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A mechanokinetic actomyosin 
model predicts different 
orthophosphate sensitivities of 
force and ATP turnover rate 
during isometric muscle 
contraction

Alf Månsson � *
Department of Chemistry and Biomedical Sciences, Faculty of Health and Life Science, Linnaeus 
University, Kalmar, Sweden

The release of the ATP hydrolysis product, orthophosphate (Pi), from the myosin 
active site, together with force-generating structural changes, is central to 
actomyosin energy transduction, but the temporal order of these events remains 
unclear. A range of data, interpreted using simple kinetic schemes (that do 
not account for varying cross-bridge strains) suggests that force generation is 
closely associated with the attachment of the myosin head to actin, preceding 
Pi-release. However, the addition of a branched pathway to the kinetic scheme 
is needed to account for the lower sensitivity of the isometric ATP-turnover 
rate to Pi compared with that of force. In contrast, a branched pathway does 
not appear necessary if the data are analyzed using a mechanokinetic model 
that incorporates the myosin strain distribution. Here, we corroborated this idea 
using a model in which Pi-release from the active site precedes the force-
generating power-stroke. We explain the effect based on two components 
underlying the reduction in isometric force with increased [Pi]. The larger 
component arises from pre-power-stroke cross-bridges with high large elastic 
strain, whereas the smaller component results from cross-bridges attaching with 
low elastic strain. Because only the latter myosin heads undergo ATPase cycles, 
force exhibits greater Pi-sensitivity than ATPase activity. Changes in model 
parameter values that minimize the width of the cross-bridge strain distribution 
do not eliminate the difference in Pi-sensitivity between isometric force and 
ATPase. Such changes, including reduced actin affinity in a pre-power-stroke 
state, also lead to a proportional reduction in isometric force and in the number 
of attached cross-bridges with increased [Pi]. In conclusion, our data suggest 
that a mechanokinetic model explains the combined changes in isometric force, 
ATPase activity, and the number of attached cross-bridges with varied [Pi] more 
directly than apparently simpler kinetic schemes. A central feature of these 
results is the explicit demonstration of two components of isometric force with 
different physiological roles.
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1 Introduction

The generation of force and motion by cyclic interactions 
between myosin motors and actin filaments is central in 
eukaryotic biology (Heissler and Sellers, 2016). This includes 
muscle contraction as the most apparent manifestation and also 
includes movement and internal organization of non-muscle cells, 
functioning of the immune system, and cell signaling. Increasing 
evidence indicates that disturbances in actin–myosin function play 
key roles in a range of diseases such as cardiac conditions (hereditary 
cardiomyopathies) (Yotti et al., 2019), spasticity (Gyimesi et al., 
2020), cancer (Kenchappa et al., 2025), drug abuse (Young et al., 
2016), and malaria (Moussaoui et al., 2020; Vahokoski et al., 2022). 
Consequently, related drug development efforts (Trivedi et al., 
2020) aim at different myosin classes as drug targets of interest. 
This is most prominent for compounds that are potentially active 
against cardiomyopathies and other heart conditions (reviewed 
by Lehman et al., 2022). Particularly, a growing number of small-
molecule compounds have been synthesized and tested with the aim 
to treating or alleviating symptoms in hypertrophic cardiomyopathy 
and heart failure. One of these drugs was recently approved by the 
regulatory authorities for clinical use in obstructive hypertrophic 
cardiomyopathy (Spertus et al., 2021).

It is of critical importance to understand the details of effective 
actin–myosin energy transduction not only for fundamental insights 
into this central biological process but also for understanding the 
abovementioned diseases and enabling effective drug development. 
Detailed insights have been gained through intense studies over 
decades (reviewed by Geeves, 2016; Robert-Paganin et al., 2020; 
and Rassier and Månsson, 2025). However, understanding of the 
most central events in the cycle—from myosin attachment to 
actin, through Pi-release from the active site, to the associated 
force-generating structural changes and increased actin–myosin 
affinity—remains limited. Specifically, there is a wide range of 
models for the temporal relationship between the release of the 
ATP-hydrolysis product orthophosphate (Pi, inorganic phosphate) 
from the active site of myosin and the main force and motion-
generating lever arm swing (the power-stroke) (reviewed by 
Månsson et al., 2015; Stehle and Tesi, 2017; Debold, 2021; 
Månsson et al., 2023; Kaya, 2025; and Rassier and Månsson, 2025). 
There are models assuming Pi-release from the active site distinctly 
before, concomitant with, or after the power-stroke (reviewed by 
Månsson et al., 2015). However, these models come in more complex 
types with different branched schemes (Linari et al., 2010; Malnasi-
Csizmadia and Kovacs, 2010; Debold et al., 2011; Debold et al., 
2013; Governali et al., 2020; Scott et al., 2021; Marang et al., 
2025) and with postulated secondary Pi-binding sites outside the 
active site (Moretto et al., 2022). Finally, there are models that 
favor loose coupling between Pi-release and the power-stroke, 
i.e., assuming that either order of the two events is possible 
depending on the conditions (Malnasi-Csizmadia and Kovacs, 2010; 
Caremani et al., 2013; Caremani et al., 2015).

Despite extensive studies, it has not been possible to conclusively 
distinguish between the abovementioned models. Not even recent 
insights gained from cryo-EM images of both pre- and post-power-
stroke states of myosin (Klebl et al., 2025) have resolved this issue. 
Some of the experimental studies aiming to elucidate the coupling 
between Pi-release and force generation have been performed with 

isolated actin filaments and soluble myosin motor fragments (e.g., 
heavy meromyosin and myosin sub-fragment 1) using transient 
biochemical solution kinetics (Muretta et al., 2015; Rohde et al., 
2017). Such studies are generally interpreted using simple kinetic 
schemes that do not consider a distribution of elastic strains of 
each biochemical actin–myosin state (i.e., a state with either ATP 
or different combinations of products in the active site). This is 
well-justified by the lack of fixed geometrical arrangements between 
the interacting proteins. However, simple kinetic schemes are also 
often used to interpret experimental results from isometrically 
contracting muscle cells or myofibrils, i.e., muscle preparations 
where the distance between the insertion points in the recording 
apparatus is constant (Kawai and Halvorson, 1991; Dantzig et al., 
1992; Ranatunga, 1999; Tesi et al., 2000; Stehle, 2017; Kawai et al., 
2021; Stehle, 2024). This is usually justified by the principle of 
simplicity (Occam’s razor), coupled with the assumption that the 
attached myosin motors during isometric contraction experience a 
relatively narrow range of strains (cf. Linari et al., 2010). However, 
this view has been questioned recently (Månsson, 2025), and we 
consider this issue in greater detail below.

Several experimental results at varied [Pi] from solution 
biochemistry (Muretta et al., 2015; Rohde et al., 2017) and studies 
of isometrically contracting muscle fibers (Kawai and Halvorson, 
1991; Dantzig et al., 1992; Ranatunga, 1999; Tesi et al., 2000; 
Tesi et al., 2002; Stehle, 2017; Kawai et al., 2021; Stehle, 2024), 
along with some single-molecule studies (Woody et al., 2019), 
are consistent with a simple kinetic scheme similar to that
in Figure 1.

Such a scheme accounts well for the Pi-dependence of 
both the isometric force and the number of attached cross-
bridges during isometric contraction (Caremani et al., 2008; 
Linari et al., 2010). However, the appreciably smaller effect of 
varied [Pi] on the ATP turnover rate than on tension during 
steady-state isometric contraction in fast rabbit psoas muscle 
is not accounted for. Therefore, Linari et al. (2010) introduced 
a branched pathway, assuming that a fraction of the myosin 
heads detaches from actin in a post-force-generation state with 
Pi still at the active site. With an appropriate selection of rate 
constants, this detachment pathway permits high ATP turnover at 
elevated [Pi] while maintaining a pronounced decrease in tension 
(Linari et al., 2010), thereby explaining the small effect of increased 
Pi on the ATP turnover rate. Another type of branched pathway 
with detachment induced by Pi-binding to a post-power-stroke 
state has also been introduced to account for the contractile 
phenomena beyond isometric contraction (Debold et al., 2011; 
Debold et al., 2013; Scott et al., 2021; Marang et al., 2025). 
However, also in the latter case, the branched model was found 
to better distinguish quantitatively different effects of increased 
[Pi] on isometric force and isometric ATPase than another 
model assuming that Pi-rebinding leads to a power-stroke reversal
(Marang et al., 2025).

Mechanokinetic models differ from kinetic schemes by explicitly 
taking into account the distribution of elastic cross-bridge strains 
and the associated range of free energy levels and rate constants for 
each biochemical actomyosin state. Such models, rather than simple 
kinetic schemes, are necessary to interpret experiments involving 
changes in muscle length (Huxley, 1957; Hill, 1974; Eisenberg 
and Hill, 1978; Eisenberg et al., 1980) (reviewed by Rassier and 
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FIGURE 1
Simple kinetic scheme found to account for a range of experimental data at varied Pi. A, actin; M, myosin; D, ADP; and P, Pi.

Månsson, 2025). It is also interesting to note that models of this 
type (Smith, 2014; Månsson, 2021; and Månsson, 2025) may provide 
different predictions for the effects of varied [Pi] on isometrically 
contracting muscle than kinetic schemes that appear to be similar. 
We used such a mechanokinetic model recently (Månsson, 2025) to 
obtain predictions for the tension changes upon jumps in [Pi] (Pi-
transients) and the rate of redevelopment of force from the zero level 
at varied [Pi]. While single exponential Pi-transients, as observed 
experimentally, were not predicted by this model, the transients 
were appreciably closer to single exponentials than those predicted 
by a similar kinetic scheme. Moreover, a previous mechanokinetic 
model of a similar type (Smith, 2014) appeared to have been even 
more successful in that regard. Notably, the latter model and a 
more recent mechanokinetic model (Månsson, 2021) predicted an 
appreciably lower effect of increased [Pi] on the isometric ATP 
turnover rate than isometric force without the introduction of a 
branched pathway. However, in view of the continued interest in 
branched models (Marang et al., 2025), it is important to revisit 
this problem.

