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Eukaryotes possess mechanisms to limit crossing over during mitotic homologous recombination, thus avoiding

possible chromosomal rearrangements. We show here that budding yeast Mphl, an ortholog of human FancM
helicase, utilizes its helicase activity to suppress spontaneous unequal sister chromatid exchanges and DNA
double-strand break-induced chromosome crossovers. Since the efficiency and kinetics of break repair are
unaffected, Mph1l appears to channel repair intermediates into a noncrossover pathway. Importantly, Mph1l works
independently of two other helicases—Srs2 and Sgs1—that also attenuate crossing over. By chromatin
immunoprecipitation, we find targeting of Mphl to double-strand breaks in cells. Purified Mph1 binds D-loop
structures and is particularly adept at unwinding these structures. Importantly, Mph1, but not a helicase-defective
variant, dissociates Rad51-made D-loops. Overall, the results from our analyses suggest a new role of Mphl in
promoting the noncrossover repair of DNA double-strand breaks.
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DNA double-strand breaks (DSBs) that arise during DNA
replication or are induced by DNA damaging agents, such
as ionizing radiation, are frequently repaired by homolo-
gous recombination (HR). In yeast and other eukaryotes,
the RAD52 epistasis group of proteins mediate homolo-
gous recombination (for reviews, see Paques and Haber
1999; Krogh and Symington 2004). In this process, DSB
ends are resected by nucleases to create 3’ ssDNA that
becomes coated with the recombinase protein Rad51.
The Rad51-ssDNA nucleoprotein filament then carries
out a search for a homologous donor DNA sequence and
promotes strand invasion of the donor molecule to form
a D-loop (Sung and Klein 2006). After D-loop formation,
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there appear to be two alternative pathways that result in
DSB repair. One pathway involves the formation of
a double Holliday junction (dHJ) that can be resolved by
symmetrical strand cleavage into either a crossover or
noncrossover gene conversion (Szostak et al. 1983). An
alternative mechanism, called synthesis-dependent
strand annealing (SDSA), posits formation mostly of
noncrossovers, and in most cases does not involve a dHJ
intermediate (for review, see Paques and Haber 1999). In
support of the SDSA model of gene conversion, we
showed recently that both newly synthesized strands
are inherited by the broken recipient DNA molecule
(Ira et al. 2006). The choice between crossover and non-
crossover is tightly regulated in both mitotic and meiotic
cells. In meiotic S. cerevisiae cells the correct number of
crossovers are required for proper chromosome segrega-
tion; the proportion of gene conversion accompanied by
crossing over varies between 25% and 50% depending on
the locus (Roeder 1995). In mitotic cells, the proportion of
crossovers is much lower, ranging between <1% and
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15%, depending on the recombination assay and organ-
ism (Esposito 1978; Nassif et al. 1994, Johnson and Jasin
2000; Virgin et al. 2001; Stark and Jasin 2003). These
differences are best explained if recombination proceeds
most often according to the dHJ model in meiotic cells
and via SDSA and other noncrossover means in mitotic
cells. However, even in meiotic cells SDSA model
explains best at least a part of noncrossover products
(McMabhill et al. 2007). The suppression of mitotic cross-
overs, which can lead to gross chromosome aberrations
and rearrangements, is thought to be critical for the
preservation of genome integrity (Richardson et al.
1998; Shaw and Lupski 2004).

In both mitotic and meiotic Saccharomyces cells,
crossover and noncrossover products are generated by
genetically and kinetically distinct pathways (Allers and
Lichten 2001; Hunter and Kleckner 2001; Ira et al. 2003;
Barbera and Petes 2006; McMahill et al. 2007). Crossover
and noncrossover pathways have different genetic require-
ments in mammalian cells as well (Guillon et al. 2005). In
yeast mitotic cells, we and others demonstrated that two
DNA helicases, Sgs1 and Srs2, suppress crossovers in DSB-
induced and spontaneous recombination, but in different
ways (Ira et al. 2003; Lo et al. 2006; Robert et al. 2006).
Sgsl was also shown to suppress crossing over in the
meiotic cycle, particularly when three or four chromatids
are involved in recombination (Jessop et al. 2006; Oh et al.
2007, 2008; Jessop and Lichten 2008). Srs2 appears to
promote steps in the SDSA pathway, whereas Sgs1 and its
associated topoisomerase Top3 reduce crossovers appar-
ently by resolving the dHJ in a noncrossover manner. The
postulated role of Sgsl-Top3 is strongly supported by
biochemical data showing that the human ortholog of
Sgs1/Top3, BLM/Topo IIlx, is able to dissolve dHJs to yield
noncrossovers (Wu and Hickson 2003). RECQ5, a homolog
of the BLM helicase, is also involved in the suppression of
crossing over (Wang et al. 2003; Hu et al. 2005).

By exploiting published information regarding the
synthetic lethal growth phenotypes of srs2A with other
mutations (Tong et al. 2004), we sought to identify novel
yeast genes that specifically affect the proportion of
crossover outcome. Among synthetic interactors with
srs2A in yeast and its Escherichia coli homolog uvrD
there are a number of genes encoding proteins working in
later steps of recombination including Sgsl-Top3 and
Rad54 in yeast and the ruvABC resolvase in E. coli
(Palladino and Klein 1992; Stewart et al. 1997; Gangloff
et al. 2000; Solinger and Heyer 2001; Solinger et al. 2002;
Bugreev et al. 2006; Magner et al. 2007). It has been
hypothesized that in the absence of the anti-recombinase
Srs2/uvrD (Krejci et al. 2003; Veaute et al. 2003) and
enzymes that resolve recombination intermediates, toxic
intermediates accumulate to cause cell death (Gangloff
et al. 2000; Fabre et al. 2002; Magner et al. 2007).
Therefore, we presumed that it would be possible to
identify novel proteins involved in late stages of recom-
bination that direct DSB repair toward crossover or non-
crossover by screening all SRS2 synthetic interactors.

