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ABSTRACT

8-Oxoguanine-DNA glycosylase 1 (OGG1), with
intrinsic AP lyase activity, is the major enzyme for
repairing 7,8-dihydro-8-oxoguanine (8-oxoG), a critical
mutagenic DNA lesion induced by reactive oxygen
species. Human OGG1 excised the damaged base
from an 8-oxoG·C-containing duplex oligo with a very
low apparent kcat of 0.1 min–1 at 37°C and cleaved
abasic (AP) sites at half the rate, thus leaving abasic
sites as the major product. Excision of 8-oxoG by
OGG1 alone did not follow Michaelis–Menten
kinetics. However, in the presence of a comparable
amount of human AP endonuclease (APE1) the
specific activity of OGG1 was increased ∼5-fold and
Michaelis–Menten kinetics were observed. Inactive
APE1, at a higher molar ratio, and a bacterial APE
(Nfo) similarly enhanced OGG1 activity. The affinity
of OGG1 for its product AP·C pair (Kd ∼ 2.8 nM) was
substantially higher than for its substrate 8-oxoG·C
pair (Kd ∼ 23.4 nM) and the affinity for its final β-elim-
ination product was much lower (Kd ∼ 233 nM). These
data, as well as single burst kinetics studies, indicate
that the enzyme remains tightly bound to its AP
product following base excision and that APE1
prevents its reassociation with its product, thus
enhancing OGG1 turnover. These results suggest
coordinated functions of OGG1 and APE1, and
possibly other enzymes, in the DNA base excision
repair pathway.

INTRODUCTION

7,8-Dihydro-8-oxoguanine, or 8-oxoguanine (8-oxoG), is a
major base damage induced in DNA by reactive oxygen
species (ROS) and is often used as a key indicator of cellular
oxidative stress (1). 8-OxoG is arguably the most important
premutagenic lesion in DNA because of its tendency to mispair
with A during DNA replication, leading to G→T transversion
mutations (2,3). Such mutations may contribute to the loss of
genomic integrity and cellular regulation associated with aging

and a variety of disease states, including cancer (4–6). 8-OxoG,
like other ROS-induced lesions, is repaired primarily via the
DNA base excision repair pathway in which the first step is
excision of the damaged base by a specific DNA glycosylase
(7), namely 8-oxoguanine-DNA glycosylase (OGG), which
has been identified in all organisms studied so far (7,8). The
importance of 8-oxoG repair by OGGs is underscored by their
functional conservation among bacteria and eukaryotes and by
the structural conservation of these enzymes between yeast and
mammals (9). All known OGGs are of the glycosylase/AP lyase
type and excise 8-oxoG residues from DNA by attacking the
N-glycosylic bond with an activated nucleophilic amino acid.
In OGG1, the major eukaryotic species of OGG, and in other
members of the endonuclease III (Nth) family of glycosylases/
AP lyases, the nucleophile is a conserved lysine residue (10).
Following base removal by these enzymes, a covalent Schiff
base is formed between the enzyme and C1′ of the deoxy-
ribose, which can be reduced by sodium borohydride to
produce a stable ‘trapped complex’ (11). The Schiff base can
either be hydrolyzed, freeing both the enzyme and intact AP
site, or undergo a lyase reaction via β-elimination, resulting in
cleavage of the DNA phosphate backbone at the abasic site with
formation of 3′-phospho-α,β-unsaturated aldehyde (3′,4-hydroxy
2-pentenal) and 5′-phosphate termini (12–14).

The 3′-phospho-α,β-unsaturated aldehyde terminus
produced by the β-elimination reaction cannot function as a
primer for repair synthesis by DNA polymerases and must be
removed by a 3′-phosphodiesterase activity, presumably that
of the major AP endonuclease (APE1), to generate a 1 nt gap.
DNA polymerases, including DNA polymerase β, then
incorporate the correct base at the gapped site and the resulting
nick is subsequently sealed by a DNA ligase to complete the
repair process (15).

Earlier studies with bacterial and most eukaryotic DNA
glycosylases/AP lyases showed that their AP lyase activity was
comparable to the base excision activity, so that no free AP
sites could be detected during the course of damaged base
removal in an in vitro assay (16). This observation is consistent
with the unified mechanism of DNA glycosylases/AP lyases
which postulates coordinated base excision and β-elimination
reactions as a result of Schiff base formation (17). Previous
reports suggested that strand incision at AP sites opposite C by
OGG1 was not coordinated with excision of 8-oxoG (18,19),
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indicating that OGG1 may be distinct from other characterized
glycosylases/AP lyases in its inability to carry out concerted
base excision and strand cleavage reactions. However, the
kinetic mechanism of OGG1 was not investigated in earlier
studies. Recently, a report on the catalytic mechanism of
mouse Ogg1 (mOgg1) and an investigation of its substrate
range was published (20). The low turnover reported for
mOgg1 in that study was similar to earlier reports regarding
human OGG1. It was suggested that the activity of mOgg1
may be affected by other repair enzymes, as has been reported
for other DNA glycosylases (21,22), although no detailed
kinetic studies have been reported. In this report we show that
OGG1 is significantly stimulated by human APE1, an enzyme
that acts subsequent to OGG1 in base excision repair. We have
also provided the first direct evidence and detailed kinetics
studies to elucidate the mechanism of OGG1 activation by
APE1. Removal of 8-oxoG from DNA by OGG1 is rate limited
by enzyme dissociation from its AP site product, for which
APE1 competes, allowing OGG1 to turnover.

