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ABSTRACT Movement of single myosin filaments, synthesized by copolymerization of intact myosin and fluorescently labeled
light meromyosin, were observed along a single actin filament suspended in solution by a dual laser trap in a fluorescence
microscope. The sliding velocity of the myosin filaments was 11.0 = 0.2 ym/s at 27°C. This is similar to that of actin moving
toward the center from the tip (the physiological direction) of myosin filaments bound to a glass surface but several times larger
than that in the opposite direction (Ishijima and Yanagida, 1991; Yanagida, 1993). This indicates that the movement of myosin
filaments is dominated by the myosin heads on one side of the myosin filament, which are correctly oriented relative to the actin
filament. The incorrectly oriented myosin heads on the other side do not interfere with the fast movement. The step size
(displacement produced during one ATPase cycle) of correctly oriented myosin was estimated from the minimum number of
myosin heads necessary to produce the maximum velocity. This was determined by measuring the velocities of various lengths
of myosin filaments. The minimum length of the myosin filaments moving near the maximum velocity was 0.30-0.40 pm, which
contains 20 + 5 correctly oriented myosin heads. This number leads to a myosin step size of 71 = 22 nm. This value probably
represents the lower limit, because all of the myosin heads on the filament would not always interact with the actin filament.
Thus, the myosin step size is considerably larger than the length of a power stroke expected from the physical size of a myosin

head, 10-20 nm (Huxley, 1957, 1969).

INTRODUCTION

Muscle contraction is due to the relative sliding of myosin
and actin filaments (Huxley and Niedergerke, 1954; Huxley
and Hanson, 1954). It has been widely believed that this
sliding is driven by cyclic interactions of myosin cross-
bridges with actin powered by the hydrolysis of ATP
(Huxley, 1957, 1969; Huxley and Simmons, 1971). In spite
of extensive investigation, however, the elementary mecha-
nism of chemomechanical energy transduction has not been
completely elucidated. Several kinds of in vitro motility as-
says have been developed to solve this problem (Oplatka and
Tirosh, 1973; Yano, 1978; Sheetz and Spudich, 1983;
Higashi-Fujime, 1985; Honda et al., 1986; Nagashima, 1986;
Chaen et al., 1989; Higashi-Fujime, 1991). In particular, a
myosin-coated surface motility assay, by which one can ob-
serve single fluorescently labeled actin filaments under a
fluorescence microscope (Yanagida et al., 1984) and the mo-
tion produced by myosin or its subfragments bound to an
artificial substrate (Kron and Spudich, 1986; Toyoshima
et al., 1987; Harada et al., 1987), has been widely used.
In the present work, we have developed a new in vitro
motility assay, by which we can observe the sliding move-
ment of single myosin filaments along a single actin filament
without immobilizing either protein on an artificial substrate.
We combined techniques for observing highly fluorescent
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individual actin and myosin filaments with a method for ma-
nipulating them under a fluorescence microscope. The op-
tical gradient field trap, based on a highly focused laser beam,
is a useful method to capture and manipulate small dielectric
particles in solution (Ashkin and Dziedzic, 1987; Ashkin
et al., 1987; Block, 1990; Chu, 1991). Each end of a single
actin filament was bound to a 1-um diameter latex bead
caught in the laser trap. The beads were then separated until
the actin filament became taut and immobilized. Single syn-
thetic thick filaments slid along the actin filament and the
velocities were measured in various experimental conditions.
Thus, this new in vitro assay avoids the association between
the proteins and artificial substrate.

Using this assay, we estimated the duty ratio (the prob-
ability of being in the force-generating state) and the myosin
step size. In the conventional cross-bridge swinging model,
it has been assumed that each interaction of a cross-bridge
corresponds tightly to one ATPase cycle, independent of the
load (Huxley, 1957, 1969; Huxley and Simmons, 1971;
Rayment et al., 1993). Therefore, the myosin step size is
expected to be limited by the size of the myosin head to
approximately 20 nm (Huxley, 1969; Huxley and Simmons,
1971). In 1985, the sliding distance of actin produced by one
ATPase cycle was reported to be more than 60 nm using
single sarcomere preparations which had their Z line re-
moved (Yanagida et al., 1985). Since then, the problem of
whether the coupling between the power stroke and ATPase
cycles is tightly determined in a one-to-one fashion has at-
tracted a great deal of attention (Huxley, 1990; Burton, 1992;
Yanagida et al., 1993; Mitsui and Ohshima, 1988; Vale and
Oosawa, 1990). This problem has been extensively studied
in vitro using the myosin-coated surface assay but the results
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are not entirely consistent (Huxley, 1990; Burton, 1992).
This is probably because the results are affected by the ran-
dom orientation of myosin and the association of the myosin
heads with the artificial substrate (Yanagida, 1993). It has
been also argued that, when the actin filament moves along
myosin heads on the surface, its leading edge approaches
myosin heads that have had considerable time to reprime
their ability to undergo power strokes, i.c., a considerable
number of myosin heads may undergo only a part of the
whole ATPase cycle to move the actin filament (Huxley,
1990). The present assay overcomes these problems because
the myosin heads are regularly oriented on the filament with-
out association with the substrate and repeatedly undergo the
entire ATPase cycle during sliding.

