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Several lines of evidence suggest that Kinetochores are organizing centers for the spindle checkpoint
response and the synthesis of a “wait anaphase” signal in cases of incomplete or improper kinetochore-
microtubule attachment. Here we characterize Schizosaccharomyces pombe Bub3p and study the recruitment of
spindle checkpoint components to kinetochores. We demonstrate by chromatin immunoprecipitation that they
all interact with the central domain of centromeres, consistent with their role in monitoring kinetochore-
microtubule interactions. Bublp and Bub3p are dependent upon one another, but independent of the Mad
proteins, for their kinetochore localization. We demonstrate a clear role for the highly conserved N-terminal
domain of Bublp in the robust targeting of Bublp, Bub3p, and Mad3p to kinetochores and show that this is
crucial for an efficient checkpoint response. Surprisingly, neither this domain nor kinetochore localization is
required for other functions of Bublp in chromosome segregation.

Transit round the cell cycle is regulated by several check-
point controls (21). These act as surveillance systems that de-
tect any defect or incompletion in a particular process, such as
DNA replication or spindle assembly, and act to delay cell
cycle progression until the defects are corrected. The spindle
checkpoint monitors kinetochore-microtubule attachment and
the tension produced on sister kinetochores when they are
attached to opposite spindle poles (37, 53), and it inhibits
anaphase onset until all sisters have achieved stable bio-orien-
tation (see references 12 and 44 for recent reviews). The first
spindle checkpoint proteins were identified through genetic
screens for the mad and bub mutants in budding yeast (27, 36).
Later, the Saccharomyces cerevisiae Mpsl kinase was shown to
have spindle checkpoint function, in addition to its role in
spindle pole duplication (67). These checkpoint proteins are
conserved from yeast to human (41), as is their target, Cdc20
(Slpl in fission yeast) (28, 34). Cdc20 is a cofactor for the
anaphase-promoting complex cyclosome (48), which is a mi-
totic E3 ubiquitin ligase that polyubiquinates the key regula-
tors of the metaphase-to-anaphase transition, securin (Pds1/
Cut2 in yeast) and cyclin B (Clb2/Cdc13). Certain checkpoint
proteins (Mad2, Mad3/BubR1, and Bub3) have been found to
complex directly with Cdc20 and thereby inhibit it (14, 19, 28,
34,42, 57, 59). Structural studies are starting to shed light on
the precise molecular mechanism of checkpoint protein inhi-
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bition of Cdc20 (38, 56), but how and where such anaphase
inhibitors are formed remain unclear (16, 57).

Classic cell biological experiments have argued that the ki-
netochore is the source of the “wait anaphase signal” (53), and
many studies have revealed that mutation or depletion of spe-
cific kinetochore proteins can inhibit the spindle checkpoint
response (17, 31, 39, 40, 68). However, it has not been proven
that kinetochore targeting of checkpoint components is crucial
for a mitotic arrest, and it has even been argued that check-
point signaling can continue in the absence of functional ki-
netochores (15, 51). Vertebrate studies have shown that all of
the Mad and Bub proteins are recruited to kinetochores in
mitosis, and fluorescence recovery after photobleaching
(FRAP) experiments have demonstrated that the interaction
of checkpoint proteins with kinetochores is extremely dynamic,
with Mad2p having a half-life of around 20 s on kinetochores
(25). Thus, these proteins undergo a constant cycle of targeting
to and removal from kinetochores during mitosis.

Functional studies of checkpoint proteins can be compli-
cated by the fact that they can have additional mitotic roles. In
budding yeast the Bub3 and Bubl proteins have additional
chromosome segregation functions, as deletion of these genes
leads to significantly higher rates of chromosome loss than
deletion of the MAD genes (66). The nature of these additional
Bub1/Bub3 functions is unclear, and it is not known if they are
evolutionarily conserved, although vertebrate Bubl RNA in-
terference studies have recently led to the proposal that Bubl
plays a role in chromosome congression (32).

In this work we used Schizosaccharomyces pombe as a model
system for the spindle checkpoint. This enabled us to do simple
yet powerful genetic experiments in an organism with very
good cytology. The fission yeast centromeres are an excellent
model of those of higher eukaryotes, as their kinetochores bind
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multiple microtubules (13), are flanked by large regions of
repetitive heterochromatin, and have epigenetic characteristics
(for reviews, see references 33 and 49). Fission yeast Madl
(29), Mad2 (23, 34), Mad3 (42), Bub1 (6), and Mph1 (22) have
all been identified and shown to have conserved their check-
point function. Bublp has important roles in normal, unper-
turbed mitoses, as bubl mutants have significant rates of chro-
mosome loss and lagging chromosomes and fail to maintain
the diploid state (6). Bublp also has crucial meiotic functions
(7) and is a Cdc2 substrate (64, 69).

Here we report our identification of the fission yeast Bub3
protein and study its genetic and biochemical interactions with
the other checkpoint proteins. We demonstrate that all of the
Mad proteins, Bublp, and Bub3p associate with fission yeast
kinetochores and, by chromatin immunoprecipitation (ChIP),
that they all interact with the central domain of centromeres.
We carried out a thorough study of the dependencies that the
checkpoint proteins have upon one another for their kineto-
chore recruitment. The Bubl and Bub3 proteins were found to
be interdependent for localization, and we show that an N-
terminal region of Bubl is required for the enrichment of
Bublp, Bub3p, and Mad3p on kinetochores during a check-
point arrest. However, careful examination of the bub1A28-160
and bub3 mutants suggests that Bublp has additional chromo-
some segregation functions that are not Bub3 dependent. This
bubl mutant is the first clear separation-of-function allele for a
spindle checkpoint protein. It demonstrates that while enrich-
ment of the checkpoint proteins at kinetochores is crucial for
a spindle checkpoint arrest, it is not required for other chro-
mosome segregation functions of the Bubl kinase.

MATERIALS AND METHODS

Media and yeast strains. All strains used in this study are listed in Table 1.
Media, transformations, and genetic techniques were essentially as described
elsewhere (43). YEG6S refers to yeast extract medium supplemented with Leu,
Ura, Ade, His, Lys, and Arg (2). Benomyl (30-mg/ml stock in dimethyl sulfoxide
[DMSO]) was added to boiling YES medium and thiabendazole (10-mg/ml stock
in DMSO) was added to a final concentration of 15 pg/ml to minimal medium,
while 25 to 75 ug of carbendazim (CBZ; Aldrich; 5-mg/ml stock in DMSO) was
used in liquid cultures. Hydroxyurea (HU; 12 mM) was used to synchronize
cultures in S phase.

Rate-of-death assays, lagging chromosome analyses, and Ch16 minichromo-
some loss assays were performed as previously described (6). Missegregation of
cen2-GFP (35, 70) was assayed in binucleate cells in log-phase cycling cultures,
either in live cells or after brief methanol fixation.

pMad2/pMphl arrests. Cells were grown to log phase in minimal medium
lacking leucine and containing thiamine (5 wM). Cells were washed three times
and resuspended in medium lacking thiamine to induce expression from the nmt
promoter. Cells were then typically grown for 16 h before harvesting and analysis
of mitotic arrest (22, 23).

