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The spindle checkpoint prevents anaphase onset until all the chromosomes have successfully attached to the spindle
microtubules. The mechanisms by which unattached kinetochores trigger and transmit a primary signal are poorly
understood, although it seems to be dependent at least in part, on the kinetochore localization of the different checkpoint
components. By using protein immunodepletion and mRNA translation in Xenopus egg extracts, we have studied the
hierarchic sequence and the interdependent network that governs protein recruitment at the kinetochore in the spindle
checkpoint pathway. Our results show that the first regulatory step of this cascade is defined by Aurora B/INCENP
complex. Aurora B/INCENP controls the activation of a second regulatory level by inducing at the kinetochore the
localization of Mps1, Bub1, Bub3, and CENP-E. This localization, in turn, promotes the recruitment to the kinetochore of
Mad1/Mad2, Cdc20, and the anaphase promoting complex (APC). Unlike Aurora B/INCENP, Mps1, Bub1, and CENP-E,
the downstream checkpoint protein Mad1 does not regulate the kinetochore localization of either Cdc20 or APC.
Similarly, Cdc20 and APC do not require each other to be localized at these chromosome structures. Thus, at the last step
of the spindle checkpoint cascade, Mad1/Mad2, Cdc20, and APC are recruited at the kinetochores independently from
each other.

INTRODUCTION

During cell division, accurate transmission of the genome is
essential for survival. The entry into mitosis is controlled by
checkpoints that monitor DNA damage and replication,
whereas the exit of mitosis is controlled by checkpoints that
monitor assembly and position of the mitotic spindle. The
spindle assembly checkpoint restrains cells from entering
anaphase until all replicated chromatids are correctly at-
tached to the bipolar spindle. The major components of this
surveillance mechanism, originally identified in budding
yeast, include Mad1-3 (Li and Murray, 1991), Bub1-3 (Hoyt
et al., 1991; Roberts et al., 1994), and Mps1 (Weiss and Winey,
1996). These proteins are conserved in all eukaryotic ge-
nomes sequenced to date except for Bub2 and Mad3. The
functional ortholog of yeast Mad3 is the protein named
BubR1, which seems to be a hybrid of yeast Mad3 and Bub1
proteins (Chen et al., 1996; Li and Benezra, 1996; Taylor and
McKeon, 1997; Jablonski et al., 1998; Taylor et al., 1998; Chan
et al., 1999; Martinez-Exposito et al., 1999). In addition to
these basic checkpoint components, other proteins such as
CENP-E (Abrieu et al., 2000; Yao et al., 2000), Rod, ZW10
(Basto et al., 2000; Chan et al., 2000), Aurora B (Biggins and
Murray, 2001; Kallio et al., 2002b; Ditchfield et al., 2003), and

mitogen-activated protein kinase play a role in the spindle
checkpoint. Subcellular localization studies have placed all
these checkpoint proteins at the kinetochores. Some of them
(Mad1, Mad2, Bub1, Bub3, and BubR1) are present only in
unattached but not in fully microtubule-attached kineto-
chores (Chen et al., 1998; Waters et al., 1998; Abrieu et al.,
2001; Skoufias et al., 2001; Taylor et al., 2001; Campbell and
Hardwick, 2003). In this regard, real-time visualization in
living cells of one of these proteins, Mad2, demonstrates that
it is dynamically and exclusively associated with unattached
kinetochores (Howell et al., 2000). From these results, a
model for the role of Mad2 in the generation of a delaying
anaphase signal has been proposed. In this model, unat-
tached kinetochores would generate an active diffusible sig-
nal (probably through Mad2 activation) that would prevent
anaphase onset.

How this checkpoint signal is transmitted to induce meta-
phase arrest is not clear; however, it probably blocks entry
into anaphase by inhibiting the proteolytic destruction of
Securin, an anaphase inhibitor whose degradation is re-
quired for sister chromatid separation. Securin and other
mitotic proteins are targeted for destruction by the covalent
addition of ubiquitin (Alexandru et al., 1999). This ubiquiti-
nation is mediated by the ubiquitin ligase anaphase promot-
ing complex (APC) (Alexandru et al., 1999). Activation of the
APC at the metaphase-to-anaphase transition requires its
association with the WD-motif containing protein Cdc20
(Sigrist and Lehner, 1997; Fang et al., 1998; Kramer et al.,
1998; Lorca et al., 1998). A first series of studies showed that
Mad2 binds to Cdc20 and thereby inhibits APC/Cdc20 ubiq-
uitination activity (Li et al., 1997; Fang et al., 1998; Hwang et
al., 1998; Kim et al., 1998). These findings suggest that the
different checkpoint proteins act upstream, at the unattached
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kinetochores, to convert Mad2 to its diffusible APC inhibi-
tory form. However, two recent studies have demonstrated
the presence of a complex capable of inhibiting APC/Cdc20
activity formed by different checkpoint proteins. This com-
plex was found to inhibit APC/Cdc20 ubiquitination in vitro
3000-fold more efficiently than purified recombinant Mad2
alone (Sudakin et al., 2001; Tang et al., 2001). A major dis-
crepancy between these two studies concerns the composi-
tion of this complex. Sudakin et al. (2001) reported the pres-
ence of a complex in HeLa cells that the authors named
mitotic checkpoint complex (MCC) that contains an equiv-
alent proportion of the proteins BubR1, Bub3, Cdc20, and
Mad2. In contrast, the complex purified from the same type
of cells by Tang et al. (2001) showed equal amounts of BubR1
and Bub3, a lower amount of Cdc20 and a completely ab-
sence of Mad2. Thus, it is not clear whether there is a single
checkpoint pathway that induces a MCC signal to block
APC/Cdc20 activity or whether this checkpoint pathway
bifurcates into separate Mad2- and BubR1-dependent
branches. Whatever the signal used by the checkpoint, it
seems clear that kinetochore localization of these checkpoint
proteins is essential, first for sensing chromosome-microtu-
bule attachment and subsequently to inhibit the APC/Cdc20
complex.

The nature of the direct molecular interactions between
checkpoint proteins and kinetochores is poorly understood.
Similarly, the network of interactions and interdependencies
of the different checkpoint proteins for kinetochore localiza-
tion are only partly defined. Mad2 protein requires Mad1 to
be correctly localized at the kinetochore (Chen et al., 1998).
Bub1 and BubR1 require Bub3 (Taylor et al., 1998). Xenopus
Bub1 is required for Bub3, Mad1, Mad2, and CENP-E local-
ization (Sharp-Baker and Chen, 2001); Xenopus Mps1 is re-
quired for CENP-E, Mad1, and Mad2 localization (Abrieu et
al., 2001). Finally, immunodepletion of Xenopus BubR1 re-
duces the levels of Bub1, Bub3, Mad1, Mad2, and CENP-E
(Chen, 2002). These results show that the localization of the
different checkpoint proteins is interdependent on each
other.

To better understand the sensor and the signaling path-
ways of the spindle checkpoint, in this study we have char-
acterized the whole interdependent network that governs
the timing and dependence of kinetochore localization of the
different checkpoint components.

MATERIALS AND METHODS

Isolation of Survivin cDNA, Immunization Procedures,
and In Vitro Production of mRNAs
Xenopus Survivin cDNA was amplified from total mRNA of Xenopus meta-
phase II-arrested eggs by using the primers 5�ATGTATTCTGCCAAGAA-
CAGG3� and 5�GTGGTCGAGATCTATGGAGCAC3�.

