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Microtubules (MTs) in newt mitotic spindles grow faster than MTs in the interphase cy-
toplasmic microtubule complex (CMTC), yet spindle MTs do not have the long lengths or
lifetimes of the CMTC microtubules. Because MTs undergo dynamic instability, it is likely
that changes in the durations of growth or shortening are responsible for this anomaly.
We have used a Monte Carlo computer simulation to examine how changes in the number
of MTs and changes in the catastrophe and rescue frequencies of dynamic instability may
be responsible for the cell cycle dependent changes in MT characteristics. We used the
computer simulations to model interphase-like or mitotic-like MT populations on the basis
of the dynamic instability parameters available from newt lung epithelial cells in vivo. We
started with parameters that produced MT populations similar to the interphase newt lung
cell CMTC. In the simulation, increasing the number of MTs and either increasing the
frequency of catastrophe or decreasing the frequency of rescue reproduced the changes in
MT dynamics measured in vivo between interphase and mitosis.

INTRODUCTION

There are major differences between microtubule (MT)'
lengths (Figure 1) and assembly dynamics (Table 1) be-
tween the interphase cytoplasmic MT complex (CMTC)
and the mitotic spindle. There are fewer MTs in the
CMTC (Snyder and McIntosh, 1975; Kuriyama and
Borisy, 1981). MTs exhibit slower growth velocities in
the CMTC yet achieve much longer average lengths
than in mitosis (Rieder, 1977; Kitanishi-Yumura and
Fukui, 1987; Cassimeris et al., 1988; Hayden et al., 1990;
Aist and Bayles, 1991). The distribution of MT lengths
is gausian-like or bell shaped within the CMTC but is
a decreasing exponential in the mitotic spindle (Cassi-
meris et al., 1986; Kitanishi-Yumura and Fukui, 1987;
Aist and Bayles, 1991). Turnover rates of tubulin in the

* Present address: Department of Cell Biology, Duke University
Medical Center, Durham, NC 27710.

' Abbreviations used: CMTC, cytoplasmic microtubule complex;
FRAP, fluorescence recovery after photobleaching; M-phase, mitosis
or meiosis; MT, microtubule; NLC, newt lung epithelial cell.

CMTC depend on the distance from the nucleation site
(Sammak et al., 1987) but are independent of distance
in spindles (Stemple et al., 1988). Finally, MT turnover
in the CMTC is two to three orders of magnitude slower
than for the dynamic MTs of the mitotic spindle (Wads-
worth and Salmon, 1986a; Cassimeris et al., 1988; Joshi
et al., 1992).
Changes in MT dynamic instability are thought to be

responsible for differences in MT assembly in the in-
terphase CMTC and the mitotic spindle. In both the
CMTC and mitotic spindle, MTs are polarized polymers
oriented with their "plus" (fast-growing) ends distal
from nucleation sites at the centrosomes or spindle
poles. MT growth and shortening predominantly occurs
at the distal plus ends, although there is some evidence
for a steady slow disassembly at the minus ends prox-
imal to the centrosomes (Mitchison, 1989; Sawin and
Mitchison, 1991; Mitchison and Salmon, 1992). The
great majority of plus ends in the CMTC and the mitotic
spindle exhibit dynamic instability, abruptly and sto-
chastically, switching between distinctly different per-
sistent constant velocity phases of elongation (growth)
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Figure 1. Immunofluorescent micrographs of a newt lung cell interphase CMTC (A) and a mitotic spindle (B). The CMTC has a few hundred
MTs of extremely long lengths (A), whereas the spindle contains about 2000 MTs of much shorter length (B). Bar, 10 um.

and shortening (shrinking) (Salmon, 1989). Kinetochore
MTs, which are a minor fraction of spindle MTs, are
differentially stable, but their plus ends at the kineto-
chores also exhibit dynamic instability (Skibbens et al.,
1993).
Dynamic instability is an assembly property of free

MT ends exhibited both in vivo and in vitro (Mitchison
and Kirschner, 1984; Horio and Hotani, 1986; Cassi-
meris et al., 1988; Sammak and Borisy, 1988; Schulze
and Kirschner, 1988; Walker et al., 1988). Five param-
eters describe the dynamic instability of a microtubule
end: elongation velocity, shortening velocity, nucle-
ation frequency, catastrophe frequency, and rescue
frequency. When an end is in the elongation state, tu-
bulin association dominates. While in the shortening
state, tubulin dissociation dominates. Nucleation is the
transition that initiates elongation. Catastrophe is the
transition from elongation to shortening, and rescue is
the transition from shortening to elongation. No rescue
occurs if an end shortens all the way back to the nu-
cleation site. Measurements of the assembly dynamics
of individual ends both in vitro and in vivo have shown
that catastrophe and rescue are abrupt, stochastic, and
generally asynchronous among a population of MTs
(Cassimeris et al., 1988; Walker et al., 1988; Belmont
et al., 1990; Gliksman et al., 1992). Elongation occurs
by the association of tubulin with bound GTP (tubulin-
GTP) onto an end in the elongation state. Catastrophe
is thought to occur when a growing MT end looses a
stabilizing cap of tubulin-GTP subunits. This allows
the core of tubulin-GDP subunits to rapidly dissociate
producing shortening. Rescue is thought to occur when
the end becomes recapped with tubulin-GTP subunits
(Mitchison and Kirschner, 1984; Kirschner and Mit-

chison, 1986; Walker et al., 1988, 1991; Bayley et al.,
1990; O'Brien et al., 1990; Caplow, 1992).
The dynamic instability parameters of CMTC MTs