Identification and disruption of the Bub3 ORF. The putative bub3™ open
reading frame (ORF) was identified by BLAST searching the S. pombe genome
project data set with the S. cerevisiae BUB3 DNA sequence. A ura4 " -marked
bub3 deletion strain (KP104) was constructed using sequence information of the
5’ and 3’ flanks of the putative bub3* ORF and the PCR-based gene targeting
method described elsewhere (5). After sporulation, correctly targeted gene dis-
ruptions were identified by PCR amplification over both the 5" and 3’ junctions.

DNA manipulations. Sequencing was carried out with an Applied Biosystems
BigDye sequencing kit. To tag Bub3 with green fluorescent protein (GFP),
bub3* was PCR amplified and cloned into the Kpnl/Sall sites of plasmid
pDMO084 (42). Homologous recombination was confirmed by PCR amplification
over the junctions, followed by immunoblotting with anti-GFP antibodies (Mo-
lecular Probes). The C-terminal 13X Myc tag (KP101) was introduced by PCR
(5), and G418-resistant strains were screened by Western blotting and PCR.
These strains are not benomyl sensitive (see Fig. SIA in the supplemental
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material), indicating that these Bub3p constructs are fully functional. Mad1-
GFP, Mad2-GFP, and Bub1-GFP were also generated using pDM084-derived
constructs.

Construction of bubl mutants (K762 M and A28-160). A 3’ fragment of BUBI
was PCR amplified with primers MD FW (CCGGTACCCCGACGCTAATAA
ATCCCCTAG) and MD RV (CTCTTCAGAAACGTGCAATGTG) and
cloned into the pPGEMT-Easy vector (Promega), resulting in plasmid pVV2. The
resultant constructs were sequenced and shown to be void of mutations. pVV2
was further mutagenized using the QuikChange mutagenesis kit (Stratagene)
with the primers K762 M FW (CTAAGCTTTTTGCTTTAATGATTGAGACA
CCACCTTCG) and K762 M RV (CGAAGGTGGTGTCTCAATCATTAAAG
CAAAAAGCTTAG) to give the plasmid pVV2.1, where codon 762 of bubl is
mutagenized to ATG, as verified by sequencing. The mutation was then trans-
ferred to pUR19bubl+ (6) to give pUR19bub1-K762 M. To generate bub1A28-
160, the 3,769-bp BamHI/Sphl bubl* fragment was cloned into pUCI8. The
resulting plasmid, pUC18bubl+, was digested with Xhol and religated after
Klenow treatment to give pUC18bub1A28-160. Constructs were checked by
sequencing the regions of interest.

bubl strain construction. The BamHI-Sphl fragment from either
pSKbub1K762 M or pSKbub1A28-160 was cotransformed with an episomal
LEU?2 plasmid into a bublA::ura4™ strain (JPJ393 [6]). Leu+ fluoroorotic acid-
resistant clones were selected and analyzed for correct integration by PCR and
Western blotting. The LEU2 episomal plasmid was then lost from the cells.

Coimmunoprecipitations. Coimmunoprecipitations were carried out as previ-
ously described (42). Bub3-Myc was immunoprecipitated with 9E10-coupled
agarose (Santa Cruz), and Bubl-HA was immunoprecipitated with 3F10-coupled
agarose (Roche).

Polyclonal anti-Bubl antibodies were generated in both rabbits and sheep
using the first 190 residues of Bublp fused to glutathione S-transferase (GST) as
antigen (pKHPBI16P). These sera were affinity purified as described previously
(20) using Bub1-GST coupled to Affigel 10 (Bio-Rad).

Imaging. Live-cell imaging was typically performed in minimal media, often
with the addition of 0.5% low-melting-point agarose. Cyan fluorescent protein
(CFP) and green fluorescent protein (GFP) imaging were also performed after
brief methanol fixation (30 to 60 s). For immunofluorescence, cells were fixed for
2 to 20 min by the addition of freshly prepared paraformaldehyde solution
(3.7%) and processed as described previously (6). Primary antibodies used were
sheep anti-Cnp1 (used at 1/1,000; kindly provided by Barbara Mellone and Robin
Allshire), mouse anti-TAT1 (used at 1/50; a gift from Keith Gull), and rabbit
anti-GFP (used at 1/1,000; Molecular Probes). All secondary antibodies were
Alexa coupled and used at 1/2,000 (Molecular Probes). Imaging was performed
using an Intelligent Imaging Innovations (3i) Marianas system. This system
employs a Zeiss Axioplan fluorescence microscope, a CoolSNAP HQ charge-
coupled device camera (Photometrics), and Slidebook software (3i).

Chromatin immunoprecipitations were carried out as described elsewhere
(50), incorporating the following modifications. nda3 strain cells were arrested at
18°C for 8 h and then fixed with paraformaldehyde at 18°C for 30 min. Cells were
spheroplasted at 10°® cells/ml in PEMS [100 mM piperazine-N,N’-bis(2-ethane-
sulfonic acid) (pH 7), 1 mM EDTA, 1 mM MgCl,, 1.2 M sorbitol] plus 0.4 mg of
Zymolyase 100T/ml for 30 min at 37°C. Cells were then washed twice in PEMS,
and pellets were frozen at —20°C. Protein A or protein G Dynabeads (Dynal)
were coated with 0.25 mg of anti-GFP antibody (Molecular Probes), or anti-
Cnpl antibody, by incubating in phosphate-buffered saline-0.1% Triton X-100
for 1 h at 4°C and then washed twice with phosphate-buffered saline-0.1% Triton
X-100 and once with lysis buffer before being used to immunoprecipitate the
protein from the crude lysate without preclearing. Quantitation was performed
as described elsewhere (50).

Silencing assays, for both the central core and outer repeat regions, were
carried out as previously described (50).

RESULTS

S. pombe Bub3p is a spindle checkpoint component. Bub3
has been argued to be an important player in the recruitment
of checkpoint proteins to kinetochores (18, 60). We identified
the Bub3 homologue in the fission yeast genome sequencing
project. Fission yeast bub3™ (SPAC23H3.08¢) is predicted to
encode a 36-kDa protein that is 24% identical (plus 35% sim-
ilar) to budding yeast Bub3p and 35% identical (plus 34%
similar) to its human homologue. To confirm that fission yeast
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TABLE 1. Strains used in this study

MoL. CELL. BIOL.

Yeast strain

Genotype

Source

KP277
KP106
AE247
DMO075
DMO001
KP175
KP101
KP200
KP258
KP333
KP330
KP331
KP332
KP334
KP187
KP182
KP184
KP180
KP181
KP186
KP252
DMO059
KP156
RV001
DMO076
RV002
KP379
KP380
KP378
KP349

