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The evolutionarily conserved Smc5/6 complex is implicated in
recombinational repair, but its function in this process has been
elusive. Here we report that the budding yeast Smc5/6 complex
directly binds to the DNA helicase Mph1. Mph1 and its helicase
activity define a replication-associated recombination subpath-
way. We show that this pathway is toxic when the Smc5/6 complex
is defective, because mph1� and its helicase mutations suppress
multiple defects in mutants of the Smc5/6 complex, including their
sensitivity to replication-blocking agents, growth defects, and
inefficient chromatid separation, whereas MPH1 overexpression
exacerbates some of these defects. We further demonstrate that
Mph1 and its helicase activity are largely responsible for the
accumulation of potentially deleterious recombination intermedi-
ates in mutants of the Smc5/6 complex. We also present evidence
that mph1� does not alleviate sensitivity to DNA damage or the
accumulation of recombination intermediates in cells lacking Sgs1,
which is thought to function together with the Smc5/6 complex.
Thus, our results reveal a function of the Smc5/6 complex in the
Mph1-dependent recombinational subpathway that is distinct
from Sgs1. We suggest that the Smc5/6 complex can counteract/
modulate a pro-recombinogenic function of Mph1 or facilitate the
resolution of recombination structures generated by Mph1.

The Smc5/6 complex is one of the three structural mainte-
nance of chromosomes (SMC) complexes in eukaryotic cells

and contains Smc5, Smc6, and six non-SMC elements, Nse1–6
(1–4). Similar to SMC proteins in the other two complexes,
namely cohesin and condensin, Smc5 and Smc6 form the back-
bone of the complex upon which Nse subunits assemble (3, 5, 6).
However, the Smc5/6 complex contains a unique small ubiquitin-
like modifier (SUMO) ligase subunit, Nse2/Mms21 (hereafter
Mms21), that facilitates the addition of SUMO to other proteins
(1, 7, 8). The functions of the Smc5/6 complex are not as well
understood as those of cohesin and condensin. Nevertheless, the
importance of this complex is clear from the multiple defects
manifested by its mutants, including sensitivity to DNA damage,
telomere and rDNA defects, slow growth, and cell death (9, 10).
Previous studies suggest that some of these defects indicate a role
for the Smc5/6 complex in recombinational repair during im-
paired replication. In particular, it was found that, in budding
yeast, when replicating in the presence of the DNA damaging
agent methylmethane sulfonate (MMS), mutants of this complex
accumulate recombination intermediates, which are detected as
X-shaped DNA molecules by 2D agarose gel electrophoresis (2D
gel) (11, 12). Because the absence of the DNA helicase Sgs1,
which binds to Top3 and Rmi1 to dissolve double Holliday
junctions (13), results in a similar defect, it was thought that the
Smc5/6 complex might collaborate with Sgs1 to resolve such
recombination intermediates (11, 14). However, a recent study
suggests that these two protein entities do not associate with each
other physically (12), raising the possibility that they perform
different roles. Currently, the exact role of the Smc5/6 complex
in recombinational repair is not known.

To understand the functions of the Smc5/6 complex, we sought
to identify proteins that interact physically with this complex
using yeast 2-hybrid (2H) screens coupled with co-immunopre-
cipitation. From this study, we recovered the DNA helicase
Mph1 as the only interactor that has known functions in recom-
bination. Mph1 is not a core recombination protein; rather, it
defines a specialized recombination subpathway that operates
when replication is impaired (15, 16). The nature of this sub-
pathway remains to be elucidated but is expected to entail some
of the biochemical activities exhibited by Mph1 and its orthologs,
which include the Fanconi anemia M (FANCM) protein in
humans, the Fml proteins in fission yeast, and the archaeal Hef
protein (15, 17, 18). It is noteworthy that a FANCM mutation is
implicated in Fanconi anemia, a genetic disease that affects
development and causes cancer predisposition, suggesting the
importance of Mph1-like proteins in cell physiology (19, 20).

