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Background:Human 8-oxoguanine DNA glycosylase (OGG1) removes the mutagenic DNA lesion 7,8-dihydro-8-oxoguanine.
Results:OGG1 activity is significantly decreased by an adjacent DNA mismatch.
Conclusion: Tandem lesions can dramatically diminish base excision repair.
Significance: Deamination of 5�-methylcytosine in CpG-rich DNA sequences prone to oxidative DNA damage could be a
significant factor in the generation of G to T transversions hot spots.

Human 8-oxoguanine DNA glycosylase (OGG1) is a key
enzyme involved in removing 7,8-dihydro-8-oxoguanine
(8-oxoG), a highly mutagenic DNA lesion generated by oxida-
tive stress. The removal of 8-oxoG by OGG1 is affected by the
local DNA sequence, and this feature most likely contributes to
observed mutational hot spots in genomic DNA. To elucidate
the influence of localDNA sequence on 8-oxoG excision activity
of OGG1, we conducted steady-state, pre-steady-state, and sin-
gle turnover kinetic evaluation of OGG1 in alternate DNA
sequence contexts. The sequence context effect was studied for
a mutational hot spot at a CpG dinucleotide. Altering either the
global DNA sequence or the 5�-flanking unmodified base pair
failed to influence the excision of 8-oxoG. Methylation of the
cytosine 5� to 8-oxoG also did not affect 8-oxoG excision. In
contrast, a 5�-neighboringmismatch strongly decreased the rate
of 8-oxoG base removal. Substituting the 5�-C in the CpG dinu-
cleotide with T, A, or tetrahydrofuran (i.e. T:G, A:G, and tetra-
hydrofuran:G mispairs) resulted in a 10-, 13-, and 4-fold
decrease in the rate constant for 8-oxoG excision, respectively.
A greater loss in activity was observed when T:C or A:C was
positioned 5� of 8-oxoG (59- and 108-fold, respectively). These
results indicate that neighboring structural abnormalities 5� to
8-oxoG deter its repair thereby enhancing its mutagenic
potential.

Cellular DNA is continuously exposed to reactive oxygen
species (ROS)2 that are produced by cellular metabolism, exog-
enous environmental chemicals, and ionizing radiation. 7,8-Di-
hydro-8-oxoguanine (8-oxoG) is among the most abundant
DNA lesions generated by ROS. Cells have developed elaborate

multilayered avoidance and repair systems to protect itself
from the cytotoxic and mutagenic consequences of oxidative
stress. Simple base lesions, such as 8-oxoG, are primarily
repaired by base excision repair (BER) (1). In addition, nucleo-
tide excision repair and mismatch repair appear to contribute
to oxidized base repair (2–5). In mammalian cells, BER of
8-oxoG is initiated by a DNA glycosylase (OGG1) that is the
functional homologue of the Escherichia coli enzyme MutM.
OGG1 recognizes 8-oxoG paired with cytosine in double-
stranded DNA and efficiently excises the damaged base from
nuclear andmitochondrial genomes (6–10). Due to the altered
hydrogen bonding pattern of 8-oxoG, unrepaired 8-oxoG can
readily base pair with adenine during DNA replication and
repair, resulting in a G to T transversion mutation (11). Thus,
the persistence of an 8-oxoG lesion in DNA contributes to
mutagenesis and has been implicated in cancer development.
OGG1 is a bifunctional glycosylase/apurinic-apyrimidinic

lyase that hydrolyzes the N-glycosidic bond and subsequently
cleaves the sugar-phosphate backbone 3� to an apurinic/
apyrimidinic (AP) site (12). Although it possesses two activities,
previous work suggested that the AP lyase activity of OGG1 is
not essential and that OGG1 may act as a monofunctional gly-
cosylase in vivo (13, 14). The OGG1 knock-out mouse exhibits
greater levels of genomic 8-oxoG and also shows an increase in
G:C to T:A transversions in genomic DNA that is correlated
with a predisposition to tumorigenesis (15–17). HumanOGG1
suppresses G:C to T:A mutations in vivo (18, 19). Therefore,
OGG1 is an important component for the prevention of oxida-
tive damage-induced mutations.
It has long been suggested that mutations in the TP53 tumor

suppressor gene contribute tomany human carcinomas (20). In
this regard, G to T transversions at TP53mutational hot spots
have been detected in several carcinomas (21–23). Thesemuta-
tions may be related to 8-oxoG, because elevated levels of
8-oxoG have been found in several carcinomas (24, 25). Inter-
estingly, formation of 8-oxoG at CpG dinucleotides in the gene
promoter region inhibits the binding of methyl-CpG-binding
proteins and the SP1 transcription factor (26, 27). Thus, the
8-oxoG lesion could influence epigenetic factors as well as the
somatic mutations that are associated with tumorigenesis.
Inmammals, 3–6%of cytosines aremethylated on the base at

the 5-position (5-meC), and 70–80% of CpG dinucleotides in

* This work was supported, in whole or in part, by National Institutes of Health
Research Project Grant Z01-ES050158 in the Intramural Research Program,
NIEHS.

