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The removal of oxidative damage from Saccharomyces cerevisiae DNA is thought to be conducted primarily
through the base excision repair pathway. The Escherichia coli endonuclease III homologs Ntglp and Ntg2p are
S. cerevisiae N-glycosylase-associated apurinic/apyrimidinic (AP) lyases that recognize a wide variety of dam-
aged pyrimidines (H. J. You, R. L. Swanson, and P. W. Doetsch, Biochemistry 37:6033-6040, 1998). The bio-
logical relevance of the N-glycosylase-associated AP lyase activity in the repair of abasic sites is not well un-
derstood, and the majority of AP sites in vivo are thought to be processed by Apnlp, the major AP endonuclease
in yeast. We have found that yeast cells simultaneously lacking Ntglp, Ntg2p, and Apnlp are hyperrecombino-
genic (hyper-rec) and exhibit a mutator phenotype but are not sensitive to the oxidizing agents H,O, and men-
adione. The additional disruption of the R4D52 gene in the ntgl ntg2 apnl triple mutant confers a high degree
of sensitivity to these agents. The hyper-rec and mutator phenotypes of the ntgl ntg2 apnl triple mutant are
further enhanced by the elimination of the nucleotide excision repair pathway. In addition, removal of either
the lesion bypass (Rev3p-dependent) or recombination (Rad52p-dependent) pathway specifically enhances the
hyper-rec or mutator phenotype, respectively. These data suggest that multiple pathways with overlapping spe-
cificities are involved in the removal of, or tolerance to, spontaneous DNA damage in S. cerevisiae. In addition,
the fact that these responses to induced and spontaneous damage depend upon the simultaneous loss of Ntglp,

Ntg2p, and Apnlp suggests a physiological role for the AP lyase activity of Ntglp and Ntg2p in vivo.

Reactive oxygen species generated by normal cellular me-
tabolism or produced by exogenous agents can induce several
types of DNA damage, including DNA base damage and the
formation of apurinic/apyrimidinic (AP) sites. These types of
DNA damage are thought to be processed primarily through
the base excision repair (BER) pathway. According to the clas-
sic model of the BER pathway, a damaged base is removed by
a specific N-glycosylase, and the resulting AP site is cleaved by
an AP endonuclease. Following the processing of the 5’ termi-
nus by deoxyribose phosphodiesterase, DNA polymerase fills
in the gap, and DNA ligase seals the ends together. Several
DNA N-glycosylases possess an associated AP lyase activity
that mediates strand scission at the abasic sites generated by
the removal of damaged bases (13). Whether such AP lyases
are capable of functioning in vivo in the repair of abasic sites
which are generated independently of N-glycosylase activity
is currently unknown. The Saccharomyces cerevisiae Ntgl and
Ntg2 proteins are homologs of Escherichia coli endonuclease
IIT (endo IIT) (40). Ntglp and Ntg2p are N-glycosylase-associ-
ated AP lyases with similar substrate specificities directed pri-
marily against oxidatively damaged pyrimidines (32, 40). How-
ever, unlike Ntg2p and all other known endo III homologs,
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Ntglp does not possess a C-terminal Fe-S cluster (40). In ad-
dition, Ntglp has a putative mitochondrial targeting sequence,
while Ntg2p does not (2, 40). Finally, although recent studies
have demonstrated that the expression of NTG1 is induced by
H,O, (11, 40), expression of NTG2 does not appear to be
H,O, inducible (40). The possible functional overlap of Ntglp
and Ntg2p in vivo has not been examined and may serve as an
important model of the response to oxidative DNA damage in
other eukaryotes.

The nucleotide excision repair (NER) pathway generally
removes bulky DNA lesions, but recent studies have also im-
plicated NER in the repair of oxidative damage (19). The NER
pathway removes damaged DNA bases by introducing nicks 5’
and 3’ to the damage. In S. cerevisiae, the 3’ incision is pro-
duced by Rad2p (17), whereas the 5’ incision is produced by
the Rad1-Rad10 protein complex (10). After the oligonucleo-
tide including the damaged DNA is removed, DNA polymer-
ase fills in the gap, and DNA ligase joins the ends (13). The
E. coli NER complex (i.e., UvrABC) has been shown to intro-
duce nicks 3’ and 5’ to an AP site in vitro (34), but the rele-
vance of this activity in vivo is currently unknown.

