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Assembly of a mitotic spindle requires the accurate
regulation of microtubule dynamics which is accomp-
lished, at least in part, by phosphorylation—dephos-
phorylation reactions. Here we have investigated the
role of serine-threonine phosphatases in the control
of microtubule dynamics using specific inhibitors in
Xenopus egg extracts. Type 2A phosphatases are
required to maintain the short steady-state length of
microtubules in mitosis by regulating the level of
microtubule catastrophes, in part by controlling the the
microtubule-destabilizing activity and phosphorylation
of Opl8/stathmin. Type 1 phosphatases are only
required for control of microtubule dynamics during
the transitions into and out of mitosis. Thus, although
both type 2A and type 1 phosphatases are involved in
the regulation of microtubule dynamics, they have
distinct, non-overlapping roles.

Keywords microtubule dynamics/mitosis/Op18/
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Introduction
Correct chromosome segregation during mitosis requires

phases, called a catastrophe, and between shrinkage and
growth phases, called a rescue (Walletr al., 1988;
Hyman and Karsenti, 1996). During the transition from
interphase to mitosis, the primary effect on microtubule
dynamics is an increase in the catastrophe rate (Belmont
et al, 1990; Verdeet al, 1992). However, little is known
about direct effectors of microtubule dynamics or how
they are regulated.

Changes in microtubule dynamics during the transitions
into and out of mitosis are controlled by the activity of
cdc2 kinase which phosphorylates a large variety of
molecules either directly or indirectly (Belmoret al,
1990; Verdeet al,, 1990, 1992). It is likely that the control
of microtubule dynamics during these cell cycle transitions
is determined by the balance between cdc2 kinase and
phosphatases that directly or indirectly oppose its action
on target molecules. Such phosphorylation balances may
also be involved in the stabilization of microtubules by
chromosomes during spindle assembly.

Analysis of mutants in serine-threonine phosphatases
indicates that they participate in ensuring correct chromo-
some segregation at mitosis. Some phenotypes suggest
that they do so by regulating cell cycle control. For
instance, type 2A phosphatase (PP2A) negatively regulates
cdc2 kinase at the onset of mitosis ¥enopus(Felix
et al, 1990; Clarkeet al, 1993; Leeet al, 1994; Lee,
1995), starfish (Picaret al, 1989, 1991) and both in
fission and budding yeasts (Kinoshig al., 1993; Lin
and Arndt, 1995; Evans and Stark, 1997). Inhibition of type
1 phosphatases (PP1) arrests the cells at the metaphase—
anaphase transition (Booher and Beach, 1989; Ohkura
et al, 1989; Fernandeet al,, 1992; Hisamotet al,, 1994;

Ishii et al,, 1996) because PP1 may be required to activate
the anaphase-promoting complex (APC), required to
degrade cyclin B (Ishiiet al, 1996). However, other

the assembly of a microtubule-based structure called thephenotypes suggest that phosphatases are also involved in
mitotic spindle. This assembly involves dramatic changes the control of structural events associated with mitosis.
in microtubule turnover: from a relatively stable state in Mutants in PP2A genes show defects in spindle assembly
interphase, they become highly dynamic at the onset of and microtubule growth (Kinoshitat al, 1993; Snaith
mitosis, their half-life changing from ~5 min to 45 s (Zhai €t al, 1996; Evans and Stark, 1997), as do some mutants
et al, 1996). During assembly of the spindle, some mitotic in PP2A regulatory subunit genes (Gometsal, 1993;
microtubules appear to be preferentially stabilized around Kinoshitaet al,, 1996). Mutants in PP1 genes$accharo-
the chromosomes, and this contributes to generating themyces cerevisiag¢Black et al, 1995), Schizosaccharo-
bipolar shape of the spindle. Thus, it is important to myces pombgOhkuraet al, 1988, 1989),Aspergillus
understand how microtubule dynamics are regulated bothnidulans (Doonan and Morris, 1989) an@®rosophila
globally and locally around the chromosomes. (Axton et al, 1990) show complex mitotic phenotypes
Changes in general microtubule stability can be with condensed chromosomes, abnormal spindles and
described by examining the sum of the dynamic properties chromosome separation malfunction. Since alterations in
of individual microtubules. Microtubules either grow or the phosphorylation state of proteins involved in spindle
shrink, the transition from one state to the other being assembly and function can have effects on cell cycle
unpredictable, a property known as dynamic instability. progression and vice versa, the exact roles of phosphatases
Thus, the behavior of a microtubule is defined by four during mitosis are unclear.
parameters: the growth rate, the shrinkage rate and the We have addressed this problem usiMgnopusegg
frequencies of transitions between growth and shrinkage extracts as they allow study of the role of phosphatases
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in the regulation of microtubule dynamics and spindle initiation of spindle assembly, metaphase spindles were
assembly independently of their role in cell cycle pro- present. Then 0.AM okadaic acid was added and aliquots
gression. We have used two specific inhibitors of of the extract were fixed and observed. In the absence of the
serine-threonine phosphatases. Okadaic acid at low con-drug, microtubules were organized in a typical ellipsoidal
centrations inhibits PP2A but does not inhibit PP1 activity shape, and chromosomes were aligned on the metaphase
(for review, see Cohen, 1989; Shenolikar, 1994). Con- plate (Figure 1A). In contrast, bipolar spindles could not
versely, inhibitor 2 (I-2), a 23.8 kDa protein, specifically be found 20 min after addition ofiBldgkadaic acid,

inhibits PP1 activity by binding to the catalytic subunit the microtubules were up to 1Q0n long, with an average
(Cohen, 1989; Shenolikar, 1994). We find that PP2A is length ofui#i{ and the chromosomes were scattered
required to maintain the short steady-state length of throughout the structure (Figure 1A). Moreover, numerous

microtubules during mitosis, in part by regulating Op18/ free microtubules could be observed in the extract.
stathmin (Sobel, 1991), a recently identified molecule  This effect of okadaic acid could reflect an indirect
involved in the control of microtubule dynamics. PP1 has effect on cell cycle progression, for example by inducing
a different role, and is involved in control of microtubule the return to interphase, or a direct effect on microtubule
dynamics during the transitions between interphase and dynamics. Indeed, this drug is known to activate cdc2
mitosis. kinase in the presence of sub-threshold levels of cyclin

(Felix et al,, 1990), but also to induce cyclin degradation

after some time of incubation (Feliet al., 1990; Lorca

etal, 1991), which results in final cdc2 kinase inactivation.

