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A B S T R A C T

Cellular adaptation to environmental changes relies on the dynamic remodeling of subcellular structures. Among 
these, periodic actomyosin assemblies are fundamental to the organization and function of the cytoskeletal ar
chitecture. In muscle-type cells, sarcomeres exhibit ordered structures of consistent lengths, optimized for stable 
force generation. By contrast, nonmuscle-type cells exhibit greater structural variability, with sarcomere-like 
periodic units of varying lengths that contribute not only to force generation but also to adaptive remodeling 
upon environmental cues. These structural differences have traditionally been attributed to the specific protein 
compositions unique to each cell type. However, the functional significance of such periodic unit variability 
remains poorly understood within a unified framework. Here, we propose a conceptual model grounded in 
nonequilibrium physics to provide a unified perspective on structural variability in cytoskeletal adaptation. 
Specifically, we demonstrate that the effective binding strength of these contractile units can be evaluated by 
quantifying structural randomness through Shannon entropy. The increased entropy associated with the inherent 
randomness of sarcomere-like assemblies in nonmuscle-type cells lowers the energy barrier for cytoskeletal 
remodeling, enabling flexible adaptation to environmental demands. In contrast, the ordered sarcomere ar
rangements in muscle-type cells correspond to higher binding energies, stabilizing cytoskeletal configurations for 
sustained force generation. While structural disorder is often regarded as a source of instability, our analysis 
reveals that it can serve as a driver of cytoskeletal remodeling and a foundation for adaptive cellular behavior. 
Thus, our study provides a unified theoretical foundation for understanding cytoskeletal adaptability across 
diverse cell types by integrating structural randomness into a nonequilibrium framework.

1. Introduction

Living cells adaptively reorganize their internal structures in 
response to changes in both their internal and external environments 
(Zajac and Discher, 2008; Discher et al., 2005). This structural adapt
ability is fundamental to individual cellular processes such as differen
tiation, proliferation, and apoptosis, as well as to higher-order processes 
such as tissue development and wound healing (Hove et al., 2003; Hahn 
and Schwartz, 2009). The cytoskeleton is central to the physical struc
ture and force generation of cells, maintaining its integrity through 
organized protein complexes. Among these, periodic actomyosin struc
tures, primarily composed of actin, myosin II, and α-actinin, function as 
fundamental units of cellular contractile architecture.

In striated muscles, these periodic assemblies are referred to as sar
comeres and constitute the core of myofibrillar organization (Henderson 
et al., 2017; Purslow and Trotter, 1994; Reconditi et al., 2014; Ertbjerg 

and Puolanne, 2017; Gollapudi and Lin, 2009). Meanwhile, similar 
sarcomere-like periodic structures are also present in ventral stress fibers 
of nonmuscle cells (Herrera et al., 2005; Peterson et al., 2004; Ver
khovsky et al., 1997; Hotulainen and Lappalainen, 2006; Cramer et al., 
1997; Deguchi and Sato, 2009; Lazarides and Burridge, 1975; Coravos 
and Martin, 2016; Russell et al., 2011). Compared to the uniform length 
and alignment of muscle sarcomeres, these nonmuscle counterparts 
exhibit greater structural variability; and even within muscle cells, 
interestingly, younger ones display broader distributions of sarcomere 
lengths, indicating greater structural randomness than mature ones 
(Goldspink, 1968; Kolley et al., 2024a). Furthermore, this variability is 
more pronounced in motile cells than in nonmotile cells (Peterson et al., 
2004; Verkhovsky et al., 1997). Muscle sarcomeres primarily support 
coordinated contractility within tissues (Henderson et al., 2017), while 
nonmuscle sarcomere-like structures are involved in diverse dynamic 
cellular processes including migration, division, and structural 
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remodeling upon environmental changes (Vicente-Manzanares et al., 
2009; Conti and Adelstein, 2008; Schiffhauer et al., 2016; Greenberg 
et al., 2016).

