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ccurate chromosome segregation during mitosis

relies on a dynamic kinetochore (KT)-microtubule

(MT) interface that switches from a labile to a
stable condition in response fo correct MT attachments.
This transition is essential to satisfy the spindle-assembly
checkpoint (SAC) and couple MT-generated force with
chromosome movements, but the underlying regulatory
mechanism remains unclear. In this study, we show that
during mitosis the MT- and KT-associated protein CLASP2
is progressively and distinctively phosphorylated by Cdk1
and Plk1 kinases, concomitant with the establishment of

Introduction

At the onset of mitosis, microtubule (MT) dynamics increase
as a result of activation and action of Cdk1 over MT-associated
proteins, favoring the “search-and-capture” of chromosomes
by centrosomal MTs (Kirschner and Mitchison, 1986). Upon
attachment to kinetochores (KTs), MTs become gradually
stabilized, forming KT-fibers (k-fibers), whereas cross-linking
between non-KT-MTs with opposite polarity establish the
interpolar MTs. KT-MT attachment stability must be finely
regulated to allow, on one hand, the correction of erroneous
MT attachments resulting from the stochastic interaction be-
tween KTs and MTs and, on the other hand, the stabilization
of correct KT-MT attachments (Bakhoum and Compton,
2011; Matos and Maiato, 2011). As chromosomes bi-orient
relative to spindle poles and start experiencing tension caused
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KT-MT attachments. CLASP2 S1234 was phosphory-
lated by Cdk1, which primed CLASP2 for association with
Plk1. Plk1 recruitment to KTs was enhanced by CLASP2
phosphorylation on $1234. This was specifically required
to stabilize KT-MT attachments important for chromosome
alignment and to coordinate KT and non-KT MT dynamics
necessary fo maintain spindle bipolarity. CLASP2 C-terminal
phosphorylation by Plk1 was also required for chromosome
alignment and timely satisfaction of the SAC. We propose
that Cdk1 and Plk1 mediate a fine CLASP2 “phospho-switch”
that temporally regulates KT-MT attachment stability.

by opposing spindle-pulling forces, MT lifetime at KTs increases
(Zhai et al., 1995; Bakhoum et al., 2009b). This labile-to-stable
transition is critical in satisfying the spindle-assembly check-
point (SAC) and allowing efficient force transduction by de-
polymerizing MTs to power chromosome segregation during
anaphase. Importantly, just a few-fold increase in KT-MT
stability during early mitosis in normal untransformed human
cells is sufficient to induce chromosome segregation defects
to levels comparable to those in cancer cells with chromo-
somal instability (CIN), whereas stimulation of KT-MT turn-
over is able to restore stability to otherwise chromosomally
unstable tumor cells (Bakhoum et al., 2009a,b). Thus, there
is a causal relationship between deregulation of KT-MT dy-
namics and CIN. However, surprisingly little is known about
how specific KT proteins are regulated to fine tune KT-MT
dynamics throughout mitosis.

© 2012 Maia et al. This article is distributed under the terms of an Aftribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Aftribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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Polo-like kinase 1 (Plkl) has been implicated in the
regulation of KT-MT attachments (Sumara et al., 2004; Peters
et al., 2006; Léndrt et al., 2007) through phosphorylation of
distinct KT substrates (Li et al., 2010; Bader et al., 2011;
Hegemann et al., 2011; Kettenbach et al., 2011; Santamaria
etal.,2011; Hood et al., 2012). In addition to the kinase domain
at the N terminal, Plk1 contains a noncatalytic region at its
C terminal termed the Polo-box domain (PBD), which recog-
nizes the core consensus motif S-(pT/pS)-(P/X) on its mitotic
substrates, upon priming Cdkl phosphorylation (Cheng et al.,
2003; Elia et al., 2003a,b). The PBD has been shown to be
important for the recruitment of Plk1 to diverse mitotic struc-
tures, such as centrosomes, KTs, and spindle midzone/midbody
(Seong et al., 2002; Elia et al., 2003a). In the particular con-
text of KTs, Plkl recruitment has been shown to rely on
the SAC protein Bubl, PBIPI, and the cytoplasmic dynein-
associated protein NudC (Kang et al., 2006; Nishino et al.,
2006; Qi et al., 2006).

Human CLASP1 and CLASP2 (CLASPs) are conserved
MT plus-end tracking proteins involved in the regulation of MT
dynamics throughout the cell cycle. In interphase, CLASPs sta-
bilize MT plus-ends, thereby promoting MT growth from cen-
trosomes and the Golgi apparatus (Akhmanova et al., 2001;
Efimov et al., 2007), a process that is regulated by GSK33
(Kumar et al., 2009). During mitosis, CLASPs remain associ-
ated with centrosomes, where they regulate mitotic spindle
positioning and pole integrity (Samora et al., 2011; Logarinho
et al., 2012). Before anaphase, independently of their associa-
tion with MTs and centrosomes, CLASPs also localize to KTs,
where they promote flux and turnover of attached MTs
required to ensure mitotic spindle bipolarity/size, as well as
proper chromosome alignment and segregation (Maiato et al.,
2003a,b; Pereira et al., 2006; Maffini et al., 2009; Logarinho
et al., 2012). Recently, CLASP1 was found to associate and
recruit the MT depolymerase Kif2b to KTs (Manning et al.,
2007, 2010), explaining how CLASPs promote MT turnover
at KTs early in mitosis. Interestingly, the CLASP1 interaction
with Kif2b at unattached KTs is replaced by an interaction
with the MT-stabilizing protein Astrin, as MTs attach to KTs
and chromosomes bi-orient (Manning et al., 2010). As such,
CLASP1 was proposed to be part of a molecular switch that
regulates the transition from labile-to-stable MT attachments
through interaction with temporally distinct molecular part-
ners at KTs. Upon entry into anaphase, CLASPs are recruited
to the spindle midzone by PRC1, where they mediate the orga-
nization of midzone MTs, spindle elongation, and cytokinesis
(Maiato et al., 2003a; Pereira et al., 2006; Liu et al., 2009).
Therefore, MT regulation by CLASPs is associated with spa-
tially and temporally distinct processes throughout mitosis,
but the underlying regulatory mechanism is unknown.

In this study, we investigate the temporal regulation of
CLASPs function at KTs and the respective impact on KT-MT
dynamics. We found that a specific and single-priming, Cdk1-
mediated phosphorylation of CLASP2, but not CLASPI, cre-
ates a docking site for Plkl interaction and recruitment to
KTs. CLASP2 is also phosphorylated by Plkl, which is en-
hanced by Cdk1 activity. Functional assays show that CLASP2
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phosphorylation by Cdk1 and PIk1 is required for normal chro-
mosome alignment during mitosis, but these phosphorylations
distinctively affect mitotic spindle bipolarity. We propose that
Cdkl1 and Plk1 mediate a CLASP2 phospho-switch that is nec-
essary to stabilize KT-MT attachments in human cells.

Results

CLASP2 is phosphorylated during mitosis
at its C-terminal domain

To investigate how CLASPs function is regulated during
mitosis, we started by comparing their respective mobility
profiles on SDS-PAGE using protein extracts from asynchro-
nous and mitotic-enriched HeLa cells upon Western blot analy-
sis with specific CLASP1 and CLASP2 monoclonal antibodies
(Maffini et al., 2009). Although CLASPI1 presented only a
slight mobility change in mitosis, CLASP2 showed a clear
and distinctive band shift to a higher molecular weight, suggesting
differential regulation of CLASPs during mitosis (Fig. 1 A).
To dissect the nature of the observed CLASP2 band shift we
immunoprecipitated (IP) the endogenous protein from asyn-
chronous and mitotic-enriched cell populations, followed
by treatment with \-phosphatase to remove all phosphate
groups. Because the CLASP2 band shift disappeared after
N-phosphatase treatment, we concluded that CLASP2 is ex-
tensively phosphorylated during mitosis (Fig. 1 B). Notably,
N-phosphatase treatment slightly increased the mobility of
CLASP2, even in extracts from asynchronous cells, suggest-
ing some level of CLASP2 phosphorylation during inter-
phase, in agreement with previously reported regulation of
CLASP2 function by GSK3p (Kumar et al., 2009). To con-
firm CLASP2 phosphorylation in mitosis, we released HeLa
cells from a double thymidine block and followed CLASP2
mobility over time. We found a significant CLASP2 band
shift that was correlated with its increased phosphorylation
and high cyclin B levels (Fig. S1 A).

