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Upon chromosomal damage, cells activate a checkpoint response that includes cell cycle arrest and a
stimulation of DNA repair. The checkpoint protein Rad24 is key to the survival of a single, repairable
double-strand break (DSB). However, the low survival of rad24 cells is not due to their inability to arrest cell
cycle progression. In rad24 mutants, processing of the broken ends is delayed and protracted, resulting in
extended kinetics of DSB repair and in cell death. The limited resection of rad24 mutants also affects
recombination partner choice by a mechanism dependent on the length of the interacting homologous donor
sequences. Unexpectedly, rad24 cells with a DSB eventually accumulate and die at the G,/M phase of the cell
cycle. This arrest depends on the spindle checkpoint protein Mad2.

Chromosomes may break as a consequence of ionizing ra-
diation, mechanical stress, endonucleases, or errors during
replication. In addition, double-strand breaks (DSBs) are in-
stigators of recombination in mitotic and meiotic cells. Repair
of DSBs is essential to maintain the integrity of the genome.

Cells have evolved multiple strategies for responding to
genomic damage. In eukaryotes, repair of DSBs occurs mainly
by two processes: nonhomologous end joining and homologous
recombination (31). Recombination can occur between se-
quences at the same location on homologous chromosomes
(allelic) or between dispersed homologous sequences (ectop-
ic). In Saccharomyces cerevisiae, ectopic and allelic recombina-
tion occur at comparable levels (13, 18). Current models of
recombinational repair of DSBs propose that the broken chro-
mosome ends are resected to generate protruding 3’ single-
stranded DNA (ssDNA) that can invade homologous se-
quences and prime DNA synthesis. Reannealing of the newly
synthesized DNA to the opposite broken arm may result in
gene conversion; formation of a Holliday junction can also lead
to crossing-over (reviewed in references 2 and 31).

Checkpoint proteins delay cell cycle transitions in response
to DNA damage. Cell cycle arrest was initially presumed to
provide time for the cells to complete DNA repair before
mitosis, preventing the segregation of broken chromosomes
(40). Subsequent studies showed that checkpoint proteins play
additional important roles (1, 3, 19). The DNA damage check-
point is a signal transduction network consisting of sensors,
transducers, and effectors. A group of four conserved sensor
proteins are responsible for detecting aberrant DNA structures
and initiating the signaling response. Ddclp, Rad17p, and
Mec3p (called in S. cerevisiae the 1-17-3 complex) (10, 21) form
a ring resembling the replication factor PCNA (38). The fourth
protein, Rad24p, might function as the initial damage sensor,
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acting as a “clamp loader” to recruit the 1-17-3 sliding clamp
(10). A second branch of the DNA damage-sensing group of
proteins includes Meclp, an ATM-like kinase, and Ddc2p.
These two proteins form a chromatin-bound complex in re-
sponse to DNA damage in a manner that is largely indepen-
dent of Rad24p (27, 30, 33, 42).

The sensor proteins activate signal transducers, such as the
Rad53p, Chklp, and Dunlp protein kinases. This signal trans-
duction eventually leads to cell cycle arrest (5, 42) and induc-
tion of repair genes (1, 3) and may play a more direct role in
DNA repair (24).

In this paper, we analyze the response of wild-type and rad24
mutants to the creation of a repairable DSB. We demonstrate
that the Rad24 checkpoint protein is important for proper
DNA processing, recombination partner choice, and survival
of the cells after repair. In contrast to what is observed during
meiosis (12, 36), deletion of RAD24 impairs ectopic recombi-
nation.

MATERIALS AND METHODS

Strains. All the yeast strains used in this study are isogenic with strain MK205
(MATa-inc ura3-HOcs ade3::GALHO ade2-1 leu2-3,112 his3-11,15 trpl-1 canl-
100) (2), a derivative of W303. The ura3-HOcs allele on chromosome V was
created by inserting a 39-bp oligonucleotide at the Ncol site of the URA3 gene.
Homologous URA3 fragments of different lengths were inserted at an Hpal site
within LYS2 sequences as described (17) to create MK203 (1.2 kb), MK202 (5.6
kb), and MK301 (12.8 kb).

Deletion of RAD24 (and other genes, unless indicated otherwise) was obtained
by transformation of MK203 with a PCR product produced on the appropriate
strain from the Saccharomyces Genome Deletion Project array. For G, synchro-
nization, strains carrying barl deletions were used. MAD?2 deletions were gen-
erously provided by Jasper Rine and crossed to create MK203mad2. RAD53 and
MECI deletions were generously provided by Rodney Rothstein and crossed to
create MK203rad53 and MK203mecl, respectively. The lethality of rad53A and
meclA was suppressed by a deletion of the SMLI gene. All chromosomal con-
figurations were verified by Southern blot analysis after transformation. Disomal
strains were generated by crosses with karl-1 strains and selection for transfer of
a marked chromosome V.

