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The spindle assembly checkpoint (SAC) monitors defects in kinetochore-microtubule attachment or lack of tension at kineto-
chores and arrests cells at prometaphase. In fission yeast, the double mutant between pot1� and the helicase-dead point mutant
of the RecQ helicase Rqh1 gene (rqh1-hd) accumulates Rad51-dependent recombination intermediates at telomeres and enters
mitosis with those intermediates. Here, we found that SAC-dependent prometaphase arrest occurred more frequently in pot1�
rqh1-hd double mutants than in rqh1-hd single mutants. SAC-dependent prometaphase arrest also occurred more frequently in
rqh1-hd single mutants after cells were released from DNA replication block compared to the rqh1-hd single mutant in the ab-
sence of exogenous insult to the DNA. In both cases, Mad2 foci persisted longer than usual at kinetochores, suggesting a defect in
kinetochore-microtubule attachment. In pot1� rqh1-hd double mutants and rqh1-hd single mutants released from DNA repli-
cation block, SAC-dependent prometaphase arrest was suppressed by the removal of the recombination or replication interme-
diates. Our results indicate that the accumulation of recombination or replication intermediates induces SAC-dependent pro-
metaphase arrest, possibly by affecting kinetochore-microtubule attachment.

The spindle assembly checkpoint (SAC) monitors defects in ki-
netochore-spindle interactions (1). Proteins involved in the

SAC, such as Bub1 and Mad2, are conserved from yeast to humans
(2). Bub1 binds to kinetochores that are not under tension (3). In
contrast, Mad2 binds to unattached kinetochores (4). When
proper kinetochore-spindle attachment is achieved, the anaphase-
promoting complex/cyclosome (APC/C) is activated, which de-
grades APC substrates such as securin (Cut2 in Schizosaccharomy-
ces pombe), allowing anaphase to proceed. The DNA damage
checkpoint detects DNA damage and arrests the cell cycle, which
provides time for cells to repair DNA before they enter mitosis. In
S. pombe, the DNA damage checkpoint is activated by the recruit-
ment of Rad3 and other proteins to sites of DNA double-strand
breaks (5, 6). Rad3 phosphorylates and activates the downstream
effecter kinase Chk1. When the DNA damage checkpoint is acti-
vated, Chk1 phosphorylates Cdc25 and Wee1, which maintain
Cdc2 in an inactive state, resulting in cell cycle arrest at the G2/M
transition (7–10). A link between DNA damage and the SAC in
many organisms, including Saccharomyces cerevisiae, Schizosac-
charomyces pombe, Drosophila, and humans (11–18), has been
suggested. However, the molecular details of this link are not well
understood.

Chromosome ends are protected by several telomere-binding
proteins. In S. pombe, the double-stranded telomere-binding pro-
tein Taz1 and the single-stranded telomere-binding protein Pot1
play important roles in telomere maintenance (19). Deletion of
taz1� causes massive telomere elongation (20). Although cell vi-
ability is unaffected by taz1 deletion under standard growth con-
ditions (30 to 32°C), telomere entanglement in taz1 disruptants
makes the cells sensitive to low temperatures (20°C) (21). At 20°C,
mitosis is delayed in taz1 disruptants, and Bub1, but not Mad2, is
required for cell survival. This suggests that telomere entangle-
ment disrupts chromosome segregation and that Bub1 helps
maintain viability at 20°C (21). Deletion of pot1� causes rapid
telomere loss and chromosome circularization (22). Rqh1 sup-

presses recombination and promotes the resolution of recombi-
nation intermediates (23–28). Double mutants between pot1�
and the Rqh1 helicase-dead (rqh1-hd) point mutant, in which
lysine 547 is mutated to alanine, maintain chromosome ends by
homologous recombination (HR) (29). The recombination inter-
mediates exist at chromosome ends even in M phase, which makes
cells sensitive to the antimicrotubule drug thiabendazole (TBZ).
One study has shown that telomere dysfunction activates the SAC
in Drosophila (30). However, fly telomeres are maintained by
transposons and do not have telomeric sequences. It remains un-
clear whether telomere dysfunction activates the SAC in organ-
isms that have telomeric sequences.

In this study, we sought to determine whether the accumula-
tion of recombination intermediates at telomeres in the pot1�
rqh1-hd double mutant caused defects in M-phase progression.
We found that the SAC was activated in the pot1� rqh1-hd double
mutant. Bub1 and Mad2 foci persisted longer than usual in the
prometaphase-arrested pot1� rqh1-hd double mutant. Moreover,
the accumulation of replication intermediates at ribosomal DNA
(rDNA) also arrested the cell cycle at prometaphase and activated
the SAC. Based on these and other data, we propose that the ac-
cumulation of recombination or replication intermediates acti-
vates the SAC, possibly by affecting kinetochore-microtubule at-
tachment.
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MATERIALS AND METHODS
Strain construction and growth media. The strains used in this report are
listed in Table 1. Strains were constructed by mating or transformation
according to previously described procedures (29, 31). To tag the Atb2
protein in pot1� rqh1-hd-related strains with mCherry at the N terminus,
pNATZA13-mCherry-atb2� (a gift from Y. Watanabe and T. Sakuno)

was linearized with ApaI and used for transformation (32). Cells were
grown in YEA medium (0.5% yeast extract, 3% glucose, and 40 �g of
adenine/ml) or Edinburgh minimal medium with the required supple-
ments at the indicated temperature (33). For spot assays, cells were grown
to 107 cells/ml in YEA. Serial dilutions (1:10) were prepared, and 4-�l
aliquots were spotted onto plates and incubated at 30°C.

