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ABSTRACT
Mutation in SGS1, which encodes the yeast homolog of the human Bloom helicase, or in mismatch re-

pair (MMR) genes confers defects in the suppression of mitotic recombination between similar but nonidentical
(homeologous) sequences. Mutational analysis of SGS1 suggests that the helicase activity is required for
the suppression of both homologous and homeologous recombination and that the C-terminal 200 amino
acids may be required specifically for the suppression of homeologous recombination. To clarify the
mechanism by which the Sgs1 helicase enforces the fidelity of recombination, we examined the phenotypes
associated with SGS1 deletion in MMR-defective and recombination-defective backgrounds. Deletion of
SGS1 caused no additional loss of recombination fidelity above that associated with MMR defects, indicating
that the suppression of homeologous recombination by Sgs1 may be dependent on MMR. However, the
phenotype of the sgs1 rad51 mutant suggests a MMR-independent role of Sgs1 in the suppression of RAD51-
independent recombination. While homologous recombination levels increase in sgs1� and in srs2� strains,
the suppression of homeologous recombination was not relaxed in the srs2 mutant. Thus, although both
Sgs1 and Srs2 limit the overall level of mitotic recombination, there are distinct differences in the roles
of these helicases with respect to enforcement of recombination fidelity.

MITOTIC recombination is critical for the repair match (Harfe and Jinks-Robertson 2000b). The rela-
tive contributions of these MMR factors to the suppressionof DNA double-strand breaks and is therefore an

important mechanism for maintaining genome integ- of homeologous recombination have been examined in
detail, and differences between their replication andrity. The identical (homologous) duplexes of sister chro-

matids are preferentially used as templates for recombi- recombination functions have been noted. Msh2, for
example, has greater antirecombination activity thannational repair (Kadyk and Hartwell 1992), as use
does Mlh1 (Chen and Jinks-Robertson 1999; Nichol-of nonidentical (homeologous) sequences can lead to
son et al. 2000), but the effect of each protein on muta-sequence changes and chromosomal rearrangements.
tion avoidance appears to be the same. In addition, theThe mismatch repair (MMR) system, well known for its
Msh2:Msh3 complex, which is not involved in repairingmismatch detection and repair functions during DNA
base-base mismatches during DNA replication, has anreplication, also plays a key role in the suppression of
antirecombination role when the interacting sequenceshomeologous recombination (Harfe and Jinks-Rob-
contain only potential base-base mismatches (Nichol-ertson 2000a). The genome instability resulting from
son et al. 2000). Finally, mutations in PMS1 that partiallydefects in MMR has been implicated in enhanced can-
uncouple the replication and recombination roles havecer susceptibility; specifically, mutations in mismatch
been identified, suggesting that the steps downstreamrepair factors are often seen in tumor cells and are the
of mismatch recognition may differ (Welz-Voegele etcause of the cancer syndrome hereditary nonpolyposis
al. 2002). Although binding of MMR proteins to mis-colorectal cancer (Fishel and Kolodner 1995; Balogh
matches present in heteroduplex recombination inter-et al. 2003; Chen et al. 2003).
mediates may be sufficient to block the progression ofIn yeast, recognition of mismatches in newly repli-
recombination between nonidentical substrates, addi-cated DNA is carried out by MutS-like Msh2:Msh3 or
tional factors such as helicases also may be required toMsh2:Msh6 heterodimers (Johnson et al. 1996; Mar-
actively reject or abort mismatch-containing recombina-sischky et al. 1996). Then interaction of the MutL-like
tion intermediates (Alani et al. 1994; Chen and Jinks-Mlh1:Pms1 heterodimer with a Msh2 complex leads to
Robertson 1998). To identify additional factors thatthe removal of the nascent strand containing the mis-
enforce the fidelity of the recombination process in
yeast, we undertook both a genetic screen and a candi-
date gene approach. The only non-MMR protein identi-
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suppression of homeologous recombination (Myung et chemical analyses have demonstrated the ability of Srs2
to remove the strand-exchange protein Rad51 from nu-al. 2001).

The yeast Sgs1 helicase, the homolog of the Escherichia cleoprotein filaments (Krejci et al. 2003; Veaute et al.
2003). Such an activity not only might serve to limitcoli RecQ helicase, has been studied by both biochemi-

cal and genetic approaches. Loss of Sgs1 causes sensitiv- homologous recombination but also could be involved
more specifically in the rejection of homeologous re-ity to DNA-damaging agents, hyperrecombination, and

premature aging (Oakley and Hickson 2002). These combination intermediates. Finally, recent genetic stud-
ies suggest that both Sgs1 and Srs2 play a role in thephenotypes in yeast reflect the syndromes caused by

defects in the human RecQ homologs: Bloom (BLM), suppression of mitotic crossover events (Ira et al. 2003).
The identification of sgs1 mutants in our screenWerner (WRN), and Rothmund-Thomson (RecQL4)

syndromes (Ellis et al. 1995; Yu et al. 1996; Kitao et al. for factors involved in regulating recombination high-
lights the importance of Sgs1 in genome stability. In1998). Although the relevant proteins may play several

roles in humans, loss of any one of these proteins is the current study, we have explored which domains of
Sgs1 are required for its role in suppressing homeolo-associated with genomic instability (Nakayama 2002).

