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The Cell Cycle Dependent Regulation of Microtubule Dynamics
Lisa D. Belmont

Abstract

Microtubules have much shorter half lives in mitotic cells than in

interphase cells, and this difference in microtubule dynamics is thought to be

essential for spindle assembly and functional. To further characterize the cell

cycle difference in microtubule dynamics, we used rhodamine tubulin to

image individual microtubules in interphase and mitotic extracts of Xenopus

laevis eggs. The primary difference was a 6 fold increase in the catastrophe

frequency of mitotic microtubules.

To study the mechanism of regulation of catastrophe frequency, I

developed a rapid assay to identify inhibitors of microtubule assembly. Using

this assay, I identified two activities that increase the catastrophe frequency of

microtubules. One was purified and shown to be identical to a previously

identified protein named Op18 or stathmin. This protein binds tubulin

dimers and inhibits stabilization of microtubules by taxol.

The other active fraction was shown to result from something that is

approximately 2000 Da, as estimated from a sizing column. This activity was

never purified to homogeneity and identified. However, studies on its effect

on microtubule dynamics suggest that it may increase catastrophe by

increasing the off rate of GTP tubulin. This model is further supported by

data showing that the active fraction destabilizes microtubules polymerized

with a very slowly hydrolyzable GTP analog, GMPCPP, without increasing the

rate of hydrolysis of this analog.

Timothy J. Mitchison, Ph.D.
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INTRODUCTION

Much of the structure and organization of a cell is derived from the

cytoskeleton. Microtubules (MTs), one of the major components of the

cytoskeleton, are long rigid polymers of tubulin. These polymers are

nucleated from the microtubule organizing center (MTOC) and provide

spatial organization in a cell as well as a network along which organelles are

transported. When a cell goes through mitosis, these MT networks are

broken down and MTs assemble into a mitotic spindle that segregates

chromosomes into the daughter cells. What makes MTs so useful for the

cell are not so much their strength and permanence as their capacity for

rapid change and reorganization. MTS assemble from tubulin subunits and

use the energy of nucleotide hydrolysis to favor subsequent disassembly. It is

this capacity for self assembly and disassembly that allow the construction of

complex structures such as mitotic spindles. MTs will self assemble from

tubulin in vitro, and in cellular extracts with other proteins and chromatin,

MTs can assemble into bipolar spindles. This ability to assemble into

complex highly organized structures by rapidly sampling many

configurations makes the study of MTs an excellent model for the evolution

of complex structures.

In vitro, MT polymers interconvert between phases of slow growth or

rapid shortening, with abrupt transitions between the two phases

(Mitchison and Kirschner, 1984). Transitions from growing to shrinking

are called catastrophes and transitions from shrinking to growing are called

rescues. Growth and shrinkage is due to addition or loss of tubulin subunits

from the ends of MTs, respectively. This behavior, termed dynamic

instability, has been observed in cellular extracts (Belmont et al., 1990,



Gliksman et al., 1992) and in vivo in many cell types (Cassimeris et al.,
1988, Shelden and Wadsworth, 1993). Microtubules have an intrinsic

polarity and are more dynamic on their faster growing plus ends; in vivo,

most minus ends are anchored to MTOCs, while plus ends grow and shrink.

Proper control of MT dynamics is essential for many MT dependent

processes, including mitotic spindle assembly and function. Spindle MTs are

very dynamic (Wadsworth and Salmon, 1986), and it has been observed

that the addition of drugs that alter or inhibit MT dynamics disrupts spindle

assembly and function (Toso et al., 1993, Jordan et al., 1992, Jordan et

al., 1993). A better understanding of proteins that regulate MT dynamics in

the cell may yield insights into the assembly and function of MT based
StructureS.

A number of studies have focused on the regulation of dynamic

instability. Factors that are known to influence dynamics include the

nucleotide bound to tubulin and microtubule associated proteins (MAPs).

MTs assemble from dimers of alpha and beta tubulin, each bound to one

molecule of GTP. Subsequent to assembly, the GTP bound to the

exchangeable site (E-site) on beta tubulin is hydrolyzed to GDP. Studies using

a slowly hydrolyzable GTP analog (GMPCPP) have demonstrated that the

hydrolysis of GTP is necessary for depolymerization (Hyman et al., 1992).

The beta subunit is at the plus end of microtubules and the bound nucleotide

can be exchanged on the polymer (Mitchison, 1993). Since the plus end is

the dynamic end of MTs in vivo , this a likely point of regulation of MT

dynamics in the cell. In a study designed to examine the role of GTP

hydrolysis in MT dynamics, Davis et al. (1994) have mutated the region of

yeast tubulin thought to bind GTP. Mutations in this region increase the

rate of GTP hydrolysis by MTs, resulting in altered MT length distributions.



The prediction based on current models is that the catastrophe rate would be

increased, however a more detailed study of one of these mutants employing

video enhanced differential interference contrast (VEDIC) microscopy

demonstrated a decrease in both growth and shrinkage rates, without much

change in the catastrophe rates (Sage et al., 1995). It is possible that this

decrease in growth rates is due to structural changes mutated tubulin

subunits, or results from an increase in catastrophes and rescues that are

below the resolution of light microscopy. When this mutant is expressed in

vivo, it has a dominant effect of slowing progression through the cell cycle,

again demonstrating that control of MT dynamics is essential for mitosis. In

another study of the effect of the bound nucleotide on MT dynamics,

Vandecandelaere et al. (1995) have altered the ratio of GTP tubulin to

GDP tubulin in vitro with nucleoside-5'-diphosphate kinase (NDPK). The
authors found that an increased ratio of GDP tubulin to GTP tubulin caused

an increase in the critical concentration and an increase in the frequencies of

catastrophe and rescue. Relatively small changes in the growth and

shrinkage rates were observed. This is consistent with a model in which

transitions are regulated by the nucleotide bound to the ends of MTs.

However, no cellular regulators of MTs have been identified that modulate

the rate of GTP hydrolysis by MTs or the nucleotide bound to tubulin

subunits.

Recent studies have employed video microscopy to study the role of

MAPs in modulating dynamic instability (for review see Hirokawa, 1994).

Tau, a neuronal MAP, increases the rate of polymerization and decreases the

frequency of catastrophe and the rate of depolymerization. Plots of

catastrophe rates as a function of growth rate demonstrate that the

catastrophe frequency is lowered more than would be expected simply from



increasing the growth rate. Phosphorylation of tau by MAP2 kinase affects

all these activities independently and concentrations of phosphorlyated tau

that have no effect on the growth rate still suppress catastrophes (Drechsel

et al., 1992). Another study has demonstrated that unfractionated heat

stable brain MAPs and purified MAP2 also increase the growth rate and

lower the MT catastrophe frequency (Pryer et al., 1992). XMAP230 is a

Xenopus MAP that is found in eggs, testes and tissue culture, but is

apparently absent from non-dividing cells. This MAP has also been shown

to increase the growth rate and suppress catastrophe frequencies and

shrinkage rates. Phosphorylated XMAP230 fails to co-sediment with MTs

(Andersen et al., 1994). MAP4 is the most abundant MAP in proliferating

tissue culture cells. Video microscopy studies of MAP4 with purified MTs

showed that unphosphorylated MAP4 increases the rescue frequency 30 fold,

while having little effect on the other parameters of dynamic instability.

Phosphorylation of MAP4 by p34cdc2 decreases the rescue frequency 5 fold

relative to the unphosphorylated MAP4 (Ookata et al., 1995). Thus,

MAPs have been shown to stabilize MTs in their unphosphorylated form by

suppressing catastrophes, increasing rescue and increasing growth rates.

MT dynamics are regulated throughout the cell cycle. Photobleaching

studies demonstrated that MTs in interphase cells have longer half lives

than MTs in mitotic spindles (Saxton et al., 1984, Salmon et al., 1984).

Studies of individual MTs in interphase or mitotic Xenopus extracts have

shown that the primary difference in dynamics is an increase in the

catastrophe frequency in mitotic MTs (Belmont et al., 1990). Another

study of MT dynamics in extracts of sea urchin eggs has shown that addition

of okadaic acid to interphase extracts (to mimic mitotic phosphorylation

states) causes a decrease in the rescue frequency (Gliksman et al., 1992).



Computer simulations of MT dynamics show that modulating either the

catastrophe frequency, the rescue frequency, or both could account for the

observed in vivo differences between interphase and mitotic MTs

(Gliksman et al., 1993). Two MAPs found in dividing cells, MAP4 and

XMAP230, are phosphorylated in mitosis and this phosphorylation lowers

the MT stabilizing activity of these MAPs (Vandre et al., 1991, Hoshi et

al., 1992, Andersen et al., 1994, Ookata et al., 1995). These MAPs may

regulate cell cycle changes in MT dynamics by suppressing catastrophes and

increasing rescue in interphase. However, the catastrophe frequency

observed in cellular extracts (Belmont et al., 1990, Verde et al., 1992,

Gliksman et al., 1992) and in cells (Cassimeris et al., 1988, Shelden

and Wadsworth, 1993) is much higher than that observed in vitro with

pure tubulin or tubulin plus MAPs (Walker et al., 1988, Drechsel et al.,

1992, Pryer et al., 1992, Andersen et al., 1994, Ookata et al., 1995),

suggesting that there are additional regulator of MT dynamics that actively

increase the catastrophe rate.

A number of studies have sought to elucidate the upstream regulatory

events that control MT dynamics during the cell cycle. The mitotic

regulatory kinase p34-deº associates with cyclins A and B in mitosis, and the

p34cdc2/cyclin B complex is essential for the mitotic specific changes in

dynamic instability. In interphase Xenopus egg extracts, the addition of

cyclin B, but not cyclin A, causes an increase in the catastrophe frequency of

MTs (Verde et al., 1992). The model that p34cdc2/cyclin B is the upstream

regulator of MT dynamics is also consistent with intracellular localization

studies showing that cyclin A is predominantly in the nucleus from S phase

on, while cyclin B1 remains in the cytoplasm until the beginning of mitosis

(Pines and Hunter, 1991). p34cdc2/cyclin B associates with MT asters and



meiotic spindles in starfish oocytes (Ookata et al., 1993). Further studies

in primate tissue culture cells presented strong evidence that p34cdc2/cyclin B

binds to MTs by interacting with MAP4, the most abundant MAP in these

cells (Ookata et al., 1993). Addition of mitogen activated protein kinase

(MAPK) to interphase extracts of Xenopus eggs can cause some changes

microtubule length distributions (Gotoh et al., 1991), and changes in MT

behavior follow changes MAP kinase activity, but not p34°dc” during meiosis

in mouse oocytes (Verlhac et al., 1994). Thus, it is clear that

p34°de?/cyclin B is one upstream regulator of cell cycle changes in MT

dynamics and there may also be a role for MAP kinase in the regulation of

MT dynamic parameters. MAPs are clearly one downstream target of these

cell cycle regulators, however there is still a need for a downstream target

that actively increases the catastrophe rate of MTs in a cell cycle dependent
I■ la Inner.

The work presented here focuses on the cell cycle regulation of MT

dynamics. I describe i) the characterization of interphase and mitotic MT

dynamics in Xenopus egg extracts, ii) the purification and characterization of

a 17 kD protein that increases the catastrophe frequency of MTs in vitro and

binds to tubulin dimers, and iii) the partial purification and characterization

of a small molecular weight factor that increases the catastrophe frequency of
MTS and destabilizes GMPCPP MTS.
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Real-Time Visualization of
Cell Cycle—Dependent Changes in
Microtubule Dynamics in Cytoplasmic Extracts
L. D. Belmont," A. A. Hyman,t K. E. Sawin,”
and T. J. Mitchison?

* Department of Biochemistry and Biophysics and
f Department of Pharmacology
University of California at San Francisco
San Francisco, California 94143

Summary

Using Xenopus egg extracts arrested in interphase or
mitosis, we directly observed differences in microtu
bule dynamics at different stages of the cell cycle. In
terphase extracts were prepared from eggs in the first
interphase after meiosis. Mitotic extracts were pre
pared by addition of purified cyclin to interphase ex
tracts. Microtubules were nucleated by the addition of
centrosomes and visualized by fluorescence video
microscopy in extracts to which rhodamine-labeled
tubulin had been added. We found a striking differ
ence in microtubule dynamics in mitotic versus inter
phase extracts. Quantitative analysis revealed that the
rates of polymerization and depolymerization are sim
ilar in interphase and mitosis and that within the spa
tial and temporal resolution of our experiments the
difference in dynamics is due almost entirely to an in
crease in the frequency of transition from growing to
shrinking (catastrophe frequency) in the mitotic ex
tracts.

Introduction

When cells progress from interphase to mitosis, large, rel
atively stable microtubule (MT) arrays are broken down
and reorganized into much more dynamic mitotic spindles
(for review, see Karsenti and Maro, 1986). The differences
in MT organization and dynamics between interphase MT
arrays and mitotic spindles have been probed in living
cells by injection of fluorochrome-labeled or biotin-labeled
tubulin subunits. Fluorescence recovery after photobleach
ing of fluorescent tubulin injected into cells showed that
the rate of exchange of tubulin subunits between the
monomer pool and MTS is very fast in mitotic cells and
slower in interphase (Saxton et al., 1984; Salmon et al.,
1984). MTs are very dynamic polymers; in vitro studies
with purified tubulin (Mitchison and Kirschner, 1984a,
1984b; Horio and Hotani, 1986; Walker et al., 1988) have
demonstrated that individual MTs alternate between pro
longed phases of polymerization and depolymerization
with abrupt, stochastic transitions between these two
phases. This unique form of polymerization dynamics was
termed dynamic instability to convey the idea that the MT
lattice is inherently unstable unless it is actively poly
merizing. It seemed likely that the differences in MT turn
over rate between interphase and mitosis first observed by
photobleaching corresponded to changes in dynamic in
stability behavior.

According to phenomenological models (Kirschner and
Mitchison, 1986), dynamic instability can be characterized
by four distinct rate constants: polymerization rate, depoly
merization rate, rate of transition from growing to shrinking
behavior (now termed catastrophe rate), and rate of transi
tion from shrinking back to growing (rescue rate). These
rates have all been determined for pure tubulin in vitro
(Walker et al., 1988). Characterizing the dynamic instabil
ity rates that are altered during the cell cycle would pro
vide a useful first step in understanding how MT dynamics
inside cells are regulated at a molecular level.

Recently, MT turnover by dynamic instability has been
observed directly on the periphery of interphase tissue
culture cells by time-lapse videomicroscopy (Cassimeris
et al., 1988; Schulze and Kirschner, 1988; Sammak and
Borisy, 1988), and all four rates that govern dynamic insta
bility have been determined. However, it has not thus far
been possible to do this type of study in mitotic spindles
because the MTs are too closely packed. Therefore, many
questions are left unanswered: Can dynamic instability in
fact occur at rates as fast as those inferred from pho
tobleaching studies? If so, which of the rate constants are
altered at the onset of mitosis? Finally, what is the molecu
lar mechanism by which these rate constants are altered?
To address these questions, an in vitro system would be
useful because it could allow resolution of individual MTS
displaying mitotic dynamics and would be amenable to
Subsequent biochemical Studies.

