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Abstract Myosinmolecularmotors and actin cross-linking
proteins (ACPs) are known to mediate the generation and
transmission of mechanical forces within the cortical F-actin
cytoskeleton that drive major cellular processes such as cell
division and migration. However, how motors and ACPs
interact collectively over diverse timescales to modulate the
time-dependent mechanical properties of the cytoskeleton
remains unclear. In this study,we present a three-dimensional
agent-based computational model of the cortical actomyosin
network to quantitatively determine the effects of motor
activity and the density and kinetics of ACPs on the accu-
mulation and maintenance of mechanical tension within
a disordered actomyosin network. We found that motors
accumulate large stress quickly by behaving as temporary
cross-linkers although this stress is relaxed over time unless
there are sufficient passive ACPs to stabilize the network.
Stabilization by ACPs helps motors to generate forces up
to their maximum potential, leading to significant enhance-
ment of the efficiency and stability of stress generation. Thus,
we demonstrated that the force-dependent kinetics of ACP
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dissociation plays a critical role for the accumulation and
sustainment of stress and the structural remodeling of net-
works.

Keywords Actin · Myosin · Actomyosin · Cortex ·
Simulation

1 Introduction

Living cells utilize mechanical forces for critical biologi-
cal functions such as cytokinesis, cell migration, and muscle
contraction [1]. Actomyosin contractility is responsible for
generating tensile forces in muscle, smoothmuscle, and non-
muscle cells, leading to various morphological changes from
subcellular to tissue length scales [2–4]. The cell cortex is
a thin network of actin filaments (F-actins), cross-linked by
actin cross-linking proteins (ACPs) and decorated bymyosin
molecularmotors, whose local contractility drives the growth
of spherical membrane protrusion called blebs and large-
scale contractility facilitates the detachment and retraction of
cell body during migration [5]. Tight regulation of cortical
contractility is crucial for the definition and maintenance of
polarization axis during cell division [6]. The cortex often
undergoes dramatic structural remodeling due to F-actin
turnover and myosin-mediated contractions, which enables
cells to survive in rapidly changing extracellular environ-
ments [7]. Thus, understanding how the cell cortex generates
forces and structurally remodels is a prerequisite for eluci-
dating the underlying mechanisms of biological processes
including migration and division.

A wide variety of in vitro reconstitution experiments
have provided insights into the understanding of actomyosin
contractility. Initial studies recombined purified F-actins,
myosins, and ACPs to identify the minimal prerequisites for
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contractility and structural reorganization of disorganized
actomyosin networks. As a result, it has been established
that the dynamics and extent of contractility are regulated by
F-actin network architecture [8], as well as the density and
interplay of myosin motors and ACPs [9–14]. From these
studies, it was found that the contractility arises from a sym-
metry breaking between tensile and compressive forces via
buckling of F-actin [15,16]. In addition, it has been shown
that molecular motors can tune the viscoelastic properties
of networks. For example, mechanical stress arising from
molecular motor and ACP activities significantly increases
the stiffness of actomyosin networks bymore than two orders
of magnitude in an ATP-dependent manner [17,18].

Concurrently, various computational and theoretical appr-
oaches have been developed to study force generation in
actomyosin networks. The origin of force generation has
been associated with local deformations of F-actin which
result in net tension on networks by breaking symmetry
between tensile and compressive forces [19,20]. By contrast,
the propensity of motors to reposition toward lower energy
configurations can also lead to net tensile stress [21]. The
force generation can lead to changes in the structural orga-
nization of the F-actin network. At elevated motor density,
contractile forces drive the formation of bundles from disor-
dered networks [22]. In the presence of ACPs, motor stresses
drive initially well-connected networks to a critical state with
the formation of clusters and rupture of ACPs, or stabi-
lize initially floppy networks, enhancing network stiffness
[23–25].

