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Abstract. 

 

Oncoprotein 18 (Op18) is a microtubule-
destabilizing protein that is negatively regulated by
phosphorylation. To evaluate the role of the three Op18

 

phosphorylation sites in 

 

Xenopus

 

 (Ser 16, 25, and 39),
we added wild-type Op18, a nonphosphorylatable triple
Ser to Ala mutant (Op18-AAA), and to mimic phos-
phorylation, a triple Ser to Glu mutant (Op18-EEE) to
egg extracts and monitored spindle assembly. Op18-
AAA dramatically decreased microtubule length and
density, while Op18-EEE did not significantly affect
spindle microtubules. Affinity chromatography with
these proteins revealed that the microtubule-destabiliz-
ing activity correlated with the ability of Op18 to bind
tubulin. Since hyperphosphorylation of Op18 is ob-

served upon addition of mitotic chromatin to extracts,
we reasoned that chromatin-associated proteins might
play a role in Op18 regulation. We have performed a
preliminary characterization of the chromatin proteins
recruited to DNA beads, and identified the 

 

Xenopus

 

polo-like kinase Plx1 as a chromatin-associated kinase
that regulates Op18 phosphorylation. Depletion of Plx1
inhibits chromatin-induced Op18 hyperphosphoryla-
tion and spindle assembly in extracts. Therefore, Plx1
may promote microtubule stabilization and spindle as-
sembly by inhibiting Op18. 
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Introduction

 

The accurate segregation of chromosomes during cell divi-
sion is a crucial process that depends upon the formation
of the mitotic spindle, which is composed primarily of mi-
crotubule polymers of 

 

a

 

/

 

b

 

 tubulin heterodimers. The ra-
dial interphase microtubule array disassembles at the onset
of mitosis, and the highly dynamic microtubules become
stabilized around chromosomes to form a bipolar structure

 

(Desai and Mitchison, 1997).

 

 

 

Key organizing forces for
spindle assembly include centrosomes that constitute focal
microtubule nucleating centers and kinetochores and chro-
mosome arms that capture and stabilize microtubules
(Zhang and Nicklas, 1995; Heald et al., 1997; Hyman,
2000). The organizing force of chromosomes is especially
apparent in female meiotic cells and other systems lacking
centrosomes, in which microtubules polymerized around
condensed chromosomes are sorted into a bipolar array by
microtubule-based motor proteins (Gard, 1993; McKim
and Hawley, 1995; Heald, 2000). A useful tool for examin-
ing the role of chromatin in this process is plasmid DNA-
coated beads, which induce bipolar spindle assembly in the
absence of centrosomes and kinetochores when incubated
in cytoplasmic extracts prepared from metaphase-arrested

 

Xenopus laevis 

 

eggs (Heald et al., 1996; Walczak et al.,

1998). However, the targets downstream of chromatin that
directly modulate microtubule dynamics during spindle as-
sembly have not yet been identified.

Potential microtubule effectors include a large family of
microtubule-associated proteins (MAPs),

 

1

 

 which generally
stabilize microtubules, and destabilizing proteins including
Oncoprotein 18 (Op18), the KinI family of kinesin-related
proteins, and the severing factor katanin (Cassimeris,
1999; Andersen, 2000). It is not clear to what extent these
different molecules control microtubule dynamics during
spindle assembly. We would like to identify proteins that
control microtubule dynamics during mitosis and deter-
mine whether they are regulated by chromatin.

Op18, also termed Stathmin, is one factor that may be
regulated by chromatin. A 17-kD soluble protein, Op18
exhibits a complex phosphorylation pattern and is overex-
pressed in some forms of cancer (Lawler, 1998; Curmi et
al., 2000). Phosphorylation negatively regulates the micro-
tubule-destabilizing activity of Op18 (Marklund et al.,
1996). In 

 

Xenopus

 

 egg extracts

 

,

 

 Op18 is basally phosphor-
ylated in interphase and hyperphosphorylated in mitosis in
the presence of mitotic chromatin, indicating that a factor
or factors on chromosomes may promote microtubule po-
lymerization and spindle assembly by inactivating Op18

 

Address correspondence to Rebecca Heald, 311 LSA, Mail Code 3200,
University of California, Berkeley, CA 94720. Tel.: (510) 643-5493. Fax:
(510) 643-6791. E-mail: heald@socrates.berkeley.edu

 

1

 

Abbreviations used in this paper:

 

 CSF, cytostatic factor-arrested; MAP,
mitogen-activating protein; PP2A, protein phosphatase 2A; WT, wild type.



