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Meiotic and mitotic spindles are required for the even segregation
of duplicated chromosomes to the two daughter cells. The
mechanism of spindle assembly is not fully understood, but two
have been proposed that are not mutually exclusive'~. The ‘search
and capture’ model suggests that dynamic microtubules become
progressively captured and stabilized by the kinetochores on
chromosomes, leading to spindle assembly™*. The ‘local stabiliza-
tion’ model proposes that chromosomes change the state of the
cytoplasm around them, making it more favourable to micro-
tubule polymerization®*~. It has been shown'®" that Stathmin/
Op18 inhibits microtubule polymerization in vitro by interaction
with tubulin'?, and that overexpression in tissue culture cells of
non-phosphorylatable mutants of Stathmin/Opl8 prevents the
assembly of mitotic spindles'’. We have used Xenopus egg extracts
and magnetic chromatin beads' to show that mitotic chromatin
induces phosphorylation of Stathmin/Op18. We have also shown
that Stathmin/Op18 is one of the factors regulated by mitotic
chromatin that governs preferential microtubule growth around
chromosomes during spindle assembly.

It has recently been shown that Stathmin/Op18 is involved in the
regulation of microtubule dynamics and spindle assembly'>". We
therefore decided to examine the regulation of its phosphorylation
during the transition from interphase to metaphase in Xenopus egg
extracts. The analysis of immunoprecipitates of Stathmin/Op18
from interphase and mitotic egg extracts by SDS—PAGE (polyacryl-
amide gel electrophoresis) revealed a triplet (Fig. 1a). Two-dimen-
sional gel electrophoresis of the same immunoprecipitates revealed
four spots (Figs 1b, 2b). We could not detect any difference between
interphase and mitotic immunoprecipitates using either of these
techniques. Treatment of the immunoprecipitates with alkaline
phosphatase reduced the triplet to one band using SDS—PAGE
(data not shown), and the four spots to two using two-dimensional
gel electrophoresis, indicating that both interphase and mitotic
extracts contain two partly phosphorylated Stathmin/Opl8 iso-
forms, referred to as nl, n2, p1, p2 (refs 10, 15) (Fig. 1b). However,
there was no significant incorporation of phosphate into interphasic
or mitotic Stathmin/Op18, indicating a low phosphate turnover
rate (Fig. 1a). Taken together, these results indicate that Stathmin/
Opl18 is not differentially phosphorylated between interphase and
mitosis in Xenopus egg extracts.

