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Abstract. In eukaryotic cells, the onset of mitosis in-
volves cyclin molecules which interact with proteins of
the cdc2 family to produce active kinases. In verte-
brate cells, cyclin A dependent kinases become active
in S- and pro-phases, whereas a cyclin B-dependent
kinase is mostly active in metaphase. It has recently
been shown that, when added to Xenopus egg extracts,
bacterially produced A- and B-type cyclins associate
predominantly with the same kinase catalytic subunit,
namely p34<2, and induce its histone Hl kinase activ-
ity with different kinetics. Here, we show that in the
same cell free system, both the addition of cyclin A
and cyclin B changes microtubule behavior. However,
the cyclin A-dependent kinase does not induce a dra-
matic shortening of centrosome-nucleated microtubules
whereas the cyclin B-dependent kinase does, as previ-
ously reported. Analysis of the parameters of micro-
tubule dynamics by fluorescence video microscopy

shows that the dramatic shortening induced by the cy-
clin B-dependent kinase is correlated with a several
fold increase in catastrophe frequency, an effect not
observed with the cyclin A-dependent kinase. Using a
simple mathematical model, we show how the length
distributions of centrosome-nucleated microtubules re-
late to the four parameters that describe microtubule
dynamics. These four parameters define a threshold be-
tween unlimited microtubule growth and the establish-
ment of steady-state dynamics, which implies that well
defined steady-state length distributions can be pro-
duced by regulating precisely the respective values

of the dynamical parameters. Moreover, the dynamical
model predicts that increasing catastrophe frequency is
more efficient than decreasing the rescue frequency to
reduce the average steady state length of microtubules.
These theoretical results are quantitatively confirmed
by the experimental data.

cle requires the activity of kinases which control the

structural and biochemical events specific of each cell
cycle phase (Draetta and Beach, 1989; Minshull, 1989;
Nurse, 1990). The catalytic subunits of these kinases are en-
coded by a family of cdc2 related genes whereas regulatory
subunits are encoded by a family of cyclin genes (Hunt,
1989; Hunter and Pines, 1991). It has been observed that,
at least in the case of muiticellular organisms, a kinase asso-
ciated with cyclin A is activated during S-phase and remains
active throughout prophase. Moreover, this kinase is inac-
tivated during metaphase, while another kinase activity as-
sociated with cyclin B becomes important (Giordano et al.,
1989; Minshull et al., 1990; Pines and Hunter, 1990). In
agreement with the timing of its activation, cyclin A depen-
dent kinase seems to be required at the G1-S and G2-M tran-
sitions (Pagano et al., 1992). Although its exact function is
still unclear, it seems to regulate the nucleating activity of
centrosomes (Buendia et al., 1992) and to play a role in
DNA replication (Pagano et al., 1992). The cyclin B-depen-

IN eukaryotes, progression through the cell division cy-
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dent kinase is probably involved in nuclear envelope break-
down (Heald and McKeon, 1990; Peter et al., 1990; Ward
and Kirschner, 1990), inhibition of endosome fusion (Thomas
et al., 1992; Tuomikoski et al., 1989) and mitotic spindle
assembly (Murray and Kirschner, 1989). It is not clear, how-
ever, if the two kinases have entirely different functions, if
they can substitute for each other or if they have only par-
tially overlapping functions (Hutner and Pines, 1991; Min-
shull et al., 1990). It is therefore essential to establish
detailed causal relationships between the activity of these
cyclin-dependent kinases and the structural and dynamical
changes that take place during different cell cycle phases. For
instance, in the study of mitosis, one can ask whether the ki-
nase activities associated with cyclin A and cyclin B have
similar effects on the changes in microtubule dynamics asso-
ciated with spindle assembly (Karsenti, 1991; McIntosh and
Hering, 1991; Mitchison and Sawin, 1990; Salmon, 1989).

In this article, we address such questions by comparing the
effects of cyclin A- and cyclin B-dependent kinases on the
assembly of microtubules nucleated by centrosomes in frog
egg extracts that closely mimic in vivo conditions (Lohka
and Maller, 1985). We find that both kinases produce well-
defined, but different, steady state length distributions of
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the centrosome-nucleated microtubules. These structural
changes in microtubule length distributions are correlated
with specific changes in assembly dynamics. We present a
mathematical analysis which shows how, through a modula-
tion of the parameters of microtubule dynamics, the cyclin-
dependent kinases can modify the length distributions of
centrosome-nucleated microtubules. The results of the
model agree quantitatively with the dynamic measurements
made using video-enhanced fluorescence microscopy.

Materials and Methods

Materials

Human cyclin A produced in bacteria in a soluble form and purified accord-
ing to Pagano et al., was obtained from G. Draetta (EMBL, Heidelberg,
Germany) (Pagano et al., 1992). Purified sea urchin A90 cyclin B was ob-
tained from M. Glotzer (Glotzer et al., 1991). Human centrosomes were
prepared according to Bornens et al. (Bornens et al., 1987) from KE 37
lymphoblasts.

Frog Eggs

Xenopus females were injected with 100 U PMSG (Chronogest 500; Inter-
vet, Holland) at least 3 d before use. Frogs were induced to lay eggs by injec-
tion of human chorionic gonadotropin (HCG!; Sigma Chemical Co., St.
Louis, MO) the night before. After injection with HCG, the frogs were kept
in 1 liter of 0.1 M NaCl to avoid egg activation. The eggs were collected
and rinsed several times in MMR/4 (1 x MMR is 0.1 M NaCl, 2 mM KCl,
1 mM MgSO4, 2 mM CaCl;, 5 mM Hepes, 0.1 mM EDTA, pH 7.5) and
the Jelly coat removed in 2% cysteine (pH 7.8).

Preparation of the Extracts

Interphase arrested extracts were prepared from electrically activated eggs,
incubated in 100 pug/ml cycloheximide for 90 min as previously described
(Verde et al., 1990). The buffer used to prepare the extracts contained 100
mM K-Acetate, 2.5 mM Mg-Acetate, 60 mM EGTA, 10 pg/cytochalasin
D, 1 mM DTT (pH 7.2). Packed eggs were crushed by centrifugation at
10,000 g for 15 min in a minimum volume of buffer. An ATP regenerating
system (1 mM ATP, 10 mM creatin phosphate, 80 ug/ml creatin phos-
phokinase, final concentration) was added to the extract before further cen-
trifugation at 100,000 g. The histone H1 kinase activity was measured as
previously described (Félix et al., 1989) on histone H1 type IIIS (Sigma
Chemical Co.).