 

The Journal of Cell Biology, Volume 153, 2001 150

 

(Andersen et al., 1997). However, the role of Op18 dur-
ing mitosis is not clear. While a mouse knock-out is via-
ble (Schubart et al., 1996), inhibiting Op18 in cells using
antisense RNA interferes with cell-cycle progression
(Luo et al., 1994) and its depletion alters spindle assem-
bly kinetics in 

 

Xenopus

 

 egg extracts (Andersen et al.,
1997). Op18 constitutes one potential link between chro-
mosomes and microtubule stability that we would like to
elucidate.

Op18 is capable of destabilizing pure microtubules in
vitro by two different mechanisms, catastrophe promotion
and tubulin sequestering (Belmont and Mitchison, 1996;
Curmi et al., 1997; Howell et al., 1999b). However, it is
controversial which mechanism predominates in vivo, and
how Op18 activity is modulated by phosphorylation
(Curmi et al., 1997; Di Paolo et al., 1997; Horwitz et al.,
1997; Jourdain et al., 1997; Gavet et al., 1998). In this
study, we analyzed the regulation of Op18 in 

 

Xenopus

 

 egg
extracts by studying the effects of phosphorylation site
mutants of Op18 on spindle assembly, microtubule desta-
bilization, and tubulin binding. We used plasmid DNA-
coated beads in an assay to identify Plx1 as a chromatin-
associated kinase that influences Op18 phosphorylation.
Our results indicate that Op18 functions at least in part by
sequestering tubulin in egg extracts, and that Op18-depen-
dent microtubule destabilization is inhibited during spin-
dle assembly by kinases such as Plx1.

 

Materials and Methods

 

Expression and Purification of Recombinant Op18

 

Xenopus

 

 Op18 cDNAs encoding wild-type and Ser-to-Ala mutants were
obtained from Dr. S. Andersen (University of California, San Diego, San
Diego, CA). Glutamic acid substitutions were generated by PCR mu-
tagenesis. For high level expression in 

 

Escherichia coli

 

, we mutated the
second residue, Cys, to Ala and added an NH

 

2

 

-terminal 6

 

3

 

 His tag. For
ZZ fusion constructs, the ZZ tag was inserted between the 6

 

3

 

 His tag and
Op18 coding sequence. All constructs were expressed in BL21/DE3,
pLysS, grown at 37

 

8

 

C and induced for 3 h with 1 mM IPTG. All proteins
were purified using Ni-NTA agarose chromatography (QIAGEN) and di-
alyzed into XB (10 mM Hepes, pH 7.7, 1 mM MgCl

 

2

 

, 0.1 mM CaCl

 

2

 

, 100
mM KCl, 50 mM sucrose) (Murray, 1991).

 

Xenopus Egg Extracts and Spindle Assembly Reactions

 

Cytostatic factor-arrested (CSF) extracts were prepared from 

 

Xenopus

 

eggs arrested in metaphase of meiosis II as described (Murray, 1991). De-
membranated sperm nuclei and rhodamine-labeled tubulin were added to
extracts on ice, along with wild-type Op18 or phosphorylation site mu-
tants. Half-spindle assembly reactions were incubated at 20

 

8

 

C for 30–45
min (Sawin and Mitchison, 1991; Desai et al., 1999). Once spindle assem-
bly was observed, the reactions were diluted and spun onto coverslips for
analysis by fluorescence microscopy (Sawin and Mitchison, 1991; Desai et
al., 1999). All images were taken at the same exposure with a CCD cam-
era and processed using Adobe Photoshop.

 

Microtubule Pelleting in Extracts

 

25 

 

m

 

l of

 

 

 

CSF extract was incubated with 500

 

 

 

sperm nuclei/

 

m

 

l to stimulate
microtubule polymerization for 30 min at 20

 

8

 

C in the presence of 6 or 12

 

m

 

M wild-type (WT) or mutant recombinant Op18. 0.5 ml of 30% glycerol/
BRB80/1% Triton X-100 (BRB80: 80 mM K-Pipes, 1 mM MgCl

 

2

 

, 1 mM
EGTA, pH 6.8) was added to the reaction, and then spun through 1 ml of
40% glycerol/BRB80 cushion in a microcentrifuge. The supernatant was
aspirated, the interface between supernatant and cushion was washed, and
the pellet was resuspended in SDS sample buffer. The samples were run
on 10% SDS-PAGE and immunoblotted for 

 

a

 

 tubulin (mAb N-356; Am-
ersham Pharmacia Biotech).