The Xenopus affinity-purified anti-Aurora B, anti-Cdc20, anti-CDC27, and
anti-Mad2 antibodies have been described previously (Lorca et al., 1998;
Castro et al., 2002). Anti-CENP-A and anti-INCENP antibodies were kindly
provided by Dr. P.T. Stukenberg (University of Virginia, Medical School,
Charlottesville, VA) (McCleland et al., 2003), and Dr. S. Dimitrov (Institut
Allbert Bonniot, La Tronche, France), respectively. Anti-NTD Mps1 antibod-
ies, against the N-terminal domain of Xenopus Mps1 (residues 1–626) and
anti-NP Mps1 antibodies produced against the peptide MDDEDISERKLIKIA
(residues from 1–14 of Xenopus Mps1) were obtained as described previously
(Abrieu et al., 2001). CENP-E was detected and immunodepleted by using
anti-tail CENP-E polyclonal antibodies (Wood et al., 1997). Anti Xenopus Bub1
antibodies were generated against a glutathione S-transferase fusion protein
corresponding to the N-terminal domain of this protein (residues 1–850).
Purified fusion protein was used to immunize rabbits and serum was affinity
purified on immobilized Bub1 fusion protein. In some preliminary experi-
ments, an anti-Bub1 antibody kindly provided by Dr. J. Maller (University of
Colorado School of Medicine, Denver, CO) was used. Finally, rabbit poly-
clonal antibodies anti-Xenopus Bub3 and Mad1 were generated against two
peptides (MNTQTDMTGSNE and MDDSEDNTTVIS, respectively) corre-

sponding to the N-terminal sequence of these proteins. Peptides were coupled
to thyroglobulin by using m-maleimidobenzoyl-N-hydroxysulfosuccinimide
ester for immunization and to immobilized bovine serum albumin for affinity
purification.

mRNAs encoding full-length wild-type forms of Xenopus Bub1 and Mps1
were transcribed in vitro with T7 or SP6 RNA polymerase.

Preparation of Xenopus Egg Extracts,
Immunofluorescence, and Immunoprecipitation
CSF and extracts were prepared from unfertilized Xenopus eggs that were
arrested at metaphase of the second meiotic division by CSF. The CSF extract
and demembranated sperm nuclei were prepared as described previously
(Murray, 1991).

For immunofluorescence staining of unreplicated chromosomes, 20 �l of
CSF extract was incubated with nocodazole (final concentration 10 �g/ml)
and sperm nuclei (2000/�l extract) for 75 min at room temperature. The
chromosomes were isolated and processed for immunofluorescent staining as
described previously (Abrieu et al., 2001). When the immunofluorescence was
performed under spindle checkpoint conditions, 9000 sperm nuclei/�l in-
stead of 2000/�l were used.

For immunodepletion, 50 �g of affinity-purified antibodies (anti-Aurora B,
anti-INCENP, anti-NP Mps1, anti-Bub1, anti-CENP-E, anti-Mad1, anti-Cdc20,
and anti-Cdc27) or nonimmune rabbit IgG was bound to 250 �l of Dynal
beads protein A for 30 min at 4°C and then added to 250 �l of CSF extract for
1 h at 4°C. When anti-Bub1, anti-CENP-E, anti-Cdc27, and anti-INCENP
antibodies were used, three successive immunodepletions of 30 min each
were performed to completely remove these two endogenous proteins.

For the rescue experiments, Mps1, Bub1, or Aurora B immunodepleted CSF
egg extracts were supplemented with dithiothreitol (1 mM), RNAguard (0.4
U/�l extract; Amersham Biosciences, Piscataway, NJ), tRNA (0.1 �g/�l), and
the corresponding mRNA (0.05 �g/�l extract) and incubated for 2 h at 20°C.
Expression of the corresponding wild-type proteins was verified by immu-
noblotting. When Survivin mRNA was used, [35S]methionine (AGQ0080;
Amersham Biosciences) was added to the extract (1.5 �l of [35S]methionine/
20 �l extract) to allow translated Survivin detection.

Light Microscopy
A DMR A Leica microscope with a 100� immersion oil objective (HCX PL
APO), tube factor 1 was used for epifluorescence imaging (A4, GFP, N2.1 cube
filters, excitation HBO light bulb). Images were captured with a Roper Mi-
croMax 1300 Y/HS camera, and the whole set was driven by MetaMorph
(Universal Imaging, Downingtown, PA).

When confocal microscopy was developed, a DMR B Leica microscope with
a 100� immersion oil objective (HCX PL APO), tube factor 1.6 was used.
Confocal fluorescence imaging was obtained with a PerkinElmer Ultraview
system fitted with Sutter filter wheels, excitation was obtained with a double
band Ar-Kr Melles Griot laser (488–568 nm). Images were captured with a
Photometrics CoolSnap HQ camera, and the whole setup was driven by
MetaMorph.

H1 Kinase Assay
Extract (1 �l) was frozen in liquid nitrogen at the indicated times. Extract
samples were then thawed by the addition of 9 �l of H1 buffer including
[�-32P]ATP (Chen and Murray, 1997) and incubated for 10 min at room
temperature. Reactions were stopped by adding Laemmli gel sample buffer
and analyzed by SDS-PAGE.

RESULTS

Aurora B/INCENP Is Required for the Maintenance of the
Spindle Checkpoint by Inducing the Recruitment of Mps1,
Bub1, CENP-E, Bub3, Mad1, and Mad2 to the
Kinetochores
Aurora B, in association with the proteins INCENP and
Survivin is localized in late prophase and metaphase at the
inner centromere where it has been implicated in the regu-
lation of the spindle checkpoint. The exact role of Aurora B
in this pathway is confusing. In budding yeast, the Aurora B
ortholog Ipl1 seems to participate in the spindle checkpoint
activation by loss of tension at centromeres (Biggins and
Murray, 2001; Tanaka et al., 2002). However, this protein
seems to monitor both, microtubule attachment and tension
in higher eukaryotes (Kallio et al., 2002b; Ditchfield et al.,
2003; Hauf et al., 2003). Moreover, despite the fact that ki-
netochore localization of BubR1 clearly seems to be regu-
lated by Aurora B, there are contradictory results concerning
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the regulation by this kinase of the localization of CENP-E
and Mad2 at the centromeres (Kallio et al., 2002b; Ditchfield
et al., 2003; Hauf et al., 2003). To determine the interdepen-
dence network of Aurora B with the other checkpoint com-
ponents, we took advantage of the techniques of immu-
nodepletion and rescue of different spindle checkpoint
proteins developed in Xenopus extracts obtained from meta-
phase II-arrested eggs (CSF extracts) (Chen and Murray,

1997), and we studied the implication of Aurora B in the
regulation of the kinetochore localization of Mps1, Bub1,
CENP-E, Bub3, Mad1, and Mad2 under spindle checkpoint
conditions. To that, we supplemented Aurora B-depleted
CSF extracts with nocodazole and 9000 sperm nuclei per
microliter of extract. A sample of this mix was used to
examine the consequence of Aurora B depletion on the
establishment of the spindle checkpoint by measuring H1

Figure 2. The complex Aurora B/INCENP regulates the kinetochore localization of all the other checkpoint proteins under spindle checkpoint
conditions. (A) Aurora B-immunodepleted CSF extracts (�AuroB) were supplemented with either Aurora B, INCENP, or Survivin mRNAs. A sample of
1 �l of the Aurora B mRNA-supplemented extract was taken to analyze the levels of Aurora B and INCENP by Western blot (Aurora B mRNA). Another
sample of 5 �l of Aurora B-translated extract was immunoprecipitated with anti-Aurora B antibodies, and the immunoprecipitate was used to evaluate
the levels of Aurora B and INCENP (IP AuroB AuroB). Finally, a third sample of the Aurora B-translated CSF extract was mixed with an equal volume
of INCENP and Survivin-translated CSF extracts (Mix mRNAs). One microliter of the mix was used to analyze the levels of Aurora B, INCENP (Western
blot), and Survivin (autoradiography), and 5 �l of the same mix was immunoprecipitated with anti-Aurora B antibodies to analyze the association of
Aurora B, INCENP, and Survivin (IP AuroB Mix). (B) CSF extracts supplemented with nocodazole and sperm nuclei (9000/�l) were immunodepleted
of INCENP, incubated for 75 min, and used for immunofluorescence staining to analyze the kinetochore localization of the Aurora B, INCENP, Mps1,
Bub1, CENP-E, Bub3, Mad1, and Mad2 proteins.

