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Faithful segregation of chromosomes to two daughter cells is reg-
ulated by the formation of a bipolar mitotic spindle and the spindle
assembly checkpoint, ensuring proper spindle function. Here we
show that the proper localization of the kinase Mps1 (monopolar
spindle 1) is critical to both these processes. Separate elements in
the Mps1 N-terminal extension (NTE) and tetratricopeptide repeat
(TPR) domains govern localization to either the kinetochore or the
centrosome. The third TPR (TPR3) and the TPR-capping helix (C-helix)
are each sufficient to target Mps1 to the centrosome. TPR3 binds to
voltage-dependent anion channel 3, but although this is sufficient
for centrosome targeting of Mps1, it is not necessary because of the
presence of the C-helix. A version of Mps1 lacking both elements
cannot localize to or function at the centrosome, but maintains
kinetochore localization and spindle assembly checkpoint function,
indicating that TPR3 and the C-helix define a bipartite localization
determinant that is both necessary and sufficient to target Mps1
to the centrosome but dispensable for kinetochore targeting. In
contrast, elements required for kinetochore targeting (the NTE
and first two TPRs) are dispensable for centrosomal localization
and function. These data are consistent with a separation of Mps1
function based on localization determinants within the N terminus.
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The correct segregation of chromosomes during cellular di-
vision is crucial for ensuring genomic stability, and when

unregulated, it can lead to a gain or loss of genetic material known
as aneuploidy (1), a hallmark of many cancers (2). To regulate
chromosome segregation, an elaborate checkpoint has evolved to
prevent the onset of anaphase when chromosomes are not prop-
erly attached to the mitotic spindle (3). This spindle assembly
checkpoint (SAC) has several modular steps (4), and its core
function is to prevent mitotic errors by ensuring anaphase does not
proceed until each pair of sister chromatids is properly attached
to and aligned by microtubules from each mitotic spindle pole.
This is achieved by inhibiting the anaphase-promoting complex/
cyclosome (APC/C)-mediated degradation of cyclin B and
securin (5, 6). A collection of proteins including BubR1 (mitotic
checkpoint serine/threonine kinase B) and Mad2 (mitotic arrest
deficient 2-like protein 1) prevents Cdc20 (cell-division cycle 20
homolog) from activating the APC/C (7). Mps1 (monopolar
spindle 1), another core SAC protein, is a dual-specificity kinase
whose activity is necessary for the recruitment of BubR1 and
Mad2 to the kinetochore and the conversion of Mad2 from an
inactive conformation to an active state that inhibits Cdc20 (8–10).
Mps1 has also been implicated in centrosome function. It was

first identified in Saccharomyces cerevisiae, where it is essential for
spindle pole body duplication (11), and has been found to localize
to centrosomes and regulate centrosome duplication in mice and
humans (12–15). Although human Mps1 phosphorylates the cen-
triole component Centrin 2 (Cetn2) and recruits it to centrosomes
(16, 17), one difficulty in assigning a centrosomal function to Mps1
has been the possibility that centrosomal phenotypes caused by
manipulation of Mps1 function might be attributed to a failure of

the SAC in the previous mitosis. However, failure to regulate the
centrosomal pool of Mps1 can lead to centrosome amplification
(18–21), and extra centrosomes in mitosis can lead to chromo-
somal segregation errors invisible to the SAC (22). Therefore, it is
critical to elucidate the mechanisms regulating Mps1 recruitment
both to kinetochores and to the centrosome to have a complete
understanding of how Mps1 can influence processes that are likely
to be important in tumorigenesis.
Recently, a centrosome localization domain (CLD) was found

in human Mps1 (amino acids 53–175), based on homology
among vertebrate Mps1 proteins (23). This domain interacts
with a novel centrosomal component voltage-dependent anion
channel 3 (VDAC3), which is required for Mps1 localization to
the centrosome (23). This CLD partially overlaps with a region in
the N terminus of Mps1 that folds into a tetratricopeptide repeat
(TPR) motif and is required for kinetochore localization and
function of Mps1 (24–26). Mutations resulting in improper folding
of the first two TPRs lead to a loss of Mps1 at the kinetochore
(25), and an N-terminal extension (NTE) preceding the TPRs is
responsible for Mps1 dimerization (25, 26); however, the contri-
bution of the third TPR to Mps1 localization and the relationship
between the TPRs and the CLD remain to be determined.
We sought to examine the extent of correlation between our

previously defined CLD and the newly defined TPR motifs in
Mps1. Here we provide evidence that although the NTE and the
first two TPRs are responsible for targeting the kinase to the ki-
netochore during mitosis, the third TPR and its C-terminal capping
helix control the centrosomal pool of Mps1. Removing TPR3 and
the C-helix impairs centrosome targeting and function without
interfering with kinetochore localization or SAC function, whereas
removing the NTE and TPR1/2 impairs kinetochore targeting and
SAC function without preventing centrosome localization and
function. Removal of kinetochore targeting elements also greatly
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enhances centrosome targeting, suggesting they negatively regulate
centrosome targeting of Mps1. This separation of Mps1 function at
centrosomes and in the SAC indicates that Mps1-associated cen-
trosomal phenotypes are not the result of SAC errors in the pre-
vious mitosis, but represent a bona fide centrosomal function.