However, to date, few computational models have quan-
titatively described the time-variant contractile behaviors of
cortical actomyosin networks or have faithfully captured the
detailed geometry and mechanochemistry of myosin thick
filaments and the mechanics and kinetics of F-actins and
ACPs. To provide new insights into the underlying mech-
anisms of force generation and structural remodeling, we
developed a computational model for the thin cortex-like
actomyosin networks clamped to an elastic substrate using
explicit, benchmarked representation for myosin motors and
ACPs.We first evaluated the maximum level and sustainabil-
ity of stress generated by the networks as well as changes
in network morphology over a wide range of densities of
motors and ACPs. We found that motors are able to behave
as temporary cross-linkers during initial stress generation,
leading to larger maximum stress with higher motor den-
sity. However, the generated stress relaxes over time unless
there are a sufficient amount of ACPs. We also showed that
ACPs enable motors to exert forces close to their maximum
potential, significantly enhancing the efficiency and stabil-
ity of stress generation. In addition, we demonstrated that
the frequency of detachment of ACPs from F-actin has a
dramatic impact on the accumulation of network stress and
long-term changes in network morphology. These findings

are consistent with those that we found in a previous study
using actomyosin bundles with randomly aligned F-actins
[26]. Thus, the mechanisms that govern contractility and
force generation are robust across diverse F-actin architec-
ture and dimension.

2 Methods

We simulated thin actomyosin networks consisting of F-
actins, passive ACPs, and active myosin motors, using an
approach in our recent work [26]. Descriptions about details
of the approach can be found in the previous work as well as
Supplementary Text and Table S1.

2.1 Mechanics of F-actins, ACPs, and motors

F-actins are modeled as a series of cylindrical segments with
fixed polarity (barbed and pointed ends) whose length and
diameter are 140 and 7 nm respectively, connected by elastic
hinges (Fig. 1a). ACPs are modeled as pairs of cylindrical
arms of 23.5 nm in length and 10 nm in diameter, connected
to each other by elastic hinges. Motors mimic the structure
of myosin bipolar thick filaments (TF) [27] with a relatively
rigid backbone with symmetric polarity comprising a bare
zone of 42 nm in length at center and multiple segments of
42 nm in length connected by hinges. Each endpoint of the
backbone segment has two motor arms. The arms of ACPs
and motors can bind to binding sites located every 7 nm on
actin segments. Motions of segments representing F-actins,
ACPs, and motors are governed by the Langevin equation
with inertia neglected. The sum of deterministic forces and
stochastic force determines velocity of each segment that is
then used in the Euler integration scheme to update positions
of segments. The deterministic forces include extensional,
bending, and repulsive forces described by harmonic poten-
tials.

2.2 Dynamics of ACPs

ACPs transiently cross-link pairs of F-actins without pref-
erence for angle of contact. ACPs unbind from F-actins as
follows:

ku,ACP =

⎧
⎪⎨

⎪⎩

k0u,ACP exp

(
λu,ACP

∣
∣
∣ �Fs,ACP

∣
∣
∣

kBT

)

if r ≥ r0,ACP

k0u,ACP if r < r0,ACP
(1)

where �Fs,ACP is an extensional force acting on an ACP arm,
k0u,ACP is the zero-force unbinding rate coefficient, λu,ACP
is the force sensitivity of unbinding, and kBT is thermal
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Fig. 1 Mechanics of actin filaments (F-actins), motors, and actin
cross-linking proteins (ACPs) and computational setup for stress mea-
surement. a F-actins consist of a series of cylindrical segments with
barbed and pointed ends. ACPs comprise two arms connected in
parallel. Motor thick filaments consist of a backbone structure with
symmetric polarity, and each endpoint of the backbone segments con-
tains two cylindrical arms. The arms ofACPs andmotors bind to binding

sites on F-actins. Several extensional (κs) and bending stiffnesses (κb)
maintain equilibrium lengths and angles formed by segments of F-actins
(A), motors (M), and ACPs. b A thin cortex-like network is clamped
to the x boundaries which behave as an elastic substrate with Young’s
modulus, E , set to 3 × 104 Pa. Periodic boundary condition (PBC) is
applied in y direction to simulate an infinitely large network

energy. The reference values of k0u,ACP (k
0∗
u,ACP = 0.115 s−1)

and λu,ACP(= 1.04 × 10−10m) are adopted from a previous
single-molecule experiment [28], corresponding to those
of filamin A. During simulations, ACPs exist in either
monomeric (not bound), inactive (partially bound), or active
(bound to two F-actins) state.