An activity shared by Mph1 and its orthologs is the dissocia-
tion of DNA D-loop structures, a function important in limiting
crossovers during mitotic recombination (21–23). In addition,
Fml1, FANCM, and Hef can catalyze the regression or unwind-
ing of replication forks, which can potentially lead to recombi-
nation (22–24). Although this process may subsequently restart
the damaged replication fork, it also increases the risk of
generating toxic recombination intermediates or other genetic
alterations. Currently, it is unclear how this process is regulated
in vivo. In addition to recombination, Mph1 also has possible
roles in lagging-strand synthesis and in chromosomal rearrange-
ment when overproduced (25, 26). Key residues for Mph1
helicase activity are required only for recombinational repair
and not for its other functions (15, 21, 25, 26).

We show here that binding to the Smc5/6 complex does not
lead to Mph1 sumoylation. Rather, several major defects in
mutants of the Smc5/6 complex are suppressed by mph1� and
mph1 helicase mutations. These observed suppressions correlate
with a large reduction in the levels of recombination interme-
diates seen in these mutants. In contrast, mph1� does not
suppress similar defects in sgs1� cells. Taken together, our
results suggest that the Smc5/6 complex, but not Sgs1, modulates
the Mph1-dependent recombination subpathway to prevent the
accumulation of recombination intermediates and the associated
deleterious effects.

Results
Mph1 Binds to the Smc5/6 Complex but Is Not Sumoylated. To
understand how the Smc5/6 complex is involved in recombina-
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tional repair, we examined whether it physically interacts with
recombination factors. Using each subunit of the Smc5/6 com-
plex as bait, we performed 2H screens against an arrayed library
containing the majority of the yeast genes. The only interacting
protein with a known function in recombination recovered from
this screen was the Mph1 helicase, with Smc5 as the bait. The
Smc5–Mph1 interaction was confirmed subsequently by pair-
wise 2H tests (Fig. 1A).

We then constructed epitope-tagged Smc5 and Mph1 at their
chromosomal loci for co-immunoprecipitation experiments. As
shown in Fig. 1B, Mph1 pulled down Smc5, and vice versa (Fig.
1B). In addition, Mph1 co-precipitated with Myc-tagged Smc6
and Nse6 (Fig. 1 C and D). Furthermore, we found that
His-tagged Smc5 protein expressed in Escherichia coli pulled
down recombinant Mph1 (Fig. 1E). These results demonstrate
that Mph1 interacts with the Smc5/6 complex by directly binding
to Smc5.

Because the Mms21 subunit of the Smc5/6 complex is a SUMO
E3 (1), the interaction of Mph1 with the Smc5/6 complex may
suggest that it is a SUMO target. However, we found that Mph1
was not sumoylated during normal growth or after MMS treat-
ment, when the sumoylation of several other recombination
proteins is induced (Fig. 1F). As a control, we can detect the
sumoylation of Smc5 under both conditions (Fig. 1F). We thus

conclude that the Mph1–Smc5/6 complex interaction does not
lead to Mph1 sumoylation.

MPH1 Deletion Suppresses Several Defects of Mutants of the Smc5/6
Complex, Whereas Overexpression Exacerbates These Effects. To
understand the biological functions of the interaction between
Mph1 and the Smc5/6 complex, we examined the effects of
mph1� on three mutants of the Smc5/6 complex, including
smc6–56 (27), smc6-P4 (or K239R), and mms21–11, which is
defective in sumoylation (1). All three alleles exhibit strong
sensitivity to replication-blocking agents and slow growth, with
smc6–56 producing the most severe defects (Fig. 2 A and B). We
found that mph1� suppressed the sensitivity to MMS, hydroxy-
urea (HU), and UV of all three alleles (Fig. 2 A and B).
Moreover, mph1� suppressed the slow growth of these mutants,
an effect most evident in smc6–56 cells (Fig. 2 A and B). In
addition to slow growth, smc6–56 cells also exhibit defective
centromere separation (28). Strikingly, we found that mph1�
restored centromere separation in smc6–56 cells from approx-
imately 65% to above 90% (Fig. 2 C and D). We conclude that
the deletion of MPH1 suppresses three major defects associated
with mutants of the Smc5/6 complex, namely sensitivity to DNA
damage, slow growth, and defective centromere separation.

