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Background: Tau inhibits kinesin on GDP-microtubules in vitro, but the physiological significance in neurons is unclear.
Results:On GTP-microtubules, Tau loses its inhibitory effect, and kinesin becomes less processive.
Conclusion: The nucleotide-binding state of the microtubule influences the behavior of both kinesin and Tau.
Significance: Tau has different functions, both inhibitory and non-inhibitory, in regulating axonal transport.

The ability of Tau to act as a potent inhibitor of kinesin’s
processive run length in vitro suggests that it may actively par-
ticipate in the regulation of axonal transport in vivo. However, it
remains unclear how kinesin-based transport could then pro-
ceed effectively in neurons, where Tau is expressed at high lev-
els. One potential explanation is that Tau, a conformationally
dynamic protein, has multiple modes of interaction with the
microtubule, not all of which inhibit kinesin’s processive run
length. Previous studies support the hypothesis that Tau has at
least twomodes of interactionwithmicrotubules, but themech-
anisms by which Tau adopts these different conformations and
their functional consequences have not been investigated previ-
ously. In the present study, we have used single molecule imag-
ing techniques to demonstrate that Tau inhibits kinesin’s pro-
cessive run length in an isoform-dependent manner on GDP-
microtubules stabilized with either paclitaxel or glycerol/
DMSO but not guanosine-5�-((�,�)-methyleno)triphosphate
(GMPCPP)-stabilized microtubules. Furthermore, the order of
Tau addition tomicrotubules before or after polymerization has
no effect on the ability of Tau to modulate kinesin motility
regardless of the stabilizing agent used. Finally, the processive
run length of kinesin is reduced on GMPCPP-microtubules rel-
ative toGDP-microtubules, andkinesin’s velocity is enhanced in
the presence of 4-repeat long Tau but not the 3-repeat short
isoform. These results shed new light on the potential role of
Tau in the regulation of axonal transport, which is more com-
plex than previously recognized.

Neurons are electrically excitable cells responsible for receiv-
ing and transmitting information throughout the nervous sys-
tem. These cells have a distinct polarity and a unique architec-
ture, consisting of a complicated system of input processes
known as dendrites and a single extremely long output process

known as the axon, which can be up to a meter in length in
extreme cases. Such extraordinarily long distances pose a
unique set of problems for neurons, because most of the pro-
teins, organelles, and other cellular materials required for
axonal function are produced in the neuronal cell body (1).
Because these distances are far too great for diffusion to move
cargo efficiently along the length of the axon, neurons take
advantage of the microtubule-based molecular motors kinesin
and dynein to facilitate anterograde and retrograde axonal
transport, respectively. Kinesin is particularly well suited for
this function, because it is a highly processive motor capable of
transporting cargo produced in the cell body over long dis-
tances down the axonwithout dissociating from the underlying
microtubule track. However, this presents a new challenge as to
how the processive behavior of kinesin can be modulated to
ensure that cargo is delivered to the appropriate locations
within the axon, either at intermediate points along its length
(e.g. nodes of Ranvier in myelinated nerve cells) or at presynap-
tic terminals, which may require navigating through numerous
axonal branch points. Given the number of heterogeneous
intracellular cargo and destinations within the axon, there are
likely to be several different mechanisms for regulating kine-
sin’s motile function in vivo, including posttranslational modi-
fications of specific kinesin subunits (2) and the underlying
microtubule track (e.g. polyglutamylation, tyrosination/dety-
rosination, and acetylation) (3–5). Recent work has indicated
that the nucleotide-binding state (i.e.GTP versusGDP) of tubu-
lin subunits in the microtubule may be important in modulat-
ing interactions with kinesin as well (6). A fourth possible level
of regulation involves microtubule-associated proteins, which
may directly or indirectly influence the function of kinesin. For
example, Tau is a neuron-specific microtubule-associated pro-
tein that has previously been shown to inhibit kinesinmediated
transport in an isoform-specificmanner, both in vitro (7, 8) and
in vivo (9, 10). However, mechanisms underlying the inhibition
of kinesin-based axonal transport by Tau remain unknown
(11).
In humans, there are six known Tau isoforms, which are

found primarily in the axonal compartment of neurons (12).
Isoforms of Tau differ by possessing either three or four micro-
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tubule binding motifs in the C-terminal microtubule binding
domain and by the presence or absence of one or two acidic
inserts in their N-terminal projection domain (13). Tau has
been shown to inhibit kinesinmotility in vitro, with the 3-repeat
short (3RS)2 isoform (possessing three microtubule binding
repeats and no acidic inserts) having a greater effect than the
4-repeat long (4RL) isoform (possessing fourmicrotubule bind-
ing repeats and two acidic inserts) (7, 8). Given these results, it
is unclear how axonal transport can efficiently operate in neu-
rons, because the 3- and 4-repeat isoforms of Tau are highly
expressed at approximately equal levels in mature axons (14,
15). Reports frommore physiologically relevant model systems
have been conflicting, with the overexpression of Tau disrupt-
ing mitochondrial transport in cortical neurons (10) but the
addition of supraphysiological levels of Tau having no effect on
fast axonal transport in extruded axoplasm (11). One possible
explanation that reconciles these disparate observations is that
the manner in which Tau itself interacts with the microtubule
lattice may be regulated, because there is both structural (16)
and biochemical (17) evidence that Tau may have more than
one binding site on themicrotubule. In addition to the external
binding site occupied by Tau when bound to preformed, pacli-
taxel-stabilized microtubules, there appears to be an interior
(luminal side) binding site for Tau when copolymerized with
free tubulin and stabilized with the slowly hydrolyzable GTP
analog GMPCPP (16). Consistent with these results, Tau copo-
lymerized with tubulin in the presence of GTP has also been
observed to exist in two populations, one being more stably
bound than the other, whereas preformed microtubules stabi-
lized with paclitaxel only possess themore dynamic population
of Tau (17).
The existence of multiple populations of Tau opens up the

