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Myosin Il is a biomolecular machine that is responsible for mus-
cle contraction. Myosin Il motors act cooperatively: during muscle
contraction, multiple motors bind to a single actin filament and
pull it against an external load, like people pulling on a rope in
a tug-of-war. We model the dynamics of actomyosin filaments in
order to study the evolution of motor-motor cooperativity. We
find that filament backsliding—the distance an actin slides back-
ward when a motor at the end of its cycle releases—is central to
the speed and efficiency of muscle contraction. Our model pre-
dicts that this backsliding has been reduced through evolutionary
adaptations to the motor’s binding propensity, the strength of the
motor's power stroke, and the force dependence of the motor’s
release from actin. These properties optimize the collective action
of myosin Il motors, which is not a simple sum of individual motor
actions. The model also shows that these evolutionary variables
can explain the speed-efficiency trade-off observed across dif-
ferent muscle tissues. This is an example of how evolution can
tune the microscopic properties of individual proteins in order to
optimize complex biological functions.

muscle | myosin | evolution | mechanobiology

Biomolecular machines are protein complexes that gener-
ate force, transport cargos, maintain ion gradients, and
perform other functions throughout biology. Like macroscopic
machines, biomolecular machines can be characterized by per-
formance metrics like speed, efficiency, and power output. For
many biomachines, evolution has optimized properties like speed
and efficiency by tinkering with the machine’s structure, bind-
ing affinities, or rates of internal transitions (1-4). Much work
has gone into understanding these optimal mechanisms and
the thermodynamic principles underlying them (1, 2, 5-9). The
evolutionary trade-off between speed and efficiency for various
molecular machines has also been studied (3).

Most of these prior works focus on how molecular motors are
optimized as individual machines. Here, instead, we focus on
how molecular motors are optimized to function collectively. To
generate a muscle contraction, multiple myosin II motors must
work together to pull an actin filament. It is not enough that the
individual motors be fast and efficient; they must also coordinate
their actions. Here, we study how evolution has optimized this
coordination among myosin II motors.

We begin from the important experimental observation that
myosin II transitions are force dependent (10). For example,
Fig. 1 shows that the higher the load on a muscle fiber, the
more myosin II motors are bound to actin (11). Like people
pulling a rope in a tug-of-war, the more bound motors there
are, the less force each motor must exert. The amount of force
felt by an individual motor will depend on the forces exerted
by all other motors. This gives rise to a force-mediated motor—
motor cooperativity that affects not only the number of motors
bound but also the order in which each motor performs its
transitions.

It is reasonable to assume that this force-mediated cooperativ-
ity is optimizable through evolution. Then, what physicochemical
properties of a motor can be altered to control this cooperativ-
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ity, and what impact do these changes have on muscle speed and
efficiency? We find that a key property of muscle contraction is
how much an actin filament slides backward when a motor at the
end of its cycle releases. The extent of this backsliding depends
on how well the motors are coordinated. We identify different
degrees of freedom of myosin II that appear to have evolved to
minimize this backsliding. This also leads to an explanation of
why fast, inefficient muscles have myosin II isoforms with a small
force sensitivity, while slow, efficient muscles have isoforms with
a high force sensitivity.

Myosin Il Motors Must Work Cooperatively in Muscle
Contraction

A half sarcomere, the basic unit of muscle tissue, consists of over-
lapping sets of thick (myosin) and thin (actin) filaments. During
muscle contraction, multiple myosin II motors bind and perform
work on an actin filament to drive the relative sliding of these two
filaments past one another (12-15). Fig. 2 shows the chemome-
chanical cycle of an individual myosin II. The motor undergoes
cycles of ATP hydrolysis in which it binds actin, pulls actin against
the external load, and unbinds. Experiments show that myosin IT
is linearly elastic across its in situ function (16, 17), and therefore,
the force exerted by a bound motor i is

where y; is the strain and Ay the elasticity of myosin II.
Fig. 3 shows multiple motors working together in a half fil-
ament. When there are N motors bound to actin, the forces
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Fig. 1. Actomyosin needs more myosin Il motors when there is a greater
external load. As the load on the actin filament increases, the number of
motors bound to actin (N) increases. Data from Piazzesi et al. (11) for a half
filament with 294 total myosin Il motors and isometric tension Fo = 480 pN.

exerted by these motors must balance the external load F' on the

filament:
N
D fi=F. 21
i=1

When F is large, more motors are needed to counterbalance it,
as demonstrated in the experimental measurements of Fig. 1.

