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ABSTRACT We develop a computational model to compare the relative importance of unbinding and unfolding of actin cross-
linking proteins (ACPs) in the dynamic properties of the actin cytoskeleton. We show that in the strain-stiffening regime with
typical physiological and experimental strain rates, unbinding events are predominant with negligible unfolding. ACPs unbound
by greater forces experience larger displacements, with a tendency to rebind to different filaments. At constant strain, stress
relaxes to physiological levels by unbinding only—not unfolding—of ACPs, which is consistent with experiments. Also, rebinding
of ACPs dampens full relaxation of stress. When the network is allowed to return to a stress-free state after shear deformation,
plastic deformation is observed only with unbinding. These results suggest that despite the possibility of unfolding, unbinding of
ACPs is the major determinant for the rheology of the actin network.
INTRODUCTION
Cells exhibit a number of interesting dynamic properties in
response to external stimuli. Subjected to rapid deformation,
the cytoskeleton develops high levels of stress, whereas it
can easily deform under low strain rates with relatively little
increase in stress (1). At fixed shear strain or stretch, marked
stress relaxation is observed (1,2). It is widely believed that
the actin cytoskeleton cross-linked by actin binding proteins
is primarily responsible for these dynamical properties (3).
Reconstituted networks cross-linked by filamin that can
both unbind and unfold have drawn attention recently, since
they reproduced many of the dynamic properties of cells
(4,5). Other experiments (6,7) demonstrate that the
unbinding and unfolding behaviors of a single filamin are
rate-dependent and can be described by several models for
bond rupture or domain unfolding, including Bell’s equation
(8). Based on these, it was qualitatively predicted that
unbinding of filamin would precede unfolding under typical
in vitro conditions (9). Numerous recent experiments have
focused on elucidating relations between dynamic behaviors
of single actin cross-linking proteins (ACPs) and the inte-
grated properties of actin networks (10–13). Computational
models have great potential to contribute to understanding
of such relations by explicitly relating macroscopic rheolog-
ical measurements to underlying molecular events. Existing
computational approaches to date (14–16), although instruc-
tive, do not incorporate ACP unbinding and unfolding
simultaneously. Here, we extend our previous model (17)
by including these two events. In the strain-stiffening
regime, unbinding of ACPs significantly decreases the
magnitude of stress at high shear strain, whereas unfolding
merely delays the increase of stress to higher values of
strain. Frequencies of unbinding and unfolding events
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depend strongly on the strain rate. At constant strain, stress
relaxes to physiological levels only by unbinding, not by un-
folding, of ACPs. Finally, plastic deformation, the irrevers-
ible reorganization of a network, is observed with
unbinding, but not when only unfolding is allowed.
METHODS

Model overview

We generate a cross-linked network as in our previous studies (17,18).

Briefly, we perform Brownian dynamics simulations on actin monomers,

filaments, and ACPs, initially assuming first-order irreversible bond forma-

tion. ACPs have a filamin-like V shape and form orthogonal cross-links

between filaments during the polymerization process. After growing the

network, a coarse-graining procedure is applied to increase length- and

timescales of subsequent simulations (17). Mechanical properties of actin

filaments and ACPs are characterized by bending and extensional stiff-

nesses, and thermal fluctuations are included. Steric interactions exist

only between actin filaments, preventing them from passing through each

other. The measurement of viscoelastic moduli of the networks is per-

formed via bulk rheology in which oscillatory shear strain is applied to

the top surface of the cubical simulation box with the bottom surface fixed

(17). The small box, whose width is 2.8 mm, allows bulk rheology to effec-

tively capture rheology measured by microprobes as shown in (17). To

systematically control and isolate the effects of a given parameter, a geomet-

rically identical network was employed for all measurements. Filament

length (Lf) is 1.5 5 0.65 mm (average 5 SD), and the actin concentration

(CA) is 12.1 mM. By comparison, the in vitro actin concentration range is

12–74 mM (4,5). Relative concentration of ACP (R ¼ CACP/CA) is 0.020

unless specified.
Dynamic behavior of ACPs

In this model, unbinding/rebinding and unfolding/refolding of ACPs are

considered. Experimentally, the force-extension curve of filamin A exhibits

a saw-tooth behavior with peak values of 100–200 pN at intervals of

~30 nm in response to a pulling force (7). When the pulling force is

released, it relaxes as a single wormlike chain. To describe such behaviors

of filamin A, each arm of ACP is described by a series of wormlike chains

and can unfold up to Nuf times according to Bell’s equation. Denoting the
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equilibrium and current length of one ACP arm by r0 and r12, respectively,

