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Abstract
We recently proposed that regulating the single-to-multiple motor transition was a likely strategy
for regulating kinesin-based transport in vivo. Here, we use an in vitro bead assay coupled with an
optical trap to investigate how this proposed regulatory mechanism affects dynein-based transport.
We show that tau’s regulation of kinesin function can proceed without interfering with dynein-
based transport. Surprisingly, at extremely high tau levels—where kinesin cannot bind
microtubules—dynein can still contact microtubules. The difference between tau’s effects on
kinesin- and dynein-based motility suggests that tau can be used to tune relative amounts of plus-
end and minus-end directed transport. As in the case of kinesin, we find that the 3RS isoform of
tau is a more potent inhibitor of dynein binding to microtubules. We show that this isoform-
specific effect is not due to steric interference of tau’s projection domains, but rather due to tau’s
interactions with the motor at the microtubule surface. Nonetheless, we do observe a modest steric
interference effect of tau away from the microtubule and discuss the potential implications of this
for molecular motor structure.
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Introduction
Microtubule (MT) based transport is crucial for the cells’ lifecycle, and is bi-directional.
Cargos move from the cell center to periphery via different kinesin-family motors, but
transport from the periphery towards the nucleus is achieved almost entirely by cytoplasmic
dynein. This microtubule-based transport is heavily regulated (1), so that the right cargos
arrive at the right place at the right time. Recent work has suggested that in addition to
cargo-based regulation (where regulation alters either the number of cargo-bound motors, or
the function of motors that are bound to the cargo), filament-based regulation may play an
important role in controlling cargo distributions (2,3). However, work to date has
investigated filament-based regulation as a way of tuning plus-end based transport, either to
favor transport by specific classes of kinesin motors (4,5), or to control the number of
engaged motors to affect MT-MT and MT-actin switching (2). One concern with such
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models is that dynein moves on microtubule tracks just as kinesin does, and might be
expected to be affected similarly to kinesin because dynein and kinesin compete for binding
to MTs (6). However, this type of regulation of kinesin must be mostly independent from
dynein: any alteration of plus-end transport which locally modulates its robustness (2) must
nevertheless avoid disrupting the global pattern of dynein-based minus-end transport.
Consider for instance the case of axonal transport. Dynein is required for synapse to nuclei
communication (7,8) and indeed failure of such communication would be disastrous. Dynein
also plays a critical role in the neuronal response to injury, and carries essential signals back
to the nucleus to allow the cell to respond appropriately (9). Such damage could come at any
time, and the neuron must be able to respond, regardless of its state prior to insult. This need
for robust dynein transport raises a key question for filament-level regulation: how can such
regulation control plus-end transport, and at the same time allow dynein to function?

Because of the possibility of coupling between opposite motors, and various feedback
mechanisms, we chose to investigate this question in vitro, where it was possible to
unambiguously assess the effects of such filament-level regulation on dynein-based
transport. Our past studies focused on the role of different isoforms of the filamentous MT-
associated protein (MAP) tau in tuning plus-end transport, predominantly by regulating the
number of engaged motors (2). We therefore used this model system to investigate tau’s
effect on dynein-based transport. Tau is important in its own right (10-12) but is also
strongly related to other filamentous MAPs (13), so we expect that lessons from the study of
tau’s effects will likely qualitatively extend to other MAPs.

Results
Past in vitro experiments characterized the function of single motors moving a cargo along
an isolated, undecorated microtubule, but now we need to extend this approach to better
mimic the in vivo situation (14). Specifically, we aimed to investigate the influence of tau on
cargos driven by both single and multiple motors. We previously showed that the ensemble
function of either kinesin (2) or dynein (15) motors is dramatically different from that of a
single motor: in contrast to the ~ 1 micron travel of single motors, in vitro cargos are
transported many microns along undecorated microtubules. For kinesin-based transport, we
previously showed that it is possible to regulate this emergent long-distance transport via the
MAP tau even in the absence of any other regulatory factors and pathways.

