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Cdc2p is a cyclin-dependent kinase (CDK) essential
for both mitotic and meiotic cell cycle progression in
®ssion yeast. We have found that the spindle check-
point kinase Bub1p becomes phosphorylated by
Cdc2p during spindle damage in mitotic cells. Cdc2p
directly phosphorylates Bub1p in vitro at the CDK
consensus sites. A Bub1p mutant that cannot be phos-
phorylated by Cdc2p is checkpoint defective, indicat-
ing that Cdc2p-dependent Bub1p phosphorylation is
required to activate the checkpoint after spindle
damage. The kinase activity of Bub1p is required, but
is not suf®cient, for complete spindle checkpoint func-
tion. The role of Bub1p in maintaining centromeric
localization of Rec8p during meiosis I is entirely
dependent upon its kinase activity, suggesting that
Bub1p kinase activity is essential for establishing
proper kinetochore function. Finally, we show that
there is a Bub1p-dependent meiotic checkpoint, which
is activated in recombination mutants.
Keywords: Bub1p kinase/Cdc2p/meiotic checkpoint/
Rec8p/spindle checkpoint

Introduction

The spindle checkpoint plays an essential role in
eukaryotic cells to inhibit onset of anaphase until proper
attachment of chromosomes to the spindle (reviewed by
Amon, 1999; Millband et al., 2002). One of the proteins
involved in this checkpoint is the conserved Bub1p protein
kinase that localizes to kinetochores during mitosis
(reviewed by Straight, 1997). In this paper, we investigate
the roles that Bub1p phosphorylation and kinase activity
play in spindle checkpoints during the mitotic and meiotic
cell cycles of ®ssion yeast.

Bub1p was initially identi®ed in budding yeast as being
required for pre-anaphase delay in response to spindle
damage (Hoyt et al., 1991; Roberts et al., 1994). It plays a
role in maintaining chromosomal stability in a number of
eukaryotes, and mutations in the bub1 gene have been
found in some cancers (reviewed by Cahill et al., 1998;
Jallepalli and Lengauer, 2001). Bub1p localizes at the

kinetochores during prophase and prometaphase of mitosis
(Taylor and McKeon, 1997; Basu et al., 1999) and is
thought to be recruited to unattached kinetochores. Bub1p
physically associates with Bub3p (Roberts et al., 1994)
and Mad1p (Brady and Hardwick, 2000), and is required
for the kinetochore localization of Bub3p (Basu et al.,
1999; Sharp-Baker and Chen, 2001). Bub1, Bub3p,
Mad1p, Mad2p and Mad3p probably form a complex at
the unattached kinetochore (reviewed by Amon, 1999).
Bub1p has kinase activity in vitro and can phosphorylate
itself as well as Bub3p (Roberts et al., 1994) and Mad1p
(Seeley et al., 1999) in vitro. Other spindle checkpoint
components such as Mad1p, Mad2p and Mad3p interact
with Cdc20±APC (the anaphase-promoting complex/
cyclosome), which inhibits the metaphase±anaphase
transition (reviewed by Amon, 1999; Millband et al.,
2002). In budding yeast, a point mutation in the conserved
lysine residue of the kinase domain abolished in vitro
kinase activity, and such mutants appeared to be check-
point defective (Roberts et al., 1994). In Xenopus laevis,
Bub1p recruits other spindle checkpoint components
(Mad1p, Mad2p and Bub3p) to kinetochores inde-
pendently of its kinase activity (Sharp-Baker and Chen,
2001).

The role of Bub1p during meiosis I (MI) differs from
mitosis and meiosis II (MII) because chromosomal
segregation is reductional, with sister chromatids remain-
ing attached and moving together to one pole (reviewed by
Kleckner, 1996). The spindle checkpoint proteins are
recruited to kinetochores during meiosis (Yu et al., 1999;
Kallio et al., 2000), and both Bub1p and Mad2p prevent
non-disjunction events during MI in yeast (Shonn et al.,
2000; Bernard et al., 2001). In ®ssion yeast, Bub1p has
been reported to play a role in ensuring reductional
segregation during MI (Bernard et al., 2001). The meiotic
cohesin Rec8p also plays an essential role in establishing
reductional segregation (Watanabe and Nurse, 1999;
Buonomo et al., 2000), and its association with the inner
centromeres is important to establish monopolar orienta-
tion (Watanabe et al., 2001). Fission yeast Bub1p is
associated with the kinetochores during both meiosis and
mitosis (Bernard et al., 1998, 2001), and is required for the
centromeric localization of Rec8p during anaphase I.

How Bub1p is regulated is not well understood.
Sequence analysis of Bub1p reveals four putative CDK
phosphorylation sites in the amino acid sequence of
Bub1p. Cdc2p is a cyclin-dependent kinase that plays
multiple roles during both mitosis and meiosis (reviewed
by Nigg, 1995; Nurse, 2000). Cdc2p has been shown to be
localized at centromeres during meiosis in ®ssion yeast
(Decottignies et al., 2001), and so we have investigated
whether Cdc2p plays a role in regulating Bub1p during the
cell cycle. We show that at least one of the four putative
CDK sites in Bub1p is phosphorylated by Cdc2p, and have
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investigated the roles this phosphorylation and the Bub1p
kinase domain play in the spindle checkpoint during
mitosis and the ®rst meiotic division.

Results

Phosphorylation of Bub1p during mitosis
To determine whether Bub1p phosphorylation changes
during the mitotic cell cycle, cells were synchronized in G2

by incubating a cdc25±22 mutant strain in which the
endogenous bub1+ was tagged with HA at 36°C for 4 h
before being released into mitosis at 25°C (Figure 1A).
Western blot analysis using anti-HA antibodies revealed
multiple bands of Bub1-HAp in exponentially growing
cells, but these remained unchanged throughout the cell
cycle (Figure 1A). Next, we investigated Bub1p phos-
phorylation during spindle damage, which is known to
involve Bub1p function (reviewed by Amon, 1999). To
disrupt the mitotic spindle, cold-sensitive b-tubulin mutant
nda3-km311 cells were incubated at 18°C (Hiraoka et al.,
1984). Upon shifting the cells to 18°C, slower migrating
forms of Bub1-HAp appeared on the gel in addition to the
multiple bands present in asynchronously growing cells
(Figure 1B). All the bands that appeared in the nda3 block
were sensitive to phosphatase treatment (Figure 1B).
These results indicate that Bub1p becomes hyperphos-
phorylated in an nda3 block.