intriguing possibility that, depending on itsmode of interaction
with the microtubule, Tau can adopt different conformations
that result in different functions within the neuron. However,
because most previous in vitro studies of the effect of Tau on
kinesin motility have been done using paclitaxel-stabilized
microtubules (7, 8), the role of alternative Tau-tubulin com-
plexes involving copolymerization or different nucleotide-
binding states of themicrotubule (i.e.GDP versusGTP) has not
been investigated. Thus, in the current work, we have directly
examined the processive run length and velocity of kinesin-
quantumdot complexes onmicrotubules in different combina-
tions of nucleotide-binding state (GDP or GMPCPP), pacli-
taxel-stabilization, isoforms of Tau (3RS and 4RL), and order of
Tau addition (during or after tubulin polymerization). We
show for the first time that Tau is not only a negative regulator
of kinesinmotility, as previously reported (7, 8), but can adopt a
non-inhibitory conformation on GMPCPP-microtubules and
even enhance kinesin velocity in an isoform specific manner.
These results have important implications for the process of
axonal transport in nerve cells, which have recently been shown
to be rich in GTP-tubulin (6), and suggest a mechanism by
which changes to the microtubule lattice can dictate the func-

tion of microtubule binding partners, including kinesin and
Tau, in complex and interesting ways.

EXPERIMENTAL PROCEDURES

Reagents—Paclitaxel, anti-� III tubulin monoclonal antibod-
ies, PIPES, ATP, glucose oxidase, catalase, and glucose were
purchased from Sigma-Aldrich. Streptavidin-coated 655 quan-
tum dots (Qdots) and Alexa Fluor 488-C5maleimide were pur-
chased from Invitrogen. GMPCPP was purchased from Jena
Bioscience (Jena, Germany). All other reagents were of the
highest quality available.
Protein Expression and Purification—3RS- and 4RL-Tau iso-

forms were expressed in BL21-CodonPlus(DE3)-RP Esche-
richia coli cells (Stratagene, La Jolla, CA) using the isopropyl
1-thio-�-D-galactopyranoside-inducible pET vector system
(Novagen, Madison, WI). Cells were lysed, and Tau was puri-
fied as described previously (16). Briefly, extracted proteins
were boiled, clarified by centrifugation, passed through a
0.22-�m filter, and isolated by consecutive Q Sepharose� and
SP Sepherose� Fast Flow columns (Sigma). Purified Tau was
dialyzed in BRB80 buffer (80 mM PIPES, pH 6.9, at room tem-
perature, 1 mM EGTA, 2 mM MgSO4), and purity was assessed
by SDS-PAGE. Protein concentration was determined with the
bicinchoninic acid protein assay (Pierce) using desalted, lyoph-
ilized 3RS- or 4RL-Tau as standards. Proteins were snap-frozen
in liquid nitrogen and stored at �80 °C. Bovine brain was
obtained from Vermont Livestock, Slaughter, and Processing
(Ferrisburgh, VT), and tubulin was purified by two cycles of
temperature-regulated polymerization and depolymerization
in high molarity PIPES buffer (1 M PIPES, pH 6.9, at room tem-
perature, 10 mM MgCl, and 20 mM EGTA) as described previ-
ously (18). Sf9 cells were co-infected with recombinant baculo-
virus containing a constitutively active truncated rat KIF5C
kinesin heavy chain, ending in amino acid Ala888 with a C-ter-
minal biotin tag (for attachment to streptavadin Qdots) fol-
lowed by a FLAG epitope and YFP-tagged kinesin light chain 2
(kind gifts from Dr. Kathy Trybus, University of Vermont).
Expressed dimeric kinesin constructs were purified as
described previously (19). Briefly, cells were grown in suspen-
sion for 72 h, lysed, and clarified, and kinesin was isolated on a
FLAG affinity resin column (Sigma), followed by elution with
FLAG peptide (Sigma). Purified kinesin was dialyzed against 10
mM HEPES, pH 7.3, at 4 °C, 200 mM NaCl, 1 mM DTT, 10 �M

MgATP, 50% glycerol, and 1 �g/ml leupeptin for storage at
�20 °C.
Fluorescent Labeling of Tau—Tau was thawed on ice and

incubated with a 10-fold molar excess of DTT for 2 h at room
temperature. DTTwas removed by passing Tau through a 2-ml
7,000 molecular weight cut-off ZebaTM spin desalting column
(Pierce). After desalting, Tau was incubated in a 10-fold molar
excess of Alexa Fluor 488-C5maleimide for an additional 2 h at
room temperature. Excess fluorophore was removed using a
second desalting column. Labeling efficiency of Alexa Fluor
488-Tau was determined by comparing the concentration of
fluorophore to protein. Tau concentration was determined as
described above, and dye concentration was determined using
an extinction coefficient of 71,000 cm�1 M�1 at 488 nm in a
NanoDrop� ND-1000 spectrophotometer (Thermo Scientific,