In an attempt to map a specific phosphorylation domain
of CLASP?2 responsible for the observed band shift during
mitosis, we expressed several GFP-CLASP2 deletion con-
structs in HeLa cells, and analyzed the respective protein
extracts by Western blot with anti-CLASP2 and anti-GFP
antibodies (Fig. S1 B). We found that the main phosphoryla-
tion region responsible for the typical band shift of CLASP2
on SDS-PAGE is localized at its C-terminal domain, be-
tween residues 1093 and 1237 (Fig. 1 C). Given the close
sequence similarity between CLASPs and the previous im-
plication of CLASP1 C-terminal for KT localization (Maiato
et al., 2003a) we performed a parallel immunofluorescence
analysis to ascertain for KT recruitment of the different GFP-
CLASP2 mutants (Fig. S1 C). The results are summarized in
Fig. 1 C and indicate that CLASP?2 is phosphorylated in vivo
close to its KT-targeting domain.

CLASP2 phosphorylation during mitosis

is mediated by Cdk1 and Plk1

With the aim of identifying the kinases responsible for CLASP2
phosphorylation during mitosis, we used specific small-molecule
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Figure 1. The C-terminal domain of CLASP2 is phosphorylated during mitosis by Cdk1 and Plk1. (A) Western blotting of CLASP1 and CLASP2 from
asynchronous (Async) and mitotic (Mitosis) Hela cells. (B) Western blotting of CLASP2 from asynchronous and mitotic protein extracts IP for CLASP2,
before and after N\-phosphatase treatment. (C) Summary of the absence (—) or presence (+) of the mitotic band shift and respective KT localization of
GFP-CLASP2 deletion mutants (amino acid region in brackets). The box represents the minimal region of CLASP2 accounting for the observed band-shift.
(D) Asynchronous, mitotic, Cdk1, and/or Plk1 kinase inhibited mitotic Hela cell protein extracts resolved by SDS-PAGE and immunoblotted for CLASP2.
(E) In vitro kinase assay with recombinant CLASP2 C terminal in the presence of active Cdk1 and Plk1 kinases. Top panel shows CLASP2 Western blot,
and bottom panel shows [*2P]ATP gel autoradiography. Kinase activity on CLASP2 was determined by the percentage of radioactive ATP incorporation.
(F) Multiple sequence alignment of CLASPs in several organisms. The Plk1-binding motifs in CLASP2 are boxed in red. (G) Surface representation of Plk1
PBD. The MQSpTPL peptide (white) and the model of the 1231-THSpSPR-1236 CLASP2 fragment (magenta, with phosphorous atom highlighted in green)
are shown as sticks docked at the central phosphoepitope-binding cleft on the PBD. Conserved binding cleftforming residues interacting with the bound
phosphopeptide are represented as purple sticks. The phosphoserine fits into a deep pocket and the phosphate group is stabilized by interactions with
His538 and Lys540 side chains.

inhibitors of well-established mitotic kinases, including Cdkl1, on SDS-PAGE (Figs. 1 D and Fig. S1 D). Importantly, simul-
PIk1, Aurora B, and Mpsl (Ditchfield et al., 2003; Vassilev taneous Cdk1 and PIk1 inhibition revealed a cumulative effect
et al., 2006; Lénart et al., 2007; Kwiatkowski et al., 2010). We over CLASP2 mobility during mitosis (Fig. 1 D), suggesting
found that only Cdkl or PIkl inhibition with RO-3306 and that both Cdkl and Plk1 phosphorylate CLASP2 at distinct
BI 2536, respectively, affected the normal mobility profile of sites. Curiously, as in interphase, GSK3f inhibition with lith-
CLASP?2 during mitosis, reducing the characteristic band shift ium chloride also caused a slight reduction in CLASP2 band

Phosphoregulation of CLASPZ2 during mitosis ¢« Maia et al.
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Figure 2. CLASP2 and Plk1 interact and colocalize throughout mitosis. (A) Western blot analysis of mitotic Hela cell extracts IP with an unspecific
IgG (Control) and Plk1 antibody (Plk1 IP). The middle and rightmost panels show GFP IPs from mitotic Hela cells transiently expressing GFP-CLASP2
full length, C terminal, and N terminal, respectively. Total protein extracts (Load), unbound proteins (Unb), and IPs were analyzed by Western blotting
with the indicated antibodies. (B) Mitotic distribution of GFP-CLASP2« (green) transiently expressed in Hela cells and immunostained for Plk1 (red),
ACA (blue, right), and DNA counterstained with DAPI (blue, left). Far right panels show KT insets of selected z planes of the respective boxed regions.
From top to bottom, the images are ordered as follows: Merge, GFP-CLASP2, Plk1, and ACA. Midbody colocalization during telophase is depicted
in the merged figure. Bottom panels shows a nocodazoletreated cell to highlight the MT-independent CLASP2 and Plk1 KT colocalization. Bars: 5 pym
and 1 pm (higher magnifications).



shift during mitosis, but in a less prominent way compared with
that observed upon Cdkl and/or PIk1 inhibition (Fig. S1 E).
Overall, these data implicate Cdk1 and Plk1 as major CLASP2-
regulating kinases during mitosis.

To test whether Cdkl and Plk1 directly phosphorylate
CLASP2, we performed an in vitro kinase assay by adding puri-
fied and active Cdk1 and PIk1 kinases to a soluble C-terminal
recombinant fragment of CLASP2 in the presence of radioac-
tive ATP. We observed that both Cdk1 and Plk1 have the ca-
pacity to directly phosphorylate CLASP2, as determined by the
incorporation of [**P]JATP (Fig. 1 E). Moreover, combination of
both kinases increased the total amount of [**P]JATP incorpo-
rated, which could be reverted upon inhibition of Cdkl in the
reaction mix with RO-3306.

Next, we used mass spectrometry to map which residues
on the CLASP2 C terminal were independently phosphory-
lated by Cdk1 or PIk1 in vitro. We identified three serine resi-
dues that were exclusively phosphorylated by Cdkl (S1233,
S1234, and S1250), and another four that were phosphorylated
by Plk1 only (S1248, S1255, S1274, and S1313; Tables S1 and
S2). Many of these phosphorylated residues on CLASP2 are
conserved in vertebrates (Fig. 1 F and Fig. S1 F) and were
independently confirmed in vivo in large-scale proteomic stud-
ies in human cells (Table S1 and Table S2). These residues
are not conserved in human CLASP1 or on known Xenopus
tropicalis, Caenorhabditis elegans, or Drosophila melanogaster
CLASP orthologues (Fig. 1 F and Fig. S1 F). Overall, these ex-
periments demonstrate that the CLASP2 C terminal is directly
phosphorylated during mitosis by Cdkl and Plkl kinases at
distinct sites. Moreover, they support the belief that the ob-
served phosphorylations are specific to vertebrate CLASP2,
providing the first molecular signatures that distinguish the two
human CLASP paralogues.

