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The essential and evolutionarily conserved Smc5-Smc6
complex (Smc5/6) is critical for the maintenance of genome
stability. Partial loss of Smc5/6 function yields several defects
in DNA repair, which are rescued by inactivation of the ho-
mologous recombination (HR) machinery. Thus HR is thought
to be toxic to cells with defective Smc5/6. Recent work has
highlighted a role for Smc5/6 and the Sgs1 DNA helicase in
preventing the accumulation of unresolved HR intermediates.
Here we investigate how deletion ofMPH1, encoding the or-
thologue of the human FANCMDNA helicase, rescues the
DNA damage sensitivity of smc5/6 but not sgs1� mutants. We
find thatMPH1 deletion diminishes accumulation of HR inter-
mediates within both smc5/6 and sgs1� cells, suggesting that
MPH1 deletion is sufficient to decrease the use of template
switch recombination (TSR) to bypass DNA lesions. We fur-
ther explain how avoidance of TSR is nonetheless insufficient
to rescue defects in sgs1� mutants, by demonstrating a re-
quirement for Sgs1, along with the post-replicative repair
(PRR) and HR machinery, in a pathway that operates in
mph1� mutants. In addition, we map the region of Mph1 that
binds Smc5, and describe a novel allele ofMPH1 encoding a
protein unable to bind Smc5 (mph1-�60). Remarkably,mph1-
�60 supports normal growth and responses to DNA damaging
agents, indicating that Smc5/6 does not simply restrain the
recombinogenic activity of Mph1 via direct binding. These
data as a whole highlight a role for Smc5/6 and Sgs1 in the res-
olution of Mph1-dependent HR intermediates.

The Smc5/6 complex is one of three structural mainte-
nance of chromosome (SMC)2 complexes within eukaryotic
cells, the two others being the Smc1/3 (cohesin) and Smc2/4
(condensin) complexes (1–3). Cohesin, along with playing
transcriptional regulatory roles, serves to maintain cohesion
between sister chromatids during DNA replication, ensuring

their proper mitotic segregation and also facilitating HR-
based repair of DNA double strand breaks. Condensin pro-
motes chromosome compaction, enabling proper chromatid
segregation. Despite a detailed understanding of cohesion and
condensin, the essential biochemical role(s) played by the
Smc5/6 complex in genome integrity remains relatively un-
clear (4).
The Smc5/6 complex is well conserved among higher eu-

karyotes and contains six non-SMC subunits including the
SUMO E3 ligase, Mms21 (5, 6). Cells containing hypomor-
phic alleles of Smc5/6 complex members, from here on re-
ferred to as smc5/6mutants, exhibit defects in DNA metabo-
lism. Similar deficiencies in DNA repair as those in smc5/6
mutants are also observed in cells globally deficient for pro-
tein sumoylation (the conjugation of the small protein modi-
fier SUMO to target proteins) or selectively defective for
Mms21 SUMO ligase activity, such as the Saccharomyces cer-
evisiae mms21-sp allele (C200S, H202A).
Cells with hypomorphic alleles of Smc5/6 complex mem-

bers are sensitive to a variety of genotoxic stressors such as
the DNA alkylating agent methyl methanesulfonate (MMS)
and the ribonucleotide reductase inhibitor hydroxyurea (HU)
(7, 8). Seminal work within yeast characterizing the role of
Smc5/6 during DNA repair determined that the complex
functions within an HR-dependent repair pathway, because
mutations disabling HR-based genome repair after UV or
�-irradiation are epistatic to Smc5/6 deficiency (9). However,
subsequent analysis has revealed that, depending on the geno-
toxic stressor, inactivation of HR can actually alleviate smc5/6
mutant phenotypes. These findings suggest the existence of
different subpathways of HR, some of which are detrimental
to the cell when the Smc5/6 complex is not fully functional
(10–13). These genetic findings, together with physical obser-
vations of accumulated recombination intermediates within
smc5/6mutants, have led to a model implicating the Smc5/6
complex in the resolution of a particular HR-mediated sister
chromatid linkage termed a Rec-X. In the absence of a prop-
erly functioning Smc5/6 complex, these HR intermediates are
thought to form a physical linkage between chromatids, pre-
venting their separation and promoting lethal nondisjunction
events (10, 14–19). Previous work by several groups has
found the accumulation of biochemically similar Rec-X inter-
mediates within cells defective for the DNA helicase Sgs1 (15,
16). These data have led us and others to suggest cooperativ-
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ity between the Smc5/6 and Sgs1 complexes in the resolution
of HR-generated Rec-X intermediates (14–16).
During the course of our work characterizing a novel role

