
Santwana Kar, Juan Fan, Michael J.Smith,
Michel Goedert and Linda A.Amos1

MRC Laboratory of Molecular Biology, Hills Road,
Cambridge CB2 2QH, UK

1Corresponding author
e-mail: laa@mrc-lmb.cam.ac.uk

The tau family of microtubule-asssociated proteins
has a microtubule-binding domain which includes
three or four conserved sequence repeats. Pelleting
assays show that when tubulin and tau are co-
assembled into microtubules, the presence of taxol
reduces the amount of tau incorporated. In the
absence of taxol, strong binding sites for tau are ®lled
by one repeat motif per tubulin dimer; additional tau
molecules bind more weakly. We have labelled a
repeat motif with nanogold and used three-dimen-
sional electron cryomicroscopy to compare images of
microtubules assembled with labelled or unlabelled
tau. With kinesin motor domains bound to the micro-
tubule outer surface to distinguish between a- and
b-tubulin, we show that the gold label lies on the inner
surface close to the taxol binding site on b-tubulin.
Loops within the repeat motifs of tau have sequence
similarity to an extended loop which occupies a site in
a-tubulin equivalent to the taxol-binding pocket in
b-tubulin. We propose that loops in bound tau
stabilize microtubules in a similar way to taxol,
although with lower af®nity so that assembly is
reversible.
Keywords: kinesin/microtubule-associated proteins
(MAPs)/taxol/three-dimensional image reconstruction/
tubulin

Introduction

Microtubules assembled from ab-tubulin heterodimers are
labile polymers unless stabilized by other molecules. The
anti-cancer drug taxol does this by binding to a speci®c site
on b-tubulin, on the inside of a microtubule, where it is
thought to in¯uence interactions between adjacent sub-
units (Nogales et al., 1999). Structural microtubule-
associated proteins (MAPs), such as tau, also maintain
the stability of tubulin polymers. The repeat motifs found
in the microtubule-binding domain of tau are conserved
from nematodes and fruit ¯ies to humans (Goedert et al.,
1996; Heidary and Fortini, 2001) and have 60±70%
sequence similarity to motifs in other MAPs such as the
high molecular weight neuronal MAP2 and the more
widespread MAP4. Tau is widely expressed in the nervous
system, where it plays an essential role; although mice that
are de®cient in either tau alone or MAP1B alone appear
normal, those lacking both MAPs show neuronal defects

and die by 4 weeks of age (Takei et al., 2000). In humans,
hyperphosphorylated tau can assemble into abnormal
®laments characteristic of Alzheimer's and other neuro-
degenerative diseases (Lee et al., 2001). Mutations in or
close to the repeat region cause inherited frontotemporal
dementia and parkinsonism linked to chromosome 17
(FTDP-17) (Hutton et al., 1998; Poorkaj et al., 1998;
Spillantini et al., 1998). Functionally, such mutations
often reduce the ability of tau to promote microtubule
assembly (Hasegawa et al., 1998). The six isoforms of
human brain tau are alternatively spliced from a single
gene and differ by having three or four conserved repeat
motifs in the microtubule-binding domain and no, one or
two insertions in the N-terminal projection domain
(Figure 1A). The repeats (Figure 1B) have microtubule-
binding and assembly-promoting activity, while the
regions ¯anking them have binding af®nity but do not
promote assembly (Trinczek et al., 1995). 3R-tau and
4R-tau are developmentally regulated and imbalances in
their ratios can lead to FTDP-17 (Hutton et al., 1998;
Spillantini et al., 1998), indicating that each isoform has
distinct roles.

Hitherto, studies of tau±tubulin interactions have
involved peptides of tau or tubulin reacting under non-
physiological conditions, or whole tau molecules or
fragments binding to preformed taxol-stabilