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ABSTRACT. Contractile force in muscle tissue is produced by the interaction of myosin molecular
motors that bind and pull on specific sites located on surrounding actin filaments. The classical
framework set by the landmark works of A.F. Huxley and T.L. Hill to model this active system is
build on the central assumption that thermal fluctuations of a given myosin motor are sufficiently
small so that it cannot interact with more than one binding site at any time. In this paper we
present the physiological and mathematical limitations of this approach to motivate a new
formulation that circumvent them without resorting to the more complex multi-site model
paradigm.

The acto-myosin system is now described as a Markov process combining Langevin drift-
diffusion and Poisson jumps dynamics. We show that the corresponding system of Stochastic
Differential Equation is well-posed and derive its Partial Differential Equation analog in order to
obtain the thermodynamic balance laws. We finally show that by applying standard elimination
procedures, a modified version of the original Huxley-Hill framework can be obtained as a
reduced version of our model. Theoretical results are supported by numerical simulations where
the model outputs are compared to benchmark experimental data.
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1. Introduction

1.1. Muscle contraction
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FIGURE 1. Physiological context. (a) The muscle contraction is generated by
the interaction of myosin molecular motors with actin filaments in so-called con-
tractile units. (b) Antagonist contractile units are stacked in parallel to form
sarcomeres. (c) sarcomere are assembled in series to form the fibrils of the muscle
cells.

Muscle contraction is produced at the nanoscale by the concerted action of myosin molecular
motors, converting metabolic energy into mechanical power. These motors are proteins called
myosins that act as enzymes catalyzing the hydrolysis of ATPEl in the presence of another protein,
call f-actin with which myosin motors interact to form so-called cross-bridges. In the muscle
tissue, at the microscale, myosins form thick filaments running in the longitudinal direction
of the muscle fibers, see Figure [Ifa). F-actin also takes the form of filaments made out of
polymerized g-actin (globular actin) which runs parallel to the mysoin filaments.

The metabolic energy extracted from the hydrolysis of ATP by the motors is transformed
into a mechanical working strokes that pull on the actin filament. Both filaments are oriented to
build a contractile unit as the myosin-actin interaction produces their relative sliding in opposite
direction

At the mesoscale, antagonists contractile units are stacked in the transverse direction and
form a ~2pm-long sarcomere, see Figure (b) Sarcomere themselves are arranged in series to
form bundles of fibrils inside the muscle cells, see Figure [Ifc). Thanks to this highly organized
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ACTO-MYOSIN INTERACTION MODELING

structure, the metabolic activity of the acto-myosin molecular system results in the macroscopic
contraction.

At the core of the contraction mechanism is the interaction between a myosin protein and its
neighboring actin monomers. This interaction takes the form of a cyclic succession of structural
and chemical transitions during which a myosin binds actin to form a force producing cross-
bridge, and then disengage to hydrolyze one ATP molecule, see [25] for more details on the
molecular mechanism. The constant supply of fresh ATP molecule is necessary to maintain this
cycle out of equilibrium.

1.2. Modeling the actin-myosin interaction

The first physiologically relevant theory of actin-myosin interaction was formulated in 1957 by
AF. Huxley [27]. The general idea, which is developed in details in the next section, was to
model a representative myosin protein as a linear elastic spring existing in two states: attached
to actin or detached. Huxley postulated the existence of specific target zones (or binding sites)
positioned periodically on the actin filament. While the myosin is bound, the tension it generates
is proportional to the distance between the tip (head) of the protein which is located at the
binding site and its anchor in the myosin filament. The attachment and detachment events are
modeled as a “chemical” jump process with rates that depend on the distance to the nearest
binding site. The dynamics of the system takes the form of a transport PDE for the population
of attached and detached myosins, with sources and sinks terms accounting for the transition
between the two states.

This modeling framework has been formalized and generalized by T.L. Hill and co-workers
[24] 22, 23], 14}, 15]. The generalization consisted in formulating the population dynamics equa-
tions for an arbitrary number of states and in formalizing the fundamental mathematical re-
quirements that ensure the compatibility of the model with conservation laws and in particular,
the thermodynamic principles.

Since then plethora of such chemical-mechanical models have been proposed to account for a
constantly increasing body of experimental data. The refinements as compared to the original
two-state model of Huxley consists in defining additional chemical states and the corresponding
transition rates, see for instance [28], 47, 52, 53, 1T}, 54, 51, 2, B8, 39 4] or in using generalized
non-linear energy potentials for the elastic spring representation of the myosin head [45], B31].

The goal of this paper is to revisit one of the fundamental hypothesis underlying all Huxley—
Hill-like models, while proposing a new SDE formulation, based on Poisson random measures.

1.3. The Huxley’1957 model

Before presenting the objectives of our work, we here summarize the framework set by the
landmark Huxley’1957 model (H57 model).

The framework. The original Huxley model [27] sets a 1D framework to describe the dynam-
ics of a population of independent myosin motors interacting with a single actin filament, see
Figure a). Since the motors are considered independent, considering a single representative
motor is sufficient, see Figure (a). We define as the origin of the 1D axis, the position of a
representative myosin anchor point to the myosin filament. The actin sites are located on the
actin filament, supposed to be rigid and parallel to the myosin filament. At all time, the myosin
head has the possibility to bind only to the nearest actin site whose position, with respect to
the anchor point, is parametrized by the variable s.

The distance between consecutive binding sites being denoted by d, the binding to the nearest
site occurs necessarily within the restricted fized window (—d/2,+d/2) so that the current actin
site is at most d/2 far from this base point: a site enters the window at the time the previous
one leaves.

The myosin head is assumed to attach instantaneously to its site with rate f(s) to form a
cross-bridge. This cross-bridge can subsequently be detached, also instantaneously, with rate
g(s). Both rates f(s) and g(s) are assumed to depend only on s.

3
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(a) Huxley—Hill framework
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FIGURE 2. (a) The Huxley—Hill model is parametrized by the distance s sepa-
rating the myosin anchor from its nearest binding site. The distance between two
consecutive sites is denoted by d. After attachment, the formed cross-bridge is
represented as a spring of length s. (b) The h-model considers the position of the
detached myosin head X relative to the same anchor point. The nearest binding
site is now defined relative to the position of the head and parametrized by the
variable h.

During the contraction, the actin filament slides relative to the myosin filament with an
imposed velocity Z.(t). In this point of view, the molecular motor produces a force as a response
to an input sliding velocity.

Classical formulation. Let a € {0, 1} denote the attachment state of the myosin head: « = 0
stands for a detached configuration, while a = 1 means the myosin head is attached to the actin
site located at distance s of the myosin anchor point. The original Huxley model was concerned
with the conditional probability P,(s,t) for the head being in the configuration o knowing the
location s of the closest actin site at time ¢. At any given s, mass conservation imposes that
Py(s,t) + Pi(s,t) = 1, since the state « is either 0 or 1, indeed. It is possible to describe the
population dynamics using a PDE system: the sliding velocity gives a transport term, while the
jump mechanisms with rates f(s) and g(s) are given by linear terms [27]:

8tP1(S>t) + jjc(t)aspl(svt) = _g(S)Pl(Svt) + f(S) [1 - Pl(svt)] ’ (1'1)
Py(s,t) =1 — Pi(s, ). (1.2)

Notice that the compatibility of the model with the principles of thermodynamics is not
guarantied a priori since the rates f and g may not satisfy the detailed balance condition. This
problem was solved in the extension of the model proposed by T.L. Hill and co-workers, see the
next section for more details. Hence, the terminology Huxley—Hill framework.

1.4. Limits of the Huxley formulation

The Huxley-Hill framework suffers from a series of inherent limitations. These limitations are
all consequences of the essential assumption made that a myosin head can interact only with
the nearest binding site located in a fized window of length d.

In the structural representation of the actin-myosin interaction, the detached myosin head
fluctuates, and therefore the probability to form a cross-bridge with a nearby site depends on

4
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the capacity for the myosin molecular structure to sufficiently deform to reach this site. Hence,
the assumption that only one site can be bound by the myosin head within a given window
of length d supposes that the maximal extension of the cross-bridge is less than d/2. If the
characteristic length of the fluctuations remains small compared to the inter-site distance, the
probability for a given head to interact with a site that is not the closest to its anchor point can
be neglected, indeed.

This representation has the following consequences on the rates f(s) and g(s) appearing in

D).

(1) Attachment is not permitted on the borders of the interval. Since the deformation of
the protein is assumed to be less than d/2, attachment can’t occur when s equals the
“boundary points” (i.e. —d/2 or equivalently +d/2), imposing that

F(~d/2) = f(+d/2) =0

It would make sense to consider f(s) being continuous and spiked around s = 0, and
identically being 0 when s is close enough to the borders.

(2) Detachment is compulsory on the borders of the interval. The site can’t be located at
the boundary points during in the attached configuration since this would imply a jump
of the cross-bridge from one side of the window to the other one, which is obviously non-
physical. The distance d being (strictly) larger than the cross-bridge maximal extension,
this situation has to be excluded by enforcing at least

s_l}li%/?g(S) N s—lgﬁmg(s) = e
s>—d/2 s<+d/2

with an imposed discontinuity at the boundary point.

The physiological limitations of the Huxley—Hill framework are thus related to the structural
organization of the system. The actin filament is a double-stranded helix of globular monomers
whose diameter is about 5.5 nm. The long periodicity of actin corresponds to 7 of these monomers
[17]. At rest the regulatory units are covered by a calcium sensitive protein called tropomyosin.
Upon activation, the calcium ions that are released in the cell bind to troponin-tropomyosin
complex, which triggers a conformational change that uncovers the actin monomers, making
them available for attachment by myosin. Experimental studies on single molecules suggested
that only few (possibly 3) monomers are correctly oriented to enable strong attachment, once
every ~40nm. Therefore, several models propose that the binding event can occur only on
so-called “target zones” separated by a distance of d ~ 40 nm [43] 55]. Other models, however,
postulate that the interval between the binding site correspond to the monomer repeat of 5.5 nm,
[47, 2]. While this may not be the case in situ, it is realistic for in vitro acto-myosin preparation
where regulatory proteins are removed [45].