Visualization of Microtubules by Immunofluorescence

Microtubule polymerization was studied as in (Verde et al., 1990) in 15-l
aliquots of extracts incubated at room temperature in the presence of centro-
somes (10%/u] of extract). Microtubules were visualized by immunofluores-
cence after fixation of the extracts by dilution in 1 ml of 0.25% glutaralde-
hyde in RG] (80 mM Pipes, 1 mM EGTA, 1 mM MgCl,, 1 mM GTP, pH
6.8 with KOH). After 6 min at room temperature, the suspension was
layered on a 5-ml cushion of 25% glycerol (vol/vol) in RG2 (RGI without
GTP) in 15-ml corex tubes and centrifuged on a coverslip as described by
Evans et al. (1985). The coverslips were postfixed in methanol at ~-20°C for
5 min and treated with freshly prepared 0.1% sodium borohydride (S8-9125;
Sigma Chemical Co.) in PBS for 10 min at room temperature. Im-
munoftuorescence was performed with a polyclonal rabbit anti-tubulin and
fluorescein-conjugated goat anti-rabbit antibody, diluted in PBS containing
3% BSA and 0.1% NaN3. The coverslips were mounted in Moewiol, and
photographs were taken using a Neofluar 100X lens, mounted on an Ax-
iophot Photomicroscope (Carl Zeiss, Oberkochen, Germany), and recorded
on TMY-400 films (Eastman Kodak Co., Rochester, NY).

Preparation of Fluorescent Tubulin

Calf brain tubulin was prepared by cycles of polymerization and depolymer-
ization followed by phosphocellulose chromatography (Mitchison and
Kirschner, 1984a,b) and labeled with tetramethylrhodamine succynimidyl

1. Abbreviations used in this paper. .y, catastrophe frequency; frs, rescue
frequency; g, growth; HCG, human chorionic gonadotropin; s, shrinking.
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ester (Hyman et al., 1991). The stoechiometry of labeling was 1.24 mol of
rhodamine per mol of tubulin and the concentration 34 mg/ml. The labeled
tubulin was kept in liquid nitrogen in 2-pl aliquots.

Video Microscopy

Centrosomes (10%/ul final concentration), rhodamine tubulin (3 uM final)
and an oxygen scavenging system (0.2 mg/mi catalase, 0.4 mg/ml glucose
oxidase, 50 mM glucose, 4 mM DTT) were added to the extract after the
pre-incubation with cyclins. Less than 1/10 of the volume of extract should
be added for all components. 1.5 ul of the mixture were squashed under a
24 X 24 mm coverslip and sealed with Valap. The sample was observed
for no longer than 30-40 min.

Recordings were performed using an Axiovert 10 (Carl Zeiss) micro-
scope equipped with a standard Zeiss rhodamine filter set and a 63X (1.4
NA) Planapo Chromat objective. Images were collected through a Video-
scope KS 1381 intensifier, processed with an image processor (Argus 10;
Hamamatsu Phototonics, Hamamatsu City, Japan) and stored on a video-
disc using a LV 6000 system (Sony, Montvale, NJ). To avoid photobleach-
ing, the sample illumination was reduced using a Zeiss neutral density 4N
filter and closing the aperture diaphragm in the epi-illumination tube to the
minimum. Images were recorded every 5 s for the interphase and cyclin
A-treated samples, and every 2 s for the cyclin B-treated samples. The shut-
ter in front of the lamp was opened for 0.25 s, to collect and average eight
frames (25 frames/s). Background substraction, image averaging, shutter
control, and recording were coordinated using homemade software avail-
able upon request.

Data Analysis

Microtubule asters recorded on the video disc were displayed on a video
screen, frame by frame, and microtubule length measured with a cursor,
using the functions available on the Hamamatsu Argus 10 image processor
or an Image 1.5 program after frame grabbing in a Maclntosh II CI. For
the measurements of the dynamic parameters only microtubules of which
the plus end could be clearly seen over 0.5-2 min (typically 25 per experi-
ment) were used. The center of each aster was determined visually and used
as the origin of each microtubule measured in this aster. Growth (g) and
shrinking (s) rates (vg and vy were estimated by measuring changes in
length over 15-s intervals for the interphase and cyclin A experiments and
10-s intervals for the cyclin B experiments (typical observed growth and
shrinkage times were shorter for cyclin B-treated samples). The values are
averages of these rates using typically 50 intervals for vg and 25 for v,. The
catastrophe (rescue) events were determined by visual inspection of
microtubule behavior as described in the curves shown in Fig. 3. Only clear
and obvious transitions (see Fig. 3, arrows) were taken into account. Appar-
ent poses or slight changes in rates were not considered as transitions, but
treated as part of the growing and shrinking phases. The error we make in
estimating the dynamical parameters this way is discussed in the “error
evaluation and experimental limitations” section below. Catastrophe fre-
quency (fea) and rescue frequency (fres) were obtained by dividing the total
number of recorded catastrophe (rescue) events by the total time spent in
the growing (shrinking) phase over which the events were measured.

To determine microtubule average lengths in these experiments and com-
pare them with values determined theoretically, only microtubules with
lengths larger that Lmis = 5 um (cyclin A) or 3 um (cyclin B) and smaller
than Lmax = 20 pm were considered. Ly, is set by the area around the cen-
trosome in which it is impossible to see individual microtubules. It is larger
in cyclin A than in cyclin B treated extracts because centrosomes nucleate
more microtubules in the former case. The value of Liax is imposed by the
video setup (field of view). Microtubule lengths were estimated in every
fifth video frame using the same asters as those used for determining the
values Vg, Vs, fear, and fre.

Errors Evaluation and Experimental Limitations

There are several errors associated with the determination of the dynamical
parameters Vg, Vs, fear, and fres, as well as with the determination of
microtubule average lengths on video frames. The optical resolution of our
experimental setup, which determines how precisely we can locate visually
the microtubule ends, varies between 0.2 and 0.5 um. Provided that the cen-
trosome (and thus our reference point) does not move between one recorded
frame and the next (a 2- or 5-s interval), a given microtubule has to grow
or shrink at least 0.5 um in order for us to decide that it actually grew or
shrank. It is this criterion that we used in deciding at what instants transi-
tions between growing and shrinking phases occurred. The given errors as-
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sociated with the values for fiy and fres are statistical errors due to the finite
number of observed catastrophe (rescue) events. They are relatively large
because in general few events were observed. For very few events (<7) only
an upper bound for the actual rate could be estimated (the value between
brackets for the rescue rates in the cyclin treated extracts) (Particle Data
Group, 1990).

To estimate the average values for v and v, we measured systematically
length changes over fixed time intervals. We chose intervals of 15 s for
interphasic- and cyclin A-treated extracts and 10 s for cyclin B-treated ex-
tracts (which is of the order of the shortest observed growth and shrinkage
times) and checked that the exact choice of these intervals does not
significantly affect the results. We use the velocity distribution that we find
this way for every experiment to calculate the average growth or shrinkage
rate. The error given in Table I represents the statistical error associated
with this average value, due to the limited number of measurements and the
dispersion that we find. Note that when we estimate the length difference
between microtubules that are separated in time by several frames, an addi-
tional error shows up because we have to choose a new position for the cen-
ter of the aster. Centrosomes sometimes move and we can not always keep
our reference point in the center of the aster fixed. This error and the uncer-
tainty in the location of the tip (we estimate that the total systematic error
in one absolute length measurement can be around 1 um) as well as real
fluctuations in growth and shrinkage rates give rise to the observed disper-
sion in the velocity distributions.

