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ABSTRACT

In budding yeast the DNA helicase Mph1 prevents
genome rearrangements during ectopic homolo-
gous recombination (HR) by suppressing the forma-
tion of crossovers (COs). Here we show that during
ectopic HR repair, the anti-CO function of Mph1 is
intricately associated with the mismatch repair
(MMR) factor, MutSa. In particular, during HR
repair using a completely homologous substrate,
we reveal an MMR-independent function of MutSa
in generating COs that is specifically antagonized by
Mph1, but not Sgs1. In contrast, both Mph1 and
MutSa are required to efficiently suppress COs in
the presence of a homeologous substrate. Mph1
acts redundantly with Sgs1 in this respect since
mph1D sgs1D double mutant cells pheno-copy
MutSa mutants and completely fail to discriminate
homologous and homeologous sequences during
HR repair. However, this defect of mph1D sgs1D

cells is not due to an inability to carry out MMR
but rather is accompanied by elevated levels of
gene conversion (GC) and bi-directional GC tracts
specifically in non-crossover products. Models
describing how Mph1, MutSa and Sgs1 act in
concert to suppress genome rearrangements
during ectopic HR repair are discussed.

INTRODUCTION

Homologous recombination (HR) is a multi-pathway
process for the repair of DNA double-strand breaks
(DSBs) (Figure 1) (1). In nearly all pathways of HR, a
30 tail generated from the resection of a DNA end

undergoes Rad51-mediated strand exchange with a
homologous donor molecule to form a D-loop (1).
In the synthesis-dependent strand-annealing (SDSA)
pathway of HR, the D-loop is dismantled and the
single-stranded ends of the break anneal via limited
stretches of DNA repair synthesis (1) (Figure 1).
Alternatively, the D-loop can be extended allowing
capture of the second end of the break, which, following
repair synthesis and ligation to fill in single-stranded gaps,
results in the formation of a double Holliday junction (HJ)
structure. The double HJ structure can then be processed
by the dissolution pathway of HR in which convergent
branch migration of the two HJs causes them to collapse
into a hemicatenane that is then decatenated by
topoisomerase III enzymes (2,3). Alternatively, the two
HJs may be subjected to the resolution pathway of HR
in which each junction is symmetrically cleaved in one of
two orientations by HJ resolvases. Distinct outcomes arise
through the use of these different HR pathways in that
SDSA and dissolution give rise exclusively to non-
crossovers (NCOs) whereas resolution can give rise to
both NCOs and crossovers (CO) (1,3) (Figure 1).
Recently the budding yeast DNA helicase Mph1 has

been shown to suppress COs during the repair of an HO
endonuclease-induced genomic DSB (4). Mph1 is a 30–50

DNA helicase that has been implicated in HR regulation
and the processing of replication intermediates (5–9).
It has been proposed that the anti-CO functions of
Mph1 are mediated through the ability of Mph1 to
disrupt D-loops and thus facilitate SDSA (4). Mph1 acts
non-epistatically with two other helicases that also
function to suppress CO recombination, Sgs1 and Srs2
(2,4). Srs2 dismantles Rad51 nucleoprotein filaments and
is also thought to promote SDSA, whereas Sgs1 has been
proposed to be required for double HJ dissolution
together with Top3 and Rmi1 (2,10–13).
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The suppression of COs is of particular importance
during mitotic HR to prevent potentially deleterious
genome rearrangements, such as chromosome transloca-
tions and loss-of-heterozygosity, if a non-sister is used as
the donor sequence for HR repair. Non-sister recombina-
tion is likely to involve similar, but non-identical (homeo-
logous) sequences. Heteroduplex DNA generated by
Rad51-mediated strand exchange between homeologous
sequences will thus contain DNA mismatches. The
mismatch repair (MMR) machinery plays key roles in
regulating homeologous recombination (14–16). DNA
mismatch recognition is effected by MutSa and MutSb,
which in budding yeast comprise heterodimeric complexes
of Escherichia coli MutS homologues Msh2/Msh6 and
Msh2/Msh3, respectively. While MutSa predominantly
acts to recognise base–base mismatches, MutSb recognizes
small insertion/deletion loops up to 12 bp in length
(17–20). In addition to their role in mismatch recognition
during homeologous recombination, Msh2 and Msh3
also function with the heterodimeric nuclease Rad1/
Rad10 to remove non-complementary 30 tails that are

>30 nucleotides in length during HR and single-strand
annealing (SSA) (21,22,23). All four factors also act
epistatically to regulate a subset of COs during HR
(24–26).