KP383
KP384
KP382
KP381
JPJ1660
JPJ1821
1297
4536

2221
yvVVv23
yVvVv29
yVV30
yVV34
yVV35
yVV39
yVV40
yVVv4l
yvVvi192
yVV194
yVV195
yVV228
yVVv229
yVVv230
yVvVv241
yVV273
yVV276
yVV283
yVV206
yVV383
yVV400
yVV398
yVV401

h~ ura4-D18 leul-32 his3-D arg3-D4

h~ bub3A:ura4™ leul-32 ade6 ura4-DI18

h™ madlA:ura4™ leul

h™ mad2A:ura4™

h~ mad3A:ura4™

h™ mphlA:ura4™

h™" bub3-Myc::G418 ura4-D18 leul-32

h~ bub3-Myc::G418 bubl HA mad3-GFP::his3" nda3KM311

h™ bub3-GFP::his3" ura4-D18 leul-32

h~ bub3-GFP::his3" bublA::ura4™

h~ bub3-GFP:his3" madlA:ura4™

h~ bub3-GFP::his3" mad2A::ura4™

h~ bub3-GFP:his3" mad3A:ura4™

h~ bub3-GFP::his3" mphlA:ura4™

h" madl-GFP::his3*

h~ madl-GFP::his3" bublA::ura4™

h~ madIl-GFP:his3" bub3A:ura4™

h~ madl-GFP::his3" mad2A::ura4™

h~ madl-GFP::his3" mad3A:ura4™

h~ madl-GFP::his3" mphlA:ura4™

h™" mad2-GFP::his3*

h* mad3-GFP::his3 "

h~ madl-GFP::his3" nda3

h~ mad2-GFP::his3"* nda3

h~ mad3-GFP::his3" nda3

h~ bub3-GFP::his3" nda3

h~ Ch16 (bublA::ura4)

h™ mad3A::ura4 Chl6 (bublA::ura4)

h~ bub3A:ura4 Chl6 (bublA::ura4)

h* lysl ura4 leul ade6-M210 cen2D107(::Kan-ura4-lacO)
his7::lacl-GFP

h™ bub3A:ura4 cen2D107(::Kan-ura4-lacO) his7::lacl-GFP

h™ mad3A:ura4 cen2D107(::Kan-ura4-lacO) his7:lacl-GFP

h~ Mad3-GFP::his3* Cdcl1-CFP::G418

h~ Bub3-GFP::his3"* Cdcl1-CFP::G418

h™" bubl-K762M

h™" bubIA28-160

h™ ade6-210 his1-102 leul-32 ura4-DS/E

h" sim4-193 TM1::arg3 TM3::ade6 otr2::ura4 his3tellL ade6-210
leu1-32 ura4D18 arg3-D4 his3-D1

h~ TM1(Ncol)::arg3 ade6-210 arg3-D4 his3-D1 leul-32 ura4-D18

h™* bubl-GFP::his3™" his3~ arg™

h™" bubl-GFP::his3" mphlA:ura4™

h~ bubIl-GFP::his3" bub3A:ura4™

h~ bubl-GFP:his3" madlA:ura4™

h~ bubl-GFP::his3" mad3A:ura4™

h~ bubl-GFP:his3" mad2A::ura4™

h™ bubl-K762M bub3-Myc::G418

h~ bubIl-GFP::his3" bub3-Myc::G418

h~ bublA:ura4™ his3~ arg3~

h™ mad2A::ura4™ his3~ arg3™

h™ mphlA:ura4™ his3~ arg3~

h~ bublA:ura4* TM1(Ncol)::arg3

h™ mad2A::ura4™ TM1(Ncol)::arg3

h™ mphlA:ura4™ TM1(Ncol)::arg3

h™ bubl1A28-160 bub3-Myc::G418

h~ bubI-K762M bub3A::ura4™

h~ bubl-A28-160-GFP::his3" arg3~

h™ bubI-A28-160 mad3-GFP::his3" bub3-Myc::G418

h~ cdc25 Bubl-GFP::his3" cutl2-CFP::G418

h~ cdc25 Bubl1A28-160-GFP::his3™" cutl2-CFP::G418

h™ bublA::ura4 cen2D107(::Kan-ura4-lacO) his7::lacl-GFP

h™ bubl-K762M cen2D107(::Kan-ura4-lacO) his7::lacl-GFP

h™ bublA28-160::ura4 cen2D107(::Kan-ura4-lacO)
his7::lac1-GFP

T. Matsumoto
T. Matsumoto

S. Sazer

Y. Hiraoka

R. Allshire
R. Allshire

R. Allshire
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FIG. 1. Fission yeast Bub3p is a spindle checkpoint component that interacts with both Bublp and Mad3p. (A) The indicated strains were
tested for benomyl sensitivity. bub3A cells were more sensitive to antimicrotubule drugs (benomyl) than mad?2 or mad3 mutants, but not as sensitive
as bubl or mphl mutants. (B) nda3, nda3 bubl, and nda3 bub3 strains were grown to log phase at 30°C and then shifted to 18°C. At the indicated
time points, samples were taken, diluted in water, and plated on YES plates. After 3 days of growth at 30°C, the number of colonies growing were
counted. (C) Bub proteins were immunoprecipitated from yeast extracts, immunoblotted, and detected using antihemagglutinin (anti-HA; for
Bubl) and anti-Myc (for Bub3) antibodies. Bublp and Bub3p were clearly coimmunoprecipitated from wild-type and mad3A extracts.

Bub3p has conserved its spindle checkpoint function, we con-
structed a gene knockout in which the bub3* ORF was re-
placed with the ura4™ selectable marker. Figure 1A shows that
this haploid strain was sensitive to the microtubule-depolymer-
izing drug benomyl. It was more sensitive to benomyl than
either mad?2 or mad3 mutants, had a similar sensitivity to that
of madl, but was less sensitive than either bubl or mphl
checkpoint mutants.

We were surprised at this difference in benomyl sensitivity
between the bublA and bub3A strains, because in budding
yeast bubl and bub3 mutants have very similar phenotypes and
are thought to function together in all of their checkpoint and
chromosome segregation roles (27, 66). To compare the fission
yeast bub mutants more carefully, we measured their chromo-

some loss rates in quantitative assays that determined the ef-
ficiency of overall mitotic function. bubIA mutants have rela-
tively high rates of chromosome loss in mitosis: using a 530-kb
linear marker chromosome, Ch16, bubIA strains display 3.5%
chromosome loss per division (a 70-fold increase over the
wild-type loss rate) (6). Consistent with their lower sensitivity
to benomyl, we found that bub3A mutants displayed only 0.2%
Ch16 loss per division, while mad3A mutants had <0.1% Ch16
loss per division (Table 2). We also monitored the segregation
of GFP-marked chromosome 2. Imaging of binucleate cells
confirmed that bublA strains had far higher rates of chromo-
some missegregation than either bub3A or mad3A strains. In
5.3% of binucleate bubIA cells, both copies of chromosome 2
were observed in the same daughter nucleus (2.0, rather than
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TABLE 2. Chromosome missegregation assay results

% (no. tested)

Strain

cen2-GFp Ch16 loss® Lagging
chromosomes'
Wild type 0 (510) 0 (2,100) 0.3 (350)
mad3A 0(521) <0.1 (3,340) 0 (300)
bub3A <0.2 (1,362) 0.2 (9,750) 2.4 (505)
bublA 5.3 (1,002) 35 17.5 (588)
bubl1A28-160 0.8 (1,062) ND 0.5 (304)
bubl (kinase dead) 2.6 (900) ND 10.1 (365)

“ Missegregation of GFP-marked chromosome 2 (2.0 rather than 1.1) was
scored as the percentage of binucleate cells in log-phase cultures.

> Ch16 loss was scored as the percentage of half-sectored (red/white) colonies
in the colony sectoring assay. Value for bublA Ch16 loss is from reference 7. ND,
not determined.

¢ Lagging chromosomes were scored in log-phase cultures as the percentage of
anaphase cells displaying lagging chromosomes (as described in reference 7).

