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Actomyosin networks give cells the ability to move and divide.
These networks contract and expand while being driven by active
energy-consuming processes such as motor protein walking and
actin polymerization. Actin dynamics is also regulated by actin-
binding proteins, such as the actin-related protein 2/3 (Arp2/3)
complex. This complex generates branched filaments, thereby chang-
ing the overall organization of the network. In this work, the spa-
tiotemporal patterns of dynamical actin assembly accompanying the
branching-induced reorganization caused by Arp2/3 were studied
using a computational model (mechanochemical dynamics of active
networks [MEDYAN]); this model simulates actomyosin network dy-
namics as a result of chemical reactions whose rates are modulated
by rapid mechanical equilibration. We show that branched actomy-
osin networks relax significantly more slowly than do unbranched
networks. Also, branched networks undergo rare convulsive move-
ments, “avalanches,” that release strain in the network. These ava-
lanches are associated with the more heterogeneous distribution of
mechanically linked filaments displayed by branched networks.
These far-from-equilibrium events arising from the marginal stability
of growing actomyosin networks provide a possible mechanism of
the “cytoquakes” recently seen in experiments.

actin reorganization | marginal stability | avalanche

Actomyosin networks are systems of actin filaments that are
organized both by their interaction with myosins—a group
of active motor proteins—and by their interaction with passive
cross-linkers. The nonequilibrium activity of actomyosin net-
works gives cells the ability to grow, move, and divide (1, 2). The
contraction of actomyosin networks has been recapitulated
in vitro using reconstituted solutions of actin filaments contain-
ing several types of actin-binding proteins that merely act as
cross-linkers along with active myosins (3-6). Contractility of the
network appears to require a threshold concentration of myosin
and the presence of ATP but is only seen at an intermediate
concentration of bivalent cross-linkers. Early studies of recon-
stituted solutions of actin filaments in vitro generally lacked many
of the key constituents of the cytoskeleton, notably the actin-
related protein 2/3 (Arp2/3) complex. The Arp2/3 complex spe-
cifically alters the topology of actin filament networks by forming
branches. One of many examples of actomyosin networks with the
Arp2/3 complex is the dendritic spine. Dendritic spines are small
membranous actin-filled protrusions attached to neuronal den-
drites whose morphological plasticity is commonly hypothesized to
underlie learning and retrieving memory (2, 7, 8). While the
structure of the Arp2/3 complex has been explored extensively
(9-18), how the Arp2/3 complex changes the architectural dy-
namics of the actomyosin network raises many questions. Indeed,
recent experimental studies have shown that the Arp2/3 complex
qualitatively changes the dynamics of the network (4, 5, 19).

Www.pnas.org/cgi/doi/10.,1073/pnas.1922494117

Here, we employ a powerful computational software for flex-
ibly modeling the complexity of cytoskeletons, mechanochemical
dynamics of active networks (MEDYAN), that was developed by
Papoian and his group (20-24). The MEDYAN computational
framework incorporates a stochastic description of individual
chemical reaction events appropriate to the nanoscale and si-
multaneously employs a deterministic treatment of the me-
chanics of the cellular assembly at micrometer scales through
cycles of mechanochemical feedback. Using a predecessor of the
MEDYAN model, Papoian and his group (25-28) have modeled
unmotorized branched actin networks and have studied the ef-
fects of branchers and capping proteins on the speed of pro-
trusion of a flexible membrane. The mechanochemical aspects of
MEDYAN make it possible to investigate how the nucleation
and branching initiated by the Arp2/3 complex change the dy-
namics and structures of actomyosin systems. Here, we report on
a computational investigation of how branchers influence
network contractility.