Cytoplasmic extracts from Xenopus laevis eggs provide
a good in vitro system for the study of the cell biology and
biochemistry of the cell cycle (for review, see Lohka, 1989;
Murray and Kirschner, 1989b). Extracts can be made that
are arrested with the cytoplasm in interphase or mitotic
states. These cytoplasmic states are determined by the
activity of the MPF-p34° kinase. When this kinase is
active, phosphorylation of multiple substrates is thought
to keep the cytoplasm in a mitotic state. When it is inactive,
the cytoplasm reverts to an interphase state, probably
through the action of phosphatases.

In early Xenopus embryos, the levels of cyclin regulate
the activity of MPF (Dunphy et al., 1988; Gautier et al.,
1988; Lohka et al., 1988). Interphase and mitotic states of
Xenopus egg extracts can be easily interconverted by ap
propriate manipulation of regulatory factors (Lohka and
Masui, 1983; Lohka and Maller, 1985; Murray et al., 1989)
or allowed to cycle autonomously (Murray and Kirschner,
1989a). Similar extracts have been used to study MT poly
merization (Gard and Kirschner, 1987b, 1987a) and were
shown to contain all of the proteins required to assemble
multiple spindles in vitro (Lohka and Maller, 1985; K. E. S.,
unpublished data). Recent work by Verde et al. (1990) has
shown that Xenopus extracts can be used to study the cell
cycle regulation of MT dynamics. They observed MT poly
merization by fixing MTS as a function of time after adding
nucleating templates in interphase and mitotic extracts. It
is difficult to determine the rate constants governing dy
namic instability from this type of experiment, since catas
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Figure 1. Preparation of Extracts with Defined Cell Cycle States
Interphase extracts were made by releasing unfertilized Xenopus eggs
from their meiotic arrest by electrical activation. After preparing the ex
tract, cycloheximide was added to prevent cyclin synthesis and thus
entry into mitosis. Mitotic extracts were made by driving interphase ex
tracts into mitosis by adding E. coli—expressed cyclin A90 protein. Cy
cling extracts were made in the same way as interphase extracts, but
without adding cycloheximide. Meiotic extracts (CSF-arrested extracts)
were made from unfertilized eggs in the presence of EGTA. These were
driven into interphase by addition of Ca”.

mitotic
extract

interphase
extract

trophe and rescue transitions cannot be directly observed.
Determination of these rates requires real-time visualiza
tion of MT dynamics. In this work we added rhodamine
labeled tubulin to Xenopus egg extracts, allowing us to
Observe the behavior of individual MTS in real time in inter
phase and mitosis using fluorescence videomicroscopy.

Results

Visualization of Individual MTs in Extracts
We made concentrated cytoplasmic extracts from X. lae
vis eggs with determined cell cycle states. Extracts can be
prepared in several different ways (Figure 1). For most of
the experiments described we electrically activated eggs
to release them from the meiosis II arrest, prepared ex
tracts, and then added cycloheximide to the extract to in
hibit protein synthesis. Such extracts are arrested in inter
phase since they are unable to synthesize cyclin protein,
the synthesis of which is necessary and sufficient to drive
these extracts into mitosis (Murray and Kirschner, 1989a;
Minshull et al., 1989).

Mitotic extracts were derived from interphase extracts
by the addition of an Escherichia coli-expressed, purified
sea urchin cyclin B derivative from which 90 N-terminal
amino acids have been deleted (cyclin A90). Cyclin A90
drives interphase extracts into mitosis and is not suscepti
ble to the degradation of cyclin that is normally induced
by entry into mitosis. Therefore, interphase extracts to
which this cyclin is added become arrested in mitosis
(Murray et al., 1989; M. Glotzer, unpublished data). Electri
cally activated extracts prepared in the absence of cyclo
heximide can go through several rounds of the cell cycle
as a result of the activity of the endogenous cyclin (Murray
and Kirschner, 1989a). These extracts are referred to as
cycling extracts. Extracts made in the presence of EGTA

maintain the natural meiosis Il metaphase arrest by
preserving the Ca”-sensitive activity cytostatic factor
(CSF) (c-mos oncogene product) (Sagata et al., 1989;
Noriyuka et al., 1989). These extracts could be induced to
enter interphase by the addition of Ca”. For all types of
extracts we assayed the cell cycle state of these extracts
by observing nuclear morphology of added Xenopus sperm
nuclei with Hoechst staining. In interphase extracts nuclei
were rounded and the chromatin was decondensed. In mi

totic extracts the nuclear envelope was disassembled and
the chromatin was condensed (Lohka and Masui, 1983;
see Figure 4).

To visualize single MTs in real time we added centro
Somes purified from mammalian tissue culture cells to act
as nucleating templates and tetramethylrhodamine-la
beled bovine brain tubulin as a fluorescent tracer. The
amount of tubulin added was equivalent to 25%–50% of
the endogenous tubulin concentration in concentrated
Xenopus extracts, which is 2–3 mg/ml (Gard and Kirsch
ner, 1987a; our data not shown). Small aliquots of extract
were squashed between a slide and a cover slip to provide
a thin sample for observation by fluorescence videomi
croscopy.

Two precautions were found to be essential to avoid
photobleaching and photodynamic damage to the speci
men: the mercury arc light source was dimmed using an
aperture diaphragm and controlled by an electronic shut
ter to minimize the total light exposure of the specimen,
and the extracts were supplemented with an oxygen scav
enging enzyme system (Kishino and Yanagida, 1988). Se
quential video images were collected at 5 or 2 s intervals.
Individual MTs were observed polymerizing out from cen
trosomes, undergoing growing to shrinking transitions,
and depolymerizing back to the centrosome.

Figure 2 shows sequential frames of MTs in an inter
phase extract (a) and an aliquot of the same extract after
it has been driven into mitosis (b). We also observed MTs
being released from the centrosome and translocating
across the slide and centrosomes moving on the slide
(Figure 2b). The most striking difference between MTs in
the two cell cycle states was the decreased MT length in
mitotic extracts.

Quantitation of Dynamics
To determine the difference in dynamic behavior between
interphase and mitosis, MT lengths were measured as a
function of time from sequences such as those shown in
Figure 2. Figure 3 shows a graph of length vs. time for four
typical interphase MTs measured at 5 s intervals and four
typical MTs in a mitotic extract with frames taken at 2 s
intervals. The rates of polymerization, depolymerization,
catastrophe, and rescue were calculated from such data.
A summary of measurements from three separate experi
ments is shown in Table 1. The last row on the table is an
average of the three experiments shown. Growth rates re
vealed some variability between different extract prepara
tions, but in all cases interphase growth rates were slight
ly slower than mitotic growth rates. Using the aggregate
data, this difference in growth rate was statistically signifi
cant (p = 0.01). The large standard deviations for growth
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rates in a given experiment probably represent real differ
ences in the rates at which particular MTs polymerize, as
seen in previous studies in vivo (Schulze and Kirschner,
1988; Cassimeris et al., 1988). Shrinkage rates in both
states of the extract are slightly faster than growth rates.
The difference between shrinkage rates in the two differ
ent cell cycle states was not statistically significant (p = 007).

Because phase transitions appear to occur indepen
dently of the duration already spent in a particular phase
(Walker et al., 1988), we could use data from allelongation
phases to calculate catastrophe frequencies. To estimate
catastrophe rate we measured how long the growth phase
persisted for a number of MTs. The sum of these growth
times was divided into the number of catastrophes ob
served in these MTs during the time of observation. The
rescue rate was calculated in a similar manner. The pri
mary difference in dynamics between the two cell cycle
states is that the catastrophe rate is always much less in
the interphase than in the mitotic extracts. There was no
large or consistent difference between rescue rates in in
terphase and mitotic extracts. Within the spatial and tem

Figure 2. MTs Nucleated from Centrosomes in
Interphase and Mitotic Extracts
MTs are visualized by the fluorescence of
added bovine brain tubulin covalently modified
with tetramethyl rhodamine.
(a) Sequential frames of an interphase extract
containing centrosomes. The arrowheads
mark the position of the end of a MT in the first
frame. The MT end polymerizes past that point
and then depolymerizes back toward the cen
trosome. Free MTs such as the two seen in this
sequence are common in interphase extracts.
(b) Sequential frames from a mitotic extract.
This is the same extract as (a) after it has been
driven into mitosis by adding cyclin protein.
The top arrowhead marks a stationary point,
and a MT can be seen growing out to this mark
and then shrinking back toward the centro
some. The centrosome itself moves upward
slightly during this sequence. The lower arrow
head shows a MT that grows out from the cen
troSome, is released, and then translocates
away. Most of the free MTs in mitotic extracts re
Sult from nucleation from centrosomes fol
lowed by release. The same number of centro
somes was added to interphase and mitotic
extracts, and in (b) a field with a large number
of centrosomes was chosen to demonstrate
that all centrosomes on a cover slip behaved
similarly. The bar represents 5 um. The num
bers indicate the time in S.

poral resolution of our system, the large difference in MT
lengths between interphase and mitotic extracts is primar
ily due to the large difference in catastrophe rate.

Effects of Addition of Rhodamine Tubulin
We were concerned that the addition of rhodamine-la

beled bovine brain tubulin might perturb the dynamic be
havior of Xenopus MTs. We could not observe dynamics
in real time in the absence of rhodamine tubulin but were

able to take two approaches to determine whether there
were perturbing effects on MT dynamics: fixation of MTs
at steady-state in the presence and absence of rhodamine
tubulin, and real-time observation of dynamics in varying
amounts of rhodamine tubulin.

We incubated centrosomes in interphase extracts with
varying amounts of rhodamine tubulin (0, 0.5, 10, and 2
mg/ml) for sufficient time to allow the MT length distribu
tion to reach steady-state. We then fixed the MTs, sedi
mented them onto cover slips, and stained them with an
anti-tubulin antibody. The conditions of incubation were
identical to those used prior to real-time observation, ex
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Figure 3. MT Length vs. Time
(a) Four typical MTs in interphase and mitotic extracts. Length of inter
phase MTs was measured every 5 s and length of mitotic MTs (boxed)
was measured every 2 s.
(b) The mitotic MTs are shown on an enlarged scale for clarity. The
black arrowheads mark catastrophes and the open arrowheads mark
recoveries.

cept that the reaction was performed in polypropylene
tubes rather than between a slide and cover slip. MT
lengths measured from centrosomes under these condi

tions are shown in Table 2. For comparison, the last col
umn on the table shows MTs measured from centrosomes
used in a real-time study (experiment 3 in Table 1) where
1 mg/ml rhodamine tubulin was added. For both inter
phase and mitotic extracts we observed a decrease in
mean length with increasing added rhodamine tubulin.
However, the ratio between the mean interphase and mi
totic lengths remains fairly constant. Thus, while addition
of rhodamine tubulin does change MT behavior, it does
not seem to change the basic difference between inter
phase and mitotic dynamics.

To determine the parameters affected by rhodamine
tubulin, we added varying amounts of rhodamine tubulin
(0.5, 1.0, and 2 mg/ml) to an interphase extract and ob
served MT dynamics with time-lapse videomicroscopy.
Table 3 shows data averaged from two separate extract
preparations. We observed only a very slight increase in
rates of polymerization and no systematic change in rates
of depolymerization as we increased the rhodamine tubu
lin concentration. However, we did observe an increase in
catastrophe rate with increasing amounts of rhodamine
tubulin. We were unable to carry out this experiment using
mitotic extracts because the background was higher and
visualization of individual MTs was possible only over a re
stricted range of rhodamine-tubulin concentrations. Since
the ratio of mitotic to interphase lengths at steady-state
(Table 2) is relatively constant over the whole range of
rhodamine tubulin concentrations, it seems reasonable to
assume that the main effect of rhodamine tubulin on mi
totic dynamics is to increase catastrophe rate in a dose
dependent manner.

Taken together, the data in Tables 2 and 3 suggest that
rhodamine tubulin does indeed perturb endogenous dy
namic behavior, specifically by increasing catastrophe
rate. This peturbation probably affects interphase and mi
totic extracts in a similar way, and in any case is less than
the basic difference between the two states. Thus, the ar
tifacts introduced by the tracer molecule almost certainly
do not affect our primary biological conclusion that the

Table 1. Polymerization, Depolymerization, Catastrophe, and Rescue Rates for Interphase and Mitotic MTs
from Three Separate Experiments

Experiment Cell Cycle State Polymerization Rate (um/min) Depolymerization Rate (um/min) Catastrophe Rate ('s) Rescue Rate (■ s)

1 Interphase 11.1 + 2.1 (n = 13) 15.2

Mitotic 16.8 + 2.4 (n = 7) 17.1

2 Interohase 8.6 + 3.2 (n = 13) 12.3
Mitotic 14.3 + 6.6 (n = 9) 15.2

3 Interphase 8.5 + 4.9 (n = 16) 16.6
Mitotic 10.4 + 6.2 (n = 29) 14.7

Average Interphase 9.3 + 4 (n = 42) 12.8
Mitotic 12.3 + 6 (n = 45) 15.3

+-

+

+

+

:

:

4.7 (n = 13) 0.031 0.016
5.4 (n = 9) 0.13 0.01

4.6 (n = 10) 0.013 0.009
4.7 (n = 13) 0.12 0.04

6.8 (n = 11) 0.01 0.009
6.0 (n = 29) 0.10 0.012

6.0 (n = 34)
5.6 (n = 51)

All rates were calculated as described in the Experimental Procedures. The + values are standard deviations. All experiments shown here are
from electrically activated extracts with cycloheximide in the absence (interphase) or presence (mitotic) of cyclin A90 MTs were nucleated from
CHO centrosomes. Rhodamine tubulin was added to 0.5 mg/ml in experiments 1 and 2 and to 1 mg/ml in experiment 3. The last row is an average
of the data from the three experiments. The differences in polymerization rates between interphase and mitosis are slight but probably significant
(p = 0.01) for the average of the three experiments. The difference in depolymerization rates between the two cell cycle states is not significantly
different (p = 0.07). The major difference between the cell cycle states is the catastrophe rates.
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Table 2. Mean Steady-State Lengths of MTs Nucleated from Centrosomes in Solution

Polymerized in Solution

Polymerized under
Time-Lapse
Observation Conditions

Rhodamine Tubulin (mg/ml) O 0.5 2 1

Interphase Length (um) 40 (sq = 23) 31 (sd = 18) 23 (sq = 11) 12 (sq = 4) 19 (sq = 8)
Mitotic Length (um) 16 (sd = 12) 11 (sd = 5) 6.2 (sq = 3) 5.2 (sd = 3) 4.0 (sq = 2)

The first four columns show measurements of mean lengths of MTs in an extract in interphase and mitosis in varying amounts of rhodamine tubulin.
The centrosomes were added to extracts and incubated in polypropylene tubes for 10 min, fixed with glutaraldehyde, sedimented onto cover slips,
and stained with an anti-tubulin antibody. The last column shows measurements of mean lengths measured from centrosomes during real-time
observation (Table 1, experiment 3). Conditions of polymerization were identical for the real-time and fixed MT assays, except that the MTs from
the real-time studies polymerized under the cover slip under periodic fluorescent illumination. All mean lengths are from measurement of at least
200 MTs from at least 8 different centrosomes. Sq, standard deviation.