The elastic constant of the attached myosin protein has been evaluated at x ~ 1 pNnm~! [4],
which correspond to thermal fluctuations of about /7kyT"/k ~ 3.6 nm. One also has to consider
that the myosin motor can undergo conformational change as large as 10 nm [25] 50].

From the point of view of the detached state, given the above estimations, one can infer that
with an actin periodicity of d = 40 nm, the probability for a given head to travel d/2 ~ 20 nm can
indeed be neglected. However, if one considers a periodicity of d = 5.5nm, then the probability
for a given head to reach a remote site has to be considered. Furthermore, recent studies that
use a non-linear elastic models for the attached motors predict that the cross-bridges can remain
formed along distances up to 50 nm, see [40, 42], which makes the Huxley—Hill framework not
appropriate from the point of view of the attached state. In a nutshell, the Huxley—Hill framework
is reasonable if the assumption d = 40nm is taken and that long cross-bridge extensions are
prevented but is not adapted otherwise.

To circumvent these issues, the original Huxley model has been extended by Hill and co-
workers to include the possibility to bind multiple sites from the same detached state [22]. This
approach requires defining new rate functions, which makes the calibration of the models more
difficult, and potentially less robust to the variability in the experimental data.

5
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In this paper, we propose an alternative and less-complex approach to lift the aforemen-
tioned limitations by reconsidering the initial assumptions setting the Huxley—Hill framework to
overcome these limitations, see Figure (b) Our h-model is based on the following assumptions.

(1) A myosin head is parametrized by the position z of its head with respect to its anchor
point on the myosin filament.

(2) The position of the nearest actin binding site is not defined with respect to the anchor
point anymore but instead with respect to the position of the head z. This relative
position is denoted by h.

(3) A given myosin head can bind only to the nearest actin site.

We formulate the h-model as a stochastic Markov process involving continuous Langevin
dynamics for the position of the head and a discrete Poisson dynamics for the state (attached
or detached). Throughout the paper, we will use two approaches to describe the system: a
stochastic approach based on Stochastic Differential Equations and a deterministic approach
based on Partial Differential Equations.

The results of this work are presented as follows. In Section [2] we reformulate the Huxley—Hill
model in order to introduce both approaches. The h-model itself is presented in Section
For both Huxley—Hill and h-model, we prove the compatibility with the thermodynamic prin-
ciples. We will then show in Section [4] that the Huxley—Hill model can in fact be viewed as an
analog of a reduced version of the h-model — the h-reduced model — obtained by asymptotic
elimination of the variable x and h. Again, both formulations are presented and the compatibil-
ity with the thermodynamic principles is tracked. Finally, numerical illustrations of the h-model
and its reduced version are presented in Section 5] where we compare the steady state properties
of the models with benchmark experimental data characteristic of the mechanical performance
of cardiac cells.

2. SDE formulation of the Huxley—Hill model using random measures

Detached (a = 0)

Sh

Attached (a’: 1)

FIGURE 3. Schematic of the two state actin-myosin interaction cycle.

We start by building a Stochastic Differential Equation (SDE) representation for this system,
defining a stochastic process whose law at given s will satisfy equation . More than giving a
Lagrangian (particle) interpretation of the Huxley PDE system, this will permit simple Monte-
Carlo simulations of this system (see Appendix without using heavy PDE solvers. This
approach also paves the way for the incoming hA-model, whose SDE interpretation will be more
natural than its PDE one. The dynamics can be formalized as a cadlag Markov process

(Oét,St) € {0,1} XTd,tzo

the actin site being s; and the state a; standing for the current configuration (attached: oy = 1,
or detached: oy = 0) of the cross bridge.

The variable s; is the location of the nearest actin site, as well as it is the algebraic distance
of this site to the base point, since the window and the coordinate axe originate at the same
base point. It is therefore relevant to consider s; as a continuous variable evolving in the one-
dimensional torus T4 of center 0 and diameter d, which can be identified to the closed interval

6
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[—d/2,+d/2] with periodic boundary conditions: in this representation, the base point is the
center 0 of the torus.

The s; dynamics is then only translation with speed @.(t), while ay describes a jump process
involving two states. The Hill thermodynamic analysis [22] of this model requires to split the
global jump rates f and g appearing in into four intermediary rates (see Section
for details on the purpose of this). They correspond to four Poisson jump events with state-
dependent rates (see Figure [3)).

e A direct attachment 0 — 1 with rate k4 (s).
e A reverse jump 1 — 0 with rate k'¥(s).
e A direct detachment 1 — 0 with rate k_(s).
e A reverse jump 0 — 1 with rate k™V(s).

These rates can be linked to the previous ones appearing in (1.1) by
Fls) = ka(s) + K () gls) = k_(s) + K™ (s).

These jumps induce cadlag (right-continuous with left limit) discontinuities, so that oy = 1 —ay-
at the jump time t¢. This can be formalized using four independent Poisson random mea-
sures (see appendix [A| for reminders on this notion): N (dt,du), NIV (dt,dw), N_ (dt,du) and
NT®V (dt,du) on Ry x Ry with intensity measure d¢t ® du. The u parameter in these measures
accounts for the detachment rates. Finally, the dynamics of (o4, s;) can be represented by the
SDE system:

dOét 1 — Q- fR 1 — 2C¥t—) ﬂugk.;,_(st)N-‘r (dt du + Op— fR 1 - 2at ) ugkf"(st)N— (dt,dU)
+ay- fR+ (1 =20 ) Ly<p_ () N+ (dt, du) + (1 — oy~ fR (1 =20y ) Ly<pprev(s,yN- (dt, du),
ds; = @.(t)dt in Ty.
(2.1)
The pre-factors a; and 1 — a; alongside the system allow to select which transition occurs or
not depending on the value of oy € {0,1}; 14,1 and 1,,—0 could be written instead. Note that
1 — 20y~ is always the jump amplitude when oy jumps from a state to the other one (either for
0—1orl—1). When a;— = 0, the Ny and N term in the SDE has a non-zero pre-factor,
allowing an increment for oy of 1 — 2q;,— = 1. The same holds with an increment —1 when
~ =1 with the N_ and NIV term.

Well-posedness for the SDE system is a simple task (see references in appendix
provided z. is C! and coefficients &k, k™", k_ and k™" are Lipschitz — however this property is
unclear in the Huxley—Hill framework, because rates must explode on the border of the window
(see explanations in introduction).

The pathwise law p of the process belongs to the space P (D (Ry,{0,1} x T4)) of proba-
bility measures on the Skorokhod space D (Ry,{0,1} x T4) of cadlag trajectories. The related
t-marginal p; € P ({0,1} x Ty4) is the joint law of (ay,s;) at time ¢: it is a probability measure
pt (da, ds) = py (a,ds) da on the state space {0,1} x Ty (da = 0o + 1 is the canonical mass
measure on {0,1}). The law pf (ds) of s; at time ¢ is the s-marginal of p; (day, ds) which can be
defined by integrating over a:

p; (ds) = p: (0,ds) +pz (1,ds). (2.2)

It satisfies the transport equation
Oypf + &c(t)0spi = 0. (2.3)
By transport, if sg is uniformly distributed at time ¢ = 0, it will be the case for s; at every time

t > 0. This assumption shall now be made, so that

ds

pt (da, ds) = Py(s, t)dag, (2.4)
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where P,(s,t) is the conditional probability for a myosin motor, whose nearest site is located at
s to be in state a. The a-marginal of p; (da, ds) conditionally on s; = s reads

pt (a, s) da P,(s,t)/d
= da = Py(s,t)da 25
pe(0,8) +pi(1,5) 1/d (5,%) (2.5)
The conditional law P, (s,t)da is a probability measure, and the normalization relation holds
PO(S,t)+P1(S,t) = 1, (26)

making P,(s,t) the remaining unknown.

Remark on notations. In the sequel, conditional probabilities will always be written with
capital letters P, while normal case p will denote joint probabilities. Later we will also introduce
reduced probabilities, which will be distinguished from the joint probabilities by a bar p.

The time-evolution of p; can be captured using regular test functions ¢ : {0,1} x Ty — R,
which are called “observables”. The infinitesimal generator (see [35]) L of this Markov process
is an unbounded linear operator defined as

S Elplon, )] = E [Lo(or, )]

for regular functions ¢ for which the derivative makes sense. This is the backward Kolmogorov
equation; since (ay, s¢) solves an SDE, this can be recovered using Ito’s formula. In terms of py,
this reads for any observable ¢

/ od (Opr) = / Lo dp,
{O,I}XTd {O,I}XTd

If L admits an adjoint operator L* on a subdomain of P ({0,1} x Ty), the related dual equation
reads in the measure (weak) sense

dipr = L*py.
This is the forward Kolmogorov equation (or the well-known Fokker-Planck equation in a dif-
fusion setting); this is usually obtained integrating by parts. It is a strong PDE when the law
admits a density p; (dz,da) = p; (z, o) dzdav.
The generator can be obtained following the derivation in section[A] To a jump 0 — 1 correspond
a rate ko1(q, s) = la—of(s) and a jump law Ko1 ((a, s), (da/,ds")) = §1-q (d’) §5 (ds’) (6 is
a Dirac measure, the location after jump being chosen here in a deterministic way), adding the
term

ko—1(a, s)/ [go(o/, s") — o(a, s)] Kot ((a, s), (do/,ds'))
{0,1}xTy

= La=0f(s) [p(1 — v, 8) — p(e, 5)]

to the total generator (in the rest of this article, jump measures won’t be that much detailed: only
non-deterministic jumps will be written to avoid heavy expressions); the prime variables denote
the new values after jumps. The same holds for the 1 — 0 jumps. Summing these contributions
and the transport term eventually gives

Lo (ay,s) = &.(t)0s (v )
+ La=of(s) [p(1 — a,s) — p(a, s)] + La=19(s) [¢(1 — a, s) — (e, 8)]. (2.7)

Appendix [A] now provides the dual generator of each jump. The dual of the transport term in
(2.7) is moreover given by straightforward integration by parts. Gathering everything leads to
the dual operator L* and the related equation:

Opr (o, ds) + @c(t)Ospt (v, ds) = —La=0f(s)pt (0,ds) + La=1f(s)p: (0,ds)
— La=19(s)pe (1,ds) + La=og(s)pe (1,ds) (2.8)
so that
{atmo, 8) + &e()0upr(0,8) = —F(8)pr(0,) + g(s)pr(L, 9). 2.9)
Opr(1,8) + c(t)0spr(1,8) = —g(s)pe(1,8) + f(s)pe(0, 5).
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Let us now derive the equation on P,(s,t) (defined in (2.4)). The s-marginal pj evolution (2.3) is
recovered from ([2.2)) integrating (2.9)) over a.. The time-evolution of the conditional law P, (s, t)da
5.9)

is then obtained from and , giving
OpPo(s,t) + dc(t)0sPo(s, t) = —f(s)Po(s,t) + g(s)Pi(s, 1),
atpl(svt) + L'Uc(t)aspl(&t) = _g(S)Pl(Svt) + f(S)P(](S,t),

which exactly recovers the previous system (|1.1)): a SDE representation has thus been built.

