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ABSTRACT

We present a simple method to determine the persistence length of short submicrometer microtubule ends from their stochastic trajectories
on kinesin-coated surfaces. The tangent angle of a microtubule trajectory is similar to a random walk, which is solely determined by the
stiffness of the leading tip and the velocity of the microtubule. We demonstrate that even a single-microtubule trajectory suffices to obtain a
reliable value of the persistence length. We do this by calculating the variance in the tangent trajectory angle of an individual microtubule. By
averaging over many individual microtubule trajectories, we find that the persistence length of microtubule tips is 0.24 ± 0.03 mm.

Introduction. Cytoskeletal molecular motors such as dynein,
kinesin, or myosin use the energy of ATP hydrolysis to move
unidirectionally along their associated protein filaments
(microtubules for dynein and kinesin, actin filaments for
myosin).1 Cytoskeletal motors are involved in cellular
organization, force generation, and directed intracellular
transport of cargo,2 and the use of these motor proteins for
nanotechnological tasks is being explored.3 The motility of
motor proteins can be reconstituted in vitro in an inverted
gliding assay.4 Here, purified motor proteins are adsorbed
onto a glass slide and subsequently bind to their cytoskeletal
filaments, propelling them over the surface. By observing
the motion of the filaments, various properties of the motor
proteins, such as velocity, directionality, and processivity,
have been studied.5

In this work, we use the inverted gliding assay to examine
properties of the biofilaments themselves, in particular the
stiffness of microtubule ends. Microtubules gliding over a
kinesin-coated surface follow a random trajectory, the
properties of which are determined by the fluctuations of
the leading end. By measuring the mean-square deviation
of the trajectory tangent angle as a function of time, we are
able to infer the persistence length of the leading microtubule
ends that have only submicrometer lengths.

It is of interest to measure the persistence length of short
microtubule ends because microtubules show material prop-
erties on short length scales that deviate from the long length
behavior.6,7 Recently, it was measured that the persistence
length of microtubules strongly decreased when the micro-

tubule length was reduced.7 This was inferred from observing
thermal fluctuations of microtubule ends that were grafted
on a substrate edge and had a fluorescent reporter bead
attached to it. This method was used on microtubule lengths
down to 3µm. In gliding assays, the length of the leading
microtubule end that extends beyond the last kinesin motor
protein that binds to it can be even shorter depending on the
surface concentration of motors. Observation of stochastic
microtubule trajectories thus provides a convenient way of
characterizing the persistence length of these short ends.

We present measurements of microtubule trajectories on
unstructured kinesin-coated glass surfaces. We demonstrate
that a measure of the persistence length can already be
obtained from a single-microtubule trajectory. By averaging
over multiple trajectories, we find that the persistence length
of the taxol-stabilized microtubule ends is 0.24( 0.03 mm,
which is indeed much shorter than expected for longer
microtubules. This method provides a simple way to probe
the magnitude of thermal fluctuations of microtubule ends
that can be very short.

Stochastic Microtubule Trajectories.The trajectories of
microtubules over a kinesin-coated surface obey statistics
of a random walk.8 As a microtubule is propelled, its leading
end becomes progressively longer and is free to fluctuate
through thermal agitation (Figure 1a). By doing so, the
microtubule end explores a certain area ahead of it, where it
will find a new kinesin to bind to. The range of fluctuations
of the leading tip depends on the length and the stiffness of
the microtubule end. The stiffness of the microtubule tip
determines the curvature of the microtubule between adjacent* Corresponding author. E-mail: dekker@mb.tn.tudelft.nl.
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motors and thus the curvature of the trajectory. We assume
that the fluctuations of the microtubule tip are determined
by the properties of the tip, while the remaining and largest
part of the microtubule is fixated by the many bound kinesin
motors distributed along its length (Figure 1a). The persist-
ence length of the microtubule trajectory then equals the
persistence length of the leading tip, provided the following
two conditions are met:8 (i) microtubules should be long
enough to be attached to more than one kinesin at all times
in order to prevent pivoting around a single motor, and (ii)
the kinesin surface density should be high enough to prevent
buckling of the microtubule tip when it is fluctuating.

