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Accurate chromosome segregation is controlled by the spindle checkpoint, which responds to the lack of microtubule-
kinetochore attachment or of tension across sister kinetochores through phosphorylation of kinetochore proteins by the
Mps1, Bubl, BubR1, Aurora B, and Plk1/PIx1 kinases. The presence of the 3F3/2 phosphoepitope on kinetochores,
generated by Plk1/Plx1-mediated phosphorylation of an unknown protein, correlates with the activation of the tension-
sensitive checkpoint pathway. Using immunodepletion approach and a rephosphorylation assay in Xenopus extracts, we
report here that not only the formation of the 3F3/2 phosphoepitope is dependent on the checkpoint activation but also
the loading of the 3F3/2 substrate to kinetochores requires the prior assembly of Mpsl, Bubl and BubR1 onto kineto-
chores. Interestingly, generation of the 3F3/2 epitope in checkpoint extracts requires the kinase activities of Mps1 and
Bub1 but not that of BubR1. Furthermore, we demonstrate that checkpoint proteins in Xenopus extracts are assembled onto
kinetochores in a highly ordered pathway consisting of three steps. Mps1 and Bub1 are loaded first, and BubR1 and Plx1
second, followed by Mad1 and Mad2. The characterization of this ordered assembly pathway provides a framework for
the biochemical mechanism of the checkpoint signaling and will aid in the eventual identification of the 3F3/2 substrate.

INTRODUCTION

The spindle assembly checkpoint ensures the fidelity of
chromosome segregation by delaying the onset of anaphase
until all chromosomes are properly aligned on the meta-
phase plate. This checkpoint monitors the attachment of
microtubules to kinetochores and the tension across sister
kinetochores exerted by microtubules in the bipolar spindle.
The lack of either attachment or tension at kinetochores
results in the activation of the checkpoint and cell cycle
arrest. The checkpoint signals originate from unattached or
untensed kinetochores, and then they are transduced into
cytosol to inhibit anaphase-promoting complex/cyclosome,
a ubiquitin ligase whose activation is required for the sepa-
ration of sister chromatids and exit from mitosis (for review,
see Shah and Cleveland, 2000; Chan and Yen, 2003).
Several proteins involved in checkpoint responses have
been characterized in vertebrates. These include five protein
kinases, Mps1, Bub1, BubR1, Aurora B, and Plk1/PIx1, and
three additional proteins, Mad1, Mad2, and Bub3 (Millband
et al., 2002; Musacchio and Hardwick, 2002; Lens and
Medema, 2003; Taylor ef al., 2004; Ahonen et al., 2005; Wong
and Fang, 2005). Because cellular responses to the check-
point activation include not only mitotic arrest but also
correction of mitotic defects, which, in turn, shut off the
checkpoint signals, several checkpoint proteins have been
demonstrated to be dual functional in these responses. For
example, Aurora B is required not only for the recruitment
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of other checkpoint proteins to kinetochores but also for
correcting improper kinetochore-microtubule attachments
(for review, see Lens and Medema, 2003; Vagnarelli and
Earnshaw, 2004). Although the precise molecular mecha-
nism of how the checkpoint signals are transduced on ki-
netochores is not clear, protein phosphorylation plays an
important role. Indeed, unattached or untensed kineto-
chores are hyperphosphorylated (Gorbsky and Ricketts,
1993; Nicklas et al., 1998), and these phosphorylations are
essential for the recruitment of Mad2 to unattached kineto-
chores (Waters et al., 1999; Ahonen et al., 2005; Wong and
Fang, 2005). Importantly, the 3F3/2 epitope, an unknown
phosphoantigen recognized by the monoclonal 3F3/2 anti-
body (Cyert et al., 1988), is associated with kinetochores that
are not under tension, and the presence of this phospho-
epitope correlates with the activation of the tension-sensitive
checkpoint pathway (Gorbsky and Ricketts, 1993; Nicklas et
al., 1995, 1998; Logarinho ef al., 2004). Microinjection of the
3F3/2 antibody into mitotic cells delays anaphase onset,
probably by preserving the 3F3/2 epitope, indicating a
direct role of the 3F3/2 substrate in tension-response
(Campbell and Gorbsky, 1995).

We and others have recently identified Polo-like kinase 1
(PIk1 in human and PIx1 in Xenopus) as the 3F3/2 kinase
(Ahonen et al., 2005; Wong and Fang, 2005). In both human
cells and in Xenopus checkpoint extracts, Polo-like kinase 1
targets Mad2 and BubR1 to the kinetochores (Ahonen et al.,
2005; Wong and Fang, 2005). Moreover, Plx1 is also required
for the recruitment of structural components Ndc80 and
Nuf2 to kinetochores in Xenopus egg extracts (Wong and
Fang, 2005). These observations indicate a role of Plk1/PIx1
in the assembly of mature kinetochores required for check-
point responses (Wong and Fang, 2005). In contrast, knock-
down of Plkl in mammalian cells causes defects in mitotic
structures and activates the spindle checkpoint rather than