 

Affinity Chromatography with Op18

 

15 

 

m

 

M of ZZ-WT, ZZ-AAA, ZZ-EEE Op18 or control buffer was incu-
bated with 100 

 

m

 

l of high-speed 

 

Xenopus

 

 extract (CSF extract spun for 50
min at 50,000 rpm in a TLS-55 rotor at 4

 

8

 

C) for 1 h on a rotator at room
temperature. The reaction was then combined with IgG Sepharose (Am-
ersham Pharmacia Biotech) that had been washed three times in XB 

 

1

 

LPC. After incubation at room temperature for 1 h on a rotator, the
Sepharose was pelleted, extract was removed, and the Sepharose washed
six times with 500 

 

m

 

l of XB 

 

1

 

 LPC. Proteins were eluted by sequential in-
cubations with increasing concentrations of MgCl

 

2

 

 in 50 mM Tris, pH 7.5
(0.25, 0.5, and 1 M). The eluted proteins were precipitated in methanol/
chloroform and the pellet was resuspended in 50 

 

m

 

l of SDS-PAGE sample
buffer. 10–20 

 

m

 

l were loaded on 12% SDS-PAGE and silver stained, or
10% gels were used for Western blot analysis of 

 

a

 

 tubulin.

 

Analysis of Chromatin Assembly on DNA Beads

 

DNA-coated beads were prepared as described (Heald et al., 1996, 1998).
To analyze recruitment of chromatin proteins, DNA, or uncoupled con-
trol beads were incubated in CSF 

 

Xenopus

 

 egg extracts (CSF extracts)
that were induced to enter interphase by addition of CaCl

 

2

 

 to 0.4 mM
(Desai et al., 1999). Cycloheximide (0.2 mg/ml) was added to the reactions
that were to remain in interphase. After a 2-h incubation at 20

 

8

 

C, an addi-
tional 0.5 vol of extract was added. Fresh mitotic extract was added to gen-
erate mitotic chromatin samples, or calcium-released interphase extract
was added to generate interphase samples. After an additional 45 min, the
cell cycle state of the extracts was monitored by adding 0.2 mg/ml
rhodamine-labeled tubulin to a small aliquot of the extracts and visualiz-
ing the microtubule cytoskeleton in a squash sample (Sawin and Mitchi-
son, 1991). An extensive microtubule network was apparent in interphase
extracts and absent from extracts in mitosis. Beads were retrieved on ice
using magnets, washed once with 1 ml Buffer 1 (10 mM Hepes, pH 7.6, 2
mM MgCl

 

2

 

, 0.5 mM EGTA, 10 mM 

 

b

 

-glycerophosphate, 10 mM sucrose,
50 mM KCl, 10 

 

m

 

g/ml LPC [leupepetin, Pepstatin A, and chymostatin], 1
mM DTT), and then three times with Buffer 1 plus 0.05% Triton X-100,
before resuspending in SDS sample buffer. 1 

 

m

 

g DNA or equivalent un-
coupled beads recovered from 200-

 

m

 

l extract was loaded in each lane.
13% SDS-PAGE was used to visualize histones with a silver stain protocol
optimized for basic proteins (Wray et al., 1981). 6% gels were used for
Western blot analysis. For analysis of nucleosomes, DNA beads were in-
cubated for 2 h in interphase extract at a ratio of 1 

 

m

 

g DNA/100 

 

m

 

l extract.
Micrococcal nuclease analysis was performed as described except that 2

 

m

 

g of DNA was digested with 3.75 U of enzyme (Sandaltzopoulos et al.,
1994). One third of the reaction was stopped after 1, 2, and 5 min for anal-
ysis by agarose gel electrophoresis.

 

In Vitro Op18 Kinase Assays

 

Interphase and mitotic chromatin beads assembled as described above us-
ing 3 

 

m

 

g plasmid DNA for each reaction. The beads were magnetically re-
trieved on ice and 1 

 

m

 

l of the extract was preserved for kinase analysis by
adding 19 

 

m

 

l EB (80 mM 

 

b

 

-glycerophosphate, pH 7.3, 20 mM EGTA, 15
mM MgCl

 

2

 

, 10 

 

m

 

g/ml LPC, 1 mM DTT) and freezing in liquid nitrogen.
For both interphase and mitotic reactions, the beads were washed two
times with 400 

 

m

 

l of buffer 1 while still on the magnet, resuspended well in
200 

 

m

 

l of buffer 2, and again retrieved on ice. After three additional
washes with buffer 2, the beads were transferred to a fresh tube and the
proteins were eluted using 0.5 M KCl in buffer 2. The extract, beads, or 0.5 M
KCl eluates were incubated with recombinant Op18 and [

 

g

 

-

 

32

 

P]ATP in a
filter binding kinase assay as described (Felix et al., 1989) or analyzed by
SDS-PAGE and autoradiography.

