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Xorbit/CLASP links dynamic microtubules to
chromosomes in the Xenopus meiotic spindle

Eva Hannak and Rebecca Heald

Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, CA 94720

family of microtubule (MT)-binding proteins,

Orbit/multiple asters/cytoplasmic linker pro-

tein—associated protein, has emerged as an
important player during mitosis, but their functional
mechanisms are poorly understood. In this study, we
used meiotic egg extracts to gain insight into the role of
the Xenopus laevis homologue Xorbit in spindle assembly
and function. Xorbit immunodepletion or its inhibition by
a dominant-negative fragment resulted in chromosome
alignment defects and aberrant MT structures, including
monopolar and small spindles. Xorbit-depleted extracts
failed to nucleate MTs around chromatin-coated beads,

Introduction

Spindle formation relies on intricate spatial and temporal control
of microtubule (MT) dynamics and coordinated organization
by motor proteins (for review see Gadde and Heald, 2004).
Mitotic chromosomes play an active role in this process by sta-
bilizing MTs in their vicinity and by forming attachments at
their kinetochores that facilitate their metaphase alignment and
anaphase segregation. However, the molecular mechanisms
linking dynamic MTs to chromosomes are poorly understood.

Stabilization of MTs by mitotic chromosomes is most ap-
parent and essential in systems that lack MT nucleation centers
(centrosomes), but increasing evidence suggests that this is a
conserved process operating in many cell types (Heald et al.,
1996; Khodjakov et al., 2000; Megraw et al., 2001; Maiato et
al., 2004; Rebollo et al., 2004). Using meiotic Xenopus laevis
egg extracts is a useful way to study this phenomenon, as chro-
matin-coated beads are sufficient to induce spindle assembly in
the absence of centrosomes and kinetochores (Heald et al.,
1996). Dynamic MTs generated by chromatin are organized by
MT-based motor proteins, which may contribute to chromatin—
spindle interactions (Walczak et al., 1998).
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indicating its essential requirement for spindle assembly
in the absence of centrosomes and kinetochores. Xor-
bit's MT stabilizing effect was most apparent during
anaphase, when spindle MTs depolymerized rapidly
upon Xorbit inhibition. Biochemical interaction between a
COOH-terminal Xorbit fragment and the kinetochore-
associated kinesin centromeric protein E may contribute
to Xorbit's role in chromosome congression. We propose
that Xorbit tethers dynamic MT plus ends to kinetochores
and chromatin, providing a stabilizing activity that is
crucial for spindle assembly and chromosome segregation.

A fundamentally different kind of MT connection occurs at
the kinetochore, where plus ends of a MT bundle form a stable yet
dynamic attachment capable of coupling MT depolymerization to
chromosome movement. A variety of kinetochore-associated
proteins have been implicated in this process, including dynein,
kinesin 13 (mitotic centromere-associated kinesin [MCAK]/
XKCM1), the chromosomal passenger complex, and kinesin 7
(centromeric protein E [CENP-E]). However, it is poorly un-
derstood how the kinetochore—-MT interface mediates chromo-
some movements and which factors are involved.

A class of MT-associated proteins that concentrate at MT
plus ends has emerged as a potential key player in chromo-
some—MT interactions during mitosis. These plus end—tracking
proteins or +Tips, such as the cytoplasmic linker protein 170
(CLIP-170) and adenomatous polyposis coli (APC), localize to
kinetochores during mitosis and have been suggested to partic-
ipate in MT—kinetochore attachments (Dujardin et al., 1998;
Fodde et al., 2001; Kaplan et al., 2001; Green et al., 2005).
CLIP-associated proteins (CLASPs) have also been identified
and have been shown to associate with kinetochores indepen-
dently of MTs. Mutant analysis and RNA interference of the
Drosophila melanogaster version, multiple asters/Orbit, re-
vealed that it is required for chromosome alignment, kineto-
chore-MT attachment, and maintenance of spindle bipolarity
(Inoue et al., 2000; Lemos et al., 2000; Maiato et al., 2002).
Intriguingly, a study using photobleaching and microsurgery

JCB

19



20

suggested that CLASP is involved in MT polymerization at
plus ends essential for MT poleward flux (Maiato et al.,
2005). Further evidence supporting a role for CLASP in mito-
sis results from studies in human cells and Caenorhabditis
elegans embryos (Maiato et al., 2003; Cheeseman et al.,
2005), but the molecular mechanisms behind CLASP protein
function remain unclear.