TABLE 1 S. pombe strains used in this study

Strain Genotype Source

JY741 h� leu1-32 ura4-D18 ade6-M216 M. Yamamoto
JY746 h� leu1-32 ura4-D18 ade6-M210 M. Yamamoto
GT000 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A pPC27-pot1�-HA K. Takahashi et al.
FY18585 h� leu1 mad2::kanMX6 NBRPa

YK002 h� leu1-32 ura4-D18 ade6-M210 rqh1-K547A K. Takahashi et al.
GT002 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A K. Takahashi et al.
TH025 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A (pPC27-Leu-pot1�-HA) This study
FY10134 h� leu1 cut2-6�GFP::LEU2 NBRP
NN439 h� leu1 mis12-GFP::LEU2 M. Yanagida
Sp635 h� leu1 bub1-GFP::kanMX6 S. Saito
TH002 h� leu1 bub1-GFP::hphMX6 This study
FY18581 h� leu1 bub1::kan MX6 NBRP
TH026 h� leu1-32 ura4-D18 ade6-M210 Z:natMX ��p adh13-mCherry-atb2� This study
TH003 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A Z:natMX ��p adh13-mCherry-atb2� (pPC27-pot1�-HA) This study
pw233 h� leu1-32 urad4-D18 ade6-M216 kanr��Padh1-rec8-HA mad2::hphMX6 Y. Watanabe
TH004 h� leu1-32 ura4-D18 ade6-M210 rqh1-K547A Z:natMX ��p adh13-mCherry-atb2� This study
TH005 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A Z:natMX ��p adh13-mCherry-atb2� This study
TH006 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A mad2::hphMX6 Z:natMX ��p adh13-mCherry-atb2�

(pPC27-pot1�-HA)
This study

TH000 h� bub1::LEU2 ade6-210 leu1-32 ura4-DSE his1-102 S. W.Wang
TH007 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A mad2::hphMX6 Z:natMX ��p adh13-mCherry-atb2� This study
TH008 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A bub1::LEU2 Z:natMX ��p adh13-mCherry-atb2�

(pPC27-pot1�-HA)
This study

TH009 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A bub1::LEU2 Z:natMX ��p adh13-mCherry-atb2� This study
TH011 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A mad2::hphMX6 (pPC27-pot1�-HA) This study
TH012 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A mad2::hphMX6 This study
TH013 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A bub1::LEU2 (pPC27-pot1�-HA) This study
TH014 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A bub1::LEU2 This study
TH015 h� leu1 ade6-M210 pot1::kanMX6 rqh1-K547A cut2-6�GFP::LEU2 Z:natMX ��p adh13-mCherry-atb2�

(pPC27-pot1�-HA)
This study

TH016 h� leu1 ade6-M210 pot1::kanMX6 rqh1-K547A cut2-6�GFP::LEU2 Z:natMX ��p adh13-mCherry-atb2� This study
TH019 h� leu1 pot1::kanMX6 rqh1-K547A Z:natMX ��p adh13-mCherry-atb2� mis12-GFP::LEU2 (pPC27-pot1�-HA) This study
TH020 h� leu1 pot1::kanMX6 rqh1-K547A Z:natMX ��p adh13-mCherry-atb2�mis12-GFP::LEU2 This study
TH021 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A bub1-GFP::hphMX6 Z:natMX ��p adh13-mCherry-atb2�

(pPC27-pot1�-HA)
This study

TH022 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A bub1-GFP::hphMX6 Z:natMX ��p adh13-mCherry-atb2� This study
TH023 h� leu1 Z:natMX ��p adh13-mCherry-atb2� bub1-GFP::kanMX6 This study
TH024 h� leu1 rqh1-K547A Z:natMX ��p adh13-mCherry-atb2� bub1-GFP::kanMX6 This study
MT25 h� mal3::kanMX6 mad2-GFP-LUE2 bub1-mRFP::kanMx6 his2 T. Toda
FY18537 h� leu1-32 ura4-D18 rad51::hphMX6 NBRP
MBY1747-2 h� leu1-32 ura4-D18 bub1::ura4 D. Hirata
AE148 h� leu1-32 ura4-D18 mad2::ura4 D. Hirata
AN057 h� leu1-32 ura4-D18 mad3-GFP:kanMX Z:natMX ��p adh13-mCherry-atb2� pot::kanMX rqh1K547A This study
AN021 h� leu1-32 ura4-D18 mad3-GFP:kanMX Z:natMX ��p adh13-mCherry-atb2� pot::kanMX rqh1K547A pPC27 pot1�-HA This study
AN076 h� ade6-M210 leu1-32 mad3-GFP:kanMX Z:natMX ��p adh13-mCherry-atb2� rqh1K547A This study
AN092 h� ade6-M210 leu1-32 ura4-D18 mad2-GFP:LEU2 Z:natMX ��p adh13-mCherry-atb2� pot::kanMX rqh1K547A This study
AN077 h� ade6-M210 ura4-D18 mad2-GFP:LEU2 Z:natMX ��p adh13-mCherry-atb2� pot::kanMX rqh1K547A pPC27 pot1�-HA This study
AN065 h� ade6-M210 leu1-32 ura4-D18 mad2-GFP:LEU2 Z:natMX ��p adh13-mCherry-atb2� rqh1K547A This study
AN105 h� ade6-M210 leu1-32 ura4-D18 bub1::ura4 mad2-GFP:LEU2 Z:natMX ��p adh13-mCherry-atb2� rqh1-K547A This study
AN122 h� ura4-D18 mad2-GFP:LEU2 Z:natMX ��p adh13-mCherry-atb2� rqh1K547A rad51::hph This study
AN106 h� ade6-D18 leu1-32 cut2-6�GFP::LEU2 Z:natMX ��p adh13-mCherry-atb2� rqh1-K547A This study
AN131 h� ade6-M210 leu1-32 ura4-D18 Chk1::hph rad11-GFP:kanMX rqh1-K547A This study
AN126 h� ura4-D18 mad2-GFP:LEU2 Z:natMX ��p adh13-mCherry-atb2� chk1::hph rqh1K547A This study
738 h� chk1d155A:ep ade6-216 leu1-32 ura4-d18 N. C. Walworth
KTA014 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX rqh1-K547A chk1::ura4 This study
TH010 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX rqh1-K547A chk1::ura4 Z:natMX ��p adh13-mCherry-atb2� This study
KM005 H� leu1-32 ura4-D18 ade6-M210 pot1::kanMX rqh1-K547A chk1::ura4 rad11-mRFP::natMX6 This study
KM003 h� ura4-D18 pot1::kanMX rqh1-K547A chk1::D155A:ep(HA) This study
KM004 h� ura4-D18 pot1::kanMX rqh1-K547A chk1::D155A:ep(HA) rad11-mRFP::natMX6 This study
AN216 h� leu1 pot1::kanMX rqh1-K547A rad51::hph Z:natMX��p adh13-mCherry-atb2� mis12-GFP::LEU2� This study
AN200 h� leu1-32 ura4-D18 ade6-M210 rqh1-K547A Z:natMX ��p adh13-mcherry-atb2� reb1::kanMX This study
D7 h� leu1-32 ura4-d18 ade6-M210 reb1�::kanMX6 P. Hernandez
AN215 h? ade6 ura4-D18 leu1 pot1::kanMX rqh1-K547A mis6-2mRFP-hph mad2-GFP-LEU2 This study
AN207 h� ade6 ura4-D18 mis6-2mRFP-hph mad2-GFP-LEU2 cut12-cfp-nat rqh1-K547A This study
a NBRP, National Bio Resource Project.
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Microscopy. Microscopy images were obtained using an AxioCam
digital camera (Zeiss) connected to an Axio Observer.Z1 microscope
(Zeiss) with a Plan-Apochromat 63�, numerical aperture (NA) 1.4 ob-
jective lens or an �Plan-FLUAR 100�, NA 1.45 objective lens (see Fig. 1A,
1C, 2A, 4B, 5B, and 5C). Pictures were captured and analyzed using Ax-
ioVision Rel. 4.8.2 Software (Zeiss). For Fig. 2C, 3A, and 5D, microscopy
images were obtained using an iXon3 897 EMCCD camera (Andor) con-
nected to a Yokokawa CSU-W1 spinning-disc scan head (Yokokawa Elec-
tric Corp.) and an Olympus IX83 microscope (Olympus) with a UP-
lanSApo 100� NA 1.4 objective lens (Olympus). Pictures were captured
and analyzed using MetaMorph Software (Molecular Devices). A glass-
bottom dish (Iwaki) was coated with 5 mg of lectin/ml from Bandeiraea
simplicifolia BS-I (Sigma). For Fig. 1A, 1C, 2A, 4B, 5B, and 5C, optical
section data (3 focal planes with 0.5-�m spacing) were collected, and the
best focus plane was used. For Fig. 2C, 3A, and 5D, optical section data (10
focal planes with 0.3-�m spacing, every 30 s) were collected, and the
time-lapse sequences were deconvolved using the Huygens image analysis
software (Scientific Volume Imaging). The z-stack was then projected
using the maximum intensity algorithm of the Huygens image analysis
software.

Measurement of telomere length. Telomere length was measured by
Southern hybridization according to a previously described procedure
(20) with an AlkPhos Direct Labeling and Detection System (GE Health-
care). A telomere associated sequence (TAS1) plus telomere fragment
derived from pNSU70 (34) was used as a probe. Genomic DNA was di-
gested with EcoRI, fractioned by 1.5% agarose gel electrophoresis and
hybridized to a probe containing the TAS1 plus telomere fragment.

Release from HU arrest. HU (10 mM) was added to an asynchronous
culture of mCherry-Atb2-expressing cells in YEA medium at 30°C. After 4
h in HU, the cells were washed and transferred to YEA medium without
HU and cultured for a further 2 h at 30°C. The cells were then observed by
microscopy.