In a converse experiment, we found that MPH1 overexpres-
sion severely inhibited the growth of smc6-P4 and mms21–11
cells (Fig. 2E). To assess how MPH1 overexpression affects
MMS and HU sensitivities, we used endogenously YFP-tagged
Smc6, which leads to normal growth but has mild defects in the
complex’s functions as evidenced by its synthetic sick interaction
with mms21–11 (Fig. 2F). We found that MPH1 overexpression
rendered SMC6-YFP, but not WT cells, sensitive to MMS and
HU (Fig. 2G). Taken together, the deletion and the overexpres-
sion experiments show that Mph1 causes toxicity during normal
growth and in the presence of genotoxins when the Smc5/6
complex is defective.

These results prompted us to test whether Mph1 affects the
essentiality of the Smc5/6 complex. Remarkably, we found that
deletion of MPH1 suppressed the lethality of smc6� and mms21�
spore clones (Fig. 2H). However, the double mutants mph1�
smc6� and mph1� mms21� showed growth defects, indicating
that the Smc5/6 complex possesses Mph1-independent functions.
Nevertheless, the fact that cells can live without the Smc5/6
complex if Mph1 is removed suggests that an important function
of the Smc5/6 complex pertains to Mph1 regulation during
normal growth.

A Pro-Recombinogenic Function of Mph1 Is Toxic in Mutants of the
Smc5/6 Complex. Mph1 has been shown to function in a subpath-
way of recombinational repair to facilitate cell survival in MMS
(15, 16). Consistent with previous reports, we found that mph1�
exhibited moderate sensitivity to MMS, and very slight, if any,
sensitivity to HU, UV, or X-rays and that mph1� did not increase
the DNA damage sensitivity of the recombination mutants
rad51� and rad52� (Fig. S1 A and B). In addition, we found that
Mph1 formed nuclear foci during normal growth and that the
percentage of cells containing Mph1 foci increased moderately
after MMS treatment (Fig. 3A and Table S1). These Mph1 foci
frequently co-localized with Rad52 and PCNA foci (Fig. 3A and
Table S1), which are thought to represent recombination and
replication centers, respectively (29, 30). This cell biological
result is consistent with the genetic data and supports a role for
Mph1 in replication-associated recombinational repair.

