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ABSTRACT

A DNA gap repair assay was used to determine the
effect of mutations in the DNA damage checkpoint
system on the efficiency and outcome (crossover/
non-crossover) of recombinational DNA repair. In
Saccharomyces cerevisiae gap repair is largely
achieved by homologous recombination. As a result
the plasmid either integrates into the chromosome
(indicative of a crossover outcome) or remains extra-
chromosomal (indicative of a non-crossover out-
come). Deletion mutants of the MEC1 and RAD53
checkpoint kinase genes exhibited a 5-fold decrease
in gap repair efficiency, showing that 80% of the gap
repair events depended on functional DNA damage
checkpoints. Epistasis analysis suggests that the
DNA damage checkpoints affect gap repair by mod-
ulating Rad51 protein-mediated homologous recom-
bination. While in wild-type cells only ~25% of the gap
repair events were associated with a crossover out-
come, Mec1-deficient cells exhibited a >80% cross-
over association. Also mutations in the effector
kinases Rad53, Chk1 and Dun1 were found to affect
crossover association of DNA gap repair to various
degrees. The data suggest that the DNA damage
checkpoints are important for the optimal functioning
of recombinational DNA repair with multiple terminal
targets to modulate the efficiency and outcome of
homologous recombination.

INTRODUCTION

Maintaining the integrity of the genome is critical for the
survival of any living organism. DNA double-stranded breaks
(DSBs) are a potentially lethal form of DNA damage. Ionizing
radiation and a host of drugs can induce DSBs directly or
indirectly, which determines their therapeutic value in cancer
treatment (1). DSBs may also result from intrinsically gener-
ated DNA damage (reactive oxygen species) and from the
processing of stalled replication forks during DNA replication
(2,3). Programmed DSBs are known to initiate regulated

recombination events such as mating-type switching in
Saccharomyces cerevisiae and meiotic recombination in pre-
sumably all eukaryotes as well as the assembly of functional
B- and T-cell receptor genes (4,5). Eukaryotes maintain
two major pathways for the repair of DSBs, homologous
recombination and non-homologous endjoining (NHEJ) (4,6).
Homologous recombination typically uses the sister chromatid
or homolog as a template to repair DSBs in a largely error-free
way, whereas NHEJ directly joins DNA ends in a template-
independent manner that, depending on the exact DNA end
structure, leads to error-prone DSB repair.

In the yeast S.cerevisiae, DSBs are primarily repaired by the
RADS52-dependent homologous recombination pathway when
a homologous DNA sequence is available. In the absence of
available homology or in mutants affecting homologous
recombination, NHEJ rejoins DSBs with varying efficiency
depending on the exact end structure (4,6). Homologous
recombination involves several sub-pathways with distinct
substrate and genetic requirements. DSBs are processed to
generate 3’-OH-ending single-stranded DNA tails, to which
the single-stranded DNA binding protein RPA appears to bind
first (4,7). In the absence of a homolog or sister chromatid,
single-strand annealing (SSA) is an efficient pathway that
utilizes repeated DNA sequences flanking a DSB leading to
a deletion of the intervening sequence. SSA requires the
Rad52 and Rad59 proteins but not the other members of
the RADS2 epistasis group (4,6,8,9). In the presence of a
homolog or sister chromatid, RPA is replaced on the single-
stranded DNA by Rad51 protein in a reaction involving the
Rad52 protein and the Rad55-Rad57 heterodimer (10-13).
The Rad51 filament, presumably in conjunction with the
dsDNA-specific ATPase Rad54, performs homology search
and DNA strand invasion, forming a D-loop that connects
the broken duplex to the intact template (14-18). After a
poorly understood transition that probably involves the remo-
deling of the Rad51-heteroduplex DNA complex by Rad54
protein (19-21), DNA polymerase gains access to the invading
3’ end and initiates DNA synthesis, stabilizing the D-loop and
copying the DNA missing on the broken chromosome. Cap-
ture of the second end by the displaced strand in the D-loop
may lead to the establishment of a double Holliday junction in
a pathway termed double-strand break repair (DSBR) (6). The
double Holliday junction requires resolution by a structure-
specific endonuclease, which may lead to a crossover or
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non-crossover outcome, or dissolution by the combined action
of a DNA helicase with a type I topoisomerase, which will lead
to a non-crossover outcome exclusively (22). Biochemical and
genetic evidence suggests a role for RecQ-like DNA helicases
in conjunction with topoisomerase III in the dissolution of
double Holliday junctions to non-crossover products (23—
26). Endonucleolytic resolution of double Holliday junctions
in eukaryotes may involve multiple activities depending on the
organism and the context (DNA repair in vegetative/somatic
cells, meiotic recombination). Among these are the Mus81—
Mms4/Emel structure-specific endonuclease, the presumable
endonuclease encoded by the Drosophila MEI-9 and MUS312
genes, and an unidentified mammalian catalytic activity that
depends on the Rad51 paralogs Xrce3 and Rad51C (27-31). In
the absence of second end capture, the invading strand may
reverse the D-loop after DNA synthesis to anneal directly with
the resected second end. This pathway has been termed synth-
esis-dependent strand annealing (SDSA) (4). SDSA also
depends on the Rad51, Rad52, Rad55, Rad57 and Rad54 pro-
teins but lacks a requirement to process double Holliday junc-
tions, although some structure-specific nucleases may be
required to process flap structures that can form during the
annealing step (32).

Homologous recombination is not a constitutive DNA
repair pathway but highly regulated at multiple levels.
Single-stranded DNA gaps, nicks and DSBs (processed into
single-stranded DNA tails) are known to be highly recombi-
nogenic (33-35). The constant presence of single-stranded
DNA at the replication fork during ongoing DNA replication
necessitates negative regulation of recombination to avoid
interference with ongoing DNA replication in the absence
of replication fork stalling or DNA damage. The Srs2 DNA
helicase is a negative regulator of homologous recombination,
shunting potential substrates to other postreplication repair
pathways including translesion synthesis (36-38). Srs2 func-
tions by dissociating the Rad51 nucleoprotein filament, pre-
venting the formation of D-loops (39,40). Positive regulation
of recombinational repair at the level of nucleation of the
Rad51 filament has been proposed to occur under genotoxic
stress through the phosphorylation of the Rad55-Rad57 het-
erodimer (41). It is presently unclear, what regulatory pro-
cesses are involved to decide usage of different DSB repair
pathways (NHEJ versus homologous recombination) and
different sub-pathways of homologous recombination (SSA,
DSBR, SDSA).