Results
Mps1 Amino Acids 136–248 Are Required for VDAC3 Interaction and
Centrosomal Localization. VDAC3 is required for centrosomal tar-
geting of Mps1, and we previously characterized the Mps1 CLD as
a VDAC3-binding element (23). However, we subsequently found
that in S-phase arrested HeLa cells there was no apparent differ-
ence in GFP fluorescence at centrosomes between wild-type GFP-
Mps1 and GFP-Mps1ΔCLD (GFP accumulated at centrosomes in
40.7 ± 9.0% and 48.7 ± 6.1% of GFP+ cells, respectively) (Fig. 1).
Thus, although the CLD is sufficient to target GFP to centrosomes,
it is not necessary for the centrosomal targeting of full-length
Mps1. This suggested the presence of additional centrosome tar-
geting information in Mps1 and prompted us to expand our
analysis of the Mps1 amino terminus. Using the crystal structures
of the Mps1 TPRs (24–26) as a guideline, various truncations were
generated in the first 300 amino acids of Mps1, which has pre-
viously been shown to be sufficient for centrosomal and kineto-
chore localization (15). The ability of these truncation constructs
to bind VDAC3 and localize to centrosomes was then assessed

(summary of results in Fig. 2A). To investigate binding to VDAC3,
lysates from HEK293 cells expressing GFP-tagged constructs were
incubated with amylose resin bound to bacterially expressed
maltose binding protein (MBP) or MBP-VDAC3. Loss of the first
two TPRs (ΔTPR1/2) did not prevent VDAC3 binding, whereas
loss of TPR3 through amino acid 300 (Δ136–300) greatly reduced
binding to MBP-VDAC3 (Fig. S1A). Interestingly, ΔTPR1/2
consistently showed enhanced VDAC3 binding compared with
Mps11–300 (Fig. S1A), although the magnitude of this effect was
variable. Both TPR3 and amino acids 218–248 (an unstructured
region we have termed the VDAC3 binding region, or VBR)
could independently bind to VDAC3, whereas the TPR capping
helix (C-helix) could not (Fig. S1A). However, removal of TPR3
from 1 to 300 (ΔTPR3) greatly reduced VDAC3 binding, whereas
removal of the VBR (ΔVBR) had little effect (Fig. S1A), sug-
gesting TPR3 is the functional VDAC3 binding element in the
Mps1 N terminus.
To investigate the centrosome localization of truncated frag-

ments, their colocalization with the centrosome marker γ-tubulin
was assessed, using rigorous and objective criteria, as previously
described (18) (see, for example, Fig. S3). Removing the first two
TPRs did not hinder centrosomal targeting, and as with VDAC3
binding, ΔTPR1/2 showed enhanced centrosomal targeting, with
89.3 ± 7.0% of GFP+ cells showing centrosomal GFP signal
compared with 65.3 ± 6.1% for GFP-Mps11–300 (Fig. S1 B and
C). Similar to VDAC3 binding, multiple elements downstream of
TPR2 could confer centrosomal localization. Both TPR3 and the
C-helix are each able to independently target GFP to centro-
somes, whereas the VBR could not (Fig. S1 B and C).

The Third TPR and C-Helix Are the Mps1 Centrosomal Determinant. To
refine the centrosomal targeting motif of Mps1, we generated a
variety of internal truncations in the full-length Mps1 protein. As
observed in the Mps11–300 fragment, deletion of TPR3 and the
C-helix prevented the binding of Mps1 to VDAC3, even though
the VBR is still present in the GFP-Mps1Δ3C construct (Fig. S2),
confirming TPR3 as the functional VDAC3 binding element within
Mps1. Deletion of TPR3 and the C-helix also prevented efficient
localization to the centrosome, as GFP-Mps1Δ3C accumulated at
centrosomes in only 18.0 ± 5.6% of S-phase arrested cells (Fig. 2 B
and C and Fig. S3). Although it is possible that loss of TPR3 and
the C-helix renders the VBR inaccessible to VDAC3, the VBR
does not confer centrosomal localization (Fig. S1 B and C), its
removal has little effect on VDAC3 binding (Fig. S1A), and its
presence is not sufficient for binding of Mps1 to VDAC3 (Fig. S2).
Therefore, we have not considered the VBR further. As seen with
the N-terminal fragments, deletion of the first two TPRs and the
preceding NTE increased the number of GFP+ cells with cen-
trosomal GFP by approximately twofold compared with wild-type
Mps1 (90.7 ± 5.0% vs. 46.0 ± 8.7%, respectively) (Fig. 2 B and C).
Because Mps1 centrosomal levels are tightly regulated by the