Figure 1 (facing page). Aurora B is required for the maintenance of the spindle checkpoint by the recruitment of Mps1, Bub1, CENP-E, Bub3, Mad1, and
Mad2 to kinetochores. (A) Cytostatic factor (CSF) egg extracts were immunodepleted with anti-Aurora B antibodies. A sample of 1 �l of CSF extract (CSF)
or of immunodepleted supernatant (�AuroB), as well as the Aurora B immunoprecipitate corresponding to 5 �l of CSF extract (IP AuroB) were then taken
to analyze by Western blotting the endogenous levels of Aurora B, Mps1, Bub1, CENP-E, INCENP, Bub3, Mad1, and Mad2 proteins. * represents an
unspecific band recognized by the anti-Aurora B antibodies (B) CT (�CT) and Aurora B-immunodepleted (�AuroB) CSF extracts were supplemented with
9000 sperm per microliter of extract and nocodazole. After a 75-min incubation, a sample was taken to measure H1 kinase activity (H1K) at 0, 30, and 60
min after calcium addition (0.4 mM) and chromatin condensation at 60 min after calcium addition. (C) Isolated chromosomes from nocodazole-treated
CSF extracts used in A were double stained with anti-CENP-E and anti-Aurora B antibodies and analyzed by confocal microscopy. Anti-CENP-E antibody
labeled with biotin-(long arm)-NHS was used and detected with streptavidin-AlexaFluor. Anti-Aurora B immunostaining was visualized by using
anti-rabbit rhodamine secondary antibody (D) CT (�Mock) and Aurora B (�AuroB) immunodepleted CSF extracts supplemented with nocodazole, and
sperm nuclei used in A were incubated during 75 min and subsequently used to analyze kinetochore localization of Aurora B, Mps1, Bub1, CENP-E, Bub3,
Mad1, and Mad2 by immunostaining. Locations of the different proteins were visualized with anti-rabbit fluorescein isothiocyanate (FITC) secondary
antibody (dilution 1/200; Vector Laboratories, Burlingame, CA) and image merged with chromatin (0.5 �g/�l 4,6-diamidino-2-phenylindole). (E) CENP-E
and CENP-A were coimmunostained in chromosomes isolated from control (�Mock, CENP-E, CENP-A, and Merge) and anti-Aurora B (� Aurora B,
CENP-E, and CENP-A)-immunodepleted CSF extracts by using anti-rabbit rhodamine and anti-chicken FITC (dilution 1:100; Zymed Laboratories, South
San Francisco, CA) secondary antibodies, respectively. Location of these two proteins in Aurora B-immunodepleted CSF extracts was imaged merged with
chromatin. Bars, 5 �m.
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kinase activity and by assessing chromatin condensation
after calcium addition. Another sample was used to isolate
chromosomes and to study the kinetochore localization of
Mps1, Bub1, CENP-E, Bub3, Mad1, and Mad2. Immu-
nodepletion of Aurora B removed �95% of this kinase and
of the Aurora B-associated protein INCENP but did not
immunoprecipitate either of the other checkpoint proteins
(Figure 1A, IP AuroB). Accordingly, the endogenous levels
of these checkpoint proteins were not affected (Figure 1A,
�AuroB). As shown in Figure 1B, control-depleted CSF ex-
tracts presented an active spindle checkpoint because the H1
kinase activity remained constant and the chromatin con-
densed despite the addition of calcium (Figure 1B, �CT). In
contrast, depletion of Aurora B induced a decrease of the H1
kinase activity and a clear decondensation of chromatin
indicative of a loss of the mitotic checkpoint (Figure 1B,
�AuroB). Thus, according the results of Kallio et al. (2002b),
our data show that Aurora B is required to maintain the
spindle checkpoint in Xenopus egg extracts. We next ana-

lyzed whether the failure of the spindle checkpoint in Au-
rora B-immunodepleted CSF extracts was associated with a
modification of the localization pattern of the different
checkpoint proteins. We first tested the specificity of our
antibodies by performing a colocalization analysis of
CENP-E and Aurora B. In agreement with published data,
the double immunostaining revealed a localization of Au-
rora B at the inner centromeres (Adams et al., 2001; Cleve-
land et al., 2003), confirming the specificity of our antibodies
(Figure 1C). Moreover, the analysis of the localization of
Mps1, Bub1, CENP-E, Bub3, Mad1, and Mad2 in Aurora
B-immunodepleted CSF extracts revealed a loss of the kinet-
ochore binding of all these proteins (Figure 1D, �Aurora B).
The absence of this association was not the result of a de-
struction of the basic centromere organization because the
dot-staining pattern of the centromere marker CENP-A was
not disrupted in Aurora B-depleted extracts (Figure 1E,
�Mock and �Aurora B). Altogether, these results indicate
that Aurora B association to the kinetochores is required to

Figure 3.
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maintain checkpoint activation by allowing the localization of
the other checkpoint proteins to these chromosome structures,
placing Aurora B at the most upstream protein in the spindle
checkpoint pathway. However, even if Aurora B immu-
nodepletion did not affect the endogenous levels of the other
checkpoint proteins, we wanted to test whether the effect of
this immunodepletion was specific to the sole removal of Au-
rora B. To test that, we analyzed the localization of the different
checkpoint proteins in Aurora B-depleted egg extracts where
the levels of this kinase were restored by the addition of its
mRNA. Surprisingly, despite the fact that the ectopic transla-
tion of this mRNA induced protein levels comparable with the
endogenous kinase (Figure 2A, AuroB mRNA), they did not
restore its kinetochore localization (unpublished data).

To explain these results, we hypothesized that because
Aurora B is associated to the kinetochores as a complex with
INCENP and Survivin, and because the depletion of Aurora
B in CSF extracts induces the removal of INCENP and vice
versa (Figure 1A and supplementary data Figure S1), the
effect of Aurora B immunodepletion is likely not to be due to
the removal of Aurora B but to the removal of the complex
Aurora B/INCENP/Survivin. If this is the case, the immu-
nodepletion of INCENP in CSF extracts also should perturb
the localization of the different checkpoint proteins to the
kinetochores. Actually, this was the case, because this im-
munodepletion also prevented the kinetochore loading of all
the other checkpoint proteins, including Aurora B (Figure
2B, �INCENP).

Figure 3 (cont). Bub1 and Mps1 are dependent on each other for their kinetochore localization and the localization of the other checkpoint
proteins. (A) CSF extracts (250 �l) were depleted either with control (CSF), anti-Mps1 (�Mps1), or anti-Bub1 (�Bub1) antibodies (50 �g). A
sample of 1 �l was then taken and endogenous Mps1, Bub1, CENP-E, Bub3, Mad1, and Mad2 levels were analyzed by Western blotting. (B)
Anti-CENP-E (CENP-E), anti-Mps1 (MPS1), and costaining of both antibodies (Merge) (top row) and anti-CENP-E (CENP-E), anti-Bub1
(Bub1), and costaining of both antibodies (Merge) (bottom row) in chromosomes purified from CSF egg extracts. Anti-CENP-E antibody was
labeled with biotin-(long arm)-NHS and detected using streptavidin-AlexaFluor (dilution 1/1000; Molecular Probes, Eugene, OR). Anti-Mps1
and anti-Bub1 immunostaining were visualized by using anti-rabbit rhodamine secondary antibody (dilution 1/200; Cappel Laboratories,
Durham, NC) (C) The same immunodepleted CSF extracts with control (�Mock), anti-Mps1 (�Mps1), and anti-Bub1 (�Bub1) antibodies used
in A were supplemented with nocodazole and sperm nuclei (2000/�l) and incubated for 75 min at room temperature. Chromosomes were
then isolated and processed for immunofluorescent staining with anti-Mps1 (Mps1), anti-Bub1 (Bub1), anti-CENP-E (CENP-E), anti-Bub3
(Bub3), anti-Mad1 (Mad1), or anti-Mad2 (Mad2) antibodies. Locations of the different proteins were visualized with anti-rabbit fluorescein
isothiocyanate secondary antibody (dilution 1/200; Vector Laboratories) and image merged with chromatin (0.5 �g/�l 4,6-diamidino-2-
phenylindole). (D) CSF extracts were first immunodepleted with anti-Mps1 or anti-Bub1 antibodies as in A and subsequently supplemented
with the mRNAs coding for the wild-type form of these proteins. A sample of 1 �l was taken before immunodepletion (CSF), after
immunodepletion (IP), and after the translation of the wild-type form of Mps1 and Bub1 (�Mps1�WtMps1 and �Bub1�WtBub1, respec-
tively), and the levels of these two proteins were analyzed by immunoblotting. (E) Egg extracts immunodepleted and mRNA translated in
D were supplemented with nocodazole and sperm nuclei (2000/�l). Chromosomes were then isolated and used to analyze Mps1, Bub1,
CENP-E, Bub3, Mad1, and Mad2 by immunofluorescent staining as described in C. Bars, 5 �m.
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We next tried to rescue the phenotype observed by either
Aurora B or INCENP-immunodepletion by supplementing
Aurora B-depleted egg extracts simultaneously with the
mRNAs coding for Aurora B, INCENP, and Survivin. The
three proteins were cotranslated at a similar amount to the
endogenous levels (Figure 2A, Mix mRNAs), but, again,
they did not restored Aurora B kinetochore localization. We
then tested whether the Aurora B/INCENP/Survivin com-
plex formation took place in these conditions by analyzing
the amount of INCENP and Survivin present in Aurora B
immunoprecipitates. Neither INCENP nor Survivin were
detected in these immunoprecipitates (Figure 2A, IPAuroB
Mix), indicating that one or more unknown components are
probably required to induce the formation of this complex
and thus to allow its kinetochore localization.

