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Abstract

Actin-myosin interactions play central roles in cellular force generation, which is intimately asso-

ciated with multiple cell processes, including cell migration, morphogenesis, and cytokinesis. It has

been widely reported that the conventional myosin II monomers can form thick filaments to achieve

sustained force generation. However, this thick filament structure varies substantially depending on

myosin isoforms and other conditions including ionic concentration and the pHvalue. The influence

of thick filament structures on generating contractile force is still elusive. Meanwhile, unlike the stri-

ated muscle cells, myosin thick filaments in smooth muscle and non-muscle cells are more randomly

distributed and their contributions to the cell mechanical adaptation still require a compelling expla-

nation. In this study, an agent-based computational model, incorporating cytoskeletal elements is

invoked to investigate the impacts of actin-myosin interactions on cellular force generation system-

atically and quantitatively. We first applied it to a general disorganized actomyosin structure and

determined that the density of thick filaments and their spatial distribution have an inextricable in-

fluence on the contractile force. Additionally, we demonstrated that the increase of the total myosin

monomers in a thick filament and the existence of a central bare zone are indispensable for enhancing

cell force generation. Furthermore, our simulation has revealed that actin-myosin interactions are the

linchpin of cell mechanical adaptation, which is consistent with our pre-conducted in vitro stretch

experiment of the ventral stress fiber. The buckling of the actomyosin bundle after compression is

mainly related to the unbinding events of myosin and ACPs. The following recovery can be ascribed

to the actin-rebinding ofmyosin and its walking rate along the filamentous actin. Strikingly, the initial

mechanical properties of actomyosin bundles such as the bending stiffness of F-actin and the bundle

thickness cannot alter this mechanical adaptation significantly. Based on these findings, our study can

provide insights into a comprehensive understanding of how myosin thick filament structure and its

dynamic interactions with actin contribute to cell force generation and its mechanical adaptation.
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Rigid,

the skeleton of habit alone

upholds the human frame.

Virginia Woolf,Mrs. Dalloway

1
Introduction

Actin-myosin interactions play essential roles in multiple cell processes. However, their un-

derlying mechanism varies depending on the protein isoforms and the cell types. In this section, a

systematic introduction was summarized from the molecular properties of myosin and its signaling

pathways for the mechanochemical interactions with actin to their structural association that facili-

tating the capacity of mechanical adaptation. Three types of cell, including the striated muscle, the
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smooth muscle, and the non-muscle cells, were incorporated. And the current knowledge of the ma-

jor muscle modeling methods for the force generation was investigated as well, together with a review

for the merits and demerits of each of them.

1.1Myosin superfamily and its structural properties

As the widely known motor protein, isoforms of myosin have formed a superfamily and have been

investigated for decades163. Depending on the molecular structures and cell types, myosin isoforms

function as a force generator,mechanical sensor, and cargo transporter. More than thirty-five isoforms

have been reported in nature, and they are indispensable for a myriad of cellular processes, including

cytokinesis, migration, vesicle transport, and morphogenesis98. Although there are several distinc-

tions among myosin isoforms (Fig. 1.1), their molecular structures can be described in a general form

(Fig. 1.2). They all startwith amotor domain, inwhich one or twomyosin heads are involved117. This

motor domain provides binding sites for the actin, ATP, and its hydrolysis products. The N-terminal

domains of myosin heavy chains (MHCs) are the origin of these motor heads. In most myosin iso-

forms, they are composed of the two helically constructedMHCs. A neck region or the level arm part

follows the motor domain. It mainly consists of the repeating IQ patterns whose number is depen-

dent on the isoforms. This neck region plays essential roles in myosin activation and conformational

change. It contains the associating spots formyosin light chains (MLCs) and other proteins including

the calmodulin20. The following part is the coiled-coil tail region dimerized from MHCs. This tail

domain is critical for interacting with other myosin monomers so that a thick filament can be formed

for the conventional myosin II isoforms. For several isoforms including myosin V, a cargo-binding

domain connects to the end of the tail domain and is the most C-terminal part of the molecule190.

It will associate with targets including vesicles for the intracellular transportation. In this study, we

mainly focus on the molecular basis for the force generation in cells, which is highly related to the tra-
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ditional myosin II isoform. Therefore, without specification, the following discussions are typically

associated with myosin II monomers.

Figure 1.1: Myosin isoforms. Multiple myosin isoforms exist in nature. The number of motor heads varies depending on
the isoform. For instance, Myosin I and Myosin IXb incorporate only one head, while Myosin II, Myosin V, and Myosin
X include two motor heads per monomer. Isoforms like Myosin II, V, and X can include a coiled‐coil motif or protein
interaction motif in their tail domain to promote dimerization, membrane‐binding, or cargo‐binding ability6.

1.2Myosin signaling pathway for the activation

Myosin generates mechanical forces with actin filaments by consuming the chemical energy from the

ATP hydrolysis25. This is the common method that exists in a wide range of cell types, especially

muscle cells. However, the signaling pathway formyosin activation varies highly depending on the cell
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Figure 1.2: Myosin structure. A general structure of myosin molecule can be categorized into a motor domain, a lever
arm, a dimerization domain, and a targeting region. Components in the motor domain are able to associate with ATP and
actin monomers. The converter plays an important role in amplifying its conformational alteration and propagating it to
the adjacent lever arm domain. This level arm part is composed of multiple IQ motifs in a helical manner, allowing the
association of different proteins including calmodulin (CaM) and specialized light chains. The following dimerization do‐
main can include a coiled‐coil tail facilitating the protein interactions. At the most C‐terminal regions can function as a
cargo‐binding domain. The structure of the dimerization domain and the targeting region are highly variable depending
on the myosin isoforms 163.

types89. It is a complicated process including multiple electrochemical transitions from the tissular

level to themolecular level. In this section, we summarize the current knowledge ofmyosin activation

in striated muscle, smooth muscle, and non-muscle cells.

1.2.1Myosin activation in striated muscles

Striated muscles, including the skeletal and cardiac muscles, are composed of multiple muscle fibers

parallel to each other41. In each muscle fiber, myofibrils including myosin and other proteins are

covered by the sarcolemma, a membrane-like structure that ensures the contraction directions of my-

ofibrils are maintained identically. This sarcolemma is also in charge of the formation of neuromus-

cular junctions via the widely distributed neurotransmitter receptors on its motor end-plate area77,89.

When motor neurons branch into multiple presynaptic terminals and close to this motor end-plate

area, they will combine with the neurotransmitter receptors consequently. Once the somatic nervous

system generates the neural impulse, this electric signal will propagate on the aforementioned pathway

and will turn on the voltage-gated calcium channels on each synapse. A subsequent influx of calcium

ions will be triggered and lead to the release of acetylcholine (ACh), a typical neurotransmitter105.
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On the sarcolemma, nicotinic acetylcholine receptors (nAChRs) bind to ACh upon its diffusion

across the synaptic cleft75. This interaction mechanically opens the sodium channel, a ligand-gated

ionotropic receptor, as it is directly coupled to the activated nAChRs. Consequently, the influx of

sodium ions induces depolarization of sarcolemma and initiates an action potential8. Then, the gen-

erated action potential propagates along themembrane until it reaches the transverse tubules, special-

ized invaginations of the sarcolemma enriched with ion channels. Within these transverse tubules,

L-type calcium channels, critical for excitation-contraction coupling in skeletal muscle, are activated

by the action potential89. The conformational changes of these channels mechanically stimulate the

ryanodine receptors (RyRs) located on the sarcoplasmic reticulum (SR). It should be noticed that

RyRs exist in three isoforms—RyR1, RyR2, andRyR3—each associated with calcium release in spe-

cific cell types38,49,189. In skeletal muscle, RyR1 is the predominant isoform and is directly coupled

to the L-type calcium channels. Upon activation, RyR1 facilitates the release of calcium from the

SR, leading to an increase in cytosolic calcium concentration. This process, known as depolarization-

induced calcium release (DICR), is central to myosin activation (Figs. 1.3 and 1.4).

As the cytosolic calcium concentration increases, the released calcium ions bind to troponin C

(TnC), a calcium-binding subunit of the troponin complex, an integral component of the actin fila-

ment in striated muscles45. Besides the TnC, the complex comprises another two subunits, includ-

ing troponin I (TnI) and troponin T (TnT). Considering their individual function, TnC serves as

the calcium sensor, TnI inhibits actomyosin interactions under resting conditions, and TnT anchors

the complex to the tropomyosin. Calcium binding to TnC induces a conformational change in the

entire complex. This structural rearrangement displaces the tropomyosin, a regulatory protein, into

the groove of the helical F-actin filament and uncovers the myosin binding spots along the actin fila-

ment45,176. As a result, the myosin-binding sites are exposed. This exposure enables subsequent in-

teraction, facilitating the cyclical attachment, power stroke, and detachment of myosin heads. These

events drive the sliding ofmyosin toward the barbed ends of actin filaments, generating the force neces-
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sary for muscle contraction. It should be noticed that there are still several differences in the signaling

between cardiac and skeletal muscles even though their basic mechanisms are similar. For example,

the L-type calcium channels play more important roles in cardiac muscle cells, since the calcium in-

flux via them can further trigger the calcium release from SR through the RyRs, which is known as

the process named the calcium-induced calcium release (CICR)89. In addition, cardiac muscle can

further regulate myosin activity through the phosphorylation of its regulatory light chains (RLCs),

whichmainly exist in smoothmuscle and non-muscle cells andwill be introduced in the following sec-

tion. Such additional myosin regulation via RLCs in cardiac cells has been reported as a mechanism

for enhancing the active force and improving its calcium sensitivity69(Fig. 1.4).

Figure 1.3: Myosin activation in striated muscles. The activation of striated muscle myosin II is a complicated process,
including an electrochemical signaling transition between the neuron system and muscle cells, and the depolarization‐
induced calcium release (DICR) 89.
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Figure 1.4: Summary of the myosin activation in striated muscles. Part in blue represents the electrochemical signal‐
ing; part in green denotes the process of DICR; part in orange indicates the force generation based on actin‐myosin
interactions 194.

1.2.2Myosin activation in smooth muscle and non-muscle cells

Unlike striated muscles, smooth muscle and non-muscle cells do not contain the troponin complex.

Instead, the activationofmyosinheads primarily relies on thephosphorylationof their regulatory light

chains (RLCs)162,59. Upon calcium influx, the calmodulin protein, which localizes on the myosin

neck region, binds to calcium ions. This binding subsequently activates myosin light chain kinase

(MLCK), an enzyme responsible for phosphorylating the RLCs. Phosphorylation triggers a confor-

mational change in the myosin molecule, further increasing its ATPase activity. This MLCK-based

regulation is the common mechanism underlying smooth muscle and non-muscle cell contraction,

often referred to as calcium-calmodulin-dependent myosin light chain phosphorylation (Fig. 1.5).

However, there are several differences between the two types of cells. For example, the MLCK iso-

forms in non-muscle cells are longer than those found in smoothmuscle cells. Additionally, the phos-
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phorylation rate ofMLCK differs depending on the type of myosin. Studies have shown thatMLCK

phosphorylates smooth muscle myosin more quickly than non-muscle myosin, enabling the smooth

muscle to contract rapidly in response to calcium influx162.

Besides theMLCK, there is an additional protein called theRho-associatedprotein kinase (ROCK)

that can regulate the RLC phosphorylation and further facilitate myosin activation in smooth mus-

cle and non-muscle cells151,81,31. Unlike the MLCK, ROCK triggers the actin-myosin interaction in

a calcium-independent manner (Fig. 1.5). It is highly related to a small GTPase called RhoA, which

can bind toGTP and initiate theROCK.As a result, the activatedROCKcan inhibit themyosin light

chain phosphatase (MLCP), which can dephosphorylate the RLCs. Although it is not the predom-

inant pathway, ROCK has been reported for its ability to phosphorylate myosin RLCs at serine and

threonine residues, directly contributing tomyosin activation151. Similar to theMLCKmechanism in

cardiac muscle, ROCK in smooth muscle cells can enhance calcium sensitization as well, particularly

when the intracellular calcium concentration is decreasing. In the non-muscle cells, ROCK mainly

contributes to the contraction of stress fibers. It has been demonstrated that the RLC phosphoryla-

tion presents a spatial-based preference for MLCK and ROCK. Several studies have determined that

RLC phosphorylation relies more on ROCK at the cell center, whereas the MLCK plays a predom-

inant role at the cell periphery7,61,170. However, these two mechanisms can occur simultaneously

for initiating the actin-myosin interaction by MLCK and maintaining the cell contractility based on

ROCK25.
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Figure 1.5: Myosin activation in smooth muscles. Myosin light chain (MLC) kinase can be triggered by the release of
calcium ions from L‐type calcium channels or IP3Rs. The phosphorylated MLC can facilitate the muscle contraction
subsequently. The RhoA/ROCK pathway can contribute to calcium sensitization by shifting the phosphorylation state of
the myosin light chain phosphatase (MLCP)89.
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1.3Actin-Myosin interaction and myosin molecular dynam-

ics

Although the signaling pathway for myosin activation varies depending on cell types, their mecha-

nism for interacting with actin is conserved. An overview of the current knowledge of actin-myosin

interaction is summarized in this section. In addition, experimental and theoretical explanations of

myosin dynamics are included here as well.

1.3.1Actin-myosin ATPase cycle

Based on the advancement of microscopy, the interaction process betweenmyosin and actin has been

investigated anddescribed in detail67,63. After the displacement of tropomyosin,myosin IImonomers

can bind to F-actins by consuming ATP. The chemical energy from the ATP hydrolysis facilitates this

myosin-binding event (Fig. 1.6). Meanwhile, its hydrolysis products, including the adenosine diphos-

phate (ADP) and phosphate (Pi), are associated with the motor head domain in myosin. This actin-

myosin state is called the weakly bound state or the pre-powerstroke state since its labile connection is

due to the higher thermal energy163. Following the weakly bound state, myosin will release the Pi and

only the ADP remains on the myosin head. During this Pi release phase, a conformational change

occurs in the neck region of myosin, altering the angle between the motor head and the following

level arm166 (Fig. 1.7). This structural shift is also the origin of force generation. Because it causes

a relative displacement between actin and myosin, it can be considered muscle contraction from the

macroscopic view, which is also the fundamental observation for supporting the sliding filament the-

ory141. The ADP-associated myosin maintains this strongly bound ADP state until the subsequent

ADP release leads to the strongly bound rigor state, which is the final actin-bound state of the actin-

myosin ATPase cycle. It has been revealed that this ADP release process is highly force-dependent163.
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Therefore, the actomyosin machinery demonstrates significant mechanochemical features. Follow-

ing this rigor state, a new ATP can attach to the myosin head again which results in the dissociation

between actin and myosin. Due to this reattachment of ATP, a conformational change in the head

domain is induced and alters its affinity for actin. Meanwhile, it is associated with a significant free

energy change, making the reverse reaction (ATP unbinding frommyosin without hydrolysis) highly

unfavorable. Hence, the myosin unbinding event can be triggered, and it is an irreversible process.

Following that, the unbound free myosin would be ready for another interaction cycle once the ATP

hydrolysis occurs.

Together, thisActin-myosinATPase cycle canbe summarized andcategorized intounbound,weakly

bound, and strongly bound states. The ratio of the strongly bound time to the time consumption for

one cycle is defined as the duty ratio ofmyosin. This interactionmechanism is highly conserved among

myosin isoforms, however, the unbinding rates of Pi and ADP are distinct, which results in different

transition rates formyosin isoforms. For example, the duty ratios ofmyosinV andVI are large enough

for their heads to stay a relatively long time on F-actins190,85. During this period, another motor head

in the myosin monomer can rebind on a new position on F-actin, which allows continuous walking

along the thin filament141. This type of motor protein is termed the processive motor. On the other

hand, the duty ratio for the conventional myosin II monomer is much lower than the processive ones.

Therefore, these non-processive myosins usually form an ensemble to ensure continuous walking on

F-actins46. It should be noticed that the two heads of non-processive myosin interact with actin inde-

pendently according to the single-molecule experiments173. However, muscle stretching experiments

have demonstrated a rapid attachment of the secondmotor in amyosinwhose one head has already at-

tached to actin14. Such force-induced fast attachment allows the twomyosin heads can be considered

as working simultaneously.
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Figure 1.6: Actin‐myosin ATPase cycle. The interactions between actin and myosin are the origin of force generation.
Depending on the conditions, this interaction cycle can be categorized into three mechanochemical states including the
unbound, weakly bound, and strongly bound states. The essence is the conformational change of the myosin level arm
during the transition from the weakly bound to the strongly bound states. It is triggered by the phosphate release, one
of the ATP hydrolysis products, thus bringing a displacement between actin and myosin. It should be noticed that the
duty ratio or the lifetime of the myosin II monomer on actin is much shorter than processive myosin isoform like myosin
V. Therefore, to achieve sustained force generation, myosin II usually forms a thick filament and works as an ensemble
on F‐actins 163.
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1.3.2Theoretical explanations for the level arm swinging

Asmentioned earlier, the conformational change of themyosin neck region, particularly the swinging

movement of the lever arm, is considered the essential origin of force generation (Fig. 1.7). However,

the fundamental mechanism that could explain this structural alteration is still debatable. Currently,

two major theories exist, corresponding to the power stroke and the Brownian ratchet mechanisms.

In the power stroke mechanism, a great downhill of the motor free energy resulted from the Pi

release. Such energy is provided by the external source mainly the hydrolysis of ATP and stored as

elastic energy in the motor67,177. The subsequent release of Pi is a local event that facilitates tension

relaxation so that the relaxed motor can proceed with a following swinging. Although the molecu-

lar part in myosin monomer that can function as this elastic element is still elusive, this power stroke

mechanism has been widely accepted and applied in a myriad of myosin modeling theories and expla-

nations. However, single-molecule observations and theoretical predictions have demonstrated that

the considerable strain for providing sufficient elastic energy of a level arm swinging is impractical due

to the monomer size111. It implies that there should exist additional energy events for accomplishing

the conformational change of the motor.

Another major theory, the Brownian ratchet mechanism, considers the myosin head continuously

fluctuating forward and backward along the actin filament177,179. However, the potential distribu-

tion along the filament is periodically asymmetric and sawtooth-like because of the unidirectional

arrangement of actin monomer, which is the origin of the filament polarities29,114. Subsequently, the

external energy supplement (e.g. ATP hydrolysis) will improve the contained free energy in themotor

head and a spatial bias downhill of it can be followed due to the asymmetric potential distribution.