1 To whom correspondence should be addressed: 111 T. W. Alexander Dr.,
P. O. Box 12233, MD F3-01, Research Triangle Park, NC 27709-2233. Tel.:
919-541-3267; Fax: 919-541-3592; E-mail: wilson5@niehs.nih.gov.

2 The abbreviations used are: ROS, reactive oxygen species; 6-FAM, 6-car-
boxyfluorescein; 8-oxoG, 7,8-dihydro-8-oxoguanine; OGG1, 8-oxoguanine
DNA glycosylase; BER, base excision repair; AP, apurinic-apyrimidinic;
5-meC, 5-methylcytosine; Tg, thymine glycol; APE1, apurinic/apyrimidinic
endonuclease 1; pol, DNA polymerase; Lig I, DNA ligase I; THF,
tetrahydrofuran.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 287, NO. 44, pp. 36702–36710, October 26, 2012
Published in the U.S.A.

36702 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 44 • OCTOBER 26, 2012



the human genome contain 5-meC (28–30). CpGdinucleotides
in the TP53 gene have also been identified as hypermethylation
sites andmutational hot spots in carcinoma cells (31). Loci with
5-meC are associatedwith at least 30% of germ line and somatic
point mutations. The hydrolytic deamination of 5-meC to thy-
mine produces a T:G mismatched base pair and initiates a C to
T transition mutation. Importantly, 5-meC has been shown to
spontaneously deaminate more readily than cytosine in both
single- and double-stranded DNA (32, 33). In addition to spon-
taneous deamination, methyltransferase-catalyzed deamina-
tion may also contribute to mutational hot spots (34). The
repair of T:G mismatches is less efficient than that of U:G mis-
matches inTP53 hot spots (35), suggesting that unrepaired T:G
may be associatedwith CpGdinucleotides. It has been reported
that CpG to TpT tandem mutations are promoted at meth-
ylated CpG dinucleotides under oxidative stress in nucleotide
excision repair-deficient cells (36). Similarly, an abasic site adja-
cent to 8-oxoG enhances the mutagenicity of 8-oxoG and
results in tandemmutations in simian kidney cells (37). Several
studies suggest that 5-meC may increase the mutagenicity of a
neighboring damaged guanine by forming an aberrant base pair
adjacent to 8-oxoG creating a tandemDNA lesion (i.e. thymine
glycol/8-oxoGorAP-site/8-oxoG), or intra-strand cross-linked
DNA damage in the genome (37–39).
The mutagenicity and repair efficiency of 8-oxoG can be

strongly affected by the local DNA sequence. For example, E.
coli MutM removes 8-oxoG more efficiently in a pyrimidine-
rich sequence than a purine-rich sequence (40). Moreover, the
stacking interactions of 8-oxoG with its 5�-neighboring base
can influence the extrusion of the lesion by E. coli MutM (41).
Although the 8-oxoG recognition system of OGG1 is distinct
from that of MutM, these enzymes use the same extra-helical
base extrusion strategy in performing glycosylase activity (42,
43). Thus, the surrounding sequence contexts are expected to
affect OGG1-mediated 8-oxoG repair and potentially contrib-
ute to G to T mutagenic hot spot formation. However, the
mechanism of OGG1 regulation as a function of surrounding
sequence context is poorly understood and is a subject of the
current investigation.
In this study, we examined the glycosylase activity of OGG1

on amodel substrate to determine the effect of altering the base
pair 5� to the 8-oxoG:C pair in the DNA sequence context of
codon 248 ofTP53, a CpGhot spot for ROS-inducedmutations
(22). An earlier qualitative analysis suggested that the repair of
8-oxoG by OGG1 could be diminished by a 5�-flanking 5-meC
in the CpG dinucleotide of a transcription factor-binding site
(27). Thymine glycol, the product of an oxidation of 5-meC
followed by deamination, has also been shown to modulate the
OGG1 repair efficiency of a neighboring 8-oxoGwhen thymine
glycol is paired with adenine (44). However, no quantitative
analysis of OGG1-mediated excision of 8-oxoG has been con-
ducted regarding the effect of 5-meC or a mismatched base
pair, such as T:G that could result from deamination of 5-meC.
Here we report that the global DNA sequence and the 5�-flank-
ing unmodified base pairs do not influence the repair efficiency
of 8-oxoG. Furthermore,OGG1 can rapidly excise 8-oxoG even
in a highly GC-rich DNA substrate. Contrary to the work
described above (27), we found that 5�-neighboring 5-meC

does not influence the removal of 8-oxoG by OGG1. However,
neighboring mismatched base pairs strongly decrease the rate
of 8-oxoG excision. These results provide mechanistic insight
into OGG1 activity and the mechanism of mutational hot spot
formation linked to 8-oxoG.

