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Using a suite of biophysical tools, we assess the me-
chanical, structural, and functional properties of
microtubules (MTs) stabilized by the chemotherapeutic
compounds epothilone-A, epothilone-B, and taxol in
vitro. We demonstrate that MTs stabilized by epothi-
lone-A or epothilone-B are competent to bind tau pro-
teins and support kinesin translocation. Kinesin speed
is sensitive not only to the type of small molecule sta-
bilizer used but also to the presence of the essential
MT-associated protein tau. Epothilone-stabilized MTs
are substantially less stiff than taxol-stabilized MTs.
The addition of tau proteins to MTs stabilized by ei-
ther epothilone compound or taxol further reduces
stiffness. Taken together, these results suggest that
small molecule stabilizers do not simply stabilize a
‘‘native’’ MT structure, but rather they modulate the
structure, function, and mechanics of the MTs they
bind. This may have important consequences to the
therapeutic use of these agents in cancer chemothera-
pies. VC 2012 Wiley Periodicals, Inc
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Introduction

Taxanes and epothilones are potent chemotherapeutic
drugs that target a broad spectrum of solid mass

tumors by inhibiting microtubule (MT) dynamics, arrest-
ing mitosis, and inducing cell death [Bollag et al., 1995;

Cortes and Baselga, 2007; Alvarez et al., 2011]. Although
these compounds are effective in reducing tumor size and
improving survival rates, they can generate disabling and
dose-limiting neuropathic side-effects, including pain and
loss of sensation, which limit their clinical use [Hagiwara
and Sunada, 2004; Argyriou et al., 2008; Wolf et al.,
2008; Lema et al., 2010]. The molecular basis of these
effects is poorly understood, and as a result there are no
approved therapies for the prevention or mitigation of
chemotherapy-induced peripheral neuropathy (CIPN)
[Park et al., 2008; Wolf et al., 2008]. Onset of symptoms
not only reduces quality of life but also impacts health
and survival due to treatment delays and discontinuations.
Interestingly, axonal dysfunction has been observed within
the first month of treatment, well before the typical onset
of pain symptoms [Park et al., 2011]. This raises the pos-
sibility that MT-based kinesin transport and/or the MTs
themselves may be altered by the stabilizing compounds,
and more importantly, suggests that early or prophylactic
interventions might be possible, if quantitative, predictive
models of the molecular mechanisms of CIPN were
known.
Although taxol-stabilized MTs have been used exten-

sively in in vitro measurements of MT stiffness and kine-
sin-based motility, there have been very few reports of the
effects of other anticancer therapeutics [Gittes et al., 1993;
Mickey and Howard, 1995; Block et al., 2003; Vershinin
et al., 2007; Dixit et al., 2008]. To address this, we use in
vitro assays to directly measure the stiffness of, and the
rates and patterns of collective kinesin translocation along,
MTs that have been assembled by a variety of small mole-
cule stabilizers and coated with the essential MT-associated
protein (MAP) tau [Valdman et al., 2012].
Tau is a neural MAP that binds to MTs, promotes

tubulin polymerization, regulates MT dynamics, and is
essential for the normal development and maintenance of
the nervous system [Saxton et al., 1991; Ferreira et al.,
1992; Hurd et al., 1996; Ebneth et al., 1998; Tanaka
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et al., 1998; Trinczek et al., 1999; LaMonte et al., 2002;
Stamer et al., 2002; Mandelkow et al., 2003; Feinstein
and Wilson, 2005; Kieran et al., 2005; Stokin et al.,
2005]. Through alternative RNA splicing, a single tau
gene produces six different tau isoforms, each of which
possesses either three or four imperfect repeats in the C-
terminal half of the protein (‘‘3R tau’’ or ‘‘4R tau’’), sepa-
rated from one another by shorter inter-repeats [Lee et al.,
1988; Himmler et al., 1989; Himmler, 1989]. In addi-
tion, each tau isoform possesses either zero, one, or two
inserts in the N-terminal portion of the protein [Hiro-
kawa et al., 1988; Himmler et al., 1989; Himmler, 1989;
Chen et al., 1992].
In this study, we focus on the ‘‘short’’ tau isoforms with

zero N-terminal inserts (referred to simply as ‘‘3R’’ or
‘‘4R’’ herein), which are abundantly expressed in neurons,
and have strong MT binding and regulatory activities
[Vershinin et al., 2007; Dixit et al., 2008]. We demon-
strate that MTs stabilized by epothilone compounds bind
tau proteins with affinities that are similar to those of
taxol-stabilized MTs. However, we find that epothilone-
stabilized MTs are softer than taxol-stabilized MTs, and
that they support slower rates of kinesin translocation
when cargos are moved in the presence of tau.

Results

Cosedimentation Assays Assess Ability of MTs
to Bind Tau

To assess the ability of epothilone-stabilized MTs to bind
wild-type tau isoforms, we performed cosedimentation
assays in which MTs are assembled in the presence of ei-
ther epothilone-A or epothilone-B, then coated with tau.
We used a total tubulin dimer to tau molar ratio of 5:1
or 30:1, which brackets the approximate physiological
range for neurons [Binder et al., 1985; Drubin et al.,
1985]. Previous results have demonstrated that tau binds
to MTs in the absence of stabilizing agents and to taxol-
stabilized MTs with a high affinity in this concentration
range [Peck et al., 2011] (Yu D, Pessino V, LaPointe N,
Guzman E, Wilson L, Feinstein S, Valentine M, unpub-
lished observations).
We find no obvious differences between the abilities of