2 The abbreviations used are: 3RS, 3-repeat short; 4RL, 4-repeat long; GMP-
CPP, guanosine-5�-((�,�)-methyleno)triphosphate; TIRF, total internal
reflection fluorescence; MAB, motility assay buffer; Qdot, quantum dot.
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Rockford, IL) or by comparing the absorbance at 488 nm of the
labeled proteinwith a standard curve created from various con-
centrations of free fluorophore. Both methods determined the
labeling efficiency to be 75–80%. Alexa Fluor 488-labeled Tau
was snap-frozen in liquid nitrogen and stored at �80 °C.
Microtubule Preparation—For all experiments, tubulin was

thawed on ice and centrifuged at 350,000 � g for 20 min at 4 °C
prior to use. For labeled microtubules, rhodamine-labeled
tubulin (Cytoskeleton Inc., Denver, CO) was mixed with unla-
beled tubulin at a 1:10 labeled/unlabeled tubulin ratio before
polymerization. For paclitaxel-stabilized microtubules, tubulin
was incubated in the presence of 1mMGTP for 20min at 37 °C,
followed by the addition of an equal volume of motility assay
buffer (MAB) (10 mM PIPES, pH 7.4, at room temperature, 50
mM potassium acetate, 4 mM magnesium acetate, 1 mM EGTA,
10 mM DTT, 1 mg/ml BSA, and an oxygen-scavenging system
composed of 0.1 mg/ml glucose oxidase, 0.15 mg/ml catalase,
and 3.0 mg/ml glucose) at a final concentration of 20 �M pacli-
taxel. The paclitaxel-stabilized microtubules were incubated
for an additional 20 min at 37 °C before centrifugation at
16,000� g at room temperature for 30min.Microtubule pellets
were resuspended in MAB buffer supplemented with 20 �M

paclitaxel and stored at room temperature. For GMPCPP-mi-
crotubules, tubulin was incubated at 37 °C for 15 min, at which
time GMPCPP was added to 1 mM. Microtubules were incu-
bated for an additional 30 min at 37 °C and diluted 50% with
37 °C MAB buffer and 1 mM GMPCPP, followed by a final 30
min of 37 °C incubation. Microtubules were centrifuged at
16,000� g at room temperature and resuspended in 37 °CMAB
supplemented with 1 mM GMPCPP. Alternatively, lyophilized
tubulin was resuspended in 1 mM GMPCPP buffer, and 1 �M

GMPCPP-tubulin was incubated at 37 °C for 20 min. Addi-
tional 1 �M aliquots of GMPCPP-tubulin were added every 20
min until the finalmicrotubule concentrationwas�5�M. Both
methods of polymerization produced equivalent results in the
TIRF assays. In the absence of stabilizing agents, microtubules
were prepared at the microscope. Tubulin, supplemented with
1 mM GTP, was mixed with 10% (v/v) each of glycerol and
DMSO prior to a 30-min incubation at 37 °C. For all experi-
ments using Tau, Tau was added after polymerization and
before centrifugation except for copolymer experiments, where
Tau was added prior to polymerization.
Protein Attachment to Qdots—Streptavidin-coated Qdots,

emitting at 655 nm, were attached to kinesin by incubating at a
16:1 Qdot/kinesin ratio for �20 min at room temperature and
then stored on ice, similar to previously described methods
(20–22). At this molar ratio, 95% of moving quantum dots
should only have a single kinesin motor bound (23).
Single Molecule TIRF Assay—TIRF assays were performed at

room temperature on a Nikon TE2000-U microscope with a
PlanApo lens (100�; numerical aperture, 1.49). Qdots, Alexa
Fluor 488-labeled Tau, and rhodamine tubulin were excited
with a 488-nm argon laser and emission filters (wavelength/
band pass) of 630/60, 515/30, and 560/55 nm, respectively. Sin-
gle color images were collected using a Turbo 620G high reso-
lution 12-bit digital camera (Stanford Photonics, PaloAlto, CA)
and a Video Scope VS4-1845 intensifier (Video Scope Interna-
tional, Dulles, VA). Images were processed using Piper Con-

trolTM software (Stanford Photonics). 1000 images for Qdots
and 100 images for microtubules were captured at 10 frames/s.
Flow chambers were prepared by adhering ARTUS shims
(ARTUS, Englewood, NJ) to siliconized glass coverslips using
Norland optical adhesive (Norland Products Inc., Cranbury,
NJ) followed by UV irradiation for 10 min. Samples were pre-
pared by incubating the flow chamber with monoclonal anti-�
III (neuronal) antibodies, diluted to 1–3% in BRB80 buffer, for 5
min. The chambers were washed and blocked with MAB (con-
taining 1 mg/ml BSA) for an additional 5 min before the addi-
tion of microtubules for 15 min. For microtubules without a
stabilizing agent, slides and buffers were kept at 37 °C until
viewed. Kinesin-Qdot conjugates were diluted to 1 nM in MAB
with 2 mM ATP and flowed through the observation cell just
prior to data collection.
Microtubule-activated ATPase Assay—Detection of inor-

ganic phosphate resulting from the hydrolysis of ATP by kine-
sin in the presence of various concentrations of microtubules
was used to determine the microtubule-activated ATPase
activity at room temperature of preparations in the absence and
presence of 3RS- or 4RL-Tau at a 1:5 Tau/tubulin ratio. 50 nM
kinesin was incubatedwith paclitaxel, ATP, and 2–35�Mpacli-
taxel-stabilized microtubules in ATPase buffer (20 mM MOPS,
pH 7.2, at room temperature, 50 mM potassium acetate, 5 mM

magnesium acetate, 0.1 mM EGTA, 0.1 mM EDTA, 1 mM DTT)
for 5min. Everyminute, 5�l of the reactionwas placed in 200�l
of a solution composed of 1.6% ammonium molybdate (in 6 N

