EMBO

reports

scientific report

Rmil, a member of the Sgs1-Top3 complex in budding
yeast, contributes to sister chromatid cohesion
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The Saccharomyces cerevisiae RecQ-mediated genome instability
(Rmi1) protein was recently identified as the third member of the
slow growth suppressor 1-DNA topoisomerase Il (Sgs1-Top3)
complex, which is required for maintaining genomic stability.
Here, we show that cells lacking RMIT have a mitotic delay,
which is partly dependent on the spindle checkpoint, and are
sensitive to the microtubule depolymerizing agent benomyl. We
show that rmi1 and top3 single mutants are defective in sister
chromatid cohesion, and that deletion of SGST suppresses
benomyl sensitivity and the cohesion defect in these mutant
cells. Loss of RAD51 also suppresses the cohesion defect of rmi1
mutant cells. These results indicate the existence of a new
pathway involving Rad51 and Sgs1-Top3-Rmi1, which leads to
the establishment of sister chromatid cohesion.
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INTRODUCTION

The RecQ family of DNA helicases has important roles in the
maintenance of genomic integrity. In humans, five genes encoding
the RecQ family of DNA helicases—RECQL1, BLM, WRN,
RECQL4 and RECQL5—have been identified, and defects in
three—BLM, WRN and RECQL4—cause Bloom syndrome,
Werner syndrome and Rothmund-Thomson syndrome, respec-
tively; all these disorders are associated with genomic instability
(Ellis et al, 1995; Yu et al, 1996; Kitao et al, 1999). In the budding
yeast Saccharomyces cerevisiae, only a single gene encodes the
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RecQ family DNA helicase slow growth suppressor 1 (§GS1), and
cells lacking SGST show phenotypes similar to those observed in
cells from patients with Bloom syndrome and Werner syndrome,
including hyper-recombination (Watt et al, 1996).

A mutant allele of SGST was identified as a suppressor of the
slow-growth phenotype of the DNA topoisomerase Il (TOP3)
mutant (Gangloff et al, 1994), and Sgs1 interacts physically with
Top3 (Bennett et al, 2000). Sgs1 and Top3 are required for
damage-induced recombination repair (Ui et al, 2001, 2005), and
are thought to be involved in the resolution of recombination
intermediates (Ira et al, 2003). RecQ-mediated genome instability
(RMIT) was identified as the third member of the Sgs1-Top3
complex, and cells lacking SGS1, TOP3 or RMIT show slow
growth, poor sporulation, genome instability and hyper-recombina-
tion (Chang et al, 2005; Mullen et al, 2005). In addition, sgs7 and
rmiT mutant cells show the same range of synthetic lethality/
sickness interactions with rrm3, six1, six4, mus81 and mms4
mutations (Tong et al, 2004). Analyses of the synthetic lethality
between sgs1 and the above mutations showed that the Sgs1-Top3—
Rmil complex seems to function in the repair or bypass of
spontaneous S-phase damage (Fabre et al, 2002; Fricke & Brill,
2003; Schmidt & Kolodner, 2004; Torres et al, 2004).