could be altered kinetically in at least four ways to
produce the shorter more dynamic MTs of the mitotic
spindle: the velocity during elongation could decrease,
the velocity during shortening could increase, the du-
ration of elongation could decrease because of a
higher frequency of catastrophe, or the duration of
shortening could increase because of a lower fre-
quency of rescue. Of these four possibilities, there is
direct evidence that the first two do not occur in vivo.
Interphase and mitotic MT elongation and shortening
velocities have been measured in newt lung epithelial
cells (NLC) (Table 1). The elongation velocity was
found to be faster during mitosis than during inter-
phase, and no change in shortening velocity was seen
(Cassimeris et al., 1988; Hayden et al., 1990; Spurck
et al., 1990). In contrast, there is evidence that both
of the last possibilities, increased catastrophe fre-
quency and decreased rescue frequency, contribute
to the conversion of CMTC to mitotic MT assembly
(Table 1) (Belmont et al., 1990; Gliksman et al., 1992;
Verde et al., 1992). At entry to mitosis, activation of
the mitotic-promoting factor (MPF or cdc2-cyclin ki-
nase) promotes a phosphorylation cascade inducing
mitotic spindle formation. Studies of MT assembly in
cytoplasmic extracts have demonstrated that pro-
motion of phosphorylation either by activating MPF
or blocking phosphatase activity with okadaic acid
induces conversion from interphase-like to mitotic-
like MT assembly without major change in either
elongation or shortening velocities; these changes
were brought about by increased catastrophe or de-
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creased rescue frequencies (Belmont et al., 1990;
Gliksman et al., 1992; Verde et al., 1992).

In tissue cells, because of their small volume, changes
in nucleation may also play a significant role in re-
molding the assembly dynamics of MTs between inter-
phase and mitosis. In preparation for mitosis, centro-
somes in animal cells are replicated to provide the
bipolarity of the mitotic spindle. In addition, the mitotic
phosphorylation of centrosomal proteins increases the
nucleation potential of each centrosome (Snyder -and
McIntosh, 1975; Kuriyama and Borisy, 1981; Buendia
et al., 1992). As Mitchison and Kirschner (1987) have
discussed, increasing nucleation within a finite volume
of tubulin subunits will increase the amount of poly-
merization, decreasing the unpolymerized tubulin con-
centration and slowing MT elongation velocity. Thus,
increasing nucleation could indirectly contribute to the
shorter MT lengths achieved but could not by itself ac-
count for the observed increase in elongation velocities
in mitosis.
Computer simulations, based upon Monte Carlo

methods of modeling stochastic processes, provide a
powerful way of analyzing complex processes like the
assembly dynamics of a population of MTs exhibiting
dynamic instability within a cell. The transition fre-
quencies of dynamic instability are stochastic, which
limits the feasibility of analytical approaches to predict
the assembly properties of MT populations or individual
MTs within the population (Hill, 1987; Mitchison and
Kirschner, 1987; Verde et al., 1992). We based our com-
puter simulations on the parameters of MT dynamic
instability available for interphase and mitotic newt lung
cells (Figure 1). This cell type currently has the highest
number of measured parameters for MT dynamic in-
stability for both the interphase CMTC and the mitotic
spindle (Table 1). The simulations were mainly directed
at testing how changes in MT assembly are controlled
between interphase and mitosis by changes in nucle-
ation and the frequencies of catastrophe and rescue.
Nevertheless, the program could also be easily modified
to model how MT dynamics change during other types
of cell activities.

MATERIALS AND METHODS

Immunofluorescence
Oregon newts (Taricha granulosa) were obtained from Charles Sullivan
(Nashville, TN). Newt lung cultures were prepared and processed for
indirect immunofluorescence as described by Rieder et al. (1986) and
Cassimeris et al. (1988). Micrographs were obtained using a Nikon
Optiphot (Garden City, NY) equipped a 60X, 1.4NA PlanApo objective
and epi-illuminated with a 100 W mercury bulb. Images were recorded
using TMax 100 film (Kodak, Rochester, NY).

General Features of the Simulation Program
We used a Monte Carlo technique to simulate the dynamic instability
of individual MT ends as originally described by Gliksman et al. (1987)
and Bayley et al. (1989). The program simulated a population of <4000

MTs within a defined cell volume that grew and shortened only at
their plus ends following nucleation. The program was written in
Turbo Pascal (Version 5.0 Borland International, Scotts Valley, CA)
and runs on PC computers. The program is available upon request.
The program specifically assumed that all MT plus ends had identical

parameters of dynamic instability and were in one of the following
states: elongation, shortening, or no polymer (an empty nucleation
site and no MT) (Figure 2). MTs switched between states via one of
the following transitions: nucleation (no polymer to elongation), ca-
tastrophe (elongation to shortening), or rescue (shortening to elon-
gation). MTs that shortened to zero length automatically switched to
the no polymer state.

Several assembly parameters were entered into the program and
held constant for each simulation situation. These parameters included:
the cell volume, the cellular tubulin concentration, the rate constants
of elongation and shortening, the number of nucleation sites, and the
frequencies of nucleation, catastrophe, and rescue. Although most of
these parameters could be made dependent on tubulin concentration,
for this paper we simplified the simulations by making only elongation
velocity concentration dependent (see DISCUSSION).
To save time, most of the simulated MT populations were initiated

from the no polymer state. Trial runs of the simulation demonstrated
that changes in the MT dynamics parameters produced reversible
changes in the steady state MT populations; it did not matter whether
the MT population had started in the no polymer state or had pre-
viously been assembled.
The program ran in cycles representing 1-s periods of MT assembly.

This time interval was slightly shorter than the intervals typically
used to measure microtubule dynamics both in vitro and in vivo (Cas-
simeris et al., 1988; Sammak and Borisy, 1988; Schulze and Kirschner,
1988; Belmont et al., 1990; O'Brien et al., 1990; Gliksman et al., 1992;
Verde et al., 1992). At the beginning of each cycle, the program mea-
sured the concentration of unpolymerized tubulin from which it cal-
culated the current MT elongation velocity. The program determined
whether each MT end would undergo a transition by comparing a
computer generated random number (0-1) with the transition fre-
quency appropriate for the MT state (nucleation for no polymer, ca-