In this study, we reveal that Mph1 specifically sup-
presses a subset of COs that are dependent on MutSa
but independent of the MMR functions of MutSa. In
contrast to this antagonistic interaction between Mph1
and MutSa during HR, we find that mph1D cells also
have a defect in a MutSa-dependent process in which
COs are suppressed when a homeologous sequence is
used to target repair. This function of Mph1 acts in
parallel to the RecQ helicase, Sgs1, since mph1D sgs1D
cells pheno-copy MutSa mutants in their inability to
discriminate homologous and homeologous sequences
during HR repair. Analysis of homeologous recombina-
tion repair products from mph1D sgs1D cells does not
however indicate an overt defect in MMR in the absence
of Mph1 and Sgs1. Rather our results suggest that Mph1,
MutSa and Sgs1 act in concert at functionally separable
steps to inhibit the formation of double HJs.
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Figure 1. Schematic diagram showing the outcomes of different homologous recombination repair pathways and the proposed steps in which Mph1,
MutSa and Sgs1 act. During homeologous recombination repair, MutSa specifically suppresses the formation of COs by inhibiting Double HJ
formation (yellow box). However, during homologous recombination, MutSa-dependent COs are generated that do not require the MMR functions
of MutSa and are suppressed by the actions of Mph1 (green box). Tracts of DNA synthesis are shown by dotted blue lines with arrowheads.
The resolution of HJs in one of two orientations is shown by magenta arrowheads. See text for details.
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MATERIALS AND METHODS

Strains

All strains were generated in a BY4741 background (Mat
a; his3D1; leu2D0; met15D0; ura3D0). Single deletion
mutants were obtained from the Saccharomyces cerevisiae
genome deletion collection (Open Biosystems). The
msh2D1, msh6-340 and msh6-G987D alleles were
constructed using the Delitto Perfetto methodology to
introduce the desired mutations into their respective
endogenous loci (27). Briefly, the endogenous MSH2 or
MSH6 genes were disrupted by insertion of a hygromycin
resistance/URA3 cassette that was amplified by PCR from
plasmid pGSHU using primer pairs Msh2PI and
Msh2PIIS or Msh6PI and Msh6PIIS, respectively
(Supplementary Figure 1). Following isolation and confir-
mation by PCR analysis of clones with the desired target-
ing event, excision of the hygromycin resistance/URA3
cassette to generate msh2D1 was performed by transfor-
mation with a duplex HpaI DNA fragment, msh2�1IRO,
which was synthesized by Genscript (Supplementary
Figure S1). Excision of the hygromycin resistance/URA3
cassettes to generate msh6-340 and msh6-G987D alleles
was performed by transformation with IRO duplexes
comprising Xho1I fragments derived from plasmids
pEAE129 and pEAE216, respectively. Excision events
were selected for by growth on 5-FOA. mph1D sgs1D,
mph1D msh2D, mph1D mph3D, mph1D sgs1D and mph1D
msh2D1strains were constructed by replacing the entire
MPH1 ORF in the respective single mutant with a
hygromycin resistant cassette by conventional gene
replacement strategies. All strains were confirmed by
PCR and sequence analysis of genomic DNA.

Plasmids

pADE2(400/400) was constructed by the following modi-
fications to plasmid pRS401: ARS209 was amplified
by PCR using primers A1 and A2 using plasmid pRS412
as a template (for primer sequences see Supplementary
Figure S1). The resulting fragment was cloned into
pRS401 via AatII sites introduced into the ARS-
containing fragment by PCR to generate pRS401/ARS.
A fragment containing nucleotides 200–999, of the
S. cerevisiae ADE2 ORF was amplified by PCR using
BY4741 genomic DNA as a template and cloned into
pRS401/ARS via PCR-introduced BamHI sites to
generate pADE2(400/400) (For sequence see Supple-
mentary Figure 2). The homeologous ADE2 sequence
used to generate pADE2(1 bp/mis) was synthesized by
Genscript and cloned into pRS401/ARS via Xma1 and
Spe1 sites to generate pADE2(1 bp/mis) (for sequence
see Supplementary Figure 2). The orientation and
sequences of inserts of all clones were confirmed by
sequencing. The sequences of the ADE2-derived fragments
in the plasmids used in this study are shown in
Supplementary Figure 2. Plasmids pEAE129 (28) and
pEAE216 (29) were kind gifts from Eric Alani. Plasmid
pGSHU (27) was a kind gift from Francesca Storici.

