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The 8-0x0-7,8-dihydrodeoxyguanosine (80xoG), a major mutagenic DNA lesion, results either from direct
oxidation of guanines or misincorporation of 80xodGTP by DNA polymerases. At present, little is known about
the mechanisms preventing the mutagenic action of 8oxodGTP in Saccharomyces cerevisiae. Herein, we report
for the first time the identification of an alternative repair pathway for 80xoG residues initiated by S. cerevisiae
AP endonuclease Apnl, which is endowed with a robust progressive 3'—5’ exonuclease activity towards duplex
DNA. We show that yeast cell extracts, as well as purified Apnl, excise misincorporated 8oxoG, providing a
damage-cleansing function to DNA synthesis. Consistent with these results, deletion of both OGGI1 encoding
80x0G-DNA glycosylase and APN1 causes nearly 46-fold synergistic increase in the spontaneous mutation rate,
and this enhanced mutagenesis is primarily due to G - C to T - A transversions. Expression of the bacterial
80xodGTP triphosphotase MutT in the apnlA oggl A mutant reduces the mutagenesis. Taken together, our
results indicate that Apnl is involved in an S. cerevisiae 8-oxoguanine-DNA glycosylase (Oggl)-independent
repair pathway for 8oxoG residues. Interestingly, the human major AP endonuclease, Apel, also exhibits
similar exonuclease activity towards 80xoG residues, raising the possibility that this enzyme could participate

in the prevention of mutations that would otherwise result from the incorporation of 8oxodGTP.

Endogenous oxidative DNA lesions are most abundant and
inevitable as cells generate reactive oxygen species through
aerobic respiration. The occurrence of oxidized bases in DNA
can result from either direct oxidation or misincorporation of
oxidized deoxyribonucleoside monophosphate by DNA poly-
merases from the nucleotide pool (23, 24). These oxidized
bases are mutagenic and therefore must be removed by effi-
cient DNA repair processes that include base excision repair
(BER) and the nucleotide incision repair (NIR) pathways, as
well as by a process involving the sanitization of a pool of
oxidized deoxyribonucleotidetriphosphates (dNTPs) (14, 43).
In Escherichia coli, three enzymes, formamidopyrimidine-
DNA glycosylase (Fpg), adenine-DNA glycosylase (MutY),
and a nucleotidase (MutT; 8oxodGTP triphosphatase), play
important roles in counteracting the mutagenic effect of the
oxidized residue 8-ox0-7,8-dihydrodeoxyguanosine (80x0G),
which forms stable base pairing with adenine (A - 80xoG) (33).
While Fpg excises 8oxoG and MutY excises adenine from the
A - 80x0G mispair in DNA, MutT sanitizes the nucleotide
precursor pool of 8oxodGTP by hydrolyzing it to SoxodGMP
and pyrophosphate, thereby preventing the incorporation of
the oxidized nucleotide into DNA during replication (12, 32).
These three enzymes are also conserved in mammalian cells,
thus underscoring the importance of preventing an 8oxoG mu-
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tagenic effect (1). However, in the budding yeast Saccharomy-
ces cerevisiae, only a functional homologue of Fpg, Oggl (S.
cerevisiae 8-oxoguanine-DNA glycosylase), has been isolated
and characterized (49). Neither sequence homology searches
nor screening for yeast genes that would complement the mu-
tator phenotype of the fpg mutY double mutant of E. coli
permitted the identification of the MutY and MutT homo-
logues. This raises the possibility that S. cerevisiae may have
evolved alternative strategies to combat the mutagenic effects
of 80xodGTP precursor. Indeed, in S. cerevisiae the mismatch
repair (MMR) system can act at A - 8oxoG mispairs, suggest-
ing that this pathway may substitute for both MutY and MutT
in this organism (35).

We have previously demonstrated that the major apurinic/
apyrimidinic (AP) endonuclease S. cerevisiae AP endonuclease
1 (Apnl) and major human AP endonuclease 1 (Apel) are
involved in the NIR pathway and that these enzymes shared
common substrate specificity towards various oxidatively dam-
aged bases (13, 18). These enzymes nick AP sites on the 5’ side,
as well as directly incise the DNA containing oxidatively dam-
aged bases to create 3" hydroxyl group for DNA repair synthe-
sis (18). The latter observation led to the suggestion that the
Apnl-initiated pathway, as well as the Apel-initiated, NIR
pathway is intimately connected with the BER pathway to
cleanse genomic DNA of potentially mutagenic and cytotoxic
lesions (13). Apnl, which is localized to the nucleus and mi-
tochondria (39, 51), also performs additional functions in DNA
repair (37). It possesses a 3’ diesterase activity, which removes
a multitude of 3'-blocking groups at single-strand breaks in
DNA (e.g., 3'-phosphoglycolate and 3’ phosphate) that are
induced by oxidative agents (21, 22). Yeast mutants (apnlA)
lacking Apnl are hypersensitive to several DNA-damaging



VoL. 25, 2005

agents (e.g., methyl- and ethylmethane sulfonate) that create
AP sites, as well as to agents (H,O, and fert-butyl hydroper-
oxide) that create oxidative DNA lesions (40). These apnlA
mutants also exhibit a mutator phenotype mainly characterized
by a 60-fold increase rate of A -+ T to C - G transversion,
predicted to arise as a result of insertion of dGMP on opposite
AP sites during translesion synthesis (27).

S. cerevisiae also possesses a second AP endonuclease
(Apn2), and loss of this enzyme dramatically increases the
sensitivity to genotoxic agents, as well as to the spontaneous
mutation rate of apnlA mutants (2). Apn2 possesses a 3’ di-
esterase and a 3’ —5’ exonuclease; both of these have levels of
activity that are 30- to 40-fold higher than its AP endonuclease
activity (47). To date, no biological function has been assigned
to the 3'—=5" exonuclease activity of Apn2. Interestingly, the
major human AP endonuclease, Apel, also possesses 3'—5'
exonuclease activity, which has been documented to remove
mismatch deoxyribonucleoside monophosphate at the 3’ ter-
mini of gapped or nicked DNA (7). As for Apnl, earlier stud-
ies showed that the highly purified protein lacks 3'—5" exonu-
clease activity on double- and single-stranded DNA (21).
Later, using duplex oligonucleotides, Vance and Wilson (48)
demonstrated that a glutathione S-transferase (GST)-tagged
form of Apnl can excise a single nucleotide at the 3’ side of a
nick, thereby generating a one-nucleotide gap. More recent
studies revealed that Apnl displayed the ability to remove
more than one nucleotide following incision of an AP site (20).
In fact, E. coli endonuclease IV (Nfo), a counterpart of Apnl,
also possesses an intrinsic 3'—5" exonuclease activity, which is
very sensitive to ionic strength, metal ions, EDTA, and reduc-
ing conditions (25). These observations suggest that Apnl may
indeed possess a 3'—5" exonuclease activity.

