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ABSTRACT In a contractingmuscle, myosin cross-bridges extending from thick filaments pull the interdigitating thin (actin-con-
taining) filaments during cyclical ATP-driven interactions toward the center of the sarcomere, the structural unit of striatedmuscle.
Cross-bridge attachments in the sarcomere have been reported to exhibit a similar stiffness under both positive and negative
forces. However, in vitromeasurements on filaments with a sparse complement of heads detected a decrease of the cross-bridge
stiffness at negative forces attributed to the buckling of the subfragment 2 tail portion. Here, we review some old and new data that
confirm that cross-bridge stiffness is nearly linear in themuscle filament lattice. The implications of highmyosin stiffness at positive
and negative strains are considered in muscle fibers and in nonmuscle intracellular cargo transport.
Motor proteins are mechanoenzymes able to use the free en-
ergy liberated from ATP hydrolysis to power motion in eu-
karyotes; among them are the many isoforms of myosin
responsible either for muscle contraction and cell motility,
in which they are organized into filaments, or for many other
cell motility and transport processes (1). In the half sarco-
mere, arrays of myosin motor heads extending from the
thick filament cyclically interact with the nearby actin
(thin) filaments (Fig. 1 A), splitting ATP to produce steady
force and filament sliding that lead to shortening of the
sarcomere (2,3). Favorable control of thick filament activa-
tion matches energy utilization to the mechanical load (4).
The elastic properties of the actin and myosin filaments
and the myosin cross-bridges are fundamental constraints
on mechanical and energetic properties of contraction. A
group of mechanical and x-ray diffraction structural studies
in muscles and in single muscle fibers (5–10) determined
that, when muscles are generating maximal force (T0) dur-
ing isometric contractions, �50% of the sarcomere compli-
ance (the reciprocal of stiffness) resides in the array of
myosin cross-bridges (compliant elements i and ii in
Fig. 1 A), and the other 50% is in the backbones of the
thin and thick filaments (compliant elements iii and iv,
respectively). The compliance of the cross-bridge is almost
fully explained by flexibility within the myosin subfragment
1 (S1, the head domain), with the compliant element i
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represented by a coiled spring, on the basis of both x-ray
diffraction data (10) and expectations from the structure.
Myosin subfragment 2 (S2, the rod linking the myosin
head to the filament backbone) is an a-helical coiled coil
with an expected axial stiffness of 60–80 pN/nm ((11);
compliant element ii), �30-fold greater than the cross-
bridge stiffness. Both the cross-bridges and the myofila-
ments have usually been considered to exhibit nearly linear
elasticity.

The interaction between myosin and actin involves an
enzymatic pathway that couples splitting of MgATP to
MgADP and inorganic phosphate (Pi) with cyclic attach-
ment, force generation, and detachment (Fig. 1 B). The
structural change in the myosin head that produces force
and filament sliding is a tilting motion (states b / c) of a
lever arm within the head that is coupled to release of Pi
from actomyosin,ADP,Pi (state b). In isometric contrac-
tion, tilting increases the force exerted by the half sarco-
mere, increasing the strain of all the elastic elements
(represented for simplicity in Fig. 1 B by stretching of
S2). When the load is low or suddenly reduced (as shown
by the transition c / d), lever arm tilting results in relative
filament sliding with a reduced strain in the elastic compo-
nents. Chemomechanical models of the cyclic interactions
of cross-bridges with the actin filament that most success-
fully explain the dependence of the shortening speed on
the load (force-velocity relation (12)), dynamics, and energy
consumption of muscle contraction are generally based on
relatively linear elasticities (13–19). Acceleration of detach-
ment when a cross-bridge becomes negatively strained,
which occurs during high shortening speed, is a crucial

mailto:vincenzo.lombardi@unifi.it
mailto:goldmany@upenn.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2020.01.002&domain=pdf
https://doi.org/10.1016/j.bpj.2020.01.002


FIGURE 1 Basics of muscle contraction. (A) A schematic diagram of a half sarcomere is given. The sarcomere encompasses a Z-line through the M-line to

the next Z-line (not shown to the left of the diagram). Three myosin heads (S1 heavy chain green and light chains yellow) are shown extending from the

myosin filament backbone through the S2 tail (zig-zags) and attached to actin. The symbols (CCC) indicate that many more myosin molecules (�150

per myosin filament) are present in each half sarcomere. Each myosin molecule contains two heads, but in muscle, normally only one of the two heads at-

taches at a time. The mechanically compliant elements are indicated as (i) the hinge between the myosin motor domain and the light-chain domain, also

termed the lever arm; (ii) the myosin S2 tail; (iii) the actin filament; and (iv) the myosin filament. (B) The chemomechanical scheme for transduction of

