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Current understanding of how contractility emerges in disordered actomyosin networks of nonmuscle
cells is still largely based on the intuition derived from earlier works on muscle contractility. In addition, in
disordered networks, passive cross-linkers have been hypothesized to percolate force chains in the network,
hence, establishing large-scale connectivity between local contractile clusters. This view, however, largely
overlooks the free energy of cross-linker binding at the microscale, which, even in the absence of active
fluctuations, provides a thermodynamic drive towards highly overlapping filamentous states. In this work,
we use stochastic simulations and mean-field theory to shed light on the dynamics of a single actomyosin
force dipole—a pair of antiparallel actin filaments interacting with active myosin II motors and passive
cross-linkers. We first show that while passive cross-linking without motor activity can produce significant
contraction between a pair of actin filaments, driven by thermodynamic favorability of cross-linker binding,
a sharp onset of kinetic arrest exists at large cross-link binding energies, greatly diminishing the
effectiveness of this contractility mechanism. Then, when considering an active force dipole containing
nonmuscle myosin II, we find that cross-linkers can also serve as a structural ratchet when the motor
dissociates stochastically from the actin filaments, resulting in significant force amplification when both
molecules are present. Our results provide predictions of how actomyosin force dipoles behave at the
molecular level with respect to filament boundary conditions, passive cross-linking, and motor activity,

which can explicitly be tested using an optical trapping experiment.
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I. INTRODUCTION

Many eukaryotic cells rely on the ability to reshape and
reform their interior cytoskeletal polymer structure to
produce directed motion [1]. This biological active matter,
which constantly consumes and dissipates energy in its
surrounding environment, exerts directional forces
allowing the cell to dynamically respond to a variety of
chemical or mechanical extracellular cues [2-4]. An
intriguing example of a cytoskeletal system that drives
these cellular morphological changes is the cell’s actomyo-
sin network—a polymeric network of long, thin actin fibers
which can be nucleated and rearranged via actin binding pro-
teins and active, adenosine triphosphate (ATP)-consuming
molecular motors to produce cellular forces in a variety of
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structures, providing a dynamic scaffold for the cell body.
The distinct ability of the combination of actin filaments,
passive actin cross-linking proteins, and myosin I molecu-
lar motors to produce contractile cellular force is of
fundamental importance in many cell types and has been
well studied in muscle cells [5—7], where parallel arrange-
ments of filaments in opposite polarities allows for a
directed, inward pull of the cell’s sarcomeric unit (Fig. 1).

Contractility is, however, much less understood in motile
nonmuscle cells, where it frequently emerges from an
isotropic filament network with little geometric or polar
ordering, indicating some type of a spontaneous symmetry-
breaking process [9,10]. These contractile networks are
responsible for diverse microstructural dynamics, including
lamellar stress fiber formation of tens of bundled filaments
[shown in Fig. 1(b)], cell rear retraction that is essential to
locomotion, and tension maintenance in the thin submem-
brane cortical layer surrounding the cell [11]. Prior works
on explaining the emergence of contractility in disordered
actomyosin networks have pointed to a variety of effects,
including the potential importance of filament buckling
[12—-15], actin filament treadmilling [16,17], and the role of
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FIG. 1. Actomyosin contractility mechanisms in a variety of
cell types. (a) In a muscle sarcomere, filamentous actin (F-actin)
are aligned in bands of opposite polarity such that a bipolar
myosin II filament can walk towards the actin filament’s plus
ends, generating maximal contractile force, shown as black
arrows. The motor filaments also contain hundreds of heads,
which are able to continuously generate force on the filaments
and maintain attachment as they hydrolyze ATP to produce
mechanical work. (b) In a nonmuscle actomyosin network,
filaments are distributed in a random geometric fashion through-
out the cytoskeleton. The myosin II filaments in a nonmuscle
actomyosin system are also smaller (number of heads per side of
bipolar filament N, ~ 30 [8]) and highly transient (the duty ratio
of bound to unbound states of the motor filament p,, < 1)
compared to their muscle counterparts (N, ~ 500, p,, = 1), but
can form disordered arrangements of locally antiparallel actin
filaments. Motor filaments of this nature are responsible for stress
fiber formation via compression of a fragmented lamellipodial
actin mesh.

passive cross-linkers as force transmitters between neigh-
boring contractile clusters [17-23]. Other studies have also
investigated the general nonequilibrium dynamics of such
cytoskeletal arrangements, outside of the context of the
emergence of contractility, and have described fluidized
and glassy network behavior [17,24] as well as strain
stiffening of the active polymer gel [25].

In light of both recent and older works, the fundamental
physical intuition for the emergence of contractility still
largely rests on the classical sarcomeric mechanism, where
myosin mini-filament heads are bound to two locally
antiparallel actin filaments, allowing the energy-consuming
unidirectional walking of those heads to generate a con-
tractile shearing motion between the actin filaments [shown
in Fig. 1(a)]. Two questions naturally arise with regard to
this picture: (1) How do initially isotropic actin networks in

three dimensions give rise to these locally antiparallel
contractile force dipoles and (2) do passive cross-linkers
play an important role only in percolating force chains at
larger spatial scales, as previously suggested, or are they
also important in generating contractility at the level of a
single force dipole? We will address the first question in a
future work.

In this work, we address the second question by
analyzing an in silico actomyosin force dipole: two anti-
parallel actin filaments, connected at their farthest ends by
springs to boundaries, allowing both cross-linkers and a
myosin mini filament to transiently bind and dissociate.
Our analytical and numerical results, in qualitative agree-
ment with recent works discussed below [26,27], indicate
that passive cross-linkers play a crucial role already at the
scale of a single force dipole, giving rise to a funneled energy
landscape, where greater overlap of actin filaments corre-
sponds to a larger number of bound cross-linkers. These
configurations have lower free energy compared with less
contracted states such that the dipole is energetically biased
towards contractile configurations. In addition to shedding
light on this gradient of free energy due to cross-linker
binding, we have also discovered strongly nonlinear behav-
ior of contractility with respect to the strength of cross-linker
binding energy, where a rise of contractile forces is followed
by a rapid kinetic arrest of intermediate configurations by
strongly bound cross-linkers.

Overall, we found that the thermodynamic drive to more
complete overlap of actin filaments is significantly attenu-
ated by trapping in a purely passive force dipole (PFD),
generating contractile forces that are noticeably smaller than
the ones generated by the unidirectional walking of myosin
heads when in the presence of springs counteracting the
contraction. However, pure myosin action is also relatively
ineffective at generating contractile forces because the
bound motor filaments are highly transient, easily permitting
recoiling slippage of the contracted element of two oppo-
sitely polar actin filaments. We have discovered that cross-
linkers can help to overcome this slippage process via a
ratcheting mechanism—>by using dynamic cross-linkers to
prevent recoiling of intermediate configurations without
bound motors, amplified contractile forces are produced.
This presence of active motor behavior can thus create
sharply amplified contractile forces depending on the
mechanical and dimensionality constraints of the dipole
considered. Our work reveals strong synergy between
passive cross-linker binding dynamics and active myosin
processes in an active force dipole (AFD), which constitutes
the main building block of actomyosin contractile network.