Recombination is involved in the repair of single- or double-
strand breaks. S. cerevisiae cells that are deficient in RAD52
epistasis group proteins are highly sensitive to the killing ef-
fects of agents that produce strand breaks (e.g., ionizing radi-
ation) (27). The involvement of recombination in the process-
ing of certain types of DNA damage has also been examined.
DNA lesions that block replication, such as cyclobutane py-
rimidine dimers, appear to induce recombination (39). In ad-
dition, recombination rates increase upon exposure to H,O,,
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suggesting a role for recombination in the response in yeast to
oxidative DNA damage (5). It should be noted that with some
types of lesions, recombination may constitute a damage tol-
erance rather than a damage removal mechanism, since the
damaged bases remain in the genome. Such recombinational
bypass of damage would allow the cell to progress through
mitosis, and the remaining DNA damage would presumably be
removed at later times by other repair pathways.

A second mechanism of damage tolerance involves transle-
sion synthesis (TLS). In certain environments, DNA polymer-
ase must bypass DNA lesions in order for a cell to survive.
Under these conditions, it is possible that certain lesions are
not recognized by a particular repair pathway due to a blocked
polymerase or that the damage is too extensive to be removed
efficiently (13). In S. cerevisiae, TLS involves DNA polymerase
{ (Pol ), a complex of two proteins (Rev3p and Rev7p) which
is able to bypass several types of DNA lesions, including cy-
clobutane pyrimidine dimers and AP sites (21, 25). Conse-
quently, cells utilizing TLS are able to proceed through the cell
cycle but with a corresponding increase in mutation rate.

In order to determine the in vivo roles of Ntglp and Ntg2p
in BER and to examine the overlap between different DNA
repair pathways, we constructed a series of yeast mutants lack-
ing DNA repair proteins from the BER, NER, recombination,
and/or TLS pathway. The sensitivities of these mutants to a
variety of DNA-damaging agents, as well as their spontaneous
recombination and mutation rates, were examined. Our results
indicate unexpected overlaps between different DNA repair
and DNA damage tolerance pathways in the processing of
oxidative and spontaneous DNA damage.

MATERIALS AND METHODS

Media and growth conditions. Yeast strains were grown nonselectively on
YEPD medium (1% yeast extract-2% Bacto-peptone-2% dextrose-2.5% agar
for plates). Synthetic complete (SC) medium (33) lacking lysine and containing
2% dextrose was used for selective growth of Lys™ recombinants and revertants.
SC medium lacking arginine and containing 60 mg of canavanine per liter was
used for the determination of spontaneous-mutation frequency, and SC medium
containing 1 g of 5-fluoroorotic acid per liter (4) was used to select Ura™ yeast
segregants. Luria-Bertani medium (1% yeast extract-0.5% Bacto-tryptone-1%
NaCl-1.5% agar for plates) was used for the growth of E. coli strains. Ampicillin
was added at 100 wg/ml to Luria-Bertani medium for the growth of plasmid-
containing strains. Yeast and bacterial strains were grown at 30 and 37°C,
respectively.

Strain construction. Yeast transformations were carried out according to the
method of Gietz et al. (14) with modifications as noted. All strains used in this
study are isogenic derivatives of SJR751, a Leu™ derivative of STR357 (MATa
ade2-101,.his3A200 ura3ANco lys2ABgl CAN1%) (9). Wild-type alleles in STR751
or in its isogenic derivatives were replaced with disruption alleles by one-step
gene disruption (30). ntgl A::2LEU2 was introduced by transformation with Ncol-
Ndel-digested pLF298 (2), rad52A::URA3 was introduced by transformation with
EcoRI-Sall-digested pPBRAHSURA3 (22), apnlA::HIS3 was introduced by trans-
formation with EcoRI-BamHI-digested pSCP19A (28), ntg2A::hisG-URA3-hisG
was introduced by transformation with Xhol-Sacl-digested pGEM-nig2::hisG-
URA3-hisG (40), and radlA::hisG-URA3-hisG was introduced by transformation
with Sall-EcoRI-digested pR1.6 (31). When the hisG-URA3-hisG cassette was
used for disruption, Ura™ segregants were isolated on 5-fluoroorotic acid.