Extracts made fromXenopuseggs can be arrested in In order to study PP2A function independently of any

defined states of the cell cycle, either in interphase or in effect on cdc2 kinase activity, we repeated the experiment

mitosis, and their position in the cell cycle monitored by inthe presence of cyclid90. Because this cyclin construct

measuring the activity of cdc2 kinase which is low in is non-degradable, it produces a constitutively active

interphase and high in mitosis. Extracts can be arrestedkinase when it combines with the endogenous cdc?2 cata-

in mitosis in two ways. First, extracts made from metaphase Iytic subunit of the extract (Gdttakr1991). Under

ll-arrested oocytes (CSF extracts) contain an activity such conditions, cdc2 kinase activity remained high after

which maintains cdc2 kinase in an active form. Second, addition ofiM4bkadaic acid. However, microtubules

a non-degradable version of cyclin B, cyci®0, can be became long, and bipolar spindles disappeared from the

added to extracts in order to stabilize the cdc2 kinase extract, replaced by structures such as that shown in

activity. These latter extracts retain much of the mitotic Figure 1A. We conclude that even in the presence of high

state even though the APC and the machinery responsible cyclin B—cdc2 kinase activity, microtubules grow long

for cyclin degradation are active (Murray al,, 1989). In after inhibition of PP2A activity. Moreover, this result

particular, mitotic spindles remain intact with a high also suggests that short microtubules are required to make

microtubule turnover in such extracts, although anaphasea spindle. To test this further, we added @M okadaic

A occurs (Hollowayet al,, 1993; Suranat al, 1993). acid and sperm nuclei simultaneously to CSF extracts pre-
Spindle assembly can be inducedXenopusextracts incubated with cyclim®A90. This resulted in the formation

by adding sperm nuclei to a CSF extract that is then of asters with long microtubules (data not shown), but no

released into interphase in order to allow DNA replication bipolar spindles were assembled. Thus bipolar spindles

and centrosome duplication. Then, the extract is sent back may not assemble in the absence of PP2A activity because

into metaphase by adding more CSF extract or cyclin of the length of the microtubules formed under such

A90. This results in the migration of centrosomes around conditions.

the nucleus and spindle assembly in a succession of

prophase and metaphase figures (Sawin and Mitchison,PP2A inhibition affects the catastrophe rate of

1991; Shamu and Murray, 1992; Tournebize and Heald, microtubules

Results

1996). Alternatively, spindles can be assembled by incubat- To understand how PP2A activity could control the steady-
ing sperm nuclei directly in CSF extracts. Microtubules state length of microtubules during mitosis, we investigated
grow from the sperm centrosome towards chromatin, how inhibition of PP2A affected the dynamics of individual

forming half-spindles, then two half-spindles fuse, forming microtubules by time-lapse video microscopy. Extracts
a bipolar spindle (Sawin and Mitchison, 1991; Tournebize pre-incubated with dy@0lnwere treated with 0.4M
and Heald, 1996). Microtubule dynamics can be examined okadaic acid and supplemented with purified centrosomes
separately by adding centrosomes in the absence of and rhodamine—tubulin. Images of microtubules were
chromosomes. Under these conditions, one can see microtecorded over time and the parameters of microtubule
tubule ends better because the microtubule density is dynamics deduced from the analysis of the videos. Figure
lower. Additionally, one can determine the changes in 1B shows images taken from two videos, in the presence
microtubule dynamics in the absence of the influence of and absence pMOakadaic acid. Microtubules were
mitotic chromatin. longer in the presence of okadaic acid and we also noticed

a significant increase in spontaneous assembly. Analysis
A PP2A-like activity keeps microtubules short of individual microtubules in several videos showed that
during metaphase inhibition of PP2A activity reduced the level of cata-
In order to determine whether PP2A activity was involved strophes by 1.5- to 3-fold, depending on the experiment
in the regulation of microtubule length during metaphase, (Table 1). The average values from five independent
we tested the effect of okadaic acid on the morphology experiments showed that okadaic acid addition decreased
of spindles assembled in extracts. At 60 min after the the catastrophe rate from 2.44 catastrophes/min to 1.22
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control 0.4 uM okadaic acid

control

0.4 uMm
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Fig. 1. (A) Addition of okadaic acid to spindles induces microtubule growth. Spindles assembled in&98likenopusegg extracts were mock
treated (control) or treated with O4M okadaic acid for 20 min at 20°CBj Addition of 0.4 uM okadaic acid increases microtubule steady-state
length. Images taken at the same recording time from videos in the presence (bottom) or absence (tggYlafk@&daic acid. Time is h:min:s.
Bars are 1Qum.

Table I. Addition of okadaic acid to extracts reduces catastrophe frequencies

Growth rate Shrinkage rate Catastrophe frequency Rescue frequency Calculated microtubule
(um/min) (=m/min) (events/min) (events/min) lengthrq)

Control 11.44+ 1.21 (105) 13.49+ 1.90 (91) 2.44+ 0.54 (91) 0.70 (29) 7.4

Okadaic acid 13.00- 1.24 (87) 16.37+ 2.81 (58) 1.22+ 0.21 (58) 1.40 (17) 34.4

Okadaic acid (0.41M) was added to cyclid\90 extracts. After 20 min incubation at 20°C, extracts were frozen and aliquots of these used for
microtubule dynamics measurements for 5 min. Growth rate, shrinkage rate and catastrophe frequency were determined after measurements of
microtubules over time. Rescue frequencies reported here are not statistically significant. Values are steadard error of the mean (number of
total events measured). Average steady-state leagth was calculated using the measured values.

catastrophes/min. Average growth and shrinkage rates acid. We found an average microtubuleclengtii
were not significantly affected, being ~12 anddff/min 7.4 um in control and 34.4um in extracts treated with
respectively. Rescues were 0.70 event/min in control and  pBldbkadaic acid (Table I). Thus, inhibition of PP2A
1.40 events/min in the presence of okadaic acid. Due toresults in a 5-fold increase in microtubule steady-state
a low number of events observed, this difference is not lengith> due to only a 2-fold reduction in the cata-
statistically significant. Okadaic acid addition had no effect strophe rate.
on interphase microtubule dynamics (data not shown).