Sequence analysis revealed four putative CDK consen-
sus sites (S/T-P-X-K/R) (Maller et al., 1989) in the middle
region of Bub1p (Figure 1C). To investigate whether
hyperphosphorylation of Bub1p in a mitotic block occurs
at these CDK sites, we constructed an `unphosphoryl-
atable' mutant (bub1-P*) of Bub1p by changing the four
S/T residues T340, T423, T455 and S466 to alanine
(Figure 1C). Bub1p hyperphosphorylation was eliminated
in this bub1-P*-HA strain in an nda3 block (Figure 1C).
Phosphatase treatment revealed that the other bands
observed in the bub1-P*-HA strain were also due to
phosphorylation (Figure 1C), suggesting that Bub1p may
be additionally phosphorylated by other kinases. These
results demonstrate that Bub1p becomes hyperphosphory-
lated at the CDK consensus sites when spindle formation is
disrupted.

To determine whether Cdc2p kinase activity is required
for Bub1p hyperphosphorylation, we destabilized micro-
tubules (MTs) with drugs in a thermosensitive (ts) cdc2
mutant strain (Figure 1D). Cdc2-M26 cells were incubated
for 3 h at 36°C, arresting most cells in late G2 (Carr et al.,
1989). The cells were released to 25°C in the presence of
50 mg/ml carbendazim (MBC), and after 40 min, both
bub1-HA and bub1-P*-HA cells were analysed by western
blotting (Figure 1D). Slower migrating forms of Bub1-
HAp were detected in addition to the normal multiple
bands (Figure 1D, left panel, 3h40). In contrast,

Fig. 1. Phosphorylation of Bub1p during mitosis. (A) Percentage of
cells with 1 or 2 nuclei (left panel) and western blotting (right panel) of
G2 block and release experiments. Cdc25-22 bub1-HA cells were incu-
bated at 36°C for 4 h, then released at 25°C for the indicated time to
proceed through synchronous mitosis. Anti-HA antibody was used to
detect Bub1-HAp. (B) Bub1p became hyperphosphorylated in an nda3
block. Nda3-km311 cells were incubated at 18°C for the indicated time
in hours (left panel). Extracts were prepared from nda3-km311 cells
blocked at 18°C for 6 h (pre) and incubated with l phosphatase in the
absence (lPP) or presence (lPP+Inh) of phosphatase inhibitors (right
panel). (C) Hyperphosphorylation was abolished in nda3-km311
bub1-P*-HA strain. The four CDK consensus sites were mutated to
alanine in the bub1-P* mutant (left panel). Hyperphosphorylation in an
nda3 block was eliminated in bub1-P*-HA strain (centre panel).
Phosphatase treatment of extracts from bub1-P*-HA cells (right panel).
(D) Hyperphosphorylation of Bub1p was dependent on Cdc2p kinase
activity. Cdc2-M26 bub1-HA and cdc2-M26 bub1-P*-HA cells were
incubated at 36°C for 3 h, released to 25°C in the presence of 50 mg/ml
MBC for 40 min until cells blocked in mitosis, and then shifted back to
36°C in the presence of 100 mg/ml MBC.
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hyperphosphorylation of Bub1-P*-HAp was not observed
in the bub1-P*-HA cells (Figure 1D, right panel, 3h40).
The upper bands of Bub1-HAp disappeared when cells
were shifted back to 36°C (Figure 1D, left panel, 4h20),
establishing that Cdc2p kinase activity is continuously
required to maintain the MBC-induced hyperphosphoryl-
ation of Bub1p.

Cdc2p can phosphorylate Bub1p in vitro
To investigate whether this Cdc2p-dependent phosphoryl-
ation of Bub1p is direct or not, we performed an in vitro
kinase assay. Since Bub1p is able to autophosphorylate
(Roberts et al., 1994), bacterially-produced glutathione
S-transferase (GST) fusion protein of Bub1p lacking
the kinase domain was used as a substrate for Cdc2p.
When GST±Bub1-Dkinasep was incubated with either
Schizosaccharomyces pombe or Homo sapiens Cdc2p,
we detected the phosphorylation of a 115 kDa band

(Figure 2A). This was not due to autophosphorylation of
Bub1p, as GST±Bub1-Dkinasep alone did not give any
signal (Figure 2A). We concluded that Cdc2p can
phosphorylate Bub1p in vitro.

To investigate whether this phosphorylation by Cdc2p
occurs at the CDK consensus sites, we puri®ed unphos-
phorylatable mutant of Bub1p from bacteria, in which
four CDK consensus sites are mutated (GST±Bub1-P*-
Dkinasep). Incubation with either S.pombe or H.sapiens
Cdc2p revealed that the [32P]Bub1p signal was much
reduced in the GST±Bub1-P*-Dkinasep mutant protein
(Figure 2B), indicating that Cdc2p phosphorylates Bub1p
at the CDK consensus sites in vitro.

Cdc2p-dependent hyperphosphorylation of Bub1p
and the spindle checkpoint
We next tested whether Cdc2p-mediated hyperphos-
phorylation of Bub1p plays a role in the spindle check-
point. Bub1-P* cells were more sensitive to thiabendazole
(TBZ) than wild-type (WT) cells, but more resistant than
bub1D cells (Figure 3A). The TBZ sensitivity of bub1-P*
cells was comparable with that of mad2D cells (Figure 3A),
which have been shown to be sensitive to MT drugs (Li
and Murray, 1991; Kim et al., 1998). To quantify these
effects, the number of cells that could proceed through
mitosis to septation in the presence of MBC was scored.
Cdc2-M26 cells were synchronized in late G2 by incuba-
tion at 36°C and subsequently released to 25°C in the
presence of 75 mg/ml MBC. Bub1+ cells became blocked
in mitosis before septation, and 80 min after release only
3% of the cells were found to be septated (Figure 3B). In
contrast, the spindle checkpoint is defective in bub1D cells
and 45% of the cells were septated at 80 min. In the
bub1-P* mutant, 20% of the cells were septated, suggest-
ing that phosphorylation is required to completely block
cells in mitosis. The inability of Bub1-P*p to completely
activate the checkpoint was not due to a defect in
kinetochore localization because Bub1±GFPp and
Bub1-P*±GFPp both localized similarly to kinetochores
in the presence of MBC (Figure 3C).