Both conditions are met in our experiments. The first
condition is fulfilled because we limit our experiments to
microtubules that move without sudden changes of direction.
In practice, this is the normal behavior for microtubules that
are longer than 1µm. This indicates that the distance between
kinesin molecules bound to the microtubules is smaller than
half this value. From this, we estimate that the surface density
of active kinesin molecules is about 100µm-2.9 This density
is well above the critical limit at the which the microtubule
end is expected to buckle, thus fulfilling the second condition.

We now relate the curvature of microtubule trajectories
to the persistence length of the leading end. The orientations
of a thermally fluctuating microtubule end of lengthd are
Gaussian distributed around zero with a standard deviation
xd/p, wherep is the persistence length of the fluctuating
end.10 The trajectory of the microtubule is mapped out by
the orientation of its leading end, and thus the variance of

the trajectory tangent angleθ will increase on each consecu-
tive displacementdi. The evolution ofθ can be described as
a random walk, and afterN steps, the variance inθ is given
by Var(θ) ) ∑i)1

N (di/p). After time t, the∑i)1
N di ) Vt, with

V the speed of the microtubule, which yields a single
expression for the time evolution of Var(θ):

Note that the variance of the trajectory angle (eq 1) as a
function of time is not dependent on kinesin densityσ as
long as the conditions apply that we previously mentioned
((i) microtubules should be attached to more than one kinesin
at all times, and (ii) the kinesin surface density should be
high enough to prevent buckling of the microtubule tip). The
reason for this is that upon, say, increasing kinesin density,
the variance of the trajectory angle per consecutive displace-
ment decreases (∝ (di/p) ∼ (1/σp)9), but the number of steps
that is required to traverse a certain distance increases in
the same amount (∝ (1/di) ∼ σ).

Single-Microtubule Trajectories. We use fluorescence
microscopy to record time-lapse images of microtubules
gliding over a kinesin-coated surface (Materials and Meth-
ods). We take fluorescence images with 1 s time resolution
of an area that measures 87× 66 µm2. In Figure 1b, we
show an overlay of fluorescence images with 10 s intervals
that shows gliding motion of individual microtubules. The
microtubules largely preserve their directionality during their
trajectory, and only little curvature is present. From the
image, it is thus clear that the persistence length of the
microtubule ends is larger than the length of their trajectories
(∼30 µm in this image).

We use an automated tracing routine written in Matlab to
determine the coordinates of the leading end of microtubules
in consecutive frames. In this way, we obtain time-lapse
trajectories of a large number of microtubules. In Figure 1c,
we show an overlay of fluorescence images of an individual
microtubule during 14 s, on which we superimposed the
coordinates of its leading tip, as determined using our tracing
routine. As expected, the coordinates of the leading tip
overlap over the entire trajectory. From the coordinates of
the leading microtubule tip, we calculate tangent anglesθ
at each time point of the trajectory from the coordinates of
the two adjacent time points. In this way, we obtain a
collection of angles,θ1, θ2, θ3, ..., θN at timest1, t2, t3, ..., tN
from an individual microtubule trajectory measured overN
+ 2 images.

We note that there is some uncertainty in the determination
of the precise coordinates of the microtubule tip. This can
be due to the optical blurring of the microtubule, its
movement during the image recording (∼70 nm during the
100 ms integration time of the camera), pixel discretization
(65 nm), or the tracing routine. However, these errors are
expected to be random and uncorrelated over time and will
not have an effect on the measured variance ofθ, except at
zero time lag between the points for which the variance is
calculated.11