proteasome-dependent degradation of Mps1 at centrosomes (18,
20, 27), we tested whether the reduced centrosomal accumulation
of GFP-Mps1Δ3C could be the result of enhanced degradation.
However, proteasome inhibition increases the centrosomal levels
of the Mps1 targeting factor VDAC3 (23), which would complicate
the analysis. Therefore, we introduced into Mps1Δ3C the T468D
mutation that prevents degradation of centrosomal Mps1 by mim-
icking Cdk2 phosphorylation of the centrosomal Mps1 degradation
signal (18). Because the Cdk2-regulation of Mps1 degradation oc-
curs during S-phase, we focused our analysis on S-phase cells from
asynchronously growing HeLa cells after bromodeoxyuridine (BrdU)
labeling. Compared with cells expressing wild-type GFP-Mps1,
there was a significant increase in the percentage of BrdU+ cells
with GFP signal at centrosomes in cells expressing GFP-Mps1T468D.
However, there was no significant difference between cells express-
ing GFP-Mps1Δ3C,T468D and those expressing GFP-Mps1Δ3C (Fig. 2
D and E). Because preventing the degradation of GFP-Mps1Δ3C

Fig. 1. The CLD is not necessary for Mps1 centrosomal localization. (A–C)
Representative images of S-phase arrested HeLa cells transfected with GFP
(A), GFP-Mps1 (B), or GFP-Mps1ΔCLD (C), showing DNA (blue), GFP (green),
and centrosomes (γ-tub, red). In this and subsequent figures, lower panels
depict approximate fourfold digital magnification of boxed regions. (Scale
bars, 5 μm.) (D) Percentage of GFP+ cells in which GFP colocalizes with
γ-tubulin; mean ± SD (SD) of n = 3 independent experiments of n = 50 cells
for each experiment.
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does not increase its accumulation at centrosomes, this sup-
ports the suggestion that TPR3 and the C-helix act as a tar-
geting motif for the recruitment of Mps1 to the centrosome, at
least in part through the interaction with the centrosomal pro-
tein VDAC3.

Mps1 Localization to the Centrosome Is Critical for Its Centrosomal
Functions. To determine whether the various internal truncation
constructs can rescue the centrosomal functions of Mps1, we per-
formed siRNA-mediated depletion of endogenous Mps1, followed
by expression of siRNA-resistant Mps1 (sirMps1) constructs. West-
ern blot analysis confirmed efficient knockdown of endogenous
Mps1 (Fig. S4A). Surprisingly, we observed an increased amount of
the transfected constructs in the presence of siRNA targeting the
endogenous Mps1 compared with that in cells transfected with
control siRNA (Fig. S4A), which we assume reflects a competitive
advantage for Mps1-depleted cells that express an Mps1 construct.
Centrosomal localization was not affected by knockdown of en-
dogenous Mps1 (Fig. S4B), indicating that interaction with endog-
enous Mps1 was not required for the ability of these constructs to
bind to centrosomes. Roughly 20% of Mps1-depleted S-phase cells
expressing GFP alone have unduplicated centrioles. Although a
roughly fivefold increase, this effect is lower than seen in non-
transformed cells (23), perhaps because rapidly cycling HeLa cells
are more likely to enter S-phase before Mps1 is depleted below the
low threshold required for centrosome duplication (13). Regardless,
this phenotype is fully rescued by wild-type GFP-sirMps1, but not by
GFP-sirMps1Δ3C (Fig. 3 A and B). As expected, GFP-sirMps1ΔN1/2

that hyperaccumulates at centrosomes could rescue the centriole
duplication phenotype (Fig. 3 A and B).
To further assess the centrosomal function of the internal

truncation mutants, we tested whether they were competent to
modulate the centriole reduplication phenotype that normally
occurs in U2OS cells during a prolonged S-phase arrest. Over-
expression of wild-type Mps1 has previously been shown to accel-
erate this reduplication (13, 14, 18, 20, 28), and after a short S-phase
arrest of 24 h, GFP-Mps1 increases the percentage of S-phase-
arrested U2OS cells with more than four centrioles (as indicated by
Cetn2 foci) compared with GFP alone (Fig. S5). In contrast, there
was no statistically significant difference in the percentage of cells
with more than four centrioles between cells expressing the non-
centrosomal Mps1 (GFP-Mps1Δ3C) and cells overexpressing GFP
alone (32.7 ± 4.7% and 31.7 ± 7.2%, respectively) (Fig. S5).
Despite its enhanced centrosomal accumulation, GFP-Mps1ΔN1/2

did not accelerate centriole reduplication any more than did wild-
type Mps1 (55.0 ± 2.0% vs. 54.3 ± 4.7%, respectively) (Fig. S5).
Because deletion of the third TPR and C-helix might result in a

nonfunctioning Mps1 variant, we analyzed cells expressing these
constructs via Western blot, using the pT686 antibody specific for
T686-phosphorylated Mps1, an auto-phosphorylation event that
marks fully active Mps1 (25, 29). When normalized to the ex-
pression level of each construct, there was no difference between
the pT686 staining of either GFP-Mps1Δ3C or GFP-Mps1ΔN1/2 and
wild-type GFP-Mps1 (Fig. 3C). In addition, neither GFP-Mps1Δ3C

nor GFP-Mps1ΔN1/2 prevented centriole assembly, a phenotype
caused by overexpression of catalytically inactive Mps1 (13, 14, 28),