Therefore, the myosin movement on actin filament resembles a gear working on a ratchet which is

unidirectional and irreversible.
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Figure 1.7: Swinging of the motor lever arm. The F‐actin is shown on the left side. The myosin II motor domain is shown
at the center binding to the F‐actin. The connected myosin lever arm and its associated myosin light chains are pre‐
sented on the right side. This swinging of the motor lever arm from the weakly bound (top) to the strongly bound (bot‐
tom) states is vital for generating the contractile forces166.
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Figure 1.8: Two major theoretical mechanisms for myosin II dynamics. Scenario 1 represents the power stroke mech‐
anism, defined as the generation of a large free energy gradient over a distance comparable to the myosin step size.
Therefore, the transition to the forward binding site occurs nearly irreversibly. Scenario 2 is the Brownian ratchet mech‐
anism, in which the motor head visits previous and forward binding sites through thermal fluctuation, and stabilization in
the forward binding site. It occurs by the conformational changes triggered by the fuel processing event110.
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However, it would be difficult to distinguish which theory is more accurate because they both

capture themyosin dynamics from certain aspects, and they are both supported by several experimen-

tal results179,177. In addition, the downhill of free energy in the Brownian ratchet can be regarded

as a power stroke with a small swinging length. In fact, a hybrid model has been proposed that the

myosin level arm is triggered to have a conformational swinging first and reach the adjacent bind-

ing site through a biased thermal fluctuation44. The accuracy of the two is highly dependent on the

context, scale, and specific conditions of the system being studied. For instance, the power stroke

mechanism has beenwell-accepted for the explanation of highly organized actomyosin structures, like

skeletal and cardiac muscles. On the other hand, the Brownian ratchet mechanism has been more

frequently applied to determining the myosin dynamics in non-muscle cells or at the single-molecule

level where thermal fluctuations and stochastic events dominate. Nevertheless, these twomechanisms

are highly likely to contribute to the actin-myosin interactions simultaneously and it is unnecessary to

strictly distinguish them.
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Figure 1.9: Explanations of the power stroke and Brownian ratchet mechanisms. (A) The explanation for the power
stroke mechanism. A fuel event represents the binding of ATP or the release of an ATP hydrolysis product. It causes the
conformational change of the motor head domain (converter) and subsequently alters the equilibrium position of the
mechanical element (lever arm). (B) The explanation for the Brownian ratchet mechanism. V(x) denotes the potential
on position x, which is asymmetric. P(x) represents the probability distribution. Free diffusion is allowed for the motor
heads when V(x) is off. Once V(x) is turned on, motors undergo biased diffusion to the low potential position on the
right 67.
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1.4Assembly and variations of myosin II filament

As introduced above, there are three isoforms of myosin II, including the striated muscle, smooth

muscle, and non-muscle myosins. Myosin isoforms assemble into filamentous structures that exhibit

considerable diversity in both size andmorphology, with lengths ranging from approximately 0.3 μm

to 1.5 μm and encompassing between around 56 and 800myosin heads171,25,134,156,127,173,147,62. The

structural arrangement of these filaments varies by myosin type and functional context. For exam-

ple, smooth muscle myosin predominantly forms side-polar filaments, which are structurally distinct

from the bipolar filaments formed by non-muscle and skeletal muscle myosins. Bipolar filaments are

characterized by two clusters of myosin heads situated at either end of the filament and a central bare

zone devoid of myosin heads, typically measuring around 160 nm in length (Fig. 1.10). This central

bare zone plays a critical role in the filament’s mechanical and functional properties.

The number of myosin II molecules within a filament is not fixed but is instead influenced by var-

ious physiological conditions, including pH levels and ionic concentrations74,139,144,71. Such envi-

ronmental factors modulate filament assembly and stability, thereby tailoring the myosin filament’s

functional properties to specific cellular or experimental conditions.

A defining feature of individualmyosin II heads is their relatively lowduty ratio, which refers to the

fraction of their enzymatic cycle spent in a strong actin-binding state. Unlike processive motor pro-

teins, such as myosin V or kinesin, which exhibit high duty ratios and can continuously translocate

along actin filaments, myosin II heads are bound to actin for only a small proportion of their opera-

tional cycle80. Consequently, a single myosin II head cannot sustain continuous movement along an

actin filament on its own.

To overcome this limitation, myosin II molecules aggregate to form filamentous assemblies with

multiple motorheads. This collective organization ensures that, at any given time, a sufficient num-

ber of myosin heads within the filament are engaged with actin filaments. This cooperative binding
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mechanism enables themyosin II filament tomaintain proximity to F-actin, facilitating efficient force

generation and mechanical stability during cellular processes. The multivalent nature of the filament

thus compensates for the low duty ratio of individual myosin II heads, ensuring robust interaction

with the actin cytoskeleton under diverse physiological and experimental conditions.

Figure 1.10: Variations of myosin II filaments. Depending on the cell type and other conditions like pH and ionic concen‐
tration, the structure of myosin II thick filament varies a lot, including the length, number of monomers, and if a center
bare zone exists. (A) The thick filament in striated muscles is usually longer (around 1, 600 nm) and with many myosin
monomers (around 300). A center bare zone exists, and the filaments are well arranged to generate forces in a certain
direction. (B) For the thick filament in smooth muscle cells, there is no bare zone and its length (300 ‐ 1, 500 nm) and
monomer number (100 ‐ 400) change depending on the tissue. (C) Thick filaments in non‐muscle cells are bipolar struc‐
tures with a bare zone. Their length (around 300 nm) and monomer number (around 30) are shorter and less than other
cases 25,102,74.
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1.5Theoretical studies of force generation of myosin thick

filaments

Myosin II filaments play a critical role in generating mechanical forces within actomyosin structures

by interacting with filamentous actin (F-actin). The bipolar nature ofmyosin II filaments allows their

heads, oriented with opposite polarities, to pull F-actins in opposite directions by walking toward

the barbed ends of the filaments. This bidirectional pulling generates both tensile and compressive

forces, particularly in disorganized actomyosin structures that differ significantly from the organized

sarcomeres found in muscle cells125.

Theoretical and computational studies have shown that F-actin is highly susceptible to buckling

under compressive forces. As a result, disorganized actomyosin bundles or networks predominantly

experience net tensile forces, which are key to mediating diverse contractile behaviors95,96,133. To un-

derstand these processes, various reconstituted actomyosin systems have been utilized. These systems

have provided valuable insights into how contraction and force generation emerge from the inter-

play between F-actins, myosin II filaments, and actin cross-linking proteins (ACPs)126,10,157,121,86,101.

Despite these advances, the influence of specific structural properties of myosin II filaments on con-

traction and force generation in disorganized actomyosin structures remains poorly understood.

Several computationalmodels havebeen employed to study actomyosin contractility2,3,4,22,161,183,94.

However, many of these models suffer from significant limitations. For instance, some models rep-

resent myosin II filaments as simplified structures, such as points94,51, rods with only two binding

sites22,17,40, or force dipoles146. These abstractions fail to capture the complex architecture of myosin

II filaments, which can significantly impact their functional behavior.
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1.6Sarcomeres in organized actomyosin structures

For striated muscles in most mammals incorporating the skeletal and cardiac muscles, their complex

structures were initially understood through anatomical studies, revealing parallel fibers termedmus-

cle fibers52,159,113,182. Further microscopic advancements revealed myofibrils within these fibers, de-

lineated by periodically distributed sarcomeres, the fundamental unit of force generation52,159. These

sarcomeres aremainly composed of proteins ofmyosin-II, F-actins, andACPs like the α-actinin113,182.

Along the myofibril, two dim lines termed Z-lines delimit a single sarcomere. In each of them, it is bi-

sected by a centralM-line which is covered by a symmetrical area with a deep color. This area is named

the anisotropic band (A-band) because it demonstrates the overlap between the thin F-actins and the

myosin thick filament. Similarly, the area with a shallow color that is adjacent to each Z-line is termed

the isotropic band (I-band) due to its single component of the F-actin. In this contractile unit, barbed

ends of F-actins are clamped symmetrically to the Z-lines, predominantly composed of ACPs, and are

the boundaries of adjacent sarcomeres. A thick filament formed by myosin II proteins is centralized

in the sarcomere bymyomesin proteins in theM-line and the giant protein titin as well. This rigorous

arrangement leads to a hierarchical structure that facilitates effective force development (Fig. 1.11).

In addition, sequentially connected sarcomeres ensure rapid force generation on a macroscopic scale

when the muscle is activated—such a stereotypical architecture results in a stable response to external

forces.
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Figure 1.11: Sarcomere structure in striated muscle cells. Sarcomere thin filament proteins comprise actin, tropomyosin
isoforms, and troponins C, T, and I. The bipolar myosin II thick filament is centralized by myosin‐binding protein‐C, and
titin from the Z‐line to the M‐line. The sarcomere is anchored through titin and actin interactions with Z disc proteins
including the α‐actinin, where the barbed ends of the F‐actins were clamped and the pointed ends were left free124.
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1.6.1Current muscle modeling methods

Muscle modeling, which is used to analyze and predict force generation quantitatively, has become

another important field that has attracted the attention of researchers, along with anatomy. Early

muscle modeling efforts, notably A. V. Hill’s pioneering work in 193857, conceptualized muscles as

elastic and contractile elements based on his observations of the in-vitro frog sartorius contractions,

framing subsequent Hill-based models (Fig. 1.12). Their efficient recapitulation of the force-velocity

relationship has lent credence to the idea that several mechanical elements can represent the mus-

cle. Therefore, more Hill-based muscle models were reported by introducing different mechanical

elements and arrangements in them, which resulted in more complicated descriptions of the muscle

function13,97,104,153,188. However, it should be noted that the Hill model was built on a phenomeno-

logical study, which implies the components in it cannot be related to realistic structures in muscle

directly. Therefore, to provide a compelling explanation formuscle contraction, themechanismneeds

to be extrapolated from the molecular aspect.

Figure 1.12: Diagram of Hill‐based muscle model. CC, PEC, and SEC represent the contractile component, the parallel
elastic component, and the series elastic component, respectively. ft and fm denote the muscle‐tendon force and the
muscle fiber force, respectively. α indicates the pennation angle between the longitudinal direction of muscle fiber and
the acting direction of the muscle force.194.
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With the enhancement of protein understanding, the famous sliding filament theorywas proposed

based on precise experimental detections in 195465,63,66,64. It explains that the mechanism of force

generation in skeletalmuscle results from the sliding interactions between the F-actins and themyosin

thick filaments. According to its description, during muscle contraction, the A-band in each sarcom-

ere is enlarged while the I-bands are narrowed down because of the two approaching Z-lines. Conse-

quently, each sarcomere shrinks, and thus the whole muscle contracts. In the sliding filament theory,

this phenomenon is induced by the active pulling on F-actins from the myosin. Moreover, associ-

ated with the sliding filament theory, the cross-bridge model was developed subsequently in 195763,

which describesmuscle contraction from amolecular perspective and has been amilestone in the field

of muscle modeling. In this theory, actin and myosin are considered the main components for gener-

ating force. When the muscle is activated by the increase of calcium concentration, the myosin heads

undergo an association with the binding sites on actins, forming connections termed cross-bridges

with the F-actin as introduced in previous chapters.

Most of the molecular models based on thermodynamics detail muscle contraction by illustrating

the actomyosin interactions. While widely accepted, they faced skepticism regarding their predictive

accuracy. These models’ inability to account for structural and energetic stability discrepancies in

muscles raised significant doubts128,54. For instance, according to the cross-bridge-based models, the

binding dynamics of the myosin ensemble should be determined stochastically. Hence, there should

be a possibility that the number of boundmyosin heads in two halves of a sarcomere exhibits a salient

discrepancy. This theoretical situationwould result in different contraction rates in a single sarcomere

andwould break its symmetry. However, on the contrary, experimental results present no evidence for

such a prediction54,58,122. Although the sarcomere number in single myofibril varies to a reasonable

extent, structural stability is maintained well during any physiological phase of muscle. Moreover, the

passive stretch (stretch without the myosin activation) should lead to a fast slippage between the thin

and thick filaments in accordance with the cross-bridge theory, because themyosin heads cannot bind
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to F-actins in the low calcium condition to form the cross-bridges. In contrast, the in-vitro passive

stretch of the muscle fiber still exhibits a certain resistance to the external tension, which indicates

additional connections between the thin and thick filaments99.

Furthermore, the cross-bridgemodel barelyprovides compelling explanations for the time-dependent

properties of muscle regarding mechanical adaptation, especially the phenomena during the post-

activation phase. Residual force enhancement (rFE) has been extensively studied in the field ofmuscle

physiology32,54,143,70. It refers to a subsequent increase in the isometric force when a previously acti-

vatedmuscle is stretched beyond its rest length, compared to the output in the purely isometric short-

ening of an activemuscle without prior eccentric contraction. However, according to the cross-bridge

model, force generation should be identical with the same level of sarcomere length (SL) because of

the actomyosin consideration. On the other hand, it lacks credibility in explaining the residual force

depression (rFD) as well, which is the reduction in muscle force observed when a previously activated

muscle is shortened compared to its isometric force after prior activation1,130. These discrepancies

between predictions and observations demonstrate that the cross-bridge model is a simplified repre-

sentation of the complex mechanics of muscles. It focuses on the interactions between myosin and

actin, neglecting other potentialmechanisms and factors thatmight contribute to the time-dependent

properties of muscle. These phenomena of rFE and rFD can obtain an adequate explanation by pos-

tulating that an elastic element connects F-actins and the myosin thick filament and demonstrates an

activation-dependent mechanical property.

1.6.2Potential protein stabilizer for mechanical adaptation

Although the proteins includingMyB-C andmyomesin, can be associatedwithmyosin thick filament

and stabilize it at the center of each sarcomere, its contribution to the rFE and rFD is still unclear55. To

elucidatemuscle stability and its time-dependent properties formechanical adaptation, researchers at-
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tempted to ascertain potential mechanisms or factors that can complement the deficiencies of existing

cross-bridge-based models. Decades after the cross-bridge model was proposed, researchers observed

some extremely thin filaments can connect the A- and I-bands in striated muscle by using the elec-

tron microscope. However, the appearance of this new monomer was not depicted in detail at that

time. It did not attract enough attention until Maruyama detected the existence of this giant protein

with elastic properties and named it connectin initially 1976115. Today, it is well known as the giant

protein titin which is currently the largest protein in nature. With a mass of around 4.2 MDa, titin

exhibits a length of half sarcomere, connecting the thin and thick filaments directly172. Additionally,

the evidence of titin elasticity sheds light on amore precise muscle modeling, which can overcome the

limitations of the pre-existing cross-bridgemodel. Since the advent of titin, a multitude ofmodels has

attempted to describe and simulate muscle mechanisms by including this giant protein.

Considering its molecular structure, as the largest known protein, single titin arranges from the Z-

line to the M-line in vertebrate striated muscles, which is the half length of the sarcomere (Fig. 1.13).

In such a long structure, titin monomer can be mainly divided into four segments based on their

corresponding positions in the sarcomere. It includes the Z-line, I-band, I-band/A-band transition,

and A-band segments connected in tandem172,30. Among them, the Z-line segment interacts with α

-actinin and anchors to single F-actin through its amino terminus at the boundary between adjacent

sarcomeres, while the A-band segment associates with the backbone of the myosin thick filament and

binds to the M-line via its carboxyl terminus.

As a molecular clutch for muscle contraction, the I-band segment in titin exhibits tunable stiffness

and plays predominant functions in force generation. It can be considered a composite elastic element

that incorporates sub-segments with different mechanical properties. According to the components,

the I-band segment consists of the proximal immunoglobulin (Ig) sub-segment near the Z-line seg-

ment, the N2 region, the PEVK sub-segment composed of proline (P), glutamate (E), valine (V),

and lysine (K) residues, and the distal Ig sub-segment connecting to the A-band segment (Fig. 1.13).
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Depending on the striatedmuscle types, these domains vary into different isoforms. For the highly ex-

tensible skeletalmuscle like the soleus, the proximal Ig sub-segment is followed by an additional repeat

of Ig domains and the N2 region exhibits a specific isoform termed N2A172. Meanwhile, its PEVK

domains tend to repeat more than other isoforms. These variations induce the titin monomer in the

skeletal muscle demonstrating the longest isoform, which facilitates muscle extensibility further. On

the other hand, the titin isoforms in the cardiac muscle exhibit a shorter and thus stiffer I-band seg-

ment with different N2 regions including N2B and N2BA. For the spatial distribution, one myosin

thick filament is connected by six titinmonomers in each half of the sarcomere. These titinmonomers

associate in their distal Ig sub-segment and work in concert to stabilize the thick filament. Based on

this structure, titin monomers in each half sarcomere can centralize the thick filament in both the

longitudinal and the transverse directions.

Figure 1.13: Diagram of titin monomers in half sarcomere. Titin is a giant protein that ranges from the Z‐line to the
M‐line in each sarcomere, composed of multiple domains with distinct stiffnesses, including the proximal Ig domains,
differentially spliced Ig domains, the N2 domain, the PEVK domain, and the distal Ig domains 33.
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Due to the composite I-band segment, reactions of titin under the passive stretch express me-

chanical diversity, which predominantly depends on the extent of tension. According to the single-

molecule experiments, the short linkers between proximal Ig domains in the titin express the lowest

stiffness172,128. It indicates that the proximal Ig sub-segment will be straightened first during the pas-

sive stretch. Compared to that, the PEVKdomains exhibit a higher stiffness andwill be extendedwith

further elongation. Different from these two regions, the distal Ig sub-segment presents the highest

stiffness in this I-band segment because it associates with that in the other five titin monomers. This

distal configuration forms a rigid-like end segment in the I-band/A-band transition segment, which

enables a strong connection between titin and the myosin thick filament. It would be extended only

when the SL exceeds the physiological range under high tension. However, in the straightened proxi-

mal Ig sub-segment, the polypeptides keepunfolding and refolding, which actively releases the tension

on it. Further extension will unfold the PEVK regions subsequently. Therefore, during the single-

molecule stretch, a saw-tooth-like force relaxation can be observed after a drastic passive stretch.

Although titin contributes to the sarcomere integrity significantly under passive tension, it can reg-

ulate the SL in amore reasonable andphysiological rangeby conformational change. During the initial

state of the muscle activation, the N2A region will bind to the F-actin which is triggered by the in-

crease of calcium concentration. With this structural alteration, the proximal Ig sub-segment remains

in a relaxed phase that prevents its extension and unfolding. Therefore, the stiffer PEVK domain and

the distal Ig domainwill undertake the tension from the slippage between the thin and thick filaments,

which further shortens the rest length of the titin monomer and thus enhances its molecular stiffness

significantly. During this initial phase, the elastic energy is stored in the activated titin temporarily,

which prevents the sarcomere disintegration from the rapid eccentric contraction54. However, with

the increase of calcium concentration, the cross-bridges between the thin and thick filaments will be

formed. These additional connections will share the tension and enhance the structural stability as

well. Consequently, the straightened titin will refold itself to release the tension and the stored elastic
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energy. With this dynamic mechanism, titin monomer functions as a molecular clutch or a battery of

elastic energy that can modulate the structural and energetic stabilities during active muscle contrac-

tion, facilitating muscle mechanical adaptation128.