Verdeet al. (1992) showed that the steady-state length PP2A regulates Op18/stathmin phosphorylation
of microtubules is related directly to the parameters of We were interested in finding targets of PP2A that could

microtubule dynamics and that microtubule steady-state regulate microtubule dynamics. Since Opl8/stathmin is
length can be calculated from the values of microtubule thoughtto destabilize microtubulesXenopu®gg extracts
dynamics using a simple equation (see Materials and (Belmont and Mitchison, 1996), and since phosphorylation
methods). Using this formula, we calculated the micro- is known to regulate its activity (Marklundt al, 1996;

tubule steady-state lengtkcL> in the presence and Horwigt al, 1997), we examined the role of PP2A in
absence of 0.4M okadaic acid. We assumed that the regulating Op18/stathmin phosphorylation. Okadaic acid
rescue frequency was not affected by treatment with was added to an extract containing\@9dlinorder to

okadaic acid, taking a value of 1.05 rescues/min, the inhibit PP2A, and y-3?P]JATP was added in order to
average of the values measured with and without okadaic label phosphorylated proteins. Op18/stathmin was then
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immunopurified and the level off?P incorporation (Marklundet al, 1996; Horwitz et al, 1997), while
monitored. In untreated extracts, Opl8/stathmin was phosphorylated Op18/stathmin does not. Thus our experi-
poorly phosphorylated. Addition of increasing amounts of ments suggest that, normally, Op18/stathmin in extracts
okadaic acid to the extract resulted in a gradual increaseis dephosphorylated and active. PP2A inhibition promotes
in the level of*?P incorporated into Op18/stathmin protein phosphorylation of OP18/stathmin, thus microtubules
(Figure 2B). Quantification of the level 8P incorporated become more stable. If PP2A inhibition promoted micro-
showed that at 0.54M okadaic acid, Opl8/stathmin tubule growth by promoting hyperphosphorylation of
contained four times moré?P than the control. For  Op18/stathmin, then a mutant Op18/stathmin which cannot
comparison, addition of 3uM 1-2, which specifically be phosphorylated should overcome the effect of PP2A
inhibits PP1, only induced a 1.5-fold increase in the level inhibition on microtubule steady-state length. In order to
of 32P incorporated. Taken together, these observationstest this idea, we used purified Op18/stathmin protein in
show that PP2A activity maintains Opl8/stathmin in a which the four known phosphorylated serines had been

low phosphorylation state in metaphase extracts.

PP2A regulates microtubule dynamics by
controlling the phosphorylation state of
Op18/stathmin

mutated to alanine. Okadaic acid (M) was added
together with purified Op18/stathmin to pre-assembled
spindles that were then fixed and observed. Twenty minutes
after addition of the mutant Op18/stathmin protein together
with okadaic acid, most spindles were bipolar (Figure 3),

Previous experiments had suggested that, when unphosbut ~20% of them had short microtubules uniformly
phorylated, Opl8/stathmin destabilizes microtubules wrapped around chromatin without clear poles, forming

A
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Okadaic acid Inhibitor 2
B
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Okadaic acid Inhibitor 2

Fig. 2. The Op18/stathmin phosphorylation state is regulated by PP2A.
Different concentrations of okadaic acid and |-2 were added to cyclin
A90 extracts containingy{32P]ATP. After 20 min, Op18/stathmin was
immunoprecipitated and run on a 15% acrylamide g&). Silver

staining of the gel; B) an autoradiogram. Phosphorylation of
Opl8/stathmin increased four times in the presence ofiM%kadaic

acid and 1.5 times in the presence ofi8l I-2. The arrow points to
Op1l8/stathmin, which resolves as a triplet. Molecular weight markers
are indicated.

round ‘spindles’ (data not shown). Addition of okadaic
acid together with wild-type Op18/stathmin generated the
same structures as okadaic acid alone (Figure 3). Thus,
addition of unphosphorylatable Op18/stathmin rescues the
effect of okadaic acid on microtubule growth while wild-
type Opl8/stathmin does not.

Op18/stathmin depletion decreases the

catastrophe rate

The previous results strongly suggested that PP2A controls
microtubule dynamics by regulating the phosphorylation
of Op18/stathmin, but did not rule out the possibility that
exogenously added mutant Op18/stathmin depolymerized
microtubules independently of PP2A. If PP2A acted
through Op18/stathmin to control the catastrophe rate of
microtubules, then depletion of Opl8/stathmin should
decrease the catastrophe rate as well. We therefore depleted
Op18/stathmin from extracts and measured microtubule
dynamics. Results from four independent depletion experi-
ments are shown in Figure 4. Upon removal of ~95% of
Opl8/stathmin, the catastrophe frequency decreased 1.5-
to 5-fold, depending on the experiments. On average,
catastrophes decreased from 1.46 events/min in control
treated extracts to 0.86 events/min in Opl18/stathmin-
depleted extracts. Thus Opl8/stathmin is required to

0.4 uM okadaic acid

0.4 uM okadaic acid
+ Op18 mutant

0.4 uM okadaic acid
+ Op18 wild type

Fig. 3. Non-phosphorylatable Op18/stathmin induces microtubule depolymerization. Spindles were assembled &P@yekittacts and okadaic acid
was added alone (left panel), together with 28iml of human Op18/stathmin protein with its four phosphorylation sites mutated to alanine (middle
panel) or with 250ug/ml wild-type human Op18/stathmin (right panel). Spindles were fixed 20 min after incubation at 20°C. Batrs 10
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Fig. 4. Catastrophe frequency decreases after Op18/stathmin depletion & 0 L 1 L L . 1
and okadaic acid addition. Op18/stathmin was depleted from extracts 0 e o o 80 100
containing cyclinA90, and microtubule dynamics were measured. Time (min)
Catastrophe frequency decreases after Op18/stathmin depletion . . . ) .
(AOp18) and after 0.4tM okadaic acid addition (MockOA). No Fig. 5 PPl_ is not required for spindle assembly. Spindle assem_bly was
significant decrease in catastrophe is observed after addition gi\0.4 ~ Monitored in the presence or the absence of I-2. Extracts containing
okadaic acid to Op18/stathmin-depleted extr&®p18+O0A). Values nuclei were released into interphase for 80 min before mitosis was

triggered by addition of CSF extract together wittuB! 1-2 (1 pM I-2
was then added every 15 min). Spindles were fixed every 10 min and
the percentage of spindles in metaphase scored. No statistical

maintain a high level of catastrophes during metaphase. difference was observed upon PP1 inhibition compared with the
We also analyzed the effect of Op18/stathmin depletion """

on the growth and shrinkage rates of microtubules. Theselength was not affected over 60 min of observation (data

rates were not statistically changed by Opl8/stathmin "o o) These results suggested that once the extract
depletion. Using these values, we calculated the average

length <L > of microtubules. We found that they are contains a high level of cdc2 kinase activity, PP1 is not
7.9 um long in mock-depleted extracts anel00 um in required to regulate microtubule dynamics and spindle

Opl8/stathmin-depleted extracts. These values show thatassembly.