The DNA damage and replication block checkpoints in
eukaryotes monitor the structural integrity of the genome
and coordinate the cellular responses to DNA damage and
stalled replication forks (42-44). Several pathways activate
DNA damage checkpoints during the S- and the G,/G, phases
of the cell cycle to control a complex web of protein kinases
that govern the genotoxic stress response including transient
cell cycle arrests in G; and G,, the suppression of late-firing
origins, transcriptional induction of target genes, the reloca-
lization of telomeric proteins and in complex organisms
DNA-damage-induced apoptosis (42-44). The PI3 kinase-
like-kinase Mecl (ATR in mammals; Rad3 in Schizo-
saccharomyces pombe) is the central checkpoint protein in
S.cerevisiae. The known checkpoint responses are virtually
eliminated in mec/ null mutant cells. Activated Mec1 kinase
transduces the checkpoint signal by direct phosphorylation of

the FHA-domain kinase Rad53 (Chk2 in mammals; Cdsl in
S.pombe) and Chkl kinase (Chkl in both mammals and
S.pombe) (42,44). Dunl, another FHA-domain checkpoint
kinase in budding yeast, can be directly activated by Rad53
kinase through direct phosphorylation but also exhibits Rad53-
independent functions (45,46). Tell kinase (a related PI3
kinase-like-kinase, ATM in mammals; Tell in S.pombe)
appears to play only a minor checkpoint role in wild-type
S.cerevisiae, unlike its mammalian counterpart ATM. All
checkpoint kinases are inferred to have specific terminal target
proteins in the effector pathways controlled by the check-
points. However, it is unclear, how much the individual path-
ways (e.g. cell cycle arrest, transcriptional induction)
contribute to survival. Artificially imposed cell cycle arrest
cannot rescue the DNA damage sensitive phenotype in
budding yeast mec! or mammalian ATM-defective cells, a
phenomenon termed cell cycle arrest-independent radiosensi-
tivity in mammals (41,47). This suggests that Mecl/ATM-
dependent pathways other than cell cycle arrest make major
contributions to survival after genotoxic stress.

The functioning of DNA repair pathways is paramount for
cells to survive genotoxic stress. It has been proposed that the
DNA damage checkpoints directly interface with DNA repair
pathways in analogy to the SOS system of bacteria (43). A
number of proteins involved in DNA repair have been identi-
fied as phosphorylation targets of checkpoint kinases, includ-
ing the single-stranded DNA binding protein RPA (48), the
Mrel1-Rad50-Xrs2(Nbs1) complex (49) and the Srs2 heli-
case (50). The biological significance and the mechanistic
consequences of these phosphorylation events remain unclear.
These proteins also function in the DNA damage checkpoint
and it is unclear if phosphorylation affects their checkpoint or
their DNA repair function or both. A direct control of DNA
repair pathways, specifically of homologous recombination,
by the DNA damage checkpoints is suggested by the original
discovery of Mecl in budding yeast as a meiotic recombina-
tion mutant, esr/-1 (51). In vegetative cells, esr/-1 (mecl)
cells were shown to be almost entirely defective for DNA
damage-induced recombination (41). The Rad55-Rad57
heterodimer, which probably functions during nucleation of
the central Rad51 filament during recombination (10), is a
terminal target of the DNA damage checkpoints (41). Rad55-
Rad57 is unlikely to have a function in the checkpoint itself, as
the DNA damage-induced G, cell cycle arrest and transcrip-
tional response were determined to be normal in radS5-
or rad57-mutant cells (41). The mechanistic impact of
checkpoint-mediated control of homologous recombination
through Rad55-Rad57 phosphorylation or additional DNA
repair pathway through other target proteins remains to be
determined.

Plasmid-based transformation assays have been pivotal in
understanding the mechanism of homologous recombination
and have led directly to the development of the DSBR model
of recombination (33,52). Repair of DSBs and double-
stranded DNA gaps in a plasmid-borne DNA sequence with
homology to a chromosomal template recapitulates the genetic
requirements and characteristics of the repair of chromosomal
DSBs to a significant extent. As the repair of chromosomal
DSBs, plasmid gap repair in wild-type S.cerevisiae cells is
primarily executed by the RAD52 recombinational repair path-
way involving the Rad51, Rad52, Rad54, Rad55 and Rad57



proteins (33,53-55). Like chromosomal recombination,
plasmid gap repair can be associated with a crossover event
(56) and the low frequency of crossover association resembles
that found for chromosomal recombination in vegetative cells
(4,6,55,57,58). Little is known about, how the crossover/non-
crossover outcome of homologous recombination is regulated.

We are interested in the regulation of homologous recom-
bination by the DNA damage checkpoints, and we followed
up an earlier report of Symington and colleagues (55), who
reported a small but significant 2-fold decrease in the effi-
ciency of DNA gap repair in a hypomorphic mutation of
the RAD53 checkpoint kinase gene using an elegant plasmid-
based gap repair assay. This assay not only allowed a direct
quantitation of the gap repair efficiency but also afforded the
opportunity to easily distinguish between crossover and non-
crossover gap repair events. Using null mutants in the major
checkpoint kinase genes MEC1, RAD53, CHKI and DUN1 we
show that 80% of gap repair depends on functioning DNA
damage checkpoints. Moreover, we demonstrate that the
checkpoints control the crossover/non-crossover outcome dur-
ing gap repair. The data provide evidence for multiple check-
point targets in the recombinational repair pathway that
influence repair efficiency and outcome.

MATERIALS AND METHODS
Strains and media

All strains used in this study are derivatives of W303 with the
corrected RADS allele and are listed in Table 1. Strains con-
taining the ADE?2 wild type and metl7-s alleles [wild type as
LSY697, rad51::LEU2 as LSY826, rad52::LEU2 as LSY718
(55)] were kindly supplied by Dr L. Symington (Columbia
University). Strains containing the TRP1::GAP-RNRI cassette
[wild type as DES460, mecl::HIS3 as DES459, rad53::HIS3
as DES453, dunl::HIS3 as MHY26 (59)] were kindly pro-
vided by Dr S. Elledge (Harvard University). PCR-product-
mediated transformation was used to generate the chkl::KAN
allele using pFA-kanMX6 and primers CHK1-F 5'-TATCA-
TAAGTTGCTGTATATGGGCAGCACGTATTACTCGTA-
CGCTGCAGGTCGACGG-3' and CHK1-R 5-GCATCTTA-
ACCCTTCTTTTGTCTCCATTTTTTTCAGTCATCGATG-
AATTCGAGCTCG-3’ (60). The disruption was verified by