To that end, we build on our recent analysis of Pi-transients 
and force-redevelopment during isometric contraction (Månsson, 
2025). We show that this model (Månsson, 2025), like similar 
mechanokinetic models in previous work, predicts an appreciably 
smaller effect of increased [Pi] on the isometric ATPase than on the 
isometric tension. We then elucidate the basis for this result based on 
changes in cross-bridge distribution at varied Pi. In the Discussion 
section, we argue for the importance of using mechanokinetic 
models rather than simple kinetic schemes to interpret events during 
isometric contraction. We also consider the physiological roles of 
the two distinct components of isometric force that are identified in 
our analysis. 

2 Materials and methods

Below, we use the mechanokinetic model in Figure 2 starting 
with parameter values (Supplementary Tables S1, S2) previously 
shown (Månsson, 2025) to provide accurate predictions of 
force–velocity data, Pi-transients, and other effects of varied 
[Pi]. The model structure is identical to that in the previous 
paper (Månsson, 2025), and we re-use some results from that 
study (Figure 3 and Figures 4B, C) to provide a context for the 

present work. The key new results are the effects of varied 
Pi on the number of attached cross-bridges and the ATP 
turnover rate (remaining data in Figures 4–7 and associated 
text). The similarity with the previous paper (Månsson, 2025) 
is summarized in the following points: 1. the methodology is 
essentially unchanged, 2. the work extends previous simulations 
by considering the effects of varied [Pi] on the ATP turnover 
rate (main focus) and on the number of attached cross-bridges,
generating predictions for these phenomena, and 3. 
different parameter values beyond those considered 
previously are evaluated for their effects on the relationship 
between [Pi] on one hand and isometric force, isometric 
ATPase, and the number of attached cross-bridges on
the other.

The structure of the model and the free-energy diagrams for 
each cross-bridge state are shown in Figures 2A, B. The functions 
defining the strain-dependence of rate constants are shown in 
Figure 2C, which largely replicates those from Månsson (2025) and 
are also similar to functions used previously (Eisenberg et al., 1980; 
Månsson, 2021; Moretto et al., 2022; Månsson and Rassier, 2022). 
A position coordinate, x, quantifies the cross-bridge strain as the 
distance between the closest actin filament binding site and a myosin 
head. It is defined such that x = 0 nm corresponds to the distance 
where the myosin head binds in the rigor (AM) state at its minimum 
free energy. The main force-generating transition in the model in 
Figure 2 is the AMDL to AMDH transition, which is associated with 
a swing of the lever-arm during muscle shortening. We will denote 
this transition as the power-stroke, following the standard use in the 
biochemical and biophysical literature (reviewed by Geeves, 2016; 
Robert-Paganin et al., 2020; and Rassier and Månsson, 2025).

The force in each state at a given x-value is calculated as the 
product of the state probability and the gradient, ks (x-xi), of
the free energy profile. Here, ks is the cross-bridge stiffness,
and xi (x1, x2, or x3) is the x-value, set in the model (cf. Figure 2B), 
where the given state has its minimum free energy. The myofibril 
or muscle force is obtained by multiplying the cross-sectional 
area of the preparation with the sum of the forces per cross-
sectional area due to all cross-bridge states (averaged over the actin 
filament periodicity of 36 nm). The population of all the cross-bridge 
states during steady-state isometric contraction is approximated 
by the steady-state solution of differential equations in the state 
probabilities for a very low relative actin-filament gliding velocity 
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FIGURE 2
Mechanokinetic model. (A) Myosin (M) cross-bridge states that are either detached (black) from actin (“A”) or attached in different stereospecifically 
bound states where the color code (red, purple, blue, and orange) indicates the structural and/or biochemical similarity. Each state exists at different 
elastic strains. Myosin has either MgATP (T), MgADP (D), both MgADP and Pi (P), or no substrate or product in the active site. Labeling of the states as 
used below is indicated. The subscripts L and H refer to low and high force, respectively. The AMDL to AMDH transition is the main force-generating 
transition, the power-stroke. The argument (x) indicates the strain-dependence of rate constants. (B) Free energy of different states plotted against the 
  (Continued)
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FIGURE 2 (Continued)
position coordinate x. The color code corresponds to that given for the different states in A. The parameters x1, x2, and x3are indicated in relation to 
the minima of the corresponding free energy diagrams. C) X-dependence of the rate and equilibrium constants in the model in A-B. Notably, in 
some cases, the rate constants have one given, constant value for all x. The parameter values in the equations in the right column are given in 
Supplementary Tables S1 and S2, unless otherwise specified in the text. The lumped rate constant koff(x) (Persson et al., 2013) is independent of 
MgADP because we assume that MgADP = 0 mM. MgATP is abbreviated as ATP in C. The figure is modified from Månsson (2025) for clarifications 
and to accommodate changes in the optimal parameter value settings.

FIGURE 3
Predictions of mechanokinetic model. (A) Simulated force–velocity relationship and power at 0.5 mM Pi (black) compared to experimental data 
(purple) (Månsson et al., 1989) from mammalian muscle at 30 °C. Velocity (in nm per half-sarcomere/s; nm/s) is shown by closed symbols (left vertical 
axis), and power (velocity x normalized force; units nm/s) is shown by open symbols (right vertical axis). Experimental or simulated data are connected 
by lines for clarity. (B) Simulated data for the redevelopment of force from 0 at varied [Pi] (mM) are indicated, and Pi-transients starting at 0.5 mM Pi and 
ending at the Pi-levels (mM) are indicated. (C) Rate constants for the redevelopment of force (ktr) and Pi-transients (kPi) vs. [Pi]. The rate constants were 
derived from the best fits to single exponential functions in B despite the Pi-transients being biphasic with a small fast component. No experimental 
data were given for comparison in B and C due to variability in the literature. However, note that the effects observed are within the experimental 
ranges. The data were reproduced with modifications from Månsson (2025).

(0.7 nm/s). Force <F> and the number of attached cross-bridges 
<Na> averaged over the 36-nm periodicity are derived from the state 
probabilities:

< F >=
∫

18

−18
ks(([AMDP](x) + [AMDL](x))(x− x1) + [AMDH](x)(x− x2) + [AMD](x)(x− x3))dx

36
,

(1)

< Na >=
∫

18

−18
(([AMDP](x) + [AMDL](x)) + [AMDH](x) + [AMD](x))dx

36
.

(2)

The averaged ATP turnover rate < ATPase> is derived as follows:

< ATPase >=
∫

18

−18
kof f(x)[AMD](x)dx

36
. (3)

Below, we simplify the terminology such that F ≡ <F>, Na ≡ 
<Na>, and ATPase ≡ <ATPase>. Further details of the procedure 
are described in the Supplementary Material and in Månsson 
(2025). The differential equations were solved numerically using 
the Runge–Kutta–Fehlberg (4/5) algorithm, as implemented in the 
program Simnon (Elmqvist, 1975), which is reproduced in the 
Supplementary Material (see also Månsson, 2019; Moretto et al., 
2022; Månsson and Rassier, 2022; and Månsson, 2025). 

3 Results

Predictions by the mechanokinetic model in Figure 2 of the 
force–velocity relationship, Pi-transients, and rate of redevelopment 
of isometric force at varied [Pi] are depicted in Figure 3. These data 
are reproduced from our recent modeling study (Månsson, 2025) 
using optimal parameter values (Supplementary Tables S1, S2).

The model provides a fair reproduction of the force–velocity 
relationship (Figure 3A), although the maximum power is slightly 
low, as is common for models of this type (cf. Edman et al., 
1997; Månsson, 2010; and Marcucci and Reggiani, 2016). The 
model predicts biphasic Pi-transients (Figure 3B) in contrast to 
the experimentally observed single exponentials (Dantzig et al., 
1992; Tesi et al., 2000; Stehle, 2017). However, the fast exponential 
component has a small amplitude (<20%), and single exponential fits 
generate reasonably similar rate constants at varied [Pi] for the Pi-
transients and the rate of redevelopment of force from 0 (Figure 3C).

We next used the mechanokinetic model to compare its 
predictions for the effects of increased [Pi] on isometric force and 
isometric ATPase activity (Figure 4A). The observed predictions of 
significantly larger reduction in force than in ATPase are consistent 
with experimental findings from fast rabbit skeletal muscle 
(Potma et al., 1995) and earlier work using similar mechanokinetic 
models (Smith, 2014; Månsson, 2021). Experimental data for 
force vs. [Pi] show variability between studies (Potma et al., 
1995; Tesi et al., 2002; Caremani et al., 2008), while only one 
full experimental set of isometric ATPase data could be found 
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FIGURE 4
Predicted effects of varied [Pi] on the force (F), number of attached cross-bridges (Na), and ATP turnover rate (ATPase) during isometric contraction 
along with underlying mechanisms. (A) F, ATPase, and Na vs. [Pi] for the standard model parameter values (Supplementary Tables S1, S2) summing up to 
the data for [Pi] = 0.5 mM. (B) Probability distribution of cross-bridge states (summing up to 1 for each x value) during steady-state isometric 
contraction of the model in Figure 2 at [Pi] = 0.5 mM (black) and 25 mM (red). The figure is similar to that previously shown by Månsson (2025). (C)
Integral of force vs. x (left vertical axis) with integration starting at x = 15 nm and running in the negative x-direction at 0.5 mM (black) and 25 mM (red) 
Pi. Orange (right vertical axis) shows the difference between integrals at 0.5 and 25 mM Pi, revealing two components that explain the lower force at 
higher [Pi]: one for x > 9 nm (primarily x > 12 nm) and one for x < 9 nm. The figure is similar to one previously shown by Månsson (2025). (D) Integral of 
ATP turnover rate vs. x (left vertical axis) with integration starting at x = 15 nm and running in the negative x-direction at 0.5 mM (black) and 25 mM (red) 
Pi. Orange (right vertical axis) shows the difference between 0.5 and 25 mM Pi, revealing only one component of the ATP turnover rate (at x < 9 nm) 
that explains the lower rate at high [Pi]. (E) Difference between the force integrals in panel C (orange) superimposed on the difference (blue) in the 
integrals of Na vs. x at 0.5 and 25 mM Pi. The blue ΔNa plot reveals just one component (for x > 11 nm) of the decrease in Na with increased [Pi]. The 
units of ΔNa (fraction) refer to the fraction of all the myosin heads available along the 36-nm actin filament periodicity.

