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ABSTRACT Skeletal muscle’s ability to shorten and lengthen against a load is a fundamental property, presumably reflecting
the inherent load-dependence of the myosin molecular motor. Here we report the velocity of a single actin filament translocated
by a mini-ensemble of skeletal myosin ;8 heads under constant loads up to 15 pN in a laser trap assay. Actin filament velocity
decreased with increasing load hyberbolically, with unloaded velocity and stall force differing by a factor of 2 with [ATP] (30 vs.
100 mM). Analysis of actin filament movement revealed that forward motion was punctuated with rapid backward 60-nm slips,
with the slip frequency increasing with resistive load. At stall force, myosin-generated forward movement was balanced by
backward slips, whereas at loads greater than stall, myosin could no longer sustain forward motion, resulting in negative
velocities as in eccentric contractions of whole muscle. Thus, the force-velocity relationship of muscle reflects both the inherent
load-dependence of the actomyosin interaction and the balance between forward and reverse motion observed at the molecular
level.
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Muscle’s ability to generate force and motion is due to

numerous myosin molecular motors interacting cyclically

with actin, a process powered by myosin’s hydrolysis of

ATP. The velocity at which a skeletal muscle shortens is

load-dependent, slowing with increasing load as described

by the now classic hyperbolic force-velocity (F:V) relation-

ship (1). At loads greater than a muscle’s maximum isometric

force, the muscle is forced to lengthen (i.e., eccentric contrac-

tion), even though myosin molecules interact with actin to

resist this motion. Fifty years ago, A. F. Huxley proposed

that load can affect one or more steps in myosin’s cyclic

interaction with actin (2), which he based largely on the

shape of the F:V relationship from whole muscle. Given the

complexities inherent to muscle tissue, the ability to relate

muscle mechanical properties to the underlying kinetics and

mechanics of the myosin motor is far from certain. Therefore,

we characterized the F:V relationship at the molecular level

in a laser trap by measuring the velocity of a single actin

filament being displaced by a mini-ensemble (approximately

eight heads) of skeletal muscle myosin motors under constant

load. Such measurements would be impossible with a single

skeletal myosin molecule due to its low unloaded duty ratio

(i.e.,;4%) (3), thus necessitating the use of a mini-ensemble

and subsaturating ATP.

Using a software-controlled, force clamp (4) in a three-

bead laser trap assay (5), we applied 1–15 pN constant loads

to a rigid bead-actin-bead assembly. On contact with the

myosin-coated surface, the bead-actin-bead assembly would

begin to slide. Constant load was then applied by keeping the

position of the trap center relative to the bead constant (i.e.,

force clamped) using an acousto-optic deflector. A series of

sequential load steps, with each step lasting 80–200 ms, was

applied repeatedly in increasing and then decreasing order

(Fig. 1 B). Comparison of velocities at a given load, whether

obtained during the rising or falling load sequence, had no

effect on the resultant velocity (data not shown).

Actin filament velocity at each load was determined as the

slope of the linear regression through the displacement record

(Fig. 1 C). Multiple velocity measurements for each load

were then averaged for a given experiment (i.e., a given actin

filament) and then averaged across multiple actin filaments to

generate a F/V relationship (Fig. 1 A). Purified whole chicken
pectoralis skeletal myosin was adhered (15 mg/ml) to a

nitrocellulose-coated silica bead pedestal. Knowing the

myosin density (3), a minimum of eight myosin heads could

interact with the 0.5 mm of actin filament that was presented

to the surface. The final assay buffer was 25 mM KCl-actin

buffer with either 30 or 100 mM ATP at 20�C (5).

Actin filament velocity decreased with increasing load

from its unloaded maximum until loads sufficient to stall the

actin filament were reached (Fig. 1 A). At loads greater than
the stall force, the myosin could no longer support

continuous forward motion, resulting in the actin filament

being effectively pulled backward by the laser trap.

Interestingly, loads applied in the direction of actin filament

motion (30 mM ATP only) resulted in velocities 33 faster

than unloaded values, which were limited by the filament’s

interaction with myosin and not the capacity of the

instrumentation. The observed F:V relationships obtained

at both 30 and 100 mM ATP (Fig. 1 A) were well fit (p ,
0.02) by Hill’s hyperbolic F:V equation (1), i.e., (F1 a)(V1
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b) ¼ (Fo 1 a)b, where Fo is the stall force and a and b are

constants of the fit. There was no a priori reason to assume

this relationship, but the curvature, indicated by the a/Fo

values (0.29 and 0.33 for 30 and 100 mMATP, respectively)

was strikingly similar to that reported for whole skeletal

muscle (0.11–0.48) (6). Furthermore, the shift in the F/V

relationship going from 100 to 30 mM ATP, where both the

unloaded maximum velocity decreases and the stall force

increases by a factor of 2, is consistent with that seen in

muscle fibers with reduced ATP (7).