© 2006 by The American Society for Cell Biology
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Figure 1. Mpsl, but not Madl or Mad2, is required for the formation of kinetochore 3F3/2 epitope and for the kinetochore association of
Bub1 and BubR1. (A) Immunodepletion of Mps1 from CSF extracts. Extracts were mock-depleted (1 ul; lane 5) or depleted of Mps1 (1 ul; lanes
2—-4). The Mps1-depleted extracts were then supplemented with translated Mps1 (lane 3) or Mps1-KD (lane 4). A volume of 0.05-ul input CSF
extract was included in lane 1 to quantify the degree of depletion. Mad2 was shown here as a loading control. (B) Nuclei purified from
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abolishes it (Sumara et al., 2004; van Vugt et al., 2004),
suggesting a lack of a requirement of Plk1 in the checkpoint
arrest, although it is possible that the residual P1k1 protein in
those knockdown cells is sufficient to mediate the check-
point arrest. A clear understanding of Plkl in checkpoint
responses awaits the identification of the 3F3/2 epitope and
the analysis of the 3F3/2 phosphorylation in the checkpoint
responses. Toward this end, we set out to investigate the
pathway by which the 3F3/2 antigen is targeted to kineto-
chores. Using a combination of immunodepletion, immuno-
fluorescence staining and an in vitro rephosphorylation as-
say, we demonstrate that kinetochore localization of both
the 3F3/2 kinase and the protein antigen recognized by the
3F3/2 antibody (the 3F3/2 substrate) are tightly regulated
by spindle checkpoint proteins. Our data also suggest an
ordered pathway for the assembly of checkpoint proteins
onto kinetochores, and this ordered assembly is required for
the association of the 3F3/2 substrate and its kinase with
kinetochores.

MATERIALS AND METHODS
Antibodies

The following Xenopus proteins were expressed and purified as recombinant
proteins: Hisi-Mad1 (aa 321-562), His,-Mad2, GST-Bubl (aa 1-670), GST-
BubR1 (aa 1-197), GST-Mpsl (kinase-dead mutant), and Hisg-Plx1 (aa 225-
598). All recombinant proteins were expressed in Escherichia coli, except for
Mps1, which was expressed in Sf9 cells. Rabbit antibodies were raised against
above-mentioned recombinant proteins and affinity purified. CenpA antibody
was generously provided by A. Straight (Stanford University, Stanford, CA).
Commercial antibodies were obtained as follows: 3F3/2 ascite was from
Boston Biologicals (Wellesley, MA) and monoclonal Plk1 antibody (for West-
ern blotting) was from Zymed Laboratories (South San Francisco, CA).

Preparation of Xenopus Egg Extracts, Immunodepletion,
and Translation in Extracts

Meiotic metaphase extracts (cytostatic factor [CSF] extracts) from Xenopus
eggs, and demembranated sperm nuclei were prepared as described previ-
ously (Minshull et al., 1994).

For immunodepletion, 75 ug of affinity-purified antibodies was coupled to
8 ul of Affi-prep protein A beads (Bio-Rad, Hercules, CA) by dimethyl
pimelimidate (Pierce Chemical, Rockford, IL). The antibody beads were then
incubated with 50 ul of CSF extracts for 1 h at 4°C and then pelleted at 4°C.
The depletion conditions were as follows: one round of immunodepletion for
Mpsl and two successive rounds for Bubl and BubR1. For Madl and Mad2
double depletion, extracts were depleted one round with Mad2 antibody
beads followed by two rounds with Mad1l antibody beads.

For in vitro translation in extracts, mRNAs were transcribed from linear-
ized plasmids encoding Mps1, Bub1l, and BubR1 by using mMessage mMa-

Figure 1 (cont). checkpoint extracts that had undergone immu-
nodepletion (ID) and add-back (AB) of the indicated proteins were
stained for 3F3/2 in red and Mpsl, Bubl, BubR1 and CenpA in
green. (C) Mean kinetochore fluorescence intensities of 3F3/2 (red)
and Bubl (green) signals were quantified from checkpoint extracts
that had undergone immunodepletion and add-back of the indi-
cated proteins. The fluorescence intensity was calculated from =15
kinetochores taken from multiple nuclei in different fields and nor-
malized to the corresponding value derived from mock-depleted
extracts (see Materials and Methods for details). (D) Double depletion
of Mad1 and Mad2 from CSF extracts. The indicated volumes of the
mock-depleted extract (1 ul; lane 1), the Madl-/Mad2-depleted
extract (1 ul; lane 2) as well as the input CSF extract (0.05 ul; lane 3)
were analyzed by Western blotting to determine the depletion effi-
ciency. Bubl served as a loading control. (E) Nuclei purified from
checkpoint extracts that had undergone immunodepletion were
stained for 3F3/2 in red and Mpsl1, Mad1, Mad2, Bub1, and BubR1
in green. (F) Mean kinetochore fluorescence intensities were quan-
tified and normalized as described in C for 3F3/2 (red), Madl
(green), and BubR1 (blue) from Mad1/Mad2-depleted samples. Er-
ror bars represent SEM. Bar, 5 um.
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chine transcription kit (Ambion, Austin, TX). Translation reactions were
performed in CSF extracts that had been depleted of the protein of interest.
Proteins translated in depleted extracts were used in all rescue experiments.
The kinase-dead mutants of Mpsl1, Bub1, and BubR1 used in this article were
Mps1 D685A (provided by D. Cleveland, University of California, San Diego,
LaJolla, CA) and Bubl K872R and BubR1 K788R (gifts from R. H. Chen,
Institute of Molecular Biology, Academia Sinica, Taipei, Taiwan), respectively
(Abrieu et al., 2001; Sharp-Baker and Chen, 2001; Chen, 2002).