Accurate transmission of chromosomes to daughter cells is
important for the maintenance of genomic integrity. It is well
known that sister chromatid cohesion—the physical association
of replicated sister chromatids—has an important role in the
precise segregation of chromosomes, thereby ensuring high-
fidelity chromosome transmission (Koshland & Guacci, 2000;
Nasmyth et al, 2000). The cohesion of sister chromatids is
mediated by a cohesin complex consisting of Smc1, Smc3,
Sccl and Scc3, and its establishment is coupled with
DNA replication (Uhlmann, 2004). A screen for noncohesin
components involved in sister chromatid cohesion identified
several proteins involved in the DNA-damage response
(Warren et al, 2004). It has also been reported that cohesin is
recruited to sites of double-strand breaks during G2 (Strom et al,
2004). Here, we present a new finding that Rmi1 and Top3
function in sister chromatid cohesion downstream of Sgs1 in a
pathway involving Rad51.
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RESULTS AND DISCUSSION
G2/M delay in rmiT cells depends on the spindle checkpoint
Previous work has shown that cells lacking RMIT show slow
growth and a large-budded morphology (Chang et al, 2005;
Mullen et al, 2005). To determine whether the slow growth
phenotype of rmil mutant cells was accompanied by a specific
defect in cell-cycle progression, we examined the cells by using
flow cytometry. Consistent with previous reports, we found that,
after release from a-factor, synchronous cultures of rmii cells
passed through G1 and S phase, and remained blocked in G2/M
phase until the end of the experiment (240 min; Fig 1A).
Microscopy analysis of asynchronous rmi7 cells also showed an
increase in the percentage of large-budded cells, with the nucleus
located at or beyond the mother-bud neck, a morphology
characteristic of the G2/M phase (Fig 1B). When we examined
spindle morphology, we found that a higher proportion of rmi1
cells had intermediate-length spindles compared with wild-type
cells, suggesting that rmiT cells arrested at metaphase (supple-
mentary Fig S1 online). In addition, a marked increase in the
number of cells with aberrant spindle structures was observed in
the rmiT mutant cell population (supplementary Fig ST online).
Generally, mitotic delays could reflect activation of either the
DNA-damage checkpoint (Weinert & Hartwell, 1988) or the
mitotic spindle checkpoint (Li & Murray, 1991). Chang et al (2005)
reported that the Rad53-dependent DNA-damage checkpoint is
activated in rmil cells. Therefore, we examined whether the
accumulation of rmil cells in G2/M phase was due to the
activation of the mitotic arrest-deficient 2 (Mad2)-dependent
spindle checkpoint. Flow cytometry analysis showed that the
accumulation of rmiT cells in G2/M phase was partly suppressed
by deletion of MAD2 (Fig 1A). In addition, the percentage of large-
budded cells with the nucleus located at or beyond the mother-
bud neck, which was increased in rmil cells, was also partly
reduced by the deletion of MAD2 (Fig 1C). The activation of the
Mad2-spindle checkpoint stabilizes securin (Pds1) by inhibiting
anaphase promoting complex (APC); therefore, we monitored
levels of Pds1 throughout the cell cycle and found that Pds1
persisted for a long time in rmil cells (supplementary Fig S2
online). These results indicate that the absence of RMIT activates
the Mad2-spindle checkpoint, resulting in a delay in the
progression of M phase.

Defective sister chromatid cohesion in rmi7 and top3 cells
The spindle checkpoint is required for correct chromosome
segregation (Li & Murray, 1991). We were interested in whether
Rmi1 was involved in some aspect of chromosome segregation as
the mitotic spindle checkpoint was activated in rmiT cells. To
assess the sensitivity of rmil cells to perturbation of the
chromosome segregation machinery, we exposed them to
benomyl, a microtubule-depolymerizing drug. As shown in Fig 2A,
rmiT cells were moderately sensitive to benomyl, compared with
wild-type cells.

It has been shown that chromosome transmission fidelity (CTF)
ctf7 and ctf18 mutant cells, which have defects in sister chromatid
cohesion (Skibbens et al, 1999; Hanna et al, 2001; Mayer et al,
2001), show MAD2-dependent M-phase arrest and have inter-
mediate-length spindles. As rmiT cells showed a similar pheno-
type to ctf7 and ctf18 mutants, we next tested whether Rmi1 has a
role in sister chromatid cohesion.
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Fig 1| Deletion of RMII results in a G2/M-phase delay that is partly
dependent on the mitotic spindle checkpoint. (A) Log-phase cultures

of wild-type (WT; YK402a), rmil (YK402arl), mad2 (YK402am2) and
rmilmad2 (YK402ar1m2) cells were arrested with a-factor, released into
YPD and processed for flow cytometry. (B) Log-phase cultures of wild-type
(WT; yMP10381) and rmil (SCRrl) cells were fixed with ethanol

and stained with DAPI to visualize the DNA. Cells with no bud (G1),
cells with bud (S) and large-budded cells with a single nucleus located
within the mother-bud neck (G2/M) were scored. (C) Log-phase cultures
of wild-type (WT; YK402a), rmil (YK402ar1), mad2 (YK402am2) and
rmilmad2 (YK402ar1m2) cells were fixed with ethanol and stained with
DAPI to visualize the DNA. Large-budded cells with a single nucleus
located within the mother-bud neck were scored. The data shown
represent the average of two independent experiments. One hundred cells
were counted in each experiment. Bars indicate standard deviation.
DAP]I, 4,6-diamidino-2-phenylindole.
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First, we assessed the genetic interactions between RMIT and
SMCi1—a gene that functions in sister chromatid cohesion, the
conditional allelle (smc7-2) of which confers a synthetically lethal
phenotype in the absence of CTF8 (Mayer et al, 2001). We
observed conditional synthetic sickness between rmil and smci-2,
suggesting that RMIT is involved in cohesion (Fig 2B).