MTs stabilized with epothilone-A or epothilone-B to bind
either tau isoforms, as shown in Fig. 1. To assess the sta-
tistical significance of these data, we use a two-sample Stu-
dent’s t-test, we find that the ratios of polymerized
tubulin dimers to bound tau are indistinguishable under
these conditions (full results of statistical tests are available
in Table I). Consistent with prior results, we find that the
ratio of tubulin in the MT polymer to bound tau is
smaller than the ratio of free tubulin to tau in the initial
mixture, since not all tubulin dimers are incorporated into
the polymer (especially at higher tubulin:tau molar ratios)

and tau binds strongly to MTs but not tubulin subunits
[Peck et al., 2011].
We then compared the tau binding behavior of the epo-

thilone-stabilized MTs to that of MTs stabilized with
taxol. Qualitatively, we find that MTs stabilized with taxol
appear to bind slightly more tau than do MTs stabilized
with either epothilone compound, as shown in Fig. 1.
Using a two sample Student’s t-test, we find that the dif-
ferences between MTs stabilized with epothilone-A and
taxol are not significant to the 95% confidence level under
any tau condition. For MTs stabilized with epothilone-B,
there are significant differences for 4R tau at both the 5:1
and 30:1 tubulin:tau ratio, and for 3R tau at the 30:1
tubulin:tau ratio. For both the taxol- and epothilone-stabi-
lized MTs, we find a reduction in the amount of bound
tau as compared to MTs that have been polymerized in
the presence of tau but without small-molecule stabilizers.
This reduction is significant for all taxol-stabilized MTs,
and for all epothilone-stabilized MTs at the 30:1 tubulin:-
tau ratio. At the 5:1 tubulin:tau ratio, only the 4R bind-
ing to epothilone-B-stabilized MTs was statistically
different from the binding of 4R to MTs in the absence
of small molecule drugs. This suggests that in the absence
of stabilizers, MTs adopt different conformations that
modulate the tau binding affinity, or that some fraction of
the tau proteins are incorporated on the inner surface of
the MT that is not easily accessible after polymerization,
or both.
At the 30:1 tubulin:tau ratios, less tau is present in the

initial mixture, and it is likely that differences in the
amount of bound tau arise from actual differences in
binding affinity since there is ample space on the MT for
tau to bind. By contrast, at the 5:1 tubulin:tau ratio,

Fig. 1. Results of cosedimentation assay. The ability of tau to
bind to epothilone-stabilized MTs was assessed for both epothi-
lone-A and epothilone-B. These data were compared to cosedi-
mentation data obtained with taxol-stabilized and tau-assembled
MTs. In each case, two tubulin:tau ratios were tested, 30:1 and
5:1 which span the physiological range in neurons, for both 3R
and 4R tau. Full statistical analysis of these data is given in Ta-
ble I. For each condition, the number of data points N 5 2 or
3. Error bars are SEM. *Yu, et al., unpublished observations.
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packing considerations on the MT surface become more
important. In this limit of high tau concentration, we find
fewer differences between the various polymerization con-
ditions, suggesting that filament geometry begins to domi-
nate in this regime.

Effects of Small-Molecule Stabilizers
and Tau on MT Stiffness

We next assessed the mechanical properties of epothilone-
stabilized MTs using a spectral analysis method that allows
the stiffness of a freely diffusing filament to be determined
from the ensemble of shapes it adopts under thermal exci-

tation [Gittes et al., 1993]. In this approach, movies of
fluctuating rhodamine-labeled MTs are collected, and the
MT shape is fit in each frame to a continuous curve
described by a series of Chebyshev polynomials [Valdman
et al., 2012]. The variance of the mode amplitudes is then
compared to predictions made by the worm-like chain
(WLC) polymer model to determine the persistence
length, Lp, a common measure of biopolymer stiffness.
Physically, Lp is the length over which the filament tan-
gent angle becomes decorrelated. Lp depends both on fila-
ment shape and intrinsic materials properties: Lp ¼ EI/
kBT where EI is the flexural rigidity and kBT is the ther-
mal energy. For isotropic homogeneous structures, EI is
the product of the Young’s modulus E and the geometric
moment of inertia I. Although deviations from WLC
behavior have been observed for short MTs (<7 lm), the
MTs used in our study range from 10 to 20 lm, signifi-
cantly longer than this cutoff [Taute et al., 2008].
Consistent with prior studies, we find the overall distri-

bution of MT stiffness to be broad and non-Gaussian, so
we characterize the filament stiffness at each condition by
the median value and indicate the percentile differences in
the distributions using a box and whiskers plot format
[Hawkins et al., 2012]. As shown in Fig. 2, in the absence
of tau we find MTs stabilized by epothilone compounds
are substantially softer than are MTs stabilized by taxol.
The median Lp value for taxol-stabilized MTs is 2.0 mm,
whereas MTs stabilized by epothilone-A or epothilone-B
have median Lp values of 1.6 and 1.2 mm, respectively.
For MTs stabilized by taxol or epothilone-A, the addition
of either 3R or 4R tau at a 5:1 molar ratio of tubulin:tau

