Tension-sensitive Plk1l phosphorylation
on BubR1 regulates the stability
ot kinetochore-microtubule interactions
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Mitotic phosphorylation of the spindle checkpoint component BubR1 is highly conserved throughout
evolution. Here, we demonstrate that BubR1 is phosphorylated on the Cdk1 site T620, which triggers the
recruitment of P1k1 and phosphorylation of BubR1 by Plk1 both in vitro and in vivo. Phosphorylation does
not appear to be required for spindle checkpoint function but instead is important for the stability of
kinetochore-microtubule (KT-MT) interactions, timely mitotic progression, and chromosome alignment onto
the metaphase plate. By quantitative mass spectrometry, we identify S676 as a Plkl-specific phosphorylation
site on BubR1. Furthermore, using a phospho-specific antibody, we show that this site is phosphorylated
during prometaphase, but dephosphorylated at metaphase upon establishment of tension between sister
chromatids. These findings describe the first in vivo verified phosphorylation site for human BubR1, identify
PIk1 as the kinase responsible for causing the characteristic mitotic BubR1 upshift, and attribute a KT-specific
function to the hyperphosphorylated form of BubR1 in the stabilization of KT-MT interactions.
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The BubR1 protein was first identified as an essential
and evolutionarily conserved component of the spindle
assembly checkpoint (SAC). During mitosis, this check-
point inhibits the anaphase-promoting complex/cyclo-
some (APC/C), a large E3 ubiquitin ligase, so that chro-
mosome segregation is triggered only after bipolar at-
tachment to the spindle microtubules (MTs) has been
achieved (Musacchio and Hardwick 2002; Bharadwaj and
Yu 2004; Taylor et al. 2004). SAC dysfunction and the
consequential premature APC/C activation can result in
aneuploidy, a hallmark of human solid tumors (Kops et
al. 2005). Throughout prophase and prometaphase, SAC
components including BubR1 are enriched at kineto-
chores (KTs), complex proteinaceous structures as-
sembled on centromeric DNA, where a “wait anaphase”
signal is thought to be generated. KTs represent the ma-
jor point of contact between mitotic spindle MTs and
chromosomes (Maiato et al. 2004; Chan et al. 2005). Sev-
eral proteins and multiprotein complexes, including
BubR1 (Lampson and Kapoor 2005; Matsumura et al.
2007) and the Hecl/Ndc80 complex (McCleland et al.
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2004; DeLuca et al. 2006; Dong et al. 2007), have been
implicated in the establishment and maintenance of the
highly dynamic KT-MT interactions that are required
for chromosome movement during mitosis (Chan et al.
2005; Kline-Smith et al. 2005; Rieder 2005). In addition,
KT-associated proteins contribute to maintain SAC ac-
tivity until the last chromosome has undergone bipolar
attachment. Although the exact nature of SAC signaling
is not well understood, biochemical and genetic evi-
dence indicate that the source of this signal is at the
centromere/KT, where tension generated upon amphi-
telic attachment is sensed (Pinsky and Biggins 2005; Bau-
mann et al. 2007). How such a mechanical property is
transduced into a biochemical signaling cascade remains
unclear, but there is strong evidence that phosphoryla-
tion plays a key role (Gorbsky 1995).

Along with APC/C-mediated proteolyis, M-phase pro-
gression is controlled through phosphorylation by mi-
totic kinases. In addition to the key regulator cyclin-
dependent kinase 1 (Cdk1), Polo-like kinase 1 (Plk1) and
Aurora family kinases are crucial for accurate mitotic
progression. The importance of these kinases is under-
scored by their dynamic localization patterns, which re-
flect diverse functions at different stages of mitosis (Nigg
2001; Barr et al. 2004; Vagnarelli and Earnshaw 2004; van
Vugt and Medema 2005). In particular, recent reports
have emphasized the role of both Aurora B and Plk1 at
the centromere and KT, respectively, where they have
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been implicated in tension-responsive signal transduc-
tion, KT-MT attachment, and chromosome congression
(Ditchfield et al. 2003; Sumara et al. 2004; Ahonen et al.
2005; Wong and Fang 2005; Cimini et al. 2006; Hanisch
et al. 2006; Nishino et al. 2006; King et al. 2007; Lenart
et al. 2007).

One of the most conspicuous and evolutionarily con-
served mitotic phosphorylation events occurs on BubR1,
resulting in a characteristic electrophoretic upshift. In
this report, we have investigated the functions of BubR1
hyperphosphorylation during mitotic progression. We
demonstrate that BubR1 is a substrate of Plkl, both in
vitro and in vivo, and that Plkl is responsible for the
characteristic mitotic upshift. Moreover, we show that
BubR1 association with Plk1 is enhanced by Cdk1 phos-
phorylation, and that cells expressing a BubR1 mutant
unable to associate with Plkl exhibit reduced KT-fiber
stability, slow mitotic progression, and impaired chro-
mosome congression. In contrast, we found no evidence
that mitotic hyperphosphorylation of BubR1 is required
for its association with components of the mitotic
checkpoint complex (MCC) or the APC/C. Identification
of an in vivo Plkl phosphorylation site on BubR1 and
probing this site with phospho-specific antibodies dem-
onstrate a clear correlation between BubR1 phosphory-
lation on Ser 676 (S676) and lack of tension. Based on
these observations, we propose that phosphorylation of
BubR1 by PIkl1 is required for the stabilization of KT-MT
interactions during mammalian mitosis, and that phos-
phorylation of BubR1 on S676 during chromosome con-
gression provides a read-out for the establishment of ten-
sion between sister KTs.