the force, Fs(r12), and unfolding rate, kuf, are
Fsðr12Þ ¼

8>>>>><
>>>>>:

�kBT

p

2
664 ð2l0;i � r12 � r0Þðr12 � r0Þ

4l 20;i

�
1� r12

l0;i

�2�
1� r0

l0;i

�2
þ r12 � r0

l0;i

3
775 if r12R r0

�ks;ACPðr12 � r0Þ if r12 < r0

(1)
8<
k0 exp

�
luf jFsj

�
if r12R r0
kuf ¼ : uf kBT

k0uf if r12< r0

; (2)
where p ¼ 0.33 nm is the persistence length, l0,i ¼ (140 þ 30 � i) nm (i ¼
0 � Nuf) is the maximum extension for the ith unfolding, r0 ¼ 105 nm, and
ks,ACP is the stiffness of ACP against compression below the equilibrium

length, r0. k
0
uf is the zero-force unfolding rate coefficient, and luf ¼ 6 �

10�10 m is the mechanical compliance. To study the long-time behavior

(see below), in different simulations, we rescale k0uf with respect to the refer-
ence value, k0uf;r ¼ 3.0 � 10�5 s�1. Values of k0uf;r and luf are set based on

previous experiments and Monte Carlo simulations (7). Each unfolding

event increases i by 1 while keeping track of the values of r12 at which

the ith unfolding occurred, ruf,i. Refolding occurs when r12 decreases below

ruf,i, decreasing i by 1. The periods of relaxation and extension are deter-

mined by changes in the ACP length during the previous 10 time steps

(¼ 61.7 ns), where a reduction in length for R8 of 10 steps is considered

relaxation. Once the relaxation period begins, the maximum extension

remains constant at the initial l0,i even after i is decreased by refolding.

When extension begins again, l0,i instantly changes to a value that corre-

sponds to i, satisfying ruf,i�1 % r12 % ruf,i. This is to capture the behavior

observed in AFM experiments (7,19). Simulations conducted with a single

ACP at two extension rates are qualitatively similar to results of AFM

measurements (Fig. 1).

ACPs unbind in a similar manner but with different parameter values, as

follows:

kub ¼
8<
:

k0ub exp

�
lubjFsj
kBT

�
if r12R r0

k0ub if r12 < r0

; (3)
FIGURE 1 Sample force-extension curves of one arm of an ACP with

Nuf ¼ 10. Two extension rates are used: 0.3 mm/s (dashed line) and

30 mm/s (solid line). Dotted lines show wormlike chains following Eq. 1.

Biophysical Journal 101(7) 1597–1603
where k0ub is the zero-force unbinding rate coefficient, and lub ¼ 1.04 �
10�10 m is the mechanical compliance of the bond for unbinding. The refer-
ence value of k0ub;r ¼ 0.115 s�1 is taken from experiment (6). In our model,

simultaneous unbinding of both ACP arms is prohibited. We also assume

that if an unbinding event occurs on one ACP arm, it completely refolds,

and r12 immediately returns to its equilibrium value, r0 (i ¼ 0). Once

unbound, the arm of an ACP thermally fluctuates until it rebinds.
Simulation of long-time behaviors

In typical experiments, stress relaxation occurs over timescale longer than

seconds (4), which we address in our simulation by employing the

following scaling argument. Based on the expectation that network

dynamics is governed mainly by the rates of unfolding and unbinding of

ACPs, longer-time behaviors may be captured by adjusting the zero-force

rate coefficients, k0ub and k0uf , which we collectively denote as k0. In scaling

time by (k0)�1, certain types of time-dependent behaviors could be reduced

to a single universal curve. This allows us to predict behaviors at much

longer times simply by increasing k0ub and k
0
uf and scaling time accordingly.

