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excision repair of each lesion.
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(Background: Base excision repair is an important pathway for cytosine demethylation at the CpG dinucleotide for epige-
Results: A deaminated 5-methylcytosine (thymine) and an adjacent oxidized guanine (7,8-dihydro-8-oxoguanine) retard base

Conclusion: Altered in-tandem CpG dinucleotide is a poor substrate for base excision repair.
Significance: Oxidized guanine in a CpG dinucleotide interferes with active DNA demethylation.

J

Cytosine methylation and demethylation in tracks of CpG
dinucleotides is an epigenetic mechanism for control of gene
expression. The initial step in the demethylation process can be
deamination of 5-methylcytosine producing the TpG alteration
and T:G mispair, and this step is followed by thymine DNA gly-
cosylase (TDG) initiated base excision repair (BER). A further
consideration is that guanine in the CpG dinucleotide may
become oxidized to 7,8-dihydro-8-oxoguanine (8-0x0G), and
this could affect the demethylation process involving TDG-ini-
tiated BER. However, little is known about the enzymology of
BER of altered in-tandem CpG dinucleotides; e.g. Tp8-oxoG.
Here, we investigated interactions between this altered dinucle-
otide and purified BER enzymes, the DNA glycosylases TDG and
8-0x0G DNA glycosylase 1 (OGG1), apurinic/apyrimidinic (AP)
endonuclease 1, DNA polymerase 8, and DNA ligases. The over-
all TDG-initiated BER of the Tp8-0xoG dinucleotide is signifi-
cantly reduced. Specifically, TDG and DNA ligase activities are
reduced by a 3’-flanking 8-0x0G. In contrast, the OGG1-initi-
ated BER pathway is blocked due to the 5'-flanking T:G mispair;
this reduces OGG1, AP endonuclease 1, and DNA polymerase 3
activities. Furthermore, in TDG-initiated BER, TDG remains
bound to its product AP site blocking OGG1 access to the adja-
cent 8-0x0G. These results reveal BER enzyme specificities en-
abling suppression of OGG1-initiated BER and coordination of
TDG-initiated BER at this tandem alteration in the CpG
dinucleotide.

There is strong interest in understanding the special features
of DNA base lesions and base excision repair (BER)? in the
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context of the CpG dinucleotide in genomic DNA. The CpG
dinucleotide is subjected to a range of modifications, including
methylation of cytosine and oxidation of guanine. For example,
methylation of cytosine to 5-methylcytosine (5-mC) at CpG
dinucleotides is common in higher eukaryotes and is used as an
epigenetic feature in regulation of gene expression (1-3). In
mammalian cells, 3-6% of cytosines are methylated, and
70-80% of CpG dinucleotides in tracks within promoters
undergo methylation (4—6). DNA methylation affects gene
transcription by directly interfering with the binding of tran-
scription factors at promoter regulatory sequences or indirectly
mediating histone modification via recruitment of methyl-CpG
binding proteins (7, 8). Maintenance of proper methylation pat-
terns is essential for embryonic development, and aberrant DNA
methylation has been associated with disease progression.

It is known that 5-mC is spontaneously deaminated to form
the T:G mispair in DNA (9). This mispair can induce the Cto T
transition mutation that results in mutational hotspots in
human genes, such as the tumor suppressor p53 (10-13). In
addition, 5-mC at CpG dinucleotides is deaminated by cellular
deaminases as part of the enzymatic demethylation process.
Thus, the repair of deaminated 5-mC in the context of the CpG
dinucleotide is important not only for preventing mutagenic
events but also for maintaining the proper methylation status of
the genome.

Thymine DNA glycosylase (TDG) is a mismatch-specific
DNA glycosylase that excises thymine from the T:G mismatch
creating an abasic site in DNA (14). The enzyme has been impli-
cated in the restoration of G:C base pair from 5-mC:G utilizing
the BER pathway, and this is considered a component of the
“active DNA demethylation” system for 5-mCpG dinucle-
otides. This DNA demethylation system is initiated by deami-
nation of 5-mC to T by activation-induced deaminases (AID)
and the apolipoprotein B mRNA-editing catalytic polypeptides

deaminase; 5-mC, 5-methylcytosine; APE1, apurinic/apyrimidinic endo-
nuclease 1; pol B, DNA polymerase B; Lig I, DNA ligase I; Lig -3, DNA
ligase lll-B; T4 Lig, T4 DNA ligase; 6-FAM, 6-carboxyfluorescein;
APOBEC, apolipoprotein B mRNA-editing catalytic polypeptide; dRP,
deoxyribose phosphate.
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(APOBECS:s) proteins (15). It is also known that DNA methyl-
transferases DNMT3a/b can deaminate 5-mC (16). TDG inter-
acts with AID and DNMT3a/b (17-19), suggesting a two-step
mechanism for active DNA demethylation: deamination of
5-mC followed by restoration of normal cytosine by TDG-ini-
tiated BER. Other possible mechanisms for TDG-mediated
demethylation also have been suggested, involving hydroxyla-
tion followed by deamination or oxidation of 5-mC (ie.
5-hydroxymethyluracil or 5-formylcytosine and 5-carboxyl-
cytosine) (20). Consistent with the importance of these mecha-
nisms, a deficiency of TDG results in an embryonic lethal phe-
notype and reveals altered genomic methylation patterns or
accumulation of the modified cytosine at promoter regions (17,
21, 22). TDG also has been found to protect the genome from
mutagenic consequences of spontaneously deaminated 5-mC;
thus, loss of TDG in mismatch-repair deficient tumor cells
leads to an increase of C to T mutations at CpG dinucleotides
(23).

Whereas the cytosine in CpG dinucleotides is a target of
5-methylation, the neighboring guanine is susceptible to oxida-
tion to 7,8-dihydro-8-oxoguanine (8-0xoG). Due to the altered
hydrogen-bonding pattern of 8-0x0G, 8-0xoG can base pair
with adenine, and if 8-0x0G remains in the genome during rep-
lication, DNA polymerases frequently misincorporate dAMP
opposite 8-0x0G, resulting in the G to T transversion. In mam-
malian cells, 8-0x0G in the genome is processed by 8-oxogua-
nine DNA glycosylase (OGG1)-initiated BER (24). OGGL is a
lesion-specific DNA glycosylase that recognizes 8-0xoG paired
with cytosine in double-stranded DNA and excises the dam-
aged base (25, 26). OGG1 contributes to suppression of G to T
transversions in human cells (27, 28), and a deficiency of OGG1
in mouse models exhibits an elevated level of 8-0xoG in
genomic DNA and a predisposition to tumorigenesis (29, 30),
illustrating the importance of OGG1 in maintaining the genetic
integrity in vivo.

