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Abstract In muscles, the arrays of skeletal myosin mole-
cules interact with actin filaments and continuously generate
force at various contraction speeds. Therefore, it is crucial
for myosin molecules to generate force collectively and
minimize the interference between individual myosin mol-
ecules. Knowledge of the elasticity of myosin molecules
is crucial for understanding the molecular mechanisms of
muscle contractions because elasticity directly affects the
working and drag (resistance) force generation when myo-
sin molecules are positively or negatively strained. The
working stroke distance is also an important mechanical
property necessary for elucidation of the thermodynamic
efficiency of muscle contractions at the molecular level.
In this review, we focus on these mechanical properties
obtained from single-fiber and single-molecule studies and
discuss recent findings associated with these mechanical
properties. We also discuss the potential molecular mecha-
nisms associated with reduction of the drag effect caused
by negatively strained myosin molecules.
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Introduction

Muscle contraction is driven by the cyclical interaction of

myosin molecules with actin filaments and is associated
with the hydrolysis of ATP molecules. The current view of
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the muscle force generation mechanism is that myosin mol-
ecules bind to actin filaments along with the products of
ATP hydrolysis (phosphate and/or ADP), which is followed
by conformational changes (working stroke) of the myo-
sin head to produce a sliding movement of actin filaments
past myosin filaments [1, 2]. At this point, the distortion
of the myosin head stores elastic energy that is a source of
mechanical work for use against the external environment.
Thus, this elastic distortion of the myosin molecule is char-
acterized as stiffness (inverse of compliance) and has been
modeled as an essential mechanical element for the force
generation driven by cross-bridges during muscle con-
tractions. In this model, the force was simply determined
by multiplying the constant stiffness by the strain in each
myosin molecule [3]. At the maximum shortening veloc-
ity with zero net force output, the myosin molecules must
achieve mechanical equilibrium, in which the negatively
strained myosin molecules generate the net drag (negative)
forces that are equal in magnitude but in the opposite direc-
tion of the net working (positive) forces generated by the
positively strained myosin molecules [3]. When force out-
put is required at slower shortening speeds, the detachment
rate of myosin must increase in the negative strain direction
while the attachment rate of myosin increases in the posi-
tive strain direction. In principle, the amount of working
and drag forces at a given amount of strain depends on the
elasticity of the myosin molecules. Thus, the attachment
and detachment rates must be modulated if the elasticity
changes at different strain sizes. This adjustment implies
the importance of determining the elasticity of myosin mol-
ecules to clarify not only the magnitude of force but also
the rate of the force generation and the fraction of the myo-
sin molecules attached to the actin filament [4-6].

Another important mechanical property of muscle myo-
sin is the size of the working stroke, defined as the limit of
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the displacement generated by the conformational changes
of the myosin head. This value is important for understand-
ing the energetics of muscle contraction. The mechanical
work performed by a single-myosin single-myosin mole-
cule, which is the integral of force over the sliding distance
elucidates the mechanical efficiency of muscle, which
ranges from 30 to 70 % of the chemical energy input (i.e.,
free energy of ATP hydrolysis) [7]. Thus, it is intriguing
to investigate whether the mechanical efficiency of single-
myosin molecules is sufficient to ensure the efficiency of
the entire muscle system. In addition, some enhancement
mechanism may exist in the myosin motor ensembles and/
or other muscle structures.

In this review, we focus primarily on two essential
mechanical properties of muscle myosin: the stiffness and
the working stroke size. These properties were investi-
gated primarily using single-fiber experiments until opti-
cal tweezers and glass needles were introduced to measure
the forces and displacements produced by single motors in
the 1990s [8—10]. Now, these mechanical properties, meas-
ured with single-fiber and single-molecule approaches,
are used to gain further insight into the molecular mecha-
nisms of muscle contractions. Thus, the discussion includes
the recent findings regarding these parameters obtained
from both experimental approaches. The discrepancies in
the values obtained within or between these approaches
are discussed, and the data most pertinent to understand-
ing the molecular mechanics of muscle contractions will
be described. We also compare the elasticity of myosin
between positive and negative strain sides and propose a
potential molecular design of single-myosin molecules that
ensures effective force generation and avoids drag force
generation. Finally, we explore the interpretations of how
these molecular properties are utilized in the muscle perfor-
mance observed in physiological muscle activities.

Elasticity of skeletal myosin as determined from
single-fiber studies

The elastic properties of myosin were experimentally quan-
tified for the first time by Huxley and Simmons [11], who
characterized the quick release of sarcomere length during
isometric contractions. Their results indicated a substan-
tial amount of sarcomere compliance (approximately 8 nm
per half-sarcomere) and resulted in a cross-bridge stift-
ness of 0.25 pN/nm being added to the formation of the
1971 cross-bridge model [11]. Their subsequent studies
[12], which were performed with a greater speed of length
change, led to the interpretation that the cross-bridges were
strained by 4 nm on average in isometric contractions by
assuming that the majority (approximately 90 %) of the
half-sarcomere compliance resided in the cross-bridges.
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Thus, myofilaments and other sarcomere structures were
modeled as rigid segments [13].

However, the existence of myofilament compliance was
identified in in vitro experiments with single actin fila-
ments using a glass needle [14]. Moreover, the actin and/
or myosin filament compliances in muscle fibers were
examined using X-ray diffraction techniques [15, 16] and
mechanical measurements [17]. For example, in a quick
length release experiment, the elongations of actin and the
myosin filament were approximately 3 and 2.1 nm, respec-
tively [16], contributing to an instantaneous half-sarcomere
compliance of approximately 6 nm [12]. Thus, in general,
the contributions of the actin and myosin filament compli-
ance to the half-sarcomere compliance are approximately
40 and 20-30 %, respectively [16-21], implying that the
contribution of the cross-bridge compliance is 30—40 % of
the half-sarcomere compliance, in contrast to the originally
assigned value of approximately 90 % [13]. Since then, the
myofilament compliance has been considered a significant
component of the half-sarcomere compliance, resulting in
cross-bridge stiffness values on the order of 1-3 pN/nm [5,
6, 22] (e.g., 1.2 pN/nm in the rabbit psoas muscle accord-
ing to [5], 3.1 pN/nm in the Rana esculenta tibialis anterior
muscle according to [22], and 3.3 pN/nm in the Rana tem-
poraria tibialis anterior muscle according to [6]). All these
values are much higher than the originally estimated value
of 0.25 pN/nm [11]. It has been suggested that the variation
in stiffness values between different species and muscles
may be subtle if the similarity of the working stroke size
is considered [23]. Nevertheless, one may still argue that
the higher stiffness observed in frog muscles (i.e., Rana
temporaria or Rana esculenta) using an intact fiber prepa-
ration compared with the lower stiffness values observed
in rabbit muscles using a skinned fiber preparation, which
may result in occasional fiber disruptions and the loss of
proteins, could be attributable to the preparation method
employed. In addition, the variation in the stiffness value
may arise from potential errors in the stiffness calculations,
as discussed in the following paragraphs. In any case, the
contribution of the myofilament compliance is a prereq-
uisite for the calculation of the myosin stiffness obtained
from single-fiber preparations.