To investigate the role of CLASP in spindle assembly and
chromosome segregation in egg extracts, we cloned the Xenopus
homologue Xorbit (Fig. S1, available at http://www.jcb.org/
cgi/content/full/jcb.200508180/DC1). Consistent with Orbit/
CLASP localization in Drosophila and mammalian cells, Xorbit
associates with spindle MTs, spindle poles, and kinetochores
during metaphase in Xenopus egg extracts and shifts to the cen-
tral spindle in late anaphase (Fig. S2; Inoue et al., 2000; Maiato
et al., 2002, 2003).

To assess the mitotic processes for which Xorbit is re-
quired, a-Xorbit antibody was used to quantitatively (>98%)
deplete the protein from extracts arrested in metaphase of
meiosis II (cytostatic factor—arrested [CSF] extract; Fig. 1 A).
Spindle assembly reactions were performed by cycling CSF
extract containing sperm nuclei through interphase to allow
DNA and centrosome replication and then cycling back into
metaphase (Desai et al., 1999). Although mock-depleted extracts
yielded predominantly bipolar spindles with chromosomes
congressed at the metaphase plate, Xorbit-depleted extracts
generated aberrant spindles with severe chromosome alignment
defects (Fig. 1 B). The average spindle length after Xorbit de-
pletion was significantly shorter than controls (19.6 = 3.8 um
and 31.8 = 4.2 m, respectively; n = 100; three experiments),
and ~20% of all structures were monopolar. We conclude that
Xorbit depletion causes a metaphase phenotype similar to
CLASP inhibition in other organisms (Inoue et al., 2000; Lemos
et al., 2000; Maiato et al., 2002).

Previous domain analysis of human CLASP revealed a highly
conserved CT domain capable of localizing to kinetochores
(Fig. S1; Maiato et al., 2003). To potentially distinguish among
Xorbit’s different mitotic functions, we expressed the CT do-
main fused to GST (GST-CT) and tested its effects on spindle
formation. In contrast to the GST control, spindles that formed
in the presence of GST-CT displayed severe chromosome
alignment defects, and many spindles appeared shorter in
length (Fig. 1 C), which is a phenotype similar to Xorbit deple-
tion. By immunofluorescence with an a-GST antibody, Xorbit
GST-CT localized to spindle MTs and concentrated at kineto-
chores and spindle poles similar to endogenous Xorbit (Fig. 1 D).
These results provide further evidence that the mitotic defects
observed upon Xorbit depletion are specific. Because GST-CT

B

2501 f
160 _— |
105 Amock
75
50 ;
35
AXorbit

C +GST

.

CSF
Amock
AXorbit

+GST-CT

+GST-CT

Figure 1. Xorbit inhibition results in aberrant spindle structures and chro-
mosome alignment defects. (A) Western blot of CSF Xenopus extract and
extracts depleted using IgG (Amock) or Xorbit antibodies (AXorbit) probed
with a-Xorbit antibody. (B) Metaphase spindles assembled in mock- and
Xorbit-depleted extracts. All three AXorbit images display chromosome
alignment defects, and the two bottom spindles are also smaller in size.
(C) GST or GST-CT were added at the start of mitosis, and metaphase
spindles were examined. (D) Immunofluorescence with «-GST, shown in
green in merged images. Arrow indicates aggregates of added protein.
MTs are red and DNA is blue. Bars, 10 pm.

did not prevent the association of endogenous Xorbit with
chromosomes by biochemical analysis (not depicted), we spec-
ulate that it affects Xorbit’s molecular interactions.