A PCR-generated rev3A::kan disruption fragment was used to delete REV3.
Primers 5'-ATGTCGAGGGAGTCGAACGACACAATACAGAGCGATACG
GTTAGATCATCCTCTAAATCACAGCTGAAGCTTCGTACG-3" (forward)
and 5'-TTACCAATCATTTAGAGATATTAATGCTTCTTCCCTTTGAACA
GATTGATTATCTCTCAAAGGCCACTAGTGATCTG-3' (reverse) were
used to amplify an approximately 1-kb disruption fragment with pFA6-kanMX2
(37) as a template. The first 60 bases of each primer are complementary to REV3,
and the 3’ ends are complementary to the kanamycin resistance cassette. The
PCR product was precipitated and resuspended in water and used directly for
transformation. Following transformation, cells were grown for 3 h in 2 ml of
YEPD before selective plating on YEPD containing 200 mg of Geneticin (Sig-
ma) per liter. After 2 days of incubation at 30°C, the colonies were replica plated
onto fresh Geneticin-containing medium. All gene disruptions were confirmed
by Southern blot or PCR analysis. Loss of Ntglp and Ntg2p activities was
enzymatically confirmed as previously described (40). Loss of Apnlp activity was
confirmed by incubating cell extracts with a 3’-end-labeled AP-containing sub-
strate by using a previously described method (1) (data not shown). Loss of
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Rad1p and Rad52p activities was confirmed by gauging the sensitivity of mutants
to UV irradiation or X-irradiation, respectively (data not shown).

Sensitivity of strains to DNA-damaging agents. Yeast cells grown in 5 ml of
YEPD overnight were pelleted, washed twice in sterile H,O, and resuspended in
1Xx phosphate-buffered saline (equal in volume to initial culture). Aliquots of
cells were then subjected to various concentrations of menadione (see Fig. 1) for
30 min at 30°C with shaking. Sensitivity to H,O, was monitored by a method
described by Ramotar et al. (28). Exponential-phase cultures (approximately 2 X
107 cells/ml) were pelleted, washed twice in sterile H,O, and resuspended in 1X
phosphate-buffered saline (equal in volume to initial culture). The cells were
treated with various concentrations of H,O, for 1 h at 30°C with shaking. After
treatment, the cells were diluted and plated on YEPD medium. Colonies were
counted after 2 to 4 days of growth.

Measurement of recombination and mutation rates. Rates of prototroph for-
mation were determined by the method of the median (23). Independent 2-day-
old colonies were inoculated into 5 ml of YEPD liquid medium and grown
nonselectively to 2 X 10° cells/ml. Cells were harvested by centrifugation, washed
once with sterile H,O, and resuspended in 1 ml of water. One-hundred-micro-
liter aliquots of appropriate dilutions were plated onto SC medium lacking lysine
and containing 2% dextrose to select recombinants and lys2ABg/ revertants, onto
canavanine-containing medium to identify forward mutations in CAN1, and onto
YEPD to determine viable cell numbers. Can® colonies were counted on day 2,
and Lys™ colonies were counted on day 3 after selective plating. The data from
a minimum of 10 cultures were used for each rate determination.

RESULTS

Sensitivity to oxidizing agents. In vitro assays have demon-
strated that endo III and its homologs, Ntglp and Ntg2p,
remove oxidative base damage produced by H,O,, menadione,
gamma rays, and UV light (18, 40). To examine the potential
biological role(s) of Ntglp and Ntg2p in yeast, mutants lacking
one or both of these proteins were assessed for their survival
following exposures to a variety of DNA-damaging agents,
including H,O,, menadione, UV light, and ionizing radiation.
The single (ntgl or ntg2) and double (ntgl ntg2) mutants
showed no increase in sensitivity over the wild type to any of
the agents tested (data not shown). These results suggested
that other BER N-glycosylases or other DNA repair pathways
were repairing lethal lesions normally processed by Ntglp
and/or Ntg2p. To determine if other N-glycosylases were re-
moving the induced damages, the S. cerevisiae major AP
endonuclease (Apnlp) was eliminated in combination with
Ntglp and Ntg2p to significantly decrease the cells’ ability to
repair oxidative DNA damage via BER. No increase in sensi-
tivity to H,O,, menadione, or ionizing radiation was observed
for any of the strains (Fig. 1 and data not shown).

