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In Saccharomyces cerevisiae, a large number of genes in the RA4D52 epistasis group has been implicated in the
repair of chromosomal double-strand breaks and in both mitotic and meiotic homologous recombination.
While most of these genes are essential for yeast mating-type (AM4T) gene switching, neither RAD50 nor XRS2
is required to complete this specialized mitotic gene conversion process. Using a galactose-inducible HO
endonuclease gene to initiate AMT switching, we have examined the effect of null mutations of RAD50 and of
XRS2 on intermediate steps of this recombination event. Both rad5O and xrs2 mutants exhibit a marked delay
in the completion of switching. Both mutations reduce the extent of 5'-to-3' degradation from the end of the
HO-created double-strand break. The steps of initial strand invasion and new DNA synthesis are delayed by
approximately 30 min in mutant cells. However, later events are still further delayed, suggesting that XRS2 and
RADSO affect more than one step in the process. In the rad5O xrs2 double mutant, the completion of MA4T
switching is delayed more than in either single mutant, without reducing the overall efficiency of the process.

The XRS2 gene encodes an 854-amino-acid protein with no obvious similarity to the Rad5O protein or to any

other protein in the database. Overexpression ofRAD50 does not complement the defects in xrs2 or vice versa.

The genes RAD5O, RAD5, RAD52, RAD54, RAD55, and
RADS7 have long been implicated in homology-dependent
recombinational repair of radiation-induced DNA double-
strand breaks (DSBs) in Saccharomyces cerevisiae (for reviews,
see references 16, 17, 24, and 43). Haploid strains with
mutations in these genes respond in similar ways to X- and
y-irradiation and show epistatic interactions when tested in
pairwise combinations, a double mutant being no more sensi-
tive than the more sensitive single one (24, 41). This led to the
establishment of the RAD52 epistasis group and to the view
that products of these genes function in the same DNA repair
pathway or represent components of a multiprotein DNA
repair complex.

However, careful examination of mutant phenotypes reveals
differences between some members of the RAD52 epistasis
group, notably, between RAD5O on one hand and RADS1 and
RAD52 on the other (47). For example, while rad5O, rad5l, and
rad52 mutants behave similarly in eliminating G2 repair of
radiation-induced lesions in haploid cells, they show different
radiation responses in diploids. Homozygous radSl and rad52
diploids are as sensitive to irradiation as haploid strains,
demonstrating a lack of diploid-specific repair, whereas ho-
mozygous rad5O diploids show some increase in radiation
resistance compared to haploid cells (54). These results can be
interpreted to mean that radSl and rad52 mutants are com-

pletely deficient in the repair of radiation-induced DSBs (11,
26, 49), whereas rad5O mutants are at least partially proficient
in this type of repair.

In mitotic cells, mutations in RAD5 and RADS2 genes
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prevent radiation-induced intragenic recombination (1, 54) as

well as most spontaneous events, especially gene conversion (1,
21, 27, 31, 37, 58). Homothallic mating-type switching, a

specialized type of gene conversion event initiated by a site-
specific DSB, is also abolished by rad5l and rad52 mutations
(1, 37, 64, 65). In contrast, mutations in RAD5O do not
significantly affect radiation-induced recombination (54);
moreover, in some assays, rad5O mutations display a hyperre-
combination phenotype (3, 19, 38, 39). rad5O cells were also
shown to perform mating-type switching (35).

Mutations in all three genes almost eliminate intra- and
intergenic meiotic recombination (1, 6, 18, 35, 38, 45, 58).
However, their effects in meiosis are not identical. In the
presence of a spol3 mutation, which bypasses the reductional
meiotic division (32), meiotic inviability of rad5O mutant cells
can be rescued, while that of rad5l and rad52 mutants cannot
(14, 35, 38). Deletion mutations in RAD5O prevent the forma-
tion of meiosis-specific DSBs (3, 7), whereas mutations in
RADS1 and RAD52 lead to the accumulation of abnormally
degraded forms of DSBs (58). The whole body of evidence
suggests that RAD5O belongs to a group of genes that function
early in the meiotic recombination pathway, whereas RAD51
and RAD52 act later during the process, after the initiation
steps of meiotic recombination have been completed (36).
The XRS2 gene was initially defined by mutations rendering

cells sensitive to ionizing radiation and was shown to belong to
the RADS2 epistasis group (30, 62). In our previous commu-

nication (30), we showed that XRS2 was also required for
meiotic recombination. Homozygous xrs2 diploids show essen-

tially no meiotic gene conversion or crossing over, sporulate
poorly, and produce completely inviable spores. Meiotic invi-
ability of xrs2 strains can be rescued by a spol3 mutation,
indicating that XRS2 belongs to the group of early meiotic Rec
genes, including RAD5O. Accordingly, no meiosis-specific
DSBs at the ARG4 hot spot for meiotic gene conversion were

detected in xrs2 mutant strains (30). In contrast, mitotic
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FIG. 1. Restriction map of the genomic fragment containing the XRS2 gene on plasmid pEI17 and the construction of deletion-disruption
plasmids. Arrows indicate the direction of transcription. The 5' end of the adjacent ORF has not been defined. LEU2 and URA3 are not shown
to scale. Restriction sites: B, BamHI; Bg, BglII; El, EcoRI; EV, EcoRV; H, HindIll; Hp, HpaI; P, PstI; Pv, PvuII, S, Sau3A; Sp, SphI; Xb, XbaI;
Xh, XhoI. The SphI site belongs to the vector sequence of pEI17.

recombination is not abolished in xrs2 mutants, which even
show a hyper-Rec phenotype for both gene conversion and
crossing over. Thus, the meiotic and mitotic properties of
XRS2 and RAD50 are very similar, suggesting that both genes
are similarly involved in DNA repair and recombination.
Recently, a third gene with similar properties, MREJJ (2), has
been described.

In this communication, we report on the cloning, sequenc-
ing, and construction of deletion alleles of the XRS2 gene. We
have studied the effects of the xrs2 mutation on the kinetics of
recombination during mating-type switching, monitored at the
DNA level, and extended this analysis to rad5O and rad5O xrs2
mutant strains. We observe that both xrs2 and rad5O cells are
able to carry out mating-type switching at wild-type levels but
the kinetics of the process are delayed. This delay is even more
pronounced in a rad5O xrs2 double-mutant strain.

