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Recombination plays a central role in the repair of broken chromosomes in all eukaryotes. We carried out
a systematic study of mitotic recombination. Using several assays, we established the chronological sequence
of events necessary to repair a single double-strand break. Once a chromosome is broken, yeast cells become
immediately committed to recombinational repair. Recombination is completed within an hour and exhibits
two kinetic gaps. By using this kinetic framework we also characterized the role played by several proteins in
the recombinational process. In the absence of Rad52, the broken chromosome ends, both 5’ and 3’, are rapidly
degraded. This is not due to the inability to recombine, since the 3’ single-stranded DNA ends are stable in a
strain lacking donor sequences. Rad57 is required for two consecutive strand exchange reactions. Surprisingly,
we found that the Srs2 helicase also plays an early positive role in the recombination process.

The process of recombination plays an essential role during
meiosis and in DNA repair during vegetative growth. Double-
strand breaks (DSBs) arise frequently as a consequence of
exposure to external insults or as a direct result of natural cell
metabolism. Recombinational repair of DSBs is important in
solving collapsed replication forks during DNA replication
(20). If left unrepaired, DSBs result in broken chromosomes,
genetic alterations, or cell death. Repair of DSBs (DSBR)
takes place in eukaryotes by two competing processes: nonho-
mologous end joining and homologous recombination. In yeast
cells, homologous recombination is the prevalent mechanism
used (reviewed in reference 36).

In a classic model for DSB-initiated recombination (53)
(Fig. 1A), single-stranded degradation of the broken DNA
molecule generates protruding 3'-OH ends that can invade
homologous regions, creating a D-loop. The invasion process
yields regions of heteroduplex DNA (hDNA) that may contain
mismatches. The invading 3" end is then used to prime DNA
synthesis. Eventually, the displaced donor strand pairs with
single-stranded DNA (ssDNA) from the opposing end of the
DSB, also serving as a template for DNA synthesis. Ligation
results in the formation of a structure containing two Holliday
junctions, which can be resolved to yield either crossover or
noncrossover products. Mismatch repair of the hDNA may
result in gene conversion events (Fig. 1A, left).

An alternative model for gene conversion, termed the syn-
thesis-dependent strand-annealing (SDSA) model (32), pro-
poses that after DSB formation and resection, a single 3’ sin-
gle-stranded end invades the intact homologous template.
DNA synthesis is followed by reannealing of the newly synthe-
sized DNA with the opposite broken arm. In the basic version
of this model (Fig. 1A, center), only gene conversion, and not
crossover, can be obtained, although variations allowing cross-
ing-over have been also proposed (reviewed in reference 36).
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Homologous recombination is catalyzed by a number of
proteins encoded mostly by genes of the RADS52 epistasis
group (36, 51). RAD52 seems to play a very central role, af-
fecting almost all of the types of known recombination events
(11, 36, 39). In vitro Rad52p exhibits strand-annealing activity
(31, 49) and has been shown to stimulate the strand exchange
activity of Rad51p, the functional homolog of the bacterial
RecA protein (45, 51). Rad55 and Rad57 stimulate the in vitro
strand exchange activity of Rad51p (50). The role played by
other proteins in recombination is less clear. Srs2 is a DNA
helicase with 3’-5" polarity (41). Mutations in SRS2 result in an
increased rate of spontaneous gene conversion (6, 23, 42). In
addition, a role for Srs2p in the removal of terminal heterol-
ogies during recombination has been proposed (37). Mutations
in SRS2 are lethal in the absence of some recombination genes,
such as RAD54 and SGSI (7, 35). It is thought that this is due
to the accumulation of lethal recombination intermediates.
Accordingly, this lethality can be alleviated by eliminating re-
combination altogether or by disabling checkpoint functions
(7, 18).

Despite the importance of recombination in cell survival and
the existence of detailed models, a thorough dissection of the
actual mechanism of mitotic recombination has remained elu-
sive, mainly due to the low rate at which spontaneous recom-
bination occurs. Most laboratories commonly use genetic sys-
tems that are based on the selection of rare recombinants
among a cell population. Although convenient, this procedure
introduces selective biases on the types of events analyzed,
whereas the fate of the majority of the cells remains invisible.
To overcome these limitations, yeast strains have been devel-
oped in which recombination can be induced in each cell of a
population. Recombination is initiated by a DSB at a unique
genomic location (8, 12, 14-16, 38, 52, 58). In the strains
developed by our laboratory, virtually 100% of the cells in each
culture uniformly participate in the recombination event. This
gives us the opportunity to dissect the complex course of the
DSBR process.

Here, we use such strains to time and order the different
steps in the repair of a single broken chromosome during
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FIG. 1. (A) Three alternative models of DSB-initiated recombination resulting in gene conversion. (Panel 1) DSBR model. The DSBR model
involves invasion of a homologous template by the two broken ends and formation of an intermediate containing two Holliday junctions. After
mismatch repair, resolution leads to gene conversion. (Panel 2) One-ended SDSA model. A single broken end invades the homologous sequence
and primes DNA synthesis. Newly synthesized DNA reanneals and ligates to the opposite broken arm. A second round of mismatch repair results
in gene conversion. (Panel 3) Double-ended SDSA model (DE-SDSA). Invasion is carried out by the two broken arms, followed by DNA synthesis
and annealing of the two newly synthesized DNA. Only one round of hDNA repair is necessary for gene conversion. B and R represent the BamHI
and EcoRI restriction site polymorphisms, respectively. (B) Schematic representation of our experimental system. Open rectangles represent the
ura3 alleles on chromosomes I and V. A black box represents the HOcs; a gray box depicts the inactive HOcs-inc flanked by the BamHI (B) and

EcoRI (R) restriction sites. Transfer of the cells to galactose-containing medium results in gene conversion.
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vegetative growth. We then dissect the role played by different
proteins in the recombination process.