RESULTS
The SAC is activated in the pot1� rqh1-hd double mutant. The
pot1� rqh1-hd double mutant has recombination intermediates at
telomeres even in M phase, which may affect the progression of M
phase. To examine the phenotype of the pot1� rqh1-hd double
mutant in M phase, we analyzed M-phase progression by moni-
toring the elongation of mitotic spindles in mCherry-Atb2-ex-
pressing cells (32). Mitotic spindles elongated normally in 	90%
of wild-type cells and rqh1-hd single mutants (Fig. 1A and B). In
contrast, arrest of spindle elongation was detected in ca. 30% of
pot1� rqh1-hd double mutants (Fig. 1A and B).

We hypothesized that the arrest of spindle elongation was the
result of SAC activation. To test this, we assessed whether the
arrest of spindle elongation was Mad2 or Bub1 dependent. Among
pot1� rqh1-hd mad2� and pot1� rqh1-hd bub1� triple mutants,
the percentage of spindle elongation-arrested cells was reduced to
the wild-type level (Fig. 1B). This suggests that arrest in the pot1�
rqh1-hd double mutant is SAC dependent. In fission yeast, securin
(Cut2) localizes to the nucleus and mitotic spindles when the SAC
is activated, and it is degraded by the APC/C after the SAC is
satisfied (35, 36). To confirm that the SAC was activated in pro-
metaphase-arrested pot1� rqh1-hd double mutants, we moni-
tored the Cut2-GFP signal in living cells. In pot1� rqh1-hd double
mutants, the Cut2-GFP signal disappeared in cells in which the
spindle microtubules elongated normally, whereas the Cut2-GFP
signal did not disappear in cells in which spindle microtubule
elongation was arrested (Fig. 1C). These data further confirm that
the SAC is activated in the pot1� rqh1-hd double mutant.

Prolonged Bub1 and Mad2 focus formation in the pot1�
rqh1-hd double mutant. To understand the mechanism of SAC

activation in the pot1� rqh1-hd double mutant, the localization of
Bub1 and Mad2 was examined. An intense Bub1-GFP kinetochore
signal was visible for 2 to 3 min during the very early stage of mitosis
(prometaphase) in wild-type cells (37). Similarly, Bub1 foci were vis-
ible for 2 to 3 min during prometaphase in the rqh1-hd single mutant.
In contrast, 79% of the prometaphase-arrested pot1� rqh1-hd double
mutants exhibited Bub1 foci for more than 8 min (Fig. 2A and B).
Likewise, 72% of the prometaphase-arrested pot1� rqh1-hd double
mutants exhibited Mad2 foci for more than 8 min. The Mad2 foci
colocalized with Mis6, a kinetochore protein (38), indicating that the
Mad2 detected in pot1� rqh1-hd cells localized to kinetochores
(Fig. 2C). These data suggest that the pot1� rqh1-hd double mutant
has a defect in kinetochore-microtubule attachment.

Kinetochore movement between the two spindle pole bodies
(SPBs) in the pot1� rqh1-hd double mutant is prolonged, sug-

FIG 1 The pot1� rqh1-hd double mutant arrests at prometaphase in a Mad2-
and Bub1-dependent manner. (A) Representative time-lapse fluorescence im-
ages of the spindle microtubule (mCherry-Atb2) in mCherry-Atb2-expressing
wild-type, rqh1-hd, and pot1� rqh1-hd cells. Bars, 5 �m. (B) Percentage of
prometaphase-arrested cells among mCherry-Atb2-expressing wild-type,
rqh1-hd, pot1� rqh1-hd, pot1� rqh1-hd bub1�, and pot1� rqh1-hd mad2�
cells. Cells in which spindle elongation arrested for more than 7.5 min were
counted as prometaphase-arrested cells. The total cell number examined (N) is
shown at the top. (C) Time-lapse fluorescence images of Cut2-GFP and
mCherry-Atb2 in pot1� rqh1-hd cells. Left side, pot1� rqh1-hd cells in ana-
phase; right side, pot1� rqh1-hd cells arrested in prometaphase. Bars, 5 �m.
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gesting a defect in kinetochore-microtubule attachment. Our
results suggest there is a defect in kinetochore-microtubule at-
tachment in the prometaphase-arrested pot1� rqh1-hd double
mutant. If this is true, kinetochores should continue to move be-
tween the two SPBs (39). To test this, we examined the localization
of the kinetochore in pot1� rqh1-hd double mutants expressing
Mis12-GFP (a kinetochore marker [40]) and mCherry-Atb2. In
the rqh1-hd single mutant, Mis12-GFP signals oscillated between
the two ends of the mitotic spindle (SPBs) until all of the kineto-
chores were attached to microtubules; Mis12-GFP signals then
moved rapidly to the SPBs (Fig. 3A). In contrast, Mis12-GFP sig-
nals continued to move between the two SPBs in 71% of the pro-
metaphase-arrested pot1� rqh1-hd double mutants (n 
 14), sup-
porting the conclusion that the double mutant is defective in
kinetochore-microtubule attachment (Fig. 3A).

Bub1 and Mad2 are required for the viability of pot1�
rqh1-hd cells in the presence or absence of TBZ. The pot1�
rqh1-hd double mutant causes prometaphase arrest in Bub1- and
Mad2-dependent manners. We next sought to determine whether
Bub1 and Mad2 contributed to the viability of the pot1� rqh1-hd
double mutant in the presence or absence of TBZ. The pot1�
rqh1-hd bub1� triple mutant was more sensitive to TBZ than the
pot1� rqh1-hd and rqh1-hd bub1� double mutants (Fig. 3B). Sim-
ilarly, the pot1� rqh1-hd mad2� triple mutant was more sensitive

to TBZ than the pot1� rqh1-hd and rqh1-hd mad2� double mu-
tants (Fig. 3B). Importantly, the growth of the pot1� rqh1-hd
mad2� and pot1� rqh1-hd bub1� triple mutants was less than that
of the pot1� rqh1-hd double mutant in the absence of TBZ. These
results show that Bub1 and Mad2 are important for the viability of
pot1� rqh1-hd cells in the presence or absence of TBZ.