Op18/stathmin is a key regulator of microtubule length pp7 and cdec2 kinase act antagonistically to control
in vitro. ) the steady-state length of microtubules at the

In order to test whether Opl18/stathmin could account gnset of mitosis
for all the changes in catastrophes observed upon PP2Ajthough inhibition of PP1 had no effect on spindle
inhibition, we added 0.4uM okadaic acid to Opl18/  assembly, we wondered whether it could participate in the
stathmin- or mock-depleted extracts. The catastrophe fre-regulation of microtubule dynamics during the early phase
quency dropped from 0.85 to 0.59 in Opl8/stathmin- of mitosis when cdc2 kinase begins to act on microtubule
depleted extracts. However, this difference was not found gynamics, in prophase. To test this hypothesis, we made
to be statistically significant (Figure 4). Growth and yse of purified cdc2 kinase which, when added to an
shrinkage rates were not significantly changed. The calcu-interphase extract, triggers mitotic microtubule dynamics
lated microtubule length<L> after addition of 0.4uM (Verdeet al, 1990). We reasoned that if PP1 is opposing
okadaic acid was 61.pm in mock-treated extracts and cdc2 kinase activity during the transition of microtubule
>100 pm in Opl8/stathmin-depleted extracts. These gynamics from an interphase to a metaphase state, then
results show that Op18/stathmin accounts for most of the jnhibition of PP1 should speed up the rate at which cdc2
catastrophes regulated by PP2AXenopusextracts. In  kinase phosphorylates substrates and microtubules become
conclusion, PP2A maintains the short steady-state lengthdynamic. Cdc2 kinase was added to interphase extracts
of microtubules by regulating the catastrophe rate, mainly with or without I-2. Extracts were complemented with

are meanst standard error of the mean.

through regulation of the activity of Op18/stathmin. centrosomes and rhodamine—tubulin, fixed 15 min later
and spun down onto coverslips, and the length of microtub-
PP1 is required for the control of microtubule ules were measured. As shown in Figure 6, microtubules
dynamics during the transitions into and out of are long in interphase extracts (@) and become shorter
mitosis upon addition of cdc2 kinase (Figure 6A). In the presence

To examine the role of PP1 in the regulation of microtubule of pp1 inhibitor, 9—10 pmgli/min of cdc2 kinase activity
dynamics, we used a specific inhibitor of PP1, 1-2, a ere required to convert the average microtubule length
23.8 kDa protein which binds specifically to the catalytic to a mitotic state (Figure 6B and C) while 20 proi/

site of PP1 to inhibit its activity. We added I-2 to  min were necessary in the absence of inhibitor. This result
InterphaSIC and mitotic extracts and observed microtubule suggests that PP1 and cdc2 kinase have Opposing effects

length and dynamics. Inhibition of PP1 had no effect on the jn controlling microtubule dynamics during the interphase
parameters of microtubule dynamics in either interphase or to metaphase transition.

metaphase (data not shown). To test whether PP1 is

required for spindle assembly, extracts containing sperm PP1 participates in the regulation of global

nuclei were released into interphase and I-2 was added atchanges in microtubule dynamics during the

the same time as CSF extracts. The kinetics of spindle metaphase to anaphase transition

assembly were statistically similar in the presence and The previous results suggested that PP1 opposed cdc2
absence of I-2 (Figure 5), and maintenance of spindle kinase during the onset of metaphase. We wondered
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events/min. In control extracts, the calculated microtubule
length<L> was 8.7um in metaphase ang100 um 30

min after anaphase induction. In the absence of PP1
activity, the calculated microtubule lengthlL > remained
unchanged at ~5-8m (Figure 7F). Therefore, PP1 is
required in anaphase to increase the steady-state length of
microtubules by increasing the growth rate and decreasing
the catastrophe rate.

PP1 is also required for spindle microtubule
elongation and chromosome separation in
anaphase
The previous results indicated that PP1 was required for
microtubule elongation in anaphase in the absence of
chromosomes. We wanted to examine what would happen
to spindle microtubules. As shown in Figure 8A, under
normal conditions, chromosomes start to separate and
move towards the poles 10 min after calcium addition.
By 25 min, anaphase is completed. When PPl was
c e coc2 inhibited, spindles gradually lost microtubules and the
$. tdezflnnibier poles moved towards chromatin and eventually fell apart,
forming half-spindles (Figure 8B). No clear chromosome
segregation was observed. Similar observations were made
using CaMKII to trigger anaphase. We quantified spindle
length during anaphase with and without PP1. At the end
of anaphase, spindles were gé long in the control and

average length (um)

microlubule

- 22 uym in the absence of PP1 activity (Figure 8C). We
looked at chromosome separation under such conditions.
0 —T [T As shown in Figure 8D, chromosomes moved towards
o 10 20 30 N . . .
wz s poles in the control while they stayed in the middle of
el the spindle when I-2 was used. One hour after CaMKIl

. _ . addition, the microtubules had not returned to their
Fig. 6. PP1 opposes the effect of cdc2 kinase on microtubule length. interphase length and, in addition, chromatin was still

Increasing amounts of purified starfish cdc2 kinase were added to .
interphase extract in the absende or the presenceB| of I-2. Less condensed as previously reported (Axtenal, 1990).

cdc2 kinase is required to obtain mitotic microtubule length in the Th6$§ results ShOW_that PPLlis necessary both for 5pir"d|e
presence of 1-2¢). Numbers in the bottom right of the pictures stability and elongation, and for chromatin decondensation
indicate cdc2 kinase activity (pmpl/min). during anaphase, and that this is not due to an effect of