MATERIALS AND METHODS

Strains. All of the yeast strains used in the present study are isogenic deriv-
atives of strain MK205 (MATa-inc ura3-HOcs ade3::GALHO ade2-1 leu2-3,112
his3-11,15 trpI-1 canl-100), a derivative of OI29 (16). The ura3-HOcs allele on
chromosome V was created by inserting a 39-bp oligonucleotide at the Ncol site
of the 1.2-kb BamHI fragment containing the URA3 gene and inserting it into the
genome. In this strain a DSB can be created on chromosome V, and it carries no
donor sequences for repair by homologous recombination. In the isogenic strain
MK203, a 1.2-kb ura3-Hocs-inc gene carrying BamHI and EcoRI polymorphisms
was inserted at a Hpal site within LYS2 sequences, as described previously (16).

Deletions of the RAD52, RADS57, and SRS2 genes were created by one- or
two-step transplacement by using plasmids pSM20 and pSM51 (43) and plasmid
pTZradH (2). All chromosomal configurations were verified by Southern blot
analysis after transformation.

Media and growth conditions. Saccharomyces cerevisiae strains were grown at
30°C, unless specified otherwise. 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. We added 1.8%
Bacto Agar for solid media.

Repair efficiency measurement. Each strain was streaked onto 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
commitment to gene conversion (CGC [see below]), and DNA was extracted and
subjected to the different assays. At least three independent experiments were
carried out for each strain analyzed. Although slight variations in the time of
appearance of DSBs were sometimes seen, the relative timing of the different
steps analyzed was constant within experiments.

Southern blot analysis. Southern blotting was carried out as described previ-
ously (16).

Nondenaturing slot blots. DNA was either directly spotted onto nylon Hy-
bond+ filters or denatured first by incubation for 15 min in the presence of 0.2
N NaOH. 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.

PCR assays. Portions (5 ng) of genomic DNA were amplified in each sample.
For quantitative measurements of intact chromosome V, samples were removed
at cycle 18. Otherwise, reactions were allowed to proceed to cycle 35. Taq
polymerase was used in standard reaction conditions. The compositions of indi-
vidual primers are available upon request.

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. Colonies were counted after 3 days incubation.

CGC. For each independent time point, 20 individual colonies were subjected
to either Southern blot analysis or PCR to confirm the transfer of information in
individual colonies. The PCRs consisted of 1 cycle of 1 min at 98°C, followed by
25 cycles at standard conditions. The DNA thus obtained was then digested with
BamHI or EcoRI and subjected to electrophoresis.

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

Calculation of cumulative curves. Noncumulative curves were converted to
cumulative ones by a modification of the method described in reference 34. T,
values were algebraically interpolated and represent the time at which 50% of
the cells have completed a particular assayed step.

RESULTS

The haploid strains of the yeast S. cerevisiae used in the
present study bear two copies of the URA3 gene; one of them,
located on chromosome V, carries the recognition site for the
yeast HO site-specific endonuclease (33) inserted as a short
oligonucleotide (ura3-HOcs). The second copy, located on
chromosome II, carries a similar site containing a single-base-
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pair mutation that prevents recognition 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 monitor the transfer of information between the chro-
mosomes. In these strains, the HO gene is under the transcrip-
tional control of the GALI promoter. Upon transfer of the
cells to galactose-containing medium, the HO endonuclease is
produced at high levels. The enzyme creates a DSB in 100% of
the cell population. The broken chromosomes are then re-
paired by a mechanism that copies the HOcs-inc information,
together with the flanking markers, resulting in a gene conver-
sion event. During the repair, the donor chromosome remains
unchanged (Fig. 1B). In the present study, we analyze strains
carrying 1.2 kb of shared homology. In these strains repair is
carried out only by conversion events not associated with cross-
ing-over, making the physical analysis simpler (16). The region
around the break is identical to that of the unbroken allele,
except for the two polymorphic sites and the Hocs-inc muta-
tion, so as to avoid production of nonhomologous tails that
may affect the recombinational repair (37, 48). There is no
genetic selection for recombinational products; instead, repair
is monitored in the entire cell population. During the course of
the experiment, cell viability remains high in the wild-type
strain, MK203, which constitutes our standard.

We have used different assays to monitor specific steps dur-
ing the recombination event.

(i) Generation of DSBs. The kinetics of DSB formation and
repair of strain MK203 was monitored by Southern blot anal-
ysis of DNA extracted at different times after transfer to ga-
lactose-containing medium (16) (Fig. 2A). Within 30 min, two
additional bands appeared, representing the broken chromo-
some arms. The intensity of these bands increased with time,
reaching a maximal level 2 h after transfer to galactose (t =
2h). Byt = 5 h, the DSBs are no longer detected by Southern
analysis. The band representing intact chromosome V de-
creases in intensity and then reappears with kinetics that in-
versely correlate with those of DSB formation. Interestingly, in
comparison to other chromosomes, the total amount of chro-
mosome V (intact as well as broken) transiently diminishes in
our Southern blots (“ratio V/III”’). Chromosome V reaches its
lowest level at t = 3 h, and is restored to original levels by t =
7 h (Fig. 2A and C). Processing of intermediates and complete
repair of the DSB occurs during this time interval. The recom-
bination intermediates are not resolved in our Southern blot
analysis but can be monitored by other assays (see below).
Quantitative PCR assays (Fig. 2B) corroborate the kinetics
inferred by Southern blot analysis.