EXPERIMENTAL PROCEDURES

Materials—Ultrapure solutions of dCTP and dGTP were
from Sigma. [�-32P]dGTPwas from PerkinElmer Life Sciences.
Recombinant humanOGG1 was overexpressed and purified as
described previously (45). Human apurinic/apyrimidinic endo-
nuclease 1 (APE1), DNA polymerase (pol) �, and DNA ligase I
(Lig I) were purified as described previously (46–48).
Oligonucleotides—5�-6-Carboxyfluorescein (FAM)-labeled

or unlabeled oligonucleotides containing 8-oxoG and unmod-
ified templates were synthesized and polyacrylamide gel elec-
trophoresis purified by Eurofins MWG Operon (Huntsville,
AL, USA). OGG1 and BER substrates were constructed by
annealing a 5�-6-FAM-labeled or unlabeled oligonucleotide
containing 8-oxoG to their template strand at a molar ratio
1:1.2. The sequences of the oligonucleotides are shown in
Table 1.
DNA Cleavage Assays—Glycosylase assays were performed

in 50 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA, and 0.1%
bovine serum albumin at 37 °C. Assays typically included 200
nM 34-mer DNA duplex substrates and 9.6 nM active OGG1.
Under single turnover conditions, 50 nM 34-mer DNA sub-
strates and 250 nM active OGG1 were used. To examine pre-
steady-state kinetics, 200 nM 34-merDNA substrates and 40 nM
OGG1 were used. A KinTek model RQF-3 rapid quench-flow
apparatus (KinTek Corp., Austin, TX) was employed when
reactions were too rapid to measure manually. Unless noted
otherwise, all concentrations refer to the final concentration
after mixing. Reactions were initiated by adding OGG1 to the
reaction mixture and terminated with 100 mMNaOH (5min at
90 °C), to inactivate the enzyme and cleave the resulting AP
sites. An equal volume of DNA gel loading buffer (95% form-
amide, 20 mM EDTA, 0.02% bromphenol blue, and 0.02%
xylene cyanol) was added. After incubation at 95 °C for 2 min,
the reaction products were separated by electrophoresis in a
15% denaturing polyacrylamide gel containing 8 M urea in 89
mM Tris-HCl, pH 8.8, 89 mM boric acid, and 2 mM EDTA. A
Typhoon PhosphorImager was used for gel scanning and imag-
ing, and the data were analyzed with ImageQuant software.
In Vitro BER Reconstitution with Purified Enzymes—The

BER assay was performed in a final reaction mixture volume of
20 �l, as described previously (49, 50). The BER reaction mix-
ture contained 50 mM HEPES, pH 7.5, 0.5 mM EDTA, 2 mM

dithiothreitol, 20 mM KCl, 5 mM MgCl2, 4 mM ATP, 10 �M

[�-32P]dGTP (specific activity, 1� 106 dpm/pmol), and 250 nM
34-mer DNA substrates. In some cases, the reaction mixtures
were supplemented with 10 �M dCTP. The repair reactions
were initiated by the addition of OGG1 (40 nM), APE1 (20 nM),
and pol � (20 nM) with or without Lig I (200 nM), and incubated
at 37 °C. Aliquots (5 �l) were withdrawn at the times indicated
in the figures. The reaction was terminated by addition of an
equal volume (5�l) of DNA gel loading buffer (95% formamide,
20 mM EDTA, 0.02% bromphenol blue, and 0.02% xylene cya-
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nol). After incubation at 95 °C for 2 min, the reaction products
were separated by electrophoresis in a 15% denaturing poly-
acrylamide gel and analyzed as described above.

RESULTS

Determination of the Active Fraction of OGG1—The time
course of 8-oxoG removal from duplex DNA is biphasic (Fig.
1A). There is a rapid formation of product that occurs prior to
collection of the first time point and a slow linear phase that
corresponds to the steady-state rate. The amplitude of the burst
phase reflects the fraction of active OGG1 bound to DNA in a
productivemanner and is dependent on the total concentration
of OGG1 added in the reaction mixture (Fig. 1B). This permits
a quantitative assessment of the active concentration of enzyme
(51). This active site titration was performed using 200 nM
34-merDNAduplex (Table 1, sequence� std1) and four appar-
ent enzyme concentrations (15, 30, 45, and 60 nM) as deter-
mined by a Bradford protein assay. The time courses were fit to
a linear equation to determine the intercept (i.e. amplitude) of
the burst phase. The estimated active fraction of enzyme was
14, 37, 34, and 43% relative to each protein concentration (aver-
age of 32%). The OGG1 concentrations reported below refer to
active enzyme concentrations.
The biphasic nature of the time course indicates that a step

after chemistry is rate determining during the slower steady-
state phase. This phase corresponds to the dissociation of
OGG1 from DNA and limits catalytic cycling. From the active
enzyme fraction and the slopes of the linear fits from Fig. 1A,
the steady-state rate (kcat � koff,DNA) was determined to be
0.0028 s�1 (Fig. 1C).
Effect of DNA Sequence on OGG1 Excision of 8-OxoG—Be-