We deleted the yeast genes previously demonstrated to
have synthetic interaction with srs2A (Tong et al. 2004) in
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a strain with which we could follow the frequency of
crossovers and noncrossovers accompanying the repair of
an HO endonuclease-induced DSB. We found that only
the deletion of MPH1 or RMI1 leads to an increase in the
frequency of crossing over. Deletion of RMII causes
a twofold increase in crossover frequency, and this
phenotype is epistatic to sgslA, consistent with the
premise that Rmil influences the dHJ dissolution activity
of the Sgs1-Topo Illa complex (Wu and Hickson 2003;
Chang et al. 2005; Mullen et al. 2005). The absence of the
Mphl helicase, yeast’s ortholog of the Fanconi anemia
(FA) protein FANCM, elevates crossover frequency by
more than threefold. Importantly, this crossover regula-
tory role of Mphl is independent of Sgs1 and Srs2. Mph1,
like Sgs1, suppresses spontaneous unequal sister chroma-
tid exchange as well. We present chromatin immunopre-
cipitation (ChIP) and biochemical data to implicate Mph1
in the dissociation of the Rad51-made D-loop intermedi-
ate. These results implicate Mphl in channeling recom-
bination intermediates into the noncrossover pathway(s),
and have implications as to an analogous role of the
human FANCM protein.

Results

Mph1 and Rmil/Nce4 promote noncrossover outcomes
in mitotic cells

To identify proteins involved in post-synaptic stages of
recombination we examined genes (CHLI, RMI1/NCE4,
MPH1, ESC2, RRM3, RTT107, RTT106, MMS1, MGS1,
RAD27, MRC1, CSM3, HEX3, HST3, CTK1, and ELGI)
whose deletion shows a negative synthetic interaction
with srs2A (Tong et al. 2004) for their possible role in the
regulation of crossover formation in mitotic cells. SGS1-
TOP3 and MUS81-MMS4 have been tested previously (Ira
et al. 2003). RAD54 was not tested here because it is
required for all gene conversion (Sugawara et al. 2003). We
used an ectopic recombination system where the DSB
created by HO endonuclease within a MATa sequence on
chromosome V is repaired by HR with MATa-inc sequence
on chromosome III (Fig. 1A). In wild-type yeast cells
(tGI354), the HO break is repaired efficiently by Rad51-
dependent gene conversion, with ~5% of the repair events
being accompanied by crossing over (Ira et al. 2003).

We measured the frequency of crossovers among the
recombination products 8 h after HO induction, the time
when most cells have already completed repair (Ira et al.
2003). The crossover frequency was determined in South-
ern blots as a ratio of the intensity of the band corre-
sponding to gene conversion with crossing over to the
intensity of bands corresponding to gene conversions
both with and without a crossover. Viability was de-
termined as a ratio of the number of cells on YEP medium
with galactose (HO break induction) to the number of cells
on YEP with dextrose (no DSB). Among all tested genes
only the deletion of MPHI1 (tGI772) or RMI1/NCE4
(tGI853) showed a marked change in crossover frequency:
mphlA cells had 18% crossovers (a more than threefold
increase compared with wild type), while the rmilA/nce4A
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Figure 1. Screen for genes regulating the crossover frequency
identifies Mph1. (A) Ectopic gene conversion is induced by DSBs
generated by the HO endonuclease within a 1.9-kb MATa
sequence (gray rectangle) that replaced the ARG5,6 gene on
chromosome V. The MATa-inc sequence on chromosome III is
a donor for recombination, and shares 1403-bp and 530-bp
homology on opposite sides of the DSB. EcoRI noncrossover
fragments (NCOs) of 6.4 kb and 3 kb can be distinguished from
crossover fragments (COs) of 6 kb and 3.4 kb, and quantified on
Southern blots. The probe used to detect crossovers and non-
crossovers was a MATa fragment overlapping the first 200 bp on
each side of the HO break. (B) Viability resulting from DSB
repaired by ectopic recombination was measured by dividing
colony-forming units on YEP-galactose over those on YEP-
dextrose. Crossover frequency among the product in SRS2
synthetic interactors was determined 8 h after break induction
as the intensity ratio of the Southern blot signal corresponding
to gene conversion with crossover and that corresponding to
gene conversion both with and without crossover.

deletion doubled the level of crossovers (Fig. 1B). Deletion
of MPH1 did not seem to affect the kinetics of DSB repair.
The efficiency of repair in mphlIA mutant cells as
measured by cell viability, although very slightly de-
creased, is not statistically distinguishable from wild-
type cells (Figs. 1B, 2A). Similarly, rmilA did not change
the kinetics or efficiency of repair (Fig. 1B; data not
shown). These results suggest that Mphl and Rmil
proteins actively regulate some key aspect of the DSB
repair to favor noncrossover products. The synthetic
interaction of MPHI and SRS2 was suppressed by the
deletion of the RAD51 gene (Fig. 2B), as in the case with
SGS1 and SRS2 (Gangloff et al. 2000). Therefore, initia-
tion of recombination is responsible for slow growth of
mph1A srs2A mutant cells, and Mphl probably plays an
important role in later stages of recombination. Rmil/
Nce4 forms a complex with Sgsl and Top3 (Chang et al.
2005; Mullen et al. 2005). Therefore, we tested whether

Recombination regulatory role of Mphl

the sgs1A and rmilA/nce4A mutations are epistatic in
crossover suppression. Indeed, rmilA (tGI853) single and
rmilA sgs1A (tGI880) double mutants show the same
frequency of crossovers (11%) (Supplemental Fig. S1). In
conclusion, in the suppression of crossover formation,
Rmil and Sgsl appear to act in the same pathway,
whereas, as will be demonstrated below, Mph1 functions
in a novel pathway.