(ii) ssDNA resection. All current models of recombination
(reviewed in reference 36) (Fig. 1A) propose that the DNA
immediately adjacent to the DSBs is resected 5’ to 3'. DNA
resection has been extensively analyzed, primarily at the MAT
locus, and the rate of resection has been found to be under
complex genetic control (21, 55, 59).

We used nondenaturative slot blot analysis to monitor the
ssDNA intermediate. RNA probes complementary to each of
the four strands that border the DSB were used to hybridize
blots in which only DNA present as ssDNA in vivo can be
detected. Upon transfer of the cells to galactose, only the two
RNA probes complementary to the DNA strands with 3’ ends



1406 AYLON ET AL.

Time in galactose (hs)
0051152253354 45555645789

MoL. CELL. BIOL.

[ESSSTSSINNY
Qul_ QuiHOs Qlal  Qal

“—r 4> 4>
25kb 12kb28kb 2.6kb

i . (Chr. VS’}“: kb. [-Pa_nn’ al)
Chr. V s
(Parental) ok
Chr.V5' 5 - ‘I
LEUZ = - DSB
Lo iy W <J
Time in galactose (hs)
0051 152 253 354 455556 7 8
a
-
Chr.V 4;
e Control
C I{]wo 1.0 +
oy
80 - L0.8 =
> >
£ 60- 0.6 g —{+— DSB
] . —O— ratio V/II
2 40 0.4 5
8 S
E =}
B 204 +0.2 ,g
o . 10 &
0 2 4 6 8
Time in galactose (hs)

FIG. 2. (A) Southern blot analysis of DNA extracted from MK203 at timely intervals. The DNA was digested with Clal and probed with a
fragment of chromosome V carrying the URA3 gene (hatched box) and with LEU2 sequences that served as a loading standard. (B) Quantitative
PCR measures the relative amounts of intact chromosome V. Pictured below is a quantitative control reaction with primers complementary to a
region on chromosome VIII. (C) Quantitation of Southern blot analysis. “Percent of broken chr. V” refers to the levels of the 2.8 and 1.2 kb
fragments resulting from DSB formation. “Ratio of chr. V/chr. III” refers to the ratio between the 4-kb fragment representing unbroken chr. V

sequences and the LEU2 band. hs, hour(s).

detected exposed ssDNA (Fig. 3A). The accumulation of
ssDNA follows DSB induction with a 30-min delay (compare
Fig. 2C and 3A). In our regular Southern blots, which analyze
double-stranded DNA (dsDNA), the exposed ssDNA ends are
not detected; instead, we observe a steady decrease in the
relative intensity of bands that represent sequences flanking
the DSB site. This disappearance is very short lived in MK203
since DNA synthesis eventually overcomes ssDNA degrada-
tion. Resection could be monitored in the cell population by
carrying out Southern blot analyses with various restriction
enzymes and probes at different distances from the DSB. The
decrease in intensity of a band is due to the resection of the
dsDNA into ssDNA molecules, which are no longer detected

in these Southern blots. The decrease in intensity of bands thus
allows us to measure the relative proportion of resected DNA.
These results confirmed that the resection from both ends
extends symmetrically within the cell population. In different
experiments, the maximal length of chromosome V resected in
MK?203 before resynthesis varied from 3.0 to 3.5 kb.

DNA resection can be analyzed more easily in the isogenic
strain MK205. In this strain, no ectopic homologous sequences
are present. Resection occurs at the same rate as that of
MK?203 but can be monitored for longer periods of time by
using probes at different positions along chromosome V. Fig-
ure 3B shows two examples of such an analysis.

Resection of the 2.5-kb Clal fragment, located 1.2 kb up-
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FIG. 3. (A) Accumulation of ssDNA intermediates: results from nondenaturative slot blots with four RNA probes is plotted as a function of
time. (B) Analysis of ssDNA resection in strain MK205. Southern blot analysis of DNA digested with Clal and Bg/II are shown. Additional probes
homologous to the LEU2 and TRPI sequences were used as loading controls. hs, hour(s).

stream of the DSB (“chr.V 5'”) is initially detected in both
MK?203 and MK205 at ¢ = 1 h (see also Fig. 2A). In MK205,
resection continues without reverting to DNA synthesis, and by
t = 4.5 h this band can no longer be detected. The Bg/Il
fragment upstream of the DSB, located 2.4 kb away, begins to
disappear 1.5 h after transfer to galactose. A fragment 3.1 kb
downstream decreases in intensity from ¢ = 2 h and cannot be
detected by ¢t = 5 h. When results from all of the Southern blot
analyses are compiled, we can calculate the rate of resection in

our strains. This rate is 35 to 50 nucleotides/min, a rate that is
slightly slower than previous estimates (5, 21, 47). The differ-
ences may be technical or due to the different strain back-
ground used.