The error given for the average length measurements represents again a
statistical error, due to the limited number of measurements and the vari-
ability between the analyzed frames. Because we measure several hundreds
of microtubules per experiment, this error is much smaller than the system-
atic error for one individual length measurement, which, as stated above,
we estimate to be ] um. One should note that in order to compare theoreti-
cally obtained average lengths with the measured average values one has to
take into account the geometry of the experimental set up (see following
section and Fig. 6).

In the following we discuss some experimental limitations that we think
should be kept in mind: for the measurements of the average microtubule
steady state lengths, our definition of absolute microtubule length (the dis-
tance between the center of the aster and the tip of the microtubule) is not
entirely realistic. We do not know where in the centrosome the microtubules
exactly start to grow. However, this fact is not very relevant for our results

because we are forced (by the size of the bright region in the center) to study
length distributions relatively far from the centrosome. These distributions
are not affected by the exact location at which microtubules are nucleated.

To estimate the dynamical parameters, we follow microtubules that grow
inside the focal field for a certain time. The finite depth of the focal field
(1-2 pm) allows them to grow under a small angle with respect to the focal
plane, which leads to an underestimation of the measured growth and
shrinkage rates of ~1-3%. We neglected this effect.

Apart from statistical errors the measurements of the dynamical
parameters, in particular those of the transition frequencies, are subject to
important systematic errors due to the finite spatial and temporal resolution
of the microscope. For instance, if a “catastrophe” and a following “rescue”
event occurring on a given microtubule are separated by a time interval
shorter than the period between two video frames, or if the microtubule
shrinks during this time by a distance shorter than the optical length resolu-
tion (0.5 um here), one misses these events. This may result in transitions
that do not seem always abrupt and render the interpretation of apparent
“pauses” and changes in instantaneous growth or shrinking rates difficult be-
cause pauses and changes in assembly rates do seem to exist independently
of these effects (Cassimeris et al., 1988; Schulze and Kirschner, 1988; Gil-
dersleeve et al., 1992). To estimate the importance of the fact that we filter
out some events, we performed a numerical simulation of dynamical
microtubules, characterized by four dynamical parameters, and then “mea-
sured” these parameters with the resolution of the experiments. We could
then adjust the theoretical parameters so that the “measured” values match
the ones observed in the experiment. We find that the theoretical values we
had to choose for the velocities v and v; are ~2-5% larger than the mea-
sured values, while for fo and fs these theoretical values had to be
~10-30% larger than the experimentally observed values. These differ-
ences are usually smaller than, or in the range of, the statistical errors due
to limited number of measurements.

In addition to systematic and statistical errors due to the finite spatial and
temporal resolution of the microscope, the measured values of the dynami-
cal parameters and steady state lengths may be influenced by interferences
between growing asters, interactions with the coverslips, local in-
homogeneities or aging of the proteins. As previously discussed (Belmont
et al., 1990), special care has to be taken to avoid the presence of oxygen
in the extracts, illumination must be kept as low as possible and the
rhodamine-tubulin concentration should be a small fraction (1/5th-1/10th)

Table 1. The Parameters of Microtubule Dynamics in Xenopus Egg Extracts
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v, v, fu frs J <L>
{um/imin) {um/min) {1/} {1/s} {um/min) {um)
Interphase
6.5+ 03 93 £ 05 0.012 + 0.003 0.020 + 0.005 +0.58
7.6 + 0.4 94 + 05 0.011 + 0.003 0.016 + 0.005 +0.67
Cyclin A
25 nM 9.8 + 0.6 9 +1 0.011 4 0.004 0.010 (<0.016) - 0.05
50 nM 89 + 04 16 +2 0.013 + 0.004 0.004 (<0.010) -10.1 14 4+ 7
100 nM 11.1 £ 0.7 106 + 0.9 0.018 + 0.005 0.004 (<0.010) - 6.7 13+7
9.7 + 04 123 £ 0.7 0.025 + 0.004 0.005 (0.011) — 8.6 8 +2
10.6 + 0.4 13.6 + 0.9 0.016 + 0.004 0.007 (<0.01D) - 6.2 1747
Cyclin B
500 nM 8.8 + 0.7 13.7 £+ 0.9 0.05 + 0.01 0.006 (<0.010) -11.3 32+ 08
83+ 05 10.6 £ 0.9 0.06 + 0.01 0.003 (<0.007) - 9.3 29407

Average polymerization (v;), depolymerization (v;), catastrophe (f.), and rescue (fy.) rates for microtubules in interphase, cyclin A-, and cyclin B-treated ex-
tracts, together with the corresponding calculated values of J (average microtubule growth rate) and <L> (average microtubule steady state length). Experiments
were conducted in the same extract (stored frozen in liquid nitrogen). Rhodamine tubulin was added at a concentration of 0.3 mg/ml and the endogenous tubulin
concentration was about 15 uM as evaluated by immunoblotting (Similar results were obtained in different extracts). Microtubules of which the end could be clearly
seen over 0.5-2 min (typically 25 per experiment) were used. Polymerization and depolymerization rates were estimated by measuring changes in length over
15-s intervals for the interphase and cyclin A experiments and 10 secs intervals for the cyclin B experiments. The values are averages of these rates associated
with the expected error over the total number of intervals per experiment (typically 50 for polymerization rates and 25 for depolymerization rates). The catastrophe
(rescue) events were estimated by dividing the total number of observed catastrophe (rescue) events by the total time spent in the growing (shrinking) phase over
which the events were measured. The given standard errors are relatively large because in general few events were observed. For very few events (less than seven)
only an upper bound for the actual rate could be estimated (the value between brackets for the rescue rates in the cyclin treated extracts) (Particle Data Group,
1990). The values of J and <L> were calculated from the dynamical parameters with equations 5 and 8. Standard error propagation (Particle Data Group, 1990)
provides the error in <L>. Note that, because of the non-linear dependence on the transition rates (f., f..) and the large uncertainities for these rates, this error
turns out to be especially large for large values of <L>. The histone H1 kinase produced by cyclin A was 4-5, 8-10, and 15-25 pmol/min/ul of extract at 25,

50, 100 nM, respectively, and that produced by cyclin B was 15-20 pmol/min/ul at 500 nM,

Verde et al. Cyclins and Microtubule Dynamics
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of the whole tubulin concentration present in the extract. We remained in
these limits and we reproduced the results of Belmont et al. (1990) concern-
ing the shortening effect of rhodamine-tubulin on centrosome-nucieated
microtubules visualized by centrifugation and immunofluorescence on cov-
erslips. With the ratio of rhodamine-tubulin/cold tubulin in our experi-
ments, the shortening effect should be around 20% (Belmont et al., 1990).
We used the same concentration of rhodamine-tubulin in all experiments.
To compare the effect of light irradiation on microtubule dynamics, in one
experiment the same cyclin A-treated sample was recorded (and therefore
illuminated) every 5 and every 2 s. We did not detect any difference in the
parameters of microtubule dynamics,

Geometrical Correction

The theoretical steady state microtubule distributions were obtained assum-
ing an exponential length distribution (equation 7), <L>> being calculated
using the dynamical parameters from the experimental recordings (equation
8). To compare the theoretical distributions with the experimentally ob-
served length distributions and average lengths, the calculated exponential
distributions were corrected to take into account the geometry of the ex-
perimental setup. On the video recordings, one does not measure the real
lengths of the microtubules, but rather the projections onto the focal plane
of the parts of microtubules which are in focus (i.e., inside the depth of field,
shown schematically in the inset to Fig. 6). Each time we numerically simu-
lated a three dimensional aster with an exponential length distribution
where we supposed a random, isotropic distribution of microtubule orienta-
tions. Given the calculated average length <L>> of this three dimensional
distribution, we then estimated what should be their apparent length distri-
bution in two dimensions for different values of the depth of field and differ-
ent positions of the centrosome. This correction is important but not very
sensitive to the exact value of the depth of field, d (Haferkorn, 1981) nor
to the exact position of the centrosome within this area. The apparent aver-
age length of these distributions was, as in the experiments, calculated with
a lower cut-off at Ly, and an upper cut-off at Lnax (see data analysis).

