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ABSTRACT

Cells require mechanical forces for their physiological functions. The forces are generated 

mainly from molecular interactions between actin filaments, cross-linking proteins, and 

myosin motors in the actin cytoskeleton. To better understand the molecular interactions, 

many studies employed myosin motility assays with actin filaments propelled by myosin heads 

fixed on a surface. Various interesting behaviors of actin filaments have been observed in the 

motility assay experiments. Despite the popularity of the motility assays, there were only a few 

computational models designed for simulating the motility assay systems. Most of the previous 

models have limitations which precluded full understanding of molecular origins for behaviors 

of actin filaments. In this study, we used an agent-based computational model based on 

Brownian dynamics for simulating the motility assay system. Our model rigorously describes 

the mechanics, dynamics, and interactions of actin filaments, cross-linking proteins, and 

molecular motors. Using the model, we first investigated how properties of actin filaments and 

motors affect gliding motions of actin filaments without volume-exclusion effects as a base 

study. We found that actin filaments can continuously glide at relative fast speed only when 

they are sufficiently longer than average spacing between neighboring motors and that the 

gliding speed of F-actins shows a biphasic dependence on processivity of motors. Then, we 

showed that volume-exclusion effects between actin filaments can induce diverse collective 

movements and alignment of actin filaments, thus creating thick bundles and ring-like 

structures in the absence of cross-linking proteins. Lastly, we demonstrated that cross-linking 

proteins can lead to distinct contractile behaviors of actin networks depending on the density 

and kinetics of the cross-linking proteins. Results from our study show the ability of our model 

to simulate the motility assay system under various conditions and provide insights into 

understanding of different behaviors of actin filaments. 
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INTRODUCTION

The actin cytoskeleton within animal cells is responsible for a variety of functions. 

Interactions between F-actin, actin cross-linking protein (ACP), and molecular motors within the 

cytoskeleton generate mechanical forces that regulate physiological functions, such as cell 

migration, cytokinesis, wound healing, and morphogenesis.1, 2 It is known that F-actins in cells 

carry tensile forces that are generated due to myosin motor proteins interacting with the F-actins. 

Dimers of myosin II assemble themselves into thick filaments. These thick filaments then walk 

toward the barbed end of the F-actin by using their motor heads.3 This walking is often explained 

by the cross-bridge cycle with multiple states.4 The transitions between these states are described 

by their mechanochemical rates.4

In vitro myosin motility assays have been used in the past to better study the 

interactions between F-actin and myosins. In these motility assays, F-actins move along a 

surface covered with immobilized myosin motor heads.5, 6 When F-actin density is high in the 

presence of strong crowding effects, ordered motions of F-actins were observed. This is 

attributed to severe volume-exclusion effects between F-actins.7-11 Above critical F-actin 

density, F-actins moved together as clusters, interconnected bands, and swirls. When ACPs 

were present, these motions became more or less collective.12-14 For example, inclusion of 

fascin in the motility assay resulted in formation of rings, elongated fibers, and polar structures 

depending on conditions. However, α-actinin led to contractile patches, and filamin A induced 

formation of a more stable network. Other ACPs, such as α-EPLIN, cortexillin, and anillin, 

also induced formation of unique structures. Some of these studies suggested hypotheses about 

how interactions between F-actin, ACP, and myosin motors facilitate collective motions at 

both filament and network levels.

To provide more insights into understanding of microscopic origins, myosin motility 

assays have been also studied via computational and theoretical models. One study employed 

a stochastic model to show how twirling motions of F-actins are caused by myosin motors.15 
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An agent-based model based on Brownian dynamics was developed to determine an expression 

that can accurately predict how long gliding F-actins remain bound to myosin motors before 

dissociation.16 Another model based on Brownian dynamics modeled F-actins as worm-like 

chains and cross-linkers and motors as springs with force-dependent kinetics.17 This model 

demonstrated that the persistency and velocity of a gliding filament increase as a larger number 

of motors are bound to the filament due to an increase in either motor density, motor duty 

ratio, or filament length. In addition, a bead-rod model was employed to simulate single F-

actin interacting with stationary motors simplified by springs.18 This model demonstrated that 

higher ATP concentration leads to faster F-actin movement, whereas a change in motor 

density does not affect F-actin speed. Also, this study demonstrated that the gliding motion 

can be guided by chemical cues at probability directly affected by processivity of myosin 

motors. However, most of the previous models had limitations. For example, to reduce 

computational costs, the mechanics of F-actin was drastically simplified, or motors were 

considered implicitly by directly applying propelling forces to F-actin. In studies with explicit 

consideration of motors, gliding motion of only one F-actin was simulated, or 

mechanochemical cycles of myosin were not incorporated in a rigorous manner. Due to these 

critical limitations, it is difficult to rigorously investigate collective and contractile behaviors 

of multiple F-actins or how they emerge from molecular interactions between motors and F-

actins. 

To overcome these hurdles, we employed a well-established agent-based 

computational model based on Brownian dynamics with the Langevin equation.19, 20 First, we 

ran simulations in the absence of ACPs and volume-exclusion effects between F-actins to focus 

on pure gliding motions of individual F-actins as a base study. We evaluated effects of a 

variation in the average length of F-actin and the density and mechanochemical rate of motors. 

Then, we investigated influences of volume-exclusion effects between F-actins on behaviors 

of F-actins by varying the strength of volume-exclusion effects acting between neighboring F-
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actins. Lastly, we added ACPs with a wide range of density and unbinding rates to identify the 

effects of ACPs on contractile behaviors of F-actins in the motility assay.