Table 1. S.cerevisiae strains used in this study

Strain Relevant genotype® Reference
LSY697 (55)

WDHY 1800 TRP1::GAP-RNRI This study
WDHY 1814 TRP1::GAP-RNRI mecl::HIS3 This study
WDHY 1817 TRP1::GAP-RNRI rad53::HIS3 This study
WDHY 1819 TRP1::GAP-RNRI chkl::KAN This study
WDHY 1820 TRP1::GAP-RNRI rad53::HIS3 This study

chkl::KAN

WDHY 1827 TRP1::GAP-RNRI dunl ::HIS3 This study
WDHY 1832 TRP1::GAP-RNRI rad51::LEU2 This study
WDHY 1834 TRP1::GAP-RNRI rad52::LEU2 This study
WDHY 1928 TRP1::GAP-RNRI mecl ::HIS3 This study

rad51::LEU2

#All strains are W303 derivatives with the common genotype: MATa canl-100
his3-11,15 leu2-3,112 trpl-1 ura3-1 metl7-s ADE2 RADS. The WDHY strains
contain TRP1::GAP-RNRI to suppress the mec! and rad53 lethality. LSY697 is
a kind gift of Dr Symington (Columbia University).
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Southern analysis. PCR was used to monitor the rad5-535/
RADS alleles in genetic crosses (61). The final WDHY strains
listed in Table 1 were generated by tetrad analysis and only
strains from tetrads with four viable spores were chosen.

Standard genetic techniques and media were used to grow
and manipulate yeast strains (62). YPD medium contained 2%
glucose, 2% peptone and 1% yeast extract. For solid media,
2% agar was added. Synthetic complete (SC) medium lacked
cysteine, since this amino acid can be converted into methio-
nine via METI7-independent pathways (63). SC-met or SC-
ura indicates SC media from which uracil or methionine,
respectively, was selectively omitted to allow selection for
the corresponding wild-type genes. Lead plates contained
4% glucose, 0.3% peptone, 0.5% yeast extract, 0.02% ammo-
nium sulfate, 2% agar (55). After autoclaving the agar solution
was cooled to 65°C and 0.1% lead nitrate (64), Pb(NO3),, was
added from a 10% (w/v) stock solution. 5-FOA plates were
prepared by dissolving 1 g of 5-FOA powder in 1 1 of SC held
at 60°C. All experiments were performed at 30°C.

Yeast transformation

Yeast cells were transformed using the lithium acetate method
(65). Specifically, 10 ml log-phase cells (OD 0.6-0.9) per
transformation were sedimented at 4000 r.p.m. (Beckman
Allegra 6), washed once in 100 mM lithium acetate
(LiOAc) solution and resuspended in 100 pl of 100 mM
LiOAc. The cell suspension was incubated at 30°C with gentle
agitation for 1 h. Circular- or linear plasmid DNA (100 ng)
along with 5 pl of carrier DNA (10 pg/ul) were added to the
100 pl cell suspension. The cell suspension was further incu-
bated with gentle agitation at 30°C for 30 min. A freshly
prepared 40% polyethylene glycol (PEG) solution (700 ul)
was then added to the transformation tube and it was incubated
with gentle agitation at 30°C for 1 h. Cells were then heat
shocked in a 42°C water bath for 15 min. Afterwards, cells
were sedimented at 3000 r.p.m., twice, and the PEG was
removed by aspiration. Cells were then resuspended in
200 pl of liquid YPD and incubated at 30°C for 20 min
with gentle agitation. Subsequently, cells were diluted and
plated onto the appropriate media.

Gap repair assay

The gap repair assay developed by Dr Symington (Columbia
University) was used essentially as described (55). Briefly,
plasmid pSB110, an ars plasmid containing the URA3 and
MET17 markers, was digested with EcoNI and BspEI to create
a 238 bp gap within MET17 open reading frame (ORF) with
non-compatible 3’ overhanging ends of 1 and 4 bases, respect-
ively. The linearized substrate was subsequently gel-purified.
Transformation using 100 ng of linear- or circular DNA was
performed as described above. After the transformation pro-
cess cells were diluted and plated onto SC-ura-met and SC-ura
plates. The gap repair frequency was calculated as the number
of URA™ MET" transformants obtained from transformation
with linear DNA divided by the number of URA" MET"
transformants obtained from transforming circular DNA as
described (55).

For the genetic analysis, representative URA™ transformants
with no size or shape bias, were picked to SC-ura master
plates, and further incubated for 2 days to ensure that they
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are URA". The URA™ transformants were replica-plated onto
SC-met and YPD plates, to determine the percentage of the
URA?" transformants that were also MET™, and to allow non-
selective growth, respectively. The plates were incubated at
30°C for 2-3 days, after which the YPD plates were again
replica-plated onto 5-FOA and lead plates, to assess the mito-
tic stability of URA3 and MET17 markers, respectively. After
3 days of growth at 30°C, plates were scored as follows: URA™
MET" cells that were 5-FOA resistant and grew as black/
brown patches on lead plates represented unstable (no cross-
over), URA™ MET™", transformants. URA™ MET" cells that
were 5-FOA sensitive and grew as white patches on lead plates
represented stable (with crossover), URA*® MET", transfor-
mants (see Figure 1). The statistical significance of the data
was evaluated in a chi-square test.

Southern analysis

Genomic DNA was isolated from representative URA™"
MET™ and URA"™ MET™ transformants, doubly digested
with BamHI and SnaBlI, separated by electrophoresis on a
0.7% TBE gel, and subjected to Southern hybridization
using a DIG-labeled BamHI/SnaBI METI7 (1.5 kb) probe.

Survival experiment

Wild-type and mecl cells were transformed as described
above. Aliquots of cells were removed at each point during
the transformation process: after LiOAc wash, after 1 h incu-
bation in LiOAc solution, after addition of DNA, after addition
of PEG and after the 15 min heat shock. Cells were diluted and
plated onto YPD plates to determine survival during transfor-
mation. Averages of the two experiments are presented.

Rad53 immunoblot

Total protein extracts were prepared using trichloroacetic acid
precipitation (66) from the cells used in the survival experi-
ment. Approximately 15 pug of whole cell protein extract per
well were electrophoresed on a 9% polyacrylamide gel and
analyzed by western blotting using anti-Rad53 antibodies
(Santa Cruz Biotechnology).