(iii) Invasion and DNA synthesis. In most recombination
models, invasion of the homologous duplex and DNA synthesis
follows resection. We monitored this step by using a PCR
invasion-extension assay (59). Two primers are used in each
PCR: one is complementary to sequences on chromosome V
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FIG. 4. (A) Invasion and DNA synthesis assay. Primers adjacent to homology on chromosomes V and II amplify the polymerized invading
intermediate. (B) hDNA repair is already maximal at the first time point at which the invasion-extension intermediate can be amplified. (C) Gene
conversion assay. Equal amounts of PCR products obtained with primers a and b were digested with BamHI and subjected to gel electrophoresis.
(D) Asymmetric repair during gene conversion. Equal amounts of PCR products obtained with primers b and d (upper panels) or primers a and

¢ (lower panels) were digested with either EcoRI or BamHI. hs, hour(s).

immediately adjacent to the region of homology, and the sec-
ond anneals to sequences on chromosome II, flanking the
homology border. In cells not expressing the HO endonucle-
ase, no PCR product is detected since the primers locate to
different chromosomes. Once chromosome V is broken, the
activated strand invades the homologous sequences on chro-
mosome II to initiate new DNA synthesis. The extended 3’ end
thus becomes covalently linked to sequences on chromosome
II. This intermediate was detected by our PCR invasion-exten-
sion assay, quantified, and characterized (Fig. 4A and B).

Polymerized invasion intermediates can be seen as early as
1 h after DSB induction, only 30 min after the initial detection
of the broken chromosome. Invasion levels peak ca. 3 h after
DSB induction and then slowly diminish. Although broken
chromosome V is no longer detected by 5 h after induction,
some invasion-extension intermediates can still be detected at
¢t = 8 h. Similar results were obtained with primers a+c or b+d
(Fig. 4 and data not shown).

The primers used in this assay are located immediately ad-
jacent to the region of shared homology between chromo-
somes II and V, outside the predicted regions of hDNA. Thus,
ca. 500 and 800 bp of newly synthesized DNA are detected
during invasion from the right and left arms, respectively.
DNA synthesis does not proceed much further: PCR carried
out with a primer located 1,300 bp from the DSB showed 20%
of the level seen with primer ¢ (800 bp from the broken ends).

Another primer located 300 bp further (1,600 bp from the
DSB) detected only about 1% of the original level.

(iv) Transfer of information. In our strains, gene conversion
is manifested by the transfer of two polymorphic restriction
enzyme sites. We can monitor the kinetics and extent of gene
conversion in the cell population by measuring the relative
amounts of intact chromosome V containing either restriction
site (Fig. 4C).

Transfer of the BamHI site to chromosome V reaches de-
tectable levels 2 h after induction of the DSBs; however, a
majority of the cells do not undergo gene conversion until 4 h
after induction (Fig. 5SA). This peak correlates with the timing
of maximal invasion-extension. Thus, gene conversion appears
to be strongly linked to the invasion step. Evidence that the two
stages are linked is apparent by digesting the PCR products
obtained in our invasion-extension assay with EcoRI or
BamHI. Strikingly, even in the first PCR products detected the
polymorphic sites are already seen (Fig. 4B), indicating a ki-
netic coupling between DNA synthesis and heteroduplex re-
pair.

Current models dictate the formation of hDNA that is cor-
rected to result in either a conversion event or a restoration of
the parental sequences. If correction is unbiased, the models
predict a maximal level of gene conversion of 50%. We detect
higher levels of information transfer to the invading strand (90
and 70% for BamHI and EcoRI, respectively; Fig. 4D). Gene



VoL. 23, 2003

C

0 05 1

Time in galactose (hs)
15 2 25 3 35 4 45 5 55 6 65 7

—— e Yy ey PN e g Sy
S G S S TS e e

DISSECTION OF MITOTIC RECOMBINATION IN YEAST 1409
a
®BR)
Uncut =¥ y
} BamHI *
BR

a_’ I ] | Lncut
\h — A S
s -..-._—'_.

2 3 4

2 3 4 ()

FIG. 4—Continued.

conversion exceeding 50% implies directionality in the repair
process: the invading strand is usually the one repaired.

A simple explanation for the coupling and directionality is
that a short stretch of the invading DNA is degraded (e.g., by
the editing functions of the DNA polymerase) before engaging
in DNA synthesis. We favor this model because it has previ-
ously been shown that gene conversion in our system is not
affected by mutations in the mismatch repair genes (15),
whereas mutations in the editing domain of polymerase delta
do affect gene conversion (Y. Aylon and M. Kupiec, unpub-
lished data; see also reference 37).

(v) CGC. Plating of timely aliquots from a DSB induction
experiment onto glucose-containing medium (YEPD) moni-
tors the proportion of viable (colony-forming) cells in the
population at a given time. Viability remains high for strain
MK?203 throughout the experiments (Table 1 and Fig. 5C).
Viable colonies can be analyzed by PCR to evaluate the rela-
tive levels of gene conversion (scored by the presence or ab-
sence of the two polymorphic restriction sites). Since the HO
endonuclease is very short-lived, transfer to YEPD plates al-
most immediately halts further production of DSBs (17). Since
there is no selective pressure on cells to carry out gene con-
version in order to survive on glucose-containing plates, any
mechanism that restores the integrity of the genome enables
the formation of a viable colony. Only cells that have irrevo-
cably begun the repair process by a homologous recombination
mechanism develop into colonies showing gene conversion on