The insensitivity of the ngl ntg2 apnl triple mutant to oxi-
dizing agents suggested the involvement of other DNA repair
pathways in the repair of, or tolerance to, DNA damage pro-
cessed by Ntglp, Ntg2p, and Apnlp. To investigate the role of
NER in the repair of oxidative DNA damage, RADI was dis-
rupted singly and in combination with ntgl, ntg2, or apnl, but
no further increase in sensitivity to H,O, or menadione was
observed in the radl single mutant, the nigl ntg2 radl triple
mutant, or the apnl radl double mutant relative to the wild-
type strain (data not shown). However, when radl was disrupt-
ed in the ntgl ntg2 apnl triple-mutant background, the cells
became highly sensitive to both menadione and H,O, (Fig. 1).

To test the possible involvement of recombination in the
tolerance of oxidative DNA damage, RAD52 was disrupted in
wild-type, nigl, ntg2, apnl, ntgl apnl, nig2 apnl, and ntgl ntg2
apnl strains. Only the ntgl ntg2 apnl rad52 quadruple mutant
exhibited increased sensitivity to cell killing by either H,O, or
menadione (Fig. 1). This effect was dependent upon the loss
of Ntglp, Ntg2p, Apnlp, and Rad52p, since all triple-mutant
combinations, in which only one of these four proteins was
present, retained wild-type sensitivity (Fig. 1 and data not shown).

To investigate the role of TLS in the bypass of oxidative
DNA damage, rev3 was disrupted in wild-type, nigl nig2 apnl,
and rad5?2 strains. The ntgl ntg2 apnl rev3 quadruple mutant,
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FIG. 1. Sensitivity of mutant strains to menadione and H,O,. (A) Cells were
exposed to increasing concentrations of menadione (0 to 4 mM). (B) Cells were
exposed to increasing concentrations of H,O, (0 to 25 mM). Error bars represent
the standard deviations for three separate cultures.

which is deficient in both BER and TLS, remained resistant to
the killing effects of H,O, and menadione (Fig. 1). However,
the rad52 rev3 double mutant, which was deficient in TLS and
recombination, was highly sensitive to both menadione and
H,O, (Fig. 1). This demonstrates the importance of both re-
combination and TLS in the tolerance of the cell to substantial
levels of DNA damage induced by high concentrations of these
damaging agents. Whereas the ntgl ntg2 apnl rad52 and rad52
rev3 mutants were highly sensitive to oxidizing agents, the ngl
ntg2 apnl rev3 mutant was not, suggesting that recombination
is a major pathway for dealing with oxidative DNA damage.
Interestingly, the ntgl ntg2 apnl radl quadruple mutant was
more sensitive to H,O, than the nigl ntg2 apnl rad52 and
rad52 rev3 mutants (Fig. 1B), while the ntgl ntg2 apnl rad52
quadruple mutant and rad52 rev3 double mutant were more
sensitive to menadione than the ntgl ntg2 apnl radl mutant
(Fig. 1A). This difference is likely due to the different types of
lesions produced by menadione and H,O,. Although both
H,O, and menadione are oxidizing agents, it has been sug-
gested that menadione produces strand breaks in DNA (26),
which may explain the increased sensitivity to menadione of
the rad52 mutant combinations.

