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SPECIAL TOPIC — Active matters physics
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Microtubule self-organization under mechanical and chemical regulations plays a central role in cytokinesis and cel-
lular transportations. In plant-cells, the patterns or phases of cortical microtubules organizations are the direct indicators of
cell-phases. The dense nematic pattern of cortical microtubule array relies on the regulation of single microtubule dynamics
with mechanical coupling to steric interaction among the self-organized microtubule crowds. Building upon previous mini-
mal models, we investigate the effective microtubule width, microtubule catastrophe rate, and zippering angle as factors that
regulate the self-organization of the dense nematic phase. We find that by incorporating the effective microtubule width, the
transition from isotropic to the highly ordered nematic phase (N} phase) with extremely long microtubules will be gapped
by another nematic phase which consists of relative short microtubules (N phase). The Ny phase in the gap grows wider
with the increase of the microtubule width. We further illustrate that in the dense phase, the collision-induced catastrophe
rate and an optimal zippering angle play an important role in controlling the order—disorder transition, as a result of the
coupling between the collision events and ordering. Our study shows that the transition to dense microtubule array requires
the cross-talk between single microtubule growth and mechanical interactions among microtubules in the active crowds.

Keywords: microtubule array, nematic order, zippering, microtubule growth
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1. Introduction

Dense ordered cortical microtubule (CMT) arrays is
widely found in the interphase of plant cell.l'] The ar-
ray structure is known to further dictate the direction of
cell expansion. It plays a key role in consequent plant cell
morphogenesis.[*7) To understand the self-organization prin-
ciple, in vivo fluorescent image reveals significant microtubule
interaction during the polymerization process.®~'?! It has been
shown that the steric interaction between microtubules will
lead to zippering into microtubule bundles if they encounter
each other at shallow angle. If they encounter each other
at large angle, the blocked microtubules may stop growing,
or crossover by protruding to the third dimension, and in
some cases even induce dynamic catastrophe triggering fast

10,11

depolymerization.!!'%!!] These dynamic processes are shown

to be critical in leading to the formation of ordered dense mi-

IL.13-151 Furthermore, more and more micro-

crotubule array. !
tubule associated proteins have been identified to reveal how
these ordered microtubule arrays might respond to the external
mechanical, geometrical, and chemical signals.[&lz’lé‘z‘”
These experimental findings inspire intensive studies on
the self-organization of the microtubule array both numer-

ically and theoretically, which leads to a general physical
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picture of ‘survival-of-the-aligned’ mechanism. [!3-15-23-301 I

these models,!'*?> microtubules are attached to cell cortical
membrane in 2D and undergo polymerization and elongation
during the formation of interphase microtubule array. Fre-
quent collisions, zippering, and catastrophe events finally pun-
ish those discordant microtubles, and let the concordant ones
survive long enough to self-organize into an ordered state. 3!

Detailed calculations provide a basic understanding of
the order—disorder transition and the governing process./!* 1]
Computer simulation thus turns out to be an efficient tool
not only to illustrate the underlying ordering mechanism,
but also for the illustration of possible rules guiding the
organization process with the assistance of microtubule as-

5. [14.151821,25-27.30-33] For the simplest sit-

sociated protein
uation, it has been shown that simple mechanical-growth
coupling is enough for the formation of ordered micro-
tubule array. The regulation of cortical microtubule nucle-
ation/polymerization/depolisymerizaiton is essential for the
order—disorder transition in such system. In simulations, the
role of microtubule associated proteins, such as katanin, etc.,
can also been taken into account.!'73%3! Detailed dynamic
regulations can be well captured by computer simulations and
studied in a systematic way. Interesting factors like the topol-
ogy of the cell compartment and 3D geometries can also be
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t,[1824341 which further reveals the impor-

taken into accoun
tance of mechanical constraints on the regulation of micro-
tubule array morphology.