PP1 inhibition on the inactivation of cdc2 kinase.

whether PP1 was also required to increase the steady-
state length of microtubules during the onset of anaphase'Discussion
To measure these changes, we used a downstream effector
of calcium in the cascade triggering cyclin degradation at Since the initial demonstration that microtubule length is
anaphase onset: the calcium/calmodulin-dependent kinasegoverned during metaphase by phosphorylation—
Il (CaMKII) (Lorca et al, 1993; Morinet al, 1994). We dephosphorylation reactions under the control of cdc2
looked at cdc2 kinase activity after induction of anaphase kinase (Verdeet al, 1990) and that this was mediated by
in the presence and absence of I-2. In both cases, cdc2 an increase in catastrophe rate @ebhoi990;
kinase activity dropped to interphase levels by 30 min Verdeet al, 1992), little progress has been made in the
(Figure 7A) with identical kinetics, showing that, at least characterization of the biochemical pathways or signaling
in Xenopusxtracts, PP1 is not required for the inactivation mechanisms involved. Here, we undertook a study of the
of cdc2 kinase. role of type 1 and type 2A-like phosphatases in these

Microtubule dynamics were recorded at 15 min intervals processes during mitosis. We show that PP2A is required
after anaphase induction by CaMKIl. In control extracts, continuously in mitosis to control the short steady-state
chromosome to pole movement was completed 30 min length of microtubules, primarily by regulating the
after CAMKII addition (Figure 7B and see below). At phosphorylation state of the microtubule-destabilizing
this time, the catastrophe frequency decreased from 2 tofactor Opl18/stathmin. In contrast, PP1 is required to

1 event/min, and the growth rate increased from 9.9 to stabilize microtubules during the transitions between
16.55pum/min (Figure 7C and E). The shrinkage rate was interphase and mitosis. Thus these two phosphatases have
not changed during this transition (Figure 7D). In contrast, distinct roles in the control of microtubule dynamics
in extracts treated with 1-2, catastrophe frequency, growth during mitotic progression.

and shrinkage rates were identical for the first 30 min We have characterized these activities using inhibitors
after induction of anaphase (Figure 7C—E). We calculated of serine-threonine phosphatasés. vitro, the IGg of

the average lengtktL> of microtubules using the values okadaic acid is 0.2 nM for PP2A and 20 nM for PP1 (for

measured and assuming a constant rescue rate of 1.05eview, see Cohen, 1989). These concentrations are much
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Fig. 7. PP1 is required for returning from metaphase to interphase microtubule dynafjic3d¢2 kinase inactivation in anaphase induced by

CaMKll is not affected by PP1 inhibitionB) The distance from chromosomes to the pole in control extract decreases as chromosomes segregate.
(C-E) PP1 prevents changes in microtubule dynamics in anaphase. In these experiments, CSF extracts were pre-incubated for 15 min with (gray
bars) or without (black bars) M I-2 before anaphase was induced with CaMKII. Microtubule dynamics were recorded at 0, 15 and 30 min for

5-7 min. Growth rate@), shrinkage ratel) and catastrophe frequencl)(were determined after measurements of individual microtubules over

time. Rescue frequency is omitted here because too few events were observed and values are not statistically significaatulfule length

<L> does not increase in the presence of I-2 during anaphase. Calculated microtubule lengths were determined using the measured values. Rescues
were assumed to be 1.05 events/min. Data in (B—E) are meastandard error of the mean.

lower than that used in our study, but it is known that the in PP2A regulatory subunits also display defects in micro-
inhibitory activity of these inhibitors is altered by high tubule organization (Gomest al, 1993; Kinoshiteet al,,

protein concentration (Ingebritsest al, 1983) and our 1996). Furthermore, associated subunits of PP2A bind to
extracts have a protein concentration of ~60—-80 mg/ml. microtubules and PP2A is associated with microtubules
We have measured phosphatase activities in concentrated in tissue culture cells ésahtd®95). This suggests
extracts under the same conditions as used to assaythat PP2A is indeed the phosphatase catalytic subunit
microtubule dynamics and spindle assembly. We found involved in controlling microtubule length.

that under these conditions, 04M okadaic acid is Previous results had also shown that inhibition of
required to produce a 50% inhibition of PP2A-like activi- phosphatases using okadaic acid results in the formation
ties, whereas 3M 1-2 is required to inhibit PP1 fully. of long microtubules. In starfish (Picaret al, 1991),

Low concentrations of okadaic acid may affect the activity mouse oocytes (de Pernalf 1993) and GH4 rat

of catalytic subunits other than the typical PP2A. Indeed, pituitary cells (Van Dolah and Ramsdell, 1992), spindles
four phosphatases, PP3 (Honkanenhal, 1991), PP4 were shown to be destroyed and replaced by extremely
(Brewiset al,, 1993) (previously named PPX), PP5 (Chen long microtubule networks. This is consistent with our

et al, 1994) and PPV irDrosophila (Armstronget al, results but, in some of these previous experiments, it was
1995), have been shown recently to be highly sensitive to not possible to know whether a type 1 or 2A phosphatase
okadaic acid and insensitive to I-2. Therefore, we cannot was inhibited. Interestingly, in clarified interphasic extracts
rule out the possibility that one of these is the inhibited from sea urchin, addition of high concentrations of okadaic
phosphatase in our experiments. However, PP2A mutants acid ([u\D.Besulted in a decrease in rescues and a

in Drosophilg S.pombeand S.cerevisiaeshow abnormal slight increase in catastrophes (Gliksmenal, 1992).
microtubule morphology (Kinoshitat al, 1993; Snaith However, these extracts had a lower protein concentration
et al, 1996; Evans and Stark, 1997), with an extensive (20-25 mg/ml) and it is likely that both PP1 and PP2A
microtubule network similar to the one seen here. Mutants were inhibited. The effects observed are probably the
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Fig. 8. PP1 is required for spindle stability and chromosome segregation in anaphase. Spindles were assembled and PP1 was inhibited for 15 min
before anaphase was induced by CaMKII. Spindles were fixed at various time psintdofmal metaphase and anaphase spind&sCpllapsed

and half-spindles observed in anaphase in the presence of I-2. Graphs show the percentage of spindles in n@tapithanaphase)) in the

absence (A) or presence (B) of I-2 during anaphaSg.Spindle length in the absencl) or presence[{]) of I-2. (D) Chromosome position in the

spindle during anaphase in the abserli¢ ¢r presence({]) of I-2. Chromosome position is determined by the chromosome to pole distance divided
by the pole to pole distance. Bar is fufn.