Results

BubR1 is a mitotic binding partner and target of Plk1

To identify kinases that might be responsible for mitotic
phosphorylation of human BubR1, we expressed candi-
date upstream kinases in Sf9 insect cells and assayed
their ability to phosphorylate full-length, bacterially ex-
pressed hBubR1 (Fig. 1A). Under these in vitro condi-
tions, BubR1 was strongly phosphorylated by Cdkl and
Plk1, but not by Bubl, BubR1, Mpsl, Aurora A, or Au-
rora B (Fig. 1A, lanes 7,8), even though all kinases dis-
played activity against appropriate substrates (data not
shown). Next, we asked whether Plkl and BubRI1 can
interact in vivo and performed reciprocal coimmunopre-
cipitation experiments, using lysates of asynchronously
growing, nocodazole- or Taxol-arrested HeLa cells. As
shown by Western blotting, Plkl could readily be de-
tected in BubR1 immunoprecipitates, and similarly,
BubR1 was present in Plk1 immunoprecipitates (Fig. 1B).
The mitotic kinase Mpsl was not present in either
BubR1 or Plkl immunoprecipitates, emphasizing the
specificity of the BubR1-Plk1 interaction. Furthermore,
the BubR1-Plk1 interaction was M-phase specific, as no
significant binding was observed in immunoprecipitates
from asynchronous HeLa cell lysates.
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To determine whether Plkl also phosphorylates
BubR1 in vivo, we analyzed the upshift of BubR1 in no-
codazole-arrested cells, in cells depleted of P1k1 by small
interfering RNA (siRNA), and in cells depleted of the
kinesin-related motor Eg5 (which arrest at a comparable
prometaphase state) (Fig. 1C). As expected, nocodazole
treatment of HeLa cells led to the appearance of the char-
acteristic slowly migrating BubR1 band. This upshifted
band could also be seen after depletion of Eg5, but not
after depletion of Plkl (Fig. 1C), indicating that it is de-
pendent on Plk1, in excellent agreement with recent re-
ports (Lenart et al. 2007; Matsumura et al. 2007). Thus,
our data indicate that BubR1 and Plk1 are mitotic bind-
ing partners and that BubR1 is an in vitro and in vivo
substrate of PIkl.

The PIk1-BubR1 interaction is mediated by PBD
binding to pT620 of BubR1 and enhanced by Cdk1
phosphorylation

The phosphorylation of Plk1 targets often requires prior
docking of the kinase through its C-terminal Polo-Box
domain (PBD) to phosphothreonine or phosphoserine
motifs on the target protein (Elia et al. 2003). To deter-
mine if the Plk1 PBD is alone sufficient for association
with BubR1, we performed interaction studies with im-
mobilized GST-tagged PBD (GST-PBD") and a PBD mu-
tant in which two residues critical for ligand binding
(His 538 and Lys 540) were changed to alanine (GST-
PBD*#). GST-PBDWT, but not GST-PBD”#, readily
pulled down BubR1 from mitotic cell lysates, demon-
strating that the PBD is sufficient to mediate the inter-
action of P1k1 with BubR1 (Fig. 1D). Since both Cdk1 and
Plkl can act as priming kinases for generating PBD
docking sites (Elia et al. 2003; Neef et al. 2003, 2007)
and both kinases phosphorylate BubR1 efficiently (Fig.
1A), we used a Far Western assay to test the ability of
PBD to bind BubR1 with or without prior phosphoryla-
tion by Cdkl or Plkl (Fig. 1E). As a positive control for
PBD binding, we included the kinesin-like motor
Mklp2, on which Plkl-mediated phosphorylation was
previously shown to create a docking site (Neef et al.
2003). Indeed, GST-PBD strongly bound to Mklp2
that had been phosphorylated by Plkl, but not to BSA
(Fig. 1E). In contrast, BubR1 phosphorylated by Plkl
alone, or nonphosphorylated BubR1, showed little PBD
binding. Significantly stronger PBD binding was seen af-
ter prephosphorylation of BubR1 by Cdk1, or Cdk1 fol-
lowed by Plk1, indicating that Cdkl can generate a PBD
docking site on BubR1. In addition, BubR1 immunopre-
cipitated from mitotic cells arrested by nocodazole or
Taxol treatment bound efficiently to PBD (Fig. 1E, right
lanes), in agreement with the pull-down experiments
(Fig. 1D).

The BubR1-related kinase Bubl was recently shown to
interact with Plkl through a conserved STP motif (Qi et
al. 2006). A corresponding motif, centered around T620,
is also present in BubR1. To test the possibility that this
motif represents the Plkl docking site on BubR1, we
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Figure 1. Hyperphosphorylation of BubR1 is
regulated in vitro and in vivo by Cdk1 and Plk1.
(A) In vitro kinase assays with indicated kinases
or buffer alone. Protein phosphorylation is visu-
alized by autoradiography ([>?P], top panel) and
equal protein loading by Coomassie Blue stain-
ing (CBB, bottom panel). (B) Immunoprecipita-
tion of endogenous BubR1 (top panels) or endog-
enous Plk1 (bottom panels) from asynchronously
growing (Asy) and nocodazole-arrested (Noc) or
Taxol-arrested (Tax) HeLa cells. Immunoprecipi-
tates and corresponding total cell lysates (TCL)
were probed by Western blotting for the indi-
cated proteins. Asterisk (*) marks the IgG heavy
chain. Note the lower abundance of P1k1 in asyn-
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mobility of endogenous BubR1 from nocodazole-
arrested and Eg5- or Plkl1-depleted HeLa cells, as
determined by Western blotting. Efficient deple-
tion of Eg5 and Plkl and equal loading (a-tubu-
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indicated by Western blotting. The numbers below the top panel indicate band intensities, as quantified using ImageJ software. (F) Spot
arrays of peptides representing the PBD-binding motif surrounding Thr 620 of BubR1 (T620), an unrelated serine/threonine-rich
sequence of BubR1 (S534), and the poloboxtide, each synthesized in the nonphosphorylated (-P) and phosphorylated (+P) form.
Membranes were probed with GST-PBDWT (Ieft panel) or GST-PBD*# (right panel). Peptide sequences are described in the Supple-

mental Material.

examined the ability of GST-PBD™" or GST-PBD*# to
bind to immobilized 12-mer peptides surrounding T620,
an unrelated S/T sequence from BubR1 (S534), and the
consensus Poloboxtide (Elia et al. 2003), all synthesized
in their unphosphorylated and phosphorylated forms, re-
spectively. Whereas GST-PBDWT bound strongly to the
peptide harboring the phosphorylated T620 BubR1 mo-
tif, virtually no binding was seen to the same peptide in
the unphosphorylated form or to the unrelated phospho-
peptide centered on S534 (Fig. 1F, left panel). Similarly,
the PBDWY" bound to the phosphorylated, but not the
unphosphorylated Poloboxtide, in agreement with previ-
ous results (Elia et al. 2003). GST-PBD*# showed virtu-
ally no binding to any of the peptides (Fig. 1F, right
panel). Collectively, these results demonstrate that Cdk
phosphorylation promotes PBD-mediated Plkl docking
onto BubR1, and that the evolutionarily conserved PBD
consensus motif centered on T620 constitutes a likely
priming site.

