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Abstract 

We have studied the dependence on microtubule length of sliding velocity and positional fluctuation from recorded 
tmjectories of microtubules sliding over sea urchin sperm outer arm /3 dynein in a motility assay in vitro. The positional 
fluctuation was quantified by calculating the mean-square displacement deviation from the average, the calculation of which 
yields an effective diffusion coefficient. We have found that (I) the sliding velocity depends hyperbolically on the 
microtubule length, and (2) the effective diffusion coefficients do not depend on the length for sufficiently long 
microtubules. The length dependence of the sliding velocity indicates that the duty ratio, defined as the force producing 
period over the total cycle time of /3 dynein interaction with microtubule, is very small. The length independence of the 
effective diffusion coefficient indicates that there is a correlation in the sliding movement fluctuation of microtubules. 
0 1997 Elsevier Science B.V. 
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1. Introduction involved in the sliding movement [5]. In our previous 

A recently-developed in vitro motility assay has 
made it possible to study the sliding movements of 
individual cytoskeletal filaments generated by pro- 
tein motors under well-defined conditions [l-4]. By 
analyzing the fluctuation of the sliding movement of 
individual filaments we can elucidate some aspects 
of the dynamics and kinetics of the mechanisms 
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work, we studied the positional fluctuation in micro- 
tubule sliding movement generated by kinesin in 
vitro under no external load [6]. There we quantified 
the positional fluctuation by calculating the mean- 
square displacement deviation from the average as a 
function of time, which yields an effective diffusion 
coefficient. One intriguing result we obtained in the 
study is that the effective diffusion coefficient of a 
sliding filament, which will be referred to as the 
motional diffusion coefficient, does not depend on 
the filament length when the concentration of kinesin 
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is large enough. This is in sharp contrast to the 
ordinary Brownian movement of filamentous parti- 
cles, in which the diffusion coefficient, a measure of 
the positional fluctuation, is proportional to the in- 
verse of the filament length. Thus. our previous 
results have provided evidence for the presence of 
correlation in the fluctuation of the microtubule slid- 
ing movement generated by kinesin in vitro [6]. 

In this study we have extended our fluctuation 
analysis to the microtubule sliding movement gener- 
ated by sea urchin sperm outer arm p dynein in 
vitro. We have found that, as in the case with kinesin 
[6], the motional diffusion coefficient of micro- 
tubules sliding over p dynein does not depend on the 
filament length when the length is sufficiently long. 
Here we also studied the length dependence of the 
sliding velocity of microtubules. We have found that, 
unlike the sliding velocity of microtubules over ki- 
nesin, the velocity over p dynein depends on the 
microtubule length and hyperbolically increases with 
the increase in the length, as was previously found 
with Purumecium 22s dynein by Hamasaki et al. 
[7]. The significance of these findings will be dis- 
cussed in the light of the filament length dependence. 

2. Materials and methods 

2. I. Proteins 

Flagellar outer arm 2 IS dynein was prepared from 
sea urchin (Pseudocentrotus depressus) sperm. 
Complexes of dynein p heavy chain and intermedi- 
ate chains were purified from the 21 S dynein as 
described [8]. We used this preparation for motility 
assay and refer to it as p dynein in this paper. The p 
dynein is considered to be a single-headed motor. 
Tubulin was prepared from porcine brains by two 
cycles of temperature-dependent polymerization, fol- 
lowed by phosphocellulose chromatography [9]. Mi- 
crotubules were polymerized in the presence of 9% 
dimethylsulfoxide and then stabilized with 40 pM 
tax01 [3]. 

2.2. Motility assays in llitro 

We performed the dynein motility assay using a 
microscope perfusion chamber at 25°C. I5 ~1 of a p 

dynein (600 kg ml-‘) solution was first infused into 
the chamber. After 3 min, unbound proteins were 
washed away by perfusing an assay buffer: 10 mM 
Tris-HCl (pH 7.5), 50 mM K-acetate, 4 mM MgSO,, 
1 mM EGTA and 1 mM DTT. Microtubules and 
1mM ATP were then perfused into the chamber in 
the assay buffer. 

