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Pattern formation and the mechanics of a motor-driven filamentous system
confined by rigid membranes
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Pattern formation and the mechanics of a mixture of actin filaments and myosin motors that is confined by a
rigid membrane is investigated. By using a coarse-grained molecular dynamics model, we demonstrate that the
competition between the depletion force and the active force of the motors gives rise to actin accumulation in
the membrane vicinity. The resulting actomyosin structure exerts pressure on the membrane that, due to nematic
alignment of the filaments, converges to a constant for large motor active force. The results are independent
of filament length and membrane curvature, indicating the universality of this phenomenon. Thus, this paper
proposes a mechanism by which the compounds of the cytoskeleton can self-organize into a higher-order

structure.
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I. INTRODUCTION

The field of active matter has seen significant development
in recent decades. Seminal studies include the finding of the
ordered state in the Vicsek model [1], the theoretical study
on Purcel’s swimmer [2], and the experimental realization of
active colloids [3-5]. Following these, a number of studies
have found that the active system can self-organize into vari-
ous patterns [6,7]. In addition, many studies, such as the ones
on suspensions of microorganisms [8,9], examined the rhe-
ological properties that are affected by coordinated activity.
These studies suggest that the pattern formation observed in
active matter systems may build a basis for complex emergent
functions [10].

In fact, the mechanical functions of self-organized struc-
tures are of fundamental importance in biological systems. For
instance, cells that exhibit spontaneous motion such as migra-
tion and shape deformation [11-13] coordinate their motion
to close wounds and enable tissue morphogenesis [14-17].
In these processes, the major force-generating component in
cells is cytoskeleton, such as actin filaments and microtubules
[18-23]. These are considered composite active matter as they
exhibit active dynamics through the force generated by their
associated motor proteins. They form a rich variety of struc-
tures, such as the actomyosin cortex [24,25], asters [26—28],
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clusters [29], vortices [30-32], stress fibers [33—37], contrac-
tile rings [38,39], polarity sorting [40], and mitotic spindles
[41], which possess characteristic functions [42—48].

Among them, the actomyosin cortex is one of the most
basic structures, as it maintains the cellular shape. It is a
network underneath the cellular membrane, consisting of actin
filaments and myosin motors as well as other associated pro-
teins. Thus, to form the actomyosin cortex, these molecules
first need to accumulate in the membrane vicinity. Interest-
ingly, such accumulation of active matter under confinement
has been reported in recent studies using very simple mod-
els of active colloids [49,50] and active rods [51,52]. The
phenomenon has been compared with motility-induced phase
separation [53,54]. However, while actomyosin and active
colloids show similar active dynamics, there are significant
differences between these systems. First, unlike active col-
loids, actin filaments do not self-propel unless they treadmill
(an effect not considered in our paper) [55]. Second, actin
filaments are very long compared to typical active colloidal
rods. They are filamentous molecules of about 10 nm in width
and a few tens of nm to several um in length [56]. In addition,
their persistence length is about 10 um, comparable to the size
of a cell, which also makes them quite stiff. Generally, such
a long stiff object experiences a strong depletion force when
confined due to the resulting restriction of its rotational degree
of freedom. Therefore, in the case of these long stiff objects
that only become active when bound by the motors that pro-
duce force on them, accumulation at a confining membrane is
both nontrivial yet highly relevant for biological systems.

The purpose of this paper is to investigate pattern forma-
tion of an actomyosin network that interacts with a confining
membrane and to analyze the mechanical function of the
resulting self-organized structure. In particular, we focus on
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FIG. 1. (a) Schematics of the coarse-grained model of filaments
and motors confined by a membrane. (b) Sketch of the interpolation
between the filament particles, on which the motor head force is
assigned using the coordinate o.
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the competition between the depletion force and the motor
active force. Previously, the dynamics of actomyosin has been
studied by using a macroscopic continuum model referred to
as active gel model [57-59]. However, to bridge the micro-
scopic molecular information and macroscopic structures, we
develop a mesoscopic molecular dynamics model, in a similar
spirit to those in Refs. [60,61], in which the molecular origin
of the macroscopic mechanics were analyzed.

This paper is organized as follows. We first define the
coarse-grained molecular dynamics model of a cytoskeleton
in the next section, which is followed by the explanation of
the simulation results in Sec. III. Finally, Sec. IV is devoted to
the summary and discussion.