In this paper, following the spirit of previous minimal
model, we use computer simulations to study the possible ef-
fects of surface crowdedness on the self-organization of mi-
crotubule array in 2D. Microtubules are closely attached to
the plant cell membrane, where various cellular activities and
regulations take place.!">®! In vivo, in such crowded condi-
tion, the decoration of microtubule associated proteins, mo-
tors, and cell membrane substrate, and even the screened elec-
trostatic interaction might change the effective width of the
microtubule and their inter spacing.[*6*1 Previous models
also show that without the inclusion of microtubule width,
the microtubules may self-organize into a dense ordered
array.[!413:301 To address the effect of crowdedness, we have
to take into account of the effective width of microtubules. We
find that by introducing such an intrinsic geometry property, it
can qualitatively change the phase behavior of the system. The
additional crowdedness delays the order—disorder transition,
and leads to an intermediate phase, which has only been ob-
served in the very dense regime in a model with zero width.[!3]
The inclusion of microtubule width may further change the
consequent collision relevant events, such as collision induced
catastrophe and zippering.['!] These mechanical-growth cou-
plings are incorporated in simulation to reveal how the plant
cell might be able to regulate the mechanical response with
optimal critical zippering angles.

2. Results and discussion
2.1. Event driven chemical kinetics with steric coupling

Here we model microtubules with a finite width in order
to properly account for the exclude volume interaction in the
dense phases of cortical microtubule array. With high growth
rate, a line segment model with zero width may lead to ultra-
high density. The effective width of microtubule thus plays an
important role to regulate microtubule density in such phases.
A schematic illustration of the model is shown in Fig. 1.
The basic building blocks of the model are rectangles with
varying length /; ; and width W, where the subscripts denote
the k" segment on j™ microtubule in the system. The very
ends of micotubules are covered with semicircles with radius
R = W /2. The interaction between microtubules is the hard
rod potential, and any overlap of microtubules is strictly for-
bidden in the model. The growth of a microtubule is blocked
if there is no non-overlapping space near the plus end. The nu-
cleation of new microtubule can happen only in place where
free-space for new microtubule with segment length Al plus
the circular caps is available.

Following previous studies, at present coarse-grained
level, the single microtubule dynamics are sufficiently de-

scribed by the growth/catastrophe/shrinkage/rescue on the
plus end of the microtubule and shrinkage on the minus
end.[>34547] The growth speed kg on the plus end is usually
larger than the shrink speed kg, on the minus end, otherwise
the microtubule cannot exist for long time. The catastrophe
rates on the plus end can be distinguished by spontaneous
catastrophe rate kg and collision induced catastrophe rate kjc.
In the dilute limit, since collisions among microtubules are
rare, we can expect that spontaneous catastrophe is more dom-

48491 But here, since we are

inant than induced catastrophe.!
interested in the dense phase, collision happens so frequently
that the induced catastrophe may dominate the catastrophe
events.?l The catastrophe events will lead to the shrinkage
of microtubule kg on the plus end. Microtubules can resume
growth with a rescue rate k. The typical values of the kinetic

parameters used in the simulations are listed in Table 1.

Table 1. List of parameters and values in the simulation.

Parameters Simulated values
kg plus-end polymerization rate 40-80 nm/s
ks plus-end depolymerization rate 160 nm/s
Ksm minus-end depolymerization rate 40 nm/s

ke rescue rate 0.01/s

ke spontaneous catastrophe rate 0.00-0.0257!
kic induced catastrophe rate 0.00-0.14 57!
kn nucleation rate rate 3pum~2.s~!
o critical zippering angle 0°-90°

o, critical angle for collision induced catastrophe ~40°

Al subunit length 10 nm

L system size 8 um

T total simulation time ~10°s
w effective width 0-50 nm

Fig. 1. Schematic representation of an interacting kinetic growth model for
microtubules with finite width W. The size of an individual microtubule j is
described by a constant width W, and segment lengths /; , where the sub-
scripts denote the k™ segment on j™ microtubule in the system. Every mi-
crotubule is covered with semicircle at both ends. The dash-dotted line indi-
cates the central axis of microtubule, and the red arrow indicates the plus-end
direction. In the cartoon, CMT2 will collide with CMT1 by further polymer-
ization. «; is the colliding angle of the j" microtubule with its neighbor.
The result depends on the choice of an critical zippering angle . For steep
angle with o; > o, the growth of microtubule is blocked and may trigger
induced catastrophe; for shallow angle &; < o, such as CMT3, it will zipper
and grow along its colliding neighbor’s body axis. CMT4 represents a newly
nucleated one in the free space.