MATERIALS AND METHODS

Plasmids. The original xrs2-1 complementing plasmid,
pEI17 (Fig. 1), contains an -8-kb BamHI-Sau3A fragment of
yeast genomic sequences cloned into the BamHI site of YCp50
(ARS1 CEN4 URA3) (59). The 7.0-kb BglII-SphI fragment of
pEI17 was cloned into the BamHI-SphI sites of integrative
vector YIp5 (URA3) (50) to create pEI19. The 4.2-kb BamHI-
XhoI fragment of pEI17 was cloned into the BamHI-SalI sites
of YEp24 (50) to create pEI43 or into the same sites of YCp5O
to create pEI44. Both pEI43 and pEI44 contain the XRS2 open
reading frame (ORF) along with 1.45 kb of upstream and 0.2
kb of downstream sequences.
pNKY1070 contains 6.6 kb ofRAD50 sequence inserted into

the EcoRI site of YCp5O. pNKY2041 contains 8.7 kb ofRAD50
sequence inserted into the BamHI site of YEp24 (4).
XRS2 deletion-disruption plasmids were constructed as fol-

lows. First, the -7-kb BamHI-HindIII fragment of pEI17 was
cloned into the multicloning site of pTZ18R (Pharmacia) to
create pEI31. Second, a 2.4-kb HpaI-PstI fragment of pEI31
was removed, and the remaining PstI end was recessed with the
Klenow fragment. Third, the 1.1-kb HindlIl URA3 fragment
(with ends filled in with the Klenow fragment) was ligated to
the HpaI-PstI blunt ends to create pEI39. In a similar way, the
2.0-kb HpaI LEU2 fragment was inserted to create pEI40.
pEI42 was constructed to disrupt an ORF located just

upstream of the XRS2 ORF. pEI31 was digested with EcoRV
to remove the internal 1.8-kb fragment, and the 2.0-kb HpaI
LEU2 fragment was ligated to the resulting blunt ends. To
target the substitution during transformation, pEI42 was di-
gested with BamHI and HindIII and used to transform recip-
ient cells to Leu+.
pNKY83 carries a complete deletion of RAD50 substituted

with the 3.8-kb BglII-BamHI hisG-URA3-hisG fragment (4).
pFH800 contains a GALJO::HO fusion cloned into an ARSI
CEN4 TRP1 vector (42). pJH364 has -650 bp of MAT distal
sequences inserted into the HaeIII-XhoI sites of pGem3 (65).

Strains, media, and growth conditions. Escherichia coli TG1
and MC1066 were used for plasmid constructions and propa-
gation. Genotypes of the yeast strains used are listed in Table
1. Deletion-disruption alleles of XRS2 and RAD5O were con-
structed by the one-step gene disruption method (52). To
disrupt XRS2, plasmids pEI39 and pEI40 were digested with
BamHI and HindIII and used to transform recipient strains to
Ura+ and Leu+, respectively. To disrupt RAD50, plasmid
pNKY83 was digested with BglII and EcoRI and used to
transform recipient strains to Ura+ (rad5O::hisG::URA3::hisG).
When necessary, Ura - derivatives (radSO::hisG) were selected
on 5-fluoro-orotic acid plates (5). All strain constructions were
verified by Southern blot hybridization.

Rich medium (yeast extract-peptone-dextrose [YEPD]) and
synthetic complete medium (SC) with bases and amino acids
omitted as specified were as described elsewhere (57). For
galactose induction experiments, yeast extract-peptone-lactate
medium (YEPL) containing lactic acid (3.15% [wt/vol], pH
5.5) supplemented with 1% yeast extract and 2% Bacto
Peptone was used. To induce the GAL::HO gene, galactose
was added to YEPL to a final concentration of 2%. To monitor
the Rad - phenotype of xrs2 and rad5O mutants, YEPD plates
containing 0.015% methyl methanesulfonate (MMS; Aldrich)
were used.

Genetic manipulations were performed according to pub-
lished procedures (57). The lithium acetate method (28) was
used for yeast transformation.

Cloning the XRS2 gene. XRS2 was cloned by complementa-
tion of the MMS sensitivity and sporulation defects of a
homozygous xrs2-1 diploid strain, E1303. A yeast genomic
library inserted into the BamHI site of vector YCp5O (51) (a
gift from D. Botstein) was used to transform cells to Ura+.

........................... ...
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TABLE 1. Yeast strains used in this study

Strain Genotype Source orreference

E1302 MATa/MATbt his7-llhis7-2 leu2-3,112/leu2-3,112 lys2-1/LYS2 LYSJ/lysl-J trpl-289/trpl-289 31
ura3-52/ura3-52

E1303 E1302, but xrs2-J/xrs2-1 31
E1308 MA Ta/MA Toz his7-21his7-2 LEU2/leu2-3,112 LYSl/lysl-J TRPI/trpl-289 ura3-52/ura3-52 This study

cdc40/CDC40 XRS2/xrs2-1
E1449 E1302, but rad5O::hisG::URA3::hisG/rad5O::hisG::URA3::hisG This study
E1450 EI302, but xrs2::LEU2/xrs2::LEU2 This study
E1454 E1302, but rad5O::hisG::URA3::hisG/rad5O::hisG::URA3::hisG xrs2::LEU2/xrs2::LEU2 This study
JKM40 ho HMLa MATcs HMRa adel-100 leu2-3,112 trpl-289 ura3-52 J. Kent Moore
E1435 JKM40, but xrs2::URA3 This study
E1440 JKM40, but rad5O::hisG This study
E1441 JKM40, but rad5O::hisG xrs2::URA3 This study
R166 ho HMLo. MATa HMRa adel-100 his4-519 leu2-3,112 ura3-52 65
TCW8-1 R166, but rad5O::hisG This study

Among 600 Ura+ transformants tested, one was MMS resis-
tant, sporulated well, and produced -50% viable spores. A
plasmid containing an -8-kb insert, pEI17 (Fig. 1), was
isolated and shown to cosegregate with Xrs2+ phenotypes in
mitotic and meiotic divisions. Plasmid pEI19 containing a part
of the cloned sequence was targeted for homologous integra-
tion by cutting at the unique XhoI site and transforming into
strain E1308. Two Ura+ transformants were sporulated and
dissected. In both cases, close linkage between URA3 and both
xrs2-1 and cdc4O was detected (data not shown). Previously, we
have shown that XRS2 and CDC40 were closely linked but not
identical (30). pEI17 was then transformed into a cdc4O strain
and found to be unable to complement its thermosensitive
phenotype. We concluded that pEI17 contained the XRS2
gene. Subsequent subcloning has shown that xrs2-1 comple-
menting activity resided in the 4.2-kb BamHI-XhoI fragment
(data not shown).
DNA sequencing. The BamHI-XhoI fragment of pEI17 was

subcloned into pTZ18R, and the plasmids were sequenced in
both directions by the double-strand version of the dideoxy-
chain termination method, using Sequenase (U.S. Biochemi-
cal) and appropriate primers.

Induction of AL4T switching. Mating-type switching in
strains R166 and TCW8-1 was induced as described previously
(65). Because of slow growth in YEPL medium of strain
JKM40 and its mutant derivatives compared with that of
strains R166 and TCW8-1, some modifications of the original
protocol were introduced when MAT switching was induced in
the former strains. Strains to be tested were transformed with
plasmid pFH800, and 5-ml precultures in SC without Trp were
inoculated from single colonies. After at least 24 h, the
precultures were used to inoculate 100-ml cultures in SC
without Trp, which were then incubated overnight. Cells were
then harvested, resuspended in 100 ml of YEPL at -1 x 107
cells per ml, and incubated for 8 to 10 h (no cell divisions
occurred during this incubation). Cells were again harvested,
resuspended in 500 ml of fresh YEPL, and grown overnight to
a cell density of 1 x 107 to 2 x 107 cells per ml. An aliquot of
cells was removed for the zero time point, and galactose was
added to a final concentration of 2%. After 30 min, 1/10
volume of 20% glucose was added to repress galactose induc-
tion, and incubation was then continued, samples of cells being
withdrawn at time points indicated. Appropriate dilutions of
cells were plated on YEPD plates, grown for 3 to 4 days, and
replica plated on SC plates without Trp to measure the number
of cells with the GAL::HO plasmid. Replicas were also made

on plates containing relevant mating-type testers to estimate
the number of switched cells.