consequence of a complex regulation by many phos- and fungi? One major difference is the lack of checkpoint
phatases which may act in many different ways. In controls inXenopusextracts under our conditions. Thus
clarified Xenopusinterphase extracts, addition of high PP1 mutants may cause a metaphase delay in fungi by

concentrations of okadaic acid results in a decrease inactivating the spindle assembly checkpoint (for review,

growth and shrinkage rates, while it has little effect on see Wells, 1996). IndeBd:grevisiagthe PP1 encoded

these rates in mitotic extracts (Parsons and Salmon, 1997) by theGLC7gene has been shown to regulate chromosome

We also noticed that catastrophes were decreased in mitotic segregation (Francisco and Chan, 1994; ¢tisdymoto

clarified extracts (R.Tournebize and R.Heald, unpublished 1994; Blacket al., 1995). Recent genetic data $ipombe

observations). One possibility is that most of PP2A is suggest that PP1 may regulate the APC and, therefore,

depleted from clarified extracts (A.A.Hyman, unpublished exit from mitosis (Ishiiet al, 1996). However, since the

observation), thus resulting in Op18/stathmin inactivation. APC regulates cyclin destruction and, therefore, cdc2
Because PP1 is the only phosphatase known to bekinase inactivation, we would expect to see a mitotic

inhibited efficiently by I-2, this small polypeptide can be delay Xenopusif PP1 inhibition down-regulates the

used to determine what is regulated by PP1-like enzymes.APC. As this is not observed iXenopusextracts, it is

Again, we determined that addingp @M I-2 followed by possible that PP1 acts upstream of the APC through a

regular addition of JuM produced a complete inhibition  spindle checkpoint rather than directly in cyclin

of PP1 in our concentrated extracts. Our results show that degradation.

PP1 has a particular role in the control of microtubule

turnover inXenopusextracts, during the switches between Regulation of microtubule dynamics and

interphase and mitosis. In addition, PP1 is required for steady-state length during metaphase by PP2A

chromosome decondensation, confirming previous resultsand Op18/stathmin

in Drosophila (Axton et al, 1990). However, PP1 does Our results suggest that Op18/stathmin is a major down-

not seem to be required for cell cycle changes necessary stream substrate of PP2A in the regulation of the steady-
for exit from mitosis in Xenopusegg extracts, while  state length of microtubules. This protein regulates the
inhibition of PP1 in fungi causes a metaphase arrest or length of microtubules b&thapusextracts (Belmont

delay. Why should there be a difference betwemopus and Mitchison, 1996; this study) and in tissue culture cells
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(Marklund et al, 1996; Horwitzet al, 1997), and this during spindle assembly and disassembly (Andersen
effect is regulated by phosphorylation. The phosphorylated et al, 1997).
form of Op18/stathmin loses its microtubule-destabilizing
activity (Marklundet al, 1996; Horwitzet al.,, 1997). Our Regulation of microtubule dynamics by PP1 during
results inXenopusconfirm these observations. Moreover, the transitions from interphase to mitosis and
they suggest that the phosphatase which dephosphorylateback to interphase
Op18/stathmin is PP2A. Although the kinase that opposes We have shown that PP1 is required for reorganization of
PP2A is unidentified, MAP kinase and the cdc2 kinase the microtubule network during the transitions between
are likely candidates (Larsscet al, 1995). This would interphase and mitosis. It is hard to say whether PP1 is
make sense since PP2A opposes cdc2 kinase and some regulating microtubule-stabilizing or -destabilizing factors
MAP kinase activities on many substrates like the brain or both during entry into mitosis and during anaphase.
microtubule-associated protein tau (Goedsral, 1992; One clue comes from the analysis of the dynamic para-
Ferrignoet al, 1993). Although it is formally possible = meters during exit from mitosis. We have shown that the
that PP2A regulates Opl8/stathmin by increasing MAP growth rate increases during exit from mitosis, but that
kinase activity (Shibuyat al, 1992; Nebreda and Hunt, this increase in growth rate is blocked in the absence of
1993), this is unlikely because, in extracts treated with PP1. Since MAPs are generally thought to stimulate
cyclin A90, MAP kinase activity is already high (Shibuya microtubule growth, this strongly suggests that one of the
et al, 1992; Minshullet al,, 1994) although Op18/stathmin roles of PP1 is to activate MAPs in order to stabilize
is poorly phosphorylated (Figure 3). The fact that Op18/ microtubules during anaphase.
stathmin is poorly phosphorylated in metaphase extracts During metaphase, inhibiting PP1 has no effect on the
means that it is active in these extracts. This finding is in stability of the mitotic spindle, whereas, during anaphase,
apparent contradiction to results obtainedvivo where it results in a highly unstable spindle. This instability
Op18/stathmin is phosphorylated during metaphase. Thismanifests itself by a loss of microtubules from the spindles
contradiction can be resolved by the observation that the and a movement of the poles towards the chromatin. This
phosphorylation of Opl8 is stimulated by chromatin is reminiscent of the effect of nocodazole, a drug which
which is present at low levels in our extracts (Andersen inhibits microtubule assemblyetfallt 1991). It may
et al, 1997). seem strange that spindle microtubules only become

Catastrophes in mitosis are 8-10 times more frequent unstable during anaphase following PP1 inhibition. How-
than in interphase. Following depletion of Op18/stathmin ever, two things must be considered. First, during meta-
from a mitotic extract, the catastrophe rate drops to a phase, the chromosomes play an important role in
rate only ~4-5 times more frequent than in interphase. stabilizing microtubules (Nicklas and Gordon, 1985;
Therefore, other microtubule-depolymerizing factors regu- Zhang and Nicklas, 1995; Dogteamn1996; Heald
lated independently of PP2A must account for the et al, 1996). This activity may be lost during anaphase
remaining catastrophes in mitosis. Such a factor can be and this may have to be substituted by a global PP1
XKCM1 (Walczaket al., 1996) and other as yet unidenti- activity acting to dephosphorylate factors required to
fied catastrophe factors. In interphase, Opl18/stathmin is stabilize microtubules again at the exit from metaphase.
also dephosphorylated (Brattsaed al, 1994; Larsson Secondly, there may be a large increase in length during
et al, 1995) and active, but catastrophes are low. This anaphase B, which requires microtubule polymerization
strongly suggests that although microtubules could be and stabilization. Thus, many mutants in PP1 probably
destabilized by the non-phosphorylated form of Opl18/ manifest themselves in anaphase due to a lack of micro-
stathmin in interphase, they are not because of the presenceéubule stabilization. In other words, PP1 may act to reverse
of stabilizing factors like MAPs. We suggest that, during the phosphorylation state of microtubule-stabilizing fac-
mitosis, the catastrophe rate decreases because Opl8brs, like MAPSs, that are inactivated by phosphorylation
stathmin remains active globally whereas MAPs do not during metaphase.
stabilize microtubules efficiently.