II. MODEL

We start by defining our coarse-grained molecular dynam-
ics model of actin filaments and myosin motors. We model
a filament by a linear series of discrete particles connected
by elastic springs and a motor by a particle with two heads
(Fig. 1). The two motor heads can bind to two different fil-
aments and walk actively along them. This reproduces the
motion of a bipolar motor such as the nonmuscle myosin II
minifilaments that possess multiple actin binding sites on both
ends [62]. The equations of motion for the filament and motor
particles are given by

d f
ft str +ff bend +ff mot +ff memb +E§ﬁis (1)
mot dl‘ $0[ _ mot, str mot,bend mot 2
14 dt _Z(_fm,h _fm,h )+Em : @)
h=0,1
Here r ; represents the position of the ith particle of filament

f The 1ndex f is omitted hereafter for ease of notation. ri®* is

the position of the motor m, and the coordinate 0 < aﬁ‘}f <1
along the filament segment ri—rf i1 gives the position of the Ath
head of motor m as (1 — m"t)r + apSirt, | (Fig. 1). Then, the
equation of motion for the motor head reads

damot
f m.h Ik
Criipny =7, ar = ™, (3
where rl(l = = |rf,, — rl] is the filament segment length. See

Appendix A for the derivation. Inertia terms are neglected

because of the small size and velocity of the molecules; The
typical sizes of the cytoskeletal filament and the motor are less
than a few um and submicrometers, respectively. The sliding
velocity of the motor head is submicrometers per second.
Note that the filament polarity is taken into account by the
order of the filament particle indices, which gives the cue
for the motor heads to walk actively toward the filament plus
end, i.e., in increasing index i. The filament and motor parti-
cles experience friction and fluctuation from the surrounding
cytosolic fluid, which satisfy the fluctuation-dissipation theo-
rem,; (’;'l?() =0 and ( (0) H (1)) = 2yx6l]8 »0(t) with X =
{f, mot}. The cytosohc frlctlon is defined using a cylindri-
cal approximation [63] as y' = 37neyo(3d" + 2¢5/5) and
Y = 07 eyio(3d™ 4 €5 /5), where 1y is the cytosolic
viscosity and df (d™") and £} (¢7°!) are the width and length
of the filament segment (motor), respectively. On the other
hand, since the motor heads are bound to and walk along
filaments due to the motor walk force (MWF) fVak  they
experience a sliding friction {rif(i 4 l)da;‘l“}: /dt.

The immobile membrane is also discretized by small par-
ticles [64], which confine the filament through the repulsive
interaction

a
flt memb ar Urep(irmemb rlf :

Erep’ O_rep’ riep)’ (4)
l

with U™P(r;e,o,r,) = 1ﬂiﬁ(a/r —o/r)H@r, —r). €°P,
o™P, and ;" are the intensity, decay length, and cutoff length
of the repulsive interaction. rﬁc“emb is the position of the mem-
brane particle closest to the filament particle rf. H(x) is the
Heaviside step function that takes the value 1 for x > 0 and 0
otherwise.

The length and straightness of the filament are maintained
by the stretching and bending elasticity acting between the
filament particles:

9 X X
fostr h £ . fstr pf
fi = _FZU arm(ri(i+1)a" ”’30)7 ®
i
0
f,bend __ bend (,.f f . fbend
fi = _FZU o (r(i—l)i’ri(i+l)’k B )’ (©6)
i

where UMM (k. €0) is a harmonic potential with elastic
modulus « and rest length £, and U™ (r_, r k) = —k#_ -
7, is bending energy with bending rigidity k"*"d. Here, we
use the abbreviations r = |r|, rlfj = rf,- — rlf, and X = x/|x|.

Similarly, the stretching and bending forces act between
the motor particles and motor heads:

a
mot,str __ 2 : harm (ymot, , mot,str pmot
fm,h - 8rm°t U ( m,h > K ’ EO /2)’ (7)
mh p
d
mot,bend __ bend ( _ ymot ymot. ;mot,bend
fm,h - gymot Y ( lm,o’ lmql ’ k )’ (8)
m,h
where IM9 = r™%' — rm°'. Their contribution to the motor
m,h m,h

heads, fi% = frno" + frmotbend g assigned to the filament

particles with the geometrlc weight ocm"‘ which is necessary
because the binding position may be i in between the filament
particles [Fig. 1(b)]. Therefore, the force on the filament par-

ticle  from the motors reads f™* =" (1 — ™) fm% —

Y omn s fon- Here the first and second summations are
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calculated over the motor heads bound to the filament seg-
ments ri—r{, | and ri_ —r!, respectively. This ensures force and
torque conservation of the filament segments. Note that the
counter force of the motor sliding friction and MWF, which
act on the filaments, vanishes because of the force balance
Eq. (3). Therefore, Eqgs. (1)—(3) statistically satisfy the force-
and torque-free conditions, which are required for active sys-
tems including migrating cells [12,13].