CLASP2 colocalizes and interacts with
Plk1 during mitosis

In-depth sequence analysis of the phosphorylated residues on
the CLASP2 C terminal revealed that phosphorylation of
S1234 by Cdkl defines a putative Plk1-binding motif in verte-
brates (Fig. 1 F; Elia et al., 2003a). Modeling of the 1231-
THSpSPR-1236 CLASP2 fragment with the known structure
of the PBD of PIk1 bound to a specific polypeptide revealed a
good fit at the central phosphoepitope-binding cleft shaped by
key amino acid residues from the PBD, which are known to
stabilize the interactions with the phosphate group (Cheng
et al., 2003; Elia et al., 2003b; Sledz et al., 2011; Fig. 1 G).
Thus, phosphorylation of CLASP2 on S1234 by Cdk1 may be
part of a recognition site that promotes the interaction with
PIk1 during mitosis.

To determine whether CLASP2 interacts with Plkl
in vivo, we IP Plk1 from mitotic-enriched HeLa cell extracts
treated with the kinesin-5 inhibitor STLC and identified endog-
enous CLASP?2 as a co-immunoprecipitating protein (Fig. 2 A).
Similarly, immunoprecipitation of full-length or C-terminal
GFP-CLASP2 co-IP endogenous Plk1, demonstrating that the
C-terminal domain of CLASP?2 is sufficient to mediate the inter-
action with PIkl. Interestingly, the GFP-CLASP2 N terminal

was also able to co-immunoprecipitate Plk1 (Fig. 2 A), sug-
gesting that CLASP2 and PIk1 interact through multiple inter-
faces. Additionally, we observed that CLASP2 and Plkl
colocalize at KTs and centrosomes throughout mitosis, as
well as at the Golgi apparatus during mitotic entry and exit
(Fig. 2 B). Importantly, the KT colocalization of CLASP2
and PIk1 did not depend on MTs, as it was also verified in
cells treated with micromolar doses of nocodazole. In ana-
phase and telophase, CLASP2 and Plk1 colocalized at spin-
dle midzone and midbody, respectively (Fig. 2 B). These data
suggest that CLASP2 and PIk1 interact at multiple structures
of the mitotic apparatus.

To understand the functional significance of the ob-
served interactions between CLASP2 and PIk1, we ectopically
targeted CLASP2 to the mitochondrial outer membrane by
means of a fusion with dTOM20 protein (Efimov et al., 2007).
We found that CLASP2 displacement to the mitochondria
promoted PIk1 recruitment to this organelle (Fig. 3 A), sup-
porting the argument that these proteins are part of a common
complex in vivo and indicating that CLASP2 is able to drive
PIk1 cellular localization.

CLASP2 phosphorylation on S1234 by
Cdk1 enhances Plk1 recruitment to KTs
Next, we investigated whether CLASP2 and the specific
phosphorylation of S1234 were required for normal Plkl
recruitment to KTs. We started by depleting endogenous
CLASP2 by RNAi (Fig. S2 A) and found that PIkl levels
at KTs were reduced by ~50% relative to controls (Fig. 3,
B and C). Consistently, CENP-E depletion by RNAi (Fig. S2 B),
which specifically prevents normal CLASP2 recruitment to
KTs (Maffini et al., 2009), led to a comparable and specific
reduction of Plk1 levels at KTs (Fig. 3, D and E). Remark-
ably, overexpression of a nonphosphorylatable GFP-CLASP2
mutant (S1234A), when compared with overexpression of
GFP-CLASP2 wild-type, led to a significant reduction of
PIk1 levels at KTs (38%) even in the presence of endogenous
CLASP2, suggesting a dominant-negative effect. Moreover,
the observed reduction of Plk1 levels at KTs was proportional
to that observed upon Cdk1 inhibition (43%; Fig. 3, F-H).
Overexpression of a phospho-mimetic GFP-CLASP2 mutant
(S1234D) significantly rescued Plk1 levels at KTs (Fig. 3 G).
Note that to normalize Plk1 levels at KTs all quantifications
were performed in the absence of MTs upon nocodazole
treatment. Finally, we investigated whether CLASP2 phos-
phorylation on S1234 was important for CLASP2-PIk1 inter-
action by means of coimmunoprecipitation experiments with
GFP-CLASP2 wild-type or GFP-CLASP2 S1234A mutant.
We found that the amount of Plk1 co-immunoprecipitating with
the GFP-CLASP2 S1234A mutant was reproducibly reduced
~40% relative to the wild-type protein (Fig. 3 I). Importantly,
these experiments further indicated that CLASP2-PIk1 inter-
action is enhanced in mitotic cells that were allowed to establish
KT-MT attachments (Fig. 3 I). Overall, these data support a
model in which phosphorylation of CLASP2 on S1234 by Cdk1
is required for normal Plk1 interaction and recruitment to KTs,
concomitant with the establishment of MT attachments.
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289


http://www.jcb.org/cgi/content/full/jcb.201203091/DC1
http://www.jcb.org/cgi/content/full/jcb.201203091/DC1
http://www.jcb.org/cgi/content/full/jcb.201203091/DC1

290

iy (AV) L

PIk1/ACA Intensity
o (%,

*

i

1=
Mock RNAI CLASP2 RNAI
4.
5
<3
> o
a2
o
=
<!
g
=0
= 1
-1
Mock RNAi CENP-E RNAi
= 4
< 3
2 <
(%} z, ek
§ 29 3 2
=
= [7)
= -
%() ] =
=0 Q0
T - L < L -+
o X
a
2 : : . -2 . —
GFP-CLASP2 (WT) S1234A $1234D Noc Cdk1 Inhib
K MG132 5uM MG132 5uM MG132 5uM
Nocodazole 1uM release Nocodazole 1pM release Nocodazole 1uM release
Load Unb IP Load Unb IP Load Unb IP Load Unb IP Load Unb IP Load Unb [P
GFP -~--A‘“ -—-—.‘-
—isokp [0 BN =m 3 —150kD | W S : —150 kD
- - - e *(-40%
Plc 1 [ g — — —— - * - - (-40%)
- - —sio - ~Fo)
- s (19G) (19G)
(I9G)
Hela (Mock) HelLa + GFP-CLASP2 (WT) Hela + GFP-CLASP2 S1234A

Figure 3. CLASP2 and its phosphorylation on $1234 by Cdk1 are required for normal recruitment of Plk1 to KTs. (A) Hela cells transfected with dTOM20-
CLASP2 construct to drive the ectopic localization of CLASP2 to the mitochondria. Cells were immunostained for Plk1 and mitochondria counter-stained with
MitoTracker. (right) Insets of transfected (top) and nontransfected (bottom) cells. (B and C) Plk1 localization at KTs is reduced in Hela cells after CLASP2
RNA.. (left) Merge image of cells immunostained for CLASP2 (green) and Plk1 (red), with DNA counterstained with DAPI (blue); (right) Plk1 localization
alone. (D) Interquartile representation of normalized Plk1 KT intensity in Mock RNAi (n = 494) and CLASP2 RNAi (n = 559). Medians are statistically
different, P < 0.0001, Mann-Whitney t test. (E and F) Plk1 localization at KTs is reduced in Hela cells affer CENP-E RNA.. (left) Merge image of cells
immunostained for CLASP2 (green) and Plk1 (red), with DNA counterstained with DAPI (blue); right panel shows Plk1 localization alone. (G) Interquartile
representation of normalized KT Plk1 levels, Mock RNAI (n = 483), and CENP-E RNAI (n = 492). Medians are statistically different, P < 0.0001, Mann-
Whitney f test. (H) Overexpressing GFP-CLASP2 S1234A (green) Hela cell (left) with an untransfected neighbor cell (right) immunostained for Plk1 (red or
white in the insets) and DNA counterstained with DAPI (blues). Bars: 5 pm and 1 pm (higher magnifications). () Interquartile representation of normalized
Plk1 intensities at KTs in cells expressing GFP-CLASP2 wild-type (n = 475), S1234A (n = 493), and $1234D mutant (n = 444). ***, medians are statistically
different, P < 0.0001, Mann-Whitney t test. (J) Interquartile representation of normalized Plk1 KT intensities in control Hela cells (n = 491) or upon Cdk]1
inhibition (n = 459). Medians are statistically different, P < 0.0001, Mann-Whitney t test. All quantifications were standardized by nocodazole treatment.
(K) Western blot analysis of nocodazole or nocodazole-released into MG 132 Hela cells after mock, GFP-CLASP2 WT, or S1234 transfection and IP with