(Potma et al., 1995). The mentioned experimental results are 
reproduced in Supplementary Figure S1. The basis for the different 
effects of increased [Pi] on force and ATPase in mechanokinetic 
models was not considered in detail previously (Smith, 2014; 
Månsson, 2021). In Figure 4B, we show that they are explained by 
the changes in the cross-bridge distributions vs. x upon increased 
[Pi] (Figure 4B). The associated force-integrals at 0.5 and 25 mM Pi 
and their difference (Figure 4B) show that the reduced force with 
increased [Pi] is primarily due to loss of highly strained myosin 
cross-bridges in the pre-power-stroke AMDP- and AMDL-states 
(for (x-x1) > ∼1 nm). The lower force at high Pi is only to a 
minor degree due to loss of cross-bridges in the AMDH-state (for 
x ≈ x1). However, only the latter, minor loss of force-producing 

cross-bridges contributes to the reduced ATP turnover rate, as 
illustrated by the ATPase integrals at 25 mM and 0.5 mM Pi and 
their difference (Figure 4C). This is because only the cross-bridges 
lost from the AMDH-state would have completed the entire ATPase 
cycle. The cross-bridges in the pre-power-stroke states at large (x-
x1), which are responsible for a major fraction of the force loss, 
cannot transition to the post-power-stroke states and, therefore, do 
not contribute to ATP turnover.

In a study on skinned rabbit psoas muscle fibers, Caremani et al. 
(2008) found that increased [Pi] (up to 25 mM added Pi) reduced the 
half-sarcomere stiffness during steady-state isometric contraction 
almost to the same degree as the steady-state tension. After 
correction for the effects of series-compliant elements, the results 
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FIGURE 5
Effects of the width of attachment rate function (kon(x)) on the relationships between force (F), ATPase activity (ATPase),, and the number of attached 
cross-bridges (Na) during steady-state isometric contraction vs. [Pi]. (A) Attachment rate function (kon(x)) and its reversal (kon-(x)) are shown using the 
standard parameter values and the functional forms in the table in Figure 2C with γ = 2 (black), γ = 1 (red), or γ = 4 (blue). All the versions of the rate 
functions are consistent with the free energy diagrams in Figure 2C so that ΔGon = -kBT ln (kon(x)/kon-(x)). Standard deviation for Gaussian functions 
fitted to kon(x) are 1.69 nm (black), 1.195 nm (red), and 2.39 nm (blue). (B) ATPase, F, and Na vs. [Pi] for the black curves in A. (C) ATPase, F, and Na vs. [Pi] 
for the red curves in A. (D) ATPase, F, and Na vs. [Pi] for the blue curves in A. Data in B to D are normalized to the simulated values at 0.5 mM Pi.

suggest that the reduction in tension is directly proportional 
to a reduction in the number of attached cross-bridges. This 
interpretation was found to be consistent with a kinetic scheme, 
such as that shown in Figure 1, if the relative contribution to both 
force and stiffness is identical for both attached cross-bridge states. 
In contrast to the experimental findings of Caremani et al. (2008) 
and their interpretation in terms of the kinetic scheme, Smith (2014) 
found that mechanokinetic models similar to that used here (i.e., 
with Pi-release before the power-stroke) predict a smaller reduction 
in the number of attached cross-bridges (Na) than in isometric force 
with increased [Pi]. It was of interest to test whether the present 
model provides similar predictions. Figure 4A shows that it does. 
That is, the reduction in Na for an increase of [Pi] from 0.5 to 25 mM 
is less than half of the reduction in isometric force. The cross-bridge 
distributions and the force and Na-integrals in Figures 4B, C, E 
reveal the mechanism behind the difference. It follows from the 
integrals that the decrease in force has two components, whereas the 
decrease in Na only has one (Figure 4E). The decrease in force with 
an increase in [Pi] is primarily due to a loss of cross-bridges in the 
AMDP and AMDL states at large x (x > x1). The biggest decrease 
occurs for x > 12 nm (orange line in Figure 4C). In addition, a 
component of the decrease is attributed to the reversal of the power-
stroke (AMDH →  AMDL transition) for x ≈ x1. The latter effect is, 

in turn, a mass-action effect due to a shift of the equilibrium from 
the AMDL to the AMDP state upon increased [Pi]. The decrease in 
Na with increasing [Pi], on the other hand, is solely attributable to 
the loss of AMDP and AMDL cross-bridges for x > x1 (primarily 
x > 12 nm; Figure 4E). The equilibrium-shift toward the AMDP 
state for x ≈ x1 does not result in a decrease in Na due to a high 
binding affinity for the AMDP state at that x-value (cf. free energy 
diagrams in Figure 2B).

Attachment of cross-bridges in the AMDP and AMDL states 
for large values of x is central for the dominant component of 
force decrease with increased [Pi] and also for the different effects 
of increased [Pi] on isometric force and ATPase. The behavior 
is consistent with the non-negligible actin affinity in the AMDP 
states at x > 11 nm, as observed from the free energy diagrams 
(Figure 2B) with the rate functions kon(x) and kon-(x), obeying the 
relationship ΔGon(x) = -kBT ln (kon (x)/kon-(x)). We assume, in 
accordance with earlier implementations (Eisenberg et al., 1980; 
Månsson, 2021; Moretto et al., 2022; Månsson and Rassier, 2022), 
a Gaussian attachment rate function and a detachment rate function 
that is equal to the inverted attachment function (black curves in 
Figure 5A). The Gaussian attachment rate function in this case has 
a larger standard deviation SD = √ < x2 >  than expected from the 
thermal motion of the myosin heads according to the equipartition 
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FIGURE 6
Effects of varied actin affinity in the AMDP state (related to ΔGon) on the [Pi]-dependence of isometric force (F), ATPase, and Na. (A) Standard parameter 
values are as shown in Supplementary Tables S1, S2, including ΔGon = 4 kBT. (B) As in A, but ΔGon = 2 kBT. (C) As in A, but ΔGon = 0 kBT. (D) As in A, but
ΔGon = −0.5 kBT. (E) As in A, but ΔGon = −0.5 kBT and kon´ = 380 s-1, making the maximum value of kon(x) (kon (9)) equal to the value with the standard 
parameter values, as in A. (F) As in A, but ΔGon = −0.5 kBT, γ = 1, and kon´ = 490 s-1, making the maximum value of kon(x) (kon (9)) equal to the value with 
the standard parameter values. These simulated results are compared to experimental data from the literature in Supplementary Figure S1, where the 
simulations are also reproduced to mimic (cf. Supplementary Table S3) the lower temperature of the experiments. All data are normalized to simulated 
values at 0.5 mM Pi. The dotted, dashed, and full horizontal lines to the right in each panel indicate the reduction in ATPase, Na, and F upon increasing 
Pi from 0.5 to 25 mM for the conditions in panel A.

theorem, where < x2 >  = kBT/ks. With the numerical values kBT
= 4 pN nm and ks = 2.8 pN/nm, the equipartition theorem would 
result in SD ≈ 1.195 nm (red in Figure 5A) instead of 1.69 nm, 
which characterizes the standard attachment rate function (black) in 
Figure 5A. This is consistent with a dual-attachment mechanism that 
broadens the attachment rate function compared to that predicted 
by thermal motion only (Smith et al., 2008). Such a mechanism 
has been widely assumed since the work of Eisenberg et al. (1980). 
It was, however, be of interest to investigate whether reducing the 
width of the kon(x)-function to 1.195 nm would bring the behavior 

closer to that of a kinetic scheme as this is expected to produce a 
narrower cross-bridge distribution. To implement this possibility, we 
changed kon(x) and kon-(x), as shown by the red lines in Figure 5A, 
with kon-(x) now being constant, independent of x, and consistent 
with the free energy diagrams in Figure 2B. We also tested the 
opposite change with the broadened attachment rate function (blue 
in Figure 5A) and changed kon-(x) for consistency with the free 
energy diagram. The effects of the different functions kon(x) and 
kon-(x) in Figure 5A on the [Pi]-dependence of isometric force, 
isometric Na, and isometric ATPase (calculated from Equations 
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FIGURE 7
Effects of realistic narrowing of cross-bridge distribution compared to the standard conditions. (A) Attachment rate function (kon(x)) and its reversal 
((kon-(x)) using the standard parameter values (γ = 2; black) or γ = 1, ΔGon = −0.5 kBT, and kon´ = 490 s-1 (red; same as in Figure 6F). (B) Replotting of 
data in Figure 6F predicted by the model corresponding to the red curve in A. (C) Probability distribution of cross-bridge states (summing up to 1 for 
each x value) during steady-state isometric contraction for standard parameter values for [Pi] = 0.5 mM (black) and 25 mM (red). The data are same as 
in Figure 4B. (D) Probability distribution of cross-bridge states as in C but simulated from the mechanokinetic model for the modified conditions γ = 1,
ΔGon = −0.5 kBT, and kon´ = 480 s-1 for [Pi] = 0.5 mM (black) and 25 mM (red). (E) Integral of force (left vertical axis) vs. x with integration starting at x = 
15 nm and running in the negative x-direction at 0.5 mM (black) and 25 mM Pi (red). Orange (right vertical axis) shows the difference between 0.5 and 
25 mM Pi, revealing two components of force decrease between 0.5 and 25 mM Pi. The data are same as in Figure 4C. (F) Same type of data and same 
color coding as in E but simulated for the condition with γ = 1, ΔGon = −0.5 kBT, and kon´ = 480 s-1, corresponding to cross-bridge distributions in D 
with integration starting at x = 15 nm. (G) Difference between the force integrals replotted from panel E and Figure 4C (orange) superimposed on the 
difference (blue) in integrals of Na vs. x at 0.5 and 25 mM Pi replotted form Figure 4E. The ΔNa plot reveals that the decrease in Na with increased [Pi] is 
attributed only to cross-bridges for x > 11 nm. (H) Same type of data and color coding as in G but simulated for the condition with γ = 1, ΔGon = −0.5
kBT, and kon´ = 480 s-1. The ΔF plot was reproduced from panel F. The ΔNa plot reveals that the decrease in Na with increased Pi is approximately 
proportional to the decrease in force for all x-values.
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1–3) are depicted in Figures 5B–D. Narrowing of kon(x) (reduced 
standard deviation down to 1.195) with the constant value of kon-(x) 
reduced the effect of Pi on both force and Na but slightly increased 
the Pi-induced reduction in ATPase (Figure 5C) compared to the 
standard conditions (Figure 5B). However, the magnitude of the 
effect on force was still higher than that on both ATPase and 
Na, as for the standard model parameters. Increasing the standard 
deviation of kon(x) to 2.39 nm by increasing γ to 4 negligibly 
modified the Pi-dependence of force, Na, and ATPase (Figure 5D) 
compared to the standard parameter values shown in Figure 5B.