ATP hydrolysis into mechanical work is shown. The myosin,ADP,Pi complex (a) attaches to actin, forming the cross-bridge (b), which triggers tilting

of the lever arm, Pi release, generation of force, and strain in the compliant elements (c). If the mechanical load is not too high, the filaments will slide,

keeping the strain low (d), while tilting of the lever arm progresses. ADP release from the actomyosin,ADP complex and ATP binding cause myosin detach-

ment from actin (c / e and d / e). ADP release is slower during a highly loaded contraction, when the high strain prevents tilting. ADP release becomes

faster at a lower load. This difference is illustrated by a thicker arrow for ADP release from state (d) than state (c). Hydrolysis of ATP in the detached head and

reversal of the lever arm position (repriming, e / a) completes the cross-bridge cycle. Cross-bridge detachment is suppressed when ATP is depleted (the

rigor condition), as indicated by the red X symbols (reproduced with permission from (68)). (C) Force response in a tetanic contraction of a single frog muscle

fiber is shown, in which a step release (�0.3% L0 (L0 is the fiber length)) was superimposed on the plateau force (T0) to test the mechanical stiffness and the

subsequent dynamics (reprinted by permission from Nature, (14)). T0 is�250 kN/m2 of cross-sectional area, or�420 pN per myosin filament. Upon the step

release, the force decreases, attaining a minimal value T1 at completion of the step, and force recovers during the next few ms to T2. At T1, the reduction in

strain of the compliant elements identified in (A) with decreased force is proportional to their compliances.
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feature for explaining mechanical and energetic features
such as the increased rate of energy liberation (i.e.,
ATPase rate) (12,13,20,21). Accelerated detachment of
negatively strained cross-bridges is attributed to an acceler-
ation of ADP dissociation followed by rapid ATP binding
(Fig. 1 B, states d / e; (22–27)). This is also observed
when the strain becomes negative for nonmuscle myosins
(28–33). This ‘‘gating’’ of the actomyosin mechanochemical
cycle, which enables load-dependent energy transduction in
muscle and synchronizes the biochemical reactions in proc-
essive myosins, is thought to arise from stress- and strain-
dependent kinetics of the underlying chemical and structural
transitions. Thus, the mechanical characteristics of the
force-extension relation of actin-attached myosin motors
are essential elements in the function of all force-generating
myosin isoforms.

Recently, single-molecule force measurements on fila-
ments containing a sparse complement of myosin heads
(34) showed that cross-bridges in this geometry seem to
slide well beyond the zero-force position without generating
much negative stress. This almost free sliding was attributed
to a large compliance rising in series with the myosin S1 at
negative strain by the ‘‘buckling’’ of the myosin S2 tail. This
result led to the conclusion that the elasticity of the cross-
bridge is highly nonlinear, with stiffness decreasing �100-
fold in the negative strain region. These results motivated
a recent mathematical model proposing radical changes to
the classical view of the cross-bridge kinetic cycle (35),
postulating that some of the mechanical and energetic fea-
tures of the cross-bridge cycle do not depend on strain-
dependent acceleration of detachment. The cross-bridges
might remain attached to actin for �80 nm, approximately
twice the length of S2 in the shortening direction, without
affecting the mechanical output. This model can predict
the maximal power and coupling efficiency between me-
chanical and biochemical cycles. But none of the dynamic
mechanical properties of the myosin motors that have
been revealed by step perturbations in length or load
(14,36–40) were simulated (35), so it is unclear if those fea-
tures are also captured by this strain-independent model.