Here, we employ an in vitro bead assay where we can control the number of engaged dynein
motors, and can then vary tau concentrations and isoforms. This allows us to isolate and
investigate the influence of the longest and the shortest human isoforms of the MAP tau
(4RL and 3RS respectively) on ensemble dynein-based transport in terms of dynein’s
microtubule on-rate and off-rate, as well as force production and velocity. In addition, this
controlled environment allows us to explore the potential of tau for down-regulating one
direction of transport relative to the other. The design of the present study mirrors our
previous kinesin work (2), and the results for both can be directly compared. Briefly, we
incubate polystyrene beads with different amounts of bovine cytoplasmic dynein motors,
thus varying the average number of motors on beads. By doing so, we can controllably vary
the average number of dynein motors participating in cargo transport from one to many.
Transport properties described below were measured by bringing cargos pre-incubated with
motors near the MTs using an optical trap. Fig. 1a shows a measurement sequence where
motor force production, cargo travel distance and velocity were measured. The assay is very
robust as it generates negligible optical damage to the motors. Fig. 1b shows that a dynein-
driven bead is capable of fast travel even after more than 4 minutes in an optical trap. All
data, except Fig. 1a, was obtained at laser power of 28 mW. The data in Fig. 1a was
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obtained at lower laser power (8 mW), resulting in more prominent displacement of the bead
in the laser trap (compared with Fig. 1b).

To examine the effects of tau on dynein on-rate and travel, independent of its effects on
microtubule stability, we employed taxol-stabilized MTs without any tau (hereafter “bare
MTs”). We determined the bead-dynein incubation concentration where essentially all beads
bound to bare MTs once positioned near them, and measured how far each bead would
travel (with optical trap turned off) before attachment at this incubation concentration. Here,
the travel was significantly longer range (Fig. 2a,b) than what we and others have reported
(15-17) for single dynein motors, indicating that some of the transport in this assay was
mediated by multiple dyneins. We then prepared beads at the same incubation concentration,
and contrasted our observations with identical experiments but employing taxol stabilized
MTs incubated with two distinct tau isoforms (4RL and 3RS). We looked at the effect of
‘physiologically relevant’ tau concentrations, on dynein-based transport, that is, a range of
tau concentrations of the order ~0.1 tau/tubulin dimer that are found in neurons (18).
Interestingly, we observed little to no effect of tau on either dynein’s on-rate or travel in
parallel assays where MTs were incubated with 0.11 of either 4RL (Fig. 2c) or 3RS (Fig. 2d)
tau/tubulin dimer. This is in contrast to our previous kinesin study, where this amount of
3RS tau on MTs was sufficient to almost completely inhibit kinesin binding to MTs and thus
strongly inhibited kinesin-based cargo travel (2). The 4RL tau did not have as strong an
effect on kinesin’s on-rate at this concentration, though significant transport inhibition was
observed. Therefore, we discover here that under ‘normal’ tau concentrations, dynein is
unaffected, whereas specific tau isoforms can either strongly impair kinesin-based transport
or leave it almost unchanged. This finding resolves a fundamental concern with the
hypothesis that filament-level regulation may be important for controlling kinesin-based
transport, namely that such regulation could have an unintended consequence and impair
dynein-based transport. What emerges is the suggestion that additional regulatory pathways
are not required for this result, but that instead, somehow the unique molecular architecture
of dynein makes it possible for it to be less affected than kinesin by such MAPs.

In order to gain molecular insight into how dynein could avoid being affected, we went to
higher concentrations of tau—concentrations above 0.1 tau/tubulin dimer—not usually
found in cells. At higher levels (~0.2 tau/tubulin dimer), we found that tau’s presence on
MTs does begin to affect dynein transport. It is important to note that such high levels of tau
essentially completely block kinesin transport, and because kinesin-based transport is
required for viability, these levels are not “physiological”. The effect (if any) of 4RL tau is
very small (Fig. 2e) whereas the effect of 3RS tau is more substantial (Fig. 2f), resulting in
single-motor like cargo travel distances. The difference between the effect of 4RL and 3RS
tau becomes more pronounced when we increased the amount of dynein on the bead by
incubating beads with a dynein concentration approximately four times higher. In fact, even
at these high dynein concentrations, the presence of 0.21 tau/tubulin dimer of the 3RS
isoform reduced robust long-range transport (Fig. 2g) to short-range single-motor-like
motion (Fig. 2i), whereas the 4RL isoform still only had a limited (though significant) effect
on dynein travel (Fig. 2h). Together, these results demonstrate that at high enough
concentrations of dynein and tau, the effect of tau on dynein-based transport is to reduce
mean travel length, and that this effect can depend dramatically on the specific tau isoform.

Given that we were now observing an effect of tau on dynein-based transport, we quantified
observed cargo velocities. We note that, as previously reported (15), motion of cargos was
not always at uniform velocities. Cargos were observed to change velocity, or exhibited
periods of back-and-forth diffusion. We excluded diffusive portions from tracks and parsed
the directed motion parts of the tracks into segments of constant velocity (e.g. Fig. 3a) which
were then used to construct the distribution histograms for cargos moving on MTs with no
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tau, 0.21 of 4RL, and 0.21 of 3RS (Fig. 3b,c,d respectively). We observe no reproducible
difference between velocities in any of the three cases. This is consistent with previous
reports for dynein velocity in gliding assays in the presence of MAP2 on MTs (19,20).
These results suggest that when the motors are already bound to the MT, the tau-motor
interaction is not the dominant rate-limiting factor for processive motion. However, this
does not imply that tau exclusively affects the dynein on-rate. In fact, we do observe the
effect of tau on dynein off-rate as well (see below).