II. MODELING A FORCE DIPOLE

To shed light on the thermodynamic and kinetic nature of
a fundamental contractile actomyosin element interacting
with passive cross-linkers, which serve as building blocks
of more complex actomyosin networks in nonmuscle cells,
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we constructed and carried out various simulations of a pair
of rigid actin filaments in one dimension (Fig. 2), where
cross-linker proteins dynamically bind and unbind to the
overlapping region. We first considered a system where
only cross-linker binding generates contractile forces in a
passive force dipole, followed by simulations where a
unidirectional motor was added to form an active force
dipole, in which the motor filament can walk in the direction
of the plus end of the actin filaments to generate additional
mechanical force. We first note that all parameters are
given in Tables I and II contained in the Appendixes.
Two actin filaments, denoted as the right and left filaments
with respect to the simulated length, have length L = 2 ym
and midpoints x, and x;, with initial midpoint positions
1% =1 pym and x? = 3 pm, respectively. An overlap length
[, between the two filaments can then be defined as
l, = (x;+ L/2) — (x, — L/2). Each filament is connected
to springs at their outward-facing plus ends such that the
tension provided by the springs on each filament is F] =
—K,;(x, — x¥) and F! = —K,(x; — x¥). The diversity of the
chemical states of the force dipole can be represented with
the integer values (m,n), with m € [0, 1] and n € [0, oo,
which specify the number of (active) myosin II motor
filaments and (passive) cross-linkers bound to the filament
pair, respectively.

When there are no motors or cross-linkers bound to the
pair of filaments (m =0, n=0), they can separately
undergo overdamped Langevin motion that includes forces
provided by their respective tethers and a stochastic force,
vian(dx;/dt) = F! + F, and 5(dx,/dt) = F} + F,, where

) ()
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FIG. 2. One-dimensional “force dipole” actomyosin model
schematic. Two filaments with plus ends facing outward and
midpoints x, and x; are both connected to springs with stiffness
K,, initially with an equilibrium filament position of x? and x?.
When no cross-linkers are bound between the two filaments, they
separately undergo tethered Langevin motion. While the filament
overlap [, is large enough, cross-linkers can transiently bind and
unbind according to their kinetic rates as in Eq. (2), which arrests
the filaments if the number of cross-linkers bound is nonzero.The
number of available binding sites n, varies with actin filament
overlap. Motor filaments can (un)bind and walk stochastically on
the pair of actin filaments, generating force via a time-varying
filament overlap potential.

i, |

F, satisfies the fluctuation-dissipation theorem in one
dimension. The instantaneous number of sites n,, available
for binding in the overlapping region between the two
filaments is obtained from n, = [max(/,,0)/A], where A
denotes the spacing between adjacent binding sites. We
assume that the filaments move only in the absence of
bound cross-linkers (n = 0), otherwise, they are immobi-
lized (n # 0). We further expect that upon binding of a
cross-linker, the tension in each respective actin filament
tether is nearly instantaneously equilibrated such that
|F,| = |F;| = |F!| while preserving the average tensile
force experienced by the filament pair at the time step
before equilibration, |F,| =1 (|F!| + |F}]). This equilibra-
tion assumption is based on the separation of time scales
between tether relaxation (&ms) and (un)binding dynamics
(=0.1 s in the fastest simulated case). The spatial positions
of the filament pair remain stationary until complete cross-
linker unbinding (n = 0).

The filament pair can also experience an active motor
contractile force F,,, when a motor is bound (m = 1), viaa
stochastically time-varying filament overlap potential,
F,(t) = K,[l,(t) = [2(t)], where [7'(z) indicates the fila-
ment overlap corresponding to an unstretched motor. Upon
anew binding event, this motor parameter, which implicitly
represents the intrinsic length of the molecule, is initialized
to 1,(7). This defines the motor filament’s equilibrium
length in terms of the filament pair’s configuration at the
moment of the motor’s binding. Then, /%'(¢) can stochas-
tically increase by a motor step size d, with average walking
velocity v,,, where this velocity depends on the instanta-
neous value of F,,, as described in Appendix A. With this
active force contribution, the aggregate force experienced
by all cross-linkers bound between the filament pair can be
written as F = |F,, — F,|. The simulation protocol iter-
atively performs Gillespie stochastic simulation for chemi-
cal dynamics (including binding, unbinding, and motor-
stepping events) and switches to overdamped (mechanical)
Langevin dynamics when the number of bound motors and
cross-linkers becomes zero (i.e., m = 0 and n = 0). The
latter dynamics is then evolved for z,, which is the reaction
time for the next rebinding event, estimated stochastically
based on the same Gillespie algorithm.

Next, we relate the stochastic (un)binding rates of cross-
linkers on the filament pair to their thermodynamic binding
energy, denoted as €. This binding energy can be phenom-
enologically related to the change in Helmholtz free energy
AA by the following form, which contains enthalpic and
entropic contributions [28]:

AAz—e+kaln<v—'"), (1)
Up

where v,, = V/N is the inverse concentration of N
cross-linkers in volume V in solution. v, can be thought
of as the binding site volume of the cross-linker, which
at most physiological concentrations is much smaller
than v,,. Intuitively from this equation, one can imagine
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system entropy is lowered from cross-linker binding as
k, T In(v,,/ v, ), butis counteracted by binding favorability e.

We assume upon cross-linker binding PAV = 0 such that
we can equate the change in Helmholtz free energy AA to the
change in Gibbs free energy AG. Combining Eq. (1) with this
approximation, and using the classic relation for the dis-
sociation of a molecule from a binding site K, = e2¢/%7
one obtains an approximate expression for the dissociation
constant K, of cross-linkers in this system in terms of their
binding energy as

Kp~mee/bT, (2)
Up

K can then be related to the stochastic cross-linker reaction
constants by K, = k&'/kS!. Therefore, the concentration of
cross-linkers ([L] < 1/v,,) as well as cross-linker bond
energy e influences the binding of cross-linkers to the
filament pair in this description, with linear and exponential
dependencies, respectively. In simulation, we demonstrate
the effects of varying the thermodynamic parameter e for sets
of fixed k¢ This results in variation in k¢, altering the
stochastic dynamics of the force dipole.

Nonmuscle myosin II molecules in vivo are assembled
into bipolar mini filaments, with patches of motor heads
radiating outward [29] which then can (un)bind to neigh-
boring filament segments. Hence, we must consider motor
filament kinetics in our model as a coarse-grained version of
a detailed stochastic process including N, transient motor
heads per side of the mini filament, coexisting in a connected
bipolar structure. The number of motor heads per side of a
mini filament is typically N, ~ 30 (in total ~60 heads per
mini filament) [8], so it is reasonable to assume that < 10 of
these heads per side could be bound to a single actin filament
simultaneously—we choose N, = 10 for our simulations,
which produces a mean unbinding time of 7 ~ 1 /s in the
absence of mechanosensitivity. Since tension is released
upon unbinding of either side of the bipolar filament, we use
this value as the effective unbinding rate of our coarse-
grained description. Therefore, even with multiple motor
filament heads possibly attached to a single actin filament,
the stochastic dynamics of these heads creates a highly
transient system of tension build and release between the
filament pair. We leave the description of our mechano-
chemical model for these myosin II filaments, which
explicitly includes catch-bond dynamics, to Appendix A.