MATERIALS AND METHODS

Expression and purification of recombinant OGG1
polypeptides

A human cDNA clone encoding the major 38 kDa isoform of
OGG1, but with six additional amino acid residues inserted
near the C-terminus of the polypeptide, was received from Drs
A. P. Grollman and T. A. Rosenquist (13). When expressed in
Escherichia coli the recombinant protein was completely
insoluble. We then deleted the additional residues by site-
directed mutagenesis in order to produce wild-type OGG1-1a
containing 345 amino acid residues (23). The OGG1 coding
sequence was then cloned into expression vector pET 28a
(Novagen) by inserting the NdeI–EcoRI fragment in-frame
after the coding sequence of an N-terminal leader peptide
containing 20 amino acid residues, including six histidines
(His tag) and a thrombin cleavage site. Missense mutations in
the wild-type coding sequence were introduced using a
Chameleon double-stranded mutagenesis kit (Stratagene) and
confirmed by sequencing of the recombinant plasmid. His-tagged
proteins encoded by these constructs were expressed in E.coli
BL21 Codon Plus (Stratagene) overnight at 16°C. OGG1
expression was induced with 0.1 mM IPTG when the bacterial
cultures reached an OD600 of 0.3–0.4. Cells were harvested by
centrifugation and disrupted on ice with a Braun Sonic U sonicator
at maximum power for 120 × 0.5 s pulses. Cell-free extracts were
centrifuged for 15 min at 10 000 r.p.m. and the soluble fractions
were applied to NTA (nickel–nitriloacetic acid)–agarose columns
(Qiagen). Affinity purified His-tagged OGGs were eluted with
100 mM imidazole and, after dialysis against 250 mM NaCl,
20 mM Tris–HCl (pH 7.4) were digested with biotinylated
thrombin (Novagen) at 16°C for 4 h, followed by batchwise
treatment of the digested proteins with streptavidin–agarose
(Novagen). Cleaved N-terminal His tag leader sequences and
uncleaved enzymes were removed by batchwise treatment of
the cleavage reaction mixture with NTA–agarose. Thrombin-
cleaved proteins contained an additional Glu-Ser-His peptide
at the N-terminus. Cleavage was confirmed by N-terminal
peptide sequencing of purified proteins. The enzymes were
dialyzed against 20 mM Tris–HCl (pH 7.4) 500 mM NaCl,

10% glycerol and stored at –80°C. Recombinant APE1
proteins and E.coli Nth were purified as described previously
(24,25). Escherichia coli endonuclease IV (Nfo) and uracil
DNA glycosylase (Udg) were purchased from Trevigen and
New England Biolabs, respectively.

Preparation of DNA substrates

A 31mer oligonucleotide containing 8-oxoG at position 16 was
purchased from Midland Certified Reagent Co., with the
sequence 5′-GAA GAG AGA AAG AGA XAA GGA AAG
AGA GAA-3′, where X denotes 8-oxoG. This oligo contains
non-pairing bases and was chosen to minimize formation of
intrastrand secondary structures and mispairing between
identical strands during annealing. Oligonucleotides with the
same sequence except for U or G at position X and their
complementary oligonucleotide, with a C opposite X and an
additional 5′-G residue, were purchased from Gibco BRL. All
oligonucleotides used in this study were HPLC purified and
the 8-oxoG-containing oligo was identified as a single species
by mass spectrometry. Damage-containing oligos were
annealed with a 1.2-fold excess of the complementary strand
by heating to 95°C in 20 mM Tris–HCl (pH 7.4) 100 mM NaCl
and then slow cooling to room temperature. Annealed duplexes
were 3′-end-labeled with [α-32P]dCTP (Dupont) and Klenow
exo-DNA polymerase (New England Biolabs). 5′-End-labeled
substrates were prepared by labeling single-stranded damage-
containing oligos with [γ-32P]ATP (Amersham) and T4 poly-
nucleotide kinase (Pharmacia), prior to annealing with the
complementary strand. Unincorporated radioactivity was
removed using a Nick Spin G-50 column (Pharmacia). All
annealed duplex substrates were >95% cleavable with the
appropriate DNA glycosylases (data not shown). AP site-, β-
elimination product- and 3′-OH product-containing oligos
were prepared by incubating radiolabeled duplex U·C oligo
with E.coli Udg, Udg together with E.coli Nth and Udg with
APE1, respectively, followed by phenol/chloroform extraction
and ethanol precipitation.