Media and growth conditions. S. cerevisiae strains were grown at 30°C except
for pds1, which was grown at 25°C. Standard YEP medium (1% yeast extract, 2%
Bacto Peptone) supplemented with 3% glycerol (YEPGly), 2% galactose (YEP-
Gal), or 2% dextrose (YEPD) was used for nonselective growth. Bacto Agar



6586 AYLON AND KUPIEC

(1.8%) was added for solid media. A concentration of 0.04 pM a-factor and 15
pg of nocodazole per ml were used to arrest cells at G, and G,/M, respectively.

Repair efficiency measurement. Each strain was streaked on YEPGly plates.
Individual colonies were resuspended in water, appropriately diluted, and plated
on YEPD and YEPGal plates. Colonies were counted after 3 days of incubation
at 30°C.

Induction experiments. Single colonies were resuspended in rich YEPGly
medium, grown to logarithmic phase, centrifuged, and resuspended in YEPGal.
At timely intervals, samples were plated on YEPD plates to score viability, and
DNA was extracted with HMW-DNA isolation kits (Gentra Systems). At least
three independent experiments were carried out for each strain analyzed.

Survival. Survival was assayed by plating samples of cells grown on liquid
YEPGal onto YEPD plates at different times during a DSB induction experi-
ment.

Southern blot analysis. Southern blot analysis was carried out as previously
described (17) and quantified with a PhosphorImager.

Nondenaturing slot blots. DNA was either directly spotted on nylon Hybond+
filters or denatured first by boiling for 5 min. Hybridization and exposure were
carried out as in Southern blot analysis. The results obtained for the denatured
samples were used to calibrate those obtained without denaturation and quan-
tified with a PhosphorImager.

PCR assays. We amplified 5 ng of genomic DNA in each sample. For quan-
titative measurements of intact chromosome V and PCR standards, samples
were removed at cycle 18. Otherwise, reactions were allowed to proceed to cycle
35. The composition of individual primers is available upon request.

Quantitation of results. Southern blot phosphoimages and ethidium bromide-
stained agarose gels were quantified with the TINA (version 2.1) and NIHimage
(version 1.62) computer programs.

FACS analysis. For fluorescence-activated cell sorter (FACS) analysis, sam-
ples of 107 cells were harvested, fixed in 1 ml of 80% ethanol, and stored at 4°C.
All samples were processed together and analyzed by standard procedures.

Allelic/ectopic recombination assays. MK235 is a diploid isogenic derivative of
MK203 in which the DSB can be repaired by recombination with either allelic or
ectopic sequences. These strains possess a single URA3 gene (chromosome V) in
addition to one allelic ura3-HOcs (chromosome V) and one ectopic ura3-HOinc
(chromosome II). Recombination with the allelic URA3 template creates two
copies of the URA3 gene, whereas ectopic recombination with the ura3-HOinc
template renders cells heterozygous for URA3. In both cases the resulting cells
are unable to grow on plates containing the uracil analogue 5-fluoroorotic acid.
However, mitotic recombination or mutation can give rise to 5-fluoroorotic
acid-resistant papillae in the heterozygotes. Thus, 5-fluoroorotic acid-resistant
papillation is indicative that the broken chromosome was repaired by ectopic
recombination. This was confirmed by PCR, followed by restriction analysis with
Ncol, EcoRI, and BamHI. Strain MK219 is a diploid carrying ura3-HOcs alleles
on both copies of chromosome V. One copy of the 1.2-kb ura3-HO-inc is located
on each chromosome 11, allowing only ectopic recombination to occur.

RESULTS

Experimental system. In order to study the effect of a single,
defined chromosomal break in the genome, we generated (2)
haploid strains of the yeast S. cerevisiae that bear two copies of
the URA3 gene (Fig. 1A). One copy, located on chromosome
V, carries the recognition site for the yeast HO site-specific
endonuclease inserted as a short oligonucleotide (ura3-HOcs).
The second copy, located on chromosome 11, carries a similar
site containing a single-base-pair mutation that prevents rec-
ognition by the endonuclease (ura3-HOcs-inc). In addition, the
ura3 alleles differ at two restriction sites, located to the left
(BamHI) and to the right (EcoRI) of the HOcs-inc insertion.
These polymorphisms are used to follow the transfer of infor-
mation between the chromosomes. In these strains, the HO
gene is under the transcriptional control of the GALI pro-
moter. Upon transfer of the cells to galactose-containing me-
dium, the HO endonuclease is produced at high levels. The
enzyme creates a single DSB in each cell of the population.
The broken chromosomes are then repaired by a mechanism
that copies the HOcs-inc information together with the flank-
ing markers, resulting in a gene conversion event (Fig. 1A).
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During the repair, the donor chromosome remains unchanged.
Survival remains high in wild-type cells, and there is no need
for genetic selection of recombinational products; instead, re-
pair can be monitored in the entire cell population (2, 16, 17).