 

Immunodepletion of Plx1 and Immunoprecipitation of 
Op18 from Xenopus Egg Extracts

 

Polyclonal rabbit antibodies were produced against recombinant 6

 

3

 

 His-
Plx1-COOH-terminal protein (amino acids 225–598) by the Berkeley An-
tibody Co. and affinity purified as described (Kumagai et al., 1998). 15–20

 

m

 

g of anti–Plx1 or rabbit IgG (control) was bound to 60–75 

 

m

 

l of Protein
A–conjugated Dynabeads 280 (Dynal) in a total volume of 200–250 

 

m

 

l
TBS-0.1% Triton X-100 and incubated 2 h or overnight at 4

 

8

 

C on a rota-
tor. After coupling, the beads were washed with TBS-0.1% Triton X-100,
2

 

3

 

 200

 

m

 

l CSF-XB

 

1

 

 and divided in half for two successive rounds of de-
pletion. Between washes, the beads were retrieved on a magnet. After re-
moving the buffer, the beads were resuspended gently in 125 

 

m

 

l of extract
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and placed on ice for 90 min. The reaction was mixed periodically by flick-
ing the tube gently. After the first round of depletion, the beads were re-
trieved on a magnet on ice for 10 min. The second set of beads was resus-
pended in this extract and placed on ice for an additional 90 min. After the
second round of depletion, the beads were retrieved as above and the ex-
tract was used for chromatin assembly as described above. Chromatin
beads were then retrieved and incubated with 20 

 

m

 

l fresh Plx1-depleted
egg extract in the presence of [

 

g

 

-

 

32

 

P]ATP for 30 min before Op18 was im-
munoprecipitated as described (Andersen et al., 1997).

 

Results

 

Phosphorylation Site Mutants Prevent or Mimic
Op18 Phosphorylation

 

Xenopus

 

 Op18 contains three phosphorylation sites, Ser16,
25, and 39 (Maucuer et al., 1993; Andersen et al., 1997). To
study how phosphorylation regulates Op18 in extracts, we
generated phosphorylation site mutants, changing the resi-
dues to either Ala (to block phosphorylation) or Glu (to
mimic phosphorylation), and evaluated the effects of these

different Op18 proteins on spindle assembly in egg extracts
(Fig. 1 A). Recombinant proteins were added to 6 

 

m

 

M, ap-
proximately the concentration of endogenous Op18 (Bel-
mont and Mitchison, 1996). When added to 

 

Xenopus

 

sperm spindle assembly reactions, the wild-type protein
(Op18-WT) caused microtubule depolymerization, reduc-
ing spindle size and microtubule density. Individual and
double Ser-to-Ala or single Ser-to-Glu mutations did not
dramatically affect Op18 activity (data not shown), indicat-
ing that no single site modulates the activity of Op18. How-
ever, changing all three sites (Op18-AAA) caused com-
plete microtubule depolymerization, demonstrating that
all three sites are likely to be important in regulating mi-
crotubule destabilization. In contrast, changing all three
sites to Glu (Op18-EEE) largely neutralized the effects of
exogenous Op18 on microtubule stability (Fig. 1 A).

To confirm our observations using a more quantitative
assay, we pelleted the microtubules polymerized in the
Op18 addition experiments and measured their abundance
by immunoblotting for 

 

a

 

 tubulin (Fig. 1 B). Op18-AAA
caused a drastic reduction in the microtubule pellet, while
Op18-EEE had a more minor effect than Op18-WT even
at 12 

 

m

 

M. These results highlight the importance of phos-
phorylation in regulating the activity of Op18 and indicate
that the glutamic acid substitutions are able to at least par-
tially mimic phosphorylation in cytoplasmic extracts.

Figure 1. Differential effects of phosphorylation site mutants of
Op18 on spindle assembly reactions in Xenopus egg extracts.
(A) Effects of 6 mM Op18-WT, AAA (all three Serine phos-
phorylation sites mutated to Alanine) or EEE (all three Serine
phosphorylation sites mutated to Glutamic acid) on spindle as-
sembly in Xenopus egg extracts. Microtubules appear red and
sperm chromosomes blue. (B) Biochemical quantification of
depolymerizing activities shown by antitubulin immunoblot of
microtubules pelleted from extracts in the presence of 6 or 12
mM Op18-WT, -AAA, and -EEE. The control (CON) is buffer
addition in both A and B.

Figure 2. Nonphosphorylatable Op18 binds tightly to tubulin in
extracts. (A) Silver-stained gel of MgCl2 elutions of control, ZZ-
WT, -AAA, and -EEE Op18 bound to IgG Sepharose retrieved
from extracts. (B) The elutions from A were blotted for a tubu-
lin. The control (CON) is buffer addition in both A and B.
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Op18 Activity Correlates with Tubulin Binding
in Extracts

 

To investigate the differential effects of the Op18-AAA
and -EEE in extracts, we performed affinity experiments
with the different recombinant proteins (Fig. 2). We fused
tandem IgG-binding domains of protein A (termed ZZ),
to Op18-WT, -AAA, and -EEE, which did not affect
their relative microtubule depolymerizing activities (not
shown), and permitted specific retrieval of the proteins
from extracts using IgG-coated Sepharose beads for bio-
chemical analysis. SDS-PAGE of salt elutions showed few
obvious reproducible differences between proteins bound
to Op18-WT, -AAA, and -EEE, except for a band at 

