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CELL DIVISION CYCLE

Competition between MPS1 and
microtubules at kinetochores
regulates spindle checkpoint signaling
Yoshitaka Hiruma,1,2,3* Carlos Sacristan,2,3* Spyridon T. Pachis,2,3

Athanassios Adamopoulos,1 Timo Kuijt,2,3 Marcellus Ubbink,4 Eleonore von Castelmur,1

Anastassis Perrakis,1† Geert J. P. L. Kops2,3†

Cell division progresses to anaphase only after all chromosomes are connected to spindle
microtubules through kinetochores and the spindle assembly checkpoint (SAC) is satisfied.We
show that the amino-terminal localization module of the SAC protein kinase MPS1 (monopolar
spindle 1) directly interacts with the HEC1 (highly expressed in cancer 1) calponin homology
domain in theNDC80 (nucleardivisioncycle80)kinetochore complex in vitro, in aphosphorylation-
dependent manner. Microtubule polymers disrupted this interaction. In cells, MPS1 binding
to kinetochores or to ectopic NDC80 complexes was prevented by end-on microtubule
attachment, independent of known kinetochore protein-removal mechanisms. Competition for
kinetochore binding between SAC proteins and microtubules provides a direct and perhaps
evolutionarily conserved way to detect a properly organized spindle ready for cell division.

A
ttachment of microtubules to kinetochores
of meiotic and mitotic chromosomes is es-
sential for segregating a single copy of the
genetic material to each of the daughter
cells during cell division. This process is

surveyed by the spindle assembly checkpoint
(SAC), which orchestrates the assembly of an
anaphase inhibitor (1, 2) that delays mitotic pro-
gression until all kinetochores are attached to
microtubules (3, 4). Stable interaction of micro-
tubules to all kinetochores silences the SAC, al-
lowing anaphase to proceed. A key unresolved
question is how the SACmachinery distinguishes
attached from unattached kinetochores. In meta-
zoa, poleward transport of SAC proteins by the
dynein motor complex may contribute to extin-
guishing kinetochore-SAC signalingwhenmicro-
tubules have attached (5). However, kinetochore
dynein is not widely conserved (1, 6), and SAC
protein removal and silencing can occur without
kinetochore dynein in human cells (7, 8). Kine-
tochore phosphatases are required to silence the

SAC in fungi and metazoa (9–11), but there is no
evidence that they are regulated by microtubule
attachment.
The SAC relies on the kinetochore-localized

protein kinase MPS1 (monopolar spindle 1). Fail-
ure to remove it from kinetochores prevents SAC
silencing and timely anaphase onset (12, 13). The
microtubule-binding NDC80 (nuclear division
cycle 80) complex [NDC80-C, which consists of
HEC1 (highly expressed in cancer 1), NUF2 (nucle-
ar filament–related 2), and SPC24 and SPC25
(spindle pole body component 24 and 25)] is
needed forMPS1 localization to the kinetochores
(14–18). The N-terminal calponin homology (CH)
domain of human HEC1 is essential for that in-
teraction (14), as also in Saccharomyces cerevisiae
(19, 20). TheMPS1 tetratricopeptide repeat (TPR)
domain and a 62–amino acid N-terminal exten-
sion (NTE) are required for localizing MPS1 to
kinetochores (14).
To test whether the NTE-TPR localization

module of MPS1 binds directly to the NDC80-C,
we expressed 15N-labeled MPS1 N-terminal do-
main variants—namely MPS1TPR, MPS1NTE-TPR,
and MPS1TPR-CTE (CTE, C-terminal extension)
(Fig. 1A and fig. S1A) (for details on all constructs,
see the supplementary materials and methods).
The corresponding 1H-15N heteronuclear single
quantum coherence spectra showed dispersed
peaks, as expected for the TPR structure (Fig. 1, B
and C). The 1H-15N spectra recorded in the pres-
ence of the “Broccoli” variant of the NDC80-C

[NDC80-CBroccoli (21)] showed peak broadening,
leading to the disappearance ofmanypeaks (Fig. 1,
D and E, and fig. S1B), which is indicative of the
formation of a complex with higher molecular
mass. Peak changes were also observed for bind-
ing to the “Bonsai” complex [NDC80Bonsai (22)]
(fig. S1, C to E).
We determined the strength of the interaction

of the localizationmodule ofMPS1 andNDC80-C
by microscale thermophoresis (MST) (all affin-
ities determined in this study are summarized in
table S1). The same variants as those used for the
nuclear magnetic resonance (NMR) experiments
(Fig. 1F and fig. S2, A and B) andMPS1NTE-TPR-CTE