Southern blots. DNA from galactose-induced cells was
prepared according to the glass bead protocol (53) and di-
gested with StyI. Alkaline agarose (1.5%) gels were run as
described in reference 40. Alkaline, rather than neutral, aga-
rose gels were used to analyze the size of the single-stranded
DNA (ssDNA) produced as a result of degradation of DSB
ends. After electrophoresis, DNA was transferred to Biotrans
(+) nylon membranes (ICN) in 0.4 M NaOH. Hybridization
was carried out by the method of Church and Gilbert (9) using
the AL4T-distal fragment (from pJH364; see Fig. 3) as a probe.
32P-labelled hybridization probes were prepared by the ran-
dom-primer protocol (15). Densitometry of autoradiograms
was carried out by using a Molecular Dynamics Storage
Phosphorlmager.
RNA analysis. Total yeast RNA was isolated after breaking

of cells with glass beads (8). For Northern (RNA) blotting,
-10-,ug RNA samples were fractionated in 1.0% agarose-
formaldehyde gels as described previously (55) and transferred
to Biotrans (+) membranes in 0.04 M NaOH solution. RNA
was UV cross-linked to the membranes and hybridized as
described for Southern blots by using the 32P-labelled 1.3-kb
PstI-XbaI XRS2 fragment as a probe.
DNA amplification. Genomic DNA prepared from galac-

tose-induced cells (see above) was PCR amplified by using a
Gene Amp DNA Amplification Kit (Perkin-Elmer Cetus)
under conditions specified by the manufacturer. To amplify the
Ya-AL4Tdistal product, two primers were used: pB (ATGT
GAACCGCATGGGCAGT) (46, 65) and pW (GGCATTA
CTCCACTTCAAGT). The other pair of primers, pD (TGTT
GTCTCACTATCTTGCC) (65) and pG (TACAGlTlTlCC
CCGAAAGAAC), were used to amplify the A4TprOximaj-Ya
product. Positions of the primers are represented schemati-
cally in Fig. 3. Samples (100 ng) of DNA were amplified for 30
cycles, each cycle consisting of 1.5 min at 94°C, 2 min at 55 or
51°C for the pB-pW or pD-pG pair of primers, respectively,
and 3 min at 72°C, followed by a final incubation for 7 min at
72°C. Samples of amplified DNA were electrophoresed on
1.2% agarose gels, ethidium bromide stained, and photo-
graphed on a UV transilluminator. Quantitation of the DNA
was carried out by densitometry of the negatives.

Determination of recombination rates. Rates of spontane-
ous mitotic recombination at the HIS7 locus were determined
in a fluctuation test by the median method of Lea and Coulson
(33). Twenty independent cultures for each strain were initi-
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ated from 20 to 60 cells and grown to saturation. Appropriate
dilutions were then plated on SC plates without His to select
His' prototrophs and on YEPD plates to determine the
number of viable cells. Rates were calculated by the following
equation (13):

rate
0.4343 x median frequency

log(final cell number) - log(initial cell number)

MMS treatment. A modification of a published protocol
(44) was used for MMS treatment. Cells were grown to early
stationary phase in liquid YEPD or in SC without Ura to select
for a plasmid, washed in 50 mM potassium phosphate buffer
(pH 7.0), and resuspended in the same buffer at -4 x 10" cells
per ml. MMS was added to a final concentration of 0.1%, and
cultures were incubated at 30°C on a roller drum. Samples of
cells were removed at 15-min intervals and mixed with an equal
volume of cold 10% sodium thiosulfate. Appropriate dilutions
were then plated on YEPD or SC plates without Ura to score

cell viability.
Nucleotide sequence accession number. The nucleotide se-

quence data reported in this paper have been submitted to
GenBank and assigned the accession number L22856.

RESULTS

Cloning and nucleotide sequence of the XRS2 gene. The
XRS2 gene was cloned by complementation of MMS sensitivity
of an xrs2-1 strain. Plasmid pEI17 (Fig. 1) was also shown to
complement the poor sporulation and spore inviability of
xrs2-1 diploids. Subcloning experiments localized the xrs2-1
complementing activity to the 4.2-kb BamHI-XhoI fragment,
which was sequenced. Two ORFs transcribed in the same
direction were revealed. Deletion of nearly all the rightward
ORF (Fig. 1) produced all the expected Xrs2- phenotypes,
and a complementation test using xrs2 tester strains verified
that these deletion mutations were indeed allelic to XRS2. In
addition, we estimated the size of the XRS2 transcript by
hybridizing the 1.3-kb PstI-XbaI fragment of XRS2 to total
yeast RNA isolated from a wild-type strain. Hybridization to a

single transcript of -2.9 kb was observed (data not shown),
which is in good correspondence with the size of the XRS2
ORF. We concluded that this ORF is indeed the coding region
for XRS2. A 1.8-kb deletion of the ORF to the left of XRS2
(Fig. 1) produced no obvious phenotypes.
The XRS2 ORF consists of 2,565 bp encoding a protein with

a molecular mass of 96.3 kDa (Fig. 2). A potential TATA
element was found at - 194 (66), and a potential transcrip-
tional termination signal was identified 76 bp downstream of
the putative stop codon (67). Examination of the sequence
context of the putative ATG (23) along with the low codon
adaptation index of 0.139 (56) suggests that the XRS2 gene is
expressed at a low level. The nucleotide sequence of the XRS2
gene shows no significant homologies to any sequence in the
GenBank and EMBL data banks. The predicted XRS2 protein
sequence does not contain any characteristic motifs or any

significant similarities to other protein sequences in the
SwissProt data bank. The carboxy-terminal one-third of the
XRS2 protein is highly hydrophilic, with aspartic and glutamic
acids, lysine, and arginine residues representing 98 of 285
residues.

Construction ofxrs2 deletion mutations. To delete the XRS2
gene, two plasmids, pEI39 and pEI40, in which URA3 and
LEU2 selectable markers, respectively, replace almost 90% of
the XRS2 coding region along with 142 bp of upstream
sequence were constructed (Fig. 1 and 2). Linearized pEI39

and pEI40 molecules were transformed into haploid cells to
generate genomic deletions.

xrs2z\ strains are viable, indicating that XRS2 is not an
essential gene. However, both haploid and diploidxrs2A strains
grow more slowly than wild-type cells in YEPD medium. The
doubling time for a haploid xrs2A mutant was 149 ± 10 min,
compared to 84 ± 8 min for the isogenic wild-type strain. For
a pair of isogenic diploid strains, these growth rates were 175
± 3 and 100 ± 2 min, respectively. Haploid xrs2AX strains do
not seem to be significantly more sensitive to y-irradiation than
isogenic xrs2-1 strains (29).
An xrs2 mutation delays progression of mating-type switch-

ing similarly to a rad5O mutation. Mating-type switching is a
highly efficient process of mitotic gene conversion initiated by
an HO endonuclease-induced DSB in the MAT locus (Fig. 3;
for recent reviews, see references 20 and 25). Following a
synchronous induction of the HO gene, one can identify a
number of recombination intermediates at the DNA level (10,
65). xrs2 mutations do not prevent MAT switching (30);
however, the mitotic hyper-Rec phenotype seen in xrs2 mu-
tants suggests that some step(s) in the recombination process
could be affected. We therefore asked if the kinetics of MAT
switching at the DNA level were affected by xrs2A. In these
experiments, MAT switching was initiated by galactose induc-
tion of HO endonuclease and DNA was extracted at intervals.
The DNA samples were digested with StyI, and the resulting
DNA fragments were separated on an alkaline denaturing gel
and probed with the MA T-distal probe (Fig. 3). Use of
denaturing gels enabled us to visualize recombination interme-
diates by monitoring the undegraded, 3'-ended ssDNA (65).