During the growth, the microtubules may encounter each
other. The growth of blocked microtubule will be stopped

since no free space is available for the addition of a new seg-
ment. Microtubules are quite rigid, with typical persistence
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length of several millimeters.[>!] The small flexibility still al-
lows it to deviate its original growth direction. In experiment,
the so called zippering events are observed when two micro-
tubules encounter, or even crossover if microtubule growth

11501 For simplic-

into the third dimension out of the plane.
ity, here we restrict ourselves to strictly 2D, thus we do not
consider the crossover events. For zippering, it has been ob-
served that such event depends on the relative angle o be-
tween colliding microtubules.!'!>?] We can define a critical
) to approximate the angular dependence. If the collision an-
gle o > a, zippering is not possible. If the system allows
induced catastrophe, then such large angle encounter would
trigger such event with a rate ki.. For o < oy, zippering will
take place, and the colliding microtubule changes its growth
orientation following the direction dictated by the encountered
microtubule (see Fig. 1).

We apply the event driven Gillespie algorithm to simulate
our mechanical-chemical coupled dynamic system.[>9-31-33]
In each simulation step, the time is forwarded according to
8t =ay "' In(1/r), where r € (0,1] is a uniform random number
and ag = knL* + (kgN+ + ksN— + ksmN) /Al + keN_ + ks N+ +
kicNy is the sum of rates of all possible events. Here, Ny
and N_ are the numbers of microtubules in the growth-state
and shrink-state on the plus-end, respectively, and Al is the
length of a discrete segment we add onto the microtubule. Ny
is the number of microtubules which are blocked by encoun-
tering microtubules with the relative angle @ > o, and the
corresponding term is responsible for the induced catastrophe.
o, is the critical angle for collision induced catastrophe. No-
tice here that the term responsible for spontaneous catastro-
phe is ks.N, while for induced catastrophe is kicNy. N, is
the number of blocked configurations for microtubules, and in
all simulation we have N, < N.. In each simulation step, the
algorithm will choose the stochastic event according to their
relative weight. Once the algorithm decides a specific type
of events (growth, shrinkage, nucleations, catastrophe, or res-
cue), it then randomly selects a specific microtubule with equal
probability to realize such event. For growth and nucleation
events, if we find the added segment with Al overlap with the
existing microtubule, we skip the growth/nucleation, keep the
original configuration, and let the time increase. This leaves
a gap at the tip of the blocked microtubule, which is a natural
outcome of discretized nature of the segment.

The order of the system can be measured according the
magnitude of weighted nematic order parameter tensor as de-
fined in Refs. [15,30], which is given by

\/(zjyk 1k sin20;5)2 + (X414 0826, 1)

S = ,
Yiklik

6]

where (- -) represents time average, /;; and 6 ; are the length
and orientation of the j microtubule’s k™ straight segment,

respectively, and the summation is over all the segments in the
system. The system is in disorder state if the measured S in
simulation is close to zero, here we choose S < 0.3 for finite
system sizes simulated here. S =1 is the state that all micro-
tubules completely align. By default, all the simulations are
started from empty states unless specified.

To see how the collective behavior of the dense micro-
tubule array may be affected by the effective microtubule
width and other dynamic processes, in the following sections
we first use a simple tread milling model where the criti-
cal angle op for zippering is set to 0°, and neglect catas-
trophe events on the plus-end of the microtubule. Next, we
switch on the spontaneous and induced catastrophe events and
demonstrate their relative importance in controlling the order—
disorder transition. Finally, we vary the critical zippering an-
gle o and show the optimal regime to achieve nematic order.

