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FIG. 2. Mus81 and Cds1 associate in vivo. (A) Cells that expressed Mus81:
myc and Cds1:HA from genomic loci were treated (+) or not treated (—) with
HU. Immunoprecipitation with myc antibodies showed that Mus81:myc copre-
cipitated with Cds1:HA (WT) and Cds1 kinase dead (K.D.) but not with the Cds1
FHA mutant (FHA*). A Cdsl deletion strain (,) served as a control. The
bottom panel (total) is an immunoblot of Cds1:HA present in samples prior to
immunoprecipitation. Note that lower-mobility forms of Mus81:myc were de-
tected only in wild-type cells. (B) The 1-to-190 region of the Cds1 wild type (WT)
or the FHA mutant (FHA*) was expressed from the nmtl promoter as a GST
fusion protein (GST:Cds1'*’) in a Mus81:HA strain. GST:Cds1' proteins were
purified and detected with amido black or immunoblotted with antibodies to HA.
Mus81:HA coprecipitated with the wild-type but not with the mutant FHA
domain. (C) Mus81 is a phosphoprotein. A Mus81:13myc strain was treated with
HU (+) or not treated. (—) A Mus81:myc strain was immunoprecipitated and
treated with N phosphatase (+) or not treated, (—) either with (+) or without
(—) the phosphatase inhibitor vanadate.

tolerance response during S phase (26). The mus81 and cds!
mutations reproducibly enhanced UV sensitivity in a chkl
background (Fig. 3A). Inactivation of mus81™" did not increase
UV sensitivity in cds! chkl cells (Fig. 3A). The lack of synergy
between mus81 and cdsl mutations indicated that Mus81 and
Cdsl1 function in a related pathway. The enhanced UV sensi-
tivity of cdsl chkl cells relative to mus81 chkl cells indicated
that Mus81 is not the sole target of Cdsl. The mus8I rad13 and
mus81 uvel mutants were more UV sensitive than any single
mutant (Fig. 3B and C). Furthermore, the mus81 mutation
enhanced the UV sensitivity of radl3 uvel cells (Fig. 3D).
These data implicated Mus81 in DNA damage tolerance. The
mus81 mutation did not enhance the UV sensitivity in a cdsl
radl3 uvel background (Fig. 3E). As we observed in a chkl
background, the lack of synergy between mus81 and cdsI mu-
tations in a radl3 uvel background supported the conclusion
that Cds1 and Mus81 function in a similar pathway. The Mus81
tolerance function appears to be checkpoint dependent, be-
cause mus81 did not exacerbate the UV sensitivity of a check-
point-defective rad3 strain (Fig. 3F). Rad3 is required for Cds1
activity (8, 26).

Mus81 function was not restricted to UV tolerance. The
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mus81 mutant was sensitive to HU, although less sensitive than
cdsl cells (Fig. 4A). A large fraction of the HU-treated mus81
cells were unable to exclude the vital stain phloxine B (M. N.
Boddy and P. Russell, unpublished data), a result indicative of
a role for MusS81 in HU survival. HU treatment activated Cds1
in mus81 cells (Fig. 4B), a finding which suggested that Mus81
acts downstream of Cdsl. Thermosensitive alleles of DNA
polymerase o or 8, but not €, exhibited strong genetic inter-
actions with mus81 (Fig. 4C). A similar genetic interaction was
reported for cds! and DNA polymerase a mutations (6). No
interaction was observed between mus8I and cdcl0-129 or
cdc25-22, mutations that arrest cell cycle progression in G; or
G,, respectively.

Many recombination proteins that are essential for the re-
pair of double-strand breaks are also required for the repair of
lesions that arise from replication of UV-damaged DNA. In
fission yeast, the #ip51 mutation enhances the UV sensitivity of
radl3 or uvel cells (31). Moreover, we have confirmed that the
rhp51 mutation also enhances the UV sensitivity of a radl3
uvel double mutant which is unable to remove UV-induced
lesions (M. N. Boddy and P. Russell, unpublished data). To
evaluate if Mus81 and Rhp51 operate in the same pathway of
UV damage tolerance, we measured the UV survival rate of a
mus81 rhp51 double mutant. The mus81 mutation did not
enhance the UV sensitivity of rip51 cells (Fig. SA). The mus§1
single mutant exhibited intermediate sensitivity between that
of wild-type and rhp51 cells. This result suggests that Mus81
functions in an Rhp51-dependent mechanism of UV damage
tolerance.