Table I. Results of Statistical Analysis of
Cosedimentation Data

Condition 1 Condition 2 h P-value

EpA 3RS 5:1 EpA 4RS 5:1 0

EpA 3RS 30:1 EpA 4RS 30:1 0

EpB 3RS 5:1 EpB 4RS 5:1 0

EpB 3RS 30:1 EpB 4RS 30:1 0

EpA 3R 5:1 EpB 3R 5:1 0

EpA 4R 5:1 EpB 4R 5:1 0

EpA 3R 30:1 EpB 3R 30:1 0

EpA 4R 30:1 EpB 4R 30:1 0

EpA 3R 5:1 TX 3R 5:1 0

EpA 4R 5:1 TX 4R 5:1 0

EpA 3R 30:1 TX 3R 30:1 0

EpA 4R 30:1 TX 4R 30:1 0

EpB 3R 5:1 TX 3R 5:1 0

EpB 4R 5:1 TX 4R 5:1 1 P<0.01

EpB 3R 30:1 TX 3R 30:1 1 P<0.05

EpB 4R 30:1 TX 4R 30:1 1 P<0.05

EpA 3R 5:1 3R 5:1 0

EpA 4R 5:1 4R 5:1 0

EpA 3R 30:1 3R 30:1 1 P<0.01

EpA 4R 30:1 4R 30:1 1 P<0.01

EpB 3R 5:1 3R 5:1 0

EpB 4R 5:1 4R 5:1 1 P<0.001

EpB 3R 30:1 3R 30:1 1 P<0.001

EpB 4R 30:1 4R 30:1 1 P<0.001

TX3 R5:1 3R 5:1 1 P<0.001

TX4 R5:1 4R 5:1 1 P<0.05

TX 3R 30:1 3R 30:1 1 P<0.001

TX 4R 30:1 4R 30:1 1 P<0.01

A two-sample Student’s t-test (implemented in MATLAB) is used to
compare the cosedimentation data to identify statistically significant
differences in tau binding. An h value of 1 indicates a significant
difference at a minimum confidence level of 95%. P value ranges are
shown for data where h ¼ 1. The labels at each condition give the
type of small molecule stabilizer used (EpA ¼ Epothilone-A, EpB ¼
Epothilone-B, TX ¼ taxol), the type of tau protein used (3R or 4R),
and the molar ratio of tau:tubulin dimer in the original mixture.

Fig. 2. MT stiffness as a function of stabilization condition
and tau. MT stiffness is determined from the spectrum of ther-
mal fluctuations of freely diffusing filaments. MTs are stabilized
by either epothilone-A, epothilone-B, or taxol, then coated with
no tau, 100 nM 3R tau, or 100 nM 4R tau. Under each condi-
tion, we find the distribution in stiffness determined from an
ensemble of different MTs (N ¼ 25–78). Box and whiskers
plots are constructed as follows: The middle line of each box
represents the median, the upper box edge represents the 75th
percentile, the lower box edge represents the 25th percentile,
and the upper and lower whisker extensions represent the 90th
and 10th percentiles, respectively. Raw data distributions are
shown in Supporting Figure S1.
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softens the filaments. The median persistence length of
epothilone-A-stabilized MTs drops to 1.0 mm for 3R tau
(�37% reduction) and 1.1 mm for 4R tau (�31% reduc-
tion). The median persistence length of taxol-stabilized
MTs drops to 1.1 mm for 3R tau (�45% reduction) and
1.3 mm for 4R tau (�35% reduction). By contrast, for
epothilone-B-stabilized MTs, the addition of tau has little
effect: the median Lp of the epothilone-B-stabilized MTs
increases slightly to 1.3 mm for 3R tau and decreases to
1.1 mm for 4R tau (�8% increase or reduction, respec-
tively). Interestingly, although we find the stiffness of the
bare MTs varies substantially depending on the type of
small molecule used, upon addition of either 3R or 4R
tau, these differences nearly vanish.

Effects of Small-Molecule Stabilizers
and Tau on Kinesin Translocation

We next assessed the ability of MTs stabilized with epothi-
lone-A or epothilone-B to support kinesin motility, and
further, tested the effects of 3R or 4R tau proteins on
kinesin translocation for each polymerization condition.
These measurements are motivated by a desire to deter-
mine the functionality of epothilone-stabilized MTs, par-
ticularly with regard to axonal transport, since transport
defects have been linked to CIPN. We employ a quan-
tum-dot (QD)-based motility assay, in which small num-
bers of kinesin motors are bound to fluorescent QDs in a
manner that mimics in vivo cargo attachment. Given the
system geometry and kinesin concentrations, we estimate
that there will be, on average, 2–3 MT-bound kinesin
molecules per QD.
We measured the velocity of the kinesin-QD complexes

moving on MTs assembled with epothilone-A, epothilone-
B, or taxol, then coated with no tau, 100 nM 3R tau, or 100
nM 4R tau. In the absence of tau proteins, we find no signif-
icant difference between the speed of kinesin motors moving
on MTs stabilized by taxol or epothilone-A; kinesins moving
on epothilone-B-stabilized MTs show a modest, but statisti-
cally significant slowing with respect to the taxol MTs (Fig.
3). The differences between the speeds of kinesins moving
on MTs polymerized with epothilone-A or epothilone-B are
not significant at the 95% confidence level. Full statistical
analysis of the velocity data is given in Table II.
We find a substantial slowing when we introduce tau. In

separate experiments, we found that, the addition of either
3R or 4R tau to taxol-stabilized MTs reduces the mean kine-
sin speed from 4256 10 nm/s (errors given by SEM) to 360
6 15 nm/s (�15% reduction) or 334 6 20 (�21% reduc-
tion), respectively (Yu et al., unpublished observations). For
both isoforms, the tau-dependent velocity reduction is signif-
icant (P < 0.001), whereas the differences in mean speed
between the two isoforms (3R versus 4R) is not.
We also find significant tau-dependent reductions in

kinesin speed when using MTs polymerized with either

epothilone-A or epothilone-B, and moreover find that the
magnitude of the reduction is significantly larger than that
observed when using taxol-stabilized MTs. When using
epothilone-A-stabilized MTs, the addition of 3R reduces
the mean kinesin speed from 387 6 17 to 218 6 17 nm/
s (�44% reduction) and the addition of 4R tau reduces
the mean kinesin speed to 203 6 17 nm/s (�48% reduc-
tion). When using epothilone-B-stabilized MTs, the addi-
tion of 3R reduces the mean kinesin speed from 362 6