In biological research, traditionally, these differences have been 
attributed to the unique properties of specific proteins expressed in each 
cell type, often within a reductionist framework. While this molecular 
perspective is indispensable for identifying components and enabling 
targeted manipulation, it can be complemented by a comparative 
physical approach that seeks a unified interpretation of how architec
tural variability is intrinsically linked to distinct cellular functions. Prior 
studies from a physical perspective have aimed to elucidate the mech
anisms for the self-organization of actomyosin periodicity (Kolley et al., 
2024a; Vicente-Manzanares et al., 2009; Conti and Adelstein, 2008; 
Kolley et al., 2024b; Friedrich et al., 2012), with some attempts in 
exploring how their contractions generate cellular tension and in turn 
maintain cytoskeletal organization (Henderson et al., 2017; Katoh et al., 
1998a; Deguchi et al., 2006). However, how the variability of such 

periodic structures contributes to cellular functions remains an open 
question, as no unified theoretical framework has been established.

Here, we describe a conceptual model based on a nonequilibrium 
physics framework to provide a unified interpretation of the relationship 
between subcellular structural variability and adaptability. We analyt
ically derive constraints on the probability distribution of these struc
tures and the effective binding energy among their constituent units to 
evaluate how structural variability enhances adaptability. To incorpo
rate nonequilibrium effects, we formulate a Fokker–Planck equation 
describing the probability distribution of actomyosin-based periodic 
configurations and consider entropy production as an indicator of the 
energetic cost required for maintaining these nonequilibrium structures, 
specifically referring to the cytoskeletal system composed of contractile 
units. We also analyze the length distribution of actomyosin contractile 
units from experimental results on different cell types and interpret its 
functional implications within our theoretical framework. Finally, we 
explore the parameter space of our model to investigate how variations 

Fig. 1. Schematic of contractile unit structure. The upper diagram (blue) shows ordered sarcomeres with specific lengths, while the lower diagram (orange) shows 
their disordered counterparts with varying lengths. The upper image corresponds to A7r5 cells, and the lower to fibroblasts, illustrating representative examples. 
White rectangles are magnified to evaluate the intensity of α-actinin (cyan) along the indicated F-actin bundles (magenta). Arrowheads indicate peaks in the intensity 
curves. Scale, 20 μm (left) and 2 μm (magnified).
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in structural properties influence adaptability. Our results suggest a 
fundamental physical principle, indicating that actomyosin organization 
should be understood not merely at the scale of individual contractile 
units, but as an emergent system operating at the cellular level to 
enhance adaptive flexibility. Interestingly, while structural randomness 
often impairs system function in engineered systems, it instead serves as 
a key driver of adaptability in living organisms.

2. Theory and methods

2.1. Entropy production

In striated muscle, the sarcomere is a well-defined periodic structure 
composed mainly of actin, myosin, and α-actinin, among other proteins. 
In contrast, non-muscle cells often exhibit actomyosin structures with 
irregular, sarcomere-like periodicity. In this study, we collectively refer 
to the canonical sarcomeres in muscle cells and the sarcomere-like 
structures in non-muscle cells as contractile units, defined by the peri
odic spacing between α-actinin-rich regions along actomyosin bundles 
(Fig. 1). This operational definition serves as a marker of intracellular 
structural organization. For the purposes of our modeling framework, 
we consider the system to be the cytoskeletal structure composed of 
contractile units, while the surrounding intracellular environment, 
assumed to be sufficiently large, serves as a heat bath that remains close 
to thermal equilibrium. While many actomyosin-binding proteins 
contribute to remodeling in specific contexts, their roles differ sub
stantially between muscle and nonmuscle cells. By contrast, actin, 
myosin II, and α-actinin represent the only structural components whose 
isoform differences may be directly compared across both systems, and 
thus these can be assumed as elements comprising the cytoskeletal 
system, without excluding possible contributions from other proteins.

We then express the nonequilibrium entropy production during the 
growth process of the cytoskeletal structure while nearby contractile 
units bind together or unbind. Given the inherent complexity of cyto
skeletal systems, including the involvement of over a hundred distinct 
proteins in actin contractile bundles (Liu et al., 2022), modeling at the 
individual protein level would inevitably require selective assumptions, 
potentially obscuring the broader functional roles underlying contractile 
unit fluctuations. To circumvent this, we adopt a coarse-grained 
approach in which the combined action of these proteins is treated as 
equivalent to contractile unit-level binding and unbinding, using the 
contractile unit as the fundamental unit of analysis.

