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1 Modeling

1.1 Variable Definitions

Notation Description

d Power-stroke size

T Extension of myosin molecule

K Stiffness of myosin

kT Boltzmann’s constant times temperature

0 Parameter describing myosin’s force-dependent chemistry

E = kdéd/kpT Non-dimensional parameter describing myosin’s force-dependent chemistry

Vmax Unloaded shortening velocity

kp(x) ADP release rate

k% Unloaded ADP release rate

) Length of stretch of half-sarcomere (nm) in a force-transient protocol

Fy Isometric force

F, Force produced by a cross-bridge post-stretch in force-transient protocol

F. Non-cross-bridge force present in force-transient measurement
(same as F0. in supplement section 6.2)

ni(z,t) Probability density that myosin is bound in state ¢ with an extension x

N;(t) Probability that myosin is in state i

Kb () Rate density for transition from unbound to bound states 5 to 1

kg, Overall attachment rate

k:a, kr, kh , Ky Rate constants for transition between states in kinetic scheme

[ATP] ATP concentration

L, V,z,79, L Non-dimensional parameters for steady-state analytical solution
(see section 1.3.2)

G(x,pn) Normalized Gaussian function in terms of  with mean p (see section 1.4.2)

a;(t), ,ul'(t), A(t), bi(t) | Parameters for solving non-steady-state approximation (see section 1.4.2)

ng, ng Cross-bridge forces pre- and post-stretch, respectively, in force transients
(see section 6.2)

FY  FL. Non-cross-bridge forces pre- and post-stretch, respectively, in force
transients (see section 6.2)

V(z) Potential energy function




1.2 Mathematical Formulation of Model

In this section, we describe the mathematical implementation of the five-state model in Fig. 1B in
the main text, and reproduced below in Fig. S1. The specific details of the four-state model are
similar (see Walcott 2012 [1] for more detail). Myosin and actin interact in the cyclical pattern
described by the kinetic scheme. Beginning with state 1, myosin is bound to actin in a pre-power-
stroke form with ADP and inorganic phosphate (P;) in its nucleotide binding site. In some order,
myosin releases P; and undergoes a conformational change, shifting to a post-power-stroke form
with ADP still in the active site (state 2) . ADP is released in a force-dependent manner and actin
and myosin stay bound in a post-power-stroke rigor state (state 3). ATP can then bind to the
empty active site on myosin, causing dissociation of myosin from actin (state 4). Finally, ATP is
hydrolyzed and myosin is unbound with ADP and P; in the active site (state 5), and the cycle can
begin again.
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Figure S1: Five-state kinetic scheme detailing myosin’s interaction with actin, including a weakly-bound
state labeled in blue.

To transform this model into a system of equations, we must consider the force-dependence in the
system. We use x to denote the molecular extension of a myosin molecule. When myosin is in an
unbound state (states 4 and 5), it is not attached to actin, so there is no force on the molecule.
Thus, the probability of being in one of these states is simply a function of time, denoted N;(t).
However, when myosin is bound to actin, it is bound with a particular extension, x. Thus, for
bound states (states 1, 2, and 3), we must define the probability density of myosin being bound
in state ¢ with an extension z as n;(z,t). The probability of being in one of the bound states is
therefore N;(t) = [* ni(x,t)dx.

We also must consider molecular extension when defining transitions between states. When myosin
binds to actin, it does so with a particular extension. Thus, the transition from unbound to weakly
bound (state 5 to state 1) must be defined as a rate density, x;}(z), giving an overall attachment
rate of kj = [*_ k.l (x)dz. Additionally, ADP release rate (transition from state 2 to state 3) is
dependent on force, and is therefore a function of molecular extension, kp(z).

Assuming a dense binding limit (i.e. that myosin can bind anywhere on the actin filament), a large
number of cross-bridges, and the above notation, the five-state kinetic scheme can be expressed by



the following system of integro-PDEs:
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where the final equation gives conservation of mass.

ADP release is dependent on molecular extension and, based on experimental measurements [2, 3, 4],

we use the form: ( 05
k(T +
kp(z) = kY exp [ — ——~
p(z) D €Xp ( kT )
where kOD is ADP release rate in the absence of force, x is myosin’s stiffness (assuming myosin acts
as a linear spring), d is myosin’s power-stroke size, k1" is Boltzmann’s constant times temperature,
and J is a parameter, with units of distance, that describes myosin’s force-dependent properties.
Additionally, assuming that myosin’s attachment probability varies exponentially with the energy

required for myosin to bind with a given extension, we define the following rate density:
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All other rate constants (denoted &, k4, kr, K, k;) are constant values.

With this, the mathematical model is described in full. Below, we detail the techniques used to
solve this system under various conditions, resulting in expressions for n;(z,t) and N;(t). We can
then calculate an expression for force. Force per myosin molecule is defined as the probability that
myosin is in a force-producing state (states 1, 2, and 3), times the force it produces when bound.
Noting that myosin has bound but has not undergone a power-stroke in state 1 (i.e. it has extension
x), and has undergone a power-stroke of step size d in states 2 and 3 (i.e. it has extension (x +d)),
we get the following calculation for force:

o0

F = /OO km(z, t)zdr + /OO kna(z,t)(xz + d)dx —i—/ kn3(z,t)(z + d)dx (2)
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In the following sections, we present both numerical solutions and analytical approximations for
the system under various conditions. The numerical methods are important because they provide
accurate and robust solutions to the system. However, they are often computationally expensive and
inefficient. This makes optimization without a good initial guess time consuming, and sometimes
impossible.

We develop analytical approximations to improve the optimization process. While less accurate,
our approximations have two advantages. First, they give an efficient way to search parameter
space. This allows us to quickly determine a good initial guess of best-fit parameters that can then
be used with the less efficient, but more accurate, numerical solutions. Additionally, our analytical
approximations provide intuition about our system, which is particularly useful when implementing
the full model solutions.

1.3 Steady-State Solutions

To compare the model to force-velocity and energetics measurements, we must solve the system
under steady-state conditions. First, we note that all of the experimental measurements we consider
are done for conditions of high ATP concentration, [AT P]. The transition rate from state 3 to state
4 is dependent on this concentration, and thus, high concentrations of ATP results in a negligible
population of cross-bridges in rigor. This allows us to simplify the system by assuming that myosin
transitions directly from state 2 to state 4 at a rate of kp(z). With this simplification and the
assumption of steady-state, the system in Eq. 1 becomes:

dm _ ky + kq +
U — (kg + ko) + <k$0> Ko (2) N1 (3)
I kam — kp(x)n2

dx

1.3.1 Numerical Solution for Steady-State

To numerically solve the system of ordinary differential equations (ODEs) in Eq. 3 for a given
velocity value, v, we simultaneously implement a root find using Matlab’s fsolve function and an
ODE solver using Matlab’s ode15s. We use the root find to determine the value of N; by solving
Ny — ffooo n1(z)dx = 0, and the ODE solver to find n;(x) and na(z). We use a solver specialized for
stiff ODEs because of the exponential term (kp(z)), which becomes large at the boundary. We can
then calculate the force using Eq. 2, resulting in a relationship for force as a function of velocity.

1.3.2 Analytical Solution for Steady-State

To solve for an analytical solution under steady-state conditions, it is most convenient to non-
dimensionalize the system in Eq. 3. To do so, we define the following non-dimensional parameters:

0= /2kgT/r, 7= 1)(ky + ko), V = vr/l, & = x/0, i) = nl, E = r6d/kgT, L = £/d,



With this notation, the equation for n; becomes,
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This can be analytically solved using an integrating factor. Using the convention that v < 0 for
shortening, which therefore gives the boundary condition that 7j;(c0) = 0, we get the solution,
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Next, we must solve for 7. We implement the n; solution with the equation for 7o in Eq. 3 to get,
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To solve, we introduce a new non-dimensional length scale and rescale with T = x/d and 72 = dns.
Note that ¢ is small compared to d, so we can also define L = £/d = ¢.