In vitro, Sgs1 binds at the junction of single-strand and gous recombination and find that deletion of the C
terminus of Sgs1 causes an increase in homeologousdouble-strand DNA, unwinding the duplex with 3�–5�

polarity with respect to the 3� single-strand tail (Ben- recombination but not homologous recombination. In
addition, the relationship between MMR proteins andnett et al. 1998). Sgs1 can also unwind G4-DNA (four-

strand structures stabilized by hydrogen bonds between Sgs1 in the regulation of homeologous recombina-
tion was examined in a recombination-proficient RADquartets of guanines; Sun et al. 1998) and DNA:RNA

hybrids and can facilitate branch migration of synthetic background, as well as in strains defective in the strand-
exchange protein Rad51 or in the strand-annealing pro-Holliday junctions (Karow et al. 2000). Finally, physical

interactions of Sgs1 have been identified with many tein Rad59. Results demonstrate that the relative roles
of MMR proteins and Sgs1 vary for the different recom-proteins, including all three yeast topoisomerases

(Top1, Top2, and Top3), as well as with the nucleotide bination pathways, suggesting that Sgs1 may affect the
fidelity of recombination in both MMR-dependent andexcision repair protein Rad16, the recombination pro-

tein Rad51, and the MMR proteins, Mlh1, Msh2, and MMR-independent manners. Furthermore, although mu-
tation of SRS2 or TOP1 generally causes hyperrecombi-Msh6 (Gangloff et al. 1994; Duno et al. 2000; Saffi et

al. 2000; Pedrazzi et al. 2001; Wu et al. 2001; Gavin et nation similar to that seen in sgs1 mutants, neither re-
al. 2002). A complex of human Bloom and topoisomer- lieved the suppression of homeologous recombination.
ase III� proteins can resolve artificial double Holliday These results provide novel insight into the regulation
junctions in vitro, leading to the suggestion that a similar of recombination fidelity and reveal a complex interplay
activity could suppress crossing over in vivo (Wu and between MMR proteins and non-MMR factors in this
Hickson 2003). process.

In addition to the physical interactions, genetic inter-
actions between SGS1 and several genes involved in DNA

MATERIALS AND METHODSmetabolism have been demonstrated. Indeed, Sgs1 was
originally identified by the ability of sgs1 mutations to

Media and growth conditions: Yeast strains were grown non-
suppress the slow growth phenotype associated with topo- selectively in YEP medium (1% yeast extract, 2% Bacto-pep-
isomerase III (top3) mutations (Gangloff et al. 1994). In tone, 250 mg/liter adenine; 2% agar for plates) supplemented
contrast to the improvement of growth of top3 mutants, with either 2% dextrose (YEPD) or 2% glycerol and 2% etha-

nol (YEPGE). Selective growth was done on synthetic completehowever, loss of SGS1 causes synthetic growth defects
(SC) media lacking the appropriate nutrient (Sherman 1991)in topoisomerase I (top1) mutants and in mutants of
and supplemented with 2% dextrose (SCD) or 2% galactose,another helicase gene, SRS2 (Lu et al. 1996; Gangloff 2% glycerol, and 2% ethanol (SCGGE). Strains mutant at

et al. 2000). Although small effects of TOP3 deletion TRP5 were grown on media supplemented with 30 mg/liter
on homeologous recombination have been reported tryptophan. Ura� derivatives were identified on medium con-

taining 5-fluoroorotic acid (5-FOA; Boeke et al. 1987). Genet-(Myung et al. 2001), the role of TOP1 in this regulation
icin- and hygromycin-resistant transformants were isolated onhas not been studied. Srs2, like Sgs1, is a helicase with
YEPD supplemented with 200 mg/liter geneticin (G418) or3�–5� polarity whose loss confers a mitotic hyperrecom- 300 mg/liter hygromycin B, respectively. Mutator phenotype

bination phenotype. Srs2 has some homology to E. coli was assessed by forward mutation at CAN1 on SC-arginine
UvrD, but no mammalian homolog has been identified containing 60 mg/liter canavanine. All incubations were done

at 30�.(Rong and Klein 1993). The overlap in the function
Strains and plasmids: A complete list of yeast strains usedof Sgs1 and Srs2 that causes the severe growth defect

in this study is given in Table 1. All strains were derived fromin double mutants is dependent on recombination; the
the congenic strains SJR1486 [MAT� ade2-101oc his3�200 ura3

growth defect of the sgs1 srs2 double mutant is rescued (Nhe)-(HIS3::intron::c�2/c�2)-ura3 lys2�RV::hisG leu2K-(lys2�5�-
when recombination is blocked by mutation of RAD51, lys2�3�)-LEU2] and SJR1487 [MAT� ade2-101oc his3�200 ura3

(Nhe)-(HIS3::intron::c�2/c�7)-ura3 lys2�RV::hisG leu2K-(lys2�5�-RAD52, RAD55, or RAD57 (Gangloff et al. 2000). Bio-
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TABLE 1

S. cerevisiae strains used in recombination rate analysis

Strain

100%-identical 91%-identical
Relevant genotype substrates substrates Source

Wild type SJR1486 SJR1487 Spell and Jinks-Robertson (2003)
sgs1�::kan SJR1694 SJR1695 This study
srs2�::kan SJR1704 SJR1705 This study
top1�::kan SJR1667 SJR1668 This study
msh2�::hisG SJR1652 SJR1653 Spell and Jinks-Robertson (2003)
mlh1�::hyg SJR1946 SJR1947 Spell and Jinks-Robertson (2003)
rad51�::URA3 SJR1551 SJR1552 Spell and Jinks-Robertson (2003)
rad59�::kan SJR1670 SJR1554 Spell and Jinks-Robertson (2003)
sgs1�::kan rad51�::URA3 SJR1784 SJR1785 This study
sgs1�::kan rad59�::hyg SJR1786 SJR1787 This study
sgs1�::kan msh2�::hisG SJR1724 SJR1697 This study
srs2�::kan msh2�::hisG SJR1708 SJR1707 This study
sgs1�::kan with pRS402 SJR1716 This study
sgs1�::kan with pRS402-SGS1 SJR1717 This study
sgs1�::kan with pRS402-sgs1-hd SJR1718 This study
sgs1�::kan with pRS402-sgs1-�N158 SJR1741 This study
sgs1�::kan with pRS402-sgs1-�N158hd SJR1742 This study
sgs1�::kan with pRS402-sgs1-�N322 SJR1719 This study
sgs1�::kan with pRS402-sgs1-�N644 SJR1720 This study
sgs1�::kan with pRS402-sgs1-�C200 SJR1721 This study
sgs1�::kan with pRS402-sgs1-�C300 SJR1722 This study
sgs1�::kan with pRS402-sgs1-�C795 SJR1723 This study

