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solutions orient the pentamer with its broader
base facing outward. This is consistent with the
role the pentamer appears to play in introducing
curvature into the hexagonal layer. A notable
feature of the hexagonal layer of the carboxy-
some shell is the presence of a bowl-shaped
depression or concavity on one side of the hex-
americ building block (figs. S3 and S4). This
depression is situated on the same side of the
hexamer as both the N and C termini of the pro-
tein chain, and the prominence of the depression
is affected by the disposition of the C terminus,
which tends to vary in conformation between
different homologs of the carboxysome hexamer
(11, 12). The narrow pore through the carboxy-
some hexamer tends to be positively charged,
but the bowl-shaped depression surrounding the
pore has a partial hydrophobic character, giving
one side on the hexameric layer a distinctive ap-
pearance (Fig. 3). The model building does not
resolve whether this side of the layer faces inward
or outward. In one of the plausible models con-
structed here, it faces inward and could interact
with RuBisCO, carbonic anhydrase, or possibly
other protein components.

The present findings clarify the roles of pre-
viously uncharacterized proteins in the carboxy-
some; accordingly, we propose that the genes
orfA and orfB be renamed csoS4A and csoS4B,
consistent with other known shell protein genes
in a-type carboxysomes. The results also lead to
atomic models for the carboxysome shell, but
these are incomplete in numerous respects, and
considerably more work will be required to
complete our understanding of this structure.
For instance, the details of how the pentamers
and hexamers fit together are only approximated

here, and how the edges of the icosahedral shell
are formed where a hexagonal layer bends is
unknown. In addition, interactions that are almost
certain to exist between the shell and the other
enzymatic components of the carboxysome are
only beginning to be elucidated (28).

The emerging structure of the carboxysome
emphasizes common principles under which bac-
terial microcompartments and certain previously
characterized viral capsids are constructed and
illustrates the ability of evolution to produce a
diversity of highly complex molecular structures
from common principles and a small repertoire of
basic building blocks. The elucidation of the
component structures of the carboxysome shell
also opens up strategies for designing new kinds
of molecular containers or reaction chambers on
the mid-nanometer scale.
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Differential Regulation of Dynein and
Kinesin Motor Proteins by Tau
Ram Dixit, Jennifer L. Ross,* Yale E. Goldman, Erika L. F. Holzbaur†

Dynein and kinesin motor proteins transport cellular cargoes toward opposite ends of microtubule
tracks. In neurons, microtubules are abundantly decorated with microtubule-associated proteins
(MAPs) such as tau. Motor proteins thus encounter MAPs frequently along their path. To determine
the effects of tau on dynein and kinesin motility, we conducted single-molecule studies of motor
proteins moving along tau-decorated microtubules. Dynein tended to reverse direction, whereas
kinesin tended to detach at patches of bound tau. Kinesin was inhibited at about a tenth of the tau
concentration that inhibited dynein, and the microtubule-binding domain of tau was sufficient to
inhibit motor activity. The differential modulation of dynein and kinesin motility suggests that
MAPs can spatially regulate the balance of microtubule-dependent axonal transport.

Active transport of cytoplasmic material
along microtubules is critical for cell or-
ganization and function, and defects in

this process are associated with dysfunction and
disease (1). Much of the active transport in cells
depends on the molecular motor proteins cyto-
plasmic dynein and kinesin-1, which transport

cargo toward the minus-end (toward the cell
center) and plus-end of microtubules (toward the
cell periphery), respectively. Dynein and kinesin
have very different structures and translocation
mechanisms (2). Kinesin has a compact motor
domain and walks unidirectionally along single
protofilaments with 8-nm steps (2). In contrast,

dynein has a larger, more complex motor domain
and is capable of variable step sizes, lateral steps
across the microtubule surface, and processive
runs toward both the minus- and plus-end of the
microtubule (3–5). Cytoplasmic dynein function
in vivo also requires an accessory complex, dy-
nactin. This large,multiprotein complex is thought
to facilitate dynein processivity (6) and may also
regulate dynein activity (5). Within the cell, the
balance between oppositely directed transport de-
termines the steady-state distribution of organelles
and biomolecules.