In this study, we attempt to elucidate the role of the 3'—5’
exonuclease activity of Apnl in preventing S8oxoG-induced mu-
tagenesis in S. cerevisiae. We show that Apnl contains robust
3'—5" exonuclease activity, which can remove regular and ox-
idized nucleotides at 3’ termini of a gap or a nick. In parallel,
the Nfo and Apel exonuclease activities were also character-
ized using the same DNA substrates. Consistent with the bio-
chemical studies, we demonstrate that Apnl strongly sup-
presses the rate of G - C to T - A transversions in the ogg!
mutants. Our model suggests that Apnl-dependent 3'—5" ex-
onuclease is a major repair pathway for cleansing 8oxodGMP
that is misincorporated opposite adenine and cytosine during
DNA replication in S. cerevisiae.

MATERIALS AND METHODS

Oligonucleotides. All other oligodeoxyribonucleotides were purchased from
Eurogentec (Seraing, Belgium), including regular oligonucleotides and those
containing 80x0G, 5,6-dihydrouridine (DHU), uridine (dU), tetrahydrofuranyl
(THF), and inosine (dI). The oligonucleotide sequences for the recessed strand
referred to as Exo-X were d(GTGGCGCGGAGACTTAGAGAX), where X is
8ox0G, DHU, dU, THF, dI, or a regular nucleotide; for the 3’ part of the nicked
strand, the sequence was pd(ATTTGGCGCGGGGAATTCC); and for the com-
plementary strands, the sequences were d(GGAATTCCCCGCGCCAAATNTC
TCTAAGTCTCCGCGCCAC) and d(NTCTCTAAGTCTCCGCGCCAC), where
N is dA, dG, dC, or T. The oligonucleotide d(GTGGCGCGGAGACTTAGAG
AXATTTGGCGCGGGGAATTCC), where X is THF, was hybridized to a com-
plementary 40-mer strand. As shown in Fig. 1A, the resulting fully recessed and
nicked duplexes are referred to as X - N, X - N and X - N"ik_ respectively,
where X is either a regular or modified nucleotide and N is dA, dG, dC, or T.
Oligonucleotides were 5’ end labeled by T4 polynucleotide kinase (New England
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FIG. 1. The 3'—=5" exonuclease activity of Apnl on different DNA
substrates. (A) DNA substrates used in this study. See the text for
details. (B) Increasing concentration of Apnl (0 to 10 nM) were
incubated for 5 min at 30°C with 5 nM of 5’ *?P-labeled 20-mer
oligonucleotides. Lane 1, 19-mer size marker; lanes 2 to 5, ExoG
single-stranded oligonucleotide; lanes 6 to 9, G - C**** recessed duplex;
lanes 10 to 13, G - C™<¥ nicked duplex; lanes 14 to 17, G - C fully
duplex. For details, see Materials and Methods.

Biolabs, OZYME, Saint Quentin Yvelines, France) in the presence of
[y-**P]JATP (4,500 Ci/mmol; ICN Biomedicals, SARL, Orsay, France) as recom-
mended by the manufacturers. The labeled oligonucleotides were annealed to
their appropriate complementary oligonucleotides in a buffer containing 50 mM
NaCl and 10 mM HEPES/KOH (pH 7.5) at 65°C for 3 min.

Yeast strains and plasmids. The strains used in this study were derived from
the parent strain FF18733 (MATa his7 leu2 lysI ura3 trpA). The parent strain and
CD138 (0ggIA::TRPI) were kindly provided by Serge Boiteux (CEA, Fontenay
aux Roses, France). DRY139, DRY140, and DRY142 were created by one-step
gene targeting as previously described (30).

Construction of GST fusion protein. The plasmid pTW340 (URA3 LEU2;
Amp") was kindly provided by Tom Wilson (Ann Arbor, Mich.); it contains the
OGG]1 gene fused to GST under the control of the copper-inducible promoter
CUPI in the dual-host expression vector pYEX-Phiz (Eric Phizicky via Tom
Wilson). The OGG1 gene was removed by restriction digestion using EcoRI and
Smal, and the linearized vector was purified. A PCR fragment bearing the entire
coding sequence of the mutT gene was amplified from the E. coli genome by
using Pfu polymerase and the primers mutT-YEX-F1 and mutT-YEX-R1. To
generate the GST-MutT fusion by GAP repair, 100 ng of the linearized vector
and 0 or 300 to 1,800 ng of the MutT-PCR fragment were cotransformed into S.
cerevisiae strain YW607. Transformants were selected for on uracil-free minimal
medium agar plates. The pGst-MutT plasmid was isolated from yeast and am-
plified in bacteria, and the DNA sequence was verified. The vector pYES and
pGst-MutT were introduced into the yeast strains, and MutT protein expression
was verified by Western blotting with anti-GST antibodies as previously de-
scribed (20).

Enzymes. The E. coli exonuclease IIT (Xth) protein was purchased from Roche
Diagnostics (Meylan, France). The Klenow fragments of E. coli DNA polymer-
ase I deficient in exonuclease activity (FK®*°™) was purchased from New En-
gland Biolabs (OZYME, Saint Quentin Yvelines, France). The E. coli endonu-
clease VIII protein (Nei) was generously provided by Dmitry Zharkov
(Novosibirsk, Russia). Purifications of the Nfo, Apnl, and Apel proteins were
performed as previously described (19).

Exonuclease assay. The standard reaction mixture (20 ul) contained 3 nM 5’
32P-labeled oligonucleotide duplex, 100 mM KCI, 20 mM HEPES/KOH, pH 7.6,
0.1 mg/ml bovine serum albumin (BSA), 1 mM dithiothreitol (DTT), 5 mM
MgCl, and either 0.5 nM of Apnl or 25 pM Xth, unless otherwise stated. For
Apel, the reaction buffer was 20 mM HEPES/KOH, pH 7.4, 0.1 mg/ml BSA, 30
mM KCl, 1 mM DTT, 1 mM MgCl,, and 1 nM enzyme (6). For Nfo, the reaction
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buffer was 25 mM HEPES/KOH, pH 8.4, 0.1 mg/ml BSA, and 1 nM enzyme (25).
Reactions were performed at 30°C (37°C for Apel, Nfo, and Xth) for 5 min and
stopped by the addition of 10 ul of 1.5% sodium dodecyl sulfate-0.3 mg/ml
proteinase K, followed by incubation for 10 min at 50°C. The mixture was
desalted by hand-made spin-down columns filled with Sephadex G25 (Amersham
Biosciences) equilibrated in 5 M urea. Purified reaction products were heated at
65°C for 2 min and separated by electrophoresis in denaturing 20% (wt/vol)
polyacrylamide gels (20:1; 7.5 M urea—-0.5X Tris-borate-EDTA). The gels were
exposed to a Fuji FLA-3000 Phosphor Screen and analyzed using with Jauge
V3.12 software.

To measure linear velocity, 1 to 200 nM duplex oligonucleotide substrate was
incubated under standard reaction conditions. The K,, and k., values were
determined from Lineweaver-Burk plots.