Significance

Networks of actin filaments form the structural scaffold of
cells. Energy-consuming protein motors such as the myosins
that exert forces on the network by “walking” on actin fila-
ments as well as polymerization of actin polymers are neces-
sary for the movement, growth, and division of cells. The
dynamics of actomyosin networks is regulated by actin-binding
proteins. One of the most important of these binding proteins
is the actin-related protein 2/3 (Arp2/3) complex that nucleates
branched filaments, thereby altering network topology. In this
work, we simulated the dynamics of actomyosin networks
both with and without Arp2/3 complexes. The branched net-
works with Arp2/3 exhibit rare convulsive movements, which
we call “avalanches,” that are reminiscent of recent experi-
mental reports of “cytoquakes.”
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Several other computational frameworks have been developed
for modeling the dynamics of actomyosin networks (29-33). One
code, Cytosim, models the actomyosin network at the mesoscopic
scale (29) but lacks the mechanochemical feedback that is critical
to describe active processes. Another code, AFiNeS (30), has been
used to study a two-dimensional model of an actomyosin network
and describes network rheology under mechanical stress. AFiNeS
lacks, however, the volume exclusion for actin filaments, which we
believe is important for correctly determining the mechanics of
jammed states. MEDYAN captures all these features, which we
believe are crucial to understanding the actual biological system.

Contractile motions of actomyosin networks can be caused by
the forces generated by motors (across actin filaments) but may
also be driven by compression and expansion (along actin fila-
ments) due to polymerization. These forces deform the network
and build up strains through the expenditure of free energy (34,
35). These strains then feed back into various biochemical pro-
cesses. Our focus is on exploring the contrast between the dy-
namics of branched and unbranched networks, via conducting
simulations both with and without Arp2/3. We show that the
branched networks (with Arp2/3) can become marginally unstable.
Fluctuations continually cause local collapse events, which are
directly connected to this marginal stability. In systems that are far
from equilibrium and active, marginal stability does not occur at a
specific concentration but depends on both the initial configura-
tion of the network and the history of the system. The marginal
stability of branched actomyosin assemblies resembles what is
found in jammed granular assembles and colloidal glasses (36-38).

Results

Linkers Modulate Contraction in Unbranched Actomyosin Networks.
Our basic approach is the simulation of actin molecular
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Fig. 1. The time courses of the ratio Rg/R] indicate contractile or extensile
motion in unbranched actomyosin networks at several conditions of motors and
linkers. (A) Systems with low motor and low linker concentrations (xm,:4 = 0.01
and x,:a = 0.01). (B) Systems with high motor and low linker concentrations
(Xm:a = 0.5 and x,:.4 = 0.01). (C) Systems with high motor and high linker
concentrations (x,.4 = 0.5 and x,.4 = 0.5). (D) Systems with medium motor
and medium linker concentrations (xm:4 = 0.05 and x,:4 = 0.1). The pink-
dotted lines show the single exponential fits to the sets of the time courses
of Rg/R; for each simulation condition. The traces for simulation replicates are
indicated with light gray lines, and their averages are shown in black lines. t is
the single exponential fitting time constant (see S/ Appendix for more details).
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assemblies in solution with various mixtures of actin-binding
proteins, all in a fixed geometry. To study unbranched net-
works, we considered nine different concentration ratios of
nonmuscle myosin ITA heavy chain (NMIIA) motor proteins to
actin monomers (x,.4) and eight concentration ratios of
a-actinin linker molecules to actins (x,.4) in our simulations. In
total, then, we studied 72 distinct actomyosin network assembly
scenarios. All simulations were confined toa 1 pm X 1 pm X 1 pm
box with 25 pM of actin in total. The concentration of actin,
25 uM, was specifically chosen to replicate the in vitro experi-
ments from the Weitz group (3). The monomers, the filaments,
the motors, the linkers, and the branchers were initially distrib-
uted randomly within a cubic container. Other various physical
parameters characterizing simulated systems are described in
detail in ST Appendix, Table S3. In our discussion, we will high-
light four representative conditions of x,.4 and x,.4 from these
scenarios to elucidate the role of linkers in unbranched net-
works: 1) low motor and low linker concentrations (x,,.4 = 0.01
and x,.4 = 0.01), 2) high motor and low linker concentrations
(*m:4 =0.5 and x,.4 = 0.01), 3) high motor and high linker
concentration (x,,.4 = 0.5 and x,.4 = 0.5), and 4) medium motor
and medium linker concentrations (x,.4 = 0.05 and x,.4 = 0.1).
Note that for every combination of motor and linker to actin
ratios, 16 simulation replicates were performed, differing only in
their random initializations. The average length of a filament in
unbranched networks is ~0.85 pm. Throughout the simulations,
we recorded the structure of the networks once every 10 s. In
addition to plotting the time courses of these parameters, in
some cases we have also plotted the changes of the parameters
that take place between successive pairs of snapshots to highlight
when large sudden changes in the parameters occur.