Thus, the complex containing Aurora B/INCENP and
probably also Survivin and other unknown proteins acts as
the most upstream regulator of the spindle checkpoint path-
way, allowing the loading of all the other checkpoint pro-
teins to the kinetochores.

Mps1, Bub1, and CENP-E Are Dependent upon Each Other
to Induce Their Kinetochore Localization and the
Localization of the Other Spindle Checkpoint Components
The results mentioned above show that the checkpoint pro-
teins Mps1 and Bub1 act downstream the Aurora B/IN-
CENP complex in the spindle checkpoint pathway. More-
over the results obtained in other laboratories indicate that
Mps1 and Bub1 act upstream in the spindle checkpoint
pathway because they control the kinetochore localization of
CENP-E, Bub3, Mad1, and Mad2 (Abrieu et al., 2001; Sharp-
Baker and Chen, 2001). However, despite the fact that both
kinases act at the same level of the spindle checkpoint path-
way, no data exist about the interdependence on each other.

To study this interdependence, we removed either Mps1
or Bub1 from CSF extracts by immunodepletion before the
addition of nocodazole and sperm nuclei. Subsequently,
chromosomes were isolated and the kinetochore localization
of the different spindle checkpoint proteins analyzed. Anti-
Mps1 and anti-Bub1 immunodepletion removed �95% of
these two proteins without affecting the bulk of the endog-

Figure 4. Mps1, Bub1, and CENP-E act together at the same upstream level of the spindle checkpoint pathway. (A) CSF egg extracts were
immunodepleted with control (CSF) or anti-CENP-E (�CENP-E) antibodies. A sample of 1 �l was then taken to analyze by Western blotting the
endogenous levels of CENP-E, Mps1, Bub1, Bub3, Mad1, and Mad2 proteins. (B) The immunodepleted extracts obtained in A were supplemented
with nocodazole and sperm nuclei (2000/�l) and used for immunofluorescence staining to analyze the kinetochore localization of the Mps1, Bub1,
CENP-E, Bub3, Mad1, and Mad2 proteins. (C) Kinetochore localization of Aurora B was analyzed by immunostaining in chromosomes isolated
from control (�Mock), anti-CENP-E (�CENP-E), anti-Mps1 (�MPS1), and anti-Bub1 (�Bub1) immunodepleted CSF extracts. Bars, 5 �m.
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enous Bub1/Mps1, CENP-E, Bub3, Mad1, or Mad2, respec-
tively (Figure 3A, �Mps1 and �Bub1).

Both anti-Mps1 and anti-Bub1 staining colocalize with the
kinetochore staining of anti-CENP-E antibodies, indicating
that they specifically recognize these two proteins (Figure
3B). As expected, immunodepletion of CSF extracts with
control antibodies did not affect the kinetochore localization
of the different checkpoint proteins (Figure 3C, �Mock).
According to our previous results (Abrieu et al., 2001), in
Mps1-depleted egg extracts, kinetochore staining of
CENP-E, Mad1, and Mad2 completely disappeared. How-
ever, in contradiction to Liu et al. (2003), we also observed a
disappearance of Bub1 from these chromosomal structures,
results that were confirmed by the concomitant loss in these
extracts of the kinetochore localization of Bub3 (Figure 3C,
�Mps1).

As previously described by Sharp-Baker and Chen (2001),
depletion of Bub1 from egg extracts prevented CENP-E,
Bub3, Mad1, and Mad2 from localizing to the kinetochores
(Figure 3C, �Bub1). However, in addition, we also observed
a removal of Mps1 from these chromosome structures.
These results indicate that both Mps1 and Bub1 are depen-
dent upon each other to induce their robust kinetochore
localization and the localization of the other downstream
spindle checkpoint proteins.

To determine whether the loss of kinetochore staining of
the different analyzed checkpoint proteins was the conse-
quence of the removal of Mps1 or Bub1, we translated the
mRNAs for the wild-type forms of these two proteins in the
Mps1- and Bub1-depleted extracts, respectively. The levels
of translated wild-type Mps1 and Bub1 were equivalent to
those observed for the endogenous proteins in nondepleted
egg extracts (Figure 3D, CSF vs. IP vs. �Mps1�Wt and
�Bub1 � Wt, respectively). As shown in Figure 3E
(�Mps1�Wt and �Bub1�Wt), the restoration of Mps1 and
Bub1 levels induced kinetochore relocalization of all the
analyzed checkpoint proteins.

Thus, these results demonstrate that Bub1 and Mps1 are
dependent on each other for their kinetochore localization.

Besides Mps1 and Bub1, the kinesin-like protein CENP-E
also is required in Xenopus egg extracts for the checkpoint
activation and maintenance (Abrieu et al., 2000). It has been
demonstrated that Mps1 and Bub1 regulate CENP-E kinet-
ochore localization. Moreover, up to now only a CENP-E-
dependent regulation of two late components of the spindle
checkpoint, Mad1 and Mad2, has been described. Thus,
despite the fact that the regulation of the kinetochore asso-
ciation of Mps1 and Bub1 by CENP-E has not been analyzed,
it has been assumed that CENP-E is a downstream factor of
the spindle checkpoint pathway. To investigate whether
there is a regulation of these two upstream checkpoint pro-
teins by CENP-E, we examined kinetochore localization of
Bub1 and Mps1 in CSF extracts where CENP-E was removed
before the addition of nocodazole and sperm nuclei. Immu-
nodepletion of CENP-E removed nearly 100% of the endog-
enous protein without affecting the levels of Mps1, Bub1,
Bub3, Mad1, or Mad2 (Figure 4A). Analysis of kinetochore
staining showed a complete disappearance of the immuno-
fluorescence signal of Mps1, Bub1, CENP-E, Bub3, Mad1,
and Mad2 in anti-CENP-E depleted extracts (Figure 4B,
�CENP-E), whereas all these proteins localized at the kinet-
ochores when the extracts were depleted with mock anti-
bodies (Figure 4B, �Mock). The removal of these proteins
from these chromosomal structures is not the result of a
failure of kinetochore assembly, because as we have previ-
ously demonstrated, XKCM1, another known centromere
component, is normally localized in these depleted extracts

(Abrieu et al., 2001). These results suggest that the kineto-
chore localization of Mps1, Bub1 and CENP-E depend on
each other and that they act together at the same upstream
level of the spindle checkpoint pathway.

At least five proteins are required upstream in the spindle
checkpoint pathway to induce correct kinetochore localization
of the other checkpoint components: Aurora B, INCENP,
Mps1, Bub1, and CENP-E. The results presented above dem-
onstrate that Mps1, Bub1, and CENP-E act at the same step
in the checkpoint pathway. However, we do not know
whether Aurora B/INCENP complex acts together with or
upstream of these three checkpoint proteins. To investigate
this question, we analyzed the centromere association of
Aurora B in CSF extracts depleted of CENP-E, Mps1, or
Bub1. As shown in Figure 4C, immunodepletion either of
CENP-E, Mps1, or Bub1 did not induce removal of Aurora B
from the kinetochores, indicating that this protein acts up-
stream of the Mps1/Bub1/CENP-E-dependent step of the
spindle checkpoint pathway.