As noted by Offer and Ranatunga [23], the calculation
of the cross-bridge stiffness based on the measurement of
the half-sarcomere compliance in single-fibers may have
sizable errors due to the accumulation of errors arising
from the compliance measurements and the subsequent
series of calculations. To calculate the myosin stiffness,
the average myosin strain is first derived by subtracting the
myofilament (actin + myosin filament) compliance from
the half-sarcomere compliance. Then, the total isometric
tension (e.g., 230 kPa for a half-sarcomere) is divided by
the product of the average myosin strain and the number
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of myosin heads attached to yield the stiffness of a single-
myosin head. In this series of calculations, there are several
potential sources of error. First, the actin and myosin fila-
ment compliances obtained from the X-ray reflection have
appreciable errors, as discussed in detail elsewhere [23].
The myofilament compliances can also be calculated by
estimating the slope of the linear fit to the half-sarcomere
strain-tension curves, the linear fit of which deviates from
the experimental results in the lower tension range due to
the curvature of this relationship [6, 24]. Thus, the fitting is
applied to the mid-higher tension range, causing variation
in the fit results depending on the selected tension range.
Moreover, the stiffness calculation is extremely sensitive
to the myofilament compliance value. For example, in a
study by Linari et al. [5], if the myofilament compliance of
21 nmMPa~! was increased by 10 %, the average stiffness
of the myosin head in rigor (1.21 pN/nm) was increased by
40 %, becoming 1.69 pN/nm. In addition, the typical stiff-
ness calculation requires the input of the number of heads
attached to the actin filaments, which is estimated by mul-
tiplying the total number of myosin heads (e.g., 300 heads
per half-sarcomere) by the fraction of heads attached. The
fraction of heads attached is typically obtained by com-
paring the fiber stiffness values between the experimental
condition and the rigor condition based on the assumption
that all heads are uniformly attached to actin filaments dur-
ing rigor and that the change in fiber stiffness is directly
proportional to that in the fraction of attached heads [13].
However, as previously described, a substantial propor-
tion of the nonlinear half-sarcomere compliance resides
in myofilaments (60-70 %) [15, 17, 24-26], implying that
changes in stiffness do not linearly scale with changes in
the fraction of heads attached. In addition, several studies
based on mechanical [24] and X-ray approaches [27, 28]
have demonstrated that the attached heads include both
the force-generating and the non-force-generating heads,
which contribute to the stiffness but not the force genera-
tion, suggesting that the muscle fiber stiffness may not be
a direct measure of the number of force-generating heads.
Thus, the nonlinear myofilament compliance complicates
the interpretation of fiber stiffness as a way to estimate
the cross-bridge stiffness, fraction of the attached myo-
sin heads, average force per myosin head, and rate of the
attachment and detachment of myosin heads because these
properties cannot be obtained in isolation and are depend-
ent on each other in a non-proportional manner [29]. The
question of whether the cross-bridge and myofilament
elasticities are linear or nonlinear needs to be addressed to
understand the fundamental mechanical properties of mus-
cle myosin molecules [23]. We recently demonstrated that
the elasticity of myosin changes nonlinearly in both the
positive and negative strain directions [30]. This nonlinear
elastic behavior of myosin could explain the variation in

stiffness of 1-3 pN/nm and the potential mechanism of the
reduction of drag force in the negative strain region, as dis-
cussed in later sections.

Despite the potential errors in the myosin stiffness val-
ues obtained from single-fiber studies, the single-fiber, or
myofibril, is the most physiologically relevant system for
elucidating the molecular mechanics of muscle contrac-
tions given that the single-fiber or myofibril preparation
conserves the lattice structure of the myofilaments, contrac-
tile protein structures (e.g., titin and nebulin), and regula-
tory proteins (e.g., troponin, tropomyosin, and myosin-
binding protein C). It has been suggested that the lattice
formation of myosin, actin filaments [31, 32], and other
proteins [33, 34] may play a crucial role in myosin force
generation. For example, titin is a molecular spring that
spans a half-sarcomere length between the Z-line and the
M-band and is responsible for most of the passive force in
muscle fibers [35, 36]. In myofibrils, elastic recoil in titin
appears to enhance the shortening velocity, which may be
advantageous with regard to the shortening onset resulting
from greater sarcomere lengths associated with an elonga-
tion of titin [33]. More recently, it was observed that active
force generated by cross-bridges induces an increase in
the passive force at the sarcomere length beyond the over-
lap between myosin and actin filaments by enhancing the
binding of titin to actin filaments [37]. These results imply
that the passive force produced by titin may alter the force
requirements and kinetics of myosin in cases of longer sar-
comere lengths. Nebulin is also known as a passive element
in the sarcomere and a large, filamentous F-actin-binding
protein that extends along the thin filament. Recent stud-
ies have consistently shown that nebulin increases thin
filament activation, resulting in an increase in the attach-
ment probability of myosin molecules to actin [38] and,
thus, an increase in the force and efficiency of contraction
[39]. These effects of passive components on myosin kinet-
ics and force generation are certainly important for under-
standing sarcomere dynamics and cannot be explored by
the isolated single-molecule setup. In addition, the exist-
ence of multiple myosin molecules bound to actin filaments
in muscle fibers leads to the elucidation of additional fea-
tures of single-myosin molecules that are technically dif-
ficult to test in the isolated single-myosin molecule setup
because the typical single-molecule experiments cannot
avoid premature detachment of single-myosin molecules
due to the low affinity of myosin, which hampers the exam-
ination of such features, except during the application of
the sophisticated feedback system using optical tweezers
[40]. For example, single-fiber studies generally suggest
that one of the two heads in a myosin molecule primarily
contributes to the force generation during isometric con-
tractions [6], and these studies have revealed additional fea-
tures of acto-myosin interactions, such as the recruitment
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of the second head attachment, which contributes to the
force enhancement during the active lengthening [41-44]
and the enhancement of the force per myosin head (i.e., a
transition of the cross-bridge from a non-stereo-specific
bound state to a stereo-specific bound state) induced dur-
ing temperature-jump experiments [22, 27, 45, 46]. Fur-
thermore, the active stretching and shortening of muscle
fibers and myofibrils after isometric contractions induces
force enhancement [47, 48] and force depression [49, 50]
compared with the results obtained under isometric tension
at the same post-stretching or post-shortening length. Thus,
these findings are extremely informative for understanding
the additional features of muscle myosin observed during
physiological muscle activities that have not been success-
fully investigated by isolated single-molecule experiments
due to difficulties in the reconstraction of acto-myosin
interactions against external perturbations.