20 to 204 6 17 nm/s (�44% reduction) and the addition
of 4R tau reduces the mean kinesin speed to 208 6 18
nm/s (�43% reduction). For MTs stabilized with either
epothilone compound, reductions in velocity upon addi-
tion of either tau isoform are significant (P < 0.001).
However, we do not find any significant epothilone com-
pound-specific differences when the tau type and concen-
tration is fixed, and we do not find tau-isoform specific
differences when either epothilone-A or -B are used.
Another common measure of kinesin function in single

molecule in vitro assays is the total travel distance per dif-
fusional encounter with the MT, or ‘‘run length.’’ By con-
trast, in our assay, each QD accommodates a small
number of kinesin motors, and thus the cargo run length
is not a particularly useful metric. In the limit that each
motor operates independently, the probability of detach-
ment of cargo from the MT depends on the product of
detachment probabilities of each motor. In the case of sin-
gle kinesin motors moving along bare taxol-stabilized
MTs, the probability of detachment is �10�2 per step.
Given an 8-nm step size, this leads to an average run

Fig. 3. Kinesin velocity as a function of stabilization condition
and tau. Kinesin velocity is determined using a MT gliding assay
(upper panel, N ¼ 72–354) or QD assay (lower panel, N ¼ 22–
93). MTs are stabilized by epothilone-A, epothilone-B, or taxol,
then coated with no tau, 3R tau, or 4R tau. Full statistical analysis
of these data is given in Table II. Error bars are SEM. *Previously
reported values (Yu et al., unpublished observations). Raw data dis-
tributions are shown in Supporting Figures S2 and S3.
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length of �800 nm. When two motors are simultaneously
engaged, the predicted run length increases to 80 lm,
much longer than the average MT length used in our
studies. Consistent with this, in the absence of tau, >90%
of the kinesin-QD assemblies bind and translocate to the
end of MTs assembled by either epothilone compound or
taxol. The observed run length is given by one-half of the
average MT length and this is a substantial underestimate
of the actual run length of the assembly. In the presence
of tau, the percentage of kinesin-QD assemblies that bind
and move to the end of the MT drops to �50%, and the
mean value of run length also decreases, but we do not
find any obvious trend with type of stabilizing compound
used (data not shown).
To confirm the results of our QD assay in a different

experimental geometry, we repeated these measurements
using MT gliding assays, in which fluorescently labeled
MTs glide on top of a densely kinesin-coated surface.
Multiple kinesin motors bind along the length of the fila-
ment and each steps toward the MT plus end, thereby
propelling the MT across the surface. The velocity meas-
ured from the gliding assays will thus be an average veloc-

ity driven by the collective behavior of all active motors.
As shown in Fig. 3 and Table II, the data obtained with
the gliding assay format follow the same overall trends as
those obtained with the QD assay. In the absence of tau,
we find no significant differences in MT velocity when
epothilone-A, epothilone-B, or taxol are used. We find a
significant velocity reduction when either tau isoform is
added to MTs stabilized with either epothilone compound
at a tubulin:tau ratio of 5:1. The speed reductions are
smaller as compared to those measured using the QD
assay, with tau-dependent reductions of �15–18%, in
contrast to the 43–48% reductions we observed with the
QD assay. When compared to the velocities at which tau-
coated taxol-stabilized MTs move, we again measure
smaller differences than were observed with the QD assay.
We find significant reductions in gliding velocities of MTs
coated with the 4R tau isoform for both epothilone com-
pounds (P < 0.001). For the 3R tau isoform, we find
even smaller differences between the speeds of MTs stabi-
lized with either epothilone compound and taxol. When
the MTs are coated with 3R tau, the reduction in gliding
velocities for epothilone-A-stabilized MTs as compared to
taxol-stabilized MTs is significant, although the P-value is
larger (P < 0.01); for 3R tau coated MTs, the velocity
difference between the taxol-stabilized MTs and epothi-
lone-B-stabilized MTs is not significant.

Discussion

There have been several prior studies of the effects of tau
on MT stiffness. In the absence of small molecule stabil-
izers, MTs that have been polymerized in the presence of
GTP with GMPCPP stabilizing caps were measured to
have a mean Lp of �6.0 mm at 37�C using a similar
spectral analysis method [Mickey and Howard, 1995]. For
MTs that are polymerized in the presence of taxol without
GMPCPP caps, the mean Lp has been measured by spec-
tral analysis to be 7.5 mm at 37�C and 4.9 mm at 25�C
[Gittes et al., 1993; Mickey and Howard, 1995]. The
stiffness of MTs polymerized in the presence of a recombi-
nant bovine tau protein with four binding repeats and
two projection domains at a molar ratio of �5:1 tubulin:-
tau, but without small molecule stabilizers, was deter-
mined to be 7.9 mm [Mickey and Howard, 1995].
A second prior approach examined the shape changes

of MTs that are actively bent using optical tweezers and
then allowed to relax back to their equilibrium shape by
moving through a viscous buffer [Felgner et al., 1996;
Felgner et al., 1997]. Using this relaxation method, the
persistence length of MTs grown off an axoneme template
under various polymerization conditions was determined
for MTs at room temperature (22–25�C). In the absence
of stabilizing compounds or tau, the mean Lp was meas-
ured to be 0.9 mm, and in the presence of taxol this value
decreases to 0.2 mm [Felgner et al., 1996]. Although there