In addition to chromosome alignment defects indicative of a
role at the kinetochore, the small spindle phenotype observed
upon Xorbit inhibition suggested that Xorbit might also in-
fluence nonkinetochore MTs. To examine Xorbit’s role in
chromatin-induced MT stabilization, spindles were assembled
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Figure 2. Xorbit is required for MT stabilization by
mitotic chromatin. (A) Spindles assembled around
chromatin-coated beads in mock- and Xorbit-depleted
extracts. (B) GST or GST-CT were added at the start of
mitosis, and metaphase chromatin bead spindles
were examined. MTs are red and DNA is blue. (C)
Centrosome asters were assembled in mock- and
Xorbit-depleted extracts and were fixed after 10 min.
Bars, 10 um. (D) MTs polymerized after a 10-min in-
cubation in the presence or absence of DMSO in
mock- and Xorbit-depleted extracts were pelleted and
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around DNA-coated beads (Heald et al., 1996). In mock-depleted
extracts, MT stabilization and organization generated bipolar
spindles, whereas in Xorbit-depleted extracts, this process
was severely inhibited (Fig. 2 A). No MT polymerization was
observed at ~98% of all bead clusters (n = 300; three experi-
ments), suggesting that Xorbit plays a crucial role in chromatin-
induced MT formation. Interestingly, GST-CT addition did not
cause such a severe phenotype but predominantly resulted in
small, distorted spindles (~60% of all bead spindles; n = 300;
three experiments; Fig. 2 B). This differs from the quite similar
effect of Xorbit depletion and GST-CT addition on sperm
spindle assembly, suggesting that endogenous Xorbit can still
perform part of its function in the presence of GST-CT and that
this function is redundant with that of centrosomes and/or
kinetochores. One intriguing possibility is that Xorbit also acts
at MT minus ends through nucleation/stabilization in addition
to stabilizing dynamic plus ends. Consistent with a potential
role at MT minus ends, Xorbit localizes to the poles of both
bead and sperm spindles (Fig. S2 and not depicted).

To determine whether Xorbit plays a general role in regulat-
ing MT dynamics, MT asters were generated in CSF extracts by
adding either centrosomes as nucleation sites or DMSO, a MT-
stabilizing agent that induces aster formation. No effect on aster
assembly was observed by fluorescence microscopy upon Xorbit
depletion in either assay (Fig. 2 C and not depicted). To confirm
these observations more quantitatively, DMSO asters were pel-
leted and MT polymer levels were evaluated by a-tubulin im-
munoblotting, which revealed no obvious difference between
mock- and Xorbit-depleted extracts (Fig. 2 D). These data sug-
gest that Xorbit does not exert a global effect on MT dynamics
but plays a role specifically in chromatin-driven MT assembly.

Previous studies and our characterization of Xorbit depletion
establish an important function for Xorbit/CLASP in spindle
assembly, but its function in later stages of mitosis has not been
closely examined (Inoue et al., 2000; Lemos et al., 2000; Mai-
ato et al., 2002, 2003). Therefore, we investigated the effects
of Xorbit depletion on chromosome segregation and spindle

dynamics during anaphase by adding calcium or an activated
version of calcium/calmodulin-dependent kinase II to mock- or
Xorbit-depleted cycled spindles arrested in metaphase. In con-
trol extracts, sister chromatids separated and segregated to oppo-
site spindle poles, and kinetochore MTs shortened and spindle
poles separated. Surprisingly, in Xorbit-depleted extracts,
spindle MTs depolymerized within a few minutes of anaphase
induction (Fig. 3 A). Time-lapse fluorescence microscopy
further illustrated the dramatic spindle MT disassembly at
anaphase onset in the absence of Xorbit (Fig. 3 B and Videos
1 and 2, available at http://www.jcb.org/cgi/content/full/
jcb.200508180/DC1).

To determine whether the MT depolymerization was a
consequence of aberrant metaphase spindle assembly or the
result of a specific requirement for Xorbit during anaphase, we
added the GST-CT construct to wild-type metaphase spindles
and concomitantly triggered anaphase. Although the metaphase
spindles were robust and normal in size, their MTs rapidly de-
polymerized upon anaphase onset when Xorbit was inhibited
(Fig. 4 A). In contrast, if GST-CT was added without triggering
anaphase, spindles persisted and gradually became small and
distorted, as in Fig. 1 C (not depicted). To examine whether the
depolymerization resulted from defects in kinetochore—MT in-
teractions or because all spindle MTs require Xorbit activity to
persist during anaphase, we compared the effects of GST-CT
on chromatin bead spindles that were arrested in metaphase or
induced to enter anaphase. Whereas GST-CT addition caused
spindle distortion in metaphase, it caused complete MT depoly-
merization within 10 min of anaphase onset (Fig. 4 B). We
conclude that Xorbit plays an essential role in MT stabilization
during anaphase.