2.3 Dynamics of motors

Bipolar TF structure of motors is formed via nucleation of
a bare zone followed by symmetric assembly of backbone
segments at both sides of the bare zone, leading to motor
TFs with constant backbone length. Each of the motor arms
attached to the backbone represents Nh myosin heads. In our
previous study [26], it was demonstrated that arms of amotor
are mechanically coupled via the backbone so that the motor
behaves as myosin TF with NaNh heads, where Na is the
number of arms. Both Nh and Na are set to 8, correspond-
ing to 64 myosin heads per TF which is comparable to the
experimentally determined size of non-muscle myosin thick
filaments [29].

A free arm can bind to a binding site on F-actin at a rate,
40Nh s−1. Motor arms walk on and unbind from F-actins fol-
lowing the walking (kw,M) and unbinding rates (ku,M)which
depend on forces acting on the arms. At each walking event,
arms slide from a current binding site to a next one located
toward the barbed end by ∼7 nm. After reaching the barbed
end, motors slide off from F-actin via a next walking event.
Note that it is assumed that myosin heads behave as a catch
bond [30,31], leading to lower kw,M and ku,M with higher
applied forces (Fig. S1), which is opposite to the tendency

of ACPs. We used mechanochemical rates for motors which
result in unloaded walking velocity of ∼140 nm/s and stall
force of f stallM ∼ 5.7 pN.

2.4 Network preassembly

As in our previous study [32], cross-linked actomyosin net-
works are preassembled via self-assembly of actinmonomers
(G-actin), ACPs, and motors within a thin three-dimensional
rectangular domain (8 × 8 × 0.5µm) with periodic bound-
ary condition (PBC) in x and y directions. Two boundaries
located in z direction exert repulsive forces only in the
z direction to keep network elements within the domain.
During the self-assembly, G-actins are polymerized into
F-actins, and the TF structure of motors is formed via
nucleation and polymerization of motor backbone seg-
ments with their arms binding to F-actin in the absence of
walking events. Concurrently, ACPs also bind to F-actins,
forming functional cross-links between pairs of F-actins.
Then, the PBC is deactivated in the x direction, and F-
actins crossing the x boundaries are severed and irreversibly
clamped to the x boundaries (Fig. 1b). No actin filaments
are allowed to be clamped to the x boundaries during
simulations. Unless specified, we used the following “ref-
erence” parameter values: initial G-actin concentration (CA)

is 25µM, average F-actin length (< L f >) is ∼1.44 µm,
and the molar ratios of motors (RM = CM/CA) and
ACPs (RACP = CACP/CA) are 0.014 and 0.1, respec-
tively. Note that RM takes all NaNh myosin heads into
account.
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2.5 Measurement of force, stress, and elastic moduli

After the network preassembly, it is assumed that the x
boundaries behave as an elastic substrate with Young’s mod-
ulus, E , set to 3× 104 Pa (Fig. 1b). Normal stress generated
by a network over time is calculated by σ(t) = Eε(t) where
ε(t) is the normal strain of the elastic substrate in x direc-
tion. We calculated the maximum (σmax) and sustainability
(S =< σ > /σmax) of the normal stress, where < σ > indi-
cates the time average of σ(t) between a time point when σ

is σmax and t = 100 s.
We also evaluated microscopic forces acting on motors

when σ is close to σmax, f max
M = �Fs,M4 · �u/Nh, and on ACPs,

f max
ACP = �Fs,ACP · �u, where �Fs,M4 is force acting on the spring

governed by κs,M4, and �u is a unit vector in the axial direc-
tion of an actin segment toward a barbed end. Note that f max