HCl), 0.67% polyvinyl alcohol, and 0.023% malachite green.
After 30 s, the reactionwas quenchedusing 50�l of 34% sodium
citrate. The color was allowed to develop for 1 h, at which time
the samples were read in a 96-well BioTek� plate reader
(BioTek, Winooski, VT) at 595 nm. Rates of ATP hydrolysis
were determined by the increase in phosphate concentration
over time and plotted as a function of microtubule concentra-
tion. Microtubule-activated ATPase data were fit toMichaelis-
Menten kinetics using GraphPad Prism software, version 5.0
(GraphPad Software, La Jolla, CA) to determine values of Vmax
and Km � S.E. of the fit under each condition studied.
Data Analysis—The processive run length and velocity of

kinesinweremeasured using themanual object tracking plugin,
MTrackJ, in ImageJ software, version 1.44 (National Institutes
of Health, Bethesda, MD). Processive run lengths greater than
0.5 �m were recorded, and velocities were calculated as run
length/time of the run. The 100 microtubule images were
z-projected by average intensity, and kinesin tracks were over-
laid on the averaged microtubule field. Only runs with clear
beginnings and endings on visible microtubule tracks were
counted and plotted in 0.5-�m bins. In addition, runs with sig-
nificant pauses (�5 frames), runs over 10 �m, and runs that
were perceived to encounter road blocks were discarded. All
data sets reported are composites of data collected over multi-
ple days from at least four different preparations of kinesin and
each isoform of Tau. Processive run length distribution histo-
grams were fit to a single exponential decay constant, which
defines the kinesin characteristic run length and are reported
with the S.E. of the fit (20). Velocitymeasurements are reported
as the mean and S.D., assuming a Gaussian distribution of val-
ues. Statistical significance at p � 0.05 was determined using
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the Mann-Whitney test, a nonparametric bin width-indepen-
dent statistical hypothesis test, for processive run length com-
parisons, and anunpaired two-tailed Student’s t testwas used to
compare velocity measurements. All nonlinear regression fit-
ting and statistical analysis were performed using GraphPad
Prism software, version 5.0 (GraphPad Software).
Microtubule Pelleting Assay—20 �M microtubules were pre-

pared with labeled Tau under various experimental conditions
as described above and centrifuged for 30min at 16,000� g and
37 °C. The supernatant was removed, and the pellet was resus-
pended in MAB (without BSA and oxygen scavengers) of equal
volume to the supernatant. The Tau in each fraction was
assessed by NanoDrop absorption spectroscopy as described
above. Labeled Tau was examined at 1 and 2 �M by SDS-PAGE.
Gelswere viewed byCoomassie staining and fluorescence using
a Pharos FXTM Plus molecular imager (Bio-Rad) with laser
excitation at 488 nm (supplemental Fig. S1,A andB, lanes 4–7).

RESULTS

In the Presence of Paclitaxel, Tau Modulates Kinesin-medi-
ated Transport in an Isoform-specific Manner—Single mole-
cule imaging was used to track the processive run length and
velocity of Qdot-conjugated kinesin molecules on paclitaxel-
stabilized microtubule tracks with and without 3RS- and 4RL-
Tau. We observed processive run lengths of 1.31 � 0.10 �m
(Fig. 1A) in the absence of Tau, 0.62 � 0.03 �m (Fig. 1C) in the
presence of 3RS-Tau at a 1:5 Tau/tubulin ratio, and 0.84� 0.04
�m (Fig. 1E) in the presence of 4RL-Tau at a 1:5 Tau/tubulin
ratio. Tau inhibited kinesin run lengths in an isoform-specific
manner, with the 3RS-Tau isoform being more inhibitory than
the 4RL-Tau isoform. This is precisely the inhibitory pattern
demonstrated by other groups (7, 8).
We also observed a small but statistically significant (p �

0.0001) increase in kinesin’s velocity in the presence of 4RL-
Tau (0.69� 0.25 �m/s (Fig. 1F)) relative to that observed in the
absence ofTau (0.46� 0.22�m/s (Fig. 1B)) or in the presence of
3RS-Tau (0.50 � 0.21 �m/s (Fig. 1D)), which has not been
described previously (7, 8). In order to verify this result, we
assayed microtubule-activated ATPase activity in the presence
and absence of 4RL- and 3RS-Tau (Fig. 2). As expected, we
observed an increase in the values of bothVmax (78.2� 4.7 s�1)
and Km (11.7 � 1.6 �M) on microtubules in the presence of
4RL-Tau compared with those without Tau (Vmax � 65.5� 3.0
s�1 and Km � 5.9 � 0.7 �M). In the presence of 3RS-Tau, we
obtained a similar Vmax value (67.3 � 5.0 s�1) as in the absence
of Tau, whereas the Km value (13.8 � 2.2 �M) decreased in a
similar manner as seen in the presence of 4RL-Tau. These
results correlate well with ourmotility data, where we observed
an approximately 20% increase in velocity in the presence of
4RL-Tau but not in the absence of Tau or in the presence of
3RS-Tau.
Kinesin RunLengthsAre Reduced, andTauLoses Its Ability to

Inhibit Kinesin on GMPCPP-stabilized Microtubules—Using
cryo-EM, Kar et al. (16) demonstrated that microtubules copo-
lymerized with Tau in the presence of the GTP analog GMP-
CPP possess Tau density on the interior of the microtubule in
addition to the normal binding site on themicrotubule exterior.
We wanted to determine if preparing Tau-microtubule com-

plexes in this manner had an impact on the ability of Tau to
modulate kinesin motility. In the absence of Tau, kinesin had a
characteristic run length of 1.08 � 0.05 �m (Fig. 3A and sup-
plemental Movie S1) and a velocity of 0.50 � 0.18 �m/s (Fig.
3B) on GMPCPP-stabilized microtubules, representing a sig-
nificant (p� 0.035) decrease in processive run length relative to
that observed on paclitaxel-stabilized microtubules. Further-
more, the inhibitory effect of Tau decreased greatly on GMP-
CPPmicrotubule-Tau copolymers. In the presence of 3RS-Tau,

FIGURE 1. Characteristic run length and velocity data of kinesin on pacli-
taxel-stabilized microtubules in the absence and presence of 3RS-Tau or
4RL-Tau. Qdot-kinesin complexes were tracked on rhodamine-labeled pacli-
taxel-stabilized microtubules. Processive run length (plotted in 0.5-�m bins)
and velocity (plotted in 0.1 �m/s bins) values were determined in the absence
of Tau (A and B), presence of Alexa Fluor 488-labeled 3RS-Tau (1:5 Tau/tubulin
ratio) (C and D), or presence of Alexa Fluor 488-labeled 4RL-Tau (1:5 Tau/
tubulin ratio) (E and F). The resulting processive run length histograms were
fit by a single exponential decay function describing the characteristic run
length � S.E. of the fit, whereas the Gaussian frequency distributions of the
velocity data were used to calculate the mean velocity � S.D.