Deletion of chk1� or mutation of the kinase domain in chk1�

suppresses TBZ sensitivity and the accumulation of recombina-
tion intermediates at telomeres. Our results suggest that recom-
bination intermediates underlie SAC activation in the pot1�
rqh1-hd double mutant. To substantiate this hypothesis, we
searched for a mutant that suppressed the accumulation of recom-
bination intermediates at telomeres in the pot1� rqh1-hd double
mutant. Specifically, because the accumulation of recombination
intermediates may underlie the TBZ sensitivity of the pot1�
rqh1-hd double mutant (29), we searched for a mutant that sup-
pressed TBZ sensitivity. We found that deletion of chk1� sup-
pressed the TBZ sensitivity of the pot1� rqh1-hd double mutant
(Fig. 4A). We then examined the importance of Chk1 kinase ac-
tivity. We used a chk1-kd (kinase dead) point mutant, in which
aspartic acid 155 is mutated to alanine, which has no kinase activ-
ity in vitro (41). The TBZ sensitivity of the pot1� rqh1-hd chk1-kd
triple mutant was significantly lower than that of the pot1�
rqh1-hd double mutant, demonstrating that the kinase domain of
Chk1 is important for the suppression of TBZ sensitivity. Next, we
sought to determine whether the deletion of chk1� or mutation of
the kinase domain in chk1� suppressed the accumulation of re-
combination intermediates at telomeres. Foci containing Rad11, a
large subunit of replication protein A (RPA), were detected on the

FIG 2 Bub1 and Mad2 foci persist longer than usual in prometaphase-ar-
rested pot1� rqh1-hd cells. (A) Time-lapse fluorescence images of Bub1-GFP
or Mad2-GFP and mCherry-Atb2 in rqh1-hd cells in anaphase and pot1�
rqh1-hd cells arrested in prometaphase. Bars, 5 �m. (B) The percentage of
prometaphase-arrested pot1� rqh1-hd cells in which Bub1 or Mad2 foci were
present for 	8 min. Cells in which spindle elongation was arrested for 	7.5
min were counted as prometaphase-arrested cells. The number of prometa-
phase-arrested pot1� rqh1-hd cells examined (N) is shown at the top. (C)
Merged images of fluorescence micrographs showing Mad2-GFP (green) and
Mis6-mRFP (red) in prometaphase-arrested pot1� rqh1-hd cells.

FIG 3 Kinetochores continue to move between the two SPBs in prometa-
phase-arrested pot1� rqh1-hd cells (A) Merged time-lapse fluorescence images
of Mis12-GFP (green) and mCherry-Atb2 (red) in rqh1-hd and pot1� rqh1-hd
cells. Images were captured every 30 s. Top, rqh1-hd cells in anaphase; bottom,
pot1� rqh1-hd cells arrested in prometaphase. Bars, 5 �m. (B) Spotting assay
using 10-fold serial dilutions of cells. Sensitivity to TBZ was assessed by spot-
ting pot1� rqh1-hd, pot1� rqh1-hd bub1�, rqh1-hd bub1�, pot1� rqh1-hd
mad2�, and rqh1-hd mad2� cells onto YEA platesin the absence or presence of
the indicated concentrations of TBZ at 30°C.
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chromosome bridge during M phase in ca. 80% of pot1� rqh1-hd
double mutants (Fig. 4B, arrow), suggesting that recombination
intermediates accumulate at telomeres even during M phase (29).
Deletion or mutation of the kinase domain in chk1� in the pot1�
rqh1-hd double mutant significantly reduced the percentage of
cells with Rad11 foci on the chromosome bridge during M phase
to ca. 20% (Fig. 4B). The reduction in Rad11 foci was not due to a
reduction in the amount of single-stranded DNA, at unreplicated

regions or single-stranded telomere overhangs, for example, be-
cause the percentage of asynchronous pot1� rqh1-hd cells con-
taining Rad11 foci was not affected by deletion of chk1� (data not
shown). These results suggest that deletion or mutation of the
kinase domain in chk1� suppresses the accumulation of recombi-
nation intermediates at telomeres.

Telomeres in rqh1-hd cells, which are maintained by telome-
rase, were detected as broad bands of approximately 1 kbp when
chromosomes were digested by EcoRI (Fig. 4C, bar). In contrast,
chromosome ends in the pot1� rqh1-hd double mutant are main-
tained by recombination, and the EcoRI site-containing chromo-
some ends in the pot1� rqh1-hd double mutant were highly am-
plified (Fig. 4C, arrow) (29). A similar band pattern was detected
for pot1� rqh1-hd chk1� cells (Fig. 4C, arrow), suggesting that the
chromosome ends are maintained by recombination (Fig. 4C).
Although the band size of the pot1� rqh1-hd chk1-kd triple mutant
(Fig. 4C, arrowhead) was different from that of the pot1� rqh1-hd
and pot1� rqh1-hd chk1� cells, a sharp band was detected, imply-
ing that the EcoRI site-containing chromosome end fragments
were amplified by recombination. Moreover, pulsed-field gel elec-
trophoresis demonstrated that the chromosomes in pot1�
rqh1-hd chk1-kd cells were linear (data not shown). Telomeres
should be maintained by recombination in the absence of Pot1,
because Pot1 is essential for telomerase-dependent telomere
maintenance (22, 29). These facts suggest that the chromosome
ends in pot1� rqh1-hd chk1-kd cells are still maintained by recom-
bination, and yet no recombination intermediates are accumu-
lated.