All strains were derived from the congenic strains SJR1486 and SJR1487 containing c�2/c�2 100%- and c�2/c�7 91%-identical
inverted repeats fused to HIS3, respectively. Both strains also contain the lys2�5�-lys2�3� 100%-identical inverted repeats.

lys2�3�)-LEU2], containing c�2/c�2 100%- or c�2/c�7 91%- and pSR805, respectively. Each plasmid was targeted to the
ADE2 locus of SJR1695 (sgs1�::kan) by digestion with PflMI,identical inverted repeats, respectively, inserted at the URA3

locus on chromosome V (Spell and Jinks-Robertson 2003). and integration was confirmed by PCR. Correct expression at
this locus was inferred by complete rescue of the sgs1� MMS-Both strains also contained the 100%-identical lys2�5�-lys2�3�

inverted repeats, inserted at the LEU2 locus on chromosome sensitive phenotype upon integration of pSR791.
Screen for mutations that relax the fidelity of recombi-XV. The size of the inverted repeats in the HIS3 and in the

LYS2 assays are similar (783 vs. 916 bp). Standard genetic nation: A genetic screen for loss of suppression of homeolo-
gous recombination was performed with strains containingtechniques were used to disrupt relevant genes. SGS1, SRS2,

and TOP1 were disrupted by transformation with PCR-gener- homeologous (his3) and homologous (lys2) recombination
substrates, SJR984 or SJR1392 (URA3 trp5 and trp5 relativesated kanMX2 cassettes (Wach et al. 1994), while RAD59 was

disrupted in sgs1� background using a PCR-generated hyg- of SJR1487, respectively). UV mutagenesis was performed as
follows. Cultures were grown overnight in 1 ml of YEPD,MX2 cassette (Goldstein and McCusker 1999). Other dis-

ruptions were performed as described (Spell and Jinks-Rob- washed, plated at 105 cells/plate on YEPD plates, and exposed
to UV light for 45 sec. Plates were wrapped in foil and incu-ertson 2003). To create the msh2 sgs1 strain, MSH2 was

disrupted first, and then the single mutant was transformed bated overnight. Cells were then washed off each plate and
frozen as independent pools. EMS mutagenesis was performedwith pSR505 (obtained from G. Crouse, Emory University), a

CEN plasmid containing the wild-type MSH2 gene. Following as follows. Two cultures were grown overnight in 5 ml YEPD,
washed with 10 ml sterile water, and resuspended in 10 mldisruption of SGS1, loss of the plasmid was selected on 5-FOA.

This method was employed to prevent the accumulation of sterile water. Two milliliters of cells were exposed to 3% EMS
for 30 min, the EMS was neutralized with an equal volume ofsuppressor mutations in the background of the double msh2

sgs1 mutant. The presence of each targeted disruption was 10% sodium thiosulfate, and cells were washed twice with
sterile water. Appropriate dilutions were plated on YEPD andconfirmed by appropriate phenotypic tests and by PCR.

The ApaI-SacI fragments containing the SGS1 gene, the SCD-arginine � canavanine to determine viability and the
induction of forward mutation at CAN1, respectively. The EMShelicase-defective allele sgs1-hd (K706A), sgs1-�N158, sgs1-

�N158-hd, sgs1-�N322, sgs1-�N644, sgs1-�C200, sgs1-�C300, mutagenesis achieved �50–75% killing and a 100-fold increase
in mutation frequency. Aliquots from the independent poolsand sgs1-�C795 were isolated from pJM526, pJM511, pJM527,

pSM102-hd, pJM528, pJM530, pJM512, pRL5, and pRL1, re- of UV- or EMS-mutagenized cells were plated to 100–300 colo-
nies per plate. Colonies were patched to YEPD and grown for 2spectively (Mullen et al. 2000). These fragments were inserted

at the ApaI-SacI sites of pRS402, a yeast-integrating plasmid days and then replicated to SCGGE-His. Papillation frequency,
reflecting recombination between the 91%-identical invertedcontaining ADE2 (Brachmann et al. 1998), creating pSR791,

pSR792, pSR803, pSR804, pSR793, pSR794, pSR795, pSR796, repeats that resulted in His� prototrophy, was assessed after
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5 days growth on SCGGE-His. Candidates with an elevated ing confirmed the presence of a mutation in SGS1 in
number of His� recombinants were purified from the original each candidate (sgs1-Q325Stop and sgs1-L1150Stop).
YEPD plate and repatched and replica plated to SCGGE-His

Domains of Sgs1 involved in the regulation of homeo-and SCD-Lys to compare homeologous and homologous re-
logous and homologous recombination: Sgs1 is involvedcombination frequencies, respectively. Candidates with a qual-

itative increase in the number of His� colonies relative to the in several processes that impact replication and recom-
number of Lys� colonies were crossed to a bank of tester bination and that may require interaction with many
strains containing mutations in genes shown previously to be different proteins (Oakley and Hickson 2002). To de-
involved in the inhibition of homeologous recombination:

termine which domains of Sgs1 are required for theMSH2, MSH3, MSH6, MLH1, PMS1, RAD1, and SGS1. Failure
suppression of homeologous recombination and ho-to complement the elevated homeologous recombination

phenotype indicated allelism with the relevant mutant gene. mologous recombination, we quantified the rate of re-
On the basis of the mutation frequency of the CAN1 gene combination in strains containing a helicase-defective
(3.4 � 10�4) and the number of colonies tested (17,413), allele (sgs1-hd) or N- and C-terminal deletions of SGS1
approximately six candidates for each gene were expected.