Priming Cdk1-mediated phosphorylation

of CLASP2 enhances its phosphorylation
by Plk1

To determine whether Plkl-mediated phosphorylation of
CLASP?2 requires a priming phosphorylation by Cdkl, we
developed a polyclonal antibody against phosphorylated CLASP2
on S1255, one of the residues identified to be phosphorylated
by PIk1 in vitro and in vivo (Table S2). To validate the speci-
ficity of this antibody, we performed CLASP2 RNAi in HeLa
cells, followed by Western blot analysis with asynchronous and
mitotic-enriched protein extracts. We found that this antibody
recognizes mitotic-specific bands between 165 and 200 kD,
corresponding to endogenous CLASP2 and respective phosphory-
lated forms, which decrease after CLASP2 RNAi (Fig. S2 C).
To visualize where and when phosphorylation of CLASP2 on
S1255 occurs during mitosis, we performed quantitative immuno-
fluorescence in HeLa cells using antibodies against endogenous
CLASP?2 and its respective phosphorylated form at S1255. We
found that CLASP2 phosphorylation on S1255 was essentially
confined to centrosomes and KTs from prophase to anaphase,
a localization that was sensitive to CLASP2 RNAi (Figs. 4 A,
Fig. S2 D, and Fig. S2 E). Fluorescence quantification of
pS1255 levels at KTs relative to constitutive centromere anti-
gens revealed that phosphorylation of CLASP2 on S1255 re-
mains unaltered from prophase until anaphase and decreases
sharply during telophase (Fig. S2 F). However, when the levels
of pS1255 were normalized relative to total CLASP2 at KTs, we
found an almost exclusively phosphorylated pool of CLASP2
at S1255 during prophase, which decreases sharply in prometa-
phase. This phosphorylated pool is then maintained during
metaphase and anaphase, disappearing during telophase (Fig. S2 G).
Surprisingly, the anti-pS1255 antibody also decorated the nu-
clear envelope during prophase, a localization that does not
normally show up using antibodies against total CLASP2, but
was sensitive to CLASP2 RNAi (Figs. 4 A and Fig. S2 H).
However, CLASP2 phosphorylation on S1255 observed at
the midbody region and centrosomes during telophase and
cytokinesis was less sensitive to CLASP2 RNAi (Figs. 4 A,
Fig. S2 E, and unpublished data), which reflects either unspe-
cific labeling of the phospho-antibody or a stable phosphory-
lated CLASP2 pool.

To investigate whether Cdkl regulates the phosphory-
lation of CLASP2 on S1255 by PIkl at KTs, we performed
quantitative immunofluorescence of nocodazole-treated cells
with the anti-pS1255 antibody upon individual or combined
inhibition of Cdkl and Plk1. We found that Cdk1 inhibition
alone caused a significant reduction (~50%) of CLASP2
phosphorylation on S1255 at KTs (Fig. 4, B and C). As ex-
pected, the phosphoepitope recognized by the anti-pS1255 an-
tibody almost disappeared at KTs (90% reduction) upon Plk1
inhibition alone, an effect that was aggravated (97% reduc-
tion) in combination with Cdk1 inhibition (Fig. 4, B and C).
Importantly, endogenous CLASP2 levels were unchanged upon

PIk1 inhibition (unpublished data). Western blot analyses
of CLASP2 phosphorylation on S1255 upon Cdkl and/or
PIk1 inhibition further corroborate our quantitative immuno-
fluorescence results. In parallel, we developed another polyclonal
antibody against phosphorylated CLASP2 on S1234, which
confirmed the specific mitotic phosphorylation of CLASP2 by
Cdkl (Fig. 4 D). This phospho-epitope was found diffused in
the cytoplasm of mitotic cells and was partially sensitive to
CLASP2 RNAIi (Fig. S2 C and not depicted). Finally, to in-
vestigate whether mitotic phosphorylation of S1234 by Cdkl1
impacts overall CLASP2 phosphorylation, we compared the
respective mobility of GFP-CLASP2 (wild-type) with that
of GFP-CLASP2 S1234A mutant on SDS-PAGE, upon tran-
sient transfection into HeLa cells. We found that although the
wild-type protein showed a significant band-shift to a higher
molecular weight in mitotic cells, this was barely detectable
in the nonphosphorylatable mutant (Fig. 4 E). Overall, these
data support that the in vivo phosphorylation of CLASP2 on
S1255 at KTs is directly mediated by Plk1 and is enhanced by
Cdkl kinase activity. In agreement, priming phosphorylation
of CLASP2 by Cdkl on S1234 appears to be critical for its
overall phosphorylated status during mitosis.

CLASP2 phosphorylation on S1234

is required to maintain mitotic

spindle bipolarity

To distinguish between the functional implications of CLASP2
phosphorylation on S1234 by Cdkl and Plkl-mediated
phosphorylations on the CLASP2 C terminal, we compared
single or multiple nonphosphorylatable and putative phospho-
mimetic mutants of CLASP2 fused with GFP. Localization of all
mutants during mitosis was identical to the wild-type protein
(Fig. S3 and Fig. S4). Overexpression (approximately seven
times that of endogenous protein levels) of the S1234A mu-
tant in HeLa cells caused a dramatic increase in monopolar
spindles with abnormally long non-KT-MTs and chromosomes
organized around centrosomes (Fig. 5 A, A’ and B). Equiva-
lent overexpression of the S1234D mutant or the wild-type
protein gave rise mostly to bipolar spindles (Fig. 5 B). Over-
expression of the nonphosphorylatable GFP-CLASP2 mutant
in all identified Plk1 phosphorylation sites at the C terminal
caused a slight, but not statistically significant, increase in the
formation of monopolar spindles when compared with over-
expression of wild-type or respective phospho-mimetic mutant,
regardless of the presence of endogenous CLASP2 (Fig. 5 B;
see also Fig. 7, A and D).

To understand how the phosphorylation of CLASP2 on
S1234 ensures spindle bipolarity, we overexpressed the GFP-
CLASP2 S1234A mutant in HeLa mCherry-H2B-Histone cells
and followed mitotic progression by spinning disk confocal
microscopy. We found that spindles start off bipolar, with several
misaligned chromosomes and, over time, centrosomes get closer
to each other due to spindle collapse, resulting in monopolar

a GFP antibody. Native protein extracts (Load), unbound proteins (Unb), and IPs were analyzed by Western blotting with GFP or Plk1 antibodies. Asterisk
indicates Plk1 and the respective reduction percentage in the S1234 mutant. The band at 50 kD corresponds to the antibody heavy chain (IgG).
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Figure 4. CLASP2 phosphorylation by Plk1 at KTs requires Cdk1-mediated priming. (A) Immunofluorescence localization of pS1255 epitope (green) in
mitotic Hela cells stained for total CLASP2 (red) and DNA counterstained with DAPI (blue). (top) pS1255 staining alone during mitosis. (left to right) KT
insets of selected planes from z stacks of the boxed area represent pS1255, CLASP2, ACA, and Merged. Midbody colocalization during telophase is
highlighted in the merged figure. (B) Representative immunofluorescence images of pS1255 at KTs upon nocodazole treatment, or combined with Cdk1,
Plk1, or both kinase inhibitors. (left to right) Insets show KT single planes of the boxed regions of pS1255 (green) and ACA (red) staining. Bars: 5 pm and
1 pm (higher magnifications). (C) Interquartile representation of pS1255 KT intensities in cells treated with nocodazole (n = 491), nocodazole + Cdk1
inhibitor (n = 459), nocodazole + Plk1 inhibitor (n = 471), and nocodazole + Cdk1 + Plk1 Inhibitors (n = 429). Statistically different values are indicated
with *, P < 0.05, Dunn's Multiple comparison test. (D) CLASP2, pS1234, pS1255, and a-tubulin Western blot of asynchronous and mitotic cells with and
without inhibition of Cdk1, Plk1, or both. (E) CLASP2 Western blot analysis of asynchronous and mitotic Hela cells expressing GFP-CLASP2 (wild-type) or
GFP-CLASP2 S1234A.