We examined the microtubule movement over p 
dynein attached to a glass surface, by dark field 
microscopy using a Nikon microscope equipped with 
a 100 W mercury light source, a heat filter, an 
Olympus dark field condenser (I .2- I .33 N.A.) and a 
Nikon X40 objective lens. We took images of the 
filaments with an SIT camera (Ikegami CTC-9000) 
and recorded their movements onto a video cassette 
tape recorder (SONY EVO-9650). 

2.3. Data collection 

A video cassette tape recorder was connected to a 
video image digitizer board (1. 0 DATA, Japan) in 
an EPSON microcomputer (PC-486GR), on which 
we run custom software (written in C + + ) to con- 
trol the operation of the video tape recorder through 
an RS232C circuit [6]. By transferring the video 
images played back from the video tape recorder to 
the computer, we then displayed the images on the 
computer screen frame by frame. We next entered 
the x-y coordinate position of microtubule ends into 
the EPSON computer, using a mouse-driven video 
cursor on the screen. The digitization accuracies for 
the x and y coordinates were 145 and 142 
nm pixel ’ , respectively. The sampling interval for 
the data collection was l/30 s. We usually collected 
more than 100 digitized data points from a single 
trajectory of sliding movements in vitro. 

2.4. Culculation of’ the sliding L~elocity 

We calculated the sliding velocity by 

V= (Ar(At)/At) (1) 
where Ar( At) is the displacement of a filament 
along its trajectory during a fixed time interval (At), 
and (...>, such as that on the right-hand side of Eq. 
(l), shows the average (see below). 

The velocities are fitted to the following equation 
171 
V=V,L/(K,fL) (2) 



using the simplex method 
filament length, and V, and 
(see Section 4, Discussion). 

[lo], where L is the 
K, are the parameters 

2.5. Culculation of the meun-square displacement 
,fluctuation around the m!eruge 

We calculated the mean-square fluctuation by 

F,? = <[Ar(At) - (Ar(At))]‘) (3) 

= 2 D,,, A t (4) 

Eq. (4) yields a coefficient, D,,,, which is referred 
to in this study as the motional diffusion coefficient. 
For the average calculations in Eq. (1) and Eq. (3), 
we used an average calculation within a single trajec- 
tory of a filament [I 11, which is referred to in this 
study as single trajectory averaging [6,12]. 

2.6. Smoothing of the trujectories 

Since the trajectories were not smooth enough to 
conduct single trajectory averaging, we smoothed the 
trajectories by low-pass digital filtering with a Hann 
window at 3 Hz (see [IO] and [ 121 for more details). 
The smoothing does not significantly affect either 
the tluctuation or the steady characteristics inherent 
to the filament sliding movements generated by pro- 
tein motors in vitro, as we have shown by a Monte 
Carlo study [ 121. 

3. Results 

A measure of the fluctuation inherent to the slid- 
ing motion is given by the motional diffusion coeffi- 
cient [ 121. As described in Section 2, Materials and 
Methods, the mean-square displacement deviation 
from the average as a function of time yields the 
motional diffusion coefficient. The main concern in 
this study has been to examine the dependence of the 
motional diffusion coefficients of microtubules on 
their filament length. To examine this dependence 
precisely, we needed to measure the motional diffu- 
sion coefficients for microtubules with various 
lengths. For the average calculation to obtain a mo- 
tional diffusion coefficient, there are two methods: 
(1) an average calculation within a single trajectory 

of a filament [l 11, which is referred to as the single 
trajectory averaging, and (2) an average calculation 
over many filaments having lengths within a certain 
range. The single trajectory averaging has an advan- 
tage over the other [ 121, because the former, unlike 
the latter, yields a motional diffusion coefficient for 
each individual microtubule. In this work, we thus 
used the single trajectory averaging. The single tra- 
jectory averaging also yields a precise value for the 
sliding velocity of a single microtubule [ 121. 

Fig. l(A) shows a digitized trajectory of a micro- 
tubule sliding over p dynein. The unprocessed tra- 
jectory is noisy because of the errors introduced 
upon digitizing the microtubule position on the com- 
puter screen. 