Plasmid break repair assay

Repair substrates were linearized by digestion with Hpa1
(New England BioLabs) and gel purified using a Qiagen
Gel extraction kit. Cells were transformed with 400 ng cut
DNA using the Frozen-EZ yeast transformation IITM kit
(Zymo Research) following the manufacturer’s recom-
mendations. The cut plasmid was also co-transformed
with pYES plasmid to control for variations in inter-
sample transformation efficiencies in order to calculate
absolute repair efficiencies. Following transformation,
cells were plated onto the appropriate media to select
for repair events (SD-met) or pYES transformants
(SD-ura) and plates were incubated at 30�C for 3 days.
In repair assays, transformants arising as red or white
colonies were counted and scored as CO and NCO
repair events, respectively. Repair assays were performed
a minimum of three times.

Analysis of repair products

Cultures (1.5ml) from individual colonies arising from
repair plasmid-break repair assays were grown up in selec-
tive media. Cells were pelleted by centrifugation and
resuspended in 0.2ml of 2% Triton X-100, 1% SDS,
0.1M NaCl, 10mM Tris–HCl (pH 8), 1mM EDTA.
Phenol:chloroform:isomamyl alcohol (25:24:1) (0.2ml)
was added together with 0.3 g acid-washed glass beads
and cells were lysed in a FastPrep FP120 bead beater
(Thermo Electron Corporation). DNA in the aqueous
phase was ethanol precipitated and rinsed with 70%
ethanol before being re-suspended in TE (pH 8). Primer
pair N1 and N2 was used to amplify the pADE2(1 bp/
mis)-derived ADE2 sequences from genomic DNA
derived from NCO products. Primer pairs C1 and C2,
and C3 and C4 were used to amplify fragments from
genomic DNA derived from CO products that contained
pADE2(1 bp/mis)-derived ADE2 markers 5–9 and
markers 0–4, respectively (for primer sequences see
Supplementary Figure S1). PCR products were sequenced
to determine the status of each individual marker in each
of the individual products.

RESULTS

Mph1 acts to suppress COs during extra-chromosomal
recombination

To analyze the role of Mph1 in the regulation of COs
during ectopic recombination we utilized a plasmid
break repair assay. We opted for a plasmid repair assay
because HR-mediated repair of a linearized plasmid trans-
formed into yeast parallels many aspects of the repair of a
single genomic DSB as both processes require and are
modulated by many of the same genetic factors
(1,2,30–33). Moreover, plasmid break repair assays
readily allow us to alter the sequence of the repair
substrate and to score and analyze individual repair
events. Plasmid pADE2(400/400) contains an 800 bp
fragment corresponding to residues 200–999 of the
ADE2 ORF in S. cerevisiae, the MET15 auxotrophic
marker and a yeast autonomous replicating sequence
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(ARS) (Figure 2A). Linearization of pADE2(400/400) at a
unique Hpa1 site results in 400 bp of terminal homology
to ADE2, which is used to target the endogenous ADE2
following transformation into yeast. Repair of pADE2
(400/400), which was assessed by selection for MET15,
was dependent on both the endogenous ADE2 gene and
Rad51, but not Dnl4, thus confirming repair was mediated
by HR and not non-homologous end-joining (Figure 2C).