Elasticity of skeletal myosin as determined from
single-molecule studies

In contrast to the single-fiber studies, single-molecule
experiments enable the investigator to directly measure
the force and displacement produced by a single molec-
ular motor and thus clarify many of the ambiguities that
arise from the assumptions made regarding the muscle
fiber system. In this type of measurement, the targeted
protein is typically linked via beads manipulated by opti-
cal tweezers. The beads can be manipulated by project-
ing a focused laser [8, 10] such that the forces and dis-
placements produced by these proteins can be obtained
by measuring the positions of these beads. However, the
values of myosin stiffness are substantially lower, rang-
ing from 0.2-0.6 pN (0.17 pN/nm in [51] and 0.58 pN/nm
in [52]), because these values are obtained without
accounting for the linkage compliance between the beads
and actin filaments caused by the rotations of the beads in
the trap and the filament bending near the bead-filament
attachments [53]. Thus, the contribution of the linkage
compliance to the measured compliance must be math-
ematically calculated [54, 55]. Nevertheless, the values
of stiffness appear to be lower, approximately 0.7 pN/nm
(0.65 pN/nm in [54] and 0.69 pN/nm in [55]), than the
values obtained from single-fiber studies (e.g., 1.2 pN/nm
in [5] and 3.3 pN/nm in [6]). However, recent refinements
to single-molecule measurements and analysis techniques
have yielded reductions and more accurate estimations of
the compliance of bead-protein linkages, with the result
that the values of single-myosin stiffness are much more
consistent with those obtained from single-fiber studies
[30, 40, 56, 57] (e.g., approximately 1.3 pN/nm accord-
ing to [40], approximately 1.4 pN/nm according to [56],
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approximately 2.5 pN/nm according to [57], and approxi-
mately 2.9 pN/nm according to [30]). For example, Takagi
et al. [40] added a feedback system to clamp the bead-actin
complex so that the effective stiffness of the actin was
increased and higher forces and stiffnesses were detected
for the myosin. Lewalle et al. [57] developed a sensitive
method to estimate the stiffness of actin-bead linkage and
myosin by applying a large-amplitude, triangular wave to
both trapped ends of the actin filaments during the acto-
myosin interactions and evaluated the ratios of the bead
velocities between the bound and unbound conditions. In
addition, we used quantum dots attached to the actin fila-
ment to represent the position of the myosin head because
the actin filament is less extendable than myosin due to the
much higher stiffness of the actin filament (approximately
20 pN/nm under our experimental conditions). Thus, the
displacements of the myosin molecule can be obtained
with minor corrections to the linkage compliance [30].
Despite the recent development of experimental
approaches that reduce the contribution of the actin-bead
linkage compliance, the values of myosin stiffness obtained
from single-molecule approaches still vary between 1 and
3 pN/nm. A potential reason for such variations is the non-
linear elasticity of myosin molecules [30]. We found that
the elasticity of myosin changes nonlinearly in both the
positive and negative directions (Fig. 1a). The slope of the
fitting curve of the force—displacement relationships of
single-myosin molecules provides the change in stiffness
as a function of load (Fig. 1b) and clearly demonstrates
that the stiffness changes in both the positive and negative
strain directions. Interestingly, the relatively lower stiffness
values reported in [56] were obtained from a lower force
range (F < 1 pN), while our results of 2.9 pN/nm [30] and
2.5 pN/nm [57] were obtained under a higher force range
(F = 4-10 pN). If the stiffness values reported in [58] are
plotted on the stiffness-load curve obtained in our study
[30], their results appear to be consistent with our stiff-
ness curve (Fig. 1b), implying that the variation in stiffness
values could be explained by the nonlinear elasticity in the
positive strain direction, which was also observed but not
discussed in other single-molecule experiments [52, 55].
One may argue that the variations in the stiffness val-
ues obtained using the single-molecule approaches may
be attributed to the difference in myosin preparations, such
as single-head (e.g., subfragment 1 (S1) or single-headed
myosin) and two-head [e.g., heavy-meromyosin (HMM)
or full-length myosin] preparations, if the elastic portion is
located on the myosin head rather than the myosin subfrag-
ment 2 (S2) portion [59]. Several single-fiber studies have
suggested that only one of the two heads primarily contrib-
utes to the cross-bridge stiffness in single-fibers during iso-
meric contractions [60—64] and in rigor, where both heads
are attached to the actin filament with two distinct angular
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Fig. 1 Nonlinear elasticity of single skeletal myosin molecules. a The
elasticity of single skeletal myosin molecules is characterized by the
force—displacement relationships obtained from the combination of
optical tweezers and single-molecule fluorescent techniques [30]. The
stiffness (slope of the curve) is higher in the positive displacement
(strain) region and dramatically lower in the negative strain region.
Below —80 nm of displacement, the stiffness increases as well. Taken
together with the fact that the length of S2 is approximately 40 nm,
the higher stiffness (approximately 2.9 pN/nm) observed in the posi-
tive strain region and below —80 nm likely represents the elasticity
of S1, while S2 is fully stretched and becomes much stiffer (approxi-
mately 100 pN/nm), as depicted in the top illustration. In the nega-
tive strain region between 0 and —80 nm, the lower stiffness (approxi-
mately 0.02 pN/nm) represents the bending stiffness of S2, which is
bent and buckled as shown in the top illustration. b The stiffness val-
ues are calculated as the slope of the curve in Fig. 1a and plotted as a
function of the loads. The stiffness values increase continuously from
—2 to 4 pN and are comparable to those reported in previous single-
molecule studies. Except for the stiffness obtained in [40], the values
in other studies [56, 57] are consistent with our stiffness curve, imply-
ing that the variation in stiffness may be explained by the nonlinear
elasticity of myosin molecules. Note that data from Fig. 2b in [57]
were used here, and the other data are the mean values from those
studies [40, 56]

distributions of the light-chain domain [65, 66]. Therefore,
the variations in stiffness are not likely to be due to varia-
tions in the number of heads (one vs. two heads) available
for attachment in each molecule. Instead, the variations
may be the result of differences in the experimental set-
ups or other possible sources, as discussed in the previous
paragraph.

Overall, both the recent single-fiber and single-molecule
approaches appear to converge in a similar stiffness range
between 1 and 3 pN/nm. However, this range remains
a matter of debate due to the intrinsic ambiguities aris-
ing from the experimental approaches and the underlying
assumptions in both single-fiber and single-molecule stud-
ies. The nonlinear elasticity of skeletal myosin molecules
appears to explain the variation of stiffness obtained from
single-molecule studies. To clarify this issue, the amount of
strain in a single-myosin molecule during force generation
needs to be directly quantified in the future. Such quanti-
fication can be achieved by labeling the different loca-
tions of the myosin head with probes, such as fluorescence
dyes, quantum dots, and gold nanoparticles (e.g., myosin
VI [67]), and simultaneously measuring the displacement
of each probe and the forces exerted on the myosin head.
This approach requires either the recombination of skeletal
myosin molecules [68] or the replacement of the light chain
domains with recombinant light chains [69-72].

Nonlinear elasticity of myosin in the negative strain
region

The elasticity of myosin is assumed to be linear in both the
positive and negative strain regions [3]. This assumption
of linear elasticity in both the positive and negative strain
regions is based on the linear elasticity observed exclu-
sively in the positive strain region of single-fibers [11, 73]
because negative force generation in single-fibers is prac-
tically impossible unless a sophisticated protocol is per-
formed involving relaxed or rigor muscle fibers [74, 75]. For
single-molecule studies, the linear elasticity was observed in
both the positive and negative strain regions for myosin S1
and HMM [55, 57], which are produced by the cleavage of
the flexible S2 coiled-coil region from native myosin mol-
ecules. However, the elasticity of full-length myosin has not
been tested for both strain regions. Thus, we investigated
the elasticity of native skeletal myosin molecules using a
combination of optical tweezers and a single fluorescence
imaging technique [30] and found that the stiffness substan-
tially decreases to 0.02 pN/nm when myosin is negatively
strained, compared with the 2.9 pN/nm observed on the
positive strain side (Fig. 1b). Interestingly, the lower stiff-
ness value of approximately 0.02 pN/nm of single-myosin
molecules observed in the negative strain region is similar
to the theoretically estimated bending stiffness of S2 [76]
(approximately 0.01 pN/nm), suggesting that the lower stiff-
ness may be associated with a bending or buckling of the
S2 portion when myosin molecules are negatively strained.
Electron tomography of swollen rigor insect flight muscle
fibers revealed a wide range of S2 axial angle distributions,
and 17 % of the S2 was found to be oriented perpendicular
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to the myosin filament (—90°) or more negatively than —90°
[77], implying that the bending or buckling of myosin heads
may arise from the S2 coiled-coil. These results are consist-
ent with the fact that the elasticity of S1 and HMM myosin
molecules is continuously linear, even in the negative strain
region [55, 57] because these truncated proteins cannot be
softened without the flexible S2 portions. The nonlinear
elasticity of native myosin molecules may be attributed to
the significant difference in stiffness between the S1 and S2
portions of the myosin head.