for the DNA helicase Mph1 in promoting Rec-X formation, a
report emerged demonstrating a role for Mph1 in promoting
a detrimental form of homologous recombination-based re-
pair within cells defective for the Smc5/6 complex but not
cells mutant for the DNA helicase Sgs1 (17). Mph1 is the or-
thologue of human FANCM, a component of the Fanconi
Anemia protein complex, which is critical for repair of inter-
strand DNA crosslinks (20). This report uncovered a direct
physical interaction between the Smc5/6 complex and the
Mph1 helicase, and documented robust rescue of DNA dam-
age sensitivity upon deletion of Mph1 from smc5/6 but not
sgs1� mutant cells. Two models explaining these results were
proposed, one suggesting that the Smc5/6 complex serves as a
negative regulator of Mph1 recombinogenic activity and the
other proposing the existence of two distinct DNA repair
pathways with their own unique recombination intermediates
that are dependent upon either the Smc5/6 or Sgs1 protein
complexes for their resolution.
Similar to this report, we had found that removal of Mph1

within smc5/6 but not sgs1� mutant cells restored resistance
to the DNA damaging agents MMS and HU. We further in-
vestigated whether the difference in rescue between smc5/6
and sgs1� mutants might be due to the Smc5/6 complex di-
rectly binding the Mph1 helicase to prevent Mph1-mediated
aberrant recombinogenic activity, which would otherwise
promote DNA damage sensitivity. To test this, we generated a
novel allele of Mph1 (mph1-�60) that is unable to bind Smc5.
Themph1-�60 allele behaved similarly to wild-type, arguing
against direct Smc5 repression of Mph1 activity. We next
sought to determine if Mph1 was involved only in the genera-
tion of recombination intermediates within smc5/6 but not
sgs1� mutants as recently reported (17). In contrast to this
report, but consistent with a different report (46), we demon-
strate a clear role for the DNA helicase Mph1 in promoting
the formation of recombination intermediates within both
smc5/6 and sgs1� mutants. Finally, to explain the lack of res-
cue within sgs1� cells, we conducted a series of epistasis ex-
periments and uncovered an alternative repair pathway uti-
lized by cells uponMPH1 deletion. This alternative repair
pathway is dependent upon the post-replicative repair and
HR machinery, including the DNA helicase Sgs1, thus ex-
plaining why sgs1� mutants are not rescued from DNA dam-
age sensitivity uponMPH1 deletion. Our findings provide
greater insight into DNA repair pathways that are critically
dependent upon the Smc5/6 complex along with the interplay
between this complex and the DNA helicases Mph1 and Sgs1.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—Complete strain and plasmid
details are described in supplemental Table S2. The BY4741
yeast background was utilized for the majority of experi-
ments. Gateway-compatible pAG CEN/ARS destination vec-
tors were utilized for complementation experiments (22).
mph1-DE andmph1-�60 were generated through site-di-
rected mutagenesis or sewing PCR of the corresponding wild-

type entry clones and verified by sequencing. SGS1 alleles
were PCR amplified from preexisting vectors and Gateway
recombination was utilized to generate the corresponding
entry vectors. Yeast-two-hybrid experiments were performed
utilizing the PJ694 strain and gateway compatible activation
and DNA binding domain vectors.
Analysis of Recombination Intermediates (X-structures)—