This hypothesis was examined by either increasing shear strain linearly

with time (Fig. 2 A) or monitoring stress relaxation under constant strain

(Fig. 2 B). Denoting the time over which the shear strain is applied in the

first case and that during which stress relaxation is measured in the second

as td, all cases with the same values of k0td exhibit similar rheological

behaviors.
RESULTS AND DISCUSSION

Strain-stiffening

With this new model, we first investigated strain-stiffening.
A constant shear strain rate is applied to the actin network
( _g ¼ 10 s�1) with both unbinding and unfolding of ACPs,
and the corresponding shear stress is computed. Five
different values for the zero-force rates are used (k0ub/k

0
ub;r ¼

k0uf /k
0
uf;r ¼ n; n¼ 1–100), each leading to a different effective

shear strain rate, _geff ¼ _g/n based on scaling arguments
above. The frequencies of unbinding and unfolding events
strongly depend on _geff (Fig. 3 A); at small _geff(<1 s�1),
unbinding events dominate, whereas at large _geff(>1 s�1),
unfolding dominates. It is important to note that under typical
physiological and experimental conditions ( _geff ~ 0.1 s�1),
unbinding/rebinding dominates with far less unfolding/re-
folding, as qualitatively predicted in (9). The overall shape
of the stress-strain curves showing initial stiffening followed
by collapse (Fig. 3 B), is consistent with experiments (5,20).
The curves also exhibit two distinct power-law regimes
before the collapse, which can be well described by the
following with c1 ¼ 2.5, c2 ¼ 500, x1 ¼ 0.4, x2 ¼ 4:

tðgÞ ¼ c1g
x1 þ c2g

x2 ; (4)



FIGURE 2 Invariance of rheological behaviors

with k0ubtd fixed. (A) Strain-stiffening. (B) Stress

relaxation. (See text for explanation.)
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where the first and second terms on the righthand side domi-
nate in the low and high g regimes, respectively. A power-
law behavior for t has been observed in several experiments
(10,13,20). To find its origin, we estimated c1, c2, x1, and
x2 with the extensional (ks,A) and bending stiffness (kb,A)
of actin reduced by up to 0.1. It was observed that kb,A
had a noticeable effect on c1 and x1, whereas ks,A strongly
influenced c2 and x2 (Fig. 3 C), which agrees with the cross-
over from bending to stretch-dominated responses of the
network (17).

When unfolding prevails at the highest _geff , the stress
level steadily increases. In contrast, when unbinding domi-
nates, stress reaches a level similar to experimental values;
stress >100 Pa has rarely been observed in in vitro experi-
ments (3,5). To test hysteresis, an actin network is sheared
up to g¼ 1.0 and then returned to g¼ 0 with three different
strain rates ( _geff ¼ 101, 100, 10�1 s�1). The network exhibits
greater hysteresis with lower _geff, whereas in a control case
without unbinding (very large _geff), hysteresis is negligible
(Fig. S1 in the Supporting Material). This observation is
consistent with our findings with regard to plastic deforma-
tion, discussed below. Therefore, although unfolding may
occur (7), strain-stiffening behaviors of actin-filamin net-
works are likely governed by unbinding.

Differential modulus, K ¼ dt/dg, of the strain-stiffening
curves in Fig. 3 B and Fig. S2 A exhibits behaviors similar
to those previously observed (10,13): K that remains rela-
tively constant at lowg tends to follow ~g3 atg> ~0.1, even-
tually collapsing at high g. Note that although magnitudes of
K are strongly affected byR (Fig. S2B), as observed in exper-
iment (13), overall tendencies are very similar regardless of
R. Both tm (stress at which K is maximal, Km) and
Fm
ub(unbinding force of ACP whose unbinding initiates

a decrease inK from Km) are both logarithmically dependent
on _geff (Fig. 3 D). Considering that both tm and Fm

ub are line-
arly dependent on ln ð _geffÞ, we can infer tm ~ Fm

ub; at highly
strained states, stress is supported by only a small set
of ACPs that experience high tensional forces (17), and
FIGURE 3 Strain-stiffening behaviors with

unbinding and unfolding. (A) The number of

various events depending on n (¼ k0ub/k
0
ub;r ¼

k0uf /k
0
uf;r) with _g ¼ 10 s�1. _geff ¼ _g /n on the top

horizontal axis is the effective shear strain rate.

