
to display no significant association with sites at 14 or 30 kb
away from ori2004 in S. pombe (Ogawa et al., 1999), although
budding yeast Mcm proteins have been shown to travel with
replication forks (Aparicio et al., 1997). It is possible that not
all cells initiate DNA synthesis at ori2004 in fission yeast but
all ori2004 sites recruits Ctf18, resulting in dilution of fork-
bound Ctf18 proteins in our cell extract preparation. There-
fore, we speculate that Ctf18 recognizes replication origins
and relocates along the chromosome. In contrast, we have
previously shown that Swi1, Swi3, and RPA relocate along
the chromosome (Noguchi et al., 2004), suggesting that these
proteins may recognize replication fork structures after ori-
gin unwinding.

Role of RFCCtf18 and Swi1-Swi3 in Sister Chromatid
Cohesion
Emerging evidence suggests that DNA replication is cou-
pled with sister chromatid cohesion (Skibbens, 2005). Cohe-
sin proteins are loaded onto chromatin during G1 phase,
and chromosomal cohesion is established during DNA rep-
lication when replication forks pass through cohesin rings
(Skibbens, 2005; Lengronne et al., 2006). This is probably
when cohesin and fork components interact together to es-
tablish chromosomal cohesion.

In this study, we showed that both RFCCtf18 and Swi1-
Swi3 play an important role in the activation of the replica-
tion checkpoint, fork stabilization, and sister chromatid co-
hesion. However, it is still unclear how Ctf18 is acting to
facilitate chromosomal cohesion. Our data suggest that
Ctf18 may recognize replication origins. This is interesting in
light of the fact that the origin recognition complex functions
in sister chromatid cohesion in budding yeast (Shimada and
Gasser, 2007). Therefore, Ctf18-origin interaction might be
important for proper establishment of cohesion. Another
possibility is that Ctf18 is required to either recruit cohesin
or related factors onto DNA, or to help maintain their asso-
ciation with chromosomes. Several different mechanisms
can be proposed for the importance of replication fork main-
tenance in sister chromatid cohesion: 1) The cohesin ring

may be an obstacle for replication fork progression. In this
model, cohesin may cause a pausing of replication forks.
Because paused replication forks are prone to collapse, there
may be an increased requirement for fork stabilizing pro-
teins, such as Swi1-Swi3 and RFCCtf18, at cohesin sites. 2)
Components of the replication fork might be required to aid
in stabilizing cohesin complexes during DNA synthesis.
Lengronne et al. (2006) have proposed a model in which
cohesin rings may transiently dissociate when forks pass
through them. This is possible if the replisome complex is
too large to fit through the cohesin ring. This suggests that
fork components might preserve cohesin structures or tether
cohesin-related proteins to DNA when forks pass through
the ring. We speculate Ctf18 and/or the Swi1–Swi3 complex
may be required for these functions, thereby facilitating
proper establishment of sister chromatid cohesion. In sup-
port of this idea, a human Ctf18 homologue has been shown
to interact with various cohesin proteins (Bermudez et al.,
2003). 3) Ctf18 might be needed to act as a clamp loader or
unloader through cohesin-rich regions. Bylund et al. has
suggested that Ctf18-dependent unloading of PCNA might
loosen the replication fork structure so that replication forks
are able to pass through the cohesin ring without its tempo-
ral dissociation (Bylund and Burgers, 2005). Alternatively,
Ctf18-dependent unloading and reloading of PCNA may
facilitate a polymerase switch at cohesin sites. Consistent
with this notion, it has been reported that human RFCCtf18

physically interact with DNA polymerase � and stimulate its
activity (Shiomi et al., 2007). In the future, it would therefore
be interesting to examine whether RFCCtf18 and Swi1-Swi3
are required for this mechanism.