Spindle checkpoint extracts were prepared as described previously
(Minshull et al., 1994) with the following modifications: CSF extracts (fresh or
depleted of the protein of interest) were incubated with demembranated
sperm nuclei and nocodazole. For rescue experiments, in vitro-translated
proteins were added to depleted extracts and incubated for 10 min at room
temperature before the addition of sperm nuclei and nocodazole.

Immunofluorescence Microscopy

Spindle checkpoint extracts were fixed in fixation buffer (80 mM PIPES, pH
6.8, 2 mM MgCl,, 1 mM EGTA, 30% glycerol, 0.5% Triton X-100, 0.5 uM
microcystin-LR, 2% formaldehyde). Each sample was then layered onto a
centrifuge tube filled with CSF-XB (10 mM HEPES, pH 7.8, 50 mM sucrose,
100 mM KCl, 2 mM MgCl,, 1 mM EGTA) plus 0.5% Triton X-100 and 40%
glycerol. A poly-L-lysine—coated coverslip was placed at the bottom of each
tube, and nuclei were spun onto the coverslip. Coverslips were recovered,
fixed with 2% formaldehyde in CSF-XBT (CSF-XB with 0.1% Triton X-100),
blocked by CSF-XBT plus 3% bovine serum albumin (BSA), incubated with
primary antibody at 4°C overnight and then with secondary antibodies for 1 h
at room temperature (Invitrogen, Carlsbad, CA). Images were captured on an
Axiovert 200M microscope (Carl Zeiss Microlmaging, Thornwood, NY)
equipped with a 100X 1.4 numerical aperture oil immersion objective, a
digital charge-coupled device camera (Hamamatsu Photonics, Hamamatsu
City, Japan), and OpenLab 4.0.2 (Improvision, Lexington, MA). For quantita-
tive comparison of fluorescence intensities, antibody concentrations were
titrated to ensure a linear response of immunofluorescence signals to the
antigen concentrations, and images were acquired and processed identically.
For Figures 1C, 2, Cand F, and 3, H, ], and L, the intensity of each kinetochore
3F3/2 signal was determined relative to that of CenpA obtained from the
same kinetochore. The mean fluorescence intensity values and their SEMs
were calculated from =15 kinetochores taken from multiple nuclei in different
microscope fields. Subsequently, all mean fluorescence intensities were nor-
malized to the corresponding values derived from mock-depleted extracts.

Dephosphorylation and Rephosphorylation Reactions

CSF extracts were either mock-depleted or depleted of Mps1, Bub1, or BubR1.
Demembranated sperm nuclei were incubated with depleted extracts in the
presence of nocodazole and subsequently purified onto coverslips through a
glycerol cushion as described above. To remove the endogenous 3F3/2 phos-
phoepitope, coverslips were incubated with A-phosphatase (New England
Biolabs, Ipswich, MA) at 2 U/l for 15 min, rinsed twice with CSF-XBT, and
then blocked by CSF-XBT plus 3% BSA. To rephosphorylate, coverslips with
the dephosphorylated nuclei were incubated with 50 ul of CSF extracts
supplemented with 2 mM ATP and 1 uM microcystin LR for 30 min at room
temperature. Finally, coverslips were processed for immunofluorescence
staining as described above.

RESULTS

Formation of the Kinetochore 3F3/2 Epitope Depends on
Mps1, but Not Madl and Mad2