(B) Stress-strain behaviors and differential

modulus, K ¼ dt/dg, with different _geff (legend).

Thick dotted lines denote the best fits using Eq. 4

and its derivative. (C) Coefficients (c1, triangles;

and c2, right-pointing triangles) and exponents

(x1, circles; and x2, left-pointing triangles) of

Eq. 4 with mechanical stiffness (kb,A for c1 and

x1, and ks,A for c2 and x2) reduced by the factor

in the x axis. (D) Maximum value of K (Km), the

corresponding stress (tm), and critical unbinding

force (Fm
ub) with different _geff , where F

m
ub indicates

the unbinding force of ACP, whose unbinding

event initiates a decrease in K at Km.

Biophysical Journal 101(7) 1597–1603



1600 Kim et al.
therefore tm is expected to be proportional toFm
ub. In addition,

considering Fm
ub � ln ðdhFsi=dtÞ for a single molecular bond

according to Bell’s equation (21), dhFsi/dt varies as _gx
eff , as

predicted in Lieleg and Bausch (10). Before K reaches
a maximum, t and K are roughly proportional to g4 (x2 ¼
3.9 in Fig. 3 C, for the control case of factor n ¼ 1) and g3,
respectively; due to the dependence, Km ~ t

3=4
m , Km varies

roughly as ln ð _geffÞ (Fig. 3 D).
To further examine how unbinding and subsequent re-

binding of ACPs reduce stress, we quantified the displace-
ment between unbinding and rebinding of ACPs (Fig. 4 A,
solid circles). ACPs that unbind with larger force tend to be
displaced more. We also traced whether or not unbound
ACPs rebind to the same filament, assigning turnover values
of 1 for ACPs that reattach to a different filament and
0 for those rebinding to the same filament (Fig. 4 A, open
circles). Above 20 pN, nearly all unbound ACPs rebind
to different actin filaments. Fig. 4 B shows one example
of the displacement and turnover of ACPs unbound with
R20 pN, demonstrating that ACPs tend to rebind to a
different filament after a diagonal displacement. Moreover,
highly loaded ACPs unbind predominantly from a small
fraction of the actin network (supportive framework) that
bears most of the load (17). We found that ~85% of all
ACPs that ruptured with R20 pN belong to the supportive
framework, which constitutes only 25% of the entire
network. Immediately after unbinding of such stretched
ACPs, the filaments to which the ACPs were originally
attached undergo rapid reconfiguration to relieve the load,
and they are thus unlikely to remain close to the original
ACPs. A cascade of such events will lead to reconfiguration
of the network and reduction in stress to levels observed in
experiments, ~10 Pa.
Stress relaxation

To study stress relaxation, steady shear stress was first
applied to t0 ¼ 5 Pa with either unbinding (with a rate of
100k0ub;r) or unfolding (100k0uf;r), followed by holding g

constant for 5 s (Fig. 5). Unfolding induces little stress
Biophysical Journal 101(7) 1597–1603
relaxation with or without refolding, whereas unbinding
results in substantial stress relaxation. In the case where
both ACP unbinding and rebinding are allowed, stress tends
to relax to a finite nonzero value (~1 Pa). Without rebinding,
it continues to decrease nearly to zero, as expected. Only
when both unbinding and rebinding are included does the
stress relaxation resemble that of reconstituted actin
networks cross-linked by filamin (4).