For the single trajectory averaging, noise needs to 
be removed from trajectories such as that shown in 
Fig. l(A). Hence we smoothed trajectories by low- 
pass filtering as described in Section 2, Materials and 
Methods. By computer simulation, we have exam- 
ined the cut-off frequency for smoothing noisy tra- 
jectories and found that a cut-off frequency of 3Hz is 
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Fig. I. An example of the trajectories of a microtubule sliding 
over p dynein (600 kg ml ’ ) attached to a glass surface at 25°C. 
The microtubule length: 6.2 pm, (A) The original digitized 
trajectory before smoothing, consisting of 151 positional data 
points collected with a sampling interval of l/30 s. (B) The 
trajectory after smoothing by low-pass filtering at a 3 Hz cut-off 
frequency as described in Section 2. consisting of the same 
number of positional data points as in A. 



appropriate for the present analysis [ 121. Fig. l(B) 
shows the resulting smoothed trajectory obtained 
from the noisy trajectory shown in Fig. l(A). Al- 
though the distances between the adjacent positional 
points along the smoothed trajectory appear to be 
almost homogeneous, smoothed trajectories retain 
the steady and fluctuation characteristics inherent to 
the sliding movement [ 121. 

Fig. 2 shows an example of the mean displace- 
ment as a function of time for the single smoothed 
trajectory shown in Fig. l(B). The slope of the plot 
yields the sliding velocity of the microtubule (see 
Eq. (1)). 

By repeating similar calculations. we collected 
sliding velocity data for microtubules having various 
lengths. The results are summarized in Fig. 3, which 
shows original data and the binned averages of slid- 
ing velocity of microtubules as a function of filament 
length. Unlike the case of microtubules sliding over 
kinesin [6], the velocity of microtubules sliding over 
p dynein depends on the microtubule length. We 
found that the velocity dependency upon microtubule 
length is hyperbolic. Hamasaki et al. [7] reported 
similar length dependence of the velocity of micro- 
tubule sliding generated by Parmneciurn 22s dynein 
in vitro. Eq. (2) was fitted to the velocity data shown 
in Fig. 3 by the simplex method [lo] which yielded 
values for the constants in Eq. (2), V, and K,, as 
summarized in Table I. 
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Fig. 2. The average displacement as a function of time interval. 
Calculated by single trajectory averaging within a single trajectory 
of a 6.2 km microtubule (shown in Fig. l(B)), as described in 
Section 2. We obtained the filled line using a linear regression 
method. The slope yields a value of 7.7 prns-’ for the sliding 
velocity. 
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Fig. 3. The sliding velocities vs microtubule length. The curve 
shows a non-linear regression line of Eq. (2) fitted directly to all 
the 44 data points ( ??). For the regression, the simplex method 
[IO] was used. The values of V, and K,_ in Eq. (2) determined by 
the regression are lihted in Table 1. Data for certain sets of 
microtubules were grouped and the averages are shown as fo- 
lows. (0 ): 44 different microtubules in total: the data points from 
the left show the average taken over the sliding velocities for 
microtubules of (N = I I, I - 4 pm), (N = 6. 4 - 7 km). (N = 13, 
7-11 )*m),(N=8, II- IS km). and (N= 6. > IS km). Both 
the ordinate and abscissa values indicate the mean + s.d. (for N 
shown above). 

Fig. 4 shows an example of the mean-square 
displacement deviation from the average as a func- 
tion of time interval, in the calculation of which we 
used single trajectory averaging. There is a lag in the 
graph at small time intervals. The lag is a result of 
the smoothing with low-pass filtering [ 121. After the 
lag, there is a linear portion in the graph, as indicated 
by the line. The motional diffusion coefficient of a 
sliding single filament is given by half the linear 
slope (see Eq. (4)). The motional diffusion coeffi- 
cient thus determined from this figure was 8.8 X 

Table 1 
Values of V, and K, obtained by a curve fitting of Eq. (2) to data 
in Fig. 3, and estimated values of N( K,) and f in Eq. (6) for the 
sliding movement of microtubules over sea urchin sperm p 
dynein 

V, (krns-‘) K, (pm) N(K,)‘ .f’ 

This work“ II 1.3 130 0.005 
22s Dynein’ 1.7 3.3 49 0.01 

“The simplex method wab used for fitting Eq. (2) to data in Fig. 3 
(see Section 2). 
hHamasaki et al. [7]. 
‘See text for N( K,_) and ,/: 



IO-“’ cm’s_’ for a microtubule of 6.2 pm. The 
deviation from the linearity at a long time interval is 
due to the increase in statistical errors [ 11,121. 