We also measured the maximum force the dynein motors could exert against the optical trap
before stalling and subsequently falling back to the center of the optical trap. Our
measurements employed beads incubated at the same dynein concentration as those in Fig.
2a-f. The histograms of recorded stall forces in the presence of no tau (Fig. 4a), high levels
of 4RL tau (Fig. 4b) and 3RS tau (Fig. 4c) show distinct peaks. The first peak in all three
force distributions occurs around 1-1.2 pN. This is in good agreement with our previous
report for single cytoplasmic dynein force production on bare MTs (21). This result implies
that tau does not alter single dynein’s force production, much like it does not alter single
kinesin’s forces (2).

The force distribution for bare MTs shows three prominent peaks (Fig. 4a) with typical stall
lineshapes corresponding to each peak shown in Fig. 4g-i. The peaks are spaced roughly
evenly, though we note that the location of the second peak is not quite double that of the
first and the third peak occurs at the limit of linear regime of our optical trap. In parallel with
our kinesin experiments and following our previous dynein report (15), we ascribe these
peaks to contributions from one, two, and three dynein motors respectively. Indeed,
contribution from more than one motor in Fig. 4a is expected, since the corresponding cargo
travel (Fig. 2a,b) is significantly greater than for the single-motor case (15-17).

The force measurements started to provide insight into how dynein could be affected
differently than kinesin. In dynein assays, we find little to no difference between stalling
force measurements with no tau and 0.21 4RL tau (Fig. 4a and 4b respectively); cargos are
frequently driven by more than one motor. This is in strong contrast to kinesin-based
transport, which is almost entirely abolished at 0.21 4RL tau—in the rare instances when it
does occur, it is driven only by a single motor (2). Kinesin-based transport is even more
thoroughly abolished at 0.21 3RS tau—tau so efficiently blocks the access of the motors to
MTs, that we did not see any binding events even for beads from multiple-kinesin assays.
This is not the case for dynein: while force production for beads in the presence of 0.21 3RS
tau (Fig. 4c) does show a reduction of higher stalling force peaks (which we ascribed to
multiple motor activity) relative to the single motor peak, multiple-motor events are still
observed. Similarly, confirming the histograms of stalling forces (Fig 4d-e), at high levels of
tau, the records of motion in the trap show frequent excursions of motion past 1.5 pN,
corresponding to motion driven by at least two motors (Fig 4e,f). While overall frequency of
multiple-motor events (larger than 1.5 pN) clearly declines in the 0.21 3RS tau assay (Fig
4f) relative to that of no tau (Fig 4d) and 0.21 4RL tau assays (Fig. 4e), the effect is much
less than what would be observed for kinesin where there would be no motion in the 3RS
case, and only rare single-motor driven events in the 0.21 4RL case. We conclude that even
in the presence of high amounts of tau, dynein can still bind the microutubules; its on rate
has been much less effected than for kinesin.

The stronger effect of 0.21 3RS tau seen in force production (Fig. 4c,f) is consistent with the
corresponding shorter cargo travel (Fig. 2f). However, the key observation here is that travel
length results cannot be simply attributed to tau reducing the average number of actively
engaged motors. 3RS tau reduces travel to single motor-like limit, however, the
contributions from two and three motors are still apparent in the force distribution histogram
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(Fig. 4c). We thus conclude that tau inhibits dynein-based motility via a two-fold
mechanism: tau somewhat reduces the number of engaged dynein motors by reducing
dynein’s on-rate, but equally importantly it substantially affects dynein travel by increasing
dynein’s off-rate.