3’—5" exonuclease activity in whole-cell extract. S. cerevisiae whole-cell ex-
tracts were prepared as previously described (37), except that lysis buffer con-
tained 40 mM HEPES, pH 7.6, 0.3 M KCI, 1 mM DTT, 0.1% NP-40, and
protease inhibitor cocktail (Roche, Switzerland). Reactions were carried in the
standard reaction buffer supplied with 20 uM dNTPs, 0.5 mM rATP, and either
3 pg of extract or 5 mU of FK®*°™. Reactions were performed at 30°C for 1 h and
stopped by incubation at 65°C for 10 min in the presence of 3.5 mM EDTA.
When required, reaction products were reannealed by slow cooling at room
temperature and incubated for 30 min at 37°C with 500 nM Fpg and 500 nM Nei.
Reaction products were analyzed as described above.

Spontaneous mutation rates. Spontancous mutation analysis was performed
using the fluctuation test method previously described (50). At least, 7 to 11
independent colonies of the indicated yeast strains were grown in 1 ml of
minimal synthetic (SD) medium lacking arginine for 2 days at 30°C (45). For
each culture, cells were diluted to an initial titer of ~4,000 to 10, 000 cells in SD
medium lacking arginine, and 24 1-ml cultures were distributed in 24-multiwell
non-tissue-culture-treated plates (Falcon, Becton Dickinson). This therefore cre-
ated 7 to 11 24-well plates for the analysis. The plates were placed in an incubator
at 30°C for ~24 h, followed by the addition of canavanine (50 pg/ml) to each
well, and immediately returned to the incubator for 5 to 7 days to select for the
canavanine forward mutants. Cell density (~1.0 X 10°) just before the addition
of canavanine was measured by plating dilutions on yeast extract-peptone-glu-
cose (YPD) agar plates and counting the colonies after 3 days at 30°C. Each
experiment was carried out independently four times. Mutation rates were cal-
culated from the cell density determined before the addition of canavanine and
the number of wells with no mutations by using the Poisson distribution (31).

Spontaneous mutation spectra. For each strain tested, at least 25 independent
colonies were inoculated to an initial density of ~10 cells per ml and grown at
30°C in YPD for 2 days; ~1.0 X 10° or 107 cells spread onto SD solid medium
lacking arginine but containing 50 pg/ml of canavanine. From each culture, a
single mutant colony was selected, streaked onto selective plates, and grown for
3 days at 30°C. Another 15 to 20 independent canavanine-resistant mutants were
directly obtained from three of the independent mutation rate assays. These
mutants were purified, and a single colony was kept for DNA extraction. The
canavanine-resistant mutants were grown in 5-ml YPD cultures to saturation,
followed by chromosomal DNA extraction as previously described (41). The
CANTI gene was amplified by PCR using Pfx (Invitrogen Canada, Inc., Burling-
ton, Ontario) and 20 ng of genomic DNA with the primers CAN1-FF [d(GTT
GGATCCAGTTTTTAATCTGTCG)] and CAN1-R3 [d(CGGTGTATGACTT
ATGAGGGTGAG)]. The PCR product (i.e., the CANI gene; 1,773 bp) was
purified by using a ManuPCR 030 plate (Millipore Canada, Ltd., Etobicoke,
Ontario) and prepared for automated sequencing (3100 Genetic Analyzer; AB
Applied Biosystems/Hitachi) using the following three primers: CAN1-F2 [d(G
GGAGGTTCTTAGGTTGGGTTTCCT)], CAN1-F3 [d(GGCATATTCTGTC
ACGCAGTCCTTG)], and CAN1-R2 [d(GTACCTTGAAATGTGAAGGCAG
CGT)]. Sequence alignments and analyses were performed using the software
programs Vector NTI Suite 8 and Chromas 2.

RESULTS

Apnl has a progressive 3'—5’ exonuclease activity that
eliminates mispairs and modified nucleotides at 3’ termini.
Previously, we observed nonspecific exonuclease activity when
incubating 5'-labeled regular duplex oligonucleotide with an
excess amount of Apnl (data not shown). To investigate the
ability of Apnl to degrade regular DNA, we constructed dif-
ferent substrates including single-stranded, recessed duplex,
nicked duplex, and fully duplex oligonucleotides. As shown in
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Fig. 1A, X - N*** is a standard recessed duplex containing a
20-nucleotide-long, 5" single-stranded tail, where X is a nucle-
otide at the 3’ termini of the 5’ **P-labeled strand and N is a
complementary nucleotide in the lower nonlabeled strand. The
substrates X - N™< and X - N are nicked and fully duplex
oligonculeotides, respectively. Using these substrates, we
found that increasing concentrations of the purified Apnl pro-
tein degraded the duplex DNAs (Fig. 1B, lanes 7 to 17) but not
the single-stranded DNA (lanes 3 to 5). Moreover, Apnl ex-
onuclease activity was more efficient on the recessed duplex
(lanes 7 to 9) than on either the nicked duplex (lanes 11 to 13)
or the entire duplex (lanes 15 to 17). Interestingly, at high
protein concentrations, Apnl appeared to remove an unlim-
ited number of nucleotides from either the recessed or fully
duplex DNA in a progressive manner (lanes 9 and 17). How-
ever, in the case of the nicked duplex and at high protein
concentrations, Apnl seemed to preferentially remove only the
first nucleotide, followed by the very slow removal of the sec-
ond and third ones (lane 13).

We next examined the 3'—5" degradation of recessed duplex
oligonucleotides containing either a regular or a modified nu-
cleotide at the 3’ termini of a gap. As shown in Fig. 2, top,
Apnl exhibited a robust 3'—5" exonuclease activity on C -
G™, 8oxoG - C™, and 8oxoG - A™ oligonucleotides, indi-
cating that the enzyme can remove both regular and oxidized
nucleotides. Interestingly, Apnl excised 80xoG from 80xoG -
Ce*s and 80xoG - A™ (Fig. 2, top, lanes 7 to 11 and 14 to 17)
more efficiently than C from C - G™ (lanes 2 to 5), suggesting
that the enzyme may display preference for the type of nucle-
otide at the 3’ side of a gap and a nick.

To check whether the 3’—5" exonuclease activity of Apnl
could discriminate mismatched and modified nucleotides, the
substrate specificity of the enzyme was investigated using re-
cessed duplex oligonucleotides containing either regular or
modified 3’-terminal nucleotides such as 8oxoG, DHU, dU,
THF, and dI. As shown in Fig. 2, middle, Apnl excised the
mismatched regular nucleotides with higher efficiency than the
corresponding matched nucleotides. Quite surprisingly, Apnl
degraded C - G™* much less efficiently than all other matched
nucleotide pairs (Fig. 2, middle). In addition, Apnl processed
80x0G + A™ less efficiently than 8oxoG - C™*, 8oxoG - T,
and 8oxoG - G™** (Fig. 2, middle). The 3'-terminal DHU and
dU were excised less efficiently than mismatched dC and T,
whereas THF and dI residues were the most preferred sub-
strates among other modifications; their removal was indepen-
dent of the opposite base (data not shown).