In order to follow the assembly process, we show in Fig. 1 how the
radius of gyration of the whole system (Rg) normalized by the “ini-
tial” R, value (R;), Rg/R}, changes with time. R} is actually the radius
of gyration measured after an initialization run without motors of
10 s, so as to allow the filament length distribution to reach a steady
state before the motors are turned on. When an actomyosin net-
work contracts due to the motor action, the radius ratio R, /Ri, will
become less than 1, while, in contrast, when R, /Ri, becomes greater
than 1 it indicates that the system has expanded during assembly.
Unbranched actomyosin systems with low motor concentration
(*m:4 = 0.01) and low linker concentration (x,.4 = 0.01) expand
rather slowly (Fig. 14) in comparison with what occurs for the other
three conditions. The expansions are caused by actin polymeriza-
tion without any significant countervailing forces being exerted by
motors that would pull the actin filaments together.

Adding linkers leads to a competition between actin poly-
merization and motor pulling. This competition accounts for the
differing extent of contraction. We calculated (R, /Rg), which is the
average of the normalized radius of gyration ratio taken over all
replicates for a given condition, varying motor and linker concen-
trations for both unbranched and branched networks. The radius
ratios (R /Ri,) achieved at steady state for the high motor concen-
tration and high linker concentration systems (x,.4 = 0.5 and
Xq:4 = 0.5; Fig. 1C) are ~16% lower than the steady-state ratios
(Rq /R;) for high motor concentration and low linker concentration
systems (x,.4 = 0.5 and x,.4 = 0.01; Fig. 1B). Contractility is only
manifested for unbranched systems when the motor concentration
exceeds a threshold of x,,,. 4 = 0.01 (Fig. 1 B-D).

Assembly dynamics depends on the fraction of the linkers that
are unmotorized. For the unbranched systems with x,,.4 = 0.5
and x,.4 = 0.01 (high motor and low linker concentrations),
whose time courses of the radius ratio Rg/Rg are depicted in
Fig. 1B, the pulling forces from motors lead to the rapid re-
duction in the radius ratio R, /Rg during the first 130 s. When we
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increased the concentration of linkers to x,.4 =0.5 and
Xq:4 = 0.5, the actin network contracts much more slowly as
shown in Fig. 1C. These results semiquantitively agree with the
experimental data from the Weitz laboratory (3), which studied
these unbranched systems.

Branched Actomyosin Networks Display Convulsive Movements.
Next, we included Arp2/3 protein complexes to simulate
branched networks. The radius of gyration ratios Rg /Rg for the

branched networks (Fig. 2) behave differently during assembly from
what was seen for the unbranched networks (Fig. 1). The branched
networks with low concentrations of motors and low concentrations
of linkers (x,.4 = 0.01 and x,.4 = 0.01; Fig. 24) contract rather
than expand as did the unbranched assemblies (Fig. 14). The
overall contraction of the branched assemblies results from the
creation of branches that inhibit actin polymerization and de-
polymerization. Adding a brancher prevents the actin de-
polymerization reaction at the minus end of a daughter filament
because the brancher positions itself at the branch junction once a
daughter filament has been created from its mother filament.
When there is depolymerization at the minus end of a filament
that is faster than the dissociation of a brancher from the filament,
the brancher will inhibit the depolymerization reactions at the
minus end of a mother filament. Actin polymerization and de-
polymerization, which require actin turnover, are thus significantly
inhibited by the presence of branchers. The concentration of fil-
amentous actin (F-actin) in the branched simulations is larger than
the concentration of F-actin in the unbranched simulations. The
increased F-actin concentration is due to the capping of the minus
end of the mother and the daughter filaments, as well as the new
F-actin plus ends created by Arp2/3 nucleation. Nevertheless, due
to the increased number of total filaments, the average length of a
filament is in fact reduced when Arp2/3 is added. The average
length of a filament in branched networks is ~0.16 pm. Un-
branched networks turn out to consist of long and parallel fila-
ments displaying liquid crystalline order, while branched networks
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Fig. 2. The time courses of radius gyration ratios for contractile and ex-
tensile motions in branched actomyosin networks at several conditions of
motors and linkers. (A-D) The indications for concentrations of motors and
linkers are the same as those used in Fig. 1. z is the single exponential fitting
time constant (see S/ Appendix for more details).
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are composed of short and bifurcated filaments and appear more
nearly isotropic.