Spontaneous mutator and hyperrecombinogenic (hyper-rec)
phenotypes. In situations where multiple pathways process a
common DNA lesion, elimination of one pathway can often be
compensated for by shuttling the damage into alternative path-
ways. The elimination of an error-free pathway, for example,
may lead to an increase in either mutation or recombination
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rate, and the elimination of an error-prone pathway may re-
duce mutation rates but stimulate recombination. The rates of
spontaneous frameshift mutations were assessed in various
mutant strains by measuring the reversion rates of the lys2ABg/
frameshift allele (16), and the rates of spontaneous base sub-
stitutions were estimated by measuring the forward mutation
rates of the CANI locus (36). In addition, to investigate the
role of recombination in the processing of DNA damage, a
second lys2 allele (Iys2A3500) was introduced into the relevant
strains (20). Recombination between the lys2ABgl allele lo-
cated on chromosome II and the lys2A3500 allele located on
chromosome V was monitored by measuring the rate of Lys™
prototroph production. The spontaneous recombination rates
and spontaneous mutation rates for various repair mutant
combinations are presented in Table 1. The spontaneous mu-
tation and recombination rates for the nigl, ntg2, ntgl nig2,
ntgl apnl, and ntg2 apnl strains were not increased relative to
those of the wild-type parental strain (Table 1 and data not
shown). For the ntgl ntg2 apnl triple mutant, however, an
18-fold increase in the recombination rate was observed, indi-
cating that recombination is involved in the processing of le-
sions normally repaired by the BER pathway. The ntgl ntg2
apnl mutant, but not the single or double mutants, also had an
elevated spontaneous-mutation rate with a 2.6-fold increase in
frameshift mutations and an 11-fold increase in forward mu-
tations at CANI.

The disruption of NER in combination with BER (ntg! ntg2
apnl radl quadruple mutant) resulted in a synergistic (i.e.,
greater than additive) increase in mutation and recombination
rates relative to the ntgl ntg2 apnl and radl mutants (Table 1):
frameshifts increased 110-fold, base substitutions increased 62-
fold, and recombination increased 170-fold. This suggests that
in the ntgl ntg2 apnl triple mutant, NER is active in the re-
moval of AP sites, and in the radl mutant, BER is responsible
for the removal of AP sites. However, if both BER and NER
are compromised simultaneously, the DNA damage tolerance
pathways (recombination and TLS) must deal with the dam-
age, suggesting that BER and NER are competing pathways.
In agreement with a previous report (38), an apn! radl double
mutant does exhibit a weak mutator phenotype, but the strong
synergism is observed only in the nigl ntg2 apnl radl quadru-
ple mutant.

Elimination of recombination alone (rad52 mutant) resulted
in a moderate mutator phenotype with a 6.9-fold increase in
frameshift mutations and a 7.1-fold increase in forward muta-

TABLE 1. Spontaneous recombination and mutation rates”

lys2ABgl

Relevant genotype R?_:??F]lgg%on reve(rls(i)g%)rate C?]n (;La)tc
WT 53 (1.0) 3.2(1.0) 1.2 (1.0)
nigl ntg2 55(1.1) 2.2(0.8) 1.5(1.3)
apnl 10 (1.9) 3.8(1.2) 2.1(1.8)
ntgl ntg2 apnl 93 (18) 8.2 (2.6) 13 (11)
radl 6.8 (1.3) 59 (1.8) 2.1(1.8)
nigl nig2 radl 8.2 (1.5) 11 (3.4) 5.5 (4.6)
apnl radl 25 (4.7) 23(7.2) 9.8 (8.2)
ntgl ntg2 apnl radl 890 (170) 350 (110) 74 (62)
rad52 ND 22 (6.9) 8.5(7.1)
ntgl ntg2 apnl rad52 ND 120 (38) 180 (150)
rev3 9.1 (1.7) 1.5 (0.5) 0.81 (0.7)
ntgl ntg2 apnl rev3 310 (58) 2.2(0.7) 2.4 (2.0)

“ Rates are expressed as recombinants or mutants per cell per generation.
Numbers in parentheses indicate the fold increase over wild type values. WT,
wild type; ND, not determined.
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rad52

FIG. 2. Growth rates of mutant strains. Yeast strains were streaked onto
YEPD media and incubated at 30°C for 2 days. BER, BER-rad52, BER-rev3, and
BER-radl represent the nigl ntg2 apnl, ntgl nig2 apnl rad52, nigl ntg2 apnl rev3,
and ntgl ntg2 apnl radl mutants, respectively. WT, wild type.