Fig. 2. The third TPR and capping helix are necessary for Mps1 targeting to the centrosome. (A) Schematic summary of fragments, their interaction with
VDAC3, and localization to centrosomes (see also Fig. S1). Numbers indicate amino acid positions. C-helix, capping helix; VBR, VDAC3-binding region; reduc.,
reduced binding; Cent. Loc., centrosomal localization. (B) Representative images of S-phase arrested HeLa cells transfected with the indicated internal
truncation constructs, showing DNA (blue), GFP (green), and centrosomes (γ-tub, red). (C) Percentage of GFP+ cells where GFP colocalizes with γ-tubulin; mean ± SD
of n = 3 independent experiments of n = 50 cells for each experiment. (D) Representative images of asynchronously growing HeLa cells transfected with
indicated construct and stained for BrdU to identify S-phase cells, showing BrdU (blue), GFP (green), and centrosomes (γ-tub, red). (E) Percentage of cells
positive for BrdU and GFP in which GFP signal colocalizes with γ-tubulin; mean ± SD of n = 3 independent experiments of n = 50 cells for each experiment.
(Scale bars, 5 μm.)
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further supporting the conclusion that the internal truncation
mutants are functional.

Noncentrosomal Mps1 Can Still Localize and Function at Kinetochores
in Mitosis. To examine the ability of GFP-Mps1Δ3C and GFP-
Mps1ΔN1/2 to function in the spindle assembly checkpoint, we
arrested HeLa cells expressing these constructs in mitosis, using
the microtubule poison nocodazole. The noncentrosomal GFP-
Mps1Δ3C localized to kinetochores as effectively as GFP-Mps1,
as judged by the percentage of GFP+ nocodazole-treated cells in
which a majority of kinetochores were GFP+ (72.5 ± 11.5%

compared with 78.0 ± 4.0%, respectively) (Fig. 4 A and B). In
contrast, GFP-Mps1ΔN1/2 only satisfied these criteria in 2.5 ±
5.0% of cells (Fig. 4 A and B). This conforms with previous data
showing that deletions of the NTE or mutations in the first two
TPRs prevent kinetochore targeting (25, 26). There was a slight,
yet significant, decrease in the percentage of GFP+ kinetochores
in individual cells expressing GFP-Mps1Δ3C (60.3 ± 10.5%)
compared with that in cells expressing wild-type Mps1 (78.8 ±
5.9%) (Fig. S6A). However, this may be a result of competition
with endogenous Mps1, as GFP-Mps1Δ3C intensity increases at
kinetochores when the endogenous Mps1 is depleted by siRNA
(Fig. 4C). As expected, kinetochore levels of GFP-Mps1ΔN1/2

were significantly lower than levels of either GFP-Mps1 or
GFP-Mps1Δ3C (Fig. 4C).
We next treated cells with nocodazole for 16 h to assess the

ability of the mutant proteins to support the function of the SAC
when endogenous Mps1 is depleted. We first noticed an accumu-
lation of micronuclei in nearly 50% of interphase Mps1-depleted
cells. Both GFP-sirMps1 and noncentrosomal GFP-sirMps1Δ3C

efficiently rescued the micronuclei phenotype, whereas the kinet-
ochore-deficient GFP-sirMps1ΔN1/2 did not (Fig. S6 B and C). The
appearance of micronuclei can arise from a failure of the SAC to
properly delay anaphase in the presence of unaligned chromo-
somes (13). Indeed, there was more than a twofold decrease in the
number of mitotic cells on Mps1 depletion, indicating that Mps1-
depleted cells cannot activate the SAC to arrest cells in mitosis in
response to nocodazole (Fig. 4D). This could not be rescued by
GFP alone or the kinetochore-deficient GFP-sirMps1ΔN1/2 (Fig.
4D), but checkpoint arrest could be restored by either GFP-
sirMps1 or GFP-sirMps1Δ3C (for which the minor decrease in
mitotic index in Mps1-depleted cells was not statistically signifi-
cant) (Fig. 4D). GFP-sirMps1Δ3C also behaved similarly to full-
length Mps1 in its ability to support recruitment of BubR1 (Fig.
4E) and Mad2 (Fig. S6E) to kinetochores in response to nocoda-
zole. The nonkinetochore GFP-sirMps1ΔN1/2 negligibly rescued
BubR1 recruitment (Fig. 4E) and partially supported Mad2 re-
cruitment (Fig. S6E), but because it failed to support mitotic arrest,
we conclude it could not support SAC function to the threshold
required for mitotic arrest. BubR1 recruitment is critical for
chromosome alignment in metaphase (30), and indeed, Mps1 de-
pletion led to major chromosome alignment defects; these defects
were rescued by GFP-sirMps1 and GFP-siRMps1Δ3C, but not
GFP-alone or GFP-sirMps1ΔN1/2 (Fig. 4 F and G).