Finally, we define two non-dimensional parameters, T, = k,7/¢ and Ty = k%r/@. Both of these
parameters include 7, the time scale of weak binding, which is assumed to be fast compared to
strong binding. Thus, 7 is O(e), and T, and Ty are both O(1). We can therefore simplify Eq. 6 to
be,
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We solve for 12 using a matched asymptotic expansion. First, we construct the outer solution away
from zero. In this region, we must solve,

TR — T exp(~ BT~ E)T (5
which gives the solution,
" = Aexp (TdeEJ‘EjE> (9)
Next, for the inner solution near zero, we must solve,
I _ T {%;el/mvm—w/(ew < 14 erf@ _ ;V)ﬂ (10)

To solve, we must first define a layer coordinate to rescale into the layer. We divide the length
parameter by e, which we can write using our original notation: /¢ = Z. Rescaling Eq. 10 allows
us to solve for the inner solution with an arbitrary constant. Noting that 73 (00) = 0, we can solve
for this constant to get the solution

T = ngl <erf(i“) + MWV =2/ (1 + erf<;/ - i“)) - 1) (11)




Matching these solutions near zero, we get the following composite solution:
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This expression for 7y can be integrated to solve for Ny, since Ny = ffooo n2(z,t)dx. A value for Ny
then allows us to solve for Nj.

Combining all of the above, we have fully defined analytical expressions for n; and 72. As a final
step, we can use Eq. 2 to solve for force as a function of shortening velocity.

1.4 Non-Steady-State Solutions

In the force transient experiments, the muscle fiber is activated and held isometrically, stretched
on a very rapid time scale, and then held isometrically again. Therefore, to compare the model to
these measurements, we assume isometric conditions and solve for force as a function of time.

Again, we assume conditions of high ATP, reducing our five-state model to not include the negligibly
populated state 3. Additionally assuming isometric conditions (i.e. v = 0), the system (Eq.1)
reduces to the following:

0 _

S = Fb@)Ns = (kg + kam

0

S = kam — kp(@)ny (13)
dNs + - +

W = kle + kh (1 — Ny — Ny — N5) — (kh + ka)N5

1.4.1 Numerical Solution for Non-Steady-State

To numerically solve the system, we use the method of characteristics to convert these partial
differential equations (PDEs) to a system of ODEs at each . We then implement a fourth-order
Runge-Kutta algorithm (RK4) in Matlab to solve the system of ODEs. We implement our own
RK4 instead of using one of Matlab’s suite of ODE solvers because of the integral constraint,



N; = ffooo ni(z,t)dx. This constraint results in coupling between the characteristics, so that the
ODEs are coupled and cannot be solved individually.

To implement RK4, we first solve the system analytically in steady-state (¢t = 0). Our simulation
begins at the time of stretch, and so the initial condition is the steady-state distributions shifted by
the stretch amplitude. For each value of x, we have a system of ODEs. We use the RK4 algorithm
to take a step forward in time, using the values of 11, n2, N1, No and N5 at the previous time step,
to solve for the values of 71, 172 and N5 at the next point in time. After the time step, we integrate
the new distributions for n; and 7y to get the new N; and Ny values. Repeating this process, our
final result is 1 (z,t) and n2(z,t), and we can use Eq. 2 to solve for F(t).

1.4.2 Analytical Approximation for Non-Steady-State

Given both the z and t-dependence in the non-steady-state system (Eq. 13), this system cannot
be solved analytically. Instead, we develop the following moment approximation [5], which allows
us to approximate the system of PDEs as a set of ODEs, which we can then optimize with greater
efficiency.

Recall that ni(z,t) and n2(z,t) are the probability densities that myosin is weakly or strongly-
bound, respectively, with a particular extension, x at time ¢t. We assume the attachment rate
varies exponentially with the energy required for myosin to bind with a particular extension, which
means that the attachment rate is a normalized Gaussian function centered at 0. Thus, myosin
molecules attach into a weakly-bound state based on this function, and so we approximate the 7
distribution as a Gaussian function. For the strongly-bound cross-bridges, transition into this state
occurs in the same manner, but detachment is force-dependent and favors smaller extensions, so we
approximate the ny distribution with a Gaussian centered slightly to the right of 0. Throughout our
approximation, we allow these means to vary when appropriate, but assume that their standard
deviations are constant (this is equivalent to truncating our moment approximation).

Next, we implement a separation of time scales and solve the system on each interval. The force
transient response suggests three time scales: 1) Pre-stretch: the muscle is activated and has
reached steady-state, 2) Fast time: the stretch occurs at the start of this interval, all bound cross-
bridges are stretched, and the fast weakly-bound cross-bridges re-adjust, and 3) Slow time: the
weakly-bound cross-bridges are in steady-state and the strongly-bound cross-bridges slowly adjust
back from the stretched position.

We solve each time scale individually below. In the following, we use G to denote normalized
Gaussian functions with mean p so that [* G(z, p)dz = 1.

Pre-Stretch/Isometric: Pre-stretch the muscle has been activated and allowed enough time to reach
steady-state. We approximate the pre-stretch n distributions as described above,

m = a1(t)G1(z,0) (14)
n2 = az(t)Ga(z, u5(t))

Using these approximations, we can transform our system in Eq. 13 into a system of ordinary



differential equations:
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For the purposes of our calculation, we are only interested in the pre-stretch steady-state force. We
solve the above system under steady-state conditions by implementing a non-linear root find and
using Matlab’s £solve function. This gives steady-state values for of®, a5®, uy®® and Ng*. Finally
Eq. 2 can be used to calculate pre-stretch isometric force.

Fast Time: We assume that the stretch occurs at the start of this time scale. This means that
the steady-state distributions of 7; and 72 are shifted by the amplitude of the stretch imposed,
s. Throughout this fast time scale, the weakly-bound cross-bridges adjust back to steady-state,
so the 7 distribution adjusts from the stretched position back to be centered at 0. The strongly-
bound cross-bridges act on a much slower time scale, and so we assume they are constant and are
well-approximated by the Gaussian in the shifted position.

Under these conditions, our distributions become:

m = A()G1(z, 4y (1) + (af* — A(t))G1(z,0) (16)
2 = a3*Ga(x, 1)

with A(0) = af%, u8(0) = s, u¥ = u3*" + 5. Note that here, a*, a5®, and u5* are the respective
steady-state values from the previous solution for pre-stretch conditions.

On this fast time scale, we additionally assume that N5 is in steady-state. This allows us to solve
the system, and using the initial condition that n;(x,0) = aj*G1(z, s), we get an expression for n,

kg () N5*

= %G 7 —(kw+ka)t
m = ai’Gi(x, s)e + b+ h
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And finally, we can again use Eq. 2 to solve for F'(¢) on this time scale.

Slow Time: On the final time scale, we assume that the weakly-bound cross-bridges have re-
adjusted, and now the strongly-bound cross-bridges are adjusting from the stretched distribution



back to steady-state. Thus, the n; distribution stays centered near 0, and the 7y distribution begins
in a shifted position and adjusts back to be centered near 0, as follows:

m = a1(t)G1(z,0) (18)
12 = ag(t)Ga(x, p(t)) + ba(t)Ga(, us(t))

with a1(0) = a5®, as(0) = 0, ba(0) = a5, ug(0) = 0, and p5(0) = py™* + s. Again, note that
steady-state values refer to pre-stretch steady-state.