Bub1p kinase domain and the spindle checkpoint
The kinase domain is at the C-terminus of the Bub1p
protein (Figure 1C) and includes the conserved K762
residue in the ATP-binding site (Figure 4A). To investi-
gate the role of Bub1p kinase activity in the spindle
checkpoint, we constructed two different mutants, one
with the K762R mutation, which abolishes the kinase
activity of Saccharomyces cerevisiae Bub1p (Roberts
et al., 1994), and a second that lacked the entire kinase
domain (bub1-Dkinase) (Figure 4B). Both mutants were
more sensitive to TBZ than WT cells, but not as sensitive
as bub1D cells (Figure 4C). We quanti®ed these effects
using synchronized cdc2-M26 cells. Eighty minutes after
release from G2 in the presence of MBC, 21% of the bub1-
Dkinase cells and 22% of the bub1-K762R cells were
septated compared with 3% of WT cells and 45% of bub1D
cells (Figure 4D). These observations suggest that the
kinase activity of Bub1p is necessary for complete spindle
checkpoint function. However, there must also be an
additional role for Bub1p that is independent of its kinase
activity and is necessary for full operation of the check-
point. Fusion of the Bub1-Dkinase protein to green

Fig. 2. Cdc2p phosphorylates Bub1p at CDK consensus sites in vitro.
(A) Left panel: GST±Bub1-Dkinasep or GST was incubated either
alone (substrate alone) or with S.pombe Cdc2p (Sp Cdc2p) or
H.sapiens Cdc2p (Hs Cdc2p). The band just below GST±Bub1-
Dkinasep is a degradation product, as shown by the western blotting.
Top right panel: GST±Bub1-Dkinasep was incubated either with
Hs Cdc2p alone or with Hs Cdc2p and l phosphatase (lPP). Bottom
right panel: Coomassie Blue staining and anti-GST western blotting
of GST±Bub1-Dkinase and GST. (B) GST±Bub1-Dkinasep (WT) or
GST±Bub1-P*-Dkinasep (Bub1-P*) was incubated with either Sp
Cdc2p (left panel) or Hs Cdc2p (right panel). Coomassie Blue staining
is shown as loading control.
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¯uorescent protein (GFP) revealed that the mutant protein
could still localize to the kinetochores of MBC-treated
cells (Figure 4E). The defective spindle checkpoint in
kinase mutants was not due to a reduction in protein level,
as the protein amount of Bub1p in bub1-K762R, bub1-
Dkinase and WT cells was comparable (Figure 4B, right
panel). Because the bub1-P* and bub1-Dkinase mutants
are both partially defective in the spindle checkpoint
response, we investigated the phenotype of the bub1-P*-
Dkinase double mutant. TBZ resistance tests revealed that
the bub1-P*-Dkinase mutant was more sensitive to the
drug than the single mutants, but was still less sensitive
than a bub1D mutant (Figure 4C). Quantitative experi-
ments in liquid medium gave similar results (Figure 4D).
Therefore, we conclude that although both CDK phos-
phorylation of Bub1p and the kinase domain of Bub1p
contribute to the spindle checkpoint, other aspects of
Bub1p function must also be required for a full response.

We next investigated the relationship between Mad2p
and Bub1p kinase activity, by testing to see if the double
mutant of bub1-Dkinase and mad2D would give the same
phenotype as the single mutants. This was not the case:
bub1-Dkinase mad2D double mutant cells were more

sensitive to TBZ than the single mutants (Figure 4C),
indicating that Mad2p is not the only target of Bub1p
kinase activity. In a mad2D bub1-P*-D kinase mutant,
TBZ sensitivity was similar to bub1D cells (Figure 4C),
establishing that CDK phosphorylation, Bub1p kinase
activity and the Mad2p-dependent pathway have additive
effects. The mad2D bub1D double mutant showed similar
TBZ sensitivity to that of bub1D single mutant (Figure 4C).
However, we found that Mad2p is still recruited to the
kinetochores during spindle damage in the absence of
Bub1p (data not shown), suggesting that Bub1p is not
required for Mad2p localization at the kinetochore.

Bub1p becomes hyperphosphorylated at CDK sites
during meiosis
Bub1p is required for reductional segregation of sister
chromatids during MI (Bernard et al., 2001), and both
Cdc2p and Bub1p localize to the centromeres during
meiosis (Bernard et al., 2001; Decottignies et al., 2001).
Therefore we examined the phosphorylation state of
Bub1p in meiotic cells and the relevance of the CDK
consensus sites for this phosphorylation. Pat1-114/
pat1-114 mutant cells were used to induce synchronous

Fig. 3. Bub1-P* mutant cells are checkpoint defective. (A) WT, bub1-P*, bub1D and mad2D cells were grown to exponential phase, spotted onto
YE5S plates containing 0, 10 or 15 mg/ml TBZ and incubated for 2±3 days. (B) Cdc2-M26 (WT), cdc2-M26 bub1-P* (bub1-P*), cdc2-M26 bub1D
(bub1D) strains were incubated at 36°C for 3 h, released to 25°C in the presence of 75mg/ml MBC and incubated for the indicated time in minutes.
Cdc2-M26 strain released in the absence of MBC (WT, ±MBC) is indicated as a control. Septated cells were scored by calco¯uor staining.
(C) Bub1±GFPp and Bub1-P*±GFPp were observed by live ¯uorescence microscopy after 40 min of release at 25°C in the presence of MBC.
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meiotic divisions (BaÈhler et al., 1991). Pre-meiotic DNA
synthesis occurred 2 h after the shift (Figure 5A, left
panel), followed by MI and MII (Figure 5A, right panel).
Western blot analysis revealed that Bub1-HAp becomes
hyperphosphorylated 4 h after the shift, corresponding to
the time of the meiotic nuclear divisions (Figure 5B). This
hyperphosphorylation is maintained for 1 h and was not
present when the Cdc2p consensus sites were mutated
(Figure 5C). In mes1 mutant cells, which block between
MI and MII (Figure 6A; Shimoda et al, 1985), Bub1-HAp
became hyperphosphorylated at the ®rst meiotic division
(Figure 6B) and dephosphorylated at MI exit (Figure 6B).
In mei4 mutant cells, which arrest at meiotic prophase

(Figure 6A; Shimoda et al., 1985; BaÈhler et al., 1993;
Horie et al., 1998), Bub1-HAp did not become hyperphos-
phorylated (Figure 6C). These data show that Bub1p
hyperphosphorylation at Cdc2p consensus sites occurs
during MI, after meiotic prophase.