1.6.3Theoretical muscle modeling for mechanical adaptation

Currently, building mathematical descriptions of titin based on experimental observations is one of

the major approaches. In these theoretical models, the biological properties of titin are usually sim-

plified by original assumptions. This type of modeling method can provide intuitional explanations

for observations. For instance, in the “sticky-spring” model proposed by Rode et al.145, an intriguing

mechanism of titin was introduced, which can elucidate the rFE and rFD effectively and reasonably.

In this “sticky-spring” theory, the force generated by activated muscle was bisected into the ac-

tive and passive parts. The active force is generated by the conventional actin-myosin interactions,

while the passive force is attributed to the titin behaviors. The actin-binding events of the titin PEVK

domains were described as a contender for the myosin-binding sites on the F-actin. In addition, the

PEVK-actin attachmentwas assumed as amechanosensitive association. Itmaintains a strong connec-

tion when the distal Ig sub-segment propagates a stretch toward the M-line. In contrast, this PEVK-

actin attachment exhibits a higher unbinding rate if the pulling is toward the Z-line (Fig. 1.14). Fur-

thermore, once the extensional force from the eccentric contraction exceeds its stall value, the distal

PEVK part (near the distal Ig sub-segment) would unbind from the actin and then reattach to an ad-

jacent binding site. Therefore, during the activated-stretch phase, the length of the PEVK-associated

actin region gradually elongates, which results in the additional force bearing. By releasing this large

storage of elasticity, the generated force in a subsequent isometric contraction can be enhanced sig-

nificantly. This assumed sticky titin explained the rFE and defined the nomenclature of their the-

ory as well. Moreover, since the PEVK domains compete with the binding sites with myosin, the
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bound PEVK domains block a fraction of the cross-bridge formation during the activated compres-

sion, which further reduces the active force generated by actin-myosin interactions. This inhibition

will be removed until the PEVK-actin attachment is pulled in the unpreferred direction. Therefore,

the rFD can be explained by this “sticky-spring” titin as well.

Figure 1.14: Diagram of the ”Sticky‐spring” model. The actin‐binding events of the titin PEVK domains were described
as a contender for the myosin‐binding sites on the F‐actin. In addition, the PEVK‐actin attachment was assumed as a
mechanosensitive association. It maintains a strong connection when the distal Ig sub‐segment propagates a stretch
toward the M‐line. In contrast, this PEVK‐actin attachment exhibits a higher unbinding rate if the pulling is toward the
Z‐line. 145.

However, this theory encounters significant skepticism when facing the following considerations.

First, whether PEVK domains can compete with myosin for the binding sites is still controversial. In

addition, recent evidence demonstrated that the N2A region of titin exhibits the actin-binding prop-

erty as well128. Considering the vicinity of the N2A and PEVK domains, the interaction between

the PEVK domains and the F-actin can be a consequence of the N2A-actin binding event. Neverthe-

less, this “sticky-spring” theory focused on the modeling of passive force, the Hill-based model was

still adopted for the active part, which is well-known as a phenomenological model. Although this

“sticky-spring” model represented the potential of titin for extrapolating the muscle time-dependent

properties, its application is still debatable due to the unverified assumptions.

Differing from proposing a sticky performance of the PEVK sub-segment, Nishikawa et al.131 fo-

cused on the binding dynamics of theN2A region and a subsequent winding of the PEVKpart. Dur-
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ing the muscle activation, the increase of calcium concentration leads to the N2A-actin binding in-

teractions, which consequently shortens the rest length of the I-band segment. According to in-vitro

experiments, a right-handed rotation of F-actin is induced by its interaction with myosin123. Based

on this, Nishikawa et al. assumed that the cross-bridges formed in activated muscle would not only

pull F-actins to the sarcomere center but also exert a right-handed torque on them. And because of

the previous association of theN2A region, the tension-bearing PEVK sub-segmentwould bewinded

upon the rotating F-actin and further increase its effective stiffness (Fig. 1.15). The torque resulting

from the cross-bridges will be balanced by PEVK and the orientation changes of α-actinins in the Z-

line. Since this winding assumption is based on the actomyosin interactions, it highly depends on the

shortening force and the energy stored in titin. For instance, when the sarcomere is under an isomet-

ric contraction, elastic energy stored in titin will be released. Meanwhile, the continuous actomyosin

interactions keep winding the free PEVK which increases its energy storage. These two mechanisms

are competing with each other during the contraction process. Therefore, when the contractile force

from cross-bridges decreases with fast contraction, PEVK will unwind from the F-actin, which re-

sults in the energy release in titin. On the contrary, titin exhibits an increasing energy storage if the

cross-bridges force increases with slow contraction. Based on this, a kinematic model was developed,

in which parameters including the winding angle and filament rotation angle are related to SL and

shortening velocity. In addition, the elastic potential energy in the PEVK sub-segment can trans-

fer into the kinetic energy related to the shortening velocity. In this winding-filament model, PEVK

kinematics are governed by a non-linear ordinary differential equation. With this setup, simulations

regarding the force generation after an active stretch were conducted with different initial SLs. Ac-

cording to the results, significant force enhancements were obtained on the descending limb of the

force-length relationship, which implies the model’s feasibility for explaining the rFE. Additionally,

energy transition from the force-bearing PEVK to kinetic energy during active compression brings

relatively small cross-bridge force and subsequent unwinding of PEVK. Therefore, cross-bridges dur-
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ing a later steady-state contraction need to rewind the titin, which leads to a depression of the overall

force generation (rFD).

Figure 1.15: Diagram of the ”Winding‐filament” model. The cross‐bridges formed in activated muscle would not only
pull F‐actins to the sarcomere center but also exert a right‐handed torque on them. And because of the previous associ‐
ation of the N2A region, the tension‐bearing PEVK sub‐segment would be winded upon the rotating F‐actin and further
increase its effective stiffness. 131.

Although the winding filament model proposed a novel and reasonable hypothesis of titin based

on real actomyosin observations, the N2A-actin interaction still requires more evidence. Alterations

of the F-actin pitch were observed in activated muscle, which implies the filament rotation resulting

from the actomyosin interactions123. However, direct evidence for the winding consequence of the

PEVK sub-segment still awaits supplements.

Instead of proposing hypotheses of titin property,Herzog and his colleagues tried to adopt theories

in polymer physics to describe the mechanics of this giant protein152. By considering the interactions

among titin, F-actin, andmyosin thickfilament, theybuilt a novel three-filamentmodel (Fig. 1.16). As

the essential theoretical part of their model, the worm-like chain (WLC) theory112, which is mainly

applied to fit the stretch experiments of DNA, was utilized to reproduce the mechanical response

of the proximal Ig sub-segment. Based on single-molecule experiments, the number and individual

length of residues in each titin segment were investigated, which can be calculated for the monomer

contour length. Mechanical parameters including the persistence length of the Ig domain in differ-

ent states and the elastic modulus of the PEVK domain can be obtained by fitting the passive stretch
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test of single myofibrils. With these data, the relationship between the end-to-end length of one Ig

domain and the force it requires to unravel can be determined according to the WLC model. This

force-length relationship describes the unfolding dynamics of the proximal Ig sub-segment. Besides

that, an extensible variation of theWLCmodel was adopted in this three-filamentmodel for themost

of PEVKdomains that bear high tension during the active elongation. In this extensibleWLCmodel,

an additional elastic modulus of the PEVK domain was involved for the enthalpic compliance. Due

to the sequential connections between those titin sub-segments and their spatial arrangement from

the Z-line to the M-line, the force-elongation relationship of a half sarcomere can be calculated by

assuming the total number of residues and a variable number of unfolding Ig domains. This three-

filamentmodelwas first applied to verify the elastic contribution of titin in passive and active stretched

half sarcomeres. The model demonstrated a significant force production with the passive condition.

The force-SL relationship remained linear even in the sarcomere that exceeded its actomyosin overlap,

which is consistent with the stretching experiments of myofibrils. With the active condition, a subse-

quent force increase can be produced by the model. It reflected the tunable stiffness of titin triggered

by the high calcium concentration. This model further determined the influence of activation with

different SLs. According to their simulation, the activation of a relatively long sarcomere (3.4μm)

led to less force production in the subsequent extension compared to which activated in the opti-

mal length (2.4μm). It was attributed to the passive extension of the proximal Ig domains before SL

reached 3.4μm, which resulted in a shorter force-bearing PEVK sub-segment upon activation. This

assumption facilitated the model to explain the time-dependent properties of titin as well. Regard-

ing the rFE, a previous active stretch brings a longer PEVK sub-segment that already stored a certain

extent of energy. This straightened stiff part will contribute to a larger contractile force compared to

the isometric contraction activated in the same SL. Similarly, a previous active shortening leads to a

shorter PEVK with stored potential energy, which resists further compression and results in a force

depression compared to the isometric condition with the same SL (rFD).
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Figure 1.16: Diagram of the ”Three‐filament” model. Activation timing and the corresponding sarcomere length can
alter the binding poison of the titin N2 region on the F‐actin, which demonstrates distinct persistence length of the
force‐bearing PEVK domains. The upper row represents the passive stretch of a half sarcomere, whereas the bottom
row denotes the active stretch of it. 152.

Todemonstrate the advantages, hysteresis forceproductionwas simulatedbyusing the three-filament

model and the regular cross-bridgemodel, respectively. The predicted forcewas normalized to the iso-

metric resultwith the same SLs. By using the conventional cross-bridgemodel, the predicted forcewas

identical to the isometric contraction, while the three-filament model showed the enhancement and

depression of force based on the active pre-extension or -compression, respectively. However, the dis-

crepancies between the results from these models were not as significant as those have been revealed

by experiments. In this three-filament model, only the most proximal part of the PEVK domains can

associate with actin upon activation. It can be related to the N2A-actin interactions supported by

the latest evidence128. However, the mechanochemical association between actin and the most of

PEVK domains cannot be neglected, which would shorten the free I-band segment and increase the

titin stiffness consequently. In addition, this three-filament model is limited to predicting force gen-

erated with the optimal and eccentric SLs. For the ascending limb of the force-length relationship,

this three-filament model would face the challenges of the titin arrangement.
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1.6.4Mechanical element muscle modeling for adaptation

Different from theoretical models based onmolecule observations, some researchers used mechanical

elements to represent the components in sarcomere, including linear or non-linear spring, damper,

andpulley. Similar toHill-basedmusclemodels,mechanical elementmodels summarizedheredemon-

strate high efficiency for generating force. The mechanical elements involved in these models are

mostly related to real proteins and their mechanical properties, contrasting to the difficulty of the

Hill-based model for linking the real muscle structure.

One efficient attempt is the spatially explicit model proposed by Powers and colleagues142 (Fig.

1.17A). In their model, the components in a half sarcomere were all replaced by springs but with dif-

ferent mechanical properties, including F-actins, the backbone of myosin thick filaments, the cross

bridges composed of chemically activated myosin, and titin monomers. The thick filament and the

F-actin were represented by multiple serially linked springs with linear elasticity obtained from pre-

vious studies. Regarding the cross bridges, each of them followed the pre-established two-spring the-

ory185,186,187. In this theory, each myosin monomer was defined by two linear springs representing

the extensional and bending stiffnesses, respectively. Therefore, themyosin cycle described in the con-

ventional cross-bridgemodel can be calculated in amore accuratemanner by considering the distribu-

tion of the elastic and thermal energy and the effects of ATP concentration. For the titin monomer,

a non-linear spring was utilized that connected the end of the myosin thick filament to the computa-

tional boundary. This non-linear titin exhibited an exponential force-length relationship governed by

two tunable parameters, which were initially obtained by curve fitting (Eq. 1142). In this study, four

myosin thick filaments, eight F-actins, and thirteen titin monomers were involved to form a three-

dimensional half-sarcomeremodel, imitating the double-hexagonal lattice in real muscle (Fig. 1.17B).

With this setup, the researchers investigated the influence of titin mechanical properties on structural

and energetic maintenance during force generation. According to their simulations, higher titin stiff-
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ness contributes to the increase of the actin-myosin overlapping during the descending limb of the

active force-SL relationship. In addition, stiffer titin facilitates the rearrangement of myosin binding

sites on F-actins. However, in contrast to the structural contributions, the higher stiffness of titin can

reduce the capacity of force generation, according to their definition of contraction efficiency, which

is the ratio between the contractile force and the ATP consumption. Researchers attributed this in-

verse relationship between titin stiffness and the contraction efficiency to the tension propagation

from cross bridges to the M-line, which significantly diminishes with a less flexible thick filament.

Figure 1.17: Diagram of the ”Spatially explicit” model. (A) All the elements in a half sarcomere are simplified springs
with different stiffnesses. The blue color represents the F‐actin, the red color indicates the thick filament backbone
and the formed cross‐bridges, and the green color indicates the titin monomers. (B) Four myosin thick filaments, eight
F‐actins, and thirteen titin monomers were involved to form a three‐dimensional half‐sarcomere model, imitating the
double‐hexagonal lattice in real muscle. 142.

The enhancement of titin stiffness described in this analysis can be related to the decrease of the

rest length in I-band titin, which is triggered by actin-titin interaction and the presence of calcium

ions. However, the passive force generated by titin in this model simply increases with the elongation

exponentially. There is no interaction between titin and other sarcomeric components. Addition-

ally, despite a three-dimensional half-sarcomere with spatial considerations established in this study,

titin contributions on the transverse distance among filaments were simplified constant during the

contraction, which has been reported as a dynamic process in other investigations56.

Instead of accumulating the mechanical effects of each myosin, some researchers decided to re-
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gard all the cross bridges as an elastic array composed of parallel linear springs. Fusi and colleagues

investigated the mechanical compliance of single myofibril and half sarcomere by applying the 4 kHz

sinusoidal longitudinal oscillations and recording the force and length changes during the isometric

contraction43. To fit the data of half sarcomere compliance, researchers first considered it as a summa-

tion of the cross-bridge array and filament compliances in their initial model. However, they noticed

that a force-independent elastic element in parallel with the cross-bridge array was indispensable for

recapturing the half sarcomere compliance during the early development of contraction. This parallel

element demonstrates around20 times higher compliance compared to the cross-bridge array. The au-

thors ascribed it to weakly boundmyosin and the myosin-binding protein C. However, there was still

a discrepancy between the compliance values of half sarcomere and the myofibril. To overcome this

problem, Fusi and co-workers incorporated an additional elastic element in serieswith the cross-bridge

array. They defined this element with constant mechanical compliance and assumed it as a contribu-

tion from the tendon. However, a theoretical limitation occurs when explaining muscle compliance

with a long SL. In a highly extended sarcomere, the cross-bridge array will be extremely shortened

or absent. Based on this model, the compliance of the half sarcomere with a long SL will reach an

infinite value. Pertici and colleagues noticed this issue and the potential of titin. They further de-

veloped this half-sarcomere model later by incorporating the mechanical contribution from titin136.

In their updated model, the defined compliances of cross-bridge array and filaments remained. The

most important assumption for involving titin in their model is that the strain of titin is equal to the

summation of the F-actin strain in the I-band and the strain of the cross-bridge array at the end of

the thick filament. Based on this, titin compliance can be obtained by calculating the alterations of

force and SL. Accompanied by this titin-like elastic element in the I-band, Pertici and co-workers’

model successfully prevented the half-sarcomere compliance from rising to an infinite level with a

lower active force. According to their simulation, during the development phase of isometric con-

traction, this titin-like element exhibited a similar function as the parallel spring in the A-band which
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was attributed to weakly bound myosin and the myosin-binding protein C. They both enhanced the

compliance of the half sarcomere with the increase of SL during the ascending limb136. Powers and

colleagues, who established the spatially explicit model, noticed that this mechanical element model

demonstrated advantages in the longitudinal stability of the myofibril. They further developed Per-

tici’s titin-incorporatedmodel by involving theA-band parallel spring, whichwas initially determined

in Fusi’s study140. By comparing the difference between these two models, researchers determined

that the A-band parallel spring predominantly resulted from the weakly boundmyosin instead of the

myosin-binding protein C due to the increase of its compliance only in ascending limb. According

to their simulation, the mechanical contribution of the titin-like element started when the force was

rising to the isometric plateau and its compliance was approximately maintained constant during the

eccentric contraction. It implied that titin functions as a tunable elastic element during the descending

limb, which fits the experimental observations of the continuous folding and unfolding processes of

the proximal Ig sub-segment100. Most importantly, this computational work revealed titin’s potential

for preventing SL inhomogeneity. When serially connected sarcomeres exhibit diverse contractility,

titin monomers as tunable elastic elements play an essential role in balancing force development, thus

maintaining most sarcomeres in their physiological SL158. However, this mechanical element model

was still lacking the description of actin-titin interactions. In addition, all the parameterswere set with

a saturating level of the calcium ion, which implies the stiffness enhancement of titin based onmuscle

activation was neglected in this model.

To incorporate the actin-titin interactions, Tahir and co-workers164 decided to adopt Nishikawa’s

winding filament theory131 in their mechanical element model, which is introduced in the section

of the theoretical model. Inspired by the conventional Hill-based muscle model, the cross-bridge was

representedby a contractile element (CE).The force-velocity relationshipofmyosin (Cce)was replaced

by a damper in parallel with the CE, which has two different sets of parameters for calculating mus-

cle elongation and shortening. Titin monomer was described as a linear spring (kts) connected to CE
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and Cce through a pulley in a non-slip configuration. When the muscle is activated, the contraction

of CE will rotate the pulley in a counterclockwise direction, which pulls the titin spring and winds

it on the pulley. The generated elastic force will resist further winding, which recaptures the force

and energy description in the winding filament theory. Once the muscle was deactivated, the titin

spring would release the elastic potential and roll the pulley in a clockwise direction. Another linear

spring (kss) representing other elastic components in muscle including the tendon, extracellular ma-

trix, and aponeurosis, was in series with the system by linking the center of the pulley. It would not

be affected by the rotation of the pulley but by its displacement. Based on this model structure, re-

searchers developed their winding filament hypothesis (WFH) based control algorithm and applied it

to a robotic foot-ankle prosthesis. According to their case study, this WFH algorithm can govern the

prosthesis movement transitions smoothly between the stair ascent and level walking. Compared to

a commercial controller, the WFH-based controller could provide a wider range of ankle plantarflex-

ion angles, implying the feasibility of applying the molecular muscle models for adaptive prosthesis

control. Further refinement of this WFHmodel was conducted by Nishikawa andHuck by adding a

damper in parallel to the titin-like spring to represent its non-linear stiffness129. By treating themuscle

as a tunable material, this WFH-based muscle model demonstrated an instructive attempt to utilize

the muscle properties from the molecular level directly to the development of the artificial muscle

in tissular level. However, only two subjects were applied in their algorithm establishment. Further

experiments should be conducted to verify the common feasibility of incorporating titin properties

in control theories. In addition, investigations about the parameter sensitivity are still required to

develop a robust control system.
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Figure 1.18: Diagram of the ”Multiple‐element” model. The cross‐bridge was represented by a contractile element (CE).
The force‐velocity relationship of myosin (Cce) was replaced by a damper in parallel with the CE, which has two different
sets of parameters for calculating muscle elongation and shortening. Titin monomer was described as a linear spring
(kts) connected to CE and Cce through a pulley in a non‐slip configuration. Another linear spring (kss) representing other
elastic components in muscle including the tendon, extracellular matrix, and aponeurosis, was in series with the system
by linking the center of the pulley.164.