2.2. Cortical microtubule self-organization with effective
microtubule width

To simulate crowded cortical microtubule array, we have
to take into account of the effective width of single micro-
tubule in the model. In vivo, the effective width of microtubule
may differ from that of bare microtubule due to the compli-
cated cortical environment and electrostatic interactions. First
microtubules are strongly attached to the cell membrane, thus
the membrane and associated proteins may mediate the effec-
tive interaction among microtubules. Moreover, the decora-
tion of microtubule associated proteins may also change the
effective width directly. In Fig. 2, we show how the effective
width may change the order—disorder transition in the model
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Fig. 2. Phase diagram by changing (ky, W) parameters. Three phases are
indicated, disorder isotropic phase (I) (pink region), nematic I phase with
highly aligned and very long microtubules (Ny) (blue region), and nematic II
phase with relative short aligned microtubules (Nyy) (yellow region). Solid
dots are samples for which simulations are performed. The star symbols rep-
resent the typical cases used in the analysis in Fig. 3, for I phase (W = 28 nm,
kg = 45 nm/s) (see ESI-Moviel.mov), Ny phase (W = 10 nm, k; = 65 nm/s)
(see ESI-Movie2.mov), and Nyp phase (W = 40 nm, kg = 70 nm/s) (see ESI-
Movie3.mov), respectively. Here the critical zippering angle oy = 0. The
spontaneous catastrophe and collision induced catastrophe are not taken into
account in this phase diagram. Other parameters are given in Table 1. For
every data point we performed one single thread simulation with time 10—
5x10%s.
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system. In the phase diagram of Fig. 2, with the increase
of the effective width W, the second nematic state emerges.
Following previous studies, we denote the highly ordered ne-
matic state with very long microtubules as Nj and relatively
lowly ordered nematic state with short microtubules as Ny (see
Figs. 3(a) and 3(b)). These properties have been well captured
by the angular and length probability density function (PDF)
of microtubules. As shown in Fig. 3(a), the angular distri-
bution of the Ny phase is in a narrow range of angle around
the super sharp peak, while the Ny; phase although also has
a dominant angle, indicating the emergence of nematic order,
its distribution is broad. The length distribution also shows the
singularity behavior of the N} phase. The system shows a very
broad length distribution until several thousand microns. The
disorder phase and Ny phase, on the other hand, both show
clear exponential decay of microtubule length.

Although the symmetry of the Ny and Np phases is
the same, the transition between these two phases is usu-
ally discontinuous (first order-like), thus they could be well
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Fig. 3. Microtubule angular and length PDF for three typical cases as indi-
cated by the star symbols in Fig. 2. (a) Angular PDF counted by subunits
for three typical cases in three different phases. Isotropic phase I in green,
sharply aligned N phase in red, and aligned microtubules with broad an-
gular distribution Ny phase in blue. The distribution is obtained by time
average of samples. Each sample is rotated with its dominant distribution at
90°. The vertical axis breaks at 0.1-0.9 to show the sharp red peak clearer
(N1 phase) which is about 20 times higher than the blue peak (Ny phase).
Inset: the vertical axis in log scale. (b) Length probability PDF of number
of microtubules. Both isotropic (green) and Ny (blue) phases demonstrate
exponential decay in the length distributions. The N phase shows a very
broad length distribution, which indicates that the system is dominated by
extremely long microtubules. The analysis is performed in the steady state
for a period 2 x 10° s with an interval of 10% s. Inset: microtubule length
distribution in Ny phase with much broader range of length.
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Fig. 4. Isotropic nematic transitions for different effective microtubule
widths. (a) Almost direct transition from disorder I phase to nematic M
phase for W = 0 nm with the increase of growth rate kg. The transition is
discontinuous characterized by the coexistence regime near kg = 44 nm/s.
(b) For W = 25 nm, the transition from disorder I phase to Ny phase, then
jumping into Ny phase with the increase of growth rate kg. The Ny and M
phase transition is discontinuous, with a bistable regime near kg = 60 nm/s.
The order parameter S is obtained by time and sample average (20 sam-
ples). Errors bar for 20 independent samples are given and most are within
the symbol. Red circles represent that simulation samples undergo phase
transition process and do not reach the steady state within the simulation
time ~ 5 x 10° s, giving the strong discontinuous nature of the transition,
which is not included for averaging. Other parameters not listed here are
the same as those in Fig. 2.