In addition to the Egs. of motion (1)—(3), we consider the
following stochastic processes. The first one is the process
of motor binding and unbinding. Unbinding of a motor head
occurs in three cases. First, a motor head that is bound to a
filament unbinds stochastically at the rate of wfg'. Second,
when a motor head reaches the end of a filament by actively
walking along it, it unbinds instantaneously with the proba-
bility unity. Third, a motor head unbinds with the probability
unity when the other head of the motor unbinds. Here we
assume that a motor takes either the bound state where both of
the heads are bound to filaments or the free state where neither
of the two heads are bound to filaments for simplicity. The
free motors are assumed to diffuse sufficiently fast, so they
distribute uniformly. Then, a free motor binds to a randomly
selected pair of filaments whenever it finds a position on each
filament that is separated by the length of the motor £{°".
Thus, this motor binding process alone causes no force on
the system. The active force is generated in the cytoskeleton
through the motor stretching and bending energies that are
stored when motor heads move along filaments. The second
stochastic process is filament turnover that takes place at
a rate of a)%o. The filament undergoing turnover is placed
back into the system immediately at a random position with
random orientation, and all the motors previously bound to
it become free. Although this model can be applied to both
actin filaments and microtubules, in this paper, we focus on
the system of actin filaments and myosin motors with an ap-
propriate choice of the relevant parameters as summarized in
Appendix B.

We solve the set of time-evolution equations in the follow-
ing manner; First, we calculate the turnover of the filaments
and motors, and the position of the motor head is updated by
solving Eq. (3) with the Euler method. Then, Eqgs. (1) and (2)
are solved by using the fourth-order Runge-Kutta method. In
the following, energy, length, and time are rescaled by using
thermal energy Uy = kgT', motor length Iy = £§°', and motor
cytosolic friction coefficient fp = y ™ (£3°')? /kpT .

Finally, we comment on the difference of this approach
from existing models. There are several open source pack-
ages based on similar molecular dynamics models, including
AFINES [65], aLENS [66], CyLaKS [67], Cytosim [68],
and Medyan [69]. In these models, a motor is reduced to a
harmonic potential with zero rest length or it is represented
as a single segment with finite length since myosin motors
often form minifilaments. In contrast to these prepackaged
simulation approaches, a motor in our model is modeled by
two segments, which connect the motor particle with the two
heads. This treatment is very similar to those in Ref. [63,70]
and allows us to include both the finite length of the motor and
its cytosolic friction, which is mechanically more relevant to
the actual situation since the cytosolic friction depends on the
length of the motor.

III. RESULTS

A. Accumulation in the membrane vicinity

First, we consider actomyosin dynamics inside a circular
membrane. Without motors, the filaments are depleted near
the membrane. The depletion zone is also observed when
motors are introduced but no MWF is applied [Fig. 2(a)]. For
a finite MWEF, however, the filaments accumulate in the vicin-
ity of the membrane, forming a structure that resembles the
actomyosin cortex [Fig. 2(b)]. Here, the membrane curvature
is set to k = 0.05, corresponding to a radius R = 20 (4 um),
which is twice the filament length Ly = 10 (2 um).

To investigate whether the observed accumulation is uni-
versal or a simple consequence of the confinement curvature,
we varied the curvature of the membrane. Interestingly, the
filament accumulation is found for planar membranes with
zero curvature and even for an oppositely curved circular
membrane with positive curvature, in which case the filaments
are present outside the membrane [Figs. 2(c) and 2(d)].

To quantify this accumulation, we calculated the density
distribution of filaments (DDF) p' defined as a function of the
distance from the membrane dpemp by

f _[_ 1 N "
" (dmemb) = < yTZ- Za,<dmemb,dd>> )

t

where the function &¢,;(dmemp; d) is 1 if the filament segment
rlf—rf 41 is at the distance [dinemb — d)/2, diemb + d;/2] from
the membrane and equals O otherwise:

8[ (dmemb )

d' d;
=1 —H(dmemb — ?d — dlf>H<dlf - dmemb - Ed)

dy ¢ dg
x H dmemb_?_dHl H dl-Jrl—dmemb—? .
(10)

A(dmemb) 1s the area of the region within the distance dyemb —
d}/2 < 17 < dmemb + d;/2 from the membrane, and d); gives
the width of the average region, which we set to d); = £f/2.
(x); represents the time average. Since the filaments can bend,
we calculate the DDF using the distance of all filament par-
ticles from the membrane d} = (rf — r*™) . ny, where ny is
the normal direction to the membrane.

The DDF reaches zero at the membrane and increases
with dpemp [Fig. 2(e)]. When MWF is absent, o' almost
vanishes at small dyemp, showing a peak at larger distance,
which represents the fact that the filaments are depleted
from the membrane vicinity. When MWF is switched on,
however, the peak in p' appears closer to the membrane,
as marked by the arrow heads. This indicates the filament
accumulation in the membrane vicinity.