1.1 segregation), whereas this was observed in <0.2% of bub3A
or mad3A binucleate cells (Table 2). Thus, in three indepen-
dent assays, fission yeast bub3A mutants displayed a phenotype
that was significantly weaker than that of bubIA cells.

bub3A strains displayed no abnormalities in spindle or gen-
eral microtubule structure (data not shown). To test whether
the benomyl sensitivity of bub3A was due to a defective spindle
checkpoint, we constructed a double mutant with the cold-
sensitive tubulin mutant (bub3A nda3-KM311). At 18°C the
nda3 single mutant arrests in mitosis with hypercondensed
chromosomes (24). In this mutant, there is a complete lack of
kinetochore-microtubule attachment, due to the absence of
spindle microtubules, and the spindle checkpoint is activated.
The bub3A nda3 double mutant was defective in this check-
point arrest: viability was lost rapidly at 18°C (Fig. 1B), and
cytological analysis revealed the classic Cut (cells untimely
torn) phenotype as cells underwent septation without prior
nuclear division (data not shown). We conclude that while
fission yeast Bub3p is not essential for growth or structural
spindle or microtubule functions, it is an important component
of the spindle checkpoint.

Budding yeast and vertebrate Bub3p have been shown to
bind to Bublp and to the related proteins Mad3p and BubR1
(9, 19, 60). Our labs has previously reported that Bub3p inter-
acts with fission yeast Mad3p (42), and here we show that
Bub3p also coimmunoprecipitates with Bublp (Fig. 1C). The
Bublp-Bub3p complex was unaffected by the absence of
Mad3p in cells, and we found no clear evidence of posttrans-
lational modification of Bub3p, nor of regulation of the abun-
dance of Bub3p-Bublp complexes through the cell cycle (data
not shown).

S. pombe Raelp does not have a spindle checkpoint function.
In budding yeast, bubIA and bub3A strains have very similar
phenotypes (66). Why is this not the case in fission yeast? One
possibility is that fission yeast Bub3p is not required for all
Bublp functions. Recent mouse studies have argued that a
subset of Bub3 spindle checkpoint functions can be performed
by the related Rael protein (4). In particular, Rael was shown
to interact with Bubl but not with BubR1 (65). Fission yeast
Raelp is essential for growth and has been shown to have key
roles in nuclear import and export (71). We tested whether the
temperature-sensitive rael-167 mutant also had phenotypes

MoL. CELL. BIOL.

suggestive of spindle checkpoint defects. The rael mutant was
not benomyl sensitive (see Fig. S1B in the supplemental ma-
terial); indeed, it appeared to be somewhat resistant to beno-
myl at its semipermissive temperature of 32°C. We have been
unable to find any evidence of complexes formed between
Raelp and spindle checkpoint proteins. Even when epitope-
tagged Raelp was overexpressed in a bub3A strain, to avoid
any competition with endogenous Bub3p, we were unable to
coimmunoprecipitate it with either Bub1p or Mad3p (data not
shown). Finally, attempts to suppress the bub3A strain by the
overexpression of Raelp were unsuccessful (see Fig. S1C in
the supplemental material). We conclude that Raelp does not
have a spindle checkpoint role in fission yeast. Indeed, we
believe that the bub3A strain has most likely lost all spindle
checkpoint function and that Bublp has additional, noncheck-
point functions that are Bub3 independent (see below).

Bub3p is recruited to kinetochores in a nmormal mitosis.
Figure 2 describes our fixed and live-cell analyses of the local-
ization of fission yeast Bub3p. Cnpl is the fission yeast homo-
logue of CENP-A (58), and Bub3p’s checkpoint partner Bublp
has been previously shown to localize to kinetochores during
mitosis (6). In fixed, early mitotic cells bright Bub3-GFP foci
clearly colocalized with both of these kinetochore markers
(Fig. 2A).

Is Bub3p at kinetochores throughout mitosis? In fixed mi-
totic cells with short pro-metaphase/metaphase spindles (<3
pm long [45]), we observed bright foci of Bub3-GFP closely
associated with the microtubules (Fig. 2B). Two or three spots
were typically seen, which were associated with DNA and
tended to be near the center of the spindle. In anaphase cells
(spindle >3 pm long), bright Bub3-GFP foci could no longer
be seen and the protein appeared to be located throughout the
nucleoplasm in speckles (see below). Live-cell imaging showed
that the Ndc80-CFP kinetochore marker and Bub3-GFP colo-
calized early in mitosis (Fig. 2C), and bright Bub3-GFP foci
were usually observed in cells with two closely spaced Cdcl1-
CFP-labeled spindle poles but not in cells with spindles >3 pm
long (Fig. 2D and E). This confirmed that Bub3-GFP is re-
cruited to kinetochores early in mitosis and that it can only
rarely be detected there after anaphase onset. Note that para-
formaldehyde fixation of Bub3-GFP followed by anti-GFP im-
munofluorescence (as in Fig. 2B) led to a punctate nuclear
fluorescence in anaphase cells, but these speckles did not spe-
cifically associate with kinetochores or microtubules. We be-
lieve these speckles to be fixation artifacts, because in live-cell
imaging (Fig. 2C) or in GFP-CFP imaging after brief methanol
fixation (Fig. 2D) anaphase and interphase cells displayed a
more uniform nucleoplasmic staining for Bub3-GFP.

Are fission yeast checkpoint proteins recruited to kineto-
chores every mitosis, or only in the subset of mitotic cells in
which microtubule-kinetochore interactions are perturbed?
We imaged cells containing Cdc11-CFP-marked spindle poles
and either Bub3-GFP or Mad3-GFP. To enrich for mitotic
cells, log-phase cultures were first incubated in HU for 4 h,
washed, and then released into rich medium. Most cells en-
tered mitosis 2 to 3 h after release from HU. Random fields of
cells were analyzed and mitotic cells, containing two Cdcl1-
CFP foci, were scored for spindle length and the presence of
Bub/Mad-GFP foci (Fig. 2E). A total of 90% of cells with short
metaphase spindles (<3 pm in length) contained clear Bub3/
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FIG. 2. Bub3p locahzes to kinetochores durmg mitosis. (A) Bub3-GFP colocalizes with kinetochore markers Cnpl and Bubl in fixed early
mitotic cells. (B) Log-phase cells expressing Bub3-GFP were fixed and labeled with anti-GFP antibodies and TAT1 (antitubulin) antibodies, and
the DNA was stained with 4’,6'-diamidino-2-phenylindole. The numbers in the left panels indicate the lengths of the microtubule spindles (in
micrometers). Bub3-GFP was detected as punctate foci associated with short spindles in cells early in mitosis, but it was diffuse in anaphase cells.
The GFP speckles observed in anaphase cells are thought to be fixation artifacts (see text). (C) In living cells, the colocalization of bright Bub3-GFP
foci and Ndc80-CFP is apparent early in mitosis. As cells reach metaphase and then enter anaphase, the Bub3 signal becomes much fainter.
(D) Cells containing Bub3-GFP and the spindle pole marker Cdc11-CFP were preincubated with HU to synchronize them in S phase, and then
they were washed and released into fresh medium. These images were taken from cells after brief methanol fixation. The number indicates the
length of the spindle, as defined by the distance between two Cdcl1 foci (0 indicates an interphase cell). (E) Quantitation of the fraction of the
mitotic cells, with specific spindle lengths, that displayed clear Bub3/Mad3-GFP foci in the experiments shown in panel D. Almost all early mitotic

cells displayed clear checkpoint foci.