Enzyme cleavage assays

Enzyme assays were performed in 20 mM Tris–HCl (pH 7.4)
100 mM NaCl and 0.15 µg/µl bovine serum albumin (BSA) at
37°C in 20 µl reaction volumes. To measure AP lyase or AP
endonuclease activities reactions were terminated by adding
SDS and glycerol to 0.5 and 5%, respectively. Samples were
loaded on 20% polyacrylamide gels containing 7 M urea
without heating and electrophoresed in TBE buffer (89 mM
Tris–borate, 2 mM EDTA, pH 8.3) at room temperature. Under
these conditions the oligo duplexes used in these experiments
were fully denatured and single strands containing thermo-
labile AP sites remained intact unless cleaved enzymatically.
To measure glycosylase activity the reactions were terminated
by adding SDS and piperidine to 0.5% and 200 mM, respectively,
followed by heating at 95°C for 5 min in order to cleave DNA
at AP sites, prior to loading on denaturing polyacrylamide gels.
Following electrophoresis, the gels were analyzed in a
PhosphorImager (Molecular Dynamics) and the radioactivity
in DNA quantified using ImageQuant software (Molecular
Dynamics). All quantitative experiments were performed in
triplicate and standard deviations are included in the results,
unless indicated otherwise.
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Electrophoretic mobility shift assays

Gel shift experiments were performed in 20 mM Tris–HCl
(pH 7.4) 100 mM NaCl, 0.15 µg/µl BSA and 15% glycerol in
20 µl reaction volumes. Reactions were incubated for 10 min
at room temperature and bound complexes were separated
from the free substrate by non-denaturing electrophoresis in
4% polyacrylamide gels containing 7 mM Tris–HCl (pH 7.9)
3 mM sodium acetate and 1 mM EDTA. Gels were electro-
phoresed at 4°C for 30 min at 100 V (8 mA) and vacuum dried
prior to PhosphorImager quantification of radioactivity. Gel
shifts were performed in triplicate and Kd

app values are shown
with standard deviations.

RESULTS

Optimization of reaction conditions for OGG1

The glycosylase activity of OGG1 with the 8-oxoG·C duplex
oligo substrate was measured under varying conditions of ionic
strength, pH and BSA concentration (data not shown). The
optimal salt concentration for base removal by OGG1 was
determined to be 100 mM NaCl. Substitution of NaCl with
KCl had no effect on enzyme activity. The pH optimum was
found to be 7.4 in 20 mM Tris–HCl. Tris buffer was preferred
to 20 mM HEPES, with the latter being slightly inhibitory at
pH 8.0. Addition of BSA (0.15 µg/µl) optimally stabilized
OGG1 and the enzyme maintained a linear reaction rate for at
least 4 h. These optimal conditions for human OGG1 are
nearly identical to those reported recently for mOgg1 (20).

OGG1 exhibits non-Michaelis–Menten kinetics

The steady-state rate of the glycosylase reaction of OGG1 with
the 8-oxoG·C-containing duplex oligo substrate was measured
over a wide range of substrate concentration (Fig. 1). The rate of
base excision increased with increasing substrate concentration,
but failed to approach a plateau at high concentrations. Linearity
of the rate of product formation was determined at each

substrate concentration to ensure that the steady-state rates of
base excision by OGG1 were determined (data not shown).

Inhibition of OGG1 glycosylase activity by AP sites

OGG1 was incubated with a 20-fold molar excess of the 8-oxoG·C-
containing duplex oligo in the presence of an additional 10-fold
molar excess of oligo substrates containing an undamaged G·C
pair, β-elimination product or intact AP site, which were added
prior to OGG1 (Fig. 2). With excess 8-oxoG·C substrate,
OGG1 excised 8-oxoG with an apparent kcat of 0.1 min–1. The
presence of G·C pair- and β-elimination product-containing
oligos at the start of reaction of OGG1 with the 8-oxoG·C
substrate had no effect on the rate of base excision. In an
identical reaction initiated in the presence of excess AP sites
the rate of base excision was decreased ∼4-fold.

APE1 stimulates base excision by OGG1

OGG1 glycosylase activity was measured in the presence of a
20-fold excess of the 8-oxoG·C substrate (Fig. 3). Addition of
human APE1 to the OGG1 reaction increased the rate of
glycosylase-mediated base removal (Fig. 3). The effect of
APE1 was significant, even when present at half the molar
concentration of OGG1. When APE1 was present in 5- to 10-fold
molar excess the stimulatory effect approached a maximum
with a 5-fold increase in the rate of base removal. When
incubated with the 8-oxoG·C substrate the preparation of APE1
used in these experiments did not show any contaminating glyco-
sylase activity (data not shown). Similar stimulation of OGG1
in the presence of APE1 was also observed with other 8-oxoG-
containing duplex oligo substrates (data not shown). Thus the
activating effect of APE1 was independent of the substrate
DNA sequence.