KT localization of BubR1 and PIk1 is important
for BubR1 hyperphosphorylation

Previously, CenpE has been implicated in causing the
phosphorylation-induced BubR1 upshift (Weaver et al.
2003; Tanudji et al. 2004). This prompted us to compare
the effect of siRNA-mediated depletion of CenpE or Plk1
on BubR1 phosphorylation (Fig. 2A). Consistent with the
results shown above, depletion of P1k1 but not Eg5 led to
loss of BubR1 hyperphosphorylation. CenpE depletion
also caused a decrease in BubR1 phosphorylation, in
agreement with previous results (Weaver et al. 2003;
Tanudji et al. 2004). This effect was not as striking as
that observed for Plkl depletion, although the depletion
of CenpE was arguably not complete. Because the loss of
CenpE from mouse embryo fibroblasts was reported to
cause a drastic reduction in KT localization of several
checkpoint components (Weaver et al. 2003), we asked
whether the effect of CenpE depletion on BubR1 phos-
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Figure 2. BubR1 hyperphosphorylation occurs primarily at the KT but does not affect BubR1 KT recruitment and SAC function. (A)
Interphase lysates or mitotic lysates from nocodazole-treated and either Eg5-, Plkl-, or CenpE-depleted cells (isolated by mitotic
shake-off) were resolved by gel electrophoresis. Then, the levels and migration of BubR1 (top panel), CenpE, Eg5, Plk1, and a-tubulin
were determined by Western blotting. (B) BubR1 and Plk1 localization in HeLa cells depleted of Hecl and Nuf2. Bar, 10 pm. Panels
on the right show quantifications of Plkl (top) and BubR1 (bottom) staining intensities at KTs (normalized for CREST staining) in the
various samples (mean + standard error, SE; n = 100 KTs from five different cells). (C) Lysates were prepared from nocodazole-arrested
cells or prometaphase cells depleted of Nuf2 or Hecl. They were then probed by Western blotting with the antibodies indicated. (D)
Interdependence of Plk1l and BubR1 localization during mitosis was assessed by indirect immunofluorescence. Bar, 10 pm. Panels on
the right show quantifications of Plk1l and BubR1 staining intensities at KTs (normalized for CREST staining) in reciprocal siRNA
depletions (mean = SE; n = 100 KTs from five different cells). (E) Interphase lysates or lysates from nocodazole- or Taxol-treated as well
as Eg5- and Plkl-depleted cells were prepared. (Left panels) BubR1 immunoprecipitates were then resolved by SDS-PAGE, and
coimmunoprecipitation of CenpE and Plk1, as well as Eg5 (for control), was examined by Western blotting. Asterisk (*) indicates IgG
heavy chain. (Right panels) In parallel, corresponding TCLs were probed by Western blotting with the antibodies indicated. (F) Cell
lysates were prepared as in E, and BubR1 immunoprecipitates were assessed for coimmunoprecipitation of APC7 and Cdc20; Eg5 was
examined for control.

phorylation might be explained by mislocalization of depletion resulted in a marked reduction of BubR1 levels
BubR1. Indeed, whereas mock depletion had no signifi- at KTs (Supplementary Fig. S1A), confirming previous
cant effect on the KT localization of BubR1, CenpE results (Weaver et al. 2003; Tanudji et al. 2004). It is
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therefore conceivable that BubR1 phosphorylation may
be attenuated in CenpE-depleted cells as a consequence
of BubR1 mislocalization.

We next asked whether Plkl mislocalization might
also be sufficient to reduce BubR1 hyperphosphoryla-
tion. Depletion of either Hecl or Nuf2, two components
of the Ndc80 complex at the outer KT, causes the mis-
localization of several KT proteins (Martin-Lluesma et
al. 2002; DeLuca et al. 2003; McCleland et al. 2004).
Indeed, in response to Hecl or Nuf2 depletion, Plk1l was
lost from KTs, but BubR1 localization was not signifi-
cantly affected (Fig. 2B). In contrast, neither Aurora B nor
its kinase activity (measured by pCenpA staining) at cen-
tromeres was detectably reduced (Supplementary Fig.
S1B,C). In line with the known interdependence of Hecl
and Nuf2 (DeLuca et al. 2003), the depletion of either
protein resulted in the loss of Hecl (Fig. 2C, middle
panel), but no significant reduction of Plk1 protein levels
was observed (Fig. 2C, bottom panel). Yet, when com-
pared with nocodazole-arrested cells, Hecl- or Nuf2-de-
pleted cells showed a significant reduction in slowly mi-
grating BubR1 (Fig. 2C, top panel), suggesting that robust
mitotic BubR1 phosphorylation depends on Plkl1 that is
correctly localized to KTs. Collectively, the above re-
sults suggest that mislocalization of either BubR1
(through CenpE depletion) or Plkl (through Hecl or
Nuf2 depletion) can lead to loss of BubR1 phosphoryla-
tion, implying that KT localization of both kinase (Plk1)
and substrate (BubR1) is important for this modification
to occur efficiently.

BubR1 association with KT and mitotic checkpoint
components are not altered upon PIk1 depletion

To explore the functional significance of BubR1 phos-
phorylation by Plkl, we first asked whether BubR1 lo-
calization is influenced by PIkl or vice versa. In cells
depleted of Plkl, no significant effects on BubR1 local-
ization were observed when compared with mock-de-
pleted cells, indicating that neither P1kl nor BubR1 hy-
perphosphorylation is required for recruitment or main-
tenance of BubR1 at the KT (Fig. 2D). Likewise, BubR1
depletion exerted no notable effect on Plk1l KT localiza-
tion (Fig. 2D), in agreement with a recent study (Qi et al.
2006). P1k1 localization to KTs was also unaffected when
BubR1-depleted cells were transfected with Flag-tagged
rescuing constructs coding for either wild-type (WT)
BubR1 or a BubR1 mutant (hereafter referred to as
BubR17%2%4) in which two residues critical for PBD
binding (S619 and T620) were substituted by alanine
(Supplemental Fig. S2).