It was found that the number of intact ACPs forming
cross-links (NACP) exponentially decreases at constant g

with unbinding as follows, which is consistent with the

kinetics scheme, [actin-ACP] /
k0ub

[actin] þ [ACP]:

NACP ¼ N0
ACP exp

��2k0ubt
�
; (5)

where N0
ACP is the initial number of ACPs that form cross-

links, and the factor 2 in the exponent accounts for the possi-

bility of unbinding on either end of an ACP. Although forces
acting on ACPs can lead to kub > k0ub, the effect of the forces
on NACP seems to be negligible at this low-stress state (t <
5 Pa). Considering t ~ Fub observed in the strain-stiffening
behavior, we can assume that each unbinding of an intact
ACP bearing Fub reduces t by an amount proportional to t
(¼at), and the subsequent rebinding would limit the reduc-
tion of t by b, regardless of Fub. This suggests that

dt

dt
¼ ðat � bÞdNACP

dt
(6)

tðtÞ ¼ bþ
�
t0 � b

�
exp

�
aN0

�
exp

��2k0 t
�� 1

�	
: (7)
a a ACP ub

The case without rebinding at t < 10 s (Fig. 5) agrees
well with a ¼ 0.006 and b ¼ 0. Since NACP becomes zero
at t ~ 10 s, stress relaxation for tR 10 s in Fig. 5 must orig-
inate from a different mechanism, presumably steric interac-
tions between actin filaments. Cases with rebinding are best
fitted with a ¼ 0.006 and b ¼ 1.8 Pa.
It was also observed that stress relaxation induces aging

of actin networks, similar to that in Lieleg et al. (22); greater
FIGURE 4 Behaviors of ACPs between un-

binding and rebinding events. (A) Distance of

travel between unbinding and rebinding (solid

circles) and the average turnover, indicating

whether or not ACP rebinds to the same filament

after unbinding (open circles). The turnover value

of 1 indicates rebinding to a different filament,

whereas a turnover value of 0 indicates rebinding

to the same filament. (B) An example showing

displacement and turnover of ACPs unbound

with R20 pN during shearing of the system from

g ¼ 0 (dashed line) to g ¼ 1 (solid line). On the

xz plane, lines are drawn between unbinding and

rebinding locations, with the open and solid

symbols indicating rebinding to different or the

same filaments, respectively.



FIGURE 5 Stress relaxation due to unbinding or unfolding. Time is

multiplied by 100 according to the scaling of unbinding/unfolding rates.

Dashed and dotted lines are the best fits using Eq. 7.
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relaxation leads to a lower storage modulus, G0, but little
affects a loss modulus,G00 (Fig. S3). In our simulation, aging
occurs much more quickly, since actin filaments are cross-
linked orthogonally by single ACPs, and therefore a large
portion of the unbinding events would contribute to the
aging. By contrast, in experiments, most unbinding events
might have occurred between parallel filaments in bundles,
which induces aging very slowly (22). Thus, considering the
similarity between the simulations with rebinding and
experiments, both unbinding and rebinding of ACPs likely
contribute to stress relaxation of actin networks in experi-
ments, but with opposing effects.
Plastic deformation

To study plastic deformation of the network, we applied
a constant shear strain rate ( _geff ¼ 10, 1, or 0.1 s�1) up to
g ¼ 1.0, with unbinding/rebinding or unfolding/refolding.
The top boundary was then allowed to relax freely
(Fig. 6 A). During the free relaxation, it is expected that
the shear strain rate is affected by the internal frictional
stresses due to viscous drag on the filaments and
unbinding/unfolding events. For actin segments clamped
to the upper boundary, the restoring force, Fr, will be
balanced by the average viscous drag on them, resulting in

dg

dt
� Fr: (8)