RESULTS
Experimental system

To examine the effect of the DNA damage checkpoints on
recombinational DNA repair, we utilized an elegant plasmid-
based, double-strand gap repair assay developed by Symington
and colleagues (55) (see Figure 1). The system employs the
METI17 gene as a selectable marker. MET17 serves also as a
color marker, as metl7 mutants form dark brown colonies on
lead-containing media, whereas MET17 wild-type cells form
white colonies. A plasmid carrying a 238 bp double-stranded
DNA gap in the METI7 gene is repaired by homologous
recombination using the chromosomal mutant copy of the
gene, metl7-s, as a donor [(55); Table 2]. The plasmid also
carries a URA3 marker to allow selection for URA" and
counter-selection for URA™ on 5-FOA plates. Gap repair
events by homologous recombination are selected for as MET™
URA" transformants (Figure 1) and a mutation in the pivotal
recombination gene RADS52 virtually eliminates gap repair

URA3
Gapped MET17
(repair recipient)

o0 ——=  Chromosomal met17-s

/ \ (repair donor)

URA3

URA3

Crossover
URA*MET*

Non-crossover
URA™ MET*™

5-FOA
Figure 1. The double-stranded DNA gap repair system. (A) The ars plasmid
containing the URA3 and MET7 markers is digested with BspEI and EcoNI to
create a 238 bp gap leaving 1177 and 1021 bp of homology to the chromosomal
metl7-s gene on either sides of the gap, respectively. The chromosomal met17-s
mutation is 216 bp downstream of the break site and is indicated as a black dot.
The repaired plasmid can remain episomal (non-crossover) resulting in unstable
transformants (MET*" URA'") or integrate in the chromosome (crossover)
resulting in stable transformants (MET™ URA™"). The figure is not drawn to
scale. (B) Genetic analysis of the repair events. URA™ transformants are replica-
plated onto SC-met media to determine, which transformants are also MET".
After several generations of non-selective growth, the transformants are
replica-plated on 5-FOA plates and YPD plates containing lead nitrate
(labeled Pb). Black dots represent URA™ MET" transformants that are stable
integrants indicative of crossover (MET", white on lead plates; URA™, no
growth on 5-FOA plates) and the white stars represent URA™ MET"
transformants that are unstable indicative of non-crossover events (MET
black on lead plates; URA™, confluent growth on 5-FOA plates due to
concomitant loss of both markers through plasmid loss under non-selective
growth).

leading to a 250 fold reduction (Table 2), consistent with
the original analysis (55). The gap repair substrate plasmid
contains an ars sequence allowing it to either integrate into the
chromosome or remain extrachromosomal after gap repair.
Integration of the plasmid during gap repair is indicative of



Table 2. Transformation efficiencies and repair frequencies

Relevant Transformation Repair Fold
genotype efficiency frequencyb reduction
(x1000)*

WT® (LSY697) 346 26.3 1
WT (WDHY 1800) 387 24.6 1
mecl 90 5.0 5
rad53 12 54 5
dunl 134 24.8 1
chkl 213 30.7 1
rad53 chkl 31 2.6 9
rad51 157 0.8 31
rad5?2 31 0.1 250
mecl rad51 10 0.8 31

*Transformation efficiencies (URA* MET" colonies) per 1 pg of circular
lasmid DNA.

Repair frequency (%): number of URA* MET" transformants obtained from
the gapped plasmid divided by the number of URA* MET" transformants
obtained from the circular plasmid X 100. Averages of at least three transforma-
tion experiments are presented.

“This strain does not contain the RNR! overexpression cassette TRP1::GAP-
RNRI (see Table 1). WT = wild type.

an associated crossover and results in stable transformants
(URA™ MET™). Gap repair not associated with a crossover
results in unstable transformants (URA™ MET™) that can
easily be identified by genetic means (Figure 1 and Materials
and methods). Both types of transformants were also verified
by physical means [(55); see Figure 4]. Gap repair efficiency is
determined as the number of URA* MET™ transformants using
the gapped plasmid divided by the number of URA™ MET*
transformants with the circular plasmid. Therefore, the gap
repair frequency is independent of the transformation effi-
ciency of the individual strains. Hence, this system allows
one to determine the efficiency of recombinational repair
and its crossover/non-crossover outcome.

DNA damage checkpoints are activated and required
for survival during transformation

Transformation-based assays measuring homologous recom-
bination between plasmid-borne and chromosomal DNA
sequences have been pivotal in the development of the
DSBR model for homologous recombination (33). The
LiOAc-based transformation protocol is slightly mutagenic
in yeast (unpublished data) and the transformation procedure
introduces DNA with double-stranded ends that potentially
could elicit a DNA damage checkpoint response during trans-
formation. To monitor if the DNA damage checkpoint
response is activated during the transformation procedure,
we used immunoblots to determine the phosphorylation status
of the Rad53 checkpoint kinase as a convenient marker of
checkpoint activation (67). An aliquot of cells was removed
at each step of the transformation protocol and analyzed for the
Rad53 phosphorylation status. As shown in Figure 2A, Rad53
kinase is transiently phosphorylated during the early steps of
the transformation procedure, after the 1 h incubation in
100 mM LiOAc solution and prior to the addition of DNA
(Figure 2A upper panel, lane 2). There is no greater induction
of Rad53 phosphorylation after the addition of the transform-
ing DNA, after a further 30 min of incubation. The transform-
ing DNA with double-stranded DNA ends did not lead to

Nucleic Acids Research, 2004, Vol. 32, No. 14 4261

PEG Heat

A Log LiOAc _DNA
P-Rad53
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1 mec1

% Survival

1 T T T T
Log LiOAc DNA PEG Heat

Figure 2. Transient activation of DNA damage checkpoints during
transformation. (A) Phosphorylation status of Rad53 kinase was monitored
at different stages of the transformation protocol by direct immunoblotting
of whole cell extracts. Log = logarithmic cells washed once with 100 mM
LiOAc solution; LiOAc = after 1 h incubation in 100 mM LiOAc;
DNA = after 30 min incubation with either circular (C) or linear (L)
transforming DNA; PEG = after 1 h incubation in PEG; Heat = after 15 min
heat shock at 42°. WT, wild-type cells WDHY1800; mec/ WDHY1814. P-
Rad53 indicates the phosphorylated form of Rad53 protein. (B) Survival of wild
type and mec! cells was determined at the identical time points as in (A). The
averages of two experiments are presented.

increased checkpoint induction compared with -circular
DNA (Figure 2A upper panel, lanes 3 and 4), which was
expected because the transformation protocol includes an
excess of carrier DNA. Rad53 phosphorylation is only tran-
sient and is turned off during the following 1 h incubation with
PEG (Figure 2A upper panel, lanes 5 and 6). The heat shock
did not cause Rad53 activation. Consistent with the response
to DNA damage, Rad53 phosphorylation was largely depend-
ent on Mecl kinase, as Rad53 phosphorylation was strongly
diminished in Mec1-deficient cells (Figure 2A, lower panel).