Discussion
The kinase Mps1 has many functions in the cell cycle, including
its well-defined role in recruiting kinetochore components such
as BubR1 and Mad2 to unattached kinetochores in the SAC (9)
and its role at the centrosome to regulate centriole duplication
(13). According to previous studies, localization of Mps1 to
kinetochores and centrosomes seemed to be controlled by over-
lapping regions in the N terminus, the TPR domains, and the
CLD (23–26). However, data shown here suggest the two lo-
calization determinants are in fact composed of separate ele-
ments in the N-terminal TPR domain.
Interestingly, although the first two Mps1 TPRs share a

striking similarity in structure to the first two TPRs in the mitotic
kinases Bub1 (budding uninhibited by benzimidazoles 1 homo-
log) and BubR1, Mps1 TPR3 is quite divergent from that in
Bub1 and BubR1 (24). The capping helix of Mps1 folds back on
the TPR folds in Mps1, whereas those in Bub1 and BubR1 ex-
tend away from the TPR domains (24). These factors may ex-
plain why the third TPR and capping helix act as a centrosomal
determinant in Mps1, but not in Bub1 and BubR1, and why re-
moval of TPR1 and TPR2 enhances centrosome targeting. The
third TPR and the largely unstructured VBR were each able to
interact with VDAC3, and perhaps the orientation of the cap-
ping helix (26) serves to align TPR3 and the VBR to generate a

Fig. 3. Mps1 localization to the centrosome is critical for its centrosomal
functions. (A) Representative images of asynchronously growing HeLa cells
transfected with indicated constructs and stained for BrdU to identify
S-phase cells, showing BrdU (blue), GFP (green), centrioles (Cetn2, red), and
centrosomes (γ-tub, magenta). (B) Percentage of cells positive for BrdU and
GFP with two or fewer centrioles, as judged by Cetn2 foci; mean ± SD of n =
3 independent experiments of n = 100 cells for each experiment. (C) Im-
munoblot analysis of HEK293 cells transfected with either siControl (siRNA
against Lamin A/C) or siMps1 for 24 h before being transfected with in-
dicated siRNA-resistant constructs for 48 h. For the final 24 h, cells were
arrested in S-phase with HU. Cells were lysed, separated via SDS/PAGE, and
blotted with anti-GFP to assess transfected protein level, and anti-pT686 to
assess Mps1 activity, with alpha tubulin (α-tub) serving as a loading control.
An asterisk signifies a nonspecific band. (Scale bars, 5 μm.)
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VDAC3 binding surface. Unstructured TPR flanking regions
have similarly been reported to cooperate with the TPR in the
binding of hsp90 to cyclophilin 40 (31). However, the VBR is not

necessary or sufficient for centrosomal targeting, is not required
for binding of the N-terminal fragment to VDAC3, and is not
sufficient to promote binding of VDAC3 to Mps1Δ3C. Thus, al-
though it remains possible that the VBR contributes to VDAC3
binding, our data suggest that TPR3 and the C-helix constitute a
bipartite localization determinant required for centrosome lo-
calization and function. We have also noted that the C-helix is
able to localize to the centrosome without interacting with
VDAC3, raising the possibility that the C-helix may help to
target Mps1 to the centrosome through a protein or proteins
other than VDAC3.
The NTE and first two TPRs, although being necessary for ki-

netochore localization and function, were not only dispensable for
centrosome targeting, but their removal actually enhanced cen-
trosomal targeting. The mechanism whereby these elements might
inhibit centrosomal targeting remains unknown, but given that their
removal also enhanced the VDAC3 binding of the N-terminal
fragment, perhaps they serve to modulate the interaction of Mps1
with centrosomal VDAC3. Given that the NTE has been implicated
in the dimerization that is necessary for kinetochore targeting (26),
another intriguing possibility could be a preference for monomeric
Mps1 at centrosomes.
This study illustrates that a separation of Mps1 function is

achieved through localization changes throughout the cell cycle.
With Mps1 playing regulatory roles in both centriole duplication
and the SAC, the kinase provides an interesting link between
centrosome homeostasis and mitotic checkpoint activity to
achieve mitotic fidelity. A similar link has been seen with sepa-
rase and cohesin, which localize to and regulate the separation of
both centrioles and chromosomes (32–34), which points to cells
using many of the same proteins in different mechanisms to
achieve the same ultimate goal of faithful cell division. This study
also provides evidence that previously described centrosomal
functions of Mps1 are not indirect effects of a SAC failure in a
previous mitosis, but definitive centrosomal functions based on a
different localization in a different cell cycle stage.