YEPD plates. We call this phenomenon CGC. CGC precedes
actual gene conversion of the cell culture by at least 90 min
(Fig. 5A and B). For example, at ¢t = 4 h only 20% of the cells
have transferred the polymorphic sites; however, when plated
on YEPD at this time point, the vast majority of the population
(>90%) complete the repair by gene conversion (Fig. 5B).
Genetic control of recombination. (i) Is lack of homology the
same as lack of homologous recombination proteins? Strain
MK205 carries the HO recognition site (HOcs) on chromo-
some V, as MK203, but has no homologous sequences on
chromosome II. The isogenic strain MK203rad52 carries 1.2 kb
of ectopic homology but lacks the RAD52 gene. In MK205,
recombination is prevented by the absence of homologous
sequences; in MK203rad52, recombination is prevented by the
lack of recombinational machinery. Both strains show ex-
tremely low viability in response to a DSB (Table 1 and Fig.
5C), indicating that they are unable to repair the broken chro-
mosome. However, they exhibit very different kinetics of chro-
mosome V processing. Resection of the broken ends occurs in
MK203 and MK205, both Rad™ strains, with similar kinetics
irrespective of the presence of potential donor sequences in
the genome but is strikingly different in strains lacking RAD52
(Fig. 6A). The MK203rad52 strain accumulates resected DNA
very rapidly, but ssDNA levels diminish as early as 1.5 h after
the peak of DSB formation and are undetectable by ¢t = 4.5 h.
Intact chromosome V cannot be detected by PCR around that
time (Fig. 6B). Thus, after an initial burst of resection, dsSDNA
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degradation of the broken arms of chromosome V takes place.
In MK205, the levels of ssDNA remain high for an extended
period after DSB induction (Fig. 6A).

(i) Role of R4AD57. The Rad57 protein also functions in the
RADS52 pathway. Together with Rad55p, it stimulates Rad51p-
mediated recombination, probably by facilitating the loading of
Rad51p onto the single-stranded tails (50). Mutations in the
RADS55 and RAD57 genes have been previously shown to act in
a temperature-dependent fashion (9, 25, 40). Similar pheno-
types could be seen in our strains: at 20°C, MK203rad57 strains
were indistinguishable from MK203rad52, and survival on
YEPGal plates was extremely low. At 30°C, however, survival
of rad57 cells plated on YEPGal increased to 5.7% (Table 1).

DSB induction experiments were performed with strain
MK?203rad57 at 30°C. Southern blot analysis shows that the
DSBs appear with kinetics similar to those of the control
MK203 (compare Fig. 7 and 2). In contrast to MK203, how-
ever, DSBs and parental chromosome V bands rapidly disap-
pear. The kinetics of chromosome V disappearance are similar
to those of the MK203rad52 strain, except that at later times
the band representing intact chromosome V reappears and
accumulates to a low level (Fig. 7A). PCR assays that measure
the proportion of intact chromosome V confirm these results
(Fig. 7B).

Detection of invading molecules in MK203rad57 is delayed
5 h compared to that of those in wild-type strains (6 h versus

1 h after induction; Fig. 7B). In addition, the invading inter-
mediates accumulate over time and reach extremely high levels
after overnight incubation. We conclude that MK203rad57
cells at 30°C are dually defective. They are deficient at a
stage that precedes ssSDNA invasion-extension, and although
eventually able to complete this process they are also defective
in the resolution of the polymerized invasion intermediates.
MK203rad57 also shows delayed and reduced kinetics of gene
conversion compared to MK203 (Fig. 5A and 7B). Even after
prolonged exposure to galactose, most of the cell population
has not transferred the DNA polymorphisms to intact chro-
mosome V. Our results are consistent with a defect of rad57

TABLE 1. Survival of different strains on YEPGal (constitutive
expression of the HO endonuclease) versus
YEPD (no expression) plates

Strain (temp [°C]) % Survival = SD*

1Y 120 883 + 8.1
MK205 ... .. 0.01 = 0.005
MK203rad52.......... . 0.03 + 0.01
MK203rad57 (20)... . 0.02 = 0.02
MK203rad57 (30)... . 57+18
ME203S7S2 c.voee oo essseeeeesesesseeeeesesesseeeeees 110+ 1.5

“ That is, the mean CFU on YEPGal/CFU on YEPD.
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FIG. 6. (A) ssDNA resection in strains MK203, MK203rad52, and MK205. (B) Quantitative PCR of remaining chromosome V in strains
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strains in carrying out the strand-transfer reactions of recom-
bination.

(iii) Role of SRS2. The SRS2 gene encodes an helicase with
a poorly understood role in recombination. srs2 mutants ex-
hibit a spontaneous hyperrecombinational phenotype, primar-
ily for gene conversion events (6, 23). Although Srs2 is usually
assumed to channel repair to a nonrecombinogenic pathway,
there are instances in which it plays a prorecombinogenic role
(6). We therefore tested whether srs2 mutants were able to re-
pair a broken chromosome. MK203srs2 showed reduced viabil-
ity on YEPGal plates (Table 1), indicating a defect in DSBR.

DSB induction experiments were performed with strain
MK?203srs2. DSBs are created with kinetics identical to those
of wild-type strains; however, subsequent processing of the
ends dramatically differs. Despite the presence of homology in
the genome, sequences adjacent to the DSB are extensively
resected, reminiscent of strains with no homologous regions,
such as MK205 (Fig. 8A). At very late times, a small propor-
tion (ca. 10%) of chromosome V is resynthesized and recov-
ered as intact chromosome. Although successful polymerized
invasion molecules appear with normal kinetics, they are de-
tected in drastically reduced amounts compared to those of the
wild type (Fig. 8B). Initial transfer of polymorphisms is de-
tected as in wild-type strains, but gene conversion and repair
reaches merely 10% of wild-type levels (Fig. 5SA and 8B).
Prolonged induction of DSB formation does not result in ac-
cumulation of recombination intermediates or products. We
conclude that, in DSB-initiated recombination assays, srs2
shows a hyporecombinational phenotype.