M
and f max

ACP are positive when acting toward barbed ends of
F-actins. As shown later (Figs. 5b, 6b, 7b), f max

M is predom-
inantly positive because ku,M becomes very large if �Fs,M4

is directed toward a pointed end. By contrast, f max
ACP shows

largely symmetric distribution but is biased slightly toward
negative values since ACPs sustain positive f max

M .
Frequency-dependent storage (E’) and loss moduli (E”)

are evaluated bymeasuring stress in response to a small sinu-
soidal strain (5 %) applied to the+x boundary of the domain
with the−x boundary fixed in a similar way to that described
in our previous study [33]. Phase delay between the applied
strain and measured stress is calculated as tan−1(E ′′/E ′).

2.6 Evaluation of changes in network morphology

During force generation, actomyosin networks show changes
in morphology including the spatial distribution of motors
and network mesh size (Movies S1–S3). Spatial redistribu-
tion of motors is quantified by calculating the distribution
of separation distances between a centroid position of each
motor TF and that of its nearest neighbor. Predominance of
distances close to zero in the distribution is indicative of
motor aggregation because the zero distances originate from
accumulation of motors in the same vicinity. Thus, we eval-
uated a temporal increase in the relative frequency of the
smallest separation distance in distribution of the distances
between the nearest neighbor motors to estimate time evolu-
tion of the motor aggregation in each simulation.

In addition, variations in network mesh size are indi-
rectly estimated by approximating the density distribution
of the network [34]. The domain of the network is divided to
400 × 400 pixels in x and y directions, and the intensity of
each pixel is one if any actin segment is located on the pixel
but zero if not. Then, distribution of the distances between
the nearest neighbor non-zero pixelswithin each column (400
pixels) aligned in the y direction is calculated. If a network

exhibits a homogeneous morphology, the distribution can be
fitted well by an exponentially decreasing function. Smaller
exponential decay constant is indicative of larger mesh size.
We evaluated a temporal decrease in the decay constant in
the distribution to estimate time evolution of network mesh
size in each simulation. Note that the z position of actin seg-
ments is not reflected for this estimation, which can lead to
underestimation of network mesh size. However, a relative
change in network mesh size over time can still be captured.

3 Results and discussion

We explored factors that govern the generation of mechani-
cal tension and the viscoelasticity of cortex-like actomyosin
networks. First, we probed the time evolution of stress, σ(t),
and evaluated storage and lossmoduli (E’ and E”) with three
different combinations of molar ratios of motors (RM) and
ACPs (RACP).

At low motor activity and high cross-linking density
(RM = 0.014 and RACP = 0.1), σ quickly reaches its max-
imum, σmax ∼ 600 Pa, and then remains relatively constant
(Fig. 2). The network remodels nominally with only small
changes in distribution of mesh size, motors, and forces for
100 s (Fig. 3a and Movie S1). In this case, constant net-
work morphology is concomitant with constant elasticity.
E’ shows a very weak power-law dependence on frequency,
∼ f 0.09, while E” is minimum at 1 Hz (Fig. 3b), and the net-
work becomes the most elastic with the smallest phase delay
at 1 Hz. (Fig. S2a). After σ reaches σmax, E’ and E” change
minimally over time.

By contrast, at low motor activity and low cross-linking
density (RM = 0.014 and RACP = 0.01), both σmax and the
sustainability, S, are reduced (Fig. 2), and the network mor-
phology drastically changes over time (Movie S2), resulting
in very large meshes and severe coalescence of motors