In the crowded cell environment, dynein and
kinesin compete with nonmotile microtubule-
associated proteins (MAPs) for binding to the
microtubule surface. MAPs bound to micro-
tubules might also block the path of motor
proteins. Thus, MAPs can provide spatio-
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temporal regulation of motor proteins in vivo.
Tau, a neuronal MAP, inhibits kinesin activity
in vivo and in vitro (7–10); however, its effect
on dynein activity is not well understood. We
sought to directly observe individual encounters
between single dynein or kinesin motors and tau
on microtubule tracks to determine how struc-

turally distinct motors respond to obstacles in
their path.

Tau is expressed in neurons as multiple
splice forms in a developmentally regulated
manner (11). These isoforms differ in the num-
ber of microtubule-binding repeats and the length
of the projection domain (Fig. 1A). We focused

on the shortest and longest tau isoforms, tau23
and tau40, to compare their overall effects on
motor proteins. To directly visualize tau on micro-
tubules, we fluorescently tagged purified re-
combinant tau proteins with Alexa 546 dye
(fig. S1A). Functionality of labeled tau was dem-
onstrated in microtubule-binding assays (fig. S2).

Fig. 1. Decoration of microtubules by Alexa-labeled tau. (A)
Tau structure consists of an acidic projection domain and a
basic microtubule-binding domain containing microtubule-
binding repeats (R1 to R4) and proline-rich regions (P1 to
P3). In the mammalian central nervous system, tau40 is the
longest isoform and tau23 is the shortest isoform, which lacks
insertions (I1 and I2) in the projection domain and the R2
microtubule-binding motif. K35 and K33 are recombinant
variants of tau23 that are truncated at their N termini.
Arrowheads indicate the position of cysteine residues used for
conjugation of Alexa546. (B) Microtubule labeling by Alexa-
tau23 and Alexa-tau40 shows a concentration-dependent
increase in patch size and fluorescence intensity. Scale bars in
(B) denote 2 mm. (C) Photobleaching of 10 nM Alexa-tau23
patches with a laser intensity 10 times as great as that used in
(D) and (E) shows stepwise decreases in fluorescence intensity
of the tau patches. Fluorescence intensity along the dotted
line is plotted below, indicating four Alexa-tau23 molecules
at this position. (D) Binding of 10 nM Alexa-tau23 to a micro-
tubule shows a stepwise increase in fluorescence intensity of the
tau patches. Fluorescence intensity along the dotted line is
plotted below, showing sequential addition of two Alexa-tau23
molecules. (E) Kymograph shows stable tau decoration during
the observation period. x-scale bar, 2 mm; y-scale bar, 10 s.

Fig. 2. Direct observation of encounters between
single molecules of kinesin or dynein-dynactin and
Alexa-labeled tau. (A) The effect of Alexa-tau23
(red bars) and Alexa-tau40 (blue bars) on kinesin
and dynein motility. Kinesin either detaches,
passes, or pauses (stationary for ≥ 10 frames) at a
tau patch, whereas dynein either reverses direction
or passes through a tau patch. The number of
events is indicated in parentheses. (B and C) (Left)
An Alexa-tau–decoratedmicrotubule (red), with the
relative intensity of tau fluorescence reported as the
estimated number of tau molecules on the y axis.
The kymograph (green) shows dissociation of two
kinesin molecules (B) or directional reversal of two
dynein-dynactin molecules (C) upon encountering
a tau cluster (dotted line). (Right) Select images
from each experiment. The arrowheads mark the
kinesin or dynein molecules that encountered tau.
x-scale bar, 1 mm; y-scale bar, 5 s. Scale bars in the
right panels denote 1 mm.
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Alexa-labeled tau23 and tau40 decorated
Taxol-stabilized microtubules in patches whose
size and fluorescence intensity increased with
tau concentration (Fig. 1B). At 10 nM tau,
patches were composed of 3 to 20 labeled tau
molecules. Analysis of the spatial frequency

spectrum of fluorescence intensity along the
microtubule suggested that tau patches typically
extended up to 1.2 mm (see legend to fig. S4).
At peak intensity within a patch, we observed
four or five bleaching events (Fig. 1C), corre-
sponding to ~10 total tau molecules per

diffraction-limited spot. These patches were
formed by stepwise association of single tau
molecules (Fig. 1D), consistent with tau’s
property of self-associating into clusters along
the microtubule surface (12). The low–ionic
strength buffer used in our experiments may fa-