distinguished by studying how order parameter S varies with
the control parameters. Here, we choose to fix the effective
width W = 0 nm and W = 25 nm and increase the polymer-
ization rate kg so that we can expect a direct transition from
isotropic phase I to Ny phase at W = 0 nm, and an interme-
diate transition into Nj; phase at W = 25 nm. We measure
order parameter S as defined in Eq. (1). As shown in Fig. 4(a),
for W = 0 nm, the transition between isotropic phase and Nj
phase is discontinuous, characterized by a coexistence regime
around k; = 44 nm/s. The discontinuity is a result of mu-
tual enhancement of nematic order and increasing microtubule
length. Without effective width, the transition can happen at
relative low growth rate, with a direct jump between disorder
and ordered states. For W = 25 nm, as shown in Fig. 4(b)
the effect of crowdedness of the system is shown to change
the transition from disorder to N; phase. Although there still
exist the mutual enhancement microtubule length and nematic
order, the growth of microtubule is much easily blocked by
other microtubules. With the increase of W, the microtubule
occupied area will dramatically block the growth. Such strong
steric effects thus delay the order—disorder transition, and can
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constrain the length distribution to be exponential even when
the system becomes nematic ordered. As a result, the system
can continuously go into the nematic Ny phase until very large
polymerization rate, as shown in Fig. 4(b). When the order
parameter S gets larger, the system finally breaks the blockage
and dramatically elongates the microtubules with the forma-
tion of Ny phase. The large coexistence regime of Ny and Ny
phases near k; = 60 nm/s clearly indicates the discontinuity of
such process.

As a result, in the phase diagram of Fig. 2, the border be-
tween Np and Nyp/I phases is first order-like (discontinuous),
and the border between I and Ny phases is second order-like
(continuous). The interception point of these two transition
lines is the so called tricritical point. A similar topology of
the phase diagram also exists in a model without the inclu-
sion of the effective microtubule width.['3 In such case, the
Nir phase will emerge if the system has a very large nucle-
ation rate to produce lots of short microtubules in the model
with W = 0 nm. Here, we have kept the nucleation rates un-
changed, even effectively reduced with an effective width, but
the inclusion of effect width increases the crowdedness of the
system without further sharpening of the order. This plays the
similar role as the nucleation of short disorder microtubules in
previous model.

2.3. Spontaneous and induced catastrophes in dense phase

With the inclusion of the effective width, we now check
how the catastrophe events will be coupled to the finite width
microtubule system. The collision induced catastrophe de-
pends on the blocked configurations among growing micro-
tubules. In the dilute limit of the microtubule system, with
negligible collisions, the spontaneous catastrophe plays much
important roles. It regulates the length distribution and thus
also the order property of the system. In the dense phase,
the induced catastrophe becomes much important due to the
frequent collisions among microtubules. We are interested
here to see how different catastrophes may effect the self-
organization of the dense phase.

For this purpose, we choose W = 25 nm (approximately
the bare width of microtubule) and k; = 70 nm/s with rescue
rate k; = 0.01 s—! (see Table 1), where the system stays in Ny
phase without introducing catastrophe. To compare the differ-
ence of two catastrophe mechanisms, we focus on two cases
where spontaneous catastrophe and induced catastrophe are
introduced separately. As shown in Fig. 5(a), both catastrophe
events can drive the system decay from Ny to Ny and then dis-
order. The catastrophes trigger the depolymerization process
ks on the plus-end, and the microtubule thus will shrink on
both ends, and the length is shortened efficiently. This will re-
duce the microtubule length and lead to less ordered state. The
transition from Ny to Ny is still discontinuous (first order-like),
and Ny to isotropic is continuous (second order-like). The

transition from Ny phase to Nyy is more sensitive to spontaneous
catastrophe k.. In Ny phase, the system is extremely crowded,
however, the microtubules are highly aligned. Perfect align-
ment dramatically reduces the collisions among microtubules,
which makes the transition less sensitive to induced catastro-
phe rate k;c.