Figure 4 shows a Southern blot analysis of the kinetics of
mating-type switching in wild-type and mutant strains, while
Fig. 5 presents a densitometric analysis of the Southern blot
data. The data shown in Fig. 5 are the average results of three
independent experiments for wild-type and single-mutant
strains and of four experiments for the double-mutant strain.
In the wild-type strain, MATox-to-MA Ta switching follows
essentially the same kinetics as described previously for MA Ta-
to-MATot switching (10, 65). In particular, the completed
MATa product first appeared approximately I h after HO-
induced DSBs were first detected (Fig. 4A and 5A). As the
intensities of bands corresponding to MATa increased, the
intensities of the HO-cut fragment bands rapidly decreased
(Fig. 4A and 5B). In parallel, higher-molecular-weight (MW)
fragments appeared at the same time as the cut fragments; they
peaked at 1 to 2 h and then also gradually disappeared as the
MATa product was increasingly formed (Fig. 4A and 5C).
These higher-MW fragments have been shown to result from
the failure of StyI to digest ssDNA resulting from extensive
5'-to-3' degradation of the HO-cut end. As a result, Styl
digestion yields higher-MW fragments that are cleaved at a
more distant, still double-stranded site (65). Thus, these high-
er-MW bands represent intermediates with long 3'-ended
single-stranded tails.

In xrs2X cells, the MA Ta product was also formed; however,
there was an approximately 1-h delay in the kinetics of its
formation (Fig. 4B and 5A). The delay in MAT switching in
xrs2!A cells was also manifested by a longer persistence of
unrepaired DSBs. In fact, the cut fragments were still present
at time points when they were barely detected in wild-type cells
(Fig. 5B). When higher-MW ssDNA intermediates were ana-
lyzed, we noticed that only about half as much ssDNA was
formed in xrs2. cells as was formed in wild-type cells. More-
over, the time at which the formation of ssDNA reached its
maximum was shifted to later time points (Fig. 5C).
A similar delay in MAT switching was found in a rad5OA
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* * * * * * * * * * * * * * *

1 AGACGTGXTA&Z&TATTATACTTTTCCGAGAAATATTTCATTTTCATSTTTCGTAAAGTTGTTAACTACGCTAAATATTAGTACTTTTCTTAAATTTTATAGGGAGCCCTTTTTTTCTATGAAAAGCAATGCGTAAACCAAATAAGCAG

* * * * * * * * * * * * * * *

1 51 AATSTTTGTAATAGATGAGCAACAATACTGAGAAGGTGATAACTATAAATTTATGTGGGTAGTACGATACCAGAATACATTGGAAGASGGOCTCTATTAGCTTTATATCATGTTGTCTTCAGGCCTTCAAAACTTATAGTATAGGTAGATCA
1 M W V V R Y Q N T L E D G S I S F I S C C L O A F X T Y S I G R S

* * * * * * * * * * * * * * *

301 AGTAAAACCCACTGATAATTAAATATAAAAGTATTTCCAGACAGCATATCACATTCAAATGGGAAATCAATAATAGTTCGGATCTGAAACAGTAGCCTGTGTTTAGTTAACAAGGGTAAATTGACATCATTAATAAAAAATTc
34 S X N P L I I K N D K S I S R 0 H I T F K N E I N N S S D L K H S S L C L V N K G X L T S L N X X F

* * * * * * * * * * * * * * *

451 ATGAAGTTGGCGAAACATTTACTATTAATGCCTCGGACGTTTTAAAGTCCACAATAATTGACTGGGTACAACTCCTATTCGTATAGAGTTCGAATGGATAAATGAAGTCTGGAACATTCCTCCTCATTTGACACATCAGGACGATG
84 M X V G E T F T I N A S D V L K S T I I E L G T T P I R I E F E N I N E V N N I P P H L T Q F R T 1

* * * * * * * * * * * * * * *

601 CTTTCTGAATATGGTATCTCCACTGAGATTTCTATTAATGATATTCCGCTAATCTGATGATTAGCGATTACCCAAAGAGGACAAACATACGGGAATTGTATGCCC TTGTTAGTACCATAAAAATCACGGTTCTG
134 L S E Y G I S T E I S I N D I P A N L M I S D Y P X S E D N S I R E L Y A L V S T I P M X X S R F L

* * * * * * * * * * * * * * *

751 ATGGAATTGTGTAATACTCTTCTTCCCACATCTAAAACTAATTTAAAATTTGATGAAATGTGGAACGATATGATTAGTAATCCGGAGTACAATGTTTTTGATTTGATCCAAATATTTTGCTTTCGAAGTTTATGAGGCTGAATAATATC
184 M E L C N T L L P T S K T N L K F D E M W N D M I S N P E Y N V F D F D * N I L L S X F M R L N N I

* * * * * * * * * * * * * * *

901 AGAGTGTTAACTACTATCAAAAGTGAACCACGTCTATCATCTCTCCTGCGGACGTTCAATATAAATTTATTTGCATTTGACAACATTGATAGTTTATATAAATATGTTGACAGCTTGAAGCATCAACAGAATA.CTGATTTTGACAACT
234 R V L T T I X S E P R L S S L L R T F N I N L F A F D N I D S L Y K Y V D S L E A S T E Y L I L T T

* * * * * * * * * * * * * **

1051 ACAGATAAGAAAGAAAATGGGAAAATTCTATGTACTATCAAAACGATGTTAACATCAATAATAGATGGCACCTTAAGCGCAGTGATTAATATGAAGGGTGCATCTTCAAGAACTCTAGATAACGGTAAATTTGATCAAATTTCTGAAGGA
284 T D X K E N G X I L C T I K T M L T S I I D G T L S A V I N M K G A S S R T L D N G X F D Q I S E G

* * * * * * * * * * * * * * *

1201 ATGTCTACTATTTTGAAAACATCTCGTGCACCTGAAGTTGAAGCTAGTCCAGTAGTCTCGAACGAa ATAGACGTAGAGTACTACCACTCGATAGTCGTTTTTGCTGGAGGTTTGAGTACTAAGACTCTATCAGA
334 M 5 T I L X T S R A P E V E A S P V V S K K R X L N R R R V L P L D S L D F F A G G L S T K T L S E

* * * * * * * * * * * * * * *

1351 AATAGGTCTTTAACTGACGCTAAGAGACTTAATTGTGGCGCAGAATCAAAGACTGTCATTTCAAGTCCCAACATTGCAGAGGCAGATGAAAAGCACGCCCCATTTCTTCAACGCACTAAAGCCGACTGAAGATATTGGAAAGAAAAGT
384 N R S L T D A X R L N C G A E S K T V I S S P N I A E A D E K R A P F L Q N A L K P T E D I G X K S

* * * * * * * * * * * * * *

1501 GrTCACAGTAGCCCGGTGCTATAATTGTCAGTAGCCACTTAGGTACTGTGAACACGAGTGAGGaTCGTTGGATAAGTCGCTACAGTCACATAAGTTACACAGCGTCATTGCCGG AGGGATTGGCTCTCACCATA
434 G N S S P G A I I V S S P N L G T V N T S E D S L D K S L Q S R K L P Q P S L P E V A G I G S 0 T I