Assembly states of microtubules in the simulation

Figure 2. Plus-end MT assembly states in the Monte Carlo simu-
lation. MTs nucleated from no polymer into the elongation state where
the velocity was proportional to the unpolymerized tubulin concen-
tration. MT plus ends stochastically switched (catastrophe) from the
elongation state into the shortening state where the velocity was in-
dependent of the unpolymerized tubulin concentration. Plus ends in
the shortening state either stochastically switched (rescue) back to the
elongation state or shortened all the way back to the nucleation site
(no polymer state). Each MT plus end was considered independent
of the others, but each MT used up tubulin from a common pool of
unpolymerized subunits.
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tastrophe for elongation, rescue for shortening); a transition occurred
if the random number was less than the transition frequency. Tran-
sitions were assumed to be instantaneous. Subunits were added to or
subtracted from a MT end in proportion to the velocity appropriate
for the MT state and the 1-s cycle interval. Simulations were run until
populations had achieved steady-state levels of polymer and steady-
state average MT lengths.
When assembly reached steady state, the simulation was continued,

and the computer monitored the mean MT length, the MT elongation
velocity, the distribution of MT lengths, the amount of polymerized
and unpolymerized tubulin, the growth dynamics of individual ends,
the turnover rates of tubulin at positions along the lengths of MTs,
and the turnover rates of whole MTs.
The rates of steady-state tubulin turnover at various positions from

the nucleation sites were measured by marking microtubules at these
sites. The computer then monitored return of unmarked subunits to
the sites. This method is analogous to the fluorescence redistribution
after photobleaching or photoactivation experiments performed pre-
viously in living cells (Saxton et al., 1984; Salmon et al., 1984; Wads-
worth and Salmon, 1986b; Stemple et al., 1988;Mitchison, 1989; Sawin
and Mitchison, 1991; Mitchison and Salmon, 1992). The percentage
of tubulin tumover within the microtubules at each position was cal-
culated from the ratio of unmarked MTs at that position divided by
the number of MTs initially marked at that position. A MT was counted
as an unmarked MT only after it both shortened through the mark
site loosing its labeled subunits then later elongated back through the
mark site with unlabeled subunits.
The rate of whole MT turnover under steady-state assembly con-

ditions was calculated in the following way. After the MT population
reached steady state, the nucleation frequency was set to 0 s-1, and
the elongation velocity was made constant at the steady-state value,
independent of the unpolymerized tubulin concentration. The sim-
ulation was then continued, and the number of MT nucleation sites
in the no polymer state and the total amount of polymer was moni-
tored. This method allowed us to simultaneously measure steady-
state turnover of polymer as well as the turnover of whole MTs. The
half-time of MT turnover corresponded to the amount of time (number
of cycles) required for at least half of the MTs to reach the no polymer
state.

Simulation of Newt Cell MT Assembly
A major goal of our simulations was to model MT assembly dynamics
in the cell where the total amount of tubulin is limited by the cell
volume and cellular tubulin concentration. The newt cells have a cy-
toplasmic volume of about 8 pL, on the basis of their diameter when
they round-up with trypsin treatment (Rieder, personal communi-
cation). There has been no direct measurement of the cellular tubulin
concentration in newt cells, but other cell types have been shown to
have concentrations of 20-30,uM (Pfeffer et al., 1976; Hiller and We-
ber, 1978). For our simulations, we obtained an estimate of the newt
cellular tubulin concentration in the following way. The interphase
CMTC (Figure 1A and Table 1) contains about 500 MTs with an
average length of -100 ,um (Rieder and Cassimeris, personal com-
munications). The polymerized tubulin in 500 MTs of 100 gm average
length is equivalent to 17 gM concentration in a volume of 8 pL. We
assumed, on the basis of measurements in other types of dividing
cells (Pipeleers et al., 1977a,b; Hiller and Weber, 1978; Olmsted, 1981),
that the amount of polymerized tubulin in interphase was two-thirds
of the total amount of tubulin in the cell. This assumption yielded a
value of 25.4 MM for the newt cellular tubulin concentration. This
value was kept constant during our simulations. The concentration
of unpolymerized tubulin was calculated by subtracting the concen-
tration of polymerized tubulin from 25.4 MM.
We set the tubulin association rate constant during the elongation

state (Walker et al., 1988) to a value that gave the measured interphase
growth rate of 7.2 Mm/min (Table 1) at an unpolymerized tubulin
concentration of 8.4 MM. This concentration is the difference between
a cellular tubulin concentration of 25.4 MM and a polymerized steady

state tubulin concentration of 17 MM. For simplicity, we assumed that
tubulin dissociation in the elongation state (Walker et al., 1988) was
zero (Mitchison and Kirschner, 1984; Dreschel et al., 1992; Hyman et
al., 1992; Simon et al., 1992).

In all of our simulations, the shortening rate was set constant to 17
Mm/min, the measured value in newts during both interphase and
mitosis (Table 1). Tubulin dissociation in the shortening state is known
to be independent of tubulin concentration (Walker et al., 1988, 1991).
The other parameter that was normally constant in our simulations

was the probability or frequency of nucleation. Unless otherwise stated,
this parameter was set to 1 so that instantaneous nucleation occurred
in the next 1-s cycle when a MT was in the no polymer state. We
assumed that nucleation was instantaneous because of the nearly
instantaneous MT nucleation observed in cytoplasmic extracts (Gliks-
man et al., 1992).

RESULTS

Simulation of CMTC MT Assembly
To achieve steady-state assembly, we had to modify
slightly one of the dynamic instability parameters mea-
sured for the newt interphase CMTC (Table 1). The
measured values predicted that an average distance of
elongation before catastrophe of 8.5,um (7.2 u.m/min
X 1.18 min duration) and an average distance of short-
ening before rescue of 6.3,um (177,m/min X 0.37 min).
At steady-state assembly, the difference between these
two values should be zero, but instead the difference
predicted net growth (0.9 ,um/min). We achieved zero
net elongation by slightly increasing the catastrophe
frequency from the measured value of .014 s-1 (Table
1) to 0.019 s-5. We assumed that the velocities of elon-
gation and shortening were the more accurate mea-
surements. Though we chose to adjust the catastrophe
frequency, we could have also achieved zero net elon-
gation by reducing slightly the rescue frequency from
the measured value of 0.044 s-5 (Table 1) to 0.033 s-1.
The simulation program produced MT populations

with steady-state assembly dynamics typical of the in-
terphase CMTC (Figures 3 and 4 and Table 2) using
0.019 s-5 for the catastrophe frequency plus the other
measured or estimated parameters in Table 1 for the
number of MT nucleation sites, the shortening rate and
the rescue frequency (Table 2). The mean length of the
nucleated MT population was 100 ,um, and the MT
length distributions were gausian or bell shaped as ex-
hibited by the CMTC in vivo (Cassimeris et al., 1986;
Kitanishi-Yumura and Fukui, 1987; Aist and Bayles,
1991). At steady state, two-thirds of the cellular tubulin
concentration was polymerized into MTs (17 ,uM) and
growth velocity was equal to the measured value of 7.2
,.m/min (Figure 3, Table 2).