With unbinding and high _geff , g returns close to its initial
value (g ¼ 0). However, with unbinding and low _geff, g
decays more slowly until 0.01 s, and later the rate of relax-
ation decreases to a level similar to that for high _geff , sug-
gesting that g may asymptote to a nonzero value. By
contrast, in all cases with unfolding, g rapidly approaches
zero. We found that Fr has an exponential dependence on
strain during the free relaxation with unbinding, Fr ~
exp(11.5g), except at very high g (Fig. 6 B, inset). There-
fore, the temporal profile of g can be deduced from

dg

dt
¼ cexpð11:5gÞ (9)

lnfexpð�11:5g0Þ þ 11:5ctg

gðtÞ ¼ �

11:5
; (10)

where c is a proportionality coefficient, and g0 ¼ 1.0 is the

initial strain for these simulations. The curves for cases with
unbinding at _geff ¼ 10, 1, and 0.1 s�1 in Fig. 6 A are fitted by
c¼ 0.11, 0.015, and 0.0005, respectively. On the other hand,
the behaviors of Fr(g) of cases with unfolding and the
control case are complicated, precluding a simple expres-
sion for g(t). The difference between unbinding and unfold-
ing can also be seen from displacements of ACPs between
their original positions and those at t ¼ 2 s (Fig. 6 B). In
cases with unfolding only, average displacements of ACPs
are similar to the control case with neither unbinding nor un-
folding, whereas unbinding with lower _geff results in larger
average displacements, indicating a higher degree of
network reorganization.

It is useful to compare the local power exponent in g ~ t�x

to experimental data, although Eq. 10 does not have an
explicit power-law relation. Simulations with unbinding
exhibit relatively consistent values in the range, x ¼ 0–0.4.
FIGURE 6 Irreversible deformation of actin

networks with unbinding or unfolding. (A) Evolu-

tion of shear strain (g) in time. The top surface

of the computational domain was sheared up to

g ¼ 1.0 with various _geff (legend), and then

released. Lines represent the control case, with

no unbinding or unfolding (dashed line), and fits

using Eq. 10 (dotted lines). (B) Average displace-

ments of ACPs between the original network and

the network at t ¼ 2 s in A. The numbers on the

x axis represent _geff . (inset) The restoring force

(Fr) governing dg/dt during free relaxation is

plotted using the same symbols as in A. Dashed

line indicates Fr ~ exp(11.5g).

Biophysical Journal 101(7) 1597–1603
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The simulation with _geff ¼ 0.1 s�1 corresponds to typical
experimental conditions in terms of _geff and t(t ¼ 0) ¼
20 Pa. Its exponent is <0.2, in good agreement with the
in vitro (~0.17 (5)) and in vivo values (1,23,24). Note that
the amount of plastic deformation in Gardel et al. (5), where
g falls from the initial value of 0.08 to ~0.02, might have
been greater if the reconstituted actin network had been
sheared to a greater extent.
Behavior of the network under oscillatory strain

As explained in the next section, the requirement for
sampling many runs and the long simulation time in the
presence of the unbinding events of ACPs limit accurate
calculation of the complex modulus under oscillatory strain.
Despite such limitations, our model semiquantitatively
captures experimentally observed behaviors including the
hysteresis. Furthermore, behaviors of G0 and G00 at different
unbinding rates elucidate a potential mechanism for the
power-law behavior (1,23,24). In Fig. S4, A and B, we
plot G0 and G00 as a function of k0ub at a fixed oscillation
frequency of 10 Hz with a prestress of 10 Pa. Note that
we did not employ the scaling argument for determining
G0 and G00, since neither thermal fluctuation nor diffusion
is accelerated, and these phenomena can contribute to G0

and G00 at high frequency. As k0ub increases, G0 gradually
decreases (Fig. S4 A), which generally follows the density
of active ACPs (Fig. S4 B). Thus, at low unbinding rates,
energy dissipation should depend more on viscous stress
and less on unbinding, which can also be seen in the nearly
monotonic increase of the total unbinding energy (total
energy dissipated by unbinding of ACPs bearing >1 pN)
in Fig. S4 B. On the other hand, G00 reaches a maximum
at n ¼ 10, where the oscillation frequency and unbinding
rate constants are within about an order of magnitude, that
is, when bonds are actively forming and rupturing. As k0ub
increases further, fewer bonds exist due to the high
unbinding rate. Although the total unbinding energy
increases monotonically with n (Fig. S4 B), since both the
number of active ACPs and G00 fall, the actual contribution
to energy dissipation due to rupture appears to fall with n as
well. These indicate that the unbinding and rebinding of
ACPs contribute to dissipation of energy in a rate-dependent
manner. By contrast, viscous dissipation is unlikely to be
affected by the rate of unbinding. The rate dependence of
energy dissipation could be an important source for the
power-law rheology since for a given microstrain, a subset
of cross-links with the corresponding binding strength
would be the most responsive (1,23,24).