 

z

 

50
kD (Fig. 2 A), which immunoblot analysis revealed as tu-
bulin (Fig. 2 B). Interestingly, the Op18-ZZ-AAA bound
tubulin very efficiently while Op18-ZZ-WT bound less
and ZZ-Op18-EEE did not bind at all. This binding is in-
dependent of tubulin polymerization as it also occurred in
the presence of nocodazole (data not shown). The differ-
ential binding of Op18 to tubulin indicates a role for phos-
phorylation-dependent tubulin affinity in determining
Op18 activity. Analogous to the results of functional stud-
ies, single Ser to Ala or Glu substitutions behaved like

Op18-WT with respect to tubulin binding in extracts, again
indicating that phosphorylation at all three sites is impor-
tant for Op18 regulation (data not shown).

 

Chromatin Assembles on DNA-Coated Beads in 
Xenopus Egg Extracts

 

Op18 hyperphosphorylation occurs in the presence of
plasmid DNA-coated beads in mitotic 

 

Xenopus

 

 egg ex-
tracts (Andersen et al., 1997), indicating that chromatin-
associated proteins may contribute to Op18 regulation. To
determine whether magnetic plasmid DNA-coated beads
are appropriate for biochemical analysis of chromatin ac-
tivities, we incubated them in 

 

Xenopus

 

 egg extracts and
evaluated chromatin assembly by two criteria: association
of chromatin proteins and assembly of nucleosomes. To
analyze bound proteins, DNA or uncoupled control beads
retrieved from interphase or mitotic extracts were washed
and analyzed by SDS-PAGE and immunoblot (Fig. 3, A
and B). Complex patterns of proteins were found associ-
ated with DNA beads, of which 

 

Xenopus

 

 histones were
prominent. Many fewer proteins were associated with con-
trol beads, which did not bind histones. Although similar
in their complexity, several differences were apparent

Figure 3. Chromatin assembles on DNA beads.
(A) Silver stained gel of proteins associated with
DNA beads and control beads in interphase (I)
and mitotic (M) extracts. Arrowheads point to
bands that are different between I and M. His-
tones (H) are indicated. (B) Western blot of the
same samples from A probed with antibodies to
Xklp1 and Topoisomerase II. (C) Micrococcal
nuclease digestion of DNA beads for 1, 2, or 5
min; mononucleosomes (mono) and dinucleo-
somes (di) are indicated. Outer lanes are 123-bp
markers.
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among proteins bound to interphase and mitotic DNA
beads (Fig. 3 A, arrowheads). We have examined the asso-
ciation of two proteins known to be recruited to sperm
chromatin (Hirano and Mitchison, 1994) (Fig. 3 B). Xklp1,
a chromosomal kinesin (Vernos et al., 1995), was highly
enriched on mitotic beads. Topoisomerase II was found on
both interphase and mitotic beads, with bands of lower
mobility recovered on beads from the mitotic extract, indi-
cating hyperphosphorylation (Taagepera et al., 1993).
Chromatin assembly on DNA beads was also evaluated by
partial digestion with micrococcal nuclease (Fig. 3 C). A
pattern of resistant fragments representing mono- and di-
nucleosomal DNA was apparent. Therefore, DNA at-
tached to beads assembles chromatin and appears to be a
legitimate source for an analysis of chromatin-associated
Op18 kinase activity.

 

A Mitotic Chromatin-associated Kinase Activity 
Phosphorylates Op18 In Vitro

 

An appealing model for regulation of microtubule dynam-
ics during spindle assembly contends that Op18 is locally
inactivated by mitotic chromatin, thereby leading to po-

larized growth of microtubules around chromosomes
(Andersen et al., 1997). The simplest explanation is that a
chromatin-associated kinase phosphorylates Op18, but
since inhibition of protein phosphatase 2A (PP2A) also
promotes Op18 phosphorylation (Andersen et al., 1997;
Tournebize et al., 1997), the chromatin-associated activity
could also be a phosphatase inhibitor.

To examine whether Op18 could be directly phosphory-
lated by chromatin, we devised an in vitro kinase assay us-
ing recombinant Op18 and proteins eluted from chromatin
beads. Both total mitotic extract and mitotic chromatin
beads could phosphorylate Op18, while interphase extract
or chromatin had much less activity (Fig. 4 A). The kinase
activity could be eluted from mitotic chromatin beads with
0.5 M KCl, yielding between 2

 

3

 

 and 10

 

3

 

 more activity to-
ward Op18 than total mitotic extract, indicating the pres-
ence of a specific kinase activity enriched on mitotic chro-
matin (Fig. 4 B). We performed the in vitro

 

 

 

kinase assay
using single site Ser-to-Ala mutants of Op18 and con-
firmed that Ser39, a cdc2 consensus site, was the major site
phosphorylated by total mitotic extract (Brattsand et al.,
1994; Andersen et al., 1997, and data not shown). In con-

Figure 4. Chromatin-associated proteins phos-
phorylate recombinant Op18 in vitro. (A) Auto-
radiogram of recombinant Op18 showing
[g32P]phosphate incorporation after incubation
with interphase or mitotic extract, or chromatin
beads isolated from interphase or mitotic extract.
(B) Quantification of in vitro Op18 kinase data
comparing total extract (I, M extract) and 0.5 M
KCl-eluted chromatin proteins (I, M eluate).