Product release by OGG1 is rate limiting

The rate of base excision by OGG1 was followed in single
burst time–course reactions of the enzyme with a 20-fold
excess of the 8-oxoG·C-containing duplex oligo (Fig. 4).
OGG1 catalyzed one rapid reaction cycle, removing 8-oxoG

Figure 1. Kinetics of base excision by OGG1. OGG1 (1.25 nM) was incubated
with varying concentration (3.125–100 nM) of the 8-oxoG·C-containing
32mer duplex oligo for 20 min at 37°C. Reactions were terminated by adding
SDS and piperidine to 0.5% and 200 mM respectively, followed by heating at
95°C for 5 min. The products were analyzed as described in Materials and
Methods.

Figure 2. Inhibition of OGG1 glycosylase activity by AP sites. OGG1 (25 nM)
was incubated with 500 nM 8-oxoG·C oligo for 5 min at 37°C and the reaction
terminated as described in Figure 1. Reaction 1, OGG1 only. Identical
reactions were carried out by pre-mixing with 250 nM control G·C oligo
(reaction 2), β-elimination product oligo (reaction 3) or AP site-containing
oligo (reaction 4).
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with an apparent kcat of 0.5 min–1. Further reaction rounds
proceeded at a constant velocity which was 5-fold lower than
that of the initial burst. However, in the presence of a 5-fold
molar excess of APE1 the initial burst velocity of the first cycle
of base excision by OGG1 was unaffected and additional
cycles progressed with an apparent kcat of 0.5 min–1, which was
5-fold higher than the steady-state kcat of OGG1 alone.

Stimulation of OGG1 base excision activity by mutant
APE1 proteins and E.coli Nfo

Several enzymatically active mutants of APE1 were tested for
their ability to stimulate OGG1 activity (Fig. 5). These include
ND40, which has an N-terminal deletion of 40 amino acid
residues, ND60-C-His with a deletion of 60 residues from the
N-terminus and addition of six consecutive histidine residues
at the C-terminus, and C65S, in which Cys65, implicated in the
Ref-1 redox activity of APE1 (26), was substituted by Ser. The
Ref-1 activity of APE1 was shown to be involved in reductive
activation of redox-regulated transcription factors, such as c-Jun,
and thus to stimulate their DNA binding activities in vitro (27).
When incubated with a 5-fold molar excess of AP endonucleases
in the presence of 1 mM MgCl2, OGG1 glycosylase activity
was stimulated equally by all mutant APE1 proteins as well as
by Nfo (Fig. 5, reactions 2–9). In reaction 7, 1 mM EDTA was
present, effectively abolishing the AP endonuclease activity (28),
but not the DNA binding capacity of APE1. Several catalytic
mutants of APE1 have been reported, but were not used in this
study because of their residual enzymatic activity and/or
diminished DNA binding affinities (29). In the presence of
EDTA inactive APE1 was not able to efficiently stimulate
OGG1 turnover at equimolar concentration. However, if
present in considerable excess (with 50-fold molar excess in
reaction 8), inactive APE1 stimulated OGG1 similarly to the
active enzyme.

APE1 inhibits sodium borohydride trapping of and AP
lyase-mediated strand incision by OGG1

Sodium borohydride trapping of OGG1 with the 8-oxoG·C-
containing duplex oligo was inhibited in the presence of APE1.
When present at half the molar concentration of OGG1, APE1
decreased OGG1 trapping by ∼3-fold (Fig. 6A). The inhibition
was APE1 dose dependent until a maximal decrease of 4- to 5-fold
was approached when APE1 was used in 5-fold molar excess
over OGG1.

Figure 3. Stimulation of OGG1 glycosylase activity by APE1. OGG1 (25 nM)
was incubated with the 8-oxoG·C oligo (500 nM) in the presence of varying
amounts of APE1 (12.5–375 nM) and 1 mM MgCl2 for 5 min at 37°C. Termination
of reactions and product analysis were performed as in Figure 1. Reaction 1,
OGG1 only; reactions 2–6, OGG1 plus 12.5, 25, 125, 250 and 375 nM APE1.
The actual data shown in (A) are presented as a bar graph in (B).

Figure 4. Single burst kinetics of OGG1. OGG1 (25 nM) was reacted with
500 nM 8-oxoG·C substrate for 0.5–8 min. Reactions were terminated as
described in Figure 1. Open circles, OGG1 alone; closed circles, OGG1 plus a
5-fold molar excess of APE1. Data points are means of three independent
experiments.