III. PASSIVE FORCE DIPOLES IN 1D

In the absence of motor filaments, cross-linkers can
create a substantial amount of contractile force in the one-
dimensional antiparallel filament pair against elastic tether-
ing simply by rectifying Brownian fluctuations which
increase filament overlap. Contraction of the PFD can be
quantified in terms of a thermodynamic parameter ¢ and

kinetic parameter kS using their previously defined

relation. Figure 3(a) shows the average force generated
by the dipole (Fp) = (|Fi| + |F}|) in 250 simulations for
200 s—we denote this time as 7y,,. We observe a sharply
biphasic dependence of generated force on varying cross-
linker binding energies. At low e, cross-linkers cannot
sustain significant levels of tension between the filaments
due to a low occupancy of the available binding sites, while
at high ¢, significant kinetic arrest occurs due to quick
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FIG. 3. Cross-linker driven contraction of the passive force

dipole in one dimension. (a) Average force (Fp) at 714, = 200 s
for K; =0.01 pN/nm, as a function of cross-linker binding
energy e. The analytically predicted Fj5 according to the
thermodynamic limit in Eq. (7) is shown as the black dotted
curve, with the numerical solution to Eq. (6) as solid black; these
solutions diverge at ey, ~ 6k, T. This corresponds to the tran-
sition 71, <K 7 caused by increasing binding strength of cross-
links. Increasing speed of unbinding shifts curves to the predicted
thermodynamic limit. The inset displays stochastic trajectories
for the same cross-linker binding energies. (b) Log-log plot of the
average filament overlap (/,) vs time for e values around ey,
shows a linear force-generating regime [,  et/(1 + ve=¢/%T)
followed by an exponential relaxation to steady state:
15 —1, xe™/™, with 74 o (14 v~ e/BT)b/A  Trajectories
above e€},, are far from equilibrium at 7, = 200 s, as shown
by a significant flattening of the [, vs ¢ curve at long times for
increasing binding energy.
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saturation of the binding sites, significantly hindering
filament motion. While cross-linkers are able to generate
overlap between the filament pair when restoring forces are
minimal, at most binding energies simulated, they are
ineffective against stiffer springs counteracting the contrac-
tion of the pair (K, = 0.1 pN/nm). This is due to slippage of
the filament pair when cross-linker dissociation occurs,
releasing contractile tension between them. Contraction
can only be generated in this case if the binding affinity
of the cross-linkers is greater than 10 k;, T, which induces
complete arrest of the filament pair upon a single-site
occupancy.

Essential to the characteristic force production of the
PFD is not only the overall cross-linker affinity ¢, which
controls the probability of occupancy of the n, sites
between the filament pair, but also, crucially, the kinetic
rates of binding and dissociation processes that determine
how quickly initially nonequilibrium dynamics approaches
the steady state. The former arise purely from statistical
mechanics principles, as we show below. Accelerating
cross-linker binding kinetics in this regard [i.e., simulta-
neously increasing k§' and k' while maintaining binding
energy as in Eq. (2)] shifts resulting force curves upward
until saturation is reached for k<! = 10 s~!. This can be
thought of as approaching the thermodynamic limit of force
production of the dipole as k¢ — co.

Furthermore, in order to derive a mean-field equation of
motion describing the change in filament overlap over time,
it would also be useful to have an analytical expression for
the mean-first-passage time of unbinding of n cross-linkers
from n,, cross-link binding sites on the filament pair 7,
since this mean behavior defines the rate of filament
overlap increase, and thus the time scale of relaxation
7, of the contractile element. In our stochastic representa-
tion, this is the mean time of transitioning from the n = 1 to
n = 0 state. Surprisingly, this mean-passage-time problem
is similar to the stochastic dynamics of an ensemble of
myosin Il motor heads becoming completely unbound from
an actin filament [see Appendix A, Eq. (A1)]. Recasting
this equation to apply to cross-linker dynamics by replacing
the number of motor heads N, with the number of possible
binding sites n,, as well as cross-linker kinetics of (un)
binding, we obtain an expression for the mean passage time
of complete cross-linker unbinding:

=cl ~

1 kN 7,
~ 1+-2) —1]. 3
e l(0g) ) ®

On the other hand, the mean binding time (i.e., transition
time from n =0 to n = 1) is simply 7§ = k§'n,. We note
that both passage times are fundamentally dependent on the
filament overlap by the definition of n, given above.
Predictions of Eq. (3) show excellent agreement with
simulated first-passage times of cross-linkers from n = 1

to n =0 at various binding site availabilities (data not
shown).

With this, we can construct an equation of motion
describing the observed stochastic contraction process in
terms of the cross-linker’s mean-field energetic contribution
to the filament pair and the resulting elastic restoring forces
of the filament pair. First, in the absence of stochastic effects,
a thermodynamic driving overlap force ePS'/A is expected
to result when the filament pair increases their overlap by a
distance A, with a probability of occupancy of the binding
site PS' = kS1/(k$! + k¢!). Since the motion of the filament
pair is hindered if n # 0, an effective mean-field equation of
motion neglecting stochastic force can be written as

dl €
m—2=(—PLl-2K,1 )(1=6,), 4
W= (§P-2K)1-0). @
where
0 if n=0
o= (5)
1 if n#0

Note in this description that our equation contains a random
state variable &, such that motion is allowed when there are
no cross-linkers bound to the filament pair, and 5 =
10~3 pNs/nm is the viscous damping constant of an indi-
vidual actin filament. Averaged over many intervals of n = 0
and n # 0 states, which is valid under the assumption that
many intervals occur in motion to a new cross-link position
l, £ A, ie, nA?/e> 7 + 7, the (1 -4,) term can be
separated from the average and evaluated explicitly as the
probability of the n = 0 state during simulation to provide a
full mean-field solution. This assumption bounds the kinetic
rates considered to &' < 1 s. We express this probability in
terms of the cross-linker binding energy as P(n=0|l,)=
2/ (37 =1+ v~ exp(e/k, T)] /2, with v = v,,/vp.
This bears similar resemblance in its form to the statistical
mechanics problem of Langmuir absorption. We now have a
final equation of motion, where we change variables I, to
indicate the interval-averaged overlap:

2 ‘Z: = (2 P — 21(,1(,) (1 + v7te/RT)=l/A - (6)
This equation predicts a near-linear contractile regime in the
short-time limit with a constant velocity: I, « V¢, This is
followed by an exponentially decaying relaxation to steady
state: I8 — [, & e~'/%s (details of the asymptotic analysis are
given in Appendix B). In general, V< is directly proportional
to the bond energy and occupancy of cross-linkers in the
absence of nonequilibrium effects, and 7, is inversely
proportional to the occupancy of the available binding sites.
This is observed in our simulations with predicted V< o
e/(1 + ve~/%T) and 74 (1 + v~ 'e/keT)lo/A asymptotic
behaviors, as shown in Fig. 3(b). At infinitely long time, the
equation of motion predicts the steady-state overlap,
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1 €
15 (e) = : 7
0 (6) ZAKt 1 4 Ue—e/k,,T ( )

which is shown in Fig. 3(a) as the upper bound of the finite-
time solutions which contain kinetic arrest. This steady-
state prediction diverges from measurements during the
laboratory time scale (i.e., 7y > 71,,) When € passes a
threshold of 6k, T, which we denote as ¢,,. Therefore, our
results indicate the sharp onset of a glasslike behavior
which produces a transition to far-from-equilibrium fila-
ment states. This greatly limits force production of the
filament pair when cross-linker affinity becomes greater
than €),,. It is important to note that increasing the cross-
link concentration in solution [L] would linearly increase
the stochastic rate constant of cross-link binding [Eq. (2)],
thus altering the onset of contractile behavior described
in Eq. (6).