Individual MT ends frequently switched to shortening
but achieved long lengths because of frequent rescue
(Figure 4B). As reported by Sammak et al. (1987), in
vivo, tubulin turnover within CMTC MTs was depen-
dent on the distance from the nucleating site. Turnover
was much slower at positions closer to the nucleation
sites (Figure 4C). The average half-time for whole MT
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Table 1. MT assembly parameters measured or estimated for the interphase CMTC and the mitotic spindle
in newt lung tissue cells

Cell volume 8 pla
Tubulin 20-30 AMb

Interphase Mitosis

Number of microtubules in the cell 200-500c -2 000c
Average microtubule length 100 AmC 12-14 um',
Microtubule dynamic instability

Elongation rate 7.2 Mm/mind 14.4A m/mine
Shortening rate 17 Mum/mind 17 Mm/mine.f
Time in elongation 71 Sd Unknown
Catastrophy frequency 0.014 S-1 d Unknown
Time in shortening 22 Sd Unknown
Rescue frequency 0.044 S-1 d Unknown

Tubulin turnover versus distance Highly dependent8 Unknown
Halftime of tubulin turnover Unknown 75 Sh
Average microtubule lifetime Many minutesd <2 mineh
Predicted length distribution Bell shaped' Exponentiallyi decreasing

a Estimate from trypsinized cells (Rieder, personal communication).
bPfeffer et al., 1976; Hiller and Weber, 1978.
'Rieder, 1977; Rieder and Cassimeris, personal communications.
d Cassimeris et al., 1988.
e Hayden et al., 1990.
f Spurck et al., 1990.
9 Sammak et al., 1987.
h Wadsworth and Salmon, 1986a.
iCassimeris et al., 1986; Kitanishi-Yumura and Fukui, 1987; Verde et al., 1990; Aist and Bayles, 1991; Gliksman
et al., 1992.
i Kitanishi-Yumura and Fukui, 1987; Verde et al., 1990; Aist and Bayles, 1991.

turnover was also very slow (3.5 h) with an average
MT lifetime of >6 h (Figures 3 and 4D) as expected for
MTs in the CMTC (Joshi et al., 1992).
We conclude that with slight adjustment of the value

for catastrophe frequency, the other measured param-
eters for dynamic instability in vivo predict remarkably
well in our simulation the bulk assembly properties of
the CMTC (Figure 3 and Tables 1 and 2). We used this
interphase model as the starting point to examine how
changes in the number of nucleation sites, and the fre-
quencies of catastrophe and rescue alter MT assembly
when the remaining parameters of assembly were held
constant at their interphase values.

Increasing the Number of Nucleation Sites
We increased the number of MT sites in our interphase
model from 500 to 1000, 2000 or 4000 sites to see how
increased nucleation altered MT assembly dynamics
(Figures 3 and 5). Higher numbers of nucleation sites
significantly decreased the mean MT lengths and slightly
decreased elongation velocities as net tubulin polymer-
ization increased. Higher numbers of nucleation sites
also decreased the half-time of whole MT turnover.
The number of MT nucleation sites in newt cells in-

creases from -500 in the interphase CMTC to -2000

in the mitotic bipolar spindle (Table 1). Figure 5 shows
that for the 2000 nucleation sites expected in mitosis,
the MT length distribution converted from the inter-
phase bell-shape distribution of long MTs, to an ex-
ponentially decreasing distribution of short MTs more
typical of mitotic cells. Tubulin turnover in the shorter
MTs did not depend significantly on distance from the
nucleation center as occurred in the long interphase
MTs, although the catastrophe and rescue frequencies
were still the at interphase values (Figure 5C).

Nevertheless, increasing only the number of nucle-
ation sites did not achieve all aspects expected for mitotic
MT assembly. The half-time of whole MT turnover (12
min) was ten times longer than expected for mitotic
MTs (1.3 min) (Table 1 and Figure 3). Also, the mean
MT length (27 ,um) was larger than expected for mitotic
MTs (14 ,Am), and the growth velocity (6 ,um/min), in
particular, was much slower than the 14 ,lm/min ve-
locities measured for spindle MTs (Table 1 and Figures
3 and 5).

Increasing the Catastrophe Frequency
If we ran the interphase model but increased catastrophe
frequency about threefold from the interphase value of
0.019 to 0.056 s-5, there was a dramatic change in MT

Vol. 4, October 1993 1039



N.R. Gliksman et al.

assembly. The mean MT length decreased from 100 to
-25 ,tm. The elongation velocity increased from 7.2 to
17 ,tm/min as the percentage of polymerized tubulin
decreased. The half-time of MT turnover substantially
shortened from 180 to 6.7 min (Figure 3). These results
show that increasing catastrophe frequency produces
the major features of mitotic MT dynamics: shorter
mean length, faster growth rate, and much quicker MT
turnover (in comparison to interphase) (Table 1). How-
ever, the half-life of MT turnover in mitosis is close to
1 min, not 6.7 min. Higher frequencies of catastrophe
shortened the half-life of MT turnover below 6.7 min,
but this produced little MT polymer and MT elongation
rates much faster than the 14 ,um/min typical of mitosis
(Figure 3).