The contraction of branched networks occurs in a more irregular
fashion than does the contraction of unbranched assemblies. The
contraction of the assemblies is rather intermittent, occurring by
unpredictable abrupt drops of the radius of gyration ratio R, /ng.
These convulsive events are inherently stochastic and hence do not
occur at the same time in different simulation replicate runs. These
abrupt drops of R, /ng occur very quickly. Individually, these events
have a duration of less than 10 s. The sharpest drops can be as large
as 20%. These drops, which we call avalanches, are observed more
frequently at higher concentrations of motors (Fig. 2 B and C) than
at lower concentrations (Fig. 24). For the range of parameters
studied in our simulations, we have never observed such discrete
and large-scale avalanches in the unbranched actomyosin networks
created whenever Arp2/3 was absent.

To get a better picture of the mechanism underlying the av-
alanches, we examined changes in the ratio of the radius of gy-
ration after an event and we have also visualized snapshots of the
system to uncover the corresponding structural changes. Snap-
shots for medium motor concentration and medium linker con-
centration (x,.4 = 0.05 and x,.4 =0.1) are shown in Fig. 3.
A(Rg /R;) corresponds to the successive temporal changes of the
radius of gyration ratios R, /R;. An abrupt drop in the radius of
gyration ratio occurs after 440 s (Fig. 34). At this point, we note
that the network contains several regions of high tension. These
regions are shown in a white color inside a blue square in Fig. 3B.
The tension is rather heterogeneously distributed immediately
prior to the avalanche. The high-tension regions are created by the
stalling of motors. Once the motors have successfully reorganized
the actin filaments, the regions of high tension disappear as shown
in Fig. 3C. No motor or linker unbinding was seen immediately
prior to an avalanche. Instead a motor, which was previously
walking on a short filament and on a filament bound by Arp2/3
branchers, became jammed before an avalanche was triggered.

Mechanistic Insights into the Convulsive Movements during an
Avalanche. The mean of the displacements of the center of mass
of each actin filament at time ¢ (6xp(?)) is defined by the following:

1 N
8ep(t) = 5 D|CoMi(t) — CoMi(t = 1)), [1]

where CoM; is the center of mass of filament i and N is the
number of filaments in a system. The dxr between each succes-
sive pair of snapshots (black curves) turns out to be a useful
parameter to identify and characterize avalanches, as shown in
Fig. 4.

In addition, we studied the changes in the shapes of the actin
assemblies using the shape parameter (S). This is defined for an
actomyosin network by Eq. 2 (39):

3 .
§=27 7‘ Hi:l(ﬂi; ﬂ)‘. 2]
(orT)

T is the geometrical inertia tensor of an assembly as described in

Eq. 3, while the 4; are the eigenvalues of the inertia tensor 7, and
A is the average eigenvalue of the inertia tensor 7:

1 N
Ty =55 l_;(’ia —1ia)(7ip = 7jp)- (3]

Here, N is the number of beads in the network. Each bead
represents an end of a cylindrical actin segment. r;, is the pro-
jection of bead i on the a axis, where « can be x,y, z.
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Fig. 3. Changes in the tension of a branched network occur during an avalanche. (A) The time courses of the successive values of temporal changes over a
10-s time interval in the ratio of the radius of gyration normalized by the Ry value at 10 s. The quantity A(Rg/Rg) is shown for a branched network simulation
with medium motor and medium linker concentrations (xy:4 = 0.05 and x,.4 = 0.1) over time. (B and C) Two snapshots of actin filaments, motors, and linkers
where the tension is indicated by color; these show the morphology of the network before (B) and after (C) the abrupt drop of A(Rg/Rg) when an avalanche
occurs. The dimensions of the cubic simulation box are 1 um x 1 um x 1 pm. A blue square highlights a concentrated high-tension region that can be seen prior
to the A(Rg/R;) drop, which then becomes a dispersed low-tension area after the A(Rg/Rg) drop.