Next, we assessed cohesion directly by using cells that were
constructed as described previously (Michaelis et al 1997). When
arrested in M phase with nocodazole, wild-type cells showed one
green fluorescent protein (GFP) signal, which is indicative of
nonseparated sister chromatids, whereas mutants defective in
cohesion showed two GFP signal foci, which is indicative of
separated sister chromatids (Fig 2C). We compared the efficiency
of sister chromatid pairing in wild-type and rmiT cells at two
different chromosome loci: at a Tet operator locus located 35 kb
from the centromere of chromosome 5 (CEN5) and another
located 12.7 kb from CEN4. When the CEN5 locus was monitored
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<« Fig 2|rmil and top3 mutants are sensitive to benomyl and defective in

sister chromatid cohesion. (A) Serial tenfold dilutions of log-phase
cultures of wild-type (YPH1477), rmil (YPH1477r1), top3 (YPH1477t3)
and sgsl (YPH1477s1) cells were spotted onto growth plates with or
without 20 pg/ml benomyl, incubated at 30 °C for 3 days and then
photographed. (B) Serial tenfold dilutions of log phase cultures of wild-type
(982-6a), rmil (982-6arl), smcl-2 (1355-1a) and rmilsmcl-2 (1355-1arl)
cells were spotted onto growth plates, incubated at 25 °C (top) or

30 °C (bottom) for 3 days and then photographed. (C) Fluorescence
micrographs of wild-type (YPH1477) and rmil (YPH1477r1) cells
showing GFP loci on sister chromatids (GFP), Pdsl and DNA (DAPI)
(left panels). Cells expressing Pds1-13Myc in wild-type (YPH1477b1) or
rmil (YPH1477b1rl) cells were arrested in M phase (15 pg/ml nocodazole
for 5h) and analysed by western blotting (right panels). Histone H3 was
used as a loading control. Pds1-13Myc and histone H3 were detected
using Myc (9E10) monoclonal antibody and histone H3 antibody,
respectively. (D) Wild-type (YPH1477; tet operator locus located 35kb
from CENS5), ctfl8 (YPH1477c18), rmil (YPH1477r1), sgs1 (YPH1477s1)
and top3 (YPH1477t3) cells (left panel) and wild-type (Y819; tet operator
locus located 12.7 kb from CEN4) and rmil (Y819r1) cells (right panel)
were arrested in M-phase with nocodazole or in G1-phase with a-factor
and then fixed with paraformaldehyde. One hundred cells of each strain
were scored for the number of cells with two GFP signal foci. The data
shown represent the average of three experiments. Bars indicate standard
deviation. (E) Chromatin immunoprecipitation (ChIP) analysis at the
URA3 locus. Seven PCR products designed to span the URA3 locus are
shown (Lam et al, 2006). Scc1-13Myc ChIP was carried out in the
presence (YK402aSCC1) or absence (YK402aSCClrl) of RMII. Cells were
arrested in M-phase (15 pg/ml nocodazole for 5h) before proceeding with
ChIP. Input is the chromatin solution used to perform ChIP. A no-tag
control is shown for each experiment. ChrV, chromosome 5; DAPI,
4,6-diamidino-2-phenylindole; GFP, green fluorescent protein; WT, wild-type.

in nocodazole-arrested cells, 8% of M-phase wild-type cells had
two GFP signal foci, whereas approximately 30% of M-phase rmi1
cells had two GFP signals, indicating that rmi7 cells, similar to
ctf18 cells, are defective in sister chromatid cohesion (Fig 2D, left
panel). A similar result was obtained with the Tet operator at the
CEN4 locus (Fig 2D, right panel). When cells were arrested in G1
phase, the percentage of cells with two GFP signal foci was similar
between wild-type and rmiT cells, excluding the possibility that
the increase seen in M-phase-arrested rmil cells was due to
aneuploidy (Fig 2D).