Rad24p is required to survive a single, repairable DSB. In
order to assess the efficiency with which wild-type and rad24
cells can repair and survive a single DSB, we compared the
colony-forming ability of cells on galactose-containing medium
(constitutive HO induction) to that observed on medium con-
taining glucose (no HO induction). In wild-type cells, recom-
binational repair is quite efficient even when homology is lim-
ited. For example, strain MK203 (bearing ectopically located
ura3 alleles that share 1.2 kb of homology) exhibited 85%
efficiency of repair (2).

In contrast, in isogenic strains deleted for the RAD24 gene,
only 12.6% of the cells formed colonies on galactose-contain-
ing plates. This indicates that most rad24 cells are unable to
form colonies after a single chromosomal DSB despite pos-
sessing potential ectopic donor sequences.

rad24 cells do not die due to lack of cell cycle arrest. Plating
of timely aliquots from a DSB induction experiment onto glu-
cose-containing medium reveals the proportion of viable cells
over time. Despite a transient dip of survival, the viability of
wild-type cells remained high throughout the experiments. Sur-
vival of rad24 cells was initially comparable to that of wild-type
cells. However, starting 3 h after transfer to galactose, the
survival of rad24 cells steadily decreased to approximately
10%. By 3 h after transfer, wild-type cells arrested at the G,/M
phase of the cell cycle, while most of the rad24 cells had passed
through mitosis and entered an additional cell cycle (Fig. 1B
and D).

Conceivably, the low survival of rad24 cells is due to their
inability to prevent mitotic progression despite the presence of
a broken chromosome. Given additional time in G,/M, rad24
cells may be able to complete repair and survive. In order to
test this hypothesis, cells were prevented from progressing into
mitosis by treatment with the spindle toxin nocodazole. No-
codazole causes cells to arrest at the G,/M phase of the cell
cycle (Fig. 1C) through a mechanism independent of the DNA
repair checkpoint. Survival of wild-type cells with a broken
chromosome was unaffected by nocodazole-imposed arrest.
Moreover, arrest of rad24 mutants at G,/M did not prevent cell
death (Fig. 1D), demonstrating that the low survival of rad24
mutants due to DSBs is not due to their inability to arrest the
cell cycle in response to DNA damage.

rad24 cells exhibit protracted Kinetics of DSB repair. In
order to understand the nature of the defective response to a
DSB in rad24 mutants, we followed the fate of a single broken
chromosome in these cells (2). In both wild-type and rad24
cells, broken chromosome arms were detected in Southern
blots within 30 min, and by 1.5 h after induction, DSB forma-
tion was maximal. The relative amount of intact chromosome
V diminished as the parental chromosome was broken and
subsequently increased as the break was repaired. In wild-type
cells, repair commenced rapidly, and therefore repaired chro-
mosome V was detected starting from 2.5 h after DSB induc-
tion. In rad24 cells, there was a delay in recovery of intact
chromosome V, causing a dramatic decrease in its levels be-
tween 2 and 4 h (Fig. 2A and C). Since repair intermediates are
not detected by Southern blot analysis (2), the decrease ob-
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FIG. 1. (A) Schematic representation of our experimental system. Open rectangles represent the ura3 alleles on chromosomes II and V. A
stippled box represents the HOcs; a grey box depicts the inactive HOcs-inc flanked by the BamHI (designated B) and EcoRI (designated R)
restriction sites. Transfer of the cells to galactose-containing medium results in a DSB that is repaired by gene conversion. (B) FACS analysis of
strains MK203 and MK203rad24. Cells were synchronized at G, with a-factor and released into medium containing galactose at 0 h. (C) Expo-
nentially growing MK203 and MK203rad24 cells were artificially arrested at G,/M with nocodazole, transferred to galactose with nocodazole, and
subjected to FACS analysis to confirm complete G,/M arrest. (D) Aliquots from the same experiment were also plated on glucose at different times
after HO induction. Survival was determined as relative number of CFU.