Another way to reduce the width of the cross-bridge distribution 
would be to reduce the actin-affinity in the AMDP state by reducing 
ΔGon. Such a parameter change is also of interest to test because 
a previous model study (Smith, 2014) suggested that it would 
affect the Pi-sensitivity of force. Lowering ΔGon from 4 to −0.5 
kBT (Figures 6A–D) increases the Pi-sensitivity of force, which is 
consistent with previous results (Smith, 2014). It also increases the 
Pi-sensitivity of the isometric ATPase but maintains an appreciably 
larger effect of increased [Pi] on force than on ATPase. Finally, 
interestingly, the reduction in ΔGon had the greatest relative effect 
on number of attached cross-bridges, making the decrease in Na
with increased [Pi] almost proportional to the decrease in force. 
Full proportionality was obtained (Figure 6E) if the maximum 
value of kon(x) was unchanged by increasing kon´ from 40 s-1 to 
380 s-1 to compensate for the decrease in the exponential factor in 
kon(x) (Figure 2C). Clearly, this set of parameter values is the one 
tested, which accounts best for the effects of varied Pi on force, 
ATPase, and the number of attached cross-bridges. However, it will 
result in greater deviation of Pi-transients from a single-exponential 
function due to the larger amplitude of the fast component of the 
transient. This reflects the difficulty of identifying a single model and 
set of parameter values that can account for all the effects of varied 
[Pi] (and all other contractile properties). However, importantly, the 
main aim of the present study is more modest than that, as discussed 
further below.

Finally, we combined a narrowed attachment rate function 
(kon(x), achieved by reducing γ from 2 to 1) with lowered ΔGon
from 4 to −0.5 kBT to obtain as narrow a cross-bridge distribution 
as possible within a realistic range. These combined changes (with 
kon´ increased to 490 s-1) resulted in closely similar Pi-dependencies 
(Figure 6F) of isometric force, ATPase, and Na as the same changes 
in ΔGon with γ = 2 (Figure 6E). In Figure 7, we explore the 
mechanisms underlying these effects. The rate functions kon(x) and 
kon-(x) with (γ = 1, ΔGon = −0.5 kBT, and kon´ = 490 s-1) and without 
(γ = 2, ΔGon = 4 kBT, and kon´ = 40 s-1) the changes are given in 
Figure 7A. It is clear from the analysis (Figures 7B–F) that the larger 
decrease in force with increased [Pi] for ΔGon = −0.5 kBT and γ = 
1 than that under standard conditions (see Figure 4) is due to the 
greater loss of both the cross-bridges from the AMDP and AMDL
states at large x and from the AMDH, AMDP, and AMDL states at x
close to x1. The loss of cross-bridges at large x with increased [Pi] still 
dominates the force-effect, as observed from the difference between 
the force integrals in Figure 7F (orange curve). This explains why 
the effect of increased [Pi] on ATPase is smaller than that on force 
with the narrow cross-bridge distribution because only the smaller 
component of loss in force is associated with reduced ATPase. The 
results in Figures 7G, H, where the differences in the force integrals 
and Na-integrals between 0.5 mM and 25 mM Pi are superimposed, 

illustrate why reduced actin affinity leads to a proportional decrease 
in both force and Na. In contrast to the standard conditions 
(Figure 7G; same data as in Figure 4), cross-bridges with low actin-
affinity (ΔGon = −0.5 kBT and γ = 1; Figure 7H) detach to the MDP 
state for almost all x-values that contribute to a decrease in force 
upon increased [Pi].

Detachment at x ≈ x1 is not observed when the actin affinity is as 
high as under our standard conditions (Figure 7G). However, under 
the latter conditions, cross-bridges in this x-range contribute to the 
decrease in force with increased Pi through the shifted equilibrium 
from the high-force AMDH state over the low-force AMDL to the 
likewise low-force AMDP state. 

4 Discussion

4.1 Summary of the results and comparison 
to earlier mechanokinetic models

The present study starts with a recent mechanokinetic model 
(Månsson, 2025) (Figure 2) that provides reasonable predictions 
of the force–velocity relationship and the effects of varied Pi 
on Pi-transients, steady-state isometric force, and the rate of 
force redevelopment from 0 (Figure 3). Using this model with 
the optimal parameter values from the previous study (Figure 2; 
Supplementary Tables S1, S2), we first corroborated earlier results 
(Smith, 2014; Månsson, 2021) on the energetics of steady-state 
isometric contraction. Particularly, we show that the model in 
Figure 2 predicts an appreciably smaller effect of increased [Pi] on 
the ATP turnover rate than on force during steady-state isometric 
contraction of fast skeletal muscle fibers (Figure 4A). We also show 
that this follows in the model because the effect of increased [Pi] 
on isometric force is primarily due to a component attributed 
to highly strained pre-power-stroke cross-bridges that do not go 
through complete ATP turnover cycles (Figures 4B–D). Thus, the 
lower effect of increased [Pi] on ATPase than on force is an 
inherent feature of the mechanokinetic model. In contrast, for 
the simple kinetic scheme (Figure 1) (Kawai and Halvorson, 1991; 
Dantzig et al., 1992; Ranatunga, 1999; Tesi et al., 2000; Stehle, 2017; 
Kawai et al., 2021; Stehle, 2024), where it was necessary to add a 
branched pathway (Linari et al., 2010) to account for the different 
effects on ATPase and force.

We recently optimized the parameter values of the 
mechanokinetic model to those (Månsson, 2025) in 
Supplementary Tables S1, S2. In that process, we changed the values 
of x1 and x2 to modulate the steady-state populations of the AMDP, 
AMDL, and AMDH-states during isometric contraction to minimize 
a fast component of the biphasic Pi-transients (Figure 3B) while 
maintaining a reasonable force–velocity relationship (Figure 3A). 
Thus, the amplitude of the second sub-stroke AMDH-> AMD 
(x2–x3) relative to the major sub-stroke AMDL-> AMDH (x1–x2) 
affects both steady-state shortening and the fraction of force-
producing cross-bridges during isometric contraction that complete 
ATP turnover cycles. Evidence for a second sub-stroke has been 
provided by different types of studies (Whittaker et al., 1995; 
Veigel et al., 2003; Capitanio et al., 2006; and Albet-Torres et al., 
2009; reviewed by Rassier and Månsson, 2025), and this sub-
stroke is important for conferring strain-sensitivity to cross-bridge 
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detachment from the AMDH state (e.g., Duke, 1999; Nyitrai and 
Geeves, 2004; and Albet-Torres et al., 2009). This ensures different 
cycling kinetics between isometric contraction and shortening, and, 
of more specific relevance to this work, it modulates the contribution 
of the AMDH-state (and thereby the “cycling component”) to 
steady-state isometric force.

It was previously found that the kinetic scheme in Figure 1 is 
consistent with a proportional reduction of isometric force and the 
Na (Caremani et al., 2008) on the assumption that all attached cross-
bridge states contribute equally to force (Caremani et al., 2008). 
We show here (Figures 4A, 5) that our mechanokinetic model with 
the optimized parameter values from the previous study (Månsson, 
2025) does not reproduce this result. However, similar to the kinetic 
scheme of Caremani et al. (2008), we find parameter values for the 
mechanokinetic model that lead to the proportional reduction of 
force and Na with increased [Pi], while maintaining a smaller effect 
on ATPase (Figure 6).

The different effects of varied [Pi] with varying parameter values 
are interesting (see also Smith, 2014; Moretto et al., 2022) in relation 
to quite substantial experimental differences between muscle types 
(Potma et al., 1995; Tesi et al., 2002) and at varied temperatures in 
a given muscle type (Coupland et al., 2001). Further exploration 
is, however, outside the scope of this study because an appreciably 
wider range of parameter values would need to be considered to fully 
elucidate the effects. 

4.2 Detailed comparison of 
mechanokinetic models and simple kinetic 
scheme

The use of the simple kinetic scheme in Figure 1 to explain 
the effects of varied [Pi] in terms of the Pi-release-rebinding 
process is natural considering its simplicity combined with the 
wide range of experimental results accounted for (reviewed by 
Kawai, 2025). However, the simplicity of the scheme may be 
deceptive if all essential features of the experimental system are not 
considered. We have partly discussed this issue before (Månsson, 
2025), highlighting the difficulty in integrating a separate force-
generating transition (with myosin lever arm swing) into the 
scheme with maintained predictive capacity. A model without such 
characteristics is expected to have a low maximum power output. 
A possibility to circumvent the latter problem was proposed by 
Caremani et al. (2008). To that end, they suggested that both 
force-generating states (AMDP and AMD) in Figure 1 exist in 
one pre-power-stroke and one post-power-stroke conformation 
in rapid equilibrium with each other with the same equilibrium 
constant, whether Pi is in the active site or not. This necessary 
constraining condition compromises the simplicity. The simplicity 
is further compromised by the need to add a branched pathway 
to account for different effects on isometric force and isometric 
ATPase. Therefore, the present mechanokinetic model may be 
viewed as a simpler alternative. It has a natural force-generating 
transition with a lever arm swing (AMDL - > AMDH) that 
does not severely compromise the capability to account for Pi-
transients (Smith, 2014; Månsson, 2025), and it naturally accounts 
for different effects of varied [Pi] on isometric force and ATPase. 
We also argue that isometric contraction involves such a wide 

range of elastic strains of each attached cross-bridge state that it 
is not durable to use a simple kinetic scheme to interpret the 
experimental results. This follows from our analysis in Figures 5–7, 
where we varied model parameter values within experimentally 
reasonable ranges with the aim of obtaining narrower cross-
bridge distributions. If the latter become sufficiently narrow, one 
would expect (Linari et al., 2010) that the model could be well-
approximated by a simple kinetic scheme. If that had been the 
case, one would expect to lose the ATP-insensitive component 
due to cross-bridges in the AMDL and AMDP states for x > x1
and, therefore, also lose the difference between the Pi-sensitivity of 
isometric force and isometric ATPase. However, our analysis does 
not lend support to that idea. While the [Pi]-sensitivity of ATPase 
increased for the case with a narrower cross-bridge distribution, the 
Pi-sensitivity of force increased further (cf. Smith, 2014), thereby 
maintaining the different Pi-sensitivity of force and ATPase. In 
further support of the mechanokinetic model, we also found that 
the larger Pi-induced decrease in force with a narrower cross-
bridge distribution is accompanied by a proportional reduction 
of the number of attached cross-bridges, consistent with the 
experimental results (Caremani et al., 2008).