With a relatively small number of myosin heads

contributing to the observed actin filament velocities, the

dynamics of filament motion under load are revealed. For

resistive loads, an apparent dynamic instability exists where

forward motion of the actin filament is interrupted by

occasional, rapid (t; 2 ms) backward slips (Fig. 2, A, inset).
The slips have load-independent amplitudes of;60 nm (Fig.

2, B), whereas their frequency increases with load (Fig. 2, C).
Because slips are greater than the 10-nm myosin step size

(5), they are likely not simple reversals of a single power-

stroke. Alternately, with such a limited number of heads,

stochastic variation in the number of attached heads may lead

to brief periods when only a few heads hold the entire load.

The progressively higher load per head may induce

subsequent detachment in the remaining heads, consistent

with the slip frequency increasing with load. Once the last

head detaches, the laser trap would then pull the actin

filament backward at a rate limited by the system’s response

time (i.e., t ; 2 ms, independent of load). Although capable

of moving .500 nm, the distance traveled by the actin

filament during a slip was limited to 60 nm on average (Fig.

2, B), suggesting that the slip distance is determined by the

rate of head reattachment, which should be independent of

load as was observed (Fig. 2, B). Finally, in the absence of

ATP where myosin is tightly bound to actin in rigor, slips

were not observed (data not shown), confirming that slips

only occur when load is applied to an actin filament

interacting with actively cycling myosin.

The F/V relationships described above (Fig. 1, A) were
generated from displacement records whether or not a slip

occurred. When the F/V relationship at 100 mM ATP was

reanalyzed by eliminating slips from the velocity determi-

nations, it is not surprising that the backward slips contribute

most to the shape of the F/V relationship near stall (Fig. 2,

C), where the frequency of slips is highest. The slips have the
net effect of reducing the estimated stall force by ;40%.

Thus, at stall force, where velocity is zero, forward motion

generated by the myosin ensemble is balanced by backward

slips, a concept similar to that reported for kinesin (8). At

FIGURE 1 (A) F/V data at 30 mM (red circles) and 100 mM ATP

(black triangles) as means6 SE. Hill F/V fit to positive loads only

(lines; see text) at 30 mM ATP (Fo 5 15 pN, a /Fo 5 0.29, b 5 0.21

mm/s) and 100 mM ATP (Fo 5 6 pN, a /Fo 5 0.33, b 5 0.53 mm/s).

(B) Only increasing load sequence shown with force levels

above displacement trace. (C) Filtered actin displacement traces

(at 100 mM ATP) at different loads with their respective linear

regressions used to determine actin filament velocity; 10–90

velocities at each load were averaged to generate F/V in panel A.

FIGURE 2 Characterization of slips at 100 mM ATP (similar

results obtained at 30 mM ATP). (A) Slip frequency versus load

(r 5 0.84). Inset is a displacement record with a rapid reversal or

‘‘slip’’ in response to 5 pN. (B) Slip amplitude versus force, each

point is the mean 6 SE. Regression omits 1-pN data yielding 60-

nm average amplitude. (C) F/V data with (n, solid line) and without

slips (s, dashed line) and fit with Hill F/V equation.
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forces greater than stall, the frequency of slips becomes

sufficiently high to result in negative velocities, which may

provide a molecular explanation for the lengthening response

observed during eccentric contractions in whole muscle. Our

ability to measure directly the frequency of slips, and the F/V

behavior between them, should give new insight into the

load dependence of the attached states of myosin, whereas

studies of slip amplitude and duration should give insight

into the attachment process itself.

At low resistive loads where slips are not as frequent and

do not contribute significantly to the load-dependence of

velocity, load may affect velocity by modulating the myosin

step size (9) and/or the kinetics of specific steps in the

actomyosin cycle (10). The extreme increase in velocity with

assistive loads suggests that the myosin detachment rate is

accelerated to a maximum value that is constant over the

range of loads studied.

In addition to the externally applied load, internal loads

created by neighboring myosin molecules within the

ensemble that are simultaneously attached to the actin

filament are an equally important consideration. With the

ability to differentially label individual heads with fluores-

cent probes (11) it may be possible using single-molecule

techniques to characterize how myosins within an ensemble

communicate and interact to generate motion under load.

The F/V relationships obtained here for the miniensemble

are an initial step in bridging the functional gap between the

observations from a single myosin molecule and from the

large ensemble of motors that exist in a muscle fiber.

Although F/V relationships have been obtained previously

using skeletal myosin filament-coated beads gliding over

Nitella actin bundles (12), the straightforward geometry of

this study and the limited number of myosin molecules

eliminates much of the complexity associated with these

earlier studies. Once characterized, the F/V relationship

allows one to calculate myosin’s power-generating capacity

(i.e., F3 V) as a function of load, permitting characterization

of normal and mutant myosins associated with cardiomyop-

athies over their full range of physiologic demand.
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