Regulation of the Kinetochore Localization of Cdc20 and
the APC Proteins Cdc27 and Cdc23 by the Spindle
Checkpoint
The mechanism by which the spindle checkpoint may in-
duce APC/Cdc20 inhibition before alignment of the chro-
mosomes at the metaphase plate is not known. Accumulat-
ing data lead to a model in which unattached kinetochores
foster the assembly of inhibitory proteins that will subse-
quently control APC/Cdc20 activity. The exact cellular lo-
calization at which these inhibitory proteins will block
APC/Cdc20 is not known, although it seems likely that both
unattached chromosome detection and APC inhibition
could be performed at the kinetochores. In agreement with
this hypothesis, it has been shown that the APC regulator
Cdc20 is localized at the kinetochores from prometaphase to
telophase (Kallio et al., 1998, 2002a; Raff et al., 2002). More-
over, a concentration of Cdc27 (APC3), APC1, and APC10,
three components of the APC complex, at these chromo-
somal structures also has been reported (Jorgensen et al.,
1998; Kurasawa and Todokoro, 1999; Topper et al., 2002).
The fact that APC/Cdc20 could be inhibited at the centro-
meres, raises the intriguing possibility that the spindle
checkpoint may modulate the metaphase-to-anaphase tran-
sition not only by regulating APC/Cdc20 activity but also by
controlling APC/Cdc20 localization. We examined the latter
point by analyzing kinetochore localization of Cdc20, Cdc27
(APC3), and Cdc23 (APC8) in CSF extracts that have been
depleted of Aurora B, Mps1, Bub1, CENP-E, and Mad1 check-
point proteins before the addition of nocodazole and sperm
nuclei (Figures 1A, 3B, 4A, and supplementary data Figure S2).
The results of the double immunostaining analysis with either
anti-Cdc20, anti-Cdc27, or anti-Cdc23 and anti-CENP-E anti-
bodies demonstrate a kinetochore localization of these proteins
in purified chromosomes from egg extracts (Figure 5A). More-
over, as shown in Figure 5B, the depletion of CSF extracts with
control antibodies (�Mock) did not affect the kinetochore lo-
calization of Cdc27, Cdc20, and Cdc23, whereas removal of
Aurora B, Mps1, Bub1, and CENP-E (�Aurora B, �Mps1,
�Bub1, and �CENP-E, respectively) completely inhibited cen-
tromere association of these three proteins. Unlike Aurora B,
Mps1, Bub1, and CENP-E depletion, Cdc27, Cdc20, and Cdc23
remained at the kinetochores when Mad1 was removed from
the CSF extracts. These results indicate that the upstream spin-
dle checkpoint proteins Aurora B, Mps1, Bub1, and CENP-E
are required to induce the correct kinetochore localization of
Cdc20, Cdc27 and Cdc23 during prometaphase and that Mad1
does not participate in this regulation.

Spindle Checkpoint Protein Localization

Vol. 15, October 2004 4591



Figure 5.

S. Vigneron et al.

Molecular Biology of the Cell4592



We next investigated whether the APC modulator Cdc20
and the APC complex itself could regulate each other their
association with the kinetochores. To answer this question, we
immunodepleted either Cdc20 or Cdc27 from CSF extracts
(supplementary data Figure S3) and subsequently we analyzed
the presence of the different checkpoint proteins at the kineto-
chores. As shown in Figure 5C, removal of either Cdc27 or
Cdc20 had no effect on the centromere association of Cdc20
and Cdc27, respectively; moreover, they did not affect the
localization of any other of the proteins of this pathway (un-
published data). Thus, Cdc20 and Cdc27 localize indepen-
dently of each other to the kinetochores. Moreover, Aurora
B/INCENP, Mps1, Bub1, and CENP-E, the upstream compo-
nents of the spindle checkpoint and not Mad1, a late compo-
nent of this pathway, regulate both localizations.

DISCUSSION

The spindle checkpoint blocks the metaphase-to-anaphase
transition when kinetochores fail to bind spindle microtubules
or are not under tension. The signal induced by this checkpoint
stimulates recruitment at the kinetochores of several spindle
checkpoint proteins, including Mps1, Bub1, Bub3, BubR1,
CENP-E, Mad1, and Mad2 (for review, see Musacchio and
Hardwick, 2002). Apart from these checkpoint components,
Aurora B and its associated proteins INCENP and Survivin
have emerged as new factors important for the spindle check-
point. In budding yeast, the Aurora B ortholog, Ipl1 is required
for the delay triggered by the spindle checkpoint when the
kinetochores are not under tension but is dispensable for the
arrest induced by spindle depolymerization (Biggins and Mur-
ray, 2001). In mammalian cultured cells, Aurora B seems to
modulate the spindle checkpoint in both cases (Kallio et al.,
2002b; Ditchfield et al., 2003; Hauf et al., 2003). How this protein
may participate in the checkpoint signaling is not known,
although the inhibition of its kinase activity induces a loss of
the kinetochore localization of Bub1, BubR1, CENP-E, and
Mad2 proteins (Ditchfield et al., 2003; Hauf et al., 2003). In this
work, we investigated the regulation of the kinetochore local-
ization of Mps1, Bub1, Bub3, CENP-E, Mad1, and Mad2 by
Aurora B. Our results demonstrate that, in Xenopus, Aurora B
controls the kinetochore localization of all the analyzed check-
point proteins, whereas Aurora B centromere localization is not
affected by the absence of any of the other checkpoint compo-
nents. As far as we know, this is the first work that demon-
strates a regulation of all the checkpoint proteins by Aurora B,

placing this protein as the more upstream regulator in the
checkpoint cascade. Thus, because it may act as the first acti-
vated factor of this pathway, it is likely that it detects both, loss
of tension and microtubule attachment at kinetochores.

Similarly to the immunodepletion of Aurora B, the removal
of INCENP induces a loss of the kinetochore presence of the
downstream checkpoint components, thus it makes sense to
hypothesize that, despite Aurora B, INCENP and Survivin also
could participate directly (by modulating spindle checkpoint
signaling) or indirectly (by inducing kinetochore localization of
Aurora B) in the modulation of the spindle checkpoint (Car-
valho et al., 2003; Lens et al., 2003). Accordingly, we have been
unable to restore the kinetochore localization of Aurora B and
the other checkpoint proteins in Aurora B-depleted extracts by
the sole translation of Aurora B. Moreover, surprisingly, the
cotranslation of Aurora B, INCENP, and Survivin was neither
sufficient to induce the localization of Aurora B to the kineto-
chore. This was due to the fact that there was not Aurora
B/INCENP/Survivin-complex formation, indicating that in
addition to these three proteins, more unknown components of
this complex are required to restore its endogenous function
and to restore spindle checkpoint.

Two other spindle checkpoint components, Mps1 and Bub1,
have been suggested to act upstream in the spindle checkpoint
cascade. The overexpression of both kinases leads to the acti-
vation of the spindle checkpoint in the apparent absence of
spindle damage. This activation is dependent on the other
spindle checkpoint proteins (Bub1/Mps1, Bub3, Mad1, and
Mad2) (Farr and Hoyt, 1998; Hardwick et al., 1996). Moreover,
they regulate the kinetochore localization of CENP-E, Mad1,
and Mad2 (Abrieu et al., 2001; Sharp-Baker and Chen, 2001; Liu
et al., 2003). In this work, we have analyzed the mutual depen-
dent kinetochore localization of these two kinases. Our results
demonstrate that they are dependent on each other to induce
their robust kinetochore localization, indicating that, despite
the fact that they act downstream Aurora B/INCENP, they
may both act together at an early step in the checkpoint sig-
nalization pathway.

In addition to Aurora B/INCENP, Mps1, and Bub1, the
kinesin-like protein CENP-E is required for the kinetochore
localization of the checkpoint proteins Mad1, Mad2, and to
a lesser extent, BubR1 (Abrieu et al., 2000; Weaver et al.,
2003). It has been assumed that this protein acts downstream
of Mps1 and Bub1 because these two kinases regulate its
kinetochore localization (Abrieu et al., 2001; Sharp-Baker and
Chen, 2001). Surprisingly, our results demonstrate that
CENP-E acts at the same Mps1/Bub1 step of the spindle
checkpoint pathway.