Bub1p phosphorylation and sister
chromatid segregation
To determine whether Cdc2p-dependent phosphorylation
of Bub1p is required for reductional segregation, we
scored cen1-GFP distribution during MI (Nabeshima et al.,
1998; Watanabe and Nurse, 1999). In bub1+ cells, only 3%
of the cells showed equational distribution. In contrast, in

Fig. 4. Kinase activity of Bub1p is required but not suf®cient for spindle checkpoint. (A) Conservation of K762 residue in the kinase domain of
Bub1p. (B) Left panel: kinase mutants. bub1-K762R carries a point mutation and bub1-Dkinase lacks the entire kinase domain. Right panel: cell
extracts from exponentially growing bub1-HA, bub1-K762R-HA and bub1-Dkinase-HA strains were analysed by western blotting using anti-HA anti-
body. Cdc2p is shown as loading control. (C) See Figure 3 legend for details. The concentrations of TBZ used are indicated in mg/ml. (D) Cdc2-M26
(WT), cdc2-M26 bub1-K762R (bub1-K762R), cdc2-M26 bub1Dkinase (bub1Dkinase), cdc2-M26 bub1-P*-Dkinase (bub1-P*-Dkinase) and cdc2-
M26 bub1D (bub1D) strains were used for the experiment described in Figure 3B. (E) The experiment described in Figure 3C was performed using
kinase mutants.
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Fig. 5. Bub1p becomes hyperphosphorylated at CDK consensus sites during meiotic divisions. (A) FACS analysis (left panel) and percentage of cells
with 1, 2 or 4 nuclei (right panel) of pat1-induced synchronous meiosis using pat1-114/pat1-114 bub1-HA/bub1HA strain (pat1-114 bub1-HA). Time
after induction is indicated in hours. (B) Western blotting of cell extracts from the time-course experiment described in (A) using anti-HA and anti-
Cdc13p antibodies. Cdc13p level is shown as an indication of Cdc13p-associated Cdc2p kinase activity. (C) Western blotting of cell extracts from syn-
chronous meiosis using pat1-114 bub1-HA and pat1-114 bub1-P*-HA strains.

Fig. 6. Bub1p becomes phosphorylated during meiosis I. (A) mei4 is required for exit from prophase I, and mes1 is required for entry into meiosis II.
(B) Percentage of cells with 1 or 2 nuclei at each time point as scored by DAPI staining (left panel) and western blotting of cell extracts (right panel)
from synchronous meiosis using pat1-114 mes1D strain. (C) Western blotting of extracts from pat1-114 and pat1-114 mei4D strains. Time after
induction is indicated in hours.
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the absence of Bub1p, cells underwent an equational
division in 45% of MI events (Figure 6A), in agreement
with data published previously (Bernard et al., 2001).
Spore viability was also reduced to 60% (Figure 7A). In
the bub1-P* mutant (90% spore viability), equational
divisions occurred in 14% of MI events (Figure 7A). The
Bub1-P*±GFP protein had a localization similar to WT
Bub1±GFPp (Figure 7B). We conclude that although
phosphorylation has little effect on spore viability, it does
have some role in ensuring reductional division during MI.

Reductional segregation requires Bub1p
kinase activity
To examine the role of the Bub1p kinase domain in sister
chromatid cohesion during MI, cen1-GFP distribution in
both the bub1Dkinase and the bub1-K762R mutants was
examined. In the bub1Dkinase mutant, equational segre-
gation of cen1-GFP occurred in 43% of MI events, a value
similar to the 45% observed in bub1D cells (Figure 7A). In
the bub1-K762R mutant, 34% of the MI cells underwent
equational segregation, whilst in the mad2D cells,
equational segregation was observed in only 2% of MI
cells (Figure 7A; Bernard et al., 2001). These results show
that the kinase activity of Bub1p is required for complete

reductional segregation of sister chromatids during MI.
The failure of Bub1p kinase mutants to maintain ef®cient
sister chromatid cohesion during MI may be due to
mislocalization of the mutant protein. We examined the
localization of Bub1p kinase mutants during meiotic
divisions (Figure 7B). In zygotes undergoing meiotic
divisions, WT Bub1±GFPp became associated with the
centromeres after meiotic prophase and remained associ-
ated until anaphase I, con®rming previous reports using
®xed cells (Bernard et al., 2001; Figure 7B, WT, f±h).
Both the Bub1Dkinase±GFPp and Bub1-K762R±GFPp
proteins were associated with centromeres during
anaphase I (Figure 7B, bub1-Dkinase, d±g and bub1-
K762R). These data suggest that the effect of Bub1p kinase
domain on sister chromatid segregation in MI is not due to
a failure of mutant proteins to localize to the centromeres,
although the localization of kinase mutant proteins within
the centromeric region may be modi®ed. Watanabe and
Nurse (1999) have shown that maintenance of Rec8p at the
centromeric regions during anaphase I is required for
reductional segregation of sister chromatids. In MII,
centromeric Rec8p is degraded, allowing separation of
sister chromatids. In vivo centromeric staining of
Rec8±GFPp was detected as bright dots in dividing nuclei

Fig. 7. Bub1p kinase activity is required for maintenance of centromeric Rec8p during anaphase I and reductional segregation. (A) Spore viability (%)
and equational segregation frequency (%) of WT, bub1D, bub1-P*, bub1-Dkinase, bub1-K762R and mad2D cells. (B) In vivo localization of
Bub1±GFPp (WT), Bub1-P*±GFPp (bub1-P*), Bub1-Dkinase±GFPp (bub1-Dkinase) and Bub1-K762R±GFPp (bub1-K762R) during meiosis.
(C) Rec8±GFPp localization during anaphase I in WT, bub1D, bub1-P*, bub1-Dkinase and bub1-K762R cells.

Bub1p kinase is regulated by Cdc2p

1081



(Figure 7Ca, arrows), but in the absence of Bub1p,
centromeric Rec8±GFPp was no longer maintained during
anaphase I (Figure 7Cb), in agreement with the results
using ®xed cells (Bernard et al., 2001). As expected from
cen1±GFP segregation in MI (Figure 7A), the centromeric
localization of Rec8±GFPp was lost during anaphase I in
the majority of bub1Dkinase and bub1-K762R cells
(Figure 7Cd and e). These results show that even though
Bub1p kinase mutants localize at the centromeric region
during anaphase I, they are no longer capable of
maintaining Rec8p at this location.