Figure 5. Stimulation of OGG1 glycosylase activity by mutant APE1 proteins
and Nfo. OGG1 (25 nM) was incubated with 500 nM 8-oxoG·C substrate in the
presence of AP endonucleases. Reactions 1 and 2, OGG1 alone. Reaction 1
was terminated with SDS and glycerol without heating. Reactions 2–9 were
terminated as described in Figure 1. APE1 was added to reactions 3–8 as follows:
3, 125 nM ND40 APE1; 4, 125 nM ND60 APE1; 5, 125 nM C65S APE1; 6 and
7, 125 nM APE1; 8, 1.25 µM APE1. Reactions 1–6 and 9 contained 1 mM
MgCl2. Reactions 7 and 8 contained 1 mM EDTA, reaction 9 125 nM Nfo.
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The termini resulting from strand incision by OGG1 and by
the combined action of OGG1 with APE1 were also examined

(Fig. 6B). When presented with the 8-oxoG·C duplex oligo,
OGG1 alone exclusively produced termini characteristic of a
β-elimination product (lane 3). In the presence of both OGG1
and APE1, the overall strand incision was increased and all
cleavage products had 3′-OH ends, indicative of the APE1
reaction product (lane 4). In the presence of OGG1, a 50-fold
molar excess of APE1 and 1 mM EDTA no strand scission
occurred, indicating that neither OGG1 nor APE1 cleaved the
AP sites resulting from the glycosylase activity of OGG1
(lane 5).

Kinetics of OGG1, APE1 and E.coli Nfo

Steady-state velocities for OGG1 in the presence of a 5-fold
molar excess of APE1 with the 8-oxoG·C substrate and for
OGG1, APE1 and Nfo with an AP·C oligo substrate were
plotted against substrate concentration (Fig. 7). Reciprocal
plots of the data in Figure 7 were used to calculate kinetic
constants presented in Table 1. In the presence of APE1,
OGG1 showed normal single substrate kinetics and approached a
maximum reaction velocity at ∼100 nM 8-oxoG·C-containing
substrate (Fig. 7A). With the AP site-containing substrate
OGG1 did not approach a maximal velocity and exhibited a
biphasic enhancement of AP lyase activity at higher AP site
concentration (25 nM in Fig. 7B). As in the case of OGG1 with
the 8-oxoG·C substrate (Fig. 1), both APE1 and Nfo showed
non-Michaelis–Menten kinetics with the AP site substrate,
suggesting that these enzymes are inhibited by their products
as well (Fig. 7C and D). APE1 cleaved the AP·C substrate with
a kcat 20-fold higher than that of Nfo and 400-fold higher than
that of OGG1 (Table 1). The kcat of OGG1 for the 8-oxoG·C
substrate was increased ∼5-fold in the presence of a 5-fold
molar excess of APE1 (Table 1).

Determination of dissociation constants for OGG1 and APE1

The relative binding affinities of OGG1 and APE1 for their
substrates and products were determined by electrophoretic gel
mobility shift assay (Table 2). All gel shift experiments were
performed under conditions of enzyme inactivity. A mutant
OGG1 protein (K249Q), in which the candidate active site Lys
was substituted by Gln (9,30), was used to determine the
binding affinity for various substrates. The K249Q mutant
exhibits substrate binding specificity similar to that of the
wild-type enzyme, but is catalytically inactive (9,30). Thus,
this protein is suitable for quantifying the affinity of the
enzyme for lesions containing 8-oxoG as well as for lesions
resulting from subsequent steps in repair of 8-oxoG. Similar

Figure 6. Effect of APE1 on sodium borohydride trapping and AP lyase activity
of OGG1. OGG1 (5 nM) was incubated with 1 nM 8-oxoG·C-containing oligo
substrate in the presence of 1 mM sodium borohydride with varying amounts
of APE1 (2.5–25 nM) for 30 min at 37°C. (A) After termination of the reaction
by adding 10 µl of 2× SDS sample buffer and heating for 5 min at 100°C, the
trapped complexes were separated from free substrate by SDS–PAGE.
(B) Analysis of 3′-termini generated by OGG1 and APE1. Lanes 1 and 2,
mobility markers for the 3′-termini characteristic of the β-elimination product
and AP site, respectively. Lane 1, 1 nM 5′-labeled U·C-containing duplex oligo
was incubated at 37°C for 5 min with 1 µg E.coli Udg and 1 µg Nth; lane 2,
1 nM 5′-labeled U·C oligo was incubated with 1 µg E.coli Udg and 1.25 µM
APE1; lanes 3–5, 1 nM 5′-labeled 8-oxoG·C-containing oligo was incubated
for 5 min at 37°C with 30 nM OGG1 (lane 3), 10 nM OGG1 and 50 nM APE1
(lane 4) or 10 nM OGG1 and 500 nM APE1 (lane 5). An aliquot of 1 mM
MgCl2 was present in lanes 1–4 and 1 mM EDTA in lane 5. All reactions were
terminated with SDS (0.5%) and glycerol (5%) without heating.