Furthermore, the complex modulus calculated under
prestress, t0, shows behaviors similar to those in experi-
ments. Fig. S5 shows G0 (same as K0 in Kasza et al. (9))
versus t0 with various R, which remains relatively constant
at low t0 and then increases approximately linearly, consis-
tent with the result of Kasza et al. (9).
Biophysical Journal 101(7) 1597–1603
Limitations of the model

Although our study faithfully reflects the mechanical and
dynamic behaviors of actin filaments and ACPs, it still has
several limitations. First, torsional rigidity of actin filaments
is neglected, and some of the properties for ACPs were arbi-
trarily determined. However, the bending forces acting on
ACPs can preclude free torsional rotation to some degree.
In addition, geometry and the behaviors and rates of
unbinding and unfolding are close to those of filamin A at
least. Considering simplifications and parameter uncer-
tainty, our network may thus be viewed as one roughly
mimicking filamin-cross-linked networks. Second, it has
no active molecular motors that generate high internal stress
in cells without external stimuli (25). However, it is ex-
pected that most of the behaviors observed in this study
would appear even with the contractile motors. The motors
would be responsible for enhancing the elasticity of actin
networks, whereas ACPs mainly govern strain stiffening,
stress relaxation, and plastic deformation via unbinding
events. A major difference would be that internal stress
and strain need to be measured, whereas our study is asso-
ciated with external ones. In addition, the ability of molec-
ular motors to unbind from actin filaments (26) would
increase the complexity of mechanisms governing macro-
scopic rheological behaviors. Third, the small computa-
tional domain prevents the model from probing the
rheology of thick actin bundles. Recent in vitro experiments
demonstrated that actin networks with large bundles whose
mesh size is >10 mm exhibit interesting rheological behav-
iors (27). Our model has to be coarse-grained much more to
simulate such extensive bundles. Last, inclusion of
unbinding in our model limits the frequency ranges at which
G0 and G00 can be probed. In our previous work with perma-
nent cross-links (17), G0 and G00 at each frequency were ob-
tained clearly and reproducibly even using a single run of
simulation. By contrast, with stochastic unbinding events,
data from numerous runs for longer duration were required
to acquire such clear curves of G0 and G00, greatly elevating
computational costs. Thus, frequency range of G0 and G00

covered by our model (10–103 Hz) overlaps only marginally
with that in experiments using bulk rheometers. Thus, we
focused only on strain-stiffening, stress relaxation, and
plastic deformation in this study.
CONCLUSION

In all cases studied—strain-stiffening, stress relaxation, and
plastic deformation—unbinding of ACPs was found to be
largely responsible for the behaviors observed under physi-
ological and experimental conditions. With unfolding only,
the topology of the network does not change, so the system
is unable to adapt to the changes in loading condition.
Unbinding of ACPs allows reconfiguration of the supportive
framework, the main core of the network responsible for the
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elastic response (17). Nevertheless, the functional impor-
tance of ACP unfolding cannot be ignored. It may assist
transient deformation of the actin network, and unfolding
of an ACP domain may also play a role in intracellular
signaling. Experiments with, e.g., mutant filamin, where
domain unfolding is prohibited by disulfide bridges, may
help to determine the validity of the results presented here.

We have shown the predominance of unbinding using
a computational model incorporating a filamin-like actin
cross-linking protein with both unbinding and unfolding
events. Incorporating the effects of motor proteins and cell
membranes in the model would help to better understand
the rich diversity of cellular phenomena.
SUPPORTING MATERIAL
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