Forces and strains vary across the bound motors. A motor ini-
tially binds in a pre-power stroke state that is weakly bound and
does not generate force (18). When the motor releases phos-
phate and performs the power stroke, the lever arm swings a
distance d =8 nm (19), which is constant with respect to force.
This stroke increases the force exerted by and the strain on the
motor (Fig. 3, A — B). During the stroke, the actin filament is
pulled to the left a distance Azgep = d/ N, where z is the position
of the actin filament. Because the actin filament has moved, the
strain on the other post-power stroke motors is relieved by the
same amount, d/N. Therefore, motors in the post-power stroke
state have a range of strain values (Fig. 3). A motor just after its
power stroke will have a large strain but will become increasingly
unstretched as other motors perform their strokes and the actin
filament slides to the left.

When a post-power stroke motor unbinds from the actin
filament, the actin filament will slip backward a distance propor-
tional to that motor’s strain Azyi, =y; /(N — 1) until the N —1
remaining motors “catch” the actin filament (Fig. 3, B — C).
When a person exits a tug-of-war, the rope will slip toward the
other team. The net productive motion or stroke size achieved
by a motor is Amner = AZstep — Ailip.

To reduce filament backsliding, it is better if the post-power
stroke motors release in a particular order, so that those that
have been bound longest—which have the smallest strain and slip
distance Axyp—release first. To do this, myosin II motors must
act cooperatively, which they accomplish through force-sensitive
states and transitions. Eq. 2 shows that the force felt by an indi-
vidual motor depends on the external load F' and on the forces
exerted by all other motors. Therefore, force sensitivity allows
a myosin II to coordinate its actions with the actions of other
bound motors.

Although it is not completely known which transitions of Fig.
2 are force dependent (10), experiments and models show that
ADP release from myosin becomes slower as the force or strain
becomes larger (10, 17, 20-25). This step is rate limiting, and the
subsequent ATP binding is very fast under physiological concen-
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trations. So, the force dependence of ADP release controls the
motor’s release from actin (17). We model the motor off rate
from actin as (24, 25)

wott,i =wege [3]
where wly is the rate at zero force, 8 =1/kT, and the force
dependence § > 0 expresses that a larger force leads to a slower
off rate. Because the force f; is proportional to the strain y;,
which in turn is proportional to the slip distance Auyp, it means
that those motors having the smallest strain and smallest slip
distance will have the fastest off rates.

A Model for the Speed and Efficiency of Muscle Contraction
over Evolutionary Degrees of Freedom

We construct a model of actomyosin that captures the details
given in the previous section; full details are given in SI Appendix,
section 1. We have drawn on insights gained from other acto-
myosin models (24, 26, 27), particularly those of Lombardi and
coworkers (17, 28, 29)—a more detailed model that requires
numerical simulation—and the parallel cluster model (30, 31)—
one that attains an analytical solution by assuming a separa-
tion of timescales for myosin II transitions and that all bound
motors have equivalent strain. Our model is unique in that it
contains the detail necessary to capture the average distribu-
tion of strain across bound motors while also being analytically
solvable.

