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Enhanced force generation by smooth muscle myosin in vitro
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ABSTRACT To determine whether the apparent enhanced
force-generating capabilities of smooth muscle relative to skel-
etal muscle are inherent to the myosin cross-bridge, the iso-
metric steady-state force produced by myosin in the in vitro
motility assay was measured. In this assay, myosin adhered to
a glass surface pulls on an actin filament that is attached to an
ultracompliant (50-200 nm/pN) glass microneedle. The num-
ber of myosin cross-bridge heads able to interact with a length
of actin filament was estimated by measuring the density of
biochemically active myosin adhered to the surface; with this
estimate, the average force per cross-bridge head of smooth and
skeletal muscle myosins is 0.6 pN and 0.2 pN, respectively.
Surprisingly, smooth muscle myosin generates approximately
three times greater average force per cross-bridge head than
does skeletal muscle myosin.

All muscles are believed to generate force through the cyclic
interaction of two contractile proteins, myosin and actin. The
energy that drives this process is derived from the hydrolysis
of ATP by the myosin cross-bridge. Smooth muscle, found in
virtually al# hollow organs of the body, is unique in its ability
to generate as much force per cross-sectional area as skeletal
muscle with only one-fifth the myosin content (1). Although
this apparent difference could possibly be explained at the
tissue or cellular level, when these data are interpreted at the
molecular level, smooth muscle cross-bridges may gererate
greater average force than skeletal muscle cross-bridges. To
test this hypothesis, we used an in vitro motility assay.

The in vitro motility assay has proven a useful tool in
studying the molecular mechanism by which myosin gener-
ates force and motion as it interacts with actin (2-4). In this
assay, fluorescently labeled actin filaments are observed
sliding over a myosin-coated surface. Although the velocity
of freely moving actin filaments can be readily determined,
the measurement of force is far more difficult. In 1988,
Kishino and Yanagida (5) described a novel technique for
measuring force in this assay. We have adopted this tech-
nique (Fig. 1) to compare the force generated by smooth and
skeletal muscle myosin.

MATERIALS AND METHODS

All contractile proteins were prepared as described (4). Either
turkey gizzard thiophosphorylated smooth muscle or chicken
pectoralis skeletal muscle myosin monomers (250 ug/ml) in a
myosin buffer (300 mM KCl/5 mM MgCl,/25 mM imidazole/1
mM EGTA/10 mM dithiothreitol, pH 7.4) were incubated on a
nitrocellulose-coated glass coverslip for 2 min and then washed
with bovine serum albumin at 0.5 mg/ml in myosin buffer.
Next, a 0.1-ml-solution bead of low-ionic-strength assay buffer
containing fluorescent, tetramethylrhodamine B isothiocy-
anate-labeled actin filaments (=45 ng/ml) was placed on top of
the myosin surface [assay buffer: 25 mM KCl/5 mM MgCl,/25
mM imidazole/1 mM EGTA/2 mM ATP/10 mM dithiothreitol/
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0.375% methylcellulose, pH 7.4, with an enzymatic oxygen
scavenger system (glucose oxidase at 0.1 mg/ml, catalase at
0.018 mg/ml, and glucose at 2.3 mg/ml)].

Actin filaments (10-30 um in length), suspended in solution
and freely moving on the myosin surface, were observed
through an epifluorescence inverted microscope system (6) at
X1000 (Zeiss; X100 Neofluar, numerical aperature = 1.3).
The microneedle, to which an actin filament was attached,
was fixed to a three-dimensional micromanipulator (Nara-
shige, Tokyo; model MW-3). The microneedle tip was coated
with N-ethylmaleimide-treated skeletal muscle myosin (1
mg/ml) by placing the tip for 1 min in a 10-ul solution bead
on a siliconized coverslip adjacent to the myosin-coated
surface. N-Ethylmaleimide myosin is a non-ATP-hydrolyz-
ing, strong-binding myosin analogue that was used to attach
the actin filament to the microneedle. The N-ethylmaleimide
myosin-coated microneedle was then transferred to the actin-
containing solution bead. To coax an actin filament over to
the microneedle tip, a specially designed pneumatically
driven micromanipulated microscope stage was used to move
the coverslip and, thus, the actin filament. The microneedle
tip was then brought to within 4 um of the myosin surface,
allowing the attached actin filament to engage the myosin
surface (Fig. 2). As myosin pulled on the actin filament, the
microneedle tip was deflected. This event was recorded on
videotape, and the images were digitized at a later time.
Microneedle deflection (x) was determined with the use of
image-processing software developed in this laboratory (6).
Having calibrated the microneedle stiffness (k), we deter-
mined the force (i.e., k * x) generated over time (Fig. 3). The
measured force was corrected for any actin filament angular
deviation from the axis perpendicular to the microneedle. In
addition, we measured the length of actin in contact with the
myosin surface at maximal microneedle deflection. The mi-
croscope and all manipulators were mounted on a pneumatic-
vibration isolation table. Experiments were conducted at
30°C with the use of an objective heater.