At equilibrium, filaments are depleted from the mem-
brane vicinity where their rotational degrees of freedom
are restricted (see Appendix C). This is also true when
motors cross-link filaments but lack the active force gen-
eration [Fig. 2(a)]. For filaments to accumulate in the
membrane vicinity, MWF needs to overcome the deple-
tion force. To quantify this point, we plotted the DDF
peak distance, ﬁmemb, as a function of MWF. Although
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FIG. 2. Snapshots of the filaments (blue) and motors (red) confined by the membrane (black). (a) A depletion zone of the filaments of length
Ly = 10 is observed in the absence of motors. (b)—(d) Cortexlike structure is formed around the membrane with curvature (b) x = —0.05, (¢) 0,
and (d) 0.05. The number of filaments and motors are (a)—(c) (N;, Nn) = (200, 600) and (d) (600,600). The motor walk force (MWF) is set
to f*¥ =0 in (a) and *2.4 in (b)—(d), which gives the estimated speed of 0.5um/s consistent with experimental measurements. In (c),
(d), thin gray lines indicate the periodic boundaries. (e) Density distribution of filaments (DDF) pf as a function of the distance from the
membrane dpen,p, With its first peak position indicated by arrow heads. The cutoff distance of the filament-membrane repulsive interaction is

set to r, = 1.05. The lines correspond to the snapshots in (a)—(d).

~

dmemp also depends on the number of filaments and mo-
tors, we found that all data collapse on top of each other
when the MWF is rescaled to the average MWF FWak —
ek /Nt [Fig. 3(a)]. This indicates the universality of
the observed phenomena. As F*X increases, dmems Shifts
toward the membrane and becomes smaller than Lf/2,
at which the depletion force sets in, and thus, ﬁmemb <
L /2 corresponds to the filament accumulation in the mem-
brane vicinity. We define the transition point by F¥ak =
FYI that gives dpemp = L/2. Note that the critical av-
erage MWF is smaller for larger membrane curvature «
[Fig. 3(c)]. Presumably, this effect occurs because the ro-
tational degree of freedom of the filaments increases with
the membrane curvature, which weakens the depletion force
[see Fig. 7(c) in Appendix C]. In addition, we note that
ﬁmemb in the limit of large Fwalk converges to a constant
value d2 ., which is smaller than L'/2 [Fig. 3(d)]. In
conclusion, MWF exerted on the cytoskeleton is able to
overcome the depletion force, leading to a filament accumula-
tion in the membrane vicinity that resembles the actomyosin
cortex.

B. Pressure

One major function of the cytoskeleton is force generation
in the cell. Thus, we are interested in the pressure that the
actomyosin produces on the membrane as a function of MWF
and calculate it by

B ourep
P= <(Amemb) ! Xk: ( - W) -nk>t, (11)

where Apemb 18 the length (area in 3D) of the membrane.
The pressure depends on the number of motors and it scales
with the number of filaments N; [Fig. 3(b)]. In fact, all the
data of the scaled pressure P = P/N; collapse except for the
intermediate 7V, Peculiarly, in the intermediate regime of
F¥ak the scaled pressure P takes a larger value for a smaller
number of motors N, /Nt, although the data of P collapses for
each ratio Ny, /N [Fig. 3(e)]. Another interesting point is that
the scaled pressure converges to a constant value P for large

Fwalk P decreases as the membrane curvature increases
[Fig. 3(f)]. This convergence means that the active force that
the motors generate on the actomyosin accumulation in the
membrane vicinity is not directly converted to the pressure on
the membrane.

C. Filament structure in the accumulation

To understand the reason why the pressure on the mem-
brane becomes a constant for large MWF, we investigate the
structural order of filaments inside the accumulation. To this
end, we measure the polar and nematic order of the filaments
with respect to the membrane normal direction in the mem-
brane vicinity. The polar and nematic order parameters of the
filaments in the membrane vicinity are calculated by

P= <Zi{(i+1)(1 - H(dlf - d_memb)H(dif+1 - 6?memb))> s

t

12)

S af
N = < Zri(i+1)ri(i+1)
fii

X (1 - H(d,f - d_memb)H(dif-H - a?memb))> s (13)

t

where, by considering the relevant neighborhood, the cutoff
distance is set t0 dmemp < 1.25, which is about half of iﬁ;gmb.
The magnitude and direction of the polar and nematic order
parameters are obtained by using the relationship

sin 26
—Cos 29)' (14)

First, the magnitude of the polar order p decreases as
Fvalk increases [Fig. 3(g)], with its direction perpendicular
to the membrane ¢ ~ 0 as shown in Fig. 3(h). Second, the
nematic order n increases for F*k 2 F¥ak [Fig 3(i)], with
its direction parallel to the membrane 0 =~ 7 /2 as depicted
in Fig. 3(j). These results indicate that the filaments approach