cause the steady-state rate reflects product dissociation rather
than base excision activity, single turnover assays were
employed to isolate the excision step. Under single turnover
conditions, where the concentration of OGG1 exceeds the
DNA substrate concentration, catalytic cycling does not occur
so that product release does not influence the observed activity
(i.e. N-glycosyl bond hydrolysis). Thus, to directly measure the
rate of 8-oxoG excision by OGG1 in alternate DNA sequence
contexts, single turnover experiments were conducted with 50
nM DNA duplexes (std1, std2, std3, and alternate 5�-matched
base pairs). The sequences of these DNA substrates are shown
at Table 1. A 5-fold excess of OGG1 (i.e. 250 nM) was used.
Reactions were started by the addition of enzyme, and aliquots
were removed at various time periods. These aliquots were
heated in the presence of 100 mM NaOH to stop the reaction
and cleave the resultant AP site. A minor amount of back-
ground cleavage was observed after treatment of the substrate
itself with NaOH (Fig. 2A, lane 2). This background was sub-
tracted from the amount of each reaction product. The data
were fit to a single exponential equation to determine the first-
order rate constant (kobs) as previously described (52).
As shown in Fig. 2, product formation followed a single-ex-

ponential time course and was nearly complete in 5 s. The
observed excision rate constant with the std1 DNA substrate
(Table 1) was 0.74 s�1. Using alternate DNA substrates (std1,
std2, and std3) or where the 5�-base pair was altered did not
significantly influence the rate of excision (0.49–1.0 s�1, Table

FIGURE 1. Active site titration of purified OGG1. OGG1 (15 nM, E; 30 nM, �;
45 nM, �; or 60 nM, �) was incubated with 200 nM DNA substrate (std1) at
37 °C for 1–30 min. These enzyme concentrations represent apparent con-
centrations based on a Bradford protein assay. Product formation was mea-
sured as described under “Experimental Procedures.” The data were fit to a
linear equation to determine the amplitude of the burst phase (y intercept)
and the steady-state rate (slope). The amplitude of the burst phase reflects
the true or active concentration of OGG1. A, time courses of product forma-
tion. B, plot of the intercepts determined from the linear fits in panel A relative
to that determined by the Bradford assay. The slope of the line corresponds to
the fraction of active enzyme. C, plot of the slopes determined from the linear
fits in panel A relative to the active enzyme concentration. The slope of the line
corresponds to the steady-state rate, 0.0028 s�1.
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1). These results indicate that OGG1 rapidly excised 8-oxoG
regardless of the neighboring standard DNA sequence. The
magnitude of the excision rates are consistent with the rate of
8-oxoG removal of OGG1 reported recently (53). Notably, the
rates were not affected by the nature of the 5� label utilized on
the damaged strand (32P or 6-FAM; data not shown).
Influence of 5� Modified Nucleotides on OGG1 Excision

Activity—To examine the effect of 5�-neighboring modified
nucleotides on OGG1-catalyzed excision of 8-oxoG, we exam-
ined the single turnover rate where the nucleotide 5� to 8-oxoG
was meC or its deaminated product, thymidine. In both cases,
these nucleotides were paired with guanine thereby mimicking
codon 248 in the TP53 gene, a CpG hot spot for ROS-induced
mutations (22). The excision rate of 8-oxoG with an adjacent
meC was similar to that observed for C at this position (kobs �
0.61 s�1, Table 1). In contrast, when T was 5� of 8-oxoG, creat-
ing a T:G mismatch (T/G-mis), the observed rate constant was
decreased significantly (Fig. 3; kobs � 0.068 s�1). Interestingly,
when a T:G mismatch was positioned 3� to 8-oxoG (T/G-mis-
r), the excision rate of 8-oxoG was not altered (kobs � 0.78 s�1,
Table 1).
We further examined how other adjacent mismatches to

8-oxoG, which cause various modifications of the DNA struc-
ture, affect the rate of base removal by OGG1. We prepared
substrates containing A:G, T:C, A:C, and G:T mismatches, or
tetrahydrofuran (THF):G positioned upstream of 8-oxoG
(A/G-mis, T/C-mis, A/C-mis, G/T-mis, or THF/G, respec-
tively) and measured the single turnover rate of 8-oxoG exci-
sion (Table 1). A significant decrease in the excision activitywas

FIGURE 2. Single turnover analysis to measure base removal by OGG1.
OGG1 (250 nM) was incubated with 50 nM substrate DNA (std1) at 37 °C and
product formation followed for 60 s as described under “Experimental Proce-
dures.” A, denaturing polyacrylamide gels showing separated substrates/
products. Lane 1 is DNA substrate without NaOH treatment. Lanes 2–14 cor-
responds to time-dependent product formation. B, plot of product formation
from panel A. The data were fit to an exponential time course (kobs � 0.74 s�1).