The degree of bending or buckling of the S2 portion can
be theoretically estimated using a combination of the Prin-
ciple of the Equipartition of Energy and the beam equa-
tion [78]. The persistence length (L) of S2 with a coiled-
coil structure that is 40 nm in length (S) is approximately
100 nm, and the average angle of one end (6(S)) relative to
the other end (A(0) = 0) caused by thermal fluctuations is
approximately 35° according to Eq. (1) [78], indicating that
thermal forces are enough to cause the bending of S2.

(cos [0(s) — A(0)]) = exp (22 ) 1)

If the load is continuously applied to one end of the S2
portion and exceeds the buckling load, S2 eventually buck-
les. Such large deflections can be theoretically predicted by
the elastica theory [58, 78]. In the elastica model, the defor-
mations of a single elastic isotropic beam with the axial
load, F, can be estimated by solving the following second
order ordinary differential equation;

&0 F |
F-FESHI@:O (2)

where 6 and s are the rotational angle of the cross-sec-
tion and the path of the cross-section along the main-
axis of the beam (Fig. 2a), and EI is flexural rigidity
(=400 x 1073 N m?) for myosin S2 [78]. The solution of
Eq. (2) can be derived by satisfying the boundary condition
(see “Appendix” for details) as the following:

EI do
ds = | =2 3)
2F /[cos8 — cosO(lp)]

where [ is the length of S2 (= 40 nm). In Eq. (3), the
constant, 6(lp), is determined by satisfying the following
boundary condition at a given load, F,

6(lo)

/ / — I @)
J[cosf — cos@(lo)]

Finally, the XY positions of the cross-sectional plain
along the path, s, are given as,
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cos 0do

x(s) = /cos@ds =,/ E/ (&)
o " Vor ) Jcosd — cos 6 (lp)
0 0

1
El in do
¥(s) =/sineds=,/—/ o
2F cos — cosB(lp)
0 0

From Eq. (5) for s =0 — Iy, the deformations of S2
at a given amount of load, F, are estimated and shown in
Fig. 2b. The horizontal displacements, Ax, are calculated
by comparing the horizontal positions of the beam end with
that at F =0,

AX(F) = Xo—iy (F) = X310 ©)

In Fig. 2c, the force—displacement relationships
(F — Ax) predicted by the elastica model were similar to
our experimental results between 0 and —40 nm. However,
the predicted buckling loads drastically increased in the
negative direction below —40 nm, while the experimental
results showed a small change in buckling loads for a wide
range of displacement from 0 to —80 nm, suggesting that
a large deformation of myosin S2 cannot be modeled by
a single elastic isotropic beam used in the elastica model.
Such a wide range of stable buckling loads was found in
the rubber bearing for base-isolated buildings and can be
modeled by the modified elastica model that allows shear
deformations [79]. The modified elastica model is com-
posed of two angular components, the angle caused by
bending moment, 6, and the angle of shear deformation,
y (Fig. 2a). In this model, the solution of Eq. (2) can be
expressed in terms of elliptic integrals,

N ACRIANE KN
Sm( 2 )_ S“(A(k>+ ())

sin (g"m%) —k %)

where g0—9+y is the angle of deformation, and

K(k) = fo «/T is the complete elliptic integral of

the first kind for the given parameter, k, and A (k) satisfies
the following equation,

I Na(k) + KNer
20~ KsKp ®)

where N, is the critical buckling load and
Ky (=4x 107" N) and Kp (= El =400 x 1073 Nm?)
for myosin S2 are the shear modulus and the flexural
rigidity, respectively. By incorporating with the boundary
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Fig. 2 Deflection of the myosin S2 rod under horizontal compres-
sive loads. a The schematic diagram of the regular elastica model
(left) and the elastica model (right) modified by adding the angle of
shear deformations, y. b The deflections of the S2 rod are estimated
by the elastica model (leff) and the modified elastica model (right).
One end is fixed at the horizontal position of X = —40 nm, while the
other, free end is subject to the horizontal compressive load (F). ¢ The
force—displacement relationships in the experiment (gray circles), the
elastica model (blue line) and the modified elastica model (red line).
In the elastica model, the displacements are calculated as the change

conditions (see “Appendix” for details),
equation can be derived,

the following

12 chr + KSNcr(k)
0 KsKp

Ky

= |:(4E(k) —2K (k))+ m

(E+02 - 1)1<<k>)}2

€))

where E(k) is the elliptic integral of the second kind. By
satisfying Eq. (9) with the initial length, /;, to be 40 nm for

-70 -60 -50 -40 -30 -20 -10 0
Horizontal displacement [nm]

(negtive strain region)

in the horizontal displacement from its original position of X = 0, as
denoted by AX in Fig. 2a. The shaded region indicates the difference
in curves between the experiment and the modified elastica model
below the horizontal displacement of —40 nm. d A schematic diagram
of the potential elasticity at the S2 rod-myosin filament junction. This
elasticity, depicted by a spring, may contribute to the structural con-
straint that prevents the excessive rotation of the S2 rod toward the
negative strain side, resulting in the discrepancy in the force—displace-
ment relationships between the experiment and the elastica model
below —40 nm

myosin S2, the critical buckling load, N (k), can be deter-
mined and is substituted into Eq. (8) to obtain the value of
A(k). Then, the XY-positions of the cross-sectional plane can
be obtained by using Jacobi elliptic functions, cn and dn,

x(s) = —2kA(k)cn (W + K(k))

s

— P _
y(s) —Z/dn (k(k) +K(k)) du — s

0

(10)
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The deformations of myosin S2 were shown in Fig. 2b.
The horizontal displacements, Ax, are calculated by com-
paring the horizontal position of the beam end at s = 170 by
definition in this model (Fig. 2a) and thus,

Ax(F) =x_iy (F) = x_1 (0) (11)
°T2 °= 2

The force—displacement relationships predicted by the
modified elastica model appeared to show a moderate
change in buckling loads and resemble our experimental
results better than those predicted by the regular elastic
model (Fig. 2c). However below —40 nm, the predicted
buckling loads gradually decreased toward zero, while
the experimental results gradually increased, suggesting
that an additional elasticity may exist and contribute to
an increase in buckling loads below —40 nm. This idea
implies that the S2 rod is constrained somehow, either
structurally or by the ionic interactions between S2 and
the thick filament backbone [80], to maintain its projec-
tion toward the positive strain side, which is the direction
opposite to the bare zone of sarcomeres and favorable for
force generation (Fig. 2d). The additional elasticity at the
S2-myofilament junction can be characterized by calcu-
lating the difference between the experimental and theo-
retical curves in the force—displacement plot (Fig. 2c).
The area surrounded by these curves yields 100 pNnm
of work with a displacement of 40 nm, as shown in the
shaded region in Fig. 2c, suggesting an average stiffness
of 0.125 pN/nm g%k x 402 = 100) . Such additional elas-
ticity is sufficient to maintain the’ orientation of the head
toward the positive strain direction against the thermal
agitation (kgT). Taken together from these analyses, two
things should be pointed out: first, a wide range (almost
double length of S2) of the nearly constant buckling loads
in the colied-coil S2 can be modeled by implementing the
additional deformable component in the elastica model
(e.g., shear deformations); second, the additional elastic
component may exist possibly at the junction between
the S2 and the backbone of myosin filament and main-
tain the orientation of myosin heads in the positive strain
direction. According to Nishimura’s study on the rubber
bearing [79], the ratio between the shear modulus and
the buckling load is a critical factor to maintain the sta-
ble buckling load against a wide range of deformations.
Thus, it is very intriguing to imagine that myosin S2 may
be evolutionally optimized to avoid a drastic increase in
buckling loads against a large amount of deformation pos-
sibly by adopting the optimum shear modulus as well as
the bending modulus against the buckling loads during
muscle contractions.

