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It is customarily thought that myosin motors act as
independent force-generators in both isotonic unloaded
shortening as well as isometric contraction of muscle.
We tested this assumption regarding unloaded shorten-
ing, by analyzing the fluctuation of the actin sliding
movement over long native thick filaments from mollus-
can smooth muscle in vitro. This analysis is based on the
prediction that the effective diffusion coefficient of actin,
a measure of the fluctuation, is proportional to the in-
verse of the number of myosin motors generating the
sliding movement of an actin filament, hence propor-
tional to the inverse of the actin length, when the actions
of the motors are stochastic and statistically indepen-
dent. Contrary to this prediction, we found the effective
diffusion coefficient to be virtually independent of, and
thus not proportional to, the inverse of the actin length.
This result shows that the myosin motors are not inde-
pendent force-generators when generating the continu-
ous sliding movement of actin in vitro and that the
sliding motion is a macroscopic manifestation of the
cooperative actions of the microscopic ensemble motors.
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It is customary to consider that myosin II motors are

“independent force-generators”: the actions of individual

myosin heads are stochastic and statistically independent1.

This idea is derived from previous observations on muscle

physiology: (i) the isometric force generated by skeletal

muscle is proportional to the overlap between the thick and

thin filaments in the sarcomere2 and (ii) reducing the over-

lap in the sarcomere has virtually no effect on the steady-

state speed of the isotonic shortening of skeletal muscle

under a very light load3. However, these observations

are not sufficient to conclude that myosin II motors are

independent force generators. Analyses on the system-size

dependence of fluctuations in the context of mathematical

statistics (= the central limit theorem4) are necessary.

Fluctuation analyses are practically impossible with mus-

cle fibers because there are too many myosin molecules

present in even a tiny single fiber. In contrast, using the

motility or force assay method in vitro, such analyses are

feasible owing to the relatively small number of myosin

molecules involved in the assay. Ishijima et al.5 thus studied

the fluctuation of the isometric force generated in vitro.

They found that the relative force fluctuation is proportional

to 1/√N, where N is the number of myosin heads interacting

with an actin filament. Their finding is consistent with the

mathematical-statistical manifestation based on the view

that myosin heads independently generate isometric force.

The assumption of the independent action of myosin II

heads driving the unloaded sliding movement of an actin

filament can be tested by another fluctuation analysis of the

movement observed using the in vitro motility assay, move-

ment which is an in vitro correlate of the unloaded shorten-

ing of muscle6. This is the issue we address in this study.

The fluctuation analysis we herein employed is based on the

prediction that the variance of the sliding distance of an

actin filament for a given time interval is proportional to the

inverse of the number of myosin motors generating the actin

sliding motion, hence proportional to the inverse of the actin

length, if myosin motors are independent force-generators7.
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This is another manifestation of the central limit theorem

applied to a filament driven to slide by myosin motors in an

ensemble.

In the conventional in vitro motility assay, the orienta-

tions of motor proteins are random. Their random orienta-

tions may impede the interpretation of the results with such

in vitro motility assays in the context of mathematical

statistics8. In this work, therefore, we studied actin sliding

over myosin thick filaments, from which myosin motors are

naturally oriented. Herein we used native myosin thick fila-

ments taken from molluscan smooth muscle9,10, which are

straight and long (20~50 µm), and hence are more suitable

for our fluctuation analysis of actin sliding.

Our findings show that the effective diffusion coefficient

of the actin filament, which is obtained from the variance of

the actin sliding distance as a function of the time interval,

is virtually independent of the actin filament length,

contrary to the above prediction. This length independence

therefore indicates that myosin motors are not “independent

force-generators” when they are generating the unloaded

continuous sliding of an actin filament in vitro. One possi-

ble explanation for our results is to assume that the ensem-

ble myosin molecules which generate the continuous sliding

motion of an actin filament act synchronously.

Materials and methods

Proteins

Actin was purified from an acetone powder of rabbit

skeletal muscles according to Spudich & Watt11 and was

polymerized in the presence of a slight molar excess of

rhodamine-phalloidin. Native thick filaments were isolated,

as described previously12, from the anterior byssus retractor

muscle (ABRM) of the bivalves S. virgatus and M. gallo-

provincialis, all collected at nearby seashores.