Since bacterial (Nfo and Xth) and human (Apel) AP endo-
nucleases also have 3'—5" exonuclease activity, we investigated
whether these enzymes would remove 3'-terminal regular and
oxidized nucleotides under reaction conditions optimal for
their exonuclease activities. As shown in Fig. 2, bottom, the AP
endonucleases were capable of acting on each type of recessed
duplex oligonucleotides tested and with good efficiency. No
significant differences were observed between G - C**® and
80x0oG - C™ for Apnl, Nfo, and Xth. Overall, the efficiencies
of the removal of a 3’'-terminal nucleotide by Apel, Nfo, and
Xth varied less than twofold, depending on the nucleotide
pairs tested. Furthermore, recessed duplexes were preferred
substrates for all AP endonucleases tested (data not shown).
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FIG. 2. Substrate specificity of Apnl exonuclease. (Top) Apnl ex-
onuclease activity towards 8oxoG residues. Recessed duplex (5 nM)
was generated by annealing a 5'-end 3?P-labeled 20-mer fragment
containing either regular nucleotide or 8oxoG at 3’ termini (X) and a
40-mer template fragment containing one of the four natural nucleo-
tides at position 20 (N). (Middle) The 3'—5" degradation of recessed
duplex containing a 3’ nucleotide paired to one of the four natural
nucleotides. The axis of abscissas shows the nature of a nucleotide at
3’ termini (X) of the labeled strand. (Bottom) Comparison of Apnl,
Apel, Nfo, and Xth exonuclease activities towards recessed and nicked
duplexes. The reaction mixture contained 0.5 nM Apnl and 1.0 nM
Apel, Nfo, or Xth. For details, see Materials and Methods.

Characterization of the 3'—5' exonuclease activity of Apnl.
Previously, it has been shown that for Nfo and Apel the reac-
tion conditions for the AP endonuclease and exonuclease ac-
tivities are different. Therefore, we investigated the effects of
pH, ionic strength, and magnesium concentration on Apnl
exonuclease activity. We found that the maximal exonuclease
activity was observed at MgCl, concentrations above 2.5 mM
and at pH 7.2 to 7.6 and that these conditions were also
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FIG. 3. Activity profiles of Apnl. (A) Exonuclease and AP endo-
nuclease activities depending on ionic strength. Oligonucleotide
duplex containing a single THF residue was used to measure AP
endonuclease activity. The reaction contained 0.5 nM Apnl. (B) Ex-
onuclease activity on duplexes with varied sizes of a 5’ single-stranded
tail. For comparison, the activity towards a standard recessed duplex
with a 20-mer tail was assumed to be 100%.

optimal for the AP endonuclease activity (data not shown).
However, as shown in Fig. 3A, the maximal AP endonuclease
activity on THF - G was observed at 200 mM KCIl, whereas the
exonuclease activity on recessed duplexes (G - C** and
THF - G™) was strongly inhibited. Interestingly, the exonu-
clease activity on a nicked duplex (THF - G™) was less sen-
sitive to salt than on a recessed duplex (THF - G*). To
determine the type of duplex structure required for the optimal
exonuclease activity, we used G - C™* oligonucleotides with 5’
single-stranded tails of various lengths. As shown in Fig. 3B,
maximal 3'—5" exonuclease activity was observed on the re-
cessed duplexes when the tail length was =5 nucleotides. In the
absence of a recessed end, as in the case of a fully duplex
oligonucleotide, Apnl degraded this substrate with three- to
sixfold-lower efficiency than the recessed duplexes (Fig. 3B).
To further characterize the substrate specificities of Apnl,
the kinetic parameters for the exonuclease activity towards
recessed and nicked duplex DNAs were measured. A compar-
ison of the kinetic constants showed that the THF residue at
the 3’ side of a nick was the preferred substrate, compared to
the AP site and the 3’-terminal nucleotides (Table 1). Unex-
pectedly, the apparent k_, /K, values for G - C'** were about



6384 ISHCHENKO ET AL.

TABLE 1. Steady-state kinetic parameters of Apnl exonuclease
activity towards recessed and nicked duplex oligonucleotides

Parameter
Base pair?
K, (aM)* e (min ™) PRV
8ox0G - Crees 13+3 40+03 0.31
80x0G - AT 18 =4 20+02 0.11
G - Cres 36+ 3 6.9 +02 0.19
G- A" 18 =4 7.7 0.7 0.43
C - Gress 47 +9 0.53 + 0.03 0.01
C - A" 21+5 72+06 0.34
80ox0G - A"k 3.8=+1 0.4 +0.02 0.10
THF - G"ick 6.0 = 0.5 41+0.1 0.68
AP site? 24 + 4.4 11+1.0 0.48

“ The first letter in the nucleotide pairs is a residue at the 3’ termini in the
recessed (%) or nicked ("¥) strand. The second letter is the corresponding
opposite nucleotide in the complementary strand.

® Duplex oligonucleotide containing a single THF - G base pair for AP endo-
nuclease activity.

¢ Kinetic constant values are means * standard deviation.

20-fold-higher than for C - G™ (Table 1). Importantly, exo-
nuclease degradation of the mismatched G - A™ was 2.3-fold
higher cthan for the matched G - C**** (Table 1), suggesting
that Apnl has a slight preference for the mismatched nucleo-
tides. Remarkably, 8oxoG - C™** was repaired somewhat more
efficiently than G - C™**, whereas 80xoG - A™ was degraded
less efficiently than G - C**** and G - A*™* (Table 1), suggesting
that excision of 3'-terminal oxidized nucleotides depends on
the opposite nucleotide. It is noteworthy that the k, /K, ratio
for exonuclease degradation of G -+ A™* (0.43 nM ™' - min™")
was similar to that of AP endonuclease activity (0.48 nM ™' -
min~ '), suggesting that Apnl is a very efficient exonuclease.
Comparison of the efficiency of wild-type (WT) and mutant
cell extracts to elongate DNA substrates containing either
mismatch or THF residue at 3’ termini of a nick. Analysis of
the kinetic parameters of 3'—5" exonuclease activity suggests
that Apnl might interfere with DNA polymerase and DNA
ligase activities. To examine this, we reconstituted the repair of
5'-labeled C - G™*, A - G"'*, and THF - G™* oligonucleotides
in yeast cell extracts of WT, apnlA, and apnlA apn2A in the
presence of dNTPs and rATP. As shown in Fig. 4, incubation
of C - G™* generated elongated products up to the full-length
40-mer product with 60 to 80% efficiency in all extracts (lanes
2 to 4). The appearance of DNA fragments with intermediate
sizes (21 to 39 mer) during repair of the C - G™, A - G™'* and
THF - G™* duplexes indicates that restoration of the 40-mer
fragment was dependent on a DNA polymerase, which cata-
lyzed the strand displacement (lanes 2 to 4, 6 to 8, and 10).
Interestingly, when dNTPs were omitted, DNA ligase activity
in the extracts efficiently sealed the C - G™, 8ox0G - A™k,
and 8oxoG - C"°* duplexes without generating intervening
products (data not shown). The conversion of C - G™* to a
40-mer product in WT extracts (lane 2) was slightly less effi-
cient than in the mutants (lanes 3 and 4), due to the partial
degradation of a 5'-labeled 21-mer fragment by 3'—5" exonu-
clease activity in WT extracts (lanes 2, 6, and 10) but not in the
apnlA mutants. In contrast to C - G™¥, conversion of the A -
G"* and THF - G™* duplexes to the full-sized 40-mer prod-
ucts was 2- and 20-fold-less efficient, respectively, in apnlA
mutant extracts (lanes 7,8,11 and 12) than in WT extract (lanes
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FIG. 4. Repair of a mismatch and THF residue at 3’ termini of a
nick in yeast cell extracts. The 5’ **P-labeled nicked duplex was incu-
bated with crude extract. Reaction products were separated in the gel,
and the amount of elongated products was quantified. For details, see
Materials and Methods.