2.1. Hill’s thermodynamic formalism

Assume an energy function @ («, 8) = La—oWo(s) + La=1w1(s) is associated to the system (@,
is the energy related to the state o). The energy w, characterizes the detached state, while wy
is the energy of an attached head. The use of a bar notation for the energies wp 1 will become
clear in section [4.1l

Energy balance. The internal energy of the system at time ¢ is the average

Ut) = E [ (o, 51)] = /{Olm @ (o, 5) py (dav, ds)

The previous knowledge (2.4) on p; (da, ds) allows to write
1
Ut =5 | wo@Ps,t) + w5, ) ds
Ta

Moreover, the active force is defined as

Tc(t) =E []lat:u?s@ (th, St)] =

d@l(s)
Py(s,t)ds
/Td ds (

QU=

Using equation ((1.1)) to take the time-derivative of U(t):

GO =0 = [ 1(s) (5] [9) Pr(5,8) = £(5) o 1) s

The first term

W) = (Bt + el / dWols) p (5. 1)ds
d T4 ds
being the instantaneous power of external efforts. In sarcomere modelling, the detachment 1 — 0
at s; is caused by an external energy input up, which stands for ATP consumption: pr is a
constant which embodies the necessary energy input for state change. For jumps to occur from
higher energy states to lower energy ones, it is relevant to assume

wi(s) < wo(s) < wi(s) + pr

so that attachment is a natural process which causes a decrease in state energy from wg(s) to
w1 (s), and then the external supply of ur allows going back to a state with energy wp(s). Since
ATP is buffered by the metabolic system, ur is a fixed parameter. The related flux term in the

balance reads
E(t) = é /T 1z [9() Pu(s, £) — f(s)Pos, 1)) ds.

The fluctuation around this flux of the energy transfer during the detachment is 1,,—0w (v, s¢) —
Lo, =1W (o4, $4-) — pr- In the balance, this thermal fluctuation stands for the heat dissipation

01) =~ [ 09 + a7 = Tl la(5)Pr(s.1) = F(3) Pl )] ds

so that the energetic balance corresponds to the first principle of thermodynamics
d

SUD) = W) + £ + Q(1). (2.10)
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Remark 2.1. There’s no energy left for thermal fluctuation in the case ur = wo(s) — wi(s) (in
this case, no extra energy has to be dissipated as heat). The quantities 7. and 7, together with
this balance and the next one will be crucial to perform macroscopic coupling; an additional
dependence of pur on t could be added. Note the term J(s,t) = g(s)Pi(s,t) — f(s)Po(s,t)
corresponds to a probability flux which stands for the probability mass transfer 1 — 0.

Free energy balance. Let’s compute the entropy balance. Following Hill’s formalism [22), [24],
the chemical potential of state v at time ¢ is defined as

i, 8) :=w(a,s) + kpTIn Py (5,t) = La—opd(s) + a1y (s)
with the state chemical potentials at time ¢
i (8) = o () + kgTIn Py (s,1) py (8) = w1 (s) + kpTIn Py (s,t)

Free energy is then defined as

F(t) == E [ (o, 8¢)] = 1

i [P0 + )P 0)]

The time-derivative of F(t) reads

d 1
—F({t)== | 0Py (s,t)[wo(s)+ kT In(Py(s,t))+1]ds
at i,
1
+ p 0Py (s,t) [wy (s) + kT In (P (s,t)) + 1] ds
Ta
1 1
2 [ @arenast g [ uean s
d Ta d Ta

using the normalization condition (2.6|) to simplify. Equation (1.1]) now leads to

d

FFO=WO +E0 5 [ 16+ o] )P o) — S Pl )] ds

the last term of this balance should equal —T'(t)Spr0d(t) in order the second principle of ther-
modynamics to hold. To assert this, it is necessary to check that Sprod(t) remains non-negative.
For the entropy balance to respect the second law of thermodynamics, appendix [B| shows that to
every jump must be associated a reverse jump (possibly very rare) whose rate must satisfy the
detailed balance condition , which involves energy of the system before and after the jump.
In the current case, the detached state has energy wg(s) before attachment and w (s) after. At
the time of detachment, the energy rises to wj(s) + pur (thanks to the ATP consumption input
pr) and then goes back to wp(s). Thus, the total attachment rate f(s) can’t be directly com-
pared to g(s) in a detailed balance condition, because the arrival energy wj(s) after attachment
is not the same as the starting energy wi(s) + pur at detachment time. To see this, rates must
be split back as
F(s) = k() + () gls) = (s) + K=(s)

and must satisfy the detailed balance conditions

ki (6) = exp [T e

k,(S) = exp |:w0(8) _I:;IJES) — /LT:| ]{ZTV(S)

If wi(s) < wp(s) < wi(s) + pur as expected, then one can see that thermodynamics favors the
direct jumps k4 (s) and k_(s) with respect to the reverse ones (their rates are all the bigger as
the energy gaps are important). Finally,

GFO =0+ 0~ [ [106) )] (B Pr(o,8) — ki ()R, )] s
o [ D) + = 06)] [E-(5)Pr(s.0) = K2 (5)Pols. ] s
Tq

10
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both the last terms being now non-positive thanks to the detailed balance conditions. The second
law is now respected, but the definition of £(¢) has to be adapted for the above equality to hold.
It now reads
. 1
£t) = / sz [k—(3)Py(s, 1) — K™ (s) Po(s, )] ds
Ta
The previous first law ([2.10) still holds in this framework, but the definition of the heat transfer

must be similarly adapted:

Q(t) = _(11/1' [w1(s) + pr — wo(s)] [k‘,(s)Pl(s,t) — k:r_eV(S)Po(s,t)] ds

leading to a fully consistent thermodynamic system.

3. The h-model

A Langevin like-model is built here such that the chosen site is the closest neighbor to the
myosin head, and no more to the base point, see Fig. (b) The head is now introduced as an
explicit variable X, which can move on the full real line: it is no more constrained within a
torus, allowing desirable Lipschitz assumptions on rates. In the detached state, the dynamic of
X, tends to minimize a detached-state confinement potential wy (for instance a quadratic well,
seeing the cross-bridge as a spring), but is still subjected to thermal fluctuations leading to an
overdamped Langevin diffusion

dXt = —77*1Vw0(Xt)dt + v/ QkBT/T] dBt,

the process (B;),~, being a brownian motion (independent of the considered Poisson random
measures), kg the Boltzmann constant, T’ the temperature, and 1 a (high) damping coefficient.
In case of a quadratic wp, this corresponds to a noisy harmonic (Langevin) oscillator in the
high-damping (or low-mass) limit (also known as Ornstein-Uhlenbeck process).

An additional variable is needed to keep track of the closest actin site to X;. This latter site is
always at most d/2 far from the moving head X, so an eulerian parametrization is well-adapted:
let h; be the algebraic distance in the torus T4 of X; to its closest neighbor so that s; = X; + hy
(for a suitable projection h — h of the torus on [—d/2,+d/2) or (—d/2,+d/2]). A moving (X;-
dependent) referential is used, and the X;-dynamics shall impinge on the h;-dynamics. Obviously
ht is useless when «; = 1 since then hy = 0 (X} then corresponds to the actin site location to
which the head is attached). The couple (X;, h;) then appears as the natural structural variable.

A single jump site is allowed given X;, which must be less than d/2 far: d/2 is no more
the maximal extension for the cross-bridge, but it is the maximal allowed jump amplitude, i.e.
the biggest instantaneous discontinuity which can be encountered for the position. This can be
considered as a two-state multi-site model, because the myosin head is allowed to explore all the
actin fiber, even if the jump amplitude remains bounded.

