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DNA double-strand breaks can result from closely opposed breaks induced directly in complementary
strands. Alternatively, double-strand breaks could be generated during repair of clustered damage, where the
repair of closely opposed lesions has to be well coordinated. Using single and multiple mutants of Saccharo-
myces cerevisiae (budding yeast) that impede the interaction of DNA polymerase � and the 5�-flap endonuclease
Rad27/Fen1 with the PCNA sliding clamp, we show that the lack of coordination between these components
during long-patch base excision repair of alkylation damage can result in many double-strand breaks within
the chromosomes of nondividing haploid cells. This contrasts with the efficient repair of nonclustered methyl
methanesulfonate-induced lesions, as measured by quantitative PCR and S1 nuclease cleavage of single-strand
break sites. We conclude that closely opposed single-strand lesions are a unique threat to the genome and that
repair of closely opposed strand damage requires greater spatial and temporal coordination between the
participating proteins than does widely spaced damage in order to prevent the development of double-strand
breaks.

Endogenous metabolism or environmental factors such as
oxidizing and alkylating agents can produce a wide variety of
lesions in DNA. The genomes of mammalian cells experience
from 10,000 to as many as 200,000 modifications per day (37,
44). Most lesions are repaired by a complex network of pro-
teins that are part of an elaborate, multistep base excision
repair (BER) system that generates single-strand break (SSB)
intermediates. Importantly, defects in BER can lead to malig-
nancies and can be associated with age-associated disease,
especially neurodegeneration (60).

BER is initiated by specific DNA N-glycosylases that remove
damaged bases, yielding apurinic/apyrimidinic (AP) sites. Sub-
sequent incision by AP endonucleases results in SSBs, and
excision results in a single base gap as a repair intermediate
(33, 53). SSBs are expected to be frequent in the genome due
to the abundance of base damage as well as intermediates of
repair, recombination, replication, and other DNA transac-
tions (15, 16). Because they are generally repaired efficiently by
BER and SSB repair enzymes (16, 57), SSBs per se may not be
a major source of genome instability. However, if lesions are
clustered, the formation of two closely spaced SSBs on oppos-

ing strands (or a single SSB and a modified nucleotide or AP
site) might pose a special risk in terms of the potential to
generate mutations or the possibility of conversion to double-
strand breaks (DSBs), which are potent genotoxic lesions.
Clustered lesions can arise within cells by chance association of
random DNA lesions in a small region or the induction of
multiple events in a narrow region, as found for ionizing radi-
ation and various chemicals, such as those used in cancer
treatments (47, 58, 59). While efficient BER is important for
genome integrity, the repair must be well coordinated to avoid
the generation of closely opposed SSB intermediates at closely
spaced lesions that could result in the secondary generation of
DSBs, especially since cells have limited DSB repair capacity
(�50 DSBs/cell in the case of Saccharomyces cerevisiae) (48).
While the impact of clustered lesions on repair of DNA has
been examined in vitro by use of purified enzymes or cell
extracts (13, 14, 27, 39, 56), there has been little opportunity to
address specifically the repair of clustered lesions, except for
those arising from UV damage (49).

Whether formed directly from sugar damage or as BER
intermediates, SSBs formed during the repair of base damage
often possess 5�-deoxyribose phosphate (5�-dRP) ends that are
not suitable for rejoining by DNA ligases (9, 15). In humans,
removal and repair of 5�-dRP are accomplished by different
combinations of proteins (3, 15) that result in short-patch re-
pair, involving replacement of a single nucleotide (nt), or long-
patch repair, involving 2 to 10 nt. The budding yeast Saccha-
romyces cerevisiae lacks a DNA polymerase � that provides AP
lyase activity required for short-patch repair in mammalian
cells. Instead, removal and repair of a 5�-dRP rely on the
long-patch pathway, involving the successive actions of DNA
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polymerase � (Pol �) for strand displacement, the Rad27/Fen1
endonuclease to remove 5� flaps, and DNA ligase (Cdc9) to
rejoin the resulting nicks (9). The sliding clamp protein PCNA,
which interacts with all three players, has been proposed to
play a central role in coordinating these processes (18, 19, 34).
The coupling between the strand displacement reaction by Pol
� and the flap cutting reaction by Fen1 is highly efficient, with
over 90% of the products released by Fen1 being mononucle-
otides (17).

Although the coordination of Pol �, PCNA, and Rad27/Fen1
provides efficient processing of individual lesions in DNA,
closely opposed SSBs that arise during repair of base damage
could manifest as DSBs, either directly or as a result of SSB
processing. A DNA damaging agent that has been used fre-
quently to characterize long- and short-patch BER is methyl
methanesulfonate (MMS). Recently, we described the detec-
tion of closely opposed MMS-induced lesions in yeast (42).
Since the closely opposed lesions might represent a special
challenge to BER, we considered the possibility that they
might specifically impact long-patch repair through Pol �
and/or coordination of events with Rad27/Fen1. Pol � of S.
cerevisiae is a heterotrimeric enzyme consisting of Pol3, Pol31,
and Pol32 (23). The nonessential Pol32 subunit is involved in
translesion DNA synthesis (TLS) (24, 30) and also break-
induced replication (41). However, its role in other types of
DNA repair remains unclear. Using our in vivo assay for spe-
cifically detecting closely spaced methylated DNA lesions (42)
and SSBs, we examined the role of Pol32 as well as the coop-
eration between Pol �, Rad27/Fen1, and PCNA in the repair of
clustered DNA lesions induced by MMS in G1 stationary-
phase haploid yeast. We found that Pol32 plays an important
role in ensuring that clustered lesions are efficiently repaired
and do not transition to DSBs.