Table 1 summarizes the most central aspects of the differences 
and similarities between the mechanokinetic model in Figure 2 and 
the kinetic scheme in Figure 1, with emphasis on the capabilities to 
predict the important effects of varied [Pi].

4.3 Two components of isometric force: 
properties and implications for muscle 
physiology

The existence of different components of isometric force is a 
natural consequence of models featuring more than one attached 
state, a power-stroke between them, and a distribution of cross-
bridge strains. The present analysis (see also Månsson, 2025) 
explicitly demonstrates the existence of two distinct components 
and their differing properties. Out of the two components, one 
is due to cross-bridges that hold force already upon attachment 
(AMDP and AMDL state for x > x1). This represents a Brownian 
ratchet mechanism that depends on thermal fluctuations captured 
by an asymmetric potential, as in the original (Huxley, 1957) 
model. We denote this as the “non-cycling component.” The other 
component of isometric force depends on a lever arm swing 
(Huxley and Simmons, 1971) or tensing of an elastic element 
associated with the lever arm (Eisenberg and Hill, 1978). We denote 
this as the “cycling component” of isometric force because the 
cross-bridges may release ADP, followed by rebinding of ATP to 
complete a full ATP turnover cycle. We discuss the properties 
of these components in greater detail and consider their possible 
physiological roles.

The non-cycling component, which is maximal in amplitude 
for x ≈ 13 nm (1.4 x1; maximum slope of integral at 0.5 mM 
Pi in Figure 4C), is associated with slow cross-bridge attachment 
due to the Gaussian function kon(x) centered at x = x1. This 
means that while the non-cycling component is dominant in 
isometric contraction, its fractional contribution to tension will 
decrease with increasing shortening velocity. First, this means that 
it will not contribute significantly to the maximal power output 
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TABLE 1  Comparing the kinetic scheme in Figure 1 with the mechanokinetic model in Figure 2.

Property, predictive capability Kinetic scheme Mechanokinetic model

Can account for interventions including length 
changes, e.g., force–velocity data

No Yes

Predicts single-exponential Pi-transients with kPi = ktr
and similar saturating Pi-dependence

Yes Approximately (see Månsson, 2025)

Predicts similar Pi-sensitivity of force and Na Yes Yes

Naturally (without adding branched pathways) 
predicts lower Pi-sensitivity of isometric ATPase than 
of isometric force

No Yes

Number of components contributing to force One Two, one with and one without power-stroke. 
Potential physiological importance

that occurs for shortening at a velocity of several thousand nm/s 
in fast skeletal muscle (Figure 3A). However, a large fractional 
contribution during isometric contraction contributes significantly 
to a high maximum isometric force without contributing to the 
ATP consumption. Moreover, this energetically “cheap” component 
is expected to contribute to stabilizing the sarcomere length at 
tension levels close to the maximum isometric force. This would 
be achieved by reducing the maximum force in half-sarcomeres 
that shorten by stretching other weaker half-sarcomeres (Edman 
and Reggiani, 1984). The decrease in force in the shortening half-
sarcomeres is due to the loss of the strongest of the non-cycling 
cross-bridges because of the slow attachment rate. This is consistent 
with characteristic features (Edman et al., 1997; Månsson, 2010) of 
a non-hyperbolic force–velocity relationship found in a wide range 
of skeletal muscle preparations (Edman, 1988; Edman et al., 1997; 
Edman, 2005; Devrome and MacIntosh, 2007), including whole 
mammalian muscle in situ (Devrome and MacIntosh, 2007). A 
similar decrease in force as in strong half-sarcomeres due to the 
reduced attachment of cross-bridges would not be expected to occur 
in the overall weaker, thus elongating, half-sarcomeres. Although 
not explicitly studied here, this may be inferred from different 
and incompletely understood mechanokinetic mechanisms during 
the elongation of the active muscle (Lombardi and Piazzesi, 1990; 
Mansson, 1994; Brunello et al., 2007; Nocella et al., 2013; reviewed in
Rassier and Månsson, 2025).

The contribution of the cycling component to isometric force 
is smaller or even markedly smaller than that of the non-cycling 
component. The cycling component would, however, dominate 
during shortening with completed lever arm swings and would 
be essential to achieve the high maximum power output of the 
muscle. Most likely, its role in isometric contraction, explaining 
that it is not completely absent, is to provide preparedness for 
rapid changes, e.g., in load. Specifically, it would contribute to 
a resistance to stretch over a larger range that would not be 
possible if only the non-cycling component with cross-bridges 
in the AMDP and AMDL states had been present during 
isometric contraction (Lombardi and Piazzesi, 1990; Mansson, 
1994). The cycling component may also assist rapid relaxation 
that relies on the development of inter-sarcomere non-uniformity
(Edman and Flitney, 1982). 

4.4 General considerations for modeling of 
Pi-release and force-generation

A wide range of models has been proposed to account for 
the temporal relationship between Pi-release from the active site 
and force-generation (reviewed by Debold, 2021; Månsson et al., 
2023; and Rassier and Månsson, 2025). Most models assume Pi-
release either strictly before or strictly after the power-stroke; few 
models assume concomitant Pi-release and power-stroke (Pate and 
Cooke, 1989). Finally, there are models assuming “loose coupling” 
between Pi-release and force-generation, i.e., Pi is released from the 
active site either before or after the power-stroke, depending on the 
conditions (Malnasi-Csizmadia and Kovacs, 2010; Caremani et al., 
2013; Rohde et al., 2017; Governali et al., 2020). Models with 
Pi-release after force-generation have also been combined with 
branched pathways, as considered above for the modification of the 
kinetic scheme in Figure 1 (Linari et al., 2010). Another model with 
Pi-release after the power-stroke and a branched pathway assumes 
Pi-binding to a post-power-stroke state that leads to cross-bridge 
detachment rather than to a reversal of the power-stroke. This model 
has been used to explain both the combined effects of varied [Pi] 
and pH on in vitro motility assay results (Debold et al., 2011) 
and single-molecule and small-ensemble mechanical data of wild-
type and mutated myosins (Debold et al., 2013; Scott et al., 2021; 
Marang et al., 2023; Marang et al., 2025).

The goal of the present study is not to rule out any of the wide 
range of models briefly considered above. Rather, we wish to expose 
the simple facts that 1. generally, a mechanokinetic model may 
generate results that appear to be unexpected and possibly simpler 
than those of a similar kinetic scheme (see also Månsson, 2025), 
and 2. specifically, a mechanokinetic model can quite naturally 
explain the different effects of varied [Pi] on isometric force, Na, 
and ATPase. As a basis for our modeling, we use a relatively 
simple mechanokinetic model within the class that assumes Pi-
release from the active site before the force-generating structural 
change, without any branching. A model of this type accounts for 
a range of experimental findings (Månsson, 2021; Moretto et al., 
2022; Månsson, 2025) and is readily combined with the idea of Pi-
binding to secondary sites outside the active site (Moretto et al., 
2022; Månsson, 2025) to account for additional experimental results. 
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For models to be valid, it is important that the actual Pi-release and 
rebinding steps at the active site are fast and that another step, such 
as cross-bridge attachment or Pi-dissociation from a secondary Pi-
binding site on myosin, is rate-limiting (Smith, 2014; Stehle, 2017; 
Moretto et al., 2022). Otherwise, the model would not be compatible 
with the high shortening velocity of muscle. This is fulfilled for 
both the kinetic scheme (Figure 1) and the mechanokinetic model 
(Figure 2) considered here. We expect that the two components of 
isometric force with different contributions to stiffness and ATPase 
would be present in any mechanokinetic model, independent of the 
temporal order, between Pi-release and force-generation. However, 
we have not tested this possibility but recognize that there are 
limitations to all the models considered above, including our models 
(cf. reviews by Stehle and Tesi, 2017; Debold, 2021; Månsson et al., 
2023; Kawai, 2025; Kaya, 2025; and Rassier and Månsson, 2025). 

4.5 Limitations

In line with our modest aims, we do not consider the effects 
of varying activation, instead assuming full activation of both the 
thin and thick filaments (Brunello and Fusi, 2024), unlike in some 
other models (Campbell et al., 2018; Mijailovich et al., 2021). 
Moreover, consistent with the challenges in modeling mentioned in 
the previous section (4.4.), we do not perform any detailed broad 
tests of the predictive power of our model. Naturally, there is a 
wide range of higher-order complexities that we do not consider. 
This can be exemplified by those related to whether myosin heads 
exhibit linear or non-linear elastic properties (Kaya and Higuchi, 
2010; Kaya et al., 2017; Månsson et al., 2019; Linari et al., 2020) 
or if the stiffness varies between cross-bridge states (Kaya and 
Higuchi, 2010; Wang et al., 2020). 

5 Conclusion

We found that a mechanokinetic model can account for 
some combined experimental results more straightforwardly than 
apparently simpler kinetic schemes. This capability is related to the 
cycling and non-cycling components of isometric force, as defined 
above. In addition to their potential physiological importance, these 
components specifically explain the combined effects of varied [Pi] 
on isometric force and ATP turnover rate in the mechanokinetic 
model. They are also consistent with the associated changes in the 
number of attached cross-bridges in such a model. In addition 
to the good predictive power, theoretical considerations based on 
expected thermal fluctuations argue for the use of mechanokinetic 
models in relating experimental data obtained during isometric 
contraction to molecular mechanisms. However, with regard to 
different models for the temporal relationship between Pi-release 
and force-generation, we remain open to alternative approaches, 
acknowledging that each is associated with certain uncertainties 
and limitations. Finally, in the course of this work, it was highly 
challenging to find a suitable set of experimental muscle data at 
varied [Pi] for force, Na, and ATPase. More studies of this type that 
probe a range of parameters under one given experimental condition 
would be important to allow critical tests of models such as those
considered here.