Figure 1. (a) Microtubules in a gliding assay follow a random
trajectory due to thermal fluctuations of the leading tip. (b) Overlay
of fluorescence images (with 10 s intervals) of microtubule gliding
on a kinesin-coated glass substrate. (c) Zoom of a microtubule
trajectory. The image was made by overlaying eight fluorescence
images with 2 s intervals of a single microtubule with a length of
3 µm. One fluorescence image in the overlay has increased
brightness to accentuate the microtubule. During the time of 14 s,
the microtubule has traversed 10µm. Superimposed are the
coordinates of the leading tip of the microtubule, which are
determined with 1 s intervals, using a fully automated MatLab
routine. From the coordinates of the leading tip, tangent trajectory
angles are determined at each step from the coordinates of the two
adjacent time points.

Var(θ) ) Vt
p

(1)
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We now show that we can obtain an estimate of the
variance ofθ of even a single-microtubule trajectory. We
do this using internal averaging of a microtubule trajectory,
which is analogous to single-particle tracking experiments,
in which the diffusional motion of a single particle is used
to measure its diffusion coefficient.11,12 We consider the
calculation of the variance ofθ as a function of time from
a single trajectory ofN + 2 images by averaging over all
pairs of points in the trajectory with a certain time lag. Given
the collection of tangent anglesθ(n∆t), with ∆t the time
between the images andn any value from 1 toN, there are
N - n pairs that have a time lagn∆t, and the mean of the
variance ofθ at that time interval is:

Figure 2 shows three representative traces of microtubules
trajectories, together with plots of〈θ2(t)〉, obtained from these
individual trajectories using eq 2. In Figure 2a, we show
that 〈θ2(t)〉 increases linearly with time, as expected from
eq 1. It should be noted that the error bars that are indicated
on the data are much larger than the scatter in the data
suggests. This is a result of two effects. First, the number of
data points that is used to calculate〈θ2〉 decreases with time
and, second, the data points are not statistically independent.11

As an illustration, the value of〈θ2(1)〉 in Figure 2a is obtained
from the average ofN - 1 ) 96 statistically independent
pairs (eq 2). On the contrary, the value〈θ2(40)〉 is obtained
from only N - 40 ) 57 individual measurements (i.e.,
[θ(41) - θ(1)], [θ(42) - θ(2)], ..., [θ(97) - θ(57)], and
these are highly correlated because they partially overlap,
which results in the smooth variation of the variance as a
function of time.

To estimate the error in〈θ2〉 at each particular time, one
needs to take into account this statistical correlation. An
analysis in ref 11 estimated this error for a random walk in
two dimensions, which can easily be extended to a one-
dimensional random walk, as in our case for the trajectory
angleθ. Consider that the value ofθ is Gaussian distributed

and that its mean-square deviationσθ
2 increases with time

asVt/p (eq 1). Then, the variance to be expected in the mean-
square deviation ofθ2 (var(θ2) ) 〈(θ2 - σθ

2)2〉) equals 2(Vt/
p)2,11 and if θ2 is calculated by averaging over different
segments that are not statistically independent, then the
expected variance inθ2 was shown to be 2(Vt/p)2‚2n/3(N -
n). Thus, if we take the standard deviation ofθ2 as the
expected error, the relative error on each particular value of
〈θ2(n∆t)〉 follows as x4n/3(N-n). This value for the ex-
pected relative error is valid as long asn < N/2.11 The errors
shown in Figure 2 where calculated using this formula.

The length of the microtubule trajectories varies signifi-
cantly in our data. Obviously, it cannot exceed the size of
the microscope field-of-view. In practice, it is limited by our
automated tracing routine that cannot reliably track a
microtubule if it crosses another microtubule. This frequently
happens at the moderate microtubule densities, which we
need to collect a statistically significant amount of data.
Spontaneous detachment of microtubules from the surface
was not a reason for limited trajectory lengths because this
never happens at the high kinesin densities that we use.
Another reason for ending a microtubule trajectory is that a
microtubule gets pinned at the surface, presumably by a
defect or an inactive kinesin motor, but this occurred only
very infrequently. The resulting length distribution of
trajectories is reminiscent of an exponential distribution, with
approximately 70% of the trajectories having a length smaller
than the mean trajectory length of 13µm.