The 8-0x0G lesion is thought to contribute not only to
mutagenesis but also to the epigenetic status of cells. For exam-
ple, oxidation of guanine at a methylated or unmethylated CpG
dinucleotide inhibits the binding of methyl-CpG binding pro-
tein and transcription factors AP-1 and Sp1, respectively (31—
33), indicating that 8-0xoG could modulate gene transcription.
Likewise, 8-0xoG formed at CpG dinucleotides inhibits the
methylation of the adjacent cytosine (34—-36), and this could
result in an altered methylation pattern. However, the influence
of 8-0x0G on the demethylation process at CpG dinucleotide
remains to be determined.

The activity of TDG for removing thymine depends on the
base pair located 3’ to the substrate T:G mispair (37). This
sequence context-dependent affect on TDG activity has been
assessed both structurally and kinetically and found to be dis-
tinct with several different substrates, including 3,N*-etheno-
cytosine, uracil, 5-chlorouracil, 5-fluorouracil, and 5-bromo-
uracil (38, 39). Interestingly, the 5-mCpG dinucleotide can be
altered in-tandem under oxidative stress conditions (40).
Therefore, it is conceivable that 8-0xoG base damage in the
CpG dinucleotide context could influence the activity of TDG.
Here, probing the CpG dinucleotide context, we assessed the
effect of the 3’-flanking 8-0xo0G lesion on the activity of TDG
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and subsequent BER steps using model DNA substrates con-
taining the T:G mispair. We find that a 3'-flanking 8-0xoG
decreases TDG excision of the mispaired thymine.

We recently reported that 8-oxoG removal by OGG1 is
decreased in the presence of the 5'-adjacent T:G mispair (41).
Thus, both TDG and OGG1 are sensitive to these CpG dinu-
cleotide tandem alterations. Because these glycosylases func-
tion in BER along with apurinic/apyrimidinic endonuclease 1
(APE1) and other downstream enzymes, we further character-
ized the glycosylase effects on associated BER activities. Sur-
prisingly, the T:G mispair strongly retards APE1-mediated
incision of the adjacent AP site, thereby diminishing overall
OGGl1-initiated BER. When TDG first processes the T:G mis-
pair, TDG remains bound to its product AP site and prevents
subsequent 8-0x0G excision by OGG1. Furthermore, for TDG-
initiated BER, the presence of the adjacent 8-0xoG reduces the
completion of BER. These results are discussed and indicate key
DNA sequence context features of BER at the tandem alteration
of the methylated CpG dinucleotide.

EXPERIMENTAL PROCEDURES

Materials—Human OGG1 was overexpressed and purified
as described previously (42). Human APE1, DNA polymerase 3
(pol B), DNA ligase I (Lig I), and DNA ligase III-g (Lig III-B)
were purified as described previously (43—45). T4 DNA ligase
(T4 Lig) was purchased from New England Biolabs (Beverly,
MA). 3'-[a-**P]Deoxyadenosine (Cordycepin) (5000 Ci/mmol)
and [a-*?P]dCTP (6000 Ci/mmol) were from PerkinElmer Life
Sciences.

Oligonucleotides—5'- or 3'-6-Carboxyfluorescein (6-FAM)-
labeled oligonucleotides with or without 8-oxoG, and corre-
sponding templates were synthesized and PAGE-purified by
Eurofins MWG Operon (Huntsville, AL). The substrates were
constructed by annealing 6-FAM-labeled oligonucleotides to
their template strand at a molar ratio 1:1.2. The sequences of
the oligonucleotides are shown in Tables 1 and 3.

Expression and Purification of Human Thymine DNA
Glycosylase—The cDNA encoding human TDG was amplified
from pCMV6-XL5-TDG (Origene Technologies) with primers
TDG-BamHI-F, 5'-GATCGGATCCATGGAAGCGGAGAA-
CGCGGGC-3', and TDG-EcoRI-R, 5'-GATCGAATTCTCA-
AGCATGGCTTTCTTCTTCCTG-3'. The amplified DNA
was digested with BamHI and EcoRI restriction enzymes, and
the digested fragment was gel-purified and ligated with BamHI-
EcoRI digested pGEX-6p-1. The resulting overexpression plas-
mid pGEX-6p-TDG was introduced into BL21(DE3) strain by
transformation. A freshly transformed colony was inoculated
with LB medium and agitated overnight at 30 °C. The overnight
culture was diluted in 2 liters of fresh medium (1 liter of
medium in a 2.8 liters of Fernbach flask) and was further agi-
tated at 30 °C until the culture reached an absorbance of 0.5—
0.7 at 595 nm. TDG expression was induced by the addition of
2 mM isopropyl-1-thio-3-p-galactopyranoside and shaking for
15 h at 18 °C. The harvested cells were resuspended in Buffer A
(50 mm Tris-HCI, pH 7.5, 500 mm NaCl, 1 mm EDTA, 1 mm
dithiothreitol (DTT), 0.1 um 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride, 1 mm benzamidine, 1 ug/ml pepstatin
A, and 1 pg/ml leupeptin) and lysed by sonication. Cell lysates

JOURNAL OF BIOLOGICAL CHEMISTRY 13997



Reduction in BER of Altered In-tandem CpG Dinucleotide

were subjected to centrifugation at 40,000 rpm for 60 min at
4 °C to separate soluble proteins from cell debris. Soluble pro-
teins were incubated with glutathione-Sepharose 4B (GE
Healthcare) for 4 h at 4 °C. Unbound proteins were flushed
from the beads with a wash buffer (50 mm Tris-HCl, pH 7.5, 1 M
NaCl, 1 mm EDTA, 10 mMm B-mercaptoethanol, 0.01% Nonidet
P-40, 0.1 um 4-(2-aminoethyl) benzenesulfonyl fluoride hydro-
chloride, 1 mMm benzamidine, 1 pg/ml pepstatin A, and 1 ug/ml
leupeptin), and GST fusion TDG was eluted with 50 mm gluta-
thione. The eluted fraction was incubated with PreScission Pro-
tease (GE Healthcare) at 4 °C overnight to cleave the GST tag
from the fusion protein. The proteins were then loaded onto
Mono Q HR 10/10 column (GE Healthcare). After washing the
column with low salt buffer (20 mm Hepes, pH 7.5, 100 mm
NaCl, 10 mm B-mercaptoethanol, 10% glycerol), TDG was
eluted with a linear gradient of NaCl (100—1000 mwm). The
purity of the preparation was assessed by SDS-PAGE and
judged to be >95% pure.