Motility assay in vitro

We observed the movement of fluorescent actin filaments

over thick filaments, using the protocols of Yamada &

Takahashi13. In brief, isolated thick filaments were intro-

duced into a flow cell made of coverslips so that they could

attach themselves to the glass surface. A solution of actin

filaments (2.7 nM in monomeric form) labeled with rhoda-

mine-phalloidin in motility buffer (71 mM KCl, 2.1 mM

CaCl
2
, 2.8 mM MgCl

2
, 1.9 mM EGTA, 0.9 mM ATP, 9.4 mM

DTT, 9.4 mM PIPES buffer (pH 7.0), 3.8 mg/ml glucose,

7.5 µg/ml catalase, and 38 µg/ml glucose oxidase) was then

infused into the flow cell. Thick filaments fixed on the glass

surface and actin filaments sliding over them were respec-

tively visualized under dark-field illumination and epi-

fluorescence illumination, using a Zeiss AXIOVERT 200

inverted microscope equipped with a Plan-APOCHROMAT

×100 objective lens (N.A.=1.4), a Zeiss dark-field con-

denser (N.A.=1.2–1.4) and a high sensitivity SIT television

camera (C2400-08, Hamamatsu Photonics, Hamamatsu,

Japan). First, the images of dark-field illuminated thick fila-

ments, and then, the images of fluorescent actin filaments

sliding over the thick filaments, were recorded using a Hi8

mm videocassette recorder (EVO-9650, SONY, Tokyo,

Japan). All experiments were performed at 25°C.

Data collection

Video images of fluorescent actin filaments were trans-

ferred to a computer frame by frame, and the (x, y) coordi-

nates of their front tips in each frame were digitized by

using a mouse-driven cursor on the screen. The positional

data were then processed with a computer, as described

previously14. Since native thick filaments are bipolar9,10,

care was taken so as to determine the positions of a sliding

actin filament while its entire length stayed within the

range of a half side of a thick filament. In this study, the

movements of actin filaments sliding toward the center of

thick filaments were analyzed. The sampling interval for

the positional determination was 1/30 sec. Usually more

than 100 positional data points were obtained from a single

trajectory of actin sliding movement. The tape recorder,

image digitization and image processing were all controlled

by a customized software package. The magnification was

136 nm/pixel and 126 nm/pixel for the x- and y-axes, respec-

tively.

Positional trajectories of sliding actin filaments

The positional trajectory of each actin filament was fitted

with either a straight line or a polynomial curve by least

square regression, and each position was projected perpen-

dicularly onto the fitted line or curve, to eliminate any

lateral components (= residuals) of the actin displacements15.

We usually assessed each fit by inspecting a scatter plot of

the residuals. When a scatter plot of the fitting has a random

appearance, we regard the fit as a good one. Although poly-

nomial curve fitting worked better than straight line fitting

based on this criterion of the scatter plots, we found that the

straight line and polynomial curve fittings gave practically

the same results for the purpose of our present study, and

hence only the results obtained with the straight line fitting

are shown in the Results.

Data analysis

The variance of the actin sliding displacement was evalu-

ated by

σr
2=<(r(∆t)−<r(∆t)>)2>= 2Dm∆t+ σr0

2 (1)

where r(∆t) is the net displacement of an actin filament

along its trajectory in a given time interval (∆t), <⋅> shows

the average, Dm is the effective diffusion coefficient, and σr0
2

is a term due to position measurement errors14,16. The values

of r(∆t) for the average calculations in Eq. 1 were obtained

by calculating the contour lengths between pairs of posi-

tional points projected on a trajectory line for a given time

interval ∆t14,17, as follows. A single trajectory of actin move-
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ment consists of a series of n positional points (p(i), i=0 ...

n−1). A set of the net displacements r(∆t)0, r(∆t)1, r(∆t)2, ...,

for ∆t= j×τ (j=1, 2, ..., n−1), are given by r(∆t) i=p(ti+∆t)−
p(ti) where i=0, 1, ..., (n−1− j) and τ is the data acquisition

time interval (=1/30 sec). Note that the net displacements

thus obtained from a single trajectory consist of some over-

lapping data components. Alternatively, net displacements

can be obtained from a single trajectory without any over-

lapped components. Net displacements obtained with the

non-overlap method have a smaller number of data than

those obtained with the overlap method. If non-overlap net

displacements are used for the average calculation of Eq. 1,

then the scatter is hence larger and the determination of Dm

is more difficult, as shown by the simulation in the Supple-

mentary Materials. As is also shown by the simulation in

the Supplementary Materials, the overlap method does not

affect the determination of Dm. As a result, we used the

overlap method in this study. The single trajectory averag-

ing thus yields a value of Dm for individual sliding actin fila-

ments of various lengths. The average sliding velocity (V)

was evaluated by the slope of a straight regression line be-

tween r(∆t) and ∆t for the trajectory of each actin filament.