The total entropy production, considered for both the system and the 
environment, is defined as 

σ = ΔSsys + ΔSbath ≥ 0 (1) 

where ΔSsys and ΔSbath are the change in entropy of the system and of the 
surrounding environment, respectively (Crooks, 1999). We consider the 
probability distribution of the contractile unit length in one dimension, 
describing its randomness, defining the probability of its length state x 
as P(x). In nonequilibrium systems, ΔSsys can be expressed using Shan
non entropy as follows (Friedrich et al., 2012): 

ΔSsys = −
∑

P(x)ln P(x). (2) 

For ΔSbath, we assume that the environment can freely exchange 
constituent contractile unit elements and energy with the preexisting 
cytoskeletal structure and is therefore described by a grand canonical 
distribution under this theoretical assumption. The change in entropy of 
the environment is then given by 

ΔSbath = − β(ΔE − Δμ) (3) 

where ΔE is the energy change in the cytoskeletal structure due to 
contractile unit binding, Δμ is the change in chemical potential as 
contractile units transition from the particle bath to within the cyto

skeletal structure, and β = 1/kbT representing the inverse thermal en
ergy, with kb being the Boltzmann constant (1.38 × 10− 23 m2 kg s− 2 K− 1) 
and T the absolute temperature (310.15 K). Using Eqs. (2) and (3), the 
total entropy production is expressed by 

σ = −
∑

P(x)ln P(x) − β(ΔE − Δμ) ≥ 0, (4) 

showing that the entropy production during the forming process of 
the cytoskeletal structure is always positive.

2.2. Maximum binding energy

We define ΔE in Eq. (3) as the energy change due to contractile unit 
binding to the cytoskeletal structure, corresponding to the binding en
ergy, or ΔE = ΔEb. From Eq. (4), the maximum binding energy is 
described by 

ΔEb ≤ ΔEb
max = Δμ −

1
β
∑

P(x)ln P(x). (5) 

Based on the second law of thermodynamics, the nonequilibrium 
formation of the cytoskeletal structure driven by contractile unit binding 
is accompanied by a positive entropy change. This constraint imposes a 
limit on the binding energy, which represents the strength of the inter
action between contractile units, with a more negative binding energy 
indicating a stronger binding. While unbinding can also be described by 
reversing the signs of ΔE and Δμ, we focus on the binding process as a 
representative case that captures the essential thermodynamic behavior.

2.3. Probability distribution of contractile unit structures

We also define P(x) based on a simple conceptual model that cap
tures the variations in contractile unit length, while using experimental 
data to examine its quantitative trends across different cell types. Given 
that the contractile unit exhibits a biophysical response characterized by 
a potential energy landscape that is inherently convex downward with 
respect to its stable length x0, we express the potential energy U(x) at 
contractile unit length x as 

U(x) =
1
2

k(x − x0)
2 (6) 

where k represents the restoring contribution of the contractile unit. The 
convexity of this function follows from the inherent properties of the 
actomyosin structure, which we justify in Supporting Note 1, and extend 
to asymmetric configurations in Supporting Note 2. Using the Fokker- 
Planck equation, the time evolution of P(x, t) is described by 

∂P(x, t)
∂t

= −
∂

∂x
{ − k(x − x0)P(x, t)} +

∂2

∂x2 {DP(x, t)} (7) 

where D is the diffusion coefficient, representing the probabilistic spread 
of contractile unit configurations in relation to energy stability; in this 
conceptual model, D captures the effective diffusive contribution of 
thermal fluctuations and actomyosin-driven dynamics as a coarse- 
grained representation without explicitly modeling these mechanisms. 
By solving Eq. (7) under the steady-state condition, we obtain the sta
tionary probability distribution as 

P(x) =
exp

(

−
k(x − x0)

2

2D

)

∑
exp

(

−
k(x − x0)

2

2D

) (8) 

where P(x) satisfies the normalization condition 
∑

P(x) = 1. We 
quantitatively analyzed the maximum binding energy ΔEb

max in Eq. (5)
by considering specific P(x). For this analysis, D was set to 10 μm2/s 
based on typical molecular diffusion coefficients (Lovett et al., 2013; 
Newman et al., 1989; Montague et al., 1983; Kanzaki et al., 2006), and 

Y. Ueda and S. Deguchi                                                                                                                                                                                                                       BioSystems 257 (2025) 105594 

3 



Δμ was estimated to be on the order of 20 kJ/mol from experimental 
measurements of the energy associated with ATP hydrolysis (Kodama 
and Woledge, 1979; Gajewski et al., 1986). While Δμ does not corre
spond to a specific reaction, it reflects the average energetic input 
required to organize disordered components into more ordered struc
tures. Thus, Δμ serves as a coarse-grained chemical potential that in
tegrates diverse chemophysical contributions involved in contractile 
unit formation.