We model an actomyosin filament with Nt active myosin II
motors. Each motor is in one of five possible states. Compared
with the cycle shown in Fig. 2, our model does not explicitly
include the rigor state and includes an intermediate state along
the power stroke (labelled “mid-power stroke”) (24), which
has been experimentally observed. We label the microstate of

Detached

o/

off

— Recovered
«—

kjn

Rigor Pre-powerstroke

3 3 A

Fig. 2. The myosin Il chemomechanical cycle. The myosin thick filament and
individual motors are shown in blue; the actin thin filament is shown in
orange. Also shown are ATP (T), ADP (D), and inorganic phosphate, P; (P).
Starting from the unbound, recovered state (Upper Right), myosin Il (with
ADP and P;) binds actin in a pre-power stroke state. Myosin Il then releases
P; and performs its power stroke, in which the lever arm rotates to pull
the actin filament left against an external load. Myosin Il releases ADP to
complete the final part of its stroke and to transition to the rigor state.
Upon binding ATP, myosin Il releases the actin filament. The motor performs
its recovery stroke along with ATP hydrolysis. The rate-limiting step of this
cycle is ADP release, which is sensitive to the force felt by the myosin Il motor.

Post-powerstroke
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the system as n = (Npreps; MmidPS, MpostPS; Ndet; Trec ), Where n is the
number of motors in the state given in the subscript.

A key feature of the model is that it captures the average dis-
tribution of strain values across bound motors. Each microstate
n has a unique set of strain values that we calculate assum-
ing that the strain on a pair of consecutive motors differs by a
constant Ay(n), as if the motors had bound at regular time inter-
vals. For motor i, y; (n, F)=14iAy (n, F)+ d;, where d; =0, d/2,
and d for a motor in the pre-power stroke, mid-power stroke,
and post-power stroke states, respectively. Cutting the stroke in
half is a simplification; the second component is slightly smaller
in reality (24).

We use Eq. 2 to solve for the strain y; and because it is
proportional to strain, for the slip distance of each motor:

. i(n, F
Axslip (’Ly n, F): % [4]
_ 1 L d
- (N — 1)0’1\/ km TimidPS 2 TMpostPS
L
N-1’

where oy = N(N + 1)/2, and i € [npre.ps + Nmig-ps + 1, N] is the
index of the post-power stroke motor. In the following results,
this expression is used to lend insight into how A, depends on
variables like the motor index 4, the number of bound motors IV,
etc.

Our expressions for strain and slip distance assume that, in
between motor transitions, the actin filament is in a position
given by the balance of forces (Eq. 2). This neglects fluctuations
in the actin filament position due to thermal noise. This and our
approximation that the strain values differ by a constant Ay will
lead to an error of ~ Ay in the strain of any particular motor. We
do not expect this to impact our results, which depend primarily
on the full range of strain values across all bound motors. The
full range is one to two orders of magnitude larger than Ay and
is accurately captured. SI Appendix, section 1.D has details of the
strain model.

This elastic strain model enables an analytical solution
that we can rapidly solve over a large number of possible

Power stroke:
motor pulls actin

D D, D

—

Actin slips backward

Fig. 3. The mechanism of actin filament sliding in which a motor in the
pre-power stroke state (green) releases phosphate and performs its power
stroke (A — B), pulling actin to the left and relieving the strain on all other
post-power stroke motors (blue). When a post-power stroke motor releases
(B — C), the actin filament slides backward a distance proportional to that
motor’s strain. If the green motor releases first, the slip distance will be
large. If the leftmost motor releases first, the slip distance will be small.
D, ADP; P, P;; T, ATP.
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Fig. 4. The efficiency of skeletal muscle contraction as a function of the
average number of bound motors (N) at different values of external load F.
The red dots are the experimentally observed values of (N) shown in Fig. 1.

microstates n. For example, limiting our calculations to N < 150
bound motors (a safe assumption under the conditions studied
here), there are 585,275 unique combinations of bound motors
(Mpreps; Mmidps, Mposips ). TO calculate steady-state properties, we
solve for the microstate distribution P(n|F) (SI Appendix, sec-
tion 1.B). The distribution depends on the external load F', which
is experimentally controllable. We can then calculate the average
number of bound motors as

(N)=>_ P(@0|F)Néyn, [5]

where we have defined the Kronecker delta n n to equal one
when N = npreps + Mimiaps + Mpostps and zero otherwise.