METHODS

Model overview

An agent-based computational model based on Brownian dynamics was used, as in our 

previous studies.19-22 In the model, F-actin, motor, and ACP are coarse-grained by cylindrical 

segments (Fig. S1a). Motions of the cylindrical segments representing F-actin and motor are 

updated using the Langevin equation, whereas motors are fixed in space to mimic the motility 

assay. Extensional and bending forces maintain equilibrium distances and angles formed by 

cylindrical segments. A repulsive force accounts for volume-exclusion effects between 

overlapping actin segments. Actin undergoes nucleation and polymerization events to form F-actin. 

ACPs attach to F-actin at a constant rate and can unbind from F-actin in a force-dependent manner 

following Bell’s law.23 Details of these features are explained in Supporting Information, and all 

parameter values are listed in Tables S1 and S2. Most of the parameter values are inherited from 

our previous models that successfully recapitulated various mechanical and dynamic behaviors of 

actin networks.19-22 Values of particularly important parameters related to dynamic behaviors of 

ACPs and motors are determined based on experimental measurements or theoretical models as 

explained below. Parameter values in the range investigated in this study are not always 

physiologically relevant. Rather, as done in various in vitro studies, we aim to show the effects of 

variations in important parameter values over a wide range on behaviors of F-actins and networks 

to provide insights.

Dynamic behaviors of motors

In this model, it is assumed that a motor arm represents cooperative behaviors of a 

small number of myosin heads in terms of kinetic behaviors. To avoid confusion, we name it 

one-arm motors rather than one-headed motors. Each motor arm can bind only to one binding 
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site on actin segments at a rate of 40Nh s-1, where Nh is the number of myosin heads represented 

by each motor arm. We assume Nh = 8, resulting in slightly more processive motors and higher 

stall forces, as opposed to one myosin head in general. Walking (kw,M) and unbinding rates 

(ku,M) of the motor arms are determined by the parallel cluster model (PCM) to reflect the 

mechanochemical cycle of myosin motors.24, 25 In the PCM, three mechanochemical states are 

defined, and there are five mechanochemical rates between the states (Table S2). Details of 

implementation and benchmarking of the PCM in our model were explained in detail in our 

previous study.19 We vary one of the mechanochemical rates, ATP-dependent unbinding rate 

of myosin heads (k20), to probe its influences. kw,M and ku,M generated by PCM are proportional 

to k20 and lower with higher applied force, regardless of k20,26, 27 which corresponds to the 

catch-bond behavior of myosin motors. The stall force is inversely proportional to k20. 

Although we used the value of Nh higher than 1, the ranges of kw,M, ku,M, and stall force 

explored in this study enable us to account for more or less processive motors. With the 

reference value of k20 = 20 s-1, the unloaded walking velocity of motors is 140 nm/s. This value 

is similar to the walking velocity of non-muscle myosin II,28, 29 whereas it is ~2 μm/s with the 

highest value of k20 used in this study, which is larger than the walking velocity of smooth 

muscle myosin II.28, 30 

Initial simulation setup

We used a thin computational domain (10×10×0.1 μm) with a periodic boundary 

condition in the x and y directions (Fig. S1b). F-actins are formed by the self-assembly of actin 

segments located at the same z position. ACPs are included only in a portion of the simulations. 

ACPs bind to F-actin to form functional cross-links between pairs of F-actins. Motors are 

distributed at random x and y coordinates at the same z position. A difference between z 

positions of F-actins and motors corresponds to the equilibrium length of motor arms (= 13.5 

nm). Therefore, binding of a motor arm to F-actin is possible if they are located at similar x 
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and y coordinates. While F-actins are assembled, a fraction of the motor arms binds to F-actin 

with no walking motion. After all F-actins are assembled, motors start walking toward the 

barbed ends of F-actins. 

Quantification of F-actin motions 

Velocities of endpoints of all actin segments, vi,A(t), are calculated every two seconds. 

We quantified the distribution of  measured at all time points to show speed distribution ,Aiv

of all F-actins. To evaluate how fast F-actins are displaced by motors on average, the average 

speed of F-actins for each simulation is obtained by averaging  over all endpoints and all ,Aiv

time points.

In addition, persistency of motions of F-actins is evaluated by calculating the average 

of autocorrelation of velocity vectors:

(1)
( )/2

,A ,A

0 ,A ,A

(2 ) (2 )2cos ( )
(2 ) (2 )
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i i

t i i

t t
T t t
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

 
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 
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where T is the duration of simulations, and τ is time lag. If F-actins hardly change a direction 

during displacement for τ,  is close to 1. In cases with F-actins propelled only by cos ( ) 

motors,  exponentially decays. cos ( ) 

We also evaluated the extent of collective motions by measuring a correlation between 

velocities of endpoints located on neighboring F-actins. As shown in previous studies, F-actins 

can exhibit collective motions by aligning with each other if there is a volume-exclusion effect 

between neighboring F-actins. During such collective motions, F-actins tend to move in a 

parallel or anti-parallel manner to avoid frequent collisions. For this calculation, we identify 

all pairs of endpoints on F-actins located at a distance between r and r + Δr and then calculate 

the average of correlations between velocities of all pairs:
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where α is an angle between two velocity vectors, and the pair of endpoints i and j satisfies

, and they should not belong to the same F-actin. This calculation is ,A ,A( ) ( )i jr t t r r    r r

performed for different r and t to measure the extent of collective motions of F-actins as a 

function of distance and time. Then, we calculated the time-averaged value of  to cos ( , )r t

plot . To account for collective motions which emerge later in simulations, the cos ( )r

time-averaging was done for last 50 s. We set Δr to 0.2 µm, and a maximum distance that we 

considered for the calculation is 1 µm.