MATERIALS AND METHODS

Yeast strains. All strains used in this study are derivatives of two isogenic
haploid yeast strains, MWJ49 and MWJ50 {MAT� leu2-3,112 ade5-1 his7-2
ura3� trp1-289 [(chr II) lys2::Alu-DIR-LEU2-lys2�5�]}, which contain a circu-
larized chromosome III (42). The strains have two copies of the LEU2 gene, one
in chromosome III (original location) and the other in the vicinity of the LYS2
gene in chromosome II, which enables both chromosomes to be detected after
induction of DNA damage and repair analysis by Southern hybridization analysis
(42).

MMS treatment. MMS treatment was done at the G1 stage of the cell cycle as
previously described (42). Briefly, cells were grown in rich yeast extract-peptone-
dextrose-agar medium for 48 h at 30°C until �95% of cells were in the G1 stage.
Cells were resuspended in phosphate-buffered saline (PBS; 10 mM phosphate,
0.138 M NaCl, 0.0027 M KCl, pH 7.4) and incubated with 11.8 mM (0.1%) MMS
for 15 or 30 min at 30°C with vigorous shaking and then neutralized by being
mixed at a 1:1 (vol/vol) ratio with 10% Na2S2O3. After being washed with
distilled H2O and resuspended in PBS, a portion of the MMS-treated cells was
immediately processed for DNA preparation for either pulsed-field gel electro-
phoresis (PFGE) or quantitative PCR (QPCR) analysis. Another portion of the
MMS-treated or control cells was kept in PBS buffer for 24 h at 30°C with
constant shaking (referred to as liquid holding [LH]) and then processed for
DNA sample preparation.

PFGE analysis to monitor chromosomal DNA breaks. PFGE analysis to detect
chromosomal DNA breaks (i.e., DSBs) as a result of closely spaced SSB forma-
tion on opposite DNA strands was performed as described previously (42).
Briefly, control and MMS-treated cells before or after LH were embedded in
0.6% agarose (plug) to prepare chromosome-sized genomic DNA. The plug was
first treated with 1 mg/ml Zymolyase (100 U/mg; MP Biochemicals, Solon, OH)
for 2 h at 30°C in a “spheroplasting” solution (1 M sorbitol, 20 mM EDTA, 10
mM Tris, pH 7.5) to remove the cell wall. This was followed by digestion with
proteinase K (10 mM Tris, pH 8.0, 100 mM EDTA, 1.0% N-lauroylsarcosine,

0.2% sodium deoxycholate, 1 mg/ml proteinase K) for 24 h at 30°C or 55°C.
Electrophoresis was performed using a Bio-Rad Chef-Mapper XA PFGE sys-
tem. Samples were resolved in a 1% agarose gel at 6 V/cm for 20 h, with a 60-
to 120-s switch time ramp (14°C). After Southern blotting, hybridization was
carried out with a probe for the LEU2 gene to detect both chromosomes II and
III simultaneously. Autoradiographs were digitized and densitometric analysis
was performed using Kodak 1D software (version 4.0). Quantification of chro-
mosome breaks was based on the ratio between the band masses of chromo-
somes II and III by use of the following equation, as described previously (42):
PChrIII(1)/PChrII(0) 	 Xe1.9X, where PChrIII(1) and PChrII(0) are the probabilities of
a single break in chromosome III and no breaks in chromosome II, respectively,
when the average number of DSBs in chromosome III is X. The ratio of PChrIII(1)

to PChrII (0) was determined experimentally by the band intensities between the
linearizing chromosome III and the intact chromosome III.

QPCR assay to measure total DNA lesions. QPCR was performed and ana-
lyzed as described previously (1, 32). Briefly, genomic DNA was isolated from
MMS-treated yeast cells before and after LH, and specific primers (sense, 5�-T
ATCATCCCGATTGCTGCCACTA-3�; and antisense, 5�-CGCTAAAATCCC
GTGTATCCCTTG-3�) were used to amplify a 10-kb fragment of the genomic
DNA. The presence of any DNA lesions (including base modifications, AP sites,
and strand breaks) blocks the progression of the polymerase so that only un-
damaged templates can be amplified by PCR. Therefore, amplification is in-
versely proportional to the amount of DNA damage. Amplification of MMS-
treated samples was compared with that of undamaged controls to calculate the
relative amplification. Estimation of the average number of lesions per 10 kb of
the genome, using a Poisson distribution, was described elsewhere (1, 51, 52).