Determination of the Glycosylase Activity—Active concen-
tration of TDG or OGG1 was determined using the T:G mis-
match-containing duplex DNA T/G-G/C or 8-0xoG:C base
pair-containing duplex DNA C/G-0xG/C (Table 1), respec-
tively, as described previously (46). The TDG and OGG1 prep-
arations were determined to be 34 and 38% active, respectively.
The glycosylase activity was determined under single-turnover
conditions where the substrate DNA is saturated with enzyme.
A KinTek model RQF-3 rapid quench-flow apparatus (KinTek
Corp., Austin, TX) was employed when reactions were too
rapid to measure manually. All concentrations refer to the final
concentration after mixing. The 5’-6-FAM-labeled DNA sub-
strates (50 nM) were incubated with 250 nm active TDG or
0OGG1 at 37 °Cinreaction buffer (50 mm Hepes, pH 7.5, 100 mm
KCl, 0.5 mm EDTA, and 0.1% BSA). At timed intervals, 10-ul
aliquots were withdrawn and quenched with 100 mm NaOH (5
min at 90 °C) to inactivate the enzyme and to cleave the result-
ing AP sites. An equal volume of DNA gel loading buffer (10 m
urea, 100 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. A Typhoon PhosphorImager
was used for gel scanning and imaging, and the data were ana-
lyzed with ImageQuant software. The first-order rate constants
(k,,s) were determined by fitting the data with a single expo-
nential equation (Equation 1); A, represents the amplitude of
the exponential phase.

Product = Ay(1 — e~ kst) (Eq. 1)

Determination of the Rate of DNA Glycosylase Product
Release—Substrate DNA (200 nm) was equilibrated at 37 °C in
50 mMm Hepes, pH 7.5, 20 or 100 mm KCI, 0.5 mm EDTA, and
0.1% BSA. When necessary, the reaction mixture contained 5
mM MgCl,. Reactions were started by the addition of 40 nm
TDG or 10 nMm OGG1 with or without 200 nm (for TDG) or 100
nM (for OGG1) APEL. Aliquots were withdrawn at time inter-
vals and quenched with 100 mm NaOH (5 min at 90 °C). The
reaction products were separated on 15% denaturing polyacryl-
amide gel and analyzed as described below. Time courses for
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TDG were determined by fitting the data with a rising exponen-
tial and linear terms (Equation 2), providing the first-order rate
constant for the first turnover (), the amplitude of the burst
of product formation (A, y intercept), and the rate (i.e. slope) of
the linear steady-state phase (v,).

Product = Ay(1 — e %) + vt (Eq.2)
From this analysis, the steady-state rate (k) was calculated as
(kgs = vss/ Ap). For OGGL, k,, was determined by fitting the data
to a linear equation (Equation 3).

Product = A, + vt (Eq.3)

TDG Inhibition of OGGI1—Substrate DNA was 3'-labeled
with terminal deoxynucleotidyltransferase and [a->2P]cordyce-
pin according to the manufacturer’s instructions. The 3'-la-
beled substrate DNA (50 nm) was preincubated with or without
250 nm TDG at 37 °C for 10 min in 50 mm Hepes, pH 7.5, 100
mwm KCl, 0.5 mm EDTA, and 0.1% BSA. After preincubation,
0-250 nm OGG1 was added to the reaction mixture and incu-
bated at 37 °C for 5 min. The reaction was terminated by the
addition of 100 mm NaOH and heating as described above.

Determination of the APE1 Steady-state Rate—A rapid
quench-flow system was employed to measure the steady-state
rate of APE1. The 5’-6-FAM-labeled DNA substrate (200 nm)
was incubated with 30 nm APE1 at 37 °C in reaction buffer (50
mM Hepes, pH 7.5, 100 mm KCI, 0.5 mm EDTA, and 0.1% BSA).
At timed intervals, reactions were terminated by mixing the
reaction mixture with 100 mm NaOH. An equal volume of DNA
gel loading buffer (10 m urea, 100 mm EDTA, 0.02% bromphe-
nol blue, and 0.02% xylene cyanol) was added. After incubation
at 95 °C for 2 min, the reaction products were separated by 15%
denaturing polyacrylamide gel and analyzed as described
above. For substrates C/G-THF/C, THF/G-G/C, and THF/G-
0x0G/C (Table 3), data were fit to a linear equation (Equation 3)
to determine k.. For the substrate T/G-THEF/C, data were fit to
a linear equation with a zero intercept, providing the value for
V. Subsequently, k ., was calculated by dividing v, by the y
intercept that was determined from the control substrate
C/G-THEF/C.

In Vitro TDG Initiated BER Assays—The BER assays were
performed in a 20-ul reaction mixture as previously described
(47, 48). The reaction mixture contained 50 mm Hepes, pH 7.5,
100 mm KCl, 5 mm MgCl,, 0.5 mM EDTA, 0.1% BSA,2mMm DTT,
4 mMm ATP, 2.3 um [a-**P]dCTP, and 34-mer DNA substrate.
The reactions were started by the addition of 10 nm TDG, 20 nm
APE1, and 20 nm pol B with or without 100 nm Lig I and incu-
bated at 37 °C. Aliquots (5 ul) were withdrawn at timed inter-
vals and mixed with an equal volume of gel loading buffer. After
heating at 95 °C for 2 min, reaction products were separated by
electrophoresis in a 15% denaturing polyacrylamide gel and
analyzed as described above.

In Vitro DNA Ligase Assays—To examine the activities of
DNA ligases, a 34-mer nicked DNA substrate was prepared by
annealing a 17-mer oligo A (5'-CATGGGCGGCATGAACC-
3'), 17-mer oligo B (5'-XGAGGCCCATCCTCACC-3’, where
X = G or 8-0x0Q), and 34-mer complementary DNA (5'-GGTG-
AGGATGGGCCTCCGGTTCATGCCGCCCATG-3'). The 5’
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TABLE 1
Single turnover rate constant for DNA glycosylase base excision
Kobs
Name Substrate DNA sequence” TDG 0GG1
min~ !
C/G-0xG/C FAM-5'-CATGGGCGGCATGAACCXGAGGCCCATCCTCACC-3' NS? 36+ 3.5
3'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5"
T/G-G/C FAM-5'-CATGGGCGGCATGAACTGGAGGCCCATCCTCACC-3' 2.6 =0.29 NS
3’'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5'
T/G-0xG/C FAM-5'-CATGGGCGGCATGAACTXGAGGCCCATCCTCACC-3' 0.58 = 0.12 2.0 = 0.025
3’'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5'
T/G-0xG/A FAM-5'-CATGGGCGGCATGAACTXGAGGCCCATCCTCACC-3' 0.028 = 0.0016 NS
3'-GTACCCGCCGTACTTGGACTCCGGGTAGGAGTGG-5"
T/G-T/A FAM-5'-CATGGGCGGCATGAACTTGAGGCCCATCCTCACC-3' 0.023 = 0.00096 NS
3’'-GTACCCGCCGTACTTGGACTCCGGGTAGGAGTGG-5'
T/G-THF/C FAM-5'-CATGGGCGGCATGAACTFGAGGCCCATCCTCACC-3’ <0.002¢ NS
3’'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5'
THF/G-0xG/C FAM-5'-CATGGGCGGCATGAACFXGAGGCCCATCCTCACC-3' NS 7.8 +0.23

3'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5"

“ X = 8-0x0G. Underlined are mispaired base-pair. F = tetrahydrofuran. FAM indicates the presence of fluorescence tag.