Quantification of F-actin curvature 

Persistence length of F-actin can be calculated directly using the following 

relationship:

(3)b,A 0,A
p

B

r
l

k T




where κb,A is the bending stiffness of F-actin in N·m. However, F-actins interacting with 

motors can have a curvature leading to a different persistence length. We evaluated the actual 

curvature of F-actin by measuring a correlation between unit tangential vectors along the 

contour of F-actin, u(s):

(4)cos ( ) ( )s s s    u u

where s is a position along the contour of F-actin, and Δs is a distance between two positions 

where the correlation is calculated. This measurement is often used for evaluating the 

persistence length of polymers.  is plotted as a function of Δs to evaluate the curvature cos

of F-actins. A faster decrease in  is indicative of F-actins with a higher curvature.cos
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Evaluation of network morphology 

We evaluated heterogeneity of network morphology by measuring spatial distribution 

of F-actins. For the measurement, the computational domain is divided into NG×NG grids in 

the x and y directions, where NG represents the number of grids in each direction. Each grid 

has its own coordinate, (i, j). We measured the number of actin segments located in each grid, 

. Then, the standard deviation of  is calculated over grids with constant i or j (i.e. in ,
A
i j ,

A
i j

x or y direction). By averaging all the standard deviations, heterogeneity of F-actin, QA, is 

calculated like the following:

(5)   G G
, ,

A A A1.. 1..
1 1G

1 std std
2

N N
i j i j

j N i N
i j

Q
N

 
 

 

 
  

 
 

Since the heterogeneity calculated in this method depends on the choice of NG, we carefully 

determined the optimal value of NG at 20. We also calculated the time-average of QA for last 

50 s to account for network morphology at later times.

In addition, using 30×30 grids, we evaluated how network morphology evolves over 

time in each simulation. We calculated a correlation between  in grids at the end of a ,
A
i j

simulation and  in grids at each time point. If network morphology quickly reaches a ,
A
i j

steady state and does not vary significantly at later times, the correlation also increases fast and 

then remains near 1 till the end. If network morphology keeps changing over time, the 

correlation increases gradually. To quantify how dynamically a network changes its 

morphology, we calculated duration which the correlation is larger than 0.5. Larger duration 

indicates more static or “frozen” network morphology.

Analysis of forces on F-actins and motors

We calculated the average of spring forces acting on all chains of F-actins at each time 

point. It has been shown previously that motor activities induce tensile forces on F-actins 
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because the compressive forces are relaxed due to buckling. Thus, dominance of tensile forces 

on F-actins can be an indicator for contractile (i.e. tensile) stress on networks. To show a 

correlation between local stress and network morphology, we calculated the distribution of 

spring energy density in a network at the end of a simulation. We divided a computational 

domain into 30 × 30 grids in the x and y directions. In each grid, we calculated the sum of 

spring energy of all actin segments and divided the sum by the volume of each grid to obtain 

spring energy density of each grid in J/m3. Since most of the F-actins are subjected to tensile 

forces, the contribution from F-actins under compression to spring energy is negligible. The 

distribution of spring energy density is visualized using heat maps with color scaling.

In addition, forces exerted by motor arms that are interacting with F-actins were 

monitored. The average of the forces was calculated over time to estimate how much force 

motors generated at each time point on average. 

Volume-exclusion effects between F-actins

Repulsive force between F-actins depends on the distance between actin segments and 

represented by a harmonic potential:

                                                    (6) 2
r,A 12 c,A 12 c,A

r

12 c,A

1 if
2

0 if

r r r r
U

r r

   
 

where κr,A is strength of the repulsive force, r12 is a minimum distance between two actin segments, 

and rc,A is the diameter of an actin segment.

RESULTS

Effects of properties of F-actin and motor
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Before investigating roles of volume-exclusion effects and ACPs, it is necessary to 

determine more basic properties of F-actin and motor. Thus, we tested effects of three 

parameters in the absence of ACPs (i.e. zero ACP density, RACP = 0) and volume-exclusion 

effects (κr,A = 0): average length of F-actin (<Lf>), motor density (RM), and ATP-dependent 

unbinding rate of motors (k20). Note that without ACPs and volume-exclusion effects, F-actins 

move independently without physical interactions with other F-actins. For a reference 

condition, <Lf> is ~1.5 μm, RM is 0.8, and k20 is 20 s-1. Under the reference condition, F-actins 

move relatively fast and quite persistently as observations in the myosin motility assay 

experiments (Movie S1). We varied one of the three parameters with others fixed in order to 

evaluate the influences of each parameter.

First, we changed RM between 0.008 and 0.8. Note that it is hard to evaluate the 

dependence of F-actin behaviors on RM if models consider motors in an implicit manner. With 

fewer motors, F-actins move slower and change their directions more often (Figs. 1a and S2a). 

If motors are sparsely distributed in space, it is much harder for F-actins to maintain 

connection to motors. Therefore, there are a larger portion of F-actins diffusing without 

connection to any motor and F-actins bound to only one motor at lower RM, resulting in much 

lower speed and persistency (Fig. 1b). In addition, with fewer motors, a correlation between 

unit tangential vectors measured along the contour of F-actins deviates more from that 

corresponding to their persistence length because F-actins may need to bend more to bind to 

sparsely distributed motors (Fig. S2b). Spatial distribution of F-actins is homogeneous 

regardless of RM (Figs. S2c-d). 