40



1.7Sarcomeres in disorganized actomyosin structures

Considering non-muscle cells, however, their intracellular architectures are more disorganized com-

pared to striated muscles. Stress fibers (SFs), which are regarded as the source of contractile force,

are the main component of cytoskeleton that maintains the cell structure during its biological pro-

cesses39,5. According to their intracellular position, SFs can be divided into four categories including

the ventral stress fibers, dorsal stress fibers, transverse arcs, and the perinuclear actin cap fibers135.

Among them, the ventral stress fibers are indispensable for the morphology maintenance by connect-

ing two focal adhesions (FAs) during their force generation168 and localize at the basal part of the

cell. Strikingly, sarcometric patterns have been observed in the ventral SFs as well, in which immunos-

taining α-actinin-rich domains present a regular distribution, and the fluorescent myosin light chains

(MLCs) has been detected between two adjacent ACPs domains that indicates myosin-II proteins re-

side in the central position50,16 (Fig. 1.19). Such experimental results lead to the hypothesis that sar-

comeres in non-muscle cells have a similar mechanism to that of in striatedmuscles, and bipolar thick

filaments are formed bymyosin-II monomers which are usually considered as the origin of contractile

force and SFs elasticity15,93,184. Considering the transverse arcs, they were predominantly observed

at the cell apical part. They maintain a certein contractility becasue of the incorporation of myosin

thick filaments, but the components distribution are further disordered and there is no sarcomeric

structures. Dorsal stress fibers localize at the cell dorsal area and connect to FAs at one end of them,

another end usually associates to the transverse arc or is left free. Different from other SFs, the perin-

uclear actin cap fibers extend a long distance over the cell and associated with the cell nucleus on top

via the LINC complexes108.
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Figure 1.19: Periodic distribution of sarcomeres in stress fibers. (A) The green color denotes the myosin distribution;
(B) α‐actinin‐rich domains are shown in the magenta color; (C) Merge of the distributions of the two protein types.
Periodic patterns can be observed and defined as the sarcomeres in stress fibers, resembling the sarcomeres in striated
muscles. 16.

Figure 1.20: Different types of stress fibers.108
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1.7.1 Formation of the sarcomere

Unlike the stereotypical striatedmuscle, there is no regulator like titin to contribute the bundle assem-

bly in non-muscle and smooth muscle cells. Many researchers attempted to explore the underlining

mechanism and buildup compelling theories. For instance, Herrera and et al have reported a observa-

tion of the “dense body (DB)” in smooth muscle fibers53 (Fig. 1.21). They proposed that these DBs

can function as the “Z-line” and clamp the side-polar myosin thick filaments at the center. Therefore,

theDB-thick filament-DBunit was consider a single sarcomere. ADB-basedmodel was designed sub-

sequently and applied for the force simulations with different arrangements of the sarcomeres. Mean-

while, the stretch experiments in this study demonstrated the smooth muscle adaptation to changes

in cell length. The muscle fiber can adjust and optimize its overlapping level between the thin fila-

ments to maintain the ability for generating the maximal force, depending on a different cell lengths.

A numerical simulations based on their DB theory was conducted as well, and the results could fit

the force-SL relationship observed in the experiment, supporting the theory’s capability. However,

as shown in the observation from the longitudinal view (Fig. 1.21 (C-E)), multiple thick filaments

localized in serial between two DBs, which is different from the model configurations. Nevertheless,

the exact biological components in the DBs were not investigated and their distribution in the longi-

tudinal direction did not be obsered in a periodic pattern.

Considering the disorganized contractile actomyosin bundles, including the transverse arcs and

the contractile rings, there are not detectable sarcomeric structure as that in the ventral stress fibers.

Lenz and the coworkers proposed a theoretical model accounting for the micro-buckling between

myosin thick filaments95. By observing the buckling and recovery of F-actins in actomyosin bundles,

researchers assumed the actin-myosin interactions play vital roles in these processes. Motor walking

speeds in their model varies depending on the stochastic binding condition and the local tension fol-

lowing their catch-bond properties166. Based on the distinct walking speed, the combination of a fast
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Figure 1.21: “Sarcomeres” formed by the dense bodies in smooth muscle fibers. (A) Longitudinal view of the dense bod‐
ies (DBs) observed in smooth muscle fibers. The black arrows denote the DBs; (B) Cross‐sectional view of the smooth
muscle fiber showing the existence of DBs. The magnified portion demonstrates multiple thin filaments surrounding the
DB. The small and large arrrows in this section indicate the intermidiate filaments and the thick filaments, respectively;
(C‐E) Relative distributions between DBs and myosin thick filaments. The large arrows are the DBs, and the small arrows
represent the locations of thick filaments. (F) The Dense body model, in which DBs function as the Z‐lines clamp each
myosin thick filaments and form the sarcomeres in the smooth muscle fibers.53.
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and a slowmotorwill result in amicro-buckling of one F-actin they associatewith and another F-actin

will be stretched. The repetition of this combination can lead to a periodic distribution of the buckled

parts. They defined the bundle part between twomicro-buckles as one contractile unit. The continue

actin-myosin interaction can remove thesemicro-buckles. At the same time, the unbinding ofmotors

once they reach to their stall force value will release the tension on the F-actins. Based on these setup,

their one-dimensional model can predict the size of contractile units and the required motor density

for contraction in agreement with themagnitude of experiments, suggesting themicro-buckles of the

F-actins and the myosin dynamics contribute to the mechanical adaption in the non-sarcomeric acto-

myosin bundles. However, they did not incorporate anyACPs in their theory, which has been already

investigated to function as a force-balancer in a certain extent and enhance the bundle connectivity as

well. With the connections fromACPs, F-actins can be separated with each other and be bended eas-

ier, which is not consistent with the real actomyosin bundle and would overestimate the effects from

motors.

One compelling theory related to the sarcomere formation in ventral stress fibers was proposed by

Hotulainen and Lappalainen in 200660. They revealed that the ventral stress fibers are formed by the

growing dorsal stress fibers and transverse arcs. In addition, two distinct mechanisms were observed

for the assembly of dorsal stress fibers and transverse arcs, which is related to the actin nucleators of

mDia1 andArp2/3, respectively. According to their experiments, the growing dorsal stress fibers con-

tinue elongating until they reach a transverse arc at the cell apical part. These associated dorsal stress

fibers and transverse arcs will gradually settle down to the cell basal part and become a ventral stress

fiber. This theory has been widely discussed but facing amajor skepticism regarding how the periodic

sarcomeres in ventral stress fibers are rearranged from the non-contractile dorsal stress fibers (without

myosin) and the disorganized transverse arcs (random polarities of F-actins). Therefore, to overcome

this limitation, the team focused on the myosin-regulation function of tropomyosin isoforms169,168.

They observed that myosin light chains (MLCs) were always co-localized with the tropomyosin iso-
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Figure 1.22: Micro‐buckling in the non‐sarcomeric contractile actomyosin bundles. (A) Time‐lapse images showing
the micro‐buckling of F‐actins in a non‐sarcomeric actomyosin bundle and its subsequent recovery. The red arrows
denote the buckling filaments. (B) The bundle force (solid squares) and the number of buckles (red circles). (C) Potential
extension and compression parts along the bundle based on motors with different walking speeds. (D) Micro‐buckles
occur between a fast motor and a slow motor. Large and small arrows denote the large and small contractile forces,
respectively. Motor with a gray color represents a fast one, whereas the white motor indicates the slow motor.95.
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form 4.2 (Tpm 4.2). Considering the function of tropomyosin in non-muscle cells, it resembles that

in striated muscle sarcomeres for associating with F-actins and covering the actin-binding sites on it

when the muscle is not activated47,154. As for the actin, tropomyosin prefers binding to a relatively

long F-actin that can be generated by mDia2. Unlike mDia2, the actin nucleator of Arp2/3 tends to

assemble shorter actin filament from a pre-existed F-actin, thus it usually results in branch structures

in cytoskeleton48. Therefore, ACPs can only associate with the short F-actins from Arp2/3 because

most of the long F-actins would be occupied by tropomyosin which blocks the actin-binding sites.

Following this, myosin thick filaments can associate with the tropomyosin-decorated F-actins once

they are activated and the binding sites are exposed. With the polarity sorting ability of myosin160,93,

a periodic patternwith two α-actinin-rich domains clamping the thick filament incorporating domain

can be formed in a ventral stress fiber (Fig. 1.23).

However, there is no architecture like the M-line in striated muscles that can localize the myosin

thick filaments near the center of sarcomeres. Furthermore, some evidence showed the non-muscle

sarcomeres are not uniform and their amount in a single SF alters depending on the local tension18.

Based on these uncertainties, SFs exhibit diverse responses when the mechanical environment shifts.

For instance, with a small shortening strain (16%) in vivo, sarcomeres in different regions of the SF are

not compressed equally, which implies their mechanical adaptation137. However, significant buck-

ling of SFswas observed under a larger compression (40%) according to our previous in vivo studies26.

In addition, the high extensibility of SFs was determined by previous experiments in vitro, which im-

plies their inherent viscoelasticity119. Such amechanical property has been proved and quantitatively

detected by calculating the retraction distance after the ablation of SFs88,165,76. Furthermore, non-

muscle SFs are highly dynamic when the mechanical environment changes rapidly. If the SFs are

compressed at a high rate, they will disrupt and reassemble themselves after the loading23,62. Inter-

estingly, under the condition of cyclic stretch, SFs will reorganize and reorient to the direction that is

perpendicular to the loading180,79,90. Nevertheless, by changing the rate of cyclic stretch, recent exper-
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Figure 1.23: Formation of the sarcomeres in ventral stress fibers.α‐actinins can only associate with the short F‐actins
from Arp2/3 because the long F‐actins from mDia2 would be occupied by tropomyosin (Tm4) which blocks the actin‐
binding sites. Following this, myosin thick filaments can associate with the tropomyosin‐decorated F‐actins once they
are activated and the binding sites are exposed. With the polarity sorting ability of myosin, a periodic pattern with two
α‐actinin‐rich domains clamping the thick filament incorporating domain can be formed in a ventral stress fiber169.
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imental studies confirmed that SFs tend todisrupt under a fast compression rather than the stretch and

a slow compression, in which the myosin thick filaments play an important role in this unbundling

and the subsequent remodeling116,62. These phenomena can be explained as that SFs can bear more

extension load while they are more sensitive to the compression force.

As introduced above, SFs are composed of not only actins and myosin but also ACPs that con-

tribute to bundle connectivity. In addition, considering a single myosin ensemble in the sarcomere

only cannot provide elucidations for the overall mechanical properties of SFs, in which a myriad of

them works simultaneously. In this regard, some researchers attempted to model the SFs from the

continuum perspective. For instance, sarcomeres are simplified as a combination of elements includ-

ing spring, damper, and contractile force generator11,132. SFs in several studies are simplified as elastic

elements and this consideration has been extended to the cellular scale for applying the finite element

method (FEM)138,148,149. These continuum-basedmodels provide a simple approach that can recapit-

ulate the basic mechanical properties of SFs. However, regarding the individual function of different

protein types and their synergistic effects, continuum-based modeling usually encounters skepticism.

Hence, to overcome those limitations and provide cogent elucidations for the bundle mechanical re-

sponse, we applied our compelling agent-based model with realistic structures of SFs proteins and

their dynamic properties and combined with an in vitro single-fiber experiment to comprehend the

molecular contributions to the mechanical adaptation of actomyosin bundles.

1.8Aim of this study

Asmentioned before,manymyosin-relatedmodels oversimplified the structure properties of the thick

filament. In this study, we address these limitations by employing our well-established agent-based

model. This model incorporates detailed representations of myosin bipolar filaments, including their

number, length, bare zone size, and spatial distribution96,12,106,73,82,193. Using this comprehensive
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approach, we aim to elucidate how these structural features ofmyosin filaments influence force gener-

ation within disorganized actomyosin bundles and networks. Meanwhile, how the sarcomeric struc-

ture in SFs contribute to the mechanical adaptation in non-muscle cells is another question aimed to

be answered in this study. Unlike the stereotypical structure in striated muscles, the highly labile ac-

tomyosin architecture provides a flexibility for the contraction depending on themechanical environ-

ment. By applying our agent-based model and an in vitro single-fiber experiment, our study aims to

investigate the fundamental mechanism of the SFs mechanical adaptation based on the actin-myosin

interactions. By bridging the gap between structural properties of myosin thick filament and func-

tional outcomes, our work provides a deeper understanding of the mechanical principles underlying

actomyosin contractility.
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I can see the sun,

but even if I cannot see the sun,

I know that it exists.

And to know that the sun is there -

that is living.

Fyodor Dostoevsky, The Brothers Karamazov

2
Impacts of Structural Properties of Myosin

II Filaments on Force Generation

As thewidely knownmotor protein, isoforms of myosin have formed a superfamily and have

been investigated for decades163. Depending on the molecular structures and cell types, myosin iso-

forms function as a force generator, mechanical sensor, and cargo transporter. More than thirty-five
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isoforms have been reported in nature, and they are indispensable for a myriad of cellular processes,

including cytokinesis, migration, vesicle transport, and morphogenesis98.

2.1Model overview

The details of our computational model, along with all parameters used, are comprehensively de-

scribed in the Appendix Text andAppendix Tables. Ourmodel focuses on three essential cytoskeletal

components—F-actin, motors, and actin cross-linking proteins (ACPs)—simplified from the more

than 100 proteins typically found in cellular actomyosin structures103 (Fig. 2.1A). These components

are represented as cylindrical segments (Fig. 1A). Specifically, F-actin is modeled as serially connected

segments, each 140 nm in length. ACPs are depicted as having two arms, each 23.5 nm in length,

connected at a central point. To replicate the structure of bipolar filaments, each motor comprises a

backbone made of serially linked segments and two arms at each end of the backbone. These arms

represent eight myosin heads (Nh = 8). The reference length of each backbone segment (LMB) is 42

nm.

The displacements of all cylindrical segments at each simulation time step are calculated using the

Langevin equation in combination with the forward Euler integration scheme. Deterministic forces

in the Langevin equation account for extensional and bending forces, which maintain the equilib-

rium lengths of segments and equilibrium angles formed by the segments, respectively. Additionally,

a repulsive force is applied to overlapping actin segments to account for volume-exclusion effects.

Using this model, we simulate three distinct systems: two filaments, bundles, and networks (Figs.

2.1and 2.2). In the two-filament simulations, a pair of anti-parallel F-actins, each 19 μm in length,

is placed within a rectangular computational domain measuring 5 × 5 × 20 μm (Fig. 2.1B). Periodic

boundary conditions (PBC) are applied in the x and ydirections, while a repulsive boundary condition

is imposed in the z direction. The barbed ends of the F-actins are clamped to finite boundaries normal
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to the z direction.

Figure 2.1: Cylindrical elements and structures of the two‐filament and the network models. (A) In the model, F‐actin
(blue), actin cross‐linking protein (ACP), and motor (red) are simplified by cylindrical segments. F‐actin has polarity
defined by barbed and pointed ends. Motors consist of a backbone with motor arms that can bind to and walk along
F‐actin. ACPs comprise two segments connected at the center point. κs and κb represent extensional and bending
stiffness, respectively. (B) The two‐filament system consists of two F‐actins whose barbed ends are clamped to rigid
boundaries (gray). (C) The two‐dimensional network system consists of F‐actins with random positions and orientations
with the periodic boundary condition (PBC) in x and y directions.

For bundle simulations, the same rectangular domain is used, with PBCs applied in all directions

(Fig. 2.2A). Following our previous work82, F-actins are positioned at specific x and y coordinates.

The number of possible positions in the x or y direction is determined byNF, and the spacing between

adjacent coordinates is set to 27 nm. At each x-y coordinate pair, two F-actins, each 9 μm in length,

are positioned randomly along the z-axis with random polarity. Consequently, the total number of

F-actins in the bundle is given by 2N2
F (Fig. 2.2B).

In network simulations, a thin rectangular computational domain measuring 20 × 20 × 0.1 μm

is employed with PBCs in the x and y directions and a repulsive boundary condition in the z direc-

tion (Fig. 2.1C). Within this domain, F-actins, each 10 μm in length, are randomly distributed with

respect to their positions and orientations. At the start of all simulations, while the F-actins remain
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Figure 2.2: Model structure of the disorganized bundle. (A) The disorganized bundle system with 2N2
F F‐actins ran‐

domly located and oriented in the presence of the periodic boundary condition (PBC) in the z direction, whereNF is a
parameter defining the bundle thickness. (B) In this study, the values ofNF were 2, 4, 6, and 7, corresponding to the
F‐actin numbers of 8, 32, 72, and 98.
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stationary, ACPs bind to F-actins to formpermanent cross-linking points. Simultaneously, themotor

arms,which self-assemble frombackbone segments, attach toF-actins. After this initial setup, F-actins

are allowed to move freely, and the motor arms commence their walking and unbinding processes at

force-dependent rates.

2.2Variations in motor structures

In this study, we systematically investigate the impact of three key structural properties of motor pro-

teins: the number of arms per motor (Na), the length of the bare zone (Lbz), and the spacing between

motor arms (Lsp). To explore how motor size influences force generation and dynamics, we modify

these properties using three distinct approaches.

In the first approach, the number of arms per motor (Na) is increased by connecting additional

segments with arms to the motor’s backbone. In this configuration, the length of the bare zone (Lbz)

and the spacing between motor arms (Lsp) are kept equal to the reference length of the backbone

segment (LMB) (Fig. 2.3, i). This method allows us to isolate the effect of arm number on motor

function while maintaining consistent spacing and bare zone length.

In the second approach, the length of the bare zone (Lbz) is extended by adding additional segments

without arms to the central bare zone of themotor. Here, the number of arms permotor (Na) remains

unchanged, and the spacing between motor arms (Lsp) is kept equal to LMB (Fig. 2.3, ii). This con-

figuration enables us to study how variations in bare zone length influence motor interactions with

actin filaments.

In the third approach, both the spacing between motor arms (Lsp) and the length of the bare zone

(Lbz) are increased by enlarging the reference length of the backbone segment (LMB). In this case,

the number of arms per motor (Na) is held constant (Fig. 2.3, iii). This strategy facilitates an under-

standing of how changes in spacing and bare zone dimensions collectively impactmotor behavior and
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actomyosin contractility.