If we combined a threefold increase in catastrophe
frequency with the 2000 nucleation sites typical of mi-
tosis, then the model came much closer to predicting
the newt mitotic MT dynamics (Figures 3 and 6 and
Tables 1 and 2). The mean MT length was 12.5 gim.
The elongation velocity was about 14.5 ,tm/min. The
half-life of MT turnover was 1.9 min and tubulin turn-
over within MTs was independent of the distance from
the nucleation sites. MT turnover was still not quite as
fast or as complete as expected for spindle MTs (1.1
min); however, changing only the two variables in the
simulation (increasing the catastrophe frequency three-
fold and the number of nucleation sites fourfold) pro-
duced changes in all other aspects of MT assembly typ-
ical of the transition between interphase and mitosis.
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Decreasing the Rescue Frequency to Zero

If we ran the interphase model, but made the rescue
frequency 0.0 s-5 without changing any of the other
interphase parameters, there was also a dramatic
change in MT assembly similar to the response pro-
duced by increasing catastrophe frequency, as de-
scribed above. The mean MT length decreased from
100 to -18 ,um. The elongation velocity increased
from 7.2 ,gm/min to 19 gum/min as the concentration
of tubulin in MTs decreased. The half-time of MT
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Figure 3. Comparison of the assembly characteristics of MT arrays
in vivo with MT arrays in the computer simulations. Striped columns
are values thought to represent interphase or mitotic cells in vivo
(Table 1). The eight gray columns represent the eight different sets
of nucleation and dynamic instability parameters used for simulations.
The interphase model corresponds to the interphase parameters in
Table 2; 500 MTs were assembled with a catastrophe frequency of
0.019 s-5 and a rescue frequency of 0.044 s-'. The next three columns
correspond to models in which the catastrophe and rescue frequencies

were held at their interphase values while the number of MT sites
was increased to 1000, 2000, and 4000 MTs, respectively. The next
two columns correspond to models in which the rescue frequency
was held at its interphase value while the catastrophe frequency was
increased from 0.019 to 0.056 s-' with either 500 or 2000 MT sites,
respectively. The last two columns correspond to models in which
the catastrophe frequency was held at its interphase value while the
rescue frequency was decreased from 0.044 to 0.000 s-5 with either
500 or 2000 sites used, respectively. Each gray bar is the mean of at
least four simulated MT populations, and error bars represent SD.
Individual half-times of whole MT turnover are listed for each model.
The cell volume, the MT shortening velocity, the total concentration
of tubulin, and the tubulin association rate and tubulin dissociation
rate during elongation were all held constant at the values listed in
Table 2.
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Simulation of interphase MT assembly
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Figure 4. Simulation of interphase CMTC assembly. Populations of 500 MTs were assembled to reach a steady-state mean length and steady-
state polymer concentration using the interphase model parameters shown in Table 2. The MT length histogram is an average of three simulated
populations (A). B shows the length histories of simulated MTs. Tubulin turnover was measured by simulating lattice marking experiments at
0.5, 1, 1.5, and 2 times the mean MT length away from the nucleation site (C). Whole MT turnover was measured under steady-state conditions (D).

turnover substantially shortened from 180 min to 1 namics (Table 1). The half-life of MT turnover was
min (Figure 3). These results show that making rescue nearly identical to the value measured in the mitotic
zero, like increasing the catastrophe frequency three- spindle (Figure 3 and Table 1); however, the elon-
fold, produces the major features of mitotic MT dy- gation velocities were higher and the percentage of
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Table 2. Microtubule populations produced by the Monte Carlo computer simulation by varying the dynamic instability parametersa

Increased Increased
Increased catastrophe rescue
number of frequency and frequency and
microtubules 2 000 2 000

Interphase model (2 000) microtubules microtubules

Model results shown in: Figure 4 Figure 5 Figure 6 Figure 7
Dynamic instability parameters:
Number of microtubules 500 2 000 2 000 2 000
Catastrophy frequency (s-1) 0.019 0.019 0.056 0.019
Rescue frequency (s-1) 0.044 0.044 0.044 0.000

Mean average microtubule length (Mm) [n] 100.0 ± 0.6 [16] 27.1 ± 0.1 [14] 12.5 ± 0.2 [10] 12.7 ± 0.1 [13]
Mean elongation rate (Mm/min) [n] 7.2 ± 0.1 [16] 6.0 ± 0.1 [14] 14.5 ± 0.1 [10] 14.4 ± 0.1 [13]
Mean steady-state polymer concentration (,M) [n] 17.0 ± 0.1 [16] 18.4 ± 0.1 [14] 8.4 ± 0.2 [10] 8.6 ± 0.1 [13]
Tubulin turnover versus distance from the pole Highly dependent Independent Independent Independent
Half-time of tubulin turnover at the average length [n] >3 h [4] >6 min [4] 108 ± 11 s 57 ± 4 s [7]

[10]
Half-time of whole microtubule turnover [n] 14 114 ± 1 144 s 738 ± 39 s 121 ± 2 s 65 ± 2 s

> 3.5 h[4] >10Omin [41 -2 min [41 - 1 min [41
Estimated average microtubule lifetimes 5.6 h 17.7 min 3 min 1.5 min
Shape of length distribution Bell shaped Decreasing Decreasing Decreasing

a Constants: All simulation populations were initiated with microtubules having 0 length and in the no polymer state. The total tubulin
concentration was 25.44 ,M. The total volume was 8 pl. The association rate of tubulin during microtubule elongation (Ke2) was 0.85 Mm/
min/Mm. The dissociation rate of tubulin during microtubule elongation (K,-.) was O Mm/min. The rate of microtubule shortening rate was 17
Mm/min.

polymerized tubulin was much lower than expected
for mitosis (Figure 3).

If we combined a rescue frequency of zero with nu-
cleation of 2000, then this model also came much closer
to predicting newt mitotic MT dynamics (Figures 3 and
7 and Tables 1 and 2). The mean MT length was 12.7
,tm. The elongation velocity was -14.4 Mim/min. The
half-life of MT turnover was 0.95 min, and tubulin
turnover within MTs was independent of the distance
from the nucleation sites. MT turnover was slightly
faster than measured for spindle MTs, but in all other
aspects changing only two variables in the simulation
(making the rescue frequency zero and increasing the
number of nucleation sites fourfold) produced changes
in MT assembly typical of the transition between in-
terphase and mitosis.