This analysis shows that a passively cross-linked fila-
ment dipole can produce low pN scale forces, in agreement
with recent works [26,27,30,31], only if the cross-links are
sufficiently favored to bind to the filament pair from the
surrounding solution, forming a funneled free-energy land-
scape with respect to filament overlap in the force dipole.
Despite the manifest nonequilibrium nature of this con-
traction process, the stochastic trajectories of the dipole

€ > €lab

ic arrest

Gp =U; +Ggy

€ < €ap

steady state

v

I lo/A

FIG. 4. The free-energy landscape that results from cross-linker
binding in a force dipole. The total free energy G is a summation
of cross-link (G,j) and tether (U,) contributions. G is a linear
function of overlap, and the slope of this line can be thought of as
the average free-energy difference per addition of a single binding
site in the dipole (since the number of binding sites n, « [,/A).
The dipole’s time scale of approach to steady-state overlap
(dipole overlap shown as red dots in G —[,/A diagram) is in
general an exponential function of cross-link binding affinity
such that a dipole can become kinetically arrested on the
laboratory time scale if € > €),,, and thus 71, < 7. Otherwise,
the dipole can reach the steady-state free-energy minimum
overlap /3.

could be well understood by treating cross-linkers as
exerting a mean-field mechanical driving force of thermo-
dynamic origin. Furthermore, our analysis predicts that this
driving force acts to not only favor but also eventually
arrest filament overlap depending on the nature of cross-
linker binding. A graphical description of this energy
landscape with kinetic restrictions is given in Fig. 4.

IV. ACTIVE FORCE DIPOLES IN 1D

We also show a positive feedback mechanism which
produces a force amplification of the one-dimensional
cross-linked filament pair when in the presence of active
fluctuations. As highly transient myosin II motor filaments
are added (the mechanochemical model for motor filaments
is outlined in Appendix A) to form an active force
dipole in the absence of cross-linkers, the frequent unbinding
of the motor filament causes a continual build and release
of contractile tension over the simulation duration, resulting
in minimal force generation (=0.3 pN against K, =
0.01 pN/nm springs). However, when cross-linkers are
present, three- to 17-fold amplifications are observed com-
pared to the original forces generated in the absence of the
motor filament (Fig. 5) at an e, = 5 k,T. This is shifted
from the PFD case, mainly due to myosin II now counter-
acting restoring tension in the boundary springs, reducing
overall tension on cross-linkers in the overlap region and
decreasing their effective unbinding rate, consistent with
slip-bond feedback (data not shown). We also observe an
overall sharp increase in transient motor filament force
production when increasing stiffness of external springs,
consistent with the myosin II’s catch-bond nature [32,33].

At higher external stiffness K, = 0.1 pN/nm, motor
filaments alone are more effective than cross-linkers at
generating contractile forces for a range of binding
affinities (¢ ~ 0—10 k,T) but are still minimally contractile
compared to when both passive and active elements are
present, which produces 22 pN of force at peak binding
affinity. The collective behavior of the one-dimensional
actomyosin-cross-linker system is shown in Figs. 5(b)
and 5(c)—a “ratcheting” behavior in which the motor,
although becoming (un)bound frequently, can steadily
produce force over the entire simulation interval, helped
by cross-linkers transiently stabilizing filament overlaps.
A graphical summary of this behavior is shown in
Fig. 5(d).

It is clear that cross-linker trapping of contractile
configurations drastically affects the dynamics of an
actomyosin dipole. To investigate this effect, we defined
in our subsequent analysis two random variables (explicitly
dependent on initial filament overlap) which both quantify
a change in overlap between filament pairs in a single
ratcheting cycle: a contraction function y(/,), in which
(n =0, m = 1), and an extension function &(/,), in which
(n =0, m = 0). Both events terminate when n # 0 and
have distance units. Then, by collecting the observed
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Actomyosin ratcheting due to transient cross-linking in the one-dimensional active force dipole. (a) Variation of average dipole

force (Fp) produced on 73, = 200 s shows similar biphasic behavior compared to a PFD, but is amplified greatly due to the presence of
the stochastic motor against a 0.01 pN/nm tether. Amplifications from the transient motor force are shown (~0.3 pN). Inset shows the
effect of varying external stiffness of the diplole K, for a fixed k¢ = 1/s. The catch-bond nature of myosin II is apparent in the overall
increase in generated force at high stiffness. (b) Stochastic force production of the dipole at ¢ = 5k, T shows a steplike approach to
steady state. Increasing kinetic rates maximize overlap generated on 7y,,. (¢) The corresponding state trajectory of the same force dipole
with k' = 0.1/s, which correspond to contraction and extension events in (b). m = 0, 1 represents the unbound and bound states of the
motor, respectively. n = 0 and n # O represent the cross-linker state. (d) The proposed ratcheting process in an active force dipole.
(1) The process starts at a stable configuration n # 0. The motor can be either bound or unbound (m = 0 or +1). (2) Cross-linkers then

unbind from the dipole (n = 0). If m = +1, a contraction event occurs, contracting the filaments to a new overlap l{; > .3)Ifm =0,

an extension event occurs in which the filaments lose overlap such that l£ < Ii. (4) Cross-linkers rebind (n # 0), stabilizing the 15
achieved in (1)—(3) in a contracted or extended configuration. This process repeats as pairwise overlap is created between the antiparallel

pair, generating contractile force.

overlap change in simulations for each ratcheting cycle,
binned by the dipole’s initial overlap, we constructed an
effective interfilament velocity profile of the AFD, repre-
senting the rate at which overlap increases in the filament
pair: Veff(lo) :)((lo>w;((lo) - é(lo>w§(lo)’ where w)((lo)
and w¢(l,) represent the frequencies of the respective
stochastic events from simulations. Figure 6 shows the
simulation results—as binding energy is raised from e <
€1a 10 € = €14, contractile velocities decrease significantly
at low filament overlaps but become positive at large
overlaps due to structural ratcheting, driving maximal
contraction of the force dipole at € ~ €,,. In agreement
with a transition to kinetic arrest observed previously, in
the regime € > ¢€,,, contraction events are efficient and
extension events minimal, but filament motion is severely

hindered at large overlaps. This contraction and extension
behavior can be reproduced analytically by averaging over
the possible kinetic events of contraction and extension in
the element—this is derived in Appendix C.

Therefore, the energy landscape induced by transient
cross-linking in a passive force dipole was directly observed
in the nonequilibrium AFD in our one-dimensional simu-
lations, although in general the steady state and glassy
behavior, unlike the PFD dynamics, is not analytically
tractable. This active driving resulted in an amplification
of contractile forces produced by the dipole, via the
ratcheting of motors on the original funneled energy land-
scape created by cross-linking. Hence, passive cross-linking
can play an essential role in contractility, even at the scale of
a force dipole containing a single myosin II mini filament.
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FIG. 6. Effective interfilament velocity in the one-dimensional
active force dipole as a function of pairwise overlap, with kS =
10/s against K, = 0.01 pN/nm tethers. This plot can be inter-
preted as the contractile force-velocity relation of the structural
element, since pairwise filament overlap [, is directly propor-
tional to the restoring force on filaments due to external tethers.
The effective interfilament velocity of the dipole (i.e., the rate at
which filament overlap increases) is calculated by combining the
change in overlap and frequency of contraction and extension
events: Vo (l,) = y(l,)w,(1,) = &(1,)we(1,). Cross-linking in an
optimal range amplifies forces produced by the dipole and is
apparent in the effective contractile velocity of the filament pair at
large overlaps. y(l,) and &(I,) are also shown in the inset.
Analytic approximations for the expected value of these events
are showed as filled lines.