@ Springer

Working stroke size of skeletal myosin

In this section, three terms associated with displacement
generated by myosin molecules are distinctively defined
because they have been used ambiguously without dis-
tinction in past studies: working stroke size, step size, and
interaction distance. Working stroke size is the limit of the
displacement generated by the conformational changes of
the myosin head. Step size is the observed sliding displace-
ment of actin filaments generated by myosin molecules
and can be altered at different velocities and loads. Finally,
interaction distance is the sum of the working and drag
stroke distance per ATP hydrolysis cycle. In the later part of
this section, the relationship between working stroke size
and step size is discussed. Interaction distance is discussed
in the next section, “Drag effect on force generation.”

A series of studies using crystallography [81-83], elec-
tron microscopy [84], and X-ray diffraction [20, 85] claim
to have proven the lever arm hypothesis, which states that
the generation of force and displacement in muscle is
accompanied by a tilting of the light chain domain, referred
to as the “lever arm” (approximately 9 nm of the a-helix),
with respect to the catalytic domain bound to actin. These
reports indicate a 40-70° tilt of the light chain domain,
equivalent to 6-10 nm of axial movement of the end of
the lever arm. Huxley [1] originally estimated the size of
a working stroke to be approximately 16 nm by fitting the
theoretical model (cross-bridge model) with the results of
heat measurements by Hill [86]. Huxley further experimen-
tally observed a working stroke of 10 nm, which is a syn-
chronous working stroke of myosin molecules during the
quick force recovery period when muscle lengths/tensions
are quickly released within a few milliseconds [12, 87].
Pate et al. [88] estimated the size of a working stroke by
applying realistic cross-bridge kinetics to Huxley’s cross-
bridge model [11] and found that the working stroke size
is approximately 10 nm. In a motility assay, in which either
individual myosin molecules are spread on a cover glass
surface [8§9-91] or myosin-rod cofilaments move along the
actin filaments suspended between two optically trapped
beads [92], the estimates of the working stroke size vary
widely between 10 and 200 nm, presumably due to the
use of indirect estimates for the number of myosin heads
attached to the actin filament.

Beginning in 1994, several groups successfully meas-
ured the displacement of actin filaments generated by
single-myosin molecules. Finer et al. [8] used optical
tweezers and reported a working stroke size of 11 nm pro-
duced by HMM, while Ishijima et al. [9] used glass nee-
dles attached to actin filaments that interacted with myo-
sin-rod cofilaments and reported a slightly larger size of
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17 nm at near-zero load. Molloy et al. [51] determined a
3-5-nm working stroke size generated by single S1 and
HMM by accounting for the randomizing effect of thermal
filament fluctuations. Since then, the working stroke sizes
of the single-headed S1, the double-headed HMM, and
full-length myosin have been measured by several groups
and vary from 3 to 20 nm (Table 1). The differences are
presumably due to several potential factors, including pro-
tein-bead linkage compliances, random orientations of the
myosin head relative to actin filaments, low affinity of the
myosin heads to actin filaments, and utilization of different
step detection techniques (e.g., variance picking and mean—
variance analysis). As discussed in the previous section,
protein-bead linkage compliance has been experimentally
reduced by the refinement of optical systems, such as the
optical force-clamp feedback system, resulting in smaller
working stroke sizes [40, 56]. Takagi et al. [40] reported a
working stroke size of 7 nm for full-length myosin, while
Capitanio et al. [56] reported working stroke sizes of 3 and
5 nm for S1 and HMM, respectively. The effect of the ori-
entation of the myosin heads relative to the actin filaments
on force and step generation was rigorously tested by Tan-
aka et al. [93], who found a significant reduction in both
the force and step size by increasing the angles between the
myosin-rod cofilament and the actin filament from 0 to 90°,
suggesting the importance of the orientation of the myosin
heads relative to the actin filaments. To increase the affin-
ity of myosin attachment, Kitamura et al. [70] used flexible
glass needles that enabled the myosin to continuously stay
closer to the actin binding sites, as in muscle. As a result,
the myosin molecules displayed several consecutive sub-
steps of 5.5 nm, which were generated during the 9—13-nm
steps. The dwell times of each substep were independent of
the ATP concentrations, while those of the total step were
dependent on ATP, implying that myosin can generate mul-
tiple steps per ATP molecule hydrolyzed (i.e., the loose-
coupling model). Although this is an extremely intrigu-
ing phenomenon to discuss, it is beyond the focus of this
review and should be discussed elsewhere.

To the best of our knowledge, only one single-molecule
study has investigated the effect of regulatory proteins,
namely troponin (Tn) and tropomyosin (Tm), on myo-
sin step size [94]. The step sizes were compared between
the interaction of myosin with unregulated (no Tn/Tm)
and regulated (with Tn/Tm) actin filaments in the absence
of Ca®*. This study revealed that the average step size
for regulated actin filaments was 5.0 nm, almost half the
10.6-nm step size observed for unregulated actin filaments.
Furthermore, when myosin density was increased twofold
for the regulated actin condition, staircase stepping events
were more frequently observed because of the interaction
between multiple myosin molecules. The sizes of the first
and second steps were 6.6 and 13.7 nm, respectively. From

these results, the researchers interpreted that the size of the
first step is comparable to the step size of a single burst
caused by a single-myosin, which interacts with a regu-
lated actin filament, whereas the size of the second step and
subsequent steps resembles the step size associated with
an unregulated actin filament, suggesting the following
scenario: Tn/Tm prevents the optimal interaction of myo-
sin with actin in the absence of Ca*, possibly by allowing
only one of two heads to interact with actin filaments, and
produces half the step size as that observed in the first step
of staircase stepping. Then, once the first myosin molecule
binds to actin, the neighboring Tn/Tm units are activated,
allowing the second myosin molecule to interact with actin
without the Tn/Tm inhibitory effect, resulting in twice the
step size of the first myosin. Thus, this step size alternation
model take into account the effect of the cooperative activa-
tion of thin filaments on step generation.

In our experimental setup, we synthesized myosin-
rod cofilaments by mixing myosin molecules and fluo-
rescently labeled myosin rods at a molar ratio of 1:2 and
quickly diluted them with a low ionic solution [30]. As a
result, we generated 400-900-nm myosin-rod cofilaments
that typically contained 3-5 myosin molecules that could
interact with actin filaments. Synthetic myosin-rod cofila-
ments maintain bi-polar structures [95, 96] such that all
of the myosin molecules are orientated in the same direc-
tion toward the central region. Thus, the reduction in step
generation caused by random orientations of the myosin
heads can be avoided. In addition, multiple myosin mol-
ecules embedded in the cofilaments hold actin filaments for
a number of consecutive acto-myosin interaction cycles,
resulting in an increase in the affinity for myosin attach-
ment during processive movements [30]. On the basis of
dwell time analysis, we found that the individual steps
observed during processive movements are generated by
one myosin molecule, and the average working stroke size
extrapolated from the step size-load relationship was 8 nm
at no load.