To solve this, we must assume that p$ << p, i.e. that the means of the two Gaussians for
the stretched and un-stretched positions are far apart. This allows us to assume that there are
neighborhoods around both p§ and ug where they are separate, and can therefore be integrated
independently.

We use these approximations in Eq. 18 to transform the system of PDEs in 13 into the following
set of ODEs:
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This system of ODEs is much faster to solve numerically than our original system of PDEs.

Thus, with the above approximation, we have separated the force transient behavior into three time
scales, approximated the system of PDEs with a system of ODEs, solved numerically, and calculated
the resulting force. In total, we have an efficient method for approximating F'(¢). Additionally,
we find that this approximate solution is very close to the more accurate full numerical solution



(Fig. S2). Thus, this approximation is advantageous because it can be used to preliminarily fit force
transient measurements, resulting in a very good approximation of best-fit parameters, which can
then be used as an initial condition to optimizing the more accurate full RK4 numerical solution.
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Figure S2: Model simulation of a force transient response to a quick stretch: The model can be solved
numerically using fourth-order Runge-Kutta (see section 1.4.1) to provide an accurate result for force as
a function of time (gray, dotted line). For efficiency, the model can additionally be approximated using
separation of time scales and a modified moment approximation (see section 1.4.2), resulting in a method of
solving the system that is both a very good approximation to the numerical solution (red, solid line), and
efficient enough to perform preliminary parameter optimizations.

2 Four-State Model 4+ Viscous Drag

2.1 Weak Binding Acts as a Viscous Drag

In the motivation section of the main text, we begin by introducing a four-state model (Fig. 1A of
main text) which has been previously shown to describe molecular muscle measurements and force-
velocity measurements from muscle fibers [1, 6]. Based on experimental evidence [7, 8,9, 10, 11, 12],
we hypothesize that this model must additionally include a weakly-bound interaction between
actin and myosin, leading to the five-state model (Fig. S1 and Fig. 1B of the main text). Given
that weakly-bound myosin molecules rapidly bind and unbind from the actin filament without
undergoing a power-stroke [8, 10], and given that the rate constants for weak binding (k,, and k)
do not depend on force, these cross-bridges act as a viscous drag on the system [13] (Fig. S3). This
provides us with another method of efficiently approximating the five-state model in force-velocity
measurements: we can add a viscous drag to the four-state model.

We initially use this method to fit the force-velocity data of A. V. Hill and the energetics data of
W. O. Fenn, and to motivate the necessity of a weakly-bound state in the main text. To do so,
we solve the four-state model to get force as a function of shortening velocity, and then subtract a
linear function from this result. The slope of this line determines the amount of viscous drag, or
equivalently, the amount of weakly-bound cross-bridges. With this force-velocity relationship, we
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can also calculate total energy as a function of force. We find that the four-state model with viscous
drag is able to simultaneously fit Hill’s force-velocity and Fenn’s energetics data, motivating our
hypothesis that weak binding is necessary to consistently model muscle measurements.

2.2 Parameter Optimization and the Four-State Model

In addition to motivating our hypothesis, we used the four-state model with drag to identify pa-
rameters that can describe our own force-velocity measurements (Figs. 2D, 3B and 4B of the main
text) because it has fewer parameters and is more computationally efficient than the five-state
model. The parameter combinations for the four-state model with drag were identified by fixing
a particular amount of drag (i.e. amount of weakly-bound cross-bridges), and performing an opti-
mization to determine the best fit ADP release rate (k%) and force-dependent parameter (E). We
use a matched asymptotic analytical solution to the four-state model to get close to the best-fit
parameters, and then perform the final optimization using a numerical solution to the four-state
model. We optimize using Matlab’s fminsearch, and define the error as the sum of the squared
difference between the model and measurements divided by the number of data points. In the
four-state model at steady-state, ¥ and k% are the only two unknown parameters. Our results are
plotted as gray squares in Fig. S4a.

This parameter optimization is much simpler than the equivalent optimization with the five-state
model, which includes three additional unknown parameters (k,, kq, and k?;O), which determine
the time scale and amount of weak binding. In fact, the combinations of E and kz% that fit the
five-state model to force-velocity measurements are not unique, but are dependent on the time scale
of weak-binding. Thus, to fit the five-state model, we must fix one of the weak-binding parameters
(either k,, or k,), which specified the time scale of weak binding, and then fit the other unknown
parameters. By fixing F at different values, we get combinations of £ and k:% that result in good
fits of the five-state model to the force-velocity measurements (colored symbols in Fig. S4a).

These fits demonstrate two important results. First, we find that as the time scale of weak binding

@ Hill 1938 Data
— 5-State Model Fit
06l \e@ — Force from Strong Binding

— = Force from Weak Binding

02t Velocity (um/sec)

Figure S3: Weakly-bound cross-bridges act as a viscous drag. The five-state model fits force-velocity
measurements (red line, data from [14]). This total force is comprised of the force from strongly-bound
cross-bridges (gray, solid line) and force from weakly-bound cross-bridges (black, dotted line). The linear
relationship between force and velocity generated by the weakly-bound cross-bridges demonstrates that they
act as a viscous drag on the system.
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increases, the five-state model results approach those of the four-state plus drag (Fig. S4). Second,
when we violate the assumption that weak binding is fast compared to strong binding, the four-state
model plus drag underestimates the ADP release rate necessary to fit our measurements, i.e. the
k‘OD values predicted from the the four-state model plus drag are a lower bound to those predicted
by the five-state model. This latter fact is useful when we compare the five-state model fits to our
force-velocity and force transient measurements. Because the best-fit kz% value at a given F for the
force transient measurements are always less than the equivalent k% value for our force-velocity
measurements, the five-state model force-velocity fits will give parameters equivalent to, or worse
than, those from the four-state plus drag. Therefore, for simplicity, we use the four-state plus drag
force-velocity parameters (Figs. 2D, 3B, and 4B of the main text) to compare to force transient
results.
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Figure S4: As the time scale of weak-binding increases, the five-state model approaches the four-state
model plus drag. A: Best-fit combinations of unloaded ADP release rate (k%) and the force-dependent
parameter (E) for the four-state model plus various amounts of drag (gray squares) and the five-state model
with various weak-binding time scales (colored symbols). For each colored symbol, one of the weak binding
parameters (k,, or k,) was fixed along with the force-dependent parameter (E), and the other parameters
were optimized. The four-state model parameters are a lower bound to the five-state results. B: This panel
illustrates the weak-binding time scale corresponding to each colored symbol in panel A. As the time scale
of weak binding increases, the five-state predictions in panel A approach those of the four-state model.

3 Weak Binding is Necessary for Consistent Force-Dependence:
Modeling Classic Measurements of the Energetics of Muscle (Fenn 1923) and the
Force-Velocity Relationship (Hill 1938)

In the main text, we motivate the necessity of a weakly-bound state in modeling the interaction
between actin and myosin by fitting the four- and five-state models to classic measurements from
W.O. Fenn (1923) and A.V. Hill (1938). Here, we discuss how we model these measurements, the
details of the optimization, and the statistical significance of our results.
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3.1 Modeling the Energetics of Muscle

In his work, W.O. Fenn measured energy liberation during muscle contraction. Experimentally, a
muscle was maximally stimulated for a fixed time and allowed to shorten a fixed distance. Fenn
measured the work done by the muscle and the heat produced as a function of the load imposed
[15].