S1 nuclease treatment to detect SSBs. Plugs were treated with S1 nuclease
(Sigma, St. Louis, MO) at a concentration of 4 U/ml (150 
l of reaction buffer
for a 50-
l plug) for 20 min at room temperature in a buffer containing 33 mM
sodium acetate, 50 mM NaCl, and 1 mM ZnCl2 (pH 4.6) as described previously
(20, 46). The reaction was stopped using 50 mM EDTA, and the plugs were
analyzed by PFGE (1% agarose gel at 6 V/cm for 24 h, 10- to 90-s switch time
ramp, and 14°C). Single-stranded sites were cut by S1 nuclease, resulting in DSBs
that could be monitored by PFGE analysis. Since S1 nuclease was used at a low
concentration and for short treatment times to prevent degradation of intact
DNA, it is likely that many SSBs were not converted into DSBs. Regardless, the
assay provides a qualitative assay of random SSBs.

RESULTS

Monitoring intermediates created during repair of alkyla-
tion base damage. We previously described an approach for
assessing the engagement of BER proteins in the repair of
alkylation base damage in G1 haploid yeast cells (42). This
assay measures the induction and repair of methylation base
damage by using PFGE to detect secondary DSBs resulting
from closely spaced DNA lesions in full-size yeast chromo-
somes. The assay can detect the number of strand breaks
arising during repair (in vivo), as well as other lesions, such as
methylated bases and abasic (AP) sites (converted into DSBs
in vitro). Using a circular chromosome, lesion frequency and
repair kinetics can easily be determined as described in Mate-
rials and Methods. G1 haploid cells are treated with MMS
(0.1% for 15 or 30 min in buffer), and repair is examined
during a subsequent 24-h period of LH in buffer. This protocol
enables us to focus specifically on BER, since other repair
pathways, such as replication-associated damage bypass and
homologous recombination, are not available during LH of G1

cells. As we and others have shown, MMS does not directly
cause DSBs in vitro (40, 42). However, closely spaced lesions
on opposite DNA strands (which can arise as a result of ran-
dom damage) can be detected by PFGE as DSBs that are
either formed in vivo or converted to DSBs in vitro (42).

The formation of DSBs following induction of MMS damage
was proposed to be due to the accumulation of closely opposed
SSBs that arise as repair intermediates during BER (42). Most
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MMS-induced closely opposed lesions can be repaired in the
absence of the machinery required for DSB repair, such as
through homologous recombination and nonhomologous end
joining (42). As shown in Fig. 1A, lanes 1 to 3 (before LH) and
lanes 13 to 15 (after LH), few closely opposed SSBs were
detected in wild-type (WT) yeast, suggesting that if they are
formed, at least one of the intermediate SSBs is repaired
efficiently, thereby avoiding DSB formation. Closely opposed
SSBs can accumulate in vivo when there is a defect in the BER
pathway, such as both AP endonuclease genes APN1 and

APN2. The closely opposed SSBs were previously referred to
as heat-independent DSBs (42).

MMS-induced base methylation damage (the direct adduct)
and AP sites (repair intermediate) are heat labile (38, 45), and
most of these lesions can be converted into strand breaks in
vitro when DNA samples are incubated at 55°C during the 24-h
proteinase K digestion step prior to electrophoresis. When
closely opposed, these lesions yield DSBs in vitro and were
previously referred to as heat-dependent DSBs. The heat-de-
pendent DSBs provide an assessment of the overall number of
MMS-induced lesions (42). As shown in Fig. 1B, the smearing
of chromosome bands before LH (lanes 2 and 3) and their
reconstitution after LH (lanes 14 and 15) in WT yeast indicate
that repair is efficient for the bulk of MMS lesions. When DNA
samples are processed at 30°C, the methylated bases and AP
sites are relatively stable, so closely opposed lesions contribute
little to DSB formation (40, 42, 50). Thus, if DSBs are detected
in samples incubated at 30°C, they correspond to closely op-
posed strand breaks formed in vivo. Unless specifically stated,
the current study mainly addresses DSBs formed in vivo at
30°C and detected by PFGE.

Deletion of POL32 combined with a defect in Rad27-PCNA
interaction (rad27-p) leads to formation of DSBs. As described
in the Introduction, the actions of glycosylases and AP endo-
nucleases at MMS-damaged nucleotides result in a single base
gap with a 5�-dRP terminus that requires the successive action
of Pol � and Rad27/Fen1 to remove the 5�-dRP and generate
a ligatable nick (4, 9, 61). While Pol � may play an important
role in displacing the DNA strands during repair synthesis to
facilitate flap removal by Rad27/Fen1, the role of the nones-
sential subunit Pol32 is unknown. As shown in Fig. 1A, the
incidence of DSBs due to closely opposed SSBs for samples
treated at 30°C appeared to be somewhat greater for the
pol32� mutant (lanes 5 and 6 [before LH] and lanes 17 and 18
[after LH]) than for WT cells (lanes 2 and 3 [before LH] and
lanes 14 and 15 [after LH]), with or without incubation follow-
ing MMS treatment. However, a severe repair defect was ob-
served when the pol32� mutation was combined with a muta-
tion in RAD27/FEN1 (rad27-p) that eliminates Rad27
interactions with PCNA (Fig. 1A, lanes 11 and 12 versus lanes
2 and 3 [before LH] and lanes 23 and 24 versus lanes 14 and 15
[after LH]). The rad27-p single mutant (Fig. 1A, lanes 8 and 9
[before LH] and lanes 20 and 21 [after LH]) was similar to the
WT in the repair of MMS damage.