Several research groups have shown load-dependent
step sizes for single-myosin molecules. Ishijima et al. [9]
demonstrated that the observed step sizes produced by
single-myosin molecules embedded in myosin-rod cofila-
ments decreased from 17 to 5 nm when the imposing
loads increased from 1.5 to 6 pN. Kitamura et al. [70] also
reported that the average ensemble step sizes produced
by S1 are 13 nm for a low load (low needle stiffness) and
9 nm for a high load (high needle stiffness). Such load-
dependent step sizes are consistently observed in single-
fiber studies. Piazessi et al. [19] performed quick tension
release experiments to release single-fiber tensions within
a few hundred microseconds to avoid the contribution of
myofilament compliance and suggested that the working
stroke sizes decreased in a load-dependent manner from 7
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Table 1 Summary of the reported mean values for the unitary displacements, maximum forces, stiffnesses of single-myosin molecules, and

solution components

Myosin Apparatus Displacement Maximum Stiffness Assay buffer and
(nm) force (pN) (pN/nm) temperature
Single molecules
Ishijima et al. [9] Full-length Micro needle 17.0 5.7(~9) 25 KCl, 20Hep pH 7.6,
in cofilament 27 °C
Guilford [101] Full-length Trap 10.6 34 25 KCl, 25Imi pH 7.4,
25°C
Kad et al. [94] Full-length Trap 5.0%!,10.6%2, 25 KCl, 25Imi pH 7.4,
6,6%%, 13.7+* 25°C
Takagi et al. [40] Full-length Trap with 7.0 9.0 (~17) 1.3 20 KCl, 10Hep pH 7.0,
force-clamp 25 °C
Kaya and Full-length Trap 43-79 10.4 (~13) 29 20 KCl, 10Pip pH 7.1,
Higuchi [30] in cofilament 25°C
Molloy et al. [51] S1 & HMM Trap 3.0(S1)5.0 1.7 (~5.5) 0.17 (S1) 25 KCl, 10Tri pH 7.0,
(HMM) 23°C
Nishizaka et al. [52] S1 & HMM Trap 0.58 25 KCl, 25Imi pH 7.4,
28-30 °C
Steffan et al. [102] S1 Trap 54 25 KCl, 25Hep pH
7.4, RT
Capitanio et al. [56] S1 Trap 3.0 4+ 1.1 (fast) 0.9-14 25 KCl, 25Hep pH 7.2,
49+1.6 0.35-0.4 22 °C
(slow)
Kitamura et al. [70] N Scanning 9.2 (high 2.0 (~5) 25 KCl, 20Hep pH 7.8,
probe load) 13.0 20-27 °C
(low load)
Lewalle et al. [57] S1 Trap 1.79 (~4) 22 °C
Finer et al. [8] HMM Trap 11.0 3.5(7) 0.4 25 KCl, 25Imi pH 7.4,
21 °C
Mehta et al. [54] HMM Trap 5.0-6.0 0.65 25 KCl, 25Imi pH 7.4,
21 °C
Veigel et al. [55] HMM Trap 5.5 0.69 25 KCl, 25Imi pH 7.4,
23 °C
Tyska et al. [103] Single and Trap 6.8 (single) 11.6 0.7 (single) 1.4 25 KCl, 25Imi pH 7.4,
double headed (double) (double) 25 °C
HMM
Ruff et al. [104] HMM Trap + needle 5.5 25 KCl, 25Imi pH 7.4,
23 °C
Ishijima et al. [105] Single-headed Trap 13.5 25 KCl, 20Hep pH 7.6,
myosin in 25°C
cofilament
Tanaka et al. [93] Single-headed Trap 10.0 25 KCl, 20Hep pH 7.6,
myosin in 20-25 °C
cofilament
Single fibers
Huxley and Rana temporaria Length 8.0 Ringer
Simmons [11] semitendinousus perturbation pH 7.0, 04 °C
Yamada et al. [106] Rabbit psoas Unloaded 10.0 200ion
shortening pH 7.0,20-22 °C
Higuchi and Rabbit psoas Isometric 11-60%** 200ion
Goldman [4] pH 7.1, 19-20 °C
Piazessi et al. [19] Rana esculenta Force/length 4-7 11.5 5.0 Ringer
tibialis anterior perturbation pH7.1,4°C
Reconditi et al. [20] Rana temporaria Force 5.2-8.1 Ringer
tibialis anterior perturbation pH7.1,4°C
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Table 1 continued

Myosin Apparatus Displacement Maximum Stiffness Assay buffer and
(nm) force (pN) (pN/nm) temperature
Piazessi et al. [6] Rana temporaria Force 4.0-10 6.0 3.3wHk Ringer
tibialis anterior perturbation pH7.1,4°C
+ X-ray
Linari et al. [5] Rabbit psoas Isometric 6.6 1.7 200ion
pH7.1,20 °C

The numbers shown in parentheses are the maximum values observed (e.g., 4 pN/nm for the maximum stiffness values reported by Lewalle et al.
[57]). *1 and *2 The step sizes of single-myosin molecules interacting with actin filaments decorated with troponin-tropomyosins (TN/TM) and
without TM/TN in the absence of Ca>*. *3 and *4 The sizes of the first and second steps observed in staircase stepping movements when multi-
ple myosin molecules interact with the TM/TN-decorated actin in the absence of Ca®*. ** The unitary displacement includes the working stroke
and drag distance. *** The original value was shown as the compliance, which is the inverse of stiffness, in the paper. In the column of “Assay
Buffer and Temperature”, all solution concentrations are in mM. Hep, Pip, Tri, and Imi correspond to the buffers HEPES, PIPES, tris, and imida-
zole, respectively. 200ion indicates that the total ionic strength of solution was kept at 200 mM, but each composition was different for different
conditions (e.g., relaxing, activating, and caged ATP). For details, please see the studies listed in the references. Ringer indicates the Ringer solu-
tion (115 mM NaCl, 2.5 mM KClI, 1.8 mM CaCl,, 3 mM phosphate buffer)

to 4 nm with increasing loads from zero to the maximum
isometric tension. The load-dependent step sizes were fur-
ther investigated in a quick tension release experiment on
muscle fibers using the X-ray-interference technique [20].
The ratio of the M3 X-ray reflection intensities between
the higher and lower angle peaks from myosin heads
spaced at 14.5 nm in each array is consistent with the
concept that the working stroke is generated a few milli-
seconds after the quick tension release [19]. The research-
ers suggested that the working stroke size at a low load
is likely set by the structural limit, whereas smaller stroke
sizes at a high load are caused by the detachment of the
motor before reaching this limit [20]. Piazzesi et al. [6]
demonstrated that the rate of detachment for the myosin
heads increases strongly with an increase in the velocity of
shortening, suggesting that the detachment of myosin mol-
ecules is primarily governed by the critical conformations.
Thus, myosin molecules quickly reach the critical confor-
mations (the full working stroke size) and detach during
faster speeds of shortening, while the effective stroke size
is reduced at a higher motor force during slower speeds
of shortening because the stretching of the elastic portion
caused by the higher load induces the transition from one
conformation to another.

The load-dependent step sizes can also be interpreted
from a mechanical perspective. We demonstrated that the
load-dependent step sizes of a single-myosin embedded in
myosin-rod cofilaments change from 7 to 4 nm in the load-
ing range of 1-12 pN [30]. By incorporating the nonlin-
ear elasticity obtained from the single-molecule elasticity
measurements into the load-dependent step sizes, we found
that the sums of the amount of elastic elongation of the
myosin heads and the observed step size are nearly constant
at 8 nm for any load (Fig. 3a). Therefore, we proposed that
the working stroke size is the sliding distance generated by

the conformational changes of the myosin head, while the
apparent decreases in the step sizes with increasing loads
are due to the elastic elongations in the myosin head partly
cancelling the working stroke of 8 nm (i.e., working stroke
size = observed step size + stretch of elastic portion)
(Fig. 3b). Our proposed mechanism is consistent with the
model proposed by Reconditi et al. [20] in the sense that
the working stroke size is the maximum sliding distance of
the actin filaments and is limited by the structures of the
myosin head. Thus, the observed step sizes at no load are
equivalent to the working stroke size. Therefore, we pre-
fer the term “working stroke size” to signify the maximum
sliding distance of the actin filament produced by the con-
formational changes of the myosin head and distinguish it
from the observed “step size.” In this definition, the work-
ing stroke size is 8—10 nm [6, 30]. Two potential factors
have been proposed for the decrease in the step size at
higher loads: (1) the detachment of the myosin head before
the completion of a full working stroke [6, 20] and (2) the
elastic elongation of the myosin head, which partly cancels
the full working stroke size [30].