> Not a substrate.

¢ Rate is too slow to determine. The values represent means and S.D. of at least two independent experiments.

and 3’ termini of oligo B were phosphorylated and conjugated
with 6-FAM, respectively. The nicked DNA substrate (250 nm)
was incubated with 200 nm Lig I, 200 nm Lig III- B, or 1 unit of T4
Lig in reaction buffer (50 mm Hepes, pH 7.5, 100 mm KCI, 5 mm
MgCl,,0.5 mM EDTA, 0.1% BSA,2mMmDTT, and 4 mm ATP) at
37 °C. Aliquots (5 ul) were withdrawn at timed intervals and
mixed with an equal volume of gel loading buffer. After heating
at 95 °C for 2 min, reaction products were separated by electro-
phoresis in a 15% denaturing polyacrylamide gel and analyzed
as described above.

Preparation of 5'-Deoxyribose Phosphate Containing Oligo-
nucleotide—A uracil-containing double-stranded DNA sub-
strate with an 8-0xoG nucleotide was pretreated with uracil
DNA glycosylase to generate an AP site. The DNA substrate
was prepared by annealing 17-mer (5'-CATGGGCGGCAT-
GAACC-3') and 18-mer oligonucleotides (5'-UXGAGGCCCAT-
CCTCACC-3’, where X = 8-0x0G) with 34-mer complementary
DNA (5'-GGTGAGGATGGGCCTCCGGTTCATGCCGCC-
CATG-3’). The 5" and 3’ termini of the 18-mer oligonucleot-
ides were phosphorylated and conjugated with 6-FAM, respe-
ctively. The reaction mixture (50 ul) contained 50 mm Hepes,
pH 7.4, 20 mMm KCl, 0.5 mm EDTA, 2 mm DTT, 20 nm uracil
DNA glycosylase, 200 nm DNA, and incubated 37 °C for 30 min.
Due to the unstable nature of uracil DNA glycosylase-treated
DNA, the DNA substrates were treated just before deoxyribose
phosphate (dRP) lyase assay described below.

Pol B dRP Lyase Activity—The dRP lyase assay was per-
formed manually under single-turnover conditions using uracil
DNA glycosylase-pretreated DNA substrate that has 8-oxoG
immediately downstream (i.e. 3) of the dRP moiety. The dRP
lyase activity was determined as described previously (49).
The reaction mixture (10 ul) contained 50 mm Hepes, pH
7.5,20 mMm KCI, 0.5 mm EDTA, 2 mMm DTT, and 140 nm DNA
substrate. The reaction was initiated by the addition of 500
nM pol B. The reaction mixture was incubated at 37 °C. The
dRP lyase reaction was terminated at timed intervals by the
addition of freshly prepared 1 m NaBH,, to a final concentra-
tion of 100 mm. Because the dRP lyase activity proceeds by a
B-elimination reaction (50), the covalently cross-linked
complexes between the dRP-containing BER intermediate
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and pol B is produced by NaBH, reduction (51). The reaction
products were then further incubated on ice for 30 min and
separated in a 15% polyacrylamide gel, and data were ana-
lyzed as described above.

RESULTS

The aim of this study was to systematically examine BER in
the tandem alteration of a methylated CpG dinucleotide to
yield Tp8-0x0G dinucleotide. Initially, we measured the activ-
ities of purified TDG and OGG1 on variations of the altered
CpG dinucleotide. With each DNA glycosylase, rate constants
were measured under both single-turnover and steady-state
conditions, reflecting the chemistry step of the glycosylase and
the DNA product release step, respectively. Finally, a reconsti-
tuted BER system with purified enzymes was evaluated to iden-
tify obstacles to the repair of tandem lesions.

TDG Activity Is Sensitive to a 3'-Neighboring 8-OxoG and AP
Site—First, to examine the effect of a 3'-neighboring 8-0x0G on
TDG activity, we used single-turnover conditions to measure
the intrinsic rate constant for base excision; experiments were
conducted using an excess of enzyme over DNA substrate.
With a T:G mispair adjacent to the normal G:C base pair (Table
1), the excision rate (k_,,.) was 2.6 min~'; however, when T:G
was adjacent to the 8-0xoG:C, excision was ~5-fold lower
(k.. = 0.58 min ', Fig. 14 and Table 1). Excision of mis-
matched T from the T:G mispair adjacent to the 8-0x0G:A base
pair was much lower (100-fold; k. = 0.028 min '), and this
rate was similar to that determined for T removal from the T:G
mispair adjacent to a T:A base pair (Fig. 1B). We next examined
the influence of an adjacent AP site, arising for example from
OGG]1 excision of 8-0xoG adjacent to the T:G mispair. A sub-
strate containing the AP site analog tetrahydrofuran (THF)
opposite C (T/G-THEF/C) was used. Interestingly, TDG exci-
sion on this substrate was too low to measure (Table 1). The
results indicate that TDG is sensitive to the 3’-neighboring
base. These results suggest that if 8-0xoG is removed before
TDG activity on altered in-tandem substrate, BER of thymine in
the T:G mispair 5’ to an AP site will be blocked.

TDG Activity under Steady-state Conditions—Next, we
examined the effect of a 3'-neighboring 8-oxoG on TDG activ-
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FIGURE 1. Single turnover determination of thymine excision by TDG. A, single-turnover time courses for the removal of T from the T:G mispair where the
3'-base pair is G:C (O) or 8-0xoG:C ([). B, single-turnover time courses for the removal of T from the T:G mispair where the 3'-base pair is T:A (O) or 8-oxoG:A
(CJ). TDG (250 nm) was incubated with 50 nm DNA substrate (T/G-G/C, T/G-0xG/C, T/G-oxG/A, or T/G-T/A) at 37 °C. Products were isolated, quantified, and
analyzed as described under “Experimental Procedures.” The data were fit to an exponential time course (N = G, solid lines; N = 8-0x0G, dashed lines). The results

from several independent determinations are tabulated in Table 1.
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FIGURE 2. Multiple turnover determination of thymine excision by TDG.
Steady-state time courses for the removal of T from the T:G mispair where the
3'-base pair is G:C or 8-0x0G:C. TDG (40 nm) was incubated with 200 nm DNA
substrate (T/G-G/C or T/G-0xG/C) in the presence of 100 mm KCl and 5 mm
MgCl, at 37°C. Products were isolated, quantified, and analyzed as
described under “Experimental Procedures.” The time courses were fit to
an equation with a rising exponential and linear terms (N = G, solid line;
N = 8-0x0G, dashed line). The observed rate constant for the burst was
similar to that determined by single-turnover analyses (Table 1). The
means and S.D. of the steady-state rates from at least two independent
experiments were 0.0043 + 0.0015 and 0.0075 = 0.0010s~ ' for the G and
8-0x0G substrates, respectively.

ity. In this case, steady-state conditions were employed to
ascertain whether the binding affinity of TDG to an AP site
might be affected. With the T:G mispair adjacent to the normal
G:C base pair (Fig. 2), the steady-state rate (k) was 0.0043
min~ ', arate similar to when T:G was adjacent to the 8-0x0G:C
pair (k,, = 0.0075 min~'). Thus, the steady-state rate was much
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slower than the pre-steady-state rate, as reflected by the pro-
nounced burst in product formation during the reaction time
course (Fig. 2). The slower steady-state rate is consistent with a
relatively slow DNA product release step for TDG on both of
these substrates (52, 53).