To model this relationship, we first note that due to conservation of energy, total energy is equal
to work done plus heat released. In our case, ATP hydrolysis fuels the cyclical interaction between
actin and myosin, so total energy is equivalent to the energy of ATP hydrolysis, which we call
Earp. One molecule of ATP is hydrolyzed each time a myosin molecule completes the actomyosin
cycle. Thus, the flux through an irreversible step of the cycle gives the rate of ATP consumption,
which is proportional to the time derivative of Eapp (the proportionality constant is the energy
of ATP hydrolysis). We integrate this expression to get E4rp(v) where v is velocity. Additionally
using our calculated force-velocity relationship, we have an expression for total energy as a function
of force, which directly relates to Fenn’s measurements.

Implementing the above with the five-state model, we find that weak binding has a minimal effect
on this calculation. With the addition of weakly-bound cross-bridges, the muscle must do more
work to overcome the resistive force of these cross-bridges. However, we find that the magnitude
of this work is small compared to the work necessary for the muscle to raise the weight (Fig. S5).
Additionally, the magnitude of the overall work is small compared to the heat produced by the
muscle. In Fenn’s original measurements, the heat produced was an order of magnitude larger than
the work done by the muscle [15].

5.5 10 —— Work to lift weight
— — — Work to overcome viscous drag

Work (pN nm)

0 : . . e ——+-

—

Al Force/F,

Figure S5: Weak binding has a minimal effect on work done by a muscle. Simulating Fenn’s experimental
protocol using the five-state model results in work done by the muscle to lift the weight (red solid line) that
is much larger than the work done to overcome resistive force from weakly-bound cross-bridges (dotted red
line).

3.2 Fitting Model to Energetics and Force-Velocity Data

To compare the model to Hill’s force-velocity and Fenn’s energetics data, we first solve for the
model’s force-velocity relationship (see section 1). This is directly comparable to Hill’s measure-
ments. Next, based on the above calculation, we solve for total energy as a function of force, which
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is comparable to Fenn’s measurements.

We fit the four- and five-state models to the data [14, 15]. In the case of the energetics data, we
multiply the normalized force data by 0.9. This gives a better fit between model and data, and we
justify it by the fact that true isometric force of a muscle is extremely challenging to measure and
is not directly reported in Fenn’s paper. We perform fits to the data by simulating the model for
a given parameter set, calculating the error as the sum of the squared difference between model
and data divided by the number of data points, and optimizing using Matlab’s fminsearch. When
simultaneously fitting energetics and force-velocity data, we define the error as the sum of the
individual errors, with the force-velocity error weighted slightly higher.

Because the four- and five-state models have two and four unknown parameters respectively, we
tested whether the five-state model was a better fit with an F-test, which yields p < 0.05. We
therefore conclude the five-state model gives a significantly better fit than the four-state. Addition-
ally, we find that the five-state model fits are insensitive to one of the unknown parameters. Thus,
if the five-state model differs from the four-state model by only one extra parameter, the difference
between the two models is more significant.

4 Mismatch Between Force Transient Data and Model is not Unique
to Drosophila Jump Muscle

In section 3.1 of the main text, we describe a discrepancy between our model predictions and our
force transient measurements. In particular, our model predicts a peak force post-stretch (phase
I) that is at least twice what we measure in Drosophila jump muscle. Importantly, the model
prediction is a lower bound, since the calculation accounts only for force from strongly-bound
cross-bridges that have undergone a power-stroke. Thus, if weakly-bound cross-bridges are also
present, they will produce additional force once stretched, leading to an even larger discrepancy
between model and measurements.

This difference is not unique to Drosophila jump muscle. In fact, measurements from a variety
of vertebrates and a range of muscle fiber types result in peak forces that are similar to our
measurements (Fig. S6, [16, 17, 18, 19]). While some of the experimental measurements are above
our predicted line, the majority are not. Additionally, since the predicted line is a lower bound,
measurements must be well above this prediction to be fit by the model. If the weakly-bound state
is significantly populated, we would expect peak forces to be higher than the predicted lower bound
by a factor of 2 or more. Thus, of the fifteen measurements considered here, only four have the
potential to be fit by the model ([20, 21] and fiber types I and IIA from [22]).

5 Explanation 1: Overestimated Stretch Amplitude

In the main text, we discuss how our model, with the assumption of linear cross-bridge elasticity,
is inconsistent with force transient measurements because the model predicts a peak force post-
stretch that is significantly larger than that measured (Fig. 2B main text). In section 3.2, we
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Figure S6: Peak force above isometric force in transient response after rapid stretch (phase I) as a function
of stretch size. Measurements from a variety of muscle fiber types are at or below the model’s prediction.

present an argument against the possibility that this discrepancy is caused by an overestimated
stretch amplitude at the sarcomere level due to series elasticity. Here, we provide further details
on the computation that led to this conclusion.

5.1 Fitting Model with Decreased Stretch Amplitude

To fit the model to force transient measurements for the case of overestimated stretch amplitude,
we allow the unknown model parameters to vary (k, ks, £, E), and additionally include the
stretch amplitude, As, as an unknown parameter. Note that in the force transient measurements,
the force does not return to steady-state for long time, but instead remains slightly higher than the
pre-stretch isometric value. Our model does not account for this residual force enhancement. Thus,
in order to compare the model to the data, we must shift the force transient measurements so that
the force returns to steady-state. To simulate the force transient, we solve the system numerically
using RK4. To compare the results to our measurements, we define error as the sum of the squared
difference between the model results and the shifted data divided by the number of data points,
and optimize using Matlab’s fminsearch.

We fit the model to a force transient measurement with a stretch amplitude of 0.5% muscle length
(main text Fig. 2A). Assuming there is no effect of series elasticity, this corresponds to a 9 nm stretch
at the half-sarcomere level. Our optimization results in a set of best-fit parameters, including a
single best-fit value for the reduced stretch amplitude of As = 0.437 nm. The corresponding model
fit is illustrated in Fig. 3A of the main text.

To estimate the range of As values that result in good fits to the data, we assume that the best-
fit parameters give a perfect fit, and calculate the error in this case. We define the maximum
acceptable error as v/2 - E, where Ej, is the error from the best-fit parameters. This gives us an
estimate of the standard deviation of the best fit, and provides a benchmark for when the model is
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different from the data. We find that only a small range of significantly decreased stretch amplitudes
(As = 0.4 — 0.55 nm) result in good fits to the force transient measurements (Fig. S7).
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Figure S7: Sum of the squared error as a function of the half-sarcomere stretch size. For each point, the
stretch amplitude was fixed and the other parameters were optimized to fit the model to a measurement from
a 0.5% muscle length stretch. Values within the shaded region are considered acceptable fits, and represent
error that is within one standard deviation of the error produced by the best-fit parameters.

5.2 Comparing Parameter Fits from Force Transient and Force-Velocity Mea-
surements

Next, to compare the model fits of force transient measurements to fits of force-velocity measure-
ments, we consider combinations of two model parameters, unloaded ADP release rate (k%) and
the force-dependent parameter (F) (Fig. 3B of the main text). To determine the force transient
parameters, we perform the same fits as above, but with the stretch amplitude fixed at the best
fit value of As = 0.437 nm. For the force-velocity parameters, we perform fits to the four-state
model with various amounts of weak binding (see section 2.2 for justification). In each case, error
is defined as the sum of the squared difference between model and data divided by the number of
data points, and Matlab’s fminsearch is used for optimization.

We determine the variability in these parameters by optimizing the model to determine the best-fit
parameters at a given E, and use this result to define an upper bound on the acceptable error (see
section 5.1). We sweep through k:% values to determine a range that provides satisfactory fits to
the data for the given E value. We perform this sensitivity analysis for both the force transient fits
and the force-velocity fits (Fig. S8).