2.4. Quantification of contractile unit length

The actual contractile unit length was estimated as a representative 
value using previously published experimental images from multiple 
sources, including myofibrils isolated from mouse skeletal muscles 
(Balnave et al., 1997), primary mice myotubes (Manabe et al., 2016), 
and neonatal rat cardiomyocytes (Burbaum et al., 2021), which pre
dominantly express striated muscle-type actin and myosin molecules; 
and human fibroblasts (Sanger et al., 1983), PtK2 long-nosed potoroo 
epithelial kidney cells (Sanger et al., 1983), gerbil fibroma cells (Sanger 
et al., 1983), and A7r5 rat aortic smooth muscle cells (Matsui et al., 
2011), which express nonstriated muscle-type actin and myosin mole
cules. Among them, A7r5 cells also express α-SMA, a smooth 
muscle-specific actin isoform commonly used as a marker for smooth 
muscle cells and myofibroblasts; these cells adopt a synthetic phenotype 
and therefore do not form the side-polar myosin filaments typical of fully 
differentiated smooth muscle cells (Okamoto et al., 2020; Matsui and 

Deguchi, 2019). Images of endogenous α-actinin immunostaining 
(Manabe et al., 2016; Burbaum et al., 2021; Sanger et al., 1983; Matsui 
et al., 2011) were analyzed by using ImageJ/Fiji software (NIH). Fluo
rescence intensity profiles were analyzed along the longitudinal axis of 
multiple contractile units to measure the distance between adjacent 
α-actinin–positive regions, with their centers defined by intensity max
ima (Fig. 1). The measured inter-peak distance was thus used to define 
the contractile unit length. We analyzed n = 40–48 contractile units for 
each of the three striated muscle types (myofibrils, myotubes, and car
diomyocytes), and n = 53–56 contractile units for each of the four 
nonstriated muscle types (fibroblasts, PtK2, gerbil fibroma, and A7r5 
cells) to obtain the respective distributions. To illustrate representative 
sarcomere distributions, we also hereby performed immunostaining for 
α-actinin and actin filaments on A7r5 cells following method (Matsui 
et al., 2011) and on human foreskin fibroblasts following method (Liu 
et al., 2022) (Fig. 1). Rather than performing statistical testing, we 
focused on extracting characteristic length scales from documented 
samples to provide a comparison across different conditions.

3. Results

3.1. Contractile unit distributions and their biophysical implications

Contractile structures in both muscle and nonmuscle cells exhibit a 
common periodic organization, yet differ markedly in structural vari
ability. Muscle-type sarcomeres form highly ordered, three-dimensional 

Fig. 2. Quantification of contractile unit length variability and estimation of binding energy. (a) The actual contractile unit length was quantified using previously 
published experimental images from multiple sources, including neonatal rat cardiomyocytes (Burbaum et al., 2021), mouse skeletal myofibrils (Balnave et al., 
1997), primary mouse myotubes (Manabe et al., 2016), A7r5 smooth muscle cells (Matsui et al., 2011), gerbil fibroma cells (Sanger et al., 1983), PtK2 epithelial cells 
(Sanger et al., 1983), and human fibroblasts (Sanger et al., 1983). (b) Shannon entropy was calculated for each distribution. (c) The binding energy for different types 
was estimated using Eq. (8) and the distributions shown in Fig. 3 at a fixed chemical potential of − 20 kJ/mol.
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lattices with uniform lengths, whereas nonmuscle contractile units lack 
such precise organization and appear more heterogeneous (Matsui et al., 
2011). This observed variability, however, may not merely be a visual 
distinction but rather reflect differences in the effective binding strength 
among contractile unit components. To examine this possibility, we 
analyzed contractile unit length distributions across different cell types 
and quantified their structural variability.