Figure 5. Plx1 is a chromatin-associated kinase
and its depletion inhibits chromatin-induced
Op18 hyperphosphorylation. (A) Immunoblot
analysis of total extract (EXT) and proteins
eluted from mitotic chromatin beads using 0.5 M
KCl (CHR) probed with antibodies against
MAP kinase, cdk1, and Plx1. (B) Immunofluo-
rescence micrograph showing Plx1 localization
to chromatin and microtubules in sperm spindles
assembled in Xenopus egg extracts. Microtubules
appear red, sperm chromosomes blue, and Plx1
green. (C) Immunoblot of total extract (Extract),
IgG-depleted (Control), and Plx1-depleted
(DPlx1) extracts shows that .99% of Plx1 has
been removed. (D) Autoradiogram showing
[g32P]phosphate incorporation in Op18 immuno-
precipitated from mitotic extract (Extract) or in
IgG-depleted (Control) or Plx1-depleted (DPlx1)
mitotic extract 1 chromatin beads.
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trast, all three sites were phosphorylated to some extent by
mitotic chromatin proteins (data not shown), indicating ei-
ther the presence of a relatively nonspecific chromatin-
associated kinase or that multiple different kinases capa-
ble of phosphorylating Op18 are bound to the mitotic
chromatin beads. No phosphorylation by extract or chro-
matin proteins was observed of the Op18-AAA mutant,
indicating that Ser16, 25, and 39 are the only sites regu-
lated by kinase activity (data not shown).

 

Plx1 Depletion Inhibits both Op18 Phosphorylation and 
Spindle Assembly

 

To identify potential candidates for a mitotic chromatin-
associated Op18 kinase, we evaluated the presence of sev-
eral known kinases in chromatin bead eluates by immuno-
blot. In contrast to cdc2

 

 

 

and p44 MAPK, which were not
enriched in the bead eluate, 

 

Xenopus

 

 polo-like kinase
(Plx1) was present at high levels on chromatin isolated
from mitotic extracts (Fig. 5 A). By immunofluorescence,
Plx1 was enriched on sperm chromatin but also found
throughout spindle microtubules in metaphase (Fig. 5 B),
as described previously in 

 

Xenopus

 

 embryos (Qian et al.,
1999). To determine whether Plx1 plays a role in Op18
phosphorylation and spindle assembly around chromatin
beads, we assembled chromatin in Plx1-depleted egg ex-
tracts and tested its ability to induce Op18 hyperphos-
phorylation and spindle assembly. Two rounds of immu-

nodepletion removed 

 

.

 

99% of Plx1 (Fig. 5 C). In control-
depleted mitotic extract, addition of chromatin beads
caused a dramatic increase in the phosphate incorporation
of endogenous Op18, and the predominance of a lower
mobility form of the protein, indicating hyperphosphoryla-
tion (Andersen et al., 1997). Plx1 depletion reduced the
chromatin-induced hyperphosphorylation of endogenous
Op18 by 

 

.

 

75% (Fig. 5 D). These results indicate that Plx1
is a chromatin-associated Op18 kinase or that it is required
to activate an Op18 kinase.

To test the physiological relevance Plx1-induced Op18
phosphorylation, spindle assembly was evaluated in the
control- and Plx1-depleted reactions (Fig. 6 A). Plx1 de-
pletion resulted in a dramatic decrease in the formation of
bipolar spindles around plasmid DNA-coated beads. In
the absence of Plx1, many fewer bead clusters induced mi-
crotubule polymerization, yielding on average four times
fewer mitotic microtubule arrays compared with control
reactions (Fig. 6 B). In addition, the microtubule struc-
tures that formed were often aberrant. In three separate
experiments, the percentage of structures that could be
classified as normal bipolar spindles averaged 7% in Plx1-
depleted reactions, compared with 56% in the control re-
actions (Fig. 6 C). Instead, mitotic structures formed in the
absence of Plx1 often lacked sufficient microtubules to
form a bipolar array, or microtubule-chromatin interac-
tions were impaired, yielding monopolar and bent spindle
structures (Fig. 6 A). These defects may be due in part to

Figure 6. Plx1 depletion causes defects in micro-
tubule polymerization and spindle assembly.
(A) Representative microtubule structures
found in control- and Plx1-depleted extracts. (B)
Quantification of spindle defects showing the
decrease in total microtubule structures formed
in Plx1-depleted (DPlx1, 64) compared with
IgG-depleted (Con, 247), and (C) the small per-
centage of normal bipolar spindles formed in
Plx1-depleted extract. A total of 933 structures
were counted in three separate experiments.
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decreased Op18 phosphorylation, which would prevent its
local inactivation around chromatin and microtubule sta-
bilization. Therefore, Plx1 is an important chromatin-asso-
ciated kinase that functions during spindle assembly in Xe-
nopus egg extracts and may act in part by regulating Op18.