In the present study, we measured the position of an actin

filament at its front tip as described above. In the original

development of the method employed here for the actin

movement analysis, however, the position of an actin fila-

ment was given by that of the ‘center of mass’ of the

filament7, not by that of its front (or rear) tip. Position

measurements of actin filaments at their tips yield the same

values for Dm in Eq. 1 as do those at their center of mass,

since actin filaments in our motility assay system can be

considered to be longitudinally rigid, as shown below.

Suppose an actin filament is sliding linearly over a myosin

filament. We denote the positions of its front tip and its

center of mass at time t by F(t) and C(t) respectively, and the

length between the front tip and the center of mass by

LM(t). The net displacement of the filament in a given time

interval (∆t), Λc(∆t), is given by Λc(∆t)=C(t+∆t)−C(t), if

the position of the center of mass of the filament is used. A

set of the net displacements Λc(∆t)’s, which can be obtained

from a discrete time series equi-temporally constructed

from a single trajectory of an actin filament C(t), yields a

value for Dm by

< (Λc(∆t)−<Λc(∆t)>)2>= 2Dm∆t. (2)

When the positions of the center of mass of an actin filament

are digitized on a pixel lattice of the screen, digitization

errors are introduced into the coordinates of the positions.

In this case, we have

<(Λcd(∆t)−<Λcd(∆t)>)2>= 2Dm∆t+ 2εd
2, (3)

where Λcd(∆t) is the net displacement of actin in ∆t obtained

from the digitized positional data of the center of mass and

εd is the standard deviation of the digitization errors. The

factor of 2 in front of εd
2 comes from the fact that both ends

of a displacement length Λcd(∆t) are subjected to digitization

errors18. The magnitude of √2×εd is close to the pixel-pixel

unit distance (about 130 nm).

If the front tip position is used, the net displacement,

Λf(∆t), is given by Λf(∆)=F(t+∆t)−F(t). Since F(t+∆t)=
C(t+∆t)+LM(t+∆t) and F(t)=C(t)+LM(t), we have Λf(∆t)=
Λc(∆t)+ζ, where ζ (=LM(t+∆t)−LM(t)) shows length fluc-

tuations of actin due to its compliance during sliding move-

ment. The actin thin filament during isometric contraction

of muscle is stretched by 0.2 to 0.35%19,20. However, the

thin filament length does not change appreciably in muscle

shortening under a near-zero load21. The shortening of mus-

cle under this condition is a correlate of the actin sliding

over myosin filaments in vitro in our motility assay. Even if

we assume that actin filaments are stretched or compressed

by 0.02 to 0.035% (=10% of the length change of the thin

filament during muscle isometric contraction) in our motil-

ity system, |ζ | for a 10 µm actin filament must be less than

2 nm, which is negligibly small as compared with the mag-

nitude of positional digitization errors. Therefore, we can

suppose that actin filaments are not stretched or compressed

(= longitudinally rigid) in our actin motility assay system,

and that ζ=0. We thus have Λf(∆t )=Λc(∆t) and consequently

have the same value for Dm with the positional measure-

ments at the actin front tip as with those at the center of

mass. When the positions of the front tip of an actin fila-

ment are digitized on a pixel lattice, they result in the fol-

lowing equation:

<(Λfd(∆t)−<Λfd(∆t)>)2>= 2Dm∆t+ 2εd
2, (4)

where Λfd(∆t) is the net displacement of actin in ∆t obtained

from the digitized positional data of the actin front tip and εd
is the standard deviation of the digitization errors. Since

Λfd(∆t) corresponds to r(∆t) in Eq. 1, a comparison of Eq. 1

with Eq. 4 reveals that the term σr0
2 in Eq. 1 must have a

value close to that of 2εd
2 if positional measurement errors

are mostly due to positional digitization on a pixel lattice.

Results

1/length dependence and simulation

In this work, we analyzed the sliding movement of single

actin filaments driven by the myosin heads. Actin sliding

movements include intrinsic fluctuations owing to the

myosin-actin interactions. As a result, the variance of the

actin sliding displacements grows over time (see Eq. 1).