A Bub1p-dependent meiotic spindle checkpoint
To investigate the existence of a meiotic spindle check-
point in ®ssion yeast, we used recombination-de®cient
(rec) mutants, which exhibit delays in MI (Molnar et al.,

2001). We used the GFP±a2-tubulin allele (Yamamoto
et al., 1999) to measure the length of MI. In WT cells, the
time-course experiment shows that MI spindle elongation
occurs in three steps: the spindle elongates slowly between
0 and 10 min (phase I), there is no elongation between 10
and 20 min (phase II) and, ®nally, the spindle elongates
rapidly between 20 and 40 min (phase III) (Figure 8Aa,
upper panel; Mallavarapu et al., 1999). Rec7+ is an early
meiotic recombination gene, deletion of which leads to
non-disjunction of homologous chromosomes and low
spore viability (Ponticelli and Smith, 1989; Lin et al.,
1992; Molnar et al., 2001). In rec7-146 cells, we found
that, after the ®rst step of slow elongation between 0 and
10 min (phase I), the spindle continues to elongate slowly
and then undergoes regression for ~60 min (phase II)
before it starts to elongate rapidly until 70 min (phase III)
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(Figure 8Ac, upper panel). We found that this MI delay is
dependent upon Bub1p because MI spindle elongation
time is reduced to 40 min in rec7-146 bub1D cells
(Figure 8Ad, upper panel). In this case, however, cells
seem to lack phase II and spindle elongates continuously
between 0 and 40 min (Figure 8Ad, upper panel). Next, we
tested whether the delay is dependent on Bub1p kinase
activity. In a rec7-146 bub1Dkinase mutant, the MI delay
occurs, although reduced by ~20 min compared with rec7-
146 bub1+ cells; no spindle regression was observed
during phase II (Figure 8Ae, upper panel). This Bub1p-
dependent delay was also observed in a rec14D mutant
(data not shown; Evans et al., 1997; Cervantes et al.,
2000).

Our data suggest the existence of a Bub1p-dependent
spindle checkpoint in MI. To investigate whether CDK
activity would be a target of Bub1p-dependent meiotic
spindle checkpoint activation, we looked at the association
of Cdc2±YFPp (Decottignies et al., 2001) with MI spindle
since CDKs from different species are known to regulate
MT dynamics in mitosis by direct interaction with

MT-associated proteins (reviewed by Andersen, 2000).
In WT cells, Cdc2±YFPp ¯uorescence stays on the MI
spindle for <10 min (Figure 8Aa, lower panel). In rec7-146
cells, we found that Cdc2±YFPp remained at the spindle
for ~40 min (Figure 8Ac, lower panel and Ba), persisting
on the elongated spindle after separation of the nucleus
into two DNA masses (Figure 8Ac, lower panel). This is
never observed in WT cells. In agreement with GFP±a2-
tubulin data, the association of Cdc2±YFPp with the MI
spindle is reduced to <10 min in rec7-146 bub1D cells
(Figure 8Ad, lower panel and Bb). The same reduction
was observed in rec7-146 mad2D cells (Figure 8Bf). In
rec7-146 bub1Dkinase cells, the MI delay was reduced
by ~20 min (Figure 8Ae, lower panel and Bd) and
Cdc2±YFPp was never found on the elongated spindles.
As CDK-dependent phosphorylation of Bub1p occurs
during the ®rst meiotic division (Figures 5 and 6), we
tested whether this phosphorylation plays any role in the
meiotic checkpoint. However, in a rec7-146 bub1-P*
mutant, the delay in MI was still present (Figure 8Bc),
indicating that CDK-dependent phosphorylation does not
play a signi®cant role in this checkpoint. These observa-
tions suggest that the Bub1p-dependent delay in MI acts on
Cdc2p association with the spindle and occurs at two
distinct stages, an early stage with one nuclear mass, and a
later stage with separated nuclei which requires kinase
activity. We also observed a similar early MI delay in cells
overexpressing bub1+ (Figure 8Af).

Discussion

We have found that Bub1p becomes hyperphosphorylated
at CDK consensus sites in a Cdc2p-dependent manner
when the ®ssion yeast mitotic spindle is destabilized using
drugs or a b-tubulin mutant. Our in vitro results have
shown that Cdc2p directly phosphorylates Bub1p at these
CDK consensus sites. A Bub1-P*p mutant, which cannot
be phosphorylated on the four CDK consensus sites, has a
spindle checkpoint defect, although the defect is not as
pronounced as in the bub1D mutant. In vivo observation of
Bub1-P*±GFPp revealed that Cdc2p-dependent phos-
phorylation of Bub1p is not required to maintain the
kinetochore localization of the enzyme during spindle
damage. It has also been shown that human Bub1p is
phosphorylated when the spindle is disrupted, but not
during normal mitosis (Taylor et al., 2001). There are
putative CDK sites present in Bub1p from human, mouse,
¯y, budding yeast and Xenopus laevis, although the
position of the sites is not conserved. Therefore it is
possible that there may be a role for CDK phosphorylation
of Bub1p in the mitotic spindle of eukaryotes generally. In
this respect, Xenopus Bub1p has been shown to be directly
phosphorylated by Cdc2p in vitro (Schwab et al., 2001).
However, the function of this phosphorylation is still
unclear, as the kinase activity of Bub1p was not affected
by this phosphorylation (Schwab et al., 2001). In ®ssion
yeast, the main function affected by Cdc2p-dependent
phosphorylation is unlikely to be Bub1p kinase activity, as
the effects of mutations in phosphorylation sites and
kinase activity regarding sensitivity to MT-destabilizing
drugs are additive. One hypothesis would be that Cdc2p-
dependent phosphorylation of Bub1p regulates signal
transmission to downstream effectors like Mad3p