The microneedles were drawn from borosilicate glass cap-
illary tubing (1 mm o.d.) by the technique of Howard and
Hudspeth (7) to an initial diameter of 20 um and then a final
diameter of 0.2 um; the ultracompliant portion was 0.5-1.0
mm in length. The microneedle stiffness was calibrated by
electrostatically attaching a polystyrene bead of 40-um diam-
eter (Polyscience; density 1.005 g/cm?3) to the microneedle tip.
The vertical deflection of the microneedle (§X), resulting from
the weight of the bead, and the bead diameter were visualized
by video camera through a horizontally placed microscope
(Leitz; X200 magnification). These dimensions were deter-
mined from the video image by using a digital image processor
(Hamamatsu, Middlesex, NJ; Argus 10). Bead weight (W) was
calculated (W = volume * density). Microneedle stiffness (k =
W/8X) ranged typically from 2-20 pN/um. For each micron-
eedle, this calibration procedure was repeated at least three
times with an average 5% error in the stiffness estimate. The
accuracy of our stiffness estimates were independently con-
firmed to within 10% by using cantilever-beam theory to
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Microneedie

F16. 1. An actin filament attached to a microneedle interacts with
a myosin-coated surface. The microneedle is deflected (AX) by the
force generated in the actin-myosin interaction. NEM, N-ethylmale-
imide.

calculate the theoretical microneedle stiffness based on
Young’s modulus for glass and the microneedle dimensions
obtained in a scanning electron microscope.

Myosin head density on the nitrocellulose-coated coverslip
was determined by NH4-EDTA ATPase (8) to estimate the
number of biochemically active heads and by an ultrasensitive
protein assay to estimate the total amount of myosin bound to
the surface (9). ATPase measurements on the coverslip sur-
face were compared with ATPase measurements in the test-
tube (in which known amounts of myosin were used) to
determine the density of biochemically active heads on the in
vitro motility assay surface (8). Comparing the results of the
ATPase and protein-binding assays, it appears that ~70% of
both smooth and skeletal muscle myosin bound to the surface
is biochemically active, as has been reported (10) for skeletal
muscle myosin alone. Secondly, both smooth and skeletal
muscle myosin surfaces are saturated at myosin loadings >100
pg/ml. We have assumed, as have others (5, 11), that all
biochemically active heads are mechanically active.

RESULTS AND DISCUSSION

The time to steady-state force for smooth muscle myosin is
an order of magnitude longer than that for skeletal muscle
myosin (Fig. 3). This result is not surprising because a similar
difference is seen in the velocity of freely moving actin
filaments over these two myosin surfaces (4). However,
compared with electrically stimulated smooth and skeletal
muscle fibers, the rate of force development in this assay is
considerably slower. This result is most likely the effect of
viscous drag forces, against which the cross-bridges must
operate, as the microneedle is deflected through the meth-
ylcellulose-containing solution. Therefore, on the basis of
simple force-velocity considerations, one might expect the
rate at which cross-bridges attain their isometric steady-state
force to be greatly diminished in this viscous milieu.