As phosphorylation events often facilitate protein—
protein interactions, we next explored the possibility
that BubR1 phosphorylation might be required for inter-
actions with known binding partners. We first focused
on CenpE, because a direct interaction between BubR1
and CenpE is well established (Chan et al. 1998, 1999;
Abrieu et al. 2000). BubR1 was immunoprecipitated
from cells depleted of either Plk1 or Eg5 (for control), as

BubR1 phosphorylation and tension

well as from aphidicolin-, nocodazole-, and Taxol-ar-
rested cells, and the ability of BubR1 to coimmunopre-
cipitate CenpE was assessed. CenpE was found in BubR1
immunoprecipitates under all conditions, whereas an-
other motor protein, Eg5, was absent (Fig. 2E). As ex-
pected, Plkl also bound to BubR1 in mitotic samples,
except when Plk1 was itself depleted. Thus, we conclude
that BubR1 phosphorylation is not required for its inter-
action with CenpE.

BubR1 also associates with Bub3 and Cdc20 within the
MCC (Sudakin et al. 2001) and with several APC/C sub-
units (Chan et al. 1999). Thus, we examined BubR1 im-
munoprecipitates for the presence of Bub3, Cdc20, and
the APC/C subunit APC7. Binding of both Bub3 and
Cdc20 to BubR1 was similar in all conditions (Fig. 2F;
data not shown), in agreement with the stable and cell
cycle-independent nature of the MCC complex (Sudakin
et al. 2001). Binding of the APC/C subunit APC7 was
M-phase specific, as expected, but was also not altered in
Plkl-depleted cells. Together, these observations indi-
cate that hyperphosphorylation of BubR1 is not required
for its ability to bind known interaction partners, includ-
ing other SAC components.

Stability of KT-MT connections is compromised
in cells expressing BubR1-T620A

Loss of both BubR1 and Plkl1 function has recently been
proposed to perturb KT-MT connections (Sumara et al.
2004; Lampson and Kapoor 2005; Lenart et al. 2007; Mat-
sumura et al. 2007), and several other targets of Plkl
have been implicated in maintaining KT-fiber stability
(Meraldi et al. 2004; Kline-Smith et al. 2005; Kang et al.
2006; Nishino et al. 2006; Matsumura et al. 2007). To
determine whether BubR1 phosphorylation by Plkl
might be required for stabilizing KT-MT interactions,
BubR1-depleted cells were rescued with wild-type and
various mutant BubR1 proteins, and the presence of
cold-stable KT-MTs was examined using a previously
described approach (Lampson and Kapoor 2005). In brief,
HeLa cells were transfected simultaneously with Flag-
tagged BubR1 constructs and siRNA duplexes targeting
the 3’-untranslated region (UTR) region of endogenous
BubR1 transcripts (BubR1-3’), and processed as outlined
schematically in Figure 3A. Rescue experiments were
performed with Flag vector alone, Flag-BubR1W7T, Flag-
BubR1®P (kinase dead), and the Plk1-PBD docking site
mutant Flag-BubR17%2°4, Efficiency of BubR1 depletion
and the expression of each construct are demonstrated in
Supplementary Figure S3A-C. In control cells, cold treat-
ment produced the expected progressive destabilization
of MTs, but did not cause a generalized loss of Plk1 from
KTs (Supplementary Fig. S3D). BubR1-depleted cells co-
transfected with the empty Flag vector showed only very
few cold-stable MTs, and very few CREST-stained KTs
had any MTs attached, in agreement with previous ob-
servations (Lampson and Kapoor 2005). In contrast, cells
cotransfected with BubR1 siRNA and either Flag-
BubR1W" or Flag-BubR1*P showed relatively intact
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Figure 3. The cold stability of KT-MT connections is reduced in cells expressing BubR17¢2%4 (A} Schematic representation of BubR1

siRNA, rescue transfection, and cold treatment protocol. HeLa S3 cells were simultaneously transfected with the indicated Flag-BubR1
constructs and BubR1-3’ duplexes. After 36 h, cells were treated with Monastrol for 5 h, followed by a 1-h release in the presence of
the proteosome inhibitor MG132, resulting in a metaphase-arrested population. Cells were then incubated for the indicated times at
4°C before they were fixed and processed for immunofluorescence microscopy. (B) Cells treated according to the protocol outlined in
A were costained for a-tubulin (green), KTs (CREST) (red), and Flag (not shown). Bar, 10 nym. Representative KT-MT connections were
enlarged and are shown on the right. (C) Quantification of MT density in B. Average MT intensity (mean = SE; n = 10 transfected cells)
was measured in each condition. Intensities are expressed relative to total cellular areas and normalized against TO for each condition
(MT density at TO = 100%).

spindles, with most CREST-stained KTs clearly attached BubR171%294 exhibited markedly fewer cold-stable MTs;

to MT fibers, even after 30 min at 4°C (Fig. 3B). Most most KTs were unattached already after 20 min of cold
importantly, BubR1-depleted cells expressing Flag- treatment and completely lost after 30 min (Fig. 3B).
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Measurements of relative MT intensities shown in
Figure 3C confirm these observations. Collectively,
these data show that the impaired BubR1-Plkl asso-
ciation, followed by the consequent loss of BubR1 phos-
phorylation by Plkl, results in reduced stability of
KT-MTs.

BubR17%2%4 ¢xpressing cells show chromosome
congression defects and mitotic delay

If, as our above data indicate, BubR1 phosphorylation is
required for the stabilization of KT-MT attachments,
then loss of the BubR1-Plk1 interaction should result in
defects in chromosome congression. Thus the ability of
WT, KD, and T620A BubR1 to compensate for BubR1

BubR1 phosphorylation and tension

depletion during chromosome congression was exam-
ined by time-lapse videomicroscopy. To visualize trans-
fected cells, all BubR1 constructs were generated with an
N-terminal fluorescent mCherry tag (Shaner et al. 2004).
They were then transfected together with BubR1-3’
siRNA duplexes into HeLa cells stably expressing GFP-
tagged histone H2B, and imaged as indicated in Figure
4A (see Supplementary Movies S1-S4). Representative
stills from each movie, taken at the indicated time
points after the onset of chromosome condensation, are
shown in Figure 4B. BubRI-depleted cells expressing
only the mCherry tag rapidly exited mitosis without
forming a metaphase plate, as expected (Chan et al. 1999;
Shannon et al. 2002). Rescue of BubR1-depleted cells
with either mCherry-tagged BubR1W"T or BubR1¥P re-