Data availability statement

The original contributions presented in the study are included 
in the article/Supplementary Material; further inquiries can be 
directed to the corresponding author.

Author contributions

AM: Conceptualization, Data curation, Formal analysis, 
Funding acquisition, Investigation, Methodology, Project 
administration, Resources, Software, Validation, Visualization, 
Writing – original draft, Writing – review and editing. 

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. Funding is acknowledged 
from The Swedish Research Council (grant # 2023-03453) and the 
Linnaeus University, Faculty for Health and Life Sciences.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the 
peer review process and the final decision.

Generative AI statement

The author(s) declare that no Generative AI was used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary Material for this article can be 
found online at: https://www.frontiersin.org/articles/10.3389/
fphys.2025.1659772/full#supplementary-material

Frontiers in Physiology 13 frontiersin.org

https://doi.org/10.3389/fphys.2025.1659772
https://www.frontiersin.org/articles/10.3389/fphys.2025.1659772/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2025.1659772/full#supplementary-material
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Månsson 10.3389/fphys.2025.1659772

References

Albet-Torres, N., Bloemink, M. J., Barman, T., Candau, R., Frölander, K., Geeves, 
M. A., et al. (2009). Drug effect unveils inter-head cooperativity and strain-dependent 
ADP release in fast skeletal actomyosin. J. Biol. Chem. 284 (34), 22926–22937. 
doi:10.1074/jbc.M109.019232

Brunello, E., and Fusi, L. (2024). Regulating striated muscle contraction: through 
thick and thin. Annu. Rev. Physiol. 86, 255–275. doi:10.1146/annurev-physiol-042222-
022728

Brunello, E., Reconditi, M., Elangovan, R., Linari, M., Sun, Y. B., Narayanan, T., 
et al. (2007). Skeletal muscle resists stretch by rapid binding of the second motor 
domain of myosin to actin. Proc. Natl. Acad. Sci. U. S. A. 104 (50), 20114–20119. 
doi:10.1073/pnas.0707626104

Campbell, K. S., Janssen, P. M. L., and Campbell, S. G. (2018). Force-dependent 
recruitment from the myosin off state contributes to length-dependent activation. 
Biophys. J. 115 (3), 543–553. doi:10.1016/j.bpj.2018.07.006

Capitanio, M., Canepari, M., Cacciafesta, P., Lombardi, V., Cicchi, R., Maffei, 
M., et al. (2006). Two independent mechanical events in the interaction cycle of 
skeletal muscle myosin with actin. Proc. Natl. Acad. Sci. U. S. A. 103 (1), 87–92. 
doi:10.1073/pnas.0506830102

Caremani, M., Dantzig, J., Goldman, Y. E., Lombardi, V., and Linari, M. (2008). Effect 
of inorganic phosphate on the force and number of myosin cross-bridges during the 
isometric contraction of permeabilized muscle fibers from rabbit psoas. Biophys. J. 95 
(12), 5798–5808. doi:10.1529/biophysj.108.130435

Caremani, M., Melli, L., Dolfi, M., Lombardi, V., and Linari, M. (2013). The 
working stroke of the myosin II motor in muscle is not tightly coupled to 
release of orthophosphate from its active site. J. physiology 591 (Pt 20), 5187–5205. 
doi:10.1113/jphysiol.2013.257410

Caremani, M., Melli, L., Dolfi, M., Lombardi, V., and Linari, M. (2015). Force and 
number of myosin motors during muscle shortening and the coupling with the release 
of the ATP hydrolysis products. J. Physiol. 593 (15), 3313–3332. doi:10.1113/JP270265

Coupland, M. E., Puchert, E., and Ranatunga, K. W. (2001). Temperature dependence 
of active tension in Mammalian (rabbit psoas) muscle fibres: effect of inorganic 
phosphate. J. Physiol. 536 (Pt 3), 879–891. doi:10.1111/j.1469-7793.2001.00879.x

Dantzig, J. A., Goldman, Y. E., Millar, N. C., Lacktis, J., and Homsher, 
E. (1992). Reversal of the cross-bridge force-generating transition by 
photogeneration of phosphate in rabbit psoas muscle fibres. J. Physiol. 451, 
247–278. doi:10.1113/jphysiol.1992.sp019163

Debold, E. P. (2021). Recent insights into the relative timing of myosin’s powerstroke 
and release of phosphate. Cytoskelet. Hob. 78 (9), 448–458. doi:10.1002/cm.21695

Debold, E. P., Turner, M. A., Stout, J. C., and Walcott, S. (2011). Phosphate 
enhances myosin-powered actin filament velocity under acidic conditions in a motility 
assay. Am. J. physiology. Regul. Integr. Comp. physiology 300 (6), R1401–R1408. 
doi:10.1152/ajpregu.00772.2010

Debold, E. P., Walcott, S., Woodward, M., and Turner, M. A. (2013). Direct 
observation of phosphate inhibiting the force-generating capacity of a miniensemble 
of myosin molecules. Biophys. J. 105 (10), 2374–2384. doi:10.1016/j.bpj.2013.09.046

Devrome, A. N., and MacIntosh, B. R. (2007). The biphasic force-velocity 
relationship in whole rat skeletal muscle in situ. J. Appl. Physiol. 102 (6), 2294–2300. 
doi:10.1152/japplphysiol.00276.2006

Duke, T. A. (1999). Molecular model of muscle contraction. Proc. Natl. Acad. Sci. U. 
S. A. 96 (6), 2770–2775. doi:10.1073/pnas.96.6.2770

Edman, K. A. P. (1988). Double-hyperbolic force-velocity relation in frog muscle 
fibres. J. Physiol. (Lond) 404, 301–321. doi:10.1113/jphysiol.1988.sp017291

Edman, K. A. P. (2005). Contractile properties of mouse single muscle fibers, 
a comparison with amphibian muscle fibers. J. Exp. Biol. 208 (Pt 10), 1905–1913. 
doi:10.1242/jeb.01573

Edman, K. A. P., and Flitney, F. W. (1982). Laser diffraction studies of sarcomere 
dynamics during ’isometric’ relaxation in isolated muscle fibres of the frog. J. Physiol. 
(Lond) 329, 1–20. doi:10.1113/jphysiol.1982.sp014287

Edman, K. A. P., and Reggiani, C. (1984). Redistribution of sarcomere length during 
isometric contraction of frog muscle fibres and its relation to tension creep. J. Physiol. 
(Lond) 351, 169–198. doi:10.1113/jphysiol.1984.sp015240

Edman, K. A. P., Månsson, A., and Caputo, C. (1997). The biphasic force-velocity 
relationship in frog muscle fibres and its evaluation in terms of cross-bridge function 
[published erratum appears in J physiol (lond) 1997 Nov 1;504(Pt 3):763]. J. Physiol. 
(Lond) 503 (Pt 1), 141–156.

Eisenberg, E., and Hill, T. L. (1978). A cross-bridge model of muscle 
contraction. Prog. Biophys. Mol. Biol. 33 (1), 55–82. doi:10.1016/0079-6107(79)
90025-7

Eisenberg, E., Hill, T. L., and Chen, Y. (1980). Cross-bridge model of muscle 
contraction. Quantitative analysis. Biophys. J. 29 (2), 195–227. doi:10.1016/S0006-
3495(80)85126-5

Elmqvist, H. (1975) “Simnon: an interactive simulation program for nonlinear 
systems: user’s manual,”. Lund, Sweden.Dep. Automatic Control, Lund Inst. Technol. 
Institutionen för Reglerteknik

Geeves, M. A. (2016). Review: the ATPase mechanism of myosin and actomyosin. 
Biopolymers 105 (8), 483–491. doi:10.1002/bip.22853

Governali, S., Caremani, M., Gallart, C., Pertici, I., Stienen, G., Piazzesi, G., et al. 
(2020). Orthophosphate increases the efficiency of slow muscle-myosin isoform in the 
presence of omecamtiv mecarbil. Nat. Commun. 11 (1), 3405. doi:10.1038/s41467-020-
17143-2

Gyimesi, M., Horvath, A. I., Turos, D., Suthar, S. K., Penzes, M., Kurdi, C., 
et al. (2020). Single residue variation in skeletal muscle myosin enables direct and 
selective drug targeting for spasticity and muscle stiffness. Cell 183 (2), 335–346. 
doi:10.1016/j.cell.2020.08.050

Heissler, S. M., and Sellers, J. R. (2016). Kinetic adaptations of myosins for their 
diverse cellular functions. Traffic 17 (8), 839–859. doi:10.1111/tra.12388

Hill, T. L. (1974). Theoretical formalism for the sliding filament model of contraction 
of striated muscle. Part I. Prog. Biophys. Mol. Biol. 28, 267–340. doi:10.1016/0079-
6107(74)90020-0

Huxley, A. F. (1957). Muscle structure and theories of contraction. Prog. Biophys. 
Biophys. Chem. 7, 255–318. doi:10.1016/s0096-4174(18)30128-8

Huxley, A. F., and Simmons, R. M. (1971). Proposed mechanism of force generation 
in striated muscle. Nature 233 (5321), 533–538. doi:10.1038/233533a0

Kawai, M. (2025). The elementary step that generates force and sinusoidal analysis 
in striated muscle fibers. J. Muscle Res. Cell Motil. 46, 83–118. doi:10.1007/s10974-025-
09693-z

Kawai, M., and Halvorson, H. R. (1991). Two step mechanism of phosphate release 
and the mechanism of force generation in chemically skinned fibers of rabbit psoas 
muscle. Biophys. J. 59 (2), 329–342. doi:10.1016/S0006-3495(91)82227-5

Kawai, M., Stehle, R., Pfitzer, G., and Iorga, B. (2021). Phosphate has dual roles 
in cross-bridge kinetics in rabbit psoas single myofibrils. J. Gen. Physiol. 153 (3), 
e202012755. doi:10.1085/jgp.202012755