To continue with the view of the checkpoint cascade, two
other proteins, Bub3 and BubR1, also could work at this stage
of the checkpoint pathway. Unfortunately, we do not dispose
of immunoprecipitating anti-Bub3 and anti-BubR1 antibodies.
However, because it has been described that kinetochore re-
cruitment of Bub1 is dependent on Bub3 (Taylor et al., 1998)
and that loading of Bub1, CENP-E, Mad1, and Mad2 to these
chromosome structures is dependent on BubR1 (Taylor et al.,
1998; Chen, 2002; Mao et al., 2003), it is likely that these proteins
also participate at the Mps1/Bub1/CENP-E–dependent level
of the spindle checkpoint pathway.

Finally, Mad1 and Mad2 are not capable of regulating in
any case the kinetochore localization of the other upstream
checkpoint components, indicating that they represent the
downstream proteins of the checkpoint signalization path-
way (Sharp-Baker and Chen, 2001; unpublished data).

The picture that emerges from our work and from those of
other laboratories is that there is a network of interactions
and interdependencies among the different checkpoint pro-

Figure 5 (facing page). The kinetochore localization of the APC
regulator Cdc20 and the APC structural components Cdc23 and
Cdc27 is regulated by the upstream checkpoint proteins Aurora B,
Mps1, Bub1, and CENP-E. (A) Colocalization analysis of CENP-E
with the APC proteins Cdc20, Cdc27, and Cdc23 in chromosomes
isolated from nocodazole and sperm nuclei (2000/�l)-supple-
mented CSF extracts. Anti-CENP-E antibody labeled with biotin-
(long arm)-NHS was used and detected with streptavidin-Alex-
aFluor. Anti-Cdc20, anti-Cdc27, and anti-Cdc23 immunostaining
was visualized by using anti-rabbit rhodamine secondary antibody.
Merged images of every costaining are shown. (B) The kinetochore
localization of Cdc27, Cdc20, and Cdc23 were examined in the CSF
extracts used in (A), which were immunodepleted with control
(�Mock), anti-Aurora B (�Aurora B), anti-Mps1 (�Mps1), anti-Bub1
(�Bub1), anti-CENP-E (�CENP-E), or anti-Mad1 (�Mad1) antibod-
ies. (C) Locations of Cdc20 and Cdc27 were analyzed in the chro-
mosomes isolated from CSF extracts used in A, which were de-
pleted with control (�Mock), anti-Cdc27 (�Cdc27), and anti-Cdc20
(�Cdc20) antibodies. Images were visualized merged with chroma-
tin. Bars, 5 �m.

Spindle Checkpoint Protein Localization

Vol. 15, October 2004 4593



teins that probably induces the formation of a stable struc-
ture at the kinetochore, conferring like this, their robust
association to this chromosomal structure. One possibility is
that some checkpoint proteins could act as scaffolds for the
kinetochore recruitment of the others. Alternatively, the as-
sociation of each partner of the checkpoint complex to the
kinetochore may induce a conformational change of this
protein, allowing its subsequent interaction with the others.
Only when all the proteins of the complex would be associ-
ated the checkpoint-dependent kinetochore structure would
be stabilized and the checkpoint pathway would be acti-
vated. This hypothesis implies the existence of a direct or
indirect Mps1, Bub1, CENP-E interaction, and probably of
other unidentified proteins. In this regard, we have not
detected an Mps1-Bub1-CENP-E complex in Xenopus egg
extracts, although this may not be surprising because these
interactions are probably only present as a stable complex at
the kinetochores.

The final target of the spindle checkpoint signaling is the
ubiquitin-ligase APC/Cdc20. Unattached kinetochores in-
duce the formation of a checkpoint complex that will inhibit

this ubiquitin-ligase and as a consequence will block Securin
degradation and the metaphase-to-anaphase transition. The
nature of this inhibitor checkpoint complex is not clear. First,
results indicate that Mad2 could directly bind and inhibit
APC, indicating that this protein could act as the “wait for
anaphase signal” generated by the kinetochores (Li et al.,
1997; Fang et al., 1998). However, two studies from different
laboratories have recently demonstrated the presence of a
new complex named MCC whose APC-inhibitory activity is
3000-fold greater than that of recombinant Mad2 (Sudakin et
al., 2001; Tang et al., 2001). It is as yet unclear whether Mad
2 acts as a component of the MCC; thus, it is possible that
two different wait for anaphase signals could independently
block the APC/Cdc20, the first one by the MCC and the
second one mediated by Mad2. Interestingly, Sudakin et al.
(2001) have demonstrated that MCC generation is uncou-
pled from kinetochores, but these chromosome structures
could enhance or prolong the inhibition of the APC by the
MCC. They also have demonstrated that the MCC exists at
all stages of the cell cycle, but this complex is only capable to
inhibit the APC purified from mitotic cells, indicating that

Figure 6. Proposed schematic diagram of the spindle checkpoint cascade in Xenopus egg extracts. Kinetochore localization of Aurora
B/INCENP stimulates the formation of a kinetochore complex, including at least Mps1, Bub1, and CENP-E and probably also Bub3 and
BubR1. This complex will independently modulate the kinetochore localization of Mad1/Mad2, Cdc20, and the APC, allowing the inhibition
of the APC first by the association of APC/Cdc20 to Mad2 at the kinetochore and subsequently by the binding of APC/Cdc20/Mad2 complex
to the MCC at the cytosol. The dissociation of APC/Cdc20/Mad2 from the kinetochore will allow the generation at this chromosomal location
of a new formed complex by recruitment from the cytosol of free APC and Cdc20 and of a new formatted Mad1/Mad2 complex. Generation
of the latter takes place by the association of free cytosolic Mad2 and the Mad1 protein liberated from the kinetochore during the
APC/Cdc20/Mad2 complex formation.
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the APC must be modified during mitosis to be recognized
by the MCC. Whatever the mechanism used by the kineto-
chores to induce APC inhibition, it is clear that these chro-
mosome structures orchestrate unattached chromosomes
detection, activation of the spindle checkpoint, and inhibi-
tion of APC/Cdc20.

In this work, we demonstrate a colocalization of the
CENP-E checkpoint protein with Cdc20, and with the APC
(Cdc27/Cdc23) at the kinetochore in Xenopus egg extracts.
Moreover, we demonstrate that the localization of both
Cdc20 and APC are regulated by the spindle checkpoint.
Thus, depletion from the extracts of the upstream compo-
nents of the checkpoint pathway, Aurora B, Mps1, Bub1, and
CENP-E induces a loss of the kinetochore localization of
Cdc20 and of Cdc27 and Cdc23, two structural subunits of
the APC. Unlike Aurora B, Mps1, Bub1, and CENP-E, the
downstream checkpoint protein Mad1 does not regulate this
kinetochore localization. Finally we demonstrate that the
APC activator Cdc20 and the APC complex itself localize
independently from each other to the kinetochores.

On the basis of these results, we propose a model in which
the localization of Aurora B/INCENP in unattached kineto-
chores stimulates the formation of a kinetochore complex, in-
cluding at least Mps1, Bub1, and CENP-E and probably also
Bub3 and BubR1 (Figure 6). Recently, Mao et al. (2003) have
proposed that a direct association of BubR1 with CENP-E in
these kinetochores induces BubR1 activation, leading to a sig-
naling cascade that finally inhibits APC activity. They also
hypothesize that the capture of a microtubule by kinetochore-
associated CENP-E alters CENP-E–BubR1 interaction and in-
duces, as a consequence, the inactivation of BubR1 kinase and
the silencing of the spindle checkpoint (Mao et al., 2003). Our
results show that the formation of a stable complex in the
kinetochore is only possible if all the proteins of this complex
are present. Thus, it is likely that the formation of Mps1-Bub1–
CENP-E-Bub3-BubR1 complex is required to allow the correct
interaction between CENP-E and BubR1, and, like this, the
transmission of the spindle checkpoint signal along the check-
point pathway. This signal would induce on the one hand the
generation of a wait for anaphase signal, probably mediated by
Mad2, and on the other hand the kinetochore localization of
both Cdc20 and the APC. The presence of Mad2, Cdc20, and
the APC at the kinetochores could then promote a first APC
modification (such as subunit phosphorylation) (Topper et al.,
2002) and a subsequent APC-Cdc20-Mad2 association that
would render a source of APC sensitive to the inhibition by the
MCC. Once formed, this APC/Cdc20/Mad2 complex would
be dissociated from the kinetochore and liberated to the cytosol
where it would bind to the MCC, allowing the generation of a
newly formed complex at this chromosomal location.