(Fig. 1G) showed weak binding affinities (3 to
11 mM) when titrated to fluorescently labeled
NDC80Broccoli. Relatively higher affinity was ob-
served for NTE-containing constructs, consistent
with our previous demonstration of NTE impor-
tance for MPS1 function (14) and with NMR
spectra that show more changes in the presence
of the NTE (Fig. 1E). Titrating NDC80Broccoli to
fluorescently labeled full-length MPS1 showed
similar affinity to that of the TPR-containing
constructs (~10 mM) (fig. S2C). However, when
NDC80Broccoli was titrated to fluorescently labeled
MPS1NTE-TPR-CTE,we did not observe clear binding
(Fig. 2A).
The N-terminal localizationmodule ofMPS1 is

heavily phosphorylated, and cyclin-dependent ki-
nase 1,AuroraB, Polo-likekinase 1 (PLK1), andMPS1
itself have been implicated in regulating locali-
zation ofMPS1 to kinetochores (14, 15, 20, 22, 23).
Because most potential phosphorylation sites
within NTE conform to an MPS1 or PLK1 con-
sensus sequence, we used recombinant MPS1 to
phosphorylate the N-terminal MPS1 localiza-
tionmodule.Whereas titrating NDC80-CBroccoli to
labeled unphosphorylated MPS1NTE-TPR-CTE had
resulted in no binding (Fig. 2A), exposingNDC80-
CBroccoli to phosphorylated, labeledMPS1NTE-TPR-CTE

(pMPS1NTE-TPR-CTE) resulted in clear interaction
with an affinity of ~150 nM (Fig. 2A). The affinity
of NDC80-CBroccoli to pMPS1TPR-CTE remained
undetectable, indicating that the phosphorylation
events leading to increased affinity are in the
NTE. Phosphorylated full-length MPS1 had sim-
ilar affinity (~210 nM) as pMPS1NTE-TPR-CTE for
NDC80-CBroccoli (fig. S2D). In addition, the inter-
action of pMPS1NTE-TPR-CTE with NDC80-CBroccoli

was outcompeted by excess amounts of unlabeled
MPS1NTE-TPR-CTE (fig. S3A), indicating that the
unphosphorylated and phosphorylated forms at
least partially share the interaction site. Finally,
pMPS1NTE-TPR-CTE also interacted with NDC80-
CBonsai (fig. S3B), as well as with only the CH do-
main of HEC1 (Fig. 2B). Collectively, these results
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show that phosphorylation of the NTE of MPS1 in-
creases affinity toward NDC80-C by at least a factor
of 20 and that amainMPS1 interaction site in the
outer kinetochore exists in the HEC1 CH domain.
We next tested whether microtubules could di-

rectly prevent the interaction of MPS1 to HEC1,
which is known to contactmicrotubules (22). Bind-
ing of either MPS1NTE-TPR-CTE or pMPS1NTE-TPR-CTE

to NDC80Broccoli was compromised by the pres-
ence of taxol-stabilizedmicrotubules, in amanner
dependent on microtubule concentration and
polymerization time (Fig. 2C and fig. S3, C andD).
To test whether competition between MPS1

and microtubules for NDC80-C binding also oc-
curs in cells, we examined whether MPS1 and
microtubules could bind kinetochores simultane-

ously. MPS1 amounts at kinetochores in prometa-
phase cells were high on unattached and laterally
attached kinetochores but were almost undetect-
able on kinetochores that displayed clear end-on
attachments (Fig. 3, A and B). Expression of the
Phe258→Ala258 mutant of Spindly, which specifi-
cally prevents activity of the kinetochore-localized
pool of dynein (7), did not prevent microtubule

SCIENCE sciencemag.org 12 JUNE 2015 • VOL 348 ISSUE 6240 1265

Fig. 1. Interaction of the N-terminal localization module of
MPS1 with the NDC80 complex. (A) Diagrams of MPS1 and
NDC80-CBroccoli. (B to E) NMR spectra of [15N] MPS1 variants, alone
or mixed with NDC80-CBroccoli. A ~10% molar excess of NDC80-C
was used for the complex measurements. d, chemical shift; ppm,
parts per million. (F and G) MST binding curves of MPS1 variants
titrated against fluorescent NDC80-CBroccoli . Error bars show
SDs from a triplicate experiment. KD, dissociation constant.
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Fig. 2. Diminished binding of phosphorylated MPS1 to the NDC80 complex by addition of microtubules. (A) MST binding curves for NDC80-CBroccoli

titrated against the indicated fluorescent MPS1 variants. (B) MST binding curves for the glutathione S-transferase (GST)–HEC1 CH domain titrated against
fluorescent pMPS1NTE-TPR-CTE. (C) MST binding curves for NDC80-CBroccoli titrated against fluorescent pMPS1NTE-TPR-CTE, alone or with the addition of
microtubules. Error bars show SDs from a triplicate experiment, except in (C) (duplicate experiment). MTs, microtubules; P, phosphate.
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attachment from removing MPS1 from kineto-
chores (Fig. 3, C and D), whereas it reduced the
release of MAD1 (mitotic arrest deficient 1) and
ZW10 (zeste white 10) (Fig. 3D and fig. S4A).
Similar results were obtained by depletion of the
dynactin subunits Arp1 or p150Glued (8, 14) or by
treatment of cells with the small-molecule dynein
inhibitor ciliobrevin D (24) (fig. S4, B to E). Cilio-
brevin D caused high frequency of kinetochores
bound to the microtubule lattice, and these kineto-
chores had substantial amounts of MPS1 (fig. S4D).
This verified that initial lateral attachments, which
in animal cells do not involve the NDC80-C, did
not dislodge MPS1 from kinetochores.
Displacement of MPS1 from attached kineto-

