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ABSTRACT We studied the fluctuation in the translational sliding movement of microtubules driven by kinesin in a motility
assay in vitro. By calculating the mean-square displacement deviation from the average as a function of time, we obtained
motional diffusion coefficients for microtubules and analyzed the dependence of the coefficients on microtubule length. Our
analyses suggest that 1) the motional diffusion coefficient consists of the sum of two terms, one that is proportional to the
inverse of the microtubule length (as the longitudinal diffusion coefficient of a filament in Brownian movement is) and another
that is independent of the length, and 2) the length-dependent term decreases with increasing kinesin concentration. This
latter term almost vanishes within the length range we studied at high kinesin concentrations. From the length-dependence
relationship, we evaluated the friction coefficient for sliding microtubules. This value is much larger than the solvent friction
and thus consistent with protein friction. The length independence of the motional diffusion coefficient observed at sufficiently
high kinesin concentrations indicates the presence of correlation in the sliding movement fluctuation. This places significant

constraint on the possible mechanisms of the sliding movement generation by kinesin motors in vitro.

INTRODUCTION

With a recently developed in vitro motility assay, it has
become possible to study the sliding movements of individ-
ual cytoskeletal filaments generated by protein motors un-

“der well defined conditions (Kron and Spudich, 1986;
Harada et al., 1987; Vale and Toyoshima, 1988; Howard et
al., 1989). Fluctuations in the sliding movement of individ-
ual filaments provide information about the dynamic as-
pects of the mechanisms responsible for the generation of
the movement by protein motors (Svoboda et al., 1994).
However, detailed analyses of the fluctuation of the sliding
movements under no external load have not hitherto been
made.

In this study we examined the fluctuations in the
movement of individual microtubules sliding over kine-
sin in vitro, by calculating the mean-square deviation of
the sliding displacement from the average (Qian et al.,
1991). The mean-square displacement deviation from the
average as a function of time interval yields a diffusion
coefficient of a filament, which will herein be referred to
as the motional diffusion coefficient. This is a measure of
the fluctuation of the movements, analogous to the dif-
fusion coefficient observed for thermally generated or
protein motor-mediated Brownian movement (Vale et al.,
1989; Berg, 1993). The length dependence of the longi-
tudinal diffusion coefficient of a filamentous particle in
Brownian movement provides us with information about
the characteristics of the interactions between the fila-
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ment and the particles that cause its Brownian movement.
The dependence of the motional diffusion coefficient on
the filament length will likewise provide us with infor-
mation about some characteristics of the interaction of
the protein motors with a sliding filament.

With these approaches, we found that 1) the motional
diffusion coefficient primarily decreased (but did not go
down asymptotically to zero) with increasing the microtu-
bule length and 2) the relationship between the motional
diffusion coefficient and the microtubule length depended
upon the kinesin concentration: the higher the kinesin con-
centrations, the smaller the dependence of the motional
diffusion coefficient on the microtubule length. Finally, the
motional diffusion coefficient depended little upon the mi-
crotubule length in the range we studied, when the concen-
tration of kinesin was sufficiently high. From the length
dependence of the motional diffusion coefficient, we eval-
uated the friction coefficient and found that it was more than
100 times larger than the solvent friction. This relatively
large value is thus consistent with protein friction (Tawada
and Sekimoto, 1991b).

The length independence of the motional diffusion coef-
ficient observed at sufficiently high kinesin concentrations
contrasts sharply with the inverse proportionality of the
length dependence of the diffusion coefficient in Brownian
movement. The inverse proportionality of the latter is a
direct consequence of the central limit theorem, with the
premise that the action of particles causing Brownian move-
ment of a filament is random (i.e., stochastic and indepen-
dent) (van Kampen, 1981). The finding of the length inde-
pendence of the motional diffusion coefficient thus provides
evidence for the presence of correlation in the fluctuation in
the microtubule sliding movement generated by kinesin in
vitro. This places constraint on the possible molecular
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mechanisms of the sliding movement in vitro as will be
discussed below. Some of these results have been briefly
reported to the Seventh Biophysical Discussions on Molec-
ular Motors (Tawada et al., 1995).

MATERIALS AND METHODS
Proteins

We prepared kinesin from bovine brains using DEAE-cellulose and phos-
phocellulose chromatography, followed by microtubule affinity and su-
crose density centrifugation (Hackney, 1991). We prepared tubulin from
porcine brains by two cycles of temperature-dependent polymerization,
followed by phosphocellulose chromatography (Mitchison and Kirschner,
1984). Microtubules were polymerized in the presence of 9% dimethylsul-
foxide and then stabilized with 40 uM taxol (Vale and Toyoshima, 1988).

Motility assays in vitro

We performed the kinesin motility assay using a microscope perfusion
chamber at 25°C. We first infused kinesin of 6.25, 25, or 100 ug/ml,
supplemented with 0.2 mg/ml casein, into the chamber. After 3 min,
unbound proteins were washed away by perfusing an assay buffer contain-
ing 10 mM Tris-acetate (pH 7.5), 50 mM potassium acetate, 4 mM MgSO,,
1 mM EGTA, and 1 mM dithiothreitol. Microtubules (30 pg/ml) and 1 mM
ATP were then perfused into the chamber in the assay buffer.