Role of Chl1 in Preservation of Genomic Integrity
We have also identified a putative DNA helicase, Chl1, as a
dosage suppressor of lws1-1 swi1� synthetic lethality. In
budding yeast, Chl1 has been thought to be involved in
DNA damage response, preservation of genomic integrity
during S phase, and efficient sister chromatid cohesion
(Mayer et al., 2004; Petronczki et al., 2004; Skibbens, 2004;
Warren et al., 2004). In humans, Chl1 has been shown to
exhibit DNA helicase activity and to be involved in sister
chromatid cohesion (Hirota and Lahti, 2000; Parish et al.,
2006). These Chl1 functions seemed to be evolutionarily
conserved, because, in our present study, we have shown
that fission yeast Chl1 is involved in the S phase stress
response and efficient sister chromatid cohesion. Our data
also suggest that chl1� cells accumulate abnormal DNA
structures that activate the checkpoint response and that
Chl1 is involved in the maintenance of replication forks.
Interestingly, our genetic studies involving chl1�, ctf18�,
and swi1� suggested the possibility that Chl1 and Swi1 are
in the same pathway to preserve genomic integrity and that
this pathway is working in parallel with the pathway in-
volving Ctf18 (Figure 8). In support of this idea, budding
yeast Chl1 and Tof1-Csm3 have been shown to be in the
same genetic pathway required for sister chromatid cohe-
sion (Xu et al., 2007). It has also been reported that Tof1-
Csm3 and Ctf18 function in different pathways (Xu et al.,
2007), indicating evolutional conservation in pathways in-
volving Swi1-Swi3, Ctf18, and Chl1. Therefore, we speculate
that Chl1 and Swi1 cooperate to stabilize replication forks as
ancillary components of the replisome and promote proper
establishment of sister chromatid cohesion, thereby preserv-
ing genomic integrity (Figure 8).

Figure 8. Models for S phase stress response mechanisms in S.
pombe. RFCCtf18 is involved in Cds1-dependent replication check-
point. FPCSwi1-Swi3, RFCCtf18, and Chl1 also have checkpoint inde-
pendent functions that are important for fork protection and DNA
repair. In this model, FPCSwi1-Swi3, RFCCtf18, and Chl1 stabilize
replication forks in a configuration that is recognized by replication
checkpoint sensors. Chl1 may work together with FPCSwi1-Swi3to
facilitate fork protection. In addition, FPCSwi1-Swi3and RFCCtf18 act in
parallel to facilitate proper chromosome cohesion.
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SUPPLEMENTARY FIGURE LEGENDS 

Figure S1. PFGE analysis of swi1∆ cells. Chromosome samples from either wild-type or swi1∆ 

cells were examined by PFGE. Cells were grown until mid-log phase and then incubated in the 

presence of 12 mM HU for 3 h at 30˚C. Cells were then washed and released into fresh medium. 

Chromosomal DNA samples were prepared at the indicated times. Representative results from 

repeat experiments are shown.  

 

Figure S2. Genetic interaction involving rqh1∆, ctf18∆, chl1∆ and rad21-K1. (A) Synergistic 

interaction of ctf18∆ and rqh1∆ in MMS and CPT survival assays indicates that Ctf18 and Rqh1 

function in separate pathways. Fivefold serial dilution of cells were plated on YES agar medium 

supplemented with the indicated amounts of MMS or CPT for 2 to 3 days at 32˚C. 

Representative images of repeat experiments are shown. (B) Synergistic interaction of ctf18∆ or 

chl1∆ and rad21-K1 in MMS and CPT survival assays suggesting that Ctf18 and Chl1 are 

involved in sister chromatid cohesion. Fivefold serial dilution of cells were plated on YES agar 

medium supplemented with the indicated amounts of MMS or CPT for 3 to 5 days at 25˚C. 

Representative results from repeat experiments are shown. 