The activation of the DNA damage checkpoints during
transformation might be reflective of a possible function.
Hence, we analyzed the survival of wild-type and mecl
cells during the transformation procedure. Aliquots of cells
were removed at the identical time points as in Figure 2A,
diluted and plated on YPD plates to determine cell survival.
Since there was no difference in checkpoint activation
between circular and linear DNA (Figure 2A), we performed
the survival experiment only with circular DNA. The trans-
formation process is cytotoxic; only 26% of the wild type and
9% of mecl cells survive the procedure (Figure 2B). As shown
in Table 2, the transformation efficiency of wild-type cells is
about four times greater than that of mec! cells, suggesting that
the low transformation efficiency of mecl cells is largely due
to their survival defect during transformation.
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Mecl and Rad53 kinases are required for efficient
gap repair

Our previous work has shown that MEC [ -deficient cells [esr!-1
allele of (51)] are significantly compromised in carrying out
DNA damage-induced recombination between heteroalleles
in vegetative diploid cells (41). In the original description of
the plasmid gap repair assay used here, Symington and collea-
gues(55)notedthatrad53-21 cellsexhibited a2-foldreductionin
gap repair frequency. Using a set of isogenic strains with null
mutations in the major DNA damage checkpoint kinase genes
MECI1, RADS53, DUNI and CHK1, we identified a significant
contribution of the Mec1 and Rad53 kinases to the efficiency of
double-strand gap repair (Table 2). Both mec/ and rad53 cells
exhibited a highly significant 5-fold reduction in the gap
repair frequency compared to wild type (p < 0.0003), showing
that 80% of the gap repair events depend on a functioning
DNA damage checkpoint. It is important to stress that this
reduction in gap repair frequency is independent of the reduced
transformation efficiency in these mutants, as the gap repair
efficiency is normalized by the transformation efficiency of
the circular plasmid. The gap repair frequencies of dunl and
chkl cells were not significantly different from wild-type
cells (p = 0.42). The relatively small difference in repair
efficiency between the rad53 chkl double mutant (2.6%) and
the rad53 (5.4%) or mecl (5%) single mutants was found to be
statistically insignificant (p > 0.51).

MECI and RADS3 are essential genes and the lethality of
the deletion mutants was suppressed by the constitutive over-
expression of RNRI, encoding the largest subunit of ribonu-
cleotide reductase (59). Since all strains for these experiments
contain the overexpression cassette TRPI::GAP-RNRI, we
wanted to establish whether the increased level of Rnr1 protein
would affect the gap repair assay. As shown in Table 2, the two
wild-type strains with (WDHY 1800) or without (LSY697) the
RNRI overexpression construct exhibited near identical trans-
formation efficiencies and gap repair frequencies (p = 0.92).
Thus, the RNRI overexpression does not appear to affect gap
repair in this assay, consistent with previous analyses that
also suggested that suppression of the mec! or rad53 lethality
does not suppress other DNA checkpoint defects in these
mutants (68).

DNA damage checkpoints modulate gap repair
efficiency through the Rad51 pathway

To study further the involvement of Mec1 kinase in recombi-
national repair, we constructed the double mutant mecl rad51.
rad52 cells are severely defective in gap repair (250-fold
reduction), whereas rad51 cells show a lesser reduction in
repair efficiency of 31-fold (Table 2), consistent with earlier
determinations (55,69). We reasoned that analysis of the mecl
rad51 double mutant would be more informative than that of
the mecl rad52 strain, because the gap repair frequency in
rad51 cells is not maximally reduced leaving room for an
additive/synergistic phenotype in the double mutant. The
gap repair frequency of the mecl rad51 double mutant was
found to be identical to the frequency of the rad5] single
mutant (Table 2). This result suggests that mecl and rad51
are epistatic for their effect on the efficiency of gap repair.
This view is supported by the analysis of the crossover/
non-crossover data (see below; Figure 3).

DNA damage checkpoint kinases suppress mitotic
crossovers

The plasmid-based gap repair assay (55) allows for the genetic
(Table 3, Figure 3) and physical analysis (Figure 4) of the
URA™ MET" transformants to determine if the gap repair
event was associated (URA™® MET™) or was not associated
(URA™ MET™) with a crossover event (Figure 1). Wild-type
S.cerevisiae cells repair DSBs during mitotic growth using
homologous recombination with little associated crossovers
(4,6,55,57,70). This is also reflected in the gap repair data,
where only 26% of the URA™ MET™ transformants were asso-
ciated with a crossover (Figure 3A), which is in excellent
agreement with the originally reported value (55). Crossover
association with gap repair is dramatically changed in mecl
cells, where 88% of the events were associated with crossovers
(Figure 3A). The difference to wild-type cells is highly sig-
nificant (p < 0.0001). A similarly dramatic increase in cross-
over association was seen in the rad53 chkl double mutant
with 94%. The difference between the mecl and the rad53
chkl strains is not statistically significant (p = 0.49). Cross-
over association was also found to have increased to 76% in
the rad53 single mutant but to a lower degree than in the mec/
or rad53 chkl strains. The difference between the rad53 single
mutant and the rad53 chkl double mutant was found to be
statistically significant (p = 0.01). Although gap repair effi-
ciency was not affected in dunl or chkl single mutant strains
(Table 2), crossover association is significantly increased in
both strains compared to wild type (p < 0.0002). It is unclear,
why we found a lower crossover association (4%) than pre-
viously reported [21%; (55)] in the rad5 1 strain. However, it is
important to note that the bias in favor of non-crossover out-
come during gap repair remained as in wild-type cells. Impor-
tantly, the mecl rad51 double mutant showed 17% crossover
association. This resembles the rad5] and wild-type bias in
favor of non-crossover outcome significantly more than the
bias in favor of crossover association found in the mec/ single
mutant. The difference in crossover association between wild-
type and mecl rad51 cells was statistically insignificant
(p = 0.86). This suggests that rad5/ is not only epistatic to
mecl for the gap repair efficiency phenotype but also for the
crossover association phenotype.