6 and 10). This result suggests that efficient elongation of the
primers containing mismatches and 3’-blocking groups de-
pends on Apnl exonuclease function.

Apnl-dependent repair of nicked and recessed DNA con-
taining 3'-terminal 80x0G residue. To examine whether Apnl
eliminates 80xoG residues incorporated during DNA synthesis
at 3’ termini, we reconstituted the repair of 5’'-labeled
80x0G - C"k 80x0G - A"k 80x0G + C™,and 8oxoG - A
duplexes in yeast cell extracts of WT, apnlA, and apnlA apn2A
strains (Fig. 5). In these experiments, the FK*°~ DNA poly-
merase lacking proofreading function was used as a control for
blunt DNA synthesis. Following incubation of the oligonucle-
otides with extracts, we checked the newly synthesized DNA
for 80xoG residues by treating it with the Fpg and Nei proteins
that are known to excise the oxidized base (16, 46). The ap-
pearance of the 3’-phosphorylated 20-mer fragment lacking an
80x0G residue after DNA glycosylase treatments will indicate
the presence of 80x0G in the elongated fragments. It should be
noted that Nei and excess of Fpg can also excise 8oxoG when
it is opposite to A (4, 16). As shown in Fig. 5A, the 5'-labeled
21-mer fragment in 8oxoG - C™* and 80x0G - A" was effi-
ciently elongated in WT extracts generating full-sized 40-mer
product (lanes 2 and 11). Fpg/Nei treatment of the elongated
products generated a 20-mer fragment and slightly reduced the
amount of 40-mer fragments, indicating that nearly 20% of the
newly synthesized DNA in WT extracts contained 80xoG res-
idues (Fig. 5A, lanes 6 and 15). This result suggests that 80%
of the 8oxoG residues are efficiently eliminated during DNA
synthesis in WT extracts. The elongation of the 8oxoG - Cick
oligonucleotide in apnlA and apnlA apn2A extracts (Fig. SA,
lanes 3 and 4) was less efficient (15%) than WT (34%). Fur-



VoL. 25, 2005

A + Fpg & Nei + Fpg & Nei
o~ o~ o o~

[ < 5 © = [
E 8 T £ & g
N =i e . -
S TEf EEsE TE: T EG
. oo o ag ° o aags g qauo
oEwszmeoEwmx T T X
c 94949 N9 e N9 _Ls==99i

oxoGeChick oxoGeANiCk

p-40 mer

;

1]

| *p-20-0x0G

p-20p
1234567 8 9101112131415161718

60T
+ Fpg & Nei + Fpg & Nei % %
L 40 3
60
® 5

500

R

-0

1234

567 8 9101112131415161718

ALTERNATIVE REPAIR

PATHWAY FOR 8-OXOGUANINE IN YEAST 6385
B + Fpg & Nei + Fpg & Nei
™~ ™~ o~ ™~
@ = s @ [ =
S O O
- - E - v—'é - o
c c £ g e c ¢ € & c =g
o 8 as 8 gy © a a3 S
223 IXE3 eI sxrEsgk
oxoGeCMeCs ox0GATecs
.p-40 mer
Be= = S22
.‘- = a""""‘ -
S = = =
= _tp-20-0x0G
.“.W'“".'”“’
1234567 89101112131415161718
=}
+ Fpg & Nei + Fpg & Nei -603
1]
o
=
40§ 2
=
=
-200 E
= a
-0

123456738 9101112131415161718

FIG. 5. Repair of 3'-terminal 80xoG in yeast cell extracts. (A) Nicked duplex oligonucleotides. (B) Recessed duplex oligonucleotides. The 5’
32P-labeled duplex was incubated with either crude extract or FK®°~, The presence of 8oxoG in the elongated products was revealed by subsequent
Fpg/Nei treatment. Reaction products were separated in the gel, and the amount of elongated products was quantified. *p-20-0xoG is a 21-mer
oligonucleotide containing 80oxoG at the 3’ end; *p-20-p is a Fpg/Nei incision product lacking the 8oxoG base and containing 3’ phosphate. For

details, see Materials and Methods.

thermore, >90% of the newly synthesized DNA fragments in
apnlA mutants contained 8oxoG residue (Fig. 5A, lanes 7 and
8), suggesting that Apnl is required to eliminate the majority
of 8ox0G residues during DNA synthesis. Similarly, after in-
cubation of the 5'-labeled 8oxoG - A™* in either apnlA or
apnlA apn2A extracts, >95% of the newly synthesized DNA
fragments (Fig. 5SA, lanes 12 and 13, respectively) contained
80x0G residue (Fig. 5A, lanes 16 and 17, respectively), sug-
gesting that Apnl can eliminate 8oxoG when it is opposite to
A. As expected, incubation of the 80xoG - C™* and 8oxoG -
A"k duplexes with FK®*°~ produced elongated fragments
containing 80xoG residues (Fig. 5A, lanes 5 and 14, respec-
tively), and the Fpg/Nei treatment cleaved >95% of the newly
synthesized products (Fig. 5A, lanes 9 and 18, respectively).
Similar results were obtained with 5’-labeled 8oxoG - C™**
and 8oxoG - A™* duplexes, suggesting that Apnl may elimi-
nate 8oxoG residues during DNA replication (Fig. 5B). How-
ever, DNA synthesis from the recessed duplexes was about two
times more efficient than the nicked substrates. Furthermore,
in WT extracts, 30% and 60% of newly synthesized DNA
product generated from the 8oxoG - C™* and 8oxoG - A™
substrates, respectively, contained 8oxoG residues (Fig. 5B,
lanes 6 and 15), suggesting that DNA polymerases compete
with Apnl and prevent removal of mutagenic adducts from the

3’ termini. Interestingly, the higher level of 8oxoG present in
the synthesized DNA from the 8oxoG - A" substrate was
consistent with a recent report demonstrating that 8oxoG - A
resembles normal base pairing without distortion and thus
evades detection, whereas 80xoG - C causes localized distor-
tion, which is recognized as a mismatch (17).