Mph1 regulates crossovers in allelic and sister
chromatid recombination

To ask whether the effect of mphlIA on crossovers is
specific to ectopic recombination, where homologous
sequences are limited to about 2 kb, we tested the impact
of Mphl on crossovers in allelic recombination in a dip-
loid strain where there is essentially unlimited homology
on both sides of the DSB (Supplemental Fig. S1). The HO
break was induced on one chromosome III, while the
donor chromosome III carried a single base pair mutation
within the HO recognition site. The frequency of cross-
overs was scored as the number of reciprocal sectors
involving the distal markers THR4 and thr4A::URA3 (16
kb away from HO break). Wild-type cells showed 13% =
2% crossovers, while mph1/mph1 cells exhibited 29% =+
4% crossing over; the overall repair efficiency was not
changed (Supplemental Fig. S1). Therefore, the effect of
Mphl helicase on gene conversion is not limited to
ectopic recombination. In the same assay, srs2A and
sgs1A diploids increase the frequency of crossovers by
twofold to threefold with no change in the efficiency of
DSB repair (Ira et al. 2003; Lo et al. 2006).

A high level of intersister chromatid exchanges is
a hallmark of Bloom syndrome cells (Chaganti et al.
1974) and of mutants, such as sgsiA, deficient in the
BLM ortholog (Onoda et al. 2004). We examined the
frequency of sister chromatid exchanges in mphIA cells
in a system where recombination between sister chro-
matids carrying direct truncated his3 repeats, his3-A5’
and his3-A3’, gives His™ colonies (Fasullo and Davis
1987). The results showed that mphIA cells (yGIO12)
have a 2.5-fold increase (3.0 = 0.3 X 107°) of unequal
intersister exchanges per cell division when compared
with wild-type cells (yNN301; 1.2 = 0.5 X 107¢). In
conclusion, Mphl appears to be a general crossing-over
suppressor in mitotic recombination.

Helicase activity of Mph1 is required for crossover
suppression

Mphl is a member of the DEAH family of helicases
(Scheller et al. 2000). To test whether the function of
Mphl in HR depends on its helicase domains, we quan-
tified crossovers in mph1A mutant cells transformed with
multicopy 2-pm plasmids (pYES2) carrying either the
wild-type MPH1 gene (yDS024) or five different MPH1
alleles with mutations in the conserved helicase
motifs—I (K113Q), I (D209N, E210Q, and H212D), and
IV (Q603D)—predicted to impair the helicase activity
(strains yDS018-22). Consistent with this premise, one of
these mutants, D209N, was expressed in yeast cells,
purified, and shown to lack both ATPase and helicase
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Figure 2. MPH]1 helicase channels DSB repair to non-
crossovers. (A) Kinetics of DSB repair in wild type and
mph1A mutant, determined by dividing the normalized
Southern blot signals corresponding to product at differ-
ent times by the signal corresponding to the maximal
product at 8 h after break induction in wild-type cells.
(B) Comparison of growth rate between srs2A and
mphIA. Slow growth rate of double mutant srs2A
mphIA is suppressed by elimination of RAD51. (C)
Crossover level among products in mphIA and helicase
point mutants is shown. The mphlA strain was com-
plemented with plasmids carrying either wild-type or
mutant MPH1 sequences.

activities (Supplemental Fig. 4). Suppression of the high-
crossover phenotype was observed for the wild-type
MPH1 gene only (Fig. 2C). Importantly, overexpression
of MPH1 in mphlA or wild-type cells did not affect the
efficiency of DSB repair or viability (data not shown).
These results implicate the helicase activity of Mphl in
crossover suppression.

Mph1 suppresses crossovers independently
of Sgs1 and Srs2

The single sgs1A and srs2A mutants elevate the frequency
of crossovers from 5% to 12% and 17 %, respectively. The
double mutant mph1A sgs1A (tGI787), which grows well,
shows 32% crossing over among the products with no
decrease in DSB repair compared with wild type (Fig. 3A).
Therefore, Sgsl and Mphl work in distinct crossover-
suppressing pathways. Although the srs2A mphIA cells
(yDS65) are growth-impaired, they still grow well enough
to test the frequency of crossovers. The double mutant
shows 33% of crossover product demonstrating that
Mphl functions independently of Srs2 (Fig. 3A). As we
showed previously (Ira et al. 2003), overexpression of
Rad51 in srs2A (tGI548) but not in sgs1A (tGI542) mutants
reduces the proportion of cells that can repair a DSB from
30% to 12%, and increases the frequency of crossovers
among the remaining products from 17% to 28%. Over-
expression of Rad51 in the mph1A mutant (tGI835) has no
effect on DSB repair efficiency or crossover level, suggest-
ing that the Mphl function is distinct from that of Srs2
(Fig. 3A). Although Mphl, Sgsl, and Srs2 define three
different pathways of noncrossover formation, the fact
that the crossover increase in double mutants of mphlA
with either sgs1A or srs2A is slightly more than additive
could mean that these helicases also fulfill partially
overlapping roles.

Mph1 is recruited to DSBs

We used ChIP to examine whether Mphl is recruited
to the HO break. For this purpose, we constructed
TAP-tagged Mphl strains in backgrounds that harbor or
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lack the HML donor sequence. The tagged strains are just
as resistant to the genotoxin MMS as the untagged
counterpart (data not shown), thus verifying that affinity
tagging has no adverse effect on the biological activity of
Mphl. At various times after HO induction, an aliquot of
the yeast cultures was processed for ChIP, using IgG
Sepharose beads to precipitate TAP-tagged Mphl and
associated DNA. Radioactive PCR with the appropriate
primer sets was then used to amplify the target sequences:
MAT Z (the invading strand) and HML« (the recombina-
tion donor) (Wolner et al. 2003; Kwon et al. 2008). As
shown in Figure 3B, Mphl is recruited to the MAT Z
region in the donorless strain (JKM179) after DSB in-
duction. The maximal enrichment of ~10-fold occurs 3 h
after DSB induction. We also found an enhanced associ-
ation of Mphl with the HMLa donor in the switching
strain (JKM161), with a fivefold enrichment of Mphl
occurring 3h after DSB induction (Fig. 3C).