Materials and Methods
Plasmids. Previously described plasmids used in this study include pHF36 (pECE-
GFP-Mps1), pHF140 (pECE-GFP-Mps1T468D), pHF273 (pKM596-VDAC3), and
pHF286 (pECE-GFP) (12, 13, 18, 23). The vector pMAL-c2X (New England Biolabs)
was used to express MBP in bacteria. Plasmids created for this study are as
follows: mammalian expression constructs, pHF330 (GFP-Mps1ΔCLD), pHF331
(GFP-Mps11–300), pHF332 (GFP-Mps1136–300), pHF333 (GFP-Mps11–135), pHF334
(GFP-Mps11–300

ΔTPR3), pHF335 (GFP-Mps11–300
ΔVBR), pHF336 (GFP-Mps11–300

ΔC-helix),
pHF337 (GFP-Mps1136–171), pHF338 (GFP-Mps1218–248), pHF339 (GFP-Mps1172–188),
pHF340 (GFP-sirMps1), pHF341 (GFP-sirMps1Δ3C), pHF342 (GFP-sirMps1ΔN1/2),
pHF343 (GFP-Mps1T468D), pHF344 (GFP-Mps1Δ3C,T468D), and pHF345 (GFP-
sirMps1 KD). The Gene-Tailor site directed mutagenesis kit (Invitrogen) was
used to create an internal truncation of the CLD (amino acids 52–177) in
pHF36 to create pHF330. To create GFP-tagged constructs pHF331, pHF332,
pHF333, pHF337, pHF338, and pHF339, PCR products were amplified and
inserted into pHF286 (pECE-GFP containing the β globin intron downstream
of the SV40 promoter), using In-Fusion HD cloning kit (Clontech). pHF331
was then used as a template for creating pHF334, pHF335, and pHF336 by
PCR amplification, using outward-facing BsmBI-flanked primers adjacent to
respective deleted domains, followed by digestion with BsmBI and ligation
of custom complimentary overhangs. pHF340 and pHF343 were created by
inserting a 492-bp DNA fragment encoding the β globin intron downstream
of the SV40 promoter in pHF149 (GFP-siRMps1) and pHF140 (GFP-Mps1T468D,
respectively (18). pHF341 and pHF342 were created by using pHF340, and
pHF344 by using pHF343, respectively, as PCR templates for outward-facing
BsmBI-flanked primers adjacent to respective deleted domains, followed by
digestion with BsmBI and ligation of custom complimentary overhangs. The
siRNA-resistant pHF345 (GFP-siRMps1KD) was created by PCR amplification
from plasmid pHF56 (GFP-Mps1KD) (13) with primers to introduce silent
mutations into the siRNA binding site of Mps1 (base pairs 1,360–1,384). All
constructs were validated by sequence analysis, and PCR primer sequences
are available by request.

Fig. 4. Mps1 localization to the centrosome is dispensable for its kinetochore
functions. (A) Representative images of HeLa cells expressing the indicated
constructs treated with nocodazole for 16 h showing DNA (Hoechst, blue), GFP
(green), autoimmune anticentromere antibody (ACA; red). (B) Percentage of
cells from A in which a majority of kinetochores are GFP+, as judged by
colocalization of GFP and ACA on at least 10 of 20 randomly chosen kineto-
chores; mean ± SD of n = 3 independent experiments of n = 100 cells for each
experiment. (C) Box and whisker plot of GFP intensity normalized to that of
ACA (GFP/ACA) at kinetochores. Box indicates 50% of intensity measurements
from the 25th to the 75th percentile of n = 300 kinetochores (20 kinetochores
from each of five nocodazole-treated cells from n = 3 independent experi-
ments), and whiskers extend up and down to the statistical maximum and
minimum. Line in box indicates the mean of the data set. *P ≤ 0.05 from
Student’s t test (two-tailed), n.s., not significant (P > 0.05). (D) Percentage of
GFP+ cells with condensed mitotic chromatin after 16-h nocodazole treatment;
mean ± SD of n = 3 independent experiments of n = 200 cells for each ex-
periment. (E) Box and whisker plot of BubR1 intensity normalized to that of
ACA (BubR1/ACA) at kinetochores as in C, with n = 30 kinetochores from n = 3
independent experiments. +, statistical outliers (greater than 1.5× the inter-
quartile range). (F) Representative images of metaphase phenotypes: DNA
(blue), α-tubulin (green), centromeres/kinetochores (ACA, red). (G) Percentage
of GFP+ cells with indicated metaphase phenotype after release from double
thymidine block into MG132; mean ± SD of n = 3 independent experiments of
n ≥ 35 cells for each experiment. (Scale bars, 5 μm.)
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Cell Culture. HEK293, HeLa S3, and U2OS cells were cultured in DMEM sup-
plemented with 10% (vol/vol) FBS (Atlanta Biologicals), 100 U/mL penicillin
G, and 100 μg/mL streptomycin (HyClone) in the presence of 5% (vol/vol)
CO2. S-phase arrest was achieved using 4 mM hydroxyurea (HU; Sigma) for
24 h. S-phase cells in asynchronous cultures were labeled by incorporation of
BrdU during a 4-h treatment with 40 μM BrdU (Sigma). Centriole re-
duplication assays were performed as previously described (13), using cells
treated with 4 mM HU for 48 h to achieve a prolonged S-phase arrest (24 h
arrest after an initial 24-h treatment). For mitotic checkpoint-induced arrest,
asynchronous cells were treated with 250 ng/mL nocodazole (Sigma) for
16 h. For metaphase arrest, cells were synchronized by double thymidine
(2 μM) block, as described previously (30). Rescue constructs were transfected
concurrent with the first block, and cells were released into fresh DMEM for
9 h, at which point 20 μM MG132 was added for 1 h.