A
transfection Thymidine start video- end video-
BubR1 siRNA block Release microscopy microscopy
T=0 T=12 T=24 T=32 T=48
B Cherry Chromosome

signal

condensation

mCherry- mCherry-
BubR1 620A BubR1 KD BubR1WT mCherry-

mCherry-

(9]

Chromosome condensation
to anaphase onset (min)

- 0 A e
miherrrzt:Bubm | i KD 620A
BUbR1-3 SiRNA: | + & + +

60
50
40
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20
10
wr

Chromosome condensation

00:20:

:00
00:24:00
00:24:00

w

P<0.001

to anaphase onset (min)

siMad2

mCherry-BubR1-620A
BubR1-3’ siRNA

Figure 4. Time-lapse videomicroscopy of cells expressing BubR1 WT, KD, or T620A. (A) Schematic representation of BubR1 siRNA,
rescue transfection, and videomicroscopy protocol. Cells were simultaneously transfected with the indicated mCherry-BubR1 con-
structs and BubR1-3’ duplexes, and arrested by addition of thymidine 12 h later. After a further 12 h, they were released from the block,
and imaging was started 8 h later for a total duration of 16 h. (B) Representative stills illustrating mitotic progression in cells depleted
of BubR1 and rescued with mCherry-BubR1 constructs. Images were acquired at the indicated time points after the start of chromo-
some condensation. (C) Histogram indicating the time elapsed between the beginning of chromosome condensation and anaphase
onset in cells treated as in A. Results present the average of five independent experiments (+SE; n = 8 cells per experiment). (D) As in
C, except that cells expressing mCherry-BubR17%204 were transfected with 3’-UTR siRNA duplexes against BubR1 and either GL2 or
Mad2. Results present the average of four independent experiments (+SE; n = 34 cells each condition).
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sulted in cells showing proper chromosome congression
to a metaphase plate, followed by timely onset of ana-
phase (Fig. 4B). In stark contrast, cells depleted of endog-
enous BubR1 but expressing mCherry-BubR176204
showed aberrant congression, characterized by slow
chromosome capture (Fig. 4B, see arrowhead in 18:00
panel) and the formation of broad metaphase plates.
BubR172%%.expressing cells also exhibited prolonged
mitoses, requiring on average almost twice as long as
BubR1WT- or BubR1*P-expressing cells to reach ana-
phase (Fig. 4C). Importantly, there were no precocious
anaphases observed in BubR17¢20%.expressing cells, sug-
gesting that these cells were able to sustain an active
spindle checkpoint. This was confirmed by transfecting
BubR1-depleted cells expressing BubR17¢*%4 with an
siRNA duplex depleting Mad2, which was expected to
abrogate the SAC. Under these conditions, cells exited
mitosis rapidly, without achieving proper metaphase
(Fig. 4D).

Identification of S676 as an in vivo Plk1
phosphorylation site in BubR1

We next sought to identify mitosis-specific in vivo phos-
phorylation sites on BubR1. Mass spectrometric analysis
of mitotic spindles identified S676 as one prominent
phosphorylation site on BubR1 (Fig. 5A). Mitosis-specific
phosphorylation was confirmed using a SILAC approach
(Mann 2006), which demonstrated a threefold up-regula-
tion of phosphorylation at this residue in nocodazole ver-
sus thymidine-arrested extracts (Fig. 5B). Closer exami-
nation of S676 and the surrounding sequence in BubR1
from different organisms revealed that this residue lies
within an evolutionarily conserved Plkl consensus
phosphorylation motif (Fig. 5C), suggesting that it repre-
sents an important in vivo Plkl site on BubR1. There-
fore, a polyclonal antibody directed against a peptide en-
compassing pS676 was generated. The specificity of im-
mune versus preimmune sera for phospho-BubR1 was
verified by costaining with BubR1 (Supplementary Fig.
S4A) and Western blotting on phosphatase-treated mi-
totic extracts (Supplementary Fig. S4B). By Western blot-
ting on whole-cell lysates, the anti-pS676 antibody rec-
ognized a single band with an apparent molecular weight
of 130 kDa in mitotic but not interphase samples (Fig.
6A, left panel). Reprobing the membrane for BubR1 dem-
onstrated that this band corresponds exactly to the
slowly migrating, hyperphosphorylated form of BubR1
(Fig. 6A, top right panel). Anti-pS676 reactivity to this
band was lost upon phosphatase treatment, confirming
its specificity for phosphorylated BubR1 (Supplementary
Fig. S4B). Most importantly, anti-pS676 identified the
hyperphosphorylated BubR1 band in lysates from noco-
dazole-arrested and Eg5-depleted cells, but not from in-
terphase or Plk1-depleted cells (Fig. 6B). Entirely consis-
tent results were also obtained by immunofluorescence
microscopy. Whereas control and Eg5-depleted cells ex-
hibited strong KT staining with the anti-pS676 antibody,
cells depleted of either P1k1 or BubR1 (using either one of
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Figure 5. Identification of Ser 676 as an in vivo phosphor-
ylation site on BubRl. (A) Collision-induced dissociation
(CID) mass spectrum of the BubR1-derived phosphopeptide
LSPIIED(pS)R. C-terminal and N-terminal fragments of the pep-
tide are marked as y-ions and b-ions, respectively. Fragments
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“-ph.acid.” The observed peptide fragments are also shown
within the peptide sequence above the spectrum, demonstrat-
ing that the indicated serine residue within this peptide is in-
deed phosphorylated. This spectrum was acquired on a quadru-
pole time-of-flight mass spectrometer (Q-TOF Ultima). (B) The
relative intensity of the phosphopeptide shown in A was mea-
sured in a mitotic versus an S-phase-arrested extract, using
stable isotope labeling in cell culture (see Materials and Meth-
ods). The observed ratio was corrected to compensate for the
higher expression level of BubR1 in mitosis compared with S
phase, as determined using unphosphorylated BubR1-derived
peptides from the same sample. (C) Sequence alignment of S676
(red box) and surrounding residues indicating conservation of
this site in several BubR1-expressing species. Asterisk (*) indi-
cates sequence predicted by bioinformatics data mining.

two independent siRNA duplexes) showed no staining
(Fig. 6C and quantification in E). Specificity of this anti-
body was further confirmed in rescue experiments with
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Flag-BubR1 WT, KD, or T620A. Whereas BubR1-de- BubR17%%2%4 showed little or no staining (Supplementary
pleted cells rescued by BubR1W™ and BubR1¥P stained Fig. S4C and quantification in D). These results demon-
strongly with the anti-pS676 antibody, cells expressing strate that T620 is, indeed, the in vivo binding site for
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Plkl and that abrogating the BubR1-Plkl association
abolishes phosphorylation of BubR1 at S676.