TDG Inhibition of OGGI through Product AP Site Binding—
As suggested from the kinetic experiments described above,
TDG remains bound to its product AP site even when the adja-
cent guanine is replaced with 8-oxoG. This suggests that TDG
bound to its AP site product could influence OGG1 excision of
a neighboring 8-0x0G. To assess the influence of TDG on
OGG1 activity, we preincubated DNA substrates with and
without TDG and then added OGG1 to the reaction mixtures.
Reaction products were examined by gel electrophoresis (Fig.
3). When a control substrate with the normal C:G base pair
adjacent to the 8-0xoG:C base pair was preincubated with
TDG, OGGI activity was not altered by the presence of TDG
(Fig. 3A). In contrast with the Tp8-0xoG substrate, the amount
of OGGI product was strongly suppressed in the presence of
TDG (Fig. 3B). To confirm that the block in OGG1 activity was
due to TDG binding to its AP site product, a DNA substrate
containing THF 5’ to 8-0xoG was used. As shown in Fig. 3C,
TDG again inhibited excision of 8-oxoG with this substrate,
indicating that OGG1 was blocked by TDG bound to the syn-
thetic AP site-containing DNA.

Taken together, these results suggest that the glycosylase
activities of OGG1 and TDG can regulate one another at AP site
formation stage of BER. In one case this is because TDG does
not use the OGG1 product as a substrate; TDG activity on the
substrate T/G-THF/C was negligible (Table 1). In the other
case, it is because OGGL1 is not able to gain access to the TDG
product (Fig. 3, B and C). For these AP site products to be
processed through BER, they must be passed to APE1 for inci-
sion during the next step of BER. The implication of the recip-
rocal regulation is that only one of the lesions in the altered
in-tandem substrate will be processed through the BER path-
way once initiated.
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FIGURE 3. Inhibition of 0GG1 activity by TDG binding to an adjacent AP site. The DNA substrate (50 nm) was preincubated without or with 250 nm TDG at
37 °Cfor 10 min. Then OGG1 (0-250 nm, as indicated) was added to the reaction mixture, and the mixture was further incubated for 5 min. The DNA substrates
used are illustrated in the figure. A, 5'-C:G (i.e. C/G-8-0x0G/C). B, 5'-T:G (i.e. T/G-8-0x0G/C). C, 5'-THF:G (i.e. THF/G-8-0x0G/C). TDG was added to reaction

mixtures as indicated (+). Products were isolated and quantified as described under “Experimental Procedures”.

Effect of APE1 and a 3'-8-OxoG on the Steady-state Rate of
TDG—As shown above, TDG binds to its AP site product and
exhibits a slow steady-state rate, reflecting tight product bind-
ing. Yet the addition of APE1 to the reaction mixture strongly
increases the steady-state rate of TDG (52, 53). The results are
consistent with the idea that APE1 is able to gain access to the
AP site and incise it, thereby leading to a faster TDG catalytic
cycling. We examined the influence of an adjacent 8-oxoG on
the APE1-based stimulation of the steady-state rate of TDG. In
the absence of APE1, the steady-state rates of TDG on the sub-
strates with the adjacent G:C base pair and 8-0x0G:C base were
0.0043 and 0.0075 min~", respectively (Figs. 2 and 4). In the
presence of APE], the steady-state rates were increased by 37-
and 5.7-fold with the adjacent G:C and 8-0x0G:C base-pairs
(0.16 and 0.043 min ), respectively. These results indicate that
the neighboring 8-0x0G:C base pair reduced the stimulatory
effect of APE1 on TDG cycling. In addition, the results in Fig. 4
show that APE1 does not alter the pre-steady-state rate of TDG
excision of thymine.

OGGI Activity and the 5'-Neighboring T:G Mispair or AP
Site—Kinetic studies with OGG1 had indicated that the single-
turnover rate constant is faster than that for TDG against the
respective mono-lesion CpG dinucleotides (41). In the present
study we evaluated OGG1 activity under similar conditions to
those used for evaluation of TDG. Against the altered in-tan-
dem CpG dinucleotide, Tp8-0x0G, the single-turnover rate
constants were 0.58 and 2.0 min ™' for TDG and OGG1, respec-
tively (Table 1). OGG1 was sensitive to the presence of the
5'-neighboring T:G mispair, as the rate was ~20-fold lower
compared with that with the C:G base pair (Table 1). The
5'-neighboring AP site reduced the OGG1 activity by ~5-fold.
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FIGURE 4. Effect of a 3'-neighboring 8-0x0G:C base pair on APE1-medi-
ated stimulation of the steady-state rate of TDG. Steady-state time
courses for the removal of T from the T:G mispair, where the identity of the
3’-neighboring base pair is G:C (A) or 8-0xoG:C (B). TDG (40 nm) was incubated
with 200 nm substrate DNA in the presence of 100 mm KCl and 5 mm MgCl,
without (O) or with 200 nm APE1 ([J) at 37 °C. Products were isolated and
quantified as described under “Experimental Procedures.” The time courses
were fit to an equation with a rising exponential and linear terms (—APET,
solid line; +APE1, dashed line). The means and S.D. of the steady-state rates
from at least two independent experiments were 0.16 * 0.034 and 0.043 =
0.013 s~ ' for the G and 8-0x0G substrates, respectively.

Effect of APEI and 5'-T:G Mispair on the Steady-state Rate of
OGGI1—As shown above and previously reported (41), 8-oxoG
excision by OGG1 is decreased by a 5'-neighboring T:G mis-
pair. Here, we assessed the influence of APE1 and the 5'-T:G
mispair on the steady-state rate of OGGL1 (Fig. 5 and Table 2).
The rates with three 8-oxoG:C-containing substrates were
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FIGURE 5. Effect of a 5'-neighboring base pair on APE1-mediated stimulation of 0GG1. Steady-state time courses for the removal of 8-0xoG where the
5'-base pair was C:G (A), 5-mC:G (B), or T:G (C). OGG1 (10 nm) was incubated with 200 nm DNA substrate in the presence of 20 mm KCI (O) or 20 mm KCI/5 mm
MgCl,/100 nm APE1 ([) at 37 °C. Products were isolated and quantified as described in “Experimental Procedures.” Time courses were fit to a linear equation,
and the steady-state kinetic parameters from several determinations are tabulated in Table 2.