Although srs2 and rad57 strains exhibit comparable survival
in our assays, they show differences in CGC. When strains are
plated on YEPD 4 h after transfer to galactose, virtually all
MK?203 cells and ca. 40% of the surviving MK203rad57 cells
repair DSBs by gene conversion. At this time no srs2 cells
are committed to gene conversion (Fig. 5B). Even after 10 h
of continuous DSB induction, only 10% of the surviving
MK?203srs2 cells exhibit converted chromosomes. This is in
marked contrast to the full conversion of MK203 and 60%
conversion of surviving MK203rad57 cells at this time point.
Thus, srs2 shows a strong defect in CGC. The low survival of
srs2 cells is independent of the repair mechanism used. Ac-
cordingly, only 10% of the srs2 cells exhibit a gene conversion
event, as measured in the cell population by PCR (which de-
tects the event irrespectively of viability). Among survivors on
YEPD plates, the same proportion is observed.

The rapid decrease in cell viability of rad57 and srs2 strains
initially follows kinetics similar to that of rad52 and MK205.
After t = 3 h rad57 and srs2 recover somewhat, in accordance
with their capability to carry out some recombinational repair
(Fig. 5C).

DISCUSSION

Much of our understanding of the mechanisms of recombi-
nation comes from studies carried out in yeast cells. Tetrad
analysis data obtained throughout the years fit quite well with
the DSBR model of recombination (46, 53). Although meiotic
and mitotic recombination share important elements of the
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FIG. 7. (A) Southern blot analysis of DNA extracted from MK203rad57 at timely intervals. (B) Analysis of recombination intermediates in
strain MK203rad57 PCR assays for intact chromosome V, invasion plus DNA synthesis, and gene conversion. hs, hour(s).

repair process, results have accumulated suggesting that they
may fit different models. Using various physical assays, the
different steps in the meiotic recombination process have been
characterized and ordered in time. These studies have helped
to confirm most features of DSBR, while detecting minor in-
consistencies that call for modification and refinement of the
model (3, 4, 13, 34). In the present study, we initiate an anal-
ogous systematic study of mitotic recombination.

Cumulative curves depicting the percentage of cells that
have completed each stage can be helpful in ordering the
successive steps of the repair process (34). When all of the
curves obtained in our studies are plotted together, a consis-
tent view of the recombination process becomes apparent (Fig.
9). To better describe the different steps in the recombination
process, we define T, as the time at which 50% of the popu-
lation has completed each step. DSB formation (measured by
Southern blot analysis) matches perfectly with the reduction in

the levels of intact chromosome V, as detected by quantitative
PCR. The calculated T, of chromosome break is 2.45 h for the
Southern blot assay and 2.50 h for the PCR assay. Accumula-
tion of a population exhibiting ssDNA ends follows, with a
delay of 30 min (75, = 3.0 h). Invasion and DNA synthesis
coincide with gene conversion (75, = 3.43 and 3.46 h, respec-
tively) and take place 1 h after the appearance of the DSB. In
other words, the recombination process can be divided into
two kinetic phases. Immediately after the DSB is created, a
30-min gap is seen before the appearance of the ssDNA inter-
mediate. After its creation, a second gap of similar length is
observed, before invasion-extension can be detected. Once this
step is carried out, gene conversion is completed without any
further delay. It is important to note that the PCR assay that
measures invasion and DNA synthesis does not require liga-
tion of the newly synthesized molecules. In contrast, the PCR
assay that measures transfer of information can detect only
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molecules that have religated the original break on chromo-
some V. The fact that the two curves are almost identical
implies that the ligation reaction that rejoins the broken arms
immediately follows DNA synthesis.

Each cell requires ca. 1 h to repair the broken chromosome.
This process includes a search for homology, physical inter-
twining of donor and recipient DNA molecules, DNA synthe-
sis, ligation of the synthesized DNA, and transfer of informa-
tion between the chromosomes. Our estimate is remarkably
similar to the one obtained for mating-type switch, despite the
inherent differences between the processes and strains used
(59).

Double Holliday junction molecules (DHJMs), as predicted
by the DSBR model, are easily detected in meiotic cells (44).
We saw no evidence for such structures in our DNA samples.

Although lack of detection constitutes negative evidence, we
believe that these structures are not major intermediates of
mitotic recombination in MK203. Our results are most consis-
tent with an SDSA type of recombination, which does not form
DHIJMs and does not create crossover molecules. We have
previously shown that a minimal length of homology (ca. 1.6
kb) is required in order to observe a coupling between gene
conversion and crossing over. This minimal homology length
probably provides the stability required for DHIM formation
(16).

What is the significance of the two gaps observed in the
kinetics of recombination? The first delay, between chromo-
some breakage and the appearance of the active ssSDNA inter-
mediate, may be required for the induction and recruitment of
recombination proteins. A large protein complex must proba-
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FIG. 9. Comparison of the kinetics of accumulation of the different
intermediates in the recombination process. Symbols: [J, DSB (South-
ern blot analysis); ¢, chromosome break (PCR); O, ssDNA filament;
A, invasion; H, gene conversion. hs, hour(s).

bly assemble before the broken ends are processed. Evidence
for the binding of several proteins in vivo to broken DNA ends
has been gathered recently (24, 26, 29, 54, 56). In addition, the
creation of the DSB elicits a checkpoint response (27). Recent
models propose that several proteins must be recruited to the
broken ends for the activation of the checkpoint pathway (19,
28). The kinetic delay observed may allow time for assembly of
either of these complexes.