Since ki. needs the collision process to trigger the catas-
trophe, its value does not represent the frequency of catastro-
phe events that actually take place in the system. We can fur-
ther compare the effects of both catastrophes by the frequency
of real catastrophe events (RCEs). We count the average fre-
quency of RCEs in simulations for both cases in steady state.
The statistics are shown in Fig. 5(b).
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Fig. 5. Spontaneous catastrophe and induced catastrophe in regulation
of order—disorder transition. (a) The transition from Ny phase to less
ordered Njj phase and disorder with the increase of spontaneous catas-
trophe rate kg (red square) or k. (blue dot). (b) Same data as (a) but
the horizontal-axis is mapped to the time averaged frequency of real
catastrophe events (RCE) for all the samples. The critical angle for
collision induced dynamic catastrophe is o, = 40°, the growth speed
kg =70 nm/s, and effective microtubule width W = 25 nm. The simu-
lations start from MV state as obtained in Fig. 4(b) at kg = 70 nm/s. Each
point is averaged with 5 samples with time interval 1 s, and average
simulation time longer than 10° s.

There are two important features in such representation.
First, compared with Fig. 5(a), the significant overlap of Ny
and Np phases for induced catastrophe disappears. It signi-
fies that the Ny and Ny phases have very different RCEs even
in the coexistence regime. For given ki, in the coexistence
regime in Fig. 5(a), the RCEs in highly ordered Ny phase are
almost 0, while for relatively lowly ordered Ny phase, there ex-
ist quite significant collisions among microtubules, thus quite
large RCEs are obtained.
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Second, for given RCEs, the induced catastrophe still
demonstrates significantly higher nematic order than the case
for spontaneous catastrophe. The spontaneous catastrophe
events only depend on the number of microtubules that are
in the growth state, as we can see from the term kg N, in
Eq. (1). However, the induce catastrophe events further re-
quire that these microtubules are blocked by neighbors (kjc Ny
in Eq. (1)). Since micortubules that are not aligned with their
neighbors are much easier to be blocked during the growth,
collision induced catastrophes are much efficient to recognize
and clean the discordant microtubules than spontaneous catas-
trophe, thus allowing larger nematic order at the same RCEs.

2.4. Optimal zippering angle

Zippering also depends on the collision among micro-
tubules. In an active dense phase, we expect it would play
an important role in controlling the order—disorder transition.
One important parameter controling the zippering events is the
critical angle cp. When the colliding angle o is less than o,
two microtubules will zipper. However, when colliding angle
« is larger than o, we expect it is going to block the growth,
and even can trigger collision induced catastrophe or crossover
events. As we show above, catastrophe events basically are go-
ing to reduce the order in the system monotonously. Its effects
can be compensated by increasing the growth speed. Here to
investigate the effect of zippering, we set catastrophe to 0 s~
We also restrict ourselves strictly in 2D, thus do not consider
the crossover events.

Zippering is considered a promotion effect of order in the
system.!'!] Tt helps to change dis-aligned microtubule groth
along with their neighbor thus effectively introduces an align-
ment interaction. On the other hand, if zippering can happen
very easily for large o, the microtubules essentially become
very flexible. For flexible polymer, nematic order will disap-
pear. To compromise the easiness of alignment and rigidity,
we may expect an optimal critical zippering angle o for ne-
matic alignment.