Fig. 8. Bub1p-dependent delay during meiosis I in rec7 mutants.
(A) a-tubulin±GFPp (top panel) and Cdc2±YFPp on MI spindles (bot-
tom panel) were observed in the following strains: (a) WT, (b) bub1D,
(c) rec7-146, (d) rec7-146 bub1D, and (e) rec7-146 bub1Dkinase.
(f) Cdc2±YFP was observed on MI spindle in bub1+-overexpressing
cells (nmt1-bub1). MI spindle elongation time and the time of
Cdc2±YFPp ¯uorescence association with MI spindle (Cdc2±YFP on
the MI spindle) in each strain are shown in the table. (B) Association
time of Cdc2±YFPp ¯uorescence with MI spindle was measured in
rec7-146 cells combined with (a) bub1+, (b) bub1D, (c) bub1-P*,
(d) bub1-Dkinase, (e) bub1-P*-Dkinase and (f) mad2D. The association
times were grouped into ®ve categories (I: 0±10, II: 10±20, III: 20±30,
IV: 30±40, V: 40±50 mins). Histograms show the number of cells
falling into each category.
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(Millband and Hardwick, 2002). Alternatively, CDK may
regulate Bub1p interaction with other spindle checkpoint
components at the kinetochore, as previously shown for
the budding yeast Mps1p kinase, which is required for

formation of the Mad1p/Bub1p/Bub3p complex (Brady
and Hardwick, 2000).

Strains lacking the kinase domain of Bub1p (bub1-
Dkinase) or with a point mutation in the kinase domain

Table I. Schizosaccharomyces pombe strains used in this study

PN4252 bub1::bub1-HA[kanR] leu1-32 h- <bub1-HA>
PN4262 cdc25±22 bub1-HA leu1-32 h-
PN3822 nda3-km311 leu1± his2± h+ T.Toda
PN4270 bub1::bub1-P*-HA[kanR] leu1-32 ura4-D18 h+ <bub1-P*-HA>
PN4465 nda3-km311 bub1-HA his2± leu1-32 h+
PN4163 nda3-km311 bub1-P*-HA leu1-32 h+
PN72 cdc2-M26 leu1-32 h-
PN4253 bub1-HA cdc2-M26 leu1-32 h+
PN4273 bub1-P*-HA cdc2-M26 leu1-32 h+
PN4255 bub1D::ura4+ ura4-D18 leu1-32 h- Bernard et al. (1998)
PN1 972 h-
PN4320 bub1::bub1-P*[ura4+] ura4-D18 leu1-32 h+
PN2647 mad2D::ura4+ ura4-D18 leu1-32 h- Kim et al. (1998)
PN4294 bub1D::ura4+ cdc2-M26 leu1-32 ura4-D18 h-
PN4329 cdc2-M26 bub1-P*[ura4+] ura4-D18 leu1-32 h-
PN4091 bub1::bub1-GFP[kanR] leu1-32 ura4-D18 ade6-704 h-
PN4464 bub1::bub1-P*-GFP[kanR] ura4-D18 leu1-32 h-
PN4157 bub1::bub1Dkinase-GFP[kanR] ura4-D18 leu1-32 ade6-704 h-
PN4298 bub1::bub1Dkinase[kanR] leu1-32 h-
PN4260 bub1D::ura4+ mad2D::ura4+ ura4-D18 leu1-32 h+
PN4472 bub1::bub1Dkinase[kanR] mad2D::ura4+ ura4-D18 leu1-32 h-
PN4506 mad2D::ura4+ ura4-D18 bub1-P*-Dkinase[kanR] leu1-32
PN4353 bub1::bub1-K762R leu1-32 h-
PN4628 bub1::bub1-K762R-HA[kanR] ura4-D18 leu1-32
PN4156 bub1::bub1Dkinase-HA[kanR] ura4-D18 leu1-32 ade6-704 h-
PN4347 bub1::bub1-K762R-GFP[kanR] ura4-D18 leu1-32 h-
PN4466 bub1::bub1-K762R cdc2-M26 leu1-32 h+
PN4330 bub1::bub1Dkinase[kanR] cdc2-M26 leu1-32 h-
PN4340 cdc2-M26 bub1-P*-Dkinase[kanR] leu1-32
PN4259 bub1-HA/bub1-HA pat1-114/pat1-114 leu1-32/leu1-32 ade6-M210/ade6-M216
PN4297 pat1-114/pat1-114 bub1-P*-HA/bub1-P*-HA leu1-32/leu1-32
PN4295 pat1-114/pat1-114 bub1-HA/bub1-HA mei4D::ura4+/mei4D::ura4+ leu1-32/leu1-32

ura4-D18/ura4-D18 ade6-M210/ade6-M216
PN4274 pat1-114/pat1-114 bub1-HA/bub1-HA mes1D::LEU2/ mes1D::LEU2 leu1-32/