We obtain a value of the persistence length from individual
microtubule trajectories from the slope of a weighted linear
least-squares fit of eq 1 to the data, where the least-square
residues are weighted inversely proportional to the error bars
squared. We (arbitrarily) chose to include only those data
points of each trajectory for which the estimated relative error
in 〈θ2(t)〉 was less than 40%. Given the short lengths of our
trajectories, the relative error increases fast for increasing
time lagn∆t and, at the chosen error margin, typically only
5-10 points, were included in each single-trajectory fit.
Thus, this error margin is also an indication of the accuracy
of the persistence length that we expect to derive from the

Figure 2. Single-microtubule trajectories were used to determine the variance ofθ as a function of time by internal averaging. (a) Microtubule
trajectory (upper panel) containing 97 datapoints. The calculated〈θ2(t)〉 is shown in the lower panel. Red line is a weighed fits through
points 1-9 s, which have expected relative errors less than 40%. (b) Similar data for a microtubule trajectory of 64 points, with a fit
through points 1-6 s. (c) Microtubule trajectory containing 59 data points, with a fit through 1-6 s.

〈θ2(n∆t)〉 )
1

N - n
∑
i)1

N-n

[θ((n + i)∆t) - θ(i∆t)]2 (2)
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individual slopes. From the fit to the data in Figure 2a (red
line), we find a slope (2.1( 0.2) × 10-3 s-1. The velocity
of this microtubule was 0.75( 0.01µm/s (mean( standard
error of the mean (SEM)), which results in a persistence
lengthp ) 0.36( 0.03 mm for this particular microtubule.
Similarly, we obtain from the trajectories in Figure 2b,c
persistence length values ofp ) 0.18( 0.01 mm, andp )
0.15 ( 0.02 mm, respectively. Note that these errors
represent only the least-squares errors of the linear fit, but
that the actual error inp can be as large as 40%, given our
choice to fit data points up to the timet where the expected
standard deviation in〈θ2(t)〉 reaches 40%.

Averaging over Multiple Trajectories. Although we
demonstrate that individual microtubule trajectories allow
one to determine the persistence length of the microtubule
end, the statistical uncertainty in these values is relatively
large because the length of the microtubule trajectories is
experimentally limited. As we show in Figure 2, the expected
relative error on〈θ2(t)〉 can easily become larger than 40%
for values of〈θ2(t)〉 that are calculated for points along the
trajectory that are separated by several seconds. For larger
time lagsn∆t, the number of segments that are used in the
calculation of〈θ2(t)〉 is limited and the expected relative error,

x4n/3(N-n), is large.
The statistical uncertainty in the determination of the

persistence length from single-microtubule trajectories is
apparent from the distribution of slopes that we determined
from a large number of single-microtubule trajectories in a
similar way as illustrated in Figure 2. The slopes were
obtained by linear fits through those points of single-
microtubule trajectories〈θ2(t)〉 that have a relative error of
less than 40%. In Figure 3a, we show the resulting distribu-
tion of slopes that was obtained from 121 trajectories. In
accordance with the allowed error margin for the points
included in the fitting procedure, the slopes are broadly
distributed, with (3.2( 2.0) × 10-3 s-1 (mean( standard
deviation (STD)). We note that the standard deviation is
larger (63% of the mean) than expected from the allowed
relative error of 40% in the fits of the individual trajectories.
This additional variance can be due to variations in the
persistence length for different microtubules.