Dynein has different dynamics from kinesin: unlike kinesin, it is able to take large steps,
switch protofilaments, and reverse course. We wanted to try to separate the importance/
effects of tau on dynein’s ability to bind MTs from such potential dynamic effects. To
directly address tau’s influence on motor on-rate, independent of dynein dynamical function,
we decided to look at the effect of tau on the interaction between the MT and the MT-
binding domain of dynein. To do this, we took a small GST-tagged recombinant protein
fragment of dynein including the MT binding domain, and attached such fragments via anti-
GST antibodies to polystyrene beads (see methods), and then examined the effect of the
presence of tau on the binding of the beads to MTs. Control experiments showed that beads
incubated with just the anti-GST antibody or just the GST-tagged MTBD (but no AB) did
not bind to microtubules either spontaneously, or when held near them in an optical trap.
When beads with an expected complete linkage (i.e. incubated with both the antibody and
the MTBD), were held close, we did observe bead-MT binding. We could tune the binding
rate by tuning the incubation concentration of MTBD, and we chose a concentration where
~80% of the beads bound to bare MTs (i.e. MTs with no tau on them). At such high binding
rate, we observed many beads bound to MTs without being positioned near them by the trap.
The presence of tau on MTs reduced the binding rate significantly (to 15 ± 5.6% for 0.21 of
3RS tau and 27.5 ± 7.1% for 0.21 of 4RL tau). This result directly confirms that tau can
significantly inhibit dynein’s on-rate, independent of dynein’s dynamics.

The inhibition of binding by the 3RS tau was stronger than the 4RL tau. Not only was the
binding rate lower in the 3RS assay, as reported above, but we also did not observe any
spontaneous binding of beads to MTs in that assay. By contrast, very rare spontaneous
binding events were observed in the 4RL assay. What is the mechanism for this difference in
the inhibitory effect of different tau isoforms? Is it due to tau’s steric interference with motor
diffusion near the MT or is it due to interactions localized to the MT itself (e.g. modification
of local charge environment at or near the motor binding site)? If the steric effect were the
dominant factor, then one would expect stronger inhibition of motor binding in the 4RL
assay since the projection domain of that isoform is longer. However we observe the exact
opposite, strongly arguing against this scenario.

To further investigate this hypothesis—that the differences in tau’s effects on dynein are due
to local changes in surface chemistry, and not steric effects due to the projection domains—
we measured tau’s steric inhibition in a geometry maximally similar to the one described
above. We used identical protein A beads, but instead of using dynein’s MT binding
domain, we incubated the beads with an anti-tubulin antibody. Since the geometry in both
cases was nearly identical, steric effects of tau were essentially the same in all cases.
Therefore, any differences between binding rates could be attributed directly to local effects
at the MT surface.

The antibody concentration was again chosen so that the binding fraction of beads to bare
MTs was ~80%, the same as for the MTBD assay. We found that the effect of tau on the
anti-tubulin antibody binding was significantly smaller than for corresponding MTBD
assays (to 60 ± 15.5% for 0.21 of 3RS tau and 58.3 ± 14.1% for 0.21 of 4RL tau). Note that
the effect of the two isoforms is similar and any difference is not statistically significant, but
if anything the effect of 4RL isoform is stronger in agreement with previous reports(22).
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Discussion
Our published results for kinesin show that at physiological levels 3RS tau can impair
kinesin-based transport but that 4RL tau has a much smaller effect and suggest that this
difference can be used to regulate and route plus-end directed traffic. The results presented
here for dynein motility in the presence of tau on MTs show that at these tau levels neither
isoform significantly hinders dynein transport. In our experiments, we control the overall
amount of tau present, but not its distribution along the microtubules. Therefore, at any
position along the microtubule the ‘local’ tau concentration a particular motor sees could be
quite different from the average tau value we report (which reflects the global ratio of tau to
tubulin dimers). Our experiments represent what happens when tau’s binding to MTs is not
additionally regulated; regulatory in vivo mechanisms likely further modulate tau’s
distribution and such scenarios are not addressed within the scope of this work.

Tau’s interference with transport conceivably arises from two possible mechanisms: steric
interference with motors away from the MT surface, or chemical/charge interaction at the
MT surface (e.g. local presence of tau modifying motor binding site to make binding less
likely). One potential way to distinguish between these mechanisms would be to use
truncated constructs of tau (23) with a shorter projection domain or no projection domain at
all. Thus, one could hope to remove tau’s effects away from the MT while isolating tau’s
affects at the MT. However, the projection domain of tau is acidic while the rest of the
molecule is basic (24), so such constructs feature significant alteration of charge distribution
within the tau molecule. However, tau-MT interactions are sensitive to local charge
distribution (25) and it is known that different constructs have different MT-binding
properties (23). Therefore, we hypothesized that using truncated constructs of tau was
unlikely to exclusively affect local geometry and not local chemistry. Thus, instead of
modifying tau, we chose to modify the motor side, and attach dynein’s MT-binding domain
to beads in a known geometry. We then compared binding of this assembly to MTs with and
without tau on MTs. We were also able to measure bead-MT attachment rate in minimally
modified geometry where binding was due to an anti-tubulin antibody rather than dynein’s
MT-binding domain. Taken together, these experiments allowed us to decouple steric effects
from effects at the MT surface, as described below.