We examined the microtubule movement over kinesin 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 (1.2-1.33 N.A.), and a Nikon 40X objective lens. We took
images of the filaments with an SIT camera (Ikegami CTC-9000) and
recorded their movements onto a videocassette tape recorder.

Data collection

We connected a videocassette tape recorder (SONY EV0-9650) to a video
image digitizer board (I'O DATA, Kanazawa, Japan) in an Epson micro-
computer (PC-486GR), and we controlled the operation of the video tape
recorder through an RS232C circuit by custom software (written with
C++) running on the microcomputer. 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 (usually of their
front tip) 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 131 nm/pixel, respectively. The sampling interval for the data collec-
tion was 0.1 s. We usually collected approximately 200 digitized data
points from a single trajectory of sliding movements in vitro.

Calculation of the mean-square deviation of the
sliding displacement from the average

We calculated this mean-square deviation, the variance of the sliding
displacement, by

Fl= <(rA)— <rAD>)P> )
= 2D, At, )]

where r(At) is the net displacement of a filament along its trajectory during
a given time interval (Ar), and < > shows the average. Equation 2 yields
a coefficient, D,,, which is referred to in this study as the motional
diffusion coefficient. When the position measurement errors are present,
the right-hand side of Eq. 2 has an additional term due to the errors (see
below).
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The net displacement, r(Af), along a trajectory in a time interval
between ;and & (At = £, — #;/=0,1,2...andk = 1,2,3...) was
calculated by one of the following two methods.

1) Under the assumption that a trajectory is linear, the displacement is

given by the distance between the two end points along the trajectory as
r(Ar) = V[x(Ar)?* + y(A1)*] 3

where x(Af) = x(#.,,) — x(t;) and Y(Ar) = y(4;.,) — ¥t); x(#) and y(¢) are
the x, y coordinates of a microtubule position. The distance thus calculated
will be referred to as the linear distance between the two end points. Note
that this method can only be applied to linear trajectories.

2) The net displacement is given by the contour length along a trajec-
tory. To obtain the contour length we first smoothed a noisy trajectory (see
below) and then summed each distance between two adjacent data points
consecutively along a smoothed trajectory as

I‘(At) = Edr(tj+m+l’ 6+m) (m =0

where
dr(tiemets Lom) = ¥ X ‘l[dx(tj+m+1)2 + dy(tj+m+l)2]

with dx(tjymy1) = X(Gemer) — o) and @y met) = Yome) —
¥(#;+m), where vy is +1 for the forward movement and —1 for the backward
movement along a smooth trajectory. The direction of the movement
between £, ., and f;,, was determined by examining the sign of the
scaler product of two vectors, one connecting the two positions at 7, ., and
% +m+1 and another from the position at ¢, , ,, and the position a few (usually
eight) data points ahead or behind along a trajectory. As the sampling
interval for digitizing the position is set large enough, v is usually positive.
The distance thus calculated with Eq. 4 gives the contour length along a
smoothed trajectory for a time interval At and will be referred to as the
summed distance. This second method can be applied to curved as well as
linear smoothed trajectories.

For the average calculations in Eq. 1 we used the following two
methods: 1) an average calculation within a single trajectory of a filament
(Qian et al., 1991), which is referred to in this study as single trajectory
averaging, and 2) an average calculation over many filaments having
lengths within a certain range, which is referred to as multiple trajectory
averaging.

Position measurement errors were evaluated by the following two
methods.

1) With the lengths of a microtubule image measured on many different
frames on the computer screen, we calculated the variance of the length.
This variance provides an estimate for the position measurement errors as
explained below. The length (L) of a microtubule image is given by

L =[(Ax)* + (&y)], ®)

with Ax = x; — x, and Ay = y; — y,, where x; and y; are the x and y
coordinates of the frond tip position of a microtubule and x,, and y, are the
x and y coordinates of the back tip of the filament. The variance of the
measured length (Bevington and Robinson, 1992) is given by

of = (8L/aAx)’ 03, + (8LI3AYY’ a4, = 04, (01 03y),  (6)

to k—1) @)

where we assumed that 0%, ~ 0%, because the digitization accuracy for the
x and y coordinates is approximately the same as described above. As Ax
is given by the difference between two measured x positions, we have 0%,
= 202, where g, is the variance of the digitization errors along an x axis.
Similarly we have 0%, = 20Z. We hence obtain

o} (or 03) = oi/2. ¢

Therefore, the variance of the length measurement provides an estimate for
the digitization errors (o, or o).

2) From the plot of the variance of the sliding distance versus the time
interval, we estimated the position measurement errors. The principle of
the second method is explained below.
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Because there is a random error in the data collection of microtubule
positions, unprocessed data for the linear distance obtained with Eq. 3
contains random errors. When such unprocessed data are used, the variance
of the distance defined by Eq. 1 has a term due to the measurement errors,
in addition to a term due to the intrinsic fluctuation in the sliding motion
generated by kinesin, and we have

FP= <(r(A) — <r(AD)>)*>
®)
= 2D,At + o7,

where o2 is the variance of the distance measurement errors (Bevington
and Robinson, 1992; Imafuku et al., 1995; Qian et al., 1991). As the linear
sliding distance is given by the distance between two positions on the
computer screen, the variance of the distance measurement errors in Eq. 8
is related to the variance of the digitization errors as

0% (or 03) = oZ/2. ©
as is o7 in Eq. 7. Equations 8 and 9 lead to

FP= <(r(A) — <r(A)>)*>
(10)

= 2D,At + 20%(or 207).