Results

Cyclin A- and Cyclin B-dependent Kinases
Produce Microtubule Asters with Different Steady
State Length Distributions

Concentrated Xenopus egg extracts are commonly used to
study the dynamics of cellular organelle morphogenesis in
interphase and mitotic environment in vitro (Belmont et al.,
1990; Blow and Laskey, 1986; Dabauvalle et al., 1991;
Hutchison et al., 1989; Lohka and Maller, 1988; Newport,
1987; Newport and Spann, 1987; Verde et al., 1990). In this
work, we used extracts prepared from eggs arrested in inter-
phase by inhibition of protein synthesis for 90 min during the
first Xenopus embryonic cell cycle (Félix et al., 1990). These
extracts were devoid of endogenous A and B type cyclins as
revealed by immunoblot analysis with antibodies raised
against the Xenopus molecules (not shown). The addition of
human cyclin A (Pagano et al., 1992} or sea urchin A90 cy-
clin B (Glotzer et al., 1991) purified from transformed bacte-
ria to these extracts resulted in a strong increase in the level
of Hl1 kinase activity (Buendia et al., 1991). This is due to
the association of the added cyclins with cdc2 molecules
present in large excess in the egg extracts (Kobayashi et al.,
1991). It has been shown that >80% of the H1 kinase activity
produced by each cyclin can be attributed to the activation
of p34« proper (Clarke et al., 1992). We first examined
qualitatively the effects of cyclin A- and cyclin B-dependent
kinases on centrosome-nucleated microtubules by fixing the
extracts and staining the microtubules by immunofiuores-
cence after centrifugation on glass coverslips (Verde et al.,
1990). In interphase extracts, extensive spontaneous poly-
mer assembly was observed and the centrosomes nucleated
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very long microtubules (Fig. 1 a). The only factors limiting
the growth of centrosome-nucleated microtubules seemed to
be the decrease in free tubulin concentration due to the ex-
tensive spontaneous assembly and the finite size of the con-
tainer. Addition of cyclin B to these extracts eliminated spon-
taneous polymer assembly and induced the formation of
very short microtubule asters around the centrosomes (Fig.
1 b). This effect was similar to that of purified cdc2 kinase
(Verde et al., 1990) and to findings of Belmont et al. (Bel-
mont et al., 1990) who used the same cyclin B. Cyclin A also
suppressed spontaneous polymer assembly in the extracts,
but the centrosome-nucleated microtubules remained much
longer than in the cyclin B-treated extracts (Fig. 1 ¢). A
dose-response curve of microtubule length as a function of
cyclin A or cyclin B concentration showed that adding 300
nM cyclin A or 500 nM cyclin B to interphase extracts pro-
duced an histone H1 kinase activity of 40-50 pmol/min/ul
and 30 pmol/min/ul, respectively. Yet, in the cyclin
A-treated extract, the longest microtubules remained about
three times as large as in the cyclin B treated extract (Fig.
D, although at these cyclin concentrations 90% of the
p34cdc2 molecules present in the extract were bound to the
cyclins and activated (Clarke et al., 1992). We did not evalu-
ate microtubule average lengths in these experiments be-
cause we could not measure the dynamic parameters directly
and because they cannot be compared with the video-
microscopy data given the fact that there is no rhodamine-
labeled tubulin added to these extracts (see methods). In any
case, it is clear that qualitatively, both in cyclin A~ and in
cyclin B-treated extracts, microtubules reach well defined
but different steady state length distributions. This could not
be attributed to a depletion of tubulin subunits because there
is no spontaneous polymerization and the amount of tubulin
incorporated into the asters is negligible compared to the to-
tal amount of tubulin present in the extracts (Verde et al.,
1990). Nor could this be attributed to the finite size of the
container, since the latter was much larger than the maxi-
mum length of the microtubules. One is thus left with the
possibility that different steady state length distributions of
the asters are produced in response to a specific regulation
of the parameters of microtubule dynamics by cyclin A- and
cyclin B-dependent kinases, for instance through a targeting
towards specific substrates.

Cyclin A- and Cyclin B-dependent Kinases Affect
Differently the Parameters of Microtubule Dynamics

The dynamical process underlying the assembly of microtu-
bules is called “dynamic instability” (Mitchison and Kirsch-
ner, 1984a,b). In the simplest description of this phenome-
non, a microtubule can polymerize with a linear velocity v,
or depolymerize with velocity v,. These two states of
growth and shrinkage are separated by apparently stochastic
transition events called “catastrophes” (transitions growth—>
shrinkage, with frequency f.) and “rescues” (transitions
shrinkage—>growth, with frequency f.). The four pa-
rameters Vs, Vg, ., and f., therefore characterize the dy-
namical properties of a population of microtubules (Carlier,
1991; Walker et al., 1988). To study this dynamical process
we analyzed the behavior of centrosome-nucleated microtu-
bules in egg extracts by video-enhanced fluorescence mi-
croscopy. Images on which microtubule dynamics was ana-
lyzed in interphase, cyclin B- and cyclin A-treated extracts
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Figure 1. Effect of addition of cyclin A or B to interphase extracts on microtubule assembly. Cycloheximide-treated extracts were incubated
with human centrosomes at room temperature for 15 min after pre-incubation for 45 min at room temperature in the absence (@) or in
the presence of cyclin B (500 nM) (b) or cyclin A (300 nM) (c). The extract was then fixed and immunofluorescence performed as described
in Materials and Methods. The histone kinase activity measured during the incubation is shown in the lower left corner. Bar, 5 ym.