Table 3. Polymerizaiton, Depolymerization, and Transition Rates in Varying Rhodamine Tubulin Concentrations

Rhodamine Tubulin (mg/ml) Polymerization Rate (um/min) Depolymerization Rate (um/min) Catastrophe Rate (■ s)

2.0 10.9 (sq = 7.5, n = 18)
1.0 10.3 (sd = 5.3, n = 19)
0.5 8.5 (sd = 3.6, n = 22)

11.5 (sq = 5.4, n = 17) 0.053 (n = 18)
19.6 (sq = 7.7, n = 20) 0.047 (n = 19)
14.8 (sd = 6.1, n = 17) 0.021 (n = 22)

Measurements were taken as before, but over a 4-fold range of added tubulin concentration (0.5-2 mg/ml) in a Ca”-activated CSF extract. The
data for all tubulin concentrations are averaged from measurements from two extract preparations.

principal difference between the two cell cycle states is
that mitotic extracts have a higher catastrophe rate.

Extracts under Endogenous Cell Cycle Control
It is possible that a sea urchin cyclin derivative does not
properly activate all of the mitotic activities in these ex
tracts. To address this question, and to exclude the pos
sibility that changes in MTs were due to artifacts from
cycloheximide arrest or from other minor components
contaminating the cyclin, we assayed MT dynamics in ex
tracts where cell cycle changes were determined by en
dogenous cell cycle control proteins. Activated extracts
were prepared in the absence of cycloheximide. Such ex
tracts have been shown to undergo multiple rounds of the
cell cycle as a result of the continued synthesis and period
degradation of the endogenous cyclin (Murray and Kirsch
ner, 1989a).

Two aliquots of a cycling extract were incubated in paral
lel. One contained Xenopus sperm nuclei and was used
to assay for cell cycle state; the other contained centro
Somes and rhodamine tubulin and was used to Observe
MT dynamics. Aliquots from the extract containing nuclei
were taken every 20 min and fixed and stained with Hoechst.
Aliquots for real-time observation of MT dynamics were
taken every 5 to 10 min. The MT dynamics in aliquots
taken from the extract during the first 30 min of incubation
(Figure 4a) were typical of mitotic dynamics. This sug
gests that the extract had not yet progressed beyond the
meiosis arrest at this time. At early time points Sperm
nuclei had not lost their elongated morphology (Figure
4d). Aliquots taken from the extract 40–70 min after the
start of the incubation (Figure 4b) displayed typical inter
phase dynamics. During this interval the chromatin de
condensed and the nuclei became round (Figure 4e). Ali
quots taken after 70 min (Figure 4c) again showed typical
mitotic dynamics. At these times the sperm chromatin had

condensed and formed structures resembling mitotic chro
mosomes (Figure 4f). The changes in dynamics during
the cell cycle were obvious upon video playback of the se
quences; however, the fluorescence background in this
particular experiment was too high to allow the resolution
of single MTS necessary to obtain accurate quantitative
data. It was clear that the changes in MT dynamics cycled
in this extract in a manner that correlated well with
changes in the cell cycle state assayed by nuclear mor
phology and that these dynamics were qualitatively simi
lar to those Observed in arrested extracts.

MT Translocation and Release from Centrosomes
During the course of these experiments, we noticed that
MTs that were nucleated spontaneously or detached from
centrosomes translocated across the slide. To analyze the
polarity of movement in Xenopus extracts, MTs were nu
cleated from short stable MT seeds. These were made by
polymerizing rhodamine-labeled tubulin in the presence
of the nonhydrolyzable GTP analog GMPCPP (guanylyl
1(a■ ) methylene diphosphonate). These MTs are stable to
depolymerization in vitro (Hyman et al., 1990). MTS that
polymerized in the extract could be distinguished from
seeds because of the difference in fluorescence intensity
(Figure 5). MTS polymerized from only one end of the
GMPCPP seeds. Such polarized elongation was not unex
pected, given the results of Allen and Borisy (1974), who
showed that MTS polymerize from axonemes only at the
plus end in cytoplasmic extracts, and those of Gard and
Kirschner (1987a; 1987b), who demonstrated a similar
phenomenon in Xenopus egg extracts.

Figure 5 shows three sequential frames at 2s intervals
of several MTs moving across a slide in a mitotic extract.
These polarized MTs always moved along the substrate
with the brightly labeled seed trailing; thus, the substrate
is moving toward the MT minus end, and the motility is
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minus end directed. We were able to confirm this by
analyzing the movement of MTs that detached from the
centrosome after polymerization. In these cases, a MT
polymerized out from the centrosome, and therefore had
a defined polarity with the plus end away from the centro
some (Mitchison and Kirschner, 1984b). In all of the cases
examined, the MT moved away from the centrosome with
its plus end leading. We therefore conclude that the polar
ity of the dominant motor activity that moves MTs in the ex
tract is minus end directed.

To determine whether there was any difference in the
rates of movement between interphase and mitosis, we
measured rates of movement for ten MTs in both cell cycle
states. For individual MTs the rate varied during the time
observed, presumably because of blocking by other MTs
and other factors. We therefore measured the peak rates
of the MT movement and averaged them. The average
peak rate was 1 um/s. We found no significant difference
between interphase and mitosis using this relatively crude
assay.

The continuous detachment of MTS from centrosomes,
which first drew our attention to the minus end-directed

motility, is an interesting phenomenon in its own right. MTS
were released much less frequently in interphase extracts
than in mitotic extracts. To quantitate this difference, we
counted the number of MTS released and the total number
of nucleated MTS from centrosomes in several 30 s long
sequences from interphase and mitotic extracts. Table 4
shows measurements of release for the three experiments
shown in Table 1. Generally, we found that the rate of re
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Figure 4. MT and Nuclear Morphology Cy
cling under Endogenous Cell Cycle Control in
an Extract

MTs display meiotic (a), interphase (b), and mi
totic (c) dynamics as the extract progresses
through the cell cycle. (d)–(f) show nuclei in
cubated in parallel in an aliquot of the same
extract. (d) Condensed sperm nuclei, (e) de
condensed interphase nucleus, (f) condensed
mitotic chromatin. The numbers are minutes
after the start of incubation. The bar represents
10 um.

lease of MTs per centrosome per second was greater in
mitotic extracts. In all cases the rate of release of MTS per
nucleated MT per second is higher in mitotic extracts.

We did not see an increase in the number of MTS nu
cleated per centrosome in miotic extracts, although it is
known that mitotic maturation does increase the nucleat

ing capacity of centrosomes in vivo (Kuriyama and Borisy,
1981).

Discussion

Xenopus Extracts as a Model System
By using Xenopus egg extracts as a source of cytoplasm
with defined cell cycle states, we were able to observe
directly the dynamic instability at mitotic rates for the first
time and to compare directly the interphase and mitotic
rates of polymerization, depolymerization, and transition.
Attempts to visualize individual MTS in Xenopus extracts
by transmitted light using dark-field or Nomarski optics
were unsuccessful because vesicles and Other cellular

components obscured MTs. Because diluting or clarifying
the extracts changed MT dynamic behavior, fluorescence
was the only way we could observe MT dynamics in these
extracts.

The use of fluorochrome-labeled tubulin as a tracer has

two potential problems. Endogenous dynamics may be
perturbed by the tracer molecule itself and also by pho
todynamic processes during illumination. We took three
precautions to avoid photodynamic effects: first, the use
of the relatively photostable fluorochrome tetramethyl



Figure 5. MT Translocating in a Mitotic Extract
Arrowheads mark stationary points on the slide, and the MTs can be
seen to move in relation to these marks. Short stable seeds, polymer
ized from rhodamine tubulin in the presence of GMPCPP were added
to a mitotic extract. They elongate on their plus ends with Xenopus
tubulin mixed with rhodamine tubulin. The seed is visible as a bright
dot at the minus end of each MT. Note that MTS move with the Seed
trailing. The frames are taken at 2s intervals. The bar represents 5 um.

rhodamine; second, scavenging oxygen by using the en
zyme system of Kishino and Yanagida (1988); and third,
limiting the total light dose using shuttering and an aper
ture diaphragm. Using these precautions, photodynamic
damage was greatly inhibited, allowing several minutes of
observation.

Comparisons of MTS polymerized in solution in the ab
sence of fluorescent excitation with MTS polymerized
while being observed by fluorescence suggest that there
are not major effects on MTS from photodynamic events
under our conditions of observation (Table 2). Comparing
columns 3 and 5 in Table 2 we note that MT polymerization
under a cover slip does give mean lengths that are
2000–30% shorter than those for MTS fixed in Solution un
der the same solution conditions. We suspect that this
may be due to adsorbtion of protein onto the glass slide
and cover slip given the high surface area to volume ratio.
We do not think that the difference is due to photodynamic
effects, since no change of mean MT length with time was
observed for several minutes of observation of a given
centrosome using the videomicroscope. Because the
difference in mean MT length between solution and cover
slip is much less than the difference between interphase
and mitosis, we do not think that this technical considera
tion affects our conclusion that the principle difference be
tween the two cell cycle states is the catastrophe rate. The
use of the oxygen scavenging system was absolutely es
sential, and photodynamic effects were evident after only
a few images in its absence. Thus, most of the readily ob
servable photodynamic events are probably mediated by
oxygen radicals in our system.

We found that the rhodamine-labeled bovine brain tubu

lin does affect endogenous dynamics, primarily by in
creasing the catastrophe rate in a dose-dependent man
ner. Preliminary experiments suggest that this difference
may be due in part to the use of bovine tubulin (which
prefers a higher temperature for polymerization), since ad
dition of unlabeled bovine tubulin also causes a dose

dependent decrease in mean MT lengths (data not shown).
Since the effects on interphase and mitotic dynamics are
similar, the perturbation introduced by the probe does not
invalidate our principal conclusion.

Table 4. Release of MTs from Centrosomes in Interphase and Mitotic Extracts

Number of Release/Centrosome Release/MT

Experiment Cell Cycle State Centrosomes Number of MTS MTS/Centrosome (x10exp-2/s) (x10exp-3/s)

1 Interphase 6 181 30 6 2
Mitotic 4 50 12.5 6.7 5

2 Interphase 3 52 17.3 1 0.64
Mitotic 9 70 7.8 5 6.2

3 Interphase 5 95 19 0 0
Mitotic 10 105 10.5 7 6.7

Interphase 14 328 23.4 2.8 1.2
Average Mitotic 23 225 9.8 6.1 6.2

Release rates were measured for the three experiments shown in Table 1. Rates of release were calculated from measurements of total nucleated
MTs and total number of MTs released in several 30 s sequences.
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Regulation of Dynamic Instability during
the Cell Cycle
We found that MTS nucleated from CentroSomes exhibit
dynamic instability when the cytoplasm is in both inter
phase and mitotic states. The actual values that we ob
tained for polymerization and depolymerization rates in
interphase are in reasonable agreement with rates deter
mined for interphase in amphibian tissue culture cells: po
lymerization rate of 72 um/min, depolymerization rate of
173 um/min, catastrophe rate of 0.014's, and rescue rate
of 0.044/s (Cassimeris et al., 1988). This suggests that our
invitro system does provide areasonable model for in vivo
MT dynamics. We do not, however, expect the actual
values that we obtained for the four dynamic instability
rates to be exactly the same as those inside living Xeno
pus embryos for several reasons: our procedures entailed
a 25% dilution of cytoplasm, and we added exogenous
components including the oxygen scavenging enzymes
and sucrose from the centrosome buffer. We also do not
know how much peturbation is introduced by the egg lysis
procedure. Thus, our experiments should not be taken as
an attempt to determine in vivorates, but rather as a model
system to try to determine the molecular basis for the
regulation of MT dynamics during the cell cycle.

We found that MTS turn over much more rapidly in the
mitotic extracts compared with interphase, and this change
is due almost entirely to an increase in catastrophe rate
in mitosis. The other parameters of dynamic instability—
polymerization, depolymerization, and rescue rates—change
little between the two cell cycle states. The dynamic insta
bility we have observed takes place at rates sufficient to
account for the rapid MT turnover seen in mitotic cells by
photobleaching and other techniques.

It is interesting to compare our conclusions with those
of Verde et al. (1990), who also used Xenopus extracts in
defined cell cycle states to examine MT dynamics. The im
portant difference in the studies is that Verde et al. as
sayed dynamics by adding centrosomes and then fixing
at various time points and staining with anti-tubulin anti
bodies. This allowed them to observe MT length without
adding exogenous probes. However, they were not able to
observe catastrophe and rescue events or to measure po
lymerization and depolymerization rates directly. Like us,
Verde et al. observed a cell cycle-dependent difference
in mean length at steady-state, with longer MTs in inter
phase extracts (20 um) and shorter MTs in mitotic extracts
(7–12 um). They also estimated initial elongation rates of
18 um/min for interphase and 3.8 um/min for mitosis, and
suggested that polymerization rate is regulated during the
cell cycle, a conclusion with which we disagree. Part of the
discrepancy may arise from the use of a high Speed su
pernatant in the Verde et al. study. More important, the
"elongation" rate measured by Verde et al. is actually a
composite rate of the four dynamic instability parameters.
Differences in catastrophe alone could easily account not
only for differences in steady-state length but also for
differences in measured elongation rate even at early time
points.

A second important difference was that in the work of
Verde et al., the extracts were warmed immediately before

adding centrosomes, so that there was little spontaneous
polymer present during initial polymerization rate mea
surements. Our studies were conducted at steady-state,
i.e., in the presence of a steady-state level of spontaneous
polymer. Like Verde et al., we found that there was more
spontaneous polymer present in the interphase extracts,
which accounts for the lower fluorescent background we
found in interphase. Thus, there was probably more tubu
lin monomer present during their determination of inter
phase polymerization rate than there was in our study.
This probably accounts for the higher rate they obtain. We
think that the steady-state rate is likely to be closer to phys
iological conditions.