served is symptomatic of the prolonged kinetics of repair in
rad24 cells. Intact chromosome V was also measured by quan-
titative PCR (Fig. 2B). The results from PCR analysis fully
corroborated those obtained with Southern blots (Fig. 2C).
Current models of recombination (reviewed in reference 31)
propose that there is a 5’-to-3" resection of DNA flanking the
broken chromosome ends. The resulting ssDNA is a pivotal
intermediate in all homologous recombination pathways. We
used nondenaturing dot blot analysis to track and quantify
ssDNA intermediates (Fig. 3). In wild-type cells, resection fol-
lowing a DSB is highly synchronous. ssDNA immediately

flanking the DSB was exposed as early as 30 min after transfer
to galactose. The hybridization signal of this probe (probe A)
peaked 1 h after DSB induction and was no longer detected by
3 h postinduction. ssDNA resection in a 600-bp region adja-
cent to the DSB was maximal 1.5 h after DSB induction in
wild-type cells. A majority of wild-type cells underwent resec-
tion of approximately 1,400 bp by 3 h after DSB induction.
In the rad24 strain, even initial resection was protracted
compared to that of wild-type cells. Subsequent exposure of a
single-stranded filament was markedly delayed and reduced
(Fig. 3). Two hours after DSB induction, only 100 bp were
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FIG. 2. (A) Southern blot analysis of DNA extracted from MK203 and MK203rad24 cells at intervals after HO induction. The DNA was
digested with Clal and probed with the URA3 gene. A probe for the LEU2 sequence served as a loading standard. (B) Quantitative PCR of the
relative amounts of intact chromosome V in MK203 and MK203rad24 cells. PCR was quantified relative to the unrelated gene PRPS in the same
PCR. (C) Quantitation of Southern blot and PCR analysis. “Total chr. " refers to the sum of broken and intact chromosome V sequences detected

in the Southern blot.

processed in most rad24 cells. ssDNA complementary to probe
B remained exposed and unprocessed for a prolonged period
after the chromosome had been broken. In contrast to wild-
type cells, in rad24 mutants hybridization levels of ssDNA
reached a plateau instead of peaking, indicating that the pro-
cessing of DSB ends was asynchronous. Most rad24 cells did
not successfully resect sequences located 1 kb away from the
DSB. We conclude that processing of DSB ends in rad24 cells
is reduced, asynchronous, and protracted compared to that in
the wild type.

The inefficient processing of the DSB ends in rad24 cells
causes loss of synchronization and delay of subsequent steps in
the repair process. The final stage of repair, involving religa-
tion of the broken chromosome ends, can be visualized in our
strains by the transfer of two polymorphic restriction enzyme
sites on either side of the HOcs from chromosome II to chro-
mosome V. We followed the extent and kinetics of this gene
conversion event by measuring the relative amount of intact
chromosome V carrying these restriction sites (Fig. 4A and B).

In wild-type cells, gene conversion reached detectable levels
by 2 h after transfer to galactose, and the population was
completely repaired 6 h after induction. Surprisingly, despite
their low survival and delayed kinetics, rad24 mutants were
fully capable of repairing the broken chromosome. Initial gene
conversion products were detected in rad24 mutants with a
delay of approximately 1 h compared to wild-type cells, but
roughly 90% of the rad24 population eventually underwent

gene conversion (Fig. 4A and B). These results were corrobo-
rated by Southern blot analysis (Fig. 2A).

Thus, in the absence of Rad24p, cells are able to repair a
broken chromosome, albeit with delayed kinetics. Despite the
fact that the total level of repair is remarkably similar to that
observed in the wild type, most rad24 cells were unable to
survive a single genomic DSB. G,/M arrest imposed with no-
codazole did not alter the kinetics of DSB repair in rad24 cells
(Fig. 4C and D). In fact, the vast majority of the cells were
unable to form viable colonies even when released from arrest
and plated at times when most of the repair had been com-
pleted (Fig. 1C and 4C and D). This indicates that the low
viability of rad24 cells on galactose is due neither to lack of
repair of the broken chromosome nor to lack of cell cycle
arrest.

Rad24p is important for recombination partner choice. To
test whether the low survival of rad24 cells following a DSB is
particular to a requirement to utilize ectopic donors, we gen-
erated the isogenic diploid strains MK235 and MK235rad24
(Fig. 5A). In these strains, a single DSB is created by the HO
endonuclease on one of the two copies of chromosome V. This
broken chromosome can be repaired with either allelic or
ectopic donor sequences.