 



Supplementary Table S1 

S. pombe strains used in this study 

Strains Genotype*      Source 

Y0001 h-       Laboratory stock 

Y0002 h+       Laboratory stock 

Y0149 h-  cds1::ura4+      Laboratory stock 

Y0211 h-  swi1::Kanr       Laboratory stock  

Y0428 h-  cds1::Kanr        Paul Russell 

Y0492 h-  chk1::ura4+      Laboratory stock 

Y0541 h-  swi1::Kanr  ade6-M210     Laboratory stock 

Y0660 h-  lis1-1  swi1::Kanr  ade6-M210       This study 

Y0668 h-  swi3::Kanr        Laboratory stock 

Y0670 h-  rad22-YFP-Kanr       Laboratory stock 

Y0674 h-  swi3::Kanr  rad22-YFP-Kanr      Laboratory stock 

Y0713 h-  lis1-1        This study 

Y0794 h-  ctf18::his3+  his3-D1  ade6-M210   This study 

Y0797 h+  swi1::Kanr  his3-D1     Laboratory stock 

Y0799 h-  swi3::Kanr  his3-D1     Laboratory stock 

Y0835 h+  cen1-GFP  his3-D1     Mitsuhiro Yanagida 

Y0857 ctf18::his3+  rad22-YFP-Kanr  his3-D1   This study 

Y0863 h+  cdc25-22  cen1-GFP  his3-D1    This study 

Y0872 h+  swi1::Kanr  cen1-GFP  his3-D1    This study 

Y0874 h+  swi3::Kanr  cen1-GFP  his3-D1    This study 

Y0876 h+  ctf18::his3+  cen1-GFP  his3-D1    This study 

Y0898 h-  rad21-K1-ura4+  ade6-M216    Hideo Ikeda 

Y0922 h+  swi1::Kanr  cdc25-22  cen1-GFP  his3-D1  This study 

Y0924 h+  swi3::Kanr  cdc25-22  cen1-GFP  his3-D1  This study 



Y0937 h+  rqh1::ura4+ his3-D1     Laboratory stock 

Y1001 chl12::his3+  rqh1::ura4+  his3-D1    This study 

Y1026 h+  ctf18::Kanr  cdc25-22  cen1-GFP  his3-D1  This study 

Y1377 h-  rad3::Kanr  ade6-M216  his3-D1   This study 

Y1485 h- ctf18-TAP-Kanr ade6-M216  his3-D1   This study  

Y1490 h-  ctf18::his3+  rad3::Kanr  ade6-M216  his3-D1  This study 

Y1508 h+  chl1::Kanr        This study 

Y1510 h+  chl1::Kanr  his3-D1     This study 

Y1511 h-  ctf18::his3+  cds1::ura4+  ade6-M216  his3-D1  This study 

Y1513 h-  ctf18::his3+  chk1::ura4+  ade6-M216  his3-D1  This study 

Y1515 h- ctf18-5FLAG-Kanr      This study 

Y1550 h-  chk1::Kanr        This study 

Y1567 h-  rad3::Kanr      This study 

Y1571 h-  chl1::hph        This study 

Y1580 h- ctf18-5FLAG-Kanr cdc25-22    This study 

Y1591 chl1::hph  cds1::Kanr       This study 

Y1593 chl1::hph  chk1::Kanr       This study 

Y1595 chl1::hph  rad3::Kanr       This study 

Y1597 h-  rad17-TAP-Kanr  his3-D1    Paul Russell 

Y1598 h- rfc4-13myc-Kanr      Paul Russell 

Y1599 h- rfc5-13myc-Kanr      Paul Russell 

Y1600 h+ ctf18-TAP-Kanr rfc4-13myc-Kanr  his3-D1  This study 

Y1601 h- ctf18-TAP-Kanr rfc5-13myc-Kanr  his3-D1  This study 

Y1602 h+  rad17-TAP-Kanr rfc4-13myc-Kanr    Paul Russell 

Y1603 h+  rad17-TAP-Kanr rfc5-13myc-Kanr    Paul Russell 