We observed that PP2A inhibition resulted in an increase Switches and steady-state balances
in microtubule spontaneous assembly in metaphaseOne of the main conclusions of our studies is that
extracts. This could be due to regulation of the activity PP1 and PP2A have distinct functions in the control of
of microtubule nucleating sites. Alternatively, the high microtubule dynamics. PP1 is required for the switches
catastrophe rate observed in metaphase may normally between mitosis and interphase while PP2A is required to
prevent short microtubules from reaching a visible size. maintain the short steady-state length of microtubules
We were not able to determine whether the decrease in during mitosis. This illustrates two types of regulation
catastrophe rate produced by inhibition of PP2A may be involved in spindle assembly: global regulation during the
sufficient to explain the increase in spontaneous assembly transitions between cell cycle states and local regulation
observed under these conditions. during spindle formation. Thus, PP2A seems to act as

In conclusion, PP2A controls the steady-state length of part of a phosphorylation balance that maintains the
microtubules at least in part by controlling the activity of steady-state length of microtubules during metaphase. We
Op18/stathmin. Thus the level of stability of metaphase imagine that the balance works in the following way. PP2A
microtubules seems to depend upon a phosphorylation—and its opposing kinase are both active with comparable
dephosphorylation balance involving PP2A and cdc2 activities. Subtle regulation of the activity of either of the
kinase acting directly or indirectly on Opl8/stathmin. enzymes would allow precise adjustment of the steady-
Subtle spatial regulation of this balance could participate state length of microtubules. Adjustment of such a balance
in the regulation of microtubule dynamics and organization would provide a means by which chromosomes locally
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cdc2

A X =—= x-® and inactive, with the consequence that microtubules will
PP1 stay short during the progression into interphase. Evidence
for such a model comes from our studies that show that

It is well known that the activity of cdc2 fluctuates in the
cell cycle, and it appears that the enzymatic activities of
some PP1 catalytic subunits are inactivated by cdc2
phosphorylation during mitosis (Dohadwada al,, 1994;
Yamanoet al, 1994; Kwonet al,, 1997).

It is likely that PP1 and PP2A affect microtubule
dynamics by acting on different substrates. Some may
I M I stabilize, others may destabilize microtubules. We have
shown how one of these substrates, Opl8/stathmin, is
regulated by PP2A. Other microtubule regulators under
the control of this enzyme and PP1 now need to be

: : PP1 opposes cdc2 at the onset of mitosis and in anaphase.
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Materials and methods
- 5 - 35' Enzymatic assays
° = ;%3 Unless specified, all reagents were from Sigma. Cdc2 kinase activity
§E~ | 85 assays were performed as described by Felad. (1989). PP2A activities
2 78 were measured using phosphorylated casein prepared as described by
8 §' ~| g McGowan and Cohen (1988), and PP1 activities using phosphorylated
d € -8 phosphorylase (phosphatase assay kit, Gibco BRL). Phosphatase activi-

ties were measured in crude concentrated extracts similar to those used
by Felix et al. (1989). We first characterized inhibitor concentrations
necessary to inhibit phosphatases in crude 10 @@&tracts. Okadaic
acid (Gibco BRL) was used to inhibit PP2A, and 1-2 (a gift from Phil
Cohen) used to inhibit PP1. Typically, after incubation of extracts with
either okadaic acid or I-2 for 15 min at room temperaturepl 5of
substrate were added to 0 of extracts for 30—45 s. The reaction was
stopped by adding 100 of 10 mM EDTA, EGTA, 100 mM NaF,
B-glycerophosphate, 1 mg/ml bovine serum albumin (BSA), 0.1%
-mercaptoethanol (BME) and 1Q0of 10% trichloroacetic acid (TCA).
Samples were incubated on ice for 10 min followed by centrifugation
at 15 000g for 10 min, and soluble’?P released accounting for
phosphatase activity were counted. Okadaic acid was titrated and found
to inhibit 50% of PP2A at 0.44M. Using cyclin A90 (Glotzeret al,,
1991), cdc? kinase activity was not modified by incubation with okadaic
acid. It was found that 3IM I-2 was sufficient to inhibit 50-60% of
total phosphatase activity, showing that PP1 accounts for about half of
the total serine-threonine phosphatase activity measurable with phos-
phorylated phosphorylase. Because I-2 can be inactivated by glycogen
synthetase kinase phosphorylation, we addedill-2 every 15 min to

the initial 3 uM used to inhibit PP1. Using such conditions, PP1 was
constantly inhibited during 90 min.