3.1. SDE formulation

The variable h; lives in the torus Tg: it is the algebraic distance from the myosin head X; to the
nearest actin site, whose position is

st = X + hy,

a representation h in [—d/2,+d/2[ or in ]—d/2, +d/2] being chosen for a variable h in T4. This
latter choice shall not affect the dynamics, as long as attachment rates k4 (z, h) and k™ (z, h)
vanish when h reaches the “boundary point”. The dynamics can be seen as a Markov process

(Xt,O[t, ht) € R x {O, 1} X Td,

the state variable oy indicating whether the head is attached or not. The SDE system for this
relative coordinate model reads

11
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AX, = [oyie(t) — (1 — on) g Dowa, (Xp)] dt + (1 — o) /2L dB,

+ (1 =) fq, M- Lyck (x, h, )N+ (dt, du)

- frpr, Pl (x, ey NI (ALl du)

+ oy dexR+ _hﬂugk_(Xt_,h’)N— (dt, dh’, du)

+ (1 — - fR hy_ ]lugkf_eV(Xt_,ht_)Niev (dt, du)
doy (1—ay- fR (1—204-) ]lu<k+(X _,ht_)N+ (dt, du)

+ - frxr, (1 200-) Ilu<k“”(Xt_,h')]\[JrreV (dt, dh’, du)

+ oy fT YR (1—2q4-) ﬂu<k,(Xt,,h')N— (dt,dn’, du)

(1= 0-) fo, (1= 2002) Ty ooy, gy, yN™ (dt, )

dh; = a:c( )dt — dX, in Ty

As previously, four jumps have been introduced, see Fig. [3] provided they satisfy some detailed
balance condition , these jumps will be responsible for the thermodynamics consistency of
the model, as detailed in the next sections. These jumps are associated as previously to four
independent random measures:

e N, and N are Poisson random measures on Ry x R; with intensity d¢ ® du. They
account for the jumps 0 — 1, where X; jumps to X; + h;~ (the integrand within the
Poisson integral is indeed the jump amplitude).

e N_ and N are Poisson random measures on Ry X Tg x Ry with intensity dt ® dh ® du.
They account for the jumps 1 — 0, where a new value is chosen at random for h; (the law
of this choice being specified by the kernels kfv and k_, following the procedure detailed

rev

in appendix |A]) and X; jumps to X; — hs. The assumed link between rates k., k_

k¥, k_ is a detailed balance condition, which will be specified in the next sections.

and

Since no explosion has to be imposed on rates, well-posedness is directly obtained for this jump
diffusion process, as an application of [I8 Theorem 2.1]. The only condition is that the rates
have to be bounded and Lipschitz on the torus. The Lipschitz condition can be verified on
[—d/2,d/2] and extended to the torus, provided £ > 0 exists such that k4 (z,h) and k™ (x, h)
vanish for h outside of [~d/2 +¢,d/2 — ¢].

Remark 3.1 (Role of rates and kernels). Notice that the rates k™ and k™" behave quite differently
from the kernel k_ and ETV. Indeed, kT and k™" are jump rates for jumps 0 — 1 in oy (they

quantify the frequency of these jump events), while k_ and Efv are kernels for the jump 1 — 0,
following the mechanism detailed in remark of appendix these kernels both contain the
corresponding jump rates

k_(z) ::/T k_(z,h)dh  K(2) ::/T kL (z,h)dh,

together with the corresponding jump measures K_(x,dh) and K'*¥(z,dh) such that
ko (z,0)dh = k_(z)K_(z,dh) &, (z,h)dh =K (2) K¥ (z, dR).

3.2. PDE related system

As in section 2] it is now possible to derive a system of PDE for the joint law p; (dz, da, dh) of
(Xt, a, hy) at time t. This relies on computing the adjoint of the infinitesimal generator of the
Markov process ((X¢, a, ht));~o- This generator sums the generators associated to each term of
the SDE, the X;-diffusion leading to a parabolic term of the kind

T
—n aw0v+kf’A (3.2)

12
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In the current case of a jump diffusion process, the generator is made explicit in appendix [A]
Assume that p; has a density with respect to the Lebesgue measures on Ry and the torus, so
that

pi(dx,0,dh) = pi(x,0, h)dzdh
pi(dx, 1,dh) = pi(x, 1)dzdo(dh)
The second line involves a Dirac measure because h; = 0 as soon as oy = 1. The Fokker-Planck

system on p; eventually reads (note that existence of a density is not required to give a weak
sense to the following system)

(Ope(2,0,h) = —e(t)Oppe(w, 0, h) — ZEL9, 04y (0, h)
—0p |17 0pwo (x) pe(, 0, h) — *EL 9y py (2,0, h)
+0, | 0w () pe(,0, ) + ’”’%&Tpt(x, 0,h)
— ks (@, h) + K™ (z, h)] pe(2, 0, h)
+ [E_@ FRR) 4R (@4 D h)] pi(z + 7, 1)
Ope(x, 1) = —dc()Oupe(z, 1)
—pe(z, 1) de [E,(x, n) +Efv(:p, h’)} dn’

{ + de [k+ (ac — h, h) + k™ (z — h, h)] Dt (ac —h,0, h) dh

(3.3)

The second and the third line correspond to the diffusion operator (3.2]), which stands for the dif-

fusion which drives d Xy, and dh; as well through the SDE. The cross differential — 2kﬁT8x8hpt(af, 0,h)

comes from the fact the X; and h; are driven by the same brownian noise. Since the coefficients
of this linear PDE are Lipschitz continuous and bounded, well-posedness stems from the classical
references [36] [44] Integrating and summing both equations gives

/ Ope(x,0, h)dxdh + / Ope(x, 1)dz =0
RxTy R

which is the expression of mass conservation for the probability measure p;.

3.3. Thermodynamic balances

Thermodynamic balances can now be obtained as in section [2.1] The considered densities
pe(x,0,h) and pi(z, 1) respectively quantify the probability for the system to be in the states
(x,0,h) and (z,1) at time t. They don’t directly correspond to the Huzley densities Py(s,t) and
Py (s,t) which were quantifying the conditional probability of being in state 0 or 1 knowing s.
The energy function of the system is now w (z, o, h) = la—owo(z) + La—1w1 (z) is associated to
the system (w, is the energy related to the state «).

Energy balance. As previously, the first principle of thermodynamics reads

%a@) S W) + E@) + Q)

where U(t) is the average (internal) energy of the system, the instantaneous power of external
efforts being

W(t) = do(t)To(t) == ic(t)Aﬁxwl(x)pt(x, 1)dz

The ATP flux supplied by the external medium is
E(t) = / ek — (e, B)pe(r, 1) — K (e, B)pi(, 0, h)] dardh
RXTd

13
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and the exchanged heat now reads

. T
A(t) = — / (Dwo(2))? py (, 0, h) dwdh + "EL 2. wo(x)pe (2,0, h) dwdh
RxT, n RxT,

+ / [wo(z) — wi (2)] [Effv(x,h)pt(m) — ky (@, h)py (a;,o,h)} dadh
RXTd

[ o) + = o)) (K ) (2.0,0) — (o B (1)) o
RXTd

Compared to the model in section two new terms involving wgy have appeared in the ex-
changed heat, due to the Langevin dynamics on .

Free energy balance. The chemical state chemical potentials at time ¢ are now
1) (x,h) = wo (z) + kT Inp; (x,0,h) pp (x) = wy (8) + kT Inp; (x,1)

Free energy is then as
F(t) = / wd(x)py (,0, h) dzdh + / i (z)py (2, 1) dae
RxTq R

As previously, using mass conservation

GF0= [ m@om 0 m) it [ ) 1) dr
—W(t) + E(t) — TSproa(t)

where straightforward computations give

T80a(®) =7 [ (@0 )~ () pr (2.0, ) dd
RXTd
+/ [,LL?(ZL‘, h) - ,u%(l’ + E)] |:k+($v h)pt (I‘, 07 h) - Efv(x + E’ h)pt (l’ + E? Y, 1))i| dzdh
RXTd
+ / (@) + i — i — T )] TR (s W)t (1, 1) — K (2 — o, W)y (& — 5, 0, )] daed
RXTd

In order the second law of thermodynamics to hold, it is necessary to check that Spmd(t) remains
non-negative. Following appendix [B] this will be true provided the following detailed balance
conditions hold:

R () K2 (2, dI) = exp [— wol - IZ;)T_ wl(‘”)} ki (v — 7,0 dB (3.4)
ko (z) K_ (w,dh) = exp [— wo(® = M)k_B;f” (z) = “T] k'Y (z — W, B)dh (3.5)

Starting from the attached configuration, the detachment must choose the new h; after the jump
(the new position is then X; — h;). The law K_ (z,dh) is imposed by the above detailed balance
condition. The same holds for the reverse attachment jump and the law KV (x, dh). These jump
measures being normalized, this imposes

kY (2) = /Td exp [— wo(® _k}ZT_ wl(m)] ki (x— R, h) dh (3.6)
k_ () = /Td exp [— wo(® h)k;;“l(x) - “T} k' (2 — B, h)dh (3.7)

It is thus sufficient to know the rates k4 (x, h) and k™V(z, h) to determine all the jump features.

14
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4. Model reduction

The next section is concerned with model reduction. The first part verifies that this relative
coordinate model recovers back the Huxley model when assuming the head stays in the fixed
window T4. The second part proposes an extension of the Huxley model to the whole real line:
the assumption of restricted window can be removed, up to adding some correction term.

4.1. Recovering the Huxley model back

The previous model is expected to recover in the Huxley system in some suitable limit: to
do so, it must be assumed that X; stays within the torus T,4. In particular h is no more needed:
h can be directly considered, since everything now lives in T4. It is easy to introduce back the
closet site s in T4, considering the change of variable s = x + h and

Pz, a,8) = p(z, a8 — x) for sin Ty.
This leads
8xﬁt(x7 «, S) = al‘pt(x7a7 s — 33‘) - ahpt(xv «,S — J")
2.7, (x, 0, 8) = 02, pe(x, 0, 8 — ) — 2000npe (2, v, 8 — ) + O3 ppi (2, 0y 5 — )

and so on for the crossed-derivatives. Rewriting the system as
(0ipy(1,0,8) = —i(t)0sp,(,0, 8)

00 [ 000 (2) By (2,0, 5) + *220,5,(2,0,5)]

— [ky (z,5 — ) + k™ (z,5 — 2)] Dy(,0, 5)

+ [E_(s, s—x)+ky (5,8~ x)] pe(s,1)

Oipi(s,1) = —&c(t)0spi(s, 1)
—pels,1) [y, [E_(s R+ R (s I, h’)} dh
{ + J1, [k+ (& =R, h) + K (s — h, h)] By (s — h, 0, 1) dh

Following [7], there are two possible ways to recover from this a closed system like ([2.9]), which
only depend on s:

o Adiabatic elimination: this approach considers z to be at thermal equilibrium indepen-
dently of s, assuming

Pi(x,0,5) = P () pi(s,0)
defining the equilibrium probability density T)Bh () = Z texp {—120?(;)], Z being the
adequate normalization constant. This suggests to consider the s-dependent rates

f(s) = /T [k_(s,8 — ) + K (s,s — x)] By () da

g(s) := / [E,(s — R W)+ R (s =N, h’)} dh.
Tq
Integrating the above PDE system over s then exactly recovers (2.9).

o Direct elimination: let’s set
f(s) i=k_(s,s —a) + Ky (5,8 )

g(s) == / [k (s — h,h) + K (s — h, h)] dh,
Ta
assuming that k_(s,s — x) + k*V(s, s — x) only depends on s. Considering now
pi(s,0) := / Dy(x,0, s)dz
Ta

and integrating the PDE system over s then recovers (2.9)) too.