Apnl and Oggl represent overlapping pathways for repair
of misincorporated 80xoG residues in DNA. Based on the
above biochemical data, we hypothesized that Apnl 3'—5’
exonuclease activity would clean up newly synthesized DNA
from misincorporated 8oxoG residues and thus perform a
function similar to that of the MutT and MTH1 proteins in E.
coli and human, respectively. Furthermore, if Apnl reduces
the level of 80xoG residues in the genome, it may also serve as
a back up function for Oggl. Therefore, to investigate whether
Apnl can initiate an alternative repair pathway to SoxoG-
DNA glycosylase and 8oxodGTP phosphotase, we constructed
apnlA ogglA double mutant and a plasmid expressing the E.
coli MutT protein in S. cerevisiae. As shown in Table 2, apnlA
and oggl A single mutants displayed 4- and 10-fold increases in
the rate of spontaneous forward canl” mutations and that
expression of GST-tagged MutT in these strains did not sig-
nificantly suppress the spontaneous mutator phenotype. Re-
markably, the apnlA ogglA double mutant exhibited a syner-
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TABLE 2. Spontaneous rates and spectrum of can” mutations in
yeast DNA repair deficient mutants

Mutation rate

Strain® Expt can’/cell Fold
ram P generation increase
(10°%)
FF18733/pYES 1.9 =038 1

2.1 £0.6 1

1.7 0.7

1.8 =05

77 +13 4

83+ 1.8 39

6.8 +1.2 32

57+14 32
203 = 3.1 10.7

1

2
FF18733/pGst-MutT® 1
2
1
2
1
2
1
2 2377 +28 11.2
1
2
1
2
1
2
1
2

DRY139 (apniA:LEU2)/pYES
DRY139 (apniA:LEU2)/pGst-MutT
CD138 (0gg A:TRPI)/pYES

CD138 (0ggl A:TRPI)/pGst-MutT 16.5 £ 2.6 9.7
153 =29 8.5
89.0 x93 46.7
93.0 = 11.3 443
550 6.4 26.2
49.0 £5.8 27.2

105.0 = 12.2 55.3
113.0 = 9.7 53.8

DRY140 (apnlA:LEU2
ogglA:TRPI)/pYES

DRY140 (apnlA:LEU2
ogglA::TRPI)/pGst-MutT

DRY142 (apnlA:LEU2
0gglA::TRPI rad30::KAN)/pYES

“ All strains were isogenic to the parent strain FF18733 (kindly provided by
Serge Boiteux).

? The entire coding sequence of the E. coli mutT gene was cloned by gap repair
into pYEX-Phiz, which contains the gst gene under the control of a copper-
inducible promoter, to produce plasmid pGst-MutT. pGst-MutT expresses a
47-kDa protein.

gistic 45-fold increase in the rate of spontaneous canl*
mutations (Table 2). Furthermore, expression of GST-MutT
reduced the mutation rate of the apnlA ogglA double mutant
by nearly twofold (Table 2). Importantly, the MutT effect was
small but statistically significant.

It is well documented that the translesion synthesis DNA
polymerase m (Rad30) is required to bypass a 8oxoG lesion on
a template DNA by the insertion of dCMP, thereby restoring
the correct genetic information for the next round of DNA
replication (54, 55). The oggl A rad30A double mutant displays
a higher rate of canl" forward mutations than the ogg/A or
rad30A single mutants, indicating that the DNA polymerase
prevents mutagenic replication of 8oxoG in DNA (15). To
examine whether Apnl mutation might be synergistic with
deficient translesion synthesis (TLS) we constructed the apnlA
0ggl A rad30A triple mutant. As shown in Table 2, the triple
mutant displayed an only slightly enhanced spontaneous mu-
tation rate compared to the apnlA ogglA double mutant. This
result may suggest that in the absence of Oggl, Apnl and
Rad30 are involved in the same repair pathway to prevent
8oxoG-induced mutagenesis. Taken together, these genetic
data are consistent with the notion that Apnl 3’'—5" exonu-
clease eliminates 8oxoG after incorporation by a DNA poly-
merase, thereby preventing accumulation of this oxidized base
in DNA.

The apnl A oggl A double mutant shows a strong preference
for G- CtoT-Aand A-T to C - G transversion mutations.
If 8oxoG residues are at the origin of the spontaneous mutator
phenotype of an apnlA oggl A double mutant, the spectrum of
spontaneous canl” mutations in this strain should be strongly
biased in favor of the G—T and A—C transversions. To test
this hypothesis, sequence analyses of a number of independent
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TABLE 3. Spectrum of can" mutations

APNI1 OGG1 apnlA ogglA
. Fold
Mutation type Rate Rate increase
No. % (10~%) No. % (10-%)

G-CtoT-A 11 289 0.58 20 50 40.5 70
A-TtoC-G 4 105 0.21 10 25 22.75 108
A-TtoG-C 3 7.9 0.16
A-TtoT-A 3 5.3 0.11
G-CtoA-T 2 5.3 0.11 3 7.5 6.8 65
G-CtoC-G 2 5.3 0.11 3 7.5 6.8 65
Deletions 9 237 0.47 2 5 4.55
Insertions 5 132 0.26 1 2.5 2.28
Complex” 1 25 2.28
Total 38 40

¢ Complex mutation: C—G and insertion (+1 bp).

canl” mutations were performed with the WT and mutant
yeast strains. As shown in Table 3, the spectrum of canl”
mutations in the WT strain was composed of G—T transver-
sions (28.9%), —1 and —2 deletions (23.7%), insertions
(13.2%), A—C transversions (10.5%), and other base pair
substitutions (23.7%). An excess of G - C to T - A transversions
in the WT strain used in the present work was similar to that
obtained in a previous study (27). Remarkably, canl* mutation
spectra in the apnlA ogglA double mutant exhibited a strong
bias in favor of G- Cto T+ A (50%) and T - A to G - C (25%)
transversion events that represented 75% of all mutations (Ta-
ble 3). Indeed, G—T and A—C events were 70- and 108-fold
higher in the double mutant than in the WT strain. Interest-
ingly, the mutant also exhibited a 65-fold-higher increase in
G—C and A base substitutions than the WT strain. The high
levels of spontaneous G—T and A—C tranversions in apnlA
oggl A strain suggests that misincorporated 8oxoG residues
serve as the origin of the mutations.