We reasoned that if the 3F3/2 substrate is a component in
the tension-sensitive pathway, its kinetochore association is
probably regulated by the spindle checkpoint proteins. To
test this prediction, the checkpoint protein Mps1 was immu-
nodepleted from CSF extracts to >95% (Figure 1A) and the
checkpoint extracts were then assembled by the addition of
sperm nuclei and nocodazole. Nuclei purified from Mps1-
depleted extracts were stained for the 3F3/2 phospho-
epitope and various kinetochore proteins as described pre-
viously (Wong and Fang, 2005). Localization of CenpA, an
inner centromere protein, was not affected by Mpsl deple-
tion, indicating that Mpsl does not control the structural
integrity of inner centromeres. Interestingly, depletion of
Mpsl completely removed the 3F3/2 epitope from kineto-
chores, indicating a lack of either the 3F3/2 kinase and/or
the 3F3/2 substrate on these kinetochores (Figure 1B). Other
checkpoint proteins, such as Bub1, BubR1, Mad1, and Mad2,
were also absent from kinetochores in Mpsl-depleted ex-
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Figure 2. Bubl and BubR1 are required for the generation of the kinetochore 3F3/2 epitope. (A) Bub1 depletion efficiency was determined
by Western analysis of the indicated volumes of the mock-depleted extract (lane 5), the Bubl-depleted extract (lane 2), the Bub1-depleted
extracts with the add-back of translated Bubl (lanes 3) or Bub1-KD (lane 4) as well as the input CSF extract (lane 1). PIx1 was shown here
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tracts, suggesting that Mpsl is a checkpoint protein acting
early in the assembly pathway (Figure 1B; our unpublished
data; Abrieu et al.,, 2001). To ensure the specificity of the
Mps1 depletion, we performed the following rescue exper-
iments. Recombinant Mps1l was translated, using in vitro-
transcribed Mps1 mRNA, in Xenopus CSF extracts that had
been depleted of endogenous Mpsl to >95%. Addition of in
vitro-translated Mpsl to the depleted extracts efficiently re-
stored the 3F3/2 signals and kinetochore localization of all
checkpoint components tested (Figure 1B). In contrast, addition
of in vitro-translated kinase-dead Mpsl mutant (Mps1-KD)
restored neither the 3F3/2 epitope nor the Bubl and BubR1
signals onto kinetochores, even though Mpsl-KD was effi-
ciently targeted to kinetochores (Figure 1B). Quantification of
the fluorescence intensities of 3F3/2 and Bubl signals at the
kinetochores further supports these conclusions (Figure 1C).
Therefore, the kinase activity of Mps1 is required for recruiting
checkpoint proteins onto kinetochores.

To test whether the formation of the 3F3/2 epitope re-
quires components further downstream in the checkpoint
signaling pathway, Madl and Mad2 were simultaneously
depleted from CSF extracts to >95% (Figure 1D). In sharp
contrast to the results from the Mps1 depletion, the 3F3/2
epitope, Bub1l, BubR1, and Mpsl all remained on the kinet-
ochores prepared from doubly depleted extracts (Figure 1, E
and F). The lack of a requirement of Mad2 for targeting of
the 3F3/2 substrate is consistent with the previous observa-
tion that it is the phosphorylated kinetochores that recruit
Mad2 (Waters ef al., 1999). Together, our data indicate that
the generation of the kinetochore 3F3/2 epitope requires
Mps1 but not Madl or Mad2.

3F3/2 Epitope Is Under the Control of the Bubl Kinase

Because depletion of Mps1 removed Bub1 from kinetochores
(Figure 1B; Vigneron et al., 2004), we next asked whether the
lack of 3F3/2 epitope in Mpsl-depleted extracts is due to the
absence of Bub1. On depletion of Bub1 from CSF extracts to
>95% (Figure 2A), 3F3/2 signals on kinetochores were sub-
stantially reduced, although not abolished (Figure 2, B and
C). Similarly, Mpsl and BubR1 also failed to localize to
kinetochores in the depleted extracts. These observations
were not due to a general disruption of the kinetochore
structure as the CenpA localization was not affected by Bub1
depletion (Figure 2B). Furthermore, all the phenotypes re-
sulted from specific depletion of Bubl, because addition of
Bubl to ~5-10% of the endogenous level efficiently restored

Figure 2 (cont). as a loading control. (B) Nuclei purified from
checkpoint extracts that had undergone immunodepletion and add-
back of the indicated proteins were stained in red for 3F3/2 and in
green for Bubl, Mpsl, BubR1, and CenpA. (C) Mean kinetochore
fluorescence intensities of 3F3/2 (red), Mpsl (green), and BubR1
(blue) were quantified, as described in Figure 1C, from samples that
were depleted of Bubl and then added back with the indicated
proteins. (D) The indicated volumes of the mock-depleted extract
(lane 6), the BubR1-depleted extract (lane 3), the BubR1-depleted
extracts with the add-back of translated BubR1l (lane 4) or
BubR1-KD (lane 5) as well as the input CSF extract (lanes 1 and 2)
were analyzed by Western blotting to determine the depletion effi-
ciency and the add-back level. PIx1 was shown as a loading control.
(E) Nuclei purified from checkpoint extracts that had undergone
immunodepletion and add-back of the indicated proteins were
stained for 3F3/2 (red) and for BubR1, Mpsl, and CenpA (green).
(F) Mean kinetochore fluorescence intensities of 3F3/2 (red) and
Mpsl (green) were quantified, as described in Figure 1C, from
samples that were depleted of BubR1 and then added back with the
indicated proteins. Error bars represent SEM. Bar, 5 um.
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the kinetochore localization of 3F3/2, Bubl, Mps1, and BubR1
(Figure 2, A-C). Interestingly, although the kinase-dead Bubl
mutant (Bub1-KD) was able to target to the kinetochores and to
restore the BubR1 staining to ~70% of the mock-depleted level,
it rescued neither the Mpsl nor the 3F3/2 signals at kineto-
chores (Figure 2, B and C). Thus, the kinase activity of Bubl is
required for the generation of the 3F3/2 epitope and for the
kinetochore localization of Mpsl, but it is not absolutely re-
quired for the recruitment of Bubl and BubR1 to kinetochores.