Having established the specificity of the anti-pS676
antibody, this reagent was used to trace the timing of
BubR1 phosphorylation by Plkl. Analysis of asynchro-
nously growing HeLa cells by immunofluorescence mi-
croscopy revealed that S676 phosphorylation was ob-
served mainly in prometaphase, when the majority of
cells showed strong KT staining. Phosphorylation was
gradually lost as chromosomes congressed so that fully
aligned metaphase plates showed little or no phosphory-
lation, and almost no anaphase cells were found to stain
positive with the anti-pS676 antibody (Fig. 6D and quan-
tification in F). Taken together, these results demon-
strate that S676 on BubR1 represents a bona fide pro-
metaphase-specific in vivo target of Pkl and that phos-
phorylation of this residue occurs predominantly during
prometaphase, when MT attachments are established.

BubR1 phosphorylation at S676 occurs upon lack
of tension

The observation that pS676 staining was lost concomi-
tant with the alignment of chromosomes at the meta-
phase plate suggested that loss of S676 phosphorylation
correlates with the establishment of tension between
sister KTs. In support of this view, the anti-pS676 anti-
body strongly stained the KTs of misaligned chromo-
somes in CenpE-depleted cells, but not those of chromo-
somes already aligned at a metaphase plate (Fig. 7A). To
further test the dependency of S676 phosphorylation on
the lack of tension, HeLa cells were arrested at meta-
phase by MG132 treatment and then exposed to Taxol,
which abolished the already established tension
(Nishino et al. 2006). DMSO-treated control cells exhib-
ited metaphase plates with clear BubR1 staining, but no
notable pS676 signal, indicating that KTs were under
tension (Fig. 7B). However, even short treatment with
Taxol led to the rapid reappearance of a strong pS676
signal at metaphase plates (Fig. 7B, and quantification in
C). To exclude the possibility that Taxol caused a loss of
the pS676 signal due to epitope masking, we also assayed
S676 phosphorylation by Western blotting. As expected,
anti-pS676 identified the upshifted BubR1 band in ly-
sates from nocodazole-treated but not asynchronously
growing HeLa cells (Fig. 7D). Similarly, and in full agree-
ment with our immunofluorescence results, pS676 blot-
ting also identified hyperphosphorylated BubR1 in ex-
tracts from Taxol-treated cells, whereas no pS676 signal
was detected in MG132-arrested cells, concomitant with
reduced BubR1 hyperphosphorylation (Fig. 7D). High cy-
clin Bl levels confirm the mitotic state of the lysates,
and Western blotting for tubulin demonstrates equal
loading. Taken together, these data illustrate that BubR1
phosphorylation at S676 occurs in response to lack of
tension. This may reflect regulation of Plkl, a counter-
acting phosphatase (or both), or a change in the substrate.

Having shown that Plkl phosphorylation of BubR1 is
necessary for the stability of KT-MT attachments (Figs.
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3, 4) and considering that lack of tension destabilizes
KT-MT interactions, we next asked whether S676 phos-
phorylation is also indicative of reduced KT-MT stabil-
ity. As a marker for KT-MT stability, we monitored KT
localization of RanGAP1, the activating protein for the
small GTPase Ran, whose KT localization is known to
require stable KT-MT interactions (Joseph et al. 2004).
DMSO-treated cells with metaphase plates showed the
expected spindle and KT staining for RanGAP1, with
little or no pS676 staining (Fig. 7E). In contrast, in Taxol-
treated cells, RanGAP1 staining became diffuse, indicat-
ing that the protein was largely lost from the KTs,
whereas pS676 staining at KT's was drastically increased.
Examination of the RanGAP1 versus pS676 signal from
individual KTs in a number of cells reveals an inverse
relationship between RanGAP1 KT recruitment and
BubR1 phosphorylation at S676 (Fig. 7F). These results
confirm that BubR1 phosphorylation correlates with the
loss of KT-MT stability that accompanies the lack of
tension.

Discussion

In this study, we have addressed the cause and function
of the characteristic mitotic hyperphosphorylation of
BubR1. We have identified P1k1 as the kinase responsible
for this hyperphosphorylation and the highly conserved
Ser 676 as the first in vivo-verified M-phase-specific
phosphorylation site on BubR1. Using a phospho-specific
antibody raised against pS676, we show that this reagent
can be used to monitor tension between sister KTs. Loss
of the BubR1-Plkl interaction and the ensuing loss of
BubR1 hyperphosphorylation did not detectably inter-
fere with KT localization of either Plkl or BubR1, nor
with the ability of BubR1 to associate with CenpE, MCC
components, or the APC/C. Rather than being directly
required for SAC signaling, Plkl-induced BubR1 hyper-
phosphorylation was found to be important for the es-
tablishment of stable KT-MT interactions during chro-
mosome congression. Remarkably, phosphorylation of
S676 was prominent on all KTs during prometaphase and
on unaligned chromosomes in CenpE-depleted cells.
Moreover, it could be restored to metaphase chromo-
somes by Taxol treatment, demonstrating that this
modification on BubR1 correlates with the extent of ten-
sion between sister KTs.