Mad3-GFP foci, indicating that both checkpoint proteins are
recruited to fission yeast kinetochores early in a normal mito-
sis. Approximately 10% of cells with short spindles appeared to
lack clear Bub3/Mad3-GFP foci. We suggest that these cells

had already formed stable kinetochore-microtubule attach-
ments, or they could be cells in which GFP foci were out of
focus. In support of this, we always detected Bub3/Mad3-GFP
foci in early mitosis during live-cell imaging (data not shown).



9792 VANOOSTHUYSE ET AL.

A

outer repeat

central domain outer repeat

otriL imriL cnt1 imr1R otriR
e e} ¢}
C gr @7 &v
& £ £ £
& & P O

input ChIP input ChIP input ChiP input ChIP

otr -— - —
cnt - - — —
fop . .= Bl Bl

imr -

Bub3-GFP DNA

nda3d strains

FIG. 3. Bub3p interacts with the central core chromatin of fission
yeast cenl. (A) Diagrammatic representation of fission yeast cenl. The
central domain includes the cnt and imr and is flanked by heterochro-
matic otr. (B) Arrested nda3 Bub3-GFP cells were fixed and labeled
with anti-GFP antibodies and with 4',6’-diamidino-2-phenylindole
staining of the condensed DNA. Bar, 10 wm. (C) Bub1/3-GFP ChIPs
from nda3 cells that had been incubated at 18°C to induce a check-
point-dependent mitotic arrest. The cnt and imr of cenl were enriched
in the anti-GFP (Bub3 and Bub1) immunoprecipitations from mitoti-
cally arrested cells but were barely detectable in cycling cells (32°C).
fbp is a noncentromeric, euchromatic negative control.

Fission yeast Bublp is also recruited to kinetochores every cell
cycle (see Fig. 8A, below) (61, 62). Only a few cells containing
anaphase spindles (>3 wm in length) had Bub3 or Mad3-GFP
foci, and these were typically rather faint and appeared to be
associated with spindle poles (data not shown). Thus, Bub3p
behaves in a very similar manner to that described for Mad3p
(42): it is recruited to and enriched on kinetochores early each
mitosis, and the bulk of it dissociates prior to anaphase. Figure
2E shows that Mad3-GFP signals were lost before Bub3-GFP
(and Bub1-GFP [see Fig. 8A]). This could reflect the temporal
order of loss of different checkpoint proteins from kineto-
chores during mitosis, but as Mad3-GFP signals are the faint-
est they may simply be the first to fall below our detection limit.

Mad and Bub proteins associate with the central core of
centromeres. The fission yeast centromere is thought to be an
excellent model for that of vertebrates and has been subdi-
vided into distinct protein interaction domains, the central
domain (central core [cnt] plus innermost repeats [imr]) and
the outer repeats (otr) (Fig. 3A) (47, 49). For a detailed anal-
ysis of the centromere association of the Mad and Bub pro-
teins, we carried out ChIP from nda3-arrested cells. Figure 3B
shows clear foci of Bub3-GFP associated with the hypercon-
densed chromatin observed in this checkpoint-dependent ar-
rest. Both Bub3-GFP and Bub1-GFP were cross-linked to the
central domain of centromere 1 in arrested cells, but we found
no enrichment of Bubl-GFP or Bub3-GFP with the otr of
centromere 1 (Fig. 3C). We were unable to detect a clear ChIP
signal for Bub3-GFP with centromeres in a cycling population
of cells. Presumably, this reflected the fact that Bub3p only
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interacts briefly with kinetochores in an unperturbed mitosis
and that metaphase cells are a small percentage of the cycling
population (~3%).

Where are the other fission yeast checkpoint components? It
has been reported that Madl and Mad2 proteins are at the
nuclear periphery, in both budding yeast and vertebrates (10,
30). In agreement with a recent report (29), we found that
fission yeast Madl and Mad2 localized to the nuclear periph-
ery for most of the cell cycle (Fig. 4A) and, in addition, we
found that they were recruited to kinetochores in checkpoint-
arrested nda3 cells (Fig. 4B). ChIP experiments revealed that
all three Mad proteins associated with the central domain of
the centromere and not to the outer heterochromatic repeats
(Fig. 4C). Thus, the Mad proteins, Bublp, and Bub3p all spe-
cifically associate with the same region of centromeres upon
checkpoint arrest and interact with the central domain upon
which the kinetochore is built (49).

Bub3p and Bublp are interdependent for their kinetochore
localization. Two experiments were carried out to test whether
other checkpoint proteins are required for Bub3-GFP recruit-
ment to S. pombe kinetochores. In one experiment mutants
were synchronized and then imaged as they went through mi-
tosis under conditions that activate the spindle checkpoint. In
the second experiment, mad2™ overexpression was used to
induce a stable metaphase arrest (23).

Experiment 1. In experiment 1, wild-type and mutant cells
were presynchronized early in S phase with HU and then
released into medium containing the microtubule-depolymer-
izing drug CBZ. This drug activates the spindle checkpoint
upon entry into mitosis. Bub3-GFP foci were readily detected
in wild-type cells and in mitotic madl, mad2, and mad3 mu-
tants, leading us to conclude that Bub3p recruitment is inde-
pendent of the Mad proteins (data not shown). However,
Bub3-GFP foci were not detectable in the bubl and mphl
mutants, suggesting that Bublp and Mphlp are required for
efficient targeting of Bub3p to kinetochores.

Experiment 2. To confirm these results, mad2™* overexpres-
sion was used to induce a stable mitotic arrest (apart from the
mad2A mutant, in which mphl™ was overexpressed [22]). Fig-
ure 5A and B show that mad2™ overexpression in wild-type
cells resulted in a very good mitotic arrest, with ~80% of cells
having bright Bub3-GFP foci, and that the madl, mad2, and
mad3 mutations did not prevent Bub3-GFP recruitment. As in
the first experiment, Bub3-GFP foci were never detected in
bublA cells. However, we did detect Bub3-GFP spots when
mad2™ was overexpressed in mphlA cells, although these were
often faint. The Bub3-GFP foci colocalized with Cnpl (data
not shown), confirming that they were at kinetochores. ChIP
experiments clearly demonstrated that Bub3-GFP was en-
riched on central core chromatin in all mutants apart from the
bubliA strain (Fig. 5C). The very faint PCR products observed
for otr and cnt in the bublA ChIP were not above background
levels, and the intensity of cnt was never more than that of the
euchromatic negative control (fbp). This demonstrated that
there is no enrichment of Bub3-GFP at centromeres in the
absence of Bublp.

Note that rather than Mad2p and Mad3p having a direct role
to play in Bub3p recruitment, the weaker Bub3 ChIP signal in the
mad?2 and mad3 mutants is most likely due to the fact that they do
not arrest efficiently and have a low mitotic index when mphl™
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and mad2™ are overexpressed (22, 42). Indeed, in these strains we
observed only ~25% of cells with bright Bub3-GFP foci.

We conclude that Bub3p recruitment to fission yeast kinet-
ochores is dependent on Bublp and that it is independent of
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the three Mad proteins. While there was little evidence of
Bub3p recruitment in CBZ-treated mphlA cells (data not
shown), it was clear that Mphlp is not absolutely required for
Bub3p recruitment, as Bub3-GFP foci and good ChIP signals
were obtained from the Mad2p-arrested mphlA cells.