At the kinetochore, CLASP has been proposed to pro-
mote tubulin subunit addition at kinetochore fibers, driving
poleward MT flux (Maiato et al., 2005), and our results are
consistent with such a role for Xorbit/CLASP during meta-
phase. In anaphase, however, polymerization at the plus end
stops and kinetochore MTs shorten, partly because of flux/
minus end disassembly and partly because of plus end depoly-
merization (Maddox et al., 2003). Our results expand the role
of Xorbit as a plus end—stabilizing factor that protects both
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Figure 3. Xorbit is essential for MT stabilization AXorbit AXorbit
during anaphase. Chromosome segregation in mock-
and Xorbit-depleted extracts. (A) Once metaphase
spindles assembled (top), anaphase was induced,
and samples were fixed after 5, 10, and 15 min. MTs
are red and DNA is blue. (B) Time-lapse fluorescence
microscopy of X-rhodamine-labeled MTs in mock-
and Xorbit-depleted spindles during anaphase. Time
is in seconds after anaphase induction. Bars, 10 um.

+GST-CT B wild-type

Figure 4. Xorbit is required to maintain kinetochore and
nonkinetochore MTs at anaphase onset. (A) Wildtype
metaphase spindles were assembled, and GST or GST-CT
was added at the same time anaphase was induced.
Spindles were fixed 5, 10, and 15 min later. (B) Wild-
type spindles were assembled around chromatin-coated
beads, and GST or GST-CT was added during metaphase
arrest (bottom left) or at the same time anaphase was in-
duced (right), and spindles were fixed 10 min later. MTs
are red and DNA is blue. Bars, 10 um.
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kinetochore and nonkinetochore MTs from uncontrolled dis-
assembly while attached chromosomes segregate.

To investigate potential binding partners of Xorbit that could
account for its mitotic phenotypes, we performed pull-down
experiments with GST-CT and GST as a control in Xenopus
laevis and Xenopus tropicalis extracts (Fig. 5 A). Mass spec-
trometry analysis revealed a Xenopus homologue of CLIP-170
as a specific GST-CT-interacting 250-kD protein. CLASP is
known to interact with CLIP-170, which is preferentially asso-
ciated with MT plus ends and is implicated in vesicle transport,
but so far this interaction has only been reported in interphase
(Akhmanova et al., 2001). Another high molecular mass pro-
tein that specifically pulled down with GST-CT was identified
as kinesin 7 or CENP-E, a kinetochore-associated motor pro-
tein required for chromosome alignment (Schaar et al., 1997;
Wood et al., 1997; McEwen et al., 2001). We confirmed this
interaction with an a—CENP-E antibody, which recognized a

Figure 5. Xorbit interacts with kinetochore kinesin 7
(CENP-E). (A) Silver-stained gel of GST and GST-CT
pull-downs performed in Xenopus tropicalis extracts.
GST-CT-interacting proteins analyzed by mass spec-
trometry are indicated on the right. The band at
~160 kD could not be identified. (B) Western blot of
CSF extract, GST, and GST-CT pull-downs probed
with a—CENP-E antibody. (C) Metaphase spindles in
mock- and Xorbit-depleted extracts stained for CENP-E.
(D and E) Duplicated metaphase chromosomes formed
in the presence of GST and GST-CT stained for CENP-E
(D and E) and GST (D) or BubR1 (E). In merged images,
CENP-E is shown in green, DNA in blue, and either
MTs (C), GST-CT (D), or BubR1 (E) in red. Arrows indi-
cate aggregates of GST-CT and CENP-E. Bars, 10 pum.