(Mullen et al. 2000). The production of protein fromMutation of the SGS1 gene in sgs1 candidates was confirmed
sgs1 mutant constructs was previously confirmed byby sequencing.

Determination of recombination rates: Cultures inoculated Western analysis (Mullen et al. 2000). For a given type
with individual yeast colonies were grown nonselectively in of substrate (homeologous vs. homologous), the recom-
YEPGE and then plated on YEPD, SCD-Lys, and SCGGE-His bination rates of the mutants were compared to that of
to determine the total number of viable cells and number of

the wild-type strain; this will be referred to throughout asrecombinants per culture. A minimum of six cultures of at
the relative recombination rate. In the sgs1 null mutantleast two isolates of each strain was tested. Recombination

rates (recombinants/cell/generation) were calculated using (sgs1�::kan), the homeologous recombination rate in-
the method of the median (Lea and Coulson 1949), and creased more than the homologous recombination rate
the 95% confidence interval for each rate was determined as (71-fold vs. 11-fold, respectively; Table 3). Integration
described previously (Spell and Jinks-Robertson 2004).

of the wild-type allele (sgs1�::kan � SGS1) rescued the
recombination and MMS-sensitivity phenotypes of the
null mutant (Table 3 and data not shown).RESULTS

The relative rates of homologous and homeologous
Genetic screen for factors that suppress homeologous recombination in a strain containing the helicase-defec-

recombination: An intron-based inverted repeat assay tive allele (sgs1-hd) were indistinguishable from those
was used in a genetic screen to identify factors important of a null mutant, indicating that the helicase activity of
for the inhibition of homeologous recombination be- Sgs1 is required for its role in maintaining the fidelity
tween 91%-identical inverted repeat (IR) substrates of recombination (Table 3). Each of the deletion con-
fused to HIS3 sequences (Figure 1A). Recombination structs caused a loss of the fidelity of recombination
that reorients the region between the homeologous IR similar to that seen in the null mutant, as indicated by
substrates leads to His� prototrophy. Mutant candidates a greater increase in the relative level of homeologous
with elevated homeologous recombination were re- recombination (His�) than in the relative level of ho-
tested (as represented in Figure 1B) for homologous as mologous recombination (Lys�). Interestingly, one de-
well as homeologous recombination to eliminate genes letion mutant (sgs1-�C200) displayed an unusual pheno-
with nonspecific effects on general homologous recom- type of an increase in homeologous recombination
bination. The level of homologous recombination was (3.2-fold relative to wild type) but not of homologous
assessed using 100%-identical inverted repeats of the recombination (0.72-fold relative to wild type). Thus,
LYS2 gene, with recombination leading to Lys� proto- the sgs1-�C200 mutant displays a loss of recombination
trophy. The identities of the genes mutated in the candi- fidelity without a general hyperrecombination pheno-
dates with a specific homeologous recombination phe- type.
notype were determined by complementation analysis Epistasis relationship between SGS1 and mismatch
with strains mutant in genes known to be involved in the repair genes: To characterize the relationship between
regulation of homeologous recombination. Expected MMR and Sgs1 in the regulation of homeologous re-
mutator and UV- and MMS-sensitive phenotypes were combination, we tested the effect of Sgs1 loss in strains
confirmed for each identified mutant candidate. The disrupted for the MutS homolog, MSH2, or the MutL
screen was successful in detecting the expected number homolog MLH1 (Table 4). To compare recombination
of mutations in genes known to play a role in the regula- between homeologous and homologous substrates that
tion of homeologous recombination; 33 mutants (27 differ only in sequence identity, we compared the re-
of them known to be independent) were identified, combination rates for strains containing 91%-identical
representing six different genes (Table 2). In addition substrates fused to HIS3 sequences to strains containing
to multiple identifications of the MMR proteins known 100%-identical substrates fused to HIS3 sequences, re-
to be involved in suppressing homeologous recombina- spectively. The differential effect on the inhibition of
tion, two mutant candidates failed to complement the homeologous recombination is best described by the

ratio of the relative increase in homeologous recombi-recombination phenotype of an sgs1� strain. Sequenc-
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Figure 1.—Inverted repeat assay. (A) Ho-
meologous recombination was assayed us-
ing 91% identical c�2/c�7 inverted repeats
(hatching) fused to intron splice sites (solid
boxes) and placed next to the 5� and 3�
halves of the HIS3 gene (open boxes). Re-
combination between the repeats that leads
to reorientation of the intervening sequence
reconstitutes a full-length HIS3 gene and
results in a His� phenotype. Homologous
recombination was assayed using overlap-
ping 5� and 3� portions of the LYS2 gene
(shaded boxes), thus generating 100%-
identical repeats in an inverted orientation
(shaded hatching). Recombination between
the repeats that leads to reorientation of the
intervening sequence reconstitutes a full-
length LYS2 gene and results in a Lys� phe-
notype. Quantitative measurements of ho-
mologous recombination could also be
measured in strains containing 100%-iden-
tical c�2/c�2 repeats fused to HIS3 se-
quences. Similar effects on homologous
recombination are seen with the 100%
identical LYS2 substrates and the 100%
identical HIS3 substrates. (B) Screen for
mutants defective in the regulation of ho-