Preparation of DNA and probing for ARS305 were performed
as described (23). Nocodazole at a concentration of 10 �g/ml
was added to cultures for 2.5 h to synchronize heteroge-
neously cycling populations. Cells were then released into
liquid YPAD media containing 0.016% or 0.033% MMS and
incubated at 30 °C. We note that the majority of our experi-
ments are performed using 0.016% MMS during release after
synchronization. This concentration was chosen because it
represents a level of MMS closer to that at which the majority
of spot assays were performed but was also of a sufficient level
to readily observe X-structures. All comparisons were per-
formed with samples grown and prepared in parallel to re-
move interexperimental variability.
Spot Assays—Yeast were grown overnight at 23 °C in liquid

YPAD or, when required, selective media to assure plasmid
maintenance. Cells were then pelleted and resuspended into
1� PBS and counted. 105 cells, and serial 10-fold dilutions,
were spotted onto YPAD plates or YPAD plates containing
MMS or HU, as indicated. Plates were incubated at 30 °C and
photographed 2–3 days later.

RESULTS

MPH1 Deletion Rescues the DNA Damage Sensitivity of
smc5/6 Mutants—Using Synthetic Genetic Array analysis
(24), we screened 26 deletion mutations in loci encoding fac-
tors important in DNA metabolism for their ability to sup-
press the temperature sensitive phenotype of smc6-9mutants
(supplemental Table S1) (13). Only deletion ofMPH1, which
encodes the Mph1 DNA helicase, suppressed the temperature
sensitivity of smc6-9mutants (data not shown). Given its abil-
ity to suppress the temperature sensitivity of smc6-9mutants,
we asked if deletion ofMPH1 could also rescue the DNA
damage sensitivity of cells defective for Smc5/6 function.
mms21-sp and smc6-9mutants, (henceforth both will be re-
ferred to as smc5/6mutants) deleted forMPH1, exhibited an
increased resistance to the DNA-damaging agents, MMS and
HU, as compared with the singlemms21-sp and smc6-9 con-
trols (Fig. 1A). Though this is consistent with our hypothesis
thatMPH1 deletion can rescue phenotypes caused by loss of
Smc5/6 function, it is somewhat surprising given thatMPH1
deletion in wild-type cells leads to mild MMS sensitivity (Fig.
1A) (25). As previously noted, a similar rescue uponMPH1
deletion was reported while our studies were under review
(17).
To better understand how loss ofMPH1 leads to the ob-

served rescue in smc5/6mutants, we sought to determine
whether the helicase activity of Mph1 was essential for pro-
moting DNA damage sensitivity or if Mph1 has helicase-inde-
pendent activities similar to its mammalian counterpart,
FANCM (26, 27). To create a helicase-impaired allele of
MPH1, two residues predicted to be essential for the hydroly-
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sis of ATP were mutated within the conserved helicase motif
II (D209N, E210Q), generating themph1-DE allele (28).
mms21-sp mph1� and smc6-9 mph1� cells were then trans-
formed with single copy plasmids containing either wild-type
MPH1, vector or themph1-DE allele. In contrast to wild-type
Mph1, the predicted helicase-dead form of Mph1 did not re-
store the DNA damage sensitivity of smc5/6 mph1� mutants
even though it did show a similar level of protein expression
(Fig. 1B and supplemental Fig. S1).

Given the functional cooperativity between Smc5/6 and
Smc1/3 complexes during DNA repair, and the overlap in
their genomic binding sites (29–32), we asked ifMPH1might
also play a role in the DNA damage-sensitivity of smc1/3mu-
tants. Expression ofMPH1 in a smc1/3 mph1� double mutant
had no effect on HU-sensitivity compared with the vector
control, and rather than sensitizing smc1/3mutants to MMS,
Mph1 increased their resistance, contrary to the result ob-
served in smc5/6mutants (Fig. 1C). These data demonstrate
that the rescue seen uponMPH1 deletion is specific to the
Smc5/6 complex and further suggest that the molecular
mechanisms governing the DNA damage sensitivity of smc5/6
mutants are distinct from those of smc1/3mutants.
Removal of Mph1 Causes a Decrease in the Levels of Unre-