Wild-type MK235 cells exhibited 100% survival following a
DSB and utilized ectopic sequences for homologous recombi-
nation even when homologous allelic sequences were also
available. Surprisingly, rad24 diploid yeast strains with homol-
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in each sample.

ogous allelic donor sequences also demonstrated 100% sur-
vival in response to a DSB (Fig. 5B). In contrast to the wild
type, however, rad24/rad24 cells did not perform ectopic re-
combination when allelic sequences were provided (Fig. 5C).
This suggests that, due to limited resection, rad24 mutants may
be specifically defective in contending with ectopic recombina-
tion. Survival was consistently dramatically decreased in rad24/
rad24 strains in which only ectopic donors were available for
recombination. This phenotype of rad24/rad24 mutants is the
opposite of that seen in meiosis, where deletion of RAD24
increased the levels of ectopic recombination (12, 36). Never-
theless, if the extent of ectopic homology was increased (=5.6
kb), rad24/rad24 mutants were able to locate and exploit ec-
topic homologous sequences for DSB repair almost as effi-
ciently as wild-type cells (Fig. 5D).

To further study this point, we generated wild-type and
rad24 haploids carrying longer stretches of ectopic homology.
When homology length was increased, the survival of rad24

mutants increased accordingly (13%, 28%, and 35% survival
for 1.2 kb, 5.6 kb, and 12.8 kb, respectively). Although longer
homology of the donor did not appear to affect the kinetics of
ssDNA resection (Fig. 6B), it nevertheless hastened the repair
kinetics and increased the survival of rad24 strains. rad24
strains consistently exhibited a delay in the processing and
repair of DSBs compared to the wild type (Fig. 6).

Following DSB induction, a majority of haploid rad24 cells
died, whereas diploid rad24/rad24 cells exhibited 100% sur-
vival. Interestingly, whereas all wild-type cells promptly ar-
rested at G,/M, both haploid and diploid rad24 cells, irrespec-
tive of their survival levels, exhibited cell cycle arrest defects.
These observations substantiated our previous conclusion that
cell cycle arrest does not contribute to survival after a DSB.

Diploid cells possess homologous chromosomes containing
potential allelic donors. They are also heterozygous at the
yeast mating type locus, MAT, and therefore nonmaters,
whereas haploid cells have a single copy of each chromosome
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and retain the ability to mate. To test which diploid attribute V. We also tested diploid rad24/rad24 strains homozygous for
might explain the high survival of diploid rad24 cells, we re- the MATa allele. All of these strains are phenotypically a-
peated the above experiments in wild-type and rad24 disomic maters. Even with limited ectopic homology (<5.6 kb), in
haploid strains carrying an extra, allelic, copy of chromosome rad24 disomic and MATa/MATa strains, the frequency of ec-
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topic recombination was dramatically increased (Fig. 5C) and
survival was high (Fig. 5B). Consistently, expression of both
mating types in haploid rad24 cells (lacking potential allelic
donors) dramatically lowered survival (MATa rad24 cells plus

MATa, 13% survival, versus MATa rad24 cells plus MATw, 3%
survival). This indicates that in addition to homology length,
mating type heterozygosity controls recombination partner
choice in rad24 cells.
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to 1.2-kb URA3, as described previously). (C) Graphic representation of the kinetics of gene conversion. Percent gene conversion represents the
relative percentage of PCR fragments digested by BamHI compared to those seen at 0 h.

Genetic interactions with other checkpoint genes. In order
to analyze potential genetic interactions with other DNA dam-
age checkpoint genes, we tested the survival of a series of
checkpoint mutants alone and in combination with rad24.
Strains combining rad24 with radl7, mec3, mecl, rad53, or
dunl deletions exhibited survival similar to that of each of the
single mutants, confirming that these gene products act in a
common pathway (Fig. 7). Previous work has assigned the
function of Rad9p to a separate branch of the checkpoint
sensing mechanism that contributes equally to survival (re-
viewed in reference 23). However, in our system, rad9 mutants
showed markedly higher survival after a single DSB than rad24
cells, and processing of DSB ends was at least as fast as that of
the wild type (Fig. 6B and 7). The rad24 rad9 double mutant
exhibited repair kinetics and survival similar to those of the
rad24 mutant (Fig. 6B and 7), consistent with a more promi-
nent role for Rad24p in survival of a DSB. Other checkpoint
mutants with DSB repair phenotypes similar to rad9 include
chkl and pdsI (Fig. 7), suggesting that the products of these
three genes may act together in a pathway that contributes only
partially to cell survival of a broken chromosome.