A motor that completes one cycle of ATP hydrolysis pulls the
actin filament a net distance of Aznet = Agep — Ayiip, Where
Auzgep = d/N. The velocity of the actin filament is

V(F)=>"J(n, F)Ate (n, F), [6]

where J(n, F) is the flux of and Ay (n, F') the net stroke size
of post-power stroke motors releasing from microstate n. As we
describe in SI Appendix, section 1.C, Azyet (n, F)in Eq. 6 is an
average both over motor indices ¢ within microstate n for the
slip distance and over all possible values of Azyep =d/N since
the post-power stroke motors in microstate n may have per-
formed their power strokes with N motors bound, N — 1 motors
bound, etc.
Over the entire system, the average net stroke size is

2 on (0, F)Agney (n, F)

A =
it NI 7
and the thermodynamic efficiency of the half filament is
F (Aer)
Fy=—"™27/, 8
1= "R e 181

where the numerator F'Az is the average work done on the actin
filament for one full motor cycle and the denominator Agpatp > 0
is the free energy gained from hydrolyzing one molecule of ATP.

We parameterize this model from data of Piazzesi et al. (11)
for 1) the average number of bound motors (N) (Fig. 1), 2) the
sliding velocity, and 3) the average net stroke distance (N Azye),
all as functions of external load (SI Appendix, section 1.G). In the
following sections, we use this model to study the speed and effi-
ciency of muscle contraction over different evolutionary degrees
of freedom.
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Myosin Il Motors Have Evolved to Coordinate Their Actions
in Order to Optimize Muscle Contraction

Evolution Tunes the Number of Bound Motors to Maximize Efficiency.
How does muscle performance depend on the number of bound
motors? We vary the on rate of the myosin II model, which alters
(N) while leaving all other myosin II properties unchanged (S/
Appendix, section 2 has details).

Fig. 4 shows the model prediction for how muscle efficiency
depends on the number of bound motors at different values of
external load. We show this in the form of a fitness landscape.
The red points show the experimental data of Fig. 1. Because
the data coincide with the peak ridge of the model’s efficiency
landscape, it implies that (V) has evolved to optimize efficiency.

Here is the physical interpretation of this optimization. First, if
too many motors are bound to the track (N > (N),,), the system
is inefficient because more motors than necessary are performing
their chemomechanical cycles, and more ATP is being burned.
Second, if too few motors are bound (N < (N),,), then the actin
backsliding Ay, is large, as expressed by Eq. 4. There is a steep
drop to zero efficiency, which happens when (Axip) > (Atstep),
and the system loses all productive motion. The fitness with
respect to (N) is predicted to be a balance of these two forces,
which gives the optimal efficiency.

A Strong Myosin Il Power Stroke Is Crucial to Muscle Speed and Effi-
ciency. The power stroke of myosin II generates the force and
motion that leads to muscle contraction. The power stroke hap-
pens when the motor releases inorganic phosphate and under-
goes a rapid conformational change that swings the lever arm
and pulls the actin filament (15, 18). In our model, the strength
of the power stroke depends on the free energy bias from the
pre-power stroke to the post-power stroke state, gps. Because the
bound transitions of myosin II are much faster than the binding
and unbinding rates, our model assumes bound motors are in a
quasi-equilibrium between the pre-power stroke and post-power
stroke states. Thus, a stronger power stroke (more negative value
of gps) corresponds to a greater proportion of motors in the
post-power stroke state.

How does muscle performance depend on the strength, gps, of
the power stroke? Fig. 5 shows that a strong power stroke (very
negative gps) gives the greatest efficiency; SI Appendix, section
2.A has calculation details and a discussion of the optimal value
of gps. A strong power stroke also gives greater sliding velocity
and power output (S Appendix, Fig. S5).

0.3
400
= o
= 200 02
- Q
S 200 O
o 0.1 qq:
— 100 L
0.0

-10

gps (KT)

Fig.5. The efficiency (contour colors) vs. power stroke bias, gps, at different
values of external load. A large and negative gps greatly improves skeletal
muscle efficiency.
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Fig. 6. The speed-efficiency trade-off for actomyosin with respect to force
sensitivity of the motor’s release from actin § at F = 240 pN. This is a paramet-
ric curve: § is the independent variable; both the velocity and efficiency are
dependent variables. With a small force sensitivity §, more motors are able
to release, increasing the speed of the system. However, the net productive
motion (Axnet) per ATP is small, so the efficiency is low. With a high force
sensitivity, only a few motors—those that have been bound longest—can
release. This decreases velocity but increases (Axnet) and the efficiency.