A more accurate estimate for the persistence length can
be obtained by averaging the values ofθ2(t) from multiple

microtubule trajectories. We construct a multitrajectory
〈〈θ2(t)〉〉MT from an average overθ2(t)’s:

where the sum∑j)1
M runs over allM microtubule trajectories

j that each containNj data points. With respect to the
expected error on the values of〈〈θ2(t)〉〉MT, we note that a
simple standard error of the mean will yield an underestimate
for the reason that we previously discussed; a large number
of θ2’s that enter in the sum of eq 3 are not statistically
independent. On the other hand, an upper bound of the
expected error can be found from considering the mean of
the variances of the individual microtubule trajectories at
each time point. Thus, as an upper bound, we approximate
the error on each value of the multitrajectory average
〈〈θ2(t)〉〉MT with the standard error of the mean of the absolute
errors of the single trajectory〈θ2(t)〉.

In Figure 3b, we show the average〈〈θ2(t)〉〉MT as obtained
from averaging data from 885 individual microtubule
trajectories. The magnitude of the errors is not monotonic
as a function of time because not all trajectories that are used
in the approximation of the errors have the same length. The
red line is a weighted fit of eq 1 through the data, which
yields a slope of (3.19( 0.04) × 10-3 s-1. In agreement
with the larger data set, this slope can be more accurately
determined than from individual trajectories. As we indicate
in Figure 3a, this value of the slope is slightly higher than
the value corresponding with the peak of the distribution of
single-trajectory slopes. We attribute this discrepancy to the
limited and finite length of the individual microtubule
trajectories, as we will discuss below.

To obtain the persistence length of the microtubule
population, we determine the velocity of microtubules from
their displacement between frames. As expected, the velocity
of the microtubules is Gaussian distributed (Figure 3c) and
has an average of 0.77( 0.09 µm/s (mean( standard
deviation). Using this value, we find an average persistence
lengthp ) 0.24 ( 0.03 mm for the entire population.

Figure 3. (a) Distribution of slopes obtained from 121 single-microtubule trajectories. The red line indicates the value of the slope that is
obtained from panel (b). (b) Mean variance ofθ as a function of time, calculated from the average of single-microtubuleθ2(t)’s using eq
3. The error on the values of〈〈θ2(t)〉〉MT. The red line is a weighed least-squares fit through data points 1-40 s. (c) Velocity of microtubules
is normally distributed with 0.77( 0.09 µm/s (mean( standard deviation).

〈〈θ2(t)〉〉MT ) ( 1

∑
1

M

Nj - n) ∑
j)1

M

∑
i)1

Nj - n

[θ ((n + i)∆t) - θ(i∆t)]2

(3)
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Simulations of Stochastic Trajectories.We have deter-
mined a value of the persistence length of microtubule tips
from individual microtubule trajectories as well as from an
average over multiple microtubule trajectories. Additionally,
we confirm the validity of this method by simulating the
trajectories of a number of microtubule of known stiffness
and subjecting it to the same analysis. In particular, we are
interested in seeing if we can extract the value of the
persistence length that we have entered in the simulations
and whether we can assess the accuracy of the distribution
of individual slopes. Previously, stochastic simulations of
microtubule trajectories have been used to model their
traversal through nanofabricated structures.13

We simulate a number of stochastic microtubule trajec-
tories by calculating the stepwise progression of microtubules
with Gaussian-distributed tip orientations that were taken
from a distribution with standard deviationxd/p.10 We use
values for the microtubule velocity, time resolution, per-
sistence length, the number of microtubule trajectories, and
for length distribution of trajectories that are close to the
experimental data.14 The simulated microtubule trajectories
were subsequently analyzed by using the same procedures
as for the experimental data. As expected, we did not find
any dependence on the kinesin density.