Presented in Table 1 are estimates (median numbers and
ranges) of the numbers of DSBs resulting from closely opposed
SSBs/haploid yeast genomes in various mutants before and
after LH, based on Southern analysis of changes in chromo-
some II and circular chromosome III (42) (see Materials and
Methods). Following a 30-min MMS treatment in the pol32�
rad27-p mutant, there were �3 times more DSBs (24 DSBs/
genome) than in the pol32� single mutant (7.3 DSBs/genome)
and �4 times the number found in the rad27-p mutant (6.3
DSBs/genome) or the WT strain (5.0 DSBs/genome). The
quantity of closely opposed SSBs giving rise to DSBs was
further increased in pol32� rad27-p double mutants after LH
incubation (Fig. 1A, lanes 23 and 24). As shown in Table 1,
MMS treatment for 30 min resulted in �24 DSBs/genome
before LH, which increased to �40 DSBs/genome after LH
(six independent experiments). Complete deletion of RAD27

FIG. 1. Accumulation of DSBs in pol32� rad27-p double mutants.
G1 haploid yeast cells of different genotypes were treated with 0.1%
(11.8 mM) MMS for 15 min (lanes 2, 5, 8, 11, 14, 17, 20, and 23) or 30
min (lanes 3, 6, 9, 12, 15, 18, 21, and 24), followed by immediate DNA
purification and PFGE (lanes 1 to 12) or PFGE after LH for 24 h
(lanes 13 to 24). Lanes 1, 4, 7, 10, 13, 16, 19, and 22 are mock-treated
controls. Chromosomal DNA preparation with proteinase K digestion
was performed either at 30°C (A) to measure preexisting closely op-
posed SSBs formed in vivo or at 55°C (B) (the order of lanes is the
same as in panel A) to measure total closely opposed lesions. Chro-
mosomes were visualized by ethidium bromide staining. Positions of
some chromosome bands are indicated. A broken chromosome III that
can be detected by Southern blotting is located between Chr I and Chr
IX. The smear below the Chr I band (indicated by an asterisk) is
nonspecific DNA material. A Southern blot detecting the two chro-
mosome bands (Chr II and Chr III) is shown below the agarose gel
(30°C).
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in the pol32� background led to an even higher accumulation
of DSBs. The effect of the rad27� single mutant was less than
that of the pol32� rad27-p double mutant, especially with the
longer MMS treatment (30 min). The increased accumulation
of DSBs after LH was observed only in the double pol32�
mutants (pol32� rad27-p and pol32� rad27� mutants).

As noted above and previously described (42), the quantity
of closely opposed MMS lesions and intermediates of repair,
including closely opposed SSBs, can be estimated by incubating
samples at 55°C during the 24-h proteinase K digestion step.
As shown in Fig. 1B (lanes 1 to 12 [before LH] and lanes 13 to
24 [after LH]), repair was evident and comparable between the
WT and the pol32� and rad27-p mutants. Importantly, the
pol32� rad27-p double mutant exhibited some repair of closely
opposed lesions that can be converted to DSBs at 55°C, al-
though less than that in WT cells (Fig. 1B, lanes 11 and 12
[before LH] compared to lanes 23 and 24 [after LH]) (South-
ern blot data not shown). These results suggest that the pol32�
rad27-p strain is inefficient in the repair of a subpopulation of
MMS lesions that are detected as DSBs at 30°C. In line with
the accumulation of DSBs, survival of the G1 haploid pol32�
rad27-p cells treated with 11.8 mM MMS was dramatically
decreased compared to that of WT cells and the pol32� or
rad27-p single mutant, and the defect was even more severe
than that of the rad27� mutant (Fig. 2).

Deletion of MAG1 in the pol32� rad27-p background pre-
vents DSB formation. In budding yeast, the Mag1 glycosylase
is required for removal of the most abundant lesions caused by
MMS (5), i.e., N7-methylguanine (80 to 85% of lesions) and
N3-methyladenine (9 to 12% of lesions). Previously, we showed
that in G1 yeast the MMS-induced methylated bases are pre-
vented from forming AP sites if MAG1 is deleted (42). As
shown in Fig. 3, the total amounts of MMS-induced lesions (as
determined by the number of heat-dependent breaks at 55°C)
(Fig. 3B) were comparable between pol32� rad27-p and pol32�
rad27-p mag1� mutants, as well as the in vivo formation of
DSBs (as determined by the number of heat-independent
breaks at 30°C) (Fig. 3A). The �22 DSBs/genome observed in
the pol32� rad27-p strain after 30 min of MMS treatment was
reduced to 5.4 DSBs/genome if MAG1 was also inactivated
(compare lanes 6 and 9), which is comparable to the WT level
(3.4 to 7.6 DSBs/genome) (42). The prevention or slowing
down of DSB formation by the MAG1 deletion demonstrates
that the pol32� rad27-p mutant is defective in a repair process

downstream of the generation of AP sites which is possibly
related to strand displacement and/or flap removal.

Random SSBs induced by MMS treatment are repairable in
a pol32� rad27-p strain. Since the PFGE method employed in
our study detects only opposing SSBs in close proximity, we
next asked if the pol32� rad27-p strain was also defective in
repairing random single SSBs. To identify the presence of
random SSBs before and after LH, DNA samples prepared for
PFGE (plugs) were subjected to S1 nuclease digestion to con-
vert SSBs into DSBs (20, 21, 46). This single-strand-specific
endonuclease can cut DNA regions containing nicks, gaps, and
single-strand overhangs and thus will convert these lesions into
DSBs which can be detected by PFGE (6, 21).