The relationship between the variance and time yields an

effective diffusion coefficient (D
m
) (see Eq. 1). The effective

diffusion coefficient of an actin filament is thus a measure

of the fluctuation inherent in the actin sliding displacements.

The longer the actin filament, the larger the number of

myosin heads involved in the interaction with the actin fila-

ment. Consequently, if the actions of individual myosin

heads which cause an actin filament to slide are stochastic

and statistically independent, then the fluctuation in the
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actin sliding displacements generated by the ensemble heads

for a given time interval is smaller, owing to the attenuation

of the actions of individual myosin heads by more myosin-

actin interactions in longer actin filaments. Since the num-

ber of myosin heads driving an actin filament to slide is pro-

portional to the actin length under the above ‘independent

actions’ assumption, the effective diffusion coefficient is

thus proportional to the inverse of the actin filament length7,

as is the diffusion coefficient (D) of a filamentous particle

undergoing a Brownian movement along its long axis to the

inverse of the filament length22. The same 1/length depen-

dence of the diffusion coefficient has also been found with

microtubules in their Brownian movements generated by

enzymatically inactive dynein and mutant ncd motors23–25.

The 1/length dependence of Dm and D is a direct conse-

quence of the mathematical statistics based on the premise

that the actions of either protein motors or solvent mole-

cules are stochastic and statistically independent4. To gain a

better understanding of the 1/length dependence of Dm, we

performed a computer simulation, although the 1/length

dependence is model-independent as shown theoretical-

ly7. For the simulation, we use a simple model following

Huxley’s 1957 model26. The simulation model considers

the sliding of an actin filament generated by an ensemble

of myosin motors. In the model, ‘spring’ myosin units are

distributed in a relatively long array, and myosin-binding

sites are discretely distributed on an actin filament of a

given length (Fig. 1, inset). We herein consider, for the first

time, the uniform distribution of myosin units. We assume

that the actions of individual myosin heads, i.e., attach-

ment and detachment of myosin units to and from actin,

are stochastic and statistically independent. The attachment

and detachment rates are assumed to depend on the dis-

tance between a myosin unit and the nearest binding site

on actin as shown in Huxley’s 1957 model26 (Fig. 1, inset).

We performed Monte Carlo simulations of the model

shown in the inset of Fig. 1 with the above assumptions

(see the Supplementary Materials for details), and collected

data on the sliding displacements of the actin filaments with

various lengths for various time intervals. From the dis-

placement data we evaluated the effective diffusion coeffi-

cient for each actin filament using Eq. 1. The effective dif-

fusion coefficients (Dm) are plotted against the actin length

in Fig. 1, which shows an inverse relationship between the

effective diffusion coefficient of actin and the actin length.

The inverse relationship under the random action assump-

tion of myosin units was confirmed by simulations under

various conditions including the heterogeneous distribution

of myosin units as well as by simulations of two different

models (see Supplementary Materials for details).

Fluctuation in the actin sliding movement in vitro

Fig. 2A shows an example of the original positional tra-

jectory of an actin filament sliding over a native thick fila-

ment isolated from a single bivalve animal. To eliminate

Figure 1 Effective diffusion coefficient (D
m
, filled circles) and

average sliding velocity (open squares) versus the actin length in a
Monte Carlo simulation. The D

m
 values in the figure are the mean±SD

(for N=10 different simulation runs). The filled curve represents
β/(actin length) fitted to the D

m
 data by non-linear regression, where

β=0.0173 µm3/s. If the D
m
 data were plotted against 1/(actin length)

rather than the actin length, the plot could be fitted to a linear line pass-
ing through the origin, indicating that D

m
 approaches zero with the

infinite increase in the actin length. The sliding velocity is virtually
independent of the actin length above a certain length (>3 µm). Inset, a
model of actin (A) sliding over an ensemble of myosin (M) units; x:
the distance between a myosin unit and the myosin-binding site on
actin; f(x): attachment rate; g

1
(x) and g

2
: detachment rates; h=10 nm.

Under the standard conditions in the present simulation, f(h)=43.33 s–1,
g
1
(h)=10 s–1 and g

2
=836 s–1; the separation between the nearby two

sites on actin=5.5 nm and that between the nearby two myosin
units=42.9 nm.