Fig. 3. Concentration- and isoform-dependent effect of tau on kinesin and
dynein-dynactin motility. (A) Representative kymographs show kinesin and
dynein-dynactin motility at 0 nM tau23 and at 10 nM tau23. x-scale bar,
1 mm; y-scale bar, 5 s. The bar graphs illustrate the concentration-dependent

effect of tau23 (red bars) and tau40 (blue bars) on the average binding frequency and motile fraction of kinesin and dynein-dynactin. The error bars
represent the SEM of ≥ 100 events for 0 to 10 nM tau and the SEM of ~50 events for 100 nM tau. A statistically significant difference (P < 0.05) from control
is indicated by asterisks. (B) The histograms show the differential effect of 1 nM tau23 (orange bars) on the run length distribution of kinesin and dynein-
dynactin. The bar graphs illustrate the concentration-dependent effects of tau23 (red bars) and tau40 (blue bars) on the average run length of kinesin and
dynein-dynactin. The error bars represent the SEM of ≥ 100 events for 0 to 10 nM tau and the SEM of ~30 events for 100 nM tau. A statistically significant
difference (P < 0.05) from control is indicated by asterisks.

Fig. 4. Comparison of the inhibitory effect of full-length and
truncated versions of tau23 on kinesin and dynein-dynactin
motility. (A) The bar graphs illustrate the effect of 0 nM (yellow
bars), 10 nM (orange bars) and 25 nM (red bars) tau23 and its
truncation variants, K35 and K33, on the average binding
frequency and percent motile fraction of kinesin and dynein-
dynactin. The error bars represent the SEM of ≥ 50 events. A
statistically significant difference (P < 0.05) from control is
indicated by asterisks. (B) Model of the role of tau in the
regulation of axonal transport. In a healthy neuron, tau can be
distributed in a proximal-distal gradient (shown in gray) that
allows kinesin-driven anterograde transport from the cell body
(green arrow). At the synapse, the relatively high tau concentration
facilitates kinesin dissociation (red arrow). However, dynein is able
to bind to distal microtubules because of its lower sensitivity to tau.
In Alzheimer’s disease (degenerating neuron), tau accumulates at
the soma and consequently inhibits kinesin-driven anterograde
transport (red blocked arrow), leading to neurodegeneration.
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cilitate tau clustering, but concentration-dependent
tau clustering has also been observed along axons
in cultured neurons (13). Under the conditions
of our experiments, the Alexa-tau patches were
stable over the time course of several minutes
(Fig. 1E), significantly longer than the average
duration of motor runs (5 to 30 s). This feature
allowed the direct visualization of encounters be-
tween motors and tau molecules bound to the
microtubule surface.

Interactions between green fluorescent pro-
tein (GFP)-labeled dynein-dynactin isolated from
mouse brain (5) or recombinant kinesin-GFP
(14) (fig. S1, B and C) and Alexa-labeled tau on
microtubules were observed directly by total in-
ternal reflection fluorescence microscopy (5). The
frequency of kinesin-GFP binding to microtu-
bules decreased with increasing local tau fluo-
rescence intensity, whereas the frequency of
dynein-dynactin-GFPbindingwas nearly indepen-
dent of local tau fluorescence intensity (fig. S3).
Thus, kinesin-GFP binding was inhibited more
effectively by tau than was dynein-dynactin-GFP
binding.

When single kinesin-GFP motors encountered
tau patches on the microtubule, most of the
motors detached from the microtubule surface
(Fig. 2, A and B, and movies S1 and S2). For
a given tau patch, kinesin was likely to detach at
the position of peak tau fluorescence intensity
(Fig. 2B). Hence, the probability of kinesin de-
tachment is a function of the local tau con-
centration. Inhibition of kinesin motility was
also tau-isoform specific. When kinesin-GFP
did bind within a tau23 patch, mean run length
was reduced by ~50% compared to mean run
length along bare microtubule regions (from
1.7 ± 0.25 mm to 0.9 ± 0.03 mm; n ≥ 100).
Although tau40 patches also induced detach-
ment of kinesin-GFP molecules (Fig. 2A and
movie S2), the mean run length of kinesin-GFP
moving within tau40 patches was not affected
significantly (1.89 ± 0.36 mm; n = 51).