Specifically, in myofibrils isolated from mouse skeletal muscles 
(hereafter referred to as Skeletal myofibrils), primary mouse myotubes 
(Myotubes), neonatal rat cardiomyocytes (Cardiomyocytes), which all 
predominantly express striated muscle-type actin and myosin molecules 
and are characterized by relatively large contractile forces, sarcomeres 
were consistently observed to maintain a specific length (Fig. 2a). To 
quantify the consistency of sarcomere length, we calculated Shannon 
entropy for each distribution (Fig. 2b), confirming that sarcomeres in 
muscle-type cell types exhibit lower levels of entropy, indicative of a 
more ordered structural arrangement. In contrast, contractile units in 
human fibroblasts (Fibroblasts), PtK2 long-nosed potoroo epithelial 
kidney cells (PtK2 cells), and gerbil fibroma cells (Fibroma cells), which 
express nonstriated muscle-type actin and myosin molecules and are 
characterized by less contractile force, exhibited greater length vari
ability and higher entropy. Thus, while nonmuscle contractile units 
retain their periodic structure (Deguchi and Sato, 2009; Costa et al., 

2002), they show a relatively random organization compared to muscle 
sarcomeres. A7r5 rat aortic smooth muscle cells (A7r5 cells), which 
coexpress both α-SMA and muscle-type α-actin, displayed an interme
diate level of structural randomness among the analyzed cell types.

The effective binding energy for different actomyosin structures was 
estimated using Eq. (5) and the measured distributions, showing its 
proportionality to the change in system entropy at a fixed chemical 
potential of − 20 kJ/mol (Fig. 2c). Nonmuscle contractile units exhibit 
lower binding energies than muscle sarcomeres, suggesting a greater 
capacity for structural remodeling. This trend is consistent with exper
imental observations (Henderson et al., 2017; Herrera et al., 2005; 
Peterson et al., 2004; Verkhovsky et al., 1997; Hotulainen and Lappa
lainen, 2006; Cramer et al., 1997; Deguchi and Sato, 2009; Lazarides 
and Burridge, 1975; Coravos and Martin, 2016; Katoh et al., 1998b), 
showing that nonmuscle contractile units undergo more dynamic reor
ganization than their muscle counterparts. Here, we define adaptability 
as the structural plasticity that enables contractile units to reorganize in 
response to environmental cues. From this perspective, a lower binding 
energy corresponds to a more flexible state, as it allows easier structural 
rearrangement in response to external perturbations. This interpretation 
supports our notion that the ordered arrangement of contractile units is 
not merely a property of individual elements, but an emergent system 
property that enables structural adaptability at the cellular scale.

Fig. 3. Quantification of maximum binding energy and its dependence on structural and energetic factors. (a) Length distribution of contractile units at k = 102 [N/ 
μm] (red), 103 [N/μm] (green), and 104 [N/μm] (blue). With a smaller k, the distribution of contractile unit lengths exhibits greater variability, indicating increased 
structural diversity. (b) Relation between restoring contribution and maximum binding energy. A higher restoring contribution corresponds to a lower maximum 
binding energy, indicating stronger binding between constituent elements. (c) Dependence of maximum binding energy on restoring contribution and chemical 
potential. A lower chemical potential results in a lower maximum binding energy.
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3.2. Contractile unit organization and remodeling under energetic and 
environmental constraints

Next, we extend our investigation using our framework to system
atically examine how variations in key parameters influence structural 
stability and adaptability. The probability distribution for contractile 
unit lengths was analyzed using the model described by Eq. (8). These 
distributions follow a Gaussian distribution with variance 

̅̅̅̅̅̅̅̅̅
D/k

√
, which 

arises from the balance between stochastic fluctuations and restoring 
contribution of contractile units (Fig. 3a). As k increases, the variance in 
contractile unit length decreases, resulting in more stable localization 
around a specific length. Conversely, as k decreases, the variance in
creases, leading to a broader length distribution and a more random 
actomyosin structure.