Second, we altered <Lf> between 0.62 μm and 5.06 μm. In these cases, we used RM = 

0.08 which is 10-fold smaller than the reference condition because we found that effects of 

<Lf> with RM = 0.8 are not significant. With larger <Lf>, the frequency of F-actins moving faster 

increases (Fig. 1c). Short F-actins are more likely to lose all connections to motors. Then, more 

F-actins diffuse in space with lower <Lf> (Fig. 1d). In addition, the number of F-actins bound 
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to only one motor that can move slower due to possible rotation also increases. These F-actins 

result in tails at low speed in the speed distribution. The range of <Lf> for being these F-actins 

is determined largely by average distance between adjacent motors fixed in space. With lower 

RM, the average distance increases, so more F-actins move slower. If F-actins are long, they 

can maintain connectivity to more than one motor despite a long distance between adjacent 

motors, so the speed can be relatively faster. By contrast, if motors are located very densely, 

effects of <Lf> become negligible. Longer F-actins tend to be more curved since such F-actins 

are bound to many of the sparsely distributed motors via bending (Fig. S3b). Despite their 

higher curvature, longer F-actins tend to move more persistently in one direction at a short 

timescale because very short F-actins can rotate due to lack of connectivity to motors (Fig. 

S3a). Regardless of <Lf>, F-actins show quite homogeneous distribution overall (Figs. S3c-d).

Lastly, we varied k20 between 5 s-1 and 640 s-1. As k20 increases, both unbinding and 

walking rates of motors measured in simulations are higher, consistent with imposed walking 

(kw,M) and unbinding rates (ku,M) of motors (Fig. 2a). The enhanced walking rate increases 

speed of F-actins in general (Fig. 2b). In addition, due to significantly higher unbinding rate, 

connections between F-actins and motors become very unstable. A higher unbinding rate leads 

to a lower number of active motors bound to F-actins at equilibrium (Fig. 2c), and F-actins 

frequently change their directions during movement (Fig. 2d). However, the curvature of F-

actin and the heterogeneity of F-actin spatial distribution are not affected by k20 (Figs. S4a-c). 

F-actins experience slightly larger tensile forces only at lower k20 because motors with high 

k20 mostly walk at unloaded velocity due to their high unbinding rate (Figs. 2a and S4d). 

Collective behaviors of F-actins in the presence of volume-exclusion effects

In simulations described above, we ignored volume-exclusion effects to focus only on 

interactions between F-actins and myosin motors. However, in the motility assay experiments, 

F-actins can feel the existence of other F-actins via their physical volumes because F-actins are 
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located at similar height. The degree of volume-exclusion effects between F-actins can be 

varied by altering crowding effects that push F-actins down toward a surface coated with 

myosin motors. Several motility assay experiments have demonstrated the emergence of 

collective behaviors of F-actins in the presence of strong volume-exclusion effects.7-11, 14 

We investigated roles of volume-exclusion effects between F-actins in gliding 

behaviors of F-actins by imposing high repulsive forces (κr,A = κ*
r,A). It was observed that most 

of F-actins are aligned with each other when they collide, but they can still cross over each 

other if they encounter with a very large contact angle. With the reference actin concentration 

(CA = 60 μM), F-actins form thin bundles soon after they start moving (Fig. 3a and Movie S2, 

center). These bundles are merged into thicker bundles over time, and some of the bundles 

form ring-like structures. Some of the ring-like structures last till the end of simulations, 

whereas the others disappear after some time. 

When CA is reduced, ring-like structures emerge less frequently, and F-actins move in 

a more persistent manner and show less curvature because collisions between F-actins occur 

less frequently at lower CA (Figs. 3b, S5a-b and Movie S2, left). At the lowest CA (15 μM), ring-

like structures are not formed anymore, whereas transient formation of bundles still takes 

place. By contrast, as CA increases, thick and long bundles are formed over time. Persistency 

of F-actin motions decreases, and the curvature of F-actins increases (Figs. 3b, S5a-b, and 

Movie S2, right). In all cases, there is no significant temporal change in the ensemble average 

of F-actin speed, indicating consistent motions of F-actins regardless of the frequency of 

collision events (Fig. S5c). Heterogeneity of network morphology gradually increases and 

reaches a plateau to a different extent (Fig. S5d). With high CA, network morphology does not 

vary much at later times (Fig. 3c and Movie S2, right). This observation is quite interesting in 

that the network forms a time-invariant frame along which F-actins can glide dynamically 

(Movie S2). Due to collision events, it is expected that neighboring F-actins move in a parallel 

manner in all cases. Indeed, we found that F-actins glide in a collective fashion by measuring 
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a correlation between velocities of neighboring F-actins (Fig. 3d). Interestingly, the correlation 

at a distance smaller than 0.5 µm is maximal in a case with 120 µM. In this case, two large, 

thick ring-like structures are formed by behaving like a “sink” for F-actins; a number of F-

actins are sucked into these structures and then trapped (Movie S2, right). In addition, 

distances between thick bundles and ring-like structures are relatively long. Thus, the 

correlation becomes very large in this case. With CA = 240 µM, the distances become smaller, 

so the correlation includes many pairs of F-actins located within different bundles or ring-like 

structures. These F-actins do not necessarily move in the same direction, resulting in a lower 

correlation than that with CA = 120 µM.

We also probed influences of the extent of volume-exclusion effects on motions of F-

actins with high CA (= 120 μM) by varying the strength of repulsive forces acting between 

neighboring pairs of F-actins (κr,A). With 3-fold lower κr,A, ring-like structures are not formed 

anymore (Fig. 4a and Movie S3, left). Bundle-like structures still emerge, but bundle formation 

is not as clear as that in the reference case. With 10-fold lower κr,A, bundle formation is not 

obvious, becoming closer to cases without volume-exclusion effects shown earlier. By contrast, 

with 3-fold higher κr,A, a large number of ring-like structures are formed (Movie S3, right). 