As Egs. 8 and 10 show, the variance of the sliding distance will increase
linearly with the increase in the time interval above a constant term. This
second constant term provides an estimate for the digitization errors along
an x (or y) axis, o, (or g,). Note that one-half of the slope of the plot of Eq.
8 or 10 as a function of time yields the motional diffusion coefficient,
whereas the intercept on the ordinate yields the digitization errors.

Smoothing of the trajectories

Because the trajectories were noisy and usually not linear, it was not
always possible to conduct single trajectory averaging. We therefore
smoothed the trajectories for this average calculation by use of the follow-
ing method. Each trajectory consists of two time series, the x and y
coordinates as a function of time. We first smoothed each of the time
series, using low-pass filtering in a frequency domain with a Hann window
at 0.5 Hz, and then we reconstructed the smooth trajectory with the
smoothed x and y coordinates as a function of time (Press et al., 1989). The
proper cutoff frequency for the smoothing was chosen by examining the
fast Fourier transform power spectra of the time series. The smoothing does
not significantly affect either the fluctuation or the steady characteristics
inherent to the filament sliding movements by protein motors in vitro as we
have shown by a Monte Carlo study (Imafuku et al., 1995).

RESULTS

Fig. 1 A shows a digitized trajectory of a microtubule sliding
over kinesin. The unprocessed trajectory is noisy because of
the errors arising from the digitization of the microtubule
position on the computer screen. From an almost linear,
unprocessed trajectory of a microtubule (the inset in Fig. 2),
we measured its sliding displacements for various given
time intervals and calculated the deviation of the sliding
displacements from the average as a function time (Fig. 2).
Fig. 2 shows that the sliding displacement deviation from
the average fluctuates with an amplitude growing with time.
As will be shown below, 1) the fluctuation consists of two
different terms, one due to the position measurement errors
and another that is inherent to the sliding motion, and 2) the
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FIGURE 1 An example of the trajectories of a microtubule sliding over

kinesin (25 ug/ml) attached to a glass surface at 25°C. The microtubule
length was 3.36 = 0.17 um (mean * SD; N = 33 different frames). (4)
The original digitized trajectory before smoothing, consisting of 171 po-
sitional data points collected with a sampling interval of 0.1 s. (B) The
trajectory after smoothing by low-pass filtering at a 0.5-Hz cutoff fre-
quency as described in Materials and Methods, consisting of the same
number of positional data points as in A.

amplitude of the former is time independent whereas that of
the latter grows with time.

The position measurement errors due to digitization can
be estimated from the standard deviation of the length
measurement of microtubule images (see Eq. 7). From the
value given in the legend to Fig. 1 and with Eq. 7, the
standard deviation of the digitization errors along an x (or y)
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FIGURE 2 The fluctuation in the sliding displacement of a microtubule
as shown by the displacement deviation from the average as a function of
time (25°C; microtubule length, 16.7 um; kinesin concentration, 100
umg/ml). The sliding displacement for a given time interval, r(At), was
obtained by measuring the linear distance between the initial point (time 0)
to another point corresponding to the time interval. From all of the
distances thus obtained from a single trajectory (shown in the inset), we
first calculated the average drift velocity, <v>, by using the values of
r(Ar)/At and then calculated the displacement deviation from the average
for various time intervals-by r(Ar) — <v>Ar. The motional diffusion
coefficient of the microtubule was 2.5 X 10! cm?/s (see Materials and
Methods). The dotted line is =\/(2D,At + &%) (from Eq. 8) with D, =
2.6 X 10~ cm?/s and o, = 140 nm (see below and Discussion). The inset
shows the sliding trajectory consisting of 114 positional data points. S, start
of the trajectory; E, end; bar, 1 um.



Imafuku et al.

axis was found to be approximately 120 nm. The digitiza-
tion errors can also be estimated from the plot of the
mean-square deviation of sliding displacement from the
average as a function of time, as will be described shortly.

A measure of the fluctuation inherent to the sliding mo-
tion is given by the motional diffusion coefficient. As de-
scribed in Materials and Methods, the mean-square dis-
placement 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 do so precisely, we needed to collect
data of the motional diffusion coefficients for microtubules
with various lengths. In this regard, the single trajectory
averaging has an advantage over the multiple trajectory
averaging (see Materials and Methods for these averaging
methods), because the former, unlike the latter, yields a
motional diffusion coefficient for each individual microtu-
bule. In principle, multiple trajectory averaging can yield a
motional diffusion coefficient of the microtubule for a given
length, provided that we can collect positional data with a
sufficiently large number of microtubules having the same
length. In practice, however, this is very difficult. Therefore,
we mainly used the single trajectory averaging.