Steric effects
Tau’s inhibitory function may come from its steric interference with motors attempting to
bind to MTs. Indeed, previous in vitro gliding assay studies (26) found that the inhibitory
function of tau is significantly reduced for a tau construct lacking the projection domain.
Our measurements also show cases of tau’s inhibition of binding which are most naturally
explained by steric effects. Most notably, consider the binding of protein A beads incubated
with anti-tubulin antibody (Fig. 5b). When such beads are held near bare microtubules with
an optical trap, they bind at a rate of ~80.0%. However, when the same experiment is
performed with microtubules covered with 0.21 3RS or 4RL tau, the binding rate drops to
~60% (Fig. 5c). It is believed that tau’s primary binding site is located on α-tubulin (27), so
tau is unlikely to inhibit the binding of the β-tubulin antibody (6G7) used here. Therefore we
speculate that the drop in binding rate most likely comes from tau’s steric inhibition.

It is also important to compare and contrast tau’s effect on dynein and kinesin motors.
Structurally, there is a fundamental difference between these enzymes. Kinesin’s motor
domain directly binds the microtubule and is a globular domain (~9 nm thick and 10 nm
long (28)). In contrast, dynein reaches the MT via a thin stalk (~2 nm thick and 15.5 nm
long (29)). We hypothesize that this long stalk plays a role in dynein’s resistance to the
effects of fibrous MAPs such as tau. Previously, the reason for dynein’s unusual architecture
has been unclear. It was suggested (30,31) that because the ATPase domains were large, the
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stalk was required to allow the two heads to both reach the microtubule. However, given
recent observations that these ATPase domains are relatively flat (29,32), and often
observed in a stacked organization in axonemal dyneins (33-35), such a long stalk may not
actually be required to accommodate multiple dynein heads binding in close proximity
around a MT (36). Instead, relative to kinesin, we hypothesize that the thin dynein stem is
optimized to be able to more easily pierce the “wagging wall” of tau projection domains.

The steric effect of MAPs may also be one reason why kinesin holds its cargos ~17 nm
away from the MT (37): a vesicle moved by kinesin needs to stay close to the MT to
minimize bumping into various obstructions in a dense cellular environment, however not so
close that it would experience sizeable drag from the MAPs. It is curious to consider this in
the context of dynein motility. Dynein’s AAA-ring domain is also potentially subject to drag
by MAPs. Though it is much smaller than typical cellular vesicles, this is balanced by the
fact that its spacing from the MT is also slightly smaller than that of kinesin cargos: ~15 nm
(29). We hypothesize that resistance or sensitivity to MAPs in general, and tau in particular,
may be an important contributor to determining the structure of molecular motors.

Binding inhibition at the microtubule
Tau’s presence near the motor’s MT binding site likely gives rise to local interactions which
inhibit motor binding and transport. Such interactions could affect both dynein and kinesin
since these motors compete for binding to MTs (26) and thus their binding sites likely
overlap. Indeed, we see that both for kinesin and dynein, the 3RS isoform of tau inhibits
binding more potently than the 4RL isoform and we show here that this difference can be
directly attributed to interactions at the microtubule (rather than away from it).

To isolate tau’s effect on motor binding rather than dynamics, we used the dynein MT-
binding domain construct fused with a GST tag. We have attached this protein to an anti-
GST antibody and incubated this assembly with protein-A beads (Fig 5a). We see a marked
difference between the binding of such beads to microtubules with and without tau. The
presence of both tau isoforms inhibits binding (Fig. 5c) but 3RS isoform is the more potent
inhibitor. Can this be due to steric effects? To rule out this possibility we performed a
control experiment using beads with nearly identical surface decoration: protein-A bound to
an anti-tubulin antibody. The main difference between the two geometries is the absence of
GST-tagged MT-binding domain of dynein. Therefore, the linkage between the bead and the
microtubule is shorter in the control case. Hence, the bead needs to get closer to the MT
surface to bind to it, and thus this configuration is subject to more steric hindrance. The
control experiment therefore provides us with an upper estimate of the steric inhibition. As
can be seen from Fig. 5c this inhibition is far less potent than either isoform of tau.
Inhibition of kinesin motor activity at the MT-binding site has been observed for MAP2c - a
tau family protein (38). Our results therefore suggest that such inhibition is a more general
effect for an entire class of MAPs.