are shown in Fig. 2. The arrowheads point to examples of
growing and shrinking microtubules. Again, we observed
that cyclin B produced much shorter microtubule asters than
cyclin A for the same level of kinase activity measured on
histone H1, while both eliminated the free polymerization
(Fig. 2). In interphase extracts microtubules remained an-
chored to the centrosomes. However, in the presence of both
cyclin A- and cyclin B-dependent kinases, microtubules
sometimes detached from the centrosomes and wandered
away. This effect might be due to the activation of the mitotic
microtubule severing activity (Vale, 1991). This is visible in
the cyclin A-treated extract in Figure 2¢. We did not take into
account these free microtubules in our quantitative measure-
ments. Examples of the dynamics of individual microtubules
are shown in Fig. 3. The growing and shrinking periods as
well as the transitions between them are clearly seen on these
curves. The values of the parameters of microtubule dy-
namics in the different extracts, are shown in Table 1. Keep-
ing in mind the experimental limitations (see Methods), we
can summarize the results presented in Table I as follows: (a)
both cyclin A- and cyclin B-dependent kinases increase the
velocities v; and v;, although this effect is relatively small
(20-30%); (b) both cyclin dependent kinases seem to de-
crease the “rescue” frequency f..,. Because of the very small
number of recorded events, the exact value of this parameter
in cyclin-treated extracts was not well established, and there-
fore we give only an upper bound to the rescue frequencies;
and (c¢) while cyclin B-dependent kinase increases several
fold the “catastrophe” frequency f.., this is not the case for
cyclin A-dependent kinase whose effect on f.. hardly ex-
ceeds the resolution limits of the experiments. We routinely
used cyclin B at 500 nM to ensure proper activation of the
kinase (to a level of 15-20 pmol/min/ul) because cdc2 kinase
is only activated when cyclin B concentration exceeds a
threshold (50-100 nM), whereas this is not the case for cy-
clin A (Clarke et al., 1992). The range of cyclin A concentra-
tions shown in Table I (from 25 to 100 nM), produced his-
tone Hl kinase activities comprised between 5 and 20
pmol/min/ul of extract, which are close to or slightly above
the physiological level of activity found in eggs. In these ex-

Verde et al. Cyclins and Microtubule Dynamics

tracts, the maximum level of H1 kinase was obtained for 300
nM cyclin A (40-50 pmol/min/ul) and 1 uM cyclin B (30
pmol/min/pul). These activities are way above the physiologi-
cal levels. Yet, the cyclin A-dependent kinase did not shrink
microtubules even when used at 300 nM. Therefore, the
weak effect of cyclin A compared to cyclin B on f, is not
due to a lower level of activation of the kinase. It is also un-
likely to be due to an artefactual lack of function of the cyclin
A used in these experiments since the same molecule
affected other parameters of microtubule dynamics very
similarly to the cyclin B. The cyclin A also increased the
ejection rate of microtubules from the centrosomes (Belmont
et al., 1990) and activated the microtubule severing activity
(Vale, 1991) just as the cyclin B did (see Discussion).

Tying Together Microtubule Steady
State Length Distributions and Dynamics within
a Simple Model

In the previous sections, we have shown that cyclin A- and
cyclin B-dependent kinases have different effects on the
steady state length of centrosome-nucleated microtubules in
egg extracts and on the parameters of microtubule dynamics.
In the following, we examine a possible correlation between
these effects by applying a theoretical model of microtubule
dynamics to experimental data. We limited the analysis to
a simple model of stiff, noninteracting polymers, growing in
an infinite homogeneous medium. A similar model was pre-
viously studied by T. Hill (1987). In such a model, the transi-
tions between the growing and shrinking phases are random
events appearing with frequencies f., and f.., and the addi-
tion and removal of subunits at microtubule plus ends are
supposed to be stochastic processes with constant rates (cor-
responding to constant velocities v, and v,) (see Fig. 4).
The microtubules are nucleated at the centrosome at a con-
stant rate » > 0. Although each of these parameters may de-
pend upon tubulin concentration, the presence of different
stabilizing and destabilizing molecules or other biochemical
parameters, this model makes use only of the effective values
of v,, v,, fo, and f.s and does not require any assumption
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10:19: 33 06

Figure 2. Effect of cyclin A~ and cyclin B-dependent kinases on centrosome nucleated microtubules in egg extracts. An interphase extract
was pre-incubated in the absence (@), or in the presence of 500 nM cyclin B (b) or 100 nM cyclin A (c¢) for 45 min. Centrosomes, rhodamine-
labeled tubulin, and the anti-fade system were then added and the extract observed under the video microscope. The average histone kinase
detected during the incubation with centrosomes is indicated in the lower right corner of each series of pictures. The arrow heads point
to growing and shrinking microtubules. For each condition, we show three images separated by the time indicated in the upper left corner

(h, min, s, 1100). Bar, 5 pm.

about the molecular mechanisms that determine them. The
quantities used in the model are the probabilities p, (L,?)
and p, (L,#) that a microtubule, in the growing (g) or
shrinking (s) state has the length L at time ¢. The rates at
which these probabilities change in time are shown schemat-
ically in Fig. 4. The dynamical equations for the time evolu-
tion are:

dpeLt) _ Vs p L — 1t) — (B + YEPL) + fuspLit) ()
dr ! !

dpilot) _ Vs p(L + 1t) — (s + YoOPuLt) + fupelt) (2)
dt l H

The Journal of Cell Biology, Volume 118, 1992

These equations have to be supplemented by the boundary
conditions, whose form depends on the assumptions about
nucleation processes at the centrosome. In general if one
supposes a constant nucleation rate » the evolution at the

boundary is given by:

PiOD _ Vip0.r) + v pu0,1) ®
dt !

fipi(_(_)ﬂ - Y—sps(l’t) - VPS(O’t) (4)
dt )

These four equations can be solved (Grimmett and Stirzaker,
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Figure 3. Changes in individual microtubule lengths were measured
on images similar to those shown in Fig. 2 by displaying each image
on the video screen as described in Materials and Methods (The
bottom panel is an enlargement of the behavior of the cyclin B mi-
crotubule in top panel). Arrows indicate transitions between grow-
ing and shrinking phases. The straight lines in the lower panel illus-
trate the systematic method used to measure the velocities v, and
v,. For the cyclin B extracts, time intervals of 10 s were used,
while for the cyclin A extracts we used intervals of 15 s. Note that
these values are then averaged over an ensemble of several dozen
measurements, thus the exact choice of the procedure has no sig-
nificant consequences on the results. The systematic errors in the
measurements of the dynamical parameters from such curves are
discussed in Materials and Methods.

S

\l/ Figure 4. Schematic picture of
1\ S\L the transition rates for grow-
& ing and shrinking microtu-
1\ bules. The rate at which mi-
g crotubules grow (shrink) a
distance ! (a microscopic
length of the order of the size
of tubulin subunits) is given by
v/l (vi/l). The transition fre-
quencies between growing
and shrinking phases are giv-
en by f., and f.,. This does
not require any assumption
about the molecular mecha-
nisms that determine the
L-! L L L+l rates.

fres
Vg/i Vs/1

feat

Verde et al. Cyclins and Microtubule Dynamics

(u)

<L>

(u)

(b) (v)

unbounded
(u)

bounded
(b)

L

Figure 5. Time dependence of individual microtubule length (L, left
inset), average length (<L>, right inset) and length distribution
(P(L), main curves) according to a simple model of independent
centrosome-nucleated, dynamic microtubules. The dynamic be-
havior of each microtubule is characterized by four stochastic pa-
rameters: feu, fres, Vg, and v,. For fouvs = frsvg, a threshold is de-
fined, corresponding to an average growth rate J/ = O (see equation
5). The average behavior of microtubules above and below this
threshold is very different: above the threshold (J > 0), microtu-
bules are in “unbounded’ state (u); they can alternate between grow-
ing and shrinking phases (left inset) but, on average, they have a
constant velocity of growth (right inset). P(L) (main curve, right)
propagates linearly in time (arrow), while its width increases with
time like \/¢; and its asymmetric shape evolves towards a Gaussian
distribution. Below the threshold (J < 0), microtubules are in a
“bounded” steady state (b); they alternate between growing and
shrinking phases, but each microtubule, at some point, shrinks all
the way back to the nucleating site (left inset). Because of constant
re-nucleation, their average length <L>> saturates at some constant
value, given by equation 8 (right inset). P(L) tends towards the
steady state with a simple exponential distribution (main curve,
left). It should be noted that a magnification of the curve in the right
inset would show that the slope is initially bigger, because of prox-
imity of the centrosome.