In contrast to kinesin, encounters of dynein-
dynactin-GFP with Alexa-tau molecules did not
induce motor detachment or pausing. Instead,
dynein-dynactin tended to reverse direction upon
encountering tau (Fig. 2, A and C, andmovies S3
and S4). When dynein-dynactin bound within a
tau23 patch, it did not rapidly detach like kinesin,
but remained paused for relatively long periods
(3 to 15 s). Tau40 also induced directional rever-
sals as dynein-dynactin approached tau patches
(Fig. 2A); however, the velocity and run length
of dynein-dynactin within an Alexa-tau40 patch
were not affected significantly (movie S4).

Thus, dynein-dynactin’s response to encoun-
ters with tau was fundamentally different from
kinesin’s response, which may be related to
dynein-dynactin’s innate ability to execute pro-
cessive backward runs. This ability would allow
dynein-dynactin to remain attached to the micro-
tubule after encounters with tau, whereas kinesin’s
inflexible nature makes it more likely to detach
from the microtubule.

To examine the concentration-dependent
effect of tau on motor function, we varied un-
labeled tau23 and tau40 over a range encom-
passing the normal endogenous molar ratio of
tubulin:tau of ~20:1. Tau decreased the binding
frequency, motile fraction (defined as the pro-
portion of landing motors that moved ≥250 nm),
and run length of both kinesin-GFP and dynein-
dynactin-GFP in a concentration- and isoform-
dependent manner (Fig. 3, A and B; movies S5
to S10). The inhibitory effects of tau23 were
less pronounced for dynein-dynactin than for
kinesin. For example, 1 nM tau23 (50:1 tubulin:
tau molar ratio) inhibited significantly the bind-
ing frequency and run length of kinesin but not
of dynein-dynactin (Fig. 3). Significant inhibi-
tion of dynein was not observed until tau23 con-
centration was increased 10-fold. Tau40 was a
less potent inhibitor for both motors; we did not
obtain significant inhibition of either kinesin or
dynein-dynactin motility at physiologically rel-
evant tubulin:tau molar ratios with this isoform
(Fig. 3). Neither tau23 nor tau40 significantly
changed motor velocity of either kinesin or
dynein-dynactin at any of the concentrations
tested (table S1).

From a structural standpoint, tau might in-
hibit motor function through its projection do-
main and/or its microtubule-binding domain. To
determine the relative contribution of these do-
mains to motor inhibition, we studied the effects
of truncated versions of tau23 on motor func-
tion. The truncated polypeptides, designated K35
and K33, differ in the length of their projection
domain (Fig. 1A) but have microtubule-binding
affinities similar to that of full-length tau23 (15).
Alexa-labeled K35 and K33 decorated micro-
tubules in a pattern similar to that observed for
Alexa-labeled tau23 (fig. S4). The truncated
forms of tau inhibited both kinesin-GFP and
dynein-dynactin-GFP in a concentration-
dependent manner (Fig. 4A). Indeed, both trun-
cated forms were stronger inhibitors of motor
proteins than was full-length tau23. Thus, the
microtubule-binding domain of tau was suffi-
cient for motor inhibition. Differences in the net
charge of the projection domain between tau40
(−15), tau23 (−4), and K35 (+5) correlate well
with their relative ability to inhibit binding of
motor proteins, suggesting that the acidic pro-
jection domain may mimic the acidic tail of
tubulin and electrostatically recruit motor pro-
teins to the microtubule surface.

We propose a model in which tau controls
the balance of microtubule-dependent axonal
transport in the neuron by locally modulating
motor function. In a healthy neuron, tau can
be distributed in a proximal-to-distal gradient
(16, 17). Lower tau concentration at the cell
body would allow kinesin to efficiently bind
to microtubules and initiate anterograde trans-
port of cargo, whereas higher tau concentra-
tion at the synapse would facilitate cargo release
(Fig. 4B). At the same time, dynein-driven ret-
rograde transport from the distal axon would not

be impeded due to dynein’s lower sensitivity to
tau (Fig. 4B). Neurons can potentially fine-tune
the occupancy of tau along axons by phospho-
rylation or dephosphorylation of sites within the
microtubule-binding domain (18). On the basis
of this model, perturbing tau distribution would
predictably impair axonal transport. For exam-
ple, in Alzheimer’s disease, tau accumulates in
the somatodendritic compartment (19, 20); our
model then predicts that kinesin-driven antero-
grade transport of new material to the axon
terminal would be severely compromised, lead-
ing to neurodegeneration (1). The differential
sensitivity of dynein and kinesin to tau thus
provides a mechanism for spatiotemporal reg-
ulation of axonal transport.
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