Tau’s effect on dynein transport
Our work reveals that tau’s presence on MTs affects both dynein on-rate and off-rate. First,
notice the frequent directed bead movements in Fig. 4d-f. The fact that robust motor activity
is seen for high levels of tau on MTs suggests that dynein’s on-rate is affected far less than
kinesin’s (where such events would be either very rare or non-existent). However the effect
on dynein’s on-rate is unmistakable. First, force production events do become rarer at high
levels of tau. Second, at high levels of tau we observe fewer high force events attributable to
multiple-motor activity (Fig. 4). We also show the effect of tau on dynein on-rate directly in
the protein-A bead assays (see above and Fig. 5) where we isolate dynein’s MT-binding
domain and show that dynein’s MT-binding function is inhibited by tau. All of the above
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data suggests that before dynein even “sets foot” on a microtubule it feels tau’s inhibitory
effect.

We also show (Fig. 2) that once bound to tau-covered MTs, dynein does not move as far as
on bare MTs. In fact, in bead assays where stalling force measurements indicate significant
multiple-motor activity, we nonetheless see bead travel distances as low as for beads driven
by single motors on bare MTs. This can only be explained if tau affects individual dynein
motor’s off-rates.

We previously proposed (2,14) that tau acts as a local routing agent in two key ways. First,
increased amounts of tau known to reside at the distal ends of axons could aid cargo
detachment when it is moving from soma to the periphery. Second, tau residing at
intersections could help kinesin-driven cargos avoid tug-of-war scenarios by locally
reducing the number of engaged kinesin motors. Existing evidence (39) hints that the more
potent 3R tau localizes to MT intersections in vivo. Such mechanisms would not work if
dynein function were equally or more inhibited by tau as kinesin function. Here we show
that in fact, dynein is less sensitive to tau than kinesin. Dynein can still bind MTs at levels of
tau where kinesin cannot. It also likely has more options than kinesin when it is already
moving along a MT and comes across a tau “roadblock”. It should be able to reverse course
and switch filaments (16) until it finds an alternate route to pass the tau, whereas kinesin
would simply wait until the obstacle detaches (40). Dynein may also find it easier to bypass
tau by taking larger steps (21). In general, it is curious that many key structural and
mechanical features which so starkly distinguish dynein from kinesin motors all conspire to
make it a more robust transporter in the face of MAPs.

Our findings that extremely high levels of tau are needed to affect dynein-based transport
suggest that tau is unlikely to serve as a local regulator for the number of engaged dynein
motors in vivo. However, the fact that at levels found in living cells tau can affect kinesin
but not dynein transport suggests that in addition to potentially locally regulating kinesin-
based filament switching, tau can in principle tune the amount of allowed plus-end transport
without affecting minus-end transport. Moderate levels of 4RL tau will leave both directions
unaffected, but high levels of 4RL tau will favor minus-end transport over plus-end
transport. Even more extreme tuning can be achieved by 3RS tau, which at moderately high
levels severely impairs plus-end transport, and at high levels abolishes it. Our in vitro study
thus helps us understand in vivo observations that excess tau in cells affects primarily plus-
end directed transport (41,42)– the inhibition of minus end transport likely does occur but is
negligible, resulting in no apparent minus-end motion phenotype. No feedback or additional
compensatory changes are needed to understand this in vivo observation. Our result also
further bolsters our speculation regarding the role of excess tau seen in healthy neurons at
the distal ends of axons (both in absolute amount and relative to tubulin abundance (43,44)).
We now know that excess tau need not inhibit the loading of soma-destined cargos onto
MTs yet it can still help unload plus-end directed cargos.

Note: while this paper was in revision, we have learned of a similar effort (45), where the
authors come to qualitatively similar conclusions. However, that assay was performed with a
dynein-dynactin assembly and so is a more complex scenario than is explored here,
particularly since tau and dynactin are known to interact (46).

Materials and Methods
Protein purification

The purification of tau isoforms and tubulin was as previously described (2). Bovine brain
cytoplasmic dynein was purified using a nucleotide dependent microtubule affinity
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purification protocol (47). In order to maximize the quality of the dynein motor preparations,
we compared dynein preparations purified utilizing different buffer conditions. We found
that cytoplasmic dynein was most active (defined by the velocity of single motors and the
number of days that the motor retained full activity) when purified in pH 6.6 buffers. All
dynein motor preparations used in this work were purified in the optimized pH 6.6 buffers.

In Vitro Motility Assay
Microtubules were incubated with tau and fixed to glass slides as previously described (2),
so that dynein results presented here can be directly compared with the previously published
kinesin observations (2).

Dynein assay was prepared as previously described (15), with the following exceptions.
Data recording and analysis were performed as previously described (2).