Because Mph1 is also known to be involved in other processes,
including lagging-strand synthesis and genomic rearrangements
(25, 26), the question arises whether the toxicity of Mph1 in
mutants of the Smc5/6 complex is related specifically to its
recombination functions. We used two approaches to address
this issue. First, we reasoned that if this hypothesis were true,
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Fig. 1. Mph1 interacts with the Smc5/6 complex but is not sumoylated. (A)
Mph1 interacts with Smc5 in 2H. The 2H strain pJ69–4a containing either a
GAD-Mph1 or a GAD vector was mated to pJ69–4alpha cells containing
GBD-fused Nse1–6 (lanes 1–6), Smc5 (lane 7), and Smc6 (lane 8). The resulting
diploids were selected on -TRP-LEU (-T-L) plates, and reporter activation was
scored by replica plating to -TRP-LEU-HIS (-T-L-H) and -TRP-LEU-ADE (-T-L-A)
media. Note that GBD-Nse2/Mms21 self-activates the HIS3 and ADE2 report-
ers. White boxes indicate the interactions between Mph1 and Smc5 and the
corresponding controls. (B–D) Mph1 co-immunoprecipitates with Smc5, Smc6,
and Nse6. Lysates from cells containing the indicated tagged constructs were
immunoprecipitated with the indicated antibody. Cell lysates (input) and
immunoprecipitated proteins (IP) were analyzed by protein blotting using
anti-Flag (Upper) and anti-Myc (Lower) antibodies. In (B), Smc5 was precipi-
tated by anti-Flag antibody only in the presence of Mph1-Flag, and vice versa.
In (C and D), Mph1 was precipitated by anti-Myc antibody only in the presence
of either Smc6-Myc (C) or Nse6-Myc (D). (E) Mph1 binds Smc5 in vitro. Recom-
binant Mph1-GST and Smc5-His6 were expressed in E. coli, and Mph1-GST was
pulled down by the Ni-NTA resins only in the presence of Smc5-His6. E: eluate,
W: wash. (Top) Coomassie stained gel; (Bottom) Western blot using anti-GST
antibody. (F) Smc5, but not Mph1, is sumoylated. Cells containing Myc-tagged
Mph1 or Smc5 were grown in the absence (�MMS) or presence (�MMS) of
MMS. Mph1 and Smc5 were immunopurified by anti-Myc antibody and ex-
amined by protein blotting using anti-Myc (Bottom) and anti-SUMO antibod-
ies (Top).
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then eliminating recombination by means other than deleting
Mph1 should also suppress the defects in mutants of the Smc5/6
complex. We found that the removal of the recombinase Rad51
did indeed suppress the MMS and HU sensitivities of smc6–56
and smc6-P4 cells to a degree similar to that observed for mph1�
(Fig. 3B). However, rad51� did not significantly suppress the
slow growth of smc6–56, suggesting that other recombinational
subpathways may be required for the proper growth of these
cells.

In the second approach, we examined whether mutations of
key residues of the Mph1 helicase domain can suppress defects
of smc6 and mms21 mutants, because Mph1 helicase activity is
required for its roles in recombination but not for its other
functions (15, 21, 25, 26). To this end, we replaced WT MPH1
with mph1-E210Q or mph1-Q603D, which mutated the con-
served glutamic acid in the DEAH motif or the key residue of
the helicase motif, respectively (15, 17). Consistent with previous
reports, mph1-E210Q and -Q603D behaved like mph1� for DNA
damage sensitivity (Figs. 3C and S1A). We found that both
alleles suppressed the sensitivity to MMS, HU, and UV in smc6
and mms21 mutant cells to the same degree as observed for
mph1� (Figs. 3D and S2 A and B). In addition, they suppressed
the slow growth of smc6–56 cells (Fig. 3D). Mph1-E210Q and

-Q603D proteins were expressed at levels similar to WT Mph1
(Fig. 3E). Furthermore, Smc5 pulled down similar amounts of
Mph1-Q603D and WT Mph1 (Fig. 3F), suggesting that Q603D
does not affect the Smc5–Mph1 interaction. Therefore we
conclude that the suppression conferred by these mutations is
not caused by defects in protein levels or in the Mph1–Smc5
interaction but rather by defects in the Mph1 helicase function.
The results concerning rad51� and mph1 helicase mutations
suggest that a pro-recombinogenic role of Mph1 is toxic in cells
with defective Smc5/6 complexes.

Absence of Mph1 or Its Helicase Function Suppresses the Accumulation
of Recombination Intermediates in smc6 and mms21 Mutants. To
understand the molecular basis of the suppression conferred
by mph1� and mph1 helicase mutations, we performed 2D gel
analyses to examine the levels of recombination intermediates
produced during impaired replication. Cells were synchro-
nized in G2 phase and released into the cell cycle in the
presence of sublethal concentrations of MMS. DNA from WT
cells and relevant mutants was extracted at different time
points and examined in 2D gels using a probe for the early
firing replication origin ARS305 (Fig. 4A). It has been shown
that smc6–56 and mms21–11 cells, but not WT cells, accumu-
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late recombination intermediates at this DNA region and that
rad51� suppresses these defects (11, 12). We confirmed these
observations and found that smc6-P4 cells also accumulated
X-shaped molecules for a prolonged period, whereas mph1�
and mph1-Q603D behaved like WT cells (Fig. 4 A and B).
Importantly, we found that both mph1� and mph1-Q603D
greatly reduced the recombination intermediates detected in

