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Figure 4. Molecular Basis of the Relationship between Force an

(A) Number of motors attached to actin in each myosin half-filament.

(B) Force per attached motor.

(C) Sliding distance L over which a motor remains attached, estimated fro
the load (Figure 3C, filled circles), as expected for a linear

elasticity. The slope of this relationship, corresponding to

the compliance of a half-sarcomere with all motors at-

tached, was 3.7 ± 0.1 nm/T0. The filaments contribute

3.2 nm/T0 as discussed above, so the motor strain

when all motors are attached to actin is 0.5 nm/T0. The

isometric force (T0), calculated from the macroscopic

stress and filament lattice dimensions, is 480 pN in

each myosin half-filament (Lombardi et al., 1992). Be-

cause the 294 motors in the half-filament are mechani-

cally in parallel, each motor bears a force of 480/294 or

1.6 pN under these conditions, and the compliance of

an individual myosin motor (cm) is 0.5/1.6, or 0.3 nm/pN.

The same value of cm for myosin motors in intact muscle

fibers was recently determined by an independent

method that did not involve induction of the rigor state

(Decostre et al., 2005), suggesting that cm = 0.3 nm/pN

is a fundamental elastic constant of the myosin motor

that is independent of the presence of ATP. This value

is lower than that measured in mechanical studies on

single myosin molecules (Veigel et al., 1998; Smith

et al., 2001; Takagi et al., 2006; Capitanio et al., 2006),

probably because of the additional compliance of the

connections between the myosin and the transducers

in the in vitro studies.

(D) Apparent attachment rate constants (diamonds) and detachment rate c

Error bars denote SE of mean.
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Velocity during Steady Shortening

X-ray (squares) and mechanical (circles) data.
Individual Motors Exert a Force of 6 pN during
Slow- and Medium-Velocity Shortening
The motor strain during isometric contraction is 1.7 nm

(Figure 3C, triangle at T0), so the unitary force per motor

under these conditions can be calculated as the motor

strain divided by cm, that is, 1.7/0.3, or 5.7 pN. The force

borne by each half-filament is 480 pN, as noted above,

so the number of motors attached to actin (N) during iso-

metric contraction is 480/5.7 = 84 (Figure 3D, diamond at

T0), about 30% of the total number of motors present in

each half-filament.

The force per motor during steady shortening was cal-

culated from the corresponding motor strain (Figure 3C,

triangles). In the high-load region the force per motor is

approximately constant, with a value of about 6 pN, and

only falls below 4 pN at very low load, corresponding to

very fast shortening (Figure 3D, triangles). The number of

motors bound to actin (N) during shortening decreases

almost linearly with decreasing load (Figure 3D, dia-

monds). Thus, the motor ensemble responds to a de-

crease in the external load with a decrease in the number

of motors bound to actin rather than a decrease in the

force per motor. The number of attached motors and the

force per motor are plotted against the filament sliding

velocity in Figures 4A and 4B, respectively.

onstants (squares, from X-ray data; circles, from mechanics).
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