meologous recombination. Representative plates from retests of mutant candidates are shown. The unmutagenized parent
(bottom square) and four purified isolates of each mutant candidate were patched (row of four squares) onto YEPD and then
replica plated to SDGGE-His (left) and SCD-Lys (right). Prototrophic papillae represent recombinants. Whereas homeologous
recombination (His�) is suppressed relative to homologous recombination (Lys�) in the parent strain, only candidate 3A496
exhibited a consistent elevation in homeologous recombination relative to homologous recombination and was later determined
to contain a mutation in MSH6.

nation vs. the relative increase in homologous recombi- of msh2 (e.g., a 35-fold increase in msh2 sgs1 vs. a 34-
fold increase in msh2). Although loss of Msh2 caused anation; this will be referred to throughout as the relative

homeologous/homologous ratio. The relative homeo- larger increase in the homeologous/homologous ratio
than did loss of Mlh1 (Chen and Jinks-Robertsonlogous/homologous ratio increased 11-fold upon loss

of Sgs1 (Table 4). The stimulation of recombination 1999; Nicholson et al. 2000), the relationship of an
MMR defect and Sgs1 loss was maintained; there wasbetween homologous substrates in the sgs1 msh2 and

sgs1 mlh1 strains (6.5- and 7.6-fold increases in the rela- an 18-fold increase in the homeologous/homologous
ratio in the mlh1 sgs1 double mutant vs. a 19-fold in-tive homologous recombination rate, respectively) was

similar to that observed in the sgs1 single mutant (6.5- crease in the mlh1 single mutant. The similarity in the
increase in the relative homeologous/homologous ratiofold increase). Homeologous recombination increased

dramatically in the msh2 sgs1 double mutant (230-fold in the MMR-defective sgs1 double-mutant strains and
the single MMR mutants suggests that the MMR defectrelative to the wild-type strain), but the loss of Sgs1

conferred no additional increase in the relative homeolo- is epistatic to sgs1, although additivity cannot be statisti-
cally excluded.gous/homologous ratio above that conferred by the loss

Relationship between SGS1 and MMR proteins in the
RAD51- and RAD59-independent recombination path-

TABLE 2
ways: Recombination in Saccharomyces cerevisiae is com-

Genes identified in the screen for mutants with elevated pletely dependent on RAD52, but different pathways
homeologous recombination can be defined by their dependence on RAD51 and

RAD59 (Symington 2002). Our previous studies of the
No. of candidates Additional regulation of homeologous recombination in the RAD51-

Gene identified phenotype
independent and RAD59-independent recombination

MSH6 9 Mutator pathways (defined here as recombination occurring in
MSH2 8 Mutator rad51 and rad59 mutants, respectively) have demon-
PMS1 7 Mutator strated different levels of suppression of homeologous
MLH1 6 Mutator recombination in the two pathways (Spell and Jinks-
SGS1 2 MMS sensitive

Robertson 2003). RAD59-independent recombinationRAD1 1 UV sensitive
shows more stringent regulation of homeologous re-
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TABLE 3

Homologous and homeologous recombination rates in sgs1 mutants

Homologous recombination Homeologous recombination

Relative Relative
Relevant genotype Lys� rate � 10�8 rate His� rate � 10�8 rate

Wild type 230 (210–270) 1.0 4.2a (4.0–4.7) 1.0
sgs1� 2500 (2100–2700) 11 300 (270–310) 71
sgs1� � vector 1900 (1300–2500) 8.1 170 (130–260) 41
sgs1� � SGS1 190 (150–230) 0.84 3.0 (2.4–3.5) 0.71
sgs1� � sgs1-hd 1500 (1300–1900) 6.6 130 (110–170) 31
sgs1� � sgs1-�N158 2700 (1400–3400) 12 230 (140–260) 55
sgs1� � sgs1-�N158hd 1900 (1600–2600) 8.4 190 (130–220) 46
sgs1� � sgs1-�N322 2200 (1600–2800) 9.7 130 (64–260) 32
sgs1� � sgs1-�N644 1100 (910–1500) 4.7 50 (36–68) 12
sgs1� � sgs1-�C200 170 (130–190) 0.72 13 (8.5–18) 3.2
sgs1� � sgs1-�C300 1300 (950–1800) 5.8 75 (61–84) 18
sgs1� � sgs1-�C795 1000 (870–1100) 4.3 91 (76–110) 22

Homologous recombination (Lys�) and homeologous recombination (His�) in null sgs1�::kan mutants
(sgs1�) containing a wild-type or mutant version of SGS1 integrated at the ADE2 locus were compared to that
of the wild-type SGS1 parent. The mutant alleles of SGS1 (full-length 1447 amino acids) contain the helicase-
defective allele (K706A) and/or terminal deletions of the indicated number of amino acids from the amino
(N) or the carboxy (C) terminus (Mullen et al. 2000). Confidence intervals of 95% are indicated within
parentheses. The relative rate was calculated by dividing the mutant rate by the wild-type rate.

a Rate is from Spell and Jinks-Robertson (2003).