Thus, with higher κr,A, network morphology tends to be more heterogeneous (Figs. 4a-b and 

S6a). The frozen network morphology emerging at later times is more apparent with higher 

κr,A (Figs. 4c and S6b). At CA ≤ 60 µM, the correlation between velocities of neighboring F-

actins is higher with larger κr,A, meaning that collective behaviors of F-actins are determined 

by the extent of volume-exclusion effects at lower actin concentration (Figs. S6c-d). However, 

at CA = 120 µM, the correlation becomes maximal with the reference value of κr,A. Thick 

bundles and large ring-like structures in the case explained above lead to a higher correlation 

than many of smaller ring-like structures. 

The dependence of F-actin motions and network morphology on volume-exclusion 

effects can be explained by what happens to F-actins when they encounter at a large or small 
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contact angle. If volume-exclusion effects are very weak, F-actins cross over each other with 

a slight change in their gliding direction caused by weak repulsive forces (Fig. 4d, left). With 

relatively strong volume-exclusion effects, F-actins can align with each other if they encounter 

with a small contact angle, but they cross over each other if the angle is large (Fig. 4d, center). 

This behavior can lead to the formation of thick, large bundles by allowing F-actins to move 

at longer distances until they encounter other F-actins with similar orientations. If the 

volume-exclusion effects are very strong, F-actins cannot cross over each other regardless of 

the contact angle (Fig. 4d, right). This results in a frequent change in their gliding directions 

and higher curvature, leading to the formation of ring-like structures. 

Impacts of the density and unbinding rate of ACPs

Most of the traditional motility assay experiments were performed without ACPs that 

cross-link pairs of F-actins. More recently, several experiments demonstrated how different 

types of ACPs lead to distinct network morphology and F-actin movements at very high actin 

concentration (CA).12-14 In addition, a myriad of experimental and computational studies have 

demonstrated that the amount of ACPs highly affects the contraction of actomyosin networks 

with myosin thick filaments (i.e. mobile motors).21, 31, 32 It is expected that even with lower CA 

and immobile motors, the density and property of ACPs will still regulate contractile behaviors 

of networks. Among various ACP properties, we focus on the unbinding rate of ACPs that is 

expected to vary, depending on types of ACPs. For example, while scruin is known to form 

permanent cross-links between F-actins,33 most of the ACPs unbind from F-actins at distinct 

force-dependent rates. 34 We evaluated effects of density (RACP) and zero-force unbinding rate 

constant ( ) of ACPs by varying them over wide ranges: 0.001 ≤ RACP ≤ 0.1 and 0 ≤ /0
u,ACPk 0

u,ACPk

≤ 10, where = 0.115 s-1 is a reference value of . We did not include repulsive 0*
u,ACPk 0*

u,ACPk 0
u,ACPk

forces between F-actins in these simulations.
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We observed that F-actins move slower and change their directions more frequently 

with higher RACP than those with lower RACP (Figs. 5a and S7a-b). This suggests that ACPs 

prevent F-actins from persistently moving via formation of cross-linking points between F-

actins. If  is increased with RACP fixed, the fraction of ACPs in an active state (i.e. bound 0
u,ACPk

to a pair of F-actins) is reduced (Fig. S8a), and also it becomes much easier for motors to 

displace F-actins because each cross-linking point exerts lower effective friction to F-actin due 

to more frequent unbinding events. Because of these two effects, F-actins move faster and more 

persistently with higher  (Figs. 5a and S7a-b). In addition, in a case with RACP = 0.03 0
u,ACPk

and = 0, the average speed of F-actins is nearly zero (Fig. 5a), indicating that ACPs 0
u,ACPk

corresponding to ~3% of actins are sufficient enough to cross-link all F-actins into a network 

at CA = 60 μM. 

Network morphology exhibits interesting dependence on RACP and  (Figs. 5b-0
u,ACPk

c and S7c). If there is no ACP unbinding ( = 0), the heterogeneity of network morphology 0
u,ACPk

is slightly higher at RACP = 0.003-0.03. In addition, at this range of RACP, F-actins experience 

the largest tensile force (Figs. S7d and S8b). If ACPs form permanent cross-linking points, two 

populations of F-actins exist: cross-linked population and free population. Note that the latter 

hardly affects heterogeneity of network morphology because they do not aggregate as shown 

earlier in cases without ACPs. Due to the absence of unbinding, there is no change in states of 

F-actins over time. Thus, in this case, RACP determines the number of F-actins in the two 

populations. If a network is cross-linked too loosely (RACP = 0.001), most F-actins glide on 

motors freely at speed close to the unloaded walking speed of motors (Fig. 5a), leading to 

homogeneous F-actin spatial distribution (Fig. 5b). Accordingly, tensile forces acting on F-

actins and those exerted by motors are quite low (Figs. S7d and S8b-c). By contrast, if F-actins 

in a network are cross-linked too heavily (RACP > 0.01), most of F-actins cannot move far from 

their initial locations as seen in nearly zero average speed (Fig. 5a), resulting in relative 
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homogeneous morphology (Figs. 5b-c). In addition, although forces generated by motors are 

similar in all cases with RACP > 0.001, net tensile forces acting on F-actins are smaller with RACP 

= 0.1 since much larger motor forces are required for buckling of short segments between 

numerous cross-linking points (Figs. S7d and S8b-c). Thus, under these two extreme conditions 

with high and low RACP, motors are not able to aggregate F-actins or generate large net tensile 

forces on F-actins. However, at intermediate level of RACP, motors can deform a network 

consisting of F-actins cross-linked relatively well by generating larger tensile forces originating 

from F-actin buckling. 