Kaya, M. (2025). Considering the effect of Pi rebinding on myosin dynamics based 
on the distinct functions of cardiac and skeletal myosin. Front. Physiol. 16, 1605321. 
doi:10.3389/fphys.2025.1605321

Kaya, M., and Higuchi, H. (2010). Nonlinear elasticity and an 8-nm working 
stroke of single myosin molecules in myofilaments. Science 329 (5992), 686–689. 
doi:10.1126/science.1191484

Kaya, M., Tani, Y., Washio, T., Hisada, T., and Higuchi, H. (2017). Coordinated force 
generation of skeletal myosins in myofilaments through motor coupling. Nat. Commun.
8, 16036. doi:10.1038/ncomms16036

Kenchappa, R. S., Radnai, L., Young, E. J., Zarco, N., Lin, L., Dovas, A., et al. (2025). 
MT-125 inhibits non-muscle myosin IIA and IIB and prolongs survival in glioblastoma. 
Cell 188, 4622–4639.e19. doi:10.1016/j.cell.2025.05.019

Klebl, D. P., McMillan, S. N., Risi, C., Forgacs, E., Virok, B., Atherton, J. L., et al. (2025). 
Swinging lever mechanism of myosin directly shown by time-resolved cryo-EM. Nature
642 (8067), 519–526. doi:10.1038/s41586-025-08876-5

Lehman, S. J., Crocini, C., and Leinwand, L. A. (2022). Targeting the sarcomere in 
inherited cardiomyopathies. Nat. Rev. Cardiol. 19 (6), 353–363. doi:10.1038/s41569-
022-00682-0

Linari, M., Caremani, M., and Lombardi, V. (2010). A kinetic model that explains the 
effect of inorganic phosphate on the mechanics and energetics of isometric contraction 
of fast skeletal muscle. Proc. Biol. Sci. 277 (1678), 19–27. doi:10.1098/rspb.2009.1498

Linari, M., Piazzesi, G., Pertici, I., Dantzig, J. A., Goldman, Y. E., and Lombardi, 
V. (2020). Straightening out the elasticity of myosin cross-bridges. Biophys. J. 118 (5), 
994–1002. doi:10.1016/j.bpj.2020.01.002

Lombardi, V., and Piazzesi, G. (1990). The contractile response during steady 
lengthening of stimulated frog muscle fibres. J. Physiol. (Lond) 431, 141–171. 
doi:10.1113/jphysiol.1990.sp018324

Malnasi-Csizmadia, A., and Kovacs, M. (2010). Emerging complex pathways 
of the actomyosin powerstroke. Trends Biochem. Sci. 35 (12), 684–690. 
doi:10.1016/j.tibs.2010.07.012

Månsson, A. (1994). The tension response to stretch of intact skeletal muscle fibres of 
the frog at varied tonicity of the extracellular medium. J. Muscle Res. Cell Motil. 15 (2), 
145–157. doi:10.1007/BF00130425

Månsson, A. (2010). Actomyosin-ADP states, inter-head cooperativity and 
the force-velocity relation of skeletal muscle. Biophysical J. 98, 1237–1246. 
doi:10.1016/j.bpj.2009.12.4285

Månsson, A. (2019). Comparing models with one versus multiple myosin-binding 
sites per actin target zone: the power of simplicity. J. Gen. Physiol. 151, 578–592. 
doi:10.1085/jgp.201812301

Frontiers in Physiology 14 frontiersin.org

https://doi.org/10.3389/fphys.2025.1659772
https://doi.org/10.1074/jbc.M109.019232
https://doi.org/10.1146/annurev-physiol-042222-022728
https://doi.org/10.1146/annurev-physiol-042222-022728
https://doi.org/10.1073/pnas.0707626104
https://doi.org/10.1016/j.bpj.2018.07.006
https://doi.org/10.1073/pnas.0506830102
https://doi.org/10.1529/biophysj.108.130435
https://doi.org/10.1113/jphysiol.2013.257410
https://doi.org/10.1113/JP270265
https://doi.org/10.1111/j.1469-7793.2001.00879.x
https://doi.org/10.1113/jphysiol.1992.sp019163
https://doi.org/10.1002/cm.21695
https://doi.org/10.1152/ajpregu.00772.2010
https://doi.org/10.1016/j.bpj.2013.09.046
https://doi.org/10.1152/japplphysiol.00276.2006
https://doi.org/10.1073/pnas.96.6.2770
https://doi.org/10.1113/jphysiol.1988.sp017291
https://doi.org/10.1242/jeb.01573
https://doi.org/10.1113/jphysiol.1982.sp014287
https://doi.org/10.1113/jphysiol.1984.sp015240
https://doi.org/10.1016/0079-6107(79)90025-7
https://doi.org/10.1016/0079-6107(79)90025-7
https://doi.org/10.1016/S0006-3495(80)85126-5
https://doi.org/10.1016/S0006-3495(80)85126-5
https://doi.org/10.1002/bip.22853
https://doi.org/10.1038/s41467-020-17143-2
https://doi.org/10.1038/s41467-020-17143-2
https://doi.org/10.1016/j.cell.2020.08.050
https://doi.org/10.1111/tra.12388
https://doi.org/10.1016/0079-6107(74)90020-0
https://doi.org/10.1016/0079-6107(74)90020-0
https://doi.org/10.1016/s0096-4174(18)30128-8
https://doi.org/10.1038/233533a0
https://doi.org/10.1007/s10974-025-09693-z
https://doi.org/10.1007/s10974-025-09693-z
https://doi.org/10.1016/S0006-3495(91)82227-5
https://doi.org/10.1085/jgp.202012755
https://doi.org/10.3389/fphys.2025.1605321
https://doi.org/10.1126/science.1191484
https://doi.org/10.1038/ncomms16036
https://doi.org/10.1016/j.cell.2025.05.019
https://doi.org/10.1038/s41586-025-08876-5
https://doi.org/10.1038/s41569-022-00682-0
https://doi.org/10.1038/s41569-022-00682-0
https://doi.org/10.1098/rspb.2009.1498
https://doi.org/10.1016/j.bpj.2020.01.002
https://doi.org/10.1113/jphysiol.1990.sp018324
https://doi.org/10.1016/j.tibs.2010.07.012
https://doi.org/10.1007/BF00130425
https://doi.org/10.1016/j.bpj.2009.12.4285
https://doi.org/10.1085/jgp.201812301
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Månsson 10.3389/fphys.2025.1659772

Månsson, A. (2021). The effects of inorganic phosphate on muscle force development 
and energetics: challenges in modelling related to experimental uncertainties. J. Muscle 
Res. Cell Motil. 44, 33–46. doi:10.1007/s10974-019-09558-2

Månsson, A. (2025). Theoretical treatment of tension transients in muscle 
following sudden changes in orthophosphate concentration: implications for energy 
transduction. J. Muscle Res. Cell Motil. doi:10.1007/s10974-025-09698-8

Månsson, A., and Rassier, D. E. (2022). Insights into muscle contraction derived from 
the effects of small-molecular actomyosin-modulating compounds. Int. J. Mol. Sci. 23 
(20), 12084. doi:10.3390/ijms232012084

Månsson, A., Mörner, J., and Edman, K. A. (1989). Effects of amrinone on Twitch, 
tetanus and shortening kinetics in Mammalian skeletal muscle. Acta Physiol. Scand. 136 
(1), 37–45. doi:10.1111/j.1748-1716.1989.tb08627.x

Månsson, A., Rassier, D., and Tsiavaliaris, G. (2015). Poorly understood aspects of 
striated muscle contraction. BioMed Res. Int. 28, 245154. doi:10.1155/2015/245154

Månsson, A., Persson, M., Shalabi, N., and Rassier, D. E. (2019). 
Non-linear actomyosin elasticity in muscle? Biophysical J. 116, 330–346. 
doi:10.1016/j.bpj.2018.12.004

Månsson, A., Usaj, M., Moretto, L., Matusovsky, O., Velayuthan, L. P., Friedman, R., 
et al. (2023). New paradigms in actomyosin energy transduction: critical evaluation 
of non-traditional models for orthophosphate release. Bioessays 45, e2300040. 
doi:10.1002/bies.202300040

Marang, C., Scott, B., Chambers, J., Gunther, L. K., Yengo, C. M., and Debold, E. P. 
(2023). A mutation in switch I alters the load-dependent kinetics of myosin Va. Nat. 
Commun. 14 (1), 3137. doi:10.1038/s41467-023-38535-0

Marang, C. P., Petersen, D. J., Scott, B. D., Walcott, S., and Debold, E. P. (2025). 
Characterizing the concentration and load dependence of phosphate binding to 
rabbit fast skeletal actomyosin. Proc. Natl. Acad. Sci. U. S. A. 122 (20), e2504758122. 
doi:10.1073/pnas.2504758122

Marcucci, L., and Reggiani, C. (2016). Mechanosensing in myosin filament solves a 
60 years old conflict in skeletal muscle modeling between high power output and slow 
rise in tension. Front. Physiol. 7, 427. doi:10.3389/fphys.2016.00427

Mijailovich, S. M., Prodanovic, M., Poggesi, C., Geeves, M. A., and Regnier, M. 
(2021). Multiscale modeling of Twitch contractions in cardiac trabeculae. J. Gen. 
Physiol. 153 (3), e202012604. doi:10.1085/jgp.202012604

Moretto, L., Usaj, M., Matusovsky, O., Rassier, D. E., Friedman, R., and Månsson, A. 
(2022). Multistep orthophosphate release tunes actomyosin energy transduction. Nat. 
Commun. 13 (1), 4575. doi:10.1038/s41467-022-32110-9

Moussaoui, D., Robblee, J. P., Auguin, D., Krementsova, E. B., Haase, S., Blake, 
T. C. A., et al. (2020). Full-length Plasmodium falciparum myosin A and essential 
light chain PfELC structures provide new anti-malarial targets. Elife 9, e60581. 
doi:10.7554/eLife.60581

Muretta, J. M., Rohde, J. A., Johnsrud, D. O., Cornea, S., and Thomas, D. 
D. (2015). Direct real-time detection of the structural and biochemical events in 
the myosin power stroke. Proc. Natl. Acad. Sci. U. S. A. 112 (46), 14272–14277. 
doi:10.1073/pnas.1514859112