To test the utility of S1 nuclease in detecting SSBs, DNA
plugs were treated with increasing doses of MMS. As previ-
ously shown (42), no DSBs were directly produced (Fig. 4,
lanes 1 to 5). Following incubation of the MMS-treated plugs

TABLE 1. Median number of MMS-induced closely spaced SSBs in the genomea

Strain
(no. of independent expts)

Median (range) no. of closely spaced SSBs after treatment with MMS for indicated time (min)

Before LH After LH

0 15 30 0 15 30

WT (13) �2 2.4 (�2–5.6) 5.0 (2.7–9.5) �2 (�2–3.7) 2.2 (�2–4.6) 3.0 (�2–5.9)
pol32� mutant (4) 2.7 (�2–3.6) 4.2 (2.3–9.1) 7.3 (5.5–18.6) 3.8 (�2–5.1) 5.6 (�2–7.0) 8.0 (6.1–14.6)
Rad27-p mutant (4) �2 3.4 (�2–4.3) 6.3 (�2–8.7) 3.2 (�2–3.4) 3.7 (�2–4.7) 4.3 (�2–4.8)
rad27� mutant (7) �2 (�2–2.2) 5.9 (4.2–7.7) 13.2 (10.4–19.6) �2 (�2–2.2) 6.0 (3.2–8.5) 13.3 (7.9–20.9)
pol32� rad27-p mutant (6) �2 (�2–3.6) 6.1 (4.9–13.9) 23.9 (16.4–28.2) 2.4 (�2–2.7) 9.2 (5.9–16.7) �40 (27.7–�40)
pol32� rad27� mutant (4) �2 12.8 (10.5–15.2) 32.1 (29.5–36.7) �2 16.9 (14.5–20.6) �40

a The number of DSBs per haploid genome equivalent in chromosomes separated by PFGE was calculated for each experiment as described in Materials and
Methods. The closely spaced SSBs were determined using chromosome samples prepared at 30°C. (Previously, these were referred to as heat-independent DSBs or
HIBs �42.)

FIG. 2. Cell survival after MMS damage. (A) Sensitivity of yeast
strains treated with 11.8 mM (0.1%) MMS for 15 or 30 min in PBS and
plated, after 24 h of LH repair, on rich medium from serial 10-fold
dilutions. (B) Survival of MMS-treated G1 yeast (after 24 h of LH). E,
WT; �, rad27� mutant; F, pol32� mutant; Œ, rad27-p mutant; f,
pol32� rad27-p mutant.
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at 55°C to convert methylated bases and AP sites to SSBs,
there was an appearance of up to 26 DSBs per genome equiv-
alent (Fig. 4, lane 15). For MMS-treated DNA plugs that were
heated at 55°C, the S1 nuclease greatly increased the number
of DSBs (Fig. 4, lanes 16 to 20). For MMS-treated DNA plugs
that were not heated, S1 nuclease treatment had, at most, a
small but significant effect (Fig. 4, lanes 6 to 10). However,
since there was no MMS dose-related increase in DSBs, these
DSBs may have originated from preexisting SSBs in the ge-
nome.

The S1 nuclease approach was employed to assess SSBs in
MMS-treated G1 cells before and following LH (Fig. 5). After
15 min of MMS treatment, few DSBs were produced in vivo,
regardless of genotype (WT and pol32� rad27-p and rad27
mutants, corresponding to lanes 1, 2, and 3, respectively) (also
see Fig. 1A). As shown in Table 2, there were comparable
amounts of DSBs in the individual strains before and after LH
(lanes 4 to 6 versus lanes 7 to 9), as follows: 2.9 versus �2
DSBs/genome equivalent for the WT, 6.6 versus 5.9 DSBs/
genome for the rad27 mutant, and 5.1 versus 6.5 DSBs/genome
for the pol32� rad27-p mutant. However, treatment of the
DNA plugs with S1 nuclease revealed a large number of SSBs

after MMS treatment (Fig. 5, lanes 13 to 15) that were reduced
upon LH (Fig. 5, lanes 16 to 18) for all genotypes. The esti-
mated number of S1-generated DSBs/genome equivalent (Ta-
ble 2) decreased from 35 to 14 for the WT, from 35 to 23 for
the rad27 mutant, and from 38 to 25 for the pol32� rad27-p
mutant, corresponding to 75%, 38%, and �39% reductions,
respectively, after accounting for the background of �7 DSBs/
genome equivalent. The values (especially before LH) may
correspond to transitional SSBs during repair instead of to
total SSBs generated during BER. Therefore, the actual quan-
tity of SSBs repaired during LH may be higher than that
estimated. While there were more SSBs remaining in the rad27
and pol32� rad27-p mutants after LH than in the WT, the
reductions in the level of S1 nuclease-converted DSBs clearly
indicate that most random SSBs can be repaired in these two
strains. This contrasts with the actual increase in DSBs due to
closely opposed SSBs in the pol32� rad27-p strain after LH,
further suggesting that DSBs are uniquely affected by the dou-
ble mutation.