solved Recombination Intermediates within smc5/6Mutants—
Several laboratories, including our own, have shown that mu-
tants within the Smc5/6 complex accumulate abundant levels
of recombination-dependent sister chromatid linkages when
replicating through damaged DNA templates (10, 14–19).
Efficient resolution of these linkages requires the activity of
the Smc5/6 complex, as well as the Sgs1 helicase complex
consisting of the proteins Sgs1, Top3, and Rmi1 (hereon re-

ferred to as the Sgs1 complex) (21, 33). In the absence of a
properly functioning Smc5/6 or Sgs1 complex, unresolved
recombination intermediates accumulate and can be visual-
ized as a linear “X-spike” when analyzed by two-dimensional
gel electrophoresis (2DGE) followed by Southern blotting.
These observed recombination-dependent linkages are
thought to prevent the proper segregation of sister chroma-
tids at mitosis and promote lethal nondisjunction events. Be-
cause deletion ofMPH1 rescues the DNA damage sensitivity
of smc5/6mutants (which accumulate unresolved recombina-
tion intermediates), we hypothesized that diminished recom-
bination-dependent chromatid linkage underlies the observed
rescue. To test this,mms21-sp cells with and withoutMPH1
were synchronized with nocodazole and released into media
containing 0.016% MMS. Samples were then taken each hour
for a total of 4 hours and analyzed by 2DGE followed by
Southern blotting with probes specific to the ARS305 region.
As predicted, a robust decrease in X-shaped molecules was
seen inmms21-sp mph1� cells as compared withmms21-sp
controls. Similar results were also observed when comparing
smc6-9 mph1� mutants to smc6-9 controls (Fig. 2 and supple-
mental Fig. S2).
Sgs1 Mutants Are Not Rescued by MPH1 Deletion—Because

deletion ofMPH1 led to increased DNA damage resistance
and decreased unresolved recombination intermediates
within smc5/6mutants, we asked if the DNA damage sensitiv-
ity of sgs1� cells, which also show a similar accumulation of
unresolved recombination intermediates, would be rescued by
removal ofMPH1. To our surprise but in agreement with re-
cent reports (17, 19), there was little difference in the DNA
damage-sensitivity between sgs1� and sgs1� mph1� mutants
(a slight unexplained increase in growth in HU was seen, but
it is important to point out that the level of rescue is clearly

FIGURE 1. Deletion of MPH1 rescues the DNA damage-sensitivity of
smc5/6 mutants. A, spot assay comparing the relative growth rates of vari-
ous single and double mutants between mph1� and mms21-sp or smc6 –9
grown on YPAD alone or with the indicated genotoxins. B, Mph1 helicase-
dependent functions are necessary for sensitizing smc5/6 mutants to DNA-
damaging agents. mms21-sp mph1� and smc6 –9 mph1� cells were trans-
formed with either wild-type MPH1, empty vector, or mph1-DE (helicase
dead) containing plasmids and spotted to the indicated media. C, deletion
of MPH1 confers no DNA damage resistance to cells with mutant forms of
Smc1/3 complex members. Hypomorphic alleles encoding the Smc1/3
complex members Smc1 and Mcd1 were used. The indicated double mu-
tants were transformed with either the vector control or MPH1-containing
plasmid, and spotted to the indicated media.

FIGURE 2. Deletion of MPH1 reduces accumulation of recombination
intermediates in mms21-sp mutants. A, representative time course of
two-dimensional gel electrophoresis (2DGE) followed by Southern blotting
examining replication intermediates near ARS305 in mms21-sp and
mms21-sp mph1� mutants at each time point after release into 0.016%
MMS. B, quantification of the ratio of X-shaped molecules to structures run-
ning within the replication arc.
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much less than observed uponMPH1 deletion in smc5/6mu-
tants) (supplemental Fig. S3). We tested three possible inter-
pretations for the failure ofMPH1 deletion to rescue sgs1�
mutants despite its ability to rescue smc5/6mutants. 1) The
Smc5/6 complex functions to restrain aberrant Mph1 recom-
binogenic activity (which would otherwise promote DNA
damage sensitivity) via direct binding of Smc5 to Mph1 (17),
2) The Smc5/6 and Sgs1 complexes function within two dif-
ferent DNA repair pathways (i.e. the observed recombination
intermediates seen within smc5/6 and sgs1� mutant are de-
rived from different DNA repair pathways), 3) the DNA repair
pathway employed in cells lackingMPH1 is dependent upon
Sgs1 for its function.
The Interaction between Smc5 and Mph1 Is Not Essential