In vertebrates and budding yeast, Bub3 is required for Bubl
recruitment. To investigate this in fission yeast, we analyzed
Bub1-GFP in the checkpoint mutants. Figure 6A shows images
from cycling cultures. Bub1-GFP was found in the nuclei of all
of the checkpoint mutants, but no kinetochore enrichment was
observed in mitotic bub3A or mphIA cells. The same two ex-
periments were then carried out, as described above, to analyze
Bub3-GFP targeting in checkpoint mutants. When cells were
presynchronized in S phase and released into mitosis, kineto-
chore signals were observed for Bub1-GFP in the mad mutants
but not in bub3A or mphlA cells (data not shown). Thus,
Bublp recruitment to kinetochores is independent of the three
Mad proteins. When mad2™ was overexpressed to induce a
mitotic arrest, ChIP experiments did not detect centromere
association of Bublp in bub3A cells, but there was clear cen-
tromere association of Bublp in madIA and mphIA strains
(Fig. 6B). Supporting fluorescent images are shown in Fig. S2
of the supplemental material.

To summarize, using four distinct approaches (fixed mitotic
cells, CBZ-treated cells, Mad2p-arrested cells, and ChIP), we
have found that there is clear interdependence for Bublp and
Bub3p recruitment to the central core of fission yeast centro-
meres. There is also some dependence on Mphl kinase func-
tion, but this is not absolute, as kinetochore recruitment of
both Bub proteins was observed in the mphlA strain upon
Mad2 overexpression. The Mad proteins are not required for
the recruitment of Bublp and Bub3p to fission yeast kineto-
chores.

The conserved N-terminal domain of Bublp is required for
its enrichment on Kkinetochores, for Bub3p and Mad3p target-
ing, and for spindle checkpoint function. Sequence analysis of
Bublp revealed three conserved domains: a C-terminal kinase
domain, the GLEBS domain that is required for Bub3p bind-
ing (65), and a domain near the N terminus that has no known
function (Fig. 7A). The latter is well conserved and shows
striking homology with Mad3p (42). To determine the function
of this domain, amino acids 28 to 160 of the Bub1 protein were
deleted, producing bublA28-160. This left the GLEBS domain
(residues 264 to 289) intact and, as demonstrated by coimmu-
noprecipitation, Bub3p binding was not affected (Fig. 7B).
Figure 7C shows that the bublA28-160 strain was benomyl
sensitive, but not as sensitive as the bubIA strain. This could
suggest that Bub1A28-160p has lost a subset of Bub1 functions
or that all of its functions are partially defective.

To further characterize the checkpoint role of the N termi-
nus of Bublp, we crossed bublA28-160 with nda3. nda3
bub1A28-160 cells died rapidly at their restrictive temperature
with the Cut phenotype, demonstrating that residues 28 to 160
are required to maintain a spindle checkpoint arrest (Fig. 7D;
see also Fig. S2B of the supplemental material). Checkpoint
defects were quantitated in different bubl alleles through their
production of the Cut phenotype when kinetochore attach-
ment was challenged by the nda3 tubulin mutant. This analysis
showed that the bublA28-160 mutant behaved like the null
mutant, whereas the kinase-dead allele (K762 M) was far bet-
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FIG. 5. The recruitment of Bub3p to kinetochores is dependent on Bublp. (A) Live-cell imaging of a field of wild-type Bub3-GFP cells that
had been arrested in mitosis by overexpression of Mad2p. Around 80% of cells displayed bright Bub3-GFP foci. (Inset) Images of fixed cells labeled
with anti-GFP (green) or antitubulin (red) antibodies and 4’,6'-diamidino-2-phenylindole (blue). (B) Examples of live-cell images from mutants
containing Bub3-GFP and arrested where possible with pREP3X-mad2. pREP41X-mphl was used to activate the checkpoint in mad2 mutants.
The only strain clearly lacking Bub3-GFP foci was bubI A, although they were often reduced in intensity in the mphlA strain. Bar, 10 wm. (C) ChIPs
from these strains clearly demonstrated that central core DNA is enriched in anti-GFP (Bub3) immunoprecipitates in all mutants except bubIA.

ter able to arrest and was less benomyl sensitive (Fig. 7C and
D). We conclude that, unlike a kinase-dead bubl allele,
bub1A28-160 is completely checkpoint defective.

Does the bublA28-160 mutation have a significant effect on
Bublp targeting to kinetochores? To test this, similar analyses
were carried out as above for Bubl-GFP in checkpoint mu-
tants: in the first experiment mitotic cells were enriched by
synchronization, and in the second a stable mitotic arrest was
induced by Mad2p overexpression. cdc25 cells containing
Bubl-GFP (or BublA28-160-GFP) and Cutl2-CFP-labeled

spindle poles were arrested in G, at 36°C and then released
into mitosis. Spindle length (the distance between the two
Cutl2 foci) and the presence of Bub1-GFP foci were scored, as
was the fluorescence intensity of the Bub1 foci. In bub1A28-160
cells there was a clear reduction in the fraction of mitotic cells
containing detectable GFP foci, and these foci were all signif-
icantly fainter (Fig. 8A). When Mad2p was overexpressed, to
induce a mitotic arrest, Bub1A28-160p was found at kineto-
chores at significantly reduced levels, compared to wild-type
Bub1-GFP (Fig. 8B). In most cells diffuse nuclear staining was
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FIG. 6. Recruitment of Bublp to kinetochores is dependent on Bub3p. (A) The strains indicated were grown to log phase, fixed, and then
analyzed by triple-label immunofluorescence using antitubulin, anti-Cnp1, and anti-GFP (Bub1) antibodies. The mitotic wild-type, madlA, mad2A,
and mad3A cells contain short spindles and Bub1-GFP foci, but the bub3A cells and mphlA cells have no detectable foci. (B) ChIPs of Bub1-GFP
clearly showed that Bublp was enriched on central core chromatin in wild-type, madlA, and mphlA strains, but not in bub3A cells overexpressing

Mad2p.

apparent, and in only ~20% were faint GFP foci detectable
(compared to ~70% of cells that contained bright foci for the
wild-type Bub1-GFP control). In addition, a 70% reduction in
the association of Bub1A28-160p with centromeric DNA was
observed with ChIP, compared to the levels of wild-type Bublp
association (Fig. 8C and D). We had great difficulty in detect-
ing Bub3-GFP at kinetochores in bublA28-160 strains (Fig.
8B), and ~80% reduction was found in the levels of Bub3p
associated with central core chromatin (Fig. 8C and D). An
even more pronounced effect was found for Mad3p targeting in
bublA28-160 strains: we were completely unable to detect
Mad3-GFP foci by microscopy (0% of bublA28-160 cells had

Mad3 foci, compared to up to 68% of cells in the wild-type
control), and the levels of Mad3p associated with central core
chromatin were reduced by over 95% in our ChIP assays.

We conclude that the highly conserved N-terminal domain
of Bublp is required for the efficient targeting of Bubl, Bub3,
and Mad3 proteins to fission yeast kinetochores. This is the
first clear function for this domain of Bublp and highlights the
importance of efficient kinetochore targeting for Bub1 check-
point function.