. cos 20
P =p(cos ¢, sing), N = n(sin 20
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FIG. 3. Cortexlike structure formation and force generation due to MWF. (a) DDF peak distance Aimems Shows a collapse of data as a
function of the average MWF F*4_ The black horizontal lines indicate L;/2. (b) Scaled pressure P against F***. Dependence of (c) F¥**

and (d) d%°

€]

b, ON the membrane curvature «. (e) Scaled pressure P against Ny, /N; for the intermediate Fralk (258 for k = —0.05 and 2.9 for

« = 0 and 0.05). (f) Dependence of P*° on the membrane curvature «. In (c)—(f), the average values are indicated by the black horizontal bars
for each «. The circle, square, and diamond symbols in (c)—(f) represent the data for k = —0.05, 0, and 0.05, and the color of the symbols
distinguishes different Ny and N, corresponding to those in (a) and (b). (g)—(j) Structural order parameters of filaments in the membrane
vicinity. (g) Magnitude p and (h) direction ¢ of the polar order. (i) Magnitude n and (j) angle 6 of the nematic order. The columns in panels
(a), (b), (g)—() correspond to the membrane curvatures x = —0.05 (left), 0 (middle), and 0.05 (right), respectively.

the membrane as a result of MWF for F"alk é FY alk whereas
they tend to align nematically parallel to the membrane for
Falk > Fwak This high nematic order of filaments aligning
parallel to the membrane is the reason why dmemp and P
converge to constant values for large F**¥ since the parallel
filaments can slide along the membrane without pushing it.
This also explains why P> decreases as k increases, since for
larger membrane curvature the filaments nematically aligned
parallel to the membrane have more chances to point away
from the membrane (see Fig. 7 in Appendix C). Note that
the high values of n for F¥& < F¥I are induced by the
high polar order p, and thus both directions are the same
O =~ ¢ ~0).

D. Effect of filament length

In this section, we study the impact of the filament length.
We performed simulations with shorter (Ly = 8) and longer
(L¢ = 13) filaments than those used so far (Ly = 10). The
results are summarized in Fig. 4. The data collapse of both
the DDF peak distance c?memb and the scaled pressure P is
unaltered by the filament length. In particular, the odd increase
in P for smaller motor number at intermediate F*** is also
observed. These results are evidence of the universality of the
observed phenomena in the cytoskeleton active dynamics.

For even shorter filaments, the collapse of data became
worse, although the filament accumulation in the membrane
vicinity is still observed for large MWF, as shown in Fig. 5.
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One possible reason is that the cytosolic friction decreases
with filament length and, thus, the cytosolic fluctuation in-
creases. In all cases, however, dAmemb as well as P still converge
to constant values (dAr%(émb and P>) for large F¥k,

E. Filament motion

Finally, to understand how the filaments move and accu-
mulate in the membrane vicinity, we plot the time evolution
of the polar and nematic order parameters and the ratio of the
tangential and normal speed and velocity (i.e., signed speed)
with respect to the membrane in Fig. 6.

Starting from a uniform distribution, filaments first form
polar order in the bulk, i.e., far from the membrane [purple
region around ¢ < 20 in Fig. 6(a)]. This drives the filaments
toward the membrane with a velocity given by the perpen-
dicular component of the speed (|v, |). At the same time, the
filaments also move in the parallel direction to the membrane
as indicated by the high value of the tangential speed (|v)[). In
fact, these two components are comparable in strength (with
the tangential component slightly higher than the normal one),
causing a diagonal motion. In contrast, the tangential com-
ponent of the signed velocity almost vanishes, indicating a
tangential motion of the filaments in two opposing directions,
while the perpendicular component of the signed velocity
again indicates the net filament motion toward the membrane
[blue region in Fig. 6(h), corresponding to the purple region
in Fig. 6(a)]. This motion leads to the accumulation of the
filaments in the membrane vicinity.

When the filaments accumulate in the membrane vicinity
at the later stage ¢ = 20, the polar order decreases and the
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FIG. 5. Filament accumulation of very short filaments. (a) DDF
peak distance dyemy as a function of the average MWF F**¥_ The
solid, dashed, and dotted gray lines indicate dyemp = L¢/2 for Ly =
10, 5, and 4, respectively. (b) Normalized pressure 7. Columns
correspond to the membrane curvatures k = —0.05 (left), 0 (middle),
and 0.05 (right), respectively.

nematic order appears. The filaments in the accumulation slide
along the membrane as indicated by a finite value of their
tangential speed. Note the similar motion was reported for
self-propelled rods [51] although the propulsion mechanism is
different from actomyosin. Since the filaments form nematic
order, however, the tangential motion vanishes on average
((v) = 0) due to the existence of the counter-moving fila-
ments.