Fig. 5 shows the dependence of the motional 
diffusion coefficients on the microtubule length. Here 
we used single trajectory averaging to obtain the 
motional diffusion coefficients. The motional diffu- 
sion coefficients of microtubules longer than 4 km, 
unlike their sliding velocity, do not depend upon the 
microtubule length. 

In our previous paper [6], we analyzed the length 
dependence of motional diffusion coefficients of mi- 
crotubules sliding over kinesin. There we have shown 
that the motional diffusion coefficient of a micro- 
tubule sliding over kinesin can be expressed by the 
following equation (see the Appendix of [6]) 

D,,, = kT/( L5 > + DC,< (5) 

where k is the Boltzmann constant, T is the absolute 
temperature, L is the microtubule length, i is the 
friction coefficient per unit length of the filament, 
and D,,( is a term due to the fluctuation in the active 
sliding force, a term that has been found to be length 
independent for kinesin. Eq. (51, which we proposed 
to explain the data for kinesin, is also consistent with 
the data for fi dynein as shown by the broken line in 
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Fig. 4. The mean-square displacement deviation from the average 
( = variance) as a function of time interval. Calculated with 
positional data available within a single trajectory of a 6.2 pm 
microtubule (shown in Fig. I(B)). as described in Section 2. We 
obtained the filled line using a linear regression method of Uyeda 
et al. [26]. Half of the slope yields a value of 8.8 X IO- I” cm’ \- ’ 
for the motional diffusion coefficient. The size of the linear range 
depends on the total number of data available from a single 
trajectory, and is larger when the number of data is greater. 
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Fig. S. The motional diffusion coefficients versus microtubule 
length. It is not appropriate to show all the individual data points 
because of the scatter. Hrnce. data for certain sets of microtubules 
were grouped as in Fig. 3. The ordinate values indicate the mean 
k s.e.m. (for N shown as in Fig. 3). whereas the abscissa values 
indicate the mean + s.d. (for N shown as in Fig. 3). The 
horizontal line shows an average of the open square data for the 
length\ > 4 pm. The dotted line shows a nonlinear regresion line 
of Eq. C.5) fitted directly to all of the orignal 34 data points (not 
shown). See text for the values of J’ and D(,, determined by the 
regression. 

Fig. 5. See Section 4 for more details of the broken 
line. 

4. Discussion 

By analyzing the trajectories of microtubules slid- 
ing over sea urchin sperm /3 dynein in vitro, we 
have examined the length dependence of the velocity 
and the displacement fluctuation in the sliding mo- 
tion. 

The velocity reflects steady characteristics of slid- 
ing movement. We found that the velocity of micro- 
tubules sliding over sea urchin sperm p dynein 
depends hyperbolically on the microtubule length. 
Similar hyperbolic dependence of the microtubule 
sliding velocity was also found by Hamasaki et al. 
[7] with Puramecium 22s dynein. Following the 
method of Hamasaki et al. [7]. we fitted Eq. (2) to 
our velocity data in Fig. 3 to obtain V,, and K, 
values in the equation. Table 1 compares our values 
of V, and K, obtained with sea urchin sperm p 
dynein. with those obtained by Hamasaki et al. [7] 
with Paramecium 22s dynein. Although the V, val- 



ues are different between sea urchin sperm p dynein 
and Paramecium 22s dynein. the K,, values are 
relatively similar to each other. 

The hyperbolic length dependence of the micro- 
tubule sliding velocity that is found with dyneins is 
in contrast to the length independence of the velocity 
of microtubules sliding over kinesin [6]. This differ- 
ence between dynein and kinesin reflects their differ- 
ent duty ratios: the kinesin duty ratio is large, while 
the dynein duty ratio is small, as will be discussed 
below. The duty ratio is defined as the ratio of the 
force-producing (duty) phase over the total cycle 
time in the protein motor interaction with a filament 
1131. 