There appear to be two types of avalanches that display dif-
ferences in their shape and in the size of the reconfigured re-
gions. In one group, corresponding to shear events, the temporal
changes are manifested by large changes of the shape parameter
(AS) between successive pairs of snapshots, changes that occur
through filament sliding (e.g., labeled as avalanche 1 in Fig. 4). A
second group of avalanches involve collapses of local regions and
are characterized by significant changes in the normalized radius
of gyration ratio between successive pairs of snapshots (e.g., la-
beled as avalanche 2 in Fig. 4). We believe that the type of av-
alanches described here are examples of two extremes of a broad
distribution of avalanches.

The underlying mechanism for these abrupt behaviors seems
to reflect the rather wide distribution of sizes of F-actin con-
nectivity clusters in the network. We calculated the distributions
of connectivity cluster sizes and used those distributions to
compute the weighted averages of the cluster size (N,,) found in
both the unbranched and the branched networks. This was done
for all 72 concentration scenarios while also analyzing whether
avalanches occur or not. The weighted mean cluster size (N,,)
was calculated in units of actin monomers. N, represents the
average cluster size of randomly selected monomers and is de-
fined as the ratio between the first moment and the second
moment of the cluster size distribution p(n) as shown in Eq. 4:

2
N, = 220 [4]

2.npn)’

Here, n is the number of actin monomers in a cluster and p(n) is
the probability of finding a cluster of size n in the system.

The weighted mean cluster size of F-actins, N,, provides a
parameter describing heterogeneity of the cluster sizes of a
network. Assemblies with a small value of N,, contain multiple
small and isolated clusters that are not connected to the rest of
the system through motors, linkers, or branchers. A network with
a large value of N,, contains at least one large cluster of actins, all
of which are mechanically linked.

In Fig. 5, we plot histograms of the weighted mean cluster size
(Ny) for the unbranched and branched networks. Fig. 54 shows
that for the unbranched networks, there are two predominant
actin cluster sizes: one peak for small clusters having at most
2,000 actin monomers and another peak for large clusters with
more than 12,000 actin monomers. The smaller connectivity
clusters are typically isolated, while there is usually only a single

10828 | www.pnas.org/cgi/doi/10.1073/pnas. 1922494117

cluster of more than 12,000 actin monomers. The unbranched
networks with many small and isolated F-actin connectivity
clusters generally are only weakly connected through motors or
linkers, while the networks with large F-actin connectivity
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Fig. 4. Examples of avalanches in a branched network containing 16 motors
and 3,000 linkers. In A, the time course of the changes in the ratio of the radius
of gyration normalized by the Ry value at the initial 10-s point between suc-
cessive pairs of snapshots that are separated by 10's, A(Rg/ R;), is plotted in red.
In B, the time course of the changes in the shape parameter between successive
pairs of snapshots that are separated by 10s, AS, is plotted in blue. In both A and
B, the time course of the mean filament displacement 6x is plotted in black.
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Fig. 5. Probability densities of the weighted mean cluster size (N, ) of the
unbranched networks (A) and branched networks (B). The branched net-
works were further analyzed in the event of no avalanche (blue curve) or
avalanches (red curve). A total of 1,152 simulations was carried out and
analyzed both for the unbranched networks and for the branched networks.

clusters have become fully connected, thereby allowing force to
be transmitted globally throughout the networks.

In Fig. 5B, we see that branched networks have a rather wide
distribution of N,, with a broad continuous range of intermediate
size actin clusters. To characterize an event as an avalanche during
an individual trajectory, we calculated the Z score of the mean
filament displacement &xr between each successive pair of snap-
shots separated by 10 s. We classified an event as being an ava-
lanche when the mean filament displacement &xr between each
successive pair of snapshots is sufficiently large: that is, we require
the Z score relative to the displacements for other intervals to ex-
ceed 5 in order for the interval to be classified as having an ava-
lanche event. As shown in Fig. 5B, there is a significant difference in
cluster size distributions for snapshots when an avalanche occurs
and when there has been no avalanche. This comparison of the
distributions of the actin cluster sizes suggests that forces build up in
the branched systems with large connectivity clusters eventually
resulting in an avalanche. Avalanches rarely occur in networks
containing only small and isolated actin clusters.