Mechanisms for Regulating MT Dynamics
The changes in MT dynamics we observed between inter
phase and mitosis could be regulated at many levels. Be
cause the changes occur in the presence of cyclohexi
mide, they must be due to posttranslational events. We
think it unlikely that a change in Ca” level is responsible,
because our extracts were buffered and contained EGTA.
At present we cannot rule out changes in pH. However, we
suspect the dynamics are more likely to be regulated by
mitosis-specific phosphorylation of proteins that interact
with MTs. Phosphorylation is responsible for changing
the properties of several other proteins whose functions
change between interphase and mitosis (Lohka et al.,
1987, Karsentiet al., 1987), and recent studies have shown
that MT dynamics can be regulated directly by phospha
tases (Verde and Karsenti, personal communication).

Given our current understanding of dynamic instability,
increased transition rate in mitotic extracts could be due
to three factors: a decrease in effective monomer concen

tration, a factor acting directly at the ends of MTs causing
transitions, or a change in factors acting along the length
Of MTS.

Studies using pure tubulin have shown that lowering
of tubulin monomer concentration lowers polymerization
rate and increases catastrophe rate of MTs (Walker et al.,
1988). We observe that the polymerization rate is in fact
increased slightly in mitotic extracts (where catastrophe
rate is higher) and, furthermore, that the lack of spontane
ous polymer and increased fluorescent background in mi
totic extracts suggest that monomer concentration is if
anything higher in mitosis. Thus, the MT turnover rate in
these extracts is not regulated simply by tubulin monomer
concentration. This rules out models that postulate that
MT turnover in mitosis is accelerated by a decrease in
monomer concentration caused by increased numbers of
nucleating sites (Mitchison and Kirschner, 1987).

The second model involves modulation of MT dynamics
by factors that act on plus ends. This could involve tran
sient capping of the polymer, or perhaps increase in the
GTP hydrolysis rate of the MT end in mitosis. These mod
els are the most attractive because they could explain a
change in catastrophe rates without a change in polymer
ization and depolymerization rates, which would be con
sistent with our data. Although no factors that interact with
MT ends have been characterized thus far, there is no rea
son to think they will not be found. The only protein cur
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rently known to interact with the ends of growing MTs is
tubulin itself.

The third model proposes that the catastrophe rate is
changed by factors such as microtubule-associated pro
teins (MAPs) that act along the length of a MT. This type
of model is attractive because MAPs affect MT dynamics
in other systems. Furthermore, XMAP the dominant poly
merization promoting factor in Xenopus eggs, undergoes
mitosis-specific phosphorylation (Gard and Kirschner, 1987b,
1987a), which could influence its polymer stabilizing activ
ity. On theoretical grounds, if XMAP stabilizes MTs in inter
phase by binding to the polymer lattice, and if this stabili
zation is reduced by phosphorylation in mitosis, then we
would expect to see a faster depolymerization rate in mi
tosis. In fact, our data show little difference in depolymeri
zation rate between interphase and mitosis. This argues
against a MAP as the primary regulator of differences in
dynamics. On the other hand, the fact that we see little
change in polymerization rate in mitosis may be mislead
ing in that steady-state monomer concentration is proba
bly higher in mitosis because of the lack of spontaneous
nucleation (see above). Thus, specific polymerization rate,
i.e., polymerization rate divided by tubulin monomer con
centration, may in fact be lower in mitosis. Because the
primary effect of interphase XMAP is to stimulate polymer
ization rate, this may argue in favor of a role for XMAP in
regulating dynamics during the cell cycle.

MT Motility and Release from Centrosomes
Translocation of MTs across the cover slip in extracts is
probably due to cytoplasmic dynein, because the motility
is minus end directed and inhibited by low vanadate Con
centrations (data not shown). We saw no significant dif
ference in translocation rates between interphase and
mitotic extracts, but more subtle differences in motility fac
tors could exist. Xenopus extracts may prove to be a useful
system for studying the involvement of motor proteins in
mitosis.

In our experiments MTs were released from centro
somes in both mitotic and interphase extracts, but more
frequently in mitotic extracts. Release of the MTs occurs
at the centroSome, almost never from breaks in the middle
of the MT. The MTs then move away from the centrosome,
presumably due to minus end-directed motors in the ex
tract that have absorbed to the slide. It is unclear why MTs
are released more frequently in mitotic extracts, but the
two most likely possibilities are an increase in activity or
accessibility of MT motor molecules resulting in more fre
quent pulling of MTS off the centrosome or a change in the
nucleating properties or minus end binding of the centro
some itself. Release of MTs from centrosomes may have
interesting physiological consequences. It has been pro
posed that MTs are released from centrosomes at the on
set of mitosis in sea urchin embryos (Harris et al., 1980)
and Dictyostelium amoebae (Kitanishi-Yumura and Fukui,
1987). MTs also seem to be released at the centrosome
during reorientation of chromosomes that are mono-ori
ented (Ault and Nicklas, 1989). Release of MT minus ends
from centrosomes may turn out to play an important role

in spindle dynamics, and Xenopus extracts should be a
useful system to study this phenomenon.
Experimental Procedures

Preparation of Extracts
Electrically activated extracts were prepared from X. laevis eggs as de
scribed (Murray and Kirschner, 1989a) with the modification that for
interphase-arrested extracts, the 15 min ice bath incubation before the
crushing spin was omitted and cycloheximide was added to 100 ug/ml
to the cytoplasmic layer immediately after it was collected. Cycling ex
tracts were prepared in the same way except that the cycloheximide
was omitted. Extracts were kept on ice and used within a few hours
of preparation. It was found that freezing or incubating extracts on ice
for more than 5 hr caused the catastrophe rate of MTs in mitotic extracts
to decrease. Attempts to clarify the extract by using a high speed su
pernatant gave inconsistent results and also decreased the mitotic
catastrophe rate.

To drive electrically activated cycloheximide-arrested extracts into
mitosis, 1 ul(~5 ug of protein) of E. coli—expressed purified sea urchin
cyclin A90 (M. Glotzter and M. Kirschner, unpublished data) was
added to 50 ul of extract. Ten microliters of this was mixed with Xeno
pus sperm nuclei and incubated at 20°C to determine the time neces
sary for the extract to form condensed chromatin. The remainder of the
extract was incubated for the same length of time in the absence of
nuclei. Once chromatin had condensed in the test aliquot, the extract
was used for observation of mitotic dynamics. For observation of inter
phase dynamics extracts were either observed within 5 min of cyclin
addition or extract buffer was added instead of cyclin.

Meiotically arrested extracts (CSF) were prepared as described
(Murray et al., 1989). They were driven into interphase by the addition
of 1/40 vol of 16 mM CaCl2, 100 mM KCI, 1 mM MgCl2 and 1/50 vol of
5 mg/ml cycloheximide, incubation for 30 min at 20°C, and incubation
on ice for 5 min in the presence of 1/40 vol of 16 mM EGTA. Mock activa
tions were identical except that the incubation buffer contained no
CaCl2.

Chinese hamster ovary centrosomes were prepared as described
(Mitchison and Kirschner, 1986). Tetramethylrhodamine-labeled tubu
lin and stable MT seeds were prepared as described (Hyman et al.,
1990).

Observation of Dynamics
Samples (20 ul) of an extract in a defined cell cycle state were mixed
with 1 or 2 ul of 10 mg/ml rhodamine tubulin and 2 ul of either centro
somes or stable MT seeds. These mixtures could be kept at 20°C for
up to 1 hr, after which time the visualization of MTs deteriorated. Sam
ples (5 ul) were taken from these and mixed with 0.5 ul of 10x anti-fade
(2 mg/ml catalase, 4 mg/ml glucose oxidase, 0.5 M glucose, and 40 mM
DTT), and 1 ul samples were squashed under a 22 x 22 mM no. 1
Cover slip, sealed with molten beeswax, and observed within 15 min.
It was found that prolonged incubation with this anti-fade system
caused MTs to aggregate, although no obvious effects on dynamics at
short incubation times (less than 30 min) were observed. The micro
scope stage was kept at 22–23°C.

Fixed MT Assays
An extract was prepared, incubated after addition of cyclin A90 or
buffer, and assayed for cell cycle state by observing the condensation
state of sperm nuclei added to a test aliquot. Four microliters of centro
somes were added to 40 ul of the extract in each cell cycle state. This
was split into four tubes to which were added 1 ul of bovine brain rhoda
mine tubulin at 20, 10, or 5 mg/ml in IB (50 mM K glutamate, 5 mM
MgCl2 (pH 7), or 1 ul of IB. These were then incubated at 23°C for
10 min. Samples (1 ul) were taken and immediately fixed in 100 ul of
5% glutaraldehyde, 4% TX-100 in BRB80 (80 mM K PIPES, 1 mM

MgCl2, 1 M EGTA (pH 6.8]). This was sedimented onto cover slips,
fixed in methanol, and stained with the anti-tubulin antibody DM10 as
described (Mitchison and Kirschner, 1986). Two hundred MTs were
measured for each condition for calculation of mean length
Video Microscopy
All recording was performed on a Zeiss universal microscope equipped
with a broad band rhodamine filter set (Ex 510–560 nm, Em 590 LP)
and an Olympus DPlanapo 1.4x objective. Images were collected
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with a SIT camera (COHU) using an 8 x eyepiece, passed through a
Maxvision AT1 image processor (Datacube) for digitization and eight
frame averaging, and recorded using a Panasonic OMDR. Shuttering
of the fluorescence excitation light was essential to avoid photobleach
ing, and averaging, shutter control, and recording were coordinated
using custom-written software. Images were recorded every 2 s for
most mitotic sequences and every 5 s for most interphase sequences.
The shutter was opened for the minimum length of time required to col
lect eight images (0.25 sec). In addition, an aperture diaphragm in the
epi-illumination tube was used to reduce the excitation light level to the
minimum required for single MT imaging. Images were collected from
a single field until a detectable decrease in fluorescence intensity indi
cated that photobleaching had occurred (typically 50 frames). After
this point, but not before, we began to observe occasional breaks in
the middle of MTs and fragmentation of centrosomes, which we took
as evidence for photodynamic damage. MT polymerization rates deter
mined from the first in-focus frames of a given field, and those deter
mined from frames taken just before photobleaching became detect
able, were not significantly different. The actual number of frames that
could be collected before photodamage occurred was quite variable
between different extract preparations, but interphase and mitotic ex
tracts showed no systematic difference in this respect.

Data Analysis
MT lengths were measured by displaying each frame on a video moni
tor and moving a cursor along the length of the MT measuring from
the edge of the centrosome to the end of the MT using JAVA software
(Jandel Video Systems Analysis). The minimum length resolvable by
this system is ~06 um. MTs that were released were not used for mea
surement of dynamics because of the difficulty in distinguishing
growth from motility. MTs were measured in every frame to generate
the graphs of MT lifetimes. In most experiments MT polymerization and
depolymerization rates were calculated from two frames in a given
phase in which the ends were clearly defined. Transitions were quite
apparent in sequences played back at video rates, even in cases
where the end was not always clearly defined in each frame. Catas
trophe rates are calculated by dividing the number of transitions from
growing to shrinking by the total time spent in the growing phase. Res
cue rates are the number of transitions from shrinking to growing
divided by the time spent in the shrinking phase. The resolution of the
camera was 0.25-0.38 um (2–3 pixels). Accuracy of measurement was
within .26 um as estimated by repeated measurement of a mitotic MT.
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SUMMARY

We have purified a 17.2 kD protein that binds tubulin dimers and

increases the catastrophe frequency of microtubules in vitro. Sequence

analysis identified this protein as Op.18/Stathmin, a conserved

phosphoprotein that is phosphorylated in response external signals and is

highly expressed in leukemia cells. This is the first identification of a

microtubule regulator that responds to external signals and is up regulated

in cancer cells. Op18/Stathmin is also the first physiological microtubule

regulator that preferentially binds unpolymerized subunits. This molecule

is a good candidate for a regulator that causes the increased MT catastrophe
rate observed in mitosis.

INTRODUCTION

Microtubules (MTs) are essential for a number of cellular processes,

including intracellular transport, maintenance of cell shape, cell polarity and

mitosis. In vitro, MT polymers interconvert between phases of slow growth

or rapid shortening, with abrupt transitions between the two phases

(Mitchison and Kirschner, 1984). Growth and shrinkage are due to

addition or loss of tubulin subunits from the ends of MTs, respectively.

Transitions from growing to shrinking are called catastrophes and

transitions from shrinking to growing are called rescues. This behavior,

termed dynamic instability, has been observed with pure tubulin (Hotani,

1986, Walker et al., 1988), in cellular extracts (Belmont et al., 1990,

Gliksman et al., 1992), and in vivo in many cell types (Cassimeris et al.,
1988, Shelden and Wadsworth, 1993). Microtubules have an intrinsic
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polarity and are more dynamic on their faster growing plus ends. In vivo,

most minus ends are anchored to MT organizing centers (MTOCs), while

plus ends grow and shrink. Proper control of MT dynamics is essential for

many MT dependent processes, including mitotic spindle assembly and

function. Spindle MTs are very dynamic (Wadsworth and Salmon,

1986), and drugs that alter or inhibit MT dynamics disrupt spindle assembly
and function (Amin and Wadsworth, 1991, Jordan et al., 1992, Jordan

et al., 1993).

MT dynamics are regulated during the cell cycle. Photobleaching

studies demonstrated that MTs in interphase cells have longer half lives
than MTs in mitotic cells (Salmon et al., 1984, Saxton et al., 1984), and

studies of individual MTS in interphase or mitotic Xenopus extracts have

shown that the primary difference between these two cell cycle states is an

increase in the catastrophe frequency of mitotic MTs (Belmont et al.,

1990). Another study of MT dynamics in extracts of sea urchin eggs has

shown that addition of okadaic acid to interphase extracts (to mimic mitotic

phosphorylation states) causes a decrease in the rescue frequency (Gliksman

et al., 1992). Computer simulations of MT dynamics suggest that

modulating either the catastrophe frequency, the rescue frequency, or both

could account for the observed in vivo differences between interphase and
mitotic MTS (Gliksman et al., 1993).

The best characterized cellular factors that regulate MT dynamics are

microtubule associated proteins (MAPs), which have been identified because

they co-purify with MTs through several rounds of polymerization (for

review see Hirokawa, 1994). Video microscopy studies of the effect of

MAPs on MT dynamics have shown that they stabilize MTs by increasing the

rate of polymerization, suppressing catastrophes, or increasing rescues
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(Drechsel et al., 1992, Pryer et al., 1992, Shiina et al., 1992,

Andersen et al., 1994, Ookata et al., 1995). Two prominent MAPs

found in dividing cells, MAP4 and XMAP230, are phosphorylated in mitosis

and this phosphorylation lowers the MT stabilizing activity of these MAPs

(Vandre et al., 1991, Andersen et al., 1994, Ookata et al., 1995).

These studies suggest that MAP phosphorylation during mitosis may

regulate MT dynamics by inactivating the stabilizing influence of MAPs.

However, the catastrophe frequency observed in cellular extracts and in cells

is much higher than that observed in vitro with pure tubulin or tubulin

plus MAPs. This suggests that there are additional regulators of MT

dynamics that actively increase the catastrophe frequency.