As the restoring contribution k increases, structural order becomes 
higher and entropy decreases (Fig. 3a, blue), reducing the thermody
namic drive for progressive assembly. Consequently, the maximum 
achievable binding energy becomes more negative, limiting the elon
gation of cytoskeletal structures as described in Eq. (5). On the other 
hand, when the restoring contribution is small, the resulting disordered 
configuration increases entropy (Fig. 3a–red), diminishing the relative 
contribution of binding energy and facilitating cytoskeletal assembly 
and hence flexible remodeling. Although the model defines k as a 
parameter that determines structural order, the one-to-one correspon
dence between k and the distribution P(x) allows reciprocal interpre
tation, in which ordering may also reflect stronger restoring effect. 
While our model focuses on steady-state organization, such reciprocal 
interpretation also suggests that structural order may dynamically 
fluctuate in response to temporal changes in the effective restoring-to- 
fluctuation ratio (k/D), as may occur under varying environmental 
conditions. For example, increased fluctuations could elevate D and 
thereby reduce structural order, whereas suppressed fluctuations may 
effectively enhance k and restore order. These results suggest that 
cytoskeletal structures with random organization, such as those found in 
nonmuscle cells, are more adaptable to dynamic growth and remodel
ing. In contrast, ordered structures, like those in muscle cells, require 
larger changes in binding energy for structural reorganization, indi
cating lower flexibility for dynamic remodeling. Interestingly, the value 
of x0 does not affect the limits of the binding energy because entropy is 
determined not by the absolute stable length but by the probability of 
the structure being randomly distributed (Fig. 3b).

The relationship with the chemical potential reveals a positive cor
relation with the maximum binding energy as explicitly described in Eq. 
(5) (Fig. 3c). A small difference in chemical potential (Fig. 3c, red re
gions) corresponds to a reduced impact of the binding energy, allowing 
for easier remodeling of the structures. While our discussion has focused 
on the extent of the contractile unit randomness, it should be noted that 
chemical potential depends on component concentration, which varies 
with intracellular environmental conditions. Therefore, even with the 
same randomness in the cytoskeletal system, the behavior is actually 
influenced by environmental factors including concentration.

4. Discussion

In this work, we developed a nonequilibrium physical model as a 
unified framework to reinterpret the relationship between subcellular 
structural variability and cellular adaptability across hierarchical scales. 
Note that this study does not aim to theoretically explain the origin of 
sarcomere randomness; rather, our conceptual model is designed to 
describe how the intrinsic properties of contractile units are linked to the 
observed structural variability, which reflects a state of lower energetic 
barriers and, in turn, allows for more flexible remodeling. Although the 
model is intentionally minimal, while inevitably leaving system-specific 
molecular details outside its scope, this simplification enables clearer 
insights into the relationship between structural variability and 

adaptability.
Previous studies have largely focused on self-organizing mechanisms 

of sarcomere patterning (Vicente-Manzanares et al., 2009; Conti and 
Adelstein, 2008; Kolley et al., 2024b; Friedrich et al., 2012), but these 
mechanisms were often examined in isolation, without a unifying 
framework linking them to cellular adaptive responses. In particular, it 
remained unclear how both muscle sarcomeres and nonmuscle 
sarcomere-like structures collectively contribute to the ability of cells to 
respond to environmental changes. Our model integrates essential 
physical factors such as restoring effects and fluctuations into an 
energy-based description of actomyosin contractile unit length distri
butions. Using the Fokker-Planck equation, we derived the probability 
distribution of contractile unit lengths (Eq. (8)), revealing that higher 
restoring effects induce less random structural variations around a 
specific length. This finding is consistent with experimental observa
tions, in which muscle cells exhibit ordered sarcomere structures, 
whereas nonmuscle cells display more dispersed configurations 
(Henderson et al., 2017; Herrera et al., 2005; Peterson et al., 2004; 
Verkhovsky et al., 1997; Hotulainen and Lappalainen, 2006; Cramer 
et al., 1997; Deguchi and Sato, 2009; Lazarides and Burridge, 1975; 
Coravos and Martin, 2016; Katoh et al., 1998b; Kentish et al., 1986).