If ACPs can unbind from F-actins (i.e. > 0), highly heterogeneous networks 0
u,ACPk

with several clusters are observed because F-actins can be displaced significantly (Figs. 5b-c, 

S7c and Movie S4). Such high heterogeneity appears at a specific range of density of active 

ACPs, ~0.005 ≤ ≤ ~0.05 (Fig. S8a), where  is the density of active ACPs, equal to active
ACPR active

ACPR

the fraction of active ACPs times RACP (Fig. S8a). Interestingly, the average tensile force 

exerted on F-actins tends to be proportional to RACP, unlike cases without ACP unbinding (Figs. 

S7d and S8b). Only one case (RACP = 0.1 and / = 0.01) that exhibits less heterogeneous 0
u,ACPk 0*

u,ACPk

F-actin spatial distribution shows sustainable tensile force on F-actins (Figs. S7c-d). This is 

attributed to small loads on each ACP and stable cross-linking points with large effective friction 

(Movie S5). This implies that tensile stress in the presence of ACP unbinding is generated and 

sustained only in these networks when most of F-actins are cross-linked stably. By contrast, in all 

other cases, average tensile forces acting on F-actins reach a peak and then relax to non-zero 

asymptote. Both peak and equilibrium levels are inversely proportional to . 0
u,ACPk

Spring energy density in networks tends to be proportional to RACP but inversely 

proportional to  in general (Fig. S8d), which is consistent with our previous study 21. If 0
u,ACPk

 is very small, and if RACP is very high, similar levels of spring energy emerge across the 0
u,ACPk

network because almost all F-actins are cross-linked stably throughout the network as seen in 
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very homogeneous network morphology (Figs. 5b-c). By contrast, in cases where a network 

aggregates into clusters, high spring energy is concentrated mostly on the clusters since the 

clusters are not connected to each other (Figs. 5c and S8d). 

DISCUSSION

Since the 1980s, the in vitro motility assay has been used to study interactions between 

F-actins and myosin motors. By measuring gliding motions of a few F-actins propelled by 

myosin motors fixed on a surface, several properties of myosin motors, such as duty ratio and 

mechanochemical cycles, have been estimated.30, 35 The system of in vitro myosin motility 

assay has advanced recently. When F-actin concentration was significantly increased with 

strong crowding effects, interesting collective motions of F-actins were observed.6 In addition, 

inclusion of different types of ACPs resulted in formation of distinct structures.13 Compared 

to experimental efforts, the motility assay has not been studied very actively via a 

computational model although a rigorous model can provide more insights than experiments. 

In this study, we investigated motions of F-actins in the motility assay, using our well-

established agent-based computational model. 

First, we investigated motions of F-actins without ACPs and volume-exclusion effects 

between F-actins. We showed how the average length of F-actin and the density and 

mechanochemical rate of motors affect motions of F-actins. Morphology of the network was 

very homogeneous in all cases regardless of a change in those parameters. However, it was 

observed that F-actins may move with different speed, persistency, and curvature depending 

on the properties of F-actin and motor. In particular, if continuous interactions between 

motors and F-actins are hindered due to either large spacing between motors or short filament 

length, many of F-actins cannot glide at speed close to the unloaded walking velocity of motors 

(Fig. 1). Indeed, other in vitro study showed that F-actins move slower at low motor density,36 
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and a computational study also showed that the movement of F-actins is much slower and less 

persistent if motor density is too low because the number of myosin heads bound to F-actins 

at a given time becomes too low.17 By contrast, in experiments and simulations performed with 

long F-actins and high motor density (i.e. small spacing between motors), the dependence on 

motor density and F-actin length has not been observed. For example, an in vitro study showed 

that the gliding speed of F-actin hardly depends on the length of F-actin varied between ~1 

µm and ~17 µm with motor density of ~600 motors/µm2.37 If these motors are uniformly 

distributed on a surface, average spacing between them is ~42 nm. In addition, a computational 

study reported that F-actin motility is independent of motor density varied between ~1,500 

and ~6,000 motors/µm2 which corresponds to average spacing of ~ 13nm to ~26 nm.18 Under 

such high motor density, spacing between motors is much shorter than F-actins, so F-actins 

are likely to be bound to several motors unless F-actins are extremely short. In contrast to 

these studies, we reduced motor density substantially and found that the gliding speed of F-

actins can depend significantly on F-actin length with motor density  corresponding to 

average spacing of ~0.33 µm (RM = 0.08). We also observed that dependence of the gliding 

speed on F-actin length is much weaker if motor density is 10-fold higher (data not shown). It 

is anticipated that dependence of F-actin gliding speed on F-actin length will be also observed 

in experiments if motor density is lowered significantly.

We also found that the gliding speed of F-actin shows biphasic dependence on one of 

the mechanochemical rates, the ATP-dependent unbinding rate (Fig. 2). As the rate increases, 

motors walk on F-actin faster and are detached from F-actin more frequently. As long as 

walking takes place more frequently than detachment from F-actin, the gliding speed of F-

actins also increases in proportion to an increase in the ATP-dependent unbinding rate. 