1982) with various initial conditions (we supposed all
microtubules at the centrosome at ¢+ = 0). This allows to es-
tablish simple relationships between the parameters of
microtubule dynamics, microtubule growth and their length
distributions. The average velocity with which a given
microtubule population grows, (J), is given by:

_ ngres - stcat
fCﬂl + fl’CS

J 5)

where v, and v, are average growth and shrinkage velocities
for individual microtubules in their growing and shrinking
phases. If we suppose that v,f.., > v.f.., so that J is positive,
microtubules grow on average. In practice, microtubule
growth would be limited only by the size of the container or
by free tubulin subunits depletion. Although each microtu-
bule can alternatively grow and shrink (Fig. 5, left inset, u),
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the conditions are such that, on average, it keeps elongating
with time (Fig. 5, right inset, u). We call this state of the
microtubule assembly the unbounded state. For v,f.. <
v,fe, On the other hand, J defined by equation 5 is negative,
meaning that the ensemble of the microtubules does not
grown on average; microtubules tend to disassemble all the
way back to the centrosome (Fig. 5, left inset, b). Yet, at any
time, a finite fraction of surviving microtubules is observed
because of continuous re-nucleation at the centrosome (Fig.
5, left inset, b). This gives rise to a steady state, with a well-
defined distribution of the microtubule lengths (Fig. 5, right
inset, b) which we call the bounded state of microtubule as-
sembly.

It should be noted that in this context, J represents the ex-
act average growth only for microtubules that at no time
shrink all the way back to the centrosome. In the presence
of a nucleating centrosome the sign of its value determines
always, however, whether a microtubule population reaches
a steady state or grows on average.

We estimated J for centrosome nucleated microtubules in
egg extracts by applying equation 5 to the values of the
parameters measured in different conditions (Table I). The
parameters of microtubule dynamics were supposed to be
constant throughout each experiment. In interphase extracts,
J is slightly positive (Table I) and thus microtubules should
be in the unbounded state. This implies that the microtubules
should not display a steady state length distribution and pro-
vides a theoretical interpretation of the results reported
above: in interphase extracts, the growth of microtubules is
limited by the size of the container and/or the depletion of
the free tubulin subunit concentration. In extracts containing
active cyclin dependent kinases, on the other hand, the esti-
mated J values are all negative (Table I), predicting that, even
in the presence of an unlimited supply of subunits, the initial
growth of centrosome nucleated microtubules should satu-
rate at some finite average length corresponding to the
bounded state with its well-defined steady state length distri-
bution.

We developed the model further in order to calculate the
characteristics of microtubule length distributions in the un-
bounded and bounded states (Fig. 5, main diagram). In the
unbounded state, the probability distribution given by P(L,t)
= pe(L,t) + p«(L,t) is not a steady state distribution; the
microtubule length distribution should be strongly asymmet-
ric early after the beginning of growth and then tend with
time towards a Gaussian (which moves away from the centro-
some with the average velocity J). It can be shown in pertur-
bation theory that for long times it is of the form:

P(L,) = 1 exp [ —& - Jt)z]
V2nDt 2Dt
[+ c((L —-Jy _ 3 - Jf)) +..., (6)
D2 D%

where the “effective diffusion constant,” D, and the correction
coefficient C are algebraic functions of the dynamical
parameters, e.g., D = 2f.f.(ve+v)¥(fuw+fe)’. In the
bounded state, one can show that the steady state length dis-
tribution is exponential:
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—LIKL>
PLy =L e ,

>0
<L> @

with the average length L given by

ViVo 4l s

Ve y_ YVe ®)
stcat - ngres Vg stcat -

<L> =
Vifres

Here [ is a microscopic length of the order of the size of tubu-
lin subunits. Note that for any realistic values of the
parameters we could neglect the term containing /. This last
result had been already obtained in a similar context by T.
Hill (Hill, 1987). It is important to stress that the mean
length <L>, given by Equation 8, does not depend on the
nucleation rate », provided in this average we do not take into
account the microtubules of zero length (empty nucleation
sites). Thus the results of our measurements are not affected
by possible changes in the nucleation properties of the cen-
trosome due to the action of cyclins. The last column in Table
I shows the values of <L> calculated with equation 8 for the
dynamical parameters characterizing different extracts. One
can clearly see that the cyclin B-dependent kinase should
shorten the microtubules to a much larger extent than the cy-
clin A dependent kinase as expected from Figs. 1 and 2.
To compare quantitatively the length distributions of cen-
trosome nucleated asters with the predictions of the theoreti-
cal model, we measured microtubule length distributions on
the same video frames that were used to evaluate the
parameters of microtubule dynamics reported in Table I. Un-
fortunately, it was impossible to measure all microtubules in
these experiments. Those with ends close to the centrosome

Table Il. Experimental and Theoretical Average Lengths of
Visible Parts of Microtubules

<™
min
Experimental Theoretical Loin Linax
(um) (um) (um)
Interphase ~ Long + free polymer
Cyclin A
25 M Long
50 nM 83 +£ 0.2 (n = 136) 88+04 5 20
100 nM 84 + 0.2 (n = 325) 88+ 05 5 20
8.0 + 0.1 (n = 461) 84 1+05 5 20
94+03(n =303 90+04 5 20
Cyclin B
500 nM 52+01(m=239) 49+04 3 20
41+01(m=135 48+04 3 20

The values represent average lengths for microtubules longer than L, and
shorter than Liya,. L is larger for cyclin A- than cyclin B-treated extracts,
because centrosomes nucleate more microtubules in this case, making difficult
measurements close to the centrosome. The value of L., is imposed by the
video setup. Microtubule lengths were estimated in every fifth video frame and
the given value is the average with its expected error (n indicates the total num-
ber of microtubules analyzed in each experiment). The theoretical values
shown were calculated using the dynamical parameters from Table I. The cal-
culated exponential distribution (equations 7 and 8) was corrected to take into
account the geometry of the experimental setup (see Materials and Methods
and Fig. 6, inset). The errors rise from the uncertainties for the values of <L>.
(Note that uncertainties for the average lengths presented here are much
smaller than the errors for <L> presented in Table 1. This statistical effect is
due to the averaging within the finite window (Lpuin, Lina).)
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100