DISCUSSION

The misincorporation of regular and/or damaged nucleo-
tides during DNA replication and repair processes results in
mutations. For example, misincorporation of 8oxodGMP by
DNA polymerases using 8oxodGTP as a precursor for DNA
synthesis generates either 80xoG - A or 80xoG - C base pairs,
yielding A - Tto C- G and G - C to T - A transversion
mutations, respectively, after the second round of DNA repli-
cation (5, 32). In E. coli and mammalians, the MutT and
MTHLI1 proteins, respectively, sanitize the nucleotide precursor
pool of 8oxodGTP by hydrolyzing it to 8oxodGMP and pyro-
phosphate, thereby preventing its misincorporation into the
genome (44). The physiological relevance of this function is
supported by the strong A - T to C - G mutator phenotype of
MutT-deficient strains of E. coli (53). In S. cerevisiae, there is
no evidence for a MutT-related protein; as such, one might
expect this organism to display an increased level of A - T to
C - G transversions. However, this is not the case, raising the
possibility that a molecular mechanism(s) preventing the mu-
tagenic action of 8oxodGTP exists in yeast (3, 35). One may
suggest that this mechanism involves the function of Apnl, as
the apnlA mutant exhibits a spectrum of mutations (T to G
transversion) similar to that of E. coli mutT strains (27). While
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it was previously proposed that the increased T-to-G transver-
sions in apnlA mutants are due primarily to unrepaired AP
sites (27), here we demonstrate that these mutations might
occur as a result of the mutant inability to remove misincor-
porated 8oxoG. Furthermore, the fact that Apnl also plays a
key role in the NIR pathway for oxidatively damaged bases
implies that unrepaired oxidized bases may also contribute to
the mutator phenotype (18).

In this work, we demonstrated that Apnl has an efficient
exonuclease activity towards duplex DNA under reaction con-
ditions that are also optimal for its AP endonuclease activity.
The enzyme exhibits progressive exonuclease activity and pre-
fers a 5'-tailed recessed duplex as a substrate (Fig. 1 and 3B).
Apnl can also process fully blunt-ended duplex oligonucleo-
tide, albeit at lower efficiency. We show that the 3’-terminal
THF residue is a preferred substrate for Apnl (k.. /K,, =
0.68), which suggests that the 3'—5' exonuclease serves to
eliminate 3’-blocking groups (Table 1). Comparison of Apnl
kinetic parameters for AP endonuclease (THF - G; k., /K,,, =
0.48) and 3'—5' exonuclease (G - C™*; k., /K,,, = 0.19) activ-
ities shows that relative exonuclease activity is high. Previously,
it was shown that with a 39-mer nicked duplex oligonucleotide
containing four sequential C - G pairs at the 3’ side of the nick,
Apnl excises only a single nucleotide without proceeding fur-
ther (48). Here, we show that the k., /K, value for the Apnl
exonuclease with the C - G™ substrate (k.,/K,,, = 0.01) was
20-fold lower than that for G - C*** (k_,/K,,, = 0.19), indicating
that the exonuclease activity strongly depends on the DNA
sequence context.

Recently, Cheng and colleagues (6) have shown that recom-
binant histidine-tagged Apel protein removes 3'-terminal nu-
cleotides from mismatched T - G, A - G and G - G pairs much
more efficiently (~35 to 50 fold) than from the matched C - G
pair. The authors proposed that Apel may ensure fidelity of
the BER pathway in vivo, since DNA polymerase B lacks a
proofreading exonuclease activity (7). In this work, we dem-
onstrate that Apnl, Nfo, Xth, and Apel eliminate mismatched
and matched nucleotides, as well as 80xoG that is present at
the 3’ termini of nick or gap sites, with good efficiency (Fig. 2).
Although Apnl degraded the G - A™ and A - G™* substrates
more efficiently than the corresponding matched T - A™ and
A - T duplexes, overall we did not observe strong preference
for mismatched and oxidized nucleotides. For example, using a
nontagged Apel, we found only a two- to threefold difference
between matched and mismatched pairs. In fact, similar results
were obtained by other groups (29, 52). We suggest that two
factors may account for the differences in substrate specificity
reported for Apel: the N-terminal histidine tag and the use of
C - G pair as a matched control instead of a G - C pair.

To substantiate the role of Apnl exonuclease, we reconsti-
tuted the repair of nicked and recessed duplex oligonucleo-
tides in cell extracts of S. cerevisiae WT, apnlA, and apnlA
apn2A strains. We demonstrated that Apnl-dependent re-
moval of THF is indispensable for the repair of the THF - G™
duplex (Fig. 4). Furthermore, elimination of the 3’-terminal
mismatched regular nucleotide (A - G™*) by Apn1 also stim-
ulates the restoration of the nicked duplex. In contrast, DNA
synthesis from the matched base pair was slightly less efficient
in WT and was perhaps due to the competing action of an
active 3'—=5' exonuclease, which is not present in either the
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apnlA or apnlA apn2A extracts (Fig. 4). Results obtained with
the cell extracts support the idea that in vivo Apnl exonuclease
might be involved in the repair of single-strand breaks contain-
ing 3’-blocking groups and mismatched nucleotides.

Since purified Apnl degrades 8oxoG - C™* more efficiently
than corresponding matched G - C™* duplex, we speculated
that Apnl might provide the damage-cleansing function to
replicative  DNA polymerases. Therefore, we examined
whether Apnl might stimulate DNA synthesis in cell extracts
by excision of the 3’-terminal 80xoG residues in 8oxoG - C and
80x0G - A duplexes (Fig. 5). As expected, elimination of the
oxidized nucleotides present at the 3’ end of the nick or the
gap strongly depends on Apnl, indicating the involvement of
3'—5" exonuclease in the specific cleansing of newly synthe-
sized DNA. Interestingly, DNA polymerase-catalyzed exten-
sion beyond 8oxoG can prevent Apnl-dependent removal of
the oxidized nucleotides in the recessed duplexes and (to a
lesser extent) in the nicked duplexes. We note that although
Apn2 contains strong 3'—5" exonuclease activity, we did not
observe any significant contribution by this enzyme to the re-
pair of 3’-terminal residues in cell extracts, suggesting that
Apn2-catalyzing activities are minor to that of Apnl. On the
basis of our findings, it appears that Apnl-dependent excision
of misincorporated 8oxoG may constitute a repair pathway
specific to the newly synthesized DNA. Consistent with the
above results, it was recently demonstrated that Apel is the
major activity involved in the repair of 3’'-terminal 8oxoG res-
idues in the reconstituted system and in the human cell extracts
(G. Dianov, personal communication).