In Figure 4a, we show a selection of simulated microtubule
traces. As expected, the trajectories are relatively straight
because they are short compared to the persistence length

of the microtubule tips. In our experiments, the trajectory
lengths of microtubules are limited mainly by microtubule
crossings, and for this reason we took a similar distribution
of trajectory lengths for our simulations, of which Figure 4a
gives a representative impression. Most microtubule trajec-
tories are relatively short, with lengths of approximately
5-15 µm. We determine a distribution of slopes from
individual microtubule trajectories as before, taking only
those points with relative errors less than 40%. The distribu-
tion of slopes from 116 trajectories (Figure 4b), normalized
to the expected value ofV/p, is qualitatively similar to what
we experimentally found, with a rather broad distribution
of 0.98( 0.36 (mean( standard deviation (STD) in units
of the expected value ofV/p). In Figure 4c, we show the
multitrajectory average, which is obtained from the simulated
data using eq 3. The features of the experimental data in
Figure 3b are qualitatively reproduced, most notably the
nonmonotonic increase of the error bars, and a deviation from
linear behavior for larger times. A weighted linear fit yield
0.98 ( 0.01 in units ofV/p.

The values that we find from the distribution of single-
trajectory slopes and from the slope of the multitrajectory
average are in good agreement with the value that we have
entered into the simulation, which confirms the validity of
our analysis. Moreover, we note that the standard deviation
of the distribution of slopes 36% of the mean, which is close
to 40% that is expected from the maximum relative error in
the data that we allow in the fit from individual single-
microtubule trajectories. From this, we confirm that the larger
standard deviation in the experimental distribution of slopes
(Figure 3a) most likely reflects an additional variance due
to differences between individual microtubules. The value
that we have determined from the experimental multitrajec-
tory average (Figure 3b) is expected to form an accurate
population average.

Finally, we want to confirm that the asymmetric distribu-
tion of experimental single-trajectory slopes is indeed due
to the finite length of the trajectories as we previously
surmised. Single-particle tracking applied to simulated two-
dimensional Brownian motion has yielded similar results,
with the distribution of slopes becoming increasingly wider
and peaked toward lower values than expected upon increas-
ing the number of points that were included in the fit.12 To
test this for the one-dimensional variableθ in our experi-
ments, we simulate a large number of trajectories (5000) and
we determine the distribution of single-trajectory slopes upon
varying the maximum relative error that we allow in the data
that is used for the fits of the slopes. Figure 4d shows the
resulting distribution of slopes determined from single
trajectories where the fit included data points that had an
expected relative error of less than 20%, 50%, and 100%,
respectively. It is clear that, upon allowing a larger error,
the distribution of slopes becomes increasingly wider and
peaked toward lower values, in agreement with the Brownian
motion results in ref 12.

Discussion.We have shown that we can measure a value
of the persistence length of the tips of single microtubules
by tracing the coordinates of their leading tip. Calculation

Figure 4. Simulation of stochastic microtubule trajectories (a)
Selection of simulated microtubule trajectories with similar proper-
ties as the experimental data. (b) Distribution of slopes from
simulated single trajectories. (c) Mean variance ofθ as a function
of time, calculated from the average of simulated single-microtubule
trajectories. (d) Distributions of slopes from 5000 simulated single
trajectories. The distributions of slopes were determined from the
same data set, but the relative errors on the data points that were
allowed in the single-trajectory fit were varied for each distribution,
as indicated (dots, 20%; squares, 50%; triangles, 100%.)
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of the variance of the tangent trajectory angles, together with
internal averaging of the angles, provides a simple method
to construct a〈θ2〉 versus time plot for a single-microtubule
trajectory. The correlation that is induced by internal
averaging is estimated by attributing relative errors to the
〈θ2〉 data of magnitudex4n/3(N-n).11 By fitting the linear
part of the〈θ2(t)〉 data and by measuring the velocity of the
microtubule, the persistence length of its tip can be calcu-
lated.

This method yields satisfactory results as long as the
attributed relative errors are small, for which a relatively long
trajectory is needed. For example, if a trajectory consists of
N ) 100 points, and a relative error of 40% in the value of
〈θ2(t)〉 is accepted, only the firstn ) 10 points can be used.
If the acceptable error is 20%, only the first two or three
points can be used. This inaccuracy is reflected in the width
of the distribution of slopes that we determined from a large
number of experimental single-microtubule trajectories.
However, we find a distribution that is wider than expected,
which could indicate variations between individual micro-
tubules. We showed that, by averaging over multiple
independent microtubule trajectories, we could obtain more
accurate results. The consistency of our method was checked
with simulations.