FIGURE 2. Microtubule-activated ATPase activity of kinesin in the pres-
ence and absence of 3RS- or 4RL-Tau. The rate of ATP hydrolysis by kinesin
was measured and plotted as a function of microtubule concentration.
Michaelis-Menten kinetics were used to determine the values of Vmax and Km
for the microtubule-activated ATPase activity of kinesin in the absence (●)
and presence of 3RS-Tau (�) or 4RL-Tau (f).
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at a 1:5 Tau/tubulin ratio, we observed no change in processive
run length (1.15� 0.17�m(supplemental Fig. S2A)) or velocity
(0.52 � 0.20 �m/s (supplemental Fig. S2B)) relative to the no
Tau control. In the presence of 4RL-Tau, we also sawno change
in kinesin’s processive run length (0.96� 0.10�m (supplemen-
tal Fig. S2C)) on GMPCPPmicrotubule-Tau copolymers; how-
ever, velocity (0.65 � 0.22 �m/s (supplemental Fig. S2D)) was
again higher than observed in the no Tau and 3RS-Tau experi-
ments (p � 0.0001).

We next directly compared the motility results from the
GMPCPP microtubule-Tau copolymers with those from Tau
added to preformed GMPCPP-microtubules to see if the order
of Tau addition determines its ability to modulate kinesin
motility. The processive run length and velocity of kinesin in
the presence of 3RS-Tau added to preformedGMPCPP-micro-
tubules at a 1:5 Tau/tubulin ratio were 1.09 � 0.04 �m (Fig. 3C
and supplemental Movie S2) and 0.49 � 0.22 �m/s (Fig. 3D),
respectively, comparable with the values observed onGMPCPP
microtubules alone or copolymerized with Tau. Likewise, the
processive run length and velocity of kinesin in the presence of
4RL-Tau added to preformed GMPCPP-microtubules at a 1:5
Tau/tubulin ratiowere 1.08� 0.07�m(Fig. 3E and supplemen-
talMovie S3) and 0.64� 0.24�m/s (Fig. 3F), respectively, again

comparable with the values observed on GMPCPP microtu-
bules alone or copolymerized with Tau. Thus, in contrast to the
results obtained with the addition of Tau to preformed pacli-
taxel-stabilized microtubules, the addition of 3RS- or 4RL-
Tau to preformed GMPCPP-microtubules at the identical
1:5 Tau/tubulin ratio does not inhibit kinesin motility rela-
tive to GMPCPP-microtubules in the absence of Tau. Our
results also demonstrate that there is no quantifiable differ-
ence in kinesin’s processive run length or velocity based on
the order of Tau addition (during or after polymerization) to
GMPCPP-microtubules.
Tau Does Not Inhibit Kinesin Run Lengths on Microtubules

Stabilized with both Paclitaxel and GMPCPP—Our findings
indicate at least two possible mechanisms for the observed pat-
tern of Tau inhibition of kinesin motility on microtubules
under different stabilizing conditions. It could be that Tau is
inhibitory only in the presence of paclitaxel, and the inhibition
is an artifact of the drug. There is previous evidence that pacli-
taxel may alter Tau interaction with microtubules (24). An
alternative explanation is that the nucleotide-binding state of
the tubulin subunits alters Tau interaction with the microtu-
bule lattice, and Tau is less inhibitory on GTP (or GMPCPP)-
microtubules than on GDP-microtubules. To discriminate
between these two possibilities, we examined the effect of Tau
added to preformed microtubules stabilized with both pacli-
taxel andGMPCPP on kinesin processive run length and veloc-
ity. The addition of 3RS-Tau at a 1:5 Tau/tubulin ratio to pacli-
taxel-stabilized, GMPCPP-microtubules had no effect on
processive run length (1.06� 0.09�m(supplemental Fig. S3C))
or velocity (0.54 � 0.25 �m/s (supplemental Fig. S3D)) relative
to the no Tau control, which had a characteristic run length of
0.97 � 0.04 �m (supplemental Fig. S3A) and a mean velocity of
0.56 � 0.29 �m/s (supplemental Fig. S3B). In the presence of
4RL-Tau on paclitaxel-stabilized GMPCPP-microtubules, the
characteristic run length of kinesin (1.09 � 0.07 �m (supple-
mental Fig. S3E)) was also indistinguishable from the no Tau
control, but there was again a small but significant (p � 0.001)
increase in mean velocity (0.69� 0.20 �m/s (supplemental Fig.
S3F)). These results suggest that the nucleotide-binding state of
the microtubule, and not the presence of paclitaxel, is respon-
sible for determining the ability of Tau to modulate kinesin
motility.
Tau Inhibits Kinesin Run Lengths in an Isoform-specific and

Concentration-dependent Manner in the Absence of GMPCPP
and Paclitaxel—To further investigate whether paclitaxel or
the nucleotide-binding state was responsible for the ability of
Tau to inhibit kinesin, we measured the processive run length
and velocity of kinesin onmicrotubules in the absence of GMP-
CPP and paclitaxel. In order to maintain microtubule stability,
this procedure required slightly different conditions, including
the presence of 10% glycerol and 10% DMSO in the motility
buffer. In the absence of GMPCPP, paclitaxel, or Tau, kinesin’s
characteristic run length on microtubules was 1.32 � 0.07 �m
(supplemental Fig. S4A and Movie S4), with a mean velocity of
0.28 � 0.09 �m/s (supplemental Fig. S4B). The processive run
length of kinesin under these conditions was not significantly
different than in the presence of paclitaxel (p � 0.825); how-
ever, it was significantly longer than that observed on microtu-