Mph1 binds and unwinds D-Ioops

We used a DNA mobility shift assay with radiolabeled
DNA substrates to investigate whether purified Mphl
protein (Prakash et al. 2005) has affinity for various DNA
structures, including the D-loop and the HJ that are
generated during recombination. In these experiments,
we incubated Mphl with both the D-loop substrate
containing a 5 tail and one of the remaining DNA
substrates, dsDNA, ssDNA, DNA bubble, and the H]J.
Atlow stringency (50 mM KCl), Mph1 shows a significant
preference for D-loop over HJ (Supplemental Fig. 2B),
ssDNA or dsDNA (Fig. 4B), but seems to have the same
affinity for DNA bubble (Supplemental Fig. 2B). The
specificity of Mphl for D-loop over DNA bubble was
revealed under conditions of increasing stringency (75 to
200 mM KCl) (Supplemental Fig. 3A). As shown in
Supplemental Figure 3B, Mphl apparently has the same
affinity for D-loops that bear no overhang, a 3’ overhang,
or a 5’ overhang.

We next asked whether Mphl can dissociate D-loops
(with no overhang, a 3’ overhang, or a 5’ overhang),
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Figure 3. Mphl is recruited to DSBs, and works independently
of Sgsl and Srs2. (A, panel I) Southern blot analysis of gene
conversion with and without crossovers in strains lacking the
indicated helicases. (Panel II, top) Percentage of crossovers in
cells that repaired the DSB. (Bottom) Percentage of crossovers
(black) and noncrossovers (gray) among all cells with the HO cut.
These percentages were determined by dividing the normalized
intensities of the crossover or noncrossover band on Southern blot
by the intensity of parental uncut MATa band before break
induction (time, 0 h). Time-course ChIP experiments showing
recruitment of TAP-tagged Mphl to nonrepairable HO break
(strain JKM179) (B) or to the HMLa donor sequence in strain
(JKM 161) that can repair the break by gene conversion (C).

a DNA bubble, and a HJ. The results showed that Mphl
unwinds the three D-loop substrates with the same
efficiency (Fig. 4C); as will be shown later, D-loop un-
winding requires ATP hydrolysis by Mphl. In contrast,
Mphl is much less capable of dissociating the DNA
bubble or the HJ under conditions where the majority of
the three D-loop substrates are unwound (Fig. 4C; Sup-
plemental Fig. 2C,D).

Effect of Mph1 on the Rad51-catalyzed D-loop reaction

During recombination, a nucleoprotein complex of Rad51
and ssDNA invades a homologous duplex molecule to
produce a D-loop intermediate (San Filippo et al. 2008).
Since Mph1 binds and unwinds D-loop structures (Fig. 4),
we asked whether it affects the Rad51-mediated D-loop
reaction. In this reaction, a radiolabeled oligonucleotide
is paired with a supercoiled target duplex by Rad51 in
conjunction with its accessory factor Rad54 and the
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Figure 4. DNA binding and D-loop unwinding by Mphl. (A)
DNA substrates used for DNA-binding and DNA-unwinding
assays. The oligonucleotides used for constructing the sub-
strates and the sizes of the DNA regions in the substrates are
indicated and their sequences are given in Supplemental Table 2.
In the central portion of the D-loop substrates, the unpaired
strand bears no homology with the paired duplex region. (B)
Mphl (10-200 nM) was incubated with the 5’ D-loop substrate
(50 nM) and dsDNA (50 nM) (panel I) or ssDNA (50 nM) (panel
II). The results from these DNA mobility shift experiments were
plotted. (C) Mphl (5 to 40 nM) was incubated with D-loop
substrates (50 nM each) that harbored a 5’ tail (panel 1), a 3’ tail
(panel II), or no tail (panel III). The heat-denatured substrate
(HD) was run in lane 1 and the reaction blank was run in lane 2.
The results from these DNA unwinding experiments were
plotted in panel IV.
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positions 1932-2022 of pBluescript SK DNA (see Supplemental
Table 2 for detailed sequence). (B) D-loop reactions without (lane
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analyzed after 4 or 8 min of incubation. The reaction blank (BI)
was run in lane 1. The results were plotted. (C) D-loop reactions
without (lane 2) or with (lanes 3-6) mph1 D209N (50, 100, 150,
and 200 nM) were analyzed after 8 min of incubation. The
reaction blank (Bl) was run in lane 1. The results were plotted.
The concentration of Rad51 was 0.8 pM and of Oligonucleotide

DI was 2.4 uM (nucleotides).

ssDNA-binding protein RPA to yield the D-loop product
(Fig. 5A). We saw a significant inhibition of product
formation by Mphl after 4 min of incubation (Fig. 5B).
The same results were obtained when we used ssDNA
substrates that bear a region of nonhomology at the 3’ or
5’ end (see below).

To ascertain the relevance of the Mphl helicase activ-
ity in the attenuation of D-loop formation, we expressed
the biologically inactive mphl D209N mutant protein
(Supplemental Fig. 4A), predicted to be deficient in
ATPase and helicase activities, in yeast cells. Using the
procedure that we originally devised for wild-type Mphl
(Prakash et al. 2005), the mphl D209N protein was
purified to near homogeneity (Supplemental Fig. 4B).
During purification, the mphl D209N mutant protein
behaved exactly like the wild-type protein and a yield of
the mutant similar to that of wild-type protein was
obtained (data not shown). As expected, the mphl
D209N protein is devoid of the ability to hydrolyze ATP
or to unwind DNA (Supplemental Fig. 4C,D) but pro-
ficient in DNA binding (Supplemental Fig. 5E). Impor-
tantly, the inclusion of as much as 200 nM of the mutant
mph1 D209N protein has little or no effect on the Rad51-
mediated D-loop reaction (Fig. 5C). Taken together, the
results presented above demonstrate that Mphl attenu-
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ates the Rad51-mediated D-loop reaction, in a manner
that requires its helicase activity.