UV radiation activates a Cdsl-dependent intra-S-phase
checkpoint that slows DNA synthesis (26, 34). Ionizing radia-
tion, which causes DNA strand breaks, either does not activate
this checkpoint or activates it very weakly (12, 34). We found
that mus81 cells were insensitive to ionizing radiation (Fig.
5B). This phenotype contrasted with the profound sensitivity of
rhp51 cells to ionizing radiation (Fig. 5B). These data suggest
that Mus81, a presumptive endonuclease, is specifically re-
quired to cleave a class of DNA structures that form at stalled
or collapsed replication forks. This activity is unnecessary for
the repair of DNA breaks generated by ionizing radiation.

Mus8l1 is essential for viability in the absence of Rqhl. The
RecQ family of DNA helicases includes Bloom’s syndrome
protein in humans and Rqhl in fission yeast. These proteins
are important for maintaining genome integrity. Fission yeast
rghl mutants have replication abnormalities that cause ele-
vated recombination and sensitivity to HU (31, 40). It has been
proposed that Rqh1 is also important for coping with stalled or
collapsed replication forks (10). We found that rqhl musSI
spores germinated but were inviable. These findings support
the notion that MusS81 is important for correcting abnormal
DNA structures that arise during replication. It is interesting
that rghl rhp51 double mutants are viable (31). These results
distinguish the functions of Mus81 and Rhp51 and suggest that
the proteins may function both in partially dependent path-
ways, as in the case of UV damage tolerance, and indepen-
dently, as indicated by their genetic interactions with rghl
mutations.

Role of Mus81 in mitotic and meiotic divisions. The mus81
deletion strain contained moderately elongated cells (Fig. 5C).
This phenotype was reminiscent of rhp51, rhp54, and rhp55
recombination mutant cells that appear to trigger checkpoint
arrest in the absence of extrinsic DNA-damaging agents (23,
29, 30). A mus8I rad3 culture had few elongated cells but
frequent “cut” cells, in which DNA was unequally segregated
to daughter cells, a phenotype that signals checkpoint failure
(Fig. 5C). Hence, the mus81 mutation triggers a Rad3-de-
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FIG. 3. Mus81 is important for tolerance of UV damage. (A) UV survival is impaired in a mus8I mutant. UV survival rates of wild-type, chkl, mus81, cdsl chkl,
mus81 chkl, and mus81 cdsl chkl cells were measured. (B) The mus8I mutation diminishes UV survival in a NER-defective rad13 strain. Wild-type, mus81, rad13, and
mus81 rad13 cells were tested for UV survival. (C) The mus81 mutation impairs UV survival in a UVER-defective uvel strain. Wild-type, mus81, uvel, and mus81 uvel
cells were tested for UV survival. (D) Mus81 contributes to UV survival in the absence of NER and UVER. mus81, uvel rad13, and mus81 uvel rad13 cells were assayed
for UV survival. (E) Mus81 appears to function in a Cdsl-dependent UV tolerance pathway. cds! uvel radl3, mus81 uvel radl3, and cdsl mus81 uvel radl3 cells were
assayed for UV survival. (F) Mus81 appears to function in a Rad3-dependent pathway for UV survival. Wild-type, mus81, rad3, and rad3 mus81 cells were assayed for
UV survival. All results shown for UV sensitivity assays are representative of two or more experiments.

pendent checkpoint delay of mitosis. It appears that Mus81, absence of DNA-damaging agents might explain why musS!
together with other recombinational repair enzymes, is impor- mutations trigger a Rad3-dependent checkpoint delay.

tant for the timely completion of DNA replication. Recombi- The role of Mus81 in meiosis was also investigated. In a
national repair of collapsed replication forks that occur in the mating of wild-type cells, approximately 80% of the resultant
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spores were viable (Fig. 5D). In contrast, approximately 0.1%
of the spores from a mus8! X mus8I conjugation were viable
(Fig. 5D). The effect of mus81 mutations on spore viability was
even more severe than that observed in an rhp51 X rhp51
mating, in which approximately 2.5% of the spores germinated
to produce colonies. The reason for the mus81 spore inviability
has not been investigated, but it might arise from difficulties in
either meiotic DNA replication or recombination.

DISCUSSION

Cdsl is best known and understood as a checkpoint kinase
that delays mitosis when DNA synthesis is inhibited by HU (8,
26, 28). However, the S-M checkpoint activity of Cdsl is argu-
ably not its most important function. This conclusion is based
on the fact that cds!I cells exhibit very low viability when incu-
bated in HU, even though mitosis is restrained by Chk1 (8, 26,
28). Thus, the recovery activity of Cdsl is centrally important
for survival under replicational stress, but it is poorly under-
stood. The function of Cdsl as a damage tolerance enzyme is
even more mysterious. We undertook a screen to identify novel
protein interactions involving Cds1, with the hope of ascertain-
ing how Cdsl promotes damage tolerance and recovery from
replicational stress. The central finding of this report is that
Cdsl interacts physically with Mus81, a novel damage toler-
ance protein.