Table 1. Kinetic parameters of OGG1, APE1 and Nfo

Values were calculated from Lineweaver–Burke plots of data presented in Figures 1 and 7.

Enzyme Substrate Activity Km
app (nM) kcat

app ×103 (min–1)

OGG1 8-oxoG·C Glycosylase 9.9 ± 0.2 108 ± 7.1

OGG1 + APE1 8-oxoG·C Glycosylase 8.9 ± 0.9 453 ± 16

OGG1 AP site AP lyase 7.2 ± 1.1 53.2 ± 7

APE1 AP site AP endonuclease 13.7 ± 1.2 21, 671 ± 2132

Nfo AP site AP endonuclease 21.2 ± 2.2 1062 ± 90
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gel shift studies were reported for catalytically active mOgg1
(20). However, those results should be interpreted with caution
because the observed complexes between the enzyme and
various substrates may be affected by the generation of
reaction products whose complexes with the enzyme could not
be distinguished from the enzyme–substrate complex. The
binding of APE1 to the AP site substrate and products was
measured in the presence of 1 mM EDTA to ensure that the protein
had no enzymatic activity. Our results show that OGG1 binds an AP
site with significantly higher affinity than an 8-oxoG·C pair and
interacts weakly with the duplex β-elimination product
(Table 2). Interestingly, OGG1 had similar affinity for oligos
containing a 3′-OH product at an APE1-generated strand break
and an 8-oxoG·C pair. As expected, the affinity of APE1 for an
AP site oligo was higher than that of OGG1. The β-elimination
product was also bound more tightly by APE1 than by OGG1.
APE1 showed similar affinity for an AP site and its 3′-OH
product and had a comparatively low affinity for the β-elimination
product (Table 2).

DISCUSSION

Although low turnover of mammalian OGG1 was recognized
earlier (19,20), this report describes the first systematic inves-
tigation to elucidate the basis for the unusual kinetic properties
of this enzyme. Our observations that human OGG1 did not
exhibit Michaelis–Menten kinetics (reviewed in 31), excised
8-oxoG with a low apparent kcat (Table 1) and failed to
approach a maximum reaction velocity (Vmax) in the presence
of excess substrate suggested that the enzyme was inhibited by
its own product. Our subsequent studies showing inhibition of
OGG1 glycosylase activity in the presence of exogenous AP
sites (Fig. 2) and the stimulation of its turnover in the presence
of APE1 (Fig. 3), which has high affinity and activity for AP
sites, supported this possibility. In single burst kinetics studies
with OGG1 alone (Fig. 4) the enzyme completed one rapid
reaction cycle, followed by significantly slower subsequent
cycles, indicating that product release was rate limiting. APE1
relieved product inhibition and enhanced the specific activity
of OGG1 5-fold (compare Figs 1 and 7A). In the presence of
APE1 the steady-state and initial rates of base excision were

Figure 7. Kinetics of OGG1, APE1 and Nfo. (A) OGG1 (1.25 nM) and APE1 (6.5 nM) were incubated with increasing amounts of the 8-oxoG·C-containing duplex
oligo for 5 min at 37°C. (B) OGG1 (1.25 nM) was incubated with varying amounts (3.125–100 nM) of the AP·C-containing 32mer duplex oligo for 40 min at 37°C.
Reactions were terminated by adding SDS and glycerol as in Figure 6B. (C) APE1 (0.5 pM) was incubated with increasing concentrations of the AP·C-containing
oligo for 4 min at 37°C. (D) Escherichia coli Nfo (1.25 nM) was incubated with increasing concentrations of the AP·C-containing oligo for 4 min at 37°C. Substrates
were in excess and reaction rates were in the linear range in all experiments. Data points are means of three independent experiments.
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about the same, suggesting that product dissociation of OGG1
is facilitated by APE1 (Fig. 4). This is consistent with the
surprising observation that OGG1 has higher affinity for the
AP·C product than for its 8-oxoG·C substrate (Table 2).