Mechanism of Mphl action

The reduction of D-loop formation in prior experiments
could have arisen because of Mphl’s ability to dissociate
the D-loop or an ability of Mphl to disrupt the Rad51
presynaptic filament. A variety of biochemical and elec-
tron microscopic analyses were performed to help distin-
guish between these possibilities. We first carried out
order of addition experiments in which Mphl or the Srs2
helicase was incorporated either at the beginning of the
D-loop reaction or after the D-loop had already been
made. Consistent with its Rad51 filament disruptive
function (Krejci et al. 2003; Veaute et al. 2003), Srs2
strongly attenuates the D-loop reaction when added with
Rad51 to the ssDNA but seems incapable of dissociating
the D-loop product (Fig. 7A, below). In contrast, Mphl
efficiently reduces the level of D-loop product regardless
of its order of addition (Figs. 6A,B, 7A). Thus, Mphl likely
acts differently than Srs2 in the attenuation of Rad51-
mediated D-loop formation.

Further details regarding Mphl’s action mechanism
were revealed by conducting detailed time course experi-
ments with substrates that yield D-loops with no over-
hang, a 3’ overhang, or a 5’ overhang. In the absence of
Mph1, the D-loop product reaches its maximal level after 1
min of incubation. The inclusion of Mphl does not seem
to prevent D-loop formation, but rather leads to a gradual
disappearance of the D-loop product, such that slightly less
D-loop product is seen at the earlier time points (e.g., 1
min) and little D-loop is left after 8 min (Fig. 6C-F).

The conclusion that Mph1 does not significantly affect
the integrity of the Rad51-ssDNA nucleoprotein fila-
ment was validated biochemically and also by electron
microscopy. In the biochemical experiment, preassem-
bled Rad51-ssDNA nucleoprotein filaments were incu-
bated with Mphl or Srs2 in the presence of RPA, followed
by the addition of topologically relaxed DNA to trap the
displaced Rad51 molecules. The binding of Rad51 to the
relaxed DNA trap induced positive DNA supercoiling,
which was removed by calf thymus topoisomerase I to
result in the generation of an unwound DNA species,
called Form U, upon deproteinization of the reaction
mixture (see Supplemental Fig. 5A for schematic). The
results showed that, unlike Srs2, Mph1 does not appear to
be capable of dismantling the Rad51-ssDNA nucleopro-
tein filament (Supplemental Fig. 5A). Finally, electron
microscopy was used to quantify the dissociation of
Rad51-ssDNA nucleoprotein filaments. As reported pre-
viously (Krejci et al. 2003; Veaute et al. 2003) and
confirmed here, the incubation of preformed Rad51-
ssDNA nucleoprotein filaments with Srs2 and RPA led
to an efficient exchange of these filaments by RPA-
ssDNA complexes (Supplemental Fig. 5B). In contrast,
Mphl had little or no impact on the level of Rad51-
ssDNA nucleoprotein filaments (Supplemental Fig. 5B).

Overall, the results support the idea that Mphl’s regu-
latory action in recombination is related to its ability to
dissociate the D-loop intermediate made by Rad51 protein.
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Figure 6. Mphl acts by dissociating preformed D-loops. (A)
Summary of D-loop reactions that did not contain Mphl (i) or
with Mph1 (50, 100, 200 nM) added at different stages (ii-iv).
The reactions used Oligonucleotide D1 as the ssDNA substrate.
(B) Results from the reactions summarized in A. The reaction
blank was run in lane 1. The results were plotted. (C) Schematic
of D-loop reactions utilizing sSDNA substrates that gave no tail
(90-mer Oligonucleotide D1), a 50-nucleotide 3’ tail (the 140-
mer Oligonucleotide D2), or a 50-nucleotide 5’ tail (the 140-mer
Oligonucleotide D3). All three oligonucleotides bear homology
with positions 1932 to 2022 of pBluescript SK DNA and their
sequence is given in Supplemental Table 2. (D-F) Time course
experiments that examined formation the D-loops with no tail
(D), a3’ 50-nucleotide tail (E), or a 5’ 50-nucleotide tail (F). These
reactions either contained Mphl (150 nM; lanes 8-13) or not
(lanes 2-7).In D, 2.4 uM (nucleotides) of Oligonucleotide D1 and
0.8 pM of Rad51 were used; in E and F, 3.72 uM of Oligonucle-
otide D2 or D3 and 1.24 uM of Rad51 were used. The reaction
blank (Bl) was run in lane 1. The results were plotted.

Recombination regulatory role of Mphl

We propose that this Mphl activity is important for
promoting the noncrossover pathway of recombination.

Comparison of D-loop disrupting activity of Mphl
and RecQ-like helicases

The RecQ-like helicases BLM and WRN can unwind the
D-loop structure (van Brabant et al. 2000; Orren et al.
2002). Moreover, RECQ1 and BLM have been found to
dissociate D-loops made by the human Rad51 protein
under specific reaction conditions (Bugreev et al. 2007,
2008). However, within the protein concentration range
where Mphl exerts a strong negative effect on the yeast
Rad51-mediated D-loop reaction, none of RECQI, BLM,
and WRN noticeably influences the reaction efficiency
(data not shown). As shown in Figure 7B, while Mphl is
equally adept at reducing the level of D-loop product
generated by human Rad51, little or no inhibitory effect
has been noted for RECQ1, BLM, or WRN. As expected,
the RECQ1, BLM, and WRN proteins could unwind a test
HJ substrate (Supplemental Fig. 6) and hydrolyze ATP in
a ssDNA-dependent manner (data not shown).

Discussion

Mphl is an ATP-dependent helicase with 3’5’ polarity
(Prakash et al. 2005), which was initially identified in
a screen for mutants with increased spontaneous muta-
tion rate as measured by the formation of canavanine
resistant colonies (Entian et al. 1999). Based on the
epistatic relationship of MPH1 and RAD51 with respect
to canavanine reversion rate and MMS damage sensitiv-
ity, Schiirer et al. (2004) proposed that Mphl functions in
one of several HR pathways. To understand the action
mechanism of Mphl, we carried out genetic studies to
unveil a major regulatory role of this helicase in DSB
repair by promoting noncrossover formation.