Figure 2 An example of the movement of an actin filament over a
native thick filament from the molluscan smooth muscle. The lengths
of the actin filament and the myosin filament were 1.8 and 48.1 µm
respectively. A, Trajectory (127 positional data points) of the front tip
of the actin filament in the x-y plane. The filled circles show the tip
position in each video frame. The center perpendicular line is a linear
regression line applied to the original data points. B, Positions of the
actin tip projected onto the linear regression line in A, the longitudinal
components, as a function of time. The filled line is a linear regression
line applied to the longitudinal components. The slope of the line
yields a value of 1.33 µm/s for the average sliding velocity.
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any minor lateral components of the actin displacements,

the trajectory was fitted to a straight line (Fig. 2A), and

each position was projected perpendicularly onto the fitted

line. The scatter of the lateral components appears almost

random (Fig. 2A), thus indicating a satisfactory fitting. The

distribution of the lateral components fits a Gaussian dis-

tribution with a standard deviation (=σlc) of 71 nm and the

mean=0 (see Supplementary Figure 1A). This indicates that

95% of the lateral components fall within ±2σlc (=142 nm,

approximately equal to the pixel-pixel unit distances). There-

fore, the lateral components represent mostly the uncer-

tainties of the position measurements due to digitization.

The lateral components did not depend on the actin length

(see Supplementary Figure 1B). This result together with

the fact that the actin trajectory was fitted to a straight line

indicates that actin did not wobble during its sliding move-

ment within the accuracy of positional measurements in the

present experiments. Fig. 2B shows the longitudinal dis-

placement after the adjustments as a function of time. The

slope of the fitted regression line in Fig. 2B yields a value of

1.33 µm/s for the average sliding velocity.

The variance in the sliding displacements of an actin

filament for various given time intervals was obtained by a

single trajectory averaging with Eq. 1 (see Materials and

methods). The variance is plotted against the time interval

in Fig. 3, thus showing that the variance grew over time.

This time-dependent term is due to the fluctuation inherent

in the sliding motion rather than artifactual noises (see

Imafuku et al. for further clarification14,16).

The half of the slope of the fitted regression line in Fig. 3

yields a value of 0.012 µm2/s for Dm in Eq. 1. We obtained

the linear line, using a linear regression method similar to

that used by Uyeda et al.15, as follows. A series of straight

lines were fitted to initial portions of this variance-time in-

terval curve, each passing through the first two data points

(those at ∆t=τ and 2τ), the first three data points (those at

∆t= τ, 2τ and 3τ),…, the first N data points (those at ∆t=τ,
2τ, ..., and Nτ), where τ is the data acquisition time interval

(=1/30 sec). With each linear line fitted to the first N data

points, the square deviation of the variance (vertical-axis)

value from the fitted line was scored for all the N data

points used for the regression and summed. The sum was

divided by N, yielding the average (<δ2>). The average

square deviation together with the slope of the regression

line is shown as a function of N (or as a function of the

corresponding time interval) in the inset in Fig. 3. With

the increase in the number N, the average square deviation

<δ2> increases and temporarily reaches a steady level (with

occasional minor ‘bumps’), and the slope of the line initial-

ly fluctuates and then maintains a relatively constant value.

With further increase in the number N, the slope begins to

change. The average square deviation <δ2> often concomi-

tantly begins to grow rapidly. As shown by computer simu-

lation (see Supplementary Materials), the number Nc, right

before the line slope begins to change and <δ2> most often

concomitantly begins to grow rapidly, provides the number

of the best initial data points for identifying an initial linear

portion in the variance-time interval curve to estimate the

effective diffusion coefficient. In the case shown in this

inset, the Nc was 14.

In some cases a clear flat portion followed by an abrupt

increase of <δ2> can not be identified in a plot shown in this

inset. Such trajectories were rejected and not used for fur-

ther analyses (see Supplementary Materials). Based on this

criterion, 41% of the total trajectory data were rejected in

this study. The fraction of the rejected data did not depend

on the actin length (see Supplementary Figure 2). About

40% of trajectories (each trajectory consisting of 127 posi-

tional data points, the same number as that in Fig. 2A) gen-

erated by computer simulations using two different models

was found to be the type of trajectory that was unable to be

used for estimating Dm with the method shown in the inset

in Fig. 3 (see Supplementary Materials). The fraction of this

type of trajectory was found to be smaller if the number of

positional data points in a single trajectory was much larger

in computer simulations. When the number of positional

data points was 1000, for example, there was no such trajec-

tory (see Supplementary Materials).