FIGURE 3. Characteristic run length and velocity data of kinesin on GMP-
CPP-stabilized microtubules in the absence and presence of 3RS-Tau or
4RL-Tau. Qdot-kinesin complexes were tracked on rhodamine-labeled GMP-
CPP-stabilized microtubules. Processive run length (plotted in 0.5-�m bins)
and velocity (plotted in 0.1-�m/s bins) values were determined in the
absence of Tau (A and B), in the presence of Alexa Fluor 488-labeled 3RS-Tau
(1:5 Tau/tubulin ratio) (C and D), or in the presence of Alexa Fluor 488-labeled
4RL-Tau (1:5 Tau/tubulin ratio) (E and F). The resulting processive run length
histograms were fit by a single exponential decay function describing the
characteristic run length � S.E. of the fit, whereas the Gaussian frequency
distributions of the velocity data were used to calculate the mean velocity �
S.D.
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bules stabilized with GMPCPP (p � 0.039). Both the 3RS- and
4RL-Tau isoforms inhibited kinesin motility under these con-
ditions in a manner analogous to the paclitaxel case, where
3RS-Tau had a greater effect than 4RL-Tau. In addition, both
isoforms inhibit kinesin in a concentration-dependentmanner.
In the presence of 3RS-Tau at a 1:8 Tau/tubulin ratio, the char-
acteristic run length of kinesin was 0.49 � 0.03 �m (supple-
mental Fig. S4C) with amean velocity of 0.34� 0.17 �m/s. At a
lower Tau/tubulin ratio of 1:15, 3RS-Tau was less inhibitory,
and we observed an increase in run length to 0.75 � 0.06 �m
(supplemental Fig. S4D) with a mean velocity of 0.37 � 0.10
�m/s (supplemental Fig. S4E). In the presence of 4RL-Tau, we
saw a similar trend, albeit with less inhibition than with 3RS-
Tau. At a 1:8 4RL-Tau/tubulin ratio, we observed a character-
istic run length of 0.73 � 0.03 �m (supplemental Fig. S4F) with
a mean velocity of 0.35 � 0.15 �m/s, whereas at a 1:15 4RL-
Tau/tubulin ratio, we observed a run length of 1.00 � 0.05 �m
(supplemental Fig. S4G) and a mean velocity of 0.26 � 0.08
�m/s (supplemental Fig. S4H). Given that microtubules in the
absence of GMPCPP, whether stabilized by paclitaxel or not,
are most likely in a GDP state (25, 26), these results further
support the conclusion that Tau is capable of inhibiting kinesin
motility on GDP- but not GMPCPP-microtubules.
We also wanted to determine if the order of Tau addition

before or after tubulin polymerization had any effect on kinesin
motility in the absence of GMPCPP and paclitaxel. 3RS-Tau
copolymerized with tubulin at a 1:15 Tau/tubulin ratio resulted
in a characteristic run length of 0.77 � 0.08 �m (supplemental
Fig. S5A) and amean velocity of 0.24 � 0.07 �m/s (supplemen-
tal Fig. S5B), whereas 4RL-Tau, copolymerized with tubulin at
the same 1:15 Tau/tubulin ratio, resulted in a characteristic run
length of 0.96 � 0.07 �m (supplemental Fig. S5C) and a mean
velocity of 0.32 � 0.12 �m/s (supplemental Fig. S5D). Thus, in
both cases, 3RS-Tau and 4RL-Tau produced no significant dif-
ference in the processive run length or velocity of kinesin
regardless of the order of Tau addition to the microtubules,
before or after polymerization, in the absence of GMPCPP or
paclitaxel.
Although the addition of 10% glycerol and 10% DMSO as

stabilizing agents in the absence of paclitaxel had no effect on
the processive run length of kinesin, we did observe a percepti-
ble reduction in velocity relative to paclitaxel-stabilized micro-
tubules. This appeared to be directly related to the addition of
glycerol to the motility buffer, which we assume is due to an
increase in viscosity and not an intrinsic property of microtu-
bules in the absence of GMPCPP or paclitaxel. Velocity values
in the presence of GMPCPP and 10% glycerol and 10% DMSO
were reduced to 0.31� 0.08�m/s (supplemental Fig. S6B) with
no apparent change in the characteristic run length (1.02� 0.11
�m; supplemental Fig. S6A) relative to GMPCPP-microtubules
in the absence of glycerol. We also observed that the velocity of
kinesin in the presence of 4RL-Tau did not appear to be signif-
icantly higher than that in the absence of Tau or in the presence
of 3RS-Tau under these conditions. Again this is likely to be a
function of the specific conditions used for the experiment. It
was also noted that Tau appeared to be slightly more inhibitory
when glycerol and DMSO were used as the stabilizing agent
rather than paclitaxel. To determine if this was also a product of

our conditions, we measured kinesin’s motility on paclitaxel-
stabilized microtubules in the presence of 10% glycerol, 10%
DMSO, and a 1:8 3RS-Tau/tubulin ratio. This produced results
similar to those obtained at 10% glycerol and 10% DMSO with
no paclitaxel, with a characteristic run length of 0.44� 0.01�m
(supplemental Fig. S6C) and a velocity of 0.37 � 0.13 �m/s
(supplemental Fig. S6D). To ensure that our conditions were
not forcing Tau to become inhibitory on microtubules in the
absence of paclitaxel, we measured kinesin motility on GMP-
CPP-microtubules in the presence of 3RS-Tau at a 1:8 Tau/
tubulin ratio and 10% glycerol plus 10% DMSO. These experi-
ments produced characteristic run length values (1.02 � 0.08
�m (supplemental Fig. S6E)) similar to those observed on
GMPCPP-microtubules in the absence of glycerol and DMSO
but again with a reduction in velocity (0.39 � 0.12 �m/s (sup-
plemental Fig. S6F)). The results of all of themotility conditions
tested are summarized in Table 1.
Tau Has a Similar Affinity for Microtubules under All of the