Deletion of chk1� or rad51� suppresses the prometaphase
arrest of the pot1� rqh1-hd double mutant. We next sought to
determine whether the prometaphase arrest of the pot1� rqh1-hd
double mutant was suppressed by deletion of chk1�. The percent-
age pot1� rqh1-hd double mutants arrested in prometaphase was
significantly reduced by the deletion of chk1� (Fig. 4D), suggest-
ing a link between the accumulation of recombination intermedi-
ates and SAC activation.

Because the pot1� rqh1-hd rad51� triple mutant has circular
chromosomes with no telomeres, the triple mutant has no recom-
bination intermediates at telomeres (29). We sought to determine
whether deletion of rad51� suppressed the prometaphase arrest of
the pot1� rqh1-hd double mutant. Indeed, deletion of rad51� did
suppress prometaphase arrest (Fig. 4D). This further supports a
link between recombination intermediates at telomeres and SAC
activation in the pot1� rqh1-hd double mutant.

Accumulation of replication intermediates at rDNA loci also
activates the SAC. Our results suggest that the accumulation of
recombination intermediates at telomeres in the pot1� rqh1-hd
double mutant activates the SAC. We next sought to determine
whether the accumulation of recombination or replication inter-
mediates at other loci, such as rDNA, also activated the SAC. The
rqh1-hd single mutant accumulates recombination and replica-
tion intermediates at chromosomes, including rDNA loci, and
enters mitosis with those intermediates when the cell cycle is re-
leased from hydroxyurea (HU)-mediated DNA replication block
(24, 27, 42). We analyzed M phase progression in the rqh1-hd
mutant after release from HU-mediated DNA replication block by
monitoring the elongation of the mitotic spindle. The mitotic
spindle elongated normally in most rqh1-hd single mutants (Fig.
5A). However, arrest of spindle elongation was detected in ca. 40%
of the rqh1-hd cells released from HU arrest. Moreover, the arrest

FIG 4 Deletion or mutation of the kinase domain in chk1� suppresses both
the accumulation of recombination intermediates at telomeres and the pro-
metaphase arrest of pot1� rqh1-hd double mutants. (A) Deletion or mutation
of the kinase domain in chk1� suppressed TBZ sensitivity. A spotting assay
using 10-fold serial dilutions of cells was performed. Sensitivity to TBZ was
assessed by spotting pot1� rqh1-hd, pot1� rqh1-hd chk1�, and pot1� rqh1-hd
chk1-kd cells onto YEA plates in the absence or presence of the indicated
concentrations of TBZ at 30°C. (B) Percentage of cells in which RPA foci
appeared on chromosome bridges (arrow in the box). A representative fluo-
rescence image of a Rad11-mRFP-expressing pot1� rqh1-hd cell, with RPA foci
on the chromosome bridge, is shown in the box. Bar, 5 �m. Rad11-mRFP-
expressing pot1� rqh1-hd, pot1� rqh1-hd chk1�, and pot1� rqh1-hd chk1-kd
cells were analyzed. The total cell number examined (N) is shown at the top.
(C) Telomere length in rqh1-hd, pot1� rqh1-hd, pot1� rqh1-hd chk1-kd, and
pot1� rqh1-hd chk1� cells was analyzed by Southern hybridization. Genomic
DNA was digested with EcoRI, separated by 1.5% agarose gel electrophoresis,
and hybridized to a probe containing 300 bp of telomeric DNA and 700 bp of
subtelomeric DNA. The bands corresponding to telomeres are indicated by an
arrow (for pot1� rqh1-hd and pot1� rqh1-hd chk1�), arrowhead (for pot1�
rqh1-hd chk1-kd), or bar (for rqh1-hd). (D) The percentage of prometaphase-
arrested cells in mCherry-Atb2-expressing pot1� rqh1-hd, pot1� rqh1-hd
chk1�, and pot1� rqh1-hd rad51� cells. Cells in which spindle elongation was
arrested for 	7.5 min were counted as prometaphase-arrested cells. The total
cell number examined (N) is shown at the top.
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was Bub1 dependent (Fig. 5A). These results suggest that the ac-
cumulation of recombination and replication intermediates at in-
ternal chromosomes, including rDNA loci, also activates the SAC.