tions at CANI relative to wild type. Disruption of both the
BER and recombination pathways (ntgl ntg2 apnl rad52 qua-
druple mutant) resulted in a synergistic increase in mutation
rates: a 38-fold increase in frameshift mutations and a 150-fold
increase in forward mutations at CANI relative to the wild
type. Similarly, when both the TLS and BER pathways were
eliminated (ntgl ntg2 apnl rev3 quadruple mutant), the recom-
bination rate increased 58-fold. The mutation rates in this par-
ticular background were similar to levels in a wild-type strain,
confirming that the majority of mutations accumulating in the
ntgl ntg2 apnl triple mutant are due to the TLS pathway.
Growth phenotypes of mutants defective in multiple path-
ways. The relative growth rates of strains defective in one or
more of the pathways implicated in survival after spontaneous
DNA damage were assessed by examining the sizes of colonies
formed on rich medium. Strains defective in the BER pathway
(ntgl ntg2 apnl triple mutant), the NER pathway (rad! mutant),
or the TLS pathway (rev3 mutant) grew at rates comparable to
that of the wild-type parental strain, whereas a recombination-
defective strain (rad52 mutant) exhibited a slow-growth pheno-
type (Fig. 2). The simultaneous elimination of recombination
and either the BER or TLS pathway (ntg! ntg2 apnl rad52
quadruple mutant or rad52 rev3 double mutant, respectively)
and the simultaneous loss of BER and NER (ntgl ntg2 apnl
radl quadruple mutant) each resulted in a synergistic decrease
in growth rate, with such mutants growing much slower than
the single or triple mutants (Fig. 2). In contrast, simultaneous
elimination of the BER and TLS pathways (ng! ntg2 apnl rev3
quadruple mutant) did not have an obvious impact on growth
rate (Fig. 2). The mutant growth rates resembled the responses
of the various mutants to oxidizing agents (Fig. 1), where syn-
ergism was observed in the ntgl ntg2 apnl radl quadruple
mutant, the rad52 rev3 double mutant, and the ntgl nig2 apnl
rad52 quadruple mutant but not in the ntgl ntg2 apnl rev3
quadruple mutant. It should be noted that the nigl ntg2 apni
radl quadruple mutant (but not the other mutants) consis-
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tently produced large and small colonies when purified on rich
medium. Upon repurification, the small colonies again pro-
duced a mixture of large and small colonies, while the large
colonies produced only large colonies. The basis of this phe-
nomenon is unknown but is being investigated further.

DISCUSSION

The yeast proteins Ntgl and Ntg2 are N-glycosylase-associ-
ated AP lyases that recognize a wide spectrum of oxidized pyri-
midines in vitro and participate in the repair of oxidative le-
sions via the BER pathway. In order to examine the in vivo role
of these proteins, relevant genes were disrupted, and the result-
ing mutants were examined for increased sensitivity to DNA
damage and for spontaneous hyper-rec and mutator phenotypes.
Although Eide et al. previously reported a slight sensitivity of an
ntgl mutant to menadione (11), we were unable to reproduce this
phenotype in our strain background. Neither nsgl nor ntg2 single
mutants had any detectable mutant phenotype, suggesting a func-
tional redundancy between the proteins. Such redundancy has
been previously reported to occur in E. coli, where sensitivity to
DNA-damaging agents is not observed until multiple BER pro-
teins are eliminated (7, 8). Even with an n#gl ntg2 double mutant,
however, we were not able to discern any alteration in phenotype
relative to the wild-type parental strain. We reasoned that a more
global disruption of the yeast BER pathway might be required in
order to discern the in vivo roles of Ntglp and Ntg2p, and so
Apnlp was eliminated alone and in combination with Ntglp and
Ntg2p. In contrast to a previous report, no increased sensitivity to
oxidizing agents was observed in an apnlA mutant derived from
our strain background (SJR864) (28). Even using the strain back-
ground (DBY747) used in the previous study, we have not been
able to reproduce the H,O, sensitivity (data not shown).
The reason for this discrepancy is unclear.