Activation of spindle checkpoint is responsible for residual
G,/M arrest of rad24 cells and exacerbates rad24 DSB lethal-
ity. Surprisingly, elimination of the spindle damage checkpoint
gene MAD?2 in conjunction with a deletion of R4D24 increased
cell survival in response to a DSB to 24%, virtually double the

survival of a single rad24 mutant (Fig. 7). DSB induction ex-
periments were performed on wild-type, rad24, and rad24
mad? strains (Fig. 8A). As observed previously, wild-type cells
rapidly accumulated at the G,/M phase of the cell cycle in
response to a DSB. rad24 mutants initially progressed beyond
the G,/M transition and entered mitosis despite possessing an
unrepaired chromosome (as previously depicted in Fig. 1B).
However, by 6 h after DSB induction, rad24 cells had distinctly
accumulated at the G,/M phase of the cell cycle. By 8 h after
DSB induction, 90% of the population had arrested with a 2N
DNA content. To the best of our knowledge, this delayed but
complete G,/M arrest of rad24 mutants has not been reported
previously.

In contrast, rad24 mad2 cells did not accumulate at any
specific stage of the cell cycle (Fig. 8A). This implies that
Mad2p is responsible for the eventual G,/M arrest observed in
rad24 mutants. rad24 mad2 cells suffering a DSB are thus
expected to experience shorter cell cycles and divide more
often than rad24 cells encountering the same damage. We
conducted an analysis of the cell cycle progression of individual
wild-type, rad24, mad2, and rad24 mad?2 cells experiencing a
single DSB (Fig. 8B). Single, unbudded cells were microma-
nipulated onto galactose-containing medium and were moni-
tored and tallied at different times. As early as 2 h after DSB
induction, a clear difference was seen between rad24 and rad24
mad?2 cells. Whereas the former were almost entirely at the
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FIG. 7. Survival of different strains on YEPGal (constitutive expression of the HO endonuclease) compared to YEPD (no HO expression)

plates.

G,/M phase of the cell cycle, more than 35% of the rad24 mad2
cells had already undergone an additional cell division to pro-
duce three to four cells. At 6 h after DSB induction, rad24
mutants had progressed to an average of six cells, whereas
rad24 mad?2 mutants continued dividing rapidly. Throughout
this time period, wild-type and mad?2 cells remained arrested at
G,/M (one large-budded cell) and only recommenced dividing
8 h after DSB induction (Fig. 8B). Even after prolonged incu-
bation, most rad24 microcolonies contained six to eight large
cells, whereas rad24 mad?2 cells died as nonuniform multicel-
lular microcolonies. These results, combined with the FACS
analysis, imply that rad24 cells initially progress through the
G,/M transition but eventually arrest and die with a spindle
checkpoint-mediated G,/M-arrested phenotype.

DISCUSSION

When a chromosome is broken, cells must sense the pres-
ence of damage, activate the course of events that will even-
tually restore genomic integrity, and then return to normal
growth. Sensing mechanisms and repair processes, which po-
tentially compete for the same substrate, must be coordinated.
In order to hasten repair, proteins responsible for sensing
damaged DNA might also process the broken ends into inter-
mediates easily recognized and handled by the repair machin-
ery. Accordingly, lack of DSB sensor proteins may hamper the
proper processing of DSB ends and delay repair of the DNA
damage. This is precisely what we observed in our experiments.

End processing is defective in rad24 cells. We carefully an-
alyzed the repair of a DSB in wild-type and rad24 cells. Al-
though DSBs were formed with similar timing in both strains,
the processing and repair of the broken ends in rad24 cells
were delayed. The discrepancy in repair kinetics could be ob-
served at the first stage of repair, in which the broken ends are
resected. Initiation of ssDNA resection was delayed in rad24

cells. At 2 h after HO induction, the majority of wild-type cells
had resected approximately 600 nucleotides; in contrast, rad24
cells had only resected 100 nucleotides, and 1 h later, most
wild-type cells had already processed and exposed more than 1
kb of DNA, but in rad24 cells a significant proportion of the
population had only resected an average of 600 nucleotides.
Whereas wild-type cells resect approximately 3.5 kb of DNA
flanking the DSB ends (2), most rad24 cells did not successfully
process 1,000 bp of DNA. The net effect observed is that
resection of DSB ends in rad24 is delayed, uncoordinated, and
impaired compared to resection in the wild type. Rad24p has
also been associated with processing of ssDNA at telomeres (4,
24).

Inefficient processing of the DSB ends in rad24 cells causes
loss of synchrony and a delay of subsequent steps in the repair
process. Fully repaired gene conversion products are detected
in rad24 mutants with a delay of approximately 1 h compared
to wild-type cells, but roughly 90% of the rad24 cell population
eventually undergoes gene conversion. Since the total level of
gene conversion is remarkably similar to that of the wild type,
it is the proper and rapid processing of DSBs that is essential
for survival.