MATERIALS AND METHODS
Sample preparation

All proteins were obtained from rabbit back skeletal muscle. G-actin was
extracted from acetone powder and purified by the method of Spudich and
Watt (1971). Tropomyosin was obtained by the method of Ebashi et al.
(1971) and bound to actin by mixing 0.5 mg/ml tropomyosin with 1 mg/ml
actin in a solution containing 150 mM KCl, 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), pH 7.8. Actin or actin-
tropomyosin filaments (2.5 uM in actin monomers) were labeled with
phalloidin-tetramethyl-thodamine (PHDTMR) by overnight incubation at
4°Cin a solution containing 5 uM PHDTMR, 100 mM KCl, 20 mM HEPES,
pH 7.8 (Harada et al., 1990). Just prior to use in each experiment, the
filaments were diluted to 8.3 nM final actin monomer concentration.
Myosin was extracted from muscle by Guba-Straub solution (Guba and
Straub, 1943) and purified as described by Harada et al. (1987). For storage,
myosin was rapidly frozen using liquid nitrogen and kept at -80°C.
N-Ethylmaleimide (NEM)-treated myosin was prepared by incubating myo-
sin for 30 min at room temperature (25°C) in 20 mM NEM, 0.6 M KCl,
and 20 mM HEPES, pH 7.0. The reaction was stopped with 0.2%
2-mercaptoethanol, and then the NEM was removed by repeated
polymerization-depolymerization cycles. Light meromyosin (LMM) was
obtained from myosin by the method of Szent-Gyirgyi et al. (1960). LMM
was labeled with tetramethyl-rhodamine isothiocyanate (TRITC) by incu-
bating 39 uM LMM with 116 uM TRITC for 3 h at 0°C in 0.6 M KCl, 50
mM HEPES, pH 7.8. Excess dye molecules were removed by gel filtration
on a Sephadex G-25 column. The protein concentration of fluorescently
labeled LMM was measured by the Lowry method (Lowry et al., 1951), and
the concentration of bound TRITC was obtained by measuring the absor-
bance at 554 nm using an absorption coefficient of 84,000 M~! cm~', The
molar ratio of LMM to dye molecules was approximately 1:1.
Copolymers of myosin and rhodamine-labeled LMM were obtained
using the method of Nagashima (1986). Myosin (0.30 mg/ml) and
rhodamine-labeled LMM (83 ug/ml) were mixed at a 1:1 molar ratio (0.63
M) in a solution containing 0.6 M KCl, 20 mM HEPES, pH 7.0, and were
copolymerized by diluting them 9-fold with a low salt solution. The final
solution during polymerization contained 127 mM KCl, 3 mM MgCl,, 0.5
mM dithiothreitol, and 20 mM HEPES, pH 7.0. The average length of the
copolymers was adjusted by changing the speed of the dilution using a
variable speed micropump (Nagashima, 1986). Just prior to use in experi-
ments, the filaments were diluted to the final concentration of 8.5 ug/ml.
The lengths of myosin filaments prepared were measured by electron
microscopy. The filaments were negatively stained with uranium acetate and
the negatively stained images were taken on a JEM-1200EX electron mi-
croscope (JEOL, Tokyo, Japan). The lengths of the filaments moving along
the actin filament in solution were determined by measuring their fluores-
cence intensity using a computer image processor according to Harada et al.
(1990). Comparing the fluorescence intensity of an actin filament labeled
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with phalloidin tetramethyl-rhodamine at the molar ratio of 1:1, the number
of LMM molecules involved in the filament was determined as ¢ X (the
fluorescence intensity of myosin filament)/(the fluorescence intensity of
actin filament 1 pum long/365 subunits), where q is the ratio of the fluo-
rescence intensity per molecule of tetramethyl-rhodamine bound to actin to
that bound to LMM, which equalled 1.2. The number of myosin molecules
involved is the same as that of LMM, since the copolymers contain them
at the same molar ratio. The length of filament was estimated as (the total
number of myosin and LMM molecules)/(3 molecules/14.3 nm), assuming
that the copolymers have 3 stranded helical structure with 14.3 nm X 3 pitch
(Huxley and Brown, 1967; Josephs and Harrington, 1966). The length de-
termined agreed well with that determined by electron microscopy.