Table II. Results of Statistical Analysis of
Velocity Data

Condition 1 Condition 2

QD Assay Gliding Assay

h P-value h P-value

EpA EpB 0 0

EpA TX 0 0

EpB TX 1 P<0.01 0

EpA 3RS EpA 1 P <0.001 1 P<0.001

EpA 4RS EpA 1 P <0.001 1 P<0.001

EpB 3RS EpB 1 P <0.001 1 P<0.001

EpB 4RS EpB 1 P <0.001 1 P<0.001

EpA 3RS EpB 3RS 0 1 P<0.05

EpA 4RS EpB 4RS 0 0

EpB 3RS TX 3RS 1 P<0.001 1 P<0.01

EpB 4RS TX 4RS 1 P <0.001 1 P<0.001

EpA 3RS TX 3RS 1 P<0.001 0

EpA 4RS TX 4RS 1 P <0.001 1 P<0.001

EpA 3RS EpA 4RS 0 0

EpB 3RS EpB 4RS 0 0

A two-sample Student’s t-test (implemented in MATLAB) is used to
compare the velocity data for both the QD and gliding assay to
identify statistically-significant differences in kinesin translocation
rates. An h value of 1 indicates a significant difference at a
minimum confidence level of 95%. P value ranges are shown for
data where h ¼ 1. Those conditions that were found to be
significantly different using both assays are indicated in bold. The
labels at each condition give the type of small molecule stabilizer
used (EpA ¼ Epothilone-A, EpB ¼ Epothilone-B, TX ¼ taxol), the
type of tau protein used (3R or 4R), and the molar ratio of tubulin
dimer:tau in the original mixture.
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are significant variations in the stiffness values determined
by different methods [as reviewed in Hawkins et al.,
2010], the hydrodynamic relaxation methods tend to give
systematically lower values for stiffness than do the meth-
ods that employ spectral analysis of thermal fluctuations.
The role of taxol in determining MT stiffness has been
particularly controversial, although most measurements
have indicated that the addition of taxol softens MTs
[Hawkins et al., 2010]. Consistent with this, we have
found that the addition of taxol to GMPCPP-stabilized
MTs reduces MT stiffness (data not shown).
To our knowledge, there have been no measurements of

the effects of epothilone compounds on MT stiffness,
however, a number of structural studies have indicated
that epothilone binding induces tubulin conformational
changes. Hydrogen-deuterium exchange mass spectroscopy
experiments have shown that epothilone-A, epothilone-B,
and a synthetic analog of epothilone-B called ixabepilone
improve longitudinal contacts at the interface between
tubulin dimers along a single protofilament and have little
effect on the lateral interactions between protofilaments
[Huzil et al., 2008; Khrapunovich-Baine et al., 2011].
Similar interactions were observed when MTs were stabi-
lized by docetaxel, a compound related to taxol [Huzil
et al., 2008]. The epothilones and taxol appear to bind to
the same (or overlapping) sites on the tubulin dimer and
to stabilize MTs in a similar manner [Correia and Lobert,
2001]. MTs stabilized by either taxol or epothilone-B
have been found to have similar architecture, with the
epothilone-stabilized MTs being slighter larger in diame-
ter: 60% or 35% of taxol-stabilized MTs have 12 or 13
protofilaments, whereas 22% or 67% of epothilone-B-sta-
bilized MTs have 12 or 13 protofilaments, respectively
[Meurer-Grob et al., 2001]. Given this, the origins of
decreased stiffness with the epothilone compounds are not
clear.
In the absence of small molecule stabilizers, the addi-

tion of a wide variety of tau constructs uniformly
increased MT stiffness, as measured by hydrodynamic
relaxation [Felgner et al., 1997]. When MTs were
assembled with the tau construct most similar to our 3R
tau (the HT23 construct with three MT binding repeats
and zero projection domains) the mean Lp value increased
from 0.9 to 2.1 mm when the MT surface was nearly sat-
urated with tau. When a four-repeat tau construct with
two projection domains (the HT40 construct, or the
‘‘long’’ form of 4R tau) was used at a concentration near
MT saturation, the MT Lp was 2.5 mm. When the con-
centration of HT40 was systematically increased from
�2% to �85% of saturation, the measured Lp values
increased monotonically.
Our results extend this prior work in two ways. After

confirming that MTs stabilized by both epothilone-A and
-B were able to bind tau proteins at affinities that were
similar to taxol-stabilized MTs, we determined the effects

of these non-taxol small molecule stabilizers on MT stiff-
ness. We find that in the absence of tau proteins, epothi-
lone-stabilized MTs are substantially less stiff than those
stabilized by taxol, and that epothilone-A- and -B-stabi-
lized MTs have slightly different stiffnesses. Of all three
stabilizing compounds, epothilone-B MTs are most flexi-
ble. When we add either the 3R or 4R ‘‘short’’ tau con-
structs, to the taxol- or epothilone-A-stabilized MTs, the
stiffness decreases. For epothilone-B stabilized MTs, there
is no clear effect with the addition of tau. This is in con-
trast to prior work on MTs assembled by tau in the ab-
sence of stabilizing drugs, in which the addition of tau
proteins has always increased stiffness. Interestingly, the
stiffness differences that we observed using MTs formed
by different stabilizing compounds in the absence of tau
nearly vanish.
The molecular-level changes that give rise to this tau-