V. ACTIVE FORCE DIPOLES IN 3D

Until now, we have been considering actin filaments in
one-dimensional force dipoles, treating the actin filaments
as nondeformable under passive and active motion. This is
usually a valid assumption for nonmuscle myosin II mini
filaments in an idealized geometry, since motor forces
presumably operate under a critical buckling threshold of
actin filament segments [34]. Motors interacting with
deformable actin filaments and cross-linkers in disordered
networks, however, may produce buckling and shearing at
the formed cross-linking junctions, providing a channel for
active stress dissipation. Therefore, we finally consider the
more realistic scenario of semiflexible actin filaments and
cross-linkers interacting in three-dimensional geometries.

To investigate the implications of this mechanical fea-
ture, we use the recently developed MEDYAN active network
model [17], built on previous cytoskeletal modeling efforts
in our laboratory [37—40], to generate an in silico three-
dimensional force dipole. Our setup would correspond to a
hypothetical in vitro dual optical trap experiment. More
specifically, this model is composed of (1) two semiflexible
actin filaments, tethered to springs at their plus ends (to
represent optical traps with stiffness K, as will be

discussed), coarse grained into cylindrical segments, con-
taining bending and stretching modes and a volume
exclusion of pairwise segments, and (2) transient passive
cross-linkers and active myosin II motor filaments (both at
1 uM) which can diffuse via a stochastic subvolume
reaction-diffusion scheme and (un)bind to neighboring
filament segments, coupling them mechanically. A simu-
lation snapshot of this setup is given in Fig. 7. In this
simulation protocol, motor filaments can stochastically
walk between filament segments when bound, generating
active network stress similar to the one-dimensional model.
The simulation protocol iteratively performs stochastic-
reaction diffusion simulation and equilibrates the resulting
mechanical deformations due to localized motor motion
after a set of chemical events. Details of the simulation
protocol are given in Appendix D, with relevant simulation
parameters and observables in Table II.

As expected, generated force in the three-dimensional
dipole is a strong function of cross-linking affinity, as seen
in Fig. 7(b). Overall, 16 independent trajectories of dipoles
were run for varying cross-link energy e and tether stiff-
ness K,. An overall amplification of overlap and tether
force generation is observed compared to the transient
motor forces alone at each stiffness (up to threefold for
K, = 0.1 pN/nm). Furthermore, we again see a transition
to kinetic arrest as evident by a nonlinear decrease in cross-
linker fluctuations at all stiffnesses tested [Fig. 7(c)].

On the other hand, these simulations indicate a notice-
able transition to a monotonically saturating force at high
trap stiffness, unlike the one-dimensional case, which
almost entirely decays at large bond energies. We attribute
this effect to the ability of cross-linked filaments to rotate
from their initial bond position when bound to the anti-
parallel filaments. Because of cross-linker pivoting, myosin
IT active motion can then open new possible binding sites
by shearing the dipole, without waiting for complete cross-
linker unbinding. In particular, extremely high-affinity
cross-linkers can arrest those short-lived configurational
fluctuations, providing a significant increase in sustained
dipole tension. This overall behavior occurs when the
characteristic length scale of overlap approaches [, =~ A,
which corresponds to boundary stiffnesses of K, = 0.1,
1 pN/nm in our simulation.

Next, we compare force production observed in
our 3D MEDYAN simulations with the corresponding
predictions of the 1D model described above. First, let
us define the probability of cross-link site occupancy
PS¢ = (1 + ve~¢/kT)=1 A power-law relation can be fit by
using the 1D steady-state prediction when € < €,,, raised
to an arbitrary exponent a:

F}5 o (eP)c, (8)

where « is obtained by fitting MEDYAN simulation data. In
one dimension, ¢ = 1. The power law is shown in Fig. 7
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A three-dimensional force dipole simulated using MEDYAN, an active matter reaction-diffusion model. (a) A schematic of the

simulation setup, very similar to the one-dimensional model shown in Fig 2. Two filaments (red), now containing three-dimensional
bending and stretching modes, are oriented so that their plus ends [xf = (0,0,0) um and x! = (4,0,0) pm, respectively, at ¢ = 0] are
connected to elastic, stationary tethers at x} and x! (initially Xffr = Xj,). As contraction is produced by myosin II filaments (blue)
walking towards the plus ends of each actin filament, cross-linkers (green) and actin filaments can bend and stretch according to polymer
potentials outlined in Appendix D. (b) The averaged dipole force after 200 s, (F), is shown as a function of e. The steady-state data
follow the power laws F35 o (€P9)®, where a = 0.4, 0.24, and 0.05, respectively, for increasing K,. The probability of a single-site
occupancy P¢ is given by (1 4 ve~¢/%T)~1, A diminishing effect of cross-linker ratcheting is explained by myosin II’s ability to increase
its binding lifetime under stress, allowing for more stable walking and force generation at K, = 1 pN/nm. (¢) Fluctuations of bound
cross-linkers (defined as o,,/(n) = (n — (n))/(n)) show a sharp onset of kinetic arrest at € = ¢),,, similar to the one-dimensional case.
(d) Average dipole force produced for varying initial overlap I/, = 1000, 500, 200, 0 nm, with [/, = 0 as the top curve. Increasing initial
overlap I/, will decrease contractile force produced in simulation (rj,, = 200 s) due to kinetic friction.

and gives exponents of a = 0.4, 0.24, and 0.05 for
external stiffnesses of K, = 0.01, 0.1, 1 pN/nm, respec-
tively. A decrease in a indicates a transition to a motor-
dominated regime of force production due to the motor’s
catch-bond nature, as predicted at stiffnesses greater than
1 pN/nm for myosin ITA [33]. Therefore, dipole contrac-
tility is most amplified by cross-linking when external
stiffness is below this threshold.

We also tested whether initial overlap of the actin
filament pair as well as initial incidence angle (as long
as initially within pairwise binding range of myosin II)
have intuitive effects on dipole dynamics. If the actin
filaments have some initial overlap I/ while still initially in
a (Fp) =0 state (starting at ¢ = 0), the overall tension
produced in the dipole on 7y,, is decreased due to newly
available binding sites causing additional kinetic friction as
previously described. Still, these simulations display char-
acteristics of the passive cross-linker energy landscape and
follow a similar F', vs € trend. Overall, actomyosin dipoles
provide force in an overlap-dependent manner—this is
shown in Fig. 7(d). Incidence angle of filaments, in contrast
(data not shown), has no effect on their resulting contractile
force, since the combination of myosin II and passive
cross-linking drives the filaments to tense antiparallel
orientations relative to the dual traps, regardless of initial
crossing geometry.

In summary, cross-linker deformability in a three-
dimensional force dipole results in new channels of active
stress dissipation, as well as a transition to monotonically
saturating forces at high binding energies. Surprisingly,
actin filament deformability had no effect on overall
dynamics in our analysis—increasing the bending modulus
of actin filaments fourfold caused no changes in force
production at all cross-linker binding energies. These data
are not shown, for brevity.

VI. DISCUSSION

In this paper, we have investigated the ability of a pair of
actin filaments to contract by rectifying thermal and active
motions in stochastic models with varying complexity.
The contraction of these elements is essential in under-
standing the macroscopic dynamics of cross-linked actin
gels undergoing myosin II rearrangement in nonmuscle
systems, but differs from the classic sarcomeric contractility
mechanisms that neglect passive cross-linkers as potential
force producers. We found that the free-energy landscape
induced by the favorable binding of passive cross-linkers
can create noticeable contractile force in a one-dimensional
filament pair, however, typically in a biphasic window of
binding affinities. This adds a crucial regime of behavior
to the continuum description of Walcott and Sun, who
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predicted a monotonic contractile filament sliding with
cross-linker bond energy without this arrested state [26].