As predicted, CO products resulted in pADE2(400/400)
integration into, and thus disruption of, the ADE2 gene,
which was confirmed by Southern analysis (Figure 2B),
whereas intact circular pADE2(400/400) could be
recovered from NCO products (Figure 2B). As the
ADE2 locus remained intact in NCO products, CO and
NCO repair events could be visually distinguished by the
red pigment that accumulates in ade2 cells. In wild-type
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Figure 2. (A) Schematic diagram showing plasmid-break repair assay in which pADE2(400/400) is repaired using endogenous ADE2 locus. HR
repair of pADE2(400/400) is mediated via a 800-bp fragment comprising residues 200–999 of the ADE2 open reading frame. pADE2(400/400) is
linearized at a unique Hpa1 site which bisects the ADE2 fragment into two 400 bp regions of homology to ADE2. The structures of crossover and
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indicate the predicted BamHI fragments detected in wild-type (lane 2) and six independent CO products (lanes 3–8). Shown also is genomic DNA
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the repair of HpaI-linearized pADE2(400/400). See text for details.
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cells, the CO frequency for the repair of pADE2(400/400)
was found to be �20% (Figure 3A). This frequency is
increased �2-fold in mph1D cells, which is comparable
to the 3-fold increase in CO formation observed during
the repair of an HO endonuclease-induced genomic DSB
(5). This result indicates that Mph1 functions to suppress
COs during extra-chromosomal, as well as chromosomal,
DSB repair (Figure 3A).

Mph1 specifically suppresses a subset of COs that are
generated in a MutSa-dependent manner

To gain some insight into the mechanism by which Mph1
influences CO formation we analyzed potential genetic
interactions between MPH1 and other factors that are
known to influence CO frequency. Using our assay, CO
frequency is reduced 2-fold in msh2D cells, consistent with
previous reports (24) (Figure 3A). However, loss of
MPH1 in an msh2D background did not result in an
increase in CO formation indicating a requirement for
Msh2 to generate COs that are normally suppressed by
Mph1 (Figure 3A). The RecQ helicase, Sgs1, has also been
shown to suppress COs during inter-chromosomal and
plasmid gap HR repair (2,33,34). However, in contrast
to Mph1, loss of Msh2 had no effect on the ability of
Sgs1 to suppress COs (Figure 3B). This indicates that
Mph1 and Sgs1 suppress distinct classes of COs that
differ in their dependence on Msh2.

Next we examined which of the different functions of
Msh2 are required to generate COs that are suppressed by
Mph1. Loss of MPH1 resulted in a 2–3-fold increase in
CO formation in msh3D and rad1D cells (Figure 4A)
indicating that the ability of Mph1 to suppress CO forma-
tion does not require the Msh3- and Rad1-dependent
functions of Msh2. However, the loss of MPH1 had no
effect on the frequency of COs in msh6D cells suggesting
that Mph1 suppresses COs that are generated in a
MutSa-dependent manner (Figure 4A). To confirm this
notion, we used a separation-of-function allele of
MSH2, msh2D1, which contains an in-frame deletion of
residues 2–133 of Msh2 (35). The msh2D1 product lacks
the entire mismatch recognition-binding domain 1 of
Msh2 and lacks the ability to perform MutSb-dependent

MMR but is proficient for MutSa-dependent MMR (35).
We mutated the endogenous MSH2 gene to generate the
msh2D1 allele. Repair of pADE2(400/400) in msh2D1 cells
resulted in a CO frequency that was reduced compared to
wild-type cells but comparable to msh2 or msh3 cells con-
sistent with the msh2D1 cells lacking Msh3-dependent
functions of Msh2 (Figure 4A and B). However, in
contrast to an msh2D background, deletion of MPH1
in msh2D1 cells resulted in a �2-fold increase in CO
frequency (Figure 4B). Together, these data indicate
that during HR repair, COs are generated in a
MutSa-dependent manner that are suppressed by the
actions of Mph1 but not Sgs1.

The MutSa-dependent suppression of COs by
Mph1 does not require the mismatch recognition
function of MutSa