Recruitment of the protein complexes activates the broken
chromosomal arms. A 5'-to-3' resection takes place, creating
an ssDNA intermediate. This activated filament is pivotal in all
homology-dependent pathways; it is believed to be directly
involved in homology search and annealing. In addition, it
serves as a primer for DNA synthesis. The resection is probably
carried out by multiple exonucleases (30, 55). In the absence of
Rad52p, resection is carried out, but it exhibits faster kinetics
(Fig. 6A). Thus, Rad52p may moderate ssDNA resection, per-
haps providing the time necessary to coordinate between the
activation of filament and the homology search.

After the activated filament has accumulated, a second delay
takes place before polymerized invasion intermediates are pro-
duced. This period of time may be required to complete a
genome-wide homology search. Very little is known about the
mechanism that scans the genome for potential homology. The
ssDNA filament is probably sheathed in Rad51 protein, form-
ing a structure that can carry out a strand transfer reaction. It
is not clear, however, whether this Rad51 filament is the probe
that searches for homology, since some recombinational pro-
cesses can take place in the absence of Rad51p (36). Rad52p
seems to play a more central role and is more likely to be
involved in the actual homology recognition through its an-
nealing activity (31).

The activated filament invades the homologous region and
primes DNA synthesis by using donor sequences as a template.
In meiotic recombination, hDNA is formed at this stage and
remains stable until late in the process, before being repaired
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(4). Contrary to what is seen in meiotic cells, few hDNA mol-
ecules were detected in our assays, even at early time points.
Repair of the heteroduplex seems to take place concomitantly
with invasion and DNA synthesis. We detected a similar fre-
quency of invasion-extension by both ends. The slight asym-
metry seen between conversion of the BamHI and the EcoRI
sites is due to differential repair of hDNA. Our results are thus
consistent with models in which invasion by the left or the right
arms occurs independently, but with equal frequency in the
population, and also with two-ended models. In one-ended
models, the invading strand, after carrying out DNA synthesis,
reanneals to the opposite, unmodified arm (Fig. 1A, center).
This necessitates two independent rounds of hDNA repair in
order to create a gene conversion event: the invading strand
must be corrected during invasion and then always serves as
the donor of information during reannealing. This seems un-
likely. In addition, the rapid transition between the invasion
and religation steps precludes a second round of homology
search to find the unmodified broken arm. Rather, the kinetic
link between the two processes suggests a close proximity of
the reannealing strands.

Previously, a model (double-ended SDSA) was proposed in
which invasion is carried out by both arms, followed by untan-
gling and annealing of the newly synthesized strands to each
other (16) (Fig. 1A, right). In this case, no second round of
homology search or hDNA repair is required. Rather, the two
arms are in close proximity and may even have participated
together in the homology search. The results presented in the
present study provide further support for this model.

Our detailed kinetic dissection has enabled characterization
of other features of recombination. We have defined CGC as
the step in the repair process at which the cells are obligated to
complete DSBR by gene conversion. CGC markedly precedes
actual conversion. What is the molecular nature of CGC? The
T, of CGC perfectly coincides with the creation of the DSB
(2.50 h). Therefore, immediately after DSB formation, a mo-
lecular event takes place that leads irreversibly to gene con-
version. This event precedes the creation of the activated
ssDNA filament and takes place long before invasion of the
homologous duplex. The biochemical nature of this event is
not currently known, but it may involve modification of the
broken ends or be related to the recruitment of checkpoint or
DNA processing proteins. The lack of CGC in srs2 mutants
correlates well with a putative role for the Srs2 protein in
either of these two functions.

We have used our assays to pinpoint the execution point of
different proteins with a role in recombination. Rad52 may
play a role during homology search (36). Since 5'-to-3" resec-
tion of the broken ends takes place in MK203rad52 strains,
resection can be carried out independently of the homology
search. In rad52 strains, ssDNA accumulates quickly and is
rapidly degraded. Thus, Rad52 also plays a structural role,
protecting both DNA strands from exonucleolytic degradation
or stabilizing the Rad51 filament. Accordingly, recent in vitro
studies have shown that human Rad52 protein can form mul-
timeric complexes able to bind to DNA ends (56). To learn
whether the protein plays a role at subsequent steps, condi-
tional mutants should be analyzed.

The Rad55 and Rad57 proteins form a stable heterodimer
that stimulates in vitro the strand exchange activity of Rad51p
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(50). Consistently, rad55 strains showed results identical to
those of rad57 in our assays (data not shown). In these mutants
the coupling between invasion-extension and reannealing ob-
served in the wild type is lost. rad57 cells show a severe delay
in performing the invasion and DNA synthesis stage. Eventu-
ally, invasion intermediates appear and accumulate. Only a
small percentage of the cell population successfully proceeds
to the next step, which requires reannealing and ligation of the
arms. We conclude that Rad57p is required twice during re-
combination: initially, to carry out invasion-extension, and sub-
sequently, to complete gene conversion. Rad57p may be
needed to promote Rad51p-mediated strand exchange during
invasion and to facilitate the untangling of the newly synthe-
sized strands required to complete gene conversion. A higher-
order protein complex is probably active in these processes,
since at low temperatures rad57 strains fail to carry out even
the first process. At 20°C, the broken ends of MK203rad57 are
rapidly degraded, as in rad52 strains. These results suggest that
under these conditions a functional Rad52 protein is not suf-
ficient to protect the Rad51 filament from degradation.