Y1795 h+  nda3-KM311  cen1-GFP  his3-D1   This study 

Y1797 h+  swi1::Kanr  nda3-KM311  cen1-GFP  his3-D1  This study 



Y1800 h+  swi3::Kanr  nda3-KM311  cen1-GFP  his3-D1  This study 

Y1913 h-  ctf18::Kanr       This study 

Y1978 h+  chl1::Kanr  cen1-GFP  his3-D1    This study 

Y2233 h+  chl1::Kanr  cdc25-22  cen1-GFP  his3-D1  This study 

Y2237 h+  rad21-K1:ura4+  cdc25-22  cen1-GFP  his3-D1  This study 

Y2241 h+  chl1::Kanr  nda3-KM311  cen1-GFP  his3-D1  This study 

Y2243 h+  ctf18::Kanr  nda3-KM311  cen1-GFP  his3-D1  This study 

Y2273 h+  rad21-K1:ura4+ ctf18::Kanr ade6-M216   This study 

Y2274 h+  rad21-K1:ura4+ ctf18::Kanr ade6-M216   This study 

Y2276 h+  rad21-K1:ura4+ chl1::Kanr ade6-M216   This study 

Y2277 h+  rad21-K1:ura4+ chl1::Kanr ade6-M216   This study 

* All strains are also leu1-32 and ura4-D18 

* The actual genotype of cen1-GFP is lys1+:lacOrepeat  his7+:dis1promoter-GFP-LacI-NLS 

 



Supplementary Table S2 

DNA oligonucleotide primers used in this study 

Primer          Sequence (5’ to 3’)      

P525          GTT TGA CGG ATG GAG TTT ATG 

P526 GGG GAT CCG TCG ACC TGC AGC GTA CGT TTA AAG GTA AAA 

CAA CCT TTT CAG AAA CCT G 

P529 GTT TAA ACG AGC TCG AAT TCT AGA CAT ATG GTT TGC GTT 

ACA GCG TC 

P530          CAG CTC GAT GGA CTG AAT TAA GC 

P532 ATG CAA TCA ATA TCA AAT TTC ACG ATG GGT TTT CCA ATG 

CTG TGA GAA AAC CAA TAT CGT TGA ACG AGA TTC TGA ATT 

TCC GGA TCC CCG GGT TAA TTA A 

P533 TAA TGG TTA GAT GAA TTT ACG CAT ACA CCT ATT TTT ACT 

AGT GAT TTT TTT TTA AAT TAA ATG ATT GAT TTT ATT TCG 

GCG GCG TTA GTA TCG AAT CGA C 

P534          CTC AAG TTG TTA CTG TAG TTT C 

P535 TTA ATT AAC CCG GGG ATC CGT CTT TGG TGT AAA GGG AAA 

GAA GAT TAT AAT ATA AC 

P538 GTT TAA ACG AGC TCG AAT TCT AAT TGC ACA TCT TTT GAA 

AGG TCG TG 

P539          CAA ATG AGC CGT CAG ATA TCT C 

P545          CTC CGC ACA CGG TAT GAG TTT CAT 

P547  GTT TAA ACG AGC TCG AAT TCT AAT CTA ATG TGC ATT AAT 

ATT TTT AAT TTC AAT C 

P548          CAA TTG TGT AAG GGA CAG AAG G 

P574 GGG GAT CCG TCG ACC TGC AGC GTA CGA TGA GTT GGA AAT 

CCA AAT TTT CAA ATG GAA C 



CTF18-KO1 ATT GTT ACA TGT TCC ATT TGA AAA TTT GGA TTT CCA ACT 

CAT ATG GAT TCG ATT CCA AAT GAG GAT GAT TTG GAG TTT 

CAA CGT TTT CTT TAC TAT TGC A 

CTF18-KO2 CAC ATT AGA TTA GAA ATT CAG AAT CTC GTT CAA CGA TAT 

TGG TTT TCT CAC AGC ATT GGA AAA CCC ATC GTG CTA TGC 

AAA GCT AAC GAA TCT TTA ATT C 

URAKAN-T1 CCC ACT GGC TAT ATG TAT GCA TTT GTG TTA AAA AAG TTT 

GTA TAG ATT ATT TAA TCT ACT CAG CAT TCT TTC TCT AAC 

GCG CCA GAT CTG TTT AGC TTG C 

URAKAN-B1 GAT ATT GAC GAA ACT TTT TGA CAT CTA ATT TAT TCT GTT 

CCA ACA CCA ATG TTT ATA ACC AAG TTT TAT CTT GTT TGG 

GCG GCG TTA GTA TCG AAT CGA C 

 

 

 