Note however that this limit imposes to face the difficulties explained in the introduction, because
X has to be constrained to stay within Tj.
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4.2. A reduced model which generalizes the Huxley one

The current model allows more general (and physiologically relevant) displacements, since X;
can now move on the whole real line. The counterpart is the need for two variables X, h; in
order to describe the oy = 0 dynamics: the convenient shortcut s; is not directly available, since
its domain is now z-dependent. Nonetheless, some simplifications are still possible, allowing to
derive an analog of the Huxley model (parameterized by s; only) which would stay valid on the
whole real line. Introducing the Huxley parameter s = = + h and the related densities

pi(s,h) == pie(s = h,0,h)  Py(s) :=pi(s,1)
For —d/2 < h < +d/2, this change of variable leads to
Onpf (s, h) = —0upi(s — h,0,h) + Oppy(s — h,0,h),
and other derivatives can be computed in the same way, to rewrite the system as
(0ip)(s,h) = —c(t)Onpy (s, h) — c(t)Dsp) (s, h)
—0h {n_lﬁxwo (s —h)pY(s,h) — kBTahpt (s,h)
— k4 (s = h,h) + k™ (s — h, h)] p)(s, h)
+ [E (s,h) + Ky (s, h)} P (s)
0Py (s) = —ﬂ‘cc(t)azptl( )
ors [k s, W)+ E (s ,h')} an’
+de [k‘+ — hyh) + k(s — h, h)] pY(s, h)dh

The density p can now be searched as a continuous function on R x (—d/2,d/2) that solves the
above PDE system adding a “periodic boundary condition”

li O(s,h) = 1 0 d,h
h—>1£r¢li/2pt (s, h) h_}Té/th (s+ )
h>—d/2 h<+d/2
By continuity, p(s, h) and its derivatives can then be extended to h = +d/2 such that
PU(s, ~d/2) = (s + d, d/2). (4.1)

This extension accounts for the situation where the actin head x is equally far from two actin
sites: since © = s — h having (s, —d/2) or (s +d, d/2) corresponds to the same situation and the
same value of z. Integrating over h the equation on p?(s) now gives the exact relation

Jr, 0 (s, h)dh = —wc( ) [PP(s,d/2) — pi(s,—d/2)] — ic(t)0sPP ()
" [0zwo (5 —d/2) pY(s,d/2) — ywo (s + d/2) p} (s, —d/2)]
+’fff7T [0np{(5,d/2) = Oppf (s, —d/2)] (4.2)
— fT [kur( —h,h) + k(s — h, h)] pY(s, h)dh
+71(s) Jr, [ s, h) + F (s, h')} an’
and thanks to the periodicity relation , the first three lines become:
—ic(t) [pP(s,d/2) — P?(S +d,d/2)] —@c(t)0spi(s)
=" [Dpwo (s — d/2) p}(s.d/2) — Opwo (s + d/2) p(s + d, d/2)] (4.3)
As in section a possible way to recover a closed system in the only variable s is now the
adiabatic elimination of h given s, assuming that
exp [_wo(s—h)] , (4.4)

(s, h) =B, (s)p'(hls)  pi'(hls) =
kpT

1
Z()(S)

where the thermalized density pf)h stands for the conditional law of h given s, whose partition

function is defined as 9
2 —h
Zo(s) = / exp {—wol(:T)] dh. (4.5)
—d/2 B
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Note that since this closure assumption is only an approximation, the periodicity relation (4.1)
won’t be verified anymore. Our h-reduced model results from this approximation, which mimics
the dynamics (¢, s) — pY(s), P (s). We define moreover

£(s) ::/T ks (s — B h) + k™ (s — h, b)] i (hls)dh  g(s) ;:/T [E,(s,h’)—l—ﬁfv(s,h’)} an’.

(4.6)
Considering h to be at thermal equilibrium allows to cancel the diffusion terms in (4.2)), leading
to the following system:

0y (s) = —ic(t) [pR(d/2]s)P(s) — p(d/2]s + A)BY (s + d)] — ic(t) 05D} (5)
—f(s)Pi(s) + g(s)pi (s) (4.7)
0pi(s) = —c(t)0spi(s) — g(s)pi (s) + [ (s)PE (),

which is the desired generalization of the Huxley system ([2.9)) to the full real line.

Remark 4.1 (An alternative direct elimination). Keeping the same ¢(s), an alternative elimina-
tion analogous to section [£.1] would have been to directly assume that

f(8) :=k4 (s,h) +E*(s,h)

no more depends on h. Define then the marginal distribution
PG = [ s han,
Tq

whose time-evolution is given by . To turn into a closed equation on pY(s), values have
to be postulated for pY (s, d/2) and d,pY(s,d/2). Since pY(s,d/2) and d,p? (s, d/2) are going to be
replaced by plausible approximate values, the periodicity relation won’t be (exactly) veri-
fied anymore. A natural choice here (but others would be possible too) would be at h = +d/2 to
use the values given by the adiabatic elimination , giving the same system as , but with
a slightly different coefficient g(s). Assuming as above, that the whole h-density is thermalized,
seems more consistent though.

Remark 4.2 (Interpretation of the correction term). The terms, which involve p{(s,d/2) =
i (d/2|s) PY(s), are reminiscent of the periodicity relation and the fact a myosin head
doesn’t discriminate sites which are equally far from it. If a site located at s translates with
positive speed #.(t) > 0 (to fix ideas), it is no longer the closest site to myosin heads which
were located at * = s — d/2, hence the loss of the related probability mass and the term
—i.(t)pY(s,d/2). In the same way, the actin site located at s + d translates and is no more the
closest site to myosin heads located at x = s 4 d/2: for such a site, the closest becomes the one
which was in s, hence a gain of probability mass and the term +i.(t)pY(s + d, d/2).

Remark 4.3 (Loss of the periodicity relation). As explained above, the periodicity relation (4.1]) is
now lost, because the obtained system is only an approximation of the exact marginal dynamics
(4.2). If this relation were true, this would read for the closure choice (4.4)):

Zy H(s)PP(s) = Zy (s + d)p} (s + d) (4.8)
The fact this relation is not true will later give insights on the thermodynamic balances.

Remark 4.4 (A jump interpretation for the correction term). As explained in remark the
correction term

—de(t) |ph(d/2]s)P} (s) — po'(d/2]s + d)p} (s + d)

appearing in stands for the fact that if a site s translates with positive speed &.(t) > 0, it
will no longer be the closest site to myosin heads located at x = s —d/2 (but s — d becomes this
site), hence a loss of a probability mass to the site located at s — d (and a gain from the one at
s+ d). To subtract the right probability mass, one needs to know the probability for a myosin
head to be at x = s — d/2, i.e. the probability for h to equal d/2 given an actin site in s. With
the choice (4.4), this quantity is precisely pi(d/2]s), hence the related weight.
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If the energy function wy is convex, one can check that s — pf'(d/2|s) decreases provided s is
large enough: this is reminiscent of the X;-dynamics. Indeed, the variable s on the real line is not
allowed to escape too far from the origin, since it is the location of the closest site to the myosin
head, and no more a given reference actin site. Although the X; variable has been eliminated,
the myosin head X; was evolving in the confinement potential wg, and this feature is recovered
there in the resulting s-dynamics. This will also appear in the detailed balance conditions for
%)

Finally, since the correction term only corresponds to a mass transfer of s to s — d, it is possible
to write a SDE interpretation of this system, using a new Poisson random measure Ny, (dt, du)
on Ry x Ry with intensity d¢ ® du (independent of the other ones):

doy = (1—ay-) [, (1 —204-) Lucr(s, )N+ (dt, du)
+oy- fR+ 1 — 2at7) ]lugg(st_)N_ (dt, du) (49)
dSt = xc(t)dt - (]. - Oétf) fR+ d:ﬂ'ugic(t)pgh(d/ﬂst_)NCOIT (dt, du) in R

This additional jump on s; stands from this probability mass transfer as long as s; translates
with speed #.(t) > 0. This provides a SDFE representation for the Huxley-like system (4.7)).

Remark 4.5 (Case of a negative speed). Assume now that z.(t) < 0. The PDE system still
makes sense, but the related SDE interpretation no longer holds because the jump rate
T(t)pi(d/2|s,- ) of the Poisson clock is no longer positive. If one wants to keep this interpretation
(which is useful for numerical simulations), it is possible to write an alternative version of the
model in this case. Going back to and using the periodicity relation , one can write
alternatively to (4.3)):

_j;c(t) [p?(s - d7 _d/2> - p?(s, _d/Q)] - ic(ﬂasﬁg(s)

Y (D (s — d/2) (s — d, —d/2) — Dywo (s + d/2) (s, ~d/2)]

58T [9,p(s — d, —d/2) — Onp (s, —d/2)]
Applying now the same closure choice (4.4]), this suggests an alternative to (4.7) where the
correction term has been replaced by

o (P (—~d/2ls — AP (s — d) + o (O)p (—d/2])P(s)
Since the coefficient .. (¢)ps"(—d/ 2|s) is now negative, this admits the SDE representation
day = (1 —ay- fR —204-) ]lugf(st,)N-i- (dt, du)
+Oét— fR+ 1 — 204,5—) ﬂugg(sr)N* (dt, du)
dSt = ZL‘C(t)dt + (]. - Oét—) fR+ d]]‘uf—ic(t)pgh(—d/ﬂst,)NCOTT (dt, d’LL) inR
The correction jump s — s — d has thus been replaced by a jump s — s + d. Note that this

approach would be equivalent to the previous one if the periodicity relation (4.8)) were true for
the approximated model (4.7]).