Binding experiments
We have used 1 μm diameter polystyrene beads conjugated with protein-A (Polysciences,
Inc. Warrington, PA). To test the ability of dynein’s MT-binding domain to bind to MTs,
these beads (0.3 pM) were incubated for 10 minutes at room temperature with saturating
amount (0.3 nM) of 05-782 anti-GST antibody (Millipore, Billerica, MA) and the GST-
tagged dynein MT-binding domain construct (see below). To test anti-tubulin antibody
binding to MTs, the beads were incubated for 10 minutes at room temperature with 6G7
antibody (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). The
amounts of MT-binding domain protein and 6G7 antibody were set so that 80% of beads in
the respective assays bound to bare MTs. The beads were admitted into the flow chamber
where MTs were already present as described above. Bead binding was tested by bringing
the beads close to the MTs with an optical trap. Beads were found to bind to the MTs if they
failed to diffuse away from the MTs when the trap was switched off. To avoid possible non-
specific binding to the surface we sought out loose MTs and tested binding to those only.
Thus, we could gain additional confirmation of bead binding to MTs by visually correlating
random motions of the MT and the bead.

MTBD purification
The dynein MT-binding domain fragment was expressed from pGex4T-1 and purified as
follows. Bacterial cells were induced with 0.5mM isopropyl-J-D-thiogalactopyranoside for
19h at 25°C and harvested by centrifugation. The cells were resuspended in lysis buffer
(35mM Tris-Cl at pH 7.2, 5mM MgSO4, 5mM B-mercaptoethanol, 0.01% Nα-benzoyl-L-
arginine methyl ester, 0.01% Nα-4-tosylamino-L-arginine methyl ester, 0.01% L-1-4′
tosylamino-2-phenylethyl chloromethyl ketone with 100 ug ml−1 lysozyme) and
homogenized by sonication. The cell extract was centrifuged at 12,000g for 15min at 4°C in
an SS-34 rotor. The supernatant was clarified by centrifugation at 30,000g for 30min at 4°C
in a Ti45 rotor and loaded onto glutathione agarose beads (Sigma) that had been equilibrated
in GST column buffer (35mM Tris-Cl at pH 7.2, 5mM MgSO4, 100mM NaCl). The column
was washed with GST column buffer and eluted in GST elution buffer (35mM Tris-Cl at pH
7.2, 5mM MgSO4, 100mM NaCl, 10mM reduced glutathione). The peak elution fractions
were pooled, loaded onto a HiTrap heparin sepharose column (GE Biosciences, Piscataway,
NJ) that had been equilibrated in HepS column buffer (35mM Tris-Cl at pH 7.2, 5mM
MgSO4). The protein was eluted in HepS elution buffer (35mM Tris-Cl at pH 7.2, 5mM
MgSO4, 350mM NaCl). Protein concentration was determined by the Bradford assay
(Biorad, Hercules, CA). Further characterization of the MT binding domain is being
published elsewhere.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Dynein shows robust motility in the optical trap
(a) A bead trapped in an 8 mW optical trap is brought near a bare MT and allowed to bind to
the MT. At ~ 5 sec, the trap is turned off and motion of the bead along the MT is recorded.
When the bead detaches from the MT, the optical trap is turned back on, the bead is
recaptured, and again brought near a MT (the period of repositioning is highlighted in grey).
The force production events are recorded for an extended period of time. After the
recording, the bead is again released by turning the trap off (the times where the trap is
turned off are shown by red arrows). The velocity before (~691 nm/sec) and after (~754 nm/
sec) an extended period of the bead being in the trap are comparable. (b) A bead was trapped
in a 28 mW optical trap (the power used for most data recording in this paper) for more than
four minutes. Upon release (see inset for zoomed in portion of the track’s end), the bead
traveled at a high velocity (1.26 μm/sec). These results illustrate that dynein motors showed
robust consistent characteristics, such as fast travel, even when exposed to an optical trap (as
high as 28 mW) for several minutes.
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Fig.2. Tau’s effect on dynein-based travel distances
Dynein-based travel for beads incubated at lower (panels a-f) and higher (panels g-i) dynein
concentrations is shown. Parallel assays were used to compare transport on MTs with
increasing amounts of tau. Panels a, c and e show the effect of increasing 4RL tau (0, ~0.1,
~0.2 tau/tubulin dimer, respectively). Similarly, panels b, d and f show the effect of
increasing 3RS tau. For ease of comparison, the histogram for the no tau case is reproduced
twice (a,b). Results for 4RL (c,e) and 3RS (d,f) tau isoforms show that the effect of tau on
MTs only becomes significant at higher concentrations of either isoform, and that the 3RS
isoform inhibits dynein-based transport more strongly. Similarly, at higher dynein