Fluorescent polystyrene latex beads, 1 um in diameter (Ex = 530 nm,
Em = 590 nm; Polysciences. Inc., Warrington, PA), were coated with NEM-
treated myosin by the method of Shimmen and Yano (1984). Prior to use
in experiments the myosin-coated beads were diluted to about 107 beads/ml
in a solution containing 50 mM KCl, 4 mM MgCl,, 30 uM CaCl,, and
10 mM HEPES, pH 7.0.

Microscopy

Fluorescently labeled actin filaments and myosin-LMM copolymers were
observed with an Olympus BH2-RFC microscope equipped with epifluo-
rescence optics (Olympus, Tokyo, Japan), a Zeiss Neofluor 100X objective
(oil immersion, NA 1.3; Carl Zeiss, Tokyo, Japan), a 100-W mercury arc
lamp, and an Olympus rhodamine dichroic mirror and filter block. The
fluorescence images were detected by a Hamamatsu C-2400 silicon-
intensified target television camera (Hamamatsu Photonics, Hamamatsu,
Japan) and stored in S-VHS format by a Victor CR6650L video cassette
recorder (Victor, Tokyo, Japan) (Yanagida et al., 1984). The sliding velocity
of myosin-LMM copolymers was quantified from the tape recordings using
a computer image processor (Avio Excel; Nippon Avionics Co., Tokyo,
Japan, and PC-9801DA; NEC, Tokyo, Japan) and special purpose software.

Dual laser optical trap apparatus

Fig. 1 shows a schematic diagram of the apparatus for manipulating single
actin filaments. The infrared laser was a continuous-wave Nd:YAG laser
(model 708T, wave length = 1.064 um, mode = TEMgy,, beam diameter
(1/¢?) = 1.2 mm, power = 10 mW to 8 W; Lee Laser, Inc., Orlando, FL).
The laser beam was expanded to 3.6 mm in diameter by a beam expander
(BE) and divided equally by a beam splitter (BS), and the beams were
projected into the microscope so that beam waists (optical traps) were
formed at the specimen. The position of one of the traps could be moved
in the X and Y directions at the specimen by a galvanometer mirror assembly
(Sasaki et al., 1991). This consisted of two orthogonal galvanometer mirror
scanners (GS) and two lenses (L1 and L2). L1 and L2 had the same focal
lengths, 120 mm, and were placed one focal distance from each mirror and
two focal lengths from each other. The output from the scanner assembly
was a collimated beam that emerged from a fixed point (rotational origin)
on the second scanner mirror at an angle adjustable in both X and Y planes.
The galvanometer mirror angles were controlled by a computer, and the
software enabled easy manual manipulation using a computer mouse. The
computer also superimposed cursors on the video raster indicating the po-
sitions of the two laser traps.

The adjustable beam was recombined with the fixed-angle beam, by a
beam mixer (BM), and the two beams were passed through two lenses (L3
and 14), a half-silvered mirror (HM), and the microscope objective to the
specimen plane. L3 and L4, having a focal length of 120 and 40 mm, re-
spectively, were arranged to form an image on the scanner assembly’s ro-
tational origin at the back focal plane of the objective so as to form both
beams into waists 160 mm from the objective. The distances between the
scanner for the Y axis and the primary principal point of L3, the secondary
principal of L3 and the primary principal of L4, and the secondary principal
of L4 and the field stop of microscopy were 208, 240, and 62 mm, respec-
tively. This placed the focus of the two beams on the same X-Y plane at
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FIGURE 1 Schematic diagram of the apparatus for manipulation of in-
dividual actin filaments using dual laser traps. Nd:YAG laser, 8-W CW
infrared laser; BE, beam expander; ND, neutral density filter; BS, beam
splitter; GS, galvanometer scanner; L1, L2, lenses for scanning; BM, beam
mixer; L3, L4, lenses for focusing; HM, half-silvered mirror; IRF, infrared
filter; DC, dichroic mirror. See text for details.

the specimen when the scanners were rotated. At the specimen, the movable
beam could be translated 80 pm in the X direction and 35 um in the Y
direction with a precision of 0.1 pm.

The trapping force was determined by measuring the scanning velocity
at which trapped beads would be released due to the viscous drag (Ashkin
et al., 1986; Block et al., 1989). The trapping force calculated as 6 X m X
(radius of bead) X (viscosity of the solution) X (maximum scanning ve-
locity) increased almost linearly with laser beam power. The laser beam
power was measured by a thermal disc power meter (model 210; Coherent,
Palo Alto, CA). Using 1-pum diameter beads, the trapping force was 130 pN
at 0.37-W laser power per beam at the specimen.