By systematically varying these structural parameters, we aim to elucidate the specific roles ofmotor

size and configuration in the mechanics of disorganized actomyosin networks and bundles.

Figure 2.3: Variations in motor structures. A variation in the motor structure in three different ways: (i) increasing the
number of motor arms (Na), (ii) increasing the bare zone length (Lbz), and (iii) increasing the spacing between motor arms
(Lsp).

2.3Force measurement

Tomeasure the tensile forces generated in the two-filament and bundle simulations, we adopt the fol-

lowing procedure. First, all cylindrical segments crossing the computational domain’s cross-sections,

positioned at 200 nm intervals along the z-axis, are identified. These segments can belong to F-actin,

motor arms, motor backbones, or ACP arms. The z-components of spring forces acting on these

segments are then summed. This process results in four distinct force curves as a function of the z po-

sition, representing the contributions of different segment types to tensile loads at each cross-section.

Notably, at equilibrium, the total sum of these four forces remains nearly constant across all z po-

sitions, indicating that a significant portion of the forces generated by motors are spring forces rather

than bending forces. The average of these summed forces across all cross-sections at steady state is
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defined as the total tensile force acting on the system, denoted as Ftot.

For network simulations, tensile forces are measured using a similar approach. In this case, 20

evenly spaced cross-sections are established alongboth the x and ydirectionswithin the computational

domain. The x- or y-components of tensile forces acting on all segments crossing each cross-section

are summed at steady state. The average of these summed forces across the 40 total cross-sections is

used to determine Ftot. This systematicmeasurement approach provides insights into the distribution

and magnitude of tensile forces within various actomyosin configurations.

2.4The distribution of motors and ACPs plays a key role in

force generation

A previous in vitro study observed that the tension generated in thin actomyosin bundles was almost

directly proportional to the number ofmyosin heads permotor, rather than the number ofmotors167.

This finding was interesting because their experimental setup did not include actin cross-linking pro-

teins (ACPs). The theoretical framework they proposed was based on the assumption that these bun-

dles consist of serially connected contractile units, similar to sarcomeres in muscle cells167. However,

they acknowledged that these contractile units lack direct structural analogs within the disordered

actomyosin bundles they investigated.

To verify their hypothesis, we first used a simple minimal model composed of two anti-parallel F-

actins, two motors, and 16 ACPs (Figs. 2.1B and 2.4). The number of arms per motor was set toNa

= 24. We ran 20 simulations with random z positions of motors and ACPs and found that the total

force generated by the system, Ftot, fell into the following range (Fig. 2.4A):

0.5Fmax
M ≤ Ftot ≤ Fmax

M (2.1)
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where Fmax
M is the maximal force that all motors can generate in the system:

Fmax
M =

1
2

NM∑
i
FiM,z (2.2)

where FiM,z is the z component of spring forces exerted by the ithmotor at a steady state, andNM is the

number of motors. In this specific example, the number of motors (NM) was set to 2. Notably, only a

quarter of the motor arms (Na / 4) were capable of binding to a single F-actin due to two constraints

imposed on motor arm binding: first, the motor arms had to align correctly with the polarity of the

F-actin; second, two arms connected to the same point on a motor backbone could not bind to the

same F-actin. With two antiparallel F-actins, up to half of the motor arms could remain in the bound

state. Consequently, the force generated by a motor bound to two antiparallel F-actins at steady state

approximated FstNhNa/2, where Fst represents the stall force of a single myosin head, and Nh is the

number of myosin heads represented by each motor arm.

We observed that differences in total force (Ftot) were influenced by the relative positions ofmotors

and ACPs. When two motors were positioned in nearly identical locations with substantial overlap,

Ftot approached Fmax
M . However, when the motors were spatially separated without overlapping, Ftot

varied depending on the presence of ACPs between them. Without intervening ACPs, forces gener-

ated by the twomotors’ arms could summate, resulting in larger tensile forces on F-actins (Figs. 2.4B,

E). Conversely, when ACPs were situated between the two motors, the forces led to the buckling of

F-actin between the ACPs and motor arms on one side, counterbalancing the tension from motor

arms on the other side (Figs. 2.4C, F). This situation caused F-actins to experience tension equivalent

to the force generated by a single motor.

The presence of ACPs between motors effectively divided the bundle into serially connected con-

tractile units, as proposedby the theoretical framework fromearlier studies167,24. ACPs directly coun-

terbalanced the significant tension generated by motors, resulting in these ACPs experiencing larger
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tensile forces compared to others in the system (Fig. 2.4G). Interestingly, intermediate levels of bun-

dle tension between 0.5Fmax
M and Fmax

M were also observed in some cases (Fig. 2.4A). These instances

involvedmotors with partial overlap and ACPs located within the spatial range spanned by one of the

motors. Due to the partial overlap with ACPs, forces generated by the twomotors partially summed,

producing intermediate tension levels (Fig. 2.4D).
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Figure 2.4: Interactions between motors and ACPs. (A) Time evolution of the force generated by two motors in the
two‐filament system. The upper and lower dashed lines indicate the ideal upper and lower limits of a force that two
motors can generate, respectively. (B) Without any ACP between two motors, they can generate a force close to the
upper limit which is two‐fold larger than a force that one motor can generate (= Fmax

M ). (C) With ACP(s) between two
motors, ACPs counterbalance a force generated by one of the motors. Thus, they can generate a force close to the
lower limit which is equal to the force that one motor can generate (= Fmax

M /2). Part of F‐actins is buckled due to two
forces with opposite directions. (D) If two motors are close to each other, ACP can counterbalance a fraction of the
force generated by one motor. Then, two motors can generate a force between the upper and lower limits. (E, F) Initial
and final configurations (E) without or (F) with ACPs between two motors. The vertical dimension is increased 10 times
to show the configurations clearly. (G) Measurement of tensile forces acting on F‐actins (green), ACPs (blue), motor arms
(red), motor backbones (black), or all (magenta) in z direction.
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2.5Force generation indisorganizedbundles is also regulated

by the same mechanism

To examine the physiological relevance of spatial distributions of motor proteins and actin cross-

linkingproteins (ACPs) in force generation,we conducted simulations using disorganized actomyosin

bundles of varying sizes. The bundle sizes were controlled by adjusting the number of filament allo-

cation positions,NF, which ranged from 2 (corresponding to 8 filaments) to 7 (corresponding to 98

filaments) (Figs. 2.2B and 2.5A). The densities of motors and ACPs were maintained at fixed values

ofRM = 0.005 andRACP = 0.04, respectively, ensuring consistent motor and ACP concentrations

across simulations. This approach resulted in the total number ofmotors (NM) varying between4 and

52 as the bundle thickness increased. For all cases examined, each motor was configured to possess 24

arms (Na = 24), enabling a consistent exploration of the effects of bundle size on force generation.

Simulation results revealed that the total tensile force exerted on the bundles denoted as Ftot, in-

creased as the bundle thickness grew with higherNF values (Fig. 2.5B). This increase was attributed

to the proportional rise in the number of motors as bundle thickness expanded under a fixed mo-

tor density. For the thickest bundle configuration (NF = 7), the actin filament concentration was

12.25 times higher than that in the thinnest bundle (NF = 2). This increase in filament density

corresponded to approximately a 13-fold increase in the number of motors, leading to a substantial

amplification Ftot.

The efficiency of force generation was defined as follows:

η =
Ftot
Fmax
M

(2.3)

For these actomyosin bundles, Fmax
M was still defined by Eq.2.2, but FiM,z was close to FstNhNa be-
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cause there were more than one F-actin to bind for each polarity. Interestingly, the efficiency factor

(η) displayed a notable consistency across simulations involving bundles with NF=4, 6, and 7 (Fig.

2.5C). In contrast, the bundle with NF=2 exhibited a significantly higher η compared to the other

cases. This observation prompted further investigation into whymotors in the thinnest bundle could

generate forces in a more efficient manner than those in thicker bundles.

In the case ofNF=2, the bundle contained only four motors. Eachmotor, equipped with 24 arms,

spanned a length of 462 nm, calculated as 42nm×11, where 42 nm represents the spacing between

motor arms. Consequently, the combined length of all fourmotors amounted to approximately 1.848

μm, which is only 9% of the total bundle length of 20 μm. This relatively small proportion of motor

length to bundle length significantly reduced the likelihood of substantial overlap between motors.

Instead, the motors were spatially distributed with varying distances between them.

Given the high density of actin cross-linking proteins (ACPs) in the system, multiple ACPs were

positioned between adjacentmotors. This configuration effectively separated themotors into distinct

contractile units, preventing their forces from adding constructively. As a result, the total tensile force

(Ftot) in the thinnest bundle was approximately equivalent to the force generated by a single motor.

This led to η being inversely proportional to the number of motors (NM) in the bundle. In the case

ofNF=2, whereNM=4, ηwas approximately 1/NM, or 0.25, corroborating this rationale.

If motors behaved similarly in thicker bundles (NF>2), η would be expected to decrease further,

as NM increases in proportion to N2
F due to the fixed motor density. Indeed, η in thicker bundles

was observed to be smaller than 0.25, aligning with this expectation. However, a closer examination

revealed that η remained relatively consistent at around 0.12 across all bundles withNF>2, which was

notably larger than the theoretical prediction of 1/NM.

This discrepancy can be attributed to the higher likelihood of motor overlap and proximity in

thicker bundles. As NF increased, the number of motors (NM) rose proportionally, leading to a

greater probability of motors being positioned close to or overlapping with one another. In cases
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where neighboringmotorswere not separated byACPs, their forces could partially add constructively,

a phenomenon previously described as cooperative motor behavior. Such cooperative interactions

contributed to a Ftot that exceeds the maximal force generated by a single motor. Importantly, Ftot in

these thicker bundles was determined by the largest force generated by any individual contractile unit,

which could include multiple cooperative motors.

AsNM increasedwith higherNF, the number of cooperativemotors within the bundle also tended

to rise. This led to an overall increase in both Ftot and Fmax
M , resulting in a value of η that was higher

than 1/NM and relatively insensitive to further increases inNF whenNF was not small. This finding

underscores the role ofmotor spatial distribution and cooperative behavior in shaping themechanical

efficiency of actomyosin bundles as their size and motor density increase.

Figure 2.5: Thicker bundles generate larger force but less efficient. (A) An example of disorganized bundles with
NF = 7 visualized at the beginning of the simulation, whereNF is a parameter defining bundle thickness. F‐actins
are visualized as transparent elements to show the positions of motors. (B) Bundle‐level force and (C) the efficiency of
force generation measured at a steady state with differentNF. In thicker bundles (NF > 2), larger forces were gen‐
erated, but the efficiency was lower than that in the thinnest bundle (NF = 2). *** represents p ≤ 0.001, and n.s.
represents p > 0.05.
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2.6Bundleswithmore, localizedmotors generate larger forces

Previous observations have demonstrated that the degree of overlap between motor proteins signif-

icantly influences the force-generation process in the actomyosin bundles. When the bundle length

is fixed, the extent of motor overlaps is primarily determined by the number of motors (NM) avail-

able within the system. To systematically investigate howNM influences force generation in bundles,

we conducted a series of computational simulations across a wide range ofNM values. These simula-

tions utilized the thickest bundle configuration (NF = 7) while maintaining a constant ratio of active

cross-bridge probability (RACP = 0.04) and a fixed number of actin filaments (Na = 24).

The total bundle tension displayed a clear increasing trend with the rising NM. In contrast, the

contractile efficiency exhibited an inverse relationship with NM (Fig. 2.7A). For bundles with a low

NM, the total tension, was relatively insensitive to incremental increases in NM. This behavior is at-

tributed to the limited ability of additional motors to align in positions that effectively add up the

forces produced by other motors within the bundle. Instead, the addition of motors primarily in-

creased the total number of contractile units. However, many of these units contained only a single

motor, leading to diminished contributions to the overall tension. Consequently, as described by Eq.

2.3, ηwas observed to approach 1/NM in simulations with lowNM values.

In contrast, at higherNM values, Ftot becamemore sensitive to changes inNM. This enhanced sen-

sitivity arises because an increase inNM contributes to a greater number ofmotors per contractile unit,

thereby enhancing the force generation. When NM reached sufficiently high levels, Ftot approached

direct proportionality with NM, with a slope near unity. Under these conditions, most of the bun-

dle space was already occupied by motors, and the addition of more motors led to a substantial and

proportional increase in the magnitude of Ftot.

Interestingly, the sensitivity of η to changes inNM was markedly reduced at highNM values. For

instance, when NM was increased from 10 to 1000, η decreased by only about half. This relative in-
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sensitivity can be attributed to concurrent increases in both Ftot and the number of contractile units

at elevatedNM levels. As a result, the efficiency loss associated with increasingNM was mitigated by

the corresponding enhancement in bundle force generation, as previously described. These findings

highlight the important interplay betweenmotor quantity, spatial distribution, and overall contractile

performance in the actomyosin bundles.

To verify this rationale, we developed a way to estimate the maximum number of overlapping mo-

tors, Ξ, using our simulation data:

Ξ = max
i=1...NM
j=L orR

1+
NM∑
k=1
k̸=i

ζjik

 (2.4)

where ξjik is:

ξjik =



1 if Lc ≤ Lov ≤ LM,

Lov
Lc if 0 < Lov < Lc,

0 if Lov = 0.

(2.5)

i and k are the indices ofmotors, jdenotes the left or right side of amotor, andLov is an overlapdistance

between two motors. In addition, Lc is the critical length required for the cooperative overlap:

Lc = 2Lsp

(
Na

4
− 1

)
(2.6)

Lc is two-fold greater than the length occupied bymotor arms on one side of a motor backbone. Two

motors are considered a cooperative motor pair if Lov is equal to or greater than Lc (Fig. 2.6). With

this cooperative overlap, ACPs cannot counterbalance forces exerted by motor arms. If Lov is shorter

than Lc and but greater than zero, two motors are considered as a partially cooperative motor pair.
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By comparing all the motor combinations, Ξ can be obtained. Ξ can range between 1 (no overlap

between motors) and NM (cooperative overlap between all motors). Using this Ξ, a force acting on

the bundle can be estimated as Fest:

Fest =
FstNhNaΞ

2
(2.7)

The sensitivity of Fest to an increase of NM is high at large NM with a slope close to 1 (Fig. 2.7B),

which is consistentwith our rationale described earlier. Festwas generally smaller thanFtot because this

analysis does not account for actual bundle geometry consisting of multiple F-actins; if two motors

are located far from each other in x or y direction, they may not counterbalance or add up forces.

Nevertheless, we found that Fest captures the overall dependence of Ftot on parameters well.

Figure 2.6: Examples of calculating the maximal number of cooperatively overlapping motors. ξ indicates the extent of
an overlap between two motors, and it is defined on the left (L) and right (R) sides of each motor. If two motors have
a fully cooperative overlap, ξ is 1 on both sides of the two motors. If there is no overlap at all, ξ is 0 on both sides of
the two motors. If two motors have a partially cooperative overlap, ξ is greater than 0 only on one side of the two
motors, Lov/Lc, where Lov is an overlap distance between two motors, and Lc is the critical length required for the
fully cooperative overlap. Ξ is the maximal number of cooperatively overlapping motors obtained by comparing all
the combinations of motors in the system. Four examples are provided here for a better understanding of this analysis
method.

In the preceding analysis, we assumed thatmotors could be randomly distributed across any region

within the bundle. However, if motors are confined to a smaller, more localized region, the degree

of overlap between motors (Ξ) can be significantly increased for the same NM, thereby enhancing
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Figure 2.7: Effects of the motor number in disorganized bundles. The thickest bundle (NF = 7) was used for all cases.
(A) Bundle‐level force (blue circles) and the efficiency of force generation (red triangles) with a wide range ofNM. With
more motors, a larger force (Ftot) was generated, but the efficiency (η) was lower. (B) Prediction of a force using the
positions of motors. To find the estimated force (Fest), Ξ is calculated first, and Eq.2.7 is used.

the force generation capability of the bundle. To systematically examine the effects of motor spatial

distribution on force generation, we conducted simulations using a fixed set of parameters: NF =

7,RACP = 0.04,NM = 52, andNa = 24. In these simulations, motors were constrained to occupy

a specific portion of the bundle, defined by a fraction f, which varied between 0 and 1. Here, f = 1

represents the condition where motors are randomly distributed throughout the entire length of the

bundle. The center of the region allocated for motor distribution was aligned with the center of the

bundle.

The results indicated that the bundle produced the highest total tension (Ftot) and achieved the

maximum contractile efficiency (η) when motors were localized near the center of the bundle, specif-

ically at f = 0.06 (Fig. 2.8A). It is important to note that the term Fmax
M in the denominator of Eq.2.3

remains constant across these scenarios, meaning that Ftot is directly proportional to η. Whenmotors

are concentrated in a relatively small, central region, they are more likely to overlap in a cooperative

manner, satisfying the condition Lc ≤ Lov ≤ LM. This facilitates the formation of strong contractile

units, allowing a large fraction of the motors to effectively contribute to force generation.
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As the value of f increased, motors became more evenly distributed across the bundle, resulting

in a sparser arrangement. In these cases, many motors exhibited only partial overlap or were entirely

separated from one another. This spatial separation diminished the ability of motors to cooperate

and align synergistically, leading to a decrease in both Ftot and η (Fig. 2.8A). Furthermore, the ob-

served effects of f on force generation were consistent with predictions made by the theoretical model

described earlier, confirming the validity of the model in reproducing the influence of motor distri-

bution on bundle mechanics (Fig. 2.8B).

These findings underscore the critical role of motor spatial localization in optimizing the force-

generating capacity of bundles. By concentratingmotors in specific regions, particularly near the cen-

ter of the bundle, the cooperative interactions between motors are maximized, enhancing both the

total force generated and the efficiency of the contractile mechanism.

Figure 2.8: Motor distribution affects the force generation in disorganized bundles. We varied the relative size of a
region where motors were initially located, f. f = 1 means that motors can be located at any part of the bundle. (A)
Bundle‐level force (Ftot) and efficiency (η) depending on f. As motors were localized more closely to the center (i.e.,
smaller f), the force and the efficiency were higher. (B) Prediction of the bundle‐level force with different f.
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2.7The structure of motors influences force generation in

bundles

We employed motors with 24 arms, each having a length of LM = 462 nm, along with a bare zone

length Lbz = 42 nm and a spacing between arms Lsp = 42 nm. As mentioned earlier, the struc-

tural characteristics of myosin thick filaments can vary significantly depending on themyosin isoform

and experimental conditions. If motors are longer and possess more arms, they may generate greater

bundle forces. To verify this hypothesis, we examined cases with varying Na while maintaining the

thickest bundle configuration (NF = 7) and keeping the total number of arms in the system,NaNM,

constant. With higherNa, LM increased, butNM decreased (Fig. 2.3, i). When LM increased due to

higherNa, Ftot also increased (Fig. 2.9A, red). Because these cases had the same total number ofmotor

arms, Fmax
M in Eq.2.3 was identical across all simulations. Consequently, η exhibited the same trend as

Ftot (Fig. 2.9B); with longer motors, η was higher. A similar trend was observed for Fest (Fig. 2.9B,

red). Longer motors with more arms enhance the strength of individual contractile units, leading to

Ftot and η being directly proportional to LM if there is no overlap between motors. However, these

motors are less likely to overlap in a fully cooperative manner due to the larger Lc (Eqs. 2.5 and 2.6).