combination than does RAD51-independent recombi- tion by Sgs1 was examined in rad51 and rad59 mutant
backgrounds. Although homologous recombinationnation, with the relative homeologous/homologous ra-

tio thus decreasing in a rad59 mutant and increasing in increased in both recombination-defective backgrounds
when Sgs1 was removed, homeologous recombinationa rad51 mutant (Spell and Jinks-Robertson 2003). In

addition, the MMR system (specifically Msh2) plays a increased to a much greater extent than homologous
recombination (Table 5). The loss of Sgs1 caused a 53-larger role in regulating homeologous recombination

in the RAD59-independent pathway than in the RAD51- fold increase in the homeologous/homologous ratio of
the RAD59-independent pathway and a 12-fold increaseindependent pathway. Thus, elimination of Msh2 ele-

vates the homeologous/homologous ratio 32-fold in a in the homeologous/homologous ratio of the RAD51-
independent pathway. In each of the pathways, it shouldrad59 background, but only 2.5-fold in a rad51 back-

ground. be noted that elimination of Sgs1 elevated homeologous
recombination to a level that is statistically equivalent toTo understand the importance of Sgs1 for regulat-

ing the fidelity of recombination in the different path- the level of homologous recombination. In the RAD59-
independent pathway the effect of Sgs1 loss was slightlyways, the suppression of homeologous recombina-

TABLE 4

Homologous and homeologous recombination rates in sgs1 mutants defective in MMR

Homologous recombination (HR) Homeologous recombination (HER)

Relative Relative Relative HER/
Relevant genotype His� rate � 10�8 rate His� rate � 10�8 rate HR ratio

Wild typea 170 (150–210) 1.0 4.2 (4.0–4.7) 1.0 1.0
sgs1� 1100 (960–1200) 6.5 300 (270–310) 71 11
msh2�a 320 (220–470) 1.9 270 (240–320) 64 34
msh2� sgs1� 1100 (890–1900) 6.5 960 (860–1400) 230 35
mlh1�a 250 (190–290) 1.5 120 (100–130) 29 19
mlh1� sgs1� 1300 (1000–1300) 7.6 570 (450–790) 140 18

Confidence intervals of 95% are indicated within parentheses. The relative rate was calculated by dividing the mutant rate by
the wild-type rate. HR, homologous recombination; HER, homeologous recombination.

a Rates are from Spell and Jinks-Robertson (2003).
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TABLE 5

Homologous and homeologous recombination rates in rad mutants defective for MSH2 vs. SGS1

Homologous Homeologous
recombination (HR) recombination (HER)

Relative Relative Relative
Relevant genotype Rate � 10�8 rate Rate � 10�8 rate HER/HR ratio

RADa 170 (150–210) 1.0 4.2 (4.0–4.7) 1.0 1.0
RAD msh2� a 320 (220–470) 1.9 270 (240–320) 64 34
RAD sgs1� 1100 (960–1200) 6.5 300 (270–310) 71 11

rad51� a 53 (46–62) 1.0 5 (4.5–5.4) 1.0 1.0
rad51� msh2� a 77 (45–81) 1.5 18 (15–23) 3.6 2.5
rad51� sgs1� 130 (120–180) 2.5 120 (110–130) 29 12

rad59� a 76 (64–85) 1.0 1.1 (0.91–1.3) 1.0 1.0
rad59� msh2� a 64 (57–110) 0.84 30 (25–37) 27 32
rad59� sgs1� 430 (320–500) 5.7 330 (270–410) 300 53

Confidence intervals of 95% are indicated within parentheses. The relative rate was calculated by dividing
the mutant rate by the wild-type rate. HR, homologous recombination; HER, homeologous recombination.

a Rates are from Spell and Jinks-Robertson (2003).

greater than that of Msh2 loss (53- vs. 32-fold, respectively), ginal effect on homeologous recombination (1.4- and
2.0-fold increases, respectively). These data suggest asuggesting some residual regulation of homeologous

recombination in a msh2 mutant. In the RAD51-indepen- very minor role, if any, of Top1 in the suppression of
homeologous recombination.dent pathway, however, elimination of Sgs1 increased

the homeologous/homologous ratio to a much greater Genetic interactions between SGS1 and SRS2 suggest
that both helicases act to prevent recombination (Gan-extent than did elimination of Msh2 (12- vs. 2.5-fold,

respectively). This is the reverse of the pattern observed gloff et al. 2000). To determine whether Srs2, like
Sgs1, acts to suppress homeologous recombination, wein a wild-type background, where the increase in the

homeologous/homologous ratio was greater for the measured homeologous and homologous recombina-
tion in an srs2 mutant (Table 6). As expected, homolo-msh2 mutant than for the sgs1 mutant.

Topoisomerase I and Srs2 helicase do not play a role gous recombination increased 11-fold when SRS2 was de-
leted. Unexpectedly, there was a much smaller (2-fold)in maintenance of recombination fidelity: To determine

if the genetic interactions found between TOP1 and effect of Srs2 loss on homeologous recombination.
Thus, the relative ratio of homeologous/homologousSGS1 reflect a role for Top1 in the regulation of recom-

bination, we examined the phenotype of top1 strains recombination was reduced 5-fold in the srs2 mutant rela-
tive to a wild-type strain. In an srs2 background, loss ofwith respect to homologous and homeologous recombi-

nation (Table 6). Deletion of TOP1 had no significant Msh2 increased the relative homeologous/homolog-
ous ratio 79-fold, which is greater than the increaseeffect on homologous recombination and only a mar-

TABLE 6

TOP1 and SRS2 are not involved in the suppression of homeologous recombination

Homologous Homeologous
recombination (HR) recombination (HER)

Relative Relative Relative HER/
Relevant genotype Rate � 10�8 rate Rate � 10�8 rate HR ratio