spindles with abnormally long non-KT-MT bundles (Fig. 5,
C and C’; and Video 1). In addition to spindle collapse, we ob-
served that prevention of S1234 phosphorylation by Cdkl

resulted in severe chromosome alignment defects and a mitotic
delay of up to several hours, ultimately resulting in cell death
(Fig. 5, D and D’; and Video 2). Overall, these results support the
idea that phosphorylation of CLASP2 on S1234 by Cdk1, but
not phosphorylation of the CLASP2 C terminal by PlklI, is
required to maintain mitotic spindle bipolarity.

A smaller fraction of cells (~20%) remained bipolar upon over-
expression of GFP-CLASP2 S1234A mutant (Fig. 5 B). This
was likely caused by a milder overexpression, which allowed
us to more directly investigate the relevance of CLASP2 phos-
phorylation on S1234 for chromosome alignment and mitotic
progression by comparing HeLa mCherry-H2B-Histone cells
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Figure 5. CLASP2 phosphorylation on $1234 is required to maintain mitotic spindle bipolarity. (A and A’) Hela cell overexpressing GFP-CLASP2 S1234A
mutant (green) with a monopolar spindle, immunostained for a-tubulin (red, leff), ACA (red, right), and DNA counterstained with DAPI (blue, left). Bar, 5 pm.
(B) Quantification of the mean percentage of monopolar spindles in cells overexpressing GFP-CLASP2 wildtype (n = 232), S1234A (n = 341), S1234D
(n=220), S_APk1 (n=215), and S_D Plk1 (n = 220) from three independent experiments. Error bars refer to standard error. One-way ANOVA Bonfer-
roni’s test revealed statistically significant differences indicated with * (P < 0.05). (C) Mitotic spindle collapse of Hela cells stably expressing mCherry-H2B
Histone and transfected with S1234A mutant. GFP-CLASP2 S1234A or wildtype are represented in grayscale in C'. (D) Cell death in Hela cells arrested
in a monopolar conformation upon overexpression of the GFP-CLASP2 S1234A (grayscale in D). Time is shown in hours:minutes. Bars, 10 pm.

overexpressing either GFP-CLASP2 wild-type (Fig. 6, A and A';
and Video 3) or the GFP-CLASP2 S1234A mutant (Fig. 6,
B and B’; and Video 4). We found that most cells overexpress-
ing GFP-CLASP2 wild-type progress normally throughout
mitosis, but in 25% of the cases they entered anaphase in the
presence of one or two misaligned chromosomes (Fig. 6 C). In
contrast, >40% of the cells overexpressing the GFP-CLASP2
S1234A mutant delayed anaphase onset up to several hours, and

eventually exited in the presence of misaligned chromosomes
(Fig. 6, B and C). One important difference between cells
overexpressing GFP-CLASP2 wild-type and S1234A mutant
was the frequent (15%) presence of more than two misaligned
chromosomes at anaphase onset in the latter, which led to the
formation of micronuclei upon chromosome decondensation,
as well as formation of chromatin bridges associated with
cytokinesis failure (Fig. 6 B). Likewise, expression of the
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Figure 6. CLASP2 phosphorylation on $1234 is required for normal chromosome alignment and segregation. (A and B) Selected frames of videos from
Hela cells stably expressing mCherry-H2B Histone (red) and transiently transfected with GFP-CLASP2 wild type (green; A) or GFP-CLASP2 S1234A mutant
(green; B). Images show representative frames of the videos to draw attention to chromosome alignment, segregation, and cytokinesis. A" and B’ panels
show H2B channel alone. Large arrowheads indicate misaligned and lagging chromosomes. Small arrowheads indicate sister chromatid pairs. Time is
shown in hours:minutes. Bar, 10 pm. (C) Quantification of chromosome alignment defects in cells expressing GFP-CLASP2 wild-type (n = 18) or S1234A
mutant (n = 34). Bars represent the percentage of cells with O, 1, 2, or more misaligned chromosomes at anaphase onset. The results represent a pool

from at least three independent experiments.

nonphosphorylatable, RNAi-insensitive GFP-CLASP2 mu-
tant in all Plk1 phosphorylation sites at the C terminal upon
depletion of endogenous CLASP2 caused a significant delay
in chromosome alignment and anaphase onset (Fig. 7, A-D;
and Video 5). These data support that CLASP2 phosphorylation
on S1234A by Cdkl and, more generally, at the C terminal by
Plk1 are required for proper KT-MT attachments, which are
important for normal chromosome alignment and timely satis-
faction of the SAC.

Our previous observations indicate that phosphorylation of
CLASP2 on S1234 by Cdkl is required to maintain spindle

bipolarity, chromosome alignment, and SAC satisfaction, sug-
gesting a role in the regulation of KT-MT stability. To directly
test whether phosphorylation of CLASP2 on S1234 is associ-
ated with changes in spindle MT dynamics, we photoactivated
GFP-a-tubulin stably expressed in U20S cells and determined
the respective fluorescence dissipation rate over time upon
transfection and overexpression of mRFP-CLASP2 wild-type
or S1234A mutant, relative to untransfected controls (Fig. 8§,
A and B). Typically in these experiments, normalized fluores-
cence intensity plots are best fit by double exponential equa-
tions, in which the fast-decay component is interpreted to
represent non-KT-MTs, whereas the slower-decay component
likely corresponds to the more stable KT-MTs (Zhai et al.,
1995; Bakhoum et al., 2009b; Maffini et al., 2009). Accord-
ingly, we observed that overexpression of both mRFP-CLASP2
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Figure 7. CLASP2 C-terminal phosphorylation by Plk1 is required for normal chromosome alignment and mitotic duration. (A) CLASP2 Western blot of
control and endogenous CLASP2-depleted Hela cells expressing GFP-CLASP2 S_A Plk1 mutant. (B) Quantification of Hela mCherry-H2B Histone cells
with delay in chromosome alignment in control (n = 27), CLASP2-depleted cells (n = 29), and cells depleted of CLASP2 expressing GFP-CLASP2 S_A Plk1
mutant (n = 16). The results represent a pool from at least three independent experiments. (C) Quantification of mean NEB-anaphase duration in Hela
mCherry-H2B Histone control (n = 27), CLASP2-depleted (n = 29), and cells depleted of CLASP2 expressing GFP-CLASP2 S_A Plk1 mutant (n = 16). Error
bars represent standard deviations from at least three independent experiments; *, P < 0.05, Student ttest. (D) Selected frames of representative videos of
Hela mCherry-H2B Histone (red) cells in control, CLASP2-depleted with, and CLASP2-depleted without GFP-CLASP2 S_A Plk1 mutant expression (green).
Arrowheads indicate chromosomes with delayed alignment. Time is shown in hours:minutes. Bar, 10 pm.

wild-type and S1234A mutant had a similar impact on non-
KT-MT turnover, leading to a significant hyperstabilization of
non-KT-MTs relative to untransfected controls (Fig. 8 C, top
graph). However, although overexpression of mRFP-CLASP2
wild-type also resulted in the hyperstabilization of KT-MTs,
overexpression of mRFP-CLASP2 S1234A was comparable to
untransfected controls (Fig. 8 C, bottom graph; note that due
to a lethal combination of RNAi and overexpression of GFP-
CLASP2 S1234A mutant, endogenous CLASP?2 is still pres-
ent in all experimental conditions). These data indicate that
phosphorylation of CLASP2 on S1234 specifically stabilizes
KT-MT attachments.