Changes in Catastrophe Versus Rescue Needed to
Achieve Mitotic Assembly
We also examined the cooperative effects of changing
both catastrophe and rescue frequencies, because it is
possible that catastrophe increases and rescue decreases
upon entry into mitosis (Cassimeris et al., 1988; Belmont
et al., 1990; Gliksman et al., 1992; Verde et al., 1992).
We increased the number of MT nucleation sites to 2000
in the interphase model, then determined the combi-
nation of values for the frequencies of catastrophe and
rescue that produced a steady-state average MT length
between 12 and 13 ,m, the value typical of NLC mitotic
MTs. The results from these simulations showed that

there was a linear relationship between the changes
in catastrophe and rescue frequencies required to
achieve the short MTs of the mitotic spindle as shown
in Figure 8.

Kinetics of Conversion Between Interphase and
Mitotic Assembly
The last of our experiments examined the time course
of the conversion from the interphase CMTC into the
mitotic spindle and the reverse, the conversion from the
mitotic spindle into the interphase CMTC. MTs were
assembled to steady state using the interphase model
(Figure 4). Abruptly, the number of MT nucleation sites
was increased (from 500 to 2000) and the catastrophe
frequency was increased about threefold (from 0.019
to 0.056 s-1) or the rescue frequency was decreased to
zero. In either case, the average length of the original
500 MTs decreased progressively until a steady state
was reached (Figure 9A). The decrease in average length
occurred with a half-time of - 10 min when catastrophe
was increased and 4 min when rescue was reduced
to zero. At the new steady-state assembly the average
length of the original 500 MTs was equal to the average
length of the entire mitotic MT population.
When the simulation parameters were abruptly re-

turned to the original interphase values, the average
length of the original 500 MTs increased exponentially
back to 100 um (Figure 9B). The half-life of length re-
covery was 7 min for either of the mitotic models.
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Changes produced by increasing the number of MTs
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Figure 5. Changes produced by increasing nucleation to 2000. Starting with the interphase-like model (Figure 4), the number of MT sites
was increased from 500 to 2000 MTs without changing the rest of the parameters (see Table 2). Data in A-D were obtained as described in
Figure 4.
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Changes produced by increasing the catastrophe frequency and the number of MTs
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Figure 6. Changes produced by increasing catastrophe frequency threefold and nucleation to 2000. Starting with the interphase-like model
(Figure 4), the catastrophe frequency was increased from 0.019 to 0.056 s-', and the number of MT sites was increased from 500 to 2000 MTs
without changing the rest of the parameters (see Table 2). Data in A-D were obtained as described in Figure 4.
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Changes produced by decreasing the rescue frequency and increasing the number of MTs

B

N

N

-, s
r "

N %

p .1
N ,

,,,sPI
,

I it W.-%

20 40 60 80 100

MT Lengths (gLm)

Distance from - 6.25 pm
the Nucleation * 12.5 pm
Center + 18.75 pm

0 25pm

100

oO90

b80
70
60

C 70
I-

60

0
0D 40,
0.

30

20

10

0
0 60 120 180 240

Time (s)

0 60 120 180 240 300 360

Time (s)

Figure 7. Changes produced by making rescue frequency zero and nucleation 2000. Starting with the interphase-like model (Figure 4), the
rescue frequency was decreased from 0.044 to 0.000 s-1, and the number of MT sites was increased from 500 to 2000 MTs without changing
the rest of the parameters (see Table 2). Data in A-D were obtained as described in Figure 4.
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Catastrophe and rescue frequencies producing MTs with
an average length between 12 and 13 gm
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thirds of the cellular tubulin was on average in polymer
and one-third in monomer. We chose a value >50%
because we also assumed that the doubling of the MT
elongation velocity during mitosis was due to a doubling
of the concentration of unpolymerized tubulin rather
than an increase in the tubulin association rate during
elongation. If <50% of the tubulin was polymerized in
the CMTC, the increase in the MT elongation velocity
during mitosis would have to involve a more complex
mechanism. The above reasoning yielded a value for
the tubulin association rate constant in the elongation
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Figure 8. Catastrophe and rescue frequencies producing MT pop-
ulations with an average length between 12 and 13 ,um. Starting with
the interphase-like model (Figure 4), nucleation was increased from
500 to 2000, and rescue frequency was set to various values. The
catastrophe frequency was varied without changing the rest of the
interphase parameters until an average length between 12 and 13 ,um
was achieved at steady-state assembly. The straight line through the
data was obtained by linear regression.
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DISCUSSION
Assumptions Made in Using the Computer Programs
The simulation model described in this paper assumed
that MT polymerization reactions occur only at plus ends
and that plus ends could only be in the states of no
polymer, elongation, or shortening. This precluded other
assembly states such as a pause, a state of neither
lengthening nor shortening. MT pausing has been noted
both in vitro (Walker et al., 1988; Simon et al., 1992)
and in vivo (Sammak and Borisy, 1988; Shelden and
Wadsworth, 1993) but was rare in interphase newt cells
(Cassimeris et al., 1988) and in interphase sea urchin
egg cytoplasmic extracts (Gliksman et al., 1992). Our
simulation also neglected MT annealing (Rothwell et
al., 1986), MT severing (Vale, 1991), nonnucleated MT
self-assembly, and any minus-end polymerization or
depolymerization (Mitchison, 1989; Sawin and Mitchi-
son, 1991; Mitchison and Salmon, 1992) at the nucle-
ation sites. Given our current state of knowledge about
MT assembly in the cell, nucleation, and plus-end dy-
namic instability appear to be the dominate factors in
regulating changes in MT assembly in the cell cycle. If
future evidence shows that one of these other assembly
states is of interest, it should be fairly easy to modify
our computer model to include it in the simulation.
To set up the interphase simulation model, we as-