The explanation for these trends is that a strong power stroke
minimizes the actin slip distance Awgp. When N motors are
bound, it is better to have as many of those motors in the post-
power stroke state as possible. A motor in the post-power stroke
state generates the most force, and a greater number will better
share the load. Each individual motor thus has a smaller strain
and gives a smaller slip distance (Eq. 4 and S Appendix, Fig. S6).
This leads to higher efficiency, velocity, and power output. In S/
Appendix, section 2.A, we describe that these results give insight
into why fatigued muscle has lower efficiency and are important in
abroader context for understanding the power stroke mechanism
in other molecular machines, not just myosin II.

A Force-Sensitive Off Rate Increases Efficiency at the Expense of
Sliding Velocity. Another evolutionary variable that can affect
muscle performance is the force sensitivity of the rate at which
myosin II releases from actin (Eq. 3). To study this, we varied
the parameter ¢ while simultaneously controlling the on and off
rates to ensure that the average number of motors (V) stays con-
stant. This allows us to study the role of force sensitivity without
conflating any effect from changing (N) (SI Appendix, section 2
has details).

Fig. 6 shows the prediction that a larger force sensitivity leads
to more efficient muscle contraction. This is because a strong
force sensitivity prevents those motors with the greatest strain—
and therefore, the greatest actin slip—from releasing. With a
strong force sensitivity (large d), the farthest right (green) motor
in Fig. 3 has a large Axy;p but a slow off rate, while the far-
thest left motor has a small Axy;, and fast off rate. ST Appendir,
Fig. S4 illustrates how the slip distance Ay, varies across bound
motors.

However, greater efficiency comes at the expense of velocity
because the system has to wait around for the correct motor
to release. Alternatively, if force sensitivity were small, motors
would release quickly and independently. Consider again the
green motor in Fig. 3. If this motor has a fast off rate, it will
increase the velocity of the system, as long as the net stroke size
Ay 1s positive, even if it is very small. This motor’s release will
decrease efficiency, of course, since it lowers the average work
(F (Axner)) per ATP hydrolyzed (Eq. 8).

Differences in Speed and Efficiency across Muscle Tissues
Can Be Explained by a Few Evolutionary Variables

In nature, there are different myosin II isoforms, ranging from
those in slow, efficient skeletal muscle to those in fast, less
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efficient skeletal muscle (32-35). The origin of these differences
is not fully understood. Our model and the above results give
an explanation based on evolutionary control of the strength of
the power stroke and the magnitude of the force sensitivity of
myosin II.

To explain, we start from the experimental observation that,
across different isoforms, the maximum sliding velocity is pro-
portional to the dissociation constant of ADP Kap (32-34, 36).
ADP release is force sensitive, and it is the rate-limiting step of
the myosin II cycle (Eq. 3 and Fig. 2). In addition, slow, efficient
isoforms are known to have a high force sensitivity ¢, while fast,
inefficient isoforms have low force sensitivity (35, 36).

For our model, we assume that differences to the ADP binding
affinity are not a direct cause of changes to speed and efficiency
but are a result of changes to gps or §. A more efficient system will
have a higher binding affinity (smaller Kap) either because the
free energy well of the power stroke gps is deeper, as described by
Purcell et al. (33), or because it is required by a higher force sen-
sitivity 0. Therefore, we treat gps and ¢ as evolutionary variables.
Varying these two quantities in our model captures the differ-
ences in speed and efficiency observed across different muscle
tissues (Fig. 7). The model also makes two predictions.