Whether the high compliance of negatively strained
cross-bridges in the sparse head geometry of the in vitro
experiment (34) applies to the normal filament lattice of a
muscle fiber is not evident. In this Perspective, we review
some old and new data aimed at clarifying the issue of linear
or nonlinear cross-bridge elasticity in situ and implications
of stress-strain curves for muscle and nonmuscle myosins.
Force-extension relation in active muscles

The classic test of stiffness for the cross-bridges in muscle is
the mechanical force-extension relation. An intact muscle
Biophysical Journal 118, 994–1002, March 10, 2020 995
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fiber is electrically stimulated at a high frequency, inducing
a steady maximal force (T0) characteristic of the fused
tetanus (Fig. 1 C). Sudden small length steps to alter the
strain are imposed on T0, and the force T1 attained at the
end of the step is measured (Fig. 1 C; (5,14,41)). T1-values
recorded with step stretches and releases of different sizes
(Fig. 2 A) are plotted against the step amplitude to obtain
the so-called T1 relation (Fig. 2 B). Given the finite time
taken to complete the step, the force responses are partially
‘‘truncated’’ by the subsequent force recovery that,
within �2 ms, attains the quasisteady near-isometric force,
termed T2 (Figs. 1 C and 2 A).

The T1 / T2 recovery is caused by the cross-bridge
working stroke synchronized by the step and is faster for
larger releases (Fig. 2 A; see (14)), thereby causing a greater
truncation of the T1 response and an upward curvature of the
T1 relation (Fig. 2 B). This explanation of the deviation of
the T1 relation from linearity is supported by experiments
in which the T1 relations are obtained with steps of different
durations (5). The longer the time taken by the step, the
greater the upward deviation of the T1 relation, as the ten-
sion recovered during the step becomes larger.

Cross-bridges with linear elasticity should produce an
instantaneous T1 relation that intersects the abscissa at a sharp
angle, maintaining the same slope in the negative, compres-
sive range of forces. Testing this with intact muscle fibers is
difficult not only because of the T2 recovery but also because
at zero and negative forces, the sarcomeres are not compressed
because of series compliance in the tendon attachments and
loss of contact with the hook of the moving shaft of the motor.
In the experiment of Fig. 2,C andD (15), tendon lengths were
FIGURE 2 (A) Sample records of force transients in response to step length cha

frog muscle fiber. In each frame of (A), from top to bottom, traces represent sar

close to each record indicate the size of the step length change (nm per half sar

responding phase of the transient. (Reproduced with permission from (40).) (B) T

shown. The line is the linear regression on data points for steps > �3 nm. Forc

muscle of Rana esculenta. (C) Tension transients elicited by a staircase of eigh

4.2 ms intervals are shown. Top trace, length change per half sarcomere; middle

last three steps in (C) with vertical and horizontal scales expanded �2.5 and �
identified along the record. A single fiber from frog tibialis anterior was used (
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trimmed down to 200 mm total, and attachments were very
accurately aligned with the fiber axis. To minimize the quick
tension recovery, a staircase of step releases was imposed dur-
ing the active contraction, which causes accumulation of
cross-bridges biased toward the end of their working stroke
(42). Moreover, the tension before the step (Ti) and thus the
size of the release and acceleration necessary to get to zero
force are smaller, thereby minimizing lever detachment. Dur-
ing a staircase of eight releases at 4.2 ms intervals (Fig. 2 C),
together with the progressive depletion of T2 recovery, nega-
tive T1-values progressively emerge as expected from nearly
linear cross-bridge elasticity (Fig. 2D). Thus, the predominant
factor that causes curvature of the normal T1 relation is the
quick T2 recovery.
Force-extension relation in rigor muscles

The conclusion above might be questioned on the basis of
the in vitro observation with reconstituted sparse head fila-
ments of a large reduction in stiffness at negative forces
(34). That experiment was conducted in the absence of
ATP, a condition that maintains steady cross-bridge attach-
ment because ATP enters the enzymatic cycle at the step
of actomyosin dissociation (see Fig. 1 B; (43)). In the
zero-ATP state, termed rigor, muscle fiber stiffness is
maximal because cross-bridge detachment is suppressed
(red X symbols), and all of the cross-bridges are attached
(44–46). An advantage of measuring the mechanical proper-
ties on muscles in rigor is that quick force recovery after the
length step is suppressed, which avoids T2-based truncation
as a source of nonlinearity in the active muscle fiber.
nges of different sizes superimposed on the isometric contraction of a single