* * a * * a * * a a * * * * *

1651 TCTTCGAACTCCGCTGACTATGAAACAGCTGCTGTGAATTCGATGGATGATGCTGAAGTTACTAAGAATTTTAGGTGAATCATCACCAGAATATAGACAAaCCCTCTAaAAACATCCGTAAACTTTCTAATTATTCACGAGAAArTTTCA
484 S S N S A D Y E T A A V N S M D D A E V T K N F R V N H H 0 N I E 0 P S K N I R X L S N Y S R E I S

1801 TCTCCATTACAAGAAAkATTGTAAGTCACCTGTAAAAGAGTTATCTATTAAAGAGAAATCTGGTACGccGCACGCATTTGTTGAAGCTATTCAAGAAACTAAAAATAGAGAGGTCAAAAGAGTTAAGTCAACCATTGTTGALATTGAAGGAT
534 S P L 0 E N C K S P V K E L S I K E K S G T P N A F V E A I 0 E T K N R E V K R V X S T I V E L K D

1951 GAGGAGTTGAGCGAGGAAGCTATTAATCAGCTAAAAAATTTGGCTATTGTAGAACCTAGTAACAATTTACTGAGGAAATCATTTGATAGTGAGGGACAAAACAAGCAGAACAACTGAAAGGGAAAATAGCCTAATGGAGCCAGAA
584 E E L S E E A I N Q L K N L A I V E P S N N L L R K S F D S E G N K T S R T T N K W E N S L M E P E

2101 TGGCATAAACGCAAGhAATTTCAAGACTTTTGTCAAGGTACGTCCAAAATCAAAGGCGCACAAAGAAGAGrGGTAAAAATAACACTCAAAGCTCAGATTTTATACGAAATGCAGCCTTTTTAATCACTAGAKATAsTGTTCCGTTAAAAAAAA
634 N N K R K N F X T F V K V R P K S X A H X E E G K N N I Q S S D F I R N A A F L I T R N Y V P L K X

2251 TACTCCAAAAAGGSTACAACTACAAAATGGGGCACAGAkAGAAAACGAAGATATGTTTGCTTTGAkCGGAkGATGGAiAAGATTTGGATCGAATACATTTATGTCCGATAATATAAACTCAAkACACTATCCAG%AAaAGATCTCAAGCTCTAAkAC
684 Y S X ID T T TK N G T E E N E D M F,A L T E M E R F G S N T F M S D N I N S N T I Q K R S Q A L N

2401 AGATTCACGAATGAGGATAGTTCAAATGAAGG;AGAAGAkAGATTCGTTTTCTTTTTCTCGTTGTTCAGGTACTGCAGCCAGCGTTCAACCACTAAAAAACAAAATTTTTATTACTGATGAAGATGATCTGGGT&ATATTGAkTGATAAAAGC
734 R F T N E D S S N E G E E D S F S F S R C S G T A A S V 0 P L K N X I F I T D E D D L G D I D D K S

2551 GRTAGAkCTAAATCACAGAGAAAATAATCGTAATCTTTTTGTGGTGAAGGAAATGAACTTACGGCCAAACTT GTCAGAAGAGTCAaGSCAAAGTAGACACAGTAGAGCGCAACAGTAGATCACGTGGCTCTTTTGGGGCTTCTAAT
784 D R L N H R E N N R N L F V V K E M N L R P N L S E E C S K Q S R H S R S A T S R S R G S F G A S N

2701 AACGGTGAkTGGCGAkCGACGACGATGACGACGGTCCGAAGTT TACGTTCAAAAGAAGAAAAGGA TAATGATAIkAT TTTCCGAGTATC STTATTAAT"TSTATATTTGATTATCATTCGiSATATGTGATATAT
834 N G D G D D D D D D G P X F T F X A R K 0G

* a * * * * * * * a a

2851 AT TGTICAGCTGGATCGGATCGTTTAAAGAAGCACTACAGGTTGCTGGAGGCATTIAACTGTAATGAGCGCGCTCATTGGAAAATOTGGAAGGAICC

FIG. 2. Nucleotide sequence of the XRS2 gene and flanking regions. The predicted amino acid sequence is shown by the one-letter code.
Potential TATA box and transcriptional termination signals are underlined at positions 8 and 2842, respectively. Only part of the sequenced XRS2
upstream flanking region is presented here.

strain (Fig. 4C). The appearance of the MATa product was It is important to emphasize that what we see in xrs2A and
retarded by about 1 h (Fig. 5A), and the disappearance of cut radSOA cells is a bona fide delay in M T switching, because the
fragments was similarly delayed (Fig. 5B). As with xrs2A, only overall efficiency of the process remains unaffected. This was

about 50% of the wild-type level of ssDNA was formed in shown by plating samples of galactose-induced cells on YEPD
radSOA cells (Fig. SC). plates and determining their viability and their mating type.
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FIG. 3. Early events in the yeast mating-type switching and exper-

imental design. (A) The MAT locus may contain either Ya or Yet
sequences that determine the cell's mating type. A MATot cell can

switch to MATa by a gene conversion process in which the Yot
sequences are removed and replaced by a copy of Ya DNA derived
from the silent locus, HMRa, located 95 kb more distal on the right arm
of the same chromosome III. HMRa is maintained in an unexpressed
state by the interaction of several gene products with two cis-acting
sites, E and I. MATo is homologous with HMRa at regions X and Zi.
Upon expression of a galactose-inducible HO endonuclease, the MAT
locus is cleaved a few base pairs to the right of the Y-Z junction. (B)
After 5'-to-3' exonuclease digestion of the Z-region DNA (and
beyond), the 3-ended single strand can invade the donor locus and
initiate new DNA synthesis. These initial steps can be detected by a

PCR assay dependent on the creation of a covalent DNA joint between
Ya and sequences distal to MA T using primers pW and pB. A second
PCR assay using primers pG and pD reveals the joining of Ya DNA to
the proximal side (X) of the MAT locus. (C) At later steps of switching,
Yot sequences at MA T are replaced by Ya sequences leading to the
appearance of an additional StyI site. The position of a MAT-distal
probe used for Southern blot analysis is shown.

Essentially the same fractions of cells experienced MA T switch-
ing in wild-type, xrs2ZA, and rad5O.i strains (66, 67, and 55% of
Trp+ cells, respectively).
The efficiency of M T switching was also equivalent in a

rad5OX xrs2A double-mutant strain, in which 66% of cells
switched. Surprisingly, however, the progression of AM T
switching in the double mutant was delayed to greater extent
than in either of single mutants (Fig. 4D). By 6 h only about
half of the final level of switching had been accomplished.
Extrapolation of the curve of formation ofMA Ta product (Fig.
SA) suggests that the process of switching was not completed
until at least 10 h after induction. The amount of ssDNA
produced in double-mutant cells is even more decreased than
in either of the single mutants; in fact, it does not exceed 30%
of the wild-type level (Fig. SC). However, disappearance of the

cut fragments in the double mutant follows essentially the
same kinetics as for both single mutants (Fig. 5B). This
suggests that some later intermediate steps are slower in the
double-mutant cells.
A trivial explanation of the slower kinetics of MA T switching