Given that release from HU-mediated DNA replication block
may generate DNA damage in the rqh1-hd single mutant in addi-
tion to the accumulation of recombination and replication inter-
mediates, DNA damage itself might underlie SAC activation. De-
letion of rad51� suppresses aberrant mitosis in rqh1 mutant cells
released from HU arrest, suggesting that Rad51 generates aberrant
recombination and replication intermediates in the rqh1 mutant
(43). Thus, deletion of rad51� in rqh1-hd would reduce the accu-
mulation of recombination and replication intermediates but not

DNA damage itself. To determine that the accumulation of re-
combination and replication intermediates, but not DNA damage
itself, was the reason for SAC activation in rqh1-hd cells released
from HU arrest, we used the rqh1-hd rad51� double mutant. Cell
cycle progression in the rqh1-hd rad51� double mutant was mon-
itored after cells were released from HU-mediated arrest. Unlike
the rqh1-hd single mutant, the rqh1-hd rad51� double mutant did
not arrest in prometaphase, suggesting that recombination and
replication intermediates, but not DNA damage itself, are re-
quired for SAC activation (Fig. 5A).

The rqh1 single mutant has defects in rDNA segregation (42).
Relieving replication fork arrest at the replication fork barriers by
deletion of reb1� suppresses the defect in rDNA segregation, sug-
gesting that the aberrant replication intermediates generated at
rDNA loci underlie the rDNA segregation defect in the rqh1 mu-
tant (42, 44, 45). We sought to determine whether relieving repli-
cation fork arrest at the replication fork barriers suppressed pro-
metaphase arrest in rqh1-hd cells released from HU-mediated
arrest. Interestingly, prometaphase arrest in rqh1-hd cells was sup-
pressed by the deletion of reb1� (Fig. 5A). This suggests that the
aberrant replication intermediates generated at rDNA loci under-
lie prometaphase arrest in rqh1-hd cells released from HU-medi-
ated arrest.

We also confirmed SAC activation by monitoring Cut2-GFP
signals after releasing cells from HU-mediated arrest. In the
rqh1-hd mutant, the Cut2-GFP signal disappeared in cells in
which spindle microtubules elongated normally, whereas the
Cut2-GFP signal did not disappear in cells in which spindle mi-
crotubule elongation was arrested (Fig. 5B). This further suggests
the SAC is activated when replication intermediates accumu-
late at rDNA loci. Mad2 foci were present for more than 8 min
in the prometaphase-arrested rqh1-hd mutants (n 
 9, 100%),
suggesting a defect in kinetochore-microtubule attachment
(Fig. 5C). The Mad2 foci detected colocalized with Mis6, a
kinetochore protein, demonstrating that Mad2 localized to ki-
netochores (Fig. 5D).

Bub1 contributes to the viability of the rqh1-hd mutant in the
presence of HU. Our results suggest that the accumulation of
replication intermediates at rDNA results in SAC activation. We
next sought to determine whether SAC activation contributed to
the viability of rqh1-hd mutants exposed to HU, which accumu-
lated recombination and replication intermediates. The rqh1-hd
single mutant, but not the bub1 single mutant, was sensitive to HU
(46) (Fig. 6). Interestingly, the rqh1-hd bub1� double mutant was
more sensitive to HU than either single mutant, demonstrating
that SAC activation by Bub1 contributes to the viability of the
rqh1-hd mutant in the presence of HU.

FIG 5 The SAC is activated in rqh1-hd cells released from S-phase arrest. (A)
Percentage of prometaphase-arrested cells among mCherry-Atb2-expressing
rqh1-hd, rqh1-hd bub1�, rqh1-hd rad51�, and rqh1-hd reb1� cells released
from S-phase arrest. Cells in which spindle elongation was arrested for 	7.5
min were counted as prometaphase-arrested cells. The total cell number ex-
amined (N) is shown at the top. We added 10 mM HU to asynchronous
cultures in YEA medium. After exposure to HU for 4 h, cells were washed and
transferred to YEA medium without HU and cultured for a further 2 h. (B)
Time-lapse fluorescence images of Cut2-GFP and mCherry-Atb2 in rqh1-hd
cells released from S-phase arrest. Left, rqh1-hd cells in anaphase; right,
rqh1-hd cells arrested in prometaphase. Bars, 5 �m. (C) Time-lapse fluores-
cence images of Mad2-GFP and mCherry-Atb2 in rqh1-hd cells released from
S-phase arrest. Left, rqh1-hd cells in anaphase; right, rqh1-hd cells arrested in
prometaphase. Bar, 5 �m. (D) Merged images of fluorescence micrographs
showing Mad2-GFP (green) and Mis6-mRFP (red) in prometaphase-arrested
rqh1-hd cells released from S-phase arrest.

FIG 6 Bub1 contributes to the viability of the rqh1-hd mutant in the presence
of HU. A spotting assay using 10-fold serial dilutions of cells was performed.
Sensitivity to HU was assessed by spotting wild-type, bub1�, and rqh1-hd
bub1� cells onto YEA plates in the absence or presence of the indicated con-
centrations of HU at 30°C.
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DISCUSSION

Recombination intermediates accumulate at telomeres during M
phase in the pot1� rqh1-hd double mutant (29). In the present
study, we found that the pot1� rqh1-hd double mutant arrested at
prometaphase in a manner dependent on Mad2 and Bub1, sug-
gesting that the arrest is SAC-dependent (Fig. 1A and B). More-
over, Cut2 was not degraded in the prometaphase-arrested pot1�
rqh1-hd double mutant (Fig. 1C), further supporting SAC activa-
tion. The SAC detects defects in kinetochore-microtubule attach-
ment. Bub1 and Mad2 localize to the kinetochore when proper
kinetochore-microtubule attachment has not been achieved. In-
deed, we found that Bub1 and Mad2 foci persisted for long periods
of time in the prometaphase-arrested pot1� rqh1-hd double mu-
tant (Fig. 2). Moreover, Mis12-GFP signals corresponding to ki-
netochores continued to move between the two SPBs in the pro-
metaphase-arrested pot1� rqh1-hd double mutant (Fig. 3A).
These facts suggest that proper kinetochore-microtubule attach-
ment cannot be achieved in the prometaphase-arrested pot1�
rqh1-hd double mutant.