TABLE 1
Rate constant for 8-oxoG excision by OGG1 under single turnover conditions

Name Sequencea kobs
s�1

std1 FAM-5�-CTGCAGCTGATGCGCCXTACGGATCCCCGGGTAC-3� 0.74 � 0.015
3�-GACGTCGACTACGCGGCATGCCTAGGGGCCCATG-5�

std2 FAM-5�-CCCGCCCTGTGGCCCCXCCCGGCCCGCGCTTGCT-3� 0.49 � 0.047
3�-GGGCGGGACACCGGGGCGGGCCGGGCGCGAACGA-5�

std3 FAM-5�-AGCAAGCGCGGGCCGGGXGGGGCCACAGGGCGGG-3� 1.0 � 0.054
3�-TCGTTCGCGCCCGGCCCCCCCCGGTGTCCCGCCC-5�

C/G FAM-5�-CATGGGCGGCATGAACCXGAGGCCCATCCTCACC-3� 0.71 � 0.037
3�-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5�

A/T FAM-5�-CATGGGCGGCATGAACAXGAGGCCCATCCTCACC-3� 0.76 � 0.054
3�-GTACCCGCCGTACTTGTCCTCCGGGTAGGAGTGG-5�

G/C FAM-5�-CATGGGCGGCATGAACGXGAGGCCCATCCTCACC-3� 0.91 � 0.052
3�-GTACCCGCCGTACTTGCCCTCCGGGTAGGAGTGG-5�

T/A FAM-5�-CATGGGCGGCATGAACTXGAGGCCCATCCTCACC-3� 0.77 � 0.031
3�-GTACCCGCCGTACTTGACCTCCGGGTAGGAGTGG-5�

mC/G FAM-5�-CATGGGCGGCATGAACCXGAGGCCCATCCTCACC-3� 0.61 � 0.063
3�-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5�

mC/GmC FAM-5�-CATGGGCGGCATGAACCXGAGGCCCATCCTCACC-3� 0.92 � 0.024
3�-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5�

T/G-mis FAM-5�-CATGGGCGGCATGAACTXGAGGCCCATCCTCACC-3� 0.068 � 0.0018
3�-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5�

T/G-mis-r FAM-5�-CATGGGCGGCATGAACCXTAGGCCCATCCTCACC-3� 0.78 � 0.053
3�-GTACCCGCCGTACTTGGCGTCCGGGTAGGAGTGG-5�

A/G-mis FAM-5�-CATGGGCGGCATGAACAXGAGGCCCATCCTCACC-3� 0.055 � 0.0018
3�-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5�

T/C-mis FAM-5�-CATGGGCGGCATGAACTXGAGGCCCATCCTCACC-3� 0.012 � 0.0025
3�-GTACCCGCCGTACTTGCCCTCCGGGTAGGAGTGG-5�

A/C-mis FAM-5�-CATGGGCGGCATGAACAXGAGGCCCATCCTCACC-3� 0.0066 � 0.00055
3�-GTACCCGCCGTACTTGCCCTCCGGGTAGGAGTGG-5�

G/T-mis FAM-5�-CATGGGCGGCATGAACGXGAGGCCCATCCTCACC-3� 0.18 � 0.0079
3�-GTACCCGCCGTACTTGTCCTCCGGGTAGGAGTGG-5�

THF/G FAM-5�-CATGGGCGGCATGAAC*XGAGGCCCATCCTCACC-3� 0.19 � 0.0010
3�-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5�

a X � 8-oxoG. FAM indicates the presence of a fluorescence tag. Mismatched base pairs are underlined. Double-underlined C indicates 5-methylcytosine. Asterisk (*) �
tetrahydrofuran.
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observed with all substrates (kobs � 0.0066–0.19 s�1, Table 1).
The strongest loss in activity was observed with the A/C-mis,
108-fold lower as compared with C/G, whereas the G/T-mis
andTHF/G exhibited the least affects, 3.9- and 3.7-fold, respec-
tively. These results indicated that whereas mismatches
decreased OGG1 excision activity, the nature of the mismatch
also had an affect.
Influence of Neighboring 5-meG:C or T:G onCatalytic Cycling

of OGG1—The effect of the neighboring base pair on product
release of OGG1 was examined by measuring the steady-state
rate. In this situation, excessDNA (200 nM)withC/G,mC/G, or
T/G-mis 5� to 8-oxoG was incubated with 9.6 nM active OGG1
for different periods. Time courses were linear for at least 5–6
turnovers (15 min) and extrapolated to �10 nM active enzyme
(i.e. y intercept; Fig. 4). The rate of the linear phase that corre-
sponds to the step that limits catalytic cycling can be calculated
from the slopes of the linear phase. As illustrated in Fig. 4, the
steady-state rates of the alternate substrates do not significantly

differ (0.0045–0.0090 s�1). Because MutM excision efficiency
was reduced in a purine-rich sequence (40), we also examined
the steady-state rate in a purine-rich substrate (i.e. std3) and it
was found to be similar to other sequences examined (0.0042
s�1). Likewise, the excision activity of OGG1 is similar in both a
pyrimidine- and purine-rich sequence (Table 1, std2 and -3,
respectively).
Effect of the Neighboring Base Pair on the Pre-steady-state

Kinetics of 8-OxoG Excision—We confirmed the effect of the
adjacent base pair on the excision rate of 8-oxoG and steady-
state rate of catalytic cycling bymeasuring both the pre-steady-
state and steady-state phases of a single time course. In this
case, 40 nM OGG1 was mixed with 200 nM 34-mer substrates
(C/G, mC/G, or T/G) and the reaction followed for 140 s (Fig.
5). These time courses were fit to an equation with rising expo-
nential and linear terms, as shown by Equation 1 (51).