in xrs2A, rad5OA, and rad5OtX xrs2A cells could be that they
grow more slowly than the wild type in YEPL medium and the
kinetics of recombination are tied to the overall growth rate of
the cells. Although rad5Oz and xrs2A mutants do grow more
slowly than wild-type cells in YEPD medium (see above), we
found that the doubling times in YEPL medium for all four
strains were the same, approximately 6 h. Another possible
explanation for the delay in MAT switching in the mutants is
that recombination is retarded by growth arrest initiated by a
DSB and that this delay is greater in mutant cells than in the
wild type. This also was not the case; no delay in cell growth
after HO induction was evident for any of the strains (data not
shown). We did notice, however, that cultures of the mutant
strains grown in YEPL medium were enriched in the fraction
of large-budded, presumably G2, cells. In the wild-type culture,
large-budded cells represented 16% of the cell population,
whereas for xrs2A, rad5OA, and radS5OA xrs2A strains they were
31, 25, and 30%, respectively. However, we do not believe that
this difference is likely to account for the delay in MAT
switching, as we have previously shown that the kinetics of
MAT switching are not different in cells induced in the G2 stage
of the cell cycle compared with those in cells induced either in
G, or in asynchronous culture (10).
To pursue this point further, we also monitored MA Ta-to-
ATcx switching in a wild-type strain, R166 (65), and its
rad5OA derivative, TCW8-1. These strains grow with a dou-
bling time of about 4 h in YEPL medium. In this experiment,
cells were synchronized with ct-factor and held at GI for the
period of HO induction. Thus, switching was initiated in both
the wild-type and mutant cells at the same time of the cell
cycle. The results presented in Fig. 6 show that synchronized
radS5OA cells display a delay in MAT switching, relative to that
in the wild-type strain, that is analogous to the delay seen in
asynchronous populations of radS5OA cells by using a different
strain (Fig. 5).
Formation of covalently joined intermediates is also delayed

in xrs2 and rad5O cells. An attractive interpretation of the
slower kinetics of switching in xrs2 and rad5O cells could be that
the 5'-to-3' degradation of DNA is a rate-limiting factor in
MAT switching and that a decreased amount of ssDNA
produced inxrs2 and rad5O cells is a direct cause of the delayed
formation of final product. If so, we would expect that all the
steps following the formation of ssDNA would be delayed in
mutant cells. Alternatively, it is possible that the reduced
amount of ssDNA found in xrs2 and rad5O cells is still sufficient
for strand invasion and primer extension and that the delay in
MAT switching reflects a defect in some later step(s). In this
case, no delay in the formation of early intermediates would be
expected in mutant cells. To distinguish between these two
possibilities, we analyzed the kinetics of formation of covalent
joint molecules that are thought to be the next intermediates
following the formation of 3'-ended ssDNA tails.

Intermediates of MAT switching can be detected by quanti-
tative PCR amplification using specific combinations of prim-
ers (22, 65). In our experiments, we used primers pB and pW
to amplify a 662-bp Ya-MATdistaI product and primers pD and
pG to amplify a 1,497-bp MATproximarYa product (see Fig. 3
for the location of primers). DNA samples used for PCR
amplification were the same as for Southern blot analysis.
Figure 7 shows photographs of representative gels of PCR
products formed in the wild-type and xrs2z strains. Figure 8
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FIG. 4. Southern blot analysis of the kinetics of mating-type switching in the wild-type strain JKM4() (A), xrs2zA strain E1435 (B), rad5OA strain

E1440 (C), and radS5OA xrs2A strain E1441 (D). Time courses were initiated by the addition of galactose at time zero. At the times indicated, cell
samples were taken, and DNA was subsequently prepared and digested with StyI. Resulting DNA fragments were separated on alkaline-agarose
gels and probed with a MA T-distal fragment from pJH364 (Fig. 3). At time zero, two fragments hybridize to the probe used: a 2.2-kb MAT-distal
fragment and a 1.8-kb MATot fragment, the former band being unchanged during the course of experiment. The cleavage by HO endonuclease
leads to the appearance of two bands: a 1.1-kb band that is not detected with the MAT-distal probe and a 722-bp band that is designated a cut
fragment. Replacement of the Yot sequence by Ya results in the appearance of an additional 930-bp fragment, MA Ta, due to a StyI site within Ya.
Also, higher-MW DNA bands that are designated ssDNA can be seen. These reflect the 5'-to-3' degradation from the DSB leading to the
formation of prolonged single-stranded ends. StyI cannot digest ssDNA, which results in the appearance of longer fragments. Three independent
experiments were carried out for strains JKM40, E1435, and E1440, and four experiments were carried out for strain E1441; representative
Southern blots are presented. A band at the position of -4.2 kb seen in panel D is due to nonspecific hybridization.

presents the quantitation of the PCR data obtained in all four
strains. In the wild-type strain, we could detect the Ya-
AATdista, PCR product 30 to 60 min after HO induction (Fig.
7A and 8A), roughly when ssDNA intermediates can first be
detected (compare with Fig. SC). Confirming previous results
from our laboratory (22, 65), the second joint product,
MATproximal-Ya appears 30 to 60 min later than the first one

(Fig. 7B and 8B) and coincides with the appearance of the
completed MATa product (compare with Fig. 5A). In xrs2zX
cells, formation of the Ya-AATdis,ta joint product was delayed

by approximately 30 min (Fig. 7A and 8A). A more pro-
nounced delay of about 1 h was observed in the accumulation
of MATpro,xinmj,t-Ya product (Fig. 7B and 8B). It is worth
emphasizing that the formation of MA Tproximal-Ya PCR prod-
uct normally coincides with the appearance of the completed
AA Ta product and that the delay of 1 h in the accumulation of
this PCR product inxrs2. cells corresponds well to the delay of
1 h in the formation of MATa seen on Southern blots.

In radSOA cells, kinetics of the formation of both PCR
products were similar to what we observed in xrs2zX cells (Fig.
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FIG. 5. Densitometric analysis of the Southern blot data. Data
averaged from three to four independent experiments are presented.
Intensities of all the bands were integrated and normalized to the sum
of all MAT-distal hybridizing bands, and the results were plotted as a
percentage of overall DNA content. (A) Final MATa product; (B)
persistence of cut fragments; (C) formation of higher-MW ssDNA.
Symbols: closed squares, wild type; closed diamonds, rad5OA; open
squares, xrs2A; open diamonds, radSOA xrs2A. Datum points are shown
with standard errors.