Manipulation of an actin filament

When an actin filament was manipulated, 1 pl of solution containing actin
filaments labeled with fluorescent phalloidin (8.3 nM in actin monomers)
and 1 ul of solution containing latex beads coated with NEM-myosin (107
beads/ml) were mixed with 15 ul of a solution containing 25 mM KCl, 3
mM MgCl,, 2 mM ATP, and 20 mM HEPES, pH 7.8, on a glass slide of
which surface had been treated with silicone (Sigmacote; Sigma Chemical
Co., St. Louis, MO) (Harada et al., 1987, 1990). To minimize photobleach-
ing, an oxygen-depletion system (1% 2-mercaptoethanol, 4.5 mg of glucose/
ml, 216 ug of glucose oxidase/ml, and 36 ug catalase/ml, final concen-
trations) was added to the solution in all experiments (Harada et al., 1990).
An 18 X 18 mm? overslip, also coated with silicone, was placed over the
droplet, and the edges were sealed with nail polish. Single latex beads were
trapped in each of the two laser beams (Fig. 2 A). One end of an actin
filament was attached to the bead trapped in the movable laser beam (Fig.
2 B), and then the other end of the filament was brought into contact with
the fixed-position bead by manipulating the microscope stage and the mov-
able trap. The position of the movable trap was adjusted until the suspended
actin filament was horizontal in the video image and not slack. The vertical
(Z-axis) position of the suspended actin filament could be manipulated along
with the plane of focus by altering the microscope objective focus. Fig. 2
D schematically shows the actin filament held between the beads trapped
in the laser beams.
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FIGURE 2 Manipulation of an actin filament. (A) Two fluorescent latex
beads, indicated by arrow heads, were trapped at the focal spots of the two
laser beams. An actin filament, labeled with fluorescent phalloidin, can be
seen in the upper right-hand side. It took only a few minutes to get an actin
filament with two beads on it. The scale bar is 10 um. (B) One bead (marked
by a single arrow head) was brought into contact and bound tightly with one
end of the actin filament by moving the focal spot with the mirrors mounted
on the galvanometer scanners (see Fig. 1). The bead was precoated with
NEM-treated myosin to increase the affinity for actin. (C) The other free
end of the actin filament was attached to another bead trapped at the fixed
laser beam. The two traps were separated until the actin filament became
taut. (D) Schematic diagram of the actin filament suspended in solution by
the laser traps. FA, actin filament; B, beads coated with NEM-treated myo-
sin; CS, coverslip; GS, glass slide.

The temperature of the solution was not expected to increase appreciably
because of irradiation by the laser beam. We tested this point by measuring

- the velocity of actin filaments near the beam using the myosin-coated sur-

face assay (Harada et al., 1990). Long periods (5 min) of irradiation by the
laser beam did not increase the velocity, although velocity is very sensitive
to temperature (Q1p = 2.5) (Harada et al., 1990). Furthermore, direct ir-
radiation of the actin filaments and the myosin filament by the laser beam
neither affected their motility nor bleached the bound fluorescent dye.
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RESULTS

Movement of myosin filaments along an actin
filament

When the movement of single myosin filaments (copoly-
mers of myosin and TRITC-labeled LMM) was to be ob-
served, 1 ul of solution containing myosin filaments was
added to the mixture of actin filaments and NEM-myosin
coated beads. The myosin filaments in solution were
moved relative to the suspended actin filament by moving
the glass slide on the microscope stage with the positions
of the laser beams fixed and by altering objective focus-
sing control. When a myosin filament was brought into
contact with the actin filament there was often a brief de-
lay (0.1-0.5 s), and then it moved toward one of the beads.
The initial attachment of a myosin filament to the actin
was presumably at a random angle but then it aligned with
the actin filament and began to move. This alignment
process may account for the slight delay before motion
commenced.

Fig. 3 shows a myosin filament in solution and then after
attaching to an actin filament with tropomyosin suspended
between two beads. The velocity of sliding in the steady
phase was 11.0 um/s at 25°C. For each actin filament, myo-
sin filaments always translated toward one end, even though
the myosin filaments were bipolar.

Dependence of sliding velocity on temperature
and ionic strength

The sliding velocities of myosin filaments were measured at
various temperatures in an 18-ul solution containing 36 mM
KCl, 2.9 mM MgCl,, 1.7 mM ATP, 19 mM HEPES, pH 7.8,
and the oxygen-reduction system. The temperature was ad-
justed by changing the temperature of the experimental
room. The temperature of the solutions was measured by a
thermocouple with a diameter of 150 uwm. The velocities
increased to 5.4 = 0.1 um/s (mean * SE, n = 40), 8.9 =
0.2 pm/s (n = 39), 10.5 = 0.2 pm/s (n = 102), and 13.9 +
0.3 um/s (n = 40) at 20, 25, 27, and 30°C, respectively (Fig.
4, open circles). The Q9 was 2.6. When tropomyosin was
bound to F-actin, the sliding velocities increased to 6.7 = 0.1
(n=39),11.3 +0.2(n = 43),and 15.4 £ 0.3 (n = 30) um/s
at 20, 25, and 30°C, respectively (Fig. 4, filled circles).