Fig. 2 Time evolution of stress, σ(t), with three combinations of den-
sities of motors (RM) and ACPs (RACP): RM = 0.14 and RACP = 0.1
(green diamonds), RM = 0.014 and RACP = 0.1 (blue circles), and
RM = 0.014 and RACP = 0.01 (red triangles). (Color figure online)
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Fig. 3 Structural
reorganization correlates with
stiffening and softening of
networks. Network morphology
and viscoelastic moduli with
three combinations of RM and
RACP used in Fig. 2. a, c, e
Distribution of distances
between each motor and its
closest neighbor and (inset)
distribution of mesh size of
networks measured at three time
points. An increase in the
relative frequency of the most
left data point in the distribution
of distances between the nearest
neighbor motors indicates
aggregation of motors. Note that
distances are much smaller in (e)
due to higher RM. Dashed lines
in the insets show exponential
fits to the distribution of mesh
size, and a decrease in the
exponential decay constant over
time is indicative of an increase
in mesh size. b, d, f Storage, E’,
and loss moduli, E”, measured
at three time ranges. A legend in
(b) is shared with (d) and (f).
Cyan inverted triangles show E’
and E” in the absence of ACP
unbinding. (Color figure online)

(Fig. 3c). At the end, the stress becomes nearly zero with
emergence of separated aggregates. At σ ∼ σmax, E’ ismuch
smaller but still shows the weak power-law dependence at
low frequencies (Fig. 3d) with the minimal phase delay at
3.16 Hz. As σ diminishes over time, the network exhibits a
large reduction in E’ with greater power-law exponent while
E” remains relatively constant, resulting in greater phase
delay (Fig. S2b). The rise of E” at low frequencies gradually
disappears over time. Thus, network remodeling modulated
by ACPs is inversely related to network elasticity and to the
ability to sustain mechanical stress.

With high motor activity and high cross-linking density
(RM = 0.14 and RACP = 0.1), the generated stress is desta-
bilized but shows significantly enhanced σmax (Fig. 2). In
addition, the accumulation of stress is accompanied by grad-

ual coarsening of the network with increasing mesh size and
aggregation of motors (Fig. 3e and Movie S3). E’ is very
high and nearly independent of frequency, showing a slow
decrease over time (Fig. 3f), and the phase delay becomes
minimal at 10–31.6 Hz (Fig. S2c).

Overall, the elasticity of the network tensed by motor
activity is strongly dependent upon the kinetics of ACP
unbinding. Without unbinding of ACPs, E’ is high with
very weak frequency dependence and hardly changes over
time, and E” shows a much smaller increase at low frequen-
cies in all the three cases (Fig. 3b, d, f). This indicates that
the temporal decrease in E’ occurring with ten-fold higher
RM or ten-fold lower RACP and the existence and varia-
tion of the critical frequency are associated with the ACP
unbinding.
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Fig. 4 F-actin cross-linking andmotor activity synergistically increase
the magnitude and sustainability of mechanical stress. Effects of RM
and RACP on a, b the maximum, σmax, and sustainability of the stress,
S, and on c, d the morphology of networks at σ ∼ σmax. In (c), F-actins,

ACPs, and motors are indicated by cyan, yellow, and red, respectively.
In (d), level of forces exerted on each constituent is represented by the
color scaling. (Color figure online)

Interestingly, E’ and E” are closely related to σ . E’
at a low frequency (1 Hz) is directly proportional to σ at
high σ but becomes independent of σ at low σ as found
in other study [25] (Fig. S2d). In the three cases tested
above, exponent of the power-law dependence of E’ on fre-
quency is shown to be inversely proportional to σ . E” at
high frequencies is relatively the same regardless of RM

and RACP, whereas the critical frequency at which a net-
work becomes the most elastic tends to be higher when
σ is not sustained well (i.e. low S). All these are con-
sistent with characteristics of frequency-dependent shear
moduli, G’ and G”, in a previous experiment [18]. There-
fore, E’ and E” are roughly predictable if σmax and S are
known.