Product � A � �1 � e � kobs�t� � �ss � t (Eq. 1)

The fits provide a burst rate constant (kobs) and an apparent
linear rate (vss). With this analysis, the burst amplitude (A) rep-
resents the active concentration of enzyme so that kss � (vss/
active enzyme). The results of these fits are summarized in
Table 2. Importantly, increasing the substrate concentration
(i.e. 300 nM) does not alter the steady-state rate indicating that
200 nMDNA is saturating (data not shown). Consistentwith the

FIGURE 3. Influence of the 5�-base pair on 8-oxoG excision. Single turnover
time course for the removal of 8-oxoG where the 5�-base pair is C:G (E),
5-meC:G (�), or T:G (�). OGG1 (250 nM) was incubated with 50 nM substrate
DNA (C/G, mC/G, or T/G-mis) at 37 °C for up to 180 s. Products were isolated
and quantified as described under “Experimental Procedures.”

FIGURE 4. Effect of the 5�-base pair on the steady-state rate of 8-oxoG
excision. OGG1 (9.6 nM) was incubated with 200 nM DNA with a C:G (C/G, E),
5-meC:G (mC/G, �), or T:G (T/G-mis, �) base pair 5� to 8-oxoG at 37 °C for
0 –15 min. Products were isolated and quantified as described under “Exper-
imental Procedures.” Data were fit to a straight line with the slopes corre-
sponding to 0.0063, 0.0090, 0.0045 s�1 for the C/G, mC/G, and T/G-mis DNA
substrates, respectively.

FIGURE 5. Effect of the 5�-base pair on the pre-steady-state rate of 8-oxoG
excision. OGG1 (40 nM) was incubated with 200 nM DNA with a C:G (C/G, E),
5-meC:G (mC/G, �), or T:G (T/G-mis, �) base pair 5� to 8-oxoG at 37 °C for
0 –140 s. Products were isolated and quantified as described under “Experi-
mental Procedures.” Data were fit to Equation 1 as described in the text, and
the resulting parameters tabulated in Table 2.

TABLE 2
Pre-steady-state kinetic parameters for 8-oxoG excision by OGG1
Data was tabulated from Fig. 5.

Substrate kobsa Ab vssc kcatd

s�1 nM nM s�1 s�1

C/G 0.75 � 0.083 33 � 0.89 0.18 � 0.018 0.0055 � 0.020
mC/G 0.72 � 0.075 31 � 0.80 0.21 � 0.017 0.0068 � 0.021
T/G-mis 0.046 � 0.011 28 � 4.4 0.16 � 0.039 0.0057 � 0.00089

a Single-exponential rate constants determined from the initial burst phase.
b The amplitude of the burst phase.
c The slope of the linear steady-state phase.
d Steady-state rate corrected for active enzyme fraction; calculated as
kcat � (vss/A). The slow catalytic cycling is limited by product dissociation
(i.e. koff-).
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results of both the single turnover and the multiple turnover
experiments, kobs for T/G-mis (0.046 s�1) was 16-fold lower
than those for C/G andmC/G (0.75 and 0.72 s�1, respectively),
whereas koff for T/G-mis (0.0057 s�1) was similar to those for
C/G and mC/G (0.0055 and 0.0068 s�1, respectively). The
steady-state turnover numbers (kss � koff,DNA) were 136- and
106-fold lower than the intrinsic 8-oxoG excision rates of C/G
and mC/G, respectively. The slower excision rate with the T/G
substrate was still 8-fold faster than the steady-state rate.
Neighboring Mismatch Inhibits BER of 8-OxoG:C—To fur-

ther investigate the effect of an adjacent mismatch on BER effi-
ciency of 8-oxoG, we reconstituted an in vitro BER system for
repair of 8-oxoG. The DNA substrates included C/G,mC/G, or
T/G-mis adjacent to the 8-oxoG paired with C (Table 1). The
DNAwas incubated with OGG1, pol �, APE1, and Lig I (Fig. 6).
In the absence of Lig I, an unligated repair intermediate
increased in a time-dependent manner in the reaction for both
C/G and mC/G (Fig. 6, lanes 1–3 and 7–9, respectively). When
T/G-mis was used as the substrate, the amount of the interme-
diate was dramatically decreased (Fig. 6, lanes 13–15). The
amount of the ligated product for T/G-mis was also signifi-
cantly less than that observed for C/G and mC/G (Fig. 6 lanes
4–6, 10–12, and 16–18). Because APE1 has a weak proofread-
ing activity capable of excising the mismatched primer termi-
nus (54), we considered whether the lack of dGMP incorpora-
tion might be due to the inability to extend a shortened primer
that would require insertion of dCMP. However, addition of
both dCTP and dGTP into the reaction mixture for the T/G-
mis substrate did not significantly increase the unligated inter-
mediate (lanes 19–21).