TABLE 2
Steady-state rate constants for 8-oxoG excision by OGG1
e
5’-Base pair —APE1” +APE1° -Fold increase
min~!
C.G 0.46 = 0.046 2.6 = 0.10 5.7
mC:G 0.59 = 0.044 2.2 = 0.066 3.7
T:G 0.37 = 0.037 0.44 = 0.14 1.2

“ Steady-state rate determined from the linear steady-state phase.

” Rate constants measured in the absence of APE1 and MgCl,.

¢ Rate constants measured in the presence of 100 nm APE1 and 5 mm MgCl,. The
values represent the means and S.D. of at least two independent experiments.

compared (5'-C:G, 5'-5-mC:G, and 5'-T:G). By adding APE1
and 5 mm MgCl, to the reaction mixture, the OGG1 activity for
the 5'-C:G substrate was increased 6-fold, suggesting that the
OGG1 product binding was weaker in the presence of APE1. In
contrast to a recent report (54), an adjacent 5-mC:G base pair
did not affect the APE1-mediated stimulation of OGG1 (Fig.
5B). The contrast with the previous study might be due to the
differing reaction conditions or DNA sequence contexts.
Importantly, for the OGGI substrate with a 5'-T:G, APE1 failed
to stimulate OGG1 activity (Fig. 5C). This result suggested that
APE1 was not able to displace OGG1 tightly bound to the AP
site or, alternatively, was not able to incise the AP site with the
5'-adjacent T:G mispair.

APE1 Activity on Alternate Glycosylase Repair Intermediates
in Tandem Lesions—A partnership between APE1 and repair
DNA glycosylases seems critical for efficient BER. We decided
to directly characterize the activity of APE1 on substrates rep-
resenting the products of TDG and OGG1 activity on the
altered in-tandem substrate. The AP site analog THF was used
in each case, and the influence of the neighboring 5'-T:G or
3’-8-0x0G:C (T/G-THF/C or THF/G-0xG/C, respectively) was
assessed by comparing the activities with those of the control
substrates (C/G-THF/C or THF/G-G/C). We analyzed both
the pre-steady-state and steady-state phases of the reaction
time courses. With the C/G-THF/C substrate (Fig. 6 and Table
3), a rapid product accumulation phase occurred before the
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FIGURE 6. Effect of a neighboring lesion on the strand incision activity of
APE1. Steady-state time courses for the strand incision activity of APE1 on
THF-containing DNA are shown. A, product formation was followed to exam-
ine the effect of a 5’ C:G base pair (O) or T:G mispair ((J). B, product formation
was followed to examine the effect of 3’ G:C base pair (O) or 8-0x0G:C base
pair ((J). APET (30 nm) was incubated with 200 nm DNA substrate (C/G-THF/C,
T/G-THF/C, THF/G-G/C, or THF/G-oxG/C) at 37 °C. Products were isolated,
quantified, and analyzed as described under “Experimental Procedures.” The
steady-state kinetic parameters from several independent determinations
are tabulated in Table 3.

first time point (100 ms), and this was followed by a slower
steady-state phase (k,, = 0.49 s~ '). The rapid phase was too fast
to measure (>>700s" ') (55). In contrast, a rapid phase of prod-
uct formation was not observed with T/G-THF/C substrate,
suggesting that the rapid chemistry step observed with the nor-
mal substrate was significantly reduced and became rate-deter-
mining. From the slope of the linear fit, the rate of AP site
cleavage for the T/G-THF/C substrate was 0.13 s~ !, which is
>>5400-fold lower than that for a THF substrate without the
mismatch (56). This strongly reduced APE1 activity with the
T/G-THEF/C substrate is consistent with the lack of APE1 stim-
ulation of OGG1 activity on the corresponding substrate, as
suggested above (Fig. 5B).

If TDG initiates repair of the tandem lesion, then the AP site
will be adjacent (3") to 8-0x0G. For the substrates THF/G-G/C
and THF/G-8-oxG/C, APE1 rapidly incises the bound THF res-
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TABLE 3
Observed steady-state rate for APE1 incision
Name DNA Sequence” kg,
s~ 1
C/G-THF/C FAM-5'-CATGGGCGGCATGAACCFGAGGCCCATCCTCACC-3' 0.49 + 0.077
3'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5'
T/G-THF/C FAM-5'-CATGGGCGGCATGAACTFGAGGCCCATCCTCACC-3' 0.17 + 0.068
3'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5"
THF/G-G/C FAM-5'-CATGGGCGGCATGAACFGGAGGCCCATCCTCACC-3' 0.48 = 0.13
3'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5"
THF/G-0xG/C FAM-5'-CATGGGCGGCATGAACFXGAGGCCCATCCTCACC-3' 0.89 + 0.38

3'-GTACCCGCCGTACTTGGCCTCCGGGTAGGAGTGG-5'

“ F = tetrahydrofuran; underlined bases are a mispair (G:T); X = 8-oxoG. FAM indicates the 5'-fluorescence tag. The values represent the means and S.D. of at least two

independent experiments.
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FIGURE 7. Effect of the 3’-8-0x0G:C base pair on TDG-initiated BER activity. A schematic representation of the substrate and the reaction scheme are shown
in the top panel. A DNA substrate (250 nm) with G:C (T/G-G/C) or 8-0x0G:C (T/G-0xG/C) positioned 3’ to T:G was incubated with 10 nm TDG, 20 nm APET1, and 20
nm pol B with or without 100 nm Lig I at 37 °C for 5, 10, or 15 min, as indicated. Reaction products representing incorporation of labeled dCMP were isolated as

described under “Experimental Procedures.”

idue before the first time point (100 ms) followed by the slower
steady-state phase as it cycles. The values for k , with the THF/
G-G/C and THF/G-80xG/C substrates were 0.48 and 0.89 s,
respectively (Table 2). These results indicate that the influence
of the 3'-neighboring 8-0xoG:C base pair on APE1 activity was
minimal.