Quantitation of total MMS-induced lesions in pol32�
rad27-p mutant and WT. Assuming that MMS-induced lesions
are randomly distributed across the genome, there are hun-

FIG. 3. A mag1 deletion in the pol32� rad27-p background prevents accumulation of DSBs. Genotypes are indicated. Each group of three lanes
(from left to right) contains a mock-treated control and samples with 15 min and 30 min of MMS treatment. (A) DNA samples were processed
at 30°C to detect closely opposed SSBs that were formed in vivo. (B) DNA samples were processed at 55°C to detect total closely opposed lesions
(methylated lesions, AP sites, and SSBs). A Southern blot and the number of DSBs per haploid yeast genome, calculated as described in Materials
and Methods, are shown under each lane.
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dreds more SSBs than closely opposed SSBs, with the actual
numbers depending on the distance between two closely
spaced SSBs required (42) to form a DSB. In order to further
establish that the pol32� rad27-p mutant is specifically defec-
tive in repair of closely spaced lesions, total MMS damage was
measured directly by QPCR, which detects all lesions that can
block DNA amplification, as previously described (1, 12, 52,
54). The amount of MMS damage in a 10-kb window was
assessed before and after LH (primers are described in Mate-
rials and Methods). As shown in Fig. 6, there were similar
levels of MMS lesions in WT and pol32� rad27-p cells follow-
ing MMS treatment, as follows: 1.1 to 1.3/10 kb (15-min MMS
treatment) and �1.8/10 kb (30-min MMS treatment). Impor-
tantly, the extents of repair after LH were comparable between
the WT and pol32� rad27-p strains for the two treatments, with
56% (15 min) and 38% (30 min) repair for the WT and 57%
(15 min) and 35% (30 min) repair for the pol32� rad27-p
mutant. Thus, the repair defect in the pol32� rad27-p mutant
appears to be specific to closely spaced SSBs.

Deletion of REV1 or REV3 does not affect the formation of
MMS-induced DSBs in a rad27-p background. Since Pol32 is
involved in the bypass of DNA damage during replication (26,
29), we asked if TLS plays a role in preventing accumulation of
closely opposed SSBs. The TLS pathway that involves Pol32
also requires the functions of Pol � (REV3) and Rev1 (26) but
not that of Pol � (24, 25). If damage bypass is the underlying
mechanism responsible for the accumulation of closely op-

posed SSBs in the pol32 rad27-p mutant, then deletion of REV1
or REV3 in the rad27-p background should have a similar
effect. As shown in Fig. S1 in the supplemental material, rev1
rad27-p and rev1 rad27-p double mutants have a similar repair
capacity to that of the rad27-p single mutant (only heat-depen-
dent DSBs are shown so that repair can easily be visualized).
Thus, it is likely that TLS plays only a minor role in the
accumulation of closely opposed SSBs in the pol32 rad27-p
strain.

DISCUSSION

Enzymatic processing of lesions during DNA repair must be
coordinated to avoid the secondary creation of intermediates
that in themselves would place the genome at risk. While single
lesions are efficiently repaired through an SSB intermediate
step by the many available redundant BER/SSB repair pro-
teins, closely spaced lesions, if processed at the same time,
would be expected to have a high risk of generating DSBs. The
presence of nonligatable ends (i.e., “dirty” ends) at SSBs pro-
duced during BER might lead to DSBs that cause genome
instability and cell death if not efficiently removed (48). In G1

haploid yeast cells, there is little opportunity for DSB repair
through recombination or end joining involving nonligatable
ends. In diploid and G2 cells, repair can occur via homologous
recombination, although DSB repair capacity is limited in
terms of the number of breaks repaired.

FIG. 4. Determination of SSBs by S1 nuclease treatment. MMS treatment of chromosomal DNA of WT yeast within plugs, along with the
presence or absence of S1 nuclease, is indicated. DNA plugs were incubated in buffer either at 4°C (no heat treatment; lanes 1 to 10) or at 55°C
(heat treatment) for 24 h to convert heat-labile sites into SSBs (lanes 11 to 20). Thereafter, S1 nuclease (4 U/ml for 20 min) treatment was applied
to both mock heat-treated (lanes 6 to 10) and heat-treated (lanes 16 to 20) plugs.
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While there are extensive studies on the repair of clustered
lesions in vitro, using oligonucleotides and purified enzymes or
cell extracts, there are relatively few in vivo studies (for a
recent review, see reference 22). Our recently developed in
vivo assay has provided a unique opportunity to investigate the
formation of DSBs arising from closely spaced lesions during
repair of MMS-induced DNA damage in G1 stationary-phase
haploid yeast. Since the assay measures clustered lesions in
vivo as both SSBs and damaged bases (converted at a high
temperature to DSBs in vitro), it is useful for addressing ge-
netic interactions during BER of clustered lesions. The DSBs

arising from MMS-induced closely spaced lesions are different
from other types of DSBs induced by agents such as ionizing
radiation or specific endonucleases, since the BER-associated
DSBs are repaired well in G1 haploid yeast even in the absence
of Rad52 (42), which is required for recombinational repair, or
Ku70/80 (data not shown), which is required for end joining.