While passive cross-linkers in the absence of myosin II
in our simulations lead to force production within the pair
of filaments, these forces in general are smaller than forces
generated by myosin II motors. The latter by themselves
also become rather inefficient, however, due to overlap
slippage caused by restoring forces when myosin II
transiently dissociates, which is frequent because of their
low processivity at low external stiffness [32,33]. Hence, in
this work, we have discovered that simultaneous combi-
nation of all three components, namely, actin filaments,
cross-linkers with a sufficient binding affinity, and
myosin II, can produce a highly contractile active force
dipole due to a stochastic amplification mechanism where
cross-linkers trap contractile states as transient motors (un)
bind frequently. Also, importantly, cross-linker deform-
ability must be considered for a realistic representation of
actomyosin force dipole dynamics. In particular, myosin
I’s ability to actively shear the dipole and produce addi-
tional binding sites without complete cross-linker dissoci-
ation generates a specific mode of contraction which is
monotonically dependent on passive cross-linker binding
affinity. This should be observed in systems where the
characteristic distance between cross-links is on the same
order of magnitude as the generated overlap between
filaments. Otherwise, cross-linkers’ effect on overlap gen-
eration should be biphasic.

Our simulations give predictions for a possible optical
trapping experiment, similar to Refs. [27,41], but including
a dual trap with two actin filaments anchored to separate
beads, which can then transiently interact with cross-
linking proteins and myosin II motor filaments. This setup
would measure the time evolution of trap restoring forces
(F7) and (F') upon interacting with motor filaments and
cross-linkers. Mainly, we would predict a strong amplifi-
cation of the original (Fp) vs [L] relation (i.e., the passive
force dipole force production) when motor filaments are
added to the system, producing force greater than the sum
of individual motor and cross-linker contributions. We also
expect to observe a strongly biphasic behavior of contrac-
tile force with respect to variation of concentration [L] or
cross-link binding affinity e, with a kinetic arrest regime
where cross-linker and filament fluctuations decay expo-
nentially, including shift to monotonic force production at
trap stiffnesses greater than 0.1 pN/nm.

While we have chosen to use € as the main control variable
in this paper, our description can also predict behavior with
respect to variation in cross-linker concentration [L], mainly
that in the dual optical trapping experiment, F35 « [L]* at
steady state, where « is sublinear (¢ = 0.4, 0.24, and 0.05 in
our simulations for K, = 0.01-1 pN/nm). Similarly, we
also predict an exponential increase in relaxation time scales
with increasing overlap and cross-linking affinity, in quali-
tative agreement with recent experiments by Lansky et al.

of exponentially increasing friction with bound cross-linkers
in microtubule assays [27].

In summary, we have shown that robust contraction can
occur in the fundamental nonmuscle actomyosin building
block due to a mechanism arising from the energetic
favoring of increased passive cross-linking, independent
of mechanical network symmetry breaking (i.e., buckling
of filaments as previously shown [14,15]). Overall, we
envision a disordered actomyosin network to be composed
of highly contractile PFDs and AFDs, where the emergent
contractility of an entire network, in general, is not a linear
combination of dipolelike contractions in the comprising
elementary units. In this case, the relative importance of
these elements should be largely determined by boundary
conditions and steady-state network microstructures. It will
be an interesting continuation of this study to investigate
those nonlinear emergent behaviors in more realistic
three-dimensional environments using the dipole theory
presented.
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APPENDIX A: PARAMETER CONSIDERATIONS
FOR THE SIMULATED PROTEINS

The parameters chosen for our simulations are given in
Tables I and II, which includes experimentally measured
mechanical stiffnesses as well as chemical kinetics of
(un)binding for the proteins considered. Considering
cross-linkers in vivo, the abundant cross-linker a-actinin
displays a bound lifetime of 2.5 s and AG of 24 k,T as
addressed in recent reviews [30,42]. Other abundant cyto-
solic cross-linker filamin has a lifetime of ~1 s and similar
free energy of binding. Other cross-linkers not found in
contractile actomyosin, such as fascin, have a much
stronger binding of AG = 15 k,T. So, we choose to vary
a binding energy control variable ¢ from O to 15 k,T. We
also use kinetic (un)binding rates for cross-linkers in the
afore-mentioned physiological range while also testing
slower kinetics: k¢! is varied from 0.01 per s to 10 per s.

Although the aim in this study is not to probe the effects of
mechanochemical feedback between these proteins, we find
it necessary to include key mechanochemical relationships
for full model realism. For individual cross-linker bound to
the filament pair, we employ a typical “slip” bond charac-
terized by a decreasing bound lifetime with applied load [41]
as kS o = klefaxa/mbl where xy is a characteristic
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TABLE 1. Glossary of variables and model parameters chosen to mimic a typical system of actin filaments, cross-linkers, and
nonmuscle myosin ITA motor filaments in one dimension.

Parameter Description Value

k, T Thermal energy 4.1 pN nm
x), Initial left (/) and right (r) actin filament midpoints 1 ym, 3 ym
L Length of actin filament 2 ym

K, Boundary tether stiffness 0.001 — 1 pN/nm
n Viscous damping constant 1073 pNs/nm
F, Stochastic force experienced by actin filaments e

l, Actin filament pairwise overlap Observable
Flr Tether forces experienced by left (/) and right (r) actin filaments Observable
Fy Force experienced by bound cross-linkers

F, Force experienced by motor filament e

Fp Total dipole force (sum of left and right tether tensions) Observable
X, Instantaneous left (I) and right (r) actin filament midpoint

mn Motor-preferred actin filament overlap

Iy Steady-state overlap in PFD e

N, Number of single motor heads per side of motor filament 10°*

m, n Number of bound motor filaments (m) and cross-linkers ()

n, Number of possible cross-link binding sites e

€ Cross-linker binding energy 0—-15k,T
Uy, Effective volume of cross-linker in solution 1 x1073 ,um3b
v Approximate bound volume of cross-linker 3x107% ym3*
A Distance between cross-link binding sites 10 nm

ki{‘,:” (Un)binding rate of cross-linkers (cl) and motor (m) For cl, 0.01-10/s
%ZI,}T Mean (un)binding time of cross-linkers (cl) and motor (m)

d, Motor filament step size 5 nm

ks, Single motor head (un)binding rate 0.2/s, 1.7/s [43]
F, Motor filament stall force 24 pN*

09 Walking velocity of motor filament 10 nm/s°

a Stall velocity mechanochemical parameter for motor filament 0.2 [32]

p Catch-bond mechanochemical paramter for motor filament 2 [32]

Xl Characteristic slip length for cross-linker 0.5 nm [41]
X Characteristic catch length for single motor head 1.6 nm [44]
Ko Stiffness of single motor head light chain 0.5 pN/nm [45,46]
K, Effective spring constant of motor filament e

Tlab Time scale of laboratory measurements 200 s

€lab Divergence point of steady-state and laboratory measurements e

X Stochastic contraction length of AFD Observable

& Stochastic extension length of AFD Observable
w, Contraction frequency of AFD Observable
w; Extension frequency of AFD Observable
\ Effective interfilament velocity of AFD Observable

*Geometric constraints of the bipolar motor filament may disallow all tens of heads to be available for binding to a pair of actin
filaments due to its double-ended conic structure [8,47]. Since the number of nonmuscle myosin I heads per side of a mini filament is 30
for isoform A [8], we assume for this study that a third of these heads are available for binding to the 1D actin filament.