Noise needs to be removed from trajectories such as that
shown in Fig. 1 A for calculating the single trajectory
averaging with the summed distances (see Materials and
Methods). Hence we smoothed the trajectory by low-pass
filtering as described in Materials and Methods. Fig. 1 B
shows the resulting smoothed trajectory. Although the dis-
tances between the adjacent positional points along the
smoothed trajectory appear to be almost homogeneous, the
smoothed trajectory retains the fluctuation characteristics
inherent to the sliding movement as described in Materials
and Methods.

Fig. 3 A shows an example of the mean-square displace-
ment deviation from the average as a function of time, for
the calculation of which we used single trajectory averag-
ing. There is a lag in the graph at small time intervals. The
lag is a result of the smoothing with low-pass filtering
(Imafuku et al., 1995). After the lag, there is a linear portion
in the graph, as shown by the line. The motional diffusion
coefficient of the sliding single filament is given by one-half
of the linear slope (see Eq. 2 in Materials and Methods). The
motional diffusion coefficient thus determined from this
figure was 5.6 X 10~ !! cm?/s for a microtubule of 3.36 um.

The breakdown in the linearity at a long time interval is
not due to the vanished correlation but due to the increase in
statistical errors. This is expected to ultimately occur in this
sort of graph. In this average calculation, we take the
average over all of the data positions of a single trajectory.
Operationally, we take a set of calipers set for a fixed time
interval and move the beginning point sequentially from the
first position to the second position and so on along a
trajectory. As the data number in a set of calipers for the
average calculation is larger for a longer time interval, the
number of independent data points available from a single
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FIGURE 3 The mean-square displacement deviation from the average as
a function of time interval. (A) Calculated by single trajectory averaging
within a single trajectory of a 3.36-pm microtubule (shown in Fig. 1 B), as
described in Materials and Methods. We obtained the filled line using the
linear regression method, following Uyeda et al. (1991). Half of the slope
yields a value of 5.6 X 107! cm?s 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.
(B) Calculated by multiple trajectory averaging over 20 different trajecto-
ries of microtubules as described in Materials and Methods. The length
range of the 20 microtubules was 1.0-4.0 um with an average of 3.0 um.
The kinesin concentration was 25 pg/ml. The linear regression line as
shown by the filled line is given by F,2 = (1.53 = 0.26) X 10710 X At +
(1.96 * 0.44) X 10~'° (Bevington and Robinson, 1992), therefore yielding
a value of (7.7 + 1.3) X 10~ !! cm?/s for the motional diffusion coefficient.
The square root of the second term on the right-hand side of this equation
is 1.4 X 1075 cm (see the text and Eq. 10).

trajectory is smaller and therefore the statistical errors in-
crease over a longer time interval (Qian et al., 1991; Lee et
al., 1991).

For comparison, we calculated the mean-square displace-
ment deviation from the average with multiple trajectory
averaging (Fig. 3 B). For the average calculation we col-
lected the data of the linear distance between the two end
points (see Materials and Methods) from unsmoothed, lin-
ear trajectories. The line in Fig. 3 B is a regression line. The
motional diffusion coefficient for a set of microtubules is
given by 0.5 times the slope. The motional diffusion coef-
ficient thus determined was 7.7 X 10~!' cm?s for the
microtubules with an average length of 3.0 um. This is
close to the value obtained for a 3.36-um microtubule with
single trajectory averaging (5.6 X 10~'! cm%/s) in Fig. 3 A.

The regression line in Fig. 3 B does not pass through the
origin of the graph because of the digitization errors present
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in the data. As the digitization errors are random, the line
shifts upwards by a factor of two times the mean square of
the errors (see Eq. 10). The square root of the intercept on
the ordinate in Fig. 3 B was found to be 140 nm. From this
value and Eq. 10, we obtained 100 nm for the standard
deviation of the digitization errors, which is consistent with
an error estimate made from the microtubule length mea-
surement described above. Both estimates are thus close to
the digitization accuracy for the x and y coordinates per
pixel in our experiments (see Materials and Methods).
Fig. 4 shows the dependence of the motional diffusion
coefficients on the microtubule length at three different
kinesin concentrations. Here we used single trajectory av-
eraging to obtain the motional diffusion coefficients. The
relationship between the motional diffusion coefficient and
the microtubule length depends upon the kinesin concentra-
tion. At the lowest kinesin concentration used (asterisks),

x10M

Dm (cm?/sec)

0 5 0 15 20 25
Length («m)