Discussion

A Chromatin-associated Kinase Contributes to Op18 
Regulation and Spindle Assembly

The initial observation that plasmid DNA-coated beads
are sufficient to induce assembly of bipolar mitotic spin-
dles in Xenopus egg extracts indicated that the immo-
bilized DNA recruits chromatin proteins sufficient to
stabilize and organize microtubules in the absence of cen-
trosomes and kinetochores (Heald et al., 1996). We show
here that known chromosomal proteins are recruited to
the DNA beads and nucleosomes assemble, indicating that
functional chromatin indeed assembles on the immobi-
lized plasmid DNA. To dissect how chromatin directs
spindle assembly, we would like to identify both the micro-
tubule effectors and the chromatin-associated proteins
that regulate this process.

The microtubule-destabilizing protein Op18 represents
one potential target regulated by chromatin during spindle
assembly. Op18 is active during mitosis in Xenopus egg ex-
tracts, as its immunodepletion causes a significant decrease
in the catastrophe frequency and results in accelerated mi-
crotubule polymerization around chromatin (Andersen et
al., 1997; Tournebize et al., 1997). In several systems, non-
phosphorylatable Op18 mutants dramatically inhibit mi-
crotubule polymerization, indicating that phosphorylation
during mitosis is crucial for Op18 regulation (Fig. 1)
(Marklund et al., 1996; Horwitz et al., 1997; Larsson et al.,
1997). The observation that DNA-coated beads induced
Op18 hyperphosphorylation in egg extracts led us to inves-
tigate chromatin-associated kinase activities that could reg-
ulate Op18 phosphorylation and spindle assembly.

To investigate Op18 phosphorylation by chromatin, we
developed an in vitro kinase assay and showed that a mi-
totic chromatin-specific activity phosphorylates Op18. By
examining chromatin eluates for known kinases, we identi-
fied Xenopus polo-like kinase Plx1 as a chromatin-associ-
ated kinase. We propose a role for Plx1 in regulating Op18
based on the effects of its depletion, which reduced mitotic
chromatin-induced Op18 hyperphosphorylation in extracts.
Plx1 depletion also caused defects in spindle assembly, in-
cluding reduced microtubule polymerization around DNA
beads, which could result from a failure to inactivate Op18.
Similar microtubule polymerization defects were also ob-
served in Xenopus sperm nuclei reactions in Plx1-depleted
extracts (Budde, P.P., and R. Heald, unpublished results),
indicating that this mechanism is not specific to DNA bead
spindle assembly. Therefore, we propose that Plx1 contrib-
utes to Op18 inactivation during mitosis, thereby promot-
ing microtubule growth around chromosomes.

Plx1 Plays Multiple Roles in Mitosis

Plx1 is a member of the Polo kinase family of Serine/Thre-
onine kinases, which are involved in mitotic progression in
many organisms. Plx1 was originally identified in Xenopus

egg extracts as a Cdc25-regulatory kinase (Kumagai and
Dunphy, 1996), thereby playing a role in entry into mito-
sis. Plx1 in frog embryos is localized to centrosomes early
in mitosis, on chromosomes and the spindle at metaphase,
and at the midbody late in mitosis (Qian et al., 1999). We
have found a similar localization of Plx1 to chromatin and
spindle microtubules in Xenopus egg extracts (Fig. 5 B).
Injection of Plx1 antibodies arrests cleavage in Xenopus
embryos and results in monopolar spindles in Xenopus
embryonic cells (Qian et al., 1998). In other species, Plks
(Polo-like kinases) have been localized throughout the
spindle (Golsteyn et al., 1995; Logarinho and Sunkel, 1998;
Wianny et al., 1998; Moutinho-Santos et al., 1999), to chro-
mosomes (Llamazares et al., 1991; Arnaud et al., 1998),
and evidence indicates functional roles in centrosome as-
sembly and separation (Sunkel and Glover, 1988; Lane
and Nigg, 1996), exit from mitosis (Charles et al., 1998;
Descombes and Nigg, 1998; Kotani et al., 1998; Shirayama
et al., 1998), and cytokinesis (Ohkura et al., 1995; Car-
mena et al., 1998; Bahler et al., 1998; reviewed in Glover et
al., 1998; Nigg, 1998). Despite the multiple roles that Plks
play in mitosis, only a handful of Plk substrates have been
identified. Although Op18 appears to be regulated by
Plx1, we do not yet know whether Op18 is a direct sub-
strate of the chromatin-associated pool. While a direct in-
teraction is supported by the localization of Plx1 to chro-
matin, Plx1 is found throughout the spindle and is also
likely present in a soluble pool. Plx1 inhibition causes de-
fects in spindle assembly and function, including a de-
crease in microtubule polymerization that could result
from problems in Op18 regulation. However, it is likely
that Plx1 regulates multiple substrates within the spindle.