In S. cerevisiae, three repair networks prevent the mutagenic
action of 80xoG residues occurring in DNA template: the
80x0G-DNA glycosylase Oggl (49), the MMR system (35),
and the postreplication repair system consisting of DNA poly-
merase m and the Rad6-Rad18 complex (9, 15). At present,
little is known about the mechanisms for sanitization of oxida-
tively damaged precursors during DNA synthesis in budding
yeast. It has been proposed that the MMR system might act on
mispairs resulting from misincorporation of 8oxodGTP oppo-
site A (35). Indeed, Colussi and et al. (8) showed that mam-
malian MMR could selectively eliminate 8oxoG incorporated
from the oxidized dNTP pool. However, S. cerevisite MMR-
deficient mutants do not display an increased rate of A—C
transversions, and the human MMR pathway does not discrim-
inate misincorporated 80xoG, suggesting the existence of an
alternative repair pathway (28, 35). Intriguingly, data obtained
with the yeast extracts suggest that Apnl reduces 8oxoG in-
corporation opposite C and A; therefore, this enzyme might
prevent G—T and A—C transversions. This would imply that
Apnl could provide a backup mechanism for the 8-oxogua-
nine-DNA glycosylase and the MMR system in S. cerevisiae. To
support this notion, we compared the spontaneous mutation
rates in apnlA single, oggI A single, and apnlA ogglA double
mutants and the strains harboring a plasmid construct that
expresses the E. coli MutT protein. Consistent with the bio-
chemical data, the apnlA oggl A mutant exhibited a synergistic
(more than additive) 4- to 10-fold increase in canl® mutation
compared to the single mutants (Table 2). Although deletion
of the major AP endonuclease activity in cells severely disabled
the BER pathway, the synergistic interaction between
APNland OGGl1 indicated that Apnl is involved in the DNA
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glycosylase-independent repair pathway for 8oxoG residues.
Furthermore, the expression of MutT in apnlA ogglA double
mutant suppressed by a factor of two the spontaneous muta-
tion rate, suggesting that Apnl reduces the misincorporation
of oxidized nucleotides during DNA replication. It is notewor-
thy that MutT was unable to restore the normal spontaneous
mutation frequency to the apnlA, ogglA, and apnlA ogglA
mutants. The absence of a MutT homologue in S. cerevisiae
suggests that MMR and Apnl may be functional analogues of
MutT in yeast. Therefore, we propose that these alternative
repair pathways render the heterologous 8oxodGTP triphos-
phatase less important for sanitization of the nucleotide pool
in yeast.

The work of several groups has established that in S. cerevi-
siae, MMR system and error-free translesion DNA synthesis
cooperate with Oggl to prevent the mutagenic effect of SoxoG
residues (9, 15, 35). In the proposed model, the DNA poly-
merase v coded by gene RAD30 promotes error-free bypass of
8oxoG, following the MMR-dependent removal of A mis-
paired with 8oxoG. Consistent with this, the mutation rate was
about the same in the msh2A and msh2A rad30A strains and in
the oggl A msh2A and oggl A msh2A rad30A strains, indicating
a role for RAD30 in the postreplication repair pathway for
80x0G residues. Here, we examined whether apnlA ogglA
double mutation is synergistic with R4D30. We show that the
0gglA apnlA rad30A strain has only slight increase in canl”
mutability compared to ogglA apnlA strain suggesting an ep-
istatic interaction of Apnl with postreplication repair path-
ways. Since DNA polymerase m prevents mutation when
80x0G occurs in the template strand, it is tempting to speculate
that the increased mutation rates in the ogglA apnlA rad30A
compared to the oggl/A apnlA mutant are mainly due to the
direct oxidation of DNA bases. It should be noted that ele-
vated mutation rates exhibited by the apnlA ogglA rad30A
triple mutant cannot be due to unrepaired AP sites accumu-
lating in this mutant, as these lesions are mutagenic in the
presence of Rad30 and not in its absence (56).

The absence of MutY- and MutT-related proteins may sug-
gest that proofreading activities of the yeast replicative DNA
polymerases might decrease the 8oxodGMP misincorporation.
However, recent structural studies of high-fidelity DNA poly-
merases revealed that 8oxoG can form mismatches that evade
polymerase error detection mechanisms, potentially leading to
the stable incorporation of lethal mutations (11, 17). Indeed,
genetic studies of yeast and the present study indicate that
DNA replication machinery promotes the mutagenic incorpo-
ration of dAMP opposite to 8oxodGMP (15, 35). Furthermore,
it has been demonstrated that the oxidized dNTP pool makes
a significant contribution to the steady-state level of 8oxoG in
DNA of mismatch repair-deficient cells, indicating that DNA
replication machinery is prone to misincorporate 8oxodGMP
(42). On the basis of our biochemical and genetic results, we
propose a model (Fig. 6) where the 3'—5" exonuclease activity
of Apnl prevents the mutagenic effect of 8oxoG. Although the
level of specificity of Apnl for a modified 3" nucleotide is not
high, we propose that the stalled DNA polymerase might di-
rect Apnl to 3’ blocking termini in vivo. Indeed, the misincor-
poration of 8oxodGMP during DNA synthesis results in very
low nucleotide extension beyond 8oxoG (10). In addition, the
polymerase switches from high-fidelity replicase to low-fidelity

MoL. CELL. BIOL.

G T
c A
5 5"
c A
or — or
5 _ §"
-_— L % A
8oxodGTP % > 8oxodGTP
g -
L
oG oG
c _ g A
oG —— oG ——
c A
or or
oG oG =
=] = o
2.5 5
] = @
@ = ]
G T 3[~e
c A g
T

FIG. 6. Role of Apnl in the prevention of 8oxoG-induced mu-
tagenesis in S. cerevisiae. Misincorporation of 8oxodGMP by DNA
polymerases with 8oxodGTP as a precursor for DNA synthesis gener-
ates either oG - A and oG - C base pairs at 3’ termini of nick and gap
sites. Apnl eliminates 8oxoG at the 3’ termini, restoring efficient DNA
synthesis. In the absence of Apnl, DNA polymerase and DNA ligase
generate fully duplex DNA containing 8oxoG opposite to C or A.
80x0G in fully duplex DNA is removed either by the Oggl glycosylase
or probably by MMR and Ogg?2.

lesion bypass polymerases, once it encounters the damaged
DNA (36, 38). Therefore, in our current model, repair of the
newly synthesized DNA take place when the stalled DNA
polymerase switches to accommodate the 3'—5’ exonuclease
activity of Apnl, resulting in the exonucleolytic removal of the
mutagenic adduct, e.g., 8oxoG.

The fact that the 3’5" exonuclease function is evolution-
arily conserved among the major AP endonucleases of bacte-
rial, yeast, and mammalian origins underscores the importance
of this activity in performing a damage-cleansing function. In
the case of Apnl, we demonstrate that it contains progressive
exonuclease activity, which is as efficient as its AP endonucle-
ase. We therefore propose that Apnl exonuclease serves as an
alternative backup function to the BER pathway and to the
sanitization of the nucleotide precursor pool of 8oxodGTP in
S. cerevisiae. Observations that oggl '~ null mice have no
marked tumor predisposition (26, 34) indicate redundancy in
the repair mechanisms and perhaps a possible role of AP
endonucleases in preventing the accumulation of 80xoG resi-
dues in the genome. In conclusion, an alternative DNA glyco-
sylase-independent repair pathway for highly mutagenic le-
sions initiated by AP endonucleases provides new insights into
a molecular mechanism assuring the stability of the genome
and cancer prevention.
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