Fig. 5 shows the velocities at various concentrations of
KCl. The sliding velocity increased from 6.2 to 10.6 um/s
when the concentration of KCl was varied from 15 to 78 mM
at 25°C. At 98 mM KCl, even when myosin filaments were
pushed into contact with the actin filament, they did not
move.

Dependence of sliding velocity on length of
myosin filaments

Short copolymer filaments of myosin and fluorescently la-
beled LMM were made by rapid dilution (see Materials and
Methods). Fig. 6 shows the length distribution of filaments
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FIGURE 3 Sequential fluorescence micrographs of a myosin filament (a
copolymer with fluorescently labeled LMM) sliding along an actin-
tropomyosin complex suspended in solution by the laser traps. (A) A myosin
filament floating in solution (marked by an arrowhead) is being moved
toward the actin filament by moving the microscope stage. It attaches to the
actin filament (B) and begins to move (sometimes after a brief pause)
(C—H) (arrowheads). The velocity was determined by measuring sliding
distance (> 3 um) of filaments and time. Medium: 36 mM KCl, 29 mM
MgCl,, 1.7 mM ATP, 19 mM HEPES, pH 7.8. The temperature was 25 *
1°C. The scale bar is 10 um. The images in B to H were taken 200 ms apart.

determined by electron microscopy. The lengths distributed
from 0.30 to 1.1 um, and the average length was 0.56 pm.
This distribution is similar to that of pure myosin filaments
made by rapid dilution (Huxley and Brown, 1967). Fig. 7 a
shows the velocities of the various lengths of copolymers.
The lengths of copolymers moving along the actin filament
were determined by measuring the fluorescence intensity as
described in Materials and Methods. In this case the fluo-
rescence of the actin had to be subtracted (see Fig. 3), so the
actin filaments were labeled with nonfluorescent phalloidin
and fluorescent phalloidin at the molar ratio of 5:1. The ve-
locity was constant until the length decreased to 0.5 pm. The
shorter filaments easily detached from the actin filament and
did not move continuously. This is probably due to the de-
crease in the total number of myosin heads, so that a myosin
filament could not interact continuously with the actin fila-
ment due to Brownian motion. In order to suppress the Brow-
nian motion, the viscosity of solution was increased by add-
ing methylcellulose (Uyeda et al., 1990). The minimum
lengths of the filaments moving at the maximum velocity
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FIGURE 4 Dependence of the sliding velocity on the temperature. The
velocities are plotted for myosin-LMM copolymers sliding along actin fila-
ments (O) and the actin-tropomyosin complexes (@). The bar represents the
standard error of the mean for 3043 copolymers. Medium: 36 mM KCl,
29 mM MgCl,, 1.7 mM ATP, 19 mM HEPES, pH 7.8, and the oxygen-
reduction system. The length of myosin filaments used was 2-4 um. The
velocities of actin along myosin-rod copolymer filaments in the normal
direction (A, A) and the opposite direction (A, B) obtained in the same
solution (Yanagida et al., in press) are also shown.
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FIGURE 5 Dependence of the sliding velocity on ionic strength. The
ionic strength was adjusted by changing the concentration of KCl in a so-
lution containing 2.9 mM MgCl,, 1.7 mM ATP, 19 mM HEPES, pH 7.8,
and the oxygen-reduction system. The bar gives the standard error of the
mean for 34-39 copolymers. The temperature was 25 * 1°C. The length of
myosin filaments was 2—4 um.

decreased to 0.40 and 0.30 um at 0.1 and 0.3% methylcel-
lulose, respectively (Fig. 7, b and c). As the minimum length
obtained, 0.30 um, is the same as the minimum length of
myosin filaments used (Fig. 6), the minimum length of fila-
ment needed to move at the maximum velocity must be
shorter than 0.30 pm.

Duty ratio and myosin step size

We estimated the duty ratio and the step size of myosin heads
interacting in the correct (the physiological) orientation with
the actin filament from the dependence of velocity of myosin
filaments on its length. The velocity of the short myosin
filaments (0.30-0.40 um) was 11.5 + 0.8 m/s (mean * SE;
n = 11) in the presence of 0.3% methylcellulose. This ve-
locity was 0.105 *+ 0.008 of that of filaments more than 0.4
pm long (11.0 = 0.2 um/s; mean * SE; n = 68; Fig. 7 ¢).
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FIGURE 6 Distribution of myosin-LMM copolymer length. The distri-
bution was obtained from negatively stained electron microscope images.
The number of filaments counted was 244.