Global and Local Op18 Regulation

Protein phosphatase 2A has also been implicated in Op18
regulation, as its inhibition by okadaic acid causes an in-
crease in Op18 phosphorylation and microtubule length in
mitotic Xenopus egg extracts (Andersen et al., 1997;
Tournebize et al., 1997). It is not known whether PP2A di-
rectly dephosphorylates Op18 or functions in a more com-
plex pathway. Unlike okadaic acid, mitotic chromatin does
not appear to cause Op18 hyperphosphorylation by inhib-
iting its dephosphorylation (Andersen et al., 1997). There-
fore, we favor a model in which PP2A regulates the global
level of Op18 phosphorylation, while kinase activity on
chromatin suppresses Op18 activity locally, promoting mi-
crotubule growth and spindle assembly. Interestingly, Plk
activity is itself activated by phosphorylation and can be
dephosphorylated by PP2A (Hamanaka et al., 1995).
PP2A has also been shown to be antagonistic to Plx1, at
least in Cdc25 activation (Karaiskou et al., 1999). There-
fore, PP2A may regulate Op18 phosphorylation directly
and/or through Plx1. Phosphorylation of Plx1 is likely to
play a role in this process and may occur on chromatin, as
indicated by a shift in mobility of the chromatin-associated
form (Fig. 5 A).

Recent studies in Xenopus indicate that at the top of
one cascade regulating microtubule stability during spin-
dle assembly is RCC1, a chromatin-bound nucleotide ex-
change factor that generates RanGTP, which causes
release of microtubule effectors from transport factors
in the vicinity of chromatin (Gruss et al., 2001; Nachury
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et al., 2001; Wiese et al., 2001). It will be interesting to de-
termine whether Plx1-dependent microtubule stabilization
through Op18 regulation has any relationship to the Ran
pathway or represents a redundant mechanism to stabilize
microtubules during spindle assembly.

Phosphorylation Site Mutants Reveal that Op18 
Activity Correlates with Tubulin Binding

How does Op18 phosphorylation regulate its microtubule
destabilizing activity? We have determined that all three
phosphorylation sites of Xenopus Op18, Ser 16, 25, and 39,
are important for its regulation, since single and double
serine-to-alanine mutations at these sites did not signifi-
cantly alter the microtubule-destabilizing activity of re-
combinant proteins added to extracts. In contrast, serine-
to-alanine mutations that prevented phosphorylation at
all three sites hyperactivated the protein, while triple
glutamic acid substitutions mimicking phosphorylation
largely attenuated Op18 function. Activity of the recombi-
nant proteins correlated strongly with their ability to bind
tubulin dimers in Xenopus egg extracts. Interaction be-
tween tubulin and Op18 has been difficult to study in vivo,
as coimmunoprecipitation techniques disrupt their inter-
action (Howell et al., 1999a). Using ZZ-tagged Op18 con-
structs that can easily be retrieved from extracts has en-
abled us to probe the interaction of recombinant Op18
with endogenous tubulin. We have shown that AAA binds
strongly to tubulin while EEE does not bind at all, indicat-
ing that tubulin sequestering could play a role in Op18
function in vivo, but that this activity is highly sensitive to
phosphorylation of Op18. In contrast to the well-estab-
lished interaction between Op18 and tubulin dimers (Gi-
gant et al., 2000; Steinmetz et al., 2000; Wallon et al.,
2000), there have been no reports of Op18 association with
microtubule ends, which would be expected if it func-
tioned as a catastrophe promoter.

Based on our experiments, we propose a model for
chromatin-regulated Op18 function (Fig. 7). While basal
phosphorylation levels would prevent Op18 from seques-
tering a large fraction of tubulin pool, dephosphorylation
by PP2A may generate a steady state level of active Op18.

During mitosis, active Plx1 on chromosomes leads to Op18
hyperphosphorylation, preventing its interaction with tu-
bulin dimers and causing local stabilization of microtu-
bules that promotes spindle assembly. Future studies will
elucidate the likely involvement of other kinases in Op18
regulation, as well as the relative roles of tubulin seques-
tering and direct catastrophe-promoting mechanisms in
Op18 function.
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