dependent reduction in stiffness in the presence of small-
molecule stabilizers are not clear. Possible mechanisms
include either a reduction in the number of protofilaments
upon addition of tau, or a change in the interprotofila-
ment or intraprotofilament interaction energy that would
lead to a reduction in the effective bending modulus of
the MT. For the case of taxol-stabilized MTs, the addition
of any of the six naturally occuring isoforms of tau has
been shown to increase the average MT protofilament
number in a tau concentration-dependent manner [Choi
et al., 2009]. This suggests that at least for taxol-stabilized
MTs, the reduction in stiffness due to tau addition must
arise from changes in the interaction energies between
tubulin dimers. To our knowledge, the effects of epothi-
lone compounds on MT structure in the presence of tau
are unknown.
We also tested the ability of epothilone-stabilized MTs

to support kinesin translocation using two experimental
geometries in the QD and MT gliding motility assays. In
the absence of tau, both epothilone-A and -B are able to
support kinesin-driven motility, at speeds that are similar
to and in most cases indistinguishable from that of taxol-
stabilized MTs. For all small molecule stabilizers, we find
that the addition of tau decreases kinesin velocity. In
almost all cases, the reductions observed are greater when
MTs are stabilized with an epothilone compound rather
than taxol. The tau-dependent reductions are markedly
larger for the epothilone compounds when the QD assay
is used.
We suspect that the origins of these differences arise

due to the different binding geometries in the QD and
gliding assays. In the MT gliding assay, large ensembles of
kinesin motors work cooperatively to move a MT, whereas
in the QD assay only 2–3 kinesin motors are actively
engaged at any one time. It is possible that the topogra-
phy of the epothilone-stabilized MTs differs from that of
the taxol-stabilized MTs in a manner that causes the kine-
sin motors to adopt different trajectories along the surface.
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Since the QD assay averages the motions of a small num-
ber of motors, any instantaneous changes in stepping pat-
terns due either to direct tau-kinesin interactions, or tau-
dependent differences in the tubulin-kinesin interactions
may be more evident in the QD assay than in the MT
gliding assay that averages over a much larger ensemble.
Alternatively, it is possible that the differences observed

using the MT gliding and QD assays arise from subtle
changes in tau concentration in the two assays. The multi-
ple wash steps and buffer exchanges used in the prepara-
tion of the immobilized MTs and kinesin-QD complexes
prevent knowledge of the absolute tubulin:tau molar ratio,
whereas the MT gliding assay maintains a well-defined
tubulin:tau ratio of 5:1. However, we have tested the
effects of tau concentration on kinesin translocation using
taxol-stabilized MTs and found no change in velocity for
tau concentrations ranging from 100 nM to 1 lM, con-
sistent with prior results. Moreover, the QD assay prepara-
tion is identical for MTs polymerized with each small
molecule stabilizer, and we control the average number of
MTs per field of view for each experiment. Thus, even if
some of the differences we observe between the QD and
MT gliding assays do arise from changes in bound tau
concentration, we expect that the differences observed
between the taxol- and epothilone-stabilized MTs using
the QD assay do not.
In summary, we find the MTs stabilized by either epo-

thilone-A or epothilone-B are competent to bind tau pro-
teins and support kinesin translocation. However,
epothilone-stabilized MTs are substantially less stiff than
taxol-stabilized MTs, and the addition of tau proteins to
MTs stabilized by either epothilone-A or taxol further
reduces stiffness. Kinesin translocation is also affected not
only by the presence of tau but also by the type of small
molecule stabilizer used. These results suggest that small
molecule stabilizers do not simply stabilize a ‘‘native’’ MT
structure but rather are active agents that remodel MT
structure, function, and mechanics. This may have impor-
tant consequences to the use of these agents as chemother-
apeutics. One possible outcome of our work is the
development of functional screening methods to select
and optimize chemotherapeutic compounds with minimal
impacts on MT stiffness, kinesin translocation, and axonal
transport.

Materials and Methods

Tubulin Preparation and MT Assembly

MAP-free tubulin dimers (>99% pure) were purified
from bovine brain without stabilizing agents as previously
described [Miller and Wilson, 2010]. Briefly, tubulin was
purified from brain homogenates by two cycles of poly-
merization and depolymerization, followed by elution
through a phosphocellulose column. Rhodamine-labeled

tubulin (0.14 mole rhodamine per mole tubulin) was pre-
pared as described [Hyman et al., 1991]. MTs were pre-
pared by mixing 20 lM of MAP-free tubulin and
rhodamine-labeled tubulin mixed at a molar ratio of 5:1,
with taxol, epothilone-A or epothilone-B (Sigma Aldrich)
in PEM-80 buffer (80 mM PIPES, 1 mM EGTA, 4 mM
MgCl2, pH 6.9) supplemented with b-mercaptoethanol
and 2 mM of GTP. MTs were assembled at 35�C with an
initial 10 min incubation, then epothilone-A, epothilone-
B, or taxol was introduced in three steps, to a concentra-
tion of 1 lM, then 6.5 lM, then 20 lM (final) with 20
min waiting periods between each addition (total reaction
time is 70 min). This step-wise addition is commonly
used when generating taxol-assembled MTs to prevent for-
mation of non-MT structures and promote long MTs
[Thompson et al., 1981]. The total tubulin concentration
in the resulting stock MT solution is 20 lM.