Finally, we estimate the width of the high nematic order
region in the membrane vicinity. To this end, we measured
the maximum nematic order parameter at each time after the
system has reached a steady state (for # > 40). The time aver-
age of the maximum nematic order parameter is ny,,x ~ 0.75.
We define the high nematic order region in the membrane
vicinity as the region with n > np,,/2. The boundary with
n = np,x/2 is displayed by the gray solid line in Fig. 6(c).
We estimate the width of the high nematic order region as the
time-average of the boundary distance dpyemp- The obtained
length scale is dpemp & 5.12, which is plotted by the black
dotted line in Fig. 6(c). This width is approximately given by
half the filament length byemy, = Lf/2, at which the filaments
start to experience the depletion force. This agrees with the
picture that the filaments are driven by the bulk polar order
to accumulate in the membrane vicinity, and then exhibit a
nematic order due to their interaction with the membrane.

IV. DISCUSSION

To summarize, we demonstrated that the competition be-
tween the depletion force and MWF leads to an accumulation
of filaments in the membrane vicinity, which resembles the
actomyosin cortex. The self-organized structure exerts pres-
sure on the membrane, which converges to a constant value
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FIG. 6. Time evolution of (a) the polar order parameter p and (b) its angle ¢, (c) the nematic order parameter n and (d) its angle 6, (e)
the tangential (|v;[), and (f) normal speed (|v_|), (g) their ratio ({Jvy|) — (lv.]))/({lvy]) + {Jvi]}], and (h) the ratio ([{(v)| — (v )/ {v))| +
[(v.)]) of the tangential (v;) and normal velocity (v, ). In (c), the boundary of the high nematic region is displayed by the gray solid line, and
its time-average at the steady state (t > 40) is displayed by the black dotted line. The data corresponds to the case plotted in Fig. 2(b). The

kymographs are displayed in the region where p! > 0.01.

for large MWF because of nematic alignment of the fila-
ments parallel to the membrane. Interestingly, for intermediate
MWE, the pressure increases when the number of motors is
decreased. We highlighted the universality of the phenomenon
by showing the data collapse of the DDF peak position and
the scaled pressure (P = P/N) as functions of the average
MWE Fvalk — gwalky - /N: Qualitatively, the same results are
obtained for different membrane curvatures. Moreover, the
results are quantitatively unaltered by the filament length,
except for very short filaments for which the pressure profile
changes while the structure formation is still observed. Our
results provide insight into the self-organization of cytoskele-
ton active matter into higher-order structures and its emergent
mechanical function.

Our model is relatively simple, such that our findings can,
in principle, be tested against experiments on artificial cells
[71,72]. However, to our knowledge, experiments on the self-
organization of actomyosin cortex in artificial cells remain
challenging [73], and oftentimes depletion agents are used
instead to study the dynamics with the cortex. In compari-
son to the actomyosin cortex of real cells, our model omits
many elements. For instance, actin nucleators and severing
proteins are not included, which are thought to play a major
role in the cortex formation [74]. Instead, we simplified the
polymerization/depolymerization processes with a stochastic
turnover. As a result, the self-organized structures tend to
fade away for very large turnover rates, leading to a uniform
distribution of actin filaments.

Recent studies reported that contraction occurs due to ad-
ditional passive crosslinkers between filaments without force
generating activity [75-77]. This effect also appeared in our
simulation when crosslinkers were introduced, but was ob-
served at positions both close to and far away from the
membrane starting form a uniform distribution. This con-
traction occurs even without the membrane. Therefore, to
reproduce a contractile actomyosin cortex in simulation, both
motors and crosslinkers need to be introduced to a filamentous

network that is enriched in the membrane vicinity due to
membrane-associated nucleation and biased polymerization.
To maintain the localization of the contractile actomyosin
cortex in the membrane vicinity, additional linkers between
the filaments and membranes are necessary.

Finally, the extension of our system to three dimensions is
important. In 3D, we expect defects to appear in the accumula-
tion, which move dynamically. Such defects were previously
found in an experiment using microtubules [78]. Further, sev-
eral studies using epithelial monolayers, another type of active
system, focused on the dynamics of the defects, which causes
cell exclusion and cell death due to the local stress [15].
Therefore, it would be interesting to see if the defects in the
accumulation of actomyosin also leads to the local change in
the pressure.