Discussion

Contractility of Actomyosin Networks Depends on Their Topologies.
Consistent with earlier studies, we find that the contraction of

Liman et al.

unbranched actomyosin networks depends on the concentrations
of motor protein and linkers (3—6). The “phase diagram” of
macroscopic contractility is reentrant: Systems having an in-
termediate value of linker concentration contract more robustly
than do systems with either a high or a low concentration of
linkers. The diagram for the unbranched actomyosin networks
with certain motor concentrations is shown in SI Appendix, Fig.
S3. Reentrance of the transition with changing linker concen-
tration was one of the key findings of several experimental
studies (3, 4). These studies show that the macroscopic con-
tractility in actin reconstituted systems requires a threshold
concentration of motors but is strongest with an intermediate
concentration of linkers. In our simulations, reentrance arises
because when the concentration of linkers is low the network is
not mechanically connected while at high linker concentrations
the network of an unbranched actomyosin system becomes too
rigid for the motors to displace fibers significantly.

Structural differences between branched actomyosin networks
and the unbranched systems lead to their having a different
phase diagram. The branched networks with low concentrations
of motor globally contract more than do unbranched networks
with the same low motor concentrations. These contractions
apparently are caused by the Arp2/3 branchers inhibiting the
polymerization and depolymerization of the actin fibers, which
would otherwise favor the expansion of the network. In our
model, an Arp2/3 brancher initially deposits at the branched
junction and, once there, nucleates a daughter filament. Given
that the depolymerization rate at the minus end of an actin fil-
ament is faster than the dissociation rate for branchers, the Arp2/
3 branchers effectively inhibit actin filament polymerization and
depolymerization.

The relaxation times of the branched actomyosin networks are
longer than those of the unbranched systems, by as much as a
factor of 4. The slowing due to the addition of branchers can be
explained by two effects: 1) motors are not able to walk past
branchers, and 2) on average, the actin filaments of the branched
networks are considerably shorter than the filaments of the un-
branched networks. The persistence of motor walking in the
unbranched networks, which contain longer filaments, drives fast
relaxation. In the branched networks, on the other hand, the
motors constantly unbind and rebind to short actin filaments that
are studded with branches, thereby slowing the relaxation.

The Nonequilibrium Dynamics of the Branched Actomyosin Networks
Displays the Behavior of Jammed Assemblies. The trajectories for
the branched actomyosin networks show a large number of
sudden variations of individual filament displacements. These
events are not seen in the trajectories for the unbranched sys-
tems at the same concentrations of motors and linkers. Branched
networks also have a larger variation in actin cluster size com-
pared with what is seen for their unbranched counterparts. In
branched networks, sudden releases of strain energy occur that
lead to local contraction and filament sliding. We call these rare
events avalanches. Avalanches in general are triggered by motor
driven movements, which then in turn cause bound motors to
disengage, bound linkers to rupture, and bent filaments to recoil.

It has been suggested that such avalanches occur during the
remodeling of the cytoskeleton in vivo (40, 41). In these exper-
iments, beads attached to the actomyosin cortex in cells undergo
large, step-like displacements over several micrometers. Taken
together with the present simulations, these findings suggest that
branched actomyosin networks form marginally stable states
reminiscent of jammed granular systems or colloidal glasses
(36-38). The mechanical properties of jammed systems depend
on their past history, a signature that the system remains far from
equilibrium (36). Our findings suggest that the branched net-
works are more likely to become marginally stable and jammed
than the unbranched networks. This feature seems to arise
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Fig. 6. Typical snapshots of MEDYAN simulations without Arp2/3 protein complexes (A) or with Arp2/3 protein complexes (B). A red cylinder represents an
F-actin filament. A black bead represents a positive (or a barbed) end of an F-actin filament. A white bead represents a negative (or a pointed end) of an
F-actin filament. A green cylinder represents an a-actinin linker protein. A blue cylinder represents an ensemble of NMIIA motor proteins. A yellow bead
represents Arp2/3 protein complexes. The angle between the mother and its daughter filaments through a brancher is 70° as reported experimentally (12, 15).
Portions of the images shown on the Top are enlarged and shown on the Bottom.

because branched networks have a wider distribution of F-actin
cluster sizes than their unbranched counterparts have. In the
branched assemblies, motors can change the conformation of the
networks in a convulsive avalanche-like manner once there has
been a sufficient buildup of high tension locally in the network (42).