Repair kinetics, not cell cycle progression, are essential for
survival. We have shown that 87% of rad24 cells do not survive
a single DSB. Significantly, lethality is not due to insufficient
time to repair the broken chromosome before being released
into mitosis. Cells kept at G,/M until repair has occurred in
most of the population still die (Fig. 1D and 4C and D).
Therefore, cell cycle delay is not the essential function of
checkpoint activation for survival of a DSB. Although check-
point proteins were originally defined by their ability to inhibit
cell cycle progression when damage occurs (40), current evi-
dence indicates that checkpoint proteins activate multiple cel-
lular processes, only one of which is cell cycle arrest (1, 3, 19).
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FIG. 8. (A) FACS analysis of MK203, MK203rad24, and MK203rad24 mad?2 strains. Cells were synchronized at G, with a-factor and released
into medium containing galactose at 0 h. (B) Single, unbudded MK203, MK203mad2, MK203rad24, and MK203rad24 mad?2 cells were manipulated
on galactose-containing medium, observed microscopically, and tallied.

Accordingly, some mutations in the Schizosaccharomyces pombe
homolog of RAD24 show radiation sensitivity despite imple-
menting normal checkpoint delays (11).

The presence of checkpoint proteins ensures proper kinetics
of chromosome repair that are essential for cell survival. The
kinetics of DSB repair in rad24 cells are unaffected by cell cycle
progression, since nocodazole-arrested cells exhibit the same
kinetics of repair as freely cycling cells. (Fig. 4C and D). This
implies that the defective DNA processing observed is inher-
ently associated with the lack of Rad24 activity. In addition, the
complete repair of nondividing nocodazole-arrested cells con-
firms that the high levels of DSB repair observed in the rad24
culture are not due to a subpopulation of cells properly repair-

ing the DSB and outgrowing a general population of cells that
did not repair the broken chromosome.

One surprising implication of our results is that rad24 cells
are able to repair a broken chromosome despite having under-
gone cell divisions. This indicates that the broken, acentric
chromosomal fragment is not lost during mitosis. Evidence
that a broken chromosome can segregate without repair has
been documented previously (25, 28) even in strains with
checkpoint defects (34). Chromatin may tether broken DSB
ends together through mitotic divisions, preserving the possi-
bility of repair in the next cell cycle.

Although, as reported (14), rad24 cells fail to arrest in the
first cycle following DNA damage, our FACS analysis shows
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that rad24 cells progressively accumulate with 2N DNA con-
tent (Fig. 8A). This cell cycle arrest is due to the triggering of
the spindle checkpoint. Whereas rad24 mutants with a single
DSB eventually accumulate and die at the G,/M phase of the
cell cycle, rad24 mad2 double mutants do not accumulate at
any specific stage and continue cycling (Fig. 8A and B). Re-
cently, Garber and Rine (18) showed a role for the spindle
checkpoint in mediating cell cycle arrest in response to repli-
cation defects and DNA damage (7). Similarly, incomplete
DNA replication in Drosophila embryos results in a spindle
checkpoint-dependent mitotic arrest (9). Defective replication
due to misprocessing of the DSB may activate the spindle
checkpoint in rad24 cells. Inactivation of the spindle check-
point partially increased survival of rad24 strains (Fig. 7), in-
dicating that under some conditions, checkpoint activation may
have deleterious effects.

Rad24p affects recombination partner choice. Our results
imply that the definition of “allelic” partners for recombination
is based on the extent of homology rather than on physical
proximity or somatic pairing. When ectopic homology was in-
creased to 12.8 kb, wild-type cells elevated ectopic recombina-
tion to frequencies similar to those of allelic recombination
(Fig. 5D). The mechanism of homology search can therefore
equally recognize extended homology at any location in the
genome. rad24 cells are deficient in this mechanism.

The mating type locus plays an important role in regulating
partner choice in the absence of Rad24p. MATa/MATa cells do
not carry out ectopic recombination, whereas MATa/MATa
diploids or disomic haploids do so at levels comparable to
those of wild-type cells (Fig. 5C). The negative effect of het-
erozygosity of mating type on ectopic recombination is ob-
served only when Rad24p is absent. The mating type locus of
S. cerevisiae, MAT, is a master regulator that influences global
transcription and developmental decisions. It may be advanta-
geous to MATa/MATa diploids to promote homologous re-
combination, since, unlike haploids, they carry a potential sub-
strate for homologous recombination at all stages of the cell
cycle. Indeed, heterozygosity at the MAT locus affects the
choice between alternative repair pathways, favoring homolo-
gous recombination (15, 41). For instance, the NEJI gene,
which plays a role in nonhomologous end joining, is repressed
in MATa/MATa cells, channeling repair from end joining to
homologous recombination (6, 37). In the absence of Rad24p,
we observed a similar control by the mating type locus between
two different forms of homologous recombination, allelic (ex-
tended homology) and ectopic (limiting homology).