AXorbit

specific band above 300 kD in CSF extracts and GST-CT pull-
downs (Fig. 5 B). CENP-E did not coimmunoprecipitate with
Xorbit antibodies, nor were its levels altered in Xorbit-depleted
extracts (unpublished data), but it is likely that the COOH-
terminal antibody disrupted the interaction between Xorbit and
CENP-E. Furthermore, CENP-E localization to kinetochores in
Xorbit-depleted extracts was not impaired (Fig. 5 C), suggesting
that chromosome alignment defects in the absence of Xor-
bit reflect a functional interaction between the two proteins
through the Xorbit CT domain. In the presence of GST-CT,
CENP-E levels at kinetochores appeared slightly elevated, and
aggregates of the two proteins often formed near spindle poles.
These foci did not contain another kinetochore component,
BubR1 (Fig. 5, D and E; arrows), indicating that the aggregates
were not kinetochores and further supporting a biochemical
interaction between CENP-E and GST-CT.

CENP-E is believed to somehow link the leading kineto-
chore to shrinking MT plus ends independent of ATP hydroly-
sis and to move the trailing kinetochore toward the growing
MT plus end during antipoleward movement (Lombillo et al.,
1995; Wood et al., 1997; Yao et al., 1997; Putkey et al., 2002).
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We propose that Xorbit supports CENP-E in coupling MT dy-
namics to chromosome movement either by a direct tethering
activity or through its association with CENP-E. It is possible
that Xorbit also functions through other factors during congres-
sion such as cytoplasmic dynein, because Xorbit interacts with
CLIP-170, a dynein regulatory factor that has also been impli-
cated in chromosome alignment (Fig. 5 A; Dujardin et al.,
1998). Thus, Xorbit could function by physically linking chro-
mosomes to dynamic plus ends during congression or by tar-
geting/regulating necessary motor activities.

In summary, Xorbit plays an essential role in multiple as-
pects of spindle MT dynamics in Xenopus egg extracts. This
differentiates Xorbit/CLASP from other +Tips that have been
examined to date for roles in spindle assembly and function.
For example, although APC is implicated in chromosome mis-
segregation (Fodde et al., 2001; Kaplan et al., 2001; Green et
al., 2005), the depletion of APC from egg extracts caused subtle
defects in spindle morphology, except under conditions in
which kinesin 13/ XMCAK was codepleted (Banks and Heald,
2004; Dikovskaya et al., 2004). In contrast, EB1 influences
global MT dynamics by promoting plus end polymerization
(Tirnauer et al., 2002). Our study highlights Xorbit/CLASP as a
critical factor linking chromosome segregation to MT dynamics
during cell division.

Materials and methods

Cloning, expression, and purification of fusion proteins and

antibody generation

Full-length Xorbit was generated by PCR from a ¢cDNA library (gift from P.
Budde, Cell Press, Boston, MA) with primer sequences derived from Xeno-
pus EST clones homologous to human CLASP. GST-CT encoding the 282
CT amino acids fused to GST was expressed in Escherichia coli, purified
by glutathione Sepharose 4B chromatography, and dialyzed into XB (10
mM Hepes, pH 7.7, T mM MgCl,, 0.1 mM CaCl,, 100 mM KCl, and 50
mM sucrose). a-Xorbit antibody was generated against amino acids 799-
1,457 fused to GST (Covance Research Products) and was aoffinity purified.

Preparation of Xenopus egg extracts and in vitro assays

CSF extract was prepared, and spindle assembly reactions with replicated
sperm chromosomes were performed as previously described (Desai et
al., 1999). Exiracts were driven into anaphase with calcium solution (4 mM
CaCl,, 100 MM KCl, and T mM MgCly) or an activated version of CamKII
(CamKll plasmid was a gift from M. Doree, Centre National de la Recherche
Scientifique, France) expressed in reticulocyte lysate.

Centrosome/DMSO aster formation and spindle assembly around
chromatincoated beads were assayed as previously described (Wignall
and Heald, 2001). For MT pelleting assays, DMSO aster reactions were
diluted with 30% glycerol in BRB80 (80 mM K-Pipes, pH 6.8, 1 mM
MgCly, and 1T mM EGTA) and spun down through a cushion of 60% glyc-
erol/BRB8O. Pellets were analyzed by immunoblotting with @ monoclonal
a-tubulin antibody (1:5,000; E7; Developmental Studies Hybridoma Bank)
using standard techniques.