The checkpoint mutants affected the relative frequency of
crossovers but some mutants also had an effect on gap repair
efficiency. Hence, we plotted in Figure 3B the absolute num-
bers of crossover and non-crossover events compared to 100
total events in wild-type cells (73 non-crossovers, 27 cross-
overs). From the data with mecl, rad53 and the rad53 chkl
double mutant it might appear as if the effect on crossover
frequency is entirely accounted for by a specific loss of non-
crossover events. However, the relative frequency and abso-
lute number of crossover events in dunl and chkl single
mutants is increased (Figure 3B), showing that the increase
in crossover is not only due to the loss of non-crossover events.

To confirm the genetic results we analyzed representative
transformants from each class by Southern analysis. All wild-
type transformants representing stable recombinants (integra-
tion), URA™ MET", and all transformants representing
unstable recombinants (no integration), URA™ MET*", ana-
lyzed showed the expected pattern (Figure 4). The digest pat-
tern in Figure 4A indicates a simple integration of the plasmid,
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Figure 3. Distribution of crossover to non-crossover events. Graphic
representation  of the distribution of crossover (URA™ MET"
transformants) and non-crossover (URA™ MET™ transformants) events in
wild-type and mutant S.cerevisiae strains. (A) Normalized data. The raw
data are from Table 3 but were normalized to (URA*™ MET™
events) + (URA™ MET" events) as 100%. Except for the rad51 mecl
double mutant strain, these two classes represent 91% or more of the total
URA* MET" transformants (see text). (B) Absolute data. The fractions of
crossover and non-crossover events were multiplied by the gap repair
efficiency (Table 2) and the data are plotted in comparison to 100 events in
wild-type cells.

with the wild-type copy of MET7 upstream of metl7-s and
the URA3 marker in between the two alleles. As for the URA™"
MET™ transformants (Figure 4B), the digest pattern confirms
the presence of only one chromosomal allele of met/7-s. Since
the genomic DNA was prepared from YPD-grown cultures, as
described previously (55), we decided to analyze four of these
transformants further by isolating genomic DNA from SC-ura-
grown cultures to select for the plasmid and compare the digest
pattern with YPD-grown cultures. As shown in the right panel
of Figure 4B, when grown under selective conditions, the
expected 1.5 kb band appears, which is indicative of the repair
of the plasmid-borne METI7 ORF. Representative rad53
transformants were also examined, and all transformants
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from each class exhibited the expected Southern profile
(Figure 4C). We conclude that the results from the physical
analysis (Figure 4) fully confirm the genetic results (Figure 3),
as has been extensively demonstrated in the original publica-
tion of the gap repair system (55).

In all strains, with the exception of the rad51 mecl double
mutant, 91% or more of the URA" MET" transformants were
classified either as URA™ MET™® (indicative of crossover) or
as URA™ MET™ (indicative of non-crossover) transformants
(Table 3). In rad51 mecl cells, 50% of the URA"™ MET"
transformants were found to be URA™ MET"™. We were
unable to determine the exact molecular nature of these trans-
formants, because these cells were very sick and ceased to
grow. It is possible that reversion of the chromosomal ura3
marker contributes to this class, as the transformation effi-
ciency of this strain is very low (Table 2).

The analysis focused on the URA™ MET" events, because
they allow classification into crossover and non-crossover
events. About one half of the URA" transformants were
MET" in wild-type cells (Table 3). These URA™ MET ™ events
fall into two classes (55). URA* MET ™ transformants result
when the chromosomal metl7-s marker has co-converted with
the gap and a crossover led to plasmid integration, or by
conversion/reversion of the ura3-1 allele. URA™ MET ™ trans-
formants result when the chromosomal metl7-s marker has
co-converted in the absence of an associated crossover or by
NHEIJ. The proportion of URA* MET ™~ events was increased in
mecl and rad53 chkl cells, whereas rad53, dunl, chkl mutants
showed the same distribution of MET" to MET ~ events amongst
the URA™ transformants as wild type (Table 3). Amongst the
URA*MET™ events in mecl and rad53 chkl cells a bias toward
crossover outcomes was evident (URA™ MET ™ transformants)
compared with wild type cells. The strong increase in URA™
MET™ transformants in rad5 1 cells was expected and identified
before as being due to NHEJ events (55). In conclusion, the
analysis of the URA* MET ™~ events does not suggest a dramatic
increase in co-conversion of the DSB gap with met7-s marker
in checkpoint mutants.

DISCUSSION

Using a plasmid-based, double-strand gap repair assay (55) we
demonstrate that the DNA damage checkpoints control the
efficiency and the crossover/non-crossover outcome of recom-
binational repair in the yeast S.cerevisiae. Three important
conclusions can be drawn as follows. First, the efficiency of
gap repair is reduced 5-fold in checkpoint-deficient cells,
meaning that 80% of the gap repair events depend on a func-
tional DNA damage checkpoint. Second, the DNA damage
checkpoints suppress the formation of crossovers during gap
repair. Third, the analysis of individual mutants suggests that
the DNA damage checkpoints have multiple terminal targets
in the recombinational repair pathway, including one or more
major targets controlling efficiency and at least three targets
controlling crossover/non-crossover outcome.

DNA damage checkpoints modulate the efficiency of
recombinational DNA repair

DNA damage checkpoint mutants exhibit pleiotropic pheno-
types in response to DNA damage, and their contribution to
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Table 3. Phenotypes of URA™ transformants to determine crossover and non-crossover events

Relevant URA™ % of URA" transformants that were

genotype URA'" MET* URA™ MET™ URA™ MET™ Others® URA" MET ¢ URA™ MET™ URA™ MET™
WT*® 226 50 13 36 1 50 24 26

mecl 250 26 21 3 2 74 45 29

rad>3 200 43 31 10 2 57 35 22

dunl 210 52 27 20 5 48 30 18

chkl 250 51 29 17 5 49 37 12

rad>53 chkl 164 32 28 2 2 68 46 22

rad51 260 27 1 25 1 73 20 53

rad51 mecl 139 13 1 5 7 87 54 33

“Number of URA" transformants analyzed.

"This column represents the sum total of all URA* MET" events.
°Other transformants include URA™ MET"® and URA*® MET™.

“This column represents the sum total of all URA* MET ™ events.
°“WDHY 1800 was used as the wild type (WT).

survival after genotoxic stress may result from several differ-
ent effector pathways including cell cycle regulation, tran-
scriptional regulation, regulation of DNA replication and
DNA repair. The plasmid-based gap repair assay allows meas-
uring the effect of DNA checkpoints on recombinational
repair of linear plasmids independent of survival, as the repair
efficiency is normalized to the transformation efficiency of the
circular plasmid. Thus, the loss of viability of mecl cells
during transformation, which accounts for the low transforma-
tion efficiency, does not influence the measurements of gap
repair efficiency. Double-strand gap repair efficiency is
reduced 5-fold in deletion mutants of the MEC! and
RADS53 genes, which encode checkpoint kinases. A 2-fold
reduction in the same gap repair system was reported for a
hypomorphic RADS53 mutation, rad53-21 (55). This difference
is explained by the fact that we are using a null allele for
RADS53, which requires suppression by RNRI overexpression
for viability. Instead the hypomorphic rad53-21 allele [origin-
ally isolated as sadl-1 (45)] is viable and apparently retains
some residual function.