Actin-binding proteins such as the Arp2/3 complex alter the
nonequilibrium and history-dependent properties of actomyosin
by changing the morphology of the networks. A full theoretical
treatment of cytoskeletal dynamics must deal both with their
assembly and their glassy preparation dependence.

Methods

Coarse-Grained Mechanochemical Model of Actomyosin Systems (MEDYAN).
We have used a computational implementation of a coarse-grained mech-
anochemical model of actomyosin systems (MEDYAN) developed by Papoian
and his group (20). MEDYAN models the stochastic nature of reactions and
the diffusion of chemical entities (which we will refer to as “the chemical
model”) and provides simultaneously a coarse-grained physical representa-
tion of filaments, branchers, motors, and linkers (which we will refer to as
“the mechanical model”). The coarse-grained actomyosin system is initial-
ized with F-actin filaments that are made up of segments consisting of
10 G-actin monomers each, nonmuscle myosin IIA heavy chain (NMIIA)
motor proteins (i.e., motors), a-actinin cross-linking proteins (i.e., linkers),
and actin-related protein 2/3 (Arp2/3) branching protein complexes
(i.e., branchers). The simulations of branched assemblies of filaments include
the Arp2/3 protein complexes, while the unbranched simulations of fila-
ments do not. Fig. 6 shows a typical snapshot of a simulation of unbranched
filaments (Fig. 6A4) and branched filaments (Fig. 6B). The monomers (G-ac-
tin), the filaments (F-actin), the motors (NMIIA), the linkers (a-actinin), and
the branchers (Arp2/3) were initially distributed randomly within a cubic
container. SI Appendix, Fig. S1 summarizes the four steps of a mechano-
chemical cycle in MEDYAN.

We have included the polymerization reactions of F-actin at both the plus
and the minus ends of the fibers, the depolymerization reactions of F-actin
from both the plus and the minus ends, the binding and the unbinding
reactions of a-actinin linkers, the binding and the unbinding reactions of
NMIIA motors, the walking reactions of NMIIA, the branching reaction of
F-actin, and the destruction reaction of short F-actin no longer than one
binding reactions of
Arp2/3-actin protein
inking between the
s due to geometric

constraints. The motors, the linkers, and the branchers occupied same
binding sites on the filaments.

All simulations were confined to a 1 pm x 1 pm x 1 pm box with 25 uM of
actin in total. The concentration of actin, 25 uM, was specifically chosen to
replicate the in vitro experiments from the Weitz group (3). We considered
nine different concentration ratios of motor proteins to actin monomers
(Xm:a) and eight concentration ratios of linker molecules to actins (x,:,) in
our simulations. We set x,,., to be 0.0, 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5,
and 1.0, whereas x,., was set to be 0.0, 0.01, 0.02, 0.05, 0.1, 0.2, 0.5, and 1.0.
All branched simulations contained 0.5 uM of Arp2/3 branchers in total to
create sufficient branching structures in the simulation. Moreover, we used
the filament branching rate of 0.0001 s~ and the short filament destruction

Fig. 7. Schematic diagram of a cluster. A cluster is a group of F-actin
monomers (F) that are connected through their binding sites (c), the plus
ends (p), or the minus ends (m). The motor (M) and the linkers (L) connect
the F-actin monomers through the binding sites. The brancher (B) connects
two F-actin monomers by binding on the minus end (m) of one and on the
binding site (c) of the other one.
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rate of 1.0 s~". Furthermore, we have also included actin filament bending,

stretching, branching, and exclusion volume potentials, motor and linker
stretching harmonic potentials, and filament-boundary interaction potential
(see S/ Appendix for more details). The reaction rates and the parameters of
our model are listed in S/ Appendix, Tables S1, S2, and S3.

Cluster Size Distribution. To analyze how each monomer in a filament con-
nects to another, we defined a cluster as a group of monomers in an F-actin
that are connected through the plus ends (p), the minus ends (m), or
through binding sites (c) as shown in Fig. 7. A motor (M) or a linker (L) can
connect two actin monomers through their binding sites (c). A brancher (B)
connects two F-actin monomers through the binding site (c) of one to the
minus end (m) of the other one.
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