The observation that during repair of pADE2(400/400),
Mph1 specifically suppresses COs that are MutSa-
dependent was somewhat unexpected since the
800 bp ADE2 targeting fragment in pADE2(400/400) is
completely homologous to the corresponding sequence
of the endogenous ADE2 gene. Thus, Rad51-mediated
strand invasion would not be expected to generate base–
base mismatches, which could be recognized by MutSa.
We asked therefore whether MutSa-dependent COs that
are suppressed by Mph1 require the DNA mismatch rec-
ognition functions of MutSa. To do this, we replaced the
endogenous MSH6 allele with either of two different
MSH6 alleles: msh6-340 and msh6-G987D. The msh6-340
allele encodes a form of Msh6 that contains four amino
acid substitutions in its mismatch recognition domain
(28). As such, the Msh2-msh6-340 complex is not able to
recognize mismatches but is able to bind homo-duplexes
with an affinity equal to that of the wild-type Msh2–Msh6
complex. The msh6-G987D allele encodes a defective
ATPase form of Msh6 (28,36). Msh6-G987D thus is able
to recognize DNAmismatches but, unlike wild-type Msh6,
remains stably bound in the presence of ATP. The
ATP-dependent dissociation of MutSa from mismatch-
containing DNA is thought to facilitate translocation
of MutSa and the subsequent recruitment/activation
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Figure 3. The anti-CO function of Mph1, but not Sgs1, requires Msh2. (A and B) CO frequency during repair of pADE2(400/400) in various genetic
backgrounds, as indicated. Bars are means with standard deviations.
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of downstream MMR factors (20). Replacement ofMSH6
with either msh6-340 or msh6-G987D resulted in cells
having an inability to effectively recognize base–base
mismatches during homeologous recombination, thus,
confirming the MMR defect conferred by either allele
(see below). However, a �2-fold increase in CO frequency
was observed in the absence ofMph1 in bothmsh6-340 and
msh6-G987D cells (Figure 4C). Together, these results
indicate that Mph1 suppresses MutSa-dependent COs

that are generated independently of the mismatch
binding/processing function of MutSa.

Mph1 acts redundantly with Sgs1 to effect
MutSa-dependent suppression of COs during
homeologous recombination

The MMR machinery has established roles in the suppres-
sion of HR repair between homeologous sequences
(14–16). Given the antagonistic relationship between
Mph1 and MutSa in regulating CO formation during
the repair of pADE2(400/400), we examined if Mph1
also inhibits MutSa during homeologous recombination.
To do this, we introduced 10 single base changes (labeled
0–9) into the ADE2 targeting fragment of pADE2(400/
400) that were dispersed approximately every 50–60 bp
to generate pADE2(1 bp/mis) (Supplementary Figure S2
and Figure 5A). pADE2(1 bp/mis) thus contained a tar-
geting sequence that was 98.8% homologous to ADE2,
and would be expected to generate base–base mismatches
following strand invasion into the endogenous ADE2
gene. We predicted that such mismatches will be
recognized by MutSa, but not MutSb. We confirmed
this prediction by analyzing repair events in MMR
mutants. Repair of pADE2(1 bp/mis) in wild-type cells
resulted in a �4-fold reduction in CO frequency when
compared to the repair of pADE2(400/400) (Figure 5A).
A similar magnitude of reduction in CO formation was
also observed in msh3D cells whereas msh2D, msh6D,
msh6-G987D and msh6-340 cells were not proficient for
homeology-mediated suppression of COs (Figure 5A).
Together, these results confirm that homeology-mediated
suppression of COs generated during the repair of
pADE2(1 bp/mis) occurs in a MutSa�dependent,
MutSb-independent manner that is mediated through
the base–base mismatch recognition function of MutSa
(Figure 5A).

In mph1D cells, homeology-mediated suppression of
COs occurred at a level that was intermediate to that of
wild-type and msh2D or msh6D cells indicating that Mph1
is required to effect efficient homeology-mediated suppres-
sion of COs during the repair of pADE2(1 bp/mis)
(Figure 5B). Compared to wild-type cells, sgs1D cells
also showed a similar reduced ability to effect MutSa-
dependent suppression of CO frequency (Figure 5B)
leading us to hypothesize that Sgs1 might partially com-
pensate for loss of Mph1 during homeology-mediated CO
suppression. Indeed, the CO frequencies of pADE2(400/
400) and pADE2(1 bp/mis) repair were identical in mph1D
sgs1D double mutant cells indicating that these cells
completely fail to discriminate homeologous and homolo-
gous sequences with respect to CO formation (Figure 5B).
To confirm that changes in CO frequency in response
to the presence of homeology are a reflection of changes
in absolute CO levels, repair substrates were
co-transformed with an unrelated plasmid, pYES, which
contains a different auxotrophic marker, to control for
transformation efficiency in order to determine absolute
CO and NCO repair efficiencies. Although there was
greater variation in the inter-experimental absolute
repair efficiencies as compared to the CO frequencies, in
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all strains tested, any differences in CO frequency between
the repair of pADE2(400/400) and pADE2(1 bp/mis) were
found to be due to changes in absolute CO formation.
In contrast, the efficiency of NCO generation was unaf-
fected by the presence of homeology (Figure 5C). This
observation is consistent with the previous findings of
Welz-Voegele et al. (33) who also showed that the
presence of homeologous sequences has a greater inhibi-
tory effect on CO formation. Overall, these results indicate
that, together, Mph1 and Sgs1 are required for MutSa to
suppress the formation of COs when homeologous
sequences are utilized during HR repair.