The steady-state forces generated by smooth and skeletal
muscle myosins are plotted against the lengths of actin in
contact with the surface (Fig. 4). The slopes of these rela-
tionships are 34.7 + 2.3 pN/um and 12.5 + 0.8 pN/um for
smooth muscle and skeletal muscle myosins, respectively. If
similar densities of mechanically active cross-bridge heads
exist on the coverslip, then these results suggest that each
smooth muscle cross-bridge head generates three times more
average force than a skeletal muscle cross-bridge head.
Extrapolating from myosin NH4,-EDTA ATPase measure-
ments on the coverslip (8), the density of biochemically
active myosin heads is 2328 + 572 heads per um? for smooth
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Fic.2. Three micrographs showing an individual force measure-
ment. (Top) At 0.0 s the actin filament, attached to the microneedle,
is beginning to engage (indicated by arrow) the skeletal muscle
myosin-coated surface. (Middle) After 2.6 s, force has reached
steady state, and the microneedle is maximally deflected. (Bottom)
At 6.0 s, the actin filament detaches from the microneedle, allowing
the microneedle to return to its original position. The dashed line
indicates microneedle position at zero force; the perpendicular solid
line marks the extent of needle deflection, which was used to
calculate force. The bright microneedle tip is due to numerous
fragments of adherent fluorescently labeled actin filaments. Slight
bright-field illumination improved visualization of the microneedle
outline.

and 2092 + 349 heads per um? for skeletal muscle myosin.
Assuming any smooth or skeletal muscle myosin head within
a 10-nm reach (i.e., similar head dimensions for the two
myosins) of a 6-nm-diameter actin filament can attach (11),
then =61 £ 15 smooth muscle and 54 + 9 skeletal muscle
cross-bridge heads per um of actin filament length can
potentially interact with actin and generate force. It is worth
noting that our estimate for the number of mechanically
active heads agrees with values reported by both the Yana-
gida (5) and Spudich (11) groups. Their estimates were
similarly obtained from ATPase assays under saturated con-
ditions on the myosin surface.

Using these estimates for number of available heads and
force per unit length of actin data (Fig. 4), we calculate the
average force per cross-bridge head to be 0.6 pN (range,
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FiG. 3. Force generation over time for two individual force
measurements. Microneedle position was determined from digitized
video images (6) every 0.5 s and 0.2 s for the smooth muscle and
skeletal muscle myosins, respectively. The decline in force seen in
the skeletal muscle myosin force measurement is the result of actin
filament release from the microneedle (see Fig. 2, for example). Note
that the microneedle force returns to baseline. Actin-filament length
in contact with the myosin surface was 4.9 and 3.7 um for smooth
muscle and skeletal muscle myosins, respectively. Fmax, maximal
force (F) value.

0.4-0.8 pN) for smooth muscle myosin and 0.2 pN (range,
0.2-0.3 pN) for skeletal muscle myosin. The average force
per skeletal muscle cross-bridge head that we predict is
similar to estimates that Yanagida and coworkers (5, 12, 13)
obtained in a comparable assay. We believe that the absolute
force values reported here and those of Yanagida and co-
workers (5, 12, 13) are probably underestimates, particularly
when compared with the 1.4-pN estimate from intact muscle
fibers (14). In this assay, myosin is randomly oriented on the
coverslip, and its attachment to the surface could affect force
generation. Efforts should be made to orient the myosin
relative to actin as it exists in vivo and to investigate other
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F1G. 4. The steady-state force per actin filament length in contact
with the smooth muscle and skeletal muscle myosin surfaces. Each
data point results from an individual actin filament measurement.
The linear regressions as plotted (solid lines) are 46.2 pN/um and
12.2 pN/um for smooth muscle and skeletal muscle myosins, re-
spectively. The 95% confidence limits (dashed lines) were deter-
mined by statistical software within the SIGMAPLOT graphics package
(Jandel, Corte Madera, CA). When data are constrained through the
origin, the regressions for smooth muscle and skeletal muscle
myosins differ by a factor of three (see text). This difference is
statistically significant (F = 77, p < 0.01). Fpax, maximal force (F)
value.
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methods of attachment that could maximize force transduc-
tion.

An interesting dilemma arises when estimates of cross-
bridge force from the motility assay at low ionic strength (40
mM) are used to estimate cross-bridge forces in vivo. At this
low ionic strength, the binding affinities for smooth and
skeletal muscle subfragment 1 (S-1) to actin in the presence
of nucleotide are approximately equal (15). However, at near
physiological ionic strength, the binding of smooth muscle
S-1is only slightly diminished (3-fold), whereas the binding
of skeletal muscle S-1 is reduced by as much as 100-fold (15).
If S-1 binding to actin in the test-tube is any indication of force
production in vivo, then based on our cross-bridge force
estimates at low ionic strength, one would predict at least two
orders of magnitude difference between smooth and skeletal
muscle cross-bridge forces in vivo, which is not the case. It
is possible that the spatial constraints placed on actin and
myosin cross-bridges within a muscle fiber increase the
probability of cross-bridge attachment and, thus, compensate
for the weaker binding affinity of sKeletal muscle myosin at
physiological ionic strength compared with that of smooth
muscle myosin (15).