However, if the rate becomes too high, detachment from F-actin dominates walking, resulting 

in lower net gliding speed of F-actin than walking speed of motors. It is expected that a 

discrepancy between the gliding speed of F-actins and walking speed will be less even with 
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very high ATP-dependent unbinding rate if F-actins are very long, or if motor density is very 

high as in experiments. As long as F-actins can interact with a few motors at each time point, 

F-actins can keep moving without significant delay even with a small duty ratio. This is 

reminiscent of a strategy that a thick filament consisting of skeletal muscle myosin motors 

with a very small duty ratio employs to stay on F-actins.30 Indeed, previous computational18 

and in vitro studies29, 36 with high motor density showed that F-actin gliding speed increases 

with higher ATP concentration and reaches a plateau, rather than showing a biphasic 

dependence on ATP concentration. This can be attributed to higher motor density used in the 

previous experiments36 (~150 motors /µm2 which corresponds to average spacing of ~ 81 nm) 

and simulations18 (~1,500 to ~6,000 motors /µm2 which corresponds to average spacing of ~ 13- 

26 nm) than that used in our simulation (RM = 0.008 to RM = 0.8 which corresponds to average 

spacing of ~0.11 µm to ~1.1 µm). In addition, longer F-actin used in the previous experiments 

and simulations can prevent the gliding speed from decreasing at high ATP concentration. If 

these simulations and experiments are repeated with much lower motor density and shorter 

F-actins, the biphasic dependence of F-actin speed on ATP concentration would emerge. 

Then, we showed volume-exclusion effects between F-actins affect motions of F-

actins in the motility assay, thus resulting in bundles or ring-like structures (Figs. 3 and 4). If 

F-actins are aligned only when they encounter other F-actin at a small contact angle due to 

low κr,A, large, thick bundles are formed at high actin concentration. If F-actins are aligned 

with other F-actin at most of the collision events regardless of a contact angle due to high 

repulsive force, small ring-like structures dominantly emerge. Once the bundles and ring-like 

structures are formed in our simulations, network morphology does not change significantly 

over time. However, the thick bundles are comprised of consistently moving F-actins that 

enter, leave, or stay within the structures (Movies S2 and S3). It means that the system reached 

a steady state at network level in terms of morphology, but it is still very dynamic at filament 
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level. However, if actin concentration becomes lower, F-actins transiently form thin bundles, 

resulting in a dynamic change in network morphology over time.

Formation of bundles has been suggested in previous studies where volume-exclusion 

effects between F-actins were modulated by varying concentration of crowding agents, such 

as methylcellulose (MC) and polyethylene glycol (PEG). With higher MC concentration, F-

actins showed collective motions and formed bundles and ring-like structures at larger length-

scales.6, 38  It was also shown that F-actins move in a bidirectional manner along bundles, 

implying a dynamic steady state.38 However, formation of small ring-like structures has not 

been observed in previous experiments. If motility assay experiments are performed with very 

strong crowding effects and lower motor density, small ring-like structure may emerge. 

Emergence of large-scale flow of numerous F-actins was shown in other experiments.7-11 The 

flow is initiated from seeds with a few F-actins, and the seeds gradually increase in size over 

time, becoming clusters with the large-scale flow.10 These clusters are also in a dynamic steady 

state, maintaining relatively constant size by continuously losing and recruiting F-actins.10 

Because we employed a small computational domain (10×10×0.1 μm) and short F-actins, it is 

not likely to recapitulate such large dynamics structures. It is feasible to simulate a large system 

with long F-actins for directly comparing simulation results with experimental observations, 

by imposing a more computational resource to each simulation. However, it is beyond the 

scope of this study. In a future study, we will attempt to simulate large-scale dynamic 

structures and analyze collective behaviors of F-actins in greater depth. 

Interestingly, it was reported in a recent study that F-actins form steady-state thick 

bundle structures even without myosins if crowding effects are strong.6 In this study, F-actins 

are displaced because they grow rapidly from a surface via formin activities. Similarity in 

results implies that F-actins at high density can form the thick bundles as long as they keep 

moving somehow in the presence of strong volume-exclusion effects. In addition, collective 

behaviors were observed in experiments performed in a different setup. The ring-like 
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structures were shown in an experiment with ACPs called fascin, and they were named “frozen 

steady states”14. Note that we observed them in simulations without any ACP, but they are 

much smaller than those observed in the experiment that are as large as ~30 μm in radius. We 

would be able to reproduce large-scale rings with both volume-exclusion effects and ACPs that 

connect only parallel F-actins, but this is beyond the scope of the current study. A 

computational study demonstrated that volume-exclusion effects between microtubules result 

in ordered structures composed of bundles.39 In addition, formation of ring-like structures and 

large-scale collective behaviors of microtubule were observed due to physical interactions 

between microtubules.40-42

Lastly, we showed that inclusion of ACPs in a network without volume-exclusion 

effects between F-actins can significantly enhance the spatial heterogeneity of network 

morphology (Fig. 5). If there are too many ACPs, or if the unbinding rate of ACPs is too low, 

motors cannot readily break cross-linking points, resulting in a homogenous network with 

frozen or slowly moving F-actins. By contrast, if there are only a few ACPs, or if ACPs unbind 

from F-actins very frequently, F-actins move mostly freely due to unstable cross-linking points 

that can break by applied loads, leading to a homogenous network. At intermediate density 

and unbinding rate of ACPs, networks become quite heterogeneous because both good 

connectivity between F-actins and deformability via breakage of cross-linking points are 

achieved. A fraction of the weak cross-linking points break due to applied forces while the 

other stable ones keep holding pairs of F-actins. Note that an increase in the amount of ACPs 

or a decrease in the unbinding rate of ACPs results in a larger number of active ACPs bound 

to two F-actins at dynamic equilibrium, but there is a difference between the two cases. Even 

if two systems have the same amount of active ACPs at dynamic equilibrium, F-actins in a 

system with higher ACP unbinding rate can move faster because more transient cross-linking 

points lead to lower effective friction between two cross-linked F-actins. 
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This overall observation is consistent with previous studies showing the highest 

contractility of networks at intermediate density of ACPs.12, 13, 22, 31, 43 A network cross-linked 

by ACPs in our model became heterogeneous only above the critical amount of active ACPs 

that corresponds to a percolation threshold, as suggested by.44, 45 If there are too many active 