To test whether the observed spindle collapse upon over-
expression of the CLASP2 S1234A mutant was caused by un-
balanced KT versus non-KT-MT stability, as suggested by our
MT-turnover measurements, we compared monopolar spindles
resulting from Eg5 inhibition in cells overexpressing GFP-
CLASP2 wild-type, with monopolar spindles resulting from
overexpression of GFP-CLASP2 S1234A upon immunostain-
ing for different MT markers. Namely, we detected acetylated
tubulin, HURP, and PRC1, which preferentially label stable
MTs (Piperno et al., 1987), KT-MTs (Silljé et al., 2006), and
non-KT-MTs (Mollinari et al., 2002). In agreement with our
live cell observations, we found abnormally long, calcium-stable,
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non-KT-MT bundles that were acetylated and extensively dec-
orated with PRC1, whereas HURP-labeled KT-MTs were
shorter in monopolar spindles overexpressing GFP-CLASP2
S1234A, as indicated by the increased proximity between chro-
mosomes and the center of the monopole (Fig. 8, D-F; and not
depicted). Finally, we demonstrate that CLASP2 phosphory-
lation on S1234 and S1255 by Cdk1 and Plk1, respectively,
increases with conditions that allow the establishment and sta-
bilization of KT-MT attachments (Fig. 8§ G). Overall, we con-
clude that CLASP2 phosphorylation on S1234, which enhances
PIk1 recruitment to KTs while promoting additional CLASP2
phosphorylation by Plk1, defines a fine phospho-switch that sta-
bilizes KT-MT attachments in human cells.

Discussion

In this study, we have identified Cdkl and PIk1 as major ki-
nases responsible for CLASP2 phosphorylation in mitosis. In
particular, Cdkl-mediated phosphorylation of CLASP2 on
S1234 at the C-terminal domain generates a Plk1-docking site
important to recruit Plk1 to KTs and overall CLASP2 phos-
phorylation during mitosis. This molecular signature is con-
served among clear CLASP2 orthologues in vertebrates, but is
absent from CLASP1, indicating distinct functional regulation
of CLASPs paralogues in vertebrates. Surprisingly, the same
PIk1-binding motif is missing in the single CLASP orthologue
reported in X. tropicalis, D. melanogaster, and C. elegans,
suggesting that these might be functionally more closely re-
lated to mammalian CLASP1. However, we cannot exclude
that other regions in these proteins fulfill the requirement to
efficiently bind to and be phosphorylated by Plkl. Indeed,
we observed that even CLASP2 is able to associate with Plk1
in vivo through its N-terminal domain. Moreover, although
we did not observe a major band shift for CLASP1 in mitosis,
several CLASP1-phosphorylated residues have been identified
in large scale mass spectrometry studies of mitotic proteins
and shown to be dependent on Plk1 activity (Kettenbach et al.,
2011; Santamaria et al., 2011). In addition to Cdk1 and Plk1,
we confirmed that GSK33, directly or indirectly, plays a role in
CLASP2 phosphorylation, which has recently been shown to
regulate the association of CLASP2 with MT plus-ends during
mitosis (Kumar et al., 2012).

CLASP1 was proposed to be part of a molecular switch at
KTs that regulates KT-MT attachment stability through inter-
action with temporally distinct molecular partners (Manning
et al., 2010). In this case, the transition to a higher stability
condition was found to be promoted through an interaction
with Astrin. Thus far, we have been unable to detect any phos-
phorylation-dependent differences in the in vivo binding ca-
pacity between CLASP2 and Astrin (Fig. S5). Alternatively,
our present data indicates that CLASP2 phosphorylation on

S1234 by Cdk1 stabilizes KT-MT attachments at least in part
by mediating the recruitment of Plkl to KTs, while promot-
ing additional CLASP2 phosphorylation by PIkl. A similar
Cdk1-mediated priming mechanism has been proposed for
PIk1 recruitment to KTs by the SAC protein Bubl (Qi et al.,
2006), suggesting that multiple factors work in parallel to
recruit Plkl to KTs. Reduced Plkl1 levels at KTs may have
functional implications on other known PIk1 substrates at KTs
involved in the temporal regulation of MT attachment stabil-
ity, such as Kif2b (Hood et al., 2012), BubR1 (Lampson and
Kapoor, 2005), CLIP-170 (Tanenbaum et al., 2006; Li et al.,
2010), and Astrin (Manning et al., 2010; Kettenbach et al.,
2011; Santamaria et al., 2011).

Incapacity to efficiently recruit Plk1 to KTs upon drug-
mediated targeting of the PBD or overexpression of N-terminal
deletion mutants was shown to cause chromosome alignment
defects and mitotic arrest (Seong et al., 2002; Hanisch et al.,
2006; Reindl et al., 2008; Watanabe et al., 2009). Here, we re-
port that abolishment of a Plkl-binding motif or mutation of
Plk1-mediated phosphorylation sites on the CLASP2 C termi-
nal increases the incidence of chromosome alignment defects,
suggesting that Cdk1- and Plk1-mediated CLASP2 phosphory-
lation regulates KT-MT attachments.

In addition to chromosome alignment defects, we found
that overexpression of the nonphosphorylatable mutant of
CLASP2 on S1234 leads to mitotic spindle collapse after bipo-
larization and formation of monopolar spindles. Plk1 kinase
activity was previously implicated in the maintenance of spin-
dle bipolarity (Sumara et al., 2004; Peters et al., 2006; Lénart
et al., 2007), but this role has been functionally dissociated
from the correct PBD-mediated targeting of Plk1 to KTs (Seong
et al., 2002; Hanisch et al., 2006). Thus, the spindle collapse
into monopoles observed upon overexpression of CLASP2
S1234A mutant cannot solely be attributed to compromised
PIk1 activity at KTs. Curiously, unstable KT-MTs and hyper-
stable non-KT-MTs resulting in spindle collapse after bipo-
larization have also been reported upon Plk1 kinase inhibition
(Peters et al., 2006; Lénart et al., 2007; Santamaria et al., 2007).
This, together with our observation that the overexpression of
wild-type CLASP2 hyperstabilizes non-KT-MTs, suggests that
the formation of monopolar spindles upon overexpression of
CLASP2 S1234A mutant results from unbalanced KT versus
non-KT-MT stability (Kollu et al., 2009).

In this study, we found that CLASP2 is itself a Plk1 sub-
strate. By means of a specific antibody developed against phos-
phorylated S1255, which is one of the four residues on the
CLASP2 C terminal that was found to be directly phosphory-
lated by PIk1 in vitro (our study) and in vivo (Kettenbach et al.,
2011), we found that CLASP2 is phosphorylated by Plk1 at
KTs from prophase until telophase. Prophase phosphorylation
is very high, yet total CLASP2 cannot easily be detected in KTs

mutant (n = 90). Lengths were measured between the central point of the monopole and the end of the respective MTs through the different z-sections.
Medians are statistically different, P < 0.0001, Mann-Whitney t test. (G) Western blot of asynchronous, nocodazole-arrested, and nocodazole release
into MG132 Hela cell extracts. Total CLASP2 (left), S1234 (middle), and S1255 (right) phosphoepitopes were probed. Percentages indicate the fold

increase relative to asynchronous cells normalized for a-tubulin.
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at this stage. This possibly reflects the enrichment of a small
phosphorylated form of CLASP2 at prophase KTs as a conse-
quence of cyclin B import to the nucleus and an abrupt increase
in Cdkl activity at this stage (Hagting et al., 1999), which we
show to be required for efficient Plk1-mediated phosphoryla-
tion of CLASP2 at KTs. Importantly, mutation of all four resi-
dues on the CLASP2 C terminal in a way that prevents their
phosphorylation by Plk1 resulted in a significant delay in chro-
mosome alignment, without affecting spindle bipolarity. This
further suggests that CLASP2 phosphorylation on its C-terminal
by PIk1 is functionally uncoupled from the role of CLASP2 in
maintaining spindle bipolarity.