The force data presented here strongly suggest that, under
identical experimental conditions, smooth muscle cross-
bridge heads appear to generate three times more average
force than skeletal muscle cross-bridge heads. A similar
conclusion was drawn from motility studies in which both
smooth muscle and skeletal muscle myosins were mixed
independently with N,N’-p-phenylenedimaleimide skeletal
muscle myosin (4). This sulfhydral-modified myosin, which
no longer hydrolyzes ATP and binds weakly to actin, serves
as an internal load to impede actin filament motion created by
the normally cycling smooth and skeletal muscle myosins. In
this earlier study, the relative amount of N,N-p-phenylene-
dimaleimide myosin required to halt actin-filament motility
was approximately three to four times greater in a mixture
with smooth muscle myosin than in a mixture with skeletal
muscle myosin. By this indirect approach, we previously
predicted a similar enhancement in the force-generating
potential of smooth muscle myosin.

Can alterations in the kinetics of the cross-bridge cycle or
the manner in which chemical energy is converted to me-
chanical work explain the greater force production of smooth
muscle myosin? A simple two-state cross-bridge model, first
proposed by Huxley (16) in 1957, can be used to depict the
interaction of myosin with actin. Specifically, the cross-
bridge is first detached or weakly attached to actin and then
becomes more strongly attached as it undergoes the power
stroke to generate its unitary force (Fyp;). The fraction of the
cross-bridge cycle in which myosin is strongly bound to actin
and generating force is termed the duty cycle (f). The
average cross-bridge force that we measure is the resultant
product of the unitary force and duty cycle (Favg = Funi * f).
Therefore, the greater average force (Fayg) per cross-bridge
head for smooth muscle myosin could be explained by a
greater unitary force, an increased duty cycle, or a combi-
nation of the two. In the in vitro motility assay, we have
shown that duty cycles for both smooth and skeletal muscle
myosin do not differ (8). However, these data were obtained
from actin filaments moving under zero load. Given the
dependence of cross-bridge function on strain (17), extrapo-
lating these data to isometric conditions may not be appro-
priate. Under isometric conditions, evidence for an increased
duty cycle in smooth muscle has been obtained from me-
chanical measurements of single muscle cells (18, 19). In
skeletal muscle, duty-cycle estimates are as high as 75% (20)
under isometric conditions. Therefore, both unitary force and
duty cycle are probably increased to contribute to the 3-fold
higher average force per smooth muscle cross-bridge head.
Until the development of techniques that have both temporal
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and force resolution to measure unitary cross-bridge events,
we can only speculate as to how duty cycle and unitary force
differ between smooth muscle and skeletal muscle myosins.

The greater force estimated for smooth muscle myosin
does not appear to violate energetic constraints. If efficiency
of energy transduction by smooth muscle myosin is 15% (21),
then 12 x 10~21 J per ATP would be available for work. Under
isometric conditions, the only work performed by the cross-
bridge would be to stretch the Hookean elastic element,
believed to exist within the cross-bridge itself. Assuming that
the average force per head is underestimated by a factor of 4
and the duty cycle is 50%, the unitary force would be 4.8 pN.
During the cross-bridge working stroke, the internal elastic
component may be stretched by a maximum of 4-6 nm (22,
23). Under these conditions the energy expended would be =
12 x 10~2! J per cross-bridge cycle. Even in this worst-case
estimate, sufficient energy is available from the hydrolysis of
asingle ATP molecule to sustain the greater force per smooth
muscle myosin head.

Although at the cellular level greater numbers of cross-
bridges working in parallel due to longer myosin filaments
(24) or a parallel arrangement of contractile units within the
cell (25) could contribute to the greater force per myosin
content of smooth muscle tissue, we have shown that a
significant portion of the enhanced force generation can be
traced directly to the cross-bridge. Clues as to how this
unique functional difference between smooth muscle myosin
and skeletal muscle myosin has evolved may be found in the
amino acid heterogeneity that exists between these two
myosin species, ultimately affecting the molecular structure
and function of myosin.
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