Fig. 9. Model for a switch regulation between cdc2 kinase and PP1.
(A) A substrate X which stabilizes microtubules is regulated by cdc2
kinase and PP1. When phosphorylated (X-P), X is inactive, but it is
active in its unphosphorylated form (X)B) In a normal cell cycle,

cdc2 kinase increases during mitosis (M) and decreases at anaphase.
Concomitantly, PP1 activity decreases in mitosis and is high in
interphase (I). In interphase, no cdc2 kinase is present and PP1 is
active, therefore X is dephosphorylated, active and stabilizes
microtubules (promoting a long steady-state length). In mitosis, less
PP1 is active, cdc2 kinase activity is high and most of X is
phosphorylated and inactive. Thus microtubules are sh@jtir( the
absence of PP1, at the interphase—metaphase transition, cdc2 kinase
phosphorylates X more quickly, thus inactivating it, such that less cdc2
kinase activity is required to obtain a maximal effect. During the
metaphase—anaphase transition, cdc2 kinase is inactivated. If PP1 is
inactive, X stays in an inactive phosphorylated form for longer and
microtubules stay shorter.

stabilize microtubules during spindle assembly (Karsenti,
1991; Hyman and Karsenti, .1996)- . Extract preparation and spindle assembly

On the other hand, we believe that PP1 acts as a switchxenopusextracts were prepared as described in Murray (1991). Meiotic
because the activities of PP1 and its opposing kinase,extracts (which we refer to as CSF extracts) and spindles were prepare_d
presumably cdc2, are different in interphase and mitosis. USiNg & wo-step procedure (Shamu and Murray, 1992). Sperm nuclei
A del for the f . fPP1inthe i h ...~ were added to CSF extracts released into interphase by calcium. After

r_no e orthe !’mCt_lon 0 . In the interphase—mitosis DNA and centrosomes duplicated, some CSF extract was added back
switch is shown in Figure 9. Figure 9A and B shows the and spindles assembled for 60 min. When necessary, cfithwas
normal situation. A substrate X is dephosphorylated and added 45 min after CSF extract addition for 45 min and then okadaic
active and stabilizes microtubules in interphase. Con- acid was added. To test the role of PP2A in controlling spindle assembly,

s : : : S sperm nuclei together with okadaic acid were added directly to extracts

versely, it is p_hosphprylated and inactive in mitosis and (Sawin and Mitchison, 1991) pre-incubated with cycli80. Okadaic
does not stabilize microtubules so that they can Unqergoacid was added at 0.44M final concentration and spindles fixed
catastrophes and become shorter. At the entry of mitosis,every 10 min. Maximum effect was observed 20 min after okadaic
cdc2 kinase activity increases and PP1 activity decreas,es,fﬂi}f| adﬂltlon- induced by adding 0.4 mM C&Sh i
triggering phosphorylation and inactivation of X. Micro- naphase was induced by adding .4 m amu and Murray,
tuggles grg noplon yer stabilized and become shorter. At 1992) or 0.1 vol. of a dominant active CaMKIl (Moriet al, 1994)

g T S - "subcloned in pCYB13T (Glotzer et al, 1991) and transcribed in
the metaphase—anaphase transition, cdc2 activity declineseticulocyte lysates (TNT-coupled reticulocyte lysate systems, Promega).
and PP1 activity increases, dephosphorylating X and During anaphase, I-2 was first added tpi8 to CSF extracts for 15 min.
activating it. As a result, short microtubules in mitosis Th‘egllu'\" -2 al;‘d Ca%c"%MKé'Owgge "%ddzft o 'nduﬁe a”_azhas,ghal”d

P : spindles were observed during 30—-45 min. After anaphase inductidh,
can be converted to _Iong ones in |.nt.erp_h{:15e. Figure 9C 5 as added every 15 min.
shows what happens if PP1 activity is inhibited during the ' pyyified human Op18/stathmin, either wild-type or with all four

metaphase—anaphase transition. X will stay phosphorylatedphosphorylatable serines mutated to alanine [kind gift of Andre Sobel,
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10 mg/ml in phosphate-buffered saline (PBS)], was added to pre-
assembled spindles at the same time agiM4kadaic acid. Microtubule performed. Values from experiments wherevas <5 were discarded.
growth was dependent on the concentration of mutated Op18/stathmin Differences reported were significant at least at the 5% level of
added. Images of spindles were taken on a Zeiss Axioskop microscope confidence, except for the catastrophe frequency after I-2 addition in
with either a Sony SSC-M370CE black and white camera or a color anaphase and okadaic acid addition #906yeMtracts which are
Coolview camera (Photonic Science). Images were then processed furthersignificant at the 7% level. This reflects variations between different
with Adobe Photoshop. experiments. Only few rescues could be observed such that proper
statistics could be done.

Microtubule steady-state length was calculated using the following

equation described iet \é@r(lE992):

arest (assuming the variance unknown) and pairéest were

Immunodepletions

Peptide antibodies to Opl18 were prepared according to Belmont and
Mitchison (1996). Immunodepletions were done as previously described
(Walczaket al, 1996). Typically, 400ug of antibody were bound to

60 pl of Affiprep protein A beads (Bio Rad) for 1 h at 4°C . After
washing, 200ul of cyclin A90 extracts were added to packed beads.

Extracts were depleted for 1 h at 4°C on a rotating wheel. Depleted where Vg, Vs, Fearand Fres are growth rate, shrinkage rate, catastrophe
extracts were then used fo_r mlcrotubul_e dynamics. Ninety-five percent frequency and rescue frequency respectively. As a rescue frequency, we
depletion was usually achieved by this procedure, as determined by ;seq the averaged value (1.05 eventsimin) of the rescue frequencies
Western blotting. Mock-treated extracts were depleted using the same g the okadaic acid addition experiment. If rescues had increased in
amount of pure rabbit IgG (Dianova). Treatment of the extract with the any of the experiments, we should have noticed. In the absence of any
beads affected microtubule polymerization, explaining a decrease in jncrease, we assumed that the rescue frequency was not changed and

caiast;ophe frequency between untreated extracts and mock-depleteq;seq a value of 1.05 events/min in all microtubule length calculations.
extracts.

VgFres — VeFear
<l>= ——
Feat + Fres

Op 18 phosphorylation

Opl8 was phosphorylated in a 58 extract containing cyclinA90,

1 uCi [y-32P]ATP/ul extract and different concentrations of okadaic acid
or |-2. After 15 min, phosphorylation was stopped by adding 1 vol. of
2X stabilization buffer (SB: 50 mM NaF, 40 mN3-glycerophosphate,
10 mM EDTA, 10 mM sodium pyrophosphate, pH 7.2), plusu¢
microcystin, 10pug/ml pepstatin, leupeptin, chymostatin containingl7

of Affiprep protein A beads coated with anti-Op18/stathmin antibodies.
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Op18/stathmin was depleted for 30 min at 4°C. Beads were washed for help with the statistical analysis.

once with 2 SB, then twice with PBS, 100 mM NaCl, 0.1% Triton
X-100, and resuspended in gbof sample buffer. Twenty-five microlitres

were loaded onto a 15% gel and analyzed by silver staining and References
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