The downward deviation from linearity after a certain

time interval (>0.47 sec in Fig. 3) represents an artifact

introduced by the overlap method used in single trajectory

averaging, i.e. this is caused by an increase in the represen-

tation of overlapping data when long time intervals are

used (see Supplementary Materials; Imafuku et al.14). The

time duration before the downward deviation from linearity

varies from experiment to experiment even when tracks

have the same number of positional data points, and the

Figure 3 Variance of the actin sliding distance as a function of the
time interval. The variance was calculated by averaging within the
single linear trajectory shown in Fig. 2B. The filled line indicates an
appropriate, initial linear portion of the curve of the data points (filled
diamonds) for the determination of a D

m
 value by Eq. 1 (in Materials

and methods). See the text for the method used to identify the appro-
priate, initial linear portion, and also for the Inset figure (filled circles:
slope, crosses: <δ2>).
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initial linear portion is longer if the number of positional

data points is larger, as shown by simulation (see Supple-

mentary Materials). The position measurement errors do not

accumulate over time, unlike the fluctuation inherent in the

sliding motion, and contribute as a constant value in the

variance of sliding displacement (=σr0
2 in Eq. 1). The inter-

cept on the ordinate of the regression line in Fig. 3 hence

yields a value of 112 nm for σr0, an estimate for the position

measurement errors along the translational direction14,16.

The values of σr0
2 did not depend on the actin length (see

Supplementary Figure 3).

As shown above, the lateral components are mostly posi-

tional digitization errors. In measuring the lateral compo-

nents (Fig. 2A), one end of a lateral component line is

subjected to the measurement errors due to position digiti-

zation, whereas the other end of the line is not because the

coordinates of the latter end are given by a regression line.

Unlike in the lateral components, both ends of a sliding dis-

placement line are subjected to position measurement errors

due to digitization. If we assume that the measurement error

σr0
2 mostly originates from the digitization as do the lateral

components, hence, the time-independent term in the vari-

ance of the sliding displacements, σr0
2, must be two times

larger than the variance of the lateral components (=σlc
2)18.

This relationship, in other words σ
r0
=√2σ

lc
, is consistent with

a set of the values obtained above (112 nm for σr0≈√2×71

nm for σlc) as well as a set of the average values obtained

with 39 different actin trajectories (122 nm for σr0≈√2×78

nm for σlc). This consistency substantiates that the time-

independent term in the variance of the sliding distances

originates mostly from the uncertainties of the position

measurements due to digitization as do the lateral compo-

nents.

Length Independence of D
m

Likewise, we repeated the fluctuation analysis with thick

filaments (8 in total) isolated from the same animal of S.

virgatus used for the analysis shown in Figs. 2 and 3, to

evaluate the effective diffusion coefficients of individual

actin filaments sliding over the myosin filaments. The effec-

tive diffusion coefficients thus evaluated are plotted against

the actin filament length in Fig. 4A (filled circles). The open

squares in this figure show another example of the results

from the same analysis, which was carried out with myosin

filaments isolated from an animal of another species, M.

galloprovincialis. As shown in Fig. 4A, the effective diffu-

sion coefficient of actin filaments is not proportional to

1/(actin length); the coefficient does not appreciably depend

on the actin length in both bivalves. This is in sharp contrast

to the prediction of the inverse length dependence derived

from the assumption of the stochastic and statistically

random actions of myosin motors.

The sliding velocity of actin filaments over each of the

myosin filaments of the two different bivalves did not

depend on the actin length in the range we studied (Fig. 4B).

The length independence of the actin sliding velocity is con-

sistent with findings previously obtained with conventional

in vitro motility assays with myosins randomly dispersed on

a solid surface27,28. The sliding movement of actin filaments

shorter than about 1 µm was found to be slower (data not

shown). The slower sliding of such short actin filaments is a

result of their temporary detachment from myosin heads29.