3.1 Densities of motors and ACPs govern stress
generation and network morphology

To find a quantitative relationship between the molar ratios
and the generated stress, we systematically evaluated σmax

and S over a wide range of RM and RACP (Fig. 4a, b), and
visualized network morphology and force distribution when
σ reaches σmax (Fig. 4c, d). Overall, σmax increases with pro-
portionality to both RM and RACP, and S tends to be greater
with smaller RM and larger RACP. A similar level of σmax

can be acquired with much fewer motors if a sufficient num-
ber of ACPs exist in a network, indicative of complementary
effects of motors and ACPs on σmax (Fig. 4a). However, S
of cases with similar σmax can be quite different (Fig. 4b), so
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Fig. 5 Motor activity promotes
stress generation and network
remodeling but is antagonistic to
stress sustainability. At
RACP = 0.1, influences of RM
on a σmax (red circles) and S
(blue triangles), b distribution
of forces acting on motors
( f max

M ) and ACPs ( f max
ACP), c a

decrease in the decay constant
of an exponential fit to the
distribution of mesh size at σ ∼
σmax or t = 100 s, compared to
that of the fit at t = 0 s, and d an
increase in the relative
frequency of the most left data
point in the distribution of
distances between the nearest
neighbor motors at σ ∼ σmax or
t = 100 s, compared to that at t =
0 s. In (c), a larger decrease in
the decay constant represents a
larger increase in network mesh
size, and in (d), a larger increase
in the relative frequency is
indicative of more severe motor
aggregation. (Color figure
online)

Fig. 6 F-actin cross-linking
increases stress generation and
sustainability concomitantly but
is antagonistic to network
remodeling. At RM = 0.014,
impact of RACP on a σmax (red
circles) and S (blue triangles), b
distribution of f max

M and f max
ACP, c

a decrease in the decay constant
of an exponential fit to the
distribution of mesh size, and d
an increase in the relative
frequency of the most left data
point in the distribution of
distances between the nearest
neighbor motors at σ ∼ σmax or
t = 100 s, compared to those at
t = 0 s. (Color figure online)
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Fig. 7 ACP unbinding
decreases stress accumulation
and promotes network
remodeling. At the fixed levels
of RM = 0.014 and RACP = 0.1,
effects of zero-force unbinding
rate coefficient of ACPs
(k0u,ACP) on a σmax (red circles)
and S (blue triangles), b
distribution of f max

M and f max
ACP, c

a decrease in the decay constant
of an exponential fit to the
distribution of mesh size, and d
an increase in the relative
frequency of the most left data
point in the distribution of
distances between the nearest
neighbor motors at σ ∼ σmax or
t = 100 s, compared to those at
t = 0 s. In (b), values in the
legend show k0u,ACP/k

0∗
u,ACP in

each case. (Color figure online)

Fig. 8 Increased ACP unbinding disturbs stress accumulation effec-
tively rather than merely changes the molar ratio of ACPs in the active
state (Ractive

ACP ) at a dynamic equilibrium. Effects of Ractive
ACP on a σmax

and b S. Ractive
ACP is altered by either varying RACP (red circles, data from

Fig. 6a) or k0u,ACP/k
0∗
u,ACP (blue triangles, data from Fig. 7a). Ractive

ACP is
measured for 1 s before σ(t) reaches σmax, and dashed lines indicate
Ractive
ACP = 0.1. (Color figure online)

a relationship between σmax and S seems unclear. For bet-
ter understanding about the relationship, we focused on how
either RM or RACP affects σmax and S with the other molar
ratio fixed.

First, it was found that adding more motors at a constant
level of RACP tends to increase σmax but reduce S with facili-
tation of network remodeling (Fig. 5). For example, at RACP

= 0.1 and low RM, σmax increases in proportion to RM fol-
lowing σmax ∼ R0.6

M with S close to 1 (Fig. 5a), and network

morphology (i.e. mesh size and motor aggregation) hardly
changes after σ reaches σmax (Fig. 5c, d and Supplementary
Text). However, above RM ∼ 0.06, σmax slightly deviates
from the power-law dependence, and S rapidly drops with a
decrease in f max

M and an increase in f max
ACP (Fig. 5b) as well

as large variations in the network morphology over time.
σmax ∼ R0.6

M at lower RM and the variations at higher RM—
deviation from the power-law dependence and sharp drop of
S—are consistent at lower RACP (Fig. S3a, b). Since RACP is
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fixed, a greater number of motors result in larger force acting
on each ACP, which destabilizes bonds between ACPs and
F-actins by increasing ku,ACP due to the force dependence
described in Eq. 1. The destabilization prevents motors from
exerting their maximum potential forces, f stallM , and leads to
lower S. It also facilitates large-scale remodeling of other-
wise stable networks after σ ∼ σmax.