sumed that assembly was steady state and that two-

B 100-
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0 20- a

0
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Figure 9. The time course of the conversion from the interphase
CMTC into the mitotic spindle and back to the interphase CMTC.
(A) MTs were assembled to steady state using the interphase model
parameters shown in Table 2. At time 0, the simulation parameters
were changed to those of the catastrophe model (0) or the rescue
model (A) for mitotic MT assembly (see Table 2). The average MT
lengths are those of the original 500 MT nucleation sites and represent
the average of three experiments. (B) MTs were assembled to steady
state using the catastrophe model (0) or the rescue model (A) for
mitotic MT assembly (see Table 2), and at time 0, the simulation pa-
rameters were changed to those of the interphase model. The average
MT lengths are those of 500 MTs assembled from the catastrophe
model (0) or the rescue model (A) and represent the average of three
experiments.
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state of 2.3 X 107 M-'s-1 to produce 7.2 ,um/min growth
velocity from 8.1 ,tM unpolymerized tubulin. This as-
sociation rate constant is similar to the value estimated
for MT growth in sea urchin egg cytoplasmic extracts
(Simon et al., 1992).
The frequency of nucleation, catastrophe and rescue

were treated as independent variables that were held
constant despite changes in the unpolymerized tubulin
concentration for either the interphase or mitotic sim-
ulations. These transitions frequencies have been shown
to depend on the concentration of unpolymerized tu-
bulin for the assembly of pure tubulin in vitro. (Walker
et al., 1988, 1991; O'Brien et al., 1990; Voter et al., 1991;
Simon et al., 1992). Increasing the concentration of un-
polymerized tubulin has been shown to promote nu-
cleation, suppress catastrophe, and may enhance rescue
(Walker et al., 1988, 1991; O'Brien et al., 1990; Voter et
al., 1991; Simon et al., 1992). The unpolymerized tubulin
concentrations in our mitotic simulations were about
double that of the interphase simulations accounting
for the doubling of the elongation velocity. On the basis
of the in vitro studies, this increase in unpolymerized
tubulin concentration would be expected to enhance
mechanisms that promote nucleation but antagonize the
mechanisms that promote catastrophe and decrease
rescue.
One other assumption of our simulations was that

the dynamic instability parameters and the tubulin con-
centration did not depend on position within the cell
volume nor on distance from the nucleation center.
These assumptions seem to be a reasonable first ap-
proximation given our current state of knowledge about
conditions in the cell. And indeed, the interphase and
mitotic simulations predicted the major features ex-
pected of in vivo MT assembly.
Changes in Nucleation Effect Steady-State MT
Assembly
The number of nucleation sites and the nucleation fre-
quency are typically not included in discussions of the
parameters of dynamic instability; nevertheless, nucle-
ation can alter steady state MT assembly. As seen in
Figure 3, increasing the number of nucleation sites pro-
motes MT polymerization because there are more MT
growing sites. This increase in polymerization depletes
the unpolymerized tubulin concentration, slowing the
elongation rate. Slowing the elongation rate makes
shorter MTs. As the MTs become shorter, they become
more dynamic because an increasing number of the MTs
shorten all the way back to the nucleation site before a
rescue can occur. In this way, increasing the number of
nucleation sites yields shorter, more dynamic (shorter
half-life) MTs (Figure 3).
Blocking Nucleation Would Have a Slow Effect on
CMTC Assembly, but a Very Rapid Effect on Spindle
Assembly
The long interphase CMTC MTs in our simulations
(Figure 4B) rarely shortened all the way back to the

nucleation site in comparison to the short dynamic mi-
totic MTs (Figures 6B and 7B). Compare, for example,
the very slow rate (3.5-h half-life) of whole MT turnover
for the CMTC in Figure 4D to the fast rates (60-70 s)
for the mitotic simulations in Figures 6D and 7D. If all
MT renucleation was blocked, the half-life of MT loss
in the CMTC would be on the order of hours, but the
half-life of MT loss during mitosis would be on the order
of minutes. Recently, Joshi et al. (1992) have reported
that antibodies to gamma-tubulin bind to centrosomes
and block MT nucleation. When microinjected into tis-
sue cells, these antibodies were reported to have little
noticeable effect on the assembly of the interphase
CMTC for .2 h after injection. In controls, they pro-
duced disassembly of the mitotic spindle within 15 min.
The difference in the response of the CMTC and spindle
is exactly the difference predicted by our simulations.

Why the MT Elongation Velocity Increases Twofold
in Mitotic NLCs, but not in Cytoplasmic Extracts
The addition of cyclins to Xenopus interphase egg ex-
tracts or okadaic acid to interphase sea urchin egg ex-
tracts has been used to create mitotic-like MT popula-
tions in vitro (Belmont et al., 1990; Verde et al., 1990,
1992; Gliksman et al., 1992) by increasing the catastro-
phe frequency or decreasing the rescue frequency. These
treatments increased MT elongation velocities by only
10-40% in the extract systems (Belmont et al., 1990;
Gliksman et al., 1992; Verde et al., 1992). In contrast,
in our cellular simulation, similar increases in catastro-
phe and or decreases in rescue frequencies doubled the
MT elongation velocity. A major difference between the
assembly conditions used for the cytoplasmic extract
experiments and for our cellular simulations is the con-
centration of nucleation sites relative to the total tubulin
concentration. In the extract experiments, the ratio of
nucleation sites relative to the total tubulin concentration
was very low in comparison to the ratio in our cellular
simulations. In the extracts, the interphase dynamic in-
stability parameters were measured before MT assembly
reached a steady-state level. As a result, most of the
total tubulin concentration remained unpolymerized,
and there was little difference in growth velocity in the
extracts for either the interphase or mitotic states. In
our cellular simulations, a major fraction of the tubulin
pool was polymerized into the CMTC, as occurs in vivo.
Under mitotic conditions, the polymerized fraction de-
creases twofold, doubling the unpolymerized tubulin
concentration and elongation velocity.

The Rates of Conversion Between Interphase and
Mitotic MT Assembly
The data in Figure 9A show that the rate of conversion
from interphase to mitotic assembly is three to four times
faster for the rescue model in comparison to the catas-
trophe model. Conversion is complete within 10 min
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for the rescue model, whereas it takes 40 min to achieve
mitotic MT lengths with the catastrophe model. Thus,
decreasing rescue more rapidly leads to shorter MTs in
comparison with increased catastrophe.