Calculated as the inverse of concentration V /N, assuming a bulk cross-linker concentration of 1 uM.

“Although the exact volume of a cross-linker binding pocket is unknown, this is an order of magnitude estimate based on the
dimensions of a-actinin [48], which is valid in the approximate expression of Eq. (2). Changes of this value would alter the effective
stochastic rate constants of cross-linker (un)binding for a given e.

‘An approximation using the stall force of a single myosin II head, F¢; & 4 pN. In general agreement with [49], multiplied by its duty
ratio at stall and the number of motor heads available for binding, F; = p?(F)N,F = 24 pN.

“Calculated using the analytic result of Erdmann ez al. [32] for the zero-force walking rate based on individual motor head (un)binding rates.
This value was also approximately obtained by Stam et al. [33] and is further motivated by the experimental results of Norstrom et al. [47].
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TABLE II.

Model parameters chosen to mimic a typical system of actin filaments, cross-linkers, and nonmuscle myosin IIA motor

filaments in three-dimensional MEDYAN simulations of an actomyosin force dipole. All other parameters and models used in the one-
dimensional stochastic “toy” representation, but not included in this table, are directly implemented as in the previous model. This

includes motor and cross-linker mechanosensitivity.

Parameter Description Value [for stochastic kinetics]
D, Actin diffusion coefficient 20 um?s~! [80 s~
D a-actinin diffusion coefficient D,/10 uyM~! 7!

D, Motor filament diffusion coefficient D,/100 uyM~!s~!
ks, Cross-linker unbinding rate € dependent, 1.0 s~! [43]
I, Length of actin filament segment 108 nm

L, Actin filament persistence length 17 um [50]

€pend Actin filament bending energy 672 pN nm

K. Actin filament stretching constant 100 pN/nm

Ko Actin filament excluded volume constant 10° pN/nm*

N Number of compartments in each dimension 6,6,6

I Kuramoto (compartment) length 500 nm*

ol Gradient minimization tolerance 0.1 pN*

tmin Time step between mechanical equilibration 0.05 s*

*An explanation of this parameter is given in the original MEDYAN paper [17].

unbinding distance and k¢! is the zero-force unbinding rate.
We only consider pulling forces such that F > 0.

We now consider the mechanochemical dynamics of the
myosin I motor filament included in our model. These
highly transient units, as described in the main text, must be
regarded as a coarse-grained version of a more detailed
stochastic (un)binding and walking process of many
individually transient motor heads in a single bipolar mini
filament. We consider an effective unbinding rate of the
coarse-grained overlap potential which mimics the mean
unbinding time of a single side of the mini filament with
N, = 10 heads. Since the overall motor filament unbinding
rate kj is nontrivial compared to the single cross-linker
case because of its nonlinear dependence on the single
motor head (un)binding rates k,® and k;® and individual
motor head stochasticity, we use an approximate expression
for the mean unbinding time of the ensemble of heads
derived by Erdmann et al. [32] using a series expansion of
an adjoint master equation for motor ensemble states:

1 kmS N,
Ty [ (142 ) —1].
fu ¥ N, [( +ka> }

We note that this form is accurate only under a zero-load
assumption, but is remedied by combining with an expo-
nential factor as shown below. In an approximation, we
inherently assume a single exponentially distributed proc-
ess with rate k7 = 1/7"". For simplicity, we also consider
motor filament binding to the pair of actin filaments as a
single stochastic process with rate k' = kj*N,, ignoring
partially bound states which do not generate tension
between the actin filament pair.

Individual myosin II motor heads have been shown to
display “catch-bond” behavior, characterized by an

Q

(A1)

increased bound lifetime with applied load [43,44,51].
We aim to describe the (un)binding and walking kinetics
of an ensemble of motor heads with a simple set of para-
meters to capture the essential aspects of motor filament
mechanosensitivity—a binding lifetime that increases expo-
nentially with applied load F and the number of motor heads
in the filament N,, motivated by the results of Ref. [32], and a
walking velocity that is one of the celebrated Hill form [5].
Since the exponential dependence of motor head unbinding
in the post-power-stroke state has been directly observed in
the bound lifetime of an entire ensemble of heads [32], we
express the unbinding rate of the motor filament as

—Fx
k= ke (),
weff = fu € <Nb(F)khT>

where x is a characteristic unbinding distance of a single
motor head, and N, (F) is the number of motor heads per
side of the motor filament bound to actin. An essential
characteristic of the myosin II motor filament to capture in
this function is a near-linear increase in the number of bound
heads with external load [6,32,52]. Since this expression is
difficult to derive due to the stochastic nature of the motor
heads, an approximate expression for N, (F'), motivated by
Ref. [32], can be written as N, (F) = pN, + pF, where the
mechanosensitivity parameter f has been chosen to mimic
the response of a low-duty ratio motor like nonmuscle
myosin ITA. Upon a motor stepping event, the number of
bound heads determines the effective spring constant of the
bipolar mini filament with N, heads bound per side to an
actin filament in parallel, with stiffness K, corresponding
to the myosin II light chain connecting individual heads.
The sides of the bipolar filament are mechanically con-
nected by an extremely stiff motor filament heavy chain

(A2)
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region, giving an effective spring constant of the ensem-
ble K,, = K, N,/2.

In the case of motor walking, we can include a force-
dependent walking velocity v,,(F,,) similar to a Hill
relation [5] for myosin II:

Fs_Fm

Uw(F) = zvgm,
N

(A3)

where F,, is the instantaneous force on the motor, « is a
parameter describing the concave nature of the velocity
function which has been chosen to mimic a low-duty ratio
motor, and the stall force of the motor filament F is
described in Table II. This equation accounts for two
ensembles of heads walking with velocity »9, in opposite
directions on each actin filament. We note that, in general,
nonmuscle myosin II filaments are highly transient com-
pared to their muscle sarcomere counterpart, but this still
has shown to be an effective representation of stall
dynamics [32]. This transience is due to a small number
of motor molecules N, ~ 28 [8] as compared to smooth or
skeletal muscle filaments where N, =~ 500 [52], causing
frequent detachments of the motor head ensemble from the
filament pair and tension release, which, in turn, raises
serious slippage issues, as discussed.

We have chosen in our stochastic representation to model
nonmuscle myosin II isoform A, which displays a faster
head (un)binding dynamics and less mechanosensitivity
compared to isoform B, another abundant motor filament in
the eukaryotic cytosol [51]. In in vitro sliding assays,
myosin II head sliding velocities vary significantly, ranging
from 50 nm/s to as slow as 10 nm/s under varying ATP
concentration for isoform B [8,47]. Although to our
knowledge no single-molecule kinetic study of isoform
A mini filaments in vivo has been performed, we use a
prediction from Erdmann et al. [32] to obtain an average
isoform A sliding velocity of v% = 10 nm/s based on the
isoform and number of binding heads we are considering in
the mini filament:

K= (s~ = 1, (A4)
where p.,, &~ 0.1 is the zero-force duty ratio of a single
motor head determined experimentally [51].