Wild typea 170 (150–210) 1.0 4.2 (4.0–4.7) 1.0 1.0
srs2� 1900 (1600–2200) 11 8.7 (7.8–12) 2.1 0.19
msh2�a 320 (220–470) 1.9 270 (240–320) 64 34
msh2� srs2� 1100 (670–1600) 6.5 410 (370–560) 98 15
top1� 230 (200–390) 1.4 8.3 (5.2–11) 2.0 1.4

Confidence intervals of 95% are indicated within parentheses. The relative rate was calculated by dividing
the mutant rate by the wild-type rate. HR, homologous recombination; HER, homeologous recombination.

a Rates are from Spell and Jinks-Robertson (2003).
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observed upon loss of Msh2 in a wild-type strain (34- gous/homologous ratios higher than that in the sgs1
single mutant but indistinguishable from those in thefold). This suggests that much of the decrease in the

homeologous/homologous ratio observed in an srs2 corresponding msh2 and mlh1 single mutants. In con-
trast to the epistasis observed in our studies, Myung etmutant derives from activity of the MMR system.
al. (2001) previously reported a synergistic effect of
Msh2 and Sgs1 loss on the homeologous/homologous

DISCUSSION
recombination rate ratio. The earlier study reported an
unexpected decrease in the rate of homologous recom-During double-strand break repair, a single strand

from the broken chromosome invades an intact duplex bination in the msh2 sgs1 mutant, such that the homeolo-
gous recombination rate was actually higher than theto form heteroduplex DNA. The presence of mis-

matches in the heteroduplex recombination intermedi- homologous rate. This decrease is surprising because
both msh2 and sgs1 single mutants display an increaseates either initiates a repair process (gene conversion)

or prevents the recombination event from going to com- in homologous recombination levels. The unexpected
decrease of homologous recombination resulted in anpletion (antirecombination). Although both outcomes

are dependent on mismatch recognition by the MMR elevated homeologous/homologous ratio that was in-
terpreted as a synergistic increase, leading to the sugges-machinery, the downstream steps that complete the pro-

cesses are likely to be different. The helicase Sgs1, for tion of independent contributions by Msh2 and Sgs1 to
the regulation of homeologous recombination. We haveexample, has been shown to suppress mitotic recombi-

nation between nonidentical (homeologous) sequences never seen the rate of homeologous recombination ex-
ceed that of homologous recombination in any mutant(Myung et al. 2001), and yet mutations in this gene have

no reported effect on the removal of DNA replication background and suggest that the anomalous homolo-
gous recombination rate in the msh2 sgs1 double mutanterrors. In the experiments reported here, we have char-

acterized the role of Sgs1 in regulating recombination may explain the discrepancy between the two studies.
If one just considers the homeologous recombinationnot only in MMR-competent and MMR-defective cells,

but also in recombination-defective cells lacking the rate data of Myung et al. (2001), their results are consis-
tent with an epistatic or additive effect of simultaneousRad51 strand-exchange protein or the Rad59 strand-

annealing protein. Msh2 and Sgs1 loss on homeologous recombination.
Our data are consistent with a model in which MMRIn an otherwise wild-type strain, the effect of Sgs1 loss

on homeologous recombination was stronger than the and Sgs1 act in the same pathway to suppress homeolo-
gous recombination, and we suggest that the helicaseeffect on homologous recombination, resulting in an

11-fold increase in the homeologous/homologous ratio activity of Sgs1 acts downstream of the MMR system,
perhaps to unwind heteroduplex recombination inter-relative to that in a wild-type strain. A helicase-defective

allele of Sgs1 produced a phenotype similar to that of mediates that contain recognized mismatches. Previous
studies of the genetic requirements of the regulationa null allele, indicating that the helicase activity of Sgs1

is required not only for the general suppression of of homeologous recombination have demonstrated that
both homeologous and homologous recombination arerecombination (Mullen et al. 2000), but also for the

specific regulation of homeologous recombination. How- dependent on RAD52 and on either RAD51 or RAD59,
suggesting that the recombination mechanism is theever, the loss of the last 200 amino acids of Sgs1 (sgs1-

�C200) caused an increase in homeologous recombina- same for homeologous recombination as for homolo-
gous recombination (Spell and Jinks-Robertson 2003).tion but not in homologous recombination or MMS

sensitivity, suggesting that this allele may represent a Although the mechanism is the same, it is possible that
the recombination intermediates that form in the pres-separation-of-function allele that distinguishes different

potential roles of Sgs1 in replication and the regulation ence of Sgs1 are different from those that arise in its
absence, with the latter being affected less by the poten-of recombination vs. the specific regulation of homeolo-

gous recombination. Recent studies in yeast and hu- tial mismatches. It should be noted, however, that loss of
either Msh2 or Mlh1 elevates the relative homeologous/mans suggest that this domain may be important for

interaction of Sgs1 or BLM with the MMR factor Mlh1 homologous ratio to a higher level than does loss of
Sgs1 alone (Table 4), indicating that some of the MMR-(Langland et al. 2001; Pedrazzi et al. 2001; Gellon et

al. 2002). Alternatively, the less severe phenotype of dependent inhibition of homeologous recombination
occurs independently of Sgs1. The residual inhibitionthe sgs1-�C200 allele could result from an intermediate

level of function rather than from a disruption of a could involve unwinding by another helicase or could
occur by a completely different mechanism. It has beenspecific function. Additional mutational analysis of SGS1

and MMR repair factors will be necessary to uncover demonstrated, for example, that the E. coli MutS and
MutL proteins can block RecA-mediated strand ex-the importance of the interaction of these proteins in

the regulation of recombination. change in vitro (Worth et al. 1994). Regardless of
whether the effect of Sgs1 on homeologous recombina-Both msh2 and mlh1 appeared to be epistatic to sgs1,

with the double mutants exhibiting relative homeolo- tion is direct or indirect, it clearly has an important role
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in promoting genome stability by preventing inappro- contain potential mismatches (Sugawara et al. 2004).
In contrast, Sgs1 can regulate homeologous recombina-priate recombination.