Remark 4.6 (Conditional Huxley-like densities). The densities pY and p; respectively quantify
the probability for the system to be in state (0, s) and (1, s): those aren’t the conditional densities
Py(s,t) and Pi(s,t) of being in states 0 and 1 when already knowing s. Since the marginal law
p; =Py +p; of s can’t be determined alone anymore (see in the next section), these latter
conditional densities, defined by

_ Di(s) o p) . PL0)
P06 M)

become of second interest. It is not directly possible to write an evolution PDE for them (but it

would be possible if the periodicity relation (4.8]) was true). However, they can still be computed
from the above relations, after computing py and p; .

4.3. Reduced thermodynamic balance

Let us now establish the physical and chemical properties of the reduced model (4.7]).
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Mass conservation and s-dynamics. The s-dynamics is no more a pure translation because
of the correction term which induces a jump (s stands for the closest site to the moving myosin
head), and it is given by the s-marginal p; := P} + p;. Its evolution can be obtained summing

the equations in :
Op;(s) = —ie(t)0spj () — del(t) [pf)h(d/ 2|5)pY (s) — ' (d/2]s + d)p) (s + d) (4.10)

It isn’t a closed equation, and there is no more uniform distribution for s since it now lives in
the whole real line R. The mass conservation

/ﬁ+/ﬁ=
R R

can be recovered by integration over s, since

/th(d/2|$)p?(8)d8 - /péh(d/2!8 +d)p;(s +d)ds =0, (4.11)
R R

using a change of variable.

Detailed balance conditions. The energies driving the dynamics (3.1)) were wy(x) and w(s),
wp being a function of x = s — h. To use the s variable as the only parameter for the dynamics,
wp has to be replaced by a suitable energy functional wy(s). Since h has been thermalized, s
is considered as the leading reaction coordinate, and it is natural to consider the related free
energy

@0(8) = —kgTln Zo(S)
together with the attached-state energy wi(s) := wi(s). The energy wy was involved in the
detailed balance condition for jump rates k. (s —h, h) and k*V(s — h, h), together with kernels
k_(s,h)and k:rev(s h), and the compatlblhty of wp with the new jump rates fT ki (s, h)pt(h|s)dh,

Jr, ¥ (s, h)ph "'(h|s)dh, fT (s, h)dh and Jr,k (s h)dh must now be checked. The previous
wop-related detalled balance condltlons and now read

k:rev(s h) = exp [— wo (5 _k};)T_ W (S)] ki (s, h)

wo (s — h) —wy (s) — pr
kT

To recover the rate , it is natural to integrate over h. Using the definitions and (| .

k@m_m[— %mwm

[ R man = zo(syexp | D] [ ket i iian

~exp [—W} / (s B Rl dn

and similarly

ﬁﬁ4&mmzprW“*ﬁg$_Miﬁfm@h)(m)

and this gives desired detailed balance conditions with respect to wg, which must be satisfied
by the components of (4.6]).

Energy balance. Let’s now compute the time-derivative of the internal energy
Ut) == / [@o (s) Py (s) + w1 (s) ﬁ%(s)] ds
R
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to recover the first principle of thermodynamics. The contributions are the same as in section
except for the contribution due to the correction term, which gives:

~aelt) [ o) [oh(@/21s) = i (0/20s + )] (s
= —ault) [ wols) [piP(a/20s) i (=a/205)] (51
—elt) [ ) o (=a/21s) =i (0/20s + )] 2(5)s
S /R kpT I Zo(s) [~0s In Zo(s)] PL(s)ds

i [ 2558 55 B4

using the identity

0.205) = | CZ/ ~nexp |~ — (o) [ a/20s) it 2]

Finally, the first principle reads

Su = a0 [ o, [wo<s> - wg@)] PR (s)ds

+au(0relt) + £ — [ ()~ wa() [k+<s>p$<s> -sits) [ R, s)dh} s
- [0+ o = (o) [ 9) [ E-, 0w~ )50 s
R Ta

The power of external efforts

W(t) = do(t)relt) + /

0. [mte) - 580 s

2kpT

is the energy required for the displacement of the myosin head in the energy landscape wi(s)
and wy (the closest site s to head z now appears, and no more z itself, because s is the only left
variable). However, the myosin head = doesn’t energetically behave like an actin site because it
undergoes a spring-like effort which pulls it back to the origin, and this must be recovered in
the dynamics of the closest site s to x. This motivates the quadratic correction to the consumed
energy wo(s): less energy is needed since the correction term prevents the head from escaping
too far from the origin (this due to the weight p§*(d/2|s), see remark . The second line of
the first principle would be zero if the periodicity relation were true. However, this not the
case, because of the approximation induced by the closure choice . This energy contribution
is thus an artificial extra term due to the approximation error.

Free energy balance. As previously, chemical potentials can be defined by
1) (s) = wo(s) + kT Inpl(s) pi (s) = (s) + kT Inp}(s),
and free energy reads
FO) = [ om0 + o5 (s,

Using mass conservation, its time-derivative is

GFO= [ 6)000) + it () 0pl (5105,
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All the computations for the Huxley system have been done previously in section [2.1 and the
only difference when using (4.7) comes from the correction term which adds the contribution

0 /R il (s) [ (d/21s) = pif (d/21s) | B (s + d)ds
Since wo(s) = —kpT In Zy(s), one gets p?(s) = kpTIn [Zgl(s)ﬁ?(s)] and the above term reads

wo(s —d/2)], [ #s) (P(s—ad)\ "
[ (25 |

(kT /

R

ex |

At this point, we see the effect of the approximation which has been made to obtain the closed
system . If the periodicity relation (4.8]) were true, this writing shows that the above contri-
bution would vanish (as expected from this mass re-equilibrium term which is a writing artifact
and doesn’t correspond to any physical jump). However, this relation isn’t true because of the
closure choice which only leads to an approximation of . This approximation intro-
duces an additional entropy contribution, which would be zero in the exact setting (maybe
cleverer closure choices allow to keep this features, but then the authors didn’t manage to find
them). Moreover, the sign of this contribution depends on the one Z.(t), and this doesn’t permit
a systematical accordance with the Second Law.

Remark 4.7 (Towards a correction of the free energy balance). Although it seems difficult to
remove the term in this balance due to the approximation error, it would be satisfying to make
its sign respect the second Law. To do so, one could think about adding a reverse jump to the
dynamics, which would compensate its effect. Such a possible correction is to consider

0P (s) = —e(t) [p6(d/2]s)PP (s) — pi*(d/2]s + d)p} (s + d)]
—e(t) [ph (—d/2|s)PY(s) — pf(=d/2]s — )Y (s — d)]
—(t)0spi (s) — f(s)Pi(5) + g(s)Pi (s)

which leads to the entropy contribution in the free energy
[ bt = d) = 006)] [ /21 s) = it (=a/20s = )7 — )] <.

Provided 2.(t) < 0, this is indeed non-positive because of the detailed balance condition:

PY(s) _ Zo(s —d) _ [_wo(s—d)—wo(s)]
T??(S — d) Zo(s) kT

However, the physical relevance of this ratio remains unclear, because privileging either the jump

s — s—dor s — s+ d to re-equilibrate mass seems quite arbitrary.

5. Numerical illustrations

We now present a calibration of our newly introduced hierarchy of models and show its capabil-
ity to reproduce key indicators of the cardiac muscle contraction physiology. Our target for the
calibration is two categories of fundamental physiological modes of contraction: the isometric
contraction — contraction mode in which the relative sliding of the actin and myosin filament is
prevented in the experimental setup — and the steady-state contraction at constant shortening
velocity. More precisely, we target the ratio of attached myosin heads and the force per attached
myosin head during isometric contraction and the force-velocity curve in steady-state conditions
(where the macroscopic force T' is normalized that the isometric macroscopic force Tp, see Fig-
ure . These two modes of contraction have historically been used to characterize the behavior
of muscles [2I] and are key features of the physiology at the heart level in the isovolumetric
contraction phase and ejection phase, respectively.

5.1. Model calibration

To calibrate the models, one needs to provide the actin inter-site distance d, the attached and de-
tached state energy potential wi(x) and wg(z) and the attachment rates k. (x, h) and k"¢ (x, h).
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FIGURE 4. h-model parameter functions. (a) Attached energy potential w; and
detached energy potential wg. (b) Attachment rate. (¢c) Detachment rate. Expres-
sions and parameters values can be found in Table.

Note that the detachment rates ky(z,h) and k™ (z, h) result from the attachment rates and
energy potentials through the detailed balance equations and .

We describe here the main principles that have guided the calibration process. A detailed
presentation of the chosen model elements expressions and the model parameters values is given
in Table [2 and illustrated in Figure [4] for the h-model and in Figure [6] for the h-reduced model.

The actin filament is made of a double helix of actin monomers that is covered by tropomyosin
proteins whose length corresponds to the helix periodicity and which drive the muscle activation
by uncovering the actin sites [34]. This gives rise to two paradigms that are both used in the
literature for the choice of the inter-site distance: the actin filament helix periodicity (~40nm)
15, 52 54 (38, [8, 1] — this paradigm is selected in this paper — or the size of the actin monomer
(~5.5nm) [47, 3].

The chosen isometric indicators — the ratio of attached heads 7, and the force per attached
head 7. — bring constraints on the transitions rates and the attached energy potential. These
indicators for the h-model are given by

1
'fla - /poo($7 1)d$’ and 7v-c - - / axwl(.l')poo(ﬂf, 1)df]§',
R n(l R

where poo(x, 1) = lim¢—,o0 pt(, 1) in isometric conditions (. = 0). On the one hand, the ratio of
attached heads is driven by the attachment-detachment process and thus the associated rates.
On the other hand, as with the Huxley—Hill model family, the model produces a positive active
force 7. by having myosin heads attached in a stretched configuration. The force per attached
head thus constraints the choice of the myosin heads attached stiffness and the attachment rate
so that attachment is favored in regions where positive force is generated.

The reduction of macroscopic force with the sliding velocity in a steady-state contraction,
which is summarized by the classical force-velocity curve, results from the competition between
force reduction due to variations of the attached myosins extension and the cycling process.
Indeed, the filament sliding moves the attached myosin heads towards a compression range
where they potentially contribute negatively to the macroscopic force (7, < 0). The detachment
process allows these counter-productive myosin heads to detach and to re-attach in a position
where they now contribute positively to the macroscopic force (7. > 0).