Cdsl is important for DNA damage tolerance. DNA damage
tolerance refers to mechanisms that facilitate successful repli-
cation of damaged DNA (17). If inactivation of a gene dimin-
ishes the UV survival of cells that are unable to repair UV
lesions, then this gene can be considered to have importance in
DNA damage tolerance. Cds1 was hypothesized to be involved
in UV-induced DNA damage tolerance, but formal proof of
this point, as defined above, was lacking (31). Thus, at the
outset of these studies, it was essential to test whether cds/
mutations impair the UV survival of cells that cannot repair
UV lesions. An affirmative answer was obtained in epistasis
studies carried out with mutants defective for NER and
UVER. Hence, we have provided formal evidence that Cds1 is
important for DNA damage tolerance.

Using the same approach, we established that a functional
FHAI1 domain is required for the damage tolerance function of
Cdsl. This result provided the rationale for a yeast two-hybrid
screen carried out with FHAT1, which led to the identification
of a protein that is highly related to budding yeast Mus81. The
striking similarity to budding yeast Mus81 induced us to give
the same name to the fission yeast protein. We have no con-
vincing evidence that the two proteins are functionally analo-
gous, but the possibility seems quite likely. Mus81 mutation in
both yeasts results in sensitivity to UV but not ionizing radia-
tion (this study and reference 22). Mus81 shares homology
with the XPF family of endonucleases, suggesting a possible
enzymatic activity for Mus81. Such an activity is speculative
and remains to be established with biochemical assays. Mus81
is phosphorylated in a Rad3- and Cdsl-dependent manner
following exposure to HU. However, UV treatment does not
result in a visible mobility change in Mus81 (Fig. 2C and data
not shown). This may be due to the weaker activation of Cdsl
by UV radiation than by HU treatment (26).

Although the phosphorylation state of Mus81 is dependent
on Cdsl, we have been unable to phosphorylate Mus81 with
purified Cdsl in vitro (M. N. Boddy and P. Russell, unpub-
lished data). This may be due to the absence of a cofactor or to
the possibility that another Cdsl-dependent kinase is respon-
sible for the phosphorylation. At present, this precludes the
mapping of phosphorylation sites on Mus81 and establishing a
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FIG. 4. Mus81 is important for survival under conditions that stall replication
forks. (A) mus81 cells are sensitive to HU. Serial 10-fold dilutions (10* to 10") of
cells were incubated on agar medium supplemented with no HU or 5 mM HU.
(B) Cdsl is activated normally by HU treatment in mus81 cells. Wild-type (WT),
mus81, and cdsl strains were incubated in the presence (+) or absence (—) of
HU for 3 h. Cdsl activity was measured with the GST:Weel!>? substrate as
previously described (6). SDS, sodium dodecyl sulfate. (C) The mus8 mutation
lowers the restrictive temperature of thermosensitive DNA polymerase delta
(pold") (cdc6-23) and alpha (pola'®) (poll-1) alleles, shown at 28 and 33°C,
respectively. The mus8I mutation does not lower the restrictive temperature of
a polymerase epsilon (pole®™) (cdc20-m10) allele, shown at 33°C.
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FIG. 5. (A) Role of Mus81 in UV tolerance involves Rhp51-dependent re-
combination repair. Wild-type, mus81, rhp51, and rhp51 mus81 cells were tested
for UV resistance. (B) Mus81 mutants are not significantly sensitive to ionizing
radiation. Wild-type, mus81, and rhp51 cells were tested for resistance to ionizing
radiation. All results shown for damage sensitivity assays are representative of
two or more experiments. (C) mus81 cells are viable but display Rad3-dependent
cell elongation. Mutant mus81 or mus81 rad3 cells were grown at 30°C in YES
media, fixed in ethanol, and stained with DAPI to visualize DNA (right panels).
Nomarski images are shown in the left panels. (D) Meiosis defect of Mus81.
Wild-type diploids or diploids homozygous for mus81 or rhp51 were sporu-
lated and plated on YES media to determine spore viability. Values are given
as means * standard deviations.
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functional effect of such phosphorylation. It is interesting that
the modification of Mus81 observed during an unperturbed
cell cycle is S-phase specific and Cds1-Rad3 dependent (Fig.
2A and C) (M. N. Boddy and P. Russell, unpublished data).
This strongly suggests that the replication checkpoint is acti-
vated by normal replication.