To eliminate the possibility that the cohesion defect in rmi1
cells was caused by premature destruction of the separin (Esp1)
inhibitor Pds1, we monitored the levels of Pds1 in M-phase-
arrested cells. We confirmed that Pds1 was present in similar
amounts in rmiT cells showing two GFP signals and in wild-type
cells (Fig 2C).

To investigate whether the RMIT mutation affects the recruit-
ment of cohesin to the Tet operator locus, we carried out
chromatin immunoprecipitation to examine the association of
sister chromatid cohesion 1 (Scc1) at the uracil 3 (URA3) locus,
where the Tet operator is integrated. Myc-tagged Sccl was
immunoprecipitated from extracts prepared from M-phase-
arrested cells and the location of Scc1 was identified by performing
PCR. We used the series of PCR primer pairs described by Lam
et al (2006) to map Scc1 association over the entire URA3 region
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(Fig 2E). We found that Scc1-binding profiles were indistinguish-
able between rmil and wild-type cells (Fig 2E), suggesting that
Rmi1 is not involved in the recruitment of cohesin. Therefore, it
appears that Rmil functions in the establishment of sister
chromatid cohesion.

Rmi1 interacts physically and functionally with Sgs1 and Top3
(Chang et al, 2005; Mullen et al, 2005). Next, we examined
whether Sgs1 or Top3 was also involved, along with RmiT, in sister
chromatid cohesion. We found that top3 mutants, but not sgs7
mutants, showed higher sensitivity to benomyl compared with
wild-type cells (Fig 2A). In addition, sister chromatid cohesion was
defective in top3 mutants, but not in sgs7 mutants (Fig 2D).

Deletion of SGST or RAD51 suppresses the cohesion defect
Top3 functions downstream of Sgs1 to resolve DNA substrates
created by Sgs1. Most of the defects shown by top3 mutants are
suppressed by mutation of SGST (Gangloff et al, 1994). Recent
studies indicate that the growth defect and sensitivity to DNA-
damaging agents of rmil cells are also suppressed by SGST7
deletion, suggesting that Rmi1 functions downstream of Sgs1, in a
manner similar to Top3 (Chang et al, 2005; Mullen et al, 2005). As
sgs1 cells did not show benomyl sensitivity or a defect in sister
chromatid cohesion (Fig 2), we examined whether these
phenotypes were suppressed in rmil and top3 cells by deletion
of SGS1. As shown in Fig 3A, deletion of SGST suppressed the
benomyl sensitivity of rmiT and top3 cells. The cohesion defect in
the mutant cells was also considerably suppressed by deletion of
SGS1 (Fig 3B). In addition, rmiltop3 double mutants showed
similar levels of benomyl sensitivity and cohesion defects to those
of the corresponding single mutants, suggesting that Rmi1 and
Top3 act at the same stage of cohesion establishment (Fig 3C,D).

Sgs1 functions downstream of Rad51 under certain conditions.
Next, we asked whether deletion of RAD5T also suppressed the
cohesion defect in rmi1 cells. As shown in Fig 3F, the cohesion
defect in rmiT cells was suppressed by the disruption of RAD51, to
a similar level as that seen in rad57 cells. These results indicate
that activation of a pathway involving Rad51 and Sgs1 results in
sister chromatid cohesion by the functions of Top3 and Rmi1, and
that dysfunction of Top3 or Rmil causes defects in cohesion.
However, disruption of RAD51 did not suppress the benomyl
sensitivity of rmi7 cells (Fig 3E), indicating that the cohesion defect
does not necessarily correlate with benomyl sensitivity.

What then is the pathway involving Rad51 and Sgs1, which
causes sister chromatid cohesion by the functions of Top3 and
Rmi1? An attractive model involving Rad51, Sgs1 and Top3 was
proposed by Liberi et al (2005). In this model, when the DNA
replication fork encounters DNA lesions, a hemicatenane with
double Holliday junctions is formed through the action of Rad5T,
and dissolved by Sgs1 and Top3, resulting in restoration of the
replication fork (Liberi et al, 2005). Interpreting our results in the
context of this model, Rmi1 and also Sgs1 and Top3 would be
involved in the dissolution of double Holliday junctions. Indeed,
the human homologue of Rmi1, BLAP75, stimulates dissolution of
double Holliday junctions by BLM and Top3a (Raynard et al,
2006; Wu et al, 2006). Thus, Rmi1 together with Top3 might have
a crucial role in coupling dissolution and cohesion.