ACKNOWLEDGMENTS

This work was supported by the Japan Society for the Pro-
motion of Science (JSPS) KAKENHI (Grants No. 19K14673
and No. 22K14017) and the RIKEN Special Doctoral Re-
searcher (SPDR) Program. T.S. was supported by JSPS
KAKENHI (No. JP19H00996) and JST CREST (No. JP-
MIJCR1852), as well as by RIKEN Incentive Research Project
and the core funding at RIKEN Center for Biosystems Dy-
namics Research. This study initiated from a conversation
among M.T., S.T., Yu-Chiun Wang, and Michiko Takeda.
M.T. is grateful to Yu-Chiun Wang for stimulating discussions
throughout this study and constructive comments on the paper
from a biological viewpoint. M.T. acknowledges Matthew S.
Turner and Sonja Tarama for careful reading and productive
comments on the paper.

M.T. designed the research with the help from T.S.; M.T.
derived the model, developed the simulation code, and per-
formed the analyses; M.T. prepared the paper; T.S. approved
the final manuscript.

043071-7



MITSUSUKE TARAMA AND TATSUO SHIBATA

PHYSICAL REVIEW RESEARCH 4, 043071 (2022)

APPENDIX A: EQUATION OF MOTION FOR
MOTOR HEAD

The position of the motor head / (= 1, 2) of motor m bound
to a filament segment connecting ! and rf, | is given by

mot

o = (1 = ey s} + il (A1)

where 0 < «,,; < 1 measures the relative position along the
filament segment. This allows us to take into consideration
the situation where the motor head is bound to a position in
between the filament particles. Then, the time derivative of
Eq. (A1) consists of two terms:

s _ ¢ dews Ay,
dr DT gy dr
The first term represents the sliding motion of the motor head
along the filament segment, whereas the second term,

(A2)

rtflm.h (1 ) rlf + drszrl (A3)
dr ) gy T

is the velocity of the filament at the motor head position. The
latter corresponds to the transport of the motor head caused by
the translation of the binding filament. Note that the left-hand
side of Eq. (A2) is the velocity of the motor head measured in
a non-moving reference frame.

Since we assume that the heads of the bound motors are
always on the filaments, we only need to consider the time
evolution of «,,  to specify the position of the motor heads.
The motor heads experience motor stretching and bending
force as well as a MWF fg;’o,:‘walk. We assign the former two
to the particles of the filament segments to which the motor
heads bind to keep the motor heads on them. Then, the time-
evolution equation of the motor head # is given by

dam h fmot wa]k

¢ ,f(l+1) (A4)
where ¢ is the sliding frlctlon coefficient between the motor
head and filament. The molecular motor has an ability to walk
actively along the filament by consuming chemical energy in
the form of ATP. This effect is included in the model as the
MWFE:

¢, walk Ik f
I = R Ry (AS)

The sign specifies the direction of the motion; the plus (minus)
sign corresponds to active walking toward the plus (minus)
end of the filament. The direction of the motor walk is char-
acteristic to the type of motor. In the case of the nonmuscle
myosin II motors that we consider in this paper, the walk-
ing takes place toward the plus end of the actin filaments:
frotwalk - pwalkgf Fiiy1)- Here, we make a simplification on the
process of the motor head stepping forward along a filament,
which is modeled by a constant walk force, since we are
interested in the long timescale dynamics. This simplification
allows us to neglect the transient unbind of the motor head
while stepping forward. Note that, since the motor heads are
moving along the filament, MWF acts in the direction parallel
to the filament segments.

The force from the motor head on the filament is given by

Mol dOlm h
met( t) {rl(l-'rl) dt - f

+fmot str +fm0l bend

mot, walk

(A6)

The first and second terms represent the counterpart of the
sliding friction force between the motor head and filament
and the MWE, respectively, so the law of action and reaction
is satisfied. The last two terms are the motor stretching and
bending force acting on the motor head £, which is assigned
on the filament particles. From Eq. (A4), however, the first
two terms on the right-hand side of Eq. (A6) cancel and the
remainder reads

fmot (rlr:;e]:) — fmot str + fﬁo}t,bend. (A7)

Since the filament is modeled by discrete particles, this force
should be split to the two edge particles (! and rf, ;) depend-
ing on the geometric weight o, , as

I = (1= o) ™ ()

FER = cmnf ™ (rh). (A8)

See Fig. 1(b). Note that «,,;, measures the position of the
motor head bound in between the filament particles. This
assignment of the force ensures the conservation of the force
and torque acting on the filament segment due to f™*(ri%)).
If there is more than one motor head on the filament segment

T; +1’ then the right-hand side of Eq. (A8) is summed up
over them. As a result, the filament element i experiences the
force from the motors given by

f’r mot _ Z

(m,h)eM;_

+ Y A=)

(m,h)e M;

Olm.hff’mm (rﬁ,oii)

W), (A9

where the first and second summations correspond to the
contribution from the motor heads on the filament segments
rt_ -l and ri—r! +1» Tespectively. Here, M, represents the list

of the motor heads bound to the filament segment ri—rf_ .