This was surprising given a previous report showing that Stath-
min/Op18 is hyperphosphorylated in mitotic cells"”. We wondered
whether the lack of difference in Stathmin/Op18 phosphorylation
between interphase and mitotic extracts was due to the absence of
nucleiin these extracts. To test this idea we added increasing amounts
of chromatin beads from interphase or mitosis to interphase and
mitotic extracts. The addition of interphase bead nuclei to an
interphase or to a mitotic extract did not result in an increase in
Stathmin/Op18 phosphorylation (Fig. 1c and data not shown).
However, two additional bands that incorporated **P appeared on
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SDS—PAGE of immunoprecipitates following the addition of mitotic
chromatinbeadsto amitoticextract (Fig. 1¢). Hyperphosphorylation
of Stathmin/Op18 was dose dependent and reached a maximum at
50,000—100,000 mitotic chromatin beads per 1-pl extract, which
corresponds to 5,000—10,000 nuclei per 1-pl extract (Fig. 1d, e).
We did not detect any significant incorporation of phosphate
into Stathmin/Op18 in mitotic extracts lacking chromosomes (nl,
n2,pl, p2; Fig. 1), so we suspected that the chromatin beads induced
the hyperphosphorylation of Stathmin/Opl18 by changing the
balance between the activity of phosphatases and kinases in the
extract. To investigate the role of phosphatases in determining the
phosphorylation state of Stathmin/Opl8, we added phosphatase
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Figure 1 Hyperphosphorylation of Stathmin/Op18 during mitosis requires mitotic
chromatin. a, [y-*P]JATP-labelled Stathmin/Op18 from interphase (I) and mitotic
(M) extracts; s, silver staining; p, autoradiography, 15% SDS-PAGE. b, Two-
dimensional gels of purified mitotic Stathmin/Op18 treated without (Cont) or with
alkaline phosphatase (+AP) reveals n1, n2, p1, p2; n, non-phosphorylated; p,
phosphorylated; Ba, basic; Ac, acidic. e, Stathmin/Op18 hyperphosphorylation
and two high-molecular-weight forms (asterisks) during mitosis (M + Beads), but
not interphase (I + Beads); w, western blot. d, Mitotic chromatin beads resus-
pended at 50,000-100,000 beads per 1 ul extract (1), diluted (dilution factor) with
extract, and then [y-*P]ATP-labelling for 15 min. e, Quantification of d.
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inhibitors to interphase and mitotic extracts. Inhibition of type 2A
phosphatases (PP2A)'® with 0.5uM okadaic acid in interphase
extracts had no effect on the phosphorylation of Stathmin/Op18
(data not shown). However, in mitotic extracts, this resulted in an
SDS—PAGE phosphorylation pattern identical to that produced by
adding mitotic chromatin (Fig. 2a). Total inhibition of phosphatase
1 with 3 wM inhibitor 2 had no significant effect on Stathmin/Op18
phosphorylation'. By two-dimensional gel electrophoresis, Stath-
min/Op18 resolved as six spots after treatment with okadaic acid or
mitotic chromatin (Fig. 2b). The clearest difference between control
extracts and extracts treated with mitotic chromatin or okadaic acid
was the appearance of two extra phosphorylated Stathmin/Op18
spots, termed p3 and p4, which probably arise from the phosphor-
ylation of p1 and p2 (Fig. 2b). This result could mean that Stathmin/
Op18 is actively dephosphorylated by PP2A, or that Stathmin/Op18
becomes phosphorylated because inhibition of PP2A activates a
kinase that phosphorylates Stathmin/Op18, or the mechanism may
be more complex. To test these possibilities, we added in vivo
phosphorylated Stathmin/Op18 to mitotic extracts, and observed
that 0.5 M okadaic acid blocked dephosphorylation (Fig. 2c¢).
When this experiment was repeated with chromatin beads instead
of okadaic acid, we did not detect a significant block of Stathmin/

Opl8 dephosphorylation (data not shown). However, we
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Figure 2 A type 2A phosphatase regulates Stathmin/Op18 phosphorylation. a,
Stathmin/Op18 from mitotic extracts treated with chromatin (M + Beads) or
0.5 pM okadaic acid (M + OA); s, silver staining; p, autoradiography, 15% SDS-
PAGE. b, Two-dimensional (right, acidic end) phosphorylation pattern of Stath-
min/Op18; control (c), okadaic acid (OA) and chromatin bead (Beads) treatmentin
interphase (l) or mitotic (M) extracts; p3 and p4 only appear after treatment with
OA or mitotic chromatin beads, also required for *P-labelling of p1 and p2. Note the
more complex pattern with OA than mitotic chromatin, notably a non-reproducible
spot (I); Western, western blotting; *°P, autoradiography. ¢, Dephosphorylation of
Stathmin/Op18 is blocked by 0.5 wM okadaic acid in mitotic extracts.

NATURE |VOL 389|9 OCTOBER 1997

Nature © Macmillan Publishers Ltd 1997

letters to nature

measured'® an approximately 10% reduction in total PP2A activity
in the presence of high concentrations of mitotic chromatin beads,
but did not detect any change in the Cdc2 kinase activity (data not
shown). Thus the mechanism by which chromatin induces Stath-
min/Op18 phosphorylation remains unclear.

In order to investigate which of the three Xenopus Stathmin/Op18
(ref. 15) phosphorylation sites were actively phosphorylated in the
extract, we mutated all three serines to alanines in all possible
combinations, and added endogenous amounts of the recombinant
proteins to interphase and mitotic extracts in the presence of
[y-**P]ATP (Fig. 3). No incorporation of phosphate was observed
when all three serines were mutated (Aall), showing that Ser 16
(PKA site), Ser 25 (MAPK site) and Ser 39 (Cdc2 site)" can account
for the phosphorylation patterns observed in both interphase and
mitotic extracts. Addition of mutants with only one functional site
to interphase and mitotic extracts revealed that only Ser 39 incor-
porates phosphate (Fig. 3). However, in interphase, both a func-
tional Ser 16 and a functional Ser 39 are required for a wild-type
phosphorylation level of Stathmin/Op18, whereas Ser 25 appears
dispensable (Fig. 3). In mitosis, either Ser 16 or Ser 25, together with
Ser 39, is required to obtain wild-type phosphorylation levels (Fig. 3,
quantification not shown). These results indicate that the Cdc2 site
(Ser 39) is the principal site phosphorylated in mitosis, and that
there is some degree of cooperativity between the phosphorylation
of Ser 39 and Ser 16/Ser 25, as previously proposed®.