FIGURE 4 The motional diffusion coefficients versus the microtubule
length at three different kinesin concentrations. Single trajectory averaging
was used for the determination of the coefficients. There are 173 data
points in total for the figure. It is not appropriate to show all of the
individual data points because of the scatter. Hence, data for certain sets of
microtubules were grouped and the averages are shown as follows. (¥)
Kinesin concentration, 6.25 ug/ml; 60 different microtubules in total. The
data points from the left show the average taken over the motional diffu-
sion coefficients for 8 different microtubules in the range of 1~4 um
(shown as N = 8, 1~4 pum; N = 15, 4~7 pm; N = 16, 7~11 um; N =
10, 11~16 pum; and N = 11, >16 um). ((J) Kinesin concentration, 25
ug/ml; 55 different microtubules in total. The data points from the left
show the average taken over the motional diffusion coefficients for micro-
tubules of N = 10, 1~4 pum; N = 12, 4~7 pm; N = 12, 7~11 um; N =
10, 11~16 pm; and N = 11, >16 pum. (M) Kinesin concentration, 100
pg/ml; 58 different microtubules in total. The data points from the left
show the average taken over the motional diffusion coefficients for micro-
tubules of N = 16, 1~4 um; N = 16, 4~7 um; N = 7, 7~10 um; N =
11, 10~14 pum; and N = 8, >14 pum. The horizontal filled line shows the
average of the closed square data (2.6 X 10~ cm?s). The ordinate values
indicate the mean = SEM (for N shown above), whereas the abscissa
values indicate the mean * SD (for N shown above). The curve (/) shows
a nonlinear regression line of Eq. A3 (equivalent to Eq. 11) fitted directly
to all of the original 60 data points (not shown) at the 6.25-ug/ml Kinesin
concentration. The curve (2) shows a nonlinear regression line of Eq. A3
(Eq. 11) fitted directly to all of the original 55 data points (not shown) at
the 25-pg/ml kinesin concentration. For the regression, the simplex method
(Press et al., 1989) was used. The curve (3) shows Eq. A3 (Eq. 11)
calculated with estimated values for { and D, as explained in the Appen-
dix.
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the motional diffusion coefficient decreases with increasing
filament length and becomes independent of lengths =13
pm. At the intermediate kinesin concentration (open
squares), the motional diffusion coefficient depends upon
the filament length, for lengths <5 um. At the highest
kinesin concentration (filled squares), the motional diffu-
sion coefficient does not depend on the filament length in
the range we studied. The motional diffusion coefficients
for long microtubules =10 pum appear to have similar
values for all three kinesin concentrations. The most sur-
prising result in Fig. 4 is that the motional diffusion coef-
ficient of the microtubules sliding over kinesin becomes
independent of microtubule length at high kinesin concen-
trations. This result was confirmed by using multiple tra-
jectory averaging (data not shown).

Fig. 5 shows the average sliding velocity of microtubules
at three different concentrations of kinesin. The sliding
velocity does not depend appreciably upon either the mi-
crotubule length or the kinesin concentration, as previously
reported by Howard et al. (1989).

DISCUSSION

By analyzing the trajectories of the microtubules sliding
over kinesin in vitro, we have quantitatively characterized
the fluctuation in the sliding (translational) motion. It
should be pointed out that we analyzed the sliding motion of
microtubules that was generated by many kinesin molecules
(approximately 100 molecules per 1-pum microtubule) in the
conventional motility assay system. This is important be-
cause our results will be later discussed in terms of a
theorem in the statistics.

Our fluctuation analysis approach produced motional dif-
fusion coefficients, which are a measure of the fluctuation
of the sliding motion. This coefficient has the following
three major characteristics. 1) The motional diffusion coef-
ficient is smaller than the longitudinal diffusion coefficient
of a microtubule freely suspended in solution (Table 1). For

w0r gz_._‘it—c——_‘*:—-——c't
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FIGURE 5 The average sliding velocities versus the microtubule length
at three different kinesin concentrations. Single trajectory averaging was
used for the determination of the average velocities. The symbols and
conditions are the same as those in Fig. 4. Here data were grouped as in
Fig. 4. Both the ordinate and abscissa values indicate the mean + SD (for
N shown as in Fig. 4).
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TABLE 1 Diffusion coefficients of the microtubules
undergoing either Brownian movement* or sliding movement
with fluctuation over kinesin*

Diffusion
coefficient Length (L)
(cm?/s) dependence References

Free diffusion* 1.9x 1078 1L Berg, 1993
Over dynein* 33x1071° VL Vale et al., 1989
Over ncd mutant* 1.5 X 107° 1L Chandra et al., 1993
Over dynamin* 1.3x 1071 ND Nataka et al., 1993
In methycellulose* 2.2 X 107!! ND Nakata et al., 1993
Over kinesin* 2.6 X 107! No dependence This work

*The longitudinal diffusion coefficients for a 1.5-um microtubule.

*The average of the motional diffusion coefficients at the kinesin concen-
tration of 100 pg/ml shown in Fig. 4.

ND, not determined.

example, the motional diffusion coefficient of the microtu-
bules at the highest kinesin concentration was 2.6 X 107!!
cm?/s. This value is approximately 1/800 of the latter dif-
fusion coefficient for a microtubule of 1.5 wm (1.9 X 1078
cm?/s). 2) The motional diffusion coefficient at the lowest
and intermediate kinesin concentrations (6.25 and 25 ug/
ml) depended upon the microtubule length; the coefficient
decreased (but did not go down asymptotically to zero) with
increasing the filament length (Fig. 4). 3) The motional
diffusion coefficient at the highest kinesin concentration did
not depend upon the microtubule length in the range we
studied (Fig. 4).