Other helicases, RecQ homologs and Srs2, also sup-
press crossovers associated with gene conversion. Mech-
anistically, the human BLM helicase works together with
topoisomerase Illa and the BLAP75/Rmil protein to
branch migrate and decatenate dHJs into noncrossovers
(Wu and Hickson 2003; Raynard et al. 2006; Wu et al.
2006). It is expected that Sgs1, the likely BLM ortholog in
Saccharomyces cerevisiae, also functions in this manner
to resolve dHJs into noncrossover during DSB repair.
Thus, BLM and Sgsl act late in the regulation of re-
combination outcome, to direct the resolution of the dHJ
structure formed via second DNA end capture to yield
noncrossovers (Fig. 8). On the other hand, the S. cerevi-
siae Srs2 helicase, which facilitates the SDSA mode of
recombinational repair in lieu of the crossover pathway,
appears to act early in the DSB repair reaction (Ira et al.
2003; Robert et al. 2006; Sung and Klein 2006). Purified
Srs2 utilizes the free energy from ATP hydrolysis to
disrupt the Rad51-ssDNA nucleoprotein filament (Krejci
et al. 2003; Veaute et al. 2003), and Srs2’s function in
promoting noncrossovers may be related to its ability to
remove Rad51 from ssDNA. One possible scenario is that
Srs2 acts early by dissociating Rad51 from the second,
unpaired ssDNA tail to prevent second end capture,
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Figure 7. Mechanism and specificity of Mph1 action. (A) In I, Mphl or Srs2 (50 or 100 nM) was added with Rad51 at the beginning of
the D-loop reaction, which, following the incorporation of pBluescript SK DNA, was incubated for 8 min. The reaction blank and the
reaction without any helicase were run in lanes 1 and 2, respectively. The results were plotted. In I, Mph1 or Srs2 (50 or 100 nM) was
added to the D-loop reaction 1 min after product synthesis had commenced, followed by an additional 8-min incubation. The reaction
blank and the reaction without any helicase were run in lanes 1 and 2, respectively. The results were plotted. Oligonucleotide D1 was
used at 2.4 uM (nucleotides) and Rad51 was at 0.8 wM, as in Figure 6. (B) Mphl, BLM, RecQ1, and WRN (50 or 100 nM) were tested for
their ability to dissociate human Rad51-made D-loops that harbored no tail (I), a 3’ tail (II), or a 5’ tail (ITI). The D-loops were generated
with Oligonucleotide D1 (2.4 pM nucleotides with 0.8 uM Rad51), D2 (3.72 .M nucleotides with 1.24 pM Rad51), or D3 (3.73 pM
nucleotides with 1.24 pM Rad51) and pBluescript SK duplex DNA, as in Figure 6. The helicases were added with Rad51 at the beginning
of the reaction and the incubation time was 8 min. The reaction blank and the reaction without any helicase were run in lanes 1 and 2,

respectively. The results were plotted.

whereas Mphl unwinds the D-loop structure without
Rad51 removal. These Mphl and Srs2 activities would
act independently to attenuate formation of the dH]J, the
likely precursor to crossovers (Fig. 8).

Since Mphl influences the outcome rather than the
efficiency of recombinational repair events, it very likely
acts by shunting a DNA intermediate into the SDSA
pathway. As revealed in ChIP experiments, Mphl is
targeted to DSBs in cells, suggesting that its action in
recombination regulation is direct. Our biochemical
results provided evidence that Mphl regulates recombi-
nation pathway choice by dissociating the invading DNA
strand from the Rad51-made D-loop (Fig. 7). Consistent
with this deduction, overexpression of Rad51 in mphlA
cells affects neither the DSB repair efficiency nor cross-
over level. Should Mphl-mediated D-loop dissociation
occur prior to the commencement of DNA synthesis
primed from the invading strand (Fig. 8), then Mphl
would fulfill an anti-recombination function instead.
However, since deletion of MPH1 has little effect on the
repair efficiency (this study) and at most a modest effect

74 GENES & DEVELOPMENT

on the frequency of spontaneous recombination (Schiirer
et al. 2004), the postulated anti-recombination function
may constitute only a minor component of Mphl’s
biological role. We note that, even though Srs2 can
unwind model DNA substrates that resemble the D-loop
and can transverse dsDNA coated with Rad51 (Dupaigne
et al. 2008), under our experimental conditions, Mphl
appears to be much more adept at dissociating Rad51-
made D-loops. Additional studies will be needed to assess
the relative efficiency of the D-loop dissociative function
of Mph1 and Srs2, and also to ascertain whether Mphl is
capable of removing a limited number of Rad51 mole-
cules from ssDNA.

It is not clear whether the hypermutable phenotype of
mph1 mutants (Entian et al. 1999; Schiirer et al. 2004) is
related to the ability of the Mphl helicase to dissociate
Rad51-made D-loops. The Sgsl helicase plays distinct
roles in DSB end resection (Gravel et al. 2008; Mimitou
and Symington 2008; Zhu et al. 2008), the DNA replica-
tion checkpoint (Frei and Gasser 2000), the control of
homeologous recombination (Myung et al. 2001), and in
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Figure 8. Model depicting regulation of exchange frequency by
DNA helicases during DSB-induced recombination. (A) Both
Mphl and Srs2 promote the noncrossover SDSA pathway by
minimizing the possibility of creating a dHJ. Mphl1 displaces the
invading strand after DNA synthesis has commenced, thus
preventing dHJ formation and promoting SDSA. Mph1 may also
inhibit recombination if it dissociates D-loop before invading
strand-initiated DNA synthesis. Srs2 possibly removes Rad51
from the unpaired 3’ DNA tail to prevent second end capture
and dHJ formation. (B) When the D-loop becomes extended and
more stable, dHJs are formed and can be resolved into crossovers
and noncrossovers by a yet-unknown resolvase. (C) Sgs1 helicase
in complex with Rmil and Top3 resolves these mitotic dHJs into
NONCrossovers.

recombination regulation via DNA branch migration
(Karow et al. 2000) and dHJ dissolution (Wu and Hickson
2003). Given this, it seems reasonable to consider the
possibility that Mphl’s involvement in mutation avoid-
ance is unrelated to its D-loop dissociative function.