First, the model predicts that there are two properties of
actoymyosin that control the speed-efficiency trade-off: More
efficient muscle should have filaments with a smaller number
of bound motors (N) and with a smaller average slip distance
(Axgip). Recall that the efficiency, Eq. 8, is proportional to the
average productive motion of a cycle:

_ F{Azer)
Apatp

sta((f)e)

where Azgep =d/N. Eq. 9 shows that efficiency is higher when
there are fewer bound motors (<%> is larger) and when the slip
distance Axy;p is smaller.

Second, the model predicts how evolutionary variables of
myosin II—the strength of the power stroke gps and the force
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sensitivity —control these changes in (V) and (Agp). In par-
ticular, in order to use a smaller number of bound motors (N),
myosin II needs to have a stronger power stroke gps. At constant
load F, a system with 5 post-power stroke motors has a greater
elastic energy than a system with 10 post-power stroke motors.
This greater elastic energy can be overcome with a stronger
power stroke.

However, all else being equal, a smaller (V) will lead to
greater actin backsliding Auwyp, as shown in Eq. 4 and Fig. 1.
To compensate and reduce (Azy;p), the more efficient systems
have a stronger force sensitivity ¢, which ensures that only those
motors with small Az, release. We also find that, in order to
reproduce the data in Fig. 7, our model must assume that more
efficient systems have a tighter myosin II stiffness kn, which
further reduces the strain and the slip distance (Eq. 4).

It is beyond the scope of the model and the available exper-
imental data to give quantitative predictions for gps, J, and km
over different isoforms. Our goal is to predict general trends. We
compute these trends with two free parameters for changes to §
and kn across isoforms. Changes to gps are calculated with no
parameters by assuming the free energy well at the end of the
power stroke matches the changes measured by Kap (33). This
constraint leads to a trend line in Fig. 74 that rises more steeply
than the experimental data. Relaxing this constraint and adding
a free parameter for changes in gps would likely give a better
fit to the data; we decide against this to avoid overfitting. Also,
our model captures the correct trend in Fig. 7B, but our effi-
ciency values need to be scaled by a constant factor 1.55 to match
the experimental efficiencies. This is because our model predicts
slightly smaller values of work on the actin filament and because
the experimental values, which are estimated rather than directly
measured, assume a different value of Auarp than we use here.
SI Appendix, section 2.B has specific details of these calculations
and trends across the data in Fig. 7.

Conclusions

We have used a dynamical model to understand how myosin
II motors coordinate their actions in muscle contraction.
A key aspect of actomyosin performance is the distance a
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Fig. 7. The speed-efficiency trade-off across muscle tissues. The trend lines show the speed and efficiency of our actomyosin model under evolutionary
changes to the strength of the power stroke gps, the force sensitivity §, and the myosin Il elasticity km, as described in the text. We take Kap to be the
independent variable since it is experimentally measurable for different myosin Il isoforms. Over the displayed range Kap € [94, 564] umol, we vary gps
logarithmically from —15.7 to —13.9 kT, ki linearly from 1.7 to 0.7 pN/nm, and § linearly from 1.5 to 0.5 nm (S/ Appendix, section 2.B). (A) Our model fit to
data from Nyitrai et al. (32) for unloaded shortening velocity vs. Kap for myosin isoforms from different species. (B) Our model fit to data taken from Purcell
et al. (33) for unloaded shortening velocity vs. efficiency for skeletal muscle tissues (blue): tortoise (rectus femoris), chicken (anterior latissimus dorsi) (ALD),
frog (sartorius), chicken (posterior latissimus dorsi) (PLD), mouse (soleus), (Drosophila) adult indirect flight muscle (IFM), and mouse (extensor digitorum
muscle) (EDM). Also shown in green, for reference, are data from nonmuscle myosin V and myosin XI.
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filament slides backward when a motor releases. This back-
sliding distance is not a property of an individual motor but
of the multimotor system as a whole. Our modeling suggests
that evolution has reduced backsliding by optimizing the num-
ber of bound motors, the strength of the power stroke, and
the force sensitivity of myosin II release. The model explains
the speed-efficiency trade-off that is observed across differ-
ent muscle tissues. These results help explain how evolution
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