Generation of the 3F3/2 Epitope Is Dependent on the
BubR1 Protein but Independent of Its Kinase Activity

Results from the Bub1l depletion experiments suggested that
kinetochore localization of BubR1, in the absence of Bubl
kinase activity, was not sufficient to support the formation of
the 3F3/2 epitope. To directly determine whether BubR1
contributes to the generation of the 3F3/2 epitope, BubR1
was depleted from CSF extracts to ~95% before the assem-
bly of checkpoint extracts (Figure 2D). Similar to the results
of the Bubl depletion, the 3F3/2 epitope was greatly re-
duced but not abolished in the BubR1-depleted extracts,
whereas the depletion had no effect on the kinetochore lo-
calization of Mpsl and CenpA (Figure 2, E and F). Thus,
Mpsl is upstream of BubR1 in the kinetochore assembly
pathway for the checkpoint proteins. Interestingly, addition
of either wild-type BubR1 or kinase-dead BubR1 (BubR1-
KD) mutant to BubR1-depleted extracts restored both BubR1
and 3F3/2 signals at kinetochores, indicating a kinase-inde-
pendent function of BubR1 in the generation of the 3F3/2
epitope (Figure 2, E and F). The <100% recovery of the 3F3/2
intensities at the kinetochores, when normalized against the
CenpA levels (Figure 2F), is likely due to the fact that BubR1
and BubR1-KD were only added back to ~20% of the endog-
enous level (Figure 2D). We conclude that the BubR1 protein,
but not its kinase activity, is required for the formation of
3F3/2 epitope. This is in sharp contrast to the requirement of
the kinase activities of Mps1 and Bubl for the generation of the
3F3/2 epitope.

Mps1, Bubl, and BubR1 Control the Kinetochore
Localization of the 3F3/2 Kinase Plx1

The dependence of the 3F3/2 epitope on Mps1, Bubl, and
BubR1 can result from an absence of the 3F3/2 substrate on
kinetochores in these depleted extracts, from an absence of
the 3F3/2 kinase PIx1 on kinetochores, or both. These pos-
sibilities were distinguished in the following experiments.
Mps1, Bubl, or BubR1 was individually depleted from ex-
tracts, and the spindle checkpoint was activated in the de-
pleted extracts. Nuclei were purified from such depleted
extracts and stained for PIx1. Consistent with our previous
observations, in the absence of the Mps1 kinase activity, PIx1
failed to target to kinetochores (Figure 3, A and B; Wong and
Fang, 2005). Similarly, PIx1 was absent from kinetochores in
the Bubl-depleted extracts, and addition of the wild-type
Bub1, but not Bub1-KD, recruited PIx1 to kinetochores (Fig-
ure 3, C and D). Interestingly, the BubR1 protein, but
not its kinase activity, was required for the localization of
PIx1 to kinetochores, because addition of either wild-type or
BubR1-KD was sufficient to restore the kinetochore localiza-
tion of PIxl to a similar extent (Figure 3, E and F). In all cases,
depletion of Mps1, Bubl, or BubR1 did not affect the levels
of the PIx1 protein in extracts (Figure 2, A and D; Wong and
Fang, 2005). Thus, Mpsl1, Bub1l, and BubR1 are required for
targeting the 3F3/2 kinase PIx1 to kinetochores.

Molecular Biology of the Cell



Figure 3. Kinetochore localization of the 3F3/2 kinase
and substrate is controlled by Mps1, Bub1, and BubR1.
(A, C, and E) Nuclei purified from checkpoint extracts
that had undergone immunodepletion and add-back of
the indicated proteins were stained for PIx1 (green). (B,
D, and F) Mean kinetochore fluorescence intensities of
PIx1 were quantified, as described in Figure 1C, from
samples that had undergone immunodepletion and add-
back of the indicated proteins. (G, I, and K) Nuclei pu-
rified from checkpoint extracts that had undergone
immunodepletion of the indicated proteins were de-
phosphorylated (De-P) with A-phosphatase and subse-
quently rephosphorylated by incubation with CSF
extracts. Red, 3F3/2; green, CenpA. (H, ], and L) Mean
kinetochore fluorescence intensities of 3F3/2 were quan-
tified, as described in Figure 1C, from samples that had
undergone the indicated immunodepletion, dephos-
phorylation, and rephosphorylation. The fluorescence
intensity was normalized to the corresponding value
derived from mock-depleted extracts after rephosphory-
lation. Error bars represent SEM. Bar, 5 um.
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Mps1, Bubl, and BubR1 Are All Required for Targeting
the 3F3/2 Substrate to Kinetochores