chores coincided with dephosphorylation of one

of its key SAC substrates, KNL1 (kinetochore null
1) (Fig. 3D and fig. S4A). Precluding localization
of the main SAC-silencing phosphatase PP1 (pro-
tein phosphatase 1) to kinetochores by expressing
KNL1-4A (10), however, did not prevent micro-
tubules from inhibiting MPS1 kinetochore bind-
ing (Fig. 3, E and F).
Decorating ectopic LacO arrays on the arm of

chromosome 1 with LacI-tethered HEC1 was suf-
ficient to localize endogenousMPS1 to those arrays
in the absence of microtubules (Fig. 3G and fig.
S4F) (14). Allowing microtubules from a mono-
polar spindle to engage in interactions with the
LacI-HEC1 molecules on the LacO arrays resulted
in delocalization of MPS1 (Fig. 3G). Notably, the
LacO arrayswere devoid of dynein (fig. S4F). These

data support the hypothesis that MPS1 and micro-
tubules compete for binding to NDC80-C in cells.
To identify which residues inHEC1 bindMPS1,

we reasoned that because of the preferential
binding of phosphorylated MPS1, hydrogen
donorswithinHEC1were likely candidates. Based
on the structure of NDC80-C bound to micro-
tubules (19), we designed four NDC80Broccoli

mutants carrying clustered substitutions in the
HEC1 CH domain, either directly in the interface
with tubulin (M1) or peripheral to the interface
(M2 to M4) (Fig. 4, A and B). Whereas M1 and
M3displayed a similar affinity for pMPS1NTE-TPR-CTE

as wild-type NDC80Broccoli, M2 and, in particular,
M4 had reduced affinities (Fig. 4C and fig. S5A).
M4 was compromised in recruiting endogenous
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MPS1 to LacO arrays (fig. S5, B and C) and en-
dogenous kinetochores (Fig. 4D) and was unable
to support a robust SAC response (fig. S5D). How-
ever,M4 remained capable of bindingmicrotubules
in vitro (fig. S5E) and supporting stable kinetochore-
microtubule interactions in cells (fig. S5F). These
findings show that theHEC1-MPS1 interface is in
close proximity to but is not identical to theHEC1-
microtubule interface (fig. S5G) and suggest that
inhibition of MPS1-HEC1 interaction by micro-
tubules is at least partly noncompetitive in nature.
Our data reveal a mechanism for how

kinetochore-microtubule interactions inhibit
production of the anaphase inhibitor. MPS1 di-
rectly binds the outer kinetochore NDC80-C in a
phosphorylation-dependent manner, orchestrat-
ing SAC signaling by ensuring localization of SAC
proteins and by promoting assembly and stabil-
ity of the anaphase inhibitor (25). As MPS1 cycles
dynamically on and off the kinetochore (12), end-
on attachments of microtubules to the NDC80-C
can directly prevent rebinding of MPS1 (Fig. 4F).
To extinguish the SAC, delocalization of MPS1
likely needs to coincide with removal of key
downstream SAC effectors from kinetochores

andwith dephosphorylation of its substrates and
perhaps of MPS1 (10, 26).
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Fig. 4. Mutations in the CH domain of HEC1 preclude MPS1 binding. (A and B) Surface view of the NDC80 complex bound to tubulin (Protein Data Bank
identification number: 3IZO) (A) or the HEC1 region close to tubulin (B), with the four HEC1 cluster mutants (M1 to M4) annotated in color. (C) Relative affinity of
the NDC80-CBroccoli mutants binding to pMPS1NTE-TPR-CTE. Error bars denote SD. (D and E) Representative images (D) and quantification (TSD) (E) of protein
localization in HeLa Flp-IN cells expressing the indicated HEC1 variants and treated with nocodazole. ***P < 0.001; ****P < 0.0001. (F) Model for how
microtubules inhibit signaling by the SAC kinase MPS1.
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Competition between MPS1 and microtubules at kinetochores regulates spindle checkpoint
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MPS1 dissociates, the inhibitory signal is lost, and cell division is allowed to proceed.
for binding to the same site on the kinetochore where MPS1 is bound. Thus, once the kinetochore is properly attached, 
When the chromosome becomes properly attached to the mitotic spindle, microtubules of the spindle physically compete
with a protein complex at the kinetochore of the chromosome. Its activity produces signals that pause the cell cycle. 

associatesexplain the molecular mechanism by which cells sense that they are ready to divide. The protein kinase MPS1 
et al. and Ji et al.spindle to allow precise distribution of one copy of each chromosome to each daughter cell. Hiruma 

Cells have a ''checkpoint'' that pauses cell division until all chromosomes are properly arranged on the mitotic
How cells sense connected chromosomes
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