mph1D sgs1D cells are proficient for gene conversion
during homeologous recombination

Since mph1D sgs1D double mutant cells pheno-copy
msh2D and msh6 mutant cells in their inability to effec-
tively discriminate homeology from homology during HR
repair, this raised the possibility that the combined loss
of Mph1 and Sgs1 might result in a defect in MMR
(Figure 5). To analyze this possibility, we amplified by
PCR the plasmid-derived ADE2 fragments in CO and
NCO products arising from the repair of pADE2(1 bp/
mis) from wild-type, mph1D, sgs1D, mph1D sgs1D and
msh6D cells using plasmid and genomic sequence specific
primers (Figure 6). PCR products were sequenced to
determine the GC, restoration and segregation frequency
of each of the 10 individual base changes introduced into
pADE2(400/400) to generate pADE2(1 bp/mis) (Figure 6
and Supplementary Figure S2). Marker segregation was
used as a signature of defective MMR and occurs when
the two strands of an un-repaired mismatch are segregated
into daughter molecules following DNA replication,
resulting in the presence of both sequences in the arising
colony (37).
As expected, GC was more closely associated with CO

rather than NCO events in all genetic backgrounds tested
(1) (Figure 6). Marker segregation was seen in only 6% (8/
140) of wild-type repair products indicating that base–
base mismatch-containing DNA was efficiently disrupted
by reverse branch migration or subjected to gene conver-
sion (Figure 6). However, as predicted of a defect in
MMR, 57% (27/47) of repair products from msh6D cells
contained marker segregation which represented a 10-fold
increase over wild-type levels (Figure 6). Tracts of marker
segregation in individual repair products were also longer
in CO products from msh6D cells compared to wild-type
cells (Figure 6). Marker segregation tended to occur for
markers 0–4, indicating an asymmetry in the processing of
the two ends of the DSB (Figure 6). Despite the absence of
a functional MutSa complex, msh6D cells were still able to
generate significant levels of GC in CO and NCO products
(Figure 6). Presumably, these GC events were mediated
by Msh2/Msh3, which has partially overlapping roles
with Msh2/Msh6 in recognizing base–base mismatches.
Nonetheless, there is a strong correlation in msh6D cells
between the levels of marker segregation and an inability
to suppress COs in the presence of homeology during the
repair of pADE2(1 bp/mis) (Figures 5 and 6). However,
unlike msh6D cells, mph1D sgs1D double mutant cells did

not have elevated levels of marker segregation compared
to wild-type cells in either CO or NCO products (Figure
6). Together, these data indicate that the combined loss of
Mph1 and Sgs1 does not result in an overt defect in DNA
MMR during homeologous recombination.

NCO products that arise during homeologous
recombination are processed differently in the absence
of both Mph1 and Sgs1

The profile of repair products from mph1D sgs1D double
mutant cells was however distinct from the profile of
repair products from wild-type cells. Most markedly,
mph1D sgs1D double mutant cells had elevated levels of
GC in NCO products for 9 out of the 10 markers (markers
0–8) compared to wild-type NCOs (Figures 6B and 7A,
lower panel). In contrast, NCO products from single
mutant mph1D and sgs1D cells had GC frequencies for
all 10 markers that were similar to levels found in
wild-type cells (Figures 6B and 7A, lower panel). Loss of
Mph1 had no effect on GC frequencies in CO products
whereas loss of Sgs1 resulted in higher GC frequencies as
has previously been shown (Figures 6A and 7A, upper
panel) (34). This effect, however, was only observed for
markers 5–9 consistent with the observed asymmetry in
which the two ends of the DSB are processed in msh6D
cells (Figure 7A, upper panel). These results indicate that
while Sgs1 suppresses GC in both CO and NCO products,
Mph1 specifically acts to suppress GC in NCO products
and does so in a redundant manner with Sgs1.