A number of studies have sought to elucidate the upstream regulatory

events that control MT dynamics during the cell cycle. The mitotic

regulatory kinase p34cdc2 associates with cyclins A and B in mitosis, and the

p34cdc2/cyclin B complex is required for the mitotic specific changes in

dynamic instability. In interphase Xenopus egg extracts, the addition of

cyclin B, but not cyclin A, causes an increase in the catastrophe frequency of

MTs (Verde et al., 1992). p34cdc2/cyclin B associates with MT asters and

meiotic spindles in starfish oocytes (Ookata et al., 1993), and further

studies in primate tissue culture cells presented strong evidence that

p34cdc2/cyclin B binds to MTs by interacting with MAP4, the most abundant

MAP in these cells (Ookata et al., 1995). Addition of mitogen activated

protein kinase (MAPK) to interphase extracts of Xenopus eggs can also cause

some changes in microtubule dynamics (Gotoh et al., 1991), and changes

in MT behavior follow changes in MAP kinase activity, but not p34°de?

activity during meiosis in mouse oocytes (Verlhac et al., 1994). These

studies suggest that p34-deº/cyclin B is one upstream regulator of cell cycle
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changes in MT dynamics and that there may also be a role for MAP kinase in

the regulation of MT dynamics in the cell cycle.

While recent work has greatly increased our knowledge of cell cycle

dependent regulation of MT dynamics, none of these studies has identified a

MT regulator that causes the increased mitotic catastrophe frequencies

observed in vivo. In this study we set out to directly identify cellular factors

that increase the catastrophe rate of MTs.

RESULTS

The Assay

Our previous work demonstrated that catastrophe frequency is the

primary parameter of MT dynamics regulated during the cell cycle. In order

to study the mechanism by which catastrophe frequency is regulated, we

designed assays to identify cellular factors that increase the frequency of

microtubule catastrophes. The primary, rapid assay was designed to identify

any factors that destabilize MTs. This assay will not distinguish factors that

destabilize MTs by increasing the catastrophe frequency from those that

destabilize MTs by increasing the depolymerization rate or inhibiting

assembly. Therefore, at various stages of purification we characterized

fractions further by observing their effect on MT dynamics using video

enhanced differential interference contrast (VEDIC) microscopy to test

whether the fractions of interest did indeed increase the catastrophe

frequency.

We chose calf thymus as a tissue source because it contains many

dividing cells and provides a large amount of starting material. For the
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rapid assay, we added fractions from a cellular extract prepared from calf

thymus to tubulin (mixed 4:1 with rhodamine labeled tubulin), GTP, and

axonemes, to nucleate MT assembly, and incubated at 370C. Aliquots were

taken after 15 and 20 minutes and placed on a slide for observation with

fluorescence microscopy. A high speed supernatant (HSS) of the calf thymus

extracts inhibited MT assembly in this assay, and similar results were

obtained in preliminary fractionation of Xenopus egg extracts. Figure 1

shows MT assembly in a buffer control compared to a partially purified
active fraction.

Purification of a Microtubule Destabilizing Activity

Extracts of calf thymuses were subjected to the fractionation steps

shown in table 1. An SDS PAGE gel of the active fractions through the first

four purification steps is shown in figure 2. We determined that at least one

destabilizing activity is present after incubation of the HSS at 1000C for 15

minutes, which proved to be an excellent purification step (see table 1). The

largest difference in MT lengths between the boiled HSS and buffer was

observed at a pH of 7.5 with a MgCl2 concentration of 5mm, and Pipes is best

buffer for MT assembly. Subsequently, all assays were carried out in AB (80

M K Pipes pH 7.5, 5m M MgCl2, 1mM EGTA).

Treating the boiled HSS with trifluoroacetic acid (TFA) and

acetonitrile resulted in no loss of activity. Therefore, we were able to use

reverse phase C18 chromatography to further purify the activity. Prior to

loading the boiled HSS onto the C18 column, we precipitated the activity

with 80% MeOH. The precipitation caused an apparent loss of specific

activity; however, it tripled the amount of extract that we could resolve on
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the C18 column, presumably due to removal of MeOH soluble compounds

that bind to the C18 column. Peaks from multiple C18 columns were then

pooled, re-loaded onto the C18 column and eluted with a shallow gradient of

acetonitrile with 0.12% TFA. The activity consistently eluted at 32.5%

acetonitrile. When analyzed by SDS PAGE this fraction contained one major

protein around 17 kD and between 0 and 8 minor bands by Coomassie and

silver staining. The major band in these preparations is 17,220 daltons

(sd=1.65) by mass spectometry. All fractions that had been purified in this

manner were pooled and used for subsequent characterization. This fraction
will be referred to in the text as the 2X C18 fraction.

To determine if a protein was responsible for the activity, we used o.

lytic protease to digest the proteins in the 2X C18 fraction. Activity was

completely lost after incubation with the protease and subsequent inhibition

of protease activity. This inactivation of destabilizing activity was a result

proteolysis since the fraction was fully active after incubation with protease

that had been pre-incubated with its inhibitor (see figure 3).

One additional purification step was necessary to determine which

polypeptide was responsible for the activity. Figure 4A shows a gel of the

region around which the activity elutes from a C18 column. The active

fractions were pooled and fractionated on a sizing column. The peak of

activity co-eluted with the peak of the 17.2 kD protein (figure 4, B and C). We

measured gel band intensity to confirm that the 17.2 kD band was the only

band detectable by coomassie staining that peaked in intensity with the peak

of MT destabilizing activity (figure 4C). Subsequent silver staining of the gel

revealed no other proteins with an intensity peak that coincided with the

activity peak (data not shown). The 17.2 kD protein eluted from the sizing
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column in the position expected for a 20 kD protein, indicating it is probably

a globular monomer.

We used this sizing column fraction to estimate stoichiometry of the

purified protein to tubulin. The protein concentration in this fraction is 0.03

pg/ml. If we make the assumption that all of the protein in the fraction is in

the 17.2 kD band, we calculate that the concentration of this protein in our

rhodamine tubulin assays is 1.2|1M in conditions that inhibit approximately

half of the MT assembly (1U/pul). The concentration of tubulin dimers is 32

HM, giving a stoichiometry of one Op18 molecule for every 27 tubulin

dimers for half maximal activity.

The Destabilizing Factor Increases the Microtubule Catastrophe Frequency

We used the 2X C18 fraction for functional characterization. We

measured MT assembly at various concentrations of the active fraction with

tubulin, GTP, and axonemes until we found a concentration that allowed

enough MT assembly to measure dynamics, but still had a clear inhibitory

effect. This concentration was approximately 0.8 units/pil in 15 to 20 p.m.

tubulin in the presence of axonemes. We flowed the tubulin mix into a pre

warmed chamber and recorded MT dynamics in the presence of the activity

at 35.5 OC. We measured the growth rate and the catastrophe frequency for

individual MTs at each tubulin concentration. The data, shown in table 2,

reveal that incubation with this concentration of active fraction results in a

slight decrease in the growth rate and a 5 to 10 fold increase in the

catastrophe frequency. Comparison of conditions with similar growth rates
demonstrates that incubation with the active fraction increases the

catastrophe frequency more than would be expected simply from lowering
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the growth rate. We were unable to get a good measurement of average

depolymerization rate because we recorded only a small number of

shrinking microtubules. However, in the data we analyzed we see no

consistent change in the depolymerization rate with the active fraction. We

did not observe enough rescue events to assess any effect on rescue

frequency.

Using an estimate of 0.03 pig of protein/unit activity (from the sizing

column fraction) we estimate the stoichiometry of tubulin dimers to the 17.2

kD protein in these assays to be 14:1 in 20 puM tubulin and 11:1 in 15 p.m.

tubulin. Addition of twice as much active fraction to 20 puM tubulin inhibits

nearly all MT assembly. These stoichiometries are lower than those

observed to cause similar effects in our rhodamine tubulin assay. This is

consistant with previous observations (Belmont et al., 1990) that rhodamine
tubulin causes MTs to be less stable.

The 17.2 kD Protein Binds Tubulin Dimers

We had previously found no depletion of the MT destabilizing

activity when we depleted Xenopus extracts of MTs and MAPs (data not

shown). Since the destabilizing activity did not seem to have a high affinity

for MTs we tested it's ability to bind unpolymerized tubulin dimers. We

mixed equimolar amounts of tubulin and the 2X C18 fraction in the absence

of GTP and analyzed the mixture by gel filtration chromatography. When

these proteins were run separately on this column, tubulin eluted at 14.5'

and the 17.2 kD protein eluted at 18.6'. However, when these proteins were

mixed, all the detectable 17.2 kD protein eluted entirely with tubulin (see fig

5A). There are no other proteins in the tubulin preparation detectable by
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Commassie staining. Therefore, it is unlikely that proteins other than

tubulin are present in sufficient amounts to account for the shift in elution

time of the 17.2 kD protein. Due to the large amount of dilution on the

column, we were unable to detect any of the minor proteins in the 2XC18

fraction in this experiment. Tubulin dimers and the 2XC18 fraction were

mixed at 15puM each, and more than 90% of the factor bound to tubulin

under these conditions. Quantitation of gel band intensities reveals that the

first fraction of tubulin to elute from the sizing column co-elutes with less

17.2 kD protein than the subsequent fractions. This suggests that binding

Op18 may actually slow tubulin's mobility in the gel filtration column. The

finding that 17.2 kD protein binds to tubulin further argues that it is the

protein responsible for the observed effects on MT dynamics in our video

microscopy experiments.

We next tested the ability of the protein to bind taxol stabilized MTs

under the same conditions. Fig 5B shows that the 17.2 kD protein remains

with the unpolymerized fraction of the tubulin when the 2X C18 fraction is

added to taxol stabilized MTs. Lane (a) shows that the majority of the 17.2 kD

protein is in the supernatant with the unpolymerized tubulin and the

amount in the pellet is equivalent to the amount that pellets in the absence

of MTs (lane c). When the 2X C18 fraction is added prior to taxol addition, it

inhibits the polymerization of MTs by taxol (compare the tubulin in the

pellet in lanes b and d).

Identification of the 17.2 kD Protein as Op.18/Stathmin

We used the peak fraction from one C18 column to determine peptide

sequence of the 17.2 kD protein. In this preparation the 17.2 kD band was the
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only band visible on a silver stained SDS gel. This protein was blotted onto a

PVDF membrane for protein sequencing and we obtained sequence from two

separate peptides. These sequences, HEAEVLK and IEENNNFSK, both

showed 100% identity to a previously identified phosphoprotein named

oncoprotein 18 (Op.18), p19, prosolin, leukemia associated protein 18 (lap18),

or stathmin (Braverman et al., 1986, Schubart et al., 1987, Hanash et

al., 1988, Sobel et al., 1989). The predicted MW of the human protein is

17,172 Da (Curmi et al., 1994) compared to our measured MW of 17,220 for

the bovine protein. Therefore, we concluded that the 17.2 kD protein we

have characterized is identical to this protein which we will refer to in the

text as Op.18.

DISCUSSION

In this study we have purified a small heat stable protein that

increases the MT catastrophe frequency in vitro. Since observed catastrophe

rates in vivo are much higher than those observed in vitro and are

increased even more in mitosis, we think this protein may be involved in

the regulation of MT catastrophe frequencies in cells and may increase

catastrophes in mitosis. This is the first identification of a physiological

regulator of MT dynamics that preferentially binds unpolymerized tubulin

dimers, suggesting novel mechanisms of action. The loss of activity upon

purification suggests that there may be other MT destabilizers in cells.

Recent work by Walczak et al. (submitted) has identified a kinesin related

protein (XKCM1) as a protein that may increase the catastrophe frequency of

MTs. These two proteins are the first "catastrophe factors" to be identified.
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We purified Op18 by an activity assay that identified MT destabilizing

factors, and then assayed for the ability to increase catastrophe frequency. By

analyzing MTs with video microscopy techniques, we determined that the

purified fraction both increased catastrophes and decreased the growth rate

in a concentration dependent manner. If one decreases the MT growth rate

by lowering tubulin concentration there is an increase in catastrophe

frequency (Walker et al., 1988). However, our data demonstrate that the

increase in catastrophe frequency with Op18 exceeds the increase expected

simply from lowering the growth rate. At similar growth rates with and

without Op.18, the catastrophe frequency is three to six fold higher with Op18.

We also know from our stoichiometry estimates that Op.18 is not increasing

catastrophes simply by binding tubulin dimers and making them

unavailable for assembly. One Op18 molecule for every 27 tubulin dimers

will inhibit approximately half of the MT assembly in our rhodamine

tubulin assay, and lowering the tubulin concentration by 1/27 will not have
such a dramatic effect.

The finding that Op.18 binds to unpolymerized tubulin suggests that it

acts by a different mechanism from other known physiological regulators of

MT dynamics. MAPs, the best characterized physiological regulators of MT

assembly, bind to polymerized MTs and stabilize the lattice. A number of

drugs bind to tubulin dimers in well characterized sites and inhibit assembly

(for reviews see Correia, 1991, Sackett, 1995), and it has long been

speculated that there is a physiological regulator of MTs that binds to these

sites in vivo. Op18 is a good candidate for this type of regulator and it will

be interesting to test if Op18 competes for any of these binding sites.

Although these drugs inhibit MT assembly at high concentrations, drugs that

have been studied in detail do not increase the catastrophe frequency (Toso
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et al., 1993), suggesting a different mechanism of action than Op18. There

are several models that could account for the observed effect that Op.18 has

on MT catastrophe rates. Op18 and tubulin dimers are likely to form a

complex in the cell. This tubulin/Op18 complex could then add on to MT

ends and increase the probability of a catastrophe by either blocking further

addition of subunits, increasing the rate of GTP hydrolysis by tubulin

subunits, or causing structural changes in the MT lattice that favor

depolymerization.

The identification of Op18 as a regulator of MT catastrophe rates may

shed new light on the data concerning the role of Op18 in proliferating and

cancerous cells. Op18 has been identified as a protein that is highly expressed

in acute leukemia (Hanash et al., 1988) and as a protein that is

phosphorylated in response to external signals (Sobel et al., 1989). Until

now there has been no candidate for a regulator of MT dynamics that

responds to external signals or a MT regulator associated with malignancy.

Op18 is phosphorylated in response to agents that promote cellular

proliferation (for review see Sobel, 1991) and its expression is increased in

proliferating cell types (Rowlands et al., 1995). Increased Op18 expression

in rapidly dividing cells is consistent with our hypothesis that Op.18 is

required for establishment of mitotic MT dynamics. Previous studies of

Op18 have identified four sites that are phosphorylated in vivo. Of these

four, S25 was found to be a very good substrate for MAP kinase and S38 a

good substrate for p34.cdc2 in vitro (Marklund et al., 1993, Beretta et al.,

1993). Since cell cycle dependent changes in MT catastrophe rates are

known to be downstream of p34°de?/cyclin B and possibly MAP kinase, Op.18

is a plausible target of these kinases and the downstream effector responsible

for regulating MT dynamics. Expression of Op18 genes in which the serines
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at the 25 and 38 position have been changed to alanine results in a block in

G2/M with about 2/3 of the cells arresting in G2 and 1/3 arresting in mitosis.