Thus, Ξ was actually smaller with higher LM (Fig. 2.9C, red). This explains why the dependence of

Ftot on LM was weaker at high LM compared to low LM (Fig. 2.9A).

There are two additional approaches to increaseLMwithout alteringNa andNM: (1) increasingLbz

at the center of motors or (2) uniformly increasing Lsp between motor arms (Fig. 2.3, ii and iii). We

performed simulations to investigate variations in eitherLsp orLbz using the thickest bundle (NF = 7)

withNa = 16. These results were compared to simulations whereNa varied as described earlier. In-

terestingly, whenLM was similar, the Ftot obtained by changingLbz closelymatched that from varying

Na, despite differences inNM (Fig. 2.9A, blue). In contrast, Ftot in cases with altered Lsp was notice-
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ably lower (Fig. 2.9A, green). η followed the same trend as Ftot since Fmax
M was identical in all cases (Fig.

2.9B). Fest also reproduced a similar pattern (Fig. 2.9D). For a fixed LM, a longer bare zone positions

motor arms closer to the two ends of the motor backbone. This increases the likelihood of force addi-

tion due to a smaller Lc (Eqs. 2.5 and 2.6). Consequently, Ξ was higher (Fig. 2.9C, blue), leading to

increased Ftot and η despite a smallerNa. Conversely, motors with uniformly larger spacings between

arms require greater overlap to sum forces. The smaller Ξ and Na resulted in lower Fest and η (Figs.

2.9C and D, green).
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Figure 2.9: Motor architectures impact the force generation in disorganized bundles. (A) Bundle‐level force (Ftot) de‐
pending on LM. The motor length (LM) is varied by changing either the number of motor arms (Na, red circles), the bare
zone length (Lbz, blue triangles), or the spacing between motor arms (Lsp, green squares). (B) The efficiency of force
generation. (C) The maximum number of cooperatively overlapping motors. (D) Prediction of the bundle‐level force
using the positions of motors.
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2.8Force generation in actin networks is regulated by the

same mechanism

Toexamine the generality of ourfindings,we conducted simulationsusing a two-dimensional network

where F-actins and motors were randomly oriented without any directional bias, in contrast to the

highly ordered structures found infilament bundles (Fig. 2.2A). In this 2Dnetwork, we systematically

varied one parameter at a time, including the number of motors (NM), the number of actin filaments

(Na), the bare zone length (Lbz), or the spacing between motor arms (Lsp), similar to the approach

taken for bundle simulations (Fig. 2.10).

The total force generated by the 2Dnetwork (Ftot) was consistently smaller than the corresponding

values measured in bundles under the same conditions. This reduction in force can be attributed to

the random orientations of motors and actin filaments in the network, which limit the alignment of

forces along a single direction (Figs. 2.11A, B). Interestingly, our results revealed that Ftot in the 2D

network was proportional toN0.65
M , which is close to

√
NM. In the case of bundles, Ftot was directly

proportional toNM at largeNM (Fig. 2.7A).Theweaker dependence ofFtot onNM in the 2Dnetwork

is consistent with expectations, given that motors are uniformly distributed and their orientations are

random in this system.

The contractile efficiency (η) observed in the 2D network exhibited similar magnitudes to those

measured in filament bundles under comparable conditions (Figs. 2.9D, B, and 2.11C). Notably, η

was still calculated using Eq.2.3, but the effective Fmax
M in the 2Dnetworkwas determined by summing

the x- or y-components of the forces exerted by all motors and then averaging them across the system:

Fmax
M =

1
NM

NM∑
i=1

√
F2i,x + F2i,y. (2.8)
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The dependences of Ftot and η on the examined parameters in the 2D network closely resembled

those observed in filament bundles. This suggests that the fundamental mechanism of force gener-

ation, regulated by cooperative overlaps between motors, operates similarly in networks as it does in

bundles. Although the forces exerted by motors in the network are not aligned along a common axis,

they can still counterbalance or sum effectively depending on the relative positions and orientations of

themotors. This behavior highlights the robustness of the cooperativemechanismof force generation

across different structural organizations, from bundles to 2D networks.

Figure 2.10: Configurations of the two‐dimensional actomyosin network. (A) Examples of networks at the initial state
under the reference condition, with a smaller or larger number of motors, and with longer motors. (B) Snapshots show
only a quarter of networks in (A) to better visualize individual motors. (C) Examples of networks at the final state show‐
ing the local tension in blue for low force and red for high force.
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Figure 2.11: Force generation in the two‐dimensional actomyosin networks. (A) Network‐level tension (Ftot) and the
efficiency of force generation (η) with a different number of motors. (B) Ftot depending on motor length varied by
changing either of the number of motor arms (Na, red circles), the bare zone length (Lbz, blue triangles), or the spac‐
ing between motor arms (Lsp, green squares). (C) The efficiency of force generation in two‐dimensional actomyosin
networks with different motor lengths varied by three methods.
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Art is such an action. It is a kindred form of action to ide-

alism. They are both expressions of the same drive, and the

man who fails to fulfill this urge in one form or another is

as guilty of escapism as the one who fails to occupy himself

with the satisfaction of bodily needs.

Mark Rothko, The Artist’s Reality: Philosophies of Art

3
Discussion of the Myosin II Thick Filament

Structural Impacts

Actomyosin contractility represents a highly conserved molecular machinery critical for gen-

erating mechanical forces in animal cells. This mechanism plays a pivotal role in a wide range of phys-

iological processes, including cytokinesis, cell migration, and tissue morphogenesis125. Central to
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this process is myosin II, the primary molecular motor responsible for force generation within cells.

Myosin II exists in the form of highly organized structures known as thick filaments. Over the past

decades, the structural and functional characteristics of myosin thick filaments have been extensively

studied. Despite the diversity in thick filament forms observed across different cell types, the specific

effects of their structural properties on force generation remain poorly understood.

3.1Optimized distribution of contractile units

An earlier in vitro study investigated the effects of myosin II filament size on force generation us-

ing disorganized actomyosin bundles composed of a few F-actins and three myosin isoforms: skeletal

muscle myosin, smooth muscle myosin, and non-muscle myosin167. The findings revealed that the

tensile force generated in these bundles was directly proportional to the number of myosin heads per

filament, provided that the total number of myosin heads was constant. This proportionality was ex-

plained through a theoretical bundle model consisting of serially connected contractile units, where

each myosin II filament served as a unit of force generation. While this explanation aligns partially

with the observations in our study, it applies primarily to bundles withminimal overlap between thick

filaments, where only a few thick filaments are present.

Although actomyosin contractility has been the subject of several theoretical and computational

studies, most prior models adopted highly simplified representations of molecular motors, neglecting

the structural intricacies of thick filaments17,40,34. Consequently, these models were unable to cap-

ture the influence of thick filament properties on force generation. A limited number of models have

considered thick filament structures; however, thesemodelswere often restricted to simulating a single

filament due to computational constraints161,183, or they did not probe the detailed force generation

process22.

In this study, we employed motors with the geometry of bipolar thick filaments to systematically
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investigate how force generation in disorganized actomyosin structures, including bundles and net-

works, is regulated by the number, spatial distribution, and structural properties of motors. First,

using a minimal system comprising only two F-actins, we demonstrated that motors positioned be-

tween actin filaments with anti-cooperative positioning (ACPs) could not combine their forces to

produce a larger net force (Fig. 2.4). We then examined disorganized bundles of varying thickness

and observed that while the bundle-level force (Ftot) increased with thickness, the efficiency of force

generation (η) decreased (Fig. 3). This reduction in efficiency was attributed to the larger number of

motors in thicker bundles.

Our simulations further revealed that bundles withmoremotors generated higher forces but did so

less efficiently (Fig. 3.1). Whenmotors were distributed sparsely, with minimal overlap, the efficiency

of force generation was inversely proportional to the number of motors (η ∼ 1/NM). However, as

the number ofmotors increased, cooperative overlaps betweenmotors becamemore frequent, leading

to the formation of stronger contractile units and an efficiency greater than 1/NM. Additionally, we

examined the effects ofmotor distribution and found that force generationwas significantly enhanced

whenmotors were confined to a smaller region, as this promoted cooperative overlaps among densely

packed motors (Fig. 3.2).
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Figure 3.1: Configuration of bundles with different motor numbers. Ξ represents the estimated number of motors in
the strongest contractile unit. With smallNM, Ftot and Ξ are unlikely to increase significantly until an entire bundle is
occupied by motors, so η is roughly 1/NM. By contrast, with high NM, an increaseNM directly enhances Ftot and Ξ,
and η almost remains constant.

Figure 3.2: Configuration of motors with different motor distribution levels. Ξ indicates the estimated number of mo‐
tors in the strongest contractile unit. f denotes the distribution level of motors, which increases with an increase of
motor distribution area in the bundle. Given the number of motors, smaller f results in more cooperative overlaps (i.e.,
higher Ξ) and thus leads to higher Ftot and η.
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3.2Optimized motor structures depending on the cell types

We also explored how motor length and arm configuration affected force generation. Motors with

longer lengths and more arms generated greater forces because the forces produced by the arms of a

single motor could simply add up (Fig. 3.3). Interestingly, longer motors with an extended bare zone

and fewer arms outperformedmotorswith shorter bare zones andwider arm spacing (Fig. 3.4). This is

because the former required a smaller degree of overlap to achieve cooperative interactions, resulting

in higher forces. Our findings underscore the importance of considering thick filament structural

properties in force generation, challenging the conclusions of recent studies that focused solely on

F-actin connectivity34.

Figure 3.3: Configuration of bundles with longer motors incorporating more arms. As each motor has more arms (Na),
Ftot and the efficiency of force generation (η) become higher because forces generated by motor arms are counterbal‐
anced to a lesser extent.
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Figure 3.4: Possible overlaps between two motors with different structures. A dark gray color indicates a fully coopera‐
tive overlap, and light gray indicates a partially cooperative overlap. To have the fully cooperative overlap, motors with
many arms need to located very closely, whereas motors with the long bare zone can overlap in the fully cooperative
manner with a relatively long distance between them. This is because the latter requires a smaller degree of overlap to
achieve cooperative interactions, resulting in higher forces.

3.3Further implications for disorganized actomyosin bun-

dles in non-muscle cells

Our results have broader implications for understanding the structural organization of stress fibers

in non-muscle cells, which mediate various physiological processes such as cell protrusion, cytokine-

sis, and cell shape maintenance27,78. In stress fibers, non-muscle myosin II is the principal motor

driving contractile forces. Stress fibers can be categorized into two main types: ventral stress fibers

and transverse arcs93. Ventral stress fibers, which are derived from pre-existing precursors, possess

sarcomere-like structures with serially connected contractile units separated by α-actinin, a type of

ACP. In contrast, transverse arcs lack distinct repeating structures and contain fewer ACPs. In ven-

tral stress fibers, the abundance of ACPs counterbalances motor-generated forces, as demonstrated in

Fig. 2.4. This structural organization limits force amplification beyond what is generated by a single

contractile unit. Consequently, ventral stress fibers are expected to produce smaller forces than trans-

verse arcs of similar thickness. However, since ventral stress fibers are typically thicker, they generate

larger overall tension, consistent with our findings (Fig.2.5)92.
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In addition to force generation, the contractile behavior of actomyosin structures, such as length

reduction, has been a focus of interest. Our model can be adapted to study these behaviors by de-

activating periodic boundary conditions and disconnecting the bundle or network from fixed do-

main boundaries, as previously described96. For achieving higher contractile speeds with the same

total number of myosin heads, multiple contractile units are advantageous, as suggested in prior stud-

ies167. This highlights a trade-off between force generation and contractile speed. Furthermore, pre-

vious studies have shown that contractile speed in actomyosin networks is proportional tomotor den-

sity125,193,107. Our model could be utilized to systematically investigate how contractile speed is reg-

ulated by parameters such as motor number, distribution, length, and structural properties.

In this study, we investigated how the process of force generation in disorganized actomyosin bun-

dles and networks is regulated by the structural and spatial properties of myosin thick filaments. Our

findings demonstrated that increasing the number of motors enables bundles and networks to gen-

erate larger tensile forces. However, this increase in force generation is accompanied by a reduction

in the efficiency of force generation (η). Specifically, we observed that the relationship between the

number of motors and force generation is non-linear and depends significantly on several key factors.

First, with the same total number of motors, the forces generated by bundles and networks can

vary considerably depending on their spatial distribution. Sparse distributions ofmotors lead to lower

cooperative interactions, resulting in less efficient force generation. In contrast, densemotor distribu-

tions promote cooperative overlaps, allowing for stronger contractile units and higher forces. Second,

the number ofmyosin heads per thick filament is a critical determinant of the overall force. Thick fila-

ments with more myosin heads can generate larger forces because their heads can exert additive forces

when interacting with actin filaments. Finally, the length of the bare zone at the center of the thick

filament plays a crucial role. Longer bare zones enablemotors to position their arms closer to the ends

of the filament, increasing the likelihood of cooperative force addition.

Our findings align partially with prior studies, such as the one conducted research167, where the
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effects of different myosin isoforms under varying conditions were examined. These results can also

be further validated experimentally using synthetic myosin thick filaments. For instance, synthetic

thick filaments constructed using advanced methods such as DNA origami42 provide a unique plat-

form to test our predictions. These artificially designed structures allow precise control over filament

dimensions, motor head numbers, and bare zone lengths, enabling systematic verification of the role

these factors play in force generation.

Our study highlights the intricate interplay between motor quantity, distribution, and structural

properties in regulating actomyosin contractility, offering new insights into the fundamental mecha-

nisms of force generation in cellular and synthetic systems.
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Then this ebony bird beguiling my sad fancy into smiling,

By the grave and stern decorum of the countenance it wore,

“Through thy crest be shorn and shaven, thou”, I said,

“art sure no craven,

Ghastly grim and ancient Raven

wandering from the Nightly shore-

Tell me what thy lordly name is

on the Night’s Plutonian shore!”

Quoth the Raven “Nevermore.”

Edgar Allan Poe, The Raven

4
Elucidating the Mechanical Adaptation of

Actomyosin Bundles

Mechanical forces play an essential role in cellular processes including cell morphogene-

sis, migration, and cytokinesis93,150,19,191. Among these processes, how cells respond to external force

and generate contractile force is intimately associated with biological functions and diseases, such as
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wound healing and cancer84,91. However, depending on the cell type and the related function, dis-

tinct mechanical environments exist. These mechanical conditions and their alteration affect cellular

processes profoundly. Diverse responses of cells under these changing mechanical conditions still re-

quire elucidation. Therefore, to comprehend the cell dynamics, cellular functions in force generation

andmechanotransduction need to be explored systematically. As the origin of force generation, actin-

myosin interactions play vital functions in such adaptive behaviors. Although their basicmechanisms

are similar in different types of muscle cells as introduced in the previous chapters, their architectures

among the striated muscle, smooth muscle, and non-muscle cells demonstrate significant differences.

By associating with other protein complexes, striated muscles present a highly organized actomyosin

structure, whereas the smoothmuscle and non-muscle cells show relatively disordered configurations.

In this chapter, we first summarize the current knowledge related to actomyosin structures among

different cell types. Following that, we focus on how the actin-myosin interactions contribute to the

mechanical adaptation in non-muscle cells, which is still unclear to date. An in vitro single-fiber ex-

perimentwas conducted to show the dynamic properties of the actomyosin bundle. The observations

were investigated quantitatively by associating with our agent-based model.

4.1The in vitro single-fiber experiment

To isolate individual SFs, we first remove the apical cell membrane, cytosol, and nucleus in the A7r5

cells via the hypotonic shock technique118. The ventral SFs could remain attached to an underlying

substrate by treating the de-roofed cells with a detergent. The contractility of these extracted SFs was

maintained with the magnesium-ATP buffer at a physiological level that reactivated myosin ATPase.

The isolated SF was further manipulated by a functionalized glass needle, which can stick on one end

of the fiber and apply the external forces (Fig. 4.1A). Regarding themeasurement of the bundle force,

a specialized device has been developedwith a pair of the glass needle, which is available tomanipulate
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individual SFs and detect their contractile forces. In this equipment, one of the needles is movable

by associating with the piezo-actuator, whereas the other needle is fixed for stabilizing the bundle.

An optical system is embedded as well, allowing the observation of the fluorescence image during the

experiment (Fig. 4.1B).

Figure 4.1: Methods for the SFs extraction and manipulation. (A) A single bundle was isolated from A7r5 cells by remov‐
ing an apical cell membrane, cytosol, and nucleus via the hypotonic shock technique. The bundle could remain attached
to an underlying substrate by treating the de‐roofed cells with a detergent. Further manipulation can be achieved by a
functionalized glass need. (B) Device for the bundle force measurement118.
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4.2Model overview

Different with themodel descried in the previous topic, each bundle consists of two sub-bundles, and

each sub-bundle is composed by the identical number of F-actins with the same polarity positioned

along a single circle whose radius is 13.5 nm (Fig. 4.2). The barbed ends of F-actins are attached to

either the left or the right boundary. This configuration results in a bundle structure similar to the

sarcomere found in muscle cells. Unless specified, the bundle length in the z direction is 5 μm with

an F-actin length of 4.9 μm. According to polarity, 50 F-actins are symmetrically distributed in two

sub-bundles in the computational domain as the reference case. The number of filament can vary in

several simulations for investigating the effects of bundle mechanical properties.

Figure 4.2: Structure of the sarcomeric model. The bundle consists of two sub‐bundles, and each sub‐bundle is com‐
posed by the identical number of F‐actins with the same polarity. “B” and “P” indicate the barbed and pointed ends
of the F‐actins, respectively. The barbed ends of F‐actins are attached to either the left or the right boundary. Deep
and light blue colors denote the two sub‐bundles of F‐actins with anti‐parallel polarities. The red color represents the
myosin thick filaments, and the yellow color is for the ACPs.
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4.3Rheological test in the simulation

In the first 10s of simulations motors are assembled, and their arms bind to F-actins without walking.