These observations raised two important questions:
(i) whether APE1 physically interacts with OGG1; (ii) whether
APE1 activity is required for stimulation of the latter. In the
presence of EDTA, APE1 was inactive and was able to stimulate
OGG1 glycosylase activity <2-fold, compared to 5-fold stimu-
lation when the enzyme was active (Fig. 5, reaction 7). This
initially suggested that the AP endonuclease activity of APE1
is required for enhancement of OGG1 activity. However, we
subsequently observed that the AP site binding affinity of
APE1, rather than its activity, was essential for stimulation,
because a 50-fold excess of APE1 in 1 mM EDTA was able to
stimulate OGG1 to the same extent as the active enzyme
(Fig. 5, reaction 8). Escherichia coli Nfo, an AP endonuclease
structurally unrelated to APE1 (32,33), stimulated OGG1 at a
similar level to APE1 (Fig. 5, reaction 9), indicating that a
direct interaction between OGG1 and APEs is unlikely. Addi-
tionally, N-terminally truncated, C-terminally His-tagged and
Ref-1 mutant APE1 proteins stimulated OGG1 turnover
comparably to the wild-type enzyme (Fig. 5). Because the
APE1 mutants used in this study are active but likely to have
altered behavior in interacting with other proteins (27), these
results also support our conclusion about the lack of a direct
interaction between APE1 and OGG1. Independent experi-
ments showing lack of co-immunoprecipitation of APE1 and
OGG1 further support this conclusion (G.Roy and S.Mitra,
unpublished results). However, we cannot completely exclude the
possibility of some type of interaction between APE1 and
OGG1 in the presence of AP site-containing DNA.

In an earlier study the inability of Nfo to stimulate human
thymine-DNA glycosylase (TDG), which was readily stimulated
by APE1, was reported. A direct interaction of TDG with
APE1 but not with Nfo was suggested on the basis of these
results (21). However, in that study the relative affinities of
APE1 and TDG for an AP site were not determined. It should
be noted that a 100-fold molar excess of APE1 was needed to
stimulate TDG some 2-fold as shown in that report (21), while
OGG1 activity in our study was enhanced 3- to 4-fold by only a
0.5-fold molar equivalence of APE1. It is, therefore, conceivable
that TDG binds AP sites more tightly than APE1, and perhaps

substantially more tightly than Nfo. Thus, the failure of Nfo to
stimulate TDG may reflect disparities between the AP site
affinities and enzymatic activities of APE1 and Nfo, rather
than imply physical interaction between the two enzymes. We
tested this possibility directly by measuring the reaction rates
of APE1 and Nfo (Table 1). Both APEs cleaved AP sites more
efficiently than OGG1, but the kcat of APE1 for the AP·C
substrate was 20-fold higher than that of Nfo (Table 1). The
affinity of Nfo for the AP site substrate could not be compared,
as no catalytically inactive Nfo was available. Although OGG1
and APE1 demonstrated similar binding affinities for an AP site
(Table 2), the rate of AP site cleavage by APE1 was 400-fold
faster than that by OGG1 (Table 1). Thus, active APE1, even at
sub-equimolar concentrations, was able to significantly
enhance the removal of AP sites from the reaction and increase
the overall rate of excision of oxidized guanine from DNA.
Conceivably, any DNA-binding protein with specific affinity
for an AP site would cause a similar stimulation of OGG1
glycosylase activity if present in sufficient excess. Additionally,
considering the measurable affinity of OGG1 for the β-elim-
ination product (Table 2), the 3′-phosphodiesterase activity of
APE1 may also serve to free OGG1 molecules bound to this
product. In any case, activation of OGG1 by APE1, observed
in vitro, may have profound physiological relevance and is
consistent with the ‘hand-off’ model recently proposed for the
base excision repair pathway (34,35).

When the AP lyase activity of OGG1 was analyzed, all
enzymatic strand cleavage products were found to result from
β-elimination, as expected. With addition of APE1 to an
OGG1 reaction with an 8-oxoG·C-containing oligo substrate
all strand cleavage products had 3′-OH termini (Fig. 6B,
lane 4). For this reason it was initially unclear whether APE1
stimulates the intrinsic AP lyase activity of OGG1, resulting in
the formation of β-elimination products that are subsequently
processed by APE1 to generate 3′-OH termini. Alternatively,
the weak AP lyase activity of OGG1 could be overridden by
the strong AP endonuclease activity of APE1, which will
directly generate only 3′-OH ends from the uncleaved AP sites.
A transient Schiff base is a necessary intermediate during
initiation of the β-elimination reaction of AP lyases such as
OGG1. Accordingly, any increase in the AP lyase activity of OGG1
would be expected to result in increased production of trapped
complexes in the presence of sodium borohydride. In contrast,
as shown in Figure 6A, addition of APE1 to an OGG1 reaction
reduced sodium borohydride trapping ∼4-fold, indicating that,
in the presence of APE1, the intrinsic AP lyase activity of
OGG1 was largely superseded. Additionally, when a 50-fold
molar excess of catalytically inactive APE1 was present OGG1
glycosylase activity was increased but no strand cleavage
occurred (Fig. 5, reaction 8 and Fig. 6B, lane 5). This suggests
that OGG1 dissociates from an AP site in the presence of
APE1 prior to it proceeding to carry out the β-elimination reac-
tion. These results, together with the identical initial velocities of
OGG1 in the presence and absence of APE1 (Fig. 4), indicate that
APE1 does not directly enhance catalysis by OGG1. Interest-
ingly, both APE1 and Nfo failed to reach saturation with an AP
site substrate (Fig. 7C and D, respectively), implicating
product inhibition for these enzymes as well. APE1 and Nfo
have both been shown to bind their cleaved AP site reaction
products (29,36,37) and product inhibition of APE1 was
proposed previously (29).