The suppression of the cohesion defect of rmil cells by
disruption of SGST or RAD51 can be explained by the following
model. Sgs1 and Rad51 generate recombination intermediates
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Fig 3 | Deletion of SGSI or RAD51 suppresses cohesion defects in rmil
and top3 cells. (A,C,E) Serial tenfold dilutions of log phase cultures of
(A) wild-type (YPH1477), rmil (YPH1477r1), top3 (YPH1477t3), sgsl
(YPH1477s1), rmilsgsl (YPH1477r1s1) and top3sgsl (YPH1477t3s1) cells,
(C) of wild-type (YPH1477), rmil (YPH1477r1), top3 (YPH1477t3) and
rmiltop3 (YPH1477r1t3) cells, and (E) of wild-type (YPH1477), rmil
(YPH1477r1), rad51 (YPH1477r51) and rmilrad51 (YPH1477r1r51)
cells were spotted onto growth plates containing 0, 20 (A,E) or 22 pg/ml
(C) benomyl, incubated at 30 °C for 3 days and then photographed.
(B,D,F) The same combination of cells in (A), (C) and (E) were used.
Cells were arrested in M-phase with nocodazole or in G1 phase with
a-factor and then fixed with paraformaldehyde. One hundred cells of
each strain were scored for number of cells with two green fluorescent
protein (GFP) signal foci. The data shown represent the average of three
experiments. Bars indicate standard deviation. WT, wild type.

that require Top3 and Rmil for processing to establish cohesion.
In the presence of Sgs1, the access of other factors to recombina-
tion intermediates is inhibited. When Sgs1 is absent, a structure-
specific nuclease resolves the Holliday junctions, eliminating the
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requirement for Top3 and Rmi1 in the establishment of sister
chromatid cohesion. In the absence of Rad51, hemicatenanes
with double Holliday junctions are not formed and the lesions are
bypassed or repaired by systems that do not perturb the original
sister chromatid cohesion.

In conclusion, we provide the first evidence, to our knowledge,
indicating that Rmi1 and Top3 are involved in sister chromatid
cohesion. Functional studies that explain the molecular mechanism
linking Rmi1 and Top3 with cohesion, and confirm the validity
of the above model are the focus of current and future efforts in
our laboratory.

METHODS

Yeast strains and medium. The yeast strains used are listed in
supplementary Table S1 online. We thank P. Hieter and V. Guacci
for their generous gift of strains. The medium used for growth was
described previously (Rose et al, 1990).

Flow cytometry, DNA staining and immunofluorescence. Flow
cytometry, DNA staining and immunofluorescence were carried
out as described previously (Branzei et al, 2002).

Spot assay. Log-phase cells grown in YPD medium were collected,
washed once with distilled water, counted and diluted appro-
priately. Tenfold serial dilutions of cells (10%, 104, 10% and 10 cells)
were spotted onto YPD with or without benomyl. The plates were
incubated at 30 °C for 2—4 days and then photographed.
Cohesion assay. Strains containing Tet repressor-GFP/Tet operator
repeats were arrested in M phase or G1 phase by incubation with
15 pg/ml nocodazole and 5 pg/ml o-factor, respectively, for 5h at
30°C. Cells were then fixed by incubation with an equal volume of
4% paraformaldehyde for 30 min, washed once with SK (1 M sorbitol,
0.05M K,PO,) and resuspended in 50 pl SK for cohesion assessment.
Pds1 assay. Immunostaining and western blotting of Pds1 were
carried out as described previously (Mayer et al, 2004).
Chromatin immunoprecipitation. Log-phase cells expressing
Myc-tagged Sccl were arrested in M phase by incubation with
15 pg/ml nocodazole for 5h. ChIP was carried out using the Myc
antibody as described previously (Ogiwara et al, 2007).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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