The mitotically arrested cells have condensed chromosomes that appear

aggregated instead of aligned on a metaphase plate (Marklund et al.,

1994). Antisense expression of Op18 and expression of Op18 with all the

phosphorylation sites mutated to alanine result in a similar phenotype

(Marklund et al., 1994, Larsson et al., 1995, Luo et al., 1994). The

phenotype of the mitotically blocked cells is quite interesting when

considered in the context our studies. Taxol, a drug that suppresses MT

dynamics at low concentration and promotes MT assembly at high

concentrations, causes a mitotic block when added to cells. Taxol

concentrations that suppress MT dynamics in vitro, block cells at metaphase

with chromosomes that fail to align on the metaphase plate (Jordan et al.,

1993). Thus, the mitotic block resulting from Op18 inhibition is consistent

with a role in regulating MT dynamics in mitosis. The G2 arrest is more

difficult to interpret in this context. This arrest suggests a checkpoint

blocking progression of the cell cycle; however, the known cell cycle

checkpoints that monitor MT assembly respond to absence of proper spindle

formation and block exit from mitosis (Murray, 1994, Hartwell and

Kastan, 1994). This suggests that there may be another role for Op18 prior

to M phase, or an as yet unidentified MT dependent checkpoint.

It has been known for some time that MTs are much more dynamic in

mitosis than in interphase, and that this is largely due to a increase in the

catastrophe frequency and a decrease in rescue frequency in mitosis. Studies

on the effect of MAPs on MT dynamics suggest that the decrease in rescue

frequency could be due to inactivation of MAPs by phosphorylation during

mitosis. MAPs stabilize MTs, increase rescues, or suppress catastrophes in
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vitro in their unphosphorylated form. These MAPs are phosphorylated in

mitosis in vivo, and the phosphorylated forms fail to suppress catastrophes

or increase rescues due to a lowered affinity of phosphorylated MAPs for

MTs. However, these studies do not answer the question of how the

catastrophe frequency is actively increased in mitosis. We propose that Op18,

a protein that increases the catastrophe frequency of MTs in vitro, is a likely

mediator of the increased frequency of catastrophes in mitosis. Thus, cell

cycle regulation of MT dynamics would consist of phosphorylation of MAPs,

resulting in a lower rescue frequency and activation of Op18 resulting in an

increased catastrophe frequency.

EXPERIMENTAL PROCEDURES

Rhodamine Tubulin Assays

Bovine brain tubulin was purified by several cycles of assembly and

disassembly and flowed over a phosphocelluose column to remove MAPs.

Bovine brain tubulin and tetramethyl rhodamine labeled tubulin were
mixed at a ratio of 4:1 unlabeled to labeled. The tubulin was mixed with

GTP, axonemes, and a fraction from calf thymus to a final concentration of

3.5 mg/ml tubulin and 2mVM GTP. All components were in assay buffer

(AB), 80mM KPipes pH 7.5, 5m.M MgCl2, 1mM EGTA, and all manipulations

up to this point were performed at 40C. 10 pil of this mix was incubated at

370C, 2 pil aliquots were taken at 15 and 20 minutes, diluted into 50 pil of 60%

glycerol and mixed by gently pipetting up and down 3 times with a cut off

pipette tip. 2.3 pil of this mix was placed on a glass slide, covered with a

18X18 mm coverslip and observed on a Zeiss Standard microscope with a
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rhodamine filter set. One unit of activity per pil was defined as the fold

dilution of fraction at which more than 50% inhibition of MT assembly was

observed in this assay.

The pH optimum was determined by exchanging the boiled HSS into

80 mM K Pipes, 5m M MgCl2, 1mM EGTA at pH increments of 6.8, 7.1, 7.3,

and 7.5 using 1 ml P-4 (BioFad) spin columns.

Purification

Fetal calf thymuses that had been quick frozen in liquid nitrogen and

shipped on dry ice were purchased from An■ ech (Tyler, Texas). Extracts

were prepared by breaking up the frozen thymus with a hammer and

homogenizing the frozen pieces in a chilled Waring blender with AB (80 M

K Pipes pH 7.5, 5m M MgCl2, 1mM EGTA) + 1mM PMSF and 0.1% 2

Mercaptoethanol (2-ME) at 1-2 mls per gram of thymus. The crude extract

was centrifuged in a GSA rotor at 10,000 rpm for 20 minutes and the

supernatant was filtered through 6 layers of cheesecloth into a chilled beaker.

This low speed supernatant was centrifuged at 40C for 4.5 hours at 50,000 rpm

in a Beckman 50.2 Ti rotor or for 18 hours at 19, 000 rpm in a Beckman type

19 rotor. The resultant supernatant is referred to as the high speed

supernatant (HSS) in the text.
2-ME was added to the HSS to a final concentration of 1% and the HSS

was placed in a boiling water bath for 20 minutes. The boiled HSS was

cooled on ice and centrifuged for 15 minutes at 10,000 rpm at 40C. The

supernatant was collected and 5 volumes of methanol (Fisher, Optima grade)

was added to precipitate the protein. After chilling overnight at -200C, the
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protein was sedimented for 15 minutes at 10,000 rpm at 40C in a GSA rotor

and the pellet was briefly dried under vacuum.

The pellet from 25 to 35 mls of HSS was dissolved in 2 to 4 mls of

milli-Q purified water and spectrophotometric grade trifluoroacetic acid

(TFA) was added to a final concentration of 1%. The sample was filtered

through a 2pm spin filter (Millipore) and loaded onto a preparative C18

column (Vydac 218TP510) that had been pre-equilibrated with 0.12% TFA.

The column was washed with 0.12% TFA and eluted with a gradient of 25 to

35 % acetonitrile with 0.12% TFA over 40 minutes at 4mls/min. 1.6 ml

fractions were collected and 350 pil of each was dried overnight under

vacuum. These dry fractions were dissolved in AB and assayed as described

above. The activity consistently eluted at 32.5% acetonitrile. Active fractions

were pooled and re-fractionated over the same C18 column. The pooled

active fractions from the second C18 column, referred to in the text as 2X C18

fraction, were dissolved in AB and frozen in 20 pil aliquots at -800C.

For gel filtration, active fractions from the first C18 column were

pooled, dissolved in a minimal volume of AB, and loaded onto a sizing

column (Supelco G3000PWXL) that had been equilibrated with AB

containing 0.1% 2-ME. The column was run at 0.5 ml/min. and 2001l

fractions collected. These were assayed directly or after concentration in a

Millipore 10,000 NMWL Ultra free-MC filter unit. Ovalbumin,

chymotrypsinogen and profilin were used as size standards.

Protein concentration in crude fractions was measured using BioFad

Bradford reagent, and in more purified fractions was measured using the
absorbance at 220.

Observation of Microtubule Dynamics
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Video-enhanced DIC (VEDIC) analysis was performed on a Zeiss

axioplan microscope with a 63X PlanApo 1.4NA objective. Images were

collected with a Hamamatsu C2400 video camera connected to an Argus 10

image processor, for background subtraction and contrast enhancement, and

recorded on super VHS tapes with a Panasonic AG1960 SVHS VCR.

2X C18 fractions (8 Units/pul) were diluted 10 fold into a mix of

tubulin, 2m M GTP and axonemes in AB. This mixture was kept on ice until

observation. Flow chambers were constructed by placing two strips of double

sided tape on a coverslip and covering with an 18X18 mm coverslip. The

flow chamber was warmed to 370C and 10 pil of tubulin at the same

concentration being used in the assay was flowed into the chamber. This was

then wicked out and replaced with the tubulin, axonemes, GTP, and 2X C18

fraction mixture. The chamber was sealed with VALAP (1:1:1 Vaseline:

lanolin: paraffin) and placed on a warmed microscope stage for observation.

The stage was kept at 35.5oC +/- 0.5oC by wrapping the objective and

condenser lenses with Silastic tubing and flowing warm water through the

tubing. The MTs in each flow chamber were observed for approximately 15'.

MT growth rates were determined by measuring the length of an individual

MT at time intervals ranging from 3 to 20 seconds when the plus end was

clearly in focus. The slope of a line obtained by linear regression of length

versus time was used as the growth rate. The catastrophe frequency was

calculated by dividing the total number of catastrophes by the total time MTS

were observed in the growth phase.

Protease Digestion
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20 puls of 2X C18 purified fraction was thawed and diluted with an

equal volume of AB. 9 pil of fraction, or AB alone, was mixed with 1 pil of

either O-lytic protease or 1pil of O-lytic protease that had been pre-incubated

with the inhibitor, 2-aminoethyl benzene sulfonyl fluoride (AEBSF,

Calbiochem). The digestion reactions were incubated at 370C for 50' and 1 pil

of AEBSF at 10mM was added to samples that did not have AEBSF added at

the start. Samples were chilled on ice for 5' and assayed as described above or

added to SDS sample buffer for electrophoresis.

Tubulin Binding and Quantification of Gel Bands

Tubulin and the 2X C18 fraction were mixed in an equimolar ratio

(150 pmoles of each) in 20 pil of AB and incubated for 10' at 370C. This mix

was then loaded onto a sizing column (Supelco G3000PWXL) that had been

equilibrated with AB and the column was eluted at 0.5 ml/min. at 20 °C. 400

pil fractions were collected and 20 pil of each fraction was analyzed by SDS

PAGE on a 15% gel. Tubulin alone and 2X C18 alone were analyzed in

parallel under similar conditions. The tubulin preparation was MAP free as

determined by coomassie staining of an SDS polyacrylamide gel.

To test binding of the 17.2 kD protein to stabilized MTs, we made taxol

MTs as follows. 10 pil of 30puM tubulin and 1pul of 30 puM taxol were incubated

for 10' at 370C, 1pul of 300puM taxol was added, and the mix was incubated for

another 10'. We then added 10pul of 30puM 2X C18 fraction to the taxol MTs,

incubated for an additional 10' at 37°C, layered the mixture onto a 25pil

cushion of 60% glycerol and sedimented in a TLA100 rotor for 5' at 100K.

The supernatant and pellet were collected and added to SDS sample buffer

for PAGE analysis. To test the effect of pre-addition of the purified fraction,
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we added 10pil of 30puM 2XC18 fraction before addition of taxol and incubated

for 20' after addition of 300puM taxol.

Gel band intensity was measured by scanning a coomassie stained SDS

gel on a UMAX PowerLook Scanner into a Macintosh 7100/80 AV computer.

The intensity of the bands in the scanned image was measured using the gel

plotting macro in NIH Image.

Protein Sequencing

The active fraction was separated on a 15% SDS gel and blotted onto

PVDF membrane as described (Matsudaira, 1993). The band 17.2 kD band

was excised and sent to Harvard Microchem facility for sequencing by

proteolytic digestion followed by mass spectrometry.
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Figure Legends

Figure 1 Rapid Microtubule Inhibition Assay

A) Rhodamine tubulin assembly assay with a buffer control. B) Rhodamine

tubulin assembly with a partially purified active fraction at 4 U/ul. Note the

background fluorescence is higher when the rhodamine tubulin is not in

polymer or large aggregates. The bar is 10 p.NM.

Figure 2 Purification of the MT Destabilizing Activity

An SDS polyacrylamide gel of (a) High speed supernatant (HSS), (b) boiled

HSS, (c) MeOH precipitate, (d) first C18 peak, (e) second C18 peak. Lane (e) is

the 2X C18 fraction used in all subsequent characterization of activity.

Figure 3 The MT Destabilizing Activity is Protease Sensitive

a) 2XC18 fraction b) 2X C18 fraction after incubation with 0.71g of o-lytic

protease, c) 0.71g of O-lytic protease, d) 2X C18 fraction mixed with 0.71g of

O-lytic protease pre-incubated with an inhibitor. The presence of MTs in the

MT assembly assay is designated by a +. The presence of MTs means there is

no inhibition of MT assembly.

Figure 4 The Peak of Activity Coincides with the Peak of the 17.2 kD Protein

A) The fractions around the peak of activity from the C18 column were

analyzed by SDS PAGE. The fractions marked with + or +/- had MT

destabilizing activity and were pooled and run over a sizing column. B)

Fractions collected from the sizing column. Fraction 3 had measurable MT

destabilizing activity (1 U/pul), and fractions 2, 4 and 5 had activity after

concentration. No other fractions had MT destabilizing activity. C) We
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scanned the gel in 3B and measured the band intensity of the four visible

bands. The dotted line shows the relative activity in each fraction, and the

relative intensity of the four bands are shown with solid lines, 40 kD (A), 17.2

kD (9), 16 kD(n), 12.6 kD (e). The 17.2 kD band is the only protein whose

band intensity has the same profile as the activity profile.

Figure 5 The 17.2 kD Protein Binds Unpolymerized Tubulin Dimers

A) Purified tubulin in the absence of GTP was mixed with an equimolar

amount of the 2X C18 fraction, incubated at 370C for 10' and fractionated on a

sizing column. The 17.2 kD band normally elutes in fractions 7 and 8, but

elutes entirely with the tubulin when they are mixed. The tubulin elution

time is not appreciably different. B) The 2X C18 fraction was mixed with

taxol. MTs, incubated at 370C for 10, and the MTs were sedimented through a

glycerol cushion to separate MTS from unpolymerized. S designates the

supernatant and P designates the pellet. (a) 2X C18 fraction was added after

stabilization of MTs with taxol, (b) 2X C18 fraction was added prior to taxol

addition, (c) 2X C18 fraction with taxol, d) tubulin with taxol. The 17.2 kD

protein is almost entirely in the supernatant and only a small amount

pellets with the MTs, about the same amount that pellets in the absence of

MTs (lane c). When the 2XC18 fraction is added prior to the taxol it inhibits

the stabilization of MTs by taxol.
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Table Legends

Table 1 Purification Table

The starting material was 50 mls of high speed supernatant of fetal calf

thymus. A unit of activity per pil is defined as the fold dilution at which

more than 50% inhibition of MT assembly is still observed in the rhodamine

tubulin assembly assay.