20
a o
°
10 % 0% FX W o2
— °°°
g o0
3 o
.g‘ o 0%
| 00, © oo o 8%
3 10 2% &%%% &y §S
2,
°
5 [of °o W ® o e ]
09 0
10 ERTCLL TR A
o
0 o1 0Z 03 04 0.5 06 07 08 09

Length of myosin filament [um]

FIGURE 7 Sliding velocities of myosin-LMM copolymer of various
lengths on the actin filament. Medium: 36 mM KCl, 29 mM MgCl,, 1.7 mM
ATP, 19 mM HEPES, pH 7.8, the oxygen-reduction system and 0% (a),
0.1% (b), 0.3% (c) methylcellulose. The temperature was 27 + 1°C.

The number of correctly oriented myosin heads on one side
of a filament 0.30~0.40 pm long was estimated to be 20 +
5 from the fluorescence measurements (see Materials and
Methods). Since the sliding velocity (v) at zero load is in-
dependent of the number of myosin heads that exert the slid-
ing force on the actin at the same time and is proportional to
the probability that at least one head exerts the sliding force,
v is given as

v=v,X{l - (1 -, ey

where v, is the maximum velocity when the number of myo-
sin heads () that can interact with the actin is large, and f
is the duty ratio (the probability of being in the force gen-
erating state) (Harada et al., 1990; Uyeda et al., 1990). We
consider 0.97, the minimum value of v/v, (0.105 * 0.008)
for the length of myosin filaments of 0.30-0.40 pm, which
gives the lower limit of f. Inserting this value and the number
of heads N = 20 =+ 5 into the Eq. 1, the duty ratio is calculated
as f = 0.16 = 0.04.
The myosin step size (d) is obtained as

d=v, X (f/Vyrp), 2
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where Varp is the ATPase activity during sliding (Harada
etal., 1990; Uyeda et al., 1990; Toyoshima et al., 1990). The
ATPase activity could not be determined using the present
in vitro system. We used the maximum actin-activated
ATPase activities of double-headed myosin subfragment,
HMM, or myosin minifilament in solution as Vayp. Varp is
expected not to be larger than the maximum ATPase activity
of myosin at infinite actin concentration. The interaction be-
tween actin and myosin suspended in solution may be dif-
ferent from that during sliding between actin and myosin
filaments. But, recent studies have suggested that the ATPase
activity of muscle myofibrils or fibers during sliding at low
or zero load is small (Harada et al., 1990; Ohno and Kodama,
1991; Higuchi and Goldman, 1991). Furthermore, Reisler
(1980) has showed that the ATPase activity of acto-HMM
suspension is almost the same as that when myosin forms
filaments (minifilament). Thus, when the maximum ATPase
activity in solution is used as Vyp, the myosin step size
would be calculated to be similar to or lower than the true
value. Extrapolating values of the acto-HMM and acto-
myosin minifilament ATPase activities previously reported
(Reisler, 1980; Margossian and Lowey, 1973; Wagner and
Giniger, 1981) to 27°C using Q9 = 4.5 (Margossian and
Lowey, 1973) and the acto-HMM ATPase activity obtained
under the same conditions (20 s~! head™!, Harada, unpub-
lished data) range from 20 to 30 s~ head™!. Inserting Varp
=25 * 551 head and f = 0.16 = 0.04 into the Eq. 2, the
myosin step size, d is calculated as

0.16 = 0.04

- -1
d=(11.0*02pums )X( %55

s~! head‘1>
3)

=71 * 22 nm.

This shows the mean * possible error. The possible error
({2 [oXdp'/ax,)*I}'?, o, the variance of the individual data
point x;; ', the mean) was calculated by the general method
described by Bevington (1969). This value is probably the
lower limit as the minimum value of v/v, was used, as men-
tioned. Furthermore, the steric arrangement of the myosin
heads against the actin filament would considerably limit the
number of myosin heads that orient toward the actin filament
and can interact with it as the myosin heads project radially
from the filament. Thus, the number of myosin heads that can
interact with actin filament would be two to three times
smaller than the total number of myosin heads on the fila-
ment. If correct, the minimum number of myosin heads
would be 8-13, and the duty ratio and the myosin step size
would be 0.24-0.36 and 93-169 nm, respectively.

DISCUSSION

The technique presented here extends the techniques devel-
oped recently for investigating energy transduction by motor
proteins. In 1984, it was demonstrated that single actin fila-
ments, stabilized with the highly fluorescent tetramethyl-
rhodamine phalloidin, can be observed clearly by fluores-
cence microscopy. This development has enabled the
motions of single actin filaments to be visualized during the
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interaction with myosin or its subfragments in the presence
of ATP (Yanagida et al., 1984). Spudich and colleagues ob-
tained unidirectional movement of actin interacting with
myosin and its subfragments fixed on a substrate such as a
glass surface or nitrocellulose film (Kron et al., 1986;
Toyoshima et al., 1987). This myosin-coated surface motility
assay is simple and does not require special apparatus or skill,
and it has been widely adopted. Harada et al. (1987) found
that the double-headed structure of the myosin molecule is
not essential to move actin and, furthermore, Toyoshima
etal. (1987) demonstrated that S-1 alone is sufficient to move
actin. Kishino et al. (1988) developed a technique for force
measurement in this assay and showed that S-1 can produce
not only motion but also force. The myosin-coated motility
assay has also been used to extensively investigate activities
of smooth and nonmuscle motor proteins (Sellers and
Kachar, 1990; Ishikawa et al., 1991; Okagaki et al., 1991;
Umemoto et al., 1989; Warshaw et al., 1991), and artificially
expressed proteins (Manstein et al., 1989; Sutoh et al., 1991).