The recent results regarding working stroke size
obtained from single-fibers and single-myosin mol-
ecules reveal values that range between 5 and 10 nm
and that are consistent with the axial displacement of
the end of the light chain domain estimated from struc-
tural studies. Piazzessi et al. [6] suggested that the
working stroke sizes change from 5 to 10 nm as the
velocity increases from zero to nearly the maximum
value, whereas the force produced by the myosin head
is relatively insensitive to the shortening velocity. The
working stroke size and the force per attached head at
a slow shortening velocity are 6 nm and 6 pN, respec-
tively [6], giving an upper bound on mechanical work
of W= (1/2 x F x d) = 18 zJ, which is approximately
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Fig. 3 Mechanical model of working stroke size. a The step size, the
amount of stretching in the elastic portion, and the working stroke
size are plotted as a function of load. The observed step sizes (cir-
cles) obtained from the optical trap assay decrease with increasing
loads [30], while the amount of stretching in the elastic portion of the
myosin head (triangles) estimated from the elasticity measurement
in the positive strain side of Fig. la increases. The working stroke
sizes (diamonds), defined as the sum of the step size and the amount
of stretching, appear to be consistently approximately 8 nm at any
load, suggesting that the working stroke size is 8 nm and that there is

23 % of the mechanical efficiency. However, by using
a force-clamp system to ensure that the force gener-
ated by single-myosin molecules was as high as pos-
sible, Takagi et al. [40] reported that the mechanical
work of a single-myosin molecule can be increased to
32 z] = (1/2 x 9 pN x 7 nm), which is 40 % of the
mechanical efficiency and falls within the range of the
30-70 % thermodynamic efficiency observed in whole
muscles [7]. Thus, single-myosin molecules could have
a full capacity of mechanical work output that is nearly
as large as the whole muscle.
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stretching of
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a structural limit for myosin conformational changes. b A schematic
diagram of the working stroke size, along with the step size and the
stretched amount of the elastic portion. At no load (the mid panel),
the working stroke of the myosin head (W) is purely translated to
the sliding movement of actin, which corresponds to the observed
step size (W = Sp_y). When a load is applied (the bottom panel),
the stretching of the elastic portion of the myosin head (E) partially
cancels the working stroke size such that the working stroke size is
reduced by E, and the remnant distance is translated to the actin slid-
ing (W —E = Sg)

Drag effect on force generation

The muscle force output is a result of the force balance
between the working (positive) and drag (negative) forces
exerted by myosin molecules and external forces [3]. If the
elasticity is assumed to be linear [11], the average work-
ing force (distance) at the maximum shortening speed (i.e.,
no external force) is counterbalanced by the average drag
force (distance), given that the net force output is zero [3,
97]. If force output is required at a slower velocity, the
working force must overcome the drag force by decreasing
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the number of drag motors and/or increasing the number of
working motors. A decrease in the number of drag motors
can naturally occur at a slower velocity because work-
ing motors are activated for a longer time and, thus, have
a higher probability of detaching before exerting a drag
force. In addition, an increase in the number of working
motors appeared to be promoted by decreasing the detach-
ment rate of myosin molecules at higher loads (slower
velocities), as reported in single-molecule experiments
involving smooth muscle myosin and myosin V [98, 99].
Piazzesi et al. [6] argued that in muscle, the detachment
rate of skeletal myosin is more sensitive to velocity than
force and may be controlled by the myosin motor confor-
mation rather than its load or elastic strain, as proposed by
Veigel et al. [98]. Although an increase in the detachment
rate at a faster shortening velocity was suggested, myosin
motors still have a higher probability of being negatively
strained before detachment because the faster sliding of the
actin filaments quickly pushes strongly bound myosin mol-
ecules into the negative strain region before detachment.
For instance, in a simple calculation scheme, the attach-
ment time of myosin at the maximum shortening veloc-
ity is approximately 1-2 ms, as estimated from the kinet-
ics in the strongly bound state [78]. Thus, the drag stroke
distance could be part of the sliding distance of 7-14 nm
(1-2 ms x 7 wm/s), with a maximum shortening velocity
of 7 pwm/s [4].

Higuchi and Goldman [4] rigorously investigated the
interaction distance (D;), which is the sum of the work-
ing and drag stroke distance per ATP hydrolysis cycle,
and reported a distance of 60 nm between 400 and
700 .M ATP at a shortening velocity of 1.94 pum/s. At
the maximum shortening velocity, the extrapolated value
of D; is 100-190 nm, which is reduced to 30-60 nm if
the significant contribution of thin and thick filament
extensibility to the half-sarcomere compliance is approx-
imately 70 % of the sarcomere compliance [16, 17].
Higuchi and Goldman [4] concluded that if the elastic-
ity is assumed to be linear, the working stroke size must
be half of 70-130 nm, or 30—-60 nm in our estimates, at
the maximum shortening, which cannot be compatible
with a single tilting motion, suggesting multiple force
generation cycles (attachment and detachment) per ATP
hydrolysis cycle. However, if the elasticity of single
skeletal myosin molecules is considered to be nonlinear,
as we have shown [30], a single working stroke size of
10 nm is still feasible, with a remnant distance of 60—
120 nm or 20-50 nm in our estimates as the drag stroke
distance because the drag force caused by a long drag
stroke can be small in the presence of nonlinear elastic-
ity. Such a small drag force can be counterbalanced by
the working force generated by the small working stroke
size of 10 nm.

Despite a potential increase in drag (resittance) on myo-
sin molecules at the maximum shortening speed, the simple
force equilibrium mathematical model can predict that the
maximum shortening speed is greatly enhanced by the non-
linear elasticity. In the model, it is assumed that at a steady
state, an ensemble of myosin motors moves an actin fila-
ment at a speed of v under force equilibrium. Then, the fol-
lowing equation must be satisfied:

d

/ s()eke*dx = 0 (12)

—0o0

where S(x) is the force-extension curve of myosin at the
extension of myosin (x), d, and k,; are the working stroke
size and the dissociation rate constant of myosin, respec-
tively. If the elasticity is linear (i.e., S(x) = kyx), the solu-
tion of this integral is given as the following:

v = dkq (13)

Thus, the maximum shortening speed is limited by the
working stroke distance and the dissociation rate constant
[100]. In the case of nonlinear elasticity (i.e., S(x) = kyx
for x > 0 and S(x) = kox for x < 0; k; > k,), Eq. (6) can be
expanded as the following:

ki kad V2
—evv|ld— — +E(k1—k2)=0 (14)

By using the first-order approximation of the exponen-
tial term as follows,
kgd kqd

ev ~ 1+
v

s5)

the solution of Eq. (8) yields the following:

v=/ki/ ks - dkq (16)

Compared with Eq. (13) for linear elasticity, the addi-
tional term, . /k; / k, indicates that the maximum shorten-
ing speed can be increased by the factor of ,/k; / k> in the

1/kl/kz > 1for k; > ky)
because the sliding speed of an actin filament is accelerated
by a reduction of drag force due to the lower stiffness in the
‘/kl/kz ~ 3.7 (from
the experimental data shown in Fig. 1b, k; = 2.5 pN/nm for
0 <x <10 nm and kp = 0.18 pN/nm for —20 < x < 0 nm,
on average) and, thus, one would expect the maximum
shortening speed of full-length myosin molecules to be
approximately three- to fourfold faster than that observed
in S1 or HMM, which has a presumably linear elasticity
due to the cleavage of the flexible S2 portion. Although
such a large increase in shortening speed, in practice, has

case of nonlinear elasticity (i.e.,

negative strain region. In our study,
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not been reported, it has been reported that the motil-
ity speed of a synthetic myosin filament sliding along an
actin filament is approximately 11 pm/s at 27 °C [92] and
is 40 % higher than the S1 motility speed of 6.8 wm/s at
29 °C [69]. This small increase in motility speed is possible
due to the assumptions of the model, which assumes a large
number of myosin molecules with a large drag distance,
assumes biphasic elasticity characterized by k; and k, (e.g.,
non-continuous change in stiffness as shown in Fig. 1a),
and neglects the load-dependent dissociation rate and other
potential factors.