Note added in proof. While this manuscript was in press,
a paper was accepted for publication that shows a kineto-
chore localization of the APC in Hela cells (Acquaviva, C.,
Herzog, F., Kraft, C., and Pines, J. (2004). Nat. Cell Biol. 6,
892–898.

ACKNOWLEDGMENTS

We thank Drs. P.T. Stukenberg, S. Dimitrov, and J. Maller for generous gift of
anti-CENP-A, anti-INCENP, and anti-Bub1 antibodies and Dr. R.H. Chen for
providing Bub1 plasmid construction. We also are indebted to Drs. A. Abrieu,
D Fesquet, and D. Fisher for critical reading of this manuscript. This work was
supported by the Ligue Nationale Contre le Cancer (Equipe Labelisée).

REFERENCES

Abrieu, A., Kahana, J.A., Wood, K.W., and Cleveland, D.W. (2000). CENP-E as
an essential component of the mitotic checkpoint in vitro. Cell 102, 817–826.

Abrieu, A., Magnaghi-Jaulin, L., Kahana, J.A., Peter, M., Castro, A., Vigneron,
S., Lorca, T., Cleveland, D.W., and Labbe, J.C. (2001). Mps1 is a kinetochore-
associated kinase essential for the vertebrate mitotic checkpoint. Cell 106,
83–93.

Adams, R.R., Carmena, M., and Earnshaw, W.C. (2001). Chromosomal pas-
sengers and the (aurora) ABCs of mitosis. Trends Cell Biol. 11, 49–54.

Alexandru, G., Zachariae, W., Schleiffer, A., and Nasmyth, K. (1999). Sister
chromatid separation and chromosome re-duplication are regulated by dif-
ferent mechanisms in response to spindle damage. EMBO J. 18, 2707–2721.

Basto, R., Gomes, R., and Karess, R.E. (2000). Rough deal and Zw10 are required
for the metaphase checkpoint in Drosophila. Nat. Cell Biol. 2, 939–943.

Biggins, S., and Murray, A.W. (2001). The budding yeast protein kinase
Ipl1/Aurora allows the absence of tension to activate the spindle checkpoint.
Genes Dev. 15, 3118–3129.

Campbell, L., and Hardwick, K.G. (2003). Analysis of Bub3 spindle check-
point function in Xenopus egg extracts. J. Cell Sci. 116, 617–628.

Carvalho, A., Carmena, M., Sambade, C., Earnshaw, W.C., and Wheatley, S.P.
(2003). Survivin is required for stable checkpoint activation in taxol-treated
HeLa cells. J. Cell Sci. 116, 2987–2998.

Castro, A., Vigneron, S., Bernis, C., Labbe, J.C., Prigent, C., and Lorca, T.
(2002). The D-Box-activating domain (DAD) is a new proteolysis signal that
stimulates the silent D-Box sequence of Aurora-A. EMBO Rep. 3, 1209–1214.

Chan, G.K., Jablonski, S.A., Starr, D.A., Goldberg, M.L., and Yen, T.J. (2000).
Human Zw10 and ROD are mitotic checkpoint proteins that bind to kineto-
chores. Nat. Cell Biol. 2, 944–947.

Chan, G.K., Jablonski, S.A., Sudakin, V., Hittle, J.C., and Yen, T.J. (1999).
Human BUBR1 is a mitotic checkpoint kinase that monitors CENP-E func-
tions at kinetochores and binds the cyclosome/APC. J. Cell Biol. 146, 941–954.

Chen, R.H. (2002). BubR1 is essential for kinetochore localization of other
spindle checkpoint proteins and its phosphorylation requires Mad1. J. Cell
Biol. 158, 487–496.

Chen, R.H., and Murray, A. (1997). Characterization of spindle assembly
checkpoint in Xenopus egg extracts. Methods Enzymol. 283, 572–584.

Chen, R.H., Shevchenko, A., Mann, M., and Murray, A.W. (1998). Spindle
checkpoint protein Xmad1 recruits Xmad2 to unattached kinetochores. J. Cell
Biol. 143, 283–295.

Chen, R.H., Waters, J.C., Salmon, E.D., and Murray, A.W. (1996). Association
of spindle assembly checkpoint component XMAD2 with unattached kineto-
chores. Science 274, 242–246.

Cleveland, D.W., Mao, Y., and Sullivan, K.F. (2003). Centromeres and kinet-
ochores: from epigenetics to mitotic checkpoint signaling. Cell 112, 407–421.

Ditchfield, C., Johnson, V.L., Tighe, A., Ellston, R., Haworth, C., Johnson, T.,
Mortlock, A., Keen, N., and Taylor, S.S. (2003). Aurora B couples chromosome
alignment with anaphase by targeting BubR1, Mad2, and Cenp-E to kineto-
chores. J. Cell Biol. 161, 267–280.

Fang, G., Yu, H., and Kirschner, M.W. (1998). The checkpoint protein MAD2
and the mitotic regulator CDC20 form a ternary complex with the anaphase-
promoting complex to control anaphase initiation. Genes Dev. 12, 1871–1883.

Farr, K.A., and Hoyt, M.A. (1998). Bub1p kinase activates the Saccharomyces
cerevisiae spindle assembly checkpoint. Mol. Cell. Biol. 18, 2738–2747.

Hardwick, K.G., Weiss, E., Luca, F.C., Winey, M., and Murray, A.W. (1996).
Activation of the budding yeast spindle assembly checkpoint without mitotic
spindle disruption. Science 273, 953–956.

Hauf, S., Cole, R.W., LaTerra, S., Zimmer, C., Schnapp, G., Walter, R., Heckel,
A., Van Meel, J., Rieder, C.L., and Peters, J.M. (2003). The small molecule
Hesperadin reveals a role for Aurora B in correcting kinetochore-microtubule
attachment and in maintaining the spindle assembly checkpoint. J. Cell Biol.
161, 281–294.

Howell, B.J., Hoffman, D.B., Fang, G., Murray, A.W., and Salmon, E.D. (2000).
Visualization of Mad2 dynamics at kinetochores, along spindle fibers, and at
spindle poles in living cells. J. Cell Biol. 150, 1233–1250.

Hoyt, M.A., Totis, L., and Roberts, B.T. (1991). S. cerevisiae genes required for
cell cycle arrest in response to loss of microtubule function. Cell 66, 507–517.

Hwang, L.H., Lau, L.F., Smith, D.L., Mistrot, C.A., Hardwick, K.G., Hwang,
E.S., Amon, A., and Murray, A.W. (1998). Budding yeast Cdc 20, a target of
the spindle checkpoint. Science 279, 1041–1044.

Jablonski, S.A., Chan, G.K., Cooke, C.A., Earnshaw, W.C., and Yen, T.J. (1998).
The hBUB1 and hBUBR1 kinases sequentially assemble onto kinetochores
during prophase with hBUBR1 concentrating at the kinetochore plates in
mitosis. Chromosoma 107, 386–396.

Spindle Checkpoint Protein Localization

Vol. 15, October 2004 4595



Jorgensen, P.M., Brundell, E., Starborg, M., and Hoog, C. (1998). A subunit of
the anaphase-promoting complex is a centromere-associated protein in mam-
malian cells. Mol. Cell Biol. 18, 468–476.

Kallio, M., Weinstein, J., Daum, J.R., Burke, D.J., and Gorbsky, G.J. (1998).
Mammalian p55CDC mediates association of the spindle checkpoint protein
Mad2 with the cyclosome/anaphase-promoting complex, and is involved in
regulating anaphase onset and late mitotic events. J. Cell Biol. 141, 1393–1406.

Kallio, M.J., Beardmore, V.A., Weinstein, J., and Gorbsky, G.J. (2002a). Rapid
microtubule-independent dynamics of Cdc20 at kinetochores and centro-
somes in mammalian cells. J. Cell Biol. 158, 841–847.