DNA and siRNA Transfections. Mammalian expression constructs were trans-
fected using JetPrime (PolyPlus) in HeLa and HEK293 and FuGENE6 (Roche) in
U2OS cells. Lipofectamine RNAiMax (Invitrogen) was used to deliver siRNAs
directed against Mps1 (siMps1: nucleotides 1,360–1,384; Invitrogen) and
Lamin A/C (siControl; Dharmacon) at a final concentration of 30 nM.

Cytology. The following primary antibodies were used for indirect immu-
nofluorescence: rabbit polyclonal anti–γ-tubulin, 1:200 (Sigma); goat poly-
clonal anti–γ-tubulin, 1:50 (Santa Cruz Biotechnology); affinity purified
rabbit anti-Cetn2, 1:4,000 (17); rat monoclonal anti-BrdU, 1:250 (Abcam);
mouse monoclonal anti-GFP, 1:250 (Invitrogen); rabbit polyclonal anti-GFP,
1:500 (Abcam); human anti-centromere serum (HCT-0100), 1:500 (Immuno-
Vision); mouse monoclonal anti-BubR1, 1:100 (Active Motif); mouse anti-
α-tubulin DM1A, 1:1,000 (Sigma); and rabbit polyclonal anti-Mad2 serum,
1:200 (Covance). Secondary antibodies for indirect immunofluorescence
were donkey anti-rabbit, donkey anti-mouse, donkey anti-human, donkey
anti-goat, or donkey anti-rat conjugated with Alexa 350 (1:200), Alexa 488
(1:1,000), Alexa 594 (1:1,000), Alexa 750 (1:200; Invitrogen), or IRDye 800
(1:200; Rockland), and DNA was stained with Hoechst 33342 (1:1,000;
Sigma). Indirect immunofluorescence was performed as previously described
(23). Briefly, cells were fixed with either 4% (wt/vol) formaldehyde (Ted
Pella) in PBS supplemented with 0.5 mM MgCl2 and 0.2% Triton X-100 for

10 min at room temperature or methanol for 10 min at −20 °C. All primary
antibody staining was performed overnight at 4 °C in blocking buffer con-
taining 5% (vol/vol) FBS, 0.2 M glycine, 0.5 mM MgCl2, and 0.1% Triton
X-100 in PBS. All secondary antibodies and Hoechst were incubated in
blocking buffer for 1 h at room temperature. For visualizing BrdU, methanol-
fixed cells were stained with other primary and secondary antibodies before
being fixed with methanol again, treated with 2 N HCl for 30 min at room
temperature, neutralized with Tris at pH 8.0, and stained with the anti-BrdU
antibody for 1 h at 37 °C. All images were acquired at ambient temperature,
using an Olympus IX-81 microscope with a 60× or 100× Plan Apo oil immersion
objective (1.4 numerical aperture) and a QCAM Retiga ExiFast 1394 camera, and
were analyzed using Slidebook software (Intelligent Imaging Innovations). Ki-
netochore intensities were calculated as previously described (35), with one
exception: subtracted background intensities were measured with an identically
sized circle inside the cells at a centromere-negative location.

Immunoblotting and Pulldown Assays. Cells were lysed in lysis buffer (50 mM
Tris·HCl, pH 8.0, 150 mM NaCl, and 1% Nonidet P-40) supplemented with 1×
Halt Protease inhibitor mixture (Invitrogen) and 1 mM AEBSF-HCl (Invi-
trogen). Protein concentrations were determined via Bradford assay and
samples to SDS/PAGE before being transferred to nitrocellulose. The fol-
lowing primary antibodies were used for immunoblotting: rabbit anti-GFP,
1:2,000 (Sigma); rabbit anti-p686Mps1, 1:1,000 (kind gift from P. Eyers, University
of Liverpool, Liverpool, UK); mouse anti-Mps1 N1, 1:1,000 (Invitrogen); and
mouse anti–α-tubulin DM1A, 1:10,000 (Sigma). Secondary antibodies were
Alexa680-conjugated donkey anti-rabbit (Invitrogen), IRDye800-conjugated
donkey anti-mouse (Rockland), and HRP-conjugated goat anti-rabbit (GE
Healthcare), all at 1:10,000 dilutions. Immunoblots were imaged and ana-
lyzed using the Odyssey imaging system (Li-COR) or the Super Signal West
Femto Chemiluminescent substrate (Thermo Scientific). Pull-down assays
were performed as previously described (23), with the exception that bait-
bound beads were incubated with cell lysates for 2 h at 4 °C.
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Fig. S1. TPR3 and downstream elements are required for VDAC3 binding and centrosomal localization. (A) In vitro pulldown assay between indicated
constructs expressed in HEK293 cells and either MBP (Center) or MBP-VDAC3 (Right). MBP or MBP-VDAC3 were expressed in Escherichia coli and bound to
amylose resin, and the ability of each construct to bind to the amylose resin was assessed by immunoblotting with an antibody against GFP. (Left) Two percent
of the amount of lysate added to the amylose resin. Size of molecular markers for each blot is indicated in kilodaltons. (B) Representative images of asyn-
chronous HeLa cells transfected with the indicated constructs, showing DNA (blue), GFP (green), and centrosomes (γ-tub, red). In this and subsequent figures,
lower panels depict approximate fourfold digital magnification of boxed regions. (Scale bar, 5 μm.) (C) Quantification of the percentage of GFP+ cells where
GFP signal colocalizes with γ-tubulin at centrosomes, presented as the mean ± SD (SD) of n = 3 independent experiments of n = 50 cells for each experiment;
error bars indicate SD (SD).
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Fig. S2. Noncentrosomal Mps1Δ3C cannot interact with VDAC3. In vitro pulldown assay between indicated construct expressed in HEK293 cells and either
MBP (Center) or MBP-VDAC3 (Right). Binding to MBP or MBP-VDAC3 was assessed as in Fig. S1. (Left) Two percent of the amount of lysate added to the
amylose resin. Size of molecular markers for each blot is indicated in kilodaltons. An asterisk indicates a nonspecific band.