A 3'-8-0x0G:C Base Pair Reduces TDG-initiated BER in Vitro—
To examine the influence of a 3'-neighboring 8-0x0G:C base
pair on TDG-initiated BER, we reconstituted an in vitro BER
system with purified enzymes. The substrates included the T:G
mispair adjacent to G:C or 8-0xoG:C base pair. These sub-
strates were incubated with TDG, APE1L, and pol B with or
without DNA ligase I. In the absence of ligase, the unligated
gap-filled BER intermediate increased in a time-dependent
manner with both G:C and 8-0x0G:C containing substrates
(Fig. 7, lanes 1-3 and 7-9). The amount of BER intermediates
was comparable between the G:C- and 8-0xoG:C-containing
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substrates. The addition of DNA ligase resulted in ligated BER
product in the reaction with the neighboring G:C base pair, as
expected (Fig. 7, lanes 4 —6); ~90% of the un-ligated BER inter-
mediates were converted to the ligated products at each reac-
tion time. Yet ligated product formation in the reaction
mixtures with the neighboring 8-0xoG:C base pair was less than
that for the G:C base pair (Fig. 7, lanes 7-9); 17, 29, and 36% of
the un-ligated BER intermediates were converted to the ligated
products at 5, 10, and 15 min, respectively. The reduction in
ligated product was not due to a deficiency in TDG, APE1, or
pol B based on the amount of gap-filled intermediate formed
(Fig. 7, lanes 7-9) and an assessment of the pol 8 dRP lyase
activity (see below). Therefore, we assessed the influence of the
8-0x0G:C base pair on the activities of both mammalian ligases
believed to participate in BER, Lig I, and Lig III-B. T4 Lig was
included as a reference enzyme (Fig. 8). The activities of the
enzymes were compared with those for the normal G:C base
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FIGURE 8. Effect of 8-oxoG at the 5'-margin of a nick on DNA ligation. The 3'-6-FAM labeled nicked DNA substrate containing an unmodified G or 8-oxoG
atthe 5’-end of a nick was prepared as described under “Experimental Procedures.” DNA substrate (250 nm) were incubated with 200 nm Lig |, 200 nm Lig Ill, or
1 unitof T4 Lig at 37 °C. The unligated 17-mer, 5'-adenylated 17-mer, and ligated 34-mer DNA were labeled as 77, 17-AMP, and 34 on the right side of the image
of the gel, respectively. Reaction products were isolated as described under “Experimental Procedures.”
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FIGURE 9. Removal of a 5'-dRP moiety attached to 8-oxoG by pol f.
Removal of the 5'-dRP group from the 8-0xoG at the 5’ terminus of a nicked
BER substrate. The DNA substrate is illustrated at the top. Pol B (500 nm) was
incubated with 140 nm DNA substrate at 37 °C. The product was isolated and
quantified as described under “Experimental Procedures.”

pair at the 5'-margin of the nick. The presence of 8-0x0G sup-
pressed ligation and promoted accumulation of the adenylated
abortive intermediate with all three enzymes. Thus, DNA ligase
deficiency appeared to be responsible for the reduced BER
activity observed in Fig. 7 with the 8-oxoG-containing sub-
strate. Pol B can remove the 5-dRP intermediate from the
8-0x0G at the 5’ terminus (Fig. 9). Hence, rates of the 5'-dRP
removal from either the 8-0xoG or G were too fast too measure
under single-turnover conditions, suggesting that the ineffi-
cient DNA ligation during BER was not due to failure of the pol
B dRP lyase activity. We also examined BER with both G:C and
8-0x0G:C substrates where the cytosine in the strand opposite
guanine was methylated; methylation of cytosine in the oppo-
site strand did not alter BER efficiency (data not shown).

DISCUSSION

In higher eukaryotes methylation of cytosine is crucial for
regulating gene expression during normal development and
processes such as genome imprinting, X chromosome inactiva-
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tion, tumorigenesis, and aging. The TDG-mediated base exci-
sion repair of the modified 5-mC (i.e. T, 5-hydroxymethylura-
cil, 5-formylcytosine, or 5-carboxylcytosine) at CpG dinucle-
otides is important for active DNA demethylation during cell
development (17, 21, 57). Critically, G to T transversions occur
under oxidative stress conditions in the sequence context of
methylated CpG dinucleotides (40), implying formation of
unrepaired 8-0xoG at these sites. A recent study also discussed
the possibility of reduced repair efficiency of 8-oxoG at the
methylated CpG dinucleotide (54). It is also noted that reactive
oxygen species-induced G to T transversions have been found
in the CpG sequence contexts in carcinoma cells (58). In the
current study we assessed the influence of 8-oxoG and the tan-
dem C to T changes in the CpG dinucleotide sequence context
on the BER activities of TDG, OGG1 and downstream BER
factors. Importantly, the two glycosylases strongly influence
repair efficiency. There is a strong effect on BER efficiency that
is dependent on the identity of the glycosylase that initiates
repair of the modified in-tandem substrate; the altered in-tan-
dem CpG dinucleotide will not be processed simultaneously.
Instead, complete BER occurs at one lesion before processing of
the other lesion.

In the case of TDG initiation of BER, our results revealed that
the 3’-flanking 8-0x0G:C base pair decreases the rate of thy-
mine removal from the T:G mispair (Fig. 1A and Table 1).
This could be due to a clash between the C8-oxygen of
8-0x0G and the phosphate backbone for the 8-0xoG in an
anti-conformation (59). Based on structures of the TDG-
DNA complex with an AP site or 5-carboxylcytosine (60, 61),
the side chain of Arg-275 inserts into the DNA minor groove
to replace the flipped-out modified nucleotide. This arginine
interacts with the phosphate backbone immediately 3’ to the
substrate nucleotide. These interactions have been sug-
gested to contribute to nucleotide flipping by increasing
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FIGURE 10. Scheme for BER of tandem modifications in a CpG dinucleotide. The dotted lines represent a reduced rate of activity of the respective BER
enzyme during repair of tandem lesions. Arrows with a cross indicate a strongly inhibited reaction. As illustrated on the /eft, once OGG1 excises an 8-oxoG
adjacentto the T:G mispair, APE1 fails to stimulate OGGT1 activity. The subsequent AP site cleavage by APE1 is also retarded by the neighboring T:G mispair. TDG
fails to process the T:G mispair due to loss of the adjacent base pair. Asillustrated on the right, once TDG processes the T:G mispair adjacent to the 8-oxoG:C base
pair, TDG remains bound to the product AP site, inhibiting the excision of the neighboring 8-oxoG by OGG1. TDG can be displaced by APE1 at the AP site
adjacent to 8-oxoG hastening repair of the T:G mispair. After APE1 incision of the AP site, pol B-dependent dRP lyase and gap-filling DNA synthesis occurs
rapidly; however, the strand joining activity by DNA ligase is reduced by the resulting 5’-8-0xoG in the nick. This is associated with accumulation of an abortive
adenylated ligation intermediate that must be processed by aprataxin or long-patch BER.