Kallio, M.J., McCleland, M.L., Stukenberg, P.T., and Gorbsky, G.J. (2002b).
Inhibition of aurora B kinase blocks chromosome segregation, overrides the
spindle checkpoint, and perturbs microtubule dynamics in mitosis. Curr. Biol.
12, 900–905.

Kim, S.H., Lin, D.P., Matsumoto, S., Kitazono, A., and Matsumoto, T. (1998).
Fission yeast Slp 1, an effector of the Mad2-dependent spindle checkpoint.
Science 279, 1045–1047.

Kramer, E.R., Gieffers, C., Holzl, G., Hengstschlager, M., and Peters, J.M.
(1998). Activation of the human anaphase-promoting complex by proteins of
the CDC20/Fizzy family [In Process Citation]. Curr. Biol. 8, 1207–1210.

Kurasawa, Y., and Todokoro, K. (1999). Identification of human APC10/Doc1
as a subunit of anaphase promoting complex. Oncogene 18, 5131–5137.

Lens, S.M., Wolthuis, R.M., Klompmaker, R., Kauw, J., Agami, R., Brum-
melkamp, T., Kops, G., and Medema, R.H. (2003). Survivin is required for a
sustained spindle checkpoint arrest in response to lack of tension. EMBO J. 22,
2934–2947.

Li, R., and Murray, A.W. (1991). Feedback control of mitosis in budding yeast.
Cell 66, 519–531.

Li, Y., and Benezra, R. (1996). Identification of a human mitotic checkpoint
gene: hsMAD2. Science 274, 246–248.

Li, Y., Gorbea, C., Mahaffey, D., Rechsteiner, M., and Benezra, R. (1997).
MAD2 associates with the cyclosome/anaphase-promoting complex and in-
hibits its activity. Proc. Natl. Acad. Sci. USA 94, 12431–12436.

Liu, S.T., Chan, G.K., Hittle, J.C., Fujii, G., Lees, E., and Yen, T.J. (2003).
Human MPS1 kinase is required for mitotic arrest induced by the loss of
CENP-E from kinetochores. Mol. Biol. Cell 14, 1638–1651.

Lorca, T., Castro, A., Martinez, A.M., Vigneron, S., Morin, N., Sigrist, S.,
Lehner, C., Doree, M., and Labbe, J.C. (1998). Fizzy is required for activation
of the APC/cyclosome in Xenopus egg extracts. EMBO J. 17, 3565–3575.

Mao, Y., Bonday, Z.Q., Abrieu, A., and Cleveland, D.W. (2003). Activating
and silencing the mitotic checkpoint through CENP-E dependent activation/
inactivation of BubR1. Cell 114, 87–89.

Martinez-Exposito, M.J., Kaplan, K.B., Copeland, J., and Sorger, P.K. (1999).
Retention of the BUB3 checkpoint protein on lagging chromosomes. Proc.
Natl. Acad. Sci. USA 96, 8493–8498.

McCleland, M.L., Gardner, R.D., Kallio, M.J., Daum, J.R., Gorbsky, G.J., Burke,
D.J., and Stukenberg, P.T. (2003). The highly conserved Ndc80 complex is
required for kinetochore assembly, chromosome congression, and spindle
checkpoint activity. Genes Dev. 17, 101–114.

Murata-Hori, M., and Wang, Y.L. (2002). The kinase activity of aurora B is
required for kinetochore-microtubule interactions during mitosis. Curr. Biol.
12, 894–899.

Murray, A. (1991). Cell cycle extracts. Methods Cell Biol 36, 581–605.

Musacchio, A., and Hardwick, K.G. (2002). The spindle checkpoint: structural
insights into dynamic signalling. Nat. Rev. Mol. Cell. Biol. 3, 731–741.

Raff, J.W., Jeffers, K., and Huang, J.Y. (2002). The roles of Fzy/Cdc20 and
Fzr/Cdh1 in regulating the destruction of cyclin B in space and time. J. Cell
Biol. 157, 1139–1149.

Roberts, B.T., Farr, K.A., and Hoyt, M.A. (1994). The Saccharomyces cerevisiae
checkpoint gene BUB1 encodes a novel protein kinase. Mol. Cell Biol. 14,
8282–8291.

Sharp-Baker, H., and Chen, R.H. (2001). Spindle checkpoint protein Bub1 is
required for kinetochore localization of Mad1, Mad2, Bub3, and CENP-E,
independently of its kinase activity. J. Cell Biol. 153, 1239–1250.

Sigrist, S.J., and Lehner, C.F. (1997). Drosophila fizzy-related down-regulates
mitotic cyclins and is required for cell proliferation arrest and entry into
endocycles. Cell 90, 671–681.

Skoufias, D.A., Andreassen, P.R., Lacroix, F.B., Wilson, L., and Margolis, R.L.
(2001). Mammalian mad2 and bub1/bubR1 recognize distinct spindle-attach-
ment and kinetochore-tension checkpoints. Proc. Natl. Acad. Sci. USA 98,
4492–4497.

Sudakin, V., Chan, G.K., and Yen, T.J. (2001). Checkpoint inhibition of the
APC/C in HeLa cells is mediated by a complex of BUBR1, BUB3, CDC20, and
MAD2. J. Cell Biol. 154, 925–936.

Tanaka, T.U., Rachidi, N., Janke, C., Pereira, G., Galova, M., Schiebel, E., Stark,
M.J., and Nasmyth, K. (2002). Evidence that the Ipl1-Sli15 (Aurora kinase-
INCENP) complex promotes chromosome bi-orientation by altering kineto-
chore-spindle pole connections. Cell 108, 317–329.

Tang, Z., Bharadwaj, R., Li, B., and Yu, H. (2001). Mad2-Independent inhibi-
tion of APCCdc20 by the mitotic checkpoint protein BubRi. Dev. Cell 1,
227–237.

Taylor, S.S., Ha, E., and McKeon, F. (1998). The human homologue of Bub3 is
required for kinetochore localization of Bub1 and a Mad3/Bub1-related pro-
tein kinase. J. Cell Biol. 142, 1–11.

Taylor, S.S., Hussein, D., Wang, Y., Elderkin, S., and Morrow, C.J. (2001).
Kinetochore localisation and phosphorylation of the mitotic checkpoint com-
ponents Bub1 and BubR1 are differentially regulated by spindle events in
human cells. J. Cell Sci. 114, 4385–4395.

Taylor, S.S., and McKeon, F. (1997). Kinetochore localization of murine Bub1
is required for normal mitotic timing and checkpoint response to spindle
damage. Cell 89, 727–735.

Topper, L.M., Campbell, M.S., Tugendreich, S., Daum, J.R., Burke, D.J., Hieter,
P., and Gorbsky, G.J. (2002). The dephosphorylated form of the anaphase-
promoting complex protein Cdc27/Apc3 concentrates on kinetochores and
chromosome arms in mitosis. Cell Cycle 1, 282–292.

Waters, J.C., Chen, R.H., Murray, A.W., and Salmon, E.D. (1998). Localization
of Mad2 to kinetochores depends on microtubule attachment, not tension.
J. Cell Biol. 141, 1181–1191.

Weaver, B.A., Bonday, Z.Q., Putkey, F.R., Kops, G.J., Silk, A.D., and Cleve-
land, D.W. (2003). Centromere-associated protein-E is essential for the mam-
malian mitotic checkpoint to prevent aneuploidy due to single chromosome
loss. J. Cell Biol. 162, 551–563.

Weiss, E., and Winey, M. (1996). The Saccharomyces cerevisiae spindle pole
body duplication gene MPS1 is part of a mitotic checkpoint. J. Cell Biol. 132,
111–123.

Wood, K.W., Sakowicz, R., Goldstein, L.S., and Cleveland, D.W. (1997).
CENP-E is a plus end-directed kinetochore motor required for metaphase
chromosome alignment. Cell 91, 357–366.

Yao, X., Abrieu, A., Zheng, Y., Sullivan, K.F., and Cleveland, D.W. (2000).
CENP-E forms a link between attachment of spindle microtubules to kineto-
chores and the mitotic checkpoint. Nat. Cell Biol. 2, 484–491.

S. Vigneron et al.

Molecular Biology of the Cell4596