Second, we found that addition of ACPs at a fixed level of
RM significantly increases σmax and S by helping motors
to exert their stall forces but suppresses network remod-
eling (Fig. 6). For example, at RM = 0.014, σmax rapidly
increases from RACP = 0.001 and reaches a plateau, ∼600
Pa, at RACP ∼ 0.05 (Fig. 6a). Existence of the plateau is
attributed to the limited number ofmotors and their finite stall
force as can be seen in various plateau levels depending on
RM (Fig. S3c). At RM = 0.014, S shows a sharp increase from
RACP ∼ 0.005 and becomes nearly one at RACP ∼ 0.1. As
the fixed level of RM increases, S begins to abruptly increase
from higher RACP (Fig. S3d). At RM = 0.014 and RACP >

0.1, the networkmorphologyvaries negligibly afterσ reaches
σmax (Fig. 6c, d and Supplementary Text). As above,with low
RACP, motors are incapable of exerting forces close to f stallM
while f max

ACP is large (Fig. 6b). However, as RACP increases,
f max
M rises to a level close to f stallM , whereas f max

ACP dimin-
ishes. Thus, with more ACPs, the force dependence of ACP
unbinding is not likely to play an important role, stabilizing
the bonds between ACPs and F-actins with higher σmax and
S and with minimal network remodeling.

3.2 Stability of ACPs determines long-time evolution of
generated stress and morphology

σmax is proportional to both molar ratios since more motors
provide greater force, and more ACPs can help the motors
to exert their stall forces. For determining σmax, long-
term stability of the bonds between ACPs and F-actins
is not significant since it takes a relatively short time for
σ to reach σmax, and motors can contribute to enhanc-
ing connectivity temporarily as can be clearly seen in a
difference of morphology and force distribution between
a case with RACP = 0.01 and RM = 0.008 and that
with RACP = 0.01 and RM = 0.08 (Fig. 4c, d) when
σ reaches σmax. Network remodeling at this early stage
occurs minimally via local deformation of F-actins with-
out large-scale network remodeling induced by numerous
unbinding events of ACPs (Figs. 5c, d and 6c, d). By
contrast, S is proportional to RACP but inversely propor-
tional to RM because the stability of the bonds is very
crucial for high S. The long-term stability is highly affected
by whether or not the force dependence of ACP unbind-
ing is activated by large force exerted on ACPs. The
magnitude of the force acting on ACPs is likely to be
roughly proportional to the ratio of RM to RACP, which

explains the relation between S and the two molar ratios.
Substantial network remodeling may emerge with large
increases in mesh size and motor aggregation if the force-
induced destabilization of ACP bonds occurs. In such a
case, major structural reorganization of networks occurs
during relaxation of generated stress, not during stress
generation.

3.3 Kinetics of ACPs differentially regulates stress
generation and network architecture

As an increase in ku,ACP caused by the force sensitivity has
the large effects, we found that an increase in the zero-force
unbinding rate coefficient, k0u,ACP, reduces σmax and S but
promotes the network remodeling (Fig. 7). σmax and S are
less sensitive to k0u,ACP at k0u,ACP < k0∗u,ACP but become

inversely proportional to k0u,ACP at k
0
u,ACP > k0∗u,ACP (Fig. 7a).