Uyeda et al. [ 131 first studied the length depen- 
dence of actin sliding velocity in the motility assay 
with heavy meromyosin (HMM) in vitro. They used 
the equation 

v= V”{ 1 - (1 -f)‘“} (6) 

to estimate the duty ratio (f> for HMM, where V, is 
the velocity at which a motor moves during its duty 
phase, N is the average number of motor heads that 
interact with the filament, and V is the experimen- 
tally determined sliding velocity. By applying this 
equation to their data of actin sliding over HMM, 
Uyeda et al. [ 131 obtained ,f’= 0.05 for HMM. 

Since K, in Eq. (2) is defined to be the micro- 
tubule length where V = 0.5 V,, Eq. (6) leads to 

0.5 = (1 -,)N(KJJ (7) 

from which ,f’ can be calculated, as was calculated by 
Hamasaki et al. [7]. They thus obtained ,f= 0.01 for 
Paramecium 22s dynein. 

To obtain a value of ,f for sea urchin sperm p 
dynein by using Eq. (7), we have to know the 
number of dynein heads that can interact with a 1 
p,m microtubule in our motility assay in vitro. We 
have estimated this number as follows: 
1. We assume that all of the dynein molecules ini- 

tially present in a solution (1.5 ~1) which was 
infused into a perfusion chamber for motility 
assay were adsorbed on the glass surfaces within 
the chamber, and that the molecular weight of p 
dynein consisting of a /3 heavy chain (of molecu- 
lar weight of 500000) and a few intermediate 
chains is 800000. The total surface area within 
the chamber is 3.6 X IO8 pm’ (= 18 mm X IO 

mm X 2). Thus, the density of dynein adsorbed 
on the glass surfaces is 18.8 X IO’ 
molecules km -‘. 

2. We assume that dynein molecules adsorbed on a 
surface right under a microtubule can interact 
with the microtubule. Since the surface area under 
a 1 p,rn microtubule is about 0.025 km’, we 
obtain 471 (= 18.8 X 10’ X 0.025) for the 
number of dynein molecules present in this area. 

3. We assume that 50- 107~ of the adsorbed dynein 
is active, because the adsorption of dynein on a 
glass surface may inactivate a fraction of dynein. 
The above second and third assumptions lead to 

estimates of 250 - 50 for the number of dynein 
molecules that can interact with a 1 p_m microtubule. 
If we take 100 for this number, we obtain ,f= 0.005 
for sea urchin sperm p dynein (Table I> from Eq. 
(7). The duty ratio for sea urchin sperm /3 dynein is 
thus similar to that for Paramecium 22s dynein. 
These small values of the duty ratio for dyneins are 
in contrast to the large duty ratio for kinesin [14]. 
This is consistent with the report by Wang et al. [ 151 
that the affinity of kinesin for microtubules is larger 
than that of cytoplasmic dynein for microtubules. 

Our analysis also yielded values for the motional 
diffusion coefficient, which is a measure of the 
fluctuation of the sliding motion. This coefficient 
determined with sea urchin sperm p dynein has the 
following two major characteristics (Table 2). (i> The 
motional diffusion coefficient is smaller than the 

Table 2 
Diffusion coefficients of the microtubules undergoing either longi- 
tudinal random Brownian movement or sliding movement with 
fluctuation 

Movement Diffusion Reference5 
coefficient 
( cm2 a-‘) 

Free diffusion” random 8.9X IO_” [251 
Over 0 dynein’ random 1.3x lo- I’) II61 
(+ Vanadate) 
Over kinesinh sliding 2.5 x IO- ’ ’ I61 
Over p dynein’ sliding 7.5 x IO_ I” this work 

“The longitudinal diffusion coefficient for a 5 km microtubule. 
hThe average of the motional diffusion coefficients at a kinesin 
concentration of 100 pgml-‘. 
‘The average of the motional diffusion coefficients at a dynein 
concentration of 600 kgml~ ’ for the microtubules longer than 3 

km. 



longitudinal diffusion coefficient of a microtubule 
freely suspended in solution. For example, the mo- 
tional diffusion coefficient of the microtubules slid- 
ing over p dynein is 7.5 X IO-“’ cm’ SC’, about a 
tenth of the longitudinal diffusion coefficient for a 
microtubule of 5 pm (= 8.9 X lOmy cm” s- ‘). Note 
that the motional diffusion coefficient of micro- 
tubules sliding over kinesin [6] is much smaller than 
when sliding over j3 dynein. (ii) The motional diffu- 
sion coefficients are not proportional to the recipro- 
cal of the microtubule length (I/L) when the fila- 
ment is longer than 4 km under the present experi- 
mental conditions (Fig. 5, horizontal line). 