The above third characteristic is not an artifact due to our
smoothing method, because we obtained the same result
with unsmoothed trajectory data as described in Results.
This is substantiated by our observation that the fast Fourier
transform power spectrum of an unprocessed positional
time series of a short (2.6-um) microtubule is almost the
same as that of a long (15.7-pm) microtubule at the kinesin
concentration of 100 ug/ml (data not shown). As the digi-
tization errors are length independent, the reader may won-
der whether such digitization errors affect the determination
of D,. As explained in Results (Fig. 3 B) and Materials and
Methods (see Egs. 8 and 10), the slope of the plot such as
that shown in Fig. 3 B yields D,,, whereas the intercept on
the ordinate of the plot yields the digitization errors. There-
fore, the digitization errors do not significantly affect the
determination of D,,. The digitization errors estimated from
Fig. 3 B are consistent with those estimated from the vari-
ance of the microtubule length measurement as described in
Results. With an estimate of the digitization errors obtained
from Fig. 3 B and a value for D shown in Table 1, we
plotted =+/Eq. 8 in Fig. 2 (dotted lines). Equation 8 with
these parameter values is thus consistent with the fluctua-
tion with a growing amplitude shown in Fig. 2.

Microtubules undergo one-dimensional, random Brown-
ian movement when they are placed over dynein in the
presence of vanadate (a dynein ATPase inhibitor) plus ATP
(Vale et al., 1989), over an amino-terminal truncated mutant
of the ncd motor protein in the presence of ATP (Chandra et
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al., 1993), over dynamin in a mixture of ATP/GTP, or in
methylcellulose (Nakata et al., 1993). The longitudinal dif-
fusion coefficient of a microtubule of 1.5 wm under these
conditions is approximately 10~!' ~ 10™° cm?/s (Table 1).
This value is, as is the motional diffusion coefficient ob-
tained by us here, much smaller than the diffusion coeffi-
cients of the microtubules freely suspended in solution (1.9
X 107% cm?/s for a 1.5-um microtubule). The diffusion
coefficient is related to the inverse of the friction coeffi-
cient. A small value for the diffusion coefficient indicates
the presence of a large friction coefficient. We previously
explained the relatively small diffusion coefficient of the
microtubules undergoing Brownian movement over dynein
in vanadate plus ATP, by a protein friction model (Tawada
and Sekimoto, 1991b). In the Appendix, we analyze the
length dependence of D,, in terms of the protein friction
model.

As shown in the Appendix, we can approximate all the
data shown in Fig. 4 by an equation (Eq. A3 in the Appen-
dix):

D, = kT/(LY) + D, (11)

where k is the Boltzmann constant, T is the absolute tem-
perature, L is the microtubule length, { is the friction coef-
ficient per unit length of the filament, and D,_ is a term due
to the fluctuation in the active sliding force, a term that is
assumed to be length independent. By fitting Eq. 11 to the
data in Fig. 4, we obtained a value of 2-40 g/s/cm for ¢
(Table 2). The value in this range is more than 100 times
larger than the coefficient of the solvent friction and is thus
consistent with a value previously estimated for the protein
friction (Tawada and Sekimoto, 1991a,b). The protein fric-
tion with such a large coefficient was proposed to be oper-
ating as a velocity-limiting factor in the sliding motion in
vitro (Tawada and Sekimoto, 1991a).

The presence of the protein friction also indicates that the
Brownian movement of the microtubules observed by Vale
et al. (1989) is not directly driven by the atomic collision of
the solvent molecules but is driven by the thermally gener-
ated structural fluctuations of dynein motors that interact
with the microtubules with a weak binding interaction
(Tawada and Sekimoto, 1991b). This means that dynein
motors in this system can generate a temporarily transla-

TABLE 2 Estimated values of parameters in Eq. 11 (Eq. A3)

Kinesin concentrations

(ug/ml) ¢ (g/s/cm) D, (cm?/s)
6.25 1.9 1.4 x 1071
25 8.6 3.0x 1071
100 40* 2.6 X 10711

See Appendix for the estimation.

*Estimated from the other two values as described in the Appendix.
*Assumed to be equal to the average of D,, at the kinesin concentration of
100 pg/ml in Fig. 4. The coefficient of the solvent friction for a microtu-
bule is 1.6 X 1072 g/s/cm (Berg, 1993). The temperature (7) in Eq. 11 was
300 K.
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tional, random movement of a microtubule without ATP
splitting; naturally, the movement in this case is not unidi-
rectional because the energy of ATP hydrolysis is not sup-
plied.

As the protein friction is larger at larger kinesin concen-
trations, the first term on the right-hand side of Eq. 11
becomes smaller at larger kinesin concentrations and hence
contributes little to D, at the highest kinesin concentration.
Under this condition, D, the length-independent compo-
nent, accordingly remains dominant. This is a phenomeno-
logical explanation for the length independence of D, ob-
served at the highest kinesin concentration, in terms of
Eq. 11.

The curve fitting of Eq. 11 to the data in Fig. 4 also
yielded values for D,_. These were 1.4 X 10™!! and 3.0 X
10™!! cm?s for 6.25 and 25 ug/ml kinesin concentrations,
respectively. The value of D,  at the highest kinesin con-
centration (100 pg/ml) is not known but may be close to the
average of D, at this concentration, as indicated by the
observation that Eq. 11 at the kinesin concentration (broken
line) is close to the horizontal filled line showing the aver-
age D, except at small lengths (Fig. 4). Although the
kinesin concentration was varied 16-fold, D,  varied only by
a factor of approximately two, and furthermore, no system-
atic changes were observed in the variation of D, (Table 2).