8). Surprisingly, although the rad5OzA xrs2z\ double mutant
showed a more pronounced delay in the formation of MATa
product, there was no additional delay in the formation of both
covalent joint products compared with that in either single
mutant (Fig. 8). These results imply that despite the lower rate
of degradation of DSB ends in the double mutant compared
with that in single mutants, the capture of ssDNA into the next
intermediate structure occurs essentially with the same kinetics
in all mutant strains. In turn, this could account for the fact
that cut fragments persist no longer in a double-mutant strain
than in radSOA and xrs25X strains (Fig. SB).
xrs2A and radSOA are epistatic with respect to mitotic

hyper-Rec phenotype and MMS sensitivity. The finding that a
rad5O xrs2 double mutation delays the progression of MAT
switching to a greater extent than either single mutation was
rather unexpected because previous genetic experiments re-
vealed an epistatic interaction between these two mutations
(see reference 30 and references therein). However, in previ-
ous experiments, we used a presumptive point mutation, xrs2-J,
thus raising a formal possibility that epistatic interactions were
due to a leakiness of the xrs2-1 allele. To exclude this possi-
bility, we constructed double-mutant strains bearing null al-
leles of both XRS2 and RAD5O and studied these strains in two

30
^ 25
= 20
d10
0 15
6 10 '

E-1 5'-
0

0 1 2 3 4 5
Time after HO-induction, h

FIG. 6. Kinetics of A Ta-to-MATcx switching in the wild-type
strain R166 (closed squares) and its radSOA derivative TCW8-1 (open
squares). This experiment was carried out exactly as described in
reference 65. Briefly, HO was induced by the addition of galactose to
cells synchronized and held in the G, cell cycle phase with oz-factor.
After 30 min of incubation with galactose, cells were washed into
YEPD at time zero. At the time points indicated, cells samples were
taken and DNA was prepared and digested with Styl. Resulting DNA
fragments were separated on alkaline-agarose gels and probed with a
MAT-distal fragment from pJH364 (Fig. 3). The data for the wild-type
strain are those published in reference 65. Densitometric analysis was
carried out as described in the legend to Fig. 5.

genetic assays. First, we determined rates of spontaneous
mitotic gene conversion using a pair of heteroalleles at the
HIS7 locus. Results presented in Table 2 indicate that in this
assay, both xrs2A and radSOA strains display a clear hyper-Rec
phenotype, as does the radSOA xrs2A double mutant. However,
the level of recombination of the double mutant is not greater
than those of the single mutants. We also tested the sensitivity
of mutant strains to a DNA-damaging agent, MMS. Both in
haploid and in diploid cells, sensitivity of a double mutant was
indistinguishable from that of either single mutant (data not
shown).
We wanted to know whether overexpression of the XRS2

gene on a multicopy plasmid has any effect on MMS sensitivity
of radSOA cells and vice versa. The presence ofXRS2 on either
a multicopy (pEI43) or a low-copy-number (pEI44) plasmid
did not have any effect on the MMS sensitivity of radSOA cells.
In a reciprocal experiment, it was shown that the presence on
a multicopy plasmid of the RAD5O gene (pNKY2041) failed to
increase the MMS resistance ofxrs2A cells as did the presence
of RAD5O on a centromere plasmid, pNKY1070 (data not
shown).

DISCUSSION

In this work, we show that null mutations in the two DNA
repair and recombination genes XRS2 and RADSO both affect
the kinetics of mating-type switching initiated by HO-induced
DSBs. Although the overall efficiency of the process was the
same in both single and double mutants as in wild-type cells, a
significant delay was seen in the formation of the final product
in mutant cells. This delay does not seem to be due to altered
growth and/or cell cycle characteristics of the mutant cells.
First, wild-type, xrs2A, rad5Oz, and rad5OA xrs2A strains all
grow at the same rate in YEPL medium. Second, we observed
the same effect of radSOA both in derivatives of strain JKM40,
which grow slowly on YEPL medium, and in derivatives of
strain R166, which grow more rapidly. Third, we have shown
that the effect of rad5O., and presumably xrs2A, is seen in
cultures that were first synchronized at the G, stage of the cell
cycle. Finally, although no differences in growth and cell cycle
parameters were observed between single and double mutants,
the completion of MAT switching is more delayed in the
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FIG. 7. Kinetics of formation of PCR-amplified covalent joint
products in wild-type and xrs21 strains. Genomic DNA was prepared
from galactose-induced cells and amplified as described in Materials
and Methods. Two pairs of primers (see Fig. 3 for their location) were
used: pB and pW to amplify the Ya-MAT,i,,taI product (A) and pD and
pG to amplify the MATpr,xi,ia1-Ya product (B). Samples of amplified
DNA were electrophoresed on 1.2% agarose gels, ethidium bromide
stained, and photographed on a UV transilluminator. Both the wild-
type and xrs2!A samples were amplified at the same time and separated
on the same gel. Representative gels are presented here.

double-mutant strain. Thus, we conclude that the effects of
both xrs2A and rad5OA are reflections of specific molecular
defects caused by these mutations and not general effects on
cell growth.

Is 5'-to-3' degradation of HO-induced DSB ends a rate-
limiting factor for MAT switching? As proposed by Szostak et
al. (63) and modified by results of genetic and physical studies,
DSB-induced recombination proceeds after 5'-to-3' exonu-
cleolytic degradation at the DSB creates ssDNA tails that can
invade a homologous sequence (12, 34, 46, 48, 61, 65). Given
that 3'-ended ssDNA tails are likely prerequisites for the
strand invasion step of recombination, it is reasonable to ask
whether the rate of 5'-to-3' degradation influences the rate of
MAT switching.
A densitometric analysis of higher-MW bands seen on

Southern blots and previously shown to correspond to ssDNA
(65) demonstrates that in xrs2A and rad5OA cells the amount of
ssDNA accumulates to about half of that produced in wild-type
cells. The reduction of ssDNA produced in the mutants may
result from two sources: a reduction in the rate of ssDNA
production and/or an increase in its conversion to other
intermediate structures. The latter possibility would be incon-
sistent with our observations that the kinetics of product
formation are slower in the mutant strains. A reduction in the

0 1 2 3 4 5 6

Time after HO-induction, h

FIG. 8. Quantitation of PCR amplified Ya-MA TdiStaI (A) and
MA Tproximai-Ya (B) products. PCR products were obtained, electro-
phoresed, and photographed as described in Materials and Methods
and in the legend to Fig. 7. Quantitation of DNA was carried out by
densitometry of negatives. In each set of data, the time point with the
maximum DNA content was assigned the value 100%. Presented are
data averaged from at least three determinations for each strain.
Symbols: closed squares, wild type; closed diamonds, radSOA; open
squares, xrs2A; open diamonds, rad5OA xrs2zA. Datum points are shown
with standard errors.

rate of ssDNA formation, on the other hand, is consistent with
the idea that the deletion mutations in XRS2 and RADS0
decrease the extent of 5'-to-3' degradation of DSB ends. This
decrease may be even greater than that implied by Fig. 5 if the
efficiency of strand invasion is also reduced in the mutant
strains.

It seems likely that at least part of the delayed kinetics of
MAT switching in xrs2. and rad5OA cells is a direct conse-
quence of the decrease in 5'-to-3' degradation of DSB ends.
One might argue that the extent of 5'-to-3' degradation seen in
mutant cells is still sufficient to ensure strand invasion. Indeed,
the two higher-MW ssDNA bands detected in our experiments
are the result of the disappearance of two Styl sites approxi-
mately 0.7 and 3 kb away from the HO-cut site (Fig. 3).

TABLE 2. Rates of spontaneous mitotic recombination at the HIS7
gene in wild-type and mutant strains

Relevant Rate (events/It)7 Fold
genotype Strain cell divisions)' increase

Wild type E1302 4.6 ± 1.0 1
xrs2A E1450 75.2 ± 9.8 16
rad5OA E1449 38.5 ± 5.8 8
radS5OA xrs2A E1454 59.1 ± 9.0 13

" Presented are ratcs averaged from two (E1449 and E1454) or three (EI302
and E1450) independent determinations.
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However, the length of the region of homology between the
recipient MA Tot locus and its donor HMRa cassette is only 239
bp (Fig. 3). Thus, 5'-to-3' degradation at MAT often proceeds
far beyond the relevant length needed for strand invasion. We
can imagine several reasons why extensive 5'-to-3' degradation
beyond the region of homology could affect the rate of MAT
switching. First, it is possible that 3'-ended DNA tails are more
active in strand invasion if they contain a longer 3' overhang.
For example, it is reasonable to believe that an invading
3'-ended DNA tail is coated by single-strand-binding proteins
and/or by RecA-like proteins. In this case, longer regions of
ssDNA could have a stimulatory effect on strand invasion by
providing more space for these proteins to bind to the invading
strand. Alternatively, it has previously been shown that some
new protein synthesis is required for the completion of DSB-
mediated recombination (53). ssDNA ends might well be
inducing signals triggering synthesis of enzymes needed at later
stages of the recombination process, longer ends being a more
efficient signal than shorter ones.