Likely orthologs of Mphl have been identified across
many species including humans. The best characterized
is archaeal Hef helicase from Pyrococcus furiosus. Hef
protein, in addition to its helicase domain, also carries an
endonuclease domain similar to Mus81 and Radl/XPF
nucleases (Komori et al. 2002, 2004). Recently, a human
homolog of Mphl, FANCM, was identified as a part of the
FA core complex 1 (Meetei et al. 2005; Mosedale et al.
2005). Initial studies suggested that FANCM protein does
not have DNA unwinding activity; however, its helicase
domains are required for DNA damage resistance (Xue
et al. 2008).

The function of the FA pathway, comprising at least 12
proteins, remains unclear. Based on the finding that
BRCA2, a key protein in recombination, and FANC]J (also
known as BACH or BRIP), a DNA helicase that interacts
with BRCALI, are components of the FA pathway, a role of
this pathway in HR has been proposed (Howlett et al.
2002; Bridge et al. 2005; Litman et al. 2005). Whether the
FA pathway plays a regulatory role in HR or constitutes
a subpathway of HR is not known. Here we demonstrate
a very specific role for yeast’s FANCM homolog in
suppressing crossovers associated with DSB-induced gene

Recombination regulatory role of Mphl

conversion. The possibility that FA proteins are involved
in post-synaptic stages of recombination like Mphl is
supported by the interaction of Fanconi proteins and
proteins involved in the resolution of HJs, BLM and
XRCC3 (Wu and Hickson 2003; Liu et al. 2004; Pichierri
et al. 2004; Hussain et al. 2006). Finally, similar to the
yeast mphl1A mutant, chicken DT40 cells deficient in
FANCC, FANCD2, or FANCJ also show increased SCEs
(Niedzwiedz et al. 2004; Bridge et al. 2005; Hirano et al.
2005; Yamamoto et al. 2005).

Crossovers are potentially dangerous, and occur much
less frequently in mitotic than meiotic cells (Esposito
1978; Nassif et al. 1994; Johnson and Jasin 2000; Virgin
et al. 2001; Stark and Jasin 2003). Specifically, crossovers
may lead to loss of heterozygosity (Beumer et al. 1998)
and can result in chromosomal aberrations such as trans-
locations, inversions, or deletions. Indeed, crossovers be-
tween low-copy repeats may account for many human
disorders (for review, see Shaw and Lupski 2004). Now the
means by which the low proportion of exchanges is
achieved becomes evident with the demonstration that
three different helicases, Sgsl/Rmil/Top3, Srs2, and
Mphl, act in apparently unique and independent ways
to suppress crossover formation.

Materials and methods

Yeast strains and plasmids

All yeast strain used in this study are listed in Supplemental
Table 1. Yeast strains for mitotic crossover analysis are deriva-
tives of tGI354 (Aho Ahml::ADE1 MATa-inc Ahmr::ADE1 adel
leu2-3,112 Iys5 trp1::hisG ura3-52 ade3::GAL::HO arg5,6::GAL::
MATa). All Mph1 overexpression plasmids were constructed in
2 vector pYES2, where MPH1 is under the control of the GALI
promoter.

Analysis of crossover frequency and DSB repair kinetics

The crossover frequency among recombination products in the
ectopic recombination assay was determined as a ratio of the
intensity of the band corresponding to gene conversion with
crossover to the intensity of bands corresponding to gene
conversion both with and without crossover. We measured the
frequency of crossovers among the recombination products 8 h
after HO induction. DNA isolated from cells was digested with
EcoRI enzyme and separated on 0.8% agarose gel. DNA was
transferred to Nylon* membrane and hybridized with a MATa
probe corresponding to 200 base pairs (bp) on each side of HO cut
site. To calculate kinetics of repair we normalized the DNA
amount using DNA probe specific for APA1 gene.

Unequal sister chromatid exchange

Unequal SCE was measured using a system described by Fasullo
and Davis (1987). The rates of spontaneous mitotic SCE were
determined by the method of median using 11 independent
colonies for each rate calculation. At least three independent rate
calculations were done for each strain and significance of the
differences was calculated by the Mann-Whitney U-test (Zarr 1999).

Viability

The viability of mutants after HO-induced DSB breakage was
calculated as a ratio of the number of cells on YEP with galactose
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(HO break induction) to the number of cells on YEP with
dextrose (no DSB break).

ChIP assay

The donorless yeast strain used in this study was derived from
the strain JKM179. The strain capable of undergoing DSB-
induced gene conversion was derived from JKM161 (see Sup-
plemental Table 1). Both strains harbor the HO gene under the
control of the galactose inducible GAL10 promoter. A TAP
epitope was attached at the C terminus of the chromosomal
MPH1 gene to facilitate Mphl immunoprecipitation. The
expression of TAP-tagged Mphl in these strains was verified
by Western blotting with polyclonal antibodies raised against
purified Mph1. To perform ChIP assays, cells were grown in YP
media containing 3% glycerol until they reached mid-log
phase, followed by the addition of galactose (2%) to induce
the HO endonuclease. At the designated times, 45-mL cell
aliquots were taken, treated with formaldehyde (1%) for 20
min, and then quenched with 125 mM glycine for 5 min. Cell
lysates were prepared and incubated with IgG Sepharose beads
for 2 h (Amersham Biosciences). The beads were washed
extensively, followed by incubation for 6 h at 65°C to reverse
protein-DNA cross-links. Radioactive semiquantitative PCR
was used to amplify the MAT Z or HMLa locus and the PHO5
sequence, which was included as the internal control (Wolner
et al. 2003). The PCR reaction mixtures were resolved in a 6%
nondenaturing polyacrylamide gel run in TBE buffer (40 mM
Tris borate at pH 7.4, 0.5 mM EDTA) and quantified by
phosphorimaging analysis. The MAT Z or HMLa signal at each
time point was divided by the corresponding PHOS signal and
normalized to the 0-h time-point signal, as described (Wolner
et al. 2003; Kwon et al. 2008).