for Efficient DNA Repair—Recent work identified a physical
interaction between Smc5 and Mph1 and proposed the inter-
esting possibility that Smc5 directly regulates Mph1 helicase
activity (17). To test if the interaction between Smc5 and
Mph1 functions to prevent aberrant Mph1 activity, we
mapped the interaction using a series ofMPH1 deletion mu-
tants. We found a stretch of amino acids from 751–810
within Mph1 that were sufficient to mediate binding to Smc5
(supplemental Fig. S4 and data not shown). This stretch is
evolutionarily conserved as similar residues are also present in
the Mph1 orthologues of Homo sapiens, Danio rerio, and Xe-
nopus laevis (supplemental Fig. S5). We next asked if these
same amino acids were not only sufficient but also necessary
for the interaction between Smc5 and Mph1. An allele of
MPH1, mph1-�60, lacking amino acids 751–810 was tested
within a yeast-two-hybrid system and found to be defective in
binding Smc5 (Fig. 3A). To verify our two-hybrid results we
next generated C-terminally tagged alleles of Mph1 and per-
formed immunoprecipitation experiments. In agreement with
our two-hybrid results, full-length Mph1, but not the Mph1-
�60 protein, co-immunoprecipitated with Smc5 (Fig. 3B).
Having established that the Mph1-�60 protein could not bind
Smc5 and was expressed at similar levels as wild type Mph1
(supplemental Fig. S6), we tested its effect on in vivo growth
and DNA repair by integrating it into the endogenous
genomic locus.mph1-�60mutants grew normally on media
with or without genotoxic agents. Similar results were ob-
tained within the smc5/6mutant background, with cells ex-
pressingmph1-�60 behaving similarly to cells expressing
wild-typeMPH1 (Fig. 3C). We interpret these data to suggest
that the interaction between Smc5 and Mph1 is not necessary
for Mph1 to promote its DNA repair roles nor is the interac-
tion essential to prevent aberrant Mph1 recombinogenic
activity.
Sgs1 Is Required for the Rescue Observed upon Deletion of

MPH1—Previous models have suggested that Smc5/6 and
Sgs1 might function within different DNA repair pathways,
thus explaining the lack of rescue uponMPH1 deletion in sgs1
mutant cells (17). If this were indeed the case, one would ex-
pect that smc5/6 sgs1� double mutants would benefit from
deletion ofMPH1, as it should rescue the smc5/6 defect
within the double mutant. To test this possibility, we com-
pared the DNA damage sensitivities ofmms21-sp sgs1� and
smc6–9 sgs1� mutants with or withoutMPH1 (Fig. 4A and

supplemental Fig. S7). Remarkably,MPH1 deletion did not
promote DNA damage resistance in smc5/6mutants lacking
Sgs1, inconsistent with independent functions of Smc5/6 and
Sgs1, but instead suggesting that theMPH1 deletion-medi-
ated rescue of smc5/6mutants is dependent upon functional
Sgs1. We next asked if the helicase or checkpoint activities of

FIGURE 3. The interaction between Smc5 and Mph1 is dispensable with
regard to MMS and HU sensitivity. A, two-hybrid analysis comparing the
DBD alone or fused to the N terminus of Smc5 with regard to its ability to
interact with either AD alone or AD fused to full-length Mph1 or Mph1-�60
(lacking amino acids 751– 810). Control selects for the presence of both the
DBD and AD containing plasmids, -His media selects for the presence of an
interaction between the expressed DBD and AD containing proteins.
B, co-IP performed by immunoprecipitating Smc5-Myc and probing for the
presence of the C-terminal YFP tag on the various Mph1 proteins. C, spot
assays comparing the growth of MPH1, mph1�, or mph1-�60 cells in
SMC5/6 wild-type or smc5/6 mutant backgrounds on various media with or
without genotoxic agents. The MPH1 and mph1-�60 alleles are integrated
at the native MPH1 locus.