DISCUSSION

In this study, we analyzed the effect of DNA sequence con-
text on the in vitro excision activity of OGG1 for 8-oxoG using
8-oxoG-modified oligonucleotides and purified human enzyme.

The BER system recognizes 8-oxoG and removes it from the
genome. Replication of DNA templates with 8-oxoG will often
result in G to T transversions due to the efficient insertion of
dAMP opposite 8-oxoG. DNA glycosylases initiate BER of
8-oxoG and deficiencies of DNA glycosylases such as OGG1
and adenine DNA glycosylase (MYH; removes adenine misin-
serted opposite 8-oxoG) result in an increase of G to T muta-
tions contributing to tumorigenesis (55). Previous studies have
suggested that the local sequence contextmight affect the activ-
ity of OGG1 (40), and that thismay be related tomutational hot
spots. In the present study, we set out to investigate this possi-
bility with a focus on the local sequence at a specific CpG dinu-
cleotide in a mutational hot spot of TP53 (i.e. codon 248).
According to our results, alternate DNA sequences of unmodi-

fied bases adjacent to 8-oxoGdidnot affect the excision activity of
OGG1 (Table 1). Furthermore, OGG1 rapidly excised 8-oxoG
even in a substrate with 3 consecutive purines or pyrimidines 5�
to the lesion (Table 1, std2 and std3). This is in contrast toE. coli
MutM, which is strongly affected by the local sequence context
(40). Interestingly, an earlier study suggested that OGG1 inter-
acts with the 8-oxoG-modified substrates more avidly than
MutM and was not significantly affected by DNA sequence
context (56). Thus, a rapid excision of 8-oxoG by OGG1,
regardless of the local DNA sequence, may be due to its high
specificity for the cognate substrate. Our results indicate that
OGG1 can efficiently repair the lesion even in a purine-rich
sequence, i.e. CpG island promoter region, suppressing muta-
tions in the human genome.
The excision efficiency of 8-oxoG by bacterial MutM is

dependent on local sequence context (40); in contrast, the sin-
gle turnover rates for removal of this lesion in the alternate
sequences used in this study by human OGG1 is not. This sug-
gests that the measured rates do not reflect base stacking inter-
actions that must be overcome to expel the lesion from the
DNA helix; but probably reflects slow cleavage of the N-glyco-
sidic bond as suggested previously (57). Although these two
enzymes are structurally unrelated, they employ a similar strat-
egy for 8-oxoG lesion interrogation and expulsion. Binding of
the enzyme, and insertion of an aromatic side chain 3� to the
lesion, induces a dramatic bend in the DNA. This results in
unstacking of the estranged cytosine and expulsion of 8-oxoG
from the DNA helix. Comparing crystallographic structures of
a recognition complex of MutM (43) with that of OGG1 (42)
indicates that the interactions with the extra-helical oxidized
base for each enzyme is unique. However, it is not obvious how
the local DNA sequence would modulate excision activity. In
contrast, there are local effects on the base pairs neighboring
the site of the lesion. In the case of MutM, both the 3� and 5�
base pair are buckled away from the site of the lesion. In the case
of OGG1, only the 3� base pair is buckled, whereas the 5� base
pair remains planar. Taken together, the kinetic and structural
observations suggest that 5�-base pair buckling might be sensi-
tive to the local DNA sequence context and could alter excision
of 8-oxoG presumably by influencing active site geometry.
Cytosines in CpG dinucleotides are highly methylated in the

human genome. It has been shown thatmethylation of cytosine
enhances its base-base stacking interaction in DNA duplex due
to an increase in polarizability (58, 59). Thus, methylated cyto-

FIGURE 6. Effect of the 5�-base pair on the BER activity of 8-oxoG excision.
Schematic representation of the substrate and the reaction scheme are
shown in the top panel. A DNA substrate with C:G (C/G), 5-meC:G (mC/G), or
T:G (T/G-mis) positioned 5� to 8-oxoG (250 nM) was incubated with 40 nM