5.3 Explanation 1 Extended: Strong Binding Cannot Cause Phase I and II of
Force Transient Response

In most of our analysis, we assume that phase I and II in the force transient response are at-
tributed to weakly-bound cross-bridges that rapidly re-equilibrate post-stretch (Fig. 1F main
text). However, it is also possible that the weakly-bound cross-bridges act on a faster time scale
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Figure S8: Sensitivity analysis for fitting model to data. In each, the gray shaded regions denote acceptable
error, and represent error that is within one standard deviation from the error produced by each best-fit.
These results are used to determine the error bars in Figs. 2D, 3B, and 4B of the main text. A) Sum
of the squared error in fitting force transient measurements as a function of ADP release rate for a fixed
force-dependence. For each panel, the five-state model (including As as an unknown parameter) is fit to
the force transient measurement from a 0.5% muscle length stretch. B) Sum of the squared error in fitting
force-velocity measurements as a function of ADP release rate for fixed force-dependence. For each panel,
the four-state model plus drag was fit to force-velocity measurements.

than the temporal resolution of the force transient measurements (i.e. the time between data points,
At = 0.125 ms). In this case, weakly-bound cross-bridges re-equilibrate before the first measure-
ment post-stretch, and phase I and II of the force transient response are solely due to strongly-bound
cross-bridges. Then, phase III and IV would arise from some other mechanism that is not included
in our model.

To test our assumption that phase I and II are due to weakly-bound cross-bridges, we tested the
viability of the model as described above, with weakly-bound cross-bridges acting on a time scale
faster that the resolution of the measurements. To do so, we implemented two fourth-order Runge-
Kutta algorithms to solve for force as a function of time. The first begins at the instant of stretch
and iterates through time using a small time step (At = 0.00625 ms) until it reaches the first point
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in time post-stretch from our measurements, ¢ = 0.125 ms. The second RK4 algorithm begins at
this time point and iterates through time using a larger step size (At = 0.05 ms). In this way,
we can capture the rapid response of the weak-binding cross-bridges without having to maintain a
short, and computationally inefficient, time step. We fix two of the weak binding parameters (k,,
and k;;o) to be large enough so that the weakly-bound cross-bridges have re-equilibrated by the end
of our first RK4 simulation. We can then compare the result of the second RK4 simulation with our
force transient measurement, ensuring that the peak is solely due to strongly-bound cross-bridges.
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Figure S9: The model cannot simultaneously fit the force transient and force-velocity measurements with
the assumption that the peak in force post-stretch is solely attributable to strongly-bound cross-bridges. A)
Assuming strong-binding causes the peak in force post-stretch, the five-state model can fit the derivative of
the force transient trace for a 0.5% muscle length stretch. The corresponding force trace is reproduced here.
The model result has been shifted to account for an offset in the result due to fitting the derivative. The
best-fit parameters suggest a decreased stretch amplitude (As = 3.61) and a negligible force-dependence
(E =0.01). B) Combinations of unloaded ADP release rate and the force-dependent parameter that fit the
force transient measurements under these conditions (black circles) are inconsistent with those required to
fit force-velocity measurements (gray squares). To fit model to data, the weak binding parameters k;, and

k;f)o were fixed to be large, and the five-state model was fit to both the force-velocity and force transient

measurements.

As with our other models, this model is inconsistent with the measured peak force from our force
transient traces (main text Fig. 2B). We must therefore adjust for this discrepancy, and we do so by
letting the stretch amplitude be a parameter of fit (see section 3.2 of the main text for justification).
Additionally, because phase III and IV of the force transient response would not be described by
this model, we fit the derivative of the force transient trace. The advantage of this approach is
that the derivative is invariant to the addition of a constant value being added to the force trace.
Since phase IIT and IV act on a longer time scale that phase I and II, they are reasonably well
approximated by a constant in this model.

With these assumptions and with this implementation, the model is able to fit our force transient
measurements (Fig. S9a). However, it requires a small force-dependence and large unloaded ADP
release rate (best-fit gives E = 0.01 and k%, = 830.07 s~!) to be able to reproduce the timescale
of phase I and II. As we fix F and optimize the fit to the data, we find that the predicted ADP
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release rate is too large to be consistent with the fits to our force-velocity measurements (Fig. S9b).
Thus, phase I and II are too fast to be due to strongly-bound cross-bridges, and we conclude that
the peak force cannot be attributed to detachment of strongly bound cross-bridges in this manner.

6 Explanation 2: Unexplained Force

In section 3.3 of the main text, we briefly present an argument against the presence of an additional
force, not due to actin and myosin, in the force transient measurements. Here, we discuss our
methods (sections 6.1, 6.2, 6.3, 6.4) and findings (section 6.5) in more detail.

6.1 Passive Force in Force Transient Measurements

When we consider that the force transient measurements may include additional non-cross-bridge
forces, one possibility is that passive elements in the muscle fiber are contributing to the measured
force. Our model only accounts for force from cross-bridge interactions, and therefore would not
reproduce passive force.

To control for this, we perform the force transient measurements at low calcium concentrations
(pCa 8.0). At this low calcium concentration, there is very little cross-bridge cycling, and thus any
force produced can be attributed to passive elements. We find that the force produced for pCa 8.0 is
negligible compared to that produced at a saturating calcium concentration of pCa 5.0 (Fig. S10a,
b). In particular, we find that the pre-stretch isometric stress value for pCa 5.0 is 15 - 20 times
greater than the pre-stretch isometric stress value for pCa 8.0 (Fig. S10c). Notably, this difference
in magnitude is present for all of the fibers and at every stretch amplitude we considered, confirming
that the force from passive elements is negligible across all of our experimental conditions.
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Figure S10: Passive stress produced for pCa 8.0 is negligible compared to active stress produced at pCa
5.0. A, B: Stress (mN/mm?) as a function of time (sec) for muscle fibers quickly stretched a small percentage
of their length (A: 0.75% ML, B: 1% ML) at saturating calcium concentration of pCa 5.0 (blue) and low
calcium concentration of pCa 8.0 (red). C: Ratio of pre-stretch isometric stress at pCa 5.0 compared to
that at pCa 8.0 at various stretch amplitudes. Each data point includes values from two fibers. Together,
these plots illustrate that the passive force produced at low calcium concentrations is negligible, and about
15 times less than that produced at saturating concentrations.
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6.2 Adjusting Model to Include Non-Cross-Bridge Force

While the above experiments show that purely passive elements are not contributing significantly
to force, there is evidence that some elastic elements in muscle stiffen in the presence of calcium
[23] or that non-cross-bridge elements can contribute to force [24]. It is possible, then, that the
contribution of these elements to muscle force underlie the discrepancy between our measurement
of peak force, and that predicted by Eq. 1 of the main text, reproduced below:

Fy _(S+ds S, 1800-s%
R ded d

where « is myosin’s stiffness, d is myosin’s step size, F}, is peak force post-stretch, Fp is pre-stretch
isometric force, and S is stretch length:

+1 (20)

We call the force produced by these non-cross-bridge elements an “unexplained force”. To account
for this, we let it be a parameter in the model. Additionally, we let this value be different pre- and
post-stretch. Thus, the force calculation in Eq. 20 becomes,

FO Fmb + Fr(b)c
where Fg?b and F fb are the cross-bridge forces pre- and post-stretch, and F,?C and FpL. are the

non-cross-bridge forces pre- and post-stretch, respectively. While this initially introduces two new
parameters to the model, we can use the following calculation to reduce it to just one new parameter.