Figure 6. Experimental and

50

N theoretical length distribu-
tions of centrosome nucleated
microtubules in cyclin A- (4)
and cyclin B- (B) treated ex-
tracts. The length measure-

a ments were performed on ev-
ery fifth video frame of the
- recordings (same data as those

N(L)

20

10 |

used to estimate the dynami-
cal parameters shown in Table
- I). The total number of micro-
tubules measured were 336
(cyclin A) and 303 (cyclin
B). Only microtubules with
lengths larger than Ly, = 5

A ] pm (cyclin A) or 3 um (cyclin
- B) and smaller than L. =
— 20 um were considered. The
- theoretical curves were ob-
tained assuming an exponen-
tial length distribution (equa-
-1 tion 7), <L> being calculated
using the values of the dynam-
ical parameters shown in Ta-
ble I. It should be noted that in
the experiment we can only
measure the two-dimensional
projection onto the focal plane
(see inset) in a window be-
tween 5 (3, for cyclin B) and

‘ 20 microns. To compare the

theoretical values with the ex-
periments we corrected the
former for the geometry of the
experimental setup (see Mate-
rials and Methods). This cor-

15 20
L (um)

rection is important but not very sensitive to the exact value of depth of field (d), nor to the exact position of the centrosome within the
area. The three curves obtained for microtubules in cyclin A treated extracts were calculated for d = 1 um and 2 um and the extreme
positions of the centrosome. Similar curves were calculated in the case of cyclin B (not shown). The three calculated curves shown for
microtubules in cyclin B-treated extracts have been obtained taking into account the uncertainties on the dynamical parameters (see Table
I). Similar curves were calculated for cyclin A (not shown). The agreement between the experimental data (histograms) and the theoretical
curves (continuous lines) obtained using Equation 7 does not involve any fitting parameters.

were not visible and those larger than the optical field could
not be measured either (Fig. 2). Therefore we systematically
measured only microtubules with a length exceeding some
lower cut-off value L, (the size of the blurred centrosomal
area) and smaller than the size of the optical field L.... (see
Materials and Methods). The other difficulty was that we
were measuring microtubules, that were growing in three
dimensions, on a two-dimensional screen. Therefore, we
corrected the calculated theoretical lengths for these two
geometrical effects before comparing them with experimen-
tal values (see Materials and Methods). The corrected theo-
retical lengths calculated from the dynamical parameters
using equations 7 and 8 and the measured lengths are shown
in Table II. The theoretical and experimental values agree
within the estimated error limits (note that the errors for
theoretical values correspond to the errors in the measured
values of the dynamical parameters, reported in Table I,
which were used to calculate the average lengths). There-
fore, equation 8 seems to provide a good approximation
for the average length of the bounded state appearing when
J<O.

Verde et al. Cyclins and Microtubule Dynamics

To check whether the form of the length distribution in the
bounded state also agreed with equation 7, we measured the
whole distributions for one experiment carried out with cy-
clin A and the other with cyclin B, for which we had estab-
lished the dynamical parameters (Table I). Fig. 6 shows, in
addition to the measured distributions, the theoretical
curves, in which again we took into account the geometrical
effects connected with the microscopy. The agreement be-
tween the calculated and measured distributions is striking.
In fact, it may seem so good that a word of caution is needed.
Assembly of centrosome nucleated microtubules is a com-
plex collective phenomenon and one might expect microtu-
bule dynamics to be influenced by the flexibility of polymers,
the detailed geometry of the growth which may introduce
perturbations in the spatial distribution of diffusing subunits,
and, as a consequence, effective interactions between grow-
ing polymers. Also v, and v, may not be perfectly constant
in the extract (cf., Fig. 3). The present model did not take
into account all these phenomena. The reason why it seems
to describe so adequately the dynamic structure of the asters
is probably due to the fact that the values of the dynamical
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parameters are spatially averaged. Also, the measurements
were not performed in the vicinity of the centrosome where
concentration in free monomer should be most affected by
growing polymer. It is important to stress, however, that the
agreement between the experimental and theoretical curves,
for both cyclin A- and cyclin B-treated extracts, is not due
to any fitting procedure. In fact, there are no adjustable
parameters neither in the model nor in the geometrical cor-
rections made to compare the curves.

Discussion

Modulation of the Function of p34< by
Different Cyclins

In this study, we used heterologous cyclin A and cyclin B (of
human and sea urchin origin, respectively), produced in bac-
teria, to activate cdc2 kinase in the extracts. Therefore one
must remain cautious about the possible implications of our
present results for the in vivo physiological situation. It
seems quite clear that the cyclin B used here and previously
by (Belmont et al., 1990) does what the homologous enzyme
does in vivo. First, it has exactly the same effect as the cdc2
kinase purified from starfish (Verde et al., 1990), second it
produces very short asters which look very much like those
observed in mitotic cells during metaphase when the cyclin
B-dependent kinase is mostly active. It is likely that what we
observe with the cyclin A, namely no effect on f, and a
slight effect on f.,, elimination of spontaneous assembly
but little shortening of microtubules, is physiological. In-
deed, in vivo, microtubules remain long during prophase
when this kinase is already activated (Karsenti, 1991; Merdes
et al., 1991). It remains however that complete generaliza-
tion of the specific effect of cyclin A- and cyclin B-dependent
kinases on microtubule dynamics will require more experi-
ments carried out with homologous and other cyclins both
in vivo and in vitro. In any case, the present experiments
clearly demonstrate that the functional specificity of the
catalytic subunit p34:*2 can be altered by the nature of the
cyclin to which it is associated. Indeed, when cyclin A is
added to an extract at the concentration of 1 uM, 90% of the
p34<<? present in the extract becomes associated with cyclin
A. Moreover, at least 80% of the kinase activity measured
on histone HI can be attributed to this kinase and not to the
other cdc2 like molecule that binds to cyclin A in these ex-
tracts, namely p33< (Clarke et al., 1992). Since under
such conditions, f. is not increased and microtubules do
not shrink, we conclude that this cyclin A cdc2 kinase com-
plex does not see the molecule present in the extract that in-
duces microtubule shrinkage when phosphorylated by the
cyclin B cdc2 compiex. Cyclin A has also been shown not
to affect endosome fusion in the same egg extracts (Thomas
etal., 1992). In a different system, cyclin A does not activate
the degradation machinery responsible for abrupt cyclin pro-
teolysis during metaphase whereas cyclin B does (Luca et
al., 1991). By contrast, the cyclin A- dependent kinase
seems to be a better enzyme than the cyclin B-dependent ki-
nase to phosphorylate centrosomes and increase their micro-
tubule nucleating activity (Buendia et al., 1992). Therefore,
there is growing evidence indicating that the cyclin A-depen-
dent kinase has distinct functions from the cyclin B-depen-
dent kinase. The known differences suggest that in addition
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to its function at the GI-S transition (Pagano et al., 1992),
the cyclin A~dependent kinase fulfills specific functions in
prophase and that there is not a complete overlap of functions
between cyclin A and cyclin B (Buendia et al., 1991).

