of the TT dimer is the template residue.
Because the two bases of the TT dimer are covalently cross-
linked to one another, it is not possible to introduce either a
large bend or a 180° rotation between the template residue and
the next residue. Instead, based upon the high-resolution struc-
ture of Pol � (40), pre-steady-state kinetics studies of nucleo-
tide incorporation opposite the TT dimer (43), and nucleotide
incorporation studies opposite modified N3-methyl-TT dimers
(39), a compelling case has been made that both bases of the
TT dimer are bound within the active site of Pol � without
substantial bends or rotations. Because of the unusual toler-
ance of Pol � for distorted template geometries, Pol � directly
incorporates As opposite the two Ts of the TT dimer without
any barriers introduced by the distorted geometry of this tem-
plate lesion (43).

The pre-steady-state kinetics analyses with 8-oxoG pre-
sented in the present study provide strong evidence that Pol �
is utilizing the exact same mechanism for replicating through
8-oxoG lesions as for replicating through TT dimers. If this is
correct, then the DNA containing the 8-oxoG lesion is bound
by Pol � in the anti configuration when base pairing with an
incoming dCTP without significant bends or rotations between
the template 8-oxoG and the adjacent residue in the template
strand. The steric problems between the 8-oxoG in this con-
figuration and the sugar moiety are resolved by altering the
relative positions of the sugar and base. This creates a distor-
tion in the template strand on both sides of the lesion, probably
of a magnitude similar to or less than the distortion caused by

the TT dimer. However, because the active site of Pol � can
hold two template residues and is large enough to accommo-
date such an altered DNA backbone conformation, Pol � di-
rectly incorporates C opposite the 8-oxoG without any barriers
introduced by the distorted template geometry.
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