The arms of ACPs also bind to pairs of parallel F-actins to form cross-links. After the completion

of this network formation, motor arms are allowed to walk. In addition, the +z boundary where the

barbed ends of one sub-bundle are attached starts moving in +z direction, following a linearly increas-

ing strain. After reaching the maximum strain level, the boundary moves in the -z direction with the

same or different strain rate (ε̇) until it comes back to the initial position. This results in the extension

and compression of the bundle. Unless specified, the molar ratios of motors (RM = CM ⁄ CA ) and

ACPs (RACP = CACP ⁄ CA ) are set to 0.01 and 0.1, respectively, where Ci denotes the concentration

of each cytoskeletal components. With this rheological setting, we found the simulation with a maxi-

mum strain of 50% can reproduce the stretch-compression experiment well. As a reference value, the

strain rate was set by 0.1 for the stretch phase, meaning 5 seconds according to the strain level, and it

of the compression phase varies for comparison.

4.4Quantification of bundle contour length and tensile forces

In this model, a bundle is formed by two sub-bundles with anti-parallel F-actins distributed in a sym-

metricmanner. In both sub-bundles, F-actins have identical length and their barbed ends are clamped

to the boundaries elastically. This arrangementmimics the sarcomeric structure in SFs. Since the bun-

dle is formed in a three-dimensional domain, bundle buckling during the compression phase can exist

in any cross-section that is perpendicular to its longitudinal direction. Toquantify the bundle contour

length in each time step, a middle cross-section plane is detected that identically bisects the instanta-

neous length between two boundaries in z direction. Using the coordinates of each actin segment,

contour length in each half bundle can be calculated by accumulating the spatial distance between
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two adjacent actin segments from the boundary to the middle position. Therefore, the entire bundle

contour length (L) equals to the summation of that of the two half bundles.

To quantitatively measure the tensile forces with a high time resolution, the bundle is divided in

z direction with 20 cross-sections. Polymer chains that cross each cross-section plane are detected,

including F-actins, motor backbones, motor arms, and ACPs. Simultaneously, forces in those chains

can be measured and be recorded per 0.1s, and only their components in z direction are considered.

Based on this, tensile force in all divisions along the bundle can be analyzed during the entire stretch

and compression processes. The bundle force, FB, is the average of the detected tensile forces in all

divisions during each time step.

4.5Bundle buckling and recovery are functions of the strain

rate but independent of its mechanical properties

In our in vitro experiment, the contractility of the extracted fibers can be maintained by adding the

Mg-ATP buffer (Fig. 4.3A). The isolated SFs exhibited diverse responses depending on their external

forces. Seven cycles of stretch and compression were conducted with increasing strain value. In all

these cycles, we observed different buckling scales of SFs followed by a gradual deformation into a

straight shape (Fig. 4.3B). By recording the change in their contour lengths over time, we found the

SFs compressed with a larger strain rate showed more significant buckling and required a longer time

for reforming their linear appearance (Fig. 4.4A and C). This gradual recovery can be ascribed to the

active behaviors of myosin-II, which is triggered by the presence of Magnesium-ATP solution. These

observations imply SFs have the ability of mechanical adaptation in that they are able to elongate,

shorten, buckle, and reestablish the isometric contraction gradually.

To investigate the determinants of this bundle buckling and the subsequent recovery, we first ap-

88



Figure 4.3: In vitro single‐fiber experiment. (A) The contractility of the extracted fibers can be maintained by adding the
Mg‐ATP buffer (1mM) under the temperature of 25◦C and the ionic strength of 100mM. (B) Buckling of the isolated SF
was observed after the stretch‐compression manipulation. It was followed by a gradual recovery into a straight shape.
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Figure 4.4: Analysis of the cyclic‐stretched isolated SF. (A) Recording of the SF contour length and the end‐to‐end
length. Numbers with different colors denote 7 selected cycles during the experiment. (B) An example of showing the
recovery phase of the 7th cycle indicated by a dashed square in (A). (C) Recording the changes of the bundle contour
lengths of 7 cycles during the recovery phase. (D) The calculated recovery rates of the 7 cycles.
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plied our computational model to check wether it can recapture the whole process of the experiment.

As shown in Figs. 4.5 and 4.6, a significant buckling can be observed after the compression, following

by a recovery phase that is consistent with the experiment results. The stretch and the buckling af-

ter compression brought a longer contour length than the initial length. And the following recovery

phase gradually reduced the buckling and contour length (Fig. 4.6A). By checking the development

of the bundle force, the peak value was reached one second before the end of extension. A following

tension release started andFB stayed zero level during the recovery phase and raised again once the bun-

dle returned to its initial length (Fig. 4.6B). This drastic drop of the bundle force are predominantly

resulted from the unbinding events of motor arms and ACPs, because the continuously growing ten-

sion during the extension phase can approach to their stall value and trigger the unbinding.

Figure 4.5: Simulation for the bundle stretch‐compression experiment. (A) A clear buckling can be observed after the
compression, following by a recovery phase that is consistent with the experiment results. Distribution of motors are
shown in the red color, and cyan denotes the F‐actins. (B) A same bundle visualized in a tension‐related manner. The
red color represents a high local tension while the blue color represents a low force. A release of tension during the
compression phase occurred and the bundle cannot maintain a high tension until the end of recovery phase.

Considering the bundle persistence length, which is indispensable for the buckling level, we adopt

two different methods including the alterations of actin bending stiffness and the bundle thickness

to vary the persistence length. The bending stiffness between actin segments (kb) can be enhanced

directly and three values including the reference value, 10- and 100-fold of it were applied (Fig. 4.7).

Strikingly, the bundle contour length after the compression and the generated force demonstrated a
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Figure 4.6: Analysis of bundle contour length and bundle force. (A) ΔL represents the change of bundle contour length.
The dashed line denotes the position of the right z boundary. The stretch and the buckling after compression brought
a longer contour length than the initial length. A following recovery phase gradually reduces the buckling and contour
length. (B) FB indicates the averaged bundle force. It reached to a peak value during the extension and a significant
relaxation can be observed. The release of tension mainly came from the unbinding events of motor arms and ACPs. FB
stayed zero level during the recovery phase and raised again once the bundle returned to its initial length.

similar tendency regardless of the bending stiffness (Figs. 4.7A and C). We further changed the bun-

dle thickness by varying the number of F-actins,Nfila, formed for the bundle configuration. Similarly,

thinner (Nfila = 30) and thicker (Nfila = 70) bundles did not present the contour lengths after com-

pression with a large difference compared to the reference case (Nfila = 50) (Fig. 4.7B). However,

the maximum bundle forces were proportional to the increase of Nfila (Fig. 4.7D). It should be no-

ticed that the number of motors (NM) was controlled identically among the bundles with different

thicknesses, implying the same contractility. But the number ofACPswould increase within a thicker

bundle because there are more actins and only the density of ACPs (RACP) was controlled. This re-

sults in more ACPs between the two sub-bundles and thus enhances bundle connection. Due to its

slip-bond property, the thick bundles with more ACPs would becomemore elastic and consequently

high tension can be built up during the extension phase. Together, these results imply that the in-

herent mechanical property, like the persistence length, would not affect the bundle contour length
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during the stretch-compressionphase. Therefore, we applied the actin bending stiffness 10-fold higher

than the reference value in the following simulations to ensure a clear buckling pattern.

We further tested different strain rate ε̇ for the bundle compression phase. With the largest strain

rate (ε̇ = 0.5, 1s), the bundle had the longest contour length after compression (Fig. 4.8A) and the

subsequent recovery required the longest time compared to others (Fig. 4.8B). This can be explained

as that the significant buckling resulted in a longer distance for motors to walk on, which led to a

longer recovery time consequently. Furthermore, the majority of motors feeling this large ε̇ would

unbind from F-actins since the force values acting on their arms would exceed the stall force level due

to the large buckling. On the contrary, large buckling would not occur with a small strain rate (e.g.

ε̇ = 0.05, 10s). Meanwhile, a certain number of motors could still interact with F-actins because of

the lower local tension they felt, whichwould further shorten the recovery time after the compression.

Therefore, the strain rate of the compression phase has a significant influence on the bundle buckling

and the bundle recovery time, which is consistent with our observation in the experiment of isolated

SFs.

4.6Motor dynamics anddensity determine the bundle recov-

ery rate and the force generation

Interactions between motor and F-actin are essential for generating the contractile force, which is a

complicated mechanochemical process for the myosin cycle. In our experiment, the actin-myosin in-

teractions were activated by adding the ATP-rich solution. To maintain the regular functions of the

isolated SFs, the ATP concentration was strictly controlled at the physiological level. This allowed us

to investigate the mechanical response of SFs under a certain chemical condition in vitro. However,

myosin activity would be largely varied in vivo depending on multiple conditions (e.g. ATP concen-
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Figure 4.7: Bundle buckling is independent of its mechanical properties. (A) ΔL represents the change of bundle con‐
tour length at the end of the compression phase. Altering the bending stiffness of F‐actin (kb) cannot change the con‐
tour length significantly. Three cases represents the kb of the reference value, 10‐ and 100‐fold of the reference value.
(B) Changing the bundle thickness by increasing the number of F‐actins (Nfila) cannot bring difference in ΔL. (C‐D) FB
indicates the averaged bundle force. Higher kb did not show a different bundle force during the stretch‐compression
phase, whereas the increase ofNfila can enhance the maximum FB due to the large number of ACPs. n.s. represents no
significance between data.
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Figure 4.8: Bundle buckling and recovery are functions of the strain rate. (A) ΔL represents the change of bundle con‐
tour length at the end of the compression phase. ε̇ = 0.05, 0.15, 0.5 represents different strain rates corresponding to
compression phases with 10s, 3.3s, and 1s. The bundle contour length increases with an increase of the strain rate. (B)
Higher strain rates lead to longer recovery phases due to larger deformations.

tration and pH value)74,139. To overcome the obstacle of changing those conditions and keeping the

regular functions of SFs in vitro simultaneously, we applied our agent-based model to investigate the

motor dynamics influences on the bundle properties during this stretch-compression configuration.

We first adjusted the motor dynamics by changing the motor walking rate Rw. With an identical

motor density (RM = 0.01), bundles with different motor walking rates demonstrated noticeable

differences (Figs. 4.9A and B). Motors with a two-fold higher walking rate (2×) compared to the

reference case (1×) contracted the bundle faster than others and a shortest recovery time (Δtr) can be

observed (Fig. 4.9B, 2×). Motorswith a half of the referencewalking rate (0.5×) led to amild decrease

in the bundle contour length after the compression (Fig. 4.9B, 0.5×). This can be attributed to the

fast relative displacement between motor and F-actin, which is highly related to the contractile force.

As a consequence, the higher force level from the fast motor walking rate would obviously shorten

the bundle recovery phase. However, the motor walking rate would not affect the bundle too much

during the compression, because most motors would unbind from F-actins due to the high tension
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level. This can explain the non-significance of the contour length after the compression phase between

cases (Fig. 4.9A).

Another essential parameter that regulates the bundle mechanical response is the motor density.

During a myriad of cell processes, in vivo SFs demonstrate a highly dynamic assembly, in which the

number of motors can be different. However, there was no turnover of protein molecules in the iso-

lated SFs and it is difficult to detect the exact number of myosin thick filaments in vitro. Hence, we

applied a range of the motor densityRM (from 0.002 to 0.01) in the model during the bundle forma-

tion phase to investigate how the motor number influences the bundle mechanical reactions. It can

be observed that the required recovery time were inversely proportional to the increase of RM (Fig.

4.9C). We averaged the bundle force during the steady state near the end of simulations, the force

level improved noticeably with the increase of motor density (Fig. 4.9D). It is significant that a large

number ofmotors can enhance the bundle contraction so that shortens the recovery phase and brings

a higher bundle force.
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Figure 4.9: [Motor dynamics and density determine the bundle recovery and the force generation. (A) ΔL represents
the change of bundle contour length at the end of the compression phase. ε̇ = 0.05, 0.15, 0.5 represents different
strain rates corresponding to compression phases with 10s, 3.3s, and 1s. The bundle contour length increases with an
increase of the strain rate. (B) Higher strain rates lead to longer recovery phases due to larger deformations.
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O glaube, du warst nicht umsonst geboren!

Hast nicht umsonst gelebt, gelitten!

Was entstanden ist, das muss vergehen!

Was vergangen, aufersteh’n!

Hör’ auf zu beben!

Bereite dich zu leben!

Gustav Mahler, The Symphony No.2 in CMinor

5
Discussion of the Actomyosin Impacts to

the Bundle Mechanical Adaptation

A large fraction of the mechanical forces are generated by actomyosin bundles that con-

sist mainly of myosin thick filaments, filamentous actins (F-actins), and actin cross-linking proteins

(ACPs) called α-actinin. These proteins are distributed along the bundle in a different manners de-
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pending on the cell types. Unlike the stereotypical structure found in striatedmuscles, distribution of

these proteins in the non-muscle cells varies adaptively in response to changes in surroundingmechan-

ical environments, which leads to variations in the contractile and mechanical properties of bundles.

The adaptive behavior of the actomyosin bundles tomechanical environments is intimately related to

diverse biological functions, but themolecular basis of the adaptation remains unclear to date. In this

study, we combined our agent-based computational model with in vitro experiments to illuminate

the mechanism of the adaptative behavior of actomyosin bundles.

5.1Actin-Myosin interactions govern the bundlemechanical

adaptation

In the in vitro experiments, we observed that the isolated bundles exhibited diverse responses depend-

ing on loading conditions; the bundles showed buckling with high curvature after rapid compression,

followed by gradual recovery to a straight shape. By contrast, they did not show buckling in response

to slow compression. The experimental results also implied that SFs can accommodate to large exten-

sion and compression. However, under the cyclic-stretch, we observed the contractility of the isolated

SF significantly reduced after multiple cycles even with similar extents of the strain level. Meanwhile,

several “dense bodies” appeared along the bundle. These structuresmight be different from the obser-

vations in smoothmuscle fibers53 and aremuch likely resulted from the disruption of its inner protein

arrangement. Such disruptions and the consequent protein accumulation were barely reported in ex-

periments in vivo, since the highly dynamic turnover ofmonomers occurs in the living cells. However,

strikingly, our isolated SF could still adapt to the changes of the external forces by the activation of

myosin, suggesting the indispensable contribution from the actin-myosin interactions.

This rate-dependent adaptive behaviors of the bundle were reproduced by the agent-based model.
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Using the simulation, we found that buckling patterns vary primarily as a function of a compres-

sion rate but independent with the mechanical properties of bundles, such as the bending stiffness of

individual F-actin and bundle thickness. On the other hand, the recovery behavior of the bundle de-

pended on the force-dependent dynamic behaviors of myosin motors. With a higher motor walking

rate, the bundle can remove the buckling rapidly compared to motors with lower walking rate. This

walking speed is highly related to the motor number in each thick filament and themechanochemical

transition rates of myosin states. For instance, the walking speed can be reduced significantly when

there is a few motor heads in each myosin ensemble. Meanwhile, this small number of motor heads

can diminish the overall stall force level of the whole ensemble. It causes a frequent unbinding of

the motor arms and further shortens the duty ratio of the whole ensemble. A numerical attempt for

changing the ensemble unbinding rate and walking rate by varying the motor number in each arm

and the individual myosin stall force can be found in Fig. A.1. Similarly, bundles with higher motor

densities can contract and recover efficiently attributed to the large force generation.

5.2Necessity of the sarcomeric structure and its potential

stabilizer in disorder bundles

One intriguing and essential question is why the ventral stress fiber need to form the sarcomeric struc-

tures in serial. Considering other contractile actomyosin structures in non-muscle cells including the

transverse arcs and the contractile ring during cell division, the polarities of F-actins and the proteins’

distribution are more random. As for the dorsal stress fibers, they are not contractile and there is no

myosin associates with dorsal SFs. One compelling explanation can obtained from their mechanical

functions. Ventral SFs play vital roles during the cell migration. They are the predominant source of

the contractile force and are the main skeleton for maintaining the cell shape. Meanwhile, one ventral
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SF connect to two focal adhesions. Unlike transverse arcs and dorsal SFs, which primarily maintain

cytoskeletal tension or serve as structural connectors, ventral SFs are responsible for generating con-

tractile forces that are transmitted directly to focal adhesions and the extracellularmatrix (ECM). This

requires a sarcomeric arrangement of actomyosin structures, where periodic actin filament bundles al-

ternate with myosin filaments, ensuring uniform contraction and efficient force transmission along

their length. Without this organization, the forces generated by ventral SFs would be unevenly dis-

tributed, reducing their mechanical efficiency.

In contrast, transverse arcs and dorsal SFs do not need sarcomeric structures because their roles

differ significantly109. Transverse arcs are not anchored to focal adhesions and function primarily

as a contractile network supporting cytoskeletal tension, while dorsal SFs connect transverse arcs to

focal adhesions at only one end, playing a less active role in force generation. These fibers do not

require the same level of structural optimization for force transmission. The sarcomeric organization

in ventral SFs also enables the summation of forces from multiple contractile units, amplifying their

mechanical output while maintaining energy efficiency. This arrangement is critical for ventral SFs’

roles in cell migration and mechanotransduction, where dynamic force adaptation is essential. Thus,

the necessity of sarcomeric structures in ventral SFs reflects their specialized function in generating

and transmitting forces, a requirement not shared by transverse arcs or dorsal SFs.

Another question is related to the stochastic binding of myosin heads in non-muscle myosin thick

filaments. Different from that in the striatedmuscles, non-musclemyosin thick filaments incorporate

a small number of myosin monomers in each ensemble, which would amplify the stochastic property

regarding the actin-binding possibility. Similar with the skepticism in muscle modeling introduced

before, the uneven bound motor numbers between the two sides of each thick filament might cause

a lateral movement of the myosin stack along the bundle. However, this type of myosin sliding has

not been observed in cells with their physiological conditions. For the highly organized striated mus-

cle myosin, there are multiple associating priteins including the myosin-binding protein C and my-
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omesin that are able to centralize the thick filament. Additionally, the giant protein titin is feasible

to function as the myosin stabilizer and the mechanical clutch as introduced before. Considering the

non-muscle cells, in fact, there have several recent studies reporting that additional proteins demon-

strate the force-balancing and stabilizing functions. For instance, the protein caldesmon can connect

themyosin light chains to the tropomyosin isoforms of Tpm2.1, 1.6 / 1.7, and 3.1 / 3.287. By kocking

down this caldesmonprotein, an irregularmyosin distribution along ventral SFswere observed, which

led to defects in processes including cell migration andmorphogenesis. In addition, LUZP1, a leucine

zipper protein, has been revealed to regulate the SFs’ assembly by associating with actin and the neck

region of non-muscle myosin II monomer181. Furthermore, an actin binding protein, Drebrin has

recently reported to stabilize the focal adhesions and enhance the non-muscle myosin II activities in

central and peripheral SFs by controlling the kinetics and conformation of the actin-myosin associ-

ation120,28. Nonetheless, ventral SFs can actively adjust the number of sarcomeres by zyxin, which

predominantly associates with focal adhesions but was revealed to localize along SFs when a high ten-

sion appearing132,192. According to their experiments, adjacent sarcomeres have a mechanical com-

munication that can actively compensate the high tension felt by one sarcomere. New sarcomeres can

be formed at the high tension area regulated by zyxin once the force exceeds a certain threshold. In-

terestingly, these myosin- or sarcomere-regulators found in non-muscle cells shown a relatively short

lifttime with myosin or actin. This can be attributed to the highly dynamic mechanism of ventral SFs

in the living non-muscle cells and further facilitates their ability of mechanical adaptation.
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Men,

though they must die,

are not born in order to die

but in order to begin.