concentrations (panels g-i) robust long-range dynein-based transport on bare MTs (g) is
notably inhibited by ~0.2 tau/tubulin dimer of 4RL (h) and 3RS (i) isoforms. The 3RS
isoform is again found to be the more potent inhibitor of transport. The black bars represent
counts where the beads traveled beyond the field of view of the microscope. Exponential
decay fits to the data in (a), (c), (d), (e), (f), (i) have decay lengths 2.23 ± 0.13; 2.21 ± 0.20;
1.77 ± 0.14; 1.38 ± 0.14; 0.59 ± 0.07; 0.84 ± 0.08 μm respectively (mean estimate from fit ±
SEM). Statistical significance of differences in means of distributions was analyzed using
ranksum test (95% confidence interval). The means of distributions in (a), (c), (d), (e) are
not significantly different from each other but are significantly different from the
distribution in (f). Interestigly, the mean decay length in (i) is significnatly larger than in (f),
reflecting the increased number of motors present in (i). Elsewhere in the paper, data
presented corresponds to the lower dynein concentration, panels a-f.
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Fig. 3. Tau’s effect on dynein-based travel velocities
(a) A sample track of dynein-based bead travel. In this case, once the bead is released from
the trap, its motion consists of two constant velocity segments (least square fit is shown in
blue and annotated with corresponding velocities). The histograms for velocity segments are
shown for motion on bare MTs (b), MTs covered with ~0.2 4RL tau/tubulin dimer (c), and
MTs covered with ~0.2 4RL tau/tubulin dimer (d). The distributions are peaked around 650
± 31, 748 ± 39, 658 ± 44 nm/sec in panels (b), (c), and (d) respectively (mean ± SEM). The
difference between the no tau and 4RL tau velocities is not statistically significant (ranksum
test used due to presence of high velocity outliers, p=0.081). We observed no reproducible
difference in velocities due to tau’s presence on MTs.
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Fig. 4. Dynein force production in the presence of tau
Histograms of stalling forces with no tau on MTs (a), ~0.2 4RL tau/tubulin dimer (b), and
~0.2 3RS tau/tubulin dimer (c) feature three identifiable peaks (at ~1.1 pN, ~1.8 pN, and
~2.6 pN). The decrease in counts on the high-force side of the ~2.6 pN peak are not shown
here (but see expanded histogram in supplement). Black bars represent counts for stall
forces outside the linear range of the optical trap. Example stall shapes corresponding to the
three peaks are shown in (g-i) respectively. Notably, higher stall force are significantly
suppressed (but still observed) in the 3RS tau assay (c). Indeed, the reduction is also seen in
overall force production (not just stall events). Representative bead displacement in an
optical trap (panels d-f) for one bead is shown for each assay. The force production for no
tau (d) and high 4RL tau (e) events are similar. The frequency of moderate and high force
events in the high 3RS assay is significantly reduced (f). Because the motors need to move
extremely short distances to generate such forces, this decrease reflects an effect of tau on
the motor’s on-rate, confirming the general picture derived from the stall-force histograms
(a-c). We conclude that high amounts of 3RS tau can significantly reduce the average
number of engaged motors in our dynein assay, but that multiple motors can still engage in
transport.
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Fig. 5. Static binding experiments probe the role of tau at and away from the MT
We tested how tau affects binding of MTBD to MTs with bead-based assay (a,b). We used
polystyrene beads (schematically represented by grey spheres) conjugated to protein A (dark
red ovals). Protein A was in turn bound with anti-tubulin antibody (red Y) or anti-GST
antibody (cyan Y) and GST-tagged MTBD of dynein (dark blue). These two bead
configurations were bound to MTs with no tau, 3RS and 4RL tau (0.21 bound tau/tubulin
dimer ratio). The results of binding experiments are shown in (c). The presence of either
isoform of tau on MTs only slightly reduces bead binding to MTs (red bars). However, tau
very strongly inhibits the binding of MTBD of dynein (blue bars) even though the
geometries used (a,b) are nearly identical. Note that the 3RS inhibits MTBD binding more,
consistent with our observation that this isoform has a stronger effect on dynein on-rate and
dynein-driven bead travel distances (Fig. 2, 4). Note also that the full dynein motor has two
binding domains so the net effect of tau on full motor binding is likely to be less pronounced
than for a single dynein’s MT-binding domain. The error bars shown are estimated as

, where P is the fraction of binding events and Ntotal is the number of beads
tested.
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