The persistence lengthp ) 0.24( 0.03 mm that we find
for the microtubule ends in our experiments is much smaller
than the value of 4-8 mm that is measured for long (5-50
µm) microtubules15,16 but in agreement with the reducing
trend that was observed by Pampaloni et al. down to
microtubule ends of 3µm.7 This effect was attributed to shear
deformation of microtubules due to sliding of adjacent
protofilaments, which gives an extra compliance and that
becomes dominant if the bending occurs on short length
scales. In our experiments, we have varied the kinesin density
over a factor of 10 (Materials and Methods), and we did not
find a significantly different value of the persistence length
in this range. Interestingly, two previous reports mention a
value of the persistence length of microtubule trajectories
but did not make a connection to the persistence length of
the microtubule tip. Values of 0.1 mm17 and 0.5 mm18 were
reported that agree well with the value that we find.

We recently obtained an independent measurement of the
persistence length of microtubule ends by a different method,
viz., by measuring the trajectory curvature of microtubules
that were subjected to perpendicular electric forces. We
related the curvature to the magnitude of the electric force
and the average length of the microtubule tip, and we found
that in these experimentsp ) 0.55( 0.22 mm, which agrees
reasonably with the value that we report here. However, our
previous measurement relied on the measurement of the
average tip length, which is hard to do very precisely, and
on a calibration of the magnitude of the electric force. The
method that we present here does not rely on other
parameters.

Conclusions.We have demonstrated that we can obtain
a measurement of the persistence length of microtubule ends
by tracking of stochastic microtubule trajectories in gliding
assays. The tangent angle of a microtubule trajectory can be

described as a random walk, and the variance of the tangent
angle increases linearly with time. We show that even a
single-microtubule trajectory can yield a measurement of the
persistence length if it is long enough and when internal
averaging of the trajectory is used. By averaging the data
over a large number of microtubule trajectories, we find a
persistence length of the microtubule tip that isp ) 0.24(
0.03 mm. The value that we find for our microtubule ends,
which we estimate to be of submicrometer length, is in good
agreement with other recent data that reports a reduction of
the persistence length for short microtubules.

Materials and Methods.Motility assays were performed
as follows. A flow cell was assembled from two glass cover
slips and double-sided tape and first incubated for 5 min
with a casein solution (0.5 mg/mL casein in BRB80 buffer
(80 mM Pipes, 1 mM MgCl2, 1 mM EGTA, pH ) 6.9).
Second, a kinesin solution was perfused into the flow cell
and incubated for 5 min. The concentration of our kinesin
stock is 200µg/mL, and the kinesin concentration in the
solution that was added to the flow cell varied between 10
and 100 µg/mL. The kinesin was diluted in BRB80,
supported with 0.2 mg/mL casein and 1 mM ATP. The data
presented in the text were taken in a flow cell that was
incubated with 40µg/mL kinesin. Finally, the flow cell
contents were exchanged with motility solution containing
rhodamine-labeled paclitaxel-stabilized microtubules (∼8 nM
tubulin, 1 mM ATP, 1 mM MgCl2, 10 µM Taxol, and
antibleaching cocktail (20 mM D-Glucose, 0.020 mg/mL
glucose oxidase, 0.008 mg/mL catalase, 1%â-mercapto-
ethanol)), all in BRB80 buffer. Microtubules were polym-
erized from 5µL of bovine brain tubulin (4 mg/mL, 1
rhodamine labeled unit, 3 unlabeled units, Cytoskeleton,
Denver, CO) in the presence of 4 mM MgCl2, 1 mM GTP,
and 5% DMSO in BRB80 buffer (37°C for 45 min). Then
the microtubules were stabilized and 400× diluted in BRB80
containing 10µM Taxol.
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