In the presence of the MMR machinery, the homeolo- tion in a partially Msh2-independent manner when re-
combination is compromised by loss of either Rad51gous/homologous ratio increased in a rad51 mutant

and decreased in a rad59 mutant (Spell and Jinks- or Rad59. Loss of Rad51 or Rad59 could lead to the
formation of different recombination intermediatesRobertson 2003 and Table 5). This suggests that

RAD51-independent recombination has less stringent (see above) or may simply retard an otherwise normal
recombination process. If, for example, heteroduplexand that RAD59-independent recombination has more

stringent identity requirements than does recombina- DNA is shorter or forms more slowly in the absence
of Rad51 or Rad59, mismatches might have a greatertion that occurs in the presence of both Rad51 and

Rad59. Multiple mechanisms of recombination have destabilizing effect and could make the heteroduplex
a better target for the helicase action of Sgs1. In a wild-been proposed for inverted repeat assays such as the

one used here (for a review, see Symington 2002), and type strain, recombination might proceed at such a pace
that the MMR machinery is required to efficiently targetthis could account for differences observed between

wild-type, rad51, and rad59 strains. In a RAD back- Sgs1 to reversible recombination intermediates.
Although the Srs2 helicase, like the Sgs1 helicase,ground, the predominant mechanism likely initiates

with a Rad51-dependent strand invasion step, followed exerts a general suppressive effect on mitotic recombi-
nation in yeast, studies suggest that recombination-sup-by an annealing step that may involve Rad59. In a rad51

mutant, a canonical strand invasion reaction cannot pressing roles of these two helicases are functionally
distinct. It has been proposed that Sgs1 may limit thetake place, and “invasion” of a duplex would presumably

occur by annealing between single strands. On the basis accumulation of recombination-initiating lesions/struc-
tures by promoting replication fork progression (Fabreof current recombination models, it seems likely that

synthesis-dependent strand annealing and/or gene con- et al. 2002), while in vitro data suggest that Srs2 may
suppress homologous recombination more directly byversion predominate in a RAD strain, while a less effi-

cient version of either or both might occur in the ab- disassembling Rad51 nucleoprotein filaments (Krejci
et al. 2003; Veaute et al. 2003). In addition, both pro-sence of Rad59. In the absence of Rad51, recombination

may involve break-induced replication coupled with sin- teins are speculated to have additional roles in pro-
cessing/resolving recombination intermediates (Fabregle-strand annealing.

The rates of homologous and homeologous recombi- et al. 2002; Ira et al. 2003). The data presented here
demonstrate that Sgs1 and Srs2 have opposing effectsnation were equivalent in either the rad59 sgs1 or the

rad51 sgs1 background, indicating the complete loss of on the regulation of homeologous recombination.
Whereas the suppression of recombination between ho-the suppression of recombination between substrates

that are not identical. In these backgrounds, therefore, meologous sequences was reduced in sgs1 mutants, the
suppression was enhanced in srs2 mutants. As expected,mismatches seem to exert no detectable negative effect

on recombination. While the effects of Sgs1 or Msh2 a srs2 mutant had strong increases in homologous re-
combination, but had surprisingly weak increases in ho-loss on RAD59-independent homeologous recombina-

tion were similar, Msh2 had a much weaker suppressive meologous recombination, resulting in a fivefold de-
crease in the homeologous/homologous ratio relative toeffect than did Sgs1 on RAD51-independent homeolo-

gous recombination, which is in contrast to the stronger that in a wild-type strain. There are several potential
explanations for the difference in the increases in ho-effect of Msh2 in the RAD background. These data sug-

gest that the strand invasion recombination intermedi- mologous vs. homeologous recombination in srs2 mu-
tants. First, it is possible that recombination intermedi-ates that form in the presence of Rad51 (i.e., in RAD or

rad59 strains) are more susceptible to the recombina- ates containing mismatches may require Srs2 to complete
the recombination process. Alternatively, the type oftion-editing activity of MMR than are the presumptive

strand-annealing intermediates that form in absence of recombination that is normally prevented by Srs2 action
may be subsequently blocked by other factors that spe-Rad51 (i.e. in rad51 strains). It is possible, for example,

that the presence of the third strand in the invasion cifically suppress homeologous recombination, such as
MMR proteins or Sgs1. In vitro experiments have impli-intermediate favors MMR-initiated reversal of the heter-

oduplex DNA by Sgs1 helicase activity. cated Srs2 specifically in the prevention of Rad51-depen-
dent recombination, and as noted above, homologyOn the basis of the results presented here, we suggest

that mismatch binding by a Msh2-containing complex requirements for recombination that occurs in the pres-
ence of Rad51 are more stringent than those that occuris necessary to suppress homeologous recombination

when both Rad51 and Rad59 are present and that part in its absence (Spell and Jinks-Robertson 2003 and
Table 5). In the absence of Srs2, RAD51-dependent re-of the suppression is mediated through the helicase

activity of Sgs1. Sgs1 seems to be similarly involved in combination presumably would be favored, resulting in
more stringent homology requirements and, therefore,the MMR-dependent suppression of HO-initiated sin-

gle-strand annealing when the interacting sequences the observed decrease in the homeologous/homolo-
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