smc6–56, smc6-P4, and mms21–11 cells (Figs. 4 A and B, and
S2C). These results strongly suggest that the helicase activity
of Mph1 is largely responsible for the accumulation of X-
shaped recombination structures in smc6 and mms21 mutant
cells during impaired replication. This observation provides a
likely explanation for the rescue of smc6 and mms21 cells’
sensitivity to MMS by mph1 mutations.
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The Genetic Interactions of Mph1 and the Smc5/6 Complex with the
DNA Helicases Sgs1 and Srs2. Several defects of smc6 and mms21
mutants are reminiscent of cells lacking the DNA helicase Sgs1.
In particular, like smc6 and mms21 mutants, sgs1� cells accu-
mulate recombination intermediates when cells replicate in the
presence of MMS, with rad51� suppressing this defect (14). To
understand whether mph1�, like rad51�, serves as a general
suppressor for the accumulation of recombination structures, we
examined its effect in sgs1� cells. We found that under the
experimental conditions described above, the recombination
intermediates in sgs1� were largely unchanged for a prolonged
period when MPH1 was deleted (Fig. 5A). In addition, mph1�
did not suppress the sensitivity of sgs1� cells to MMS but instead
exacerbated it (Fig. 5B). Both observations are in contrast to the
suppression conferred by mph1� in smc6 and mms21 mutants,
suggesting different roles of Sgs1 and the Smc5/6 complex in
preventing the accumulation of recombination intermediates.
Consistent with this notion, sgs1� and mms21–11 are synthetic
sick, and this defect is suppressed by the removal of Rad51
(Fig. 5C).

Another DNA helicase that plays a role in the suppression of
recombinational events is Srs2. A shared function of Srs2 and
Mph1 is preventing crossover events during mitotic recombina-
tion (31–33). However, we found that, unlike mph1�, srs2�
increased the sensitivity of mms21–11 cells to MMS (Fig. 5D). In
addition, srs2� and mph1� were synergistic for sensitivity to
MMS, suggesting that they perform different roles in cellular
resistance to MMS (Fig. 5D). Taken together, these genetic data
indicate that the roles of the Smc5/6 complex in recombinational
repair are at least partly different from those of Sgs1. Further-
more, Mph1 has functions distinct from the other two helicases,
Sgs1 and Srs2, with regard to cell survival in MMS.

Discussion
Several lines of genetic evidence have indicated the involvement of
the Smc5/6 complex in recombinational repair, but the mechanism
underlying this function has been unclear. In this study, we have
revealed an interaction between the Smc5/6 complex and the DNA
helicase Mph1. We show that Mph1 is not sumoylated, although the
Smc5/6 complex contains a SUMO ligase. Because mph1� allevi-
ates several defects in smc6 and mms21 mutants, and MPH1

overexpression exacerbates some of these defects, Mph1 appears to
be toxic in these cells. This toxicity is caused by a pro-
recombinogenic function of Mph1, because eliminating recombi-
nation by rad51� or mutating key residues of Mph1 helicase motifs,
required for recombination but not for other functions of Mph1,
phenocopied mph1� in the suppression of smc6 and mms21 mu-
tants. We further show that mph1� and its helicase mutations also
reduced the levels of X-shaped recombination structures in smc6
and mms21 mutant cells. Collectively, these results suggest that the
helicase activity of Mph1 leads to accumulation of recombination
intermediates that is detrimental in cells containing defective
Smc5/6 complexes.