Recombination partner choice as well as survival is influ-
enced by prompt repair of the broken chromosome ends. In
rad24 strains with restricted homology, approximately 15% of
the cells successfully completed ectopic recombination to cre-
ate viable colonies (Fig. 5B). When allelic sequences were also
provided, the remaining 85% of the population could be res-
cued by prompt allelic recombination (Fig. 5B and C).

Resected single-stranded filaments sheathed with RadS1p
play a central role in homology search (35). Our results suggest
that the Rad51 filament is shorter in rad24 cells. However, our
results show that donor sequences also affect partner choice:
longer stretches of ectopic homology hastened repair kinetics,
increased ectopic recombination rates, and improved the sur-
vival of rad24 cells. Since longer homology did not markedly
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affect the kinetics of resection (Fig. 6B), homology length may
exert its effect at a later step in the repair process, such as the
recognition between the homologous partners. Other Rad24-
asociated processes are also important for survival. Although
fast repair improves the survival of rad24 cells, it is not suffi-
cient to rescue the entire population.

Interactions between DNA damage checkpoint genes. Our
epistasis analysis shows that RAD24 acts in a common pathway
with RAD17, MEC3, RAD53, MEC1, and DUNI in the survival
of a repairable DSB. Lee et al. (22) reported that rad17 mu-
tants showed normal resection of sequences flanking the MAT
locus in strains lacking potential homologous donors. Since
radl7 and rad24 are in the same epistasis group, this seems to
contradict our results. We repeated our assays in radl7 and
rad24 radl7 strains carrying or lacking ectopic donor se-
quences. In all cases, we obtained results identical to those with
the rad24 single mutants (Fig. 6B and data not shown). We
therefore conclude that the discrepancy between our results
and those of Lee et al. must be due to the different experimen-
tal systems used.

Mating type switch is unique in several aspects: resection is
unidirectional, signal transducers such as Rad53p are not ac-
tivated, and no cell cycle checkpoint arrest is elicited. There-
fore, it is conceivable that resection at the MAT locus may
differ from processing of DSBs at other genomic locations. The
results we reported here are consistent with the effects of
Rad24p in the processing of ssSDNA at cdcl13-1-induced telo-
mere damage (24). In both systems, mutations in RAD24 or
RADI17 caused reduced ssDNA resection, whereas mutations
in RADY had the opposite effect (Fig. 6B) (24).

In our system, RAD9, CHK1, and PDS1 operated separately
from the RAD24 checkpoint pathway (Fig. 6). Previous reports
concur with this model. In meiosis, the prophase arrest of dmcl
mutants depends on RAD24 but is independent of R4D9 and
CHK]1 (32). In addition, Maringele and Lydall (26) have shown
that in response to telomere defects, Rad9p, Chklp, and Pdslp
act in a branch distinct from that of Rad24p, Rad17p, Rad53p,
Ddclp, Ddc2p, and Dunlp. Interestingly, these authors also
found a role for the Mad2 spindle checkpoint protein in the
response to DNA damage in telomeres (26).

Although the biochemical nature of the Rad9p branch of the
checkpoint response is not fully understood, Rad9p is required
for the activation of Chklp, which acts to prevent cell cycle
progression. Anaphase entry is prevented by the Chklp-medi-
ated phosphorylation of Pdslp, the yeast securin (8). In our
experimental system, deletion of RAD9, CHKI, or PDSI had a
milder effect on DSB survival than mutations in the RAD24
epistasis group. These results agree with our conclusion that
the ability to arrest in the cell cycle has little effect on survival.

Conclusions. A broken chromosome elicits a complex re-
sponse that includes cell cycle arrest, recruitment of repair
proteins, homology search, and repair. Checkpoint proteins
such as Rad24 play a central role in the coordination of this
response. We have shown that in the absence of Rad24p, DNA
end processing is defective. This affects the kinetics of repair
and the choice of recombination partner as well as the ability
to survive after repair. Although rad24 cells show no immedi-
ate cell cycle arrest, eventual G,/M arrest of rad24 cells de-
pends on the spindle checkpoint protein Mad2p. rad24 mu-
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tants die irrespective of cell cycle arrest due to protracted
kinetics of DSB repair.
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