Experimental Conditions Tested—Finally, we wanted to deter-
mine if the difference in the ability of Tau to inhibit kinesin
under our various experimental conditions was due to a differ-
ence in affinity of Tau for the variousmicrotubule preparations
used. To examine this possibility, we polymerized tubulin with
either glycerol/DMSO, GMPCPP, GMPCPP with paclitaxel, or
paclitaxel alone and added Alexa Fluor 488-labeled 3RS- or
4RL-Tau at a 1:5 Tau/tubulin ratio. Samples were centrifuged,
and the pellet and supernatant fractions were analyzed for Tau
content. In all cases, the majority of Tau appeared in the pellet
fraction, and there was no significant difference in Tau binding
affinity for microtubules between the preparations (Fig. 4). We
also qualitatively examined each fraction by SDS-PAGE analy-
sis. Upon excitation of the gel, it was apparent that the super-
natant fractions contained only small quantities of labeled Tau,
whereas the bulk of the protein was contained in the pellet
fractions (supplemental Fig. S1A). After staining the gel with
Coomassie, it was clear that the majority of tubulin was located
in the pellet fractions (supplemental Fig. S1B).

TABLE 1
Summary of kinesin characteristic run length and velocity data
Characteristic run length values and S.E. values of the fits were obtained from single
exponential fits to the binned histogram data. Velocity is reported as the mean and
S.D. n is the number of processive runs analyzed in a given data set.

Microtubule preparation Run length Velocity n

�m �m/s
Paclitaxel 1.31 � 0.10 0.46 � 0.22 250

	 3RS-Tau 0.62 � 0.03 0.50 � 0.21 284
	 4RL-Tau 0.84 � 0.04 0.69 � 0.25 262

GMPCPP 1.08 � 0.05 0.50 � 0.18 688
	 3RS-Tau 1.09 � 0.04 0.49 � 0.22 411
3RS-Tau copolymers 1.15 � 0.17 0.52 � 0.20 324
	 4RL-Tau 1.08 � 0.07 0.64 � 0.24 202
4RL-Tau copolymers 0.96 � 0.10 0.65 � 0.22 200

GMPCPP � paclitaxel 0.97 � 0.04 0.56 � 0.29 288
	 3RS-Tau 1.06 � 0.09 0.54 � 0.25 213
	 4RL-Tau 1.09 � 0.07 0.69 � 0.20 199

Glycerol/DMSO 1.32 � 0.07 0.28 � 0.09 357
	 3RS-Tau (1:8 Tau/tubulin ratio) 0.49 � 0.03 0.34 � 0.17 214
	 3RS-Tau (1:15 Tau/tubulin ratio) 0.75 � 0.06 0.37 � 0.10 333
3RS copolymers 0.77 � 0.08 0.24 � 0.07 243
	 4RL-Tau (1:8 tau/tubulin ratio) 0.73 � 0.03 0.35 � 0.15 241
	 4RL-Tau (1:15 tau/tubulin ratio) 1.00 � 0.05 0.26 � 0.08 282
4RL copolymers 0.96 � 0.07 0.32 � 0.12 196
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DISCUSSION

Our results are consistent with previous reports of the ability
of Tau to inhibit kinesin-mediated transport on paclitaxel-sta-
bilized microtubules in an isoform-specific manner, with the
3RS-Tau isoform being more inhibitory than the 4RL-Tau iso-
form (7, 8). In striking contrast, Tau loses all ability to reduce
kinesin’s processive run length on GMPCPP-stabilized micro-
tubules over the physiologically relevant range of Tau concen-
trations used in these experiments. At supraphysiological con-
centrations of Tau (1:1 Tau/tubulin ratio), we do see
abolishment of kinesin motility on GMPCPP-microtubules
(data not shown); however, it has been shown that Tau forms
aggregates on the microtubule surface at such high concentra-
tions, which may result in a completely different form of inhi-
bition (27, 28). Because we did observe inhibition of kinesin by
Tau onmicrotubules formed in the presence of glycerol/DMSO
as an alternative stabilizing agent to paclitaxel, we doubt that
paclitaxel is somehow inducing the inhibitory state of Tau. To
completely preclude this possibility, we monitored kinesin
motility on microtubules stabilized by both GMPCPP and
paclitaxel. Again, Tau has no apparent effect on kinesinmotility
under these conditions. GMPCPP-microtubules closely resem-
ble microtubules in the GTP nucleotide state, whereas micro-
tubules stabilized with paclitaxel or glycerol/DMSO are pre-
sumably more representative of the GDP nucleotide state (29–
31).We therefore conclude that Tau and/or kinesin can adopt a
different mode of interaction with microtubules in the GTP
state as compared with the GDP state, which abolishes the abil-
ity of Tau to inhibit kinesin motility.
In addition to Tau losing its ability to inhibit kinesin-medi-

ated transport on GMPCPP-microtubules, we observe that
kinesin’s characteristic run length was reduced by �20% on
GMPCPP-microtubules as compared with paclitaxel- or glyc-
erol/DMSO-stabilized microtubules. This indicates that kine-
sin, like Tau, also interacts with GMPCPP-microtubules in a
different manner than with paclitaxel- or glycerol/DMSO-sta-
bilized microtubules. Previous work has demonstrated that