Nocella, M., Bagni, M. A., Cecchi, G., and Colombini, B. (2013). Mechanism 
of force enhancement during stretching of skeletal muscle fibres investigated by 
high time-resolved stiffness measurements. J. muscle Res. cell Motil. 34 (1), 71–81. 
doi:10.1007/s10974-012-9335-4

Nyitrai, M., and Geeves, M. A. (2004). Adenosine diphosphate and strain sensitivity 
in myosin motors. Philos. Trans. R. Soc. Lond B Biol. Sci. 359 (1452), 1867–1877. 
doi:10.1098/rstb.2004.1560

Pate, E., and Cooke, R. (1989). A model of crossbridge action: the effects of ATP, ADP 
and Pi. J. Muscle Res. Cell Motil. 10 (3), 181–196. doi:10.1007/BF01739809

Persson, M., Bengtsson, E., ten Siethoff, L., and Månsson, A. (2013). Nonlinear 
cross-bridge elasticity and post-power-stroke events in fast skeletal muscle actomyosin. 
Biophysical J. 105 (8), 1871–1881. doi:10.1016/j.bpj.2013.08.044

Potma, E. J., van Graas, I. A., and Stienen, G. J. (1995). Influence of inorganic 
phosphate and pH on ATP utilization in fast and slow skeletal muscle fibers. Biophys. J.
69 (6), 2580–2589. doi:10.1016/S0006-3495(95)80129-3

Ranatunga, K. W. (1999). Effects of inorganic phosphate on endothermic 
force generation in muscle. Proc. Biol. Sci. 266 (1426), 1381–1385. 
doi:10.1098/rspb.1999.0791

Rassier, D. E., and Månsson, A. (2025). Mechanisms of myosin II force generation. 
Insights from novel experimental techniques and approaches. Physiol. Rev. 105 (1), 
1–93. doi:10.1152/physrev.00014.2023

Robert-Paganin, J., Pylypenko, O., Kikuti, C., Sweeney, H. L., and Houdusse, A. 
(2020). Force generation by myosin motors: a structural perspective. Chem. Rev. 120 
(1), 5–35. doi:10.1021/acs.chemrev.9b00264

Rohde, J. A., Thomas, D. D., and Muretta, J. M. (2017). Heart failure drug changes the 
mechanoenzymology of the cardiac myosin powerstroke. Proc. Natl. Acad. Sci. U. S. A.
114 (10), E1796–E1804. doi:10.1073/pnas.1611698114

Scott, B., Marang, C., Woodward, M., and Debold, E. P. (2021). Myosin’s powerstroke 
occurs prior to the release of phosphate from the active site. Cytoskelet. Hob. 78, 
185–198. doi:10.1002/cm.21682

Smith, D. A. (2014). A new mechanokinetic model for muscle contraction, where 
force and movement are triggered by phosphate release. J. Muscle Res. Cell Motil. 35 
(5-6), 295–306. doi:10.1007/s10974-014-9391-z

Smith, D. A., Geeves, M. A., Sleep, J., and Mijailovich, S. M. (2008). Towards a unified 
theory of muscle contraction. I: foundations. Ann. Biomed. Eng. 36 (10), 1624–1640. 
doi:10.1007/s10439-008-9536-6

Spertus, J. A., Fine, J. T., Elliott, P., Ho, C. Y., Olivotto, I., Saberi, S., et al. (2021). 
Mavacamten for treatment of symptomatic obstructive hypertrophic cardiomyopathy 
(EXPLORER-HCM): health status analysis of a randomised, double-blind, placebo-
controlled, phase 3 trial. Lancet 397 (10293), 2467–2475. doi:10.1016/S0140-
6736(21)00763-7

Stehle, R. (2017). Force responses and sarcomere dynamics of cardiac 
myofibrils induced by rapid changes in [pi]. Biophys. J. 112 (2), 356–367. 
doi:10.1016/j.bpj.2016.11.005

Stehle, R. (2024). Phosphate rebinding induces force reversal via slow backward 
cycling of cross-bridges. Front. Physiol. 15, 1476876. doi:10.3389/fphys.2024.1476876

Stehle, R., and Tesi, C. (2017). Kinetic coupling of phosphate release, force generation 
and rate-limiting steps in the cross-bridge cycle. J. Muscle Res. Cell Motil. 38, 275–289. 
doi:10.1007/s10974-017-9482-8

Tesi, C., Colomo, F., Nencini, S., Piroddi, N., and Poggesi, C. (2000). The effect 
of inorganic phosphate on force generation in single myofibrils from rabbit skeletal 
muscle. Biophys. J. 78 (6), 3081–3092. doi:10.1016/S0006-3495(00)76845-7

Tesi, C., Colomo, F., Piroddi, N., and Poggesi, C. (2002). Characterization of the cross-
bridge force-generating step using inorganic phosphate and BDM in myofibrils from 
rabbit skeletal muscles. J. Physiol. 541 (Pt 1), 187–199. doi:10.1113/jphysiol.2001.013418

Trivedi, D. V., Nag, S., Spudich, A., Ruppel, K. M., and Spudich, J. A. (2020). 
The myosin family of mechanoenzymes: from mechanisms to therapeutic approaches. 
Annu. Rev. Biochem. 89, 667–693. doi:10.1146/annurev-biochem-011520-105234

Vahokoski, J., Calder, L. J., Lopez, A. J., Molloy, J. E., Kursula, I., and Rosenthal, P. B. 
(2022). High-resolution structures of malaria parasite actomyosin and actin filaments. 
PLoS Pathog. 18 (4), e1010408. doi:10.1371/journal.ppat.1010408

Veigel, C., Molloy, J. E., Schmitz, S., and Kendrick-Jones, J. (2003). Load-dependent 
kinetics of force production by smooth muscle myosin measured with optical tweezers. 
Nat. Cell Biol. 5 (11), 980–986. doi:10.1038/ncb1060

Wang, T., Brenner, B., Nayak, A., and Amrute-Nayak, M. (2020). Acto-myosin cross-
bridge stiffness depends on the nucleotide state of myosin II. Nano Lett. 20 (10), 
7506–7512. doi:10.1021/acs.nanolett.0c02960

Whittaker, M., Wilson-Kubalek, E. M., Smith, J. E., Faust, L., Milligan, R. A., and 
Sweeney, H. L. (1995). A 35-A movement of smooth muscle myosin on ADP release. 
Nature 378 (6558), 748–751. doi:10.1038/378748a0

Woody, M. S., Winkelmann, D. A., Capitanio, M., Ostap, E. M., and Goldman, Y. E. 
(2019). Single molecule mechanics resolves the earliest events in force generation by 
cardiac myosin. Elife 8, e49266. doi:10.7554/eLife.49266

Yotti, R., Seidman, C. E., and Seidman, J. G. (2019). Advances in the 
genetic basis and pathogenesis of sarcomere cardiomyopathies. Annu. Rev. 
Genomics Hum. Genet. 20, 129–153. doi:10.1146/annurev-genom-083118-
015306

Young, E. J., Blouin, A. M., Briggs, S. B., Sillivan, S. E., Lin, L., Cameron, M. 
D., et al. (2016). Nonmuscle myosin IIB as a therapeutic target for the prevention 
of relapse to methamphetamine use. Mol. Psychiatry 21 (5), 615–623. doi:10.1038/
mp.2015.103

Frontiers in Physiology 15 frontiersin.org

https://doi.org/10.3389/fphys.2025.1659772
https://doi.org/10.1007/s10974-019-09558-2
https://doi.org/10.1007/s10974-025-09698-8
https://doi.org/10.3390/ijms232012084
https://doi.org/10.1111/j.1748-1716.1989.tb08627.x
https://doi.org/10.1155/2015/245154
https://doi.org/10.1016/j.bpj.2018.12.004
https://doi.org/10.1002/bies.202300040
https://doi.org/10.1038/s41467-023-38535-0
https://doi.org/10.1073/pnas.2504758122
https://doi.org/10.3389/fphys.2016.00427
https://doi.org/10.1085/jgp.202012604
https://doi.org/10.1038/s41467-022-32110-9
https://doi.org/10.7554/eLife.60581
https://doi.org/10.1073/pnas.1514859112
https://doi.org/10.1007/s10974-012-9335-4
https://doi.org/10.1098/rstb.2004.1560
https://doi.org/10.1007/BF01739809
https://doi.org/10.1016/j.bpj.2013.08.044
https://doi.org/10.1016/S0006-3495(95)80129-3
https://doi.org/10.1098/rspb.1999.0791
https://doi.org/10.1152/physrev.00014.2023
https://doi.org/10.1021/acs.chemrev.9b00264
https://doi.org/10.1073/pnas.1611698114
https://doi.org/10.1002/cm.21682
https://doi.org/10.1007/s10974-014-9391-z
https://doi.org/10.1007/s10439-008-9536-6
https://doi.org/10.1016/S0140-6736(21)00763-7
https://doi.org/10.1016/S0140-6736(21)00763-7
https://doi.org/10.1016/j.bpj.2016.11.005
https://doi.org/10.3389/fphys.2024.1476876
https://doi.org/10.1007/s10974-017-9482-8
https://doi.org/10.1016/S0006-3495(00)76845-7
https://doi.org/10.1113/jphysiol.2001.013418
https://doi.org/10.1146/annurev-biochem-011520-105234
https://doi.org/10.1371/journal.ppat.1010408
https://doi.org/10.1038/ncb1060
https://doi.org/10.1021/acs.nanolett.0c02960
https://doi.org/10.1038/378748a0
https://doi.org/10.7554/eLife.49266
https://doi.org/10.1146/annurev-genom-083118-015306
https://doi.org/10.1146/annurev-genom-083118-015306
https://doi.org/10.1038/ mp.2015.103
https://doi.org/10.1038/ mp.2015.103
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	3 Results
	4 Discussion
	4.1 Summary of the results and comparison to earlier mechanokinetic models
	4.2 Detailed comparison of mechanokinetic models and simple kinetic scheme
	4.3 Two components of isometric force: properties and implications for muscle physiology
	4.4 General considerations for modeling of Pi-release and force-generation
	4.5 Limitations

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References