FIGURE 4. Sgs1 is essential for rescue of the DNA damage sensitivity
mediated by deletion of MPH1. A, Sgs1 is required for deletion of MPH1 to
rescue the DNA damage-sensitivity of smc5/6 mutants. Spot assay compar-
ing the growth rates of the various mutant strains. B, Sgs1 requires its heli-
case and S-phase checkpoint functions for full rescue of the DNA damage
sensitivity within smc5/6 mph1� cells. mms21-sp mph1� sgs1�, and
smc6 –9 mph1� sgs1� cells were transformed with either empty vector,
wild-type SGS1, sgs1-hd (helicase dead allele of SGS1), or sgs1-�C202 (al-
lele of SGS1 lacking the C-terminal 202 amino-acids and defective in in-
tra-S-phase checkpoint activity)-containing plasmids and spotted to the
indicated media.
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Sgs1 were important in this setting (34, 35). For rescue, Sgs1
required its helicase activity and was only partially dependent
upon its intra-S-phase checkpoint function (Fig. 4B). We
found that the wild type and mutant Sgs1 proteins were ex-
pressed at similar levels, as previously reported (36, 37) (sup-
plemental Fig. S8).
The requirement for Sgs1 helicase activity for fullmph1�-

mediated rescue of smc5/6 deficiency was of particular inter-
est given that Sgs1, presumably through its helicase activity, is
needed to remove the recombination intermediates that form
during replication through damaged DNA templates (33).
Thus the lack of rescue observed within smc5/6 sgs1� cells
might have been due to an inability ofMPH1 deletion to
lower levels of unresolved recombination intermediates. Con-
trary to this prediction,MPH1 deletion reduced levels of un-
resolved recombination intermediates inmms21-sp sgs1�
mutants (Fig. 5). The effect ofMPH1 deletion in sgs1� single
mutants was also examined and found to cause a marked de-
crease in the level of unresolved recombination intermediates
(supplemental Fig. S9). Based on these results we conclude
that Mph1 promotes the formation of recombination inter-
mediates that are dependent upon both Smc5/6 and Sgs1 for
their timely resolution. Furthermore, these data demonstrate
that the function of Sgs1 in the observedmph1�-mediated
rescue was not solely through its role in X-structure resolu-
tion since these structures were decreased in a similar fashion
inmms21-sp andmms21-sp sgs1� mutants uponMPH1 dele-
tion. Instead, our data suggest that Sgs1 may play a critical
role in an alternative DNA repair pathway that functions in
the absence of the Mph1 helicase.
AMph1-independent Repair Pathway Provides DNA Dam-

age Tolerance within smc5/6 Mutants—To better understand
the Sgs1-dependent alternative DNA repair pathway, which
we propose functions upon MPH1 deletion, we performed a
series of targeted epistasis experiments. Our analysis revealed

that deletion of MPH1 promoted DNA damage tolerance in
smc5/6mutants through a HR- and post-replicative repair
(PRR)-dependent alternative repair pathway, because it re-
quired RAD51 and RAD52, as well as RAD5 and RAD18, re-
spectively (Fig. 6, A and B and supplemental Fig. S10) (38, 39).
Notably, our analysis also revealed that rescue of both MMS
and HU sensitivity by removal ofMPH1 was independent of
various checkpoint proteins as well as factors required for nucle-
otide excision repair, non-homologous end joining, and single
strand annealing repair pathways (supplemental Fig. S11).