Table 2 Effects on Dynamic Parameters of Microtubules

The 2X C18 fraction (8U/ul) was diluted 10 fold into the given concentrations
of tubulin and mixed with 2m M GTP and sea urchin axonemes. This

mixture was flowed into a chamber, warmed to 35.50C, observed with video

enhanced DIC microscopy and recorded for 10' to 15'. MT dynamic

parameters were calculated for nine to twenty MTS for each condition, for a

total observation time of approximately 2400 sec per condition. The +/-
indicates the standard deviation.
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PURIFICATION TABLE

Act ivity

1.1 x105
6.8x104
1.8x104
2600
400

Protein(mg)

1320
63
63
.2
.0 12
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Specific
Activity (U/pig)

Fraction

HSS
Boiled HSS

MeOH ppt
C18 Peak

Sizing Peak

0.08
1.1
0.3
13
33

% Total

100
61
16
2.4
0.4



Growth Rate (um/s)
Catastrophe Frequency

(s−1) x10 - 4
Tubulin (HM) th +buffer to +AF th +buffer |tb +AF

15 0.022 +/-0.005 || 0.013+/-0.005 8.4 66

18 0.0294-/-0.013 || 0.020+/-0.01 4.6 47

20 0.035+/-0.017 || 0.021 +/-0.007 5.6 26

60



Chapter 3

A Cellular Factor that Increases the Catastrophe Frequency of Microtubules
and Destabilizes GMPCPP Microtubules.
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Abstract

We have partially purified a factor from calf thymus and Xenopus eggs that

increases the catastrophe frequency of microtubules. Analysis of dynamic

parameters suggests that this factor acts by increasing the off rate of GTP

tubulin. This model is further supported by experiments demonstrating that

the factor destabilizes microtubules polymerized with the slowly

hydrolyzable GTP analog, GMPCPP, without increasing the rate of hydrolysis

of this analog.

Introduction

Microtubule (MT) polymers interconvert between phases of slow

growth and rapid shortening, with abrupt transitions between the two

phases (Mitchison and Kirschner, 1984). Transitions from growing to

shrinking are called catastrophes and transitions from shrinking to growing

are called rescues. Growth and shrinkage is due to addition or loss of tubulin

subunits from the ends of MTs, respectively. MTs assemble from tubulin

bound to GTP, and the hydrolysis of this GTP is necessary for disassembly.

Therefore, growth is assumed to result from addition of GTP tubulin, and

shrinkage primarily results from loss of GDP tubulin. This behavior, termed

dynamic instability, has been observed in vitro (Hotani, 1986; Walker et al.,

1988), in cellular extracts (Belmont et al., 1990; Gliksman et al., 1992),

and in vivo in many cell types (Cassimeris et al., 1988; Shelden and

Wadsworth, 1993). Microtubules have an intrinsic polarity and are more

dynamic on their faster growing plus ends; in vivo, most minus ends are
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anchored to MTOCs, while plus ends grow and shrink. Proper control of MT

dynamics is essential for many MT dependent processes, including mitotic

spindle assembly and function and a detailed understanding of the

mechanism of dynamic instability may eventually lend insights into these

important processes.

Walker et al (1988) carried out extensive analysis of MTs undergoing

dynamic instability. By using video microscopy to analyze MTs, they were

able to make independent observations of growing MTs within a population

in which MTs were growing and shrinking. One interesting result from

these studies was that when the growth rate determined from the

population of growing MTS was plotted against the tubulin concentration,

the y-intercept was negative. Assuming that all tubulin subunits at the plus

end of a growing MT are bound to GTP this suggests that there is a
measurable off rate of GTP tubulin.

Bayley et al (1990) have proposed the lateral cap model to account for

dynamic instability behavior of MTs. In this model they propose that

hydrolysis of GTP is coupled to subunit addition, resulting in a single layer

GTP tubulin cap. The frequency of transitions is determined by the off rates

of tubulin subunits on the end of a microtubule, and these rates are

determined by the nucleotide bound to the subunit and to the neighboring

subunits. One prediction of this model is that increasing the off rate of GTP

tubulin with neighboring GTP tubulin subunits will increase the catastrophe

frequency. Hyman et al (1992) have demonstrated that the GTP analog,

GMPCPP, stabilizes MTs and is hydrolyzed very slowly by MTs. We have

found this analog to useful in dissecting the mechanism of dynamic

instability as well as regulators of MT dynamics. In this work we have

looked for cellular regulators that increase the catastrophe frequency of MTs.
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We present evidence that a small molecular weight factor increases the

catastrophe frequency of MTs and destabilizes MTS polymerized with
GMPCPP.

Methods

Purification

The active fraction was partially purified from frog eggs and calf

thymus using a rapid rhodamine tubulin assay (Belmont et al., 1995).

Extracts of Xenopus eggs arrested in metaphase of meiosis II, and thymus

extracts were prepared as described were prepared as described (Belmont et

al., 1990, 1995). A high speed supernatant (HSS) was prepared by spinning a

crude extract in a TLA100.3 rotor for 1 hr at 100,000 rpm. 2-ME was added to

1% to the supernatant, this was boiled for 15, and the denatured protein was

sedimented in an eppendorf microfuge or an SS34 for 10' at top speed at 4°C.

A 50-65% ammonium sulfate precipitate from the boiled HSS was collected

and loaded onto a Glaspac TSK G3000SW (LKB 2135-830) sizing column

equilibrated with AB (80 M K Pipes pH 7.5, 5m M MgCl2, 1mM EGTA) and

run at 0.3 ml/min. The peak of activity from this column is the active

fraction characterized below. Protein concentrations were estimated using

Bradford reagent.

Real Time Microscopy
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7 pil of a peak from the sizing column was mixed with 1 pil of sea

urchin axonemes and 2 pil tubulin and GTP. The final concentration of GTP

was 2 mM and the final concentration of tubulin ranged from 7 to 28 puM.

The stage was heated to 37°C with a heater. MTs were observed by video

enhanced DIC (VEDIC), images were recorded as described (Belmont and

Mitchison, 1995), and measurements were performed with a ruler on a large
Screen monitor. Between 10 and 20 microtubules were measured for each

condition. Growth rates were determined by dividing the change in length

by the time between 2 points at which the plus end was clearly resolved.

Catastrophe frequencies were calculated as the number of catastrophes

observed divided by the total observed growth time of all growing MTs.

GMPCPP Microtubules

Rhodamine labeled GMPCPP (guanylyl-(a,b)-methylene

diphosphonate) microtubules were made by mixing 0.4 mg/ml tubulin (3:1

unlabeled:labeled) with 0.18 mM GMPCPP and incubating at 370C for 1 hour.

These microtubules were diluted 20 fold into either AB, nocodazole (10

plg/ml) or the active fraction from the sizing column. At various time

points, 4 pil of this mixture was added to 40 pil of 0.5% glutaraldehyde, and 20

pul of this was diluted into 1 ml of BRB80. The MTs were sedimented onto

12mm coverslips at 12,000 rpm for 1 hr in a swinging bucket rotor. The

number of microtubules per field was counted for 20 fields per condition.

For experiments measuring the depolymerization rate, the microtubules

were diluted an additional 10 fold and polymerized for an additional hour to
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produce longer microtubules. The length of approximately 150 microtubules

were measured for each time point.

Y32P labeled GMPCPP was made by mixing 5 pil of Y32P ATP (3000

Ci/mmol, 10 mci/ml), 1pil 10X NDPK buffer (0.2M Tris pH 8.0, 0.5 M NaCl,

0.05 M MgCl2, 1% 2-ME), 1.5 pil GMPCP (1mM), 0.5 pil nucleotide diphosphate

kinase (NDPK, 1000U/ml), and 2 pil water. This was incubated for 4 hrs at

250C. GMPCPP was added to a final concentration of 0.5 mM, the mix was

spun through a Millipore filter with a 10 kD cutoff, and the follow-through

was collected. The final product was confirmed by spotting 2.5 pil onto PEI

TLC plates and analyzed as described (Hyman et al., 1992).

To measure the effect of the active fraction on hydrolysis of GMPCPP

in MTs we mixed 4 gul of 35 mg/ml tubulin (4:1 unlabeled:rhodamine

labeled), 2.8 pil YºP labeled GMPCPP (0.5 mM) with 3.2 pil of AB. The final

concentrations were 140puM tubulin, 140 puM GMPCPP. This was

polymerized at 370C for 1.5 hr, layered onto a 160 pil cushion of warm 60%

glycerol in AB and spun at 100,000 rpm for 5 at 350C. The pellet was washed

with 160 pil warm AB and resuspended in 10 pil of warm AB. 4 pil of these

MTs were mixed with 36 pil of either warm AB or active sizing column

fraction. At various time points, 3pil of this mixture was added to 6 pil of

formaldehyde and frozen in liquid nitrogen. These were spotted onto TLC

plates and the quantified on a phospho-imager.

Size Determination

The size of the active fraction was measured on a Supelco G3000PWXL

sizing column equilibrated with AB and run at 0.3 ml/min. We used a

peptide mix (Sigma) with peptides of 1046,573, 555, and 415 Da, as well as
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profilin (15,000 Da) and human chorionic gonadotropin (HCG, 3876 Da) for

size standards. The MW was estimated by plotting the log of the MW versus
the retention time.

Results

Purification

A destabilizing activity was identified using an assay designed to

identify inhibitors of MT assembly. In this assay we add rhodamine tubulin,

GTP, and axonemes to extract fractions and look for fractions that cause a

decrease in the number or length of MTS nucleated from axonemes. A

destabilizing activity was found in a 50 to 65% ammonium sulfate cut of a

boiled high speed supernatant of both Xenopus egg and calf thymus extracts.

This activity was further purified on a sizing column. The resultant fraction

contained very few proteins by silver stain. The only bands consistently

observed were at 4 and 8 kD by PAGE on an 18% gel. The activity was not

sensitive to trypsin, pronase E, or RNAse A. The size was later determined

on a higher resolution column. There were two peaks of activity from calf

thymus, at 1700 Da and 2600 Da, and one peak of activity from Xenopus egg

extracts at 1700 Da. These activities are distinct from the 17,220 Da protein

characterized previously (Belmont and Mitchison, 1995). Estimates of

protein concentration during purification are shown in table 1.

Videomicroscopy Analysis
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Parameters of dynamic instability were measured using video

enhanced differential interference contrast (VEDIC) microscopy. Tubulin

and GTP were added to active fractions from the sizing column and MTs
were recorded undergoing dynamic instability in real time. Growth rates

and catastrophe frequencies at various tubulin concentrations with and
without the active fraction are shown in table 2. These data show a decrease

in the growth rate and an increase in catastrophe frequency in the presence

of the active fraction. The three simplest explanations for this observation
are i) a decrease in the on rate of GTP tubulin, ii) an increase in the off rate of

GTP tubulin, or iii) a decrease in the effective tubulin concentration. The on

rate of GTP tubulin is determined by the slope of the line of growth rate vs.
tubulin concentration. Therefore, a decrease in the on rate of GTP tubulin

would result in a decrease in the slope of this line. The off rate of GTP

tubulin is the y-intercept of this line (Walker et al., 1988), so an increase in

the off rate should result in a decrease in the y-intercept. A decrease in the

effective tubulin concentration should result in no change in the slope of

this line and an increase in the x-intercept (and decrease in the y-intercept).

See figure 1 for a graphical representation of this.

To distinguish between these possibilities, we plotted the growth rate

as a function of tubulin concentration (figure 2a). There was only a slight

decrease in the slope and a large decrease in the y intercept. This suggested

that the observed changes in MT dynamics were unlikely to be due to a

decrease in the on rate of GTP tubulin. To distinguish between the other to

models we plotted catastrophe frequency as a function of growth rate. If the

observed changes were due simply to a decrease in the effective tubulin

concentration, there should be no change in the catastrophe frequency at a

given growth rate. However, figure 2b shows that there is an increase in the
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catastrophe frequency plotted as a function of growth rate. This suggests that

the observed changes in dynamic instability are not simply due to decreasing

the amount of tubulin available for assembly, and may be due to an increase

in the off rate of GTP tubulin on growing microtubules. An alternative

explanation is that there is an increase in the rate of GTP hydrolysis on the

polymer. This will be addressed in the next section.

The Activity Increases the Depolymerization Rate of GMPCPPMTs

To further characterize the activity, we tested its ability to destabilize

microtubules polymerized with a very slowly hydrolyzable GTP analog,

GMPCPP. Microtubules polymerized with this analog are stable for many

days at room temperature (Hyman et al., 1992) in BRB80, but are

depolymerized in less that 10 minutes in a crude Xenopus extract (data not

shown). Figure 3a shows that rhodamine tubulin GMPCPP MTs are gone in

a matter of hours in the presence of the active fraction. By measuring length

as a function of time in the presence of the active fraction, we determined

that this due to an increase in the rate of depolymerization of GMPCPPMTs

(figure 3b). The off rate determined for GMPCPP tubulin in the presence of

the factor was 0.43 dimers/sec (assuming 1634 dimers/pum). The off rate was

0.08 s−1 in buffer, and 0.23 sºl in 10pg/ml nocodazole. The active fraction

increases the off rate of GMPCPP tubulin by 5 fold over buffer, and nearly 2
fold over nocodazole.

The Activity Does Not Increase the Rate of Hydrolysis of GMPCPP
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We next wanted to determine if the destabilization of GMPCPP

microtubules was due to an increase in the rate of hydrolysis of this analog

in the presence of the active fraction. We labeled the Y phosphate of
GMPCPP with 32P, and made rhodamine tubulin GMPCPP* microtubules.

These were incubated in the presence or absence of the active fraction and

aliquots were examined on TLC at various time points. Figure 4a shows that

the initial rate of hydrolysis of GMPCPP is not increased in the presence of

the active fraction. The rate of hydrolysis of this GTP analog in MTs in the

presence of the active fraction is nearly zero after 4 hrs, the time at which all

the microtubules are gone. Therefore, we conclude that the destabilization

of GMPCPP microtubules is not due to an increase in the rate of hydrolysis of

GMPCPP in the presence of the activity, and probably results from an
increase in the off rate of GMPCPP-tubulin from MT ends.

Discussion

In this work we partially purified a small molecular weight factor that

increases the catastrophe frequency and decreases the growth rate of

microtubules. The increase in catastrophe frequency is more than would be

expected simply from decreasing the growth rate, suggesting that it

specifically affects the catastrophe frequency. Analysis of dynamic

parameters of MTs suggest that it may act by increasing the off rate of GTP

tubulin from the ends of growing microtubules. This model is further

supported by experiments demonstrating that the activity increases the off

rate of GMPCPP-tubulin, without increasing the rate of hydrolysis. This GTP

analog is very slowly hydrolyzed on MTs, and hydrolysis of GTP is necessary
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for depolymerization of pure tubulin. The active fraction seems to

circumvent the requirement for nucleotide hydrolysis for depolymerization.

Current models predict that dynamic instability can be modulated by

the off rate of GTP bound tubulin and predict that increasing this rate will

increase the catastrophe frequency (Bayley et al., 1990). The results presented

here suggest that there may be a cellular factor that regulates MT transition

frequencies by increasing this rate. This is consistent with earlier studies

showing that transition frequencies are a major regulated dynamic
parameter of MTS (Belmont et al., 1990; Gliksman et al., 1992; Shelden and

Wadsworth, 1993).
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Figure Legends

Table 1 Partial Purification of a MT Destabilizing Factor

The active fraction was partially purified using an assay that identifies MT

destabilizing activities. Protein concentrations of active fractions were

determined by Bradford assays.