comere length change, force response, and resting force. Numerical values

comere; negative values for releases). Arrows indicate the force at the cor-

he T1 relation from three different fibers as indicated by different symbols is

e values are expressed in units relative to T0. Data are from tibialis anterior

t 3.8 nm shortening steps superimposed on the isometric tetanus plateau at

trace, force response; lowest trace, resting force. (D) Force response to the

6, respectively, is shown. The relevant parameters of the force transient are

reproduced with permission from (15)).
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If the stiffness of cross-bridges in the negative strain region
is much smaller than that under positive strain, the T1 curve
would be nonlinear even at positive forces, as explained in
Fig. 3 (47). Axial periodicities of the actin subunits in the
thin filament (5.5 nm) and themyosinmotors in the thick fila-
ment (14.3 nm) are different, and this mismatch allows asyn-
chronous cyclic interactions of myosin motors, thereby
accounting for steady shortening. Because of these mis-
matched periodicities, cross-bridges attach over a range of
strains corresponding to variation of positions on each of
their stress-strain relations. The measured T1 curve is the
sum of these individual stress-strain relations. If the cross-
bridge stiffness drops for negative forces (Fig. 3 B), the slope
of the relation is expected to decrease progressively as the
force approaches zero because of myosin heads that are
shifted into the negative strain range.

Note that these considerations are valid for a muscle in
rigor, but in an active contraction, the force-generating T1
to T2 transition in the cross-bridges maintains a uniform
stress, independent of the initial attachment distribution
(14). This generates a unique force-extension relation for
the whole population of attached cross-bridges, relatively
independent of the initial strain upon attachment.

The rigor condition can be induced in an intact muscle fi-
ber by depleting ATP with metabolic poisons (9). As shown
in Fig. 4 A, the force transient elicited by a length step in
rigor is almost completely characterized by the elastic phase
1 response. The T1 relations for the whole fiber (including
attachments; Fig. 4 B) bend near zero forces, but this effect
is unrelated to cross-bridges and filaments, as shown by the
T1 relations measured in the same experiment using a stria-
tion follower device (48) to monitor the length changes of a
selected population of sarcomeres (Fig. 4 C), which are
quite linear, including at low forces. The difference is
most evident comparing the position of the T1 point attained
with the largest release imposed from the lowest steady
force in plots Fig. 4, B and C (solid squares): below zero
force, the sarcomeres stop shortening (Fig. 4 C) even though
the motor lever continues moving (Fig. 4 B). Most impor-
tantly, even though the cross-bridge attachment positions
before the step are different at the various steady forces
(the symbols on the ordinate) from �0.5 T0 (T0 ¼ 175 5
13 kPa, n ¼ 4 fibers) to �1.5 T0, all the T1 relations show
a similar stiffness (mean 5 SEM ¼ 64.5 5 0.4 kPa/nm
per half sarcomere; Fig. 4 D). This nearly constant stiffness
in rigor implies that the force-extension curve extends
almost linearly into the negative strain region (Fig. 3 A).

The half-sarcomere compliance in rigor is (1000/64.5 ¼)
15.55 0.1 nm/MPa. Subtracting the contribution of filament
compliance (13.05 0.7 nm/MPa from both x-ray diffraction
andmechanical experiments (10)) from the total compliance,
we estimate the cross-bridge compliance in rigor to be 2.55
0.7 nm/MPa per half sarcomere, corresponding to a stiffness
of 4005 112 kPa/nm. In frogmuscle, the thick filament den-
sity, estimated from the fraction of cross-sectional area occu-
pied bymyofibrils (0.83 (49)) and the filament lattice spacing
(d1,0 ¼ 35 nm (50)), is 5.87 � 1014 thick filaments per m2.
There are 294 heads per half-thick filament. The average
stiffness per head is thus (400 � 103/(5.87 � 1014 �
294)) ¼ 2.325 0.65 pN/nm (Fig. 4 E; see also (10)), which
is consistentwith in situ and invitromeasurements at positive
forces (34,51,52). Even though in rigor, the T1 relation
(Fig. 4 C) shows a sharp intercept on the abscissa, this exper-
iment illustrates the difficulties in applying significant
compressive force to an intact fiber.