Since temporarily detached actin filaments are subjected to

thermally-agitated Brownian motion, their effective diffu-

sion coefficients are expected to have an additional 1/length-

Figure 4 Examples of the effective diffusion coefficient (D
m
)

(A) and the sliding velocity (B) as a function of the actin length.
Open squares, Data were collected with 17 different actin filaments
(1.1~8.0 µm) sliding over 8 different single thick filaments
(16.6~30.1 µm) isolated from an animal of M. galloprovincialis. The
data points from the left show the average taken over the effective
diffusion coefficients (A) or the sliding velocities (B) for N=5, 4, 4,
and 4 different actin filaments. Filled circles, Data were collected with
39 different actin filaments (1.3~9.2 µm) sliding over 8 different single
thick filaments (40.5~54.0 µm) isolated from an animal of S. virgatus.
The data points from the left represent the average taken over the
effective diffusion coefficients (A) or sliding velocities (B) for N=5, 5,
5, 5, 5, 5, 5 and 4 different actin filaments. The ordinate and abscissa
in both panels are mean±s.e.m. Broken lines show the averages: those
of D

m
 and velocity are 0.037 (open squares) and 0.015 (filled circles)

µm2/s in A, and 2.4 (open squares) and 1.6 (filled circles) µm/s in B,
respectively. Dotted-dash and solid lines in A are curves of 1/(actin
length) fitted by non-linear regression either to the D

m
 values of M.

galloprovincialis or to those of S. virgatus, respectively . These lines
were fitted to individual D

m
 values before binning.
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dependent term14. Note that the 1/length-dependent term

diminishes, as the length is large enough. In this study,

therefore, we analyzed the effective diffusion coefficient of

actin filaments longer than about 1 µm, where the velocity

did not depend on the actin length.

Correlation between D
m
 and the average sliding velocity

We confirmed the length-independence of both the

sliding velocity and effective diffusion coefficient of actin

filaments, using myosin filaments isolated from 16 addi-

tional different animals (9 animals of a bivalve species, S.

virgatus, and 7 animals of another bivalve species, M. gallo-

provincialis) (data not shown). The sliding velocity of

actin filaments over myosin filaments isolated from M.

galloprovincialis is faster than that over myosin filaments

isolated from S. virgatus, and the effective diffusion coeffi-

cient of actin filaments over the former myosin filaments is

correspondingly larger than that over the latter myosin fila-

ments on the average (compare the data points shown by

the open square marks and those shown by the filled circle

marks in Fig. 5). Although the sliding velocity of the actin

filaments over different myosin filaments isolated from a

single animal of a bivalve species appears to be almost the

same (see the small error bars for the velocity of each point

in Fig. 5), the actin sliding velocity over myosin filaments

varied to some extent from animal to animal even within

each species of the bivalve, and the effective diffusion coeffi-

cient also varied. There thus appears to be a positive correla-

tion between the effective diffusion coefficient and the sliding

velocity of actin filaments (Fig. 5).

Discussion

In this study, we found that the effective diffusion coeffi-

cient (Dm) of actin filaments sliding over native myosin

thick filaments is virtually independent of the actin length

(Fig. 4A). This is contrary to the prediction of 1/length

dependence, which is derived from the assumption that

myosin II is an independent force generator when generating

unloaded actin sliding movement. Therefore, the length in-

dependence of Dm shows that myosin II is not an inde-

pendent force generator; the actions of myosin II molecules

in an ensemble driving an actin filament to slide are not

stochastic and statistically independent. This in turn indi-

cates the presence of cooperativity or synchronization in the

myosin actions generating the actin sliding movement in

vitro. This contrasts sharply with the conclusion in the iso-

metric condition study in vitro reached by Ishijima et al.5

They analyzed the fluctuations of tension by using a stiff

fine needle with its tip attached to one end of an actin fila-

ment placed over myosin motors under the isometric con-

dition, where there was no translational sliding movement

between actin and myosin, and concluded that actions of

myosin heads are random based on the central limit theo-

rem5.

The fluctuation analysis of the sliding distance we em-

ployed in this paper can be applied to the loaded sliding

movements of actin filaments as well as their unloaded slid-

ing movements. This has been demonstrated by our com-

puter simulation study that used the Duke model of muscle

contraction30. His model indicates that (i) myosin motors in

an ensemble are synchronized in muscle shortening only

within a limited range under a relative load (~0.7) and (ii)

the motors are not synchronized in the other ranges of the

relative load or in isotonic unloaded shortening muscle. Our

computer simulation study of actin sliding movements based

on his model has demonstrated that (a) the effective diffu-

sion coefficient of actin filaments is length-independent in

the range of the relative load where the Duke model predicts

synchronization of ensemble myosin motors, and (b) the

effective diffusion coefficient is proportional to 1/length in

the other ranges of the relative load including the unloaded

condition (Imafuku et al., manuscript in preparation). It

should be noted that the indication (ii) of the Duke model

for the case of the unloaded shortening and the correspond-

ing result (b) of the computer simulation are not consistent

with the experimental results we presented in this paper.