The previous results indicated that the activity of Stathmin/Op18
could be regulated by phosphorylation. To address this question we
tested the effect on spindle stability of mutant Stathmin/Op18
containing all phosphorylation sites changed to alanines. The
addition of this mutant to preassembled spindles resulted in a
reduction of microtubule mass, decreasing spindle size significantly
(by 20%) compared with those after the addition of an equivalent
amount of wild-type Stathmin/Op18 (Fig. 4A, B; graphs are based
on measurement of 2,320 spindles, and the s.d. of each point was 5—
7 wm). At mutant protein concentrations above 200 wg ml™’, spin-
dle stability was strongly affected, causing a collapse of most of the
spindles (the endogenous Stathmin/Opl8 concentration is 5—
6 WM, or 100 g ml™'; data not shown and ref. 12). We determined
that the observed spindle shortening occurs within 3min of
Stathmin/Op18 addition (Fig. 4B), which is in the range of micro-
tubule half-life in spindles assembled in vitro®. Addition of Stath-
min/Opl8 during spindle assembly had the same effect (data not
shown). These data indicate that phosphorylation of Stathmin/
Opl8 is required to turn off its inhibitory effect on microtubule
polymerization'. Because adding Stathmin/Op18 results in spindle
shortening we thought that removing Stathmin/Op18 might result
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Figure 3 Stathmin/Op18 is phosphorylated mainly on the Cdc2 site in mitosis.
Constructs of Stathmin/Op18 were added to an interphase (I) and a Stathmin/
Op18-depleted mitotic extract (M) for 15 min together with 1 wCi [y-2P]JATP per 1-ul
extract, and then immunoprecipitated (15% SDS-PAGE; Silver, silver staining; 2p
autoradiography). See text for sites. 2x indicates double depletion without
addition of recombinant protein. Addition of proteins to a non-depleted mitotic
extract gave similar results. In interphase, phosphorylation on the Cdc2 site could
be due to a kinase other than Cdc2. In the presence of 0.5 .M okadaic acid, no
specific site showed a significant increase in P incorporation, but p3 and p4
forms were observed.
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in promotion of microtubule assembly and nucleation.
Immunodepletion'® of 90-95% of Stathmin/Op18 from the extract
had a significant effect during the early stages of spindle assembly,
when large sperm microtubule asters were observed (Fig. 4C), as
previously described'>. Moreover, we observed an acceleration in
microtubule formation around mitotic chromatin beads (approxi-
mately 10-20 min; Fig. 4C). However, at later stages of bead and
sperm spindle assembly there were no differences between the
Stathmin/Op18 depleted and non-depleted extracts (Fig. 4C), and
direct measurements of microtubule dynamics have shown that
Stathmin/Op18 is not the principal regulator of microtubule
catastrophes in extracts'” or in vitro®. These data suggest that,
although lowering the concentration of Stathmin/Opl8 affects
microtubule dynamics in the extract, as well as the kinetics of the
early stages of spindle assembly®, microtubule dynamics are regu-
lated by other factors, still allowing spindle assembly. One candidate
molecule is XKCM1, a Xenopus kinesin-like protein that increases
the frequency of catastrophes and is required for spindle assembly*'.
XKCM1 and other factors may make microtubules sufficiently
dynamic to allow assembly of mitotic spindles in the absence of
Stathmin/Op18.

The most striking observation is that mitotic chromatin causes a
dose-dependent increase in the phosphorylation level of Stathmin/
Op18. Although we do not understand exactly how this is achieved,
our data strongly suggest that a type 2A phosphatase (PP2A)" and
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Figure 4 Mutant Stathmin/Op18 causes rapid shortening of the mitotic
spindle. A, B, Pre-formed mitotic sperm and bead spindles were incubated
with 100 (a, d), 200 (b, ) and 300 (c, f) g mI™' mutant Stathmin/Op18, fixed
after 20min, and the mean spindle length was measured (DNA, green;
microtubules, red); scale bar, 5 um. B, Quantification of the sperm spindles
shown in A; using wild-type (wt) and mutant (mut) Stathmin/Op18. Left,
length; right, time, for which 100 ugml™ Stathmin/Op18 was used. C,
Immunoprecipitation of Stathmin/Op18 results in accelerated microtubule
nucleation around mitotic chromatin. Mitotic chromatin was added to
control or Stathmin/Op18-depleted extracts and time points taken. Addition
of recombinant wild-type Xenopus Stathmin/Op18toin vivo concentrations
rescued the effect of immunodepletion. Scale bar, 25 um.