Mecl1 kinase is known to control the activation of Rad53
kinase in the checkpoint pathway (Figure 5A) suggesting that
Mecl exerts its effect via its control of Rad53 kinase. Pre-
sently, it is unclear how many targets Rad53 might have to
regulate gap repair efficiency. It is unlikely that Chk1 kinase
makes a contribution to gap repair efficiency, as the single
mutant cells repair with the same efficiency as wild-type cells.
Moreover, the difference in gap repair efficiency between
rad53 single mutants and rad53 chkl double mutants was
found to be statistically insignificant.

How does the checkpoint pathway regulate gap repair effi-
ciency? Double-strand gaps are repaired by a recombinational
pathway in wild-type yeast cells. In rad51 mutants, gap repair
is reduced 30- to 100-fold [Table 2; (55)], whereas rad52
mutants exhibit a more extreme reduction [250- to 550-
fold; Table 2; (55)]. This difference between the rad51 and
the rad52 mutant is also found in many other recombination
assays (4,6). It reflects the roles of Rad51 and Rad52 proteins
in the formation and functioning of the Rad51 filament during
DSBR and SDSA (Figure 5B) and the Rad51-independent role
of Rad52 protein in SSA (4,6). By analyzing the mecl rad51
double mutant, we have shown that rad51 is epistatic to mecl,

as the double mutant exhibits the same repair efficiency as the
rad51 single mutant. This result suggests that Mecl kinase
modulates only the Rad51-dependent recombination pathway
but probably not the SSA pathway. Checkpoint control of the
Rad52-dependent SSA pathway would have predicted a more
severe phenotype in the rad51 mecl double mutant than in the
rad51 single mutant, because a RAD52 mutation leads to sig-
nificantly lower gap repair efficiency than a RADS51 mutation.
Epistasis between mutations in the ATM kinase gene and
RADS1 has been reported in chicken DT40 cells (71) and
inhibitor studies also suggested a role of ATM in regulation
of homologous recombination in hamster cells (72). Although
the budding yeast Tell kinase appears to be more related in
primary sequence to the vertebrate ATM kinase, it appears that
Mecl has occupied many of the functions that are split
between ATM and ATR in higher eukaryotes (42—-44). The
possible targets of Mecl kinase in the Rad51 pathway to
regulate repair efficiency have not been identified yet. A can-
didate is the Rad55-Rad57 heterodimer, which was found to
be phosphorylated after DNA damage (41) and likely func-
tions in the nucleation of the Rad51 filament (10). Regulation
at the Rad51 filament formation step would equally affect the
DSBR and SDSA sub-pathways of recombinational DNA
repair (Figure 5B). A positive role of DNA damage check-
points in regulating DSB repair by homologous recombination
has also been inferred from the cell cycle arrest-independent
DNA damage sensitivity and defects in recombinational DNA
repair of checkpoint-deficient cells. Among these are mutants
in the budding yeast RAD24 gene, which encodes a checkpoint-
specific alternative large RFC subunit (73), in budding yeast
MECI (41) and in mammalian ATM (47,74,75).

DNA damage checkpoint kinases suppress crossover
association during recombinational DNA repair in
vegetative cells

In wild-type cells a significant bias toward non-crossover dur-
ing recombination in vegetative (somatic) cells has been iden-
tified for chromosomal recombination (4,6). A similar bias
is found in plasmid—chromosome recombination systems
[(55,57,58,76) and this study]. This has led to the proposal
that DSB repair in vegetative cells proceeds primarily by
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Figure 4. Physical analysis of transformants. (A) Total DNA isolated from eight
YPD-grown URA* MET** wild-type transformants was doubly digested with
BamHI (B) and SnaBI (S) and subjected to Southern analysis using a MET17
probe. The digest pattern indicates a simple integration of the plasmid as shown
schematically above the Southern blot. (B) Total DNA isolated from eight YPD-
grown URA MET " wild-type transformants was doubly digested with BamHI
(B) and SnaBI (S) and subjected to Southern analysis using a MET17 probe. The
6.7 kb band is indicative of the chromosomal met!7-s as shown schematically
above the Southern blots (lanes 1 to 8). When DNA was isolated from SC-ura-
grown (U) cultures to select for the plasmid (lanes 10, 12, 14, 16), aprominent 1.5
kb band appeared, which represents the repaired MET17 ORF on the plasmid.
The 1.5 kb band is absent in total DNA from YPD-grown (Y) transformants
(lanes 9, 11,13, 15), indicative of plasmid loss. The faint 5.7 kb band observed in
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ORF = 5.7 kb). (C) Total DNA isolated from rad53 transformants was doubly
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METI7 probe. All URA™ MET" and URA*™" MET"" transformants from each
class exhibited the expected digest pattern.

synthesis-dependent strand annealing (SDSA) (77) or migrat-
ing D-loop models (58), in which no Holliday junction inter-
mediate is formed that could be processed to a crossover
outcome (Figure 5B). Importantly, the 3:1 bias in favor of
non-crossovers in wild-type cells is dramatically reversed to
9:1 in favor of crossovers in checkpoint-deficient mec/ cells.
Thus, the DNA damage checkpoint kinases actively suppress
crossovers during recombinational repair.

We considered the possibility that the increase in crossover
association in checkpoint-deficient cells was due to the spe-
cific loss of non-crossover events leading to MET™ transfor-
mants. These events would be URA"™ MET ™~ transformants,
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where the chromosomal met/7-s marker had co-converted
with the gap. First, it is important to note that in rad53,
chkl and dunl cells the increase in crossover association
was not accompanied by an increase in URA™ MET™ trans-
formants (Table 3). Second, in mec! (and rad53 chkl) cells the
proportion of URA* MET ™~ events increased from 50 to 75%.
In mecl cells, 60% of these URA™ MET ™~ events were indic-
ative of crossover association (URA*™ MET™) and only 40%
were consistent with non-crossover or NHEJ events (URA™
MET™) (Table 3). This compares to an equal distribution
of crossover and non-crossover/NHEJ events in URA™
MET™ wild-type transformants. Hence, we conclude that
the increase in apparent co-conversions cannot fully explain
the dramatic shift to crossover outcome in checkpoint-
deficient cells. Increased conversion tract length leading to
more co-conversion of the metl7-s marker may account for
the loss of some non-crossover events in mecl and rad53 chkl
cells, suggesting that the 9:1 bias in favor of crossover in these
cells is a slight overestimate.