Table 2 Parameters of Dynamic Instability

MTs were observed undergoing dynamic instability by VEDIC at 370C. 7ul of

the sizing column fraction was added to 3 pil of tubulin, GTP and axonemes

and the growth rates and catastrophe frequencies were measured on plus
ends of MTs. Slides were observed for a maximum time of 15 minutes.

Figure 1 Models for Observed Changes in Dynamic Instability

If the activity is simply making tubulin unavailable for assembly, we expect

an increase in the x intercept of the growth rate vs. tubulin concentration. If

the activity causes a decrease in the on rate of tubulin, we expect a decrease in

the slope, and if the activity increases the off rate of GTP tubulin, we expect a

decrease in the y intercept of this line.

Figure 2 Observed Effects on Dynamic Instability

A. Growth rates of plus ends are shown as a function of tubulin

concentration for tubulin plus buffer (o), the active fraction from frog (a ),

and the active fraction from calf thymus (6) The primary change is a

decrease in the y intercept, with only small changes in the slope. The

equations derived from a linear regression are: buffer, y=-0.001 +0.0034x

(R=0.98); frog fraction, y=-0.0140.0030x (R=0.98); thymus fraction, y=-
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.008+0.0024x (R=0.97). B. The catastrophe frequency plotted as a function

growth rates for tubulin plus buffer (o), the active fraction from frog (D), and

the active fraction from calf thymus (6). The increase in catastrophe in the

presence of the activity is greater than expected simply from lowering the

growth rate.

Figure 3 Destabilization of GMPCPPMTs

A. The number of GMPCPPMTs per field was counted in the presence of

buffer (o) and the active fraction from calf thymus (a ). Twenty fields were

counted for each time point. B The length of MTs in buffer (o) or the active

fraction from calf thymus (a ) was measured for 150 to 200 MTs per time

point for each condition. The slope of the line in the buffer control is -0.18

and the slope in the presence of the active fraction is -0.95. The gives an off

rate of GMPCPP tubulin of 0.08 s−1 in buffer and 0.43 sºl in the presence of the
active fraction.

Figure 4 Hydrolysis of GMPCPP by MTs

We measure the hydrolysis of GMPCPP in MTs in the absence (o) or presence

(a) of the active fraction from calf thymus. In the first 4 hours (A) the slopes

of these two lines are identical (0.1). The MTs in the buffer control continue

to hydrolyze GMPCPP over the next 66 hrs, but in the presence of the active

fraction the rate of hydrolysis levels off after the MTs are gone.
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Table 1

Fraction Protein Concentration

Crude Extract 80 mg/ml
High Speed Sup 16 mg/ml
Ammonium 7.5 mg/ml
Sulfate, 50-65%
Boiled Ammonium 1 mg/ml
Sulfate cut
Sizing Column Peak 0.5pg/ml

Table 2

Tubulin (uNM n Growth (um/s

Tubulin 7 15 0.025
14 15 0.041
21 12 0.072

Tb +

Thymus 14 11 0.028
Fraction 21 10 0.038

28 6 0.062

Tb-Frog 10.5 11 0.023
Fraction 14 13 0.028

21 11 0.053

Protein/ml crude extract

80 mg
32 mg
15 mg/ml

0.2 mg

0.5pig

sd t Frequency (S-1)

0.008 0.0011
0.01 0.0007
0.023 <0.00098

0.011 0.006
0.015 0.0039
0.02 0.003

0.016 0.012
0.017 0.0065
0.011 In OIle
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DISCUSSION

In conclusion, I will primarily discuss the implications of identifying

Op18 as a catastrophe factor and future directions this project might take.

However, I first want to say a few words about the other projects that didn't

come to such a satisfying conclusion. I will discuss the tantalizing data on

the very small molecular weight catastrophe factor as well as uses and

limitations of the MT GTPase assay.

In the course of purifying Op18, I also partially purified a very small

molecular weight factor that destabilized MTs. This factor was also heat

stable and eluted from a sizing column at a position indicating a molecular

weight of about 1700 Da. It could be partially purified by boiling a high speed

supernatant of Xenopus or thymus extract and running the heat soluble

fraction over a high resolution sizing column. By adding this partially

purified factor to pure tubulin and analyzing MT dynamics with video

enhanced differential interference contrast (VEDIC) microscopy, I

determined that it acted as a catastrophe factor. This fraction also showed a

very impressive ability to destabilize GMPCPP MTs. We were unable to

identify the factor responsible for this activity, largely due to inexperience in

dealing with things that didn't behave as proteins or nucleic acids. The

activity was not sensitive to the proteases tested, RNAse A, or NP40. I was

unable to recover the activity from anion or cation exchange columns.

However, this fraction showed very strong MT destabilizing activity and

behaved functionally different from Op18 in its ability to destabilize GMPCPP
stabilized MTs. Further characterization demonstrated that this factor

stabilized GMPCPP MTs without increasing the rate of hydrolysis of this

slowly hydrolyzable GTP analog. This, in conjunction with real time
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analysis, suggested that it may act by increasing the off rate of GTP (or

GMPCPP) tubulin. I would encourage anyone who was interested in trying

to identify and further characterize this factor.

In any attempt to finish purifying this activity I would recommend

the following. Omit the ammonium sulfate step and try would an organic

extraction. I would test the solubility properties of the activity in solvents

such as MeOH and EtOH. If it is soluble in these, try butanol, hexane and

cyclohexane. After further purification, get the sample analyzed by mass

spectometry to assess the purity.

The assay designed to measure GTPase activity on MT ends (appendix

2) has some use in characterizing purified components. However, this assay

has serious limitations as an assay for identifying new factors. The main

problem is that there are too many false positives. I thought I could escape

this problem by measuring both MT and solution GTPase, and only selecting
fractions that showed MT GTPase but no solution GTPase. The drawback

with this solution is that essentially all fractions that elute from a sizing

column in the normal molecular weight range for proteins either show

solution and MT GTPase or no GTPase at all. If one wanted to pursue the

identification of factors that increase the GTPase rate of MTs, I would

recommend refining the assay until there are positives for MT GTPase that

are clearly distinct from solution GTPases that are in the normal molecular

weight range for proteins. However, I would not encourage anyone to

pursue this project unless there is some evidence produced to support the
existence of such factors.

Clearly the result of greatest interest is the identification of Op 18 as a

MT catastrophe promoter. This protein was purified on the basis of its MT

destabilizing activity, and shown to be a catastrophe factor by VEDIC analysis.
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This protein also binds to unpolymerized tubulin dimers and inhibits

stabilization of MTs by taxol when added prior to taxol. Studies from other

labs suggest that Op.18 may be regulated by phosphorylation in a cell cycle

dependent manner. This information suggests numerous experiments. The

first experiments, designed to look at the in vivo function of Op18 have

already been initiated in our laboratory. Other labs have expressed antisense

constructs to inhibit Op18 expression and seen a block at G2 and in M. It

would be quite interesting to repeat those experiments and look carefully at

MT staining patterns to determine if there a specific defect in MTs.

Additionally, frog extracts provide an excellent experimental system in

which to address questions of the role of Op18 in regulating MT dynamics

and spindle assembly. We have made anti-peptide antibodies to Xenopus

Op18 (stathmin) and immuno-precipitated this protein from mitotic extracts.

This results in larger and brighter MT asters, as well as an increase in the

number of free MTs. This indicates that the Op.18 protein does have a role in

destabilizing MTS in cellular extracts, and most likely in vivo. More careful

studies to dissect the role of this protein in MT dynamics and spindle

assembly and function are in progress.

There are also a number of experiments that will address mechanistic

questions of Op18 function. The first obvious experiment is to dissect the

functional importance of Op.18 phosphorylation. A number of careful

studies have yielded a map of the phosphorylation sites on Op18 and

demonstrated that these sites can be phosphorylated in vitro on bacterially

expressed or purified Op18. Therefore, we have the tools in hand to

determine how phosphorylation on these sites influences the ability of Op18

to bind to tubulin dimers and to destabilize MTs. This should provide

mechanistic insights into Op18 functions in vivo, specifically can
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phosphorylation change its affinity for tubulin or its ability to de-stabilize

MTs? It is also possible that phosphorylation of Op18 changes its affinity for

other proteins. This question can be addressed by expressing Op18 constructs

with mutated phosphorylation sites and immunoprecipitating the resulting

proteins from extracts or cells, or immuno-precipitating endogenous Op.18 at

various stages in the cell cycle.

A very interesting and testable hypothesis is that Op18 could modulate

the nucleotide bound to the tubulin dimer. This type of regulation is seen

with actin binding proteins, but has never been reported for tubulin.

Vandecandelaere et al., (1995) have demonstrated that increasing the ratio of

GDP to GTP tubulin can in fact increase the frequency of catastrophes with

little effect on growth rates. It will be straightforward to test the affinity of

Op18 for GTP and GDP tubulin using the gel filtration assay described in

chapter 2. Op18 could increase the ratio of GDP to GTP tubulin simply by

having a higher affinity for GDP tubulin. At present, Op.18 (with an

undefined phosphorylation state) has only been tested for its ability to bind
GDP tubulin.

Another potential study is to determine if Op18 could be used to assist

in the crystallization of tubulin. It has been difficult to crystallize cytoskeletal

polymer subunits because they tend to polymerize under crystal forming

conditions. This problem was overcome for actin by co-crystallizing with

DNase I, a protein with a high affinity for actin. It is possible that Op18 could

be used in a similar way to crystallize tubulin. Preliminary results from the

sizing column indicate that there may be two Op18 binding sites on a tubulin

dimer. Even if Op18 does not facilitate the crystallization of tubulin, it may

still be very interesting to know its crystal structure, for mechanistic

information and for potential medical applications. Given the success of the
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MT stabilizing drug, taxol, in cancer chemotherapy, inhibiting this

destabilizer of MTs may also prove effective as a cancer therapy. Knowing

the crystal structure may help in drug design.

I will conclude by proposing a general model incorporating the known

regulators of MTs. MAPs, the best characterized regulators of MTs were

discussed extensively in the introduction. Additionally, there are proteins

that sever MTs (Shiina et al., 1992, McNally and Vale, 1993, Shiina et al.,

1994), and recently a kinesin related protein, XKCM1 has also been shown to

act as a catastrophe factor. Two MAPs found in dividing cells, MAP4 and

XMAP230, are phosphorylated in mitosis and this phosphorylation lowers

the MT stabilizing activity of these MAPs (Vandre et al., 1991, Andersen et

al., 1994, Ookata et al., 1995). These MAPs may regulate cell cycle changes in

MT dynamics by suppressing catastrophes and increasing rescue in

interphase. Op18 is a good candidate for a protein that actively increases the

frequency of MT catastrophes in mitosis. Preliminary results from Op.18

depletion in extracts suggests that it may play a role in keeping non-spindle

MTs depolymerized. XKCM1 could also play a role in this, however,

immunolocalization reveals that the majority of this motor protein is

localized to centromeric and centrosomal regions (Walczak et al., 1995). The

authors of this work favor a model in which XKCM1 acts primarily to

regulate dynamics of MTS attached to kinetochores. Severing factors may

play a role in breaking down the long MT arrays when cells are transiting

from interphase to mitosis. Alternatively they may play a role in flux.

Spindles exhibit a flux of tubulin subunits towards the spindle pole even in

the presence of DMSO (Sawin and Mitchison, 1994). Since MT severing

proteins can sever stabilized MTs they are a likely candidate for the factor

that causes subunit loss at the centrosome. The cell cycle dependent
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functions and cellular localization of these MT regulators are depicted in

figure 1.
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Appendix 1 MT/MAP Depleted Extracts

Dilute crude Xenopus extract with an equal volume of cold BRB80 + Protease
Inhibitors (LPC 2011g/ml) and 0.2% BME.

spin at 100K rpm 30' in TLA 100.3 or 100.4 rotor in tabletop ultra

to the sup add taxol to 201M and GTP to 1mM

incubate 20' on ice

spin 15' 100K in TLA 100.3 150C

to sup add taxol to 5puM

incubate room temp 10

spin 15' 100K in TLA100.3

tranfer sup to a tube containing 1/5 volume of packed SM2 bio-beads(BioFad)
equilibrated with BRB80.

rotate in the cold for 1 hr

pellet the beads and transfer the sup to a new tube with 1/5 volume bio-beads (a
syringe with a 27g needle works well for removing the sup and not the beads)

rotate in the cold 1 hr

This protocol gave a final depleted sup with 0.025 mg/ml tubulin, starting with
a high speed sup with 1 mg/ml tubulin, as estimated from a Western blot.
XMAP was detected only in the MT pellets, not in the taxol sups. No taxol was
left in the final sup as assayed by looking for the presence of cold stable MTS
upon addition of tubulin.
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Appendix 2 Microtubule GTPase Assay

The following conditions were used for asays designed to identify factors that

increase the GTPase rate at the plus ends of microtubules.

-Mix on ice to a final volume of 145.5 pil to give the following final

concritrations of tubulin (12 mg/ml), rhodamine tubulin (0.33 mg/ml),

GMPCPP (1mM) in assay buffer (AB) or BRB80.
-Incubate on ice for 10'.

-Incubate at 370C for 10'.

-Add taxol to 100 puM.

-Layer onto warm 2.5 ml cushion of 60% glycerol, 0.1%2-ME, 21M taxol in a
TLA 100.4 tube.

-Pellet 20 at 80K rpm in the TLA 100.4 at 35oC.

-Wash cushion 3 times, wash pellet once with warm buffer

-Resuspend in 160 pil of AB with 100pm taxol at room temperature

-Dilute 20 puCi of O.32P GTP into a final volume of 47 pil in AB.

-Add 10 pil of MTs to each TLA100 tube.

GTPase Assay

-At t=0, add 3pil of hot GTP mix.

-At t=3', add 50 pil of the fration to be assayed (room temperature).

-At t=15, spin in TLA100 2' at 250C, 100K rpm.

-At t=21' add the sup to 100 pil of STOP (8M urea, 20 mMEDTA, Tris pH 8.5),

wash pellet with 100pul room temperature AB.

-At t=24' add 20 pil STOP to pellet, pipette to mix.
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TLC

-Spot 1 pil each of 10 mM GTP and GDP onto spots 1.2 to 1.5 cm apart (mark

with pencil) on a PEI (UV) TLC plate. On top of these spots pipette either 2 pil

of the pellet or 3 pil of the supernatent.

-Run in 1.4 M LiCl until the solvent is nearly to the top. Visualize the spots

with UV (short wavelength), dry the plate and quantitate the hydrolysis in

the phospho-imager (20 to 30').

This assay was not very useful useful for the identification of novel

regulators of MT dynamics because there were too many false positives. It

may be of use in characterizing factors that have been shown to regulate MT

asembly by other criteria.
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