Cdc2 kinase are involved. Indeed, when PP2A is inhibited in mitotic
extracts, phosphorylation of Stathmin/Opl8 probably occurs
through Cdc2 kinase, as the Cdc2 site is the main site phosphoryl-
ated, and inhibition of PP2A in interphase extracts does not result in
hyperphosphorylation (data not shown). We can think of two
possible mechanisms to explain how mitotic chromatin could
induce the phosphorylation of Stathmin/Op18 in mitotic extracts.
The simplest mechanism would involve an activity present on
chromosomes that blocks PP2A, which dephosphorylates Stath-
min/Op18. But this seems to be in contradiction with the lack of
inhibition of Stathmin/Opl8 dephosphorylation by chromatin
beads. The other possibility is that a kinase* present on chromo-
somes (perhaps activated by partial PP2A inhibition) is responsible
for the phosphorylation of Stathmin/Op18. This mechanism could
explain why mitotic chromatin does not significantly block Stath-
min/Op18 dephosphorylation in the extract. Further work will be
needed to determine the details of this pathway. The progressive
increase in Stathmin/Opl8 phosphorylation, which parallels the
number of beads added to the extracts, suggests that there is a
gradient of Stathmin/Op18 phosphorylation/activity around chro-
mosomes. This may be part of a general mechanism involved in
regulating preferential microtubule growth around chromosomes
during spindle assembly. Chromatin may also regulate the phos-
phorylation of Stathmin/Op18 during mitosis in other systems".
Moreover, in the absence of chromosomes, endogenous Stathmin/
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Op18 is phosphorylated to the same extent in both interphase and
mitosis (Fig. 1a), suggesting that its main function is not to regulate
the global change in microtubule dynamics that occurs during
the transition from interphase to mitosis''™". Rather, we think
this change is caused by global phosphorylation of microtubule-
associated proteins, which reduces their affinity for microtu-
bules” >, allowing destabilizing factors to make microtubules
more dynamic.

We predict that other molecules involved in the regulation of
microtubule assembly are regulated in a similar manner to Stath-
min/Op18. Good candidate molecules include spindle-associated

microtubule-associated proteins®, as well as the spindle-asso-
ciated motor proteins XKCM1, XKLP1 and CENP-E*"*%¥, O
Methods