The length independence of D, at the highest kinesin
concentration is a surprising finding. Before discussing the
significance of this finding, we will first consider the length
dependence of the Brownian movement of microtubules.
The diffusion coefficient is a measure of the positional
fluctuation of a Brownian particle (Berg, 1993). The longi-
tudinal diffusion coefficient of a microtubule undergoing
Brownian movement is approximately proportional to the
inverse of the microtubule length. This is so in solution as
well as in the protein environments mentioned above (Table
1). This inverse proportionality is a direct consequence of
the central limit theorem with the premise that the action of
the particles causing Brownian movement is random (i.e.,
stochastic and independent) (van Kampen, 1981); the fluc-
tuation is relatively smaller with a larger number of particles
randomly involved in the motion, thus smaller for longer
filaments. As the directional sliding motion of a microtu-
bule is generated by the action of many kinesin molecules in
our experiments, we could expect that the motional diffu-
sion coefficient, a measure of the fluctuation of the sliding
displacement from the average, would be likewise propor-
tional to the inverse of the microtubule length. As is shown
in Fig. 4, however, this was not the case at a sufficiently
high kinesin concentration. Therefore, the premise of the
central limit theorem appears to be violated in the direc-
tional sliding movements in vitro.

In paraliel with this study, we have also been analyzing
the fluctuation of the sliding movements of either microtu-
bules driven by sea urchin dynein or actin driven by heavy
meromyosin from rabbit skeletal muscle. In parallel exper-
iments with these other systems, we have found a similar
length independence of the motional diffusion coefficient
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(Imafuku et al., unpublished results). The length indepen-
dence of the motional diffusion coefficient thus is genuine
in the in vitro sliding movements of cytoskeletal filaments
driven by protein motors in general.

There are several possible explanations for the length
independence of D,, observed at the highest kinesin con-
centration. For example, it is possible that a cooperative
action between or among kinesin heads exists in causing the
sliding movement. Recent reports clearly showed the exis-
tence of such cooperativity between the two heads of a
kinesin molecule (Gilbert et al., 1995; Berliner et al., 1995).
If this explanation is the case, we must suppose the exis-
tence of a similar cooperativity between or among the heads
of myosin and also between or among those of dynein,
because a similar length independence of D, was found
with these latter two protein motors. Although the heads of
myosin are usually considered to act independently, this is
not proven (Schnapp, 1995). This independent action may
be the case at the isometric condition (see below) but is not
proven when there is a translational sliding movement be-
tween a filament and protein motors.

With regard to the cooperativity, it is noted that sliding
movements generated by a single motor molecule such as
those reported by Howard et al. (1989), Hunt and Howard
(1993), Svoboda et al. (1993; 1994), and Berliner et al.
(1995) were all generated by a single motor molecule with
two heads, not by a single motor molecule with one head.
These observations suggest that the generation of the trans-
lational sliding movement of a filament requires at least two
subunits of motor proteins. The reasons for this requirement
may be geometrical as well as dynamical. The premises of
the central limit theorem are usually violated in dynamical
systems operating far away from equilibrium, where non-
linear dynamics play a key role (Nicolis and Prigogine,
1989). The motility system consisting of a filament and
more than two subunits of motor proteins, which generates
the sliding movement by using the energy of ATP hydro-
lysis (thus operating away from equilibrium), can be such a
dynamical system, and therefore nonlinear dynamics play a
key role in the sliding movement generation. In this regard,
it would be interesting to analyze the fluctuation of the
sliding motion and related phenomena with various tech-
niques that have recently developed in nonlinear science
(Kaplan and Glass, 1995).

An alternative possible explanation is to consider the
heterogeneity in the distribution of kinesin on the glass
surface in the in vitro motility assay system and to suppose
that the effectiveness of the action of individual kinesin
heads in causing the sliding motion varies from head to head
because of their spatial heterogeneity relative to the direc-
tion of a sliding microtubule. As the action of a given
kinesin head continually lasts for a time interval approxi-
mately equivalent to the ratio of the microtubule length over
the sliding velocity, the microtubule sliding motion has a
temporal correlation for this time interval. The central limit
theorem cannot be applied to a system with such a temporal
correlation, and thus the fluctuation of the sliding motion
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can be insensitive to the length of the microtubule. In fact,
a theoretical modeling of the second possibility has shown
that the motional diffusion coefficient does not depend upon
the filament length (Sekimoto and Tawada, 1995). The
theoretical modeling has shown that D, (D, in Eq. 11 to be
more precise) is approximately equal to the ratio of the
average sliding velocity over the number of kinesin heads
per unit length of microtubule that can interact with the
filament.

The above second possibility may be checked by exam-
ining the movement of actin filaments sliding along a long
myosin thick filament from molluscan smooth muscle (Sell-
ers and Kachar, 1990; Yamada et al., 1990), in which the
myosin heads are more uniformly oriented. To discriminate
the above two possibilities, we need to make a theoretical
model] for the first possibility, which derives an equation for
D,,, and compare these two theoretical results with experi-
ments more quantitatively.