Expression and purification of the mphl D209N protein

The D209N mutation was introduced into Mphl using the
QuickChange Site-Directed Mutagenesis kit (Stratagene) and
PYES2-Mphl (2n, URAS, and GALI-MPHI) (Prakash et al.
2005) as the template. The protein expression plasmid pYES2-
mphl D209N was maintained in the protease-deficient strain
BJ5464 (Supplemental Table 1), and protein expression was
induced by galactose addition. The mutant mphl protein was
purified to near homogeneity as described previously for the
wild-type counterpart (Prakash et al. 2005).

Purification of other proteins

Yeast Rad51 protein and BLM helicase were purified from yeast
cells tailored to express them, as described (Sung and Stratton
1996; Raynard et al. 2006), and WRN helicase was purified from
HighFive insect cells infected with a recombinant bacculovirus
that expresses it, as described (Brosh et al. 2000; Raynard et al.
2006). Yeast Rad54 protein, Srs2 helicase, RECQI helicase,
human Hop2-Mnd1 complex, and yeast and human RPA were
purified to near homogeneity from E. coli cells tailored to express
them, as described (Sigurdsson et al. 2001; Krejci et al. 2003; Cui
et al. 2004; Van Komen et al. 2006; Chi et al. 2007). The BLM,
RECQI, and WRN helicase preparations have been used in
several of our published studies (e.g., Raynard et al. 2006; Hu
et al. 2007) and they possess a level of DNA-dependent ATPase
activity as high as or higher than that reported in the literature
(Brosh et al. 1999, 2000; Cui et al. 2004; data not shown) and, as
expected (Brosh et al. 1999, 2000; Cui et al. 2004), are adept at
unwinding a HJ test substrate (Supplemental Fig. 6).
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DNA substrates

The oligonucleotides (Integrated DNA Technology) used in this
study for DNA-binding and helicase assays are listed in Supple-
mental Table 2. To construct the DNA substrates, selected gel-
purified oligonucleotides were 5’ end-labeled with [y->P] ATP
using T4 polynucleotide kinase and then annealed to their
partner oligonucleotides by heating an equimolar amount of
the oligonucleotides at 95°C for 10 min in buffer H (50 mM Tris-
HClatpH 7.5, 10 mM MgCl,, 100 mM NaCl) and slow cooling to
room temperature. Hybridized DNA substrates were separated
from unannealed oligonucleotides in a 5% nondenaturing poly-
acrylamide gel run in TBE buffer and recovered from the gel by
electroelution in dialysis tubing in TBE buffer at 4°C. The
structure of the DNA substrates used in this study can be found
in individual figures and their legends, and the sequence of these
oligonucleotide is provided in Supplemental Table 2.

DNA helicase assay

The indicated concentration of Mphl or mphl D209N protein
was incubated at 30°C with the radiolabeled DNA substrate (50
nM) in 15 pL of buffer R (30 mM Tris-HCl at pH 7.5, 1 mM DTT,
100 p.g/mL BSA) containing 2.5 mM MgCl,, 2 mM ATP, and 50
mM KCI. The reaction was stopped after 10 min by treatment
with SDS (0.2% final) and proteinase K (0.5 mg/mL) for 2 min at
30°C. The reaction mixtures were resolved in a 10% polyacryl-
amide gel in TAE buffer at 4°C. Gels were dried onto Whatman
DE81 paper (Whatman International Limited) and then analyzed
in a Personal Molecular Imager FX Phosphorlmager (Bio-Rad).

DNA mobility shift assay

The indicated concentration of Mphl or mphl D209N was
incubated with the radiolabeled DNA substrate (50 nM) at
30°C in 10 pL of buffer R containing 50 mM KCl for 5 min.
After the addition of 2 pL of gel loading buffer (50% glycerol, 20
mM Tris-HCI at pH 7.4, 2 mM EDTA, 0.05% orange G), the
reaction mixtures were resolved in a 5% polyacrylamide gel in
TAE buffer. Gels were dried and subjected to phosphorimaging
analysis as above. Where indicated, reaction mixtures were
treated with 0.5% SDS and 0.5 mg/mL proteinase K (SDS/PK)
at 37°C for 3 min before electrophoresis.

D-Iloop reaction mediated by yeast or human Rad51 protein

The reaction (final volume of 12.5 wL) was performed in Buffer R
containing 2.5 mM MgCl,, 2.0 mM ATP, 50 mM KCI, and an
ATP-regenerating system consisting of 20 mM creatine phos-
phate and 20 pg/mL creatine kinase. The indicated radiolabeled
oligonucleotide (2.4 uM nucleotides D1 or 3.72 pM nucleotides
D2 or D3) was incubated with yeast or human Rad51 (0.8 p.M for
Oligonucleotide D1 or 1.24 uM for Oligonucleotide D2 or D3) for
5 min at 37°C to assemble the Rad51-ssDNA nucleoprotein
filament, followed by the incorporation of yeast Rad54 (150 nM,
for yeast Rad51) or the human Hop2-Mnd1 complex (300 nM, for
human Rad51) and yeast RPA (200 nM, for yeast Rad51) or
human RPA (200 nM, for human Rad51) and a 2-min incubation
at 23°C. The D-loop reaction was initiated by the addition of
pBluescript replicative form I DNA (37 pM base pairs). The
reaction mixtures were incubated at 30°C for the indicated
times, deproteinized by treatment with SDS (0.5%) and pro-
teinase K (0.5 mg/mL) at 37°C for 3 min, and then resolved in
a0.9% agarose gel in TAE buffer. Gels were dried onto Whatman
DES81 paper and then analyzed in the phosphorimager. To test the
effect of the DNA helicases on the D-loop reaction, they were
incorporated into the reaction as indicated in each case.
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