OGG1, 20 nM APE1, 20 nM pol �, with or without 200 nM Lig I as indicated was
incubated at 37 °C for 5, 10, or 15 min. In lanes 19 –21, 10 �M dCTP was also
included in the reaction mixtures. Reaction products were isolated and quan-
tified as described under “Experimental Procedures.”
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sine could possibly enhance the stacking interaction with
neighboring 8-oxoG at CpG dinucleotides. We suspected that
the enhanced stacking of 5-meC with the neighboring 8-oxoG
might affect the extrusion of 8-oxoG from the DNAhelix in the
active site of OGG1 and modulate the base removal rate, as
previously examined (27). Contrary to our expectation, both
the single turnover and steady-state rate of OGG1 were not
altered by a 5�-flanking 5-meC (Tables 1 and 2), suggesting that
the stacking interaction of 8-oxoG with a neighboring base is
not crucial for both the base extrusion and the product release
steps for the OGG1 catalytic cycle. Pre-steady-state stopped-
flow studies following intrinsic fluorescence changes in OGG1
upon binding an 8-oxoG:CDNA substrate indicate that several
rapid enzyme conformational changes occur prior to the slow
cleavage of the N-glycosidic bond (57). Thus, our results are
consistent with glycosidic bond cleavage as the rate-limiting
step during single turnover analysis. The diminished rate with a
5�-mismatch or AP-site indicates that site-specific DNA struc-
tural perturbations can interrupt OGG1 active site geometry.
Earlier studies indicated that the binding affinity of OGG1

for a lesion containing substrate was decreased when a T:G
mismatched base pair was positioned both 5� or 3� of 8-oxoG
(56). In the current study, a 5�-flanking T:G mismatched base
pair significantly decreased the 8-oxoG base removal of OGG1
in single turnover and pre-steady-state assays (Figs. 3 and 4,
Table 1), but did not significantly alter the rate of product
release (Figs. 4 and 5, Table 2). Because catalytic cycling is
dependent on the DNA dissociation rate constant, the lack of
an effect of the T:G mismatch indicates that the DNA binding
affinity is not affected by the mismatch positioned adjacent to
an AP site. Furthermore, the extent of decrease in the base
removal ratewas dependent on the identity of themismatch. As
tabulated in Table 1, substitution of the 5� neighboring C:G
base pair with T:G, G:T, or A:G at CpG dinucleotides resulted
in a 10-, 3.9-, or 13-fold decrease in excision of 8-oxoG. On the
other hand, a much stronger decrease was observed for T:C or
A:C (59- or 108-fold, respectively). These differences may
reflect a destabilizing effect of the specific mismatch in duplex
DNA as previously reported; the introduction of A:C or T:C
mismatches resulted in greater destabilization of the helix than
T:G or A:G (60, 61). Whereas T:G or A:G base pairs lead to
dynamic perturbations of the adjacent base pairs, introduction
of A:C or T:C resulted in perturbations that extended several
base pairs into the DNA helix (60). The THF:G alteration also
decreased the excision rate of 8-oxoG, suggesting that a neigh-
boring AP site leads to a structural alteration in the adjacent
8-oxoG:C in duplexDNAdestabilizing theDNAbackbone (62).
In contrast, a T:Gmismatch 3� to the lesion did not affectN-gly-
cosidic bond cleavage (Table 1) indicating that active site geom-
etry is not disturbed by a structural perturbation at this
position.
As shown in Fig. 6, a reconstituted BER system using purified

OGG1, pol �, APE1, and Lig I was strongly inhibited by a
5�-neighboring T:G, but not by a 5�-neighboring 5-meC:G. The
inhibition of BER by an adjacent T:G mismatch should reflect
not only the decreased excision rate of OGG1, but also the poor
primer extension activity of pol � with a mismatch terminus
(66). The strand joining activity of Lig I could also be decreased

by a mismatched base pair upstream of a matched primer ter-
minus. The ability of APE1 to incise the resulting AP site may
also be sensitive to a nearby mismatch. Further investigation
could clarify the effect of the surrounding sequence for the
activity of Lig I and APE1. In summary, the mismatched base
pair adjacent to 8-oxoG strongly inhibits successful completion
of BER.
Recent studies have shown that thymine glycol (Tg) is

formed by oxidation of 5-meC followed by deamination, and
that the 5� neighboring Tg:A base pair perturbed the repair of
the adjacent 8-oxoG in the presence of OGG1 and APE1 (38,
44). If Tg is produced atmethylatedCpGdinucleotides, it could
initially form a wobble base pair with guanine as found with a
T:Gmismatch (67). The structural perturbation inDNAcaused
by a Tg:G wobble base pair would be expected to be different
from that induced by Tg:A (68–70); Tg would be displaced
toward themajor groovewhen pairedwithG, as comparedwith
A, resulting in less steric hindrance between the methyl group
of Tg and the 5�-adjacent base. It remains to be seen how an
adjacent Tg:G might affect the repair efficiency of a neighbor-
ing 8-oxoG in a CpG dinucleotide.
In conclusion, we have shown that an aberrant base pair 5� to

8-oxoG strongly reduces its excision and repair in a mutational
hot spot. Additionally, OGG1 activity in other sequence con-
texts was not altered significantly. It is noteworthy that several
other proteins including APE1, x-ray repair cross-comple-
menting protein 1, and poly(ADP-ribose) polymerase 1 influ-
ence the removal of 8-oxoG by OGG1 (63–65). Further studies
that examine the influence of other BER proteins/co-factors on
the coding potential (polymerase-dependent) and repair of
8-oxoG will provide insights into cooperative protein interac-
tions that modulate the mutagenic potential of an important
oxidative DNA lesion in a biologically important sequence
context.
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