Next, we sought to determine whether the kinetochore lo-
calization of the 3F3/2 substrate itself is under the control of
Mps1, Bubl or BubR1. To achieve this, we modified a pre-
viously developed rephosphorylation assay (Wong and
Fang, 2005). Nuclei were incubated with nocodazole in the
Mps1-, Bubl- or BubR1-depleted extracts and subsequently
purified through a glycerol cushion. The purified nuclei
were then fixed and treated with A-phosphatase to dephos-
phorylate all kinetochore proteins. The resulting nuclei were
then used as substrates in an in vitro phosphorylation assay
using CSF extracts as the source of the 3F3/2 kinase sup-
plied in trans. We have previously demonstrated that CSF
extracts, when added in trans to the dephosphorylated and
fixed nuclei, were sufficient to regenerate the 3F3/2 epitope
on kinetochores (Wong and Fang, 2005). Furthermore, con-
trol experiments confirmed that the recovery of the 3F3/2
signals in the rephosphorylation assay does not require sta-
ble association of the 3F3/2 kinase PIx1 with kinetochores
(our unpublished data). Consistent with our previous obser-
vations, CSF extracts were able to phosphorylate and re-
cover the kinetochore 3F3/2 signals on nuclei purified from
mock-depleted extracts (Figure 3, G-L). In contrast, none of
the Mpsl-, Bubl- or BubR1-depleted extracts regained the
kinetochore 3F3/2 signals upon rephosphorylation with CSF
extracts (Figure 3, G-L). Quantification of the kinetochore
fluorescence intensities further confirms these conclusions
(Figure 3, H, ], and L). These results indicate that the 3F3/2
substrate was absent on kinetochores purified from Mpsl-,
Bubl- or BubR1-depleted extracts and that the 3F3/2 sub-
strate in CSF extracts was not recruited to the kinetochores
during the rephosphorylation reaction under our experi-
mental conditions. Thus, Mpsl, Bubl, and BubR1 are all
required for the localization of the 3F3/2 substrate to kinet-
ochores.

The Conserved Plx1 Sites in Bubl and BubR1 Are Not the
3F3/2 Epitope

Our data raise the possibility that either Bubl or BubR1 is
the 3F3/2 substrate. Sequence analysis indicates that Bubl
and BubR1 each contain multiple sites that fit the Plkl
consensus phosphorylation sequence (Nakajima et al., 2003).
Among these candidate sites, Bub1 and BubR1 each only has
one PIk1 site (serine?>? in Bub1 and serine®! in BubR1) that
is also conserved among their respective homologues during
evolution (Figure 4A). Given that the tension-sensitive
3F3/2 epitope on kinetochores is conserved from Drosophila
to human (Bousbaa et al., 1997; Logarinho et al., 2004;
Ahonen et al., 2005; Wong and Fang, 2005), these two sites
represent the best candidates for the 3F3/2 epitope. Thus,
we generated Bub1-5252A and BubR1-S391A mutants in
which the conserved serine residues were mutated to ala-
nines and tested the effect of the mutations on the formation
of the 3F3/2 epitope in checkpoint extracts. Bubl was first
depleted from CSF extracts to >95%, and, as expected, the
3E3/2 epitope was lost in the depleted checkpoint extracts
(Figure 4, B and C). However, addition of either the Bubl-
S252A mutant or the wild-type Bubl rescued the 3F3/2
signals to a similar extent (Figure 4, C and D), indicating that
serine?>? in Bubl is not the 3F3/2 epitope, at least not the
sole or the major 3F3/2 epitope.

Next, we tested whether serine®*! in BubR1 is the 3F3/2
epitope. Depletion of BubR1 removed the 3F3/2 epitope
from kinetochores. However, addition of either BubR1-
S391A or wild-type BubRl1 efficiently rescued the 3F3/2
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signals at kinetochores (Figure 4, E-G), indicating that
serine®?! in BubR1 is not the site recognized by the 3F3/2
antibody, at least not the sole or the major 3F3/2 epitope. We
also noted that in the depletion and add-back experiments,
the BubR1-S391A mutant protein was targeted to the kinet-
ochores with a slightly reduced efficiency compared with the
wild-type BubR1 (Figure 4, E-G). This is likely due to a
slightly lower protein level in the BubR1-S391A added-back
extracts (Figure 4E).

DISCUSSION

The 3F3/2 phosphoepitope is involved in the tension-sensi-
tive response upon activation of the spindle checkpoint. We
report here that the presence of this epitope depends on the
prior assembly of checkpoint proteins Mpsl, Bubl, and
BubR1 onto the kinetochores. Although the 3F3/2 epitope is
directly phosphorylated by the Plk1/PIx1 kinase, the gener-
ation of this phosphoepitope also requires the kinase activ-
ities of the Mpsl and Bubl in the extracts. Interestingly, the
kinase activity of BubR1 is not required for the formation of
the 3F3/2 epitope on kinetochores even though this activity
is involved in the checkpoint arrest (Mao ef al., 2003). In
contrast, the checkpoint proteins Madl and Mad2 are not
required for the generation of the 3F3/2 epitope, indicating
that these two proteins either act downstream of the 3F3/2
substrate or function in a parallel pathway.

Ordered Assembly of Spindle Checkpoint Proteins onto
Kinetochores

Upon activation of the spindle checkpoint, several check-
point proteins, including Mpsl, Bubl, BubR1, Madl and
Mad?2, are recruited to kinetochores. Association of these
proteins with kinetochores mediates checkpoint signaling.
Thus, understanding their assembly pathway will provide
insight on the biochemical mechanism of the checkpoint
responses. In this work, we demonstrated that in egg extracts,
the assembly of checkpoint proteins onto kinetochores fol-
lows a hierarchical order, as summarized in Figure 5.