Recently, several disadvantages of the myosin-coated sur-
face assay have been identified. The number of heads on the
surface that can take part in effective generation of sliding
force is uncertain because the heads are randomly arranged
on the surface and they may be chemically and/or mechani-
cally affected by interaction with the surface. Reported slid-
ing velocities have varied substantially and are strongly de-
pendent on the preparation and condition of the myosin or
myosin subfragments-coated surface (see review, Higashi-
Fujime (1991)). At 30°C, for example, the velocity of actin
on monomeric myosin bound to a silicone-coated glass sur-
face was reported to be 11 pm/s (Harada et al., 1990), while
the velocities of monomeric myosin and heavy meromyosin
bound to a collodion (nitrocellulose) film were reported to be
in the ranges 3.5~7.2 um/s (Toyoshima et al., 1987; Uyeda
et al.,, 1990; Toyoshima et al., 1990). The force has been
found to be ever more greatly dependent on the surface
(Ishijima et al., in preparation). The effects of the orientation
and interactions with artificial substrates need to be under-
stood for quantitative analyses such as estimation of the myo-
sin step size.

These problems can be overcome by measuring the sliding
velocity of myosin filaments along actin filaments in solu-
tion. Previously, Fujime observed the sliding movement of
myosin filaments along bundles of actin filaments formed at
high MgCl, concentration (~20 mM) (Higashi-Fujime,
1985) but the movement was limited and unphysiological.
Nagashima (1986) observed the motion of myosin filaments
at high densities of actin filaments under a dark-field mi-
croscope, but the myosin filaments rarely moved and not
continuously or smoothly.

The optical gradient trap has enabled us to immobilize
individual actin filaments in solution using a pair of latex
beads. Ashkin and colleagues demonstrated that focussed
infrared laser light could trap living cells and organelles or
filaments in a cell without apparent damage (Ashkin and
Dziedzic, 1987; Ashkin et al., 1987; Ashkin and Dziedzic,
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1989), and it has been used for manipulating biological ma-
terials (Block et al., 1989, 1990; Kucik et al., 1991; Svoboda
et al., 1992). With submicron particles, the laser trap can
produce forces in the range of several tens of piconewtons,
considerably higher than the force produced by single motor
proteins (Kishino and Yanagida, 1988; Ishijima et al., 1991).
This characteristic feature enables the use of the optical trap
for measuring the force produced by microtubule-based mo-
tor proteins attached to an organelle (Ashkin et al., 1990) or
to a small bead (Block et al., 1990; Kuo and Sheetz, 1993).
However, diffraction prevents this method from being ap-
plied to trap objects much smaller than the wavelength of the
laser light (Ashkin et al., 1986). Therefore, actin filaments,
about 8 nm in diameter (Hanson and Lowy, 1963), were
captured by attaching them to small latex beads. This tech-
nique is similar to that applied to DNA (Chu, 1991; Kucik
et al., 1991; Svoboda et al., 1992).

The present system has enabled reproducible observation
of the smooth and continuous movement of myosin filaments
along actin filaments. Since the actin and myosin were free
from interaction with the surface, the sliding velocity was
almost constant in each experiment under the same condi-
tions. The velocities of 5.4 wm/s at 20°C and 14 pwm/s at 30°C
obtained here are close to those in skinned rabbit psoas fibers
(Higuchi et al., unpublished).

Since the myosin filaments have a bipolar structure, the
myosin heads on one half side are oriented in the normal
direction with respect to the actin filament, but those on the
other are oriented in the opposite direction. Recently, Reedy
et al. (1989) and Toyoshima et al. (1989) suggested that myo-
sin molecules are flexible enough to interact with the actin
in any direction. Sellers et al. (1990) and Yamada et al.
(1990) have demonstrated with giant thick filaments from
molluscan smooth muscle that actin can move not only to-
ward the center of the thick filament but also away from the
center. The latter velocity, however, was about 10 times
slower than the former. In all of these experiments the di-
rection of motion was determined by the polarity of the actin
filament. These points were confirmed using synthetic thick
filaments of rabbit skeletal muscle (Ishijima and Yanagida,
1991; Yamada and Wakabayashi, 1993).