Biochemical Regulation of Microtubule Dynamics

The molecular mechanism through which cdc2 kinases
affect specifically microtubule dynamics are not yet eluci-
dated. A plausible hypothesis is that microtubule associated
proteins (MAPs) are phosphorylated and partially inacti-
vated by the cyclin-dependent kinases. The situation seems
complex however. First, both cyclin A- and cyclin B-depen-
dent kinases do not reduce v,. Given the high value ob-
served for this parameter (10 um/min) in the extracts com-
pared to values observed for pure tubulin at similar
concentrations (1-2 um/min), there must be MAPs that in-
crease the on rate of tubulin subunits at microtubule ends.
X-MAP could be such a MAP (Gard and Kirschner, 1987b).
If this were the case, however, this MAP should not be inacti-
vated by either cyclin A~ or cyclin B-dependent kinases since
v, is not reduced but rather increased in extracts treated by
these kinases. f., seems to be slightly reduced both by cy-
clin A and cyclin B. The reason for this is obscure but this
may suggest that different MAPs could regulate v, and f...
Finally, f.. is specifically increased by cyclin B. This
strongly suggests that a specific factor is involved in regulat-
ing this parameter and that its activity is increased by a cyclin
B-dependent kinase phosphorylation event. Whether this
effect is direct or involves a cascade of kinases (Gotoh et al.,
1991) remains to be determined. The multiplicity of factors
involved in the regulation of the different parameters of
microtubule dynamics begins only to be approached at the
biochemical level (Simon et al., 1992). A microtubule sever-
ing factor activated by cyclin B has been recently reported
to be present in egg extracts (Vale, 1991). We have tested its
possible involvement in increasing f.. by adding fluores-
cently labeled taxol stabilized microtubules to an interphase
extract in the absence or presence of cyclin A and cyclin B.
In the interphase extract microtubules remained stable
whereas both in the cyclin A~ and cyclin B-treated extracts,
microtubules became severed with exactly the same kinetics
(<3 min, not shown). Therefore, the increase in f. ob-
served in cyclin B-treated extracts cannot be due to an acti-
vation of the severing factor. A specific molecular mecha-
nism by which f... is regulated remains to be discovered.

From Interphase to Mitosis

[t is now clear that the reorganization of microtubules which
altimately leads to mitotic spindle assembly involves a com-
plex regulatory network and that cyclin-dependent kinases
may have specific functions at different times in prophase and
during metaphase. It has been previously proposed that
microtubules become more dynamic during mitosis solely
because the free tubulin concentration decreases in the finite
volume of the cell as a result of increased polymer mass pro-
duced by the higher nucleating capacity of centrosomes
(Kirschner and Mitchison, 1986, 1987). Although this may
be part of the process, the regulation of the microtubule
nucleating activity of centrosomes, of a microtubule severing
system and of f.. and f., seem to be independently regu-
lated by cyclin A- and cyclin B-dependent kinases. A general
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scheme of how microtubules are reorganized between
S-phase and metaphase is beginning to emerge. When DNA
replication is completed, in early prophase, the cyclin A
which was essentially nuclear (Pines and Hunter, 1991), be-
comes partially cytoplasmic and associated with the centro-
somes (Pagano et al., 1992). According to previous in vitro
results this kinase could phosphorylate centrosomes and in-
crease their nucleating activity (Buendia et al., 1992). In-
deed, at this time, the nucleating activity of centrosomes
seems to increase in many cases (Bré et al., 1990; Merdes
etal., 1991). In the same time, the same kinase severs inter-
phasic microtubules leading to progressive disappearance of
the interphasic network and the centrosomal microtubules
would reach a steady state distribution because f., is de-
creased. However, microtubules remain long on average be-
cause f.. is not increased (Merdes et al., 1991). This
specific behavior of microtubules in prophase is probably re-
quired to position properly the centrosomes in the cell
through dynamic interactions with the cell cortex, which, in
turn, may determine the orientation of the spindle axis (Hy-
man and White, 1987). When prophase is completed, the ki-
nase activity associated with cyclin B rises, activating the
factor that increases f., and microtubules shrink. Preferen-
tial orientation of microtubules towards mitotic chromo-
somes and spindle assembly would result from a local de-
crease in f, around the chromosomes, leading to longer
and more long lived microtubules in this area (Karsenti et
al., 1984; Sawin and Mitchison, 1991).

The Predictions of the Mathematical Model

The mathematical model presented here relates microtubule
length with the four parameters of dynamic instability, with-
out making any assumption concerning the molecular mech-
anisms underlying dynamic instability. Even though the ex-
perimental results used to test this theoretical relation are
subject to important statistical limitations, the adequation
between the length predicted by the equations from the dy-
namical parameters and the actual lengths measured is so
good that we must conclude that the equations represent
fairly well the behavior of microtubules. In particular we
showed that the stochastic behavior of microtubules can re-
sult in the production of well defined steady state length dis-
tributions. The steady-state length distributions of centro-
some-nucleated microtubules observed in an infinite volume
containing an unlimited supply of subunits seem indeed to
be determined by the relative values of the dynamical pa-
rameters.

The experimental results reported in this paper have
demonstrated that extensive microtubule shortening in the
bounded state is correlated rather with an increase in fe
than with a decrease in f.. Indeed, equation 8 predicts that
changing f... and f., should have different effects on the av-
erage steady state length of microtubules. According to this
formula, <L> can decrease all the way to zero when f, is
increased. This is not the case if one reduces <L> by
decreasing f.,: even at f, = 0, the average length is finite
and equal to v,/f... In interphase extracts, for example, if
one equals f., to zero, v,/f.. gives a value of 10-15 um for
<L>. Therefore, if microtubules behave as predicted by this
model, and they seem to do so to a large extent, increasing
f... is the most efficient way of shortening the steady state
average length of microtubule asters. This is what cyclin B
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indeed does: it shrinks microtubules mainly by increasing
strongly f.,.

The effect of cyclin A-dependent kinase is much more sub-
tle: this kinase seems to modify only slightly the dynamical
parameters of the microtubules. Such small modifications,
however, are sufficient to change significantly the state of the
asters: the long, interphase-like microtubules which con-
stantly tend to grow, are changed to long but fully dynamic
asters with specific steady state lengths. This subtle effect
can be clearly understood within the framework of the theo-
retical model. Equation S shows that when v, f., = v.f.,
the average growth rate J = 0 and <L> tends towards
infinity. This represents a singularity, or a threshold, at the
boundary between infinite microtubule growth and the estab-
lishment of steady state dynamics. The presence of such a
threshold makes it possible to change completely the
microtubule length distribution by varying only a little the
dynamical parameters. In fact, in egg extracts (and probably
in vivo), the microtubule system seems to operate close to
the threshold defined by J = 0. This is probably why minor
changes in the dynamical parameters are sufficient to induce
important alterations in microtubule lengths and aster orga-
nization: the interphase and cyclin-treated extracts simply lie
on different sides of the threshold. This idea, introduced and
quantitatively verified here with the help of a simple theoreti-
cal model, shows on a precise example how the molecules
connected with the regulation of the cell cycle can modify
cellular structures by local and sometimes rather subtle
changes of the dynamical properties of assembling-dis-
assembling processes.
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