The model predicts that for long time after stretch, the force from cross-bridges will be equal
to the pre-stretch cross-bridge isometric force. In the force transient data, however, the post-
stretch steady-state value is slightly higher than the pre-stretch value. We must account for this
residual force enhancement [25], which would not be reproduced by these models [26] and would
therefore lead to inaccurate parameter estimation. We account for this, and reduce the number
of parameters-of-fit, with the following calculation, where F* denotes the post-stretch steady-state
value normalized to the pre-stretch steady-state in the data:

= F* (22)

The force transient measurements determine the F* value, and thus we can solve for FZ. in terms

of FY.. Thus, to account for this non-cross-bridge force, we fit the force transient measurements to,
F, Py + P (Fp.+ 1) — Fy,
F FY + F9,

(23)

where the cross-bridges forces are determined from the five-state model and F?, is an additional
parameter of fit that determines the amount of unexplained force due to non-cross-bridge effects.

6.3 Fitting Model with Unexplained Force

To fit the model to the force transient measurements for the case of unexplained force, we allow the
unknown model parameters to vary (which now includes the parameter for additional unexplained
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force, F.). Note that in this case, we fix the stretch amplitude to be at the true experimental
value. We use RK4 to solve the system for force as a function of time, define error as the sum
of the squared difference between model and data divided by the number of data points, and use
Matlab’s fminsearch to optimize the parameters.

The optimization results in a set of best-fit parameters, including a best-fit value for F°.. To
determine the range of F°, values that can result in good fits to the data, we bound the error by
V2 - B}, where Ej, is the best-fit error (see section 5.1). We find that only a small range of values
for FY, result in acceptable errors (Fig. S11a).

Additionally, to consider the plausibility of these results, we compared the unexplained force values,
FY | to the isometric force from cross-bridges, F gb (Fig. S11b). Note that the isometric cross-bridge
force changes for different amounts of unexplained force. Thus, normalizing FC. by ng results
in multiple error values for the same ratio of unexplained force to cross-bridge force (Fig. S11b).
However, there is a clear minimum and a single error value for each choice of unexplained force
(Fig. S1la). This best-fit unexplained force is 28.07 times that of isometric force from cross-
bridges, and that parameters that result in acceptable error predict an unexplained force that is 27
- 28.3 times that of isometric. We conclude that it is unreasonable to expect that force transient

measurements include an unexplained force of this magnitude.
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Figure S11: Sum of the squared error as a function of: A) the unexplained force value, F°., and B) the
unexplained force value normalized to pre-stretch isometric cross-bridge force, FC./FY . For each point, the
F?. value was fixed, and the five-state model was fit to the force transient measurement. Values of F?, that

nc

result in acceptable error lie in the shaded box, which denotes error that is within one standard deviation of
the best fit. The best-fit values suggest that the non-cross-bridge forces are around 28 times that of isometric
cross-bridge force.

6.4 Comparing Parameter Fits from Force Transient and Force-Velocity Mea-
surements

We also compared the force transient fits to the force-velocity fits under these conditions. For the
force transient measurements, we let the unknown parameters (including F°.) vary, and determine
the best-fit combinations of ADP release rate and force-dependence. The force-velocity parameters
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are based on the four-state plus drag fits (see section 2.2 for justification). In both cases, error is
defined as the sum of the squared difference between model and data divided by the number of
data points, and Matlab’s fminsearch is implemented for optimization. Additionally, we perform
a sensitivity analysis (see section 5.1) to consider the variability in acceptable parameters due to
noise in the data (Fig. S12).
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Figure S12: Sum of the squared error in fitting force transient measurements as a function of ADP
release rate for a fixed force-dependence. For each panel, the five-state model (including F2, as an unknown
parameter) is fit to the force transient measurement from a 0.5% muscle length stretch. The gray shaded
regions denote acceptable error, and represent error that is within one standard deviation from the error
produced by each best-fit. This sensitivity analysis leads to the error bars on the force transient measurements
in Fig. S13b.

6.5 Rejection of Unexplained Force as Explanation for Model and Measurement
Discrepancy

Comparing the five-state model with an unexplained force to our force transient measurements,
we find that the optimization converges to a good fit to the entire force transient measurement,
reproducing all parts of the force response (i.e., phases I-IV, Fig. S13a). However, we reject this
explanation for two reasons. The first is that the best-fit predicts an implausibly large unexplained
force of about 28 times that of the isometric force from cross-bridges (Fig. S11b).

The second reason we reject unexplained force as the source of the discrepancy between simulation
and measurement is that the force-dependence required for the force transient fits is inconsistent
with the force-dependence required for the force-velocity fits (Fig. S13b). In particular, the force
transients require a large force-dependence that results in a force-velocity relationship that is too
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Figure S13: The model reproduces the force transient measurements given the addition of a non-cross-
bridge force, but the results are inconsistent with force-velocity measurements. A) Including an unexplained
force in the force response that is 28.1 times that of isometric cross-bridge force allows the five-state model
to fit force transient measurements. B) Combinations of unloaded ADP release rate and the force-dependent
parameter that fit force-velocity (gray squares) and force transient (black circles) measurements when the
force transient includes a non-cross-bridge force. Error bars denote parameter values that give results within
one standard deviation of the best-fit error. C) Model fits to force-velocity measurements with k% fixed from
the best-fit to the force transient measurement, and F from the best-fit to the force transient measurement
(sold line) and best-fit to the force-velocity measurements (dashed line).

curved (Fig. S13c). This result is similar to our fits with decreased stretch amplitude due to series
elasticity (main text Fig. 3B). In that case, the model required an increased force-dependence (i.e.
larger F) to counteract the decreased stretch amplitude and to produce phase III of the force
transient response (see main text, section 3.2). However, in the case of unexplained force, our fits
have the full stretch amplitude, so we expected to see a leftward shift (toward smaller values of
E) in the best-fit parameters for our force transient measurements, and therefore better agreement
with the best-fit parameters for our force-velocity measurements. Indeed, we observed such a shift
(compare main text Fig. 3B to Fig. S13b), but it is modest and insufficient to allow us to find a
single parameter set to fit both of our measurements.

These fits still require a large force-dependence because of the large magnitude of the unexplained
force. In the normalized force transient response, the amplitude of force increases (phase I and IIT)
is measured relative to the total isometric force. Thus, if isometric cross-bridge force makes up less
of the total isometric force, the amplitude of phases I and III relative to the isometric cross-bridge
force increases. For example, we measured a peak force (phase I) of ~ 1.4 times isometric, which
is ~ 40% above isometric force (main text Fig. 2A). If all force arises from cross-bridges, then
this peak force results in a ~ 40% increase in cross-bridge force. However, suppose that isometric
force is half due to cross-bridges and half due to an unexplained force. In this case, the increase
in force due to cross-bridges will still be ~ 40% of the total isometric force but, since cross-bridges
only account for half of the isometric force, this would correspond to an ~ 80% increase in cross-
bridge force, and a peak force of ~ 1.8. A similar amplification occurs with phase III. This latter
effect is particularly important, because for the model to fit a larger phase III, it requires a larger
decrease in ADP release rate, and an increase in force-dependence (i.e. a larger E). Thus, while
the full stretch amplitude in these fits results in a smaller force-dependence compared to our fits
with decreased stretch amplitude (compare main text Fig. 3B to Fig. S13b), this effect is mostly
opposed by the large amount of unexplained force which requires larger force-dependence to fit the
increased amplitude of phase III relative to isometric cross-bridge force (Fig. S13b).
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Thus, we reject the explanation that including an unexplained force due to non-cross-bridge effects
is the sole reason for the discrepancy we see between model and measurement.

7 Alternative Model Assumptions

Given the inconsistency between our measurements and our four- and five-state models, we conclude
that at least one of the model assumptions is wrong. Thus, we considered the model assumptions to
see if adjusting any would provide a solution to the discrepancy between model and data. We discuss
these assumptions below, including the effects of non-linear elasticity of myosin, force-dependence
of weak-binding kinetics and thin-filament activation. Notably, we found that none of these effects
is likely to explain the discrepancy.