At the top of this checkpoint hierarchy are Mps1 and Bub1
(Figure 5), because depletion of either Mpsl or Bubl re-
moved BubR1 and PIx1 from kinetochores (Figures 1B, 2B,
and 3, A-D). The association of Mpsl and Bub1l with kinet-
ochores is dependent on each other (Figures 1B and 2B).
Although this mutual dependence has been recently re-
ported in egg extracts (Vigneron et al., 2004), we further
demonstrated here that the kinase activities of both proteins
are essential for this mutual dependence (Figures 1B and
2B). These observations differ from those in mammalian cells
in which knockdown of Mps1 does not affect the kinetochore
localization of Bub1 (Martin-Lluesma ef al., 2002). Moreover,
in mammalian cells, kinetochore targeting of BubR1 and
Mpsl are not affected by Bubl knockdown (Meraldi ef al.,
2004). Although we cannot exclude the possibility that this
discrepancy between the mammalian cells and Xenopus ex-
tracts may result from an incomplete knockdown of check-
point proteins in cultured cells, these results also suggest a
possibility that there may exist system-dependent or spe-
cies-specific kinetochore assembly pathways.

The next level in the assembly pathway is BubR1 and PIx1
(Figure 5). In our immunodepletion experiments, the kinet-
ochore association of both BubR1 and PIx1 are dependent on
Mps1 and Bubl, but not vice versa (Figures 1B, 2, B and E,
and 3, A-D; our unpublished data), indicating that BubR1
and PIx1 act downstream of Mps1 and Bubl. In addition, the
kinetochore localization of PIx1 and BubR1 in egg extracts is
interdependent, because depletion of either one of them
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Figure 4. Conserved candidate Plx1 sites in Bubl and BubR1 are not the 3F3/2 epitope. (A) Sequence alignment of the putative conserved
Plk1 phosphorylation sites in Bubl and BubR1 among different species. The consensus sequence for Plk1 sites was identified by Nakajima
et al. (2003). ¢ denotes hydrophobic amino acids. X represents any amino acids. X.L., Xenopus laevis; H.s., Homo sapiens; M.m., Mus musculus;
G.g., Gallus gallus; D.m., Drosophila melanogaster; and S.c., Saccharomyces cerevisiae. (B) Extracts were mock-depleted (lane 4), Bubl-depleted
(lanes 1-3) with the add-back of the wild-type Bub1 (lane 2) or the Bub1-5252A mutant (lane 3). The indicated volumes of input CSF extracts
(lanes 5-7) were loaded to quantify the degree of depletion and add-back. The asterisk denotes a cross-reacting band. (E) Extracts were
mock-depleted (lane 7), BubR1-depleted (lanes 4—-6) with the add-back of the wild-type BubR1 (lane 6) or the BubR1-S391A mutant (lane 5).
The indicated volumes of input CSF extracts (lanes 1-3) were loaded to quantify the degree of depletion and add-back. (C and F)
Immunofluorescence staining of nuclei purified from checkpoint extracts that had undergone immunodepletion and add-back of the
indicated wild-type proteins, the Bub1-5252A mutant, or the BubR1-S391A mutant. Red, 3F3/2; green, Bubl and BubR1. Bar, 5 um. (D and
G) Mean kinetochore fluorescence intensities of 3F3/2 (red) and Bubl or BubR1 (green) were quantified, as described in Figure 1C, from
samples that had undergone the indicated immunodepletion and add-back of the indicated wild-type (WT) or mutant (5252A and S391A)
proteins. Error bars represent SEM.
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Figure 5. Proposed model for the assembly of the spindle check-
point proteins and the 3F3/2 antigen onto kinetochores. Arrows
indicate the direction of the regulation, and double arrows indicate
interdependency. Dotted line represents a possible regulation.

removed the other from kinetochores (Figure 3, E and F;
Wong and Fang, 2005). Interestingly, there also exist differ-
ential requirements for kinetochore association of BubR1
and PIx1. BubR1 kinetochore localization requires the kinase
activities of Mps1 and PIx1 as well as the Bub1 protein, but
not its kinase activity (Figures 1B and 2B; Wong and Fang,
2005). On the other hand, the association of Plx1 with kinet-
ochores requires the kinase activities of Mps1 and Bub1 as
well as the BubR1 protein, but not its kinase activity (Figure
3, A-F; Wong and Fang, 2005), suggesting a complex regu-
latory network.