Fig. S3. The third TPR and capping helix are necessary for Mps1 targeting to the centrosome. Line scan intensity profiles of indicated images from Fig. 2B. As
previously described (18), the pixel intensity of both GFP and γ-tubulin is measured along a 5-μm line drawn through the centrosomal γ-tubulin. The reported
intensities are normalized to the maximum intensity along the line. GFP is scored as centrosomally localized in a cell if all GFP peaks within 80% of the maximal
GFP signal along the line lie within two pixels of the γ-tubulin peaks along the line. Green and red arrows indicate peaks of intensity above 80% of the
maximum intensity measured for GFP and γ-tubulin, respectively. Vertical gray bars indicate two-pixel intervals for the γ-tubulin peaks.
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Fig. S4. Expression and localization of siRNA-resistant GFP-Mps1 constructs. (A) HeLa cells were transfected with either siControl (siRNA against Lamin A/C) or
siMps1 for 24 h before being transfected with the indicated siRNA-resistant construct for 48 h. For the final 24 h, cells were arrested in S-phase by HU
treatment. Cells were lysed, separated via SDS/PAGE, and blotted with indicated antibodies. Total transfected protein amount was assayed by GFP immunoblot;
knockdown of endogenous Mps1 was confirmed by Mps1 (N1) immunoblot, and alpha tubulin (α-tub) served as a loading control. (B) Percentage of S-phase–
labeled (by BrdU-incorporation) GFP+ cells with GFP signal colocalizing with γ-tubulin at centrosomes, presented as the mean ± SD of n = 3 independent
experiments of n = 100 cells for each experiment.

Fig. S5. Noncentrosomal Mps1 does not accelerate centriole reduplication. (A) Representative images of U2OS cells transfected with the indicated constructs
after a 24-h S-phase arrest. At 24 h after transfection, S-phase arrest was achieved by adding HU for 24 h; 48 h after transfection was considered to be t = 0 of
S-phase arrest and was followed by addition of fresh HU for a further 24 h. DNA (blue), GFP (green), centrioles (Cetn2, red), centrosomes (γ-tub, magenta).
(Scale bar, 5 μm.) (B) Percentage of GFP+ cells with indicated number of Cetn2 foci, presented as the mean ± SD of n = 3 independent experiments of n = 100
cells for each experiment.
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Fig. S6. Noncentrosomal Mps1 rescues mitotic phenotypes associated with loss of Mps1. (A) Percentage of GFP+ kinetochores, presented as the mean ± SD of
n = 3 independent experiments of n = 100 kinetochores, or 20 kinetochores from five cells in each experiment. (B) Representative images of HeLa cells
transfected with the indicated constructs and treated with nocodazole for 16 h, showing DNA (blue) and GFP (green). Arrow indicates a micronucleus
magnified in smaller panel. (Scale bar, 10 μm.) (C) Percentage GFP+ interphase cells with micronuclei after 16 h nocodazole treatment. Presented is the mean ±
SD of n = 3 independent experiments of n = 100 cells for each experiment. (D) Representative images of HeLa cells transfected with the indicated constructs
and treated with nocodazole overnight. From left to right by column shown in grayscale: GFP, BubR1, ACA, and a merged image showing DNA (blue), GFP
(green), BubR1 (red), and ACA (magenta). (Scale bar, 5 μm.) (E) Box and whisker plot of Mad2 intensity normalized to that of ACA (Mad2/ACA) at kinetochores.
Box and whisker plots represent the same statistical data points as in Fig. 4C. *P ≤ 0.05 from Student’s t test (two-tailed), n.s., not significant (P > 0.05).
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