The profile of GC tract directionality was also altered in
mph1D sgs1D double mutant cells compared to wild-type
cells (Figure 7B). The proportion of repair products con-
taining uni- and bi-directional GC tracts in NCOs was
similar between wild-type and single mutant mph1D and
sgs1D cells (Figure 7B, lower panel). However, there was a
10-fold increase in bi-directional GC tracts in mph1D
sgs1D double mutant cells compared to wild-type cells or
the single mutant mph1D and sgs1D cells at the expense
of repair events showing no GC (Figure 7B, lower panel).
In contrast, Mph1 had no effect on the proportion of uni-
and bi-directional GC tracts of CO products either in
the presence of absence of Sgs1 whereas loss of Sgs1
resulted in an increase in bi-directional GC tracts
(Figure 7B, upper panel). Together, these results indicate
that, during homeologous recombination repair, NCOs
are processed differently in the absence of both Mph1
and Sgs1, giving rise to increases in GC tract length and
bi-directional GC tracts.

DISCUSSION

The suppression of COs during HR repair is imperative
for the prevention of deleterious genomic rearrangements
when non-sisters recombine. The DNA helicase Mph1 has
been shown to negatively regulate the formation of COs
during HR repair of a genomic DSB (4). Here, we have
confirmed this function of Mph1 in a plasmid break repair
assay, indicating that Mph1 plays a core role in regulating
CO formation during both chromosomal and extra chro-
mosomal HR repair. Consistent with this notion is the
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(A) Upper panel: Schematic diagram showing the formation of CO products resulting from the repair of pADE2(1 bp/mis). The positions of
single bases (labeled 0–9) differing from the wild-type ADE2 sequence are indicated by vertical black lines. The location of the HpaI-induced
break is indicated by an open arrowhead. Black arrows indicate primers used to amplify by PCR the indicated fragments from CO products for
marker analysis. Lower panel: Status of each of the markers 0–9 in individual repair products from different genetic backgrounds, as indicated.
Number of individual repair products analyzed from each genetic background is shown in parentheses. (B) Upper panel: Schematic diagram showing
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indicate primers used to amplify by PCR the indicated fragment from NCO products for marker analysis. Lower panel: Status of each of the markers
0–9 in individual repair products from different genetic backgrounds, as indicated. Number of individual repair products analyzed from each genetic
background is shown in parentheses. To aid comparison between strains in (A) and (B), the data for each strain has been proportionally scaled
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ability of the S. pombe Mph1 homolog, Fml1, to suppress
CO formation in a plasmid gap repair assay (38).
Moreover, we have shown that the anti-CO function of
Mph1 is absolutely dependent on MutSa. Previous studies
have implicated MutSb, but not MutSa, in the formation
of COs during inter-chromosomal recombination (24,25).
However, our results indicate that during HR repair, a
subset of COs are indeed generated in a MutSa-dependent
manner but that the formation of these COs is
antagonized by the actions of Mph1. This would explain
why losing Msh6 alone has no effect on CO frequency
since MutSa-dependent COs will normally be suppressed
in wild-type cells by Mph1 (Figure 4A). In contrast, Sgs1
did not suppress MutSa-dependent COs. Sgs1 has been

shown to cooperate with MutSa in other forms of HR
repair such as SSA, indicating HR pathway-specific inter-
actions between Mph1, Sgs1 and MutSa (39).
MutSa-dependent COs that are suppressed by Mph1 do
not require the presence of sequence divergence between
the recombining sequences or, indeed, the mismatch rec-
ognition function of MutSa (Figure 4C). This suggests
that Mph1 is recruited to HR intermediates through a
constitutive function of MutSa. Consistent with this idea
is the finding that Mph1 and Msh6 are found to physically
interact in undamaged cells (40).