CLASP2 phosphorylation by Plkl on S1255 was also
strongly associated with centrosomes throughout mitosis.
Taking into account that total CLASP2 is present at centro-
somes throughout the cell cycle, we speculate that phosphor-
ylation by Plkl during mitosis may be related to CLASPs
roles at centrosomes during spindle assembly (Samora et al.,
2011; Logarinho et al., 2012). Indeed, mutation of CLASP2
C-terminal phosphorylation sites by Plk1 led to spindle orien-
tation problems (unpublished data), and Plk1 kinase activity
is required for spindle pole integrity (Oshimori et al., 2006;
Lénart et al., 2007).

Finally, small-molecule inhibitors specifically targeting
the PBD of Plk1 have been recently shown to significantly sup-
press in vivo tumor growth by lowering the cell proliferation
rate and triggering apoptosis (Yuan et al., 2011). Notably, over-
expression of a CLASP2 phospho-mutant on its Plk1-binding
motif dominates over the expression of endogenous CLASP2,
leading to formation of monopolar spindles, chromosome align-
ment defects, and consequent cell death. As so, our findings
open up the exciting possibility that administration of geneti-
cally modified Plk1 substrates (e.g., with nonphosphorylatable
Plk1-binding motifs) might represent alternative therapeutic
approaches in certain human cancers.

Materials and methods

Cell culture and drug freatments

Human Hela, Hela pEGFP-CLASP2a, Hela H2B-mCherry (Schmitz
et al., 2010), and U20S PA-GFP-a-tubulin (Ganem et al., 2005) cells
were grown in DME at 37°C in the presence of 5% CO, and supple-
mented with 10% FBS and antibiotics. To synchronize Hela cell cultures
in mitosis 5 pM of S-Trytil-L-Cysteine or 1.5 M nocodazole were added
to the media 16 h before harvesting by mitotic shake off. For kinase in-
hibitions, 5 pM of the proteasome inhibitor MG132 (EMD Millipore)
was added to synchronized cells 1 h before drug treatment. For Cdk1
inhibition, we used 10 pM RO 3306 (Enzo Life Sciences), Plk1 was in-
hibited with 100 nM Bl 2536 (Axon Medchem), GSK3p kinase activity
was blocked by 40 mM LiCl, Mps1 was inhibited with 5 yM Mps1-IN-1
(Kwiatkowski et al., 2010), and Aurora B activity was inhibited with 2
PM ZM 447439 (AstraZeneca) according to the indicated times. For
double thymidine block, Hela cells were seeded at 30% confluence and
treated for 18 h with 2 mM thymidine. After the first thymidine block,
cells were washed and released for 9 h in DME + 10%FBS. After releas-
ing, cells were blocked in 2mM thymidine for 17 h. After second block,
cells were washed and released in DME + 10% FBS and collected at the
indicated time points.

Constructs and transfections

To determine the specific localization of CLASP2, we used the previously
described pEGFP-CLASP2a or mRFP-CLASP2a constructs (Akhmanova
et al., 2001; Mimori-Kiyosue et al., 2005). pEGFP-CLASP2 S1234A
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was generated by site-directed mutagenesis with the following prim-
ers: forward, 5-CAATGCCTACTCACTCCGCCCCACGCTCTCGAG-3’,
and reverse, 5'-CTCGAGAGCGTGGGGCGGAGTGAGTAGGCATTG-3'.
mRFP-CLASP2 S1234A was constructed by cutting pEGFP-CLASP2
S1234A with the enzyme BamHI and inserting it info the BamHI-
digested mRFP-CLASP2a sequence. pEGFP-CLASP2 $1234D, S_A, and
S_D Plk1 mutants were developed by inserting a synthesized sequence
with the mutation in the pEGFP-CLASP2 construct. Transient and stable
transfections into Hela cells were performed using FUGENE HD (Roche)
or Xtremegene HD (Roche). Human CLASP2 and CENP-E levels were
reduced with specific small interfering RNA oligonucleotides (CLASP2,
GACATACATGGGTCTTAGA; CENP-E, AAACACTTACTGCTCTCCAGTTT)
as described previously (Harborth et al., 2001; MimoriKiyosue et al.,
2005). For RNAI, cells were transfected 1 h after plating with Lipo-
fectamine RNAIMAX-siRNA complexes according to the manufacturer’s
instructions (Invitrogen). Phenotypes were analyzed and quantified 72 h
(for CLASP2) or 48 h (for CENP-E) after RNA treatment, and protein
depletion was monitored by Western blot.

Western blotting

Total protein Hela cell extracts were separated on 9 or 7% acrylamide gels
(ratio 80:1, acryl/bis), followed by Western blot with the antibodies: rat
anti-CLASP2 1:100 (raised against a recombinant human CLASP2 frag-
ment corresponding to nucleotides 90-876 from KIAAO627 <DNA; Maffini
et al., 2009); rabbit anti-pS1234, anti-pS1255 1:500, and anti-CENP-E
1:500 (Santa Cruz Biotechnology, Inc.); mouse anti-Cyclin B1 1:1,500
(Cell Signaling Technology); and anti—a-tubulin 1:5000 (Sigma-Aldrich).
HRP-conjugated secondary antibodies (GE Healthcare) were visualized
with the ECL system (Thermo Fisher Scientific).

Immunofluorescence

Hela cells were fixed in cold methanol or 4% paraformaldehyde,
blocked with 10% FBS in PBS, and incubated with the following specified
primary antibodies: rat anti-CLASP2 1:10 (Maffini et al., 2009); rab-
bit anti-CENP-E 1:300 (Santa Cruz Biotechnology, Inc.), anti-pS1255
1:500, anti-HURP 1:300 (Silljé et al., 2006) raised against a recombi-
nant human HURP fragment from nucleotides 1-401 (gift from E. Nigg,
Biozentrum, Basel, Switzerland), anti-PRC1 1:100 (Santa Cruz Biotech-
nology, Inc.), anti-GFP 1:1,000 raised against full-length recombinant
protein; mouse anti-acetylated tubulin 1:2000 (Sigma-Aldrich); anti-Plk1
1:100 (Santa Cruz Biotechnology, Inc.); anti—a-tubulin 1:2,000 (Sigma-
Aldrich); human anti-ACA 1:10,000 derived from autoimmune serum
from Core Research for Evolutional Science and Technology patients
(gift from W. Earnshaw, University of Edinburgh, Edinburgh, Scotland,
UK). Cells were washed with PBS before and after incubation with Alexa
Fluor secondary antibodies at a 1:1,000 dilution (Molecular Probes),
and DNA was counterstained with 1 mg/ml DAPI (Maiato et al., 2003a).
Chromosome spreads were performed by treating Hela cells for 3 h
with nocodazole, and then incubating them for 20 min in 75 mM KClI
and processing them for immunofluorescence, as previously described
(Maiato et al., 2003a). The antibodies against phosphorylated $1234
and S1255 in CLASP2 were generated in rabbits against the immuniz-
ing phosphorylated peptides 1227HSMPTHSSpPRSRDYNPY 1243 and
1251PFNKSpALKEAMFDDD 1265 (Abgent), respectively. Images were
acquired with an Axiolmager Z1 equipped with an AxioCam MR using
immersion oil 63x 1.4 NA Plan-Apochromat obijective, controlled by the
AxioVision software (all from Carl Zeiss). Immunofluorescence images
were deconvolved with AutoQuant software, and gamma intensity levels
were adjusted with Adobe Photoshop. MT length was measured over
z sections with Volocity software (Perkin-Elmer).