Protein Expression and Purification

The kinesin construct (K560-CL-his) was a gift from Dr.
Ron Vale (UCSF). In a pET expression vector, the cDNA
encodes the N-terminal 560 amino acids of human con-
ventional kinesin heavy-chain that lacks solvent exposed
cysteines but retains normal enzymatic and motile proper-
ties [Rice et al., 1999]. A C-terminal hexa-histadine clus-
ter allows for Ni-affinity purification. K560-CL-his was
expressed in BL21 (DE3) cells (Invitrogen) and purified
as previously described [Peck et al., 2011]. When prepared
for use with quantum dots, the purified kinesin proteins
were subsequently labeled with EZ-LinkV

R

Maleimide-
PEG2-Biotin (Thermo Scientific) via maleimide-thiol cou-
pling. In both cases, kinesin was concentrated, supple-
mented with 10% sucrose and 0.1 mM ATP, drop frozen
in liquid nitrogen in single-use aliquots, and stored at
�80�C.
Tau-encoding plasmids and expressed proteins were a

gift of Dr. Stuart Feinstein, UCSB. Tau (>99% pure) was
recombinantly produced using pRK expression vectors
containing cDNA sequences encoding 3-repeat or 4-repeat
human tau containing no N-terminal inserts (which we
refer to as 3R or 4R tau herein). Recombinant tau was
purified as previously described except that the final puri-
fication steps consisted of a HiTrap Phenyl HP column
(GE Healthcare) followed by dialysis into BRB-80 buffer
(80 mM PIPES, 1 mM EGTA, 1 mM MgSO4, pH 6.8)
supplemented with 0.1% b-mercaptoethanol [Levy et al.,
2005]. The concentration of purified tau was determined
by quantitative SDS-PAGE, through comparison with a
tau mass standard [Panda et al., 2003].

Tau-MT Cosedimentation Assays

Cosedimentation assays were used to determine the amount
of bound tau under each polymerization condition. Here,
MTs were formed as described. 3R or 4R tau were added at
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a molar ratio of 5:1 or 30:1 tubulin dimer:tau, and the reac-
tion allowed to continue for an additional 15 min at room
temperature. In detail, we used 3 and 0.5 lM of tau and
added the appropriate amount of MTs based on the tau:tu-
bulin ratio. Tau-coated MTs were layered over 180 lL of a
warm sucrose cushion (50% w/v in PEM-80, supplemented
with 2 mM GTP) in a 5 � 20 mm UltraClear centrifuge
tube (Beckman Coulter). Samples were spun in a TLA
100.3 fixed angle rotor for 12 min at 60,000 rpm
(194,000�g) at 35�C. Supernatants and pellets were col-
lected and solubilized in SDS-PAGE sample buffer. The
quantities of tau and tubulin in each were determined by
Western blotting using the monoclonal antibody Tau-1
(Millipore) and Coomassie blue staining, respectively, tak-
ing care to operate within the linear detection range. Negli-
gible quantities of tau or tubulin remained within the
cushion. These data were used to determine the molar ratio
of tubulin to tau in the MT pellet.

Kinesin-driven MT Gliding Assays

Gliding assays were performed as previously described,
with minor modifications [Peck et al., 2011]. Flow-cham-
bers were constructed by attaching a coverslip to a glass
slide with double-sided tape. Prior to use, coverslips were
cleaned by exposure to a gas plasma generated by exposing
room air to an 18 W radio frequency oscillating field for
10 min at pressure of �0.5–2 Torr using a commercial
benchtop plasma cleaner (Harrick PDC-32G). Kinesin
was diluted to 20–50 lg/mL in PEM80 buffer containing
10 mM b-mercaptoethanol then flowed into the chamber
and allowed to directly adhere to the glass surface for 3
min. Following attachment of motors, the chamber was
incubated for an additional 5 min with a solution of
casein (�0.5 mg/mL) to reduce the nonspecific binding
of MTs to the glass surfaces. MTs were polymerized as
described and used within 24 h. For experiments with tau
protein, 3R or 4R tau was added to a final ratio of 5:1
tubulin to tau. For measurements without tau protein, an
equivalent volume of warm buffer was added to ensure
similar final MT concentrations. In all cases, the MTs
were incubated at 35�C for another 15 min, and the solu-
tion was diluted 1:100 in warm motility buffer containing
PEM-80, 5 mM ATP, 0.1% b-mercaptoethanol and an
enzymatic oxygen scavenger system (650 U/mL catalase,
15 U/mL glucose oxidase, and 4.5 mg/mL glucose, final
concentrations). The diluted MTs were flowed into the
kinesin-containing flow chamber, which was sealed with
vacuum grease and visualized immediately. Gliding events
were visualized using a Nikon Ti-S microscope equipped
with custom-built total internal reflection fluorescence
(TIRF) illumination capabilities (67 nm/pixel, and 19–
20�C ambient temperature). Excitation wavelength used
for rhodamine imaging was 532 nm. Images were col-
lected using an air-cooled EMCCD camera (Andor, iXon)

every 0.4 s for 100 frames. MT tracking was performed
manually using ImageJ to identify the leading tip of the
moving MT in each frame. To calculate velocity, the total
MT trajectory was divided by the time interval over which
motion was observed.