DISCUSSION

Smc5/6 mutants show a dramatic growth defect in the
presence of DNA damaging agents; this growth is strongly
rescued when the DNA helicase, Mph1, is no longer ex-
pressed. Data from our laboratory as well as other groups (40,
41) indicate that cells defective in HR-dependent repair suffer
no further increase in DNA damage-sensitivity whenMPH1 is
also deleted, arguing that Mph1 mediates DNA damage toler-
ance through a HR-dependent pathway. Biochemical analyses
of Mph1 homologues from P. furiosus, S. pombe, and H. sapi-
ens have demonstrated a robust ability for Mph1 family mem-
bers to act on DNA substrates which typify stalled replication
forks (42–44).MPH1 deletion reduces the levels of recombi-
nation intermediates in mutants unable to resolve these struc-
tures (Figs. 2 and 5 and supplemental Figs. S3 and S10), sug-
gesting that Mph1 acts early in the repair process, likely at the
stalled replication fork, to influence the chosen DNA repair
pathway (supplemental Fig. S12A). Furthermore, because the
rescue that occurs whenMPH1 is deleted from smc5/6mu-
tants is dependent upon PRR, we speculate that the PRR ma-
chinery offers an alternative repair pathway for the stalled
replication fork (supplemental Fig. S12, A and D). Once en-
gaged, the PRR machinery reverses the replication fork into
a “chicken-foot” intermediate, allowing for the continua-
tion of DNA synthesis using the complementary newly syn-
thesized sister and thus bypassing the stall-inducing lesion

FIGURE 5. Sgs1 is not required for the decreased levels of recombina-
tion intermediates seen upon MPH1 deletion. A, representative time
course of 2DGE Southern blots examining replication intermediates near
ARS305 in mms21-sp sgs1� and mms21-sp sgs1� mph1� mutants at the indi-
cated times after release into 0.016% MMS. B, quantification of the ratio of
X-shaped molecules to structures running within the replication arc.

FIGURE 6. MPH1 deletion rescues the DNA damage-sensitivity of smc5/6
mutants through a HR- and PRR-dependent pathway. A, spot assays
comparing the growth rate of strains mutant for members of the Smc5/6
complex along with deletions in MPH1 and RAD52. B, spot assays comparing
the growth of smc6 –9 mutants with and without MPH1 and members of the
PRR machinery.
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(supplemental Fig. S12D). We propose that the resumption
of DNA replication off of parental templates then occurs
via a double Holliday junction (HJ) intermediate, which
would require HR proteins for its biogenesis and would
also employ the Sgs1 helicase for its seamless resolution
(supplemental Fig. S12, E, F, and C) (45). This alternative re-
pair pathway, occurring in the absence of Mph1 in smc5/6
mutants, would explain our observations thatmph1�-medi-
ated rescue requires the PRR and HR machinery, including
the Sgs1 helicase. Interestingly a report characterizing the S.
pombeMph1 orthologue, Fml1, described rescue of HU sensi-
tivity upon deletion of Fml1 from both smc6 and rqh1 (Sgs1
orthologue) mutants (44). The authors proposed that Fml1
initiates replication fork reversal that in smc6 and rqh1mu-
tants would be deleterious due to defect(s) in fork stabiliza-
tion or downstream recombination intermediate resolution.
We speculate that their findings together with our own sug-
gest the ability of rqh1mutants to benefit from fml1 deletion
may arise from an additional mechanism in S. pombe that
compensates for loss of Rqh1 function within the equivalent
of our proposed Mph1/Fml1-independent repair pathway.
Further work will be necessary to understand the basis for this
difference in rescue between yeast species.
Our results demonstrating that the observed rescue upon