APPENDIX B: POWER-LAW BEHAVIOR
OF THE PASSIVE FORCE DIPOLE

We here perform a short-time and asymptotic analysis of
the contraction equation presented in this paper [Eq. (6)].
We rewrite the original contraction ordinary differential
equation as

dl,
dt

=ae o — bl e,

(B1)

where a=¢/(1+ve~/%T)2Kn, b=K,/n, and y=
In(c)/A, where ¢ =1+ v~'e“/%T. We can also write the
predicted steady-state overlap as [ = (b/a). This equation
is now separable and yields

Ei(~yI3) = Ei[y(l, = I})] = bte™", (B2)
where Ei(:) represents the exponential integral Ei(x) =
— ffj’( e *dx/x. We can expand in the short-time limit, i.e.,
at 1, — 0, Eily(l, — 1) #Ei(=y13) = (I, /17)e™" + O(17)
to give a linear force-generating regime:

€ 1

l, —————".
o (]+Ue—e/ka) 2AI’]

(B3)

Thus, the predicted sliding velocity of the filaments is
Vel = (eP</2An) in the absence of kinetic arrest. In the
long-time limit we can expand around [/, = [§’ such that
approximately Ei[y(l, — )] = In[y($ —1,)]. This immedi-
ately gives an exponentially decaying overlap function to
steady state:

-5/A,
b

I I — BEi(ﬂ;S)} obe (B4)
where the time scale of approaching steady state is given as
1/7 = be™2/2 = (K, /n)(1 + v 'e/BT)=2/A To differ-
entiate between the two power-law regimes, a transition
time 7, 1S chosen when the slope of the time series in [,
deviates by 10% for each cross-linker energy e.

APPENDIX C: KINETIC BEHAVIOR OF THE
ACTIVE FORCE DIPOLE

We can derive the governing equation of the
dynamics of the AFD from (un)binding kinetics of
the passive and active components. We use the
simple kinematics of a contraction event, &y(/,,7) =
I,(1 —e=K/207)and an extension event, yo(l,.l,,.7)=
(K )/ Kege) (1, +1,)—1,)(1—e=Ke/2007) that come directly
from solving the overlap relaxation of the element when
a motor is (un)bound (m =0, 1) and cross-linkers are
unbound (rn = 0.) We have defined K4 = K,, + K,. If
we are considering a cross-linker binding reaction with
rate constant k, in our system which stops the contraction
or extension motion, we must average y and & over the
possible holding times of that reaction, P(z|k,) = k,e7%.
Evaluating &(1,) = [ &(l,.9)P(elk,)dz and 7(l,.1,) =
J& xo(l,. 1. 7)P(7]k,)dr, we have

_ 2nk .\ 1
(s(lo,kr)=lo<1+’7’> ,

X, (C1)

and
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b k,) = (%(zoﬂw) —zo> (1 +%>_1. (C2)

off K es

We consider the motor filament walking in the n #0
state such that F,, ~ K,,1[,,.

To write full expressions for y(I,) and &(I,) as
observed in simulation, we in theory must consider all
possible series of reaction events and their probabilities
when a contraction or extension event takes place.
However, to capture the average behavior of the element
when [, is large and cross-link binding is sufficiently fast,
the expected value of contraction, given an initial overlap /,,
can be written as E[y|l,] ~7(l,, k). The various path-
ways in which the motor filament can become (un)bound
before cross-linkers rebind are insignificant to the mean
behavior of the element in this case. The frequency of
these contraction events is simply w,(l,) % p,,[%5 (1,)+
7¢(1,)]~!, where we have defined the motor duty ratio
in the zero-force limit: p, =kj/(kj +k}'). In a
similar manner, the expected value of extension given an
initial overlap can be written in a first-moment approxi-
mation as E[&|l,] ~ &(1,. k§!) with a frequency w:(l,)~
(1=p,)[7(1,)+7(1,)]~". These functions are plotted in
Fig. 6 and agree well with collected data from Langevin
simulations. The steady-state solution for /, by solving

Ver =0, ie., pi(l,) = (1 =p,)E(L,), is not analytically
tractable.

APPENDIX D: MEDYAN SIMULATION DETAILS

To simulate realistic actin filaments interacting with
transient cross-linking and motor filament molecules, the
MEDYAN model solves a 3D stochastic reaction-diffusion
master equation using a spatially resolved Gillespie algo-
rithm [53,54] with actin polymers imbedded in a reaction-
diffusion simulation space. The simulated volume is
divided into compartments with dimension based on the
system’s Kuramoto length [55]:

lg =V6Dr, (D1)
where 7 represents the time scale of the fastest chemical
reaction in our network (since this is cross-linker binding in
most cases, this bounds 7> 1 ms and justifies [y =
500 nm in simulation). Diffusion of cross-linkers and
motor filaments are modeled as jumps between uniformly
spaced and assumed to be well-mixed compartments with
reaction constant D/[%.

The MEDYAN model also includes a mechanical repre-
sentation of the disordered actin filament network which
uses a cylinder-based scheme for semiflexible filaments
with a persistence length, denoted as /,,, that is much larger
than its diameter o (i.e., very large aspect ratio, [, > o).
Filaments are divided into cylindrical segments of length
[, = 108 nm. To account for the thermal elasticity of the

filament segments, we use an angular potential between
consecutive cylinders in the filament chain, written as

U™ = epena[l = c08(6;i41)], (D2)
where 0,,,, is the angle between two consecutive
cylinders i and i + 1 along the filament chain, and we
use epeng = kpT1./1,, where [, = 17 ym for an actin fila-
ment [50]. We can also introduce a stretching potential of a
cylinder along its main axis, representing elastic deforma-
tions of the filament beyond its entropically driven elastic
limit [56]. This is written as

U = 3 Kl — 12 (D3)
wherel; = x? — x! is the vector connecting the end points of
the ith cylinder. We assume an extremely stiff actin
stretching constant of Ky, = 100 pN/nm.

Cross-linkers and motor filaments can bind onto neigh-
boring cylinders i and j at the positions x; and X ; and create
a mechanical bond. To describe the stretching energy of a
bond created by a motor filament or cross-linker, we use a
simple harmonic potential:

U = 2 Kol = o) (D4)
where l;; = x; — X, is the instantaneous length of the motor
or cross-linker, /; is the equilibrium length of the particular
motor or cross-linker (35 =5 or 200 £ 20 nm upon bind-
ing, respectively), and K, is the stretching constant of the
motor filament or cross-linker (K s = 0.5 pN/nm [7] and
K. = 8 pN/nm [41], respectively). In the case of molecu-
lar motors, the binding position of the motor head can
change stochastically due to a chemical reaction, producing
forces on the bound filament. The stretching constant of a
motor filament K, is updated based on the number of
bound heads to actin from the total ensemble containing N,
heads, as elaborated in Appendix A.

In order to describe a rigorous excluded volume inter-
action between two cylindrical units on neighboring
filaments to disallow the crossing of the segments, denoted
as i and j, we introduce the following potential:

Uyt = //”.(SU(|rl-—rj|)dl,»dlj.

Here, SU(|r; —r;|) is a pair potential between two points
located on the two interacting cylinders i and j. For purely
excluded volume repulsion, we have chosen U (|r; — r;|) =
K1/ |r; —r;|*. This provides a steep enough function to
mimic cylindrical hard-core repulsion, while allowing the
line integrals defined previously to be evaluated analytically.

Lastly, filament plus ends x! are tethered to initial
positions x! by a harmonic potential:

(D5)
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1
U = S K (X = x| (D6)

The total of all potentials U™ is used to mechanically
equilibrate the network after a number of chemical steps
evolve the reactive elements in time, producing mechanical
response to network growth and deformation. This is
possible due to the separation of time scales for chemical
kinetics (7; & ms) and local mechanical relaxation of active
stress (z, = us [36]), i.e., 7, > 7,. Networks are mechan-
ically equilibrated using a conjugate gradient minimization
algorithm every 0.05 s of stochastic chemical events.
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