Nonlinear elasticity is obviously an advantage for
reducing the drag force during a fast shortening when the
myosin molecules remain attached after executing a work-
ing stroke and are subsequently strained into the nega-
tive strain region as the actin filament is moved by other
attaching myosin molecules. Meanwhile, the higher stiff-
ness in the positive strain region ensures the generation of
a high working force with a small amount of strain. From
an energetic point of view, the nonlinear elasticity reduces
the loss of energy more than the linear elasticity. For exam-
ple, if a single-myosin molecule is negatively strained
by 5 nm, the energy loss is calculated to be 36 pNnm in
the case of linear elasticity, with a stiffness of 2.9 pN/nm
(2.9 x 5%2 = 36). This accounts for 36 % of the total
energy utilized by the hydrolysis of a single ATP molecule
(approximately 100 pNnm = 10~'? J). In contrast to linear
elasticity, the energy loss is only 3 pNnm, or 3 % of the
total energy, in the case of nonlinear elasticity, as shown in
Fig. 1a. However, one may argue that the nonlinear elastic-
ity would not matter for the reduction of molecular interfer-
ence in the case of rapid muscle contractions, given that the
detachment of the myosin heads increases with the speed
of shortening [6]. However, the detachment rates were esti-
mated by dividing the measured shortening velocity by the
working stroke size [6] and have not been directly meas-
ured by monitoring the individual detached heads, as stud-
ied for single smooth myosin and myosin V molecules [98,
99]. Thus, it is still too early to conclude that the drag effect
is negligibly small due to the increase in the detachment
rate during rapid contractions. The direct measurement
of individual myosin heads during muscle contractions
must be performed to elucidate the drag effect on muscle
contractions.

Molecular mechanisms of muscle contractions
elucidated from the mechanical properties
of single skeletal myosin molecules

The mechanical properties of single skeletal myosin mol-

ecules revealed by single-molecule and single-fiber studies
have shed light on the molecular mechanisms of muscle
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contractions. In our single-molecule study, the force gen-
erated by a single-myosin molecule was directly coupled
to the external loads imposed by optical tweezers and
increased up to 12 pN in a myosin-rod cofilament, which
contained approximately five myosin molecules interacting
with an actin filament maximally in rigor [30]. This value
is also consistent with the high force generated by a single
HMM, as observed using the optical force clamp system
[40]. Intriguingly, during isometric contractions, the aver-
age force per myosin head in single-fibers is thought to be
approximately 6 pN [6, 28], which is lower than the maxi-
mum force value of approximately 12 pN observed in the
recent single-myosin experiments [30, 40]. These results
suggest that the force production of single-myosin mol-
ecules in muscle may be modulated to maintain the force
level below the maximum force capacity. Moreover, the
combination of X-ray interference and mechanical meas-
urement techniques on single muscle fibers demonstrated
that the force per myosin head is almost constant, approxi-
mately 6 pN from the isometric tension (7;) to 50 % of T,
while the fraction of myosin heads attached to the actin fil-
ament substantially decreases, from 30 to 15 %, in accord-
ance with force demands [6]. Thus, in a large ensemble of
myosin motors, individual myosin molecules are modulated
to maintain a moderate force output, whereas the net force
output of the muscle is sensitively controlled by modula-
tion of the fraction of myosin heads attached. Such modu-
lations may be advantageous for efficient performance of
myosin motors against a wide range of external loads.

Concluding remarks

The mechanical properties of single skeletal myosin mol-
ecules have been investigated in many single-muscle fiber
and single-molecule studies because of the tremendous
importance of myosin in understanding the molecular
mechanisms of muscle contractions. In this review, we
focused on two mechanical properties, elasticity and the
working stroke size, investigated in both single-fiber and
single-molecule studies. We demonstrated that the elas-
ticity of single-myosin molecules is nonlinear in both
the positive and negative strain regions. The variation of
the stiffness value in the positive strain direction may be
explained by the nonlinear elastic behavior of the myosin
head, whereby stiffness increases with increasing loads.
In the negative strain direction, the stiffness dramatically
decreases due to the buckling of the S2 coiled-coil struc-
tures, and this significant reduction in stiffness may play
a role in reducing the molecular interference caused by
negatively strained myosin molecules. Additional elasticity
may exist at the S2-myosin filament junction to prevent the
excessive deflection of the myosin head toward the negative
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strain direction, which is important for maintaining the cor-
rect orientation of the myosin head before it attaches to the
actin filaments. The working stroke size is 8—10 nm and
reflects the maximum sliding distance of the actin filament
generated by the conformational changes of the myosin
head, while the step size is the apparent sliding distance of
the actin filament, which changes in a load-dependent man-
ner. Two mechanisms associated with the load-dependent
step size have been proposed: (1) the detachment of the
myosin head caused by external loads before the comple-
tion of the full working stroke and (2) the elastic elonga-
tion of the myosin head caused by external loads, which
partially cancels the full working stroke. Recent single-
molecule studies have shown that the mechanical efficiency
of single skeletal myosin molecules can reach the level
observed in muscles; however, the mechanical work output
of single-myosin molecules in muscles is modulated in a
sophisticated manner that depends on external demands,
such as loads and shortening velocities. In the future, accu-
rate measurement of the position of the myosin head will
surely reveal the molecular mechanisms associated with
acto-myosin interactions in more detail and help address
the following questions: (1) what is the strain of the myosin
head against a given load?; (2) what is the size of the work-
ing stroke and drag stroke distances at various loads per
cycle of acto-myosin interactions?; (3) what are the work-
ing and drag forces?; and (4) what are the attachment and
detachment times and, thus, the duty ratio of the myosin
heads?

Appendix

In the elastica model, Eq. (3) can be derived by multiplying
9 at both sides of Eq. (2) as the following:

d’0 d9 F do
. 4+ &nh-— =0 17
a2 @ T E G 17)

By integrating Eq. (17), the following equation can be
derived as,

1 (do\> F
—{—) —=cos8=C (18)

The constant, C, can be determined by satisfying the
boundary condition, Mg = EId9é£°) = 0, where M3 is the

bending moment and can be given as,

F
C= & cos 6 (lp) (19)

By assuming & > 0 in Eq. (18), Eq. (3) can be derived.
In the modified elastica model [79], Eqgs. (7), (8) and the
boundary conditions at the beam end (s = 170) when the

beam is buckled (e.g., 6 (%0) = () etc.), the initial length of

beam, ], can be expressed as,
lo =2QE(k) — K (k))A(k)

. (20)
+ %;W(E(k) + (k> — DK (k)

By substituting A(k) from Eq. (8) into Eq. (20), Eq. (9)
can be derived.
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