Most of the rad57 cells die upon induction of a DSB, but
among survivors, a majority has undergone gene conversion,
indicating that cells completing the repair by conversion have
higher chances of surviving. However, not all of the cells that
undergo gene conversion survive: in PCR assays, we detected
a higher level of gene conversion than that of overall survival
(Fig. 5A and 7B). A window of opportunity available to com-
plete the recombination process seems to exist. Cells that miss
this window are irreversibly committed to death, even after
completion of the repair.

SRS2 plays a complex and still poorly understood role in
DNA repair and recombination. In numerous assays, muta-
tions in this gene cause an hyper-recombinational phenotype
(reviewed in references 7 and 18). We have examined the
kinetics of DSBR in a strain deleted for the SRS2 gene. After
DSB formation, DNA processing occurs with wild-type kinet-
ics, but extensive resection is observed. Invasion and DNA
synthesis also takes place with normal kinetics but only in a
small fraction of the population (~10%). The transfer of poly-
morphic sites occurs also in about 10% of the DNA molecules.
These results are consistent with a small subpopulation of cells
able to carry out the entire recombinational repair normally,
whereas the rest of the population continues to resect the
DNA as if no homology was detected in the cell. Perhaps
detection of homology and/or strand invasion is required to
limit resection.

Many different roles have been proposed for Srs2 in recom-
bination. Most of them involve the processing of postinvasion
intermediates (1, 7, 18). Our results show that Srs2 is required
at an earlier stage, since most of the population exhibits defects
already at the resection step. It should be noted that no het-
erologous sequences have to be removed from the broken ends
in MK203 to allow repair by recombination. Thus, the effect of
the srs2 mutation cannot be related to the removal of terminal
heterologies (37). Rather, srs2 mutants exhibit a general defect
in DSBR that may be exacerbated by the presence of heterol-
ogous ends.

Srs2 may be involved in facilitating the processes of homol-
ogy recognition or strand transfer carried out by the Rad52 and
Rad51 proteins. In the absence of the Srs2 helicase activity, the
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majority of DNA molecules cannot complete the invasion-
extension reaction and behave as if no ectopic homology was
present in the cell. Since srs2 mutants exhibit a spontaneous
hyperrecombinational phenotype, this may not be the only role
for the Srs2 protein. Under different circumstances (for exam-
ple, when recombination is initiated by a single-strand nick),
the Srs2 helicase activity may revert the invasion process, thus
preventing the formation of recombination intermediates. The
fact that an srs2 rad52 haploid mutant is viable (35) also implies
that DSBs are not the primary substrate for Srs2 activity.

An alternative (nonexclusive) explanation for the function of
Srs2 is that it plays a role in the coordination between DSBR
and cellular processes monitored by checkpoint mechanisms
(18, 22). According to this idea, the rapid loss of viability
observed in srs2 strains is due to lack of coordination between
repair and cellular functions. For example, the unloading of
specific proteins may require the helicase activity of Srs2 (41).
In agreement with this idea, a recent study has shown that Srs2
is required for cell recovery after checkpoint arrest (57).

srs2 mutants are very defective in CGC: only 10% of the
surviving colonies on YEPD showed a gene conversion event.
In other words, survival on YEPD in srs2 strains seems to be
independent of the ability to repair the break by gene conver-
sion. This is strikingly different from the results obtained in all
of the other recombination-defective or checkpoint-defective
strains that we have studied (Fig. 5B and data not shown). The
defect in CGC observed implies that, in the absence of the
helicase, alternative repair mechanisms can be used to recon-
stitute the broken chromosome. The nature of these mecha-
nisms remains a mystery, since srs2 mutants have been found to
be defective in sister chromatid recombination (6) and in non-
homologous end joining (10).

Although rad57 and srs2 mutants are defective at different
stages of the recombination process, they both exhibit compa-
rable loss of viability. In fact, rad57, srs2, and also rad52 and
MK?205 exhibit rapid kinetics of cell death that are remarkably
similar (Fig. 5C). Thus, all strains defective in recombinational
repair experience an early event that commits them to death
independently of the nature of their recombinational defects.
This event could be related to the induction of checkpoint
functions. Accordingly, the efficient processing of DSB ends
has been directly linked to appropriate checkpoint regulation
(21). Further studies are required to understand why these
cells are unable to utilize alternative repair pathways, such as
end joining, to improve survival.

In summary, we have carried out a systematic study of the
repair of a broken chromosome. Our results have allowed the
ordering of the different stages of recombination in the tem-
poral scale, and they provide knowledge about the relative
length and order of the stages. Our results clearly differentiate
between lack of homology and lack of recombination machin-
ery, since in rad52 mutants both the 5’ and the 3’ ssDNA ends
are rapidly degraded, whereas they are stable in a strain lack-
ing potential recombination partners. We have also character-
ized the role of Rad57 and Srs2 in the framework established.
Finally, we have defined a novel phenomenon, CGC: wild-type
cells are committed to repair by recombination as soon as the
break appears and before the ends are processed into ssDNA
filaments. We have shown that srs2 mutants are defective in
CGC.
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