DNA binding affinity. Thus, in the presence of the 3’
8-0x0G:C base pair, the 3'-flanking phosphate of the sub-
strate T nucleotide might be altered due to a potential clash
with the C8-oxygen of 8-0xoG. As shown in Fig. 1B and
Table 1, the substitution of the normal 3’-flanking G:C base
pair with 8-0x0G:A resulted in a large decrease (~100-fold) in
the activity of TDG. This result may also be explained by con-
sideration of the crystallographic structure. To ensure the CpG
sequence specificity for recognition of the target thymine
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nucleotide, TDG makes a contact with the N7 atom of 3'-flank-
ing guanine in the anti-conformation (62). In addition, TDG
makes interactions via Ala-277 with the phosphodiester back-
bone and via Glu-278 with the N2 of the 3'-flanking guanine
base. Therefore, 8-0x0G in the syn-conformation paired with
adenine would be expected to disrupt these interactions. Simi-
larly, TDG interactions with substrates containing alternate
3'-neighboring bases such as adenine would be disrupted, and
this is consistent with our results.
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Earlier studies had revealed that TDG excises its target base
but then fails to dissociate from the product AP site (52, 63).
This pattern of tight product DNA binding is also seen with
several other base excision repair enzymes but is especially
strong in the case of TDG compared with the other DNA gly-
cosylases (64— 67). The slow product release could be impor-
tant in protecting the cell from harmful BER intermediates with
strand breaks. Our results suggest that the rate of product
release by TDG is extremely slow: k , for T/G-G/C or T/G-8-
0x0G/C was 0.0043 and 0.0075 min ™~ ', respectively. In the pres-
ence of APEL, on the other hand, time courses of TDG product
formation for both T/G-G/C and T/G-8-0xoG/C were
increased by 37- and 5.7-fold, respectively (Fig. 4). Neverthe-
less, once the T is excised by TDG, the adjacent 8-0xoG will not
be repaired until this neighboring lesion is restored to a C:G
base pair.

If the deaminated 5-mC:G base pair, i.e. T:G mispair, is not
repaired, it is interesting to consider how this will influence
BER of the adjacent 8-0xoG. We had previously shown that for
OGGl-initiated BER, overall BER activity was strongly
decreased by the 5'-neighboring T:G mismatch (41). This
diminished BER activity could be explained by the reduced rate
of 8-0x0G removal by OGG1 and the inefficient extension of a
mismatched terminus by pol B8 (41, 68). In addition to those
effects, we now show that APE1 does not stimulate &, of OGG1
on the T/G-8-0x0G/C substrate (Fig. 5). The 5'-T:G mispair
greatly reduces APE1-mediated AP site cleavage; the rate is >3
orders of magnitude lower than the incision rate for normal
duplex DNA. This appears to be consistent with a previous
report that APE1 failed to stimulate the product release of
OGGl1 for the hairpin substrate containing A:A mismatches
(69), and it is known that activity of APE1 is decreased 10-fold
by a 5'-neighboring C:C mismatch (70). More recently, it has
been reported that the 5'-A:A mispair decreases the rate of AP
site cleavage by APE1 ~10-fold (56).

Reconstituted TDG-initiated BER using TDG, APEL, pol §3,
and Lig I was decreased by a 3'-neighboring 8-0x0G:C base
pair. Consistent with this result, we found that the strand join-
ingactivities of Lig I, Lig III- B, and T4 Lig were decreased by the
neighboring 8-oxoG (Fig. 8). It is known that the activity of T4
Lig is affected by DNA lesions at the terminus of the nick (71).
Furthermore, 8-0x0G at the 5’ terminus promoted accumula-
tion of the abortive adenylated intermediate with all three DNA
ligases (Fig. 8). It also has been reported that 8-oxoG at the 3’
terminus in a nick inhibits ligation and results in an abortive
ligation intermediate (i.e. 5'-adenylation) (72). In the cell, the
adenylated intermediates can be removed by aprataxin (73-75).
Therefore, aprataxin would be expected to improve ligation of
5'-8-0x0G terminus by providing additional opportunities to
complete successful ligation. Alternatively, long patch BER
involving strand displacement synthesis by pol 8 and excision
of the displaced strand by flap endonuclease 1 could also
remove an adenylated 5'-8-0x0G to produce a clean nick (76).

When the guanine opposite thymine in the T:G mispair is
replaced with 8-0x0G, the rate of T removal by TDG was only
moderately decreased (by 2-fold, data not shown). When TDG
excises T in the case of the T:8-0xoG mismatch, the following
BER steps might be similar to those of a misincorporated ade-
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nine opposite 8-0xoG where BER is initiated by adenine DNA
glycosylase MutY. APE1 can cleave the AP site product in this
case and produce a one-nucleotide gap opposite 8-0xoG, and
then pol B will insert dCMP or dAMP opposite 8-0xoG (77).
The strand-joining activities of DNA ligases I and III, however,
are strongly reduced by the 3’-cytosine terminus that is oppo-
site 8-0x0G (77). Therefore, the oxidation of the guanine oppo-
site a modified 5-mC is potentially detrimental for TDG-medi-
ated BER to restore the C:G base pair.

In conclusion, the presence of the 8-0xoG lesion in a CpG
dinucleotide can reduce the active DNA demethylation process
by reducing TDG-initiated BER. The results described here are
summarized in the scheme shown Fig. 10. First, TDG excises its
target base thymine at a reduced rate from the oxidized Tp8-
oxoG dinucleotide, but this inhibits the 8-oxoG excision by
OGGL1. APEL1 releases TDG from its product hastening BER.
However, the DNA ligase step also is reduced by the presence of
the 8-0x0G lesion, as illustrated in Fig. 10. If OGG1 binds and
excises 8-0x0G before TDG binds to the altered in-tandem sub-
strate, the T:G mispair will suppress the activity of APE1 and
pol B (68). In addition, TDG will not excise its target base
because of the absence of an adjacent base pair. In that situa-
tion, other repair factors could intervene; e.g. mismatch repair
might function to restore the CpG dinucleotide (78). Until now,
several possible mechanisms have been suggested as the first
step of the active DNA demethylation process: deamination of
5-mC to T by AID/APOBECsS; hydroxylation of 5-mC to 5-hy-
droxymethylcytosine by Ten-eleven translocation (Tet) protein
followed by deamination of 5-hydroxymethylcytosine to 5-hy-
droxymethyluracil, and Tet-mediated oxidation of 5-mC to
form 5-formylcytosine and 5-carboxylcytosine. Because all of
these altered bases are substrates for TDG (79, 80), we suggest
that 8-0x0G in the CpG dinucleotide may reduce TDG-initi-
ated BER for these substrates as well, thereby influencing the
active DNA demethylation process. At present, it remains to be
seen how the enzymatic activities of AID/APOBECs and/or Tet
to modify 5-mC are affected by structural abnormalities in the
CpG dinucleotide. Therefore, further studies will be required
for a fuller understanding of the cellular impact of the oxidative
DNA damage and CpG methylation status.
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