Substantial negative strain was imposed on the cross-
bridges in the experiment of Fig. 5 A on a demembranated
(glycerol-extracted) fiber from rabbit psoas muscle (53).
FIGURE 3 Hypothetical force-extension relations

for the case that cross-bridges can support negative

forces (A) and the case that cross-bridge stiffness de-

creases at negative strain (B). The distribution of

strains among cross-bridges at a given sarcomere

length is represented by horizontal shifts between

the five cross-bridge force-extension relations in

the top of (A) and (B). The bottom shows fiber

force-extension relations (T1 curves) resulting from

the summation of cross-bridge forces. (Reproduced

from (47).)
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FIGURE 4 Mechanical parameters of an intact frog muscle fiber in rigor at different steady tensions. (A) Force transient (lower trace) elicited by a step

release of 0.16% L0 (upper trace) is shown, corresponding to 1.2 nm per half sarcomere (middle trace), imposed at a steady force of 1.4 times the active

isometric tetanic force (T0, 142 kPa/m2 in this fiber). A single fiber from frog tibialis anterior was used. (B and C) T1 relations at 0.44 T0 (squares), 1.03

T0 (triangles), and 1.39 T0 (circles) determined for the fiber (B) and for a selected population of sarcomeres (C) using the same four steps are shown.

The solid square indicates the T1 point attained with the largest release imposed from 0.44 T0. (D) Half-sarcomere stiffness calculated by the slope of

the T1 relations as in (C) at the three different steady forces is shown. Mean and SEM from four fibers are shown. (E) Stiffness per myosin head calculated

as described in the text is shown.
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While it was relaxed in the presence of MgATP, it was
stretched to a sarcomere length of 3.35 mm, at which signif-
icant resting tension is present (point a) because of parallel
elastic components such as titin (54). When ATP was
removed from the bathing medium, the fiber went into the
rigor state and generated force (b) above the resting tension.
A small length release reduced tension below the resting
level, thereby placing negative tension (c) on the cross-
bridges. The increase of force accompanying cross-bridge
detachment upon readdition of MgATP (Relax) clearly dem-
onstrates that the cross-bridges were supporting a steady
negative tension. As shown in Fig. 5 B, the rigor T1 relation
in a fiber at 3.2 mm sarcomere length shows no discontinuity
of slope at the intersection of the rigor and relaxed force-
extension curves, indicating that the cross-bridges did not
buckle under negative strain.

In the experiment of Fig. 5 C, positive (i) and negative (r)
rigor tensions at a 3.3 mm sarcomere length generated as in
998 Biophysical Journal 118, 994–1002, March 10, 2020
Fig. 5 A were relaxed by rapid release of 1 mM ATP upon
laser photolysis of caged ATP in the presence of 1 mM
MgADP (22). The relaxation to the baseline resting tension
was much faster from the negative tension, in part because
of the faster dissociation of ADP from negatively strained
cross-bridges before ATP binding (Fig. 1 B, transition
d / e compared to c / e). The upward deflection of the
force recording from negative strained cross-bridges implies
that in the AM,ADP state, as well as in the nucleotide-free
AM state, cross-bridges supported negative force.
Implications of negatively strained actomyosin
attachments

Almost a century ago, in his basement laboratory in Cam-
bridge, A. V. Hill and his colleagues discovered the surpris-
ing feature of muscle contraction that the rate of total energy
liberation, fueled by the biochemical reactions, depended on



FIGURE 5 Relaxation of glycerol-extracted single fiber from rabbit psoas from negative and positive cross-bridge strain in rigor. (A) A relaxed fiber was

stretched to generate significant resting tension (point a) above zero (thin dashed line). It was then put into rigor solution (two washes (arrows) to remove

residual ATP; point b). A small length release (120 mm) decreased tension to below the relaxed level (point c). Addition of MgATP (Relax, final concentration

0.7 mM) then caused tension to increase. At ‘‘Stretch,’’ the fiber length was increased to the prerigor length, and at ‘‘Slacken,’’ the zero-force level was re-

corded. The recording starts at a sarcomere length of 3.35 mm. (B) Force-extension curves from another fiber undergoing the same protocol are shown. a, b,

and c indicate corresponding conditions in the two fibers. (Reproduced with permission from (53).) (C) Relaxation of a single fiber from isometric (i) and

negatively strained (r) rigor tension by photorelease of 1 mM MgATP from caged ATP in the presence of 1 mM MgADP is shown. The top trace (i) is iso-

metric at positive tension, sarcomere length of 3.3 mm. The center trace shows the tension of the relaxed fiber recorded 1 min later. The fiber was then put in