In Fig. 6(a), we scan the (o, kg) parameter space. It is
clear that for large critical angle og > 70°, the system becomes
disorder even when k; is large. For small o, at moderate
growth rate 46 nm/s < ky < 55 nm/s, the system is also in a
disordered state. The Nyr phase exists only for an optimal o
region. Large o drives the system into disorder. For small o,
the Ny phase becomes dominant when &; is large. In Fig. 6(b),
these properties are further shown by an explicit plot of or-
der parameter S versus 0. In Fig. 6(a), we also notice that,
near k; = 55 nm/s, the reentrant behavior between N; and Ny
phases indicates that the zippering can modify the ordering in
a non-trivial manner. In such condition for o = 0°, the micro-
tubules are always blocked during collision, and the system is
locked in Ny; phase. However, when a small o is introduced,

it allows the colliding microtubule to grow if the colliding an-
gle @ < o, and this suddenly drives the system into highly
ordered Np phase. Further increase of o however makes the
microtubules too flexible to maintain the Ny phase.
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Fig. 6. The effects of critical zippering angle on growing microtubule
phase behavior. (a) Phase diagram with the variations of critical zip-
pering angle o and kg. The phase diagram is colored the same way as
in Fig. 2. (b) The variations of time averaged order parameter S with
the change of o and kg. The effective microtubule width used here is
W =25 nm, and kic = kec = 0 s~!. The average is performed in the
steady state with a sampling interval 1 s and total average period 10°—
5x10%s.

The optimal zippering angle indicates that zippering does
not simply enhance the alignment. Although it enables the
alignment of the growth direction of microtubules, it leaves
those dis-aligned segments unchanged. Such dis-aligned seg-
ments can only be eliminated by depolymerization on the mi-
nus end. The catastrophe events on the plus-end would not
help since it starts from the plus end and will eliminate the
aligned part first. For large oy, the zippering events happen ir-
respective of the colliding angle, which leads to frequent large
angle bending of microtubules and drives the system into com-
plete disorder.

In our simulation, by systematically varying the critical
zippering angle o, we find optimal zippering angle around
30° to 40° for Ny phase. This optimal angle is consistent with
the experimental determined zippering value. In vivo, various
conditions may help regulating the critical angle for zippering.
Since microtubules have large persistence length, the most im-
portant factor in control might be the microtubule associated
proteins that fastens the microtubule on the cell cortex. 3644341
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Higher density of these binding proteins might allow small
critical zippering angle. Moreover, the plus-end microtubule
associated proteins might also play a role in the regulation of
zippering. It would be interesting to investigate if evolution
has allowed plant cell to exploit such possibility to do opti-
mization for achieving ordered cortical microtubule array.

3. Conclusions

Through computer simulations, we incorporate the effects
of effective width of cortical microtubule, the induced catas-
trophe events, and zippering effects to investigate the phase be-
havior in self-organized crowded microtubule array. We show
that in the dense phase, the finite volume of microtubule plays
an important role in regulating the order—disorder transition.
It significantly enhances the probability of mutual blockage
of microtubule growth, thus at finite density it is able to con-
fine the growing microtubule length and suppresses the system
into relatively lowly ordered Ny; phase. With less free space it
also triggers more collision induced catastrophe and zippering
events, all these will further regulate the phase behavior of the
microtubule array.

In the dense phase, we expect that the collisions among
microtubules are frequent, thus the collision induced catastro-
phe and zippering of microtubules will become important. On
the other hand, the dense phase usually corresponds to highly
ordered nematic state.>>) The mutual alignment significantly
reduces the collision process. These effects are revealed in our
simulation, where we find in Ny phase the collision induced
catastrophe rate is very low. Since the rate of collision in-
duced catastrophe may change with the modification of local
configuration, it will enhance the establishment of nematic or-
der from a disordered state. First it will eliminate misaligned
microtubules since these microtubules will trigger frequent
catastrophe event if growing. Second, once microtubules are
aligned, the induced catastrophe is dramatically reduced and
locks the system in the ordered phase.

Our simulations show that the zippering mechanism is un-
expectedly important in regulating the order formation in such
dense microtubule array. Experimentally confirmed zippering
critical angle is found to be optimal for the emergence of Ny
phase. For small growth rate, both small and large zippering
critical angles g may lead to disorder. Our results suggest that
the microtubule associated proteins that attach microtubules
onto cell cortex will play an important role in regulating the
critical zippering angle as observed in vivo.
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