In contrast, the central limit theorem holds true in the
isometric force generation in vitro by myosin. There, the
relative force fluctuation is proportional to (average
force) ™' (Ishijima et al., 1991). Assuming that the force
production is proportional to the number of myosin heads
(N) interacting with an actin filament, this finding shows
that the relative force fluctuation is proportional to N~ '/2
and therefore indicates that the central limit theorem holds
true in this case. In other words, the premises of the central
limit theorem are not violated when there is no translational
movement between the cytoskeletal filament and the protein
motors.

To sum up, the length independence of the motional
diffusion coefficient observed at sufficiently high kinesin
concentrations is a characteristic of a translational sliding
movement. The length independence may offer some new
insights to help further elucidate the physical processes
behind the translational sliding movement generation by
protein motors in vitro.

APPENDIX

As shown in Fig. 4, the motional diffusion coefficient was observed to
depend upon the microtubule length except at the highest kinesin concen-
tration. We discuss this length dependence from the perspective of our
previous protein friction model (Tawada and Sekimoto, 1991a,b).
Suppose a microtubule is caused to slide by kinesin in the presence of
ATP. The filament is subjected to various forces with fluctuation, which
include thermally generated forces and the active sliding force that is
generated by kinesin by using the energy of ATP hydrolysis. Thus the
filament motion has two components, thermal motion and active motion.
The thermal motion is generated by the thermal collision of the solvent
molecules with the filament and also by the thermal fluctuation of the
protein structure of kinesin that cyclically attaches to, and subsequently
detaches from, the microtubule without any concomitant ATP splitting
(i.e., reversibly). The resulting thermal motion is a random process and
thus contributes to the fluctuation in the sliding motion. We also note that
the active sliding force generated by kinesin molecules fluctuates around
an average. The fluctuation of the active force additionally contributes to
the fluctuation of the sliding motion. Therefore, the fluctuation in the
microtubule sliding motion is caused by these two different processes, each
of which is independent of the other. Accordingly, the mean-square dis-
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placement deviation from the average (a measure of the fluctuation) in the
sliding motion consists of two terms due to these two different, indepen-
dent processes. In other words, the motional diffusion coefficient (D,,) is
given as

Dm = Dlh + Dacs (Al)
where Dy, is the term due to thermally generated fluctuation and D, is the
term due to the fluctuation of the active force.

When no active force is generated, we have

D, = Dy, = kT/I(LY) (A2)
where k is the Bolzmann constant, T is the absolute temperature, L is the
microtubule length and, { is the protein friction per unit length of micro-
tubule (Tawada and Sekimoto, 1991b). On the right-hand side of Eq. A2,
we ignored the contribution of the solvent friction to Dy, because D, (and
therefore Dy,) has been experimentally found to be much smaller than the
diffusion coefficient of a microtubule freely suspended in solution (see the
appendix of Tawada and Sekimoto, 1991b). From Egs. Al and A2, we
have

D, = kT/LY) + D,.. (A3)
The explicit form of a theoretical expression for D,. depends upon a
specific model on the interaction of kinesin with microtubules. Instead, we
take a phenomenological approach to characterize D, in the light of the
experimentally available data.

If we assume that D,_ is independent of the microtubule length, Eq. A3
is consistent with the D, data in Fig. 4. As the protein friction (¢) is larger
at larger concentrations of kinesin (Tawada and Sekimoto, 1991b), the first
term on the right-hand side of Eq. A3 is smaller at larger kinesin concen-
trations and can be smaller than the second term (D,_) at the highest kinesin
concentration, thus leaving D,. dominant. Below we will show that this
interpretation is quantitatively consistent with the data in Fig. 4.

We fitted Eq. A3 to the data at the kinesin concentrations of 6.25 and
25 pg/ml with the simplex method (Press et al., 1989). The fitted equations
are shown by the filled curves in Fig. 4. A good fit was obtained. The
fitting yielded values for ¢ and D, at these two kinesin concentrations,
which are summarized in Table 2. From these two values of {, we
estimated a value for { at the highest kinesin concentration (100 pg/ml) as
follows to draw a curve of Eq. A3 at this kinesin concentration. As
described above, { is considered to be an increasing function of the kinesin
concentration. To be more specific, { is proportional to the number of
kinesin molecules on a glass surface that can interact with a microtubule of
a unit length (p) (Tawada and Sekimoto, 1991b). Because we do not know
the relationship between p and the kinesin concentration, we put { =
{olkinesin]™ and fitted it to the data of { at the two kinesin concentrations.
By doing so, we found that { is proportional to [kinesin]'!, with which we
estimated a value for { at the kinesin concentration of 100 ug/ml. The
estimated value is shown in Table 2. Assuming this value for { together
with an assumption that D, is equal to the average of D, at the highest
kinesin concentration, we drew Eq. A3 in Fig. 4 (broken line). At lengths
=5 um, the line of Eq. A3 is almost flat and close to the experimental data
at the highest kinesin concentration. Therefore we conclude that Eq. A3 is
quantitatively consistent with the experimental data in Fig. 4.

We thank Ken Sekimoto for comments on this manuscript.
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