MPH1 deletion is dependent on the HR machinery is intrigu-
ing given previous reports suggesting that the utilization of
HR repair within smc5/6mutants can be a deleterious event
(10–13). Our data suggest that HR, as a whole, does not cause
the DNA damage sensitivity of Smc5/6 mutants, but rather, a
sub-pathway of HR-mediated repair under the control of the
Mph1 helicase is detrimental when undertaken by cells defec-
tive for Smc5/6 function.
Similar to our findings, two previous reports examining

sgs1� cells demonstrated no DNA damage resistance when
MPH1 was deleted. In addition, both studies used 2DGE to
examine the levels of unresolved X-shaped recombination
intermediates in sgs1� versus sgs1� mph1� mutants, and both
concluded that an Mph1-independent pathway of X-shaped
intermediate generation explained the lack of rescue when
MPH1 was deleted in sgs1� mutants (17, 46). In contrast to
these studies, we observed a �50% decrease in X-shaped mol-
ecules upon removal of Mph1 from sgs1� cells. Because only
one of the two previous studies (46) provided quantification
of their 2D gel analysis (which, furthermore, involved only a
single time point), where they note a �30% decrease in X-
shaped structures upon deletion ofMPH1 from sgs1� cells, it
is difficult to determine if differences truly exist between our
data and previous results.
It has been suggested that the observed X-shaped recombi-

nation intermediates that accumulate within smc5/6 and
sgs1� mutants arise from independent DNA repair pathways.
We instead propose that the X-shaped molecules found
within smc5/6 and sgs1� mutants are derived from a single
DNA repair pathway (template switch recombination), which
is initiated by Mph1 and depends upon the Smc5/6 and Sgs1
complexes for its completion (supplemental Fig. S12, A–C).
Several observations support this hypothesis 1) Mph1 pro-
motes the formation of recombination intermediates within

smc5/6 and sgs1� mutants, 2) the X-shaped molecules found
within smc5/6 and sgs1� mutants have identical biochemical
characteristics (15, 16), and 3) the level of unresolved recom-
bination intermediates are not increased in sgs1� mms21-sp
mutants as compared with sgs1� cells alone (14).

A recent report looking at stalled replication forks revealed
that the Smc5/6 complex plays an important role in the re-
cruitment of Rad52 to stalled replication forks (47). This re-
cruitment was independent of Rad52 focus formation and was
attributed to a role for Rad52 in maintaining the stalled fork
in a recombination-competent position. While it is possible
that the requirement we see for Rad52 inmph1�-mediated
rescue can be partly attributed to its role in replication fork
stability, we also find that the rescue depends upon Rad51
(which is not recruited to stably stalled forks), suggesting that
Rad52 most likely has other roles in the observed rescue aside
from stabilizing replication forks (supplemental Fig. S10).
In this study, we identify an important functional link be-

tween the Smc5/6 complex and the Mph1 and Sgs1 helicases.
These results expand upon previous studies showing in-
creased DNA damage sensitivity and accumulation of unre-
solved recombination intermediates within smc5/6mutants.
Our results suggest that one of the critical mechanisms medi-
ating DNA damage sensitivity within smc5/6mutants is the
utilization of a HR-based DNA repair pathway that is pro-
moted by Mph1.
Additional work is needed to know if our new model for

how Mph1 initiates template switch recombination is con-
served. The human Mph1 orthologue, FANCM, functions in
conjunction with a multi-subunit Fanconi Anemia (FA) core
complex. Defective proteins within this complex cause a vari-
ety of congenital abnormalities along with bone marrow fail-
ure and cancer predisposition (48). Interestingly, unlike other
mutations within FA core complex members only a single
patient has been found with biallelic mutations within
FANCM (50). Surprisingly, this same patient also contained
additional pathogenic mutations in each FANCA allele (26).
How combined FANCA and FANCMmutations interact is
not fully understood, but the rarity of observed FANCM pa-
tients suggests that deficiency within FANCMmay yield phe-
notypes distinct from those caused by deficiencies in other FA
complex members. Indeed, mice deleted for FANCM show
more pronounced elevation in levels of sister-chromatid ex-
changes, reduction of life-span and tumor free survival when
compared with mice mutant in other FA core complex mem-
bers (49). A role for FANCM in template switch recombina-
tion may be more important than the role of the broader
complex in crosslink repair, and explain these more severe
consequences of FANCM deficiency.
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