The attachment rate is thus set so that myosin heads can attach when z lies in an interval
of positive values and when they are close to their nearest actin site, i.e. when h belongs to
a limited interval in absolute value, see Figure [4] (b). Following recent works [8, 31], 45], we
choose a regularized double well potential for the attached potential w;, see Figure [4] (a). Few
experimental data are available to guide the calibration of the detached potential wy. We thus
choose the same form as the attached potential and set the energy wells such that the detached
myosin heads are attracted towards the region where they can attach.
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TABLE 1. Isometric physiological indicators: ratio of attached heads and force
per attached head. The experimental values are obtained from rat cardiac iso-
metric experiments. The ratio of attached head is taken from [4]. The force per
attached head is derived from the data given in [49] considering that the average
macroscopic force scale linearly with the ratio of attached heads.

Isometric indicators Experiments h-model h-reduced model
Ratio of attached heads 0.15 0.150 0.276
Force per attached head 6.14 pN 6.28 pN 5.73pN

Given the constraints brought by the isometric indicators, the force-velocity curve will mainly
add constraints on the detachment rates imposing that the myosins detach when they operate in
compression. Given the detailed balance relation , this translates into the definition of k"¢?
as a non-zero function when h belongs to a limited interval in absolute value and the myosin
head is in compression, see Figure (c)

5.2. h-model

We first present the results obtained with the h-model. Equations are simulated with
a standard Euler-Maruyama method for the transport, drift and diffusion terms [I0] and the
scheme presented in Appendix [A| for the jump terms. The isometric indicators (obtained with
Z. = 0) are summarized in Table [1} The force-velocity curve is presented in Figure

T T T T
o Experimental data |

0— h-model

15

—ic (nms™1)

T/Tp

FI1cURE 5. Evaluation of the calibrated h-model prediction against experimental
data. Experimental data are obtained with rat cardiac intact muscles cells around
25°C, see [33] Figure 4(a) for more details. Note that for low shortening velocities
(. < 0.5pms™ 1), experimental data display instabilities [12] (13, [56] [19], which
are classically the subject of dedicated experimental investigations. Reproducing
this behavior is out of the scope of this paper. Model predictions is this regime
are thus not considered.

The physiological indicators simulated with the h-model show a good agreement with the
experiment data.

5.3. h-reduced model

To assess the impact of the modeling assumptions used to derive the h-reduced model (see Sec-
tion , we compare the model predictions against that of the h-model. The h-reduced model
parameters functions and parameters — energy potentials, transition rates, ... — are straightfor-
wardly determined through the model reduction process, see Section To assess the impact of
the modeling assumptions used to derive the h-reduced model (see Section, we compare the
model predictions against that of the h-model. The h-reduced model parameters functions and
parameters — energy potentials, transition rates, ... — are straightforwardly determined through
the model reduction process, see Section They are presented in Figure [6] One can note that
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the detached energy potential appears naturally in the model reduction process as a flat func-
tion in the range of "moderate” values of the variable s. This can be related to the Huxley—Hill
models, in which the detached potentials are constants.

The physiological indicators of the h-reduced model are given by

1
Ny = /poo(s,l)ds, and Te = /8sw1<3)17éo(3)d37
R R

e
where p._(s) = limy o P; (s) in isometric conditions (i, = 0). Table |1| presents a comparison of
the physiological indicators and Figure [7] of the force-velocity relation.
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FIGURE 6. h-reduced model parameter functions. (a) Attached energy potential
w1 and detached energy potential wy. (b) Transitions rates.
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Figure 7. Comparison of the force-velocity for the relative coordinate model
and the Huxley generalized reduced model.

The ratio of attached heads of the h-reduced model displays a 84 % increase in comparison with
the A-model while the forces per attached heads remain close to each other and the normalized
force-velocity curves of the two models also show a good agreement. This means that the reduced
model favors more the attachment of myosin heads but that the behavior of attached heads is
relatively unaffected by the model reduction process. This can be explained by the fact that the
thermalization procedure used to obtain the attachment rate f is a convolution operator that
spreads the support of the function f compared to that of k£ allowing attachment in a region
where the detachment rate g is very low thus favoring the attached configuration compared to
the h-model. The calibration should be fine-tuned so that the detachment rate baseline is higher
in this region.

6. Conclusion

In this work, we introduced a novel modeling framework of the acto-myosin interaction, which
represents an alternative to the seminal Huxley-Hill framework. A jump-diffusion stochastic
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model is proposed. It describes the myosin state by its attachment state, the extension of the
myosin neck and the distance to the nearest actin site relatively to the current myosin tip po-
sition. Unlike Huxley—Hill formulations, which describe the actin site from the anchor position,
no restriction of the myosin extension in the detached state must be imposed. The new frame-
work thus accounts for a wider class of physiological configurations without resorting to a more
complex multi-site framework. A reduced version is derived from an adiabatic elimination of
fast variables. This reduced model can be seen as an extension of the Huxley—Hill framework
to the full real line, independently of the inter-site distance. The compatibility of both newly
introduced models with the thermodynamics principles is established at each step of the models’
derivation.

With its eulerian parametrization being closer to the actual molecular configuration, our novel
framework paves the way to the introduction of modeling bricks that capture refined molecular
features of the actin-myosin interaction.

Appendix A. About jump processes and Poisson random measures

This section provides some (non-rigorous) mathematical reminders: it briefly explains to a reader,
maybe not familiar with these mathematical notions, how to model jump processes using Poisson
random measures, and how their generator can be recovered from them.

A.1l. Pure jump process and their numerics

Given a measured (state) space E, a pure Markov, cadlag (i.e. right-continuous with left-limits),
pure jump process (ay),~q can be built from the specification of:

e A rate function k, which dictates the frequency of jumps.

e A jump probability measure K (z,dz’) which dictates, at a jumps time ¢, the law of the
(random) choice of the value oy = 2/, starting from o, = z just before the jump.

The convention is adopted here to tag the arrival variables with a prime. Let p; be the law of
ay at time ¢, i.e. the probability measure on F which quantifies the likelihood of values taken
by ;. For regular test functions ¢ (see e.g. [35] for rigorous definitions and justifications), one

then has q 1
Qo) =2 / odp, = / Lo dp = E[Lo (X2)] , (A1)
at at /s .

the operator L being the infinitesimal generator of the Markov process (O‘t)tzo- It is defined by

Lo(z) = k(z) / o) — p(x)] K (z, da')

Using the duality measure-function, one can define a dual operator L* on measures by

/(pd (L*py) ::/ Lodp,
E E

E (Lo (an)] = /E k() /E o (') - ¢ (2)] K (. d2') pr (de, dav)
__ /E o (2) k() pr (dz) + /E o (7)) < /E k(@)K (2,da’) py (dm))

Since

one gets

L*p; (dz) = =k (x) p (dx) + /E k(z)K (2, dz) p (da’)

Equations (A.1]) gives the dual master equation

d

= L*
dtpt Dbt

25



L.-P. CHAINTRON, M. CARUEL, & F. KiMMIG

In case F = R, when both p;(dz) = pi(x)dz and K(z,dz’) = K(z,2")d2’ admit a density with
respect to the Lebesgue measure, this is the integral equation governing the evolution of p;:

Opilz) = ~kla)p(a) + [ KK, 2)pi(a! )

E

Seeing p;(x)dz as the number of individual agents in the state z, this means that during a time
interval dt:

e A fraction k(z)dt of these agents jump to another state.
e For each 2/, a fraction k(z')K (2, z) of the agents in state 2’ jump to the state x.

These behaviours correspond to each term of the evolution equation.
To perform some Monte-Carlo simulation of the density p;, one needs to simulate N indepen-

dent realizations o}, ..., a,{v of the process oy, to then write

Elp ()] = > 0 (o)

following the law of large numbers. To build such a realization o, it is possible to use a Pois-
son clock, which counts the number of occurrences of independent events with exponentially
distributed waiting time (see [I0]). Consider indeed a sequence (ey)nen of independent unit
exponential random variables. The sequence (7},)nen of jump times for the process (Xi)i>o is
then defined by induction from this jump clock: initializing at Ty = 0, the (n 4 1)-th jump time
knowing the n-th is given by

Toy1 =inf{t > T, , k(ap,) (t —T,) > en} (A.2)

At the jump time T,41, the value of ar, , is then chosen according to the jump measure
K (ag,,dx). This algorithm provides numerical simulations for oy, but it doesn’t give a compact
representation of the process by an equation. More precisely, one would like a continuous object
which describes the increment da; of oy at time ¢, using its most recent past value a;—. The
adequate tool is the quite theoretical notion of Poisson random measure, whose formal definition
is sketched in next subsection.

A.2. Poisson random measures

Detailed mathematical references for the content of this section can be found in e.g. [29],[?] or
[1]. Let us fix a filtered probability space (€2, F, (F¢)t, P).

Definition A.1 (Poisson random measure). Let (E, u) be a measurable Polish with a o-finite
measure p on the borelian o-algebra. A Poisson random measure with intensity p is a random
variable NV on €2 with values in the set of probability measures on F such that:

(1) For each w € Q, N(w,-) is a finite measure which can be expressed as a countable sum
of Dirac measures.

(2) The mapping w € 2 — N(w, A) is measurable for any measurable set A which is p-finite.

(3) For disjoints measurable and p-finite sets Ay, ..., A, the random variables N(A;), for
1 < j < k are independent, and N(A;) obeys a Poisson law on N with parameter ;1(A;).