The generation of DSBs by closely spaced SSBs could occur
if the overlapping complementary regions are short. Even if
lesions are farther apart, repair processes that create SSBs
could move SSBs closer to form DSBs, for example, during
strand displacement repair synthesis (Fig. 7). This was pro-
posed for SSBs produced on opposite DNA strands 80 to 90 bp
apart, with an observed repair patch size of 40 nt (56). If a 5�
flap is not removed by Rad27/Fen1, strand displacement syn-
thesis will continue without ligation, generating even longer
flaps capable of binding replication protein A (RPA). Flaps
longer than 20 to 30 nt are stably bound by RPA and are
prevented from direct cleavage by Rad27/Fen1 (2, 8, 28); how-
ever, such flaps are subject to cutting by Dna2, which usually
does not generate ligatable nicks. Strand displacement DNA
synthesis would have the effect of bringing more distant ends
closer together to generate DSBs. However, long flap forma-
tion appears unlikely when Rad27/Fen1 is fully functional dur-

FIG. 5. SSBs induced by MMS treatment are repairable in pol32�
rad27-p mutants. Each group of three lanes (from left to right) repre-
sents WT, pol32� rad27-p, and rad27 genotypes. G1 haploid yeasts
were treated with MMS as follows: mock-treated control (lanes 1 to 3
and 10 to 12), 15 min of MMS treatment (lanes 4 to 6 and 13 to 15),
and 15 min of MMS treatment followed by LH (lanes 7 to 9 and 16 to
18). Chromosomal DNA samples were processed at 30°C in order to
detect SSBs formed in vivo. S1 nuclease treatment was applied to DNA
plugs (lanes 10 to 18).

TABLE 2. S1 nuclease-detected MMS-induced SSBs in the genomea

Strain (no. of independent
expts)

Median (range) no. of SSBs

No S1 treatment S1 nuclease treatment

No MMS Before LH After LH No MMS Before LH After LH

WT (5) �2 (�2–2.1) 2.9 (�2–4.5) �2 (�2–2.39) 7.2 (4–10.9) 34.6 (25.7–�40) 14.4 (10.9–21.5)
rad27 mutant (5) �2 6.6 (4.1–9.4) 5.9 (3.4–9.4) 8.5 (7.1–11.9) 35.2 (32.1–�40) 23.6 (19.2–24.7)
pol32� rad27-p mutant (5) �2 (�2–2.1) 5.1 (3.2–8.4) 6.5 (5.3–11.9) 9.2 (7.4–13.1) 37.8 (33.0–�40) 24.8 (20.2–27.6)

a The number of DSBs (converted from SSBs) per haploid genome in chromosomes separated by PFGE was calculated for each experiment as described in Materials
and Methods.

FIG. 6. Comparable repair of total MMS-induced lesions in WT
and pol32� rad27-p strains. Genomic DNAs were isolated from mock-
treated and MMS-treated (15 and 30 min) G1 haploid cells before and
after LH. QPCR was performed to amplify a 10-kb fragment and
compared with controls to calculate the relative amplification. Estima-
tion of the average number of lesions was done as described by Ayala-
Torres et al. (1). Each bar represents the mean value and standard
error for four independent MMS treatments (including six indepen-
dent QPCR analyses for each sample).
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ing nick translation repair synthesis, since �90% of the prod-
ucts released by Fen1 are mononucleotides (17). Thus, the
well-coordinated repair of SSBs in WT cells by Pol �, PCNA,
and Rad27/Fen1 would prevent the generation of DSBs via
processing of widely (�30 nt) separated lesions.

Although the pol32� or rad27-p single mutant had little
effect on the repair of MMS damage, not only was the pol32�
rad27-p double mutant defective in repair of lesions that were
closely spaced, resulting in DSBs, but there was also a further
increase in these DSBs after LH (Fig. 1 and Table 1). Thus, the
combination of Pol � (with the Pol32 subunit) and Rad27
appears to prevent the generation of DSBs at closely spaced
lesions. The model in Fig. 7 describes steps in the repair of
closely spaced lesions that could lead to DSBs if there is a lack
of coordination in BER components, as in the case of the
pol32� rad27-p mutant. The DSBs could arise either directly
after induction of SSBs or during subsequent processing of
lesions that are not widely spaced.

Since deletion of MAG1 prevents the accumulation of
closely opposed SSBs in the pol32� rad27-p double mutant
(Fig. 3), the repair defect leading to DSBs is downstream of an

SSB generated by an AP endonuclease. In vitro studies have
demonstrated that for pairs of lesions as close as 1 to 3 nt apart,
both can be incised by endonucleases/lysases to form a DSB (7,
39). Whether this can occur in vivo remains to be determined
(22). Our present results showing that the number of closely
opposed SSBs was increased during LH in the pol32� rad27-p
mutant (Table 1) suggest that simultaneous processing of
closely spaced lesions may normally be prohibited in vivo.
Possibly, binding of the Pol�-PCNA-Rad27 complex obstructs
access of glycosylase and AP endonuclease to nearby methyl-
ated bases, resulting in coordinated repair such that the first
SSB is repaired before the second SSB is formed. Since Pol32
is required for optimum processivity of Pol � and may affect
strand displacement (10, 11, 31), the loss of Pol32 might slow
the SSB repair process. Therefore, combined with the rad27-p
mutation, the opportunity for generating a second SSB at a
nearby lesion may be increased before finishing repair of the
first SSB (Fig. 7). Also, there would be less of the Pol�-PCNA-
Rad27 complex to physically obstruct processing of a nearby
second lesion.