Kinesin-driven QD Assays

The epothilone-stabilized MTs used in the QD assays
were generated as described with an extra centrifugation
step (14 krpm, 10 min) to remove unpolymerized tubulin
dimers, which contribute to background fluorescence. The
pellet was gently resuspended in a stabilization buffer con-
taining 1 mM GTP, 2 lM epothilone-A or epothilone-B,
1 mM DTT and 2 lg of sodium azide in PEM-80, and
stored at room temperature, away from light. MTs formed
by this method are typically stable for up to 1 week. QD
assays were performed as previously described, with modi-
fications [Yildiz et al., 2008]. Glass flow chambers were
constructed by attaching plasma cleaned 22 � 40 mm
#1.5 coverslips to clean glass microscope slides with two
parallel pieces of double-sided tape spaced �5 mm apart.
b tubulin antibody (SC-58884, Santa Cruz Biotechnology
Inc.) solution (40 lg/mL) was flowed into the chambers
to allow absorption to the coverslip surface. After 10 min,
excess antibodies were washed out by addition of 50 lL
of PEM-80. The stock MT solution was diluted 1:20 in
PEM-80, and 20 lL of diluted MT solution was flowed
into the chambers. After a 10 min incubation period, 4
mg/mL casein solution was introduced to remove the
unattached MTs and to passivate the glass surfaces against
nonspecific adsorption of kinesin or tau. After 10 min, bi-
otinylated kinesins, diluted to �20 ng/mL in a solution
of PEM-80 supplemented with 1 mM AMPPNP, were
introduced to the flow chamber. After 5 min, chambers
were washed and QdotV

R

605 steptavidin conjugated quan-
tum dots (Q10101 MP, Invitrogen), diluted to 0.2 nM in
PEM-80 were introduced. After another 5 min, chambers
were washed with a standard motility buffer for single-
molecule kinesin measurements, consisting of PEM-80
supplemented with 5 mM DTT, 1% b-mercaptoethanol,
an enzymatic oxygen scavenger system (650 U/mL cata-
lase, 15 U/mL glucose oxidase and 4.5 mg/mL glucose,
final concentrations), 1 mM ATP, and the desired type of
tau protein at a final concentration of 100 nM tau. The
chambers were sealed with vacuum grease and visualized
immediately at room temperature (19–20�C). Under these
assembly conditions, the polymerized tubulin dimer to
kinesin dimer molar ratio in the microchamber is approxi-
mately 25:1. Considering the cylindrical geometry of the
MT and the size of the QD there will be, on average, 2–3
MT-bound kinesin molecules accessible to any QD that
diffuses near a MT.
Motions of single QDs were visualized using a custom-

built TIRF microscope (magnification ¼ 67 nm/pixel).
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Images were collected at room temperature using an air-
cooled EMCCD camera (Andor, iXon) at a rate of 10
frames per second. Excitation wavelength for QD imaging
was 488 nm. A broadband emission filter was selected to
allow the dim outline of the rhodamine-labeled MT to be
observed in the background of the bright QD images.
Images were analyzed off-line after data collection. Movies
were manually screened to identify the motion of kinesin-
driven QDs that warranted velocity analysis. Only runs that
persisted for at least 30 frames were analyzed. QD position
was determined as a function of time using the built-in
FIONA algorithm available through Video Spot Tracker
software (made available by CISMM at UNC-CH, sup-
ported by the NIH NIBIB, Award# NIH 5-P41-RR02170).
The initial velocities of the kinesin-QD assemblies were cal-
culated framewise then refined to discriminate between
motions parallel or perpendicular to the MT axis using a
graphic-based analysis algorithm implemented in MAT-
LAB. This was particularly useful for cases in which tau
binding disrupted the antibody-MT connection, leading to
thermal fluctuations of the MT substrate upon which the
kinesin motors walk. For each moving kinesin-QD assem-
bly, a region with a width of 15 pixels was drawn around the
average location of the underlying MT track. The MT loca-
tion was then determined by fitting a Gaussian curve to the
cross section of intensity of the MT contour using �100
evenly distributed points, as previously described [Valdman
et al., 2012]. Curve fitting was implemented using built-in
algorithms. Using the resulting MT coordinates, the initial
velocities were projected into two orthogonal components,
one parallel and one perpendicular to the MT contour. The
kinesin velocity for a single translocation event (i.e., a ‘‘run’’)
was given by the mean of the parallel components of the
framewise velocities.

MT Fluctuation Assays

Epothilone-assembled MTs were diluted into a PEM-80
based solution supplemented with 5 mM DTT, 1% b-
mercaptoethanol with oxygen scavenger system (glucose
oxidase, catalase, glucose) and 1–5 mg/mL casein. For
experiments with taxol-assembled MTs, the solution is
supplemented with 10 lM taxol. A drop of 2.6 lL of the
MT solution is pipetted onto a clean glass slide, and a
plasma-cleaned 22 � 40 mm2 #1.5 cover glass is placed
on top. Gentle pressure is applied to spread the solution
over the entire surface of the cover glass, resulting in a
distance between the glass surfaces of �3 lm. The cham-
ber is sealed with VALAP wax (equal parts Vaseline, lano-
lin, and paraffin) to prevent convection and Vaporation.
The sample is observed immediately using the custom-
built TIRF microscope and images collected using an air
cooled EMCCD camera at a rate of 10 frames per second.
For these measurements, we set the incident angle for laser
injection to be slightly below the critical angle for true

total internal reflection. This allows a mixed mode TIRF/
epi excitation that allows visualization of the filaments
throughout the depth of the observation chamber. Magni-
fication is 67 nm/pixel, and data are collected at room
temperature (19–20�C). A movie of 300–400 frames was
collected for each fluctuating MT and was analyzed using
a custom-designed tracing and spectral analysis method, as
described [Valdman et al., 2012].
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