rigor again and released by 3% L0 to apply negative cross-bridge strain. The lowest trace (r) shows relaxation of negative cross-bridge tension on photorelease

of ATP. For clarity, the negative tension record (r) and its baseline were shifted vertically to superimpose the two baselines. (Reproduced with permission

from (22).)
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the mechanical load and the speed of muscle shortening
(12,20). This finding implied feedback from the mechanics
of the contractile apparatus back to the biochemical reac-
tions. In the brilliant and prescient model of the contraction
mechanism developed by A. F. Huxley in 1957 (13), the ac-
celeration of the enzymatic turnover of the actomyosin
ATPase as the load is reduced and the shortening speed in-
creases was explained by postulating that the cross-bridge
detachment rate increases under negative strain. At moder-
ate velocities, the pulling force of positively strained
cross-bridges is higher than the drag force of cross-bridges
in the negatively strained region, whereas at maximal short-
ening velocity, a balance between positively and negatively
strained cross-bridges results in zero net force. These fea-
tures of the 1957 model have been subsequently supported
by studies in different muscle types, showing how the strain
dependence of detachment rate contributes, along with the
rate of cross-bridge attachment, to modulation of the power
(force times velocity), the total rate of energy liberation (po-
wer plus rate of heat production), and the rate of ATP hydro-
lysis and thus efficiency of energy conversion (21,55).

More recent estimates of the cross-bridge stiffness
(2–3 pN/nm (10)) are four to five times larger than those
assumed in the Huxley 1957 model. To preserve the effi-
ciency of work production during the cycle, the strain de-
pendency of detachment rate at negative strain must be
correspondingly higher, a feature directly verified in x-ray
diffraction experiments, which show that the conforma-
tional dispersion of myosin cross-bridges during shortening
remains quite limited (9). Those observations contradict the
hypothesis that cross-bridges maintain attachment for long
distances by buckling of the S2.

The predominant reaction step that controls the enzy-
matic turnover rate of the muscle actomyosin ATPase cycle
during contraction is the rate of ADP release from
AM,ADP (Fig. 1 B, state c), which is slow until filament
sliding under a reduced load shifts the cross-bridge into
the range in which it exerts low or negative forces
(state d). Thus, the stiffness in the negative region is impor-
tant for the modulation of the biochemical energy liberation
and efficiency. The strain dependence of ADP release from
AM,ADP has been documented in both striated and smooth
muscles (22–27).

A question about energetics, which was unresolved for
decades, is the mechanism of a transient unexplained en-
ergy liberation observed during unloaded shortening
(21,56). The rate of ATP utilization is unexpectedly low
during rapid shortening of frog skeletal muscle, insufficient
to account for the energy output, mostly heat (57,58). This
was puzzling because the rate of ATP utilization was ex-
pected to increase with the shortening velocity because
the rate of cross-bridge detachment (estimated from the ve-
locity of filament sliding and the attachment distance) does
increase with the shortening velocity. Moreover, during
prolonged unloaded shortening, the ATP splitting continu-
ously declines, reaching that observed during isometric
contraction (1.7 s�1 per myosin head in frog muscle at
0�C). A deficit of heat production during isometric force
redevelopment while ATP splitting is temporarily increased
(56) balances out the energetic budget. These data indi-
cated that unloaded shortening is accompanied by an un-
identified exothermic reaction that is reversed during the
subsequent isometric period.

More recently, these puzzling results found a straight-
forward explanation in the finding that during rapid short-
ening, the thick filament undergoes a structural change
that switches OFF the cross-bridges’ availability for
attachment to actin (4). In the ON state that characterizes
loaded contractions, they are available for attachment, but
in the OFF state, they lie along the thick filament surface
Biophysical Journal 118, 994–1002, March 10, 2020 999
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folded toward the center of the sarcomere and are unable
to attach to actin or split ATP (59,60). Accordingly, the
number of attached cross-bridges continuously decreases
during unloaded shortening (61). These results lead to
the suggestion that the mysterious exothermic reaction
occurring during rapid shortening is due to forcible
detachment of negatively stressed cross-bridges before
the completion of their chemical cycles (ADP release
and ATP binding). These detached off-pathway cross-
bridges are hypothesized to accumulate in the OFF state,
from which they return when tension redevelops after the
shortening, accounting for the extra ATP splitting (61).
This mechanism is based on the negative stress in the
cross-bridges sliding past the zero-force position. To the
contrary, a nonlinear cross-bridge elasticity leading to
maintained attachment because of S2 buckling would
imply a lag in reaching a steady ATPase rate during rapid
shortening rather than the observed extra heat output.