We found that deletion of chk1� or mutation of the kinase
domain in chk1� suppressed TBZ sensitivity and the accumula-
tion of recombination intermediates at telomeres in the pot1�
rqh1-hd double mutant (Fig. 4A and B). These results support our
model in which the accumulation of recombination intermediates
underlies the TBZ sensitivity of the pot1� rqh1-hd double mutant.
It remains unclear how Chk1 contributes to the accumulation of
the intermediates. Given that Chk1 is required for cell cycle arrest
at the G2/M transition, deletion of chk1� may reduce the time in
which recombination intermediates can accumulate. Another
possibility is that Chk1 contributes directly to the recombination-
dependent telomere maintenance pathway by controlling the pro-
teins involved in this pathway. Importantly, the prometaphase
arrest of the pot1� rqh1-hd double mutant was suppressed by the
deletion of chk1� or rad51� (Fig. 4D), suggesting a link between
the accumulation of recombination intermediates and SAC acti-
vation.

We also found that rqh1-hd cells arrested at prometaphase
when the cells were released from HU arrest, which causes recom-
bination and replication intermediates to accumulate at chromo-
some regions, including rDNA loci (Fig. 5A). The arrest was Bub1
dependent (Fig. 5A), and Cut2 was not degraded in prometa-
phase-arrested rqh1-hd cells, suggesting that the SAC is activated
under these conditions (Fig. 5B). Neither the rqh1-hd rad51�
double mutant nor the rqh1-hd reb1� double mutant arrested at
prometaphase, suggesting that Rad51-dependent replication in-
termediates generated at replication fork sites at rDNA loci cause
SAC activation (Fig. 5A). The structure of the Rad51-dependent
aberrant replication intermediates generated at the rDNA loci re-
mains unclear. Rad51-dependent template exchange occurs dur-
ing the restart of stalled replication forks in the rqh1 mutant (47).
Therefore, we assume that template exchange between sister chro-
matids generates the aberrant replication intermediates. Mad2
foci persisted for long periods of time in prometaphase-arrested
rqh1-hd cells that were released from HU arrest (Fig. 5C). These
data suggest that the accumulation of replication intermediates at
rDNA in the rqh1-hd single mutant also causes a defect in kineto-
chore-microtubule attachment. The rqh1-hd bub1� double mu-
tant was more sensitive to HU than either single mutant, suggest-
ing that Bub1 contributes to the viability of the rqh1-hd mutant by

arresting cells in prometaphase when recombination and/or rep-
lication intermediates accumulate (Fig. 6). This emphasizes the
importance of SAC activation when aberrant replication interme-
diates have accumulated. Unlike in the rqh1-hd bub1� double
mutant, the HU sensitivity of the rqh1 mad2 double mutant is
similar to that of each single mutant (42). Thus, Bub1 may be
more important than Mad2 for the survival of rqh1-hd mutants on
HU plates.

Drosophila and vertebrate Chk1 are involved in SAC activation
(16, 48, 49). The S. pombe crb2 mutant arrests in prometaphase in
a Chk1-dependent fashion in response to replication stress in-
duced by a topoisomerase I inhibitor (11). We also found that the
prometaphase arrest of the pot1� rqh1-hd double mutant was
Chk1 dependent. However, the involvement of S. pombe Chk1 in
the prometaphase arrest of the pot1� rqh1-hd double mutant may
be indirect because deletion of chk1� in the pot1� rqh1-hd double
mutant suppressed the accumulation of recombination interme-
diates. Unlike the pot1� rqh1-hd double mutant, prometaphase
arrest in rqh1-hd cells that were released from HU arrest was not
suppressed by the deletion of chk1� or the concomitant deletion
of chk1� and cds1� (unpublished data). These results suggest that
neither the DNA damage checkpoint nor the replication check-
point is involved in the SAC-dependent prometaphase arrest of
rqh1-hd cells released from HU arrest.

Uncapped Drosophila melanogaster telomeres activate the
SAC (30). In this case, BubR1, a homologue of S. pombe Mad3,
localizes to uncapped telomeres. However, we detected Mad3 foci
only on mitotic spindles in the prometaphase-arrested pot1�
rqh1-hd double mutant, suggesting that Mad3 does not localize to
telomeres (data not shown). Moreover, we found that the accu-
mulation of replication intermediates at rDNA loci also activated
the SAC. Therefore, the mechanism of SAC activation in response
to uncapped D. melanogaster telomeres may differ from the mech-
anism of SAC activation in response to the accumulation of re-
combination or replication intermediates during M phase in S.
pombe.

In conclusion, our results suggest that recombination interme-
diates at telomeres or replication intermediates at rDNA activate
the SAC, possibly by affecting proper kinetochore-microtubule
attachment.
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