Extracts and spindles. Xenopus egg extracts (10,000¢) arrested in the
second meiotic metaphase (CSF extracts; HI1 kinase activity, 15—
30 pmol plmin™'; ref. 28) for sperm, magnetic bead spindle and magnetic
interphase bead nuclei (50% competent for nuclear transport) assembly were
prepared fresh and cycled as described'*”. For interphase extracts (H1 kinase
activity, 2—4 pmol uI” min™"), eggs were activated for 15min in MMR/4,
0.2 pgml™ A23187 (Sigma), 200 wgml™ cycloheximide. When spindles had
assembled (Fig. 4A), 1/10 volume control buffer, wild-type or mutant Stath-
min/Op18 diluted in CSF-XB was added. Purified wild-type and mutant
(serines changed to alanines at positions 16, 25, 38 and 63) human Stath-
min/Op18 (from A. Sobel) were in PBS at 10 mg ml ™.
Immunoprecipitations. Extracts 5-40 .l were labelled with 1 p.Ci [y->>P]ATP
per wl extract for 15 min at 20 °C. For the immunoprecipitation, 2—10 volumes
cold SBMI (100mM NaF, 80 mM [-glycerophosphate, 20mM Na,P,05,
20mM EDTA, pH 7.2, with 1 .M microcystin-LR (Gibco BRL), 1 mM PMSF
and 10 pgml™" each of leupeptin, pepstatin and aprotinin) containing Affi-
prep protein A beads (Biorad) with rabbit anti-Stathmin/Op18 antibodies
precoupled (partial gift from T. J. Mitchison'?) was added for 30 min at 4°C,
followed by two washes with 200 wl SBMI, four washes with 200 pl PBS plus
100 mM NaCl, 0.1% Tx-100, protease inhibitor mix. When present, magnetic
beads were removed after SBMI addition but before the immunoprecipitation.
In the presence of okadaic acid, A90CyclinB was added to the CSF extracts to
prevent inactivation of Cdc2 kinase. Interphase bead nuclei added for <5 min,
fresh DNA beads, or polyglutamic acid control beads added to a mitotic or
interphase extract had no effect on phosphorylation (Fig. 1, data not shown).
Statistics. Comparison of spindle length in the presence of wild-type and
mutant Stathmin/Op18; A x’-test verified that spindle lengths follow a normal
distribution, and Bartlett’s test showed that the standard deviations are equal.
The statistical test subsequently consisted of a t-test, t = (u, — p,)/
[s(1/n, + 1/ny)"]. P> 95% (P < 0.05) is considered statistically significant.
Xenopus Stathmin/Op18 cloning and expressions. The 5 and 3’
oligonucleotides used for PCR cloning of Xenopus Stathmin/Opl8
(XLX035)" contained a Ndel and a HindllII site, respectively: GGGAATTCC
ATATGTGTGACTCTGATATTAAAGTAAAACAGC and CCAAGCTTCTATC
ACTTCTCAGAAGGTTCTTTGCATTC. A Xenopus cDNA library was prepared
using purified polyadenylated RNA (RNeasy, Qiagen) from XL177 cells and a
cDNA synthesis kit (Boehringer-Mannheim). Xenopus Stathmin/Op18 was
subcloned into pMW172. Mutagenesis of Xenopus Stathmin/Op18 was per-
formed according to the Quickchange site-direct mutagenesis kit protocol
(Stratagene). All constructs were sequenced in pMW172 from the T7 promoter
(EMBL sequencing service). Xenopus Stathmin/Opl8 was expressed in
Escherichia coli (BL21DE3), induced at 0.3-0.5 absorbance at 600nm
(0.1 mg ml™! IPTG) for 3h at 37°C.

Purifications. Pellets from 1-21 of cells were sonicated on ice for 3 X 20s in
50—-100ml 20 mM Tris-HCI pH 8.3, I mM EGTA, 1mM EDTA, 0.1% B-
mercaptoethanol, and protease inhibitor mix. This was centrifuged at 30,000 for
10 min at 4 °C, and batch-absorbed to 10~20ml DEAE (Pharmacia) in 20 mM
Tris, pH7, 200 mM NaCl for 20 min at 4°C. DEAE was removed (4,000,
10 min, 4 °C), the supernatant filtered through Kleenex paper, and ammonium
sulphate powder was added to 60% for 30 min at 4 °C. The (NH,),SO, pellet
was recovered by centrifugation at 15,000¢, 10 min, 4 °C, then resuspended in
5-10ml 30mM K-MES, pH 5.7, 0.1% -mercaptoethanol and protease
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inhibitor mix, and dialysed overnight at 4°C against 400 volumes of the
same buffer. The dialysate was centrifuged at 14,000g, 10 min, 4 °C, loaded onto
a Mono-S PC 1.6/5 SMART column (Pharmacia) equilibrated with buffer A
(20 mM K-MES, pH 5.7). Stathmin/Op18 was eluted with a step-gradient in
100 pl at 25% buffer B (buffer A with 500 mM NaCl). The yield never exceeded
200 pg per litre of cells (BCA; Pierce).

Dephosphorylation. Stathmin/Op18 was 100-fold purified from 2 X 600 l
okadaic acid-treated [y-**P]ATP-labelled mitotic extract; 5 volumes SBMI was
added after 15min labelling, and the mix was heated at 95°C for 5min,
centrifuged at 100,000, 10 min, 2°C, followed by 5-fold concentration in
Centricon-30, desalting into CSF-XB on a 5-ml Kwiksep column (Pierce), and
2-fold concentration in Centricon-30. This concentrate was mixed at a
maximum dilution ratio of 1:1 with extracts and samples taken into sample
buffer (Fig. 2¢).

Miscellaneous. Pure Stathmin/Op18 (Fig. 1b) was obtained by immunopre-
cipitation, elution for 1h at 4°C with 200 pgml™ anti-Stathmin/Op18
peptide'? in XB, dilution with 10 volumes XB, concentration on Centricon-10
and incubation with 2 units alkaline phosphatase wl™ for 1h at 37 °C.
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