leu1-32 ade6-M210/ade6-M216
MKY7A-4 LacO[lys1+] GFP-LacI-NLS[his7+] ura4± leu1± h+ <cen1-GFP> Nabeshima et al. (1998)
PN4095 bub1D::ura4+ ura4-D18 leu1-32 ade6-M210 cen1-GFP h+
PN4468 bub1-P*[ura4+] cen1-GFP leu1-32 ura4-D18 h+
PN4303 bub1Dkinase[kanR] cen1-GFP leu1-32 h+
PN4354 bub1-K762R cen1-GFP ura4-D18 leu1-32 h+
PN4144 mad2D::ura4+ ura4-D18 leu1-32 cen1-GFP ade6± h+
PN2377 rec8::rec8-GFP[kanR] h- <rec8-GFP> Watanabe and Nurse (1999)
PN4106 rec8-GFP bub1D::ura4+ ura4-D18 ade6-M210 h+
PN4309 rec8-GFP bub1Dkinase[kanR] h+
PN4467 rec8-GFP bub1-K762R h+
PN4469 rec8-GFP bub1-P*[ura4+] ura4± h+
PN4145 rec8D::kanR bub1-GFP[kanR] ura4-D18 h+
GP985 rec7-146::Tn10LLK ade6-M26 leu1-32 ura4-294 h+ <rec7-146> G.Smith
PN4068 cdc2-YFP[sup3-5] Dnmt1-cdc2::kanR leu1-32 ura4-D18 ade6-704 h-<cdc2-YFP> Decottignies et al. (2001)
PN4470 rec7-146 cdc2-YFP ura4± leu1-32 h-
PN4474 rec7-146 cdc2-YFP bub1D::ura4+ ura4± leu1-32 h-
PN4473 rec7-146 cdc2-YFP bub1Dkinase[kanR] ura4± leu1-32 h-
PN4476 rec7-146 cdc2-YFP bub1-P*[ura4+] ura4± leu1-32 h-
PN4357 bub1::nmt1-bub1[kanR] cdc2-YFP leu1-32 ura4-D18 h-
PN4617 rec7-146::Tn10LLK cdc2-YFP bub1-P*-Dkinase[kanR] leu1-32 ura4-D18
PN4502 rec7-146::Tn10LLK cdc2-YFP mad2D::ura4+ ura4-D18 leu1-32
GP2004 rec14D::LEU2 leu1-32 ade6-52 h- G.Smith
PN3774 leu1-32 ura4D18 nmt1::GFP-a-tubulin integrant h- <GFP-tub> Yamamoto et al. (1999)
PN4622 GFP-tub bub1D::ura4+ ura4-D18 leu1-32
PN4623 GFP-tub rec7-146::Tn10LLK leu1-32
PN4624 GFP-tub rec7-146::Tn10LLK bub1D::ura4+ leu1-32 ura4-D18
PN4626 GFP-tub rec7-146::Tn10LLK bub1-Dkinase[kanR] leu1-32 ura4-D18
MAG071 mad2::mad2-GFP[kanR] leu1-32 ura4± h- Garcia et al. (2001)
PN4619 mad2-GFP[kanR] cdc2-M26 leu1-32
PN4620 mad2-GFP[kanR] bub1D::ura4+ cdc2-M26 ura4-D18 leu1-32
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(bub1-K762R) are partially checkpoint defective. In
Xenopus, it has been reported that Bub1p kinase activity
is required for metaphase arrest (Tunquist et al., 2002),
although recruitment of other spindle checkpoint proteins
does not require Bub1p kinase activity (Sharp-Baker and
Chen, 2001). Bub1-Dkinase±GFPp and Bub1-K762R±
GFPp are able to localize to kinetochores during spindle
damage, indicating that Bub1p kinase activity is not
required for Bub1p recruitment to the kinetochores. When
both the CDK sites and the kinase domain of Bub1p are
mutated, cells are more sensitive to MT-destabilizing
drugs, but are less sensitive than bub1D cells. We conclude
that both CDK phosphorylation and kinase activity are
important for Bub1p function, and that Bub1p may also
have a role in the structural maintenance of the mitotic
kinetochore.

Unlike the situation in mitosis, we found that Bub1p
becomes hyperphosphorylated at CDK sites during
meiosis. This hyperphosphorylation occurs during MI,
after meiotic prophase. Sister chromatids of chromosome I
separate in 14% of the bub1-P* cells during MI compared
with 3% in WT cells, indicating that Cdc2p-dependent
phosphorylation of Bub1p plays some role in chromosome
segregation during MI. Xenopus Bub1p has also been
reported to be regulated by phosphorylation through the
MAPK pathway during MI and MII, and it has been
suggested that phosphorylation may be required for
metaphase arrest in oocytes (Schwab et al., 2001).
Deletion of the kinase domain of Bub1p has a greater
effect on chromosome segregation in MI, with equational
segregation of chromosome I occurring in 43% of the
bub1-Dkinase cells. There is also a premature loss of
centromeric Rec8±GFPp in this mutant, although the
Bub1-Dkinase±GFPp protein is still localized at the
kinetochores. Bub1D cells show 45% equational segrega-
tion, indicating that Bub1p function in MI is largely
dependent on its kinase domain. The inability of Bub1-
Dkinasep to maintain centromeric Rec8p suggests that the
role of Bub1p in meiosis may be to phosphorylate
kinetochore components that speci®cally protect centro-
meric cohesin from being degraded or delocalized. The
maintenance of centromeric cohesion may re¯ect a `local'
effect of Bub1p kinase activity since the majority of
Rec8p, found along the chromatid arms, is degraded in
anaphase I (Watanabe and Nurse, 1999).

Live observation of GFP±a-tubulin in rec7-146 mutants
revealed that progression through MI was delayed (Molnar
et al., 2001). We found that MI spindle elongation time
was increased by ~30 min compared with WT cells, with
the spindle undergoing slow elongation followed by
regression before the ®nal elongation step. Deletion of
the bub1 gene abolishes the MI delay in rec7 mutants,
demonstrating that there is a bub1-dependent delay during
meiotic progression. The delay in meiotic progression may
be analogous to the spindle checkpoint during mitosis
because defects in homologous chromosome pairing are
likely to reduce the ef®ciency of kinetochore capture by
MTs. Observation of CDK Cdc2±YFPp in rec7-146 and
rec14D diploids revealed that, like in mitosis, CDK is
likely to be a target of the spindle checkpoint in meiosis,
since Cdc2±YFPp remains associated with the spindle
of separating nuclei, in contrast to WT cells, where the
CDK leaves the metaphase spindle before anaphase I

(Decottignies et al., 2001). The increased association time
of Cdc2±YFPp with the spindle was no longer observed in
a rec7-146 bub1D (or rec14D bub1D) diploid, suggesting
that, in recombination-de®cient mutants, a bub1-
dependent checkpoint signal is sent, resulting in Cdc2p
remaining on the spindle. Like the mitotic spindle
checkpoint, some checkpoint function remains when the
kinase domain of Bub1p is deleted. On the other hand,
Cdc2p-dependent phosphorylation of Bub1p plays only a
minor role in MI delay.

We have identi®ed a new role for Cdc2p in the Bub1p-
dependent spindle checkpoint control in ®ssion yeast.
Phosphorylation by a CDK is required for complete
function of Bub1p during spindle damage, and may also
have a role during meiosis I. Cdc2p-dependent regulation
of Bub1p and the kinase activity of Bub1p appear to act in
different pathways, and Bub1p kinase activity is required
to establish proper kinetochore function. The conservation
of Bub1p kinases from yeast to human suggests that
similar controls may operate in higher eukaryotes.

Materials and methods

Fission yeast strains and methods
All experiments were carried out in Edinburgh minimal media (EMM2)
or rich media (YE5S), and growth conditions are as described previously
(Moreno et al., 1991). Strains used in this study are shown in Table I.
Temperature-sensitive strains were grown exponentially at 25°C and
shifted to 36°C, the nda3-km311 strain was grown at 32°C and shifted to
18°C, and other strains were grown at 32°C. Yeast transformation was
performed as described previously (BaÈhler et al., 1998). Septation was
scored by calco¯uor staining and nuclear division by DAPI staining, after
®xing cells in 70% ethanol.