Mechanical control of the ATPase rate is also a promi-
nent aspect of nonmuscle myosins. For instance, myosin
V is an intracellular cargo transporter whose two myosin
heads translocate for many hand-over-hand steps along
actin per diffusional encounter with the filament (62,63).
This property, termed processivity, is a key factor in
enabling myosin V to carry cargos individually or in very
small groups. The two heads of the molecule alternate in
initiating a step by binding ATP, detaching from actin, hy-
drolyzing the ATP, rebinding to actin, and completing the
enzymatic cycle on release of the hydrolysis products
phosphate and ADP. This alternating (anti-) synchroniza-
tion is achieved by mechanical control of ADP release
from AM,ADP, as is observed with muscle myosin.
When both heads of the molecule are attached to actin,
the mechanical strain between the heads pulls the leading
head backward and the trailing head forward. The trailing
head, under negative stress, releases ADP more rapidly
than the leading head, again very similar to the strain
dependence of ADP release by muscle myosin. This gating
of ADP release contributes to high directionality toward
the plus end of actin because the trailing head initiates a
forward step before the slower leading head (29). The pos-
itive and negative arms of the force-extension curve confer
this important function for achieving high processivity and
directionality.

Myosin 1s differ in properties that are tuned to facilitate
their varied functions in cell biology. Myosin 1B exhibits
the strongest known stress-strain-related ADP release rate,
slowing �50-fold at 1–2 pN of resisting mechanical load
(28). The motor stops moving but maintains actin attach-
ment under such a load, suggesting that its function is a
stress-dependent cellular anchor instead of a transporter.
Gating of ADP release is common to myosin 1B, II, and
V, but it is not universal in myosin 1s. Myosin 1C shows
strain-dependent ATP binding (64), which is not prominent
in the other isoforms mentioned so far.
1000 Biophysical Journal 118, 994–1002, March 10, 2020
Myosin X and VI have also been shown to exhibit gating
of ADP release from AM,ADP (31–33). Myosin VI binds
ATP relatively slowly and this step also is probably gated
by mechanical strain between its heads. These examples
of strain-dependent dissociation of ADP and of ATP binding
rate in nonmuscle myosins (65,66) mechanistically tie
muscle and nonmuscle myosins together as an evolutionary
superfamily beyond their sequence homology. They empha-
size the functionally crucial forces on the myosin heads in
both positive and negative directions.
Conclusion

In the native filament lattice, muscle cross-bridges exhibit a
similar stiffness under both positive and negative strains.
The drop of the cross-bridge rigor stiffness observed in
sparse-headed thick filaments in the negative strain region
(34), due to the proposed buckling of the S2 portion of the
myosin, seems to be limited to those in vitro measurements.
Consequently, kinetic models of muscle contraction based
on cross-bridge nonlinearity (35) that ignore the available
and compelling evidence that cross-bridges can support
negative load are not viable. The force-extension relation,
its shape, and its slope, which express the stiffness of the
actomyosin cross-bridges, are primary mechanical parame-
ters that control the dynamics of energy transduction,
enabling muscles to precisely and efficiently support and
move the body. Stress-strain-dependent gating of biochem-
ical rates also tunes nonmuscle myosins to efficiently
perform varied tasks in many cell types.

In the half sarcomere, the emergent properties of the
entire ensemble control the mechanical performance and
the energetically beneficial mechanism that relates the de-
gree of thick filament activation to the load. Motors under
the negative stress experienced during rapid shortening
can detach before completing the biochemical cycle, and
they accumulate in the energy-sparing OFF state. In cargo
transport by processive nonmuscle myosins, negative stress
in the trailing head leads to acceleration of ADP release that
contributes to directionality for stepping forward. Modeling
performance of fully integrated physiological systems on
the basis of molecular events observed with minimal
in vitro geometries requires quantifying how the individual
forces and motions interact and combine through the stiff-
ness of their linkages (26,67). Defining the basis of pathol-
ogy due to mutations in the motor proteins and optimizing
therapeutic pharmaceuticals are potential benefits of under-
standing contraction and motility over the full range of
structural complexity.
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