Our genetic and physical evidence, when combined with the
known biochemical activities of Mph1 and its orthologs, supports
two models for the function of the Smc5/6 complex in recom-
binational repair (Fig. 5E). The first model proposes that the
Smc5/6 complex binds Mph1 and regulates its action as a
pro-recombinogenic factor. Mph1 orthologs can catalyze repli-
cation fork regression/migration (22–24). It is thus possible that
the Smc5/6 complex modulates Mph1 to prevent fork regression
or channels the regressed forks to direct restart instead of
recombination. This action may prevent the formation of re-
combination intermediates and permit the use of safer pathways
for rescuing damaged forks. The second model suggests that the
Smc5/6 complex facilitates the resolution of the recombination
structures generated by Mph1. Because Mph1 orthologs exhibit
branch migration activities, it is formally possible that Mph1 can
promote the formation of DNA joint molecules that need to be
processed in an Smc5/6 complex-dependent manner. This rela-
tionship would be somewhat similar to that of Sgs1 and Top3.
However, because its subunits do not contain sequences char-
acteristic of topoisomerases, helicases, or nucleases, the Smc5/6
complex would play a structural role and/or recruit and assist
additional enzymes. The first model has more experimental
support at this stage. The Mph1 ortholog Fml1 has recently been
shown to promote recombination at stalled replication forks in
vivo, whereas it is unclear whether a potential role for Mph1 in
branch migration could lead to specific types of joint molecules
in cells. In fact, Mph1 was recently shown to dissociate D-loop
structures and to disfavor joint molecule formation in mitotic
recombination (21). Future work will be required to address the
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biochemical activities of Mph1 and the effect of the Smc5/6
complex on such activities and on other aspects of Mph1
functions.

In summary, the results presented here provide important
insights into the role of the Smc5/6 complex in the Mph1-
dependent recombination pathway. Because cells can live with-
out the Smc5/6 complex when MPH1 is deleted, this role is
important for normal growth. As defects in sgs1� cells are not
suppressed by mph1�, Sgs1 probably has limited roles in this
pathway. rad51� suppression of the synthetic interaction of sgs1�
and mms21–11 also supports the notion that Sgs1 and the Smc5/6
complex have different roles in recombination. However, the
Smc5/6 complex may work with proteins other than Sgs1 in the
Mph1 pathway, because mph1� was recently shown to suppress
the accumulation of X-shaped molecules in cells lacking Esc2, a
protein containing SUMO-like domains (34). Since the Smc5/6
complex, Mph1, and Esc2 are conserved in humans, it will be
interesting to examine whether a similar recombination subpath-
way exists in human cells. In this context, it is noteworthy that a
mutation in Mms21 leads to sensitivity to inter-strand cross-
linking agents (35), a hallmark of Fanconi anemia cells. Because
improper recombination underlies the pathology of Fanconi
anemia and several other human diseases, an in-depth investi-
gation of the mechanisms involved is likely to contribute to the

understanding and the development of potential treatments for
these conditions.

Materials and Methods
Yeast Strains, Plasmids, Primers and Genetic Manipulations. Yeast strains and
plasmids are listed in Table S2. Primer sequences are available upon request.
We carried out 2H screens and pair-wise testing as described (6). Standard
yeast protocols were used for strain construction, growth, and medium prep-
aration. Spot assay plates were incubated at 30 °C and photographed after
two days, unless otherwise indicated.

Other Procedures. For live-cell imaging, cells were processed for microscopy as
described (29), except for the exposure times used for fusion proteins: CFP-
Pol30, 0.3 s; Mph1-YFP, 3 s; and Rad52-RFP, 0.5 s. Spot assays for detecting
sensitivity to damage and protein analyses were carried out as described (1).
The primary antibodies used were anti-Myc (9E10), anti-Flag (Sigma), anti-GFP
(Roche), and anti-SUMO (1). Chromatid separation assays (36), 2D gel analyses
(11), and an in vitro protein pull-down assay (6) were performed as described.
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