APPENDIX B: PARAMETER VALUES

The simulation parameters for the filaments and motors are
set as summarized in Table I, unless otherwise stated. Some
of the parameters are compared with existing experimental
measurements. The bending rigidity of the motors is set to the
same value as that of the filaments, since, to our knowledge,
it has not been measured for myosin minifilaments yet. The
parameters of the confining membrane and system size are set
as follows. For the circular membrane with negative curvature,
the radius is set as R = 20, which leads to the curvature x =
—0.05. For the plane membrane with zero curvature k = 0,
the distance between membranes is L, = 30 and the length
of the membrane L, = 41.75 with periodic boundaries. For
the circular membrane with positive curvature, in which case
the filaments are present around the membrane, the radius is
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TABLE I. The summary of the simulation parameters. The ones indicated in bold font are the input parameters of the simulation.

Symbols In silico In vivo/in vitro Reference
Cytosol
Thermal energy kgT 4.142 x 1073 pN um at 300 K
Cytosolic viscosity Neyto 107! Pa s 107310 Pas [79]
Filament (actin)
Number of filaments Ny 200
Diameter df 0.01 um 0.009 um [80]
Rest segment length o 0.2 um
Number of elements NFe 11
Rest full length Lt = LH(NTe — 1) 2 um < afew um [56]
Elastic modulus Kbt 10 pN
Young’s modulus Efst = k" ( (3d")?) ~1.27 x 10° Pa 2 x 10° Pa [81]
Bending rigidity ff-bend 0.1pN um
persistence length gf:bend = kPoendgf /kpT ~24.1 um ~20 pm [80]
Turnover rate oty 0.01s!
Motors (nonmuscle myosin II filaments)
Number of motors N 400
Diameter am 0.01 um ~ (0.01-0.03 um [62]
Rest length 0 0.2 um ~ 0.2-0.3 um [62]
Stretching modulus femotstr 10 pN
Young’s modulus Emotstr = Km"‘-s"/(n(%d““")z) ~1.27 x 10° Pa
Bending rigidity fmotbend 0.1pN um
Persistence length gmot,bend = jmobend gmot o, T ~24.1 um
Walk force fmetw 0.05pN < a few pN(stall force) [82]
Sliding friction e 0.1pNs/um < 0.1pNs/um [83]
Turnover rate S 0.01 sec™!
Repulsive interaction between filaments and membrane
Modulus g fila:memb 10pN pem
Length  flazmen 0.05 um
Cutoff length pllamenb 42 gflamend — 021 ym

R = 20, and the width and height of the simulation box is set
L, =L, =70.9 with periodic boundaries. This leads to the

curvature x = 0.05.

(a)

—>
dmemb Z Lf/2

fluctuation

>

fluctuation

dmemb S, Lf/2

APPENDIX C: DEPLETION FORCE

To provide an intuitive idea of the depletion force, we
show schematic sketches depicting a filament placed far from

()

«——>
dmemb

FIG. 7. Schematics of the rotation of a filament (blue) due to thermal fluctuation depending on its relative position to the membrane (black).
Filament placed (a) far from and (b) close to the membrane. A filament placed far from the membrane can rotate freely, while the rotational
degree of freedom of a filament placed close to the membrane is restricted, which gives rise to a depletion force. The rotation of a filament
placed parallel to the membrane is indicated by the light blue arrows. The threshold distance at which the filament starts to experience depletion
force is given by half the filament length L¢/2. (c) Filament has more rotational degrees of freedom as the membrane curvature increases. The

thin ash blue arrows indicate the rotation of the filaments around the membrane with x = —0.05, and the light blue and cyan arrows represent
the additional rotational degrees of freedom around the membrane with k = 0 and ¥ = 0.05, respectively. The dotted, solid, and dashed black
lines represent the membrane with curvature k = —0.05, 0, and 0.05, respectively.
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and close to the membrane in Fig. 7. A filament placed
far from the membrane can rotate freely due to thermal
noise [Fig. 7(a)], whereas the rotational degree of freedom
of a filament placed close to the membrane is restricted
[Fig. 7(b)]. This entropic penalty tries to keep the fila-
ment away from the membrane, giving rise to a depletion
force. The threshold distance at which the filament starts
to experience the depletion force is approximately given by
half the filament length dyemp = L¢/2. The cutoff distance
of the repulsive interaction between the membrane and fil-

ament particles lies within the threshold distance in this
study.

In Fig. 7(c), we show the effect of the membrane curvature
on the depletion force. As the membrane curvature decreases,
the filament rotation is more restricted. Therefore, the fila-
ments experience a stronger depletion force for decreasing the
membrane curvature. As a result, in the membrane vicinity, fil-
aments originally placed parallel to the membrane at the same
distance are more likely to point away from the membrane due
to fluctuation as the membrane curvature increases.
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