How does the checkpoint pathway regulate gap repair out-
come? The results of the epistasis analysis suggest Mecl-
mediated control acts on a Rad51-dependent recombinational
repair. It appears possible that the DNA damage checkpoints
specifically affect the non-crossover pathway, as the absolute
numbers of crossovers remained rather constant in mec! cells
(Tables 2 and 3). However, the significant increase in cross-
overs in chkl and dunl single mutants is not accompanied
by decreased gap repair efficiency, making this explanation
unlikely (Figure 3B).

Crossovers associated with recombination between non-
allelic homologous sequences (e.g. interspersed DNA repeats)
may lead to inversion, deletions or translocations, events that
contribute to genomic instability. This is consistent with the
genomic instability phenotype in mammalian ATM-deficient
cells, where evidence for these types of genome rearrange-
ments were found (47), and with the dramatic increase of
gross chromosomal rearrangements identified in checkpoint-
deficient cells in budding yeast (78-81).

DNA damage checkpoints have multiple targets in the
recombinational repair pathway

The regulation of crossover/non-crossover outcome appears to
involve multiple independent targets, as suggested by the ana-
lysis of individual checkpoint kinase mutant strains. The dele-
tion mutant in MEC1 essentially eliminates the DNA damage
checkpoints in budding yeast. Mecl controls at least three
downstream kinases, Rad53, Dunl and Chkl (Figure 5A).
The mutant data suggest at least three targets of the checkpoint
kinases in the regulation of crossover outcome. The mecl
mutant shows a 9:1 bias in favor of crossovers, which is
dramatically shifted from the 3:1 bias in favor of non-
crossovers in wild-type cells. Strains deficient in the Rad53,
Dunl or Chkl kinases result in significantly more crossover
association compared to wild type (Figure 3), but their bias in
favor of crossover is not as extreme as in mec! cells. Impor-
tantly, the rad53 chkl double mutant shifts the bias in favor of
crossover as much as a mecl mutant, suggesting that Mecl
kinase controls crossover outcome through two signaling
branches controlled by Rad53 and Chkl1. The rad53 mutation
affected crossover outcome significantly more than the dunl
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Figure 5. Model for checkpoint kinase-mediated control of DSB repair in
S.cerevisiae. (A) DNA damage checkpoint pathways. Schematic
representation of the organization of the Mecl, Rad53, Chkl and Dunl
kinases in the DNA damage checkpoints in S.cerevisiae and the pathways to
control efficiency and outcome of recombinational DNA repair. CO, crossover;
NCO, non-crossover. For details see text. (B) Model for recombinational repair
of DSBs. After DSB formation, the 5’ ends are resected to form 3’ ending single-
stranded DNA tails. Rad51 protein-mediated DNA strand invasion leads to the
formation of a D-loop. In DSBR, the second end of the DSB is captured by the
D-loop leading to the formation of double Holliday junction, which can be
resolved to crossover and non-crossover products. In SDSA, the invading strand
reverses the D-loop and anneals with the second end to result in non-crossover
products only. Dashed lines indicate newly synthesized DNA. CO: crossover,
NCO: non-crossover. For details see text.

mutation, suggesting that Rad53 kinase controls crossover
outcome by at least two pathways: one dependent on Dunl
and the other independent of Dunl. Rad53 is known to control
the activation of Dunl kinase but there is also evidence for
Rad53-independent function of Dunl (45,46,81). The observa-
tion that the rad53 chkl double mutant affects crossover out-
come as much as a mec/ mutant suggests that Dunl functions
in crossover control in an exclusively Rad53-dependent
manner. Thus, we propose that Dunl, Rad53 and Chkl
perform independent phosphorylation events to modulate
crossover outcome. The simplest interpretation of these
genetic data is that the kinases target three different proteins
but it is also possible that they perform independent phos-
phorylation events with distinct mechanistic consequences
on the same protein(s).

The direct targets of checkpoint-mediated control of gap
repair outcome are presently unknown. The balance between
crossover and non-crossover outcome could be tipped in multi-
ple ways. Symington and colleagues (55) calculated that 40%

of the gap repair events are shunted into DSBR (Figure 5B),
which may lead to crossover or non-crossover outcome,
whereas 60% of the events were handled by SDSA, which
leads to non-crossovers exclusively. Increased usage of DSBR
will increase the likelihood for crossover association. The
mechanisms involved in the usage of the DSBR versus
SDSA sub-pathways are unknown. However, even shunting
all events to DSBR fails to explain the extreme 9:1 bias in
mecl or rad53 chkl cells, as random resolution of the double
Holliday junction would result in maximally 50% crossover
association. This suggests that proteins acting late in recom-
binational repair and involved in crossover formation or cross-
over suppression are potential targets. One potential target is
the Sgs1-Top3 complex, which suppresses crossover forma-
tion in double-strand break repair (24). Another potential tar-
get is the Mus81-Mms4 structure-specific DNA endonuclease.
Mus81 has been implicated in crossover formation in meiotic
cells (22,27,82,83) and DNA damage-induced sister chromatid
exchange, likely to represent crossovers between sister chro-
matids, in mammalian cells (84). In fission yeast, Mus81 was
originally identified through its interaction with Cds1 kinase,
the fission yeast Rad53 homolog (85). Fission yeast Mus81
was also found to be phosphorylated in response to genotoxic
stress but the biological significance and mechanistic conse-
quence remain to be determined (85). The interaction between
Mus81 and Cdsl1 appears to be conserved in budding yeast, as
a Rad53-Mus81 interaction was reported in a large-scale pro-
tein interaction screen (86).

In summary, our results demonstrate that 80% of the recom-
binational repair of a double-stranded DNA gap is dependent
on a functioning DNA damage checkpoint system and that
DNA damage checkpoint kinases suppress crossover forma-
tion during recombinational repair in vegetative budding yeast
cells. The mutant analysis provided clear evidence for multiple
independent checkpoint targets in the Rad51-dependent
recombination pathway to modulate repair efficiency and out-
come. It will be of great interest to determine the checkpoint
targets in recombinational repair and the mechanisms involved
in this regulation.
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