Mutant mus81 cells display phenotypes similar to and dis-
tinct from those of recombination repair mutants. The role of
recombination repair machinery in normal replication is be-
coming more apparent (19). In fission yeast, rip54 (Rad54)
cells exhibit a checkpoint-dependent delay in the cell cycle
(30). This is true of other members of the Rad52 epistasis
group of recombination repair proteins (42; M. N. Boddy and
P. Russell, unpublished data). The defect in these cells appears
to be manifested during replication. Mus81-defective cells, like
recombination repair-defective mutants, show a checkpoint-
dependent delay in the cell cycle. It is important to note that
cds1 and rad3 cells, although slightly less viable than wild-type
cells, show no profound cell cycle defect. This demonstrates
that Mus81 has basal functions that are not dependent on the
checkpoint proteins, including Cdsl. Indeed, as also observed
for recombination repair proteins, combining rad3 and musS1
mutations results in the accumulation of cut cells. This suggests
that mus81 cells are defective in an aspect of DNA metabolism
that, based on current data, is required for normal replication.
Consistent with the similar phenotypes of Mus81 and re-
combination repair mutants, Mus81 appears to function in an
Rhp51-dependent pathway for the tolerance of UV damage.
The tolerance function may represent in part an augmentation
of a mechanism that is required to repair stalled forks during
normal replication. It is tempting to speculate that the Cdsl-
dependent phosphorylation of Mus81 stimulates or modulates
this basal function.

A profound meiotic defect was also observed in both mus81
and rhp51 cells. Double-strand breaks are generated during
meiosis, and recombination repair machinery is used to heal
the breaks. This fact alone can explain the defect of rhp51
mutants in meiosis; however, a defect in meiotic replication
cannot be excluded as a contributory factor. Interestingly, un-
like recombination repair-defective rip51 cells, musSI cells are
not defective in the repair of double-strand breaks induced by
gamma irradiation. Therefore, Rhp51 and Mus81 appear to
have both overlapping and distinct functions. These facts sug-
gest that the meiotic defect of mus8I cells is in some way
different from that of rip51 cells. In fact, mus81 mutants show
poorer spore viability than rip51 mutants. Mus81 appears to be
important for the mitotic S phase; therefore, the mus81 meiotic
defect may be due to a problem in premeiotic replication. A
role for Mus81 in resolving aberrant meiotic recombination
structures cannot be excluded.

Genetic interactions with Rqhl and DNA polymerase mu-
tants. The bacterial DNA helicase RecQ shares homology with
a number of important helicases found in eukaryotes (40). This
family includes the Bloom syndrome (BLM) and Werner syn-
drome (WRN) helicases that are mutated in human diseases
that predispose patients to cancer. Fission yeast Rqh1 is closely
related to BLM and shows similarly elevated levels of mitotic
recombination (40). More recently, Rqghl mutant cells have
been suggested to accumulate the recombination intermediate
termed X-DNA (Holliday junctions) (13). Rqh1 is proposed to
catalyze reverse branch migration to prevent X-DNA accu-
mulation in a nonrecombinogenic manner. In the absence of
Rqhl, cells may resolve X-DNA structures by cleavage, re-
sulting in recombinants. Interestingly, we observed that musS1
rghl double mutants are not viable. It is therefore possible that
Mus81 is required for a step in the resolution of Holliday
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junctions (or other abnormal DNA structures) that accumulate
in rqhl cells. That Mus81 exhibits homology to a family of
endonucleases may be relevant in this context. Further, we
found that the deletion of Mus81 in cells containing thermo-
sensitive alleles of DNA polymerases alpha and delta signifi-
cantly reduced their restrictive temperatures (Fig. 4C). We
found no such genetic interaction with a thermosensitive allele
of DNA polymerase epsilon (Fig. 4C). Interestingly, X-DNA
accumulates in S. cerevisiae mutants of DNA polymerases al-
pha and delta but not epsilon (48). Extrapolation of these
results to fission yeast would provide support for the role of
Mus81 in the resolution of X-DNA structures. Studies are
under way to address these possibilities.

Conclusions. We have uncovered a physical interaction be-
tween the evolutionarily conserved checkpoint kinase Cdsl
and a novel damage tolerance protein, Mus81. Mus81 appears
to function in a checkpoint- and recombination repair-depen-
dent pathway for the tolerance of UV lesions. Mus81 is also
required for normal cell cycle progression, potentially func-
tioning during S phase to mitigate the recombinogenic prop-
erties of stalled replication forks. This basal role may be mod-
ified by interaction with Cdsl to promote the survival of lesions
or conditions that impede the normal progression of replica-
tion forks, such as UV damage. It is noteworthy that human
Cdsl is mutated in a subset of families that exhibit genetic
inheritance of Li-Fraumeni cancer-prone syndrome (5). It will
be important to determine if Cds1-defective cells derived from
these patients exhibit the array of defects associated with in-
activation of Cdsl in fission yeast and to consider the possibil-
ity that these defects might involve the human homolog of
Mus81.
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