Western blotting and phosphatase treatment
Cells were boiled for 6 min after washing with STOP buffer (150 mM
NaCl, 50 mM NaF, 1 mM NaN3, 10 mM EDTA pH 8.0). Protein extracts
were made by vortexing with glass beads in HB buffer (Moreno et al.,
1991) and protein concentration was determined with the BCA assay kit
(Sigma). Cell extracts were boiled in 23 sample buffer for 3 min and
50 mg of each sample were loaded onto an 8% SDS±polyacrylamide gel
(Laemmli, 1970). Visualization of Bub1p phosphorylation was achieved
using acrylamide containing low bis concentration (200:1) (Lindsay et al.,
1998). Proteins were transferred onto ImmobilonÔ-P membrane
(Millipore) and detected using ECL (Amersham). The antibodies used
were anti-HA monoclonal antibody 12CA5 (1:1000; Babco), anti-Cdc13p
monoclonal antibody 6F (1:500; Hayles and Steel), anti-Cdc2p
monoclonal antibody Y63 (1:200; Yamano et al., 1996) and anti-GST
polyclonal antibody GST1 (1:2000; Sigma). l phosphatase treatments
were performed as described previously (Yamaguchi et al., 2000), using
l phosphatase (New England Biolab).

Site-directed mutagenesis of CDK phosphorylation
consensus sites and kinase domain
The serine and threonine residues of the four CDK phosphorylation
consensus sites S/T-P-X-K/R (T340, T423, T455 and S466) and K762
were changed to alanine and arginine respectively, using the Quikchange
site-directed mutagenesis kit (Stratagene). The mutated clones were
con®rmed by sequencing of the open reading frame. The genomic bub1
fragment carrying the mutations was then transformed into bub1D::ura4+

cells and integrants were selected for 5-FOA resistance and con®rmed by
colony PCR.

Construction of GST±Bub1-Dkinasep
The 4.5 kb KpnI/DraIII fragment containing bub1+ ORF was isolated
from cosmid SPCC1322 (kindly provided by the Sanger Center). The
puri®ed 4.5 kb was subsequently digested by BamHI and cloned into
BamHI/KpnI-cleaved pSK. The bub1Dkinase gene was isolated from
EcoRI/BamHI-cleaved pSK::bub1+and cloned into EcoRI/BamHI-
cleaved pGEX-KT (Hakes and Dixon, 1992). The 1.2 kb BamHI/SacI
fragment of pGEX-KT::bub1Dkinase was replaced with a 0.8 kb PCR

Bub1p kinase is regulated by Cdc2p

1085



fragment ampli®ed on S.pombe genomic DNA using the 5¢-CGGGAT-
CCATGTCCGATTGGCGG and 5¢-CGAGCTCTTATCATAGAGC-
AGG primers. The resulting pGEX-KT::short bub1Dkinase plasmid
allows bacterial expression of GST±Bub1Dkinasep. The same strategy
was used to get pGEX-KT::short bub1-P*-Dkinase.

Puri®cation of GST±Bub1-Dkinasep
Bacteria cells (JM109) carrying pGEX-KT::short bub1Dkinase or pGEX-
KT::short bub1-P*-Dkinase plasmid were grown to OD595 = 0.3 and
protein expression was induced by adding 1 mM IPTG for 4 h at 25°C.
Extracts were puri®ed using glutathione±Sepharose 4 fast ¯ow
(Amersham Bioscience). Protein concentration was estimated on gel by
Coomassie Blue staining.

In vitro phosphorylation
Five microliters of anti-Cdc2p polyclonal antibody C2 (Simanis and
Nurse, 1986) were incubated in the presence of Sepharose bead-coupled
protein A in HB buffer (Moreno et al., 1991) for 30 min at room
temperature. After three washes with HB buffer, 5 mg of S.pombe cell
extracts were added to the beads and rotated for 3 h at 4°C.
Immunoprecipitates (S.pombe Cdc2p) were washed three times with
HB and incubated with 200 mM ATP, 40 mCi/ml [g-32P]ATP, and
GST±Bub1-Dkinasep, GST±Bub1-P*-Dkinasep or GST (Sigma) at 30°C
for 30 min. In vitro phosphorylation by H.sapiens Cdc2p (New England
Biolab) was performed in the same conditions. The reactions were
stopped by boiling for 3 min in the presence of 23 SDS sample buffer.
Samples were analysed by SDS±polyacrylamide gel.

pat1ts-induced meiosis
To induce meiosis, pat1-114/pat1-114 ade6-M216/M210 leu1-32/leu1-32
cells were grown to mid-exponential phase at 25°C in minimal medium
containing 1% glucose, 5 g/l NH4Cl and 0.1 g/l leucine. Cells were
washed three times, shifted to minimal medium containing 1% glucose
and 0.05 g/l leucine and incubated for 16 h at 25°C to arrest the cells in
G1. Cells were then shifted to 34°C to inactivate Pat1p and at the same
time 0.5 g/l NH4Cl and 0.05 g/l leucine were added. Samples were taken
every 30 min for 8 h and processed for western blot analysis, FACS
analysis and DAPI staining.

Cell methods
FACS analysis was performed as described previously (Sazer and
Sherwood, 1990) (Becton Dickinson).

The sister chromatid segregation pattern during MI was scored by
using cen1±GFP strains (Nabeshima et al., 1998). Cells of opposite
mating types, one of which carried cen1±GFP, were crossed and cells in
anaphase I were scored.

Spore viability was scored using tetrad analysis.
Live ¯uorescence microscopy was performed as described in

Decottignies et al. (2001). For Figure 8B, cells with MI spindles were
observed every 10 min for 50 min.

GFP- and HA-C-terminus tagging of bub1 was perfomed as described
previously (BaÈhler et al., 1998).

For mitotic block experiments, cdc2-M26 strains were grown to
exponential phase in rich medium at 25°C, shifted to 36°C and incubated
for 3 h. Cells were then released to 25°C in the presence of 50 mg/ml MBC
for 40 min. When the cells were shifted back to 36°C, additional MBC
was added to bring the ®nal concentration to 100 mg/ml.

For the TBZ sensitivity test, TBZ was dissolved in DMSO at 10 mg/ml
and added to YE5S plates at a ®nal concentration of 0 (DMSO only), 10,
15 or 20 mg/ml. Cells were grown to 1 3 107 cells/ml in rich medium and
serial dilutions (1:10) of the cells were spotted onto the plates.
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