The first characteristic of the motional diffusion 
coefficient mentioned above indicates that the mo- 
tional diffusion coefficient reflects the velocity fluc- 
tuation induced by the interaction of p dynein with 
microtubules, rather than by the random collision 
with solvent molecules [6]. 

Microtubules undergo one-dimensional, random 
Brownian movements when they are placed over p 
dynein in the presence of vanadate (a dynein ATPase 
inhibitor) plus ATP [ 161. The diffusion coefficient of 
a microtubule of 5 km under these conditions is 
1.3 X lo-“’ cm2 s-’ (Table 2). This value is, as is 
the motional diffusion coefficient obtained by us 
here, much smaller than the diffusion coefficients of 
the microtubules freely suspended in solution (8.9 X 
lOmy cm’s_’ for a 5 p,rn microtubule) (Table 2). 
Tawada and Sekimoto [ 171 previously proposed a 
“protein friction” model to explain the relatively 
small diffusion coefficient of the microtubules un- 
dergoing Brownian movement over dynein in vana- 
date plus ATP. 

Eq. (5) described in Section 3. which we origi- 
nally proposed to explain the data for kinesin [6], is 
also consistent with the data for p dynein shown in 
Fig. 5. Since the first term in the right-hand side of 
Eq. (5) is smaller for longer filaments while the 
second term in the right-hand side of Eq. (5) is 
length-independent, the first term vanishes and the 
second term remains for sufficiently long filaments. 
Hence, D,,, will be practically length-independent 
when the filaments are long enough. To show this 
quantitatively, we fitted Eq. (5) directly to all the 
data (not shown) in Fig. 5 by the simplex method, a 
non-linear regression method. The resulting curve is 
shown by the broken line in the figure. The curve fits 

the data relatively well. The value of D,, yielded by 
the curve fitting was 0.58 X lOmy cm’ SC’. The av- 
erage of data for filaments > 4 pm in Fig. 5, which 
is indicated by the horizontal line, is (0.75 + 0.30) X 
lOmy (mean f s.d., with N = 33) cm’s_‘. Thus. 
the estimated value of D,,,., the length-independent 
term in Eq. (5). is close to the average of the data for 
filaments > 4 p,m. 

In the above curve fitting, we obtained a value of 
0.22 g s-’ cm-’ for [, which is about 10 times 
larger than the coefficient of the solvent friction for a 
microtubule (0.016 g s-’ cm-‘). This relatively large 
value of the friction coefficient which is obtained 
experimentally here is consistent with a value theo- 
retically estimated for protein friction [ 181. Such a 
large protein friction coefficient was proposed to 
explain the mechanism to limit the sliding velocity in 
the in vitro sliding movement [ 171. 

In solution as well as in the above-mentioned 
protein environments [ 161, the diffusion coefficient 
of microtubules undergoing Brownian movements is 
approximately proportional to the inverse of the mi- 
crotubule length. This is a direct consequence of the 
central limit theorem concerning the action of parti- 
cles causing the random Brownian movements [ 191. 
In contrast. as is shown in Fig. 5, the motional 
diffusion coefficient does not depend on the micro- 
tubule length when filaments are long enough. This 
length independence therefore indicates that the 
premises of the central limit theorem are violated in 
the directional sliding movements by dynein motors 
in vitro. as was pointed out in our previous work 
with kinesin [6]. In other words. there is a correlation 
in the sliding movement fluctuations. 

The dynein used in the present study is 
monomeric, while the kinesin used in our previous 
study [6] is dimeric. Nonetheless. the motional diffu- 
sion coefficients of microtubules sliding over dynein 
and kinesin are both length-independent under cer- 
tain conditions. Similar length-independence of the 
motional diffusion coefficients has also been found 
with actin filaments sliding over HMM in vitro 
(unpublished). Therefore, the length-independence of 
the motional diffusion coefficient. or the correlation 
in the sliding movement fluctuations, is a common 
property among cytoskeletal filament movements 
generated by (monomeric and dimeric) protein mo- 
tors in vitro. 