Do fission yeast Bub proteins have other chromosome seg-
regation functions? Fission yeast bubIA mutants have an
elevated rate of chromosome loss and a high incidence of
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FIG. 7. The conserved N-terminal domain of Bublp plays a kinetochore targeting role that is crucial for spindle checkpoint function, but not
for Bub3p binding or the prevention of lagging chromosomes. (A) Schematic model of the conserved domains of Bublp and their likely functions,
indicating the position of the deleted region in the N-terminal domain. (B) Bub3-Myc immunoprecipitates were immunoblotted and shown to
contain both wild type and mutant Bub1A28-160p. No clear effect on this Bub protein interaction was detected. Note that in this anti-Bubl
immunoblot it appears that the Bub1A28-160 protein is more abundant than wild-type Bublp, both in the crude extract (Total) and the anti-Bub3
immunoprecipitate (IP). While this was reproducible, we do not believe it to be the case. In fact, our Bub1 antibody recognized the mutant protein
better than wild-type Bublp (see Fig. S2B in the supplemental material). (C) The indicated strains were tested for benomyl sensitivity. Images were
taken after growth at 30°C for 4 days. (D) Quantitation of checkpoint and chromosome segregation defects in different bub1 alleles. Quantitation
of the Cut phenotype observed in different bubl nda3 strains after 6 h at 18°C was plotted as a percentage of the total population (see Fig. S2C
in the supplemental material for supporting images). Lagging chromosomes were quantitated after fixing cells and staining them with 4',6'-
diamidino-2-phenylindole and antitubulin antibodies, and results are plotted as the percentage of anaphase cells displaying them (7).

lagging chromosomes (6). Analysis of segregation of the Ch16
minichromosome and of GFP-labeled chromosome 2 revealed
that bub3A and mad3A strains had much lower rates of chro-
mosome loss (Table 2). In addition, Table 2 and Fig. 7D show
that bub1A28-160, bub3A, and mad3A strains all displayed few,
if any, lagging chromosomes. In those mutants, lagging chro-
mosomes were only found in 0 to 3% of anaphase cells, com-
pared to >15% for the bubIlA strain. Our interpretation of
these results is that a checkpoint defect does not lead to the

production of lagging chromosomes and that these are ob-
served in bublA due to the lack of another Bublp function(s).
Interestingly, the “kinase-dead” bublK762 M mutant, which
has a robust checkpoint response, does display significantly
increased levels of lagging chromosomes (~10%). We con-
clude that some of these other Bublp functions are kinase
dependent. Other assays confirmed this: while bub1K762 M did
have significant rates of missegregation of chromosome 2,
bub1A28-160 did not (Table 2).
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of Mad3-GFP, in bub1A28-160 strains that had been arrested by Mad2p overexpression. (D) ChIP quantitation. The DNA gels were scanned, and the
enrichment of the ChIP signals, relative to the input, was calculated (50). We then set the enrichment for each protein in wild-type cells to a value of 100%.
The reduced enrichment observed for each of the three proteins in the bublA28-160 mutant was plotted as the percentage of this. This experiment was
repeated four times, and the error bars show the maximum deviations from the plotted means.
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In summary, we have shown that two bub mutants, one
lacking Bublp, Bub3p, and Mad3p at kinetochores (bub3A)
and the other with greatly reduced levels of these proteins at
kinetochores (bublA28-160), display almost no lagging chro-
mosomes or chromosome loss. We conclude that the other
chromosome segregation functions of Bublp do not require its
N-terminal domain, or its enrichment at kinetochores, and that
they are Bub3p and Mad3p independent. Finally, we conclude
that bub1A28-160 acts as a separation-of-function allele: while
it lacks checkpoint function, it is still competent for other
Bublp chromosome segregation functions.

DISCUSSION

All spindle checkpoint proteins associate with the central
domain of centromeres. In this fission yeast study, we per-
formed detailed molecular genetic and cytological analyses of
the interdependencies of the Mad and Bub spindle checkpoint
proteins for their recruitment to kinetochores. We have shown
that Bub3p, Mad3p, and Bublp get recruited to kinetochores
early in mitosis in each cell cycle. Fission yeast Bub1 had been
shown to interact weakly with centromeric DNA in a pro-
longed nda3 arrest, by using ChIP (62). Here we demonstrate
that Madlp, Mad2p, Mad3p, Bublp, and Bub3p all associate
with the central domain of centromere 1. This location within
the centromere is consistent with their proposed roles in mon-
itoring kinetochore-microtubule interactions, as the central
domain is the site of kinetochore assembly. In addition, it puts
them all in the same place upon checkpoint activation, which is
consistent with models in which the kinetochore acts as a
scaffold for the formation of complexes, such as the MCC
(Cdc20/Mad2/Mad3/Bub3) anaphase inhibitor (12, 44).

It is noteworthy that the checkpoint proteins do not associ-
ate with the heterochromatic outer repeat regions of the cen-
tromeres, which recruit a high density of cohesin (8) and are
required for full centromere activity. Their failure to interact
with outer repeat DNA, and also the lack of an effect of
checkpoint mutations in silencing assays (see Fig. S3 in the
supplemental material), shows that the Mad/Bub/Mphl pro-
teins are unlikely to have a direct role in heterochromatic
centromere structure.

We found that all of the Mad and Bub proteins are recruited
to kinetochores when Mad2p is overexpressed, even though
kinetochores are likely to be attached to spindle microtubules
in these cells. This is perhaps surprising, and we cannot rule
out the possibility that Mad2p overexpression leads to subtle
kinetochore or spindle defects that activate the spindle check-
point. However, we favor the idea that Mad2p overexpression
is simply “trapping” fission yeast cells at a point in the cell cycle
at which their kinetochores are competent for Mad/Bub pro-
tein recruitment. Work is ongoing to analyze the precise nature
of the metaphase arrest in these cells.

Bub3p as a targeting factor? Unlike its mouse homologue,
we found that fission yeast Rael protein does not play any role
in the spindle checkpoint. While the reason for this is unclear,
it makes studies of Bub1p/Bub3p targeting simpler to interpret.
Bub3p is required for Mad3p recruitment to fission yeast ki-
netochores (42), and here we demonstrated that it is also
required for Bublp recruitment. These results are consistent
with the proposed role of vertebrate Bub3p as a targeting
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factor for Bub1 and BubR1 (60). However, we also found that
Bub3p recruitment was dependent on Bublp, which argues
that Bub3p is not simply a targeting factor, as it itself is de-
pendent on Bublp. It seems most likely that it is the Bublp-
Bub3p complex that is initially targeted to kinetochores. Once
established there, Bub1/3p could then act as a scaffold for the
recruitment of additional Bublp, Bub3p, and Mad3p (Fig. 9),
making them readily detectable by microscopy and ChIP tech-
niques.

Previous work in Xenopus laevis extracts has argued that the
Mpsl protein kinase is required for kinetochore targeting of
CENP-E, Madl, and Mad2 (1). We found that Mphlp is not
an absolute requirement for Mad or Bub protein recruitment
in fission yeast, but we did confirm the importance of this
protein kinase for efficient kinetochore targeting of all the
checkpoint proteins tested.