Fluorescence quantification

Protein accumulation at KTs of Hela cells prepared for nocodazole
treatment and immunostained with rat anti-CLASP2, rabbit anti-CENP-E,
anti-pS$1255, mouse anti-Plk1, and human anti-ACA was measured for
individual KTs by quantification of the pixel gray levels of the focused
z plane within a region of interest (ROI). Background was measured out-
side the ROI and subtracted from the measured fluorescence intensity in-
side the ROI. Results were normalized against a constitutive KT marker
(ACA) with a custom routine written in MATLAB.

Image acquisition and time lapse microscopy

For timelapse microscopy, cells were plated in 35 mm glass bottom microwell
(14 mm, No 1.5 coverglass) dishes (MatTek Corporation), transfected
and imaged in a heated environmental chamber (37°C). Four dimensional



datasets were acquired either with a Revolution spinning disc confocal
system (Andor) based on an Olympus IX81 inverted microscope equipped
with a Yokogawa CSU-22 spinning-disk confocal head (controlled by
Andor-iQ software) or on a Nikon TE2000U inverted microscope equipped
with a Yokogawa CSU-X1 spinning-disk confocal head (controlled by NIS-
Elements software), both equipped with two laser lines (488 nm and 561 nm).
1.0-pm z stacks were collected every 2 or 3 min with a Plan-Apochromat
1.40 NA 60x immersion oil objective and images captured with an iXon®™ +
Electron Multiplying CCD camera.

Photoactivation

For MT photoactivation, cells with metaphase plates were identified
using differential interference contrast (DIC) microscopy. Spindle MTs were
locally activated in one half spindle using a 500-ms pulse from a 405-nm
(35%) laser (Photonic Instruments) on an Eclipse Ti microscope (Nikon)
equipped with a spinning disk confocal attachment (Yokogawa). Fluores-
cence images were captured on a Hamamatsu ImageEM camera every
15 s for 6 min with a 100x oilimmersion 1.4 NA objective. DIC micros-
copy was then used to verify that cells did not enter anaphase throughout
image acquisition. To quantify fluorescence dissipation after photoacti-
vation, pixel intensities were measured within a 1-pm rectangular area
surrounding the region of highest fluorescence intensity and background
subtracted using an equal area from the nonactivated half spindle. The val-
ves were corrected for photobleaching by treating cells with 10 pM Taxol
and determining the percentage of fluorescence loss during é min of image
acquisition after photoactivation. Fluorescence values were normalized to
the first time-point after photoactivation for each cell and the mean intensity
at each time point was fit to a double exponential curve (A1 x exp[-k11] +
A2 x exp[-k21]) using Matlab (Mathworks), where A1 represents the less
stable non-KT-MT population and A2 the more stable KT-MT population
with decay rates of k1 and k2, respectively. The turnover halfife for each
process was calculated as In2/k for each population of MTs.

Immunoprecipitation

Native protein extracts from asynchronously growing or mitotic shake-
offs of Hela, Hela GFP-CLASP2 (wildtype), or Hela GFP-CLASP2
S1234A cells were IP. 1 mg of total protein was incubated on IP buffer:
150 mM KCl, 75 mM Hepes, pH 7.5, 1.5 mM EGTA, 1.5 mM MgCl,,
10% glycerol, 0.1% NP-40, protease, and phosphatase inhibitors. Pro-
tein extracts were incubated overnight with rotation at 4°C with the
precipitating antibody (rabbit anti-GFP 1:100, mouse anti-Plk1 1:100,
mouse and rabbit unspecific IgG 1:100), followed by the incubation
with 40 pl of protein A magnetic beads for 1.5 h at 4°C. Unbound sam-
ple was recovered from the bead supernatant, and beads were washed
with IP buffer. Precipitated proteins were eluted by boiling for 30 min in
SDS sample buffer and analyzed by electrophoresis and Western blot
with the appropriate antibody.

Identification of phosphorylation sites

To identify sites directly phosphorylated by Cdk1 and Plk1 in vitro, 1 pg re-
combinant human THE CLASP2 C terminal was incubated with 20 U of
active Cdk1 (New England Biolabs) or Plk1 (EMD Millipore) for 1 h in the
presence of 200 yM ATP. For radioactive kinase assays, reactions were
performed with the addition of 10 pCi ATP-yP32. Phosphorylation sites
within the CLASP2 C terminal were identified by mass spectrometry with an
LTQ XL lon trap mass spectrometer (Thermo Fisher Scientific) using MudPIT
and SEQUEST software (http://fields.scripps.edu/sequest/) as previously
described (Washburn et al., 2001).

Structural modeling

The 3D structure of the Plk1 PBD-MQSpTPL phosphopeptide complex [PDB
entry 3P34, (Sledz et al., 2011)] was used as a model for the structural
analysis of the interaction between the PBD and the 1222-THSpSPR-1227
Plk1-binding motif of CLASP2. Because no conformational changes occur
in the PBD upon peptide binding (Cheng et al., 2003; Sledz et al., 2011),
the MQSpTPL peptide sequence was mutated to the corresponding CLASP2
sequence with Coot (Emsley et al., 2010), the resulting complex was mini-
mized with PHENIX (Adams et al., 2010), and the resulting 3D structure
prepared with the PyMOL Molecular Graphics System, Version 1.5.0.1
Schrédinger, LLC.

Statistical analysis

All statistical analysis was performed with GraphPad Prism V5 (Graph-
Pad Software, Inc.). Values were considered statistically different when-
ever P < 0.05.

Online supplemental material

In Fig. S1, the CLASP2 C terminal is characterized as the main phosphory-
lation cluster. Single kinase inhibitions were used to describe how Cdk1
and Plk1 contribute for CLASP2 mitotic shift. Furthermore, the evolution-
ary conservation of the identified phosphorylated residues is illustrated.
CLASP2 phospho-antibodies are characterized in Fig. S2. Fig. S3 gives
representative immunofluorescence images of mitotic Hela cells trans-
fected with GFP-CLASP2 S1234A and S1234D mutants. Similarly, the
mitotic localization of S_A and S_D Plk1-CLASP2 mutants is described
in Fig. S4. Fig. S5 shows a Western blot analysis from GFP-CLASP2 WT
and S1234A immunoprecipitations, demonstrating that CLASP2 phos-
phorylation on $1234 is not required for CLASP2-Astrin interaction.
Tables S1 and S2 summarize the phospho-peptides identified by mass
spectrometry analysis of the CLASP2 C terminal after in vitro phosphory-
lation by Cdk1 (Table S1) and Plk1 (Table S2). Video S1 illustrates an
Hela cell transiently transfected with GFP-CLASP2 S1234A undergoing
mitotic spindle collapse. Video S2 shows cell death of an Hela cell as
a consequence of GFP-CLASP2 S1234A overexpression. Video S3 de-
picts a Hela cell transiently expressing GFP-CLASP2 (wild type). Video S4
demonstrates how GFP-CLASP2 S1234A mutant expression impairs nor-
mal mitotic timing and fidelity. Video S5 shows how CLASP2 S_A Plk1
mutant expression compromises normal mitotic timing and chromosome
alignment. Online supplemental material is available at http://www.jcb

.org/cgi/content/full /jcb.201203091/DC1.
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