There are several possible explanations for the 
presence of correlation in the fluctuation in the mi- 
crotubule sliding movement generated by dynein. 
Note that, unlike the single-headed 14s dynein from 
Tetrahymena cilia [3]. sea urchin sperm p dynein 
does not induce rotation of microtubules during in 
vitro sliding movement [ 161. Thus we do not con- 
sider the microtubule rotation for the cause of corre- 
lation in the fluctuation. 

(i) The first possibility is to consider the effects 
on fluctuations of spatially non-uniform orientations 
of dynein motors attached on a glass surface. Under 
certain conditions, these non-uniform orientations can 
lead to the length-independence of the motional dif- 
fusion coefficient, as was shown theoretically [20]. 

(ii)The second possibility is to consider the effects 
of dynein density fluctuations in different regions on 
the surface. The density fluctuations may cause fluc- 
tuations in the sliding movement with length-inde- 
pendent motional diffusion coefficients. 

The effects considered in the first and second 
possibilities could be also operative in the one-di- 
mensional Brownian movements of microtubules oc- 
curring over dynein in the presence of vanadate (an 
ATPase inhibitor) and ATP as well. since the move- 
ments are considered to be generated by inactivated 
dynein heads through their weak interaction with 
microtubules [ 161. However. the diffusion coeffi- 
cients in the Brownian movements obey the l/L 
law. This suggests that the first and second possibili- 
ties are unlikely. 

The first and second possibilities can be checked 
experimentally by examining the positional fluctua- 
tions of the sliding movement of cytoskeletal fila- 
ments over protein motors with uniformly oriented 
heads and with little fluctuation of motor density. To 
do so, we with A. Yamada have been examining the 
length-dependence of positional fluctuations of actin 
filaments sliding along long native thick filaments of 
myosin from molluscan smooth muscle [21,22]. In 
the thick filaments, myosin heads are oriented and 
the head density fluctuations can be small. The 
results so far obtained. though preliminary yet, show 
length-independence of motional diffusion coeffi- 
cients of actin filaments sliding along the native 
thick filaments. The following third possibility thus 
remains as a likely explanation for correlated fluctua- 
tions. 

(iii) The third possibility is to assume cooperative 
action of dynein heads, as was discussed in our 
previous work with kinesin [6]. 

The length independence of the motional diffu- 
sion coefficient, if it is intrinsic to the sliding move- 
ment generated by protein motors, places a signifi- 
cant constraint on possible mechanisms of the sliding 
movement generation by protein motors in vitro. 
Holwill et al. [23] developed a model of ciliary 
motility and applied it to a computer simulation 
study of in vitro motility of microtubules over pro- 
tein motors. They simulated the sliding displacement 
of microtubules having various lengths as a function 
of time. In their simulation results, the fluctuation of 
the microtubule displacement appears to be smaller 
for longer filaments, in contrast to our experimental 
results. 

In the isometric force generation in vitro by 
myosin, the relative force fluctuation is proportional 
to (average force)- ‘/’ [24]. This means that the 
premises of the central limit theorem are not violated 
when there is no translational movement between the 
cytoskeletal filament and the protein motors, as was 
previously discussed [6]. 

To sum up, we came to the following two conclu- 
sions: (a> the fluctuation in the sliding movements of 
the microtubules is generated by the interaction of p 
dynein molecules with the microtubules; (b) when 
there is a translational sliding movement between a 
microtubule and p dynein molecules in vitro, the 
premises of the central limit theorem are violated in 
the sliding movement. These two conclusions with 
the foregoing discussions suggest that there is some 
coherence in the function of the @ dynein molecules 
interacting with a sliding microtubule, although fur- 
ther studies are required to establish such coherence. 
(See Ref. [6] for some possible mechanisms of such 
coherent actions of protein motors.) The demonstra- 
tion of the correlation in the sliding movement fluc- 
tuations with dynein and kinesin may thus lead to 
important insights about motor functions [6]. 
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