If less efficient degradation of DSB ends entirely accounts
for the reduced rate of MAT switching in xrs2zA and rad5OX
strains, all the following steps in the process of switching (that
is, after the formation of ssDNA) should be equivalently
delayed. We have tested this prediction by analyzing the
kinetics of appearance of covalent joint molecules resulting
first from strand invasion and strand extension steps in MA T
switching and later from the joining of new Ya sequences to
MAT-X. If the less efficient production of ssDNA in mutant
cells were the only reason for the delayed formation of MA Ta,
then both Ya-MA Tdistal and MATproximar-Ya PCR products
should be delayed in xrs2A and radSOA cells to an equal extent.
In fact, results of these experiments suggest that there are at
least two different steps in MAT switching affected by both of
these mutations. The formation of the Ya-MA TdiStaIl PCR
product in xrs2A and radSOA cells was delayed by about 30 min
(Fig. 8A). This is consistent with there being a delay in strand
invasion and primer extension caused by a retardation of
5'-to-3' degradation. However, there was an additional 30-min
delay in the formation of the MATproximal-Ya PCR product
(Fig. 8B), reflecting the overall delay of 1 h in MAT switching.
Thus, there must be a second step in the process, after strand
invasion, that is also slowed by the absence of the RAD50 and
XRS2 gene products.
An alternative interpretation of these data assumes that

ssDNA serves as a trigger to induce synthesis of enzymes
needed at later stages of recombination. The decreased
amount of ssDNA formed in xrs2A and radSOA cells would still
be enough to ensure strand invasion with only a 30-min delay
compared to that in the wild type; nevertheless, it would not be
sufficient to induce a proper level of protein synthesis. As a
result, an additional delay due to an insufficient amount of
recombinational enzymes at later stages occurs. This interpre-
tation could explain the apparently paradoxical properties of a
radSOA xrs2A double mutant. One could imagine that the even
more reduced amount of ssDNA seen in this mutant is
nevertheless sufficient to initiate strand invasion with a delay
no longer than that in single-mutant cells. However, a mark-
edly reduced amount of ssDNA might have a dramatic effect
on the induction of protein synthesis required at later stages of
MAT switching, leading to a more pronounced delay in the
overall kinetics of the process.

In summary, our results suggest that the 5'-to-3' degradation
of DSB ends is one, but not the only, factor determining the
rate of MAT switching.
Do XRS2 and RAD5O code for 5'-to-3' exonucleases? Nucle-

otide sequencing of both RAD50 (4) and XRS2 (this work)

gives no obvious clues to possible functions of these genes in
recombination and DNA repair. Available data suggest that
RAD5O codes for or regulates a 5'-to-3' exonuclease activity. In
meiotic cells, a mutation in the ATP-binding domain ofRAD5O
(rad5O-S) leads to the accumulation of unprocessed DSBs
whereas a rad5Oz mutation completely prevents formation of
DSB (3, 7). In mitotic cells, radSOA mutations decrease the
5'-to-3' degradation of a HO-induced chromosomal DSB
introduced between two homologous regions in direct orien-
tation (60). Moreover, the rad5OA defect was shown to domi-
nate over the degradation of HO-cut DNA in a rad52A mutant
that was more rapid than that in the wild type. In the present
work, we extend these findings to show that the rad5OA
mutation decreases the 5'-to-3' DNA degradation at a HO-
induced DSB at MAT.

Previous experiments have shown that meiotic and mitotic
phenotypes of xrs2A cells are very similar to those of radSOA
cells, implying that XRS2 and RAD5O are involved in homol-
ogous recombination in similar ways (30). Here, we confirm
these results by showing that xrs2zX affects MAT switching
similarly to radSOA, leading us to speculate that XRS2 also
encodes or regulates a 5'-to-3' exonuclease activity. A decrease
in the 5'-to-3' degradation of DSB ends seen in xrs2A and
rad5OA mutants may reflect either the initiation step of exo-
nucleolytic degradation or its subsequent rate. Results of our
earlier study suggest that a rad5O. mutation reduces the rate
rather than initiation of the 5'-to-3' degradation of a HO-
induced DSB introduced into a chromosome (60). Analogous
data for xrs2A are not yet available. In the present work, we
could address this question by comparing the amount of the
two ssDNA intermediates present on Southern blots, those
corresponding to a failure to cleave the Styl sites 0.7 and 3 kb
away from the HO-cut site. If these two intermediates were
present in mutant cells in the same ratio as in wild-type cells,
it would suggest that the rate of degradation was the same but
fewer ends were degraded in the mutants. If the ratio was
altered, it could mean that the rate of degradation was
decreased. Unfortunately, the absolute amounts of the ssDNA
in mutant strains are too small (less than 8% of the total
hybridization signal) to make reliable comparisons.
At the present we cannot distinguish between the possibili-

ties that RADSO and XRS2 encode a different 5'-to-3' exonu-
clease and that one of these two genes affects the initiation step
of a single 5'-to-3' exonuclease and the other gene affects its
rate of degradation. The properties of the rad5OA xrs2A double
mutant do not help resolve this question, as it exhibits some-
what contradictory results. On one hand, in terms of sensitivity
to DNA-damaging agents, xrs2A and radSOA mutations display
an epistatic interaction (30; also this work). On the other hand,
a radSOA xrs2X double mutant reduces the kinetics of MAT
switching more severely than either single mutant. It should be
noted that the repair of a HO-induced DSB does not have to
be the same as the repair of y-ray-induced damage (which
might have 5' overhanging ends instead of 3' ends, for
example), so that these genes may be needed in different ways.
Why are xrs2 and rad5O mutations radiation sensitive? Our

results indicate that xrs2 and rad5O cells are proficient in the
repair of at least a single chromosomal DSB. This is quite
consistent with the observation of a partial diploid-specific
repair of corresponding diploid cells to y-irradiation (30, 54).
The following question then arises: if DSBs are considered to
be the major lethal DNA damage after y-irradiation and both
mutants can repair such a damage, what is the reason for the
partial, but significant, radiation sensitivity of xrs2 and rad5O
diploid cells? It is possible that the ability of xrs2 and rad5O
cells to repair DSBs is rapidly saturated as the number of DSBs
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increases. Alternatively, it is possible that xrs2 and rad5O cells
are deficient in the repair of types of radiation-induced DNA
damage that are not DSBs. One of the most interesting aspects
of radiation response of xrs2 and rad5O cells is that despite the
ability of diploid mutant cells to perform some diploid-specific
repair, haploid cells are completely deficient in so-called G2
repair, so that the sensitivity of haploid xrs2 and rad5O cells to
y-irradiation approaches that of rad52 cells (30). Why haploid
and diploid xrs2 and rad5O mutant cells differ in their radiation
response remains to be explained.
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