Hannah Arendt, The Human Condition

6
Conclusion

In this study, we explored the dynamics of force generation in various myosin-

based structures, including disorganized bundles and networks, as well as isolated stress fibers

(SFs) under different conditions. Our investigations revealed that the properties of myosin thick fila-

ments play a crucial role in regulating the efficiency and magnitude of force generation. Specifically,

we observed that while an increased number of myosin motors enhances the tensile forces generated
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by bundles and networks, the efficiency of force generation decreases. Additionally, with a fixed num-

ber of motors, the force output varies significantly depending on the spatial distribution of motors,

the structural characteristics of thick filaments (such as the number ofmyosin heads and the bare zone

length), and the loading conditions. These findings suggest that the structural organization ofmyosin

filaments directly influences their mechanical output.

Our in vitro experiments with isolated SFs highlighted their diverse mechanical responses under

different loading conditions. Rapid compression induced buckling with high curvature, followed

by a gradual recovery to a straight configuration, whereas slow compression did not result in buck-

ling. These results demonstrate the SFs’ significant adaptability to large extensions and compressions

through myosin activation, emphasizing the critical role of actin-myosin interactions.

Agent-based simulations supported our experimental findings and provided further insights into

the rate-dependent adaptive behaviors of SFs. The simulations demonstrated that buckling patterns

are primarily influenced by the compression rate, withminimal dependency on the intrinsicmechani-

cal properties of the bundles, such as bending stiffness and thickness. In contrast, the recovery behav-

ior depended significantly on the force-dependent dynamics of myosin motors. Higher motor walk-

ing rates facilitated rapid buckling recovery compared to slower motors, implying the importance of

motor kinetics.

Together, these findings illuminate the complex interplay between structural and dynamic factors

inmyosin-based force generation and adaptation. By integrating experimental observationswith com-

putational modeling, we provide a comprehensive understanding of the mechanisms governing the

mechanical behavior of myosin filaments and stress fibers. This knowledge paves the way for future

studies employing synthetic systems to validate and extend these insights, offering potential applica-

tions in bioengineering and cellular mechanics.
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A
Dynamics of Agents

A.1Brownian Dynamics via the Langevin Equation

In this model, F-actin is represented as a series of serially connected cylindrical segments, each charac-

terized by barbed and pointed ends. Actin cross-linking proteins (ACPs) aremodeled as two segments

connected by an elastic hinge, enabling flexibility in their interactions. Motors are designed to mimic

the structure of myosin thick filaments, with each motor comprising a backbone structure that con-
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tains a certain number of arms (Na). Each arm corresponds to 8 real myosin heads (Nh = 8), leading

to a total of NhNa myosin heads per motor. The backbone itself is composed of multiple identical

segments, with a bare zone at its center consisting of one or more segments. The arms of the motor

are connected to the endpoints of backbone segments located outside the bare zone, with the spacing

between adjacent motor arms corresponding to the length of a single backbone segment.

Thedynamics of the segments constitutingF-actin,motors, andACPs are governedby theLangevin

equation, where inertial effects are neglected:

ζi
dri
dt

= Fi + FTi , (A.1)

where ri is the position vector of the ith element, ζi represents the drag coefficient, t is the time, Fi is

the deterministic force, and FTi is the stochastic force. The stochastic force satisfies the fluctuation-

dissipation theorem174:

⟨FTi (t) · FTj (t′)⟩ = 2kBTζiδijδ(t− t′), (A.2)

where δij is the Kronecker delta, δ(t− t′) is the Dirac delta function, kB is the Boltzmann constant, T

is the absolute temperature, and Δt = 1.15× 10−5 s is the simulation time step.

Drag coefficients are calculated using an approximate formula for cylindrical objects21:

ζi = 3πμrc,i
(3+ 2r0,i/rc,i)

5
, (A.3)

where μ is the viscosity of the surrounding medium, r0,i is the length of the segment, and rc,i is the

diameter of the segment. The position vectors of all segments are updated at each time step using the

Euler integration scheme:

ri(t+ Δt) = ri(t) +
Δt
ζi
(Fi + FTi ). (A.4)
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A.2Structures of Elements and Deterministic Forces

The deterministic forces acting on the elements are categorized as follows: i) extensional forces main-

taining equilibrium lengths, ii) bending forces preserving equilibrium angles, and iii) repulsive forces

accounting for volume-exclusion effects between F-actins. The extensional and bending forces arise

from specific potential energy functions:

Ub =
1
2
κb(θ− θ0)2, (A.5)

Us =
1
2
κs(r− r0)2, (A.6)

where κb and κs represent the bending and extensional stiffnesses, respectively, θ and θ0 denote the

instantaneous and equilibrium angles, and r and r0 are the instantaneous and equilibrium lengths of

the segments.

The equilibrium parameters for F-actin segments, ACP arms, andmotor backbones are defined by

their respective stiffnesses and geometries, ensuring structural consistency during simulations. Repul-

sive forces aremodeled using a harmonic potential, and their parameters are set to prevent overlapping

of actin segments. An equilibrium angle formed by two adjacent actin segments (θ0,A = 0 rad) and

the equilibrium length of actin segments (r0,A = 140 nm) are regulated by the bending (κb,A) and

extensional (κs,A) stiffnesses of F-actin, respectively. The value of κb,A corresponds to the persistence

length of 9 μm68. An equilibrium angle formed by two arms of each ACP (θ0,ACP = 0 rad) and the

equilibrium length of ACP arms (r0,ACP = 23.5 nm) are maintained by the extensional (κs,ACP) and

bending (κb,ACP) stiffnesses of ACPs, respectively.

An equilibrium angle formed by adjacent backbone segments (θ0,M = 0 rad) and the equilibrium
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length of motor backbone segments (rs,M1) are maintained by bending (κb,M) and extensional (κs,M1)

stiffnesses, respectively. The value of κs,M1 is equal to that of κs,A, whereas the value of κb,M is larger

than that of κb,A so that the backbone does not bend significantly. The reference value of rs,M1 is 42

nm, but it is varied in someof the simulations to increase the spacing betweenmotor arms aswell as the

total length of the motor backbone. The number of segments in the bare zone determines the length

of the bare zone. Twomotor arms are located on each endpoint of backbone segments which are not

part of the bare zone. The extension of each motor arm is regulated by the two-spring model with

transverse (κs,M2) and longitudinal (κs,M3) springs. The transverse spring regulates an equilibrium

distance (r0,M2 = 13.5 nm) between the endpoint of a motor backbone and an actin segment where

the arm of the motor is bound, whereas the longitudinal spring maintains a right angle between the

motor arm and the actin segment (r0,M3 = 0 nm).

Repulsive forces are from a harmonic potential83:

Ur =


1
2κr,A(r12 − rc,A)2 if r12 < rc,A,

0 if r12 ≥ rc,A.
(A.7)

where κr,A is the strength of repulsive force, and r12 is theminimumdistance between twoneighboring

actin segments.

Forces exerted on actin segments by bound motor arms and ACPs or by the repulsive forces are

distributedonto twoends (barbed andpointed ends) of the actin segments as described inourprevious

work in detail73.
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A.3Dynamic Behaviors of ACPs

The arms of ACPs bind to F-actin segments at specific binding sites spaced 7 nm apart. Two arms

that belong to the same ACP are not allowed to bind to the identical F-actins. Binding occurs at

a constant rate without any preference for the contact angle. Once bound, ACPs form permanent

cross-links in the study introduced in chapter 2, ensuring stable interactions during the simulation.

For other simulations, ACPs can unbind from F-actin, following Bell’s law9:

ku,ACP =


k0u,ACPexp(

λu,ACP|Fs,ACP|
kBT ) if rACP ≥ r0,ACP,

k0u,ACP if rACP < r0,ACP.
(A.8)

where k0u,ACP is the zero-force unbinding rate constant, λu,ACP represents the sensitivity of the unbind-

ing rate to an applied force Fs,ACP = ∇Us,ACP, and rACP denotes the instantaneous length of ACP

arms. The values of k0u,ACP and λu,ACP are adopted from a previous single-molecule experiment37.

A.4Dynamic Behaviors of Motors

Motor arms bind to F-actin segments at a rate of 40Nh s−1, whereNh is the number of myosin heads

per arm. Proper alignment with the polarity of F-actin is required for binding, as misaligned mo-

tor heads do not interact with actin filaments171,155. Upon binding, motor arms walk toward the

barbed end of F-actin at rates determined by the parallel cluster model (PCM)36,35, which simulates

themechanochemical cycle of non-musclemyosin II. Thewalking and unbinding rates aremodulated

by applied loads, incorporating catch-bond behavior.
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Figure A.1: Dynamics of the motor ensemble is regulated by the parallel cluster model. (A) Myosin lever arm swings with
an angle triggered by the Pi release, causing the actin‐myosin transition from the weakly bound state to the strongly
bound state. (B) Mechanochemical transitions among the three states in myosin ATPase cycle. (C) Unbinding rate of the
myosin ensemble based on PCM is highly affected by the stall force of individual myosin head (Fst) and the number of
motor head in each ensemble (Nh). (D) Walking rate of the myosin ensemble based on PCM. Solid lines denoteNh = 8,
whereas the dashed lines representNh = 4.
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A.5Tables of Parameters

The parameter values used in the model are provided in Table. A.1, detailing the structural and dy-

namic properties of F-actin, ACPs, and motors. Table. A.2 lists parameters specific to the PCM,

including rates and forces.

Table A.1: List of parameters used in the model.

Symbol Definition Value
r0,A Equilibrium length of the actin segment 1.4× 10−7 [m]
rc,A Diameter of the actin segment 7.0× 10−9 [m]
θ0,A Equilibrium angle of F-actin 0 [rad]
κs,A Extensional stiffness of F-actin 1.69× 10−2 [N/m]
κb,A Bending stiffness of F-actin 2.64× 10−19 [N ·m]
r0,ACP Equilibrium length of the ACP segment 2.35× 10−8 [m]
rc,ACP Diameter of the ACP segment 1.0× 10−8 [m]
θ0,ACP Equilibrium angle of ACP 0 [rad]
κs,ACP Extensional stiffness of the ACP 2.0× 10−3 [N/m]
κb,ACP Bending stiffness of ACP 1.04× 10−19 [N ·m]
r0,M1 Equilibrium length of the motor backbone segment 42− 138 [nm]
rc,M Diameter of the motor backbone segment 1.0× 10−8 [m]
θ0,M Equilibrium angle of the motor backbone 0 [rad]
κs,M1 Extensional stiffness of the motor backbone 1.69× 10−2 [N/m]
κb,M Bending stiffness of the motor backbone 5.07× 10−18 [N ·m]
r0,M2 Equilibrium length 1 of the motor arm 1.35× 10−8 [m]
r0,M3 Equilibrium length 2 of the motor arm 0 [m]
κs,M2 Extensional stiffness 1 of a motor arm 1.0× 10−3 [N/m]
κs,M3 Extensional stiffness 2 of a motor arm 1.0× 10−3 [N/m]
Nh Number of myosin heads per motor arm 8
Na Number of arms in a single motor 4− 48
κr,A Strength of the repulsive force 1.69× 10−3 [N/m]
NM Number of motors in the system 1− 2, 000
Δt Time step 1.15× 10−5 [s]
μ Viscosity of the medium 8.6× 10−1 [kg/m · s]

kBT Thermal energy 4.142× 10−21 [J]
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Table A.2: Parameter values used for the parallel cluster model.

Symbol Definition Value
k01 A rate from unbound to weakly bound state 40 [s−1]
k10 A rate from weakly bound to unbound state 2 [s−1]
k12 A rate from weakly bound to post-power-stroke state 1, 000 [s−1]
k21 A rate from post-power-stroke to weakly bound state 1, 000 [s−1]
k20 A rate from post-power-stroke to unbound state 20 [s−1]
F0 Force dependence 5.04× 10−12N
Epp Free energy bias toward the post-power-stroke state −60× 10−21 [J]
Eext External energy contribution 0 [J]
d Step size 7× 10−9 [m]
km Spring constant of the neck linkers 1× 10−3 [N/m]
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B
Parallel Cluster Model

According to the cross-bridge model, binding and unbinding events of each myosin-II protein can

be described in stochastic transitions with certain transition rates63. However, dividing the myosin

cycle into only two states can reduce the resolution a lot when we consider the overall dynamics of

an ensemble. Therefore, the PCM is adopted in this study which separates the myosin cycle into

three mechanochemical states including the unbound (free), weakly bound (pre-power stroke), and

strongly bound (post-power stroke) states36,35. In addition, the local thermodynamic equilibrium
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can be assumed in each ensemble due to the instant transitions among myosin states compared to the

relatively long time that muscle activities cost72. Based on this assumption, a certain distribution of

the three myosin states can be calculated, which simplifies the simulation significantly. Using sub-

scripts 0, 1, and 2 to represent the unbound, weakly bound, and strongly bound states, respectively.

Then, the transition rates among thesemechanochemical states can be denoted as k01, k10, k12, k21, and

k20. Considering the thermodynamics, transitions between states 0 and 1, states 1 and 2 are reversible,

while only the unbinding from state 2 to 0 is irreversible since a new ATP binds to the myosin and is

hydrolyzed during this process. Assume that there are a totalNnumber ofmyosin in the ensemble and

i of them exist in the bound states. Then, the number of freemyosin isN− i. Similarly, with j number

of myosin staying at the strongly bound state, the number of myosin in the weakly bound state can be

denoted as i− j. It should be noticed that the relation among these parameters is 0 ⩽ j ⩽ i ⩽ N.

In the PCM, the behavior of power stroke and the most unbinding events are induced by the local

force exerted on the protein, and monomers in the same state are regarded to share the equivalent

load35. Based on this assumption, myosin proteins in the weakly bound state have the same strain εij

where the subscripts indicate that this strain depends on the state (i, j) of the entire ensemble. With

the release of Pi, the subsequent power stroke can stretch themyosinmonomer with a further strain d

to the strongly bound state. Regarding a constant external force Fext acting on the ensemble, it has to

be balanced by the elastic force arising by themyosinmonomers as Fext = km[(i− j)εij+ j(εij+ jd)] =

km(iεij + jd), in which km is the stiffness of the myosin neck linker determined by single-molecule

studies175. Therefore, the myosin strain in the weakly bound state can be calculated as follows,

εij =
1
i
[(Fext/km)− jd] (B.1)

Based on this expression of strain, the elastic energy stored in boundmyosin can be calculated asEelij =
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km[(i − j)ε2ij + j(εij + d)2]/2. Since a constant external force cannot bring energy contribution to

the ensemble, then the total energy in an ensemble is Eij = Eelij + jEpp, where Epp denotes the energy

bias to the strongly bound state caused by Pi release. Therefore, according to the assumption of local

thermodynamic equilibrium, the Boltzmann distribution can be adopted to describe the conditional

probability to find j number of myosin existing in the state 2 with a given condition of i as Pr(j|i) =

exp(−Eij/kBT)/Qi, in which kBT represents the local thermal energy in the ensemble, and Qi is the

partition sum.

According to the single-molecule studies, transition rates k01, k10, k12, and k21 can be considered

constants since their relative stability compared to the unbinding that predominantly depends on the

unbinding force F0 = kBT/δ175,178. The parameter δ indicates an additional strain during the un-

binding process, which is frequently observed in experimental works175. Therefore, the transition

rate from state 2 to 0 can be calculated as k20(i, j) = k020exp[−km(εij + d)/F0], where k020 is the zero-

force unbinding rate obtained from experiments. Based on these expressions, the effective binding

and unbinding rates for myosin in the ensemble with state (i, j) can be calculated as follows.

kon(i) = (N− i)k01 (B.2)

koff(i) =
i∑

j=0
[(i− j)k10 + jk20(i, j)]Pr(j|i) (B.3)

In order to evaluate the dynamics of the entire ensemble, its position alteration needs to be defined

quantitatively. Considering the backbone of myosin thick filament, it is assembled by the myosin

coiled-coil tails, which indicates the position ofmyosin anchors can be simplified as a relative constant
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Z0. Consequently, the position of each bound myosin head Zij equals the summation of Z0 and its

corresponding offset from the backbone. Since the conformational change triggered by the power

stroke cannot change the position of the bound myosin head, thus the offset of both myosin heads

in states 1 and 2 equals the strain value εij. Assuming the position of an ensemble Z̄ij is the averaged

coordinate of all boundmyosin. Hence, it can be expressed as Z̄ij = Zij = Z0 + εij. Since the ensem-

ble movements only depend on the binding and unbinding dynamics according to the cross-bridge

model, the unbound myosin can present a zero-strain state that implies its position can be simplified

asZ0 as well. As a result, an additional binding event can alter the ensemble to a new position Z̄′
ij with

a step value ΔZon
i as shown below.

Z̄
′
ij =

iZ̄ij + Z0

i+ 1
= Z0 +

i
i+ 1

εij (B.4)

ΔZon
i =

i∑
j=0

(Z̄i
ij − Z̄ij)Pr(j|i) = − i

i+ 1

i∑
j=0

εijPr(j|i) (B.5)

Similarly, an additional unbinding event of myosin with its offset can bring the ensemble to a new

position Z̄′′
ij with a step size ΔZoff

ij as shown below.

Z̄
′′
ij =

iZ̄ij − Zij

i− 1
= Z0 + εij (B.6)

ΔZoff
ij = Z̄

′′
ij − Z̄ij = 0 (B.7)
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According to Eq.B.7, the result indicates that unbinding in the PCM cannot affect the ensemble po-

sition. However, there exists a special situation in which the unbinding of the only bound myosin

(i = 1) can change the position of the entire ensemble. In this case, the unbinding step can be repre-

sented by the offset of the related myosin as ΔZoff
1j = −ε1j, where j = 0, 1.

In the PCM, the velocity of themyosin ensemble can be obtained bymultiplying the effective bind-

ing or unbinding rate with its corresponding step value36. As shown in Eq.B.7, for the transition of

unbinding, only that of the last bound myosin can influence the result. Thus the ensemble velocity

for a given condition of i can be expressed as follows.

Vi =kon(i)ΔZon
i + [k10ε10Pr(0|1)+

k20(1, 1)ε11Pr(1|1)]δi1
(B.8)

where δi1 denotes the Kronecker delta that can determine whether the condition i = 1 exists.
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