In dividing tissue culture cells, most of the interphase
MTs have disappeared within 10-15 min after entry
into mitosis at nuclear envelope breakdown (Vandre
and Borisy, 1985). In rapidly dividing cells like sea ur-
chin embryos, mitosis can be as short as 10 min. This
comparison between our simulation results and the in
vivo situation indicates that for cell types with short
mitotic periods and long CMTC MTs the rescue model,
but not the catastrophe model, may be sufficient to ex-
plain the interphase to mitosis conversion rate. In other
cell types with longer mitotic periods or shorter CMTC
MTs, the catastrophe model may be more important
because rescues occur infrequently before shortening
all the way back to the nucleation site. Faster conversion
might also be produced by mitotic activation of MT sev-
ering factors recently identified by Vale and coworkers
(Vale, 1991).
The data in Figure 9B show that it takes -20 min to

convert to interphase MT assembly from the mitotic
state for either the catastrophe or rescue models. This
rate of conversion appears similar to the rate in mam-
malian tissue culture cells, but insufficient in vivo data
is available for an accurate comparison.

How Do the Simulation Results Fit Previous
Mathematical Models ofMT Assembly?
Several mathematical models have been used to predict
the bulk assembly properties of populations of MTs un-
dergoing dynamic instability (Hill, 1987; Mitchison and
Kirschner, 1987; Bayley et al., 1989; Verde et al., 1992).
The results of computer simulations described in this
paper fit most of predictions of the previous models and
made fewer assumptions about microtubule dynamics.

Mitchison and Kirschner (1987) assumed that MT
shortening was instantaneous and that rescue transitions
did not occur (i.e., the rescue frequency was 0.0 s-1).
Given these assumptions, they found that increased
numbers of MT nucleation sites, as occurs during mi-
tosis, should decrease MT lengths, increase the total
amount of MT polymer, and decrease MT lifetimes. The
results of our simulations shown in Figure 3 fit this pre-
diction despite the presence of rescue and noninstan-
taneous MT shortening in the model. Nonetheless, MT
elongation velocity increases during mitosis, and their
model does not predict this result. Either the catastrophe
frequency must increase or the rescue frequency must
decrease to achieve the fast MT elongation velocity typ-
ical of mitosis.

Both Hill (1987) and Verde et al. (1992) derived for-
mulas to predict the mean lengths of "bounded" MT
populations. By their definitions, a bounded MT pop-
ulation exhibits steady-state assembly when the rate of

polymerization equals the rate of depolymerization for
the population; an "unbounded" MT population ex-
hibits net polymerization. In addition, a MT population
would be considered bounded if the average length of
elongation predicted by elongation velocity and catas-
trophe frequency was less than the average length of
shortening predicted by the shortening velocity and
rescue frequency.

For the bounded situation, Hill (1987) and Verde et
al. (1992) formulated an equation for the average MT
length (lav) at steady state assembly:

lav = VeVs/(Vskc - Vekr) (1)

where Ve and V, are the elongation and shortening ve-
locities and kc and kr are the catastrophe and rescue
frequencies.

Equation 1 was highly inaccutate in predicting av-
erage MT length for our interphase model at steady-
state assembly, a bounded situation by the bounded
definition. In the model, MTs rarely disassembled all
the way back to the nucleation site before a rescue oc-
curred. As a result, steady-state assembly was achieved
when net elongation equaled net shortening as predicted
by the dynamic instability parameters (Ve/kc = Vs/kr).
This equality makes the denominator of Equation 1 go
to zero and lav go to infinity. Both in vivo and in our
computer simulation lav was about 100 ,um at steady-
state assembly. In addition, Verde et al. (1992) predicted
that bounded MT populations would have exponentially
decreasing length distributions. In our interphase model
and in vivo (Cassimeris et al., 1986; Kitanishi-Yumura
and Fukui, 1987; Aist and Bayles, 1991), the steady-
state length distribution was bell- or Gaussian-shaped
(Figure 4), the distribution they predict for the un-
bounded state.

In contrast, Equation 1 does predict accurately (within
10%) the average steady state MT lengths and the ex-
ponentially decreasing length distributions exhibited by
our mitotic simulations (Figures 6 and 7). Unlike the
interphase model where the dynamic instability param-
eters predict net elongation equal to net shortening, the
mitotic models predicted that net elongation would be
much less than net shortening if MTs were infinitely
long and did not disappear by depolymerization to the
nucleation site. Thus V,kc- Vekr from Equation 1 is not
near zero as in the interphase model, and Equation 1
provides a reasonable prediction of average mitotic MT
length.

Equation 1 can be rewritten to show the relationship
between the catastrophe and rescue frequencies for mi-
totic MT arrays:

kC = (Ve/lav) + kr(Ve/Vs) (2)
Equation 2 predicts a linear relationship between the
values of catastrophe and rescue frequencies for given
steady-state values of average length, elongation and
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shortening velocities. This linear relationship was dem-
onstrated in Figure 8 for mitotic-like bounded condi-
tions.
The computer simulation model demonstrated that

the measured interphase dynamic instability parame-
ters, adjusted slightly to give a steady-state situation,
reproduced MT populations with many of the charac-
teristics of the CMTC. In vivo, phosphorylation of the
centrosome at mitosis increases the number of MTs in
the cell; the simulation model has demonstrated that
the increased number of MTs promotes a decrease in
MT lengths and an increase in MT turnover but does
not account for the increase in MT elongation velocity
(Figures 3 and 5). Thus our model predicts that there
must be changes in the transition frequencies. Increasing
the frequency of catastrophe and decreasing the fre-
quency of rescue both generated similar MT populations
with many of the characteristics of the spindle (Figures
3, 6, and 7). Changes in either parameter altered MT
lengths, MT elongation velocities, and MT turnover.
There were, however, subtle numerical differences be-
tween the catastrophe and rescue models. Since direct
analysis of single MT dynamics is extremely difficult in
the mitotic spindle, future investigations may be able
to use the subtle numerical differences between these
different models to investigate the CMTC to spindle
conversion in other cell types.
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