Although no increase in sensitivity to oxidizing agents was
observed in the ntgl ntg2 apnl triple mutant, this strain was
found to undergo homologous recombination at a greatly in-
creased rate, as well as to exhibit a mutator phenotype. The
hyper-rec phenotype was dependent on the simultaneous dis-
ruption of NTG1, NTG2, and APN1; no other combination of
single or double mutants showed an increase in recombination
or mutation rates. The fact that these mutant phenotypes are
observed only in the triple mutant suggests competition for a
common intermediate, where any of these three proteins can
compensate for a loss of the other two. Based on the known
biochemical activities of these proteins, we suggest that this
common intermediate is an AP site and that the AP lyase ac-
tivity of Ntglp or Ntg2p is sufficient to allow cells to process AP
sites that accumulate with the loss of Apnlp. If the increased
recombination and mutation rates in the ntgl ntg2 apnl triple
mutant were due to unrepaired base damage caused by the loss
of Ntgl and Ntg2 proteins, then the ntgl ntg2 double mutant
should also have exhibited increased recombination and mu-
tation rates, but this was not the case. These data thus provide
the first evidence for the biological relevance of AP lyase
activity in the removal of AP sites in yeast. We further propose
that the accumulation of endogenous AP sites in the ntgl nig2
apnl triple mutant (hereafter referred to as the BER-deficient
mutant) leads directly to an increase in recombination and
mutation rates. Consistent with this interpretation, recent stud-
ies have shown that overexpression of 3-methyladenine DNA
glycosylase (encoded by MAGI) in S. cerevisiae leads to a strong
mutator phenotype (15). This effect was attributed to the in-
creased level of AP sites generated by an imbalance between
the DNA glycosylase activity of Maglp and AP site processing
activities. We predict that such cells also should exhibit a strong
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illustrated. The amount of damage that is processed by each pathway varies depending on the repair background genotype.

hyper-rec phenotype. Recently, a second AP endonuclease (en-
coded by APN2) was discovered in S. cerevisiae (21). While loss
of APN2 alone did not cause cells to become more sensitive to
damaging agents, loss of both AP endonucleases (apnlA apn2A
double mutant) caused cells to become highly sensitive to the
alkylating agent methyl methanesulfonate (21). Based on our
data, we suggest that a loss of APN2 in the mutant backgrounds
used in this study might further increase recombination and
mutation rates, as well as increase the sensitivity of such strains
to oxidizing agents.

The increase in recombination and mutation rates of the
BER-deficient cells suggests that at least two other pathways,
recombination and TLS, are involved in the processing of
spontaneous DNA damage and that all three pathways may
compete for a common structure. This was further substanti-
ated by the simultaneous elimination of two of these three
pathways. In these experiments, the recombination or TLS path-
way was eliminated by the disruption of the RADS52 or REV3
gene, respectively. Simultaneous elimination of the BER and
recombination pathways (ntgl ntg2 apnl rad52 quadruple mu-
tant) resulted in a much stronger mutator phenotype than was
observed when only one pathway was eliminated. The effect
was synergistic rather than additive, suggesting competition
between the two pathways for a common intermediate. Simi-
larly, simultaneous elimination of the BER and TLS pathways
(ntgl ntg2 apnl rev3 quadruple mutant) resulted in a synergistic
increase in the recombination rate. Finally, the elimination of
the TLS pathway in BER- or recombination-defective cells
lowered the mutation rate observed in these strains, thereby

demonstrating that the majority of mutations probably result
from translesion synthesis by DNA Pol {. This finding is further
supported by the work of Johnson et al. (21), demonstrating
that AP sites are readily bypassed by DNA Pol ¢ in vivo.

In addition to the BER, recombination, and TLS pathways,
the NER pathway also processes spontaneous DNA damage in
yeast. Therefore, we examined interactions of the NER path-
way with the other three repair pathways. NER was eliminated
by the disruption of the R4AD1 gene. Although loss of NER did
not significantly increase recombination or mutation rates, a
synergistic effect was observed when BER and NER were si-
multaneously eliminated. Such synergism again indicates com-
petition between BER and NER for the repair of a common
intermediate, which we suggest is an AP site. This implicates
NER in the removal of AP sites that would be expected to ac-
cumulate in an AP endonuclease- and AP lyase-deficient back-
ground, and this conclusion is supported by evidence that pro-
karyotic and eukaryotic NER proteins recognize and process
AP sites in vitro (29, 34). However, Radlp has also been impli-
cated in homologous recombination where the Rad1lp-Rad10p
complex cleaves 3’ single-stranded ends of exposed DNA (10,
12). The involvement of Radlp in recombination may also
contribute to the sensitivity of cells to oxidizing agents and the
increased occurrence of mutator phenotypes that we have ob-
served in our mutant strains.