Let’s only consider the case E = Ry x U and p(dt,du) = dt ® v(du), for some parameter
space U. To write stochastic differential equations, the Poisson random measure N is assumed
to be adapted, i.e:

(1) N(A) is Fi-measurable for each measurable set A C [0,¢] x U, for ¢t > 0

(2) The o-field generated by {N(A), A C [0,¢] x U measurable } is independent of F;.
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When v (U) < 400, (N((0,t] x U)),~, is a classical Poisson process with parameter v (i), and
N can be shown to admit the representation:

M
N(dt, du) =Y " 8z, ) (dt, du),
n=1
where M is the (random) number of jumps in the interval (0,¢], and T4,...,Tys are the jump

times of N;(U); the u; are moreover i.i.d. variables with common law v(du)/v(U). For a mea-
surable function ¢ : Ry x U — R, the integral of ¢ against N is then defined as

T M
| [ elsuN s du)i= 3 o)
0 u n=1

This integral is thus the sum of the random amplitudes (T}, u,,) at each jumping time T,,, and
this still holds when ¢ is a random function (i.e. ¢ additionally depends on w). This construc-
tion can be extended to parameter sets U with o-finite v-measure, provided some L' bound

assumption:
¢
E[/ /\go(s,u)h/(du)ds} < 400
0 Ju

The natural framework for these measures (and more generally stochastic integration) is a L?
bound assumption, but this goes beyond the scope of what is needed here (see the aforementioned
references for rigorous constructions). A property inherited from the construction is the fact that

/Ot/uSO(s,u)N(ds,du)—/Ot/ugp(&u)y(du)dsj

is a Fi-martingale (in fact, it characterizes V). As a consequence, a process (o),~, defined by

the stochastic equation
t
at:/ /c(as_,u)N(ds,du)
0 Ju

is a Markov process with generator

Lo(z) = /u (e + el ) — ()] v(du)

and the definition of oy can be re-written as
day = / c(ay—,u)N(dt,du) (A.3)
u

which is a stochastic differential equation(SDE).

Remark A.2 (Case of absolutely continuous jump measures) . If instead one wants to build a
Markov process whose generator is given by a kernel (z,y) — k(x,y) such that

Lpla) = | [l + cla,a')) = (o) Fla /)

it is sufficient to consider a Poisson random measure on R} X Ry x R with intensity measure
dt ® du ® dz’. The jump term to consider in the right-hand side of the SDE is then (A.3))

/ c(atf,:c')llugg(x w,)N(dt, du, dx’)
R+><R

t—

This is used in all the document, and the related instantaneous jump rate is then the normal-
ization constant

k(x) = /Rk(x,a:’)d:z:’

so that in the formalism of the previous subsection, the jump measure is K (z,dz’) =

k(z,2)da’
= k(z) -
the bar notation refers to the fact the kernel k is non-normalized. For numerical purposes, the

adequate description (A.2) of jump times now reads [10]

t
Tpi1 = inf {t >T,, / / c(ag—, z)dr'ds > en}
W JR
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This method will also work for simulating jump-diffusion processes (see next subsection).

A.3. Jump-diffusion processes

Adding the previous jump mechanism on a usual (overdamped Langevin) diffusion leads to SDEs
in R? of the kind:

Xt:X0+/0tb( )ds—i—/ ,)dB, +/ / N(ds, du) (A.4)

with ¢ : R x U — R?. Assume the following Lipschitz integrability conditions:
(1) For all z € R and T > 0, fOT oy la(z, w)|v(du) < 4o0.
(2) There exists C' > 0 such that for any z,y € E,
jo(z) = a(y)* + [b(z) —b(y)]* < Clz —y|*.
(3) The L! bound holds

/ |z, u) su)lv(du) < Clz — y

In this L' setting, strong existence and uniqueness for the SDE (A 4]) are proven in [I8, Theorem
1.2]. Moreover, the generator of the process is the sum of the two generators

d

Laitusion (2 Zb 7) + 5 3 (00" )i ()00, 00, 0(2),

]
Liumps(x / {gp x+ c(z,u ) (m)}u(du)

This well-posedness result is used in Section [3.1] to build the relative coordinate model.

Appendix B. Free energy balance and detailed balance

This section summarizes the general computations which show how detailed balance conditions
guaranty the non-negativity of produced entropy. Assume ((oy, Xt)),~( to be a general {0, 1} x E-
valued pure jump process whose marginal law a time ¢ reads

[La=opt(z,0) + La=1pt(z,0)] dadz € P ({0,1} x E)
admits a density with respect to dadx for a given measure dz on E. This process is assumed to

obey two possible jumps:

e A jump 0 — 1 for @ which occurs at rate k(x), and causes a jump for x with jump law
K(x,da).

e A reverse 1 — 0 for o which occurs at rate k'V(z), and causes a jump for z with jump
law K™V (x,dz’).

As in section assume an energy function w (o, ) = Lo—qwp(z) + La=1w1(x) is associated to
the system (w,, is the energy related to the state «). The chemical potentials at time ¢ are then
defined as

e, ) := w(a, ) + kgTInpy(x, ) (2,t) = Lamopl (x) + Loz (2)

where the state chemical potentials at time t are

1) (x) = wo (z) + kT Inpy(z,0) (z,t) pp (x) = wy (z) + kT Inpy(z,1) (z,t)
Free energy is then defined as

FO) = [ [i@nle.0) + i) P, 1] do
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Using the formalism of appendix for pure jump processes, the time-derivative of F(t) reads

d / rev / / /
dt}-( ) = /E —u (2) k () py (,0) dz + /E wd (x) /E kY (2" K (m ,dx) Dt (ac , 1) dx

1 rev 1 / / / !
+/E—ut () K™ (x) pt (z,1) dx—i—/Eut (:L‘)/Ek(x VK (2, dz) p; (27,0) da

Since jump measures are probability measures, the following normalization conditions hold

/ K (x,dx’) =1 / K™ (x’,da:) =1
E E

Switching names of dumb variables, this leads to
d
dt]:( ) = / - (:U)k:(m)/ K (z,dz’) p; (z,0) dx—t—/ 1y / z)K (z,dz’) p (z,0) dz
E

E

/E b (@) R () /E K™ (2!, de) py (', 1) do’

_|_

—I-/ ud (x kY (2" KTV (ac', dx) Dy (:U’, 1) da’
E E
:/ / [M (z') — i (x)] k (z) K (2, da’) p; (2,0) dw
EJE
+ / )} krev< /)Krev (:c',dx) D (:L’/, 1) da:’
EJE

/EE[M — 1} (z)]

[k (2) K (2,d2) py (2,0) do — £V (") K™ (2, dz) py (2, 1) do']

The produced entropy Sprod(t) must equal here —%%]—' (t). To satisfy the second law of thermo-

dynamics, the following quantity has to be non-negative

T80a(t) = [ [ [ @)~ ()]
EJE
[k (2) K (z,d2’) py (#,0) dz — k" (2") K™V (2, dz) py (2, 1) da’]
If Arrhenius’s law is respected, the detailed balance condition holds (in the weak sense of mea-

sures)

/ —

k(z) K (z,dz') dz = exp [_wl(ﬂ?;Two(ﬂ?)] KV (2" K™ (2!, dz) da’ (B.1)
B

for the reaction x — 2’. Indeed, the measure k (z) K (z,dz’) dz is exactly the chemical rate

related to the direct sense reaction. At that condition

o= [ 8101314 ) i
() K™ (2, dx) py (2, 0) da’

Note now that
z,0
,ug (z) — ,u% (:c') = wo(r) —wi(2') + kgTn (22(1))

o))

so that T'Spred(t) has the sign of the product In (zy) [a: - %] for positive real numbers z and

=kgTIn [exp <—

Lz > 1 then both terms are non-negative since xy > 1. In the same vein, both terms are
negatlve 1f x < ~. Finally, Spmd(t) 18 always non-negative, and the entropy balance is respected
provided the detazled balance condition ) holds.

Appendix C. Calibration parameters
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TABLE 2. Calibrated model parameters

Parameter Symbol Value

Energy potentials (see Figure (a))

Definition of the potential wq(x) = W (x) + Eq
K14 0.60 pNnm~!

Kat/2 (T — T, 0)% 4 W if © < gy, Kl 1pNnm~!
Kar/2 (1 — Tar)? if x > za,, T1y —12.5nm
[H’OC,Z/Q (xa,é - '/iOé,Z)Q + wa] ¢1($) Tl —1.5nm
W (T) = ¢ + Kot (Tap — Ta e)¢2( ) z1 2 nm
+ (/‘ia,r/Q (Zay — Zar) ) 3(x) 1  2.5nm
+ Ko (Tar = Ta,r)pa(T) r1,  1L.3nm
(+ Wa¢s(x) if 2 € [Tap, Tar] w1 5.72]
Ey 50zJ
Wo = —FKae/2 (Ta — i‘a,ﬁ)Q + Kar/2(Ta — ja,r)Q La,r 2nm

Interpolation functions

d1(z) = (7 —2a r)2/(l’ar o ,6)2 Ko,¢ O.60pNnIn_1
2z — Zas)/(Tar — Tag) + 1) /fom 0.99 pNnm™
(e) = 0 ar (s — - (o) e
#3(2) = (¢ = T0)?/(@ar = Ta)? e T
.<3 B 2(w B xmg)/(xa,r B xOM)) xgog —3.5nm
64(2) = (& = 00)*/ (@ar = ar)? - (@ = Ta) 0, 05um
¢5(x) = d1(x)gs3(x)/(P1(za)P3(2a)) wo 572
Ey 70zJ
Transitions rates (see Figure (b)&(c))
Attachment rate
(kyp(z,h) = k., [% L tanh [\ (h+ h))] ) 1j,<o(h) Kax  0.206ms™!
1 Ap 1.6nm~!
+§(1 SR IS B v
[ (1 + tanh [A] (2 + )]>1z<0($) )\;;2*' 1.6nm™!
%(1 — tanh [A\f (z — l‘;’_)])]lwzg(l‘)} r/  5nm
x,’ 10nm

Reverse detachment rate
Emns  0.60 pN nm !

1
rev _ L.orev _ ,rev _ —rev
E*V(x,h) = kmax 5 (1 tanh A\, (z — )]) AT 0,99 pN nm-!

[; (1 + tanh [V (h + hl’rev)])]lh@(h) hy" —15mm
+5 (1 ~ tanh [y (h — hy") )Lnzo(h)] A" 1.3nm
x ' 5.70z]
Thermodynamics
Drag coefficient n 0.097 ms pNnm !
Temperature T 298 K
ATP chemical potential WT 100zJ

Geometrical parameters

Actin inter-site distance d 40 nm
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