The inverse proportionality of σmax and S to k0u,ACP hardly
changes despite a variation in RM or RACP (Fig. S4). Depen-
dence of σmax, S, and the network morphology on k0u,ACP
(Fig. 7a, c, d) seems opposite to that on RACP (Fig. 6a,
c, d) because increases in k0u,ACP and RACP have opposite

effects on the molar ratio of ACPs in the active state, Ractive
ACP

(i.e. the number of ACPs bound to pairs of F-actins at a
dynamic equilibrium). If a decrease in Ractive

ACP is a sole out-
come induced by an increase in k0u,ACP, σmax and S should

be similar between cases with the same Ractive
ACP , regardless of

how Ractive
ACP is changed. In Fig. 8a, b, σmax and S of cases

where RACP is varied (Fig. 6a) and of those where k0u,ACP
is changed (Fig. 7a) with respect to Ractive

ACP are shown. A
large difference in σmax and S between two groups at each
Ractive
ACP was observed, implying that subsequent binding and

unbinding of ACPs effectively dissipate elastic energy built
by motors rather than merely reduce Ractive

ACP . Indeed, the
effect of increasing k0u,ACP on f max

ACP (Fig. 7b) is opposite
to that of decreasing RACP (Fig. 6b) although both changes
reduce Ractive

ACP . Higher k0u,ACP would allow ACPs to sustain
forces only for a short period before ACPs lose the forces
due to unbinding, which deteriorates stress generation (low
σmax) and maintenance (low S) but facilitates the network
remodeling.

3.4 ACPs help motors to generate the maximum force
by inducing friction between F-actins

Dependence of σmax and S on RM, RACP, and k0u,ACP can be
explained by local interactions between motors and ACPs.
Motors tend to pull pairs of F-actins in opposite directions,
which is capable of developing a mechanical force whose
magnitude varies depending on how freely F-actins are dis-
placed. If the F-actins are stably anchored to other F-actins
by ACPs or clamped to boundaries, the motors will easily
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reach their stall force because force can quickly be built
by their walking motion. By contrast, if the F-actins are
unstably anchored or free to move, the F-actins can glide
across motors without generation of large forces. Consider-
ing a small percentage of the clamped F-actins, the transient
connection between F-actins via ACPs plays a critical role
for helping motors to produce their maximum stall forces.
The transience makes ACPs behave as a molecular clutch
that transmits forces between pairs of F-actins via effec-
tive friction that is governed by k0u,ACP and how much
force is acting on each ACP at given values of RM and
RACP. Long-term changes in network morphology accom-
panied by large meshes and severe motor aggregation may
or may not occur, depending on whether or not the tran-
sient connection becomes unstable by the force acting on
ACPs.

3.5 Force-induced destabilization of ACPs also affects
frequency-dependent viscoelastic moduli

Initially, using three sets of RM and RACP, we showed that
the critical frequency where a network becomes the most
elastic (i.e. the lowest phase delay) can shift to higher fre-
quencies by either increasing RM or decreasing RACP, and
that the local minimum of E” disappears if ACPs do not
unbind (Fig. 3b, d, f). In other studies, it has been shown that
the critical frequency represents the transition point below
which ACPs begin to behave as transient cross-linkers and
therefore elevate lossmodulus, and that the critical frequency
can vary or disappear by tuning unbinding rates of ACPs
[35,36]. The shift of the critical frequency observed in our
results can be explained by force-induced acceleration of
ACP unbinding. As the ratio of RM to RACP becomes greater
by ten-fold higher RM or ten-fold lower RACP, ku,ACP dramat-
ically increases due to large forces acting on ACPs, resulting
in the shift of the critical frequency to higher frequencies.
This is why the increase in the critical frequency is asso-
ciated with low S that is also caused by the force-induced
destabilization.

3.6 Universality of the mechanisms of force generation
occurring within actomyosin units

Contractile actomyosin structures in non-muscle cells vary
in terms of the polarity, length, density, and orientation of
F-actins. We previously found that in actomyosin bundles
with randomly aligned F-actins, the balance between motors
and ACPs determines the generation of mechanical forces
[26]. Surprisingly, force generation in cortex-like networks
which contain additional disorder in F-actin orientation as
well as different local F-actin density is driven by similar
mechanisms. We also found that a three-dimensional cubical
network (3×3×3µm) exhibits similar dependences of σmax

and S on RM and RACP (Fig. S5), which demonstrates the
universality of themechanisms found in this study, regardless
of dimensionality of actomyosin structures.
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