The repair of oxidative DNA damage in S. cerevisiae has
been assumed to proceed mainly through the BER pathway
(13), although alternative pathways for the repair of this type
of damage have also been proposed (24, 29). The clear in-
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teractions between the BER, recombination, TLS, and NER
pathways with regard to the spontaneous mutation and re-
combination phenotypes suggested that the insensitivity of
BER-deficient yeast strains to oxidative DNA damage might
be due to the action of one or more repair and tolerance
pathways. If competition for a common lesion is occurring,
then a synergistic increase in damage sensitivity would be ex-
pected when the relevant pathways are eliminated simulta-
neously. This is exactly the type of response that was observed
when cells were treated with either menadione or H,O, (Fig.
1). Cells defective in any one of the BER, recombination, TLS,
and NER pathways were no more sensitive to these oxidizing
agents than were wild-type cells. The simultaneous elimination
of recombination and either BER or TLS resulted in signifi-
cant sensitivity to both agents. In contrast, a strain defective in
both BER and TLS was no more sensitive to either menadione
or H,O, than was the wild type. This suggests that the oxidizing
agents used here may cause two classes of lesions, one of which
is processed predominantly via the BER or recombination path-
way and the other of which is most often bypassed by the TLS
or recombination pathway. Alternatively, the sensitivity pat-
terns to these damaging agents may be due to changes in the
cells’ abilities to sense DNA damage, resulting in a loss of con-
trol of the cell cycle. Interestingly, these damage sensitivity
patterns mirror the relative growth rates of strains in the ab-
sence of exogenous DNA-damaging agents. For example, the
simultaneous elimination of the BER and recombination path-
ways results in both synergistic menadione sensitivity and an
extremely low growth rate.

We have examined the ability of yeast to process both spon-
taneous and oxidative DNA damage via the BER, NER, TLS,
and recombination pathways. As illustrated in Fig. 3, genetic
analyses indicate that all four pathways have overlapping spec-
ificities and that all compete for the repair of base damage.
Given that simultaneous loss of Ntglp, Ntg2p, and Apnlp is
required to cause an increase in recombination and mutation
rates, we propose that an AP site is the common recognized
lesion and that AP sites can be processed by the NER, TLS, or
recombination pathway. If the damaged bases themselves,
rather than the subsequent abasic sites, were the target of these
alternative pathways, then mutant phenotypes should have
been observed with the ntgl ntg2 double mutant. No mutant
phenotype was observed for an ntgl ntg2 double mutant, and
none was observed when these mutations were combined with
mutations of other pathways (i.e., ntgl ntg2 radl triple mutant).
We also note that the overlapping pathway specificities re-
ported here for oxidative and spontaneous DNA damages re-
semble those involved in the repair of UV damage in yeast.

Although multiple pathways clearly can process or tolerate
certain DNA lesions, the relative contribution of each pathway
is likely to vary under differing circumstances. For the removal
of a particular damage, pathway selection may depend on the
stage of the cell cycle or the context of the lesion in relation to
other DNA transactions at a given time, such as during repli-
cation or transcription. Recombination, for example, might be
preferentially utilized to bypass a lesion that stalls the replica-
tion machinery, or it might be used to reestablish collapsed
replication forks when DNA nicks are encountered (3). DNA
lesions that arrest transcription elongation have been shown to
elicit transcription-coupled repair (6, 35). This includes both
UV-induced lesions subject to NER and thymine glycol subject
to BER, so the removal of oxidative damage by either of these
excision repair pathways may be the predominant pathway for
transcribed regions. Finally, other environmental stresses may
require tolerance to DNA damage, leading to preferential de-
ployment of TLS. Whether the overlapping nature of the path-
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ways involved in the repair and tolerance of oxidative or spon-
taneous DNA damage in yeast exists in higher eukaryotes
remains to be determined. However, we note that many of the
yeast proteins investigated in this study have human homologs
(e.g., Ntg2p, Apnlp, Rad52p, and Rev3p). The existence of
multiple repair and bypass pathways underscores both the
prevalence of DNA damage and the importance of dealing
effectively with that damage via multiple pathways.
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