Table 2. Affinity of OGG1 and APE1 for repair substrates and products

All duplex oligonucleotides have identical sequences, except for the lesion
opposite cytosine.

Enzyme Substrate Kd
app (nM)

OGG1 8-oxoG·C 23.4 ± 3.4

OGG1 AP site 2.8 ± 0.2

OGG1 β-elimination 223 ± 19

OGG1 3′-OH 20.7 ± 2.5

APE1 AP site 1.7 ± 0.2

APE1 β-elimination 72.7 ± 6.6

APE1 3′-OH 4.3 ± 0.5
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It was somewhat surprising that the maximal reaction
velocity was not approached by OGG1 with increasing
concentrations of an AP site substrate, although unlike the
situation with the 8-oxoG·C substrate, the affinity of OGG1 for
the β-elimination product of an AP site is relatively weak
(Table 2). An apparently biphasic response was observed at
higher AP site concentrations (25 nM), indicating that when
AP sites are abundant OGG1 may undergo a second or distinct
interaction with the AP site that enhances its AP lyase activity
(Fig. 7B). This observation was highly reproducible and was
confirmed by several experiments. It is possible that OGG1
may have dissimilar modes of AP site binding or multiple
interactions with this substrate. The AP lyase activity of OGG1
may be dependent upon the conformation of the AP site (19),
such that unproductive binding of the lesion may occur,
although this remains to be established.

Binding studies with APE1 and a cleaved AP site substrate
(Table 2) show that APE1 binds with high affinity to its own
product, as does OGG1. Interaction of APE1 and β-polymerase
was demonstrated previously (37) and moderate stimulation of
APE1 in the presence of β-polymerase has been reported (29).
It is thus likely that the optimum catalytic rate of individual
base excision repair enzymes is achieved only in the presence
of enzymes involved in successive steps of the repair process.
We propose that sequential rounds of product inhibition of the
glycosylase and AP endonuclease steps, and possibly other
subsequent steps, may be characteristic features of the repair of
8-oxoG and other mutagenic base lesions in a wide range of
organisms. The well-characterized glycosylases E.coli Fpg and
MutY and human TDG and UNG1 have all been shown to bind
AP sites with similar or higher affinity than for their respective
substrates, although detailed kinetic studies of the effects of
next-step repair enzymes on the activities of these glycosylases
have not been reported (21,38–40).

APE1 is a ubiquitous multifunctional protein (41–43) and
has been shown to be present at high concentration in HeLa
cells (21,37), which is likely to significantly exceed that of
OGG1. The poor activity of OGG1 towards AP sites, taken
together with its ready dissociation from AP sites in the presence
of sub-equimolar amounts of APE1, raises questions about the
in vivo significance of the AP lyase activity of OGG1. One
possible explanation is that during severe oxidative stress,
when the 8-oxoG level in DNA is elevated, a concerted glyco-
sylase/AP lyase reaction by OGG1 would create numerous
single-strand breaks in the genome that could be lethal to cells.
Thus, the poor AP lyase activity of OGG1 may be advanta-
geous to cells and suggests a fundamental difference between
the in vivo roles of OGG1 and other DNA glycosylases/AP
lyases that do not leave intact AP site products. It may be bene-
ficial if the strong binding of OGG1 to AP sites in vivo serves
primarily to sequester these lesions from attack by other AP
site-cleaving enzymes, e.g. Nth and DNA topoisomerases
(44,45). The DNA strand breaks resulting from such attacks
will prevent transcription and replication and could also trigger
apoptosis. Thus OGG1 may provide a protective function until
APE1 and other components required for subsequent steps of
the base excision repair pathway are recruited. On the other
hand, the observed enhancement of OGG1 AP lyase activity in
the presence of high concentrations of AP site DNA could
result in formation of numerous, localized single-strand breaks
in DNA. In this situation it may be preferable for the cell to

repair the damage via recombination, which requires single-
strand breaks for initiation, rather than to repair individual AP
sites. Alternatively, the increased number of single-strand
breaks may function as a signal for the cell to undergo apop-
tosis and thus avoid mutations.

We showed earlier that oxidative stress increased APE1
mRNA and protein levels in human cells and APE1 was then
translocated to the nucleus (46). An increase in cellular oxidative
damage repair following APE1 induction and nuclear trans-
location in response to oxidative stress was observed (46).
Stimulation of damaged base excision activity by APE1, as
observed in this in vitro study, may also contribute to this
increase. Elucidation of the physiological significance of
OGG1 activation by APE1, in the context of complex signaling
processes involved in recruitment of these and other necessary
enzymes at the DNA lesion sites, will require further investigation.
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