At the bottom of this hierarchy is the Mad1-Mad2 com-
plex (Figure 5). We and others have previously shown that
depletion of Plk1/PIx1 significantly reduces the levels of
Mad2 on kinetochores, both in Xenopus egg extracts and in
mammalian cells (Ahonen et al., 2005; Wong and Fang,
2005). Similarly, depletion of BubR1 abolishes the localiza-
tion of Madl and Mad2 to kinetochores (our unpublished
data; Chen, 2002). Thus, the Madl-Mad2 complex acts
downstream of BubR1 and Plx1. In contrast, simultaneous
depletion of both Madl and Mad2, each to >95%, has es-
sentially no effect on the kinetochore localization of other
checkpoint proteins (Figure 1, D-F). Our observations are
consistent with the results from small interfering RNA stud-
ies in mammalian system in which knockdown of Mad1 or
Mad2 does not affect the kinetochore localization of Mpsl,
Bubl, or BubR1 (Martin-Lluesma et al., 2002; Meraldi et al.,
2004). Although efficient depletion of Madl and Mad2 has
no significant effect on the localization of BubR1 to kineto-
chores in our hands (Figure 1, E and F), a previous study in
egg extracts reported a slight reduction of BubR1 at kineto-
chores upon depletion of Madl (Chen, 2002). Although we
cannot exclude the possibility that Mad1 may help kineto-
chores to retain BubR1 more efficiently, our study shows
that neither Mad1l nor Mad2 is absolutely required for the
recruitment of BubR1 to kinetochores.

Kinetochore Association of the 3F3/2 Substrate Depends
on Spindle Checkpoint Proteins

The phenomenon that unattached or untensed kinetochores
are hyperphosphorylated was observed over a decade ago
(Gorbsky and Ricketts, 1993; Nicklas et al., 1998). A key
phosphoepitope in the 3F3/2 substrate is recognized by the
3F3/2 antibody (Cyert et al., 1988). The observations that the
3F3/2 epitope is associated with untense kinetochores
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(Gorbsky and Ricketts, 1993; Nicklas et al., 1998; Logarinho et
al., 2004) and that microinjection of the 3F3/2 antibody
delays anaphase onset (Campbell and Gorbsky, 1995) lead to
the postulation that the 3F3/2 substrate and/or its kinase
are tension-sensitive components of the spindle checkpoint
(Nicklas et al., 1995, 1998). Although the molecular identity
of the 3F3/2 substrate remains to be discovered, our rephos-
phorylation data suggest that its kinetochore localization is
regulated by checkpoint kinases Mpsl1, Bubl, and BubR1.

The Identity of the 3F3/2 Substrate

Although several biochemical antigens with 3F3/2 epitopes
have been identified, their direct connections to the kineto-
chore biology and to the tension responses remain to be
established (Daum and Gorbsky, 1998; Daum et al., 2000).
Our finding that the loading of the 3F3/2 epitope onto
kinetochores is dependent on the prior assembly of check-
point proteins raises the possibility that the 3F3/2 substrate
could, in fact, be a bona fide checkpoint protein. However,
the fact that the 3F3/2 epitope persist in Mad1-Mad2 doubly
depleted extracts excludes the possibility that either Mad1 or
Mad?2 is the 3F3/2 substrate, consistent with the facts that
Madl and Mad2 are primarily involved in the attachment-
sensitive branch of the kinetochore signaling and that they
dissociate from kinetochores upon microtubule attachment,
even in the absence of tension (Chen ef al., 1996, 1998; Waters
et al., 1998; Howell et al., 2000). Similarly, because the nuclei
purified from the BubR1-depleted extracts retained Mpsl on
kinetochores (Figure 2, E and F) but lacked the 3F3/2 signals
in our rephosphorylation assay (Figure 3, K and L), Mpsl is
not the 3F3/2 substrate. In addition, the kinetochore local-
ization of the Aurora B kinase has been shown to be not
affected by the depletion of either Mps1 or Bubl (Vigneron
et al., 2004), and yet the 3F3/2 signals were absent in Mps1-
depleted or Bubl-depleted nuclei, even after rephosphory-
lation with CSF extracts (Figures 1-3). Thus, Aurora B is
unlikely to be the 3F3/2 substrate as well.

Our observation that Bubl and BubR1 are required for
kinetochore localization of the 3F3/2 substrate together with
the well documented roles of Bubl and BubR1 in the ten-
sion-sensitive branch of the checkpoint responses (Skoufias
et al., 2001) raises the possibility that either Bubl or BubR1
may harbor the 3F3/2 epitope. However, mutations of the
highly conserved candidate Plkl phosphorylation sites in
Bub1 and BubR1 did not abolish the 3F3/2 epitope in check-
point extracts (Figure 4). Thus, these two conserved sites,
5252 in Bubl and S391 in BubR1, are not recognized by the
3F3/2 antibody as the sole 3F3/2 epitope, although these
results do not exclude the possibility that additional, non-
conserved sites in Bub1 or BubR1 may be responsible for the
formation of the kinetochore 3F3/2 signals.

The kinetochore-associated microtubule motor protein
CENP-E is an activator of the BubR1 kinase (Mao et al.,
2003). The observations that kinetochore localization of
CENP-E requires BubR1 and that CENP-E is required for
silencing BubR1-dependent checkpoint signaling (Mao et al.,
2003, 2005) make CENP-E another attractive candidate for
the 3F3/2 substrate.

In summary, the characterization of the kinetochore as-
sembly pathway for the checkpoint proteins and for the
3F3/2 substrate will aid the eventual identification of the
3F3/2 epitope, which, in turn, will address the functional
importance of this phosphorylation in checkpoint control.
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