ACPs, contraction was reduced because buckling of F-actin is suppressed, which is consistent 

with the importance of buckling for contraction suggested by previous studies.46-48 In addition, 

emergences of clusters at lower ACP density and meshes at higher ACP density are consistent 

with results of previous simulations for cytokinetic rings although we did not observe ring 

formation at intermediate ACP density due to immobile motors.49 

CONCLUSIONS

In this study, we proposed a computational model designed for simulating myosin 

motility assays in a more rigorous fashion than previous models. The model successfully 

recapitulated previous experimental observations and also showed new interesting behaviors 

of F-actins under various conditions. We demonstrated effects of each parameter on behaviors 

of F-actins and networks by varying values of many parameters beyond the capability of 

experiments. In particular, volume-exclusion effects and ACPs play a very important role in 

the motions of F-actins and network morphology. In the near future, we will simulate the 

motility assay system in the presence of both volume-exclusion effects and ACPs. In addition, 

using the power and flexibility of our model, we will simulate a larger system for direct 

comparison with in vitro experiments as well as a motility assay with microtubules and kinesin 

motors that were employed in many recent studies.  
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FIGURES

Figure 1. Motor density (RM) and average length of F-actins (<Lf>) affect the gliding speed of 
F-actins. (a, c) Distribution of speed of F-actins. (b, d) Fraction of F-actins that are bound to 
only one motor or not bound to any motor. In these cases, volume-exclusion effects between 
F-actins were not incorporated. With smaller RM or <Lf>, speed of F-actin tends to be lower 
due to a larger number of free F-actins and F-actins bound to only one motor. If F-actins are 
long enough compared to average spacing between adjacent motors determined by RM, most 
F-actins can keep moving at speed close to the unloaded walking speed of motors (~0.14 µm/s).
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Figure 2. A mechanochemical rate in the cross-bridge cycle of myosin motors has a great effect 
on gliding motions of F-actins. We varied one of mechanochemical rates of myosin heads 
employed in the parallel cluster model, the ATP-dependent unbinding rate of motors (k20). In 
these cases, volume-exclusion effects between F-actins were not included. (a) Unbinding and 
walking rates of motors measured from simulations. (b) Distribution of speed of F-actins. (c) 
Fraction of active motors that are bound to F-actins. With higher k20, F-actins tend to move 
faster, but the speed is reduced at the highest k20 because the unbinding rate of motors is too 
high for the motors to walk stably on F-actins. (d) Autocorrelation of velocities of F-actins 
with various k20. F-actins propelled by motors with higher k20 move much faster and therefore 
change directions more frequently during the same time interval. 
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Figure 3. Volume-exclusion effects between F-actins lead to collective motions of F-actins. 
Actin concentration (CA) is varied with reference strength of repulsive forces (κr,A / κ*

r,A = 1). 
(a) Time evolution of network morphology with CA = 60 μM. Thin bundles emerge first, and 
then thick bundles and ring-like structures are formed later. (b) Final network morphology 
with different CA. (c) A correlation between network morphology at the end of simulations 
(100 s) and that at each time point. For example, a correlation value at 50 s represents a 
correlation between network morphology at 50 s and that at 100 s. Higher correlation values 
at later times in cases with large CA indicate that network morphology does not change 
significantly near the end. (d) A correlation between velocities of pairs of endpoints on F-
actins located at a distance r, which is averaged for last 50 s.
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Figure 4. The extent of volume-exclusion effects between F-actins highly affects network 
morphology. The strength of repulsive forces (κr,A) is varied. (a) Final network morphology 
with different κr,A at CA = 120 μM. With stronger volume-exclusion effects, more ring-like 
structures appear. (b) Heterogeneity of final network morphology, (c) Duration during which 
a correlation between final network morphology and morphology at a time point is larger than 
0.5, depending on CA and κr,A. With larger κr,A, network morphology becomes more 
heterogeneous and does not change much at later times. Effects of κr,A are weaker if CA is 
smaller. (d) A schematic diagram showing differences in behaviors of F-actins after collisions 
with other F-actins. If volume-exclusion effects are very weak, F-actins cross over each other 
easily. If volume-exclusion effects are relatively strong, F-actins can align with each other if a 
contact angle at the moment of collision is small. However, they cross over each other if the 
angle is large. This behavior results in formation of thick, large bundles. With very strong 
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volume-exclusion effects, F-actins cannot cross over each other regardless of whether the 
contact angle is large or small. Such a frequent change in the direction leads to formation of 
many, small ring-like structures.

Figure 5. Motions and properties of F-actins drastically change depending on density (RACP) 
and zero-force unbinding rate constant ( ) of ACPs. (a) Average speed of F-actin averaged 0

u,ACPk
for last 50 s and (b) heterogeneity of F-actin spatial distribution measured at the end with 
various RACP and . (c) Network morphology measured in all cases at the last time point, 0

u,ACPk
t = 100 s. F-actins and ACPs are visualized by cyan and yellow, respectively.  = 0.115 s-0*

u,ACPk
1 is the reference value of . White dashed lines in (a-b) are drawn to include cases with 0

u,ACPk
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= 0 in a log scale, so there is a discontinuity between cases with /  = 0 and 0
u,ACPk 0

u,ACPk 0*
u,ACPk

those with /  = 0.01. With higher RACP and lower , F-actins move slower. 0
u,ACPk 0*

u,ACPk 0
u,ACPk

Networks become quite heterogeneous at intermediate values of RACP and . 0
u,ACPk
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