small changes in the microtubule lattice can affect kinesin-me-
diated transport, where post-translational modifications, such
as acetylation, detyrosination, and polyglutamylation, influence
kinesin binding and motility on microtubules (5, 32, 33). Kine-
sin has also been shown to have an increased velocity in gliding
assays on GMPCPP-microtubules as compared with GDP-mi-
crotubules (31) and to bind GMPCPP-microtubules 3.7-fold
tighter than paclitaxel-stabilized GDP-microtubules. This dis-
crimination toward the GTP state is facilitated by kinesin loop
11, which mediates the strong binding of kinesin in the ATP or
apo states of its enzymatic cycle (6). Interestingly, this is similar
to what has been observed with kinesin binding to subtilisin-
treatedmicrotubules inwhich theC-terminal tail of tubulin has
been enzymatically removed (34). Not only does subtilisin
treatment promote kinesin binding to microtubules, but it also
leads to a reduction in kinesin’s processive run length (35)
much like we observe on GMPCPP-microtubules (35).
Although we are not proposing direct structural links between
microtubules in the GTP state and those missing their C-ter-
minal tails, there may be a correlation between the stronger
binding of kinesin on GMPCPP-stabilized microtubules and
our observation that kinesin’s characteristic run length is
reduced under these conditions, just as in the case of subtilisin-
treated microtubules.
Interestingly, in addition to the observed effects of the under-

lying microtubule lattice on kinesin motility, we see a small but
significant increase in the velocity of kinesin in the presence of
4RL-Tau relative to that observed in the absence of Tau or the
presence of 3RS-Tau, which has not been reported previously
(7, 36). We cannot account for this discrepancy between our
group and others; however, we consistently see this increase in
velocity across all of our experimental conditions. We also
observed a 20% increase in Vmax of the microtubule-activated
ATPase activity of kinesin in the presence of 4RL-Tau com-
pared with the 3RS-Tau and no Tau cases, which corresponds
well with the 20% increase in velocity we saw in the motility
assays in the presence of 4RL-Tau. Furthermore, it was recently
shown in in vitro gliding assays of microtubules on a surface of
kinesin that sliding velocity was reduced 17% in the presence of
4RS-Tau as compared with 3RS-Tau (24). Themajor difference
between the 4RS-Tau used in the previous work and the 4RL-
Tau used by our group in the current study is the inclusion of
two 29-amino acid acidic inserts in the N-terminal projection
domain of 4RL-Tau. Because we see an increase in velocity in
our study, it is possible that these acidic inserts are influencing
kinesin’s interaction with the microtubule and are responsible
for the isoform-specific effect on kinesin velocity and possibly
reduction in processive run length. The N-terminal tails of Tau
are acidic in general, andwith the inclusion of the acidic inserts,
the tails become highly acidic (13). Previous work has demon-
strated that the acidic C-terminal tails of tubulin enhance kine-
sin processivity and velocity (35, 37). Becausewe see an increase
in velocitywith the 4RL-Tau isoform, it is tempting to speculate
that when Tau is not in an inhibitory state, it may actually
enhance kinesin motility via its acidic tail domain analogous to
the C-terminal tails of tubulin.
Our results present a novel role for themicrotubule lattice in

modulating the interaction between kinesin and Tau and have

FIGURE 4. Fraction of Tau bound to microtubules under various stabiliz-
ing conditions. Microtubules were formed and stabilized with either pacli-
taxel (Taxol), GMPCPP, paclitaxel (Taxol) 	 GMPCPP, or glycerol/DMSO. Alexa
Fluor 488-labeled 3RS- or 4RL-Tau was added at a 1:5 Tau/tubulin ratio, the
microtubule-Tau complexes were centrifuged, and the resulting pellet and
supernatant fractions were assessed for labeled Tau content. The fraction of
Tau in the pellet is plotted for each stabilizing condition. Error bars, S.D.
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important implications for the regulation of axonal transport in
different developmental and pathological states of the neuron.
The traditional view is that microtubules, with the exception of
their GTP caps, exist primarily in the GDP formwithin the cell.
Thus, considering the results of the present work and those
reported previously (7, 8), one would expect Tau to bindmicro-
tubules mainly in its inhibitory conformation in vivo and, at the
high levels at which it is expressed in neurons, significantly
disrupt axonal transport. However, it has recently been demon-
strated that there are significant populations of both GTP and
GDP-tubulin in the axon of developing and mature neurons,
and the microtubule lattice contains numerous segments pre-
dominantly composed of GTP-tubulin (6). In addition, kinesin
localizes to these regions of GTP-tubulin, which may facilitate
the localization of kinesin-1 to axons as opposed to dendrites
(6). If GTP-tubulin is indeed the axonal localization cue for
kinesin, it would be detrimental to the cell if Tau were inhibi-
tory in regions of highGTP-tubulin content that promote kine-
sin binding, because kinesin could lose its ability to target cargo
to their correct locations. This problem is potentially evenmore
acute during the early stages of neuronal development when
3-repeat Tau, a more potent inhibitor of kinesin motility than
4-repeat Tau, is the predominant isoform expressed (38). Dur-
ing this time, one would expect kinesin-mediated transport to
be essential for delivering materials to the growing axon and
ancillary branches (39). The existence of significant GTP-tubu-
lin populations along the length of the axon, which are present
in mature neurons and appear to be enriched at early stages of
development (6) and to which we observe that Tau binds in a
non-inhibitory conformation, would explain how axonal trans-
portmediated by kinesin could proceed unimpeded in the pres-
ence of high levels of Tau expression in the neuron. Thus, reg-
ulation of kinesin-mediated transport in the axon by Tau is
likely to be a complex process dependent on the structural state
of the microtubule (i.e. GTP versus GDP). Our results demon-
strate that Tau is not simply an inhibitor of kinesin motility but
that it can function in a non-inhibitorymanner or even enhance
axonal transport, depending on the specific isoform involved
and its interaction with the underlying microtubule lattice.
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