Recently, Liu & Pollack31 reported that sliding between

an isolated actin and a myosin filament at a relatively high

load occurs in steps, with the sizes of integer multiples

measuring 2.7 nm. Since more than 10 myosin motors in

an ensemble were involved in such sliding, their finding of

stepwise displacement implies the presence of synchronous

movement in ensemble myosin motors that generate the

continuous sliding motion at a relatively high load. Their

result together with the above considerations indicate that

Figure 5 Correlation between the effective diffusion coefficient
and the sliding velocity. Each point represents a data set (mean±s.e.m.)
obtained with a separate animal of either M. galloprovincialis (open
squares) or S. virgatus (filled circles). There are two data points at
(Velocity=1.6, D

m
=0.015), which is marked by (2) in the panel. As-

suming a linear correlation between the x- and y-axes, we obtained
0.60 for the linear-correlation coefficient r. The probability that a
random sample of Ns (=18) uncorrelated experimental data points
would yield an experimental linear-correlation coefficient as large as
or larger than the observed value of |r | was calculated from the equa-
tion of Bevington & Robinson18, and the result was <0.85%. This
small value indicates that D

m
 and the velocity are unlikely to be

uncorrelated.
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when a continuous sliding movement exits between an actin

filament and an ensemble of myosin motors, the motors are

synchronized, regardless of whether the sliding filament is

loaded or not.

Our finding begs the obvious question; What is the nature

of the synchronization or cooperativity in the myosin ac-

tions producing the translational sliding movement of actin?

There is some recent evidence suggesting a coordinated

activity between the two heads of a myosin molecule32,33.

However, the coordination between the two heads of a

single myosin molecule does not lead to the length inde-

pendence of Dm if individual myosin molecules with such

double heads randomly interact with an actin filament. We

performed a corresponding simulation with an additional

assumption of a cooperative effect in the attachment

between adjacent myosin heads, and obtained a 1/(actin

length)-dependent D
m
 (see Supplementary Materials). There-

fore, we believe that the cooperativity involved in the slid-

ing movement generation is not between the two heads of a

myosin molecule or among nearby myosin heads, but rather

represents cooperativity between or among myosin heads

some distance apart along an actin filament. Hancock &

Howard34 suggested the presence of a similar mechanical

coordination between (or among) single-headed kinesin

motors some distance apart along a sliding microtubule.

If we assume that myosins in an ensemble driving an

actin filament to continuously slide act synchronously as if

as a single mechanical unit, then the effective diffusion co-

efficient can be expected to be proportional to the average

sliding velocity, since both are proportional to the frequency

of the interaction of the single mechanical unit with a fila-

ment. This is what we found between the effective diffusion

coefficient and the average sliding velocity (Fig. 5). Syn-

chronization of ensemble myosin motors driving an actin

filament to slide indicates that the sliding movement is not

a property localized to the actions of individual myosin

motors, but a property of the dynamical system consisting

of ensemble motors and an actin filament. In this regard, it

is interesting to note the report by Baker et al.35 that the

mechanochemical coupling of muscle contraction, the

coupling of the force production by myosin motors with

the chemical energy derived from the hydrolysis of ATP by

the motors, is not localized to individual myosin heads in

muscle.

It should be pointed out that the sliding speed of actin

does not depend on the actin length (>~1 µm) (Fig. 4B). The

length-independence of the velocity corresponds to the find-

ing of Huxley & Julian3 with muscle fibers shortening under

a very light load, but does not provide any evidence that

myosin is an independent force generator when generating

unloaded (or light-loaded) sliding movement of actin, as is

apparent from the fluctuation analysis shown in this work.

A similar length independence of Dm was previously

found with microtubules sliding over kinesin or β-dynein in

vitro, although kinesin or dynein heads were randomly ori-

ented in these motility assays unlike in the present study14,36.

The use of kinesin (or dynein) ‘thick filaments’ made of

kinesin (or dynein) head-myosin rod chimera, from fila-

ments whose projecting motors are supposed to be homo-

geneously oriented, is thus considered to be useful for con-

firming the length independence of Dm in these two cases.

In summary, myosin II motors in an ensemble generating

the continuous sliding movement of an actin filament do not

act independently, but rather cooperatively. Our finding thus

indicates that understanding the mechanism of the sliding

movement generated by myosin II requires the nonlinear

collective dynamics of ensemble molecular motors rather

than the linear average dynamics of single molecular

motors37.
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