Xorbit immunodepletion and inhibition by GST-CT

10 pg a-Xorbit antibody or random rabbit IgG (control; Sigma-Aldrich)
was coupled to 50 pl protein A-Dynabeads (Dynal) and used to immuno-
deplete 150 pl CSF exiract. Depletion was assessed by immunoblotting
with 1 pg/ml a-Xorbit antibody. To inhibit Xorbit, GST-CT was added to
the extract at a final concentration of 1.8 M (approximately endogenous
Xorbit levels) either upon entry into mitosis or at the onset of anaphase.
As a control, 1.8 uM GST was added.

Immunofluorescence and microscopy

Spindle reactions were spun onto coverslips and fixed as previously de-
scribed (Wignall and Heald, 2001). a-Xorbit and a~CENP-E antibody
were used 1:3,000, a-BubR1 antibody was used at 1:5,000 («—CENP-E
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and a-BubR1 antibodies were a gift from D. Cleveland, University of Cali-
fornia, San Diego, La Jolla, CA) and «GST antibody (gift from T.J.
Maresca, University of California, Berkeley, Berkeley, CA) was used at
1:500. Images were collected with a fluorescence microscope (model BX51;
Olympus) with a dry 40x NA 0.75 objective, a cooled CCD camera
(model Orcall; Hamamatsu), and MetaMorph software (Molecular De-
vices). Images in Figs. S2, 1 D, and 5 (C-E) were taken on an imaging
station (DeltaVision; Applied Precision) equipped with an inverted micro-
scope (model IX70; Olympus) with a 60x NA 1.35 oil immersion lens
(Olympus) and a cooled CCD camera (model Photometrics; Roper Scientific).
Images were taken with a Z-stack size of 0.2 pum and deconvolved, and
stacks were projected info a single plane. Images were processed using
Adobe Photoshop.

Pull-downs and mass spectrometry

100 ul of Xenopus laevis or tropicalis extract (a gift from M. Blower, Uni-
versity of California, Berkeley) incubated with 7 WM GST-CT was added
to 60 ul glutathione Sepharose 4B slurry and rotated at 4°C. Extract was
removed, and the slurry was washed once with XB, three times with XB +
100 mM KCI, once with XB, eluted with 25 pl 2x SDS sample buffer,
and analyzed by immunoblotting with a~CENP-E antibody (1:5,000) or
mass spectrometry.

For mass spectrometry analysis, protein bands were cut into small
pieces, washed in 25 mM ammonium bicarbonate in 50% acetonitrile,
reduced with DTT, alkylated with iodoacetamide, and digested with Se-
quencing Grade Modified Trypsin (Promega). Peptides were extracted
with 5% trifluoroacetic acid (TFA)/50% acetonitrile and combined. Recov-
ered peptides were purified with p-C18 ZipTips (Millipore) and eluted.
About 1 pl of the peptide mixture from each gel band was combined with
an equal volume of matrix solution and allowed to dry on the MALDI target.
The matrix solution used was a 10-mg/ml solution of a-cyano-4-hydroxy-
cinnamic acid in 0.1% TFA/50% acefonitrile. Mass spectra were ac-
quired on a MALDITOF mass spectrometer (Reflex lll; Bruker). Proteins
were identified by searching the SwissProt or NCBInr databases using
MS-Fit, a program of ProteinProspector (University of California, San Fran-
cisco; http://prospector.ucsf.edu).

Online supplemental material

Fig. S1 shows a domain schematic and sequence alignment comparing
Xorbit with human CLASP1 and 2 and a second Xenopus clone. Fig. S2
shows immunofluorescence localization of Xorbit in extract spindles in
metaphase and anaphase. Videos show time-lapse fluorescence micros-
copy of spindle MTs after anaphase was induced in mock- (Video 1; total
time of video is 20 min) or Xorbit-depleted (Video 2; total time is 12 min)
extracts, performed using the wide-field Olympus microscope setup de-
scribed above. Frames were collected every 30 s and are displayed at a
rate of 10 frames/s. Online supplemental material is available at http://

www.jcb.org/cgi/content/full /jcb.200508180/DCT1.
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