7.1 Non-linear Elasticity

One of the key model assumptions is that myosin acts as a linear spring with constant stiffness, «,
leading to a linear force-displacement relationship, F'(x) = xkx. While there is some experimental
evidence to support this assumption [27], there is also evidence to suggest that myosin’s stiffness
may be significantly lower when the molecule is compressed [28], leading to a non-linear force-
displacement curve for myosin.

We expected that such non-linear elasticity might improve the agreement between the model and
our measurements. In particular, the decreased stiffness during compression would decrease resistive
drag during shortening [29], leading to higher shortening velocities. Thus, at a given value of F,
this model would need a smaller ADP release rate to counteract the increase in velocity. This would
result in a downward shift in the best-fit parameters of the force-velocity fits (Figs. 3B and 4B in
main text). Because cross-bridge stiffness during lengthening does not change, we expected drag
during lengthening to remain largely unaffected, and therefore the best-fit parameters of the force
transient fits to remain the same. To test this idea, we implemented non-linear myosin elasticity in
our model.

To include non-linear elasticity in the model, we defined myosin’s force-displacement curve to be
piecewise linear, with a much smaller slope (i.e. lower myosin stiffness) for negative displacements
compared to positive displacements (Fig. S14b inset). Thus, with myosin’s stiffness given by (z),
we get a force-displacement relationship of F(z) = k(z) - . Additionally, in the model, myosin’s
probability of binding to actin with a given initial displacement depends on the negative exponential
of the potential energy required to achieve that displacement (see Walcott et al. 2012 [1] for a
discussion of this assumption). Therefore, since the force-extension function and the potential
energy-extension function are related (the former is the negative derivative of the latter), when we
modify the force-extension function to be non-linear, we must also modify the attachment rate as
a function of extension.

We implement this as follows. Let V(x) denote the potential energy. Since force is the negative
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derivative of the potential energy, we have

dav

Fa)=-2 = Vi) :—/F(x)dx

We assume that the attachment rate is the negative exponential of the potential energy. Therefore,
we get the following expression for attachment rate:

ki (2) = ki Cexp (— V(2))
=k Cexp < / F(g;)d:c> (24)

= K Cexp ( / K(@) o dx)

where C is chosen so that [kl (z)de = k.

With addition of this non-linearity, the system cannot be solved analytically. Instead, we solve the
system numerically, taking care to appropriately define the non-linearity as described above. To
solve for the force-velocity relationship, we implement an ODE solver in Matlab (ode15s) and solve
the system under steady-state conditions. To solve for the force transient response with stretch,
we implement fourth-order Runge-Kutta to solve the system for all x, at each point in time.

Surprisingly, we found that non-linear elasticity did not improve the agreement between our model
and the measurements. This lack of agreement arises from the interaction of two competing effects,
1) the expected decrease in drag, and 2) an unexpected decrease in effective power-stroke size. This
latter effect arises because, when myosin’s stiffness in compression is decreased, the amplitude of
the thermal excursions due to Brownian motion increase. Because myosin’s stiffness is asymmetric,
these thermal excursions are asymmetric, making it more likely for myosin to bind with non-zero
compression. Then, when the myosin molecule undergoes its power-stroke, this initial compression
decreases the effective power-stroke size.

The competition between these two effects is apparent in our simulated force-velocity curves. When
the decrease in stiffness for compressed myosin is small, the decrease in drag is the dominant effect.
We see this as both an increase in force for a given velocity value and an increase in unloaded
shortening velocity, vmax, as we expected (Fig. S14a and inset, respectively). However, when
myosin’s stiffness is decreased more significantly in compression, the reduction in effective power-
stroke size becomes the dominant effect. We see this as a decrease in force and unloaded shortening
velocity, vmax, compared to the previous case (Fig. S14a and inset, respectively). Thus, while
non-linear myosin stiffness increases shortening rate for a given F, this effect is limited.

Additionally, although we had anticipated a minimal effect of non-linear myosin stiffness on the
force transient after stretch, we observed a large effect. Non-linear myosin elasticity shifts the
best-fit parameters toward a larger force-dependence at a given ADP release rate, resulting in a
rightward shift in the best-fit parameters (Fig. S14b) and thus worse agreement with the best-fit
force-velocity parameters. This result is due to the decrease in effective power-stroke size, which has
a similar effect as decreased stretch amplitude due to series elasticity discussed earlier (section 3.2 in
main text). In particular, in the model the delayed increase in force in the force transient response
(phase III), arises from strongly-bound cross-bridges detaching more slowly post-stretch, due to
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Figure S14: Non-linear elasticity of myosin does not explain the discrepancy between model and data. A)
Force-velocity relationship for linear (dashed line) and non-linear (solid lines) cross-bridge elasticity. Inset:
unloaded shortening velocity vpax, as a function of non-linear stiffness, illustrating that vy, increases and
then decreases as the non-linear stiffness of myosin becomes more significant. B) Combinations of unloaded
ADP release rate and the force-dependent parameter for linear (solid circles) and non-linear (open colored
circles) cross-bridge elasticity. Inset: Force as a function of displacement for linear (dashed line) and non-
linear (solid lines) cross-bridge elasticity with varying degrees of non-linearity.

the force-dependence of ADP release. The effective reduction in power-stroke size decreases the
force each myosin molecule exerts and, therefore, to maintain the phase III response for non-linear
elastic cross-bridges, the force dependence of ADP release must increase. We therefore conclude
that non-linear myosin elasticity is unlikely to explain the difference we observe between our model
and measurements.

7.2 Force-Dependent Detachment of Weakly-Bound Cross-bridges

In our original four- and five-state models, we assume that the only force-dependent rate constant is
the ADP release rate. We make this assumption because the force-dependence in this transition has
been directly observed and characterized (e.g. [2, 3]). However, measurements with an ultra-fast
optical trap suggest additional force-dependence in the transition from a weakly-bound state to an
unbound state (i.e. state 1 to state 5 in Fig. S1) [30]. To understand whether this force-dependence
could explain the discrepancy between model and measurement, we explored its effect on the model.

We can gain an intuition for the effect of force-dependent detachment of weakly-bound cross-
bridges by looking at a simplification of the five-state model. If weak binding is fast compared to
the other state transitions, then the original five-state model (without force-dependent detachment
of weakly bound cross-bridges) reduces to the four-state model with an additional viscous drag from
the weakly-bound cross-bridges (Fig. S15a, see section 2). If weakly-bound cross-bridges detach
more rapidly with increasing force [30], then the weakly-bound cross-bridges display shear-thinning
behavior [13]. That is, the viscous drag constant decreases as shortening rate increases, leading to
less drag force at higher shortening velocities (Fig. S15b).
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Figure S15: Force-dependent detachment of weakly-bound cross-bridges does not explain the discrepancy
between model and data. A) Force-velocity measurements fit with the four-state model plus viscous drag.
The force from weakly-bound cross-bridges is linear with velocity (dashed line). B) Force-velocity mea-
surements fit with four-state model with force-dependent detachment from the weakly-bound state. The
force from weakly-bound cross-bridges is decreased at higher shortening velocities (dash-dotted gray line),
providing a poor fit to the measurements (red line). The model can fit the measurements with this non-linear
drag (green line), but requires a smaller force-dependence and a smaller unloaded ADP release rate.