Kinetochore targeting and checkpoint signaling. Our results
highlight the importance of the highly conserved residues (28
to 160) at the N terminus of Bublp for kinetochore targeting
of Bublp, Bub3p, and Mad3p. We have demonstrated that
efficient targeting of checkpoint proteins to kinetochores is
crucial for spindle checkpoint signaling but that it is not re-
quired for all chromosome segregation functions of Bublp. A
requirement for kinetochore targeting of Mad/Bub proteins
for checkpoint signaling has been inferred in many other stud-
ies, but in those experiments the kinetochore itself was also
perturbed, either through laser ablation or kinetochore protein
depletion. We believe our work to be the most direct demon-
stration that kinetochore targeting of spindle checkpoint com-
ponents is required for a checkpoint arrest.

Vertebrate experiments have argued that the GLEBS do-
main of Bubl is sufficient for kinetochore targeting (65), which
would be inconsistent with our fission yeast results. However,
those vertebrate studies were carried out in cells expressing
full-length endogenous Bubl, Bub3, and Rael proteins. We
suggest that while GLEBS is sufficient for Bub3/Rael binding,
this complex may still be dependent on the endogenous Bubl
protein (and its N-terminal domain) for efficient kinetochore
enrichment.

FRAP has demonstrated that all of the vertebrate spindle
checkpoint components display a dynamic association with ki-
netochores and that their behavior is regulated throughout
mitosis (25, 26). Their half-life on kinetochores varies from
around 3 to 60 s. Interestingly, Bubl and Madl display a
significantly more stable association with kinetochores than the
other checkpoint components (26, 54), and it has been pro-
posed that these proteins might form a scaffold to which other
checkpoint proteins could be recruited and upon which an-
aphase inhibitors could be assembled (44). We believe that our
fission yeast data are consistent with this view. One explanation
of the bublA28-160 mutant phenotype is that this mutant pro-
tein does not act as a good scaffold on kinetochores, and that
is why dramatically reduced levels of Bub3p and Mad3p are
recruited (Fig. 9) and checkpoint signaling is disrupted. Our
imaging and ChIP experiments showed reduced steady-state
levels of the Bub and Mad3 proteins at kinetochores in the
bub1A28-160 mutant. This could be due to inefficient targeting
of these proteins to kinetochores or to a reduction in their
residence time (inefficient maintenance) at kinetochores. We
are currently unable to distinguish between these explanations
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enrichment of Bub1p,
Bub3p and Mad3p, via
Bub1 scaffold

D

bub1A28-160:
no enrichment

FIG. 9. Speculative scaffold model for Bublp. (A) The Bublp-
Bub3p complex is targeted to kinetochores. Proximity between pro-
teins was used here to reflect dependencies for recruitment. For
example, Mad2p requires Madlp, and Bub3p and Bublp are interde-
pendent. (B) In wild-type cells, the N terminus of Bublp then acts as
a scaffold for the recruitment of further molecules of Bub3p, Mad3p,
and Bublp. Such a scaffolding role is supported by FRAP studies in
vertebrates (26, 54), which have shown that Bublp is a relatively stable
component of outer kinetochores. (C) The Bub1A28-160 protein is
unable to carry out this scaffolding role, and there is no further en-
richment of Bublp, Bub3p, or Mad3p at kinetochores in this mutant.

and must now analyze the dynamics of wild-type and mutant
fission yeast Mad/Bub proteins at kinetochores by using imag-
ing techniques such as FRAP.

Bubl kinase activity and the checkpoint. While the N-ter-
minal domain of Bublp is crucial for its checkpoint function,
our analysis suggested that Bubl kinase activity is less impor-
tant. This view agrees with budding yeast and Xenopus data
(11, 55, 66), and it has recently been reported that fission yeast
bubl-K762R, and even a kinase deletion, are partially compe-
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tent for mitotic checkpoint function (69). We have made sim-
ilar C-terminal truncations, removing the kinase domain and
more of Bublp, and found that some of these maintained
robust spindle checkpoint function (unpublished data). It is
clear that kinase activity is not required for the localization of
Bublp to kinetochores (unpublished data and reference 69),
nor for its ability to recruit Bub3p and Mad3p (55). However,
kinase activity is very important for the meiotic functions of
Bublp (63, 69) and for other, noncheckpoint mitotic functions
(see below).

Bublp, but not Bub3p, has other segregation functions.
Bublp has been demonstrated to have key roles in fission yeast
meiosis, both in ensuring mono-orientation of sister kineto-
chores in meiosis I and in the protection of Rec8-mediated
centromere cohesion (7). It has recently been reported that
Sgol and Sgo2 localization to kinetochores is Bub1 dependent
(35). Sgol acts as a protector of Rec8 meiotic cohesin, and
Sgo2 is required to ensure mono-orientation of sisters in mei-
osis I (35, 52). Thus, a major meiotic role of Bub1p could be to
localize these proteins.

Are the Sgo proteins important mitotic targets for Bubl
activity? Sgol is not expressed in mitosis, and at present the
mitotic role(s) of Sgo2 is far from clear, as there is no detect-
able mitotic cohesion defect in sgo2A cells (35). The localiza-
tion of Sgo2 to kinetochores in mitosis was shown to be Bubl
dependent (35). However, we have been unable to detect any
lagging chromosomes in sgo2 cells (data not shown). Thus, an
inability to localize Sgo2 in mitosis cannot explain the lagging
chromosomes observed in the bublA strain, and other Bubl
targets must exist.

What might these Bubl segregation functions be? It is
thought that lagging chromosomes are due to merotelic attach-
ment, where the kinetochore of a single sister chromatid is
attached to microtubules from both spindle poles and it is
being pulled in both directions on the anaphase spindle. Mu-
tations affecting the outer repeats or the central core of fission
yeast centromeres show a high incidence of lagging chromo-
somes, and they also alleviate silencing of reporter genes
within the heterochromatin (3, 50). However, as we found no
detectable alleviation of silencing at either the central core or
outer repeat regions of centromeres in bubl, mad2, or mphl
mutants (data not shown; see Fig. S3A in the supplemental
material), we don’t think that a heterochromatin defect can
explain the production of lagging chromosomes in bubl mu-
tants. Certain kinetochore mutants lead to a reduced associa-
tion of Cnpl with the central core of centromeres (50, 58). We
carried out ChIP analysis of the levels of Cnpl1 associated with
cenl in various checkpoint mutants, including bublA, but ob-
served no clear evidence of reduced levels (see Fig. S3B in the
supplemental material). We have not detected clear effects on
mitotic cohesion in the bubIA strain (unpublished data; P.
Bernard, personal communication), although subtle defects
remain a possibility. We deduce that lack of Bub1p has no clear
structural consequence on chromatin structure at fission yeast
centromeres.

Our analysis suggests that while the kinase activity of Bub1lp
is important for the prevention of lagging chromosomes, its
kinetochore enrichment is not, as neither bublA28-160 nor
bub3A display lagging chromosomes. We cannot rule out that
an undetectable level of Bublp gets to kinetochores in the



9800 VANOOSTHUYSE ET AL.

bub3A mutant, but we note that the Caenorhabditis elegans
homologue of Bublp has also been localized to a matrix-like
structure in metaphase that does not coalign with spindle mi-
crotubules (46). Such a matrix might exist in other organisms,
including fission yeast, and this could be where the kinase
activity of Bublp carries out its segregation function(s). Alter-
natively, soluble nucleoplasmic Bubl kinase activity could
modify and thereby target or regulate proteins with segrega-
tion roles. Much remains unclear about the chromosome seg-
regation functions of Bublp, and the identification of its kinase
substrates will be an important step towards understanding
these mitotic roles.
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