The synergy between the rad27-p mutation, which causes a
defect in PCNA binding, and the pol32� mutation reveals the
important role of PCNA in the repair of clustered lesions.
PCNA interacts with Pol � and DNA ligase and also forms a
tight complex with Rad27/Fen1. This interaction provides ef-
ficient removal of 5� nucleotides by means of “nick translation”
to continuously maintain a nick that can be ligated (35, 36, 43).
Displacement of a few nucleotides by Pol � is enough to lead
to removal of the 5�-dRP by Rad27/Fen1 (16). This may ex-
plain why the single pol32� mutation has only a mild effect,
since a tight PCNA-Rad27 interaction could efficiently remove
5�-dRPs before a second incision at the nearby lesion or de-
crease the requirement for strand displacement and/or the
length of a displaced flap. In the rad27-p mutant, a lack of
PCNA-Rad27 interaction may lead to deficient recruitment of
flap removal activity since the access of Rad27 protein to the
site is most likely restricted. However, the reduced access of
Rad27 protein to the repair site in the rad27-p mutant ap-
peared to be compensated for by Pol32, since repair was com-
parable in the WT and rad27-p strains (Fig. 1 and Table 1).
Only when both proteins were defective could the accumula-
tion of DSBs occur.

Pol32 may play a role in helping to recruit the Rad27-p
protein to a repair site, possibly by temporally releasing the Pol
�-PCNA complex from the repair site or by helping to generate
a suitable flap. Since Pol32 can be involved in TLS (26, 29),
Pol32 may aid in Pol � strand displacement synthesis past a
nearby opposing methylated base, resulting in the generation
of a long flap that could be a better substrate for the Rad27-p
protein. Pol32 is required in Pol � (REV3)- and Rev1-mediated
(but not Pol �-dependent) TLS, at least for the initiation step,
to bypass abasic sites (24–26). If TLS helps to prevent the
accumulation of DSBs, deletion of other TLS proteins in the
rad27-p background should result in MMS responses similar to
those for the pol32� rad27-p mutant. However, as shown in
Fig. S1 in the supplemental material, this is not the case for the
rev1 rad27-p and rev1 rad27-p double mutants, suggesting that
the synergistic effect between pol32� and rad27-p mutations is
not due to a loss of TLS function.

While Pol32 is important for Pol � processivity and strand

FIG. 7. Possible mechanisms for DSB formation from closely
spaced lesions. When there is coordination of BER enzymes (WT),
closely opposed base lesions can be repaired one by one. Once the first
lesion is processed by glycosylases followed by AP endonucleases,
strand displacement and 5�-flap removal are quickly finished to seal the
nick generated during repair before starting nicking of the second
lesion, thus avoiding the formation of DSBs. When there is a defect in
the coordination of BER enzymes (pol32 rad27-p mutant), the strand
displacement and/or 5�-dRP end flap removal might be slowed, result-
ing in increased time and space for the generation of a second nick 5�
of the closely opposed lesion, thereby leading to DSB formation. In
this case, widely separated intermediate SSBs (e.g., �30 nt apart)
might, in essence, be brought together to form DSBs. Alkylated bases
are shown as filled red circles. 5�-dRP is shown as filled blue circles.
Arrowheads on DNA strands correspond to 3� ends. Red dashed lines
represent repair-associated DNA synthesis, and red solid lines repre-
sent newly synthesized DNA. Note that this figure shows only one
orientation of the two closely opposed SSBs, where DNA synthesis and
strand displacement intermediates face each other. DSBs would not be
generated if DNA synthesis and strand displacement at closely op-
posed SSBs proceeded in the opposite orientation.
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displacement, the structural parameters in Pol � that deter-
mine its strand displacement potential remain unknown (16).
However, the Pol32 subunit has an extended structure which
accounts for the unusual elongated shape of the entire three-
subunit complex (31). Possibly, this structure helps to “open”
the strands to enable bypass of an adjacent lesion without
concomitant DNA synthesis. Recent in vitro results show that
Pol � in the absence of the Pol32 subunit has reduced activity
for strand displacement (55).

Overall, this study and our previous report (42) reveal that
closely spaced single-strand lesions can be converted into
DSBs through BER processes in yeast. Closely spaced lesions
could result from random lesions that are nearby by chance or
from agents such as ionizing radiation, which creates clustered
damage. The Pol32 component of Pol � appears to play an
important role in preventing the transition to DSBs by partic-
ipating in the efficient coordinated repair of closely spaced
lesions. It is interesting that Pol32 may also function elsewhere
to prevent DSB formation, since the combination of a pol32�
mutation with other homologous recombination repair path-
way mutations results in slow growth or lethality (25).

Clustered lesions may possibly be generated during normal
cellular metabolism by reactive oxygen or nitrogen species.
The current study with G1 stationary-phase yeast cells has
important implications for BER events in G1 human cells,
especially postmitotic cells that cannot be replaced through
cell division. Prevention of DSB formation by BER might be
relevant to issues of neurodegeneration and aging.
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