In contrast to the antagonistic interaction observed
between Mph1 and MutSa when a completely homolo-
gous sequence was used to target repair, Mph1, together
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with Sgs1, was required for the efficient MutSa-dependent
suppression of COs during homeologous recombination
repair of pADE2 (1 bp/mis) (Figure 5). This observation
is consistent with recent findings that show Mph1 and
Sgs1 can suppress chromosomal rearrangements
mediated through non-allelic homeologous loci (41). As
expected, CO suppression during pADE2 (1 bp/mis)
repair required the MMR functions of MutSa. However,
our results did not reveal an overt defect in MMR in
mph1D sgs1D double mutant cells but rather indicated
that in the absence of both Mph1 and Sgs1, NCOs are
generated differently to when either or both helicases are
present (Figures 6 and 7). NCOs generated by SDSA or
double HJ dissolution tend to have short or undetectable
GC tracts. This is because SDSA and dissolution require
the disruption of D-loops and convergent double HJ
branch migration, respectively, which limits the length of
heteroduplex DNA and thus reduces the potential for
mismatches distal to the break initiating MMR and
causing GC (Figure 1). Conversely, NCOs generated by
HJ resolution would be expected to have the GC profile of
CO products, as the two products result simply from HJ
resolution occurring in alternative orientations (Figure 1).
The finding that the GC profile of NCOs was unaffected in
mph1D and sgs1D cells supports the notion that, in the
absence of Mph1 or Sgs1, which results in compromised
SDSA and dissolution, respectively, the majority of NCOs
are generated by the remaining, intact NCO pathway.
However, the altered GC profile of NCOs from mph1D
sgs1D double mutant cells compared to wild-type or
single mutant mph1D and sgs1D cells is consistent with a
higher proportion of NCO products generated via HJ res-
olution. We also found that Mph1 had no effect on GC in
CO products whereas the loss of Sgs1 gave rise to an
increase in GC, as has previously been reported (34).
This observation is wholly consistent with a role for
Mph1 in SDSA, because, in the absence of SDSA the
channeling of intermediates into dissolution/resolution
pathways of HR would be expected to affect the
quantity of COs but not the GC profile of COs (Figure
1). These results thus provide in vivo evidence to support
the proposed roles for Mph1 and Sgs1 in SDSA and dis-
solution, respectively and support the notion that, in
mitotic HR repair, HJ resolution predominantly occurs
as a back-up pathway when SDSA and dissolution are
attenuated.

In conclusion, we have shown that the anti-CO func-
tions of Mph1 are intricately linked to the MMR factor
MutSa. A model outlining how we propose Mph1, Sgs1
and MutSa interact to regulate CO formation during
homologous and homeologous recombination is shown
in Figure 1. The nature of these interactions is highly
dependent on the nature of the recombining sequences
since MutSa can promote (in the presence of homologous
sequences) or suppress (in the presence of homeologous
sequences) the formation of COs during the HR repair of
DSBs. We propose that this latter role of MutSa, which
requires its MMR function, acts to suppress the formation
of double HJs during homeologous recombination by
acting on the increased tracts of mismatches that are
generated through Rad51-mediated D-loop extension

and second end capture (Figure 1, yellow box). Mph1
may thus promote MutSa-dependent suppression of
double HJ formation by its ability to disrupt D-loops,
thus circumventing the generation of mismatches. This
proposal would explain why Mph1 is required for
MutSa-dependent homeology-mediated suppression of
COs without itself being a core component of the MMR
machinery (Figure 1) (4,9). In contrast, we propose that
the MMR-independent functions of MutSa are required
for the processing of double HJs into CO products and
that this step is specifically inhibited by Mph1 but not
Sgs1 (Figure 1, green box). Our results therefore suggest
that MutSa has multiple, separable functions in MMR
and HR. Such a situation exists for MutSb whereby
mutant alleles of MSH2 indicate that the removal of
non-homologous tails, and, heteroduplex rejection
during SSA, are separable functions of MutSb (42). In
addition to having a binding preference for mismatch-
containing DNA, MutSa also binds HO-induced DSBs
and synthetic HJs (43–45). Such activities may be
relevant to the pro-crossover function of MutSa during
HR repair of DSBs and could be reminiscent of the
function of the MSH4/MSH5 complex, which does not
have a role in MMR but can bind HJs and has
pro-crossover functions during meiosis (46–48). How
Msh6 performs functions aside from its role in mismatch
recognition, and the molecular basis of how Mph1 and
MutSa might cooperate to recognize and process recom-
bination intermediates that do not contain base–base
mismatches, are currently under investigation.
Mutations in the human homologues of Mph1, Msh2,

Msh6 and Sgs1 (FANCM, hMSH2, hMSH6 and BLM,
respectively) give rise to cancer-prone disorders that are
associated with aberrant HR and genome instability
(49–56). Our findings, which were derived in haploid
strains of S. cerevisiae, are likely to be highly relevant to
human cells where the potential for ectopic recombination
and thus the necessity to suppress CO formation will
be greater given the diploid and repetitive nature of the
human genome.
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