To bridge the structural variations with energetic constraints, we 
analyzed entropy production associated with cytoskeletal remodeling 
caused by contractile unit binding. In our model, the cytoskeletal 
structure, consisting of serially connected contractile units, is treated as 
a system in grand canonical contact with its surrounding environment, 
resulting in a nonequilibrium state characterized by continuous energy 
exchange and persistent entropy production. By determining Shannon 
entropy (Shannon and Weaver, 1949) from the probability distribution 
of contractile unit lengths, we derived a limit on binding energy (Eq. 
(5)), constrained by the requirement of nonnegative entropy production 
in nonequilibrium systems (Crooks, 1999). Our analysis thus provides a 
framework for understanding how structural randomness governs the 
energy landscape of cytoskeletal remodeling. In muscle-type cells with 
high restoring effect and ordered sarcomere lengths, the requirement for 
entropy production necessitates substantial binding energy for cyto
skeletal elongation. In contrast, in nonmuscle-type cells with lower 
restoring effect and more random structures, the entropy resulting from 
structural disorder allows for more flexible cytoskeletal remodeling with 
minimal binding energy. Thus, these cytoskeletal structures achieve 
flexible responsiveness to environmental cues facilitated by the 
randomness-driven entropy. Interestingly, young muscle cells display 
greater randomness in sarcomeres than mature cells (Goldspink, 1968), 
potentially suggesting that early-stage cells may be more adaptable and 
then gradually form specialized structures optimized for stable con
tractile function as they mature, as supported by recent experimental 
observations (Loison et al., 2018). Note that binding energy is also 
modulated by the chemical potential, which depends on intracellular 
component concentrations. For example, in environments rich in 
contractility-promoting molecules, stable cytoskeletal structures with 
strong binding energies can form even in the presence of random 
structures. Thus, cytoskeletal structures can remodel in response to 
conditions within the system as well as those in the environment. Our 
theoretical descriptions capture this cellular behavior, aligning with 
experimentally observed relationships across the different hierarchies, 
namely between actomyosin structures and cells (Henderson et al., 
2017; Herrera et al., 2005; Peterson et al., 2004; Verkhovsky et al., 
1997; Hotulainen and Lappalainen, 2006; Cramer et al., 1997; Deguchi 
and Sato, 2009; Lazarides and Burridge, 1975; Coravos and Martin, 
2016; Katoh et al., 1998b).

While we have primarily discussed the qualitative features, we also 
estimated the effective binding energy for different types of cytoskeletal 
structures (Fig. 2). We found that the estimated trend is consistent with 
experimental observations. To interpret this trend, we focus here on two 
major actin cross-linkers, α-actinin and myosin. Nonmuscle α-actinin 
isoforms have been reported to exhibit higher dissociation constants Kd 
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for actin binding, ranging from 2.96 to 3.96 μM (Foley and Young, 
2013), compared to muscle α-actinin isoforms, which display lower Kd 
values of 0.4 μM (Meyer and Aebi, 1990) or 0.59 μM (Wachsstock et al., 
1993). This difference suggests that muscle α-actinin binds actin more 
stably, stabilizing the sarcomere more effectively than nonmuscle 
α-actinin. Regarding myosin, the Kd value of muscle myosin isoforms 
(28.2 nM) is higher than that of nonmuscle myosin ones (4.6 nM) (Van 
Dijk et al., 1999), suggesting a higher affinity of nonmuscle myosin for 
actin. Functionally, muscle myosin molecules undergo rapid 
cross-bridging cycles to facilitate muscle contraction, whereas non
muscle myosin molecules remain attached to actin to sustain cellular 
tension along stress fibers. These distinct roles suggest that α-actinin, 
rather than myosin, facilitates structural reorganization through its 
more flexible interactions with actin, thereby supporting dynamic 
cellular adaptability.

Such entropy-associated structural variability is also evident in other 
biological systems. For example, the extracellular matrix exhibits tissue- 
specific differences in collagen organization, where highly aligned fibers 
confer mechanical stability (e.g., tendons), whereas disordered net
works enhance adaptability and remodeling capacity (e.g., skin, wound 
healing) (Maeda et al., 2022). A comparable principle is reflected in the 
evolutionary divergence; for example, within the myosin II family, the 
nonmuscle isoform contributes to heterogeneous and dynamic cyto
skeletal networks, supporting versatile functions, while the striated 
muscle isoform forms highly ordered sarcomere structures optimized for 
stable contraction (Heissler and Manstein, 2012). These examples 
illustrate a common trade-off between structural order and functional 
adaptability, consistent with the core mechanism of our model, in which 
increased structural entropy facilitates flexible responses to environ
mental demands.

In conclusion, we developed a physical framework for the unified 
evaluation of contractile unit variability across different cell types, 
linking subcellular structural randomness to cellular adaptability. We 
suggest that structural disorder, often perceived as disadvantageous, 
actually enhances cellular adaptability by increasing entropy. This 
randomness is not limited to actomyosin contractile units but also ap
pears inherently in other cellular components, indicating that extending 
our model could reveal additional mechanisms working across other 
biological hierarchies. Thus, our framework provides a basis for 
exploring the complex relationships between cellular physical structures 
and functions.
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