Rather than decreasing the disparity between the model parameters that generate good fits to
our force-velocity and force transient measurements, such shear-thinning behavior has the opposite
effect. Specifically, shear-thinning drag increases the slope of the best-fit parameters for the force-
velocity data, shifting them further from the best-fit parameters for the force transient data (Figs.
3B and 4B in main text). This is because, as discussed in our model fits to Hill’s measurements
(Section 2.1), weakly-bound cross-bridges decrease the curvature of the force-velocity relationship.
Thus, as we increase the amount of weak binding, we can generate good fits to force-velocity data
with an increasing amount of force dependence (Fig. 2C in main text). Shear-thinning drag, how-
ever, is less effective in decreasing the curvature of the force-velocity curve, since the decrease in
force at higher shortening velocities introduces additional curvature (Fig. S15b). Thus, fitting our
force-velocity measurements with a model that includes force-dependent detachment requires less
force dependence and a smaller unloaded ADP release rate, which ultimately shifts the best-fit
parameters up and left, further away from the best-fit parameters for our force-transient measure-
ments (Figs. 3B and 4B in main text). We therefore conclude that force-dependent detachment of
weakly-bound cross-bridges is unlikely to explain the difference we observe between our model and
measurements.

7.3 Thin-Filament Activation

Our cross-bridge models assume that one myosin’s rate of strong binding (the transition from
state 1 to state 2 in Fig. S1) does not depend on whether neighboring myosin are bound. This
assumption would be violated if thin-filament activation contributes to the force transient response
(e.g. [31]). This mechanism is thought to occur in cardiac muscle [32, 33]. Once a myosin molecule
binds strongly to actin, it locally deforms the tropomyosin filament and facilitates the binding of
nearby myosin (e.g. [34, 35, 36]). The longer myosin is strongly bound to actin, the greater this
effect, so that under conditions of low ATP (which extends myosin’s strong binding lifetime), thin
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filaments can be activated at low calcium [37, 38]. If, as predicted by the model, phase III of the
force transient response arises from strongly bound myosin whose attachment lifetime is prolonged
due to the stretch imposed on the muscle fiber, this activation effect would amplify the response
and increase phase III. In other words, if thin-filament activation contributed to phase III, then
the model may be able to fit the data with a smaller force-dependence, which would then be more
consistent with the force-dependence needed to fit our force-velocity measurements. It is therefore
possible that the lack of this effect in the models is responsible for their inability to simultaneously
fit our force-velocity and force transient measurements.

To test this idea, we implemented our five-state cross-bridge model with a previously developed
model that includes thin-filament activation through local coupling of myosin molecules [34]. This
model includes one key parameter, €, that describes the rate at which a single myosin molecule
binds divided by the rate at which it binds in the absence of regulation. By tuning this parameter,
we can effectively change the amount of local coupling between neighboring myosin molecules.
Intuitively, we expected that increasing the amount of thin-filament activation (i.e. decreasing ¢)
should increase the magnitude of phase III.

Unlike the differential equation simulations presented thus far, we now use a Monte Carlo simulation
to implement both the activation model and our five-state cross-bridge model. In particular, we
use a modified Gillespie algorithm to iterate the system throughout time, keeping track of the force
produced by the myosin molecules as a function of time. We use the parameters from our five-state
model best-fit to the force transient assuming the presence of an unexplained force (as in Fig. 4A of
the main text), and adjust the force result to account for the non-cross-bridge force. We find that,
even with an unreasonable amount of myosin coupling (¢ = 0.1), the model gives nearly the same
result with and without thin-filament activation (Fig. S16). Thus, we conclude that thin-filament
activation does not play a large enough role in the force transient response to solve the disparity
between fitting our two measurements.
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Figure S16: Thin-filament activation does not have a significant effect on force transient results. Simulating
the five-state cross-bridge model including thin-filament activation using a modified Gillespie algorithm (red
line) gives nearly the same results as the five-state cross-bridge model without activation (blue line).
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8 Model with Force-Dependent Detachment of Weakly-Bound Cross-
Bridges and Series Elastic Element

To compare this model to our force transient measurements, we must numerically solve the full
PDE system (Eq. 1), modified to include force-dependent unbinding from the weakly bound state,
of the form

k,; — k;erwb‘ﬂ/d

where E,, is a non-dimensional constant that determines the force-dependence of this state. The
non-dimensional parameter F,,, is comparable to the non-dimensional parameter E, which deter-
mines the force-dependence of ADP release. However, the sign of the x dependence for this rate
constant is different from the equivalent expression for kp, since a resisting force slows, and an as-
sisting load accelerates ADP release, while a resisting or assisting load accelerates the detachment
of weakly bound cross-bridges.

The velocity, v(t), in Eq. 1 represents the velocity of actin relative to myosin. We model the series
elastic element as being in series with actin. Therefore, we keep track of actin’s position, Zqctin by
solving the following equation

t
$actin(t) = xactin(o) +/ U(T)dT
0

Then, the series elastic element applies a force Fsgp = ksp(S + Lo — Tactin), where S is the
stretch applied to the system, and Lg is the initial length of the series elastic element (such that
rkspLo = Fiso). Since the spring is in series with the cross-bridges, we require that Fgp = F', where
F is the force from the cross-bridges as defined by Eq. 2.

We numerically solve these equations as described in section 1.4.1 (i.e., we use the method of
characteristics, and our own RK4 solver), but we must do an additional root find to find the
v(t) at each time step that satisfies the equation Fsp = F. We start from the initial condition
described in that section, though the calculation of isometric steady state is adjusted to reflect the
force-dependence of k.

To make the simulations more robust, we cutoff the value of k, at 100,000 s~!. That is, at = values
where k,, () > 100,000, we set k,, (x) = 100,000. Without this, the equations become stiff and the
numerical solution unreliable. With this cutoff, the simulations were faster and more reliable. We
ensured that this cutoff did not affect our simulations by doubling the cutoff (to 200,000 s~!), and
ensuring that our results did not change.

We used a wide grid in z, from —20 to 20 nm, with 20,000 evenly spaced points. We simulated the
model for 0.01 s, with 800 evenly spaced points. Increasing the number of points or the width of
the grid did not affect our results. Increasing the time of the simulations has only a minor affect
on our results and increases computational expense.

To compare this model to our force-velocity measurements, we follow the procedure described in
section 1.3.1, modified to account for the force-dependence of k. The spring in series with actin
does not affect these steady-state measurements.
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8.1 The fits to the data

The unknown parameters in the model are the unloaded ADP release rate (k%), the unloaded
weak-binding detachment rate (k,), the weak-binding attachment rate (k) the stiffness of the
series elastic element (ks ), the force-dependence of the detachment rate from the weakly-bound
state (Fyp), and the force dependence of the detachment rate from the strongly-bound state (F).
We performed fits to the data by minimizing the mean squared error to our force transient (F;) and
force-velocity (Ey) measurements. The objective function that we minimized was E; + 10Ef. We
weighted the error from the force-velocity measurements by a factor of 10, because in preliminary
simulations where we only fit the force transient or the force-velocity measurements, the mean
squared error of the best-fit to the force-velocity measurements was about 10 fold less than the
mean squared error of the best-fit to the force transient measurements.

We fixed the parameters E,, and E, which determine the force-dependence of unbinding from
the weakly- and strongly-bound states, respectively. We then used Matlab’s fminsearch function
to determine the values of the other four parameters (k:%, koos ki s Kser) that optimized the fit to
the data. We fixed E,; and E at a several difference values (see Fig. 5D of the main text). We
did not include A and F in the optimization because the reaction rates depend exponentially on
these values. Therefore, if these values are not constrained, the equations can become stiff and the
numerical solutions unreliable.

The optimization converged at each E, E,; pair we considered. We ensured that it converged by
starting each optimization from a random seed, and ensuring that each optimum discovered by the
optimization was reached from at least two of these random seeds. The best-fit parameters, for
Eup =20 and E = 0.5, were k% = 1375571, k_, = 505.9s71, k) — 143.3s7! and rgp = 0.000732.
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