In our experiments, the thick filaments moved as fast as
in the skinned muscle fiber, where the actin is moved only
by the correctly oriented myosin heads. Furthermore, the
velocity of thick filaments was almost the same as that of
actin filaments toward the center (normal direction) of co-
polymer filaments bound to a coverslip under the same me-
dium conditions (Fig. 4). This indicates that when myosin
heads oriented in both directions interact with actin simul-
taneously, the movement is dominated by the correctly ori-
ented myosin heads and the incorrectly oriented ones do not
interfere with the fast movement and do not impose friction.
This result agrees with those obtained with molluscan
smooth muscle myosin (Sellers et al., 1991; Yamada and
Takahashi, 1992). Since the contribution of myosin heads
oriented in the incorrect direction for the movement of actin
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is negligible, the movement produced by correctly oriented
heads can be studied in the present assay.

Using this assay, we showed that the step size of myosin
heads in the correct (the physiological) orientation with the
actin filament was at least 72 *+ 22 nm, probably > 100 nm.
Recently, we have shown by force and displacement record-
ings directly from single myosin heads in vitro that the dis-
placement caused by a single interaction of a cross-bridge is
approximately 17 nm at zero load (Ishijima et al., submitted
data). The results indicate that the cross-bridge undergoes
many force-generating interactions during one ATPase cycle
at zero load. Thus, the coupling between the mechanical and
ATPase cycles is not determined rigidly in a one-to-one fash-
ion, in disagreement with the conventional 1:1 tight coupling
hypothesis (Huxley, 1957, 1969). In the previous studies
using the myosin or HMM-coated surface, the results on the
myosin step size are not entirely consistent. We have re-
ported using myosin-coated coverslips, which had been pre-
viously treated with silicone that the duty ratio is ~0.5, and
the step size is >100 nm at zero load (Yanagida, 1993; Harada
et al., 1990). Spudich and colleagues have reported, using
HMM-coated nitrocellulose film, that the duty ratio is ~0.05
and the myosin step size is 5-28 nm at zero load, which are
consistent with the conventional 1:1 hypothesis (Uyeda et al.,
1990, 1991; Toyoshima et al., 1990). These studies have
estimated the number of myosin heads that can interact with
the actin from the density of myosin heads or from the actin-
activated myosin or HMM ATPase activity on the surface.
The analysis assumes that all myosin heads near the actin
filament or showing ATPase activity can produce normal fast
movement. This assumption ignores the possibility that sig-
nificant numbers of myosin or HMM, which are randomly
arranged on the surface, may be unable to interact in the
correct orientation with the actin and may be inactivated by
interaction with the surface. The force have been found to be
greatly dependent on how myosin or HMM are bound to
surfaces. This suggests that the number of effective myosin
heads that can produce normal fast movement varies greatly
depending on the surface, even though the densities of myo-
sin heads bound to them are similar (Ishijima et al., sub-
mitted). It has been recently suggested that the discrepancy
in the previous in vitro studies could be explained, if the
number of the effective myosin heads is estimated not from
the density of myosin heads but from the force developed on
the surface; namely, the myosin step sizes thus recalculated
are >100 nm (Yanagida, 1993).

Recently, the mechanical and structural studies on muscle
have also showed that the sliding distance of actin during one
ATPase cycle at low load is considerably larger than the
length of a single power stroke expected from the physical
size of a myosin head, 10-20 nm (Ohno and Kodama 1991;
Higuchi and Goldman, 1991; Lombardi et al., 1992; Irving
et al.,, 1992; Burton and Simmons, 1991; Brenner, 1991;
Yamada et al., 1993). There are two types of mechanisms to
explain the one to many coupling between the ATPase and
power stroke cycles; one is that a myosin head produces
many power strokes during one ATPase cycle; and another
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is that myosin heads undergoing a power stroke utilizing
ATP induce several cost-free power strokes of other heads
via mechanical coupling through the filaments (Yanagida
et al., 1985). Recently, Cooke et al. (submitted) has proposed
the weak coupling model based on the latter mechanism to
explain the large sliding distance observed in isotonically
contracting muscle fibers at low load. However, the latter
mechanism could not be applied to that observed in in vitro
assays, because the latter mechanism would need a large
number of myosin heads that at least one head undergoes a
power stroke utilizing ATP at any moment. Thus, during
rapid sliding at low load, chemomechanical coupling be-
tween the ATPase and power stroke cycles is not simply
explained by a conventional one-to-one coupling hypothesis
but an entirely new mechanism may be needed to explain it
(Yanagida et al., 1993).

We thank Prof. Y. E. Goldman (University of Philadelphia), Dr. Y. Harada
(ERATO), Dr. J. West (La Trobe University), and C. Omoto (Washington
State University) for valuable discussion.
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