PIk1 phosphorylation causes the BubR1 mitotic
upshift

Two recent studies independently confirm that Plk1 is
responsible for the mitotic hyperphosphorylation that
causes the characteristic upshift in BubR1 migration
(Lenart et al. 2007; Matsumura et al. 2007). However,
previously two other proteins had been implicated in
causing this BubR1 upshift, namely, CenpE and Aurora B
(Ditchfield et al. 2003; Weaver et al. 2003; Tanudji et al.
2004). Interestingly, depletion of CenpE results in de-
creased BubR1 levels at KTs (Supplementary Fig. S1;
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Weaver et al. 2003; Tanudji et al. 2004), and similar ef-
fects were seen after depletion or inhibition of Aurora B
(Ditchfield et al. 2003). Considering that maximal BubR1
hyperphosphorylation depends on KT localization of
both BubR1 and Plk1 (Fig. 2A-C), impaired BubR1 local-
ization might thus contribute to explain the reduced hy-
perphosphorylation seen in response to depletion of ei-
ther CenpE or Aurora B. This by no means excludes the
possibility that Aurora B phosphorylates mammalian
BubR1. Studies in Saccharomyces cerevisiae clearly in-
dicate that Mad3p, the putative yeast ortholog of BubR1,
is phosphorylated by both Ipl1 (Aurora B) and Cdc5 (Plk1)
(Rancati et al. 2005), and phosphorylation of Mad3p by
Ipl1 has been implicated in the cellular response to ten-
sion (King et al. 2007). However, the Ipll sites identified
in yeast Mad3p are not obviously conserved in human
BubR1 and, at least under the in vitro assay conditions
used here, Plkl was much more potent in phosphorylat-
ing BubR1 than Aurora B. This notwithstanding, it will
be interesting to explore a direct action of Aurora B on
BubR1, particularly since vertebrate Aurora B is thought
to promote turnover of KT-MTs to reduce attachment
errors (Hauf et al. 2003; Cimini et al. 2006).

BubR1 phosphorylation is not required for SAC
signaling

BubR1 from Plkl-depleted cells could bind to all inter-
action partners examined (Fig. 2E,F), indicating that
BubR1 phosphorylation by Plkl is not required for its
association with MCC components or the APC/C. More-
over, BubR17¢2%A_expressing cells did not commence
anaphase before all chromosomes were fully aligned (Fig.
4B,C), indicating that the SAC was still functional. In-
deed, the SAC was previously shown to be active in
Plk1-depleted cells, with checkpoint proteins still asso-
ciated with KTs (Sumara et al. 2004; van Vugt et al. 2004,
Ahonen et al. 2005). It follows that BubR1 phosphoryla-
tion by Plkl is not required for SAC activity per se, in
line with a recent report by Nishida and coworkers (Mat-
sumura et al. 2007).

In contrast to the striking phenotypes observed in
BubR1-depleted cells expressing BubR1T¢2%4 we were
unable to detect significant differences in the abilities of
BubR1W™ and BubR1¥P to restore BubR1 functionality
in two independent assays. However, an independent
study recently reported that BubR1 kinase activity is re-
quired for stabilizing KT-MT interactions (Matsumura
et al. 2007). Although we cannot presently explain the
discrepancy between our results and those reported by
Nishida and coworkers, we propose that BubR1 activity
is either not required for the functions that were assayed
in the present study or, alternatively, that restoration of
a catalytically inactive BubR1 to BubR1-depleted cells
somehow enhanced the functionality of residual wild-
type BubR1. In any event, there is evidence that BubR1
kinase activity may not be critical for all BubR1 func-
tions. First, BubR1*” or BubR1 lacking the kinase do-
main was reported to be functional in Xenopus egg ex-
tracts (Chen 2002). Second, the putative budding yeast
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ortholog of BubR1, Mad3, lacks a kinase domain alto-
gether. The fact that Mad3 is also a physiological Plkl
substrate (Rancati et al. 2005) supports the view that
Plk1 regulates functions of BubR1/Mad3 that do not in-
volve a catalytic kinase domain.

PIk1 phosphorylates BubR1 in response to lack
of tension

Increasing evidence suggests that Plk1 is required for sta-
bilization of KT-MT attachments (Sumara et al. 2004,
Hanisch et al. 2006; Lenart et al. 2007; Matsumura et al.
2007). Our present data indicate that Plk1 contributes to
regulate attachment stability at least in part through its
association with and phosphorylation of BubR1 at the
KT, in agreement with Nishida and colleagues (Mat-
sumura et al. 2007). Expression of BubR1%%°* (which can-
not bind to Plk1 and thus cannot become phosphorylated
by Plkl1) resulted in reduced cold stability of KT-MT
attachments, chromosome congression defects, and pro-
longed mitoses (Figs. 3, 4). In addition to BubR1, Plkl
phosphorylates other KT components implicated in the
establishment of KT-MT attachments (Meraldi et al.
2004; Kline-Smith et al. 2005; Kang et al. 2006; Nishino
et al. 2006). Furthermore, KT binding of Plkl and Hecl/
Ndc80, a key regulator of KT-MT attachments (Cheese-
man et al. 2006; DeLuca et al. 2006), is seemingly inter-
dependent, suggesting that these proteins may act syn-
ergistically to regulate KT-MT attachments (Ahonen et
al. 2005; Wong and Fang 2005). Therefore, it is likely that
Plk1 functions through cooperative phosphorylation of
several targets at the KT.

Tension-sensitive phosphorylation at the KT was dis-
covered more than a decade ago, thanks largely to the use
of the 3F3/2 antibody (Gorbsky and Ricketts 1993). Al-
though Plkl1 has been implicated in generating the ten-
sion-related 3F3/2 phospho-epitope (Ahonen et al. 2005;
Wong and Fang 2005) and several antigens have been
tentatively linked to this epitope (Daum and Gorbsky
1998; Daum et al. 2000; Wong and Fang 2006), the sig-
nificance of various phosphorylation events for KT func-
tion and tension sensing remains to be understood. Here
we describe the identification of S676 as a highly con-
served Plk1-specific target site on BubR1. Several lines of
evidence indicate that phosphorylation of this site cor-
relates with lack of tension. First, KTs stained with anti-
pS676 antibody preferentially during prometaphase.
Staining was gradually lost as sister chromatids reached
metaphase, concomitant with the generation of tension
in response to bipolar attachment (Pinsky and Biggins
2005). Second, prometaphase cells were equally phos-
phorylated on S676 in the presence of Taxol or noco-
dazole, indicating that loss of tension rather than lack of
attachment efficiently induced phosphorylation (Fig. 7D;
Supplementary Fig. S4E). Third, BubR1 phosphorylation
was enhanced at KTs of misaligned chromosomes in
CenpE-depleted cells (Fig. 7A), presumed to be attached
but not under tension (Yao et al. 2000; McEwen et al.
2001). Fourth, Taxol treatment of metaphase cells led to
rapid reacquisition of the anti-pS676 signal and concomi-



tant loss of RanGAP1 binding to KTs (Fig. 7B,C), indica-
tive of destabilized KT-MT interactions due to loss of
tension (Joseph et al. 2004). These results raise the ques-
tion of how pS676 relates to the 3F3/2 phospho-epitope.
A recent study in Xenopus suggested that loading of the
3F3/2 epitope onto KTs is dependent on prior assembly
of checkpoint proteins and that simultaneous recruit-
ment of BubR1 and Plk1 represents the final step in KT
loading of the 3F3/2 antigen. Although these observa-
tions made it tempting to speculate that pS676 could
make a major contribution to the 3F3/2 epitope, prelimi-
nary experiments have failed to substantiate this possi-
bility (J. Daum, K. Byrd, and G. Gorbsky, pers. comm.).

At present, we do not know the exact biochemical role
of phosphorylation of BubR1 on S676 (and presumably
other Plk1 sites), but we emphasize that this phosphory-
lation is transient during M-phase progression, as sum-
marized in Figure 7G. In prophase, before MTs approach
KTs, there is virtually no phosphorylation at S676,
which is in striking contrast to 3F3/2 staining and indi-
cates that S676 phosphorylation requires KT-MT inter-
actions. As cells progress through prometaphase, KTs be-
gin to associate with spindle MTs, but as long as sister
chromosomes have not undergone bipolar attachment,
tension is absent and KT-MT interactions are unstable.
At this stage, S676 on KT-associated BubR1 is maxi-
mally phosphorylated by Plk1, and we postulate that the
highly phosphorylated BubR1 contributes to the estab-
lishment of stable KT-MT interactions during chromo-
some congression. However, as soon as KT-MT interac-
tions come under tension (due to bipolar attachment),
phosphate is lost from S676. We thus propose that tran-
sient phosphorylation of BubR1 on S676 (and perhaps
other Plk1 sites) is required for stabilizing KT-MT inter-
actions. Whether this involves a conformational change
in BubR1 or the recruitment of additional proteins re-
mains to be determined in the future. Finally, it will be
interesting to explore whether this tension-sensitive
phosphorylation is regulated primarily at the level of the
substrate, the upstream kinase (Plkl), or an as-yet-un-
identified antagonistic phosphatase.

Materials and methods

Cell culture, synchronizations, transfections, and siRNA
depletion

HeLa S3 cells or HeLa S3 cells stably expressing Histone
H2B-GFP were routinely maintained in DMEM (Invitrogen)
supplemented with 10% FBS and penicillin-streptomycin (100
IU/mL and 100 mg/mL, respectively). Methods for plasmid
transfections and siRNA depletions as well as siRNA duplexes
were previously described (Baumann et al. 2007). BubR1-spe-
cific  siRNA duplexes (BubRl1 [5-GGAGATCCTCTA
CAAAGGG-3'] and BubR1-3’ directed against the 3’-UTR re-
gion [5-GTCTCACAGATTGCTGCCT-3']) were purchased
from Qiagen. Drug treatments of cells were performed for 16 h,
using aphidicolin at 1.6 pg/mL, nocodazole at 0.5 pg/mL and
Taxol at 10 pM, and MG132 at 10 uM for 3 h, or as otherwise
stated.
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Biochemical assays

In vitro phosphorylation of BubR1 was carried out at 30°C using
300 ng of recombinant BubR1 and 100 ng of each kinase in a
total volume of 30 pL of kinase reaction buffer (10 mM Tris at
pH 7.5, 10 uM sodium vanadate, 10 mM MgCl,, 10 uM ATP, 1
mM DTT, 5 nCi [y-**P]JATP [3000 Ci/mmol, 10 mCi/mL]). Re-
actions were stopped after 30 min by addition of sample buffer.
Samples were then resolved by SDS-PAGE and visualized by
autoradiography. Kinase assays for Far Westerns were per-
formed as indicated above in the presence of nonradiolabeled
ATP only. Far Westerns were done as previously described, us-
ing 1 ng/mL GST-tagged PBD (Neef et al. 2003). Cell extracts for
all experiments were prepared in RIPA lysis buffer (10 mM Tris
at pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 1% sodium de-
oxycholate, 1 mM sodium vanadate, 10 ng/mL of leupeptin per
milliliter, 1 ug/mL Pepstatin A, 10 pg/mL aprotinin, and 1 mg/
mL Pefabloc). All Western blots and immunoprecipitations
were performed with lysates equalized for protein content using
the BCA assay (Pierce).

For pull-down experiments, 5 mg of mitotic lysate were in-
cubated for 1 h in the presence of 2 pg of immobilized GST-
PBDYT or GST-PBD”# (Hanisch et al. 2006). After extensive
washing, the beads were boiled in SDS-PAGE sample buffer and
resolved by electrophoresis. BubR1 binding was then deter-
mined by Western blotting. Unless otherwise indicated, immu-
noprecipitations were performed with 1 pg of antibody per mil-
ligram of cell extract.

Immunofluorescence microscopy and time-lapse
videomicroscopy

Cells grown on coverslips were fixed and permeabilized simul-
taneously for 10 min at room temperature and processed for
indirect immunofluorescence microscopy as described previ-
ously (Baumann et al. 2007). Samples were examined on a Delta-
vision microscope (Applied Precision), with optical sections ac-
quired 0.15 pm apart in the Z-axis. Deconvolved images from
each focal plane were projected into a single picture using Soft-
worx (Applied Precision). For time-lapse videomicroscopy,
HeLa S3 cells stably expressing Histone H2B-GFP were used.
During filming, cells were maintained in CO,-independent me-
dium and at 37°C on a heated platform. Image acquisition was
performed using a Zeiss Axiovert 2 microscope equipped with a
Plan Neofluar 40x objective. Cells expressing both Histone
H2B-GFP and mCherry-BubR1 were tracked for 16 h. GFP im-
ages were acquired at 2-min intervals using Metamorph soft-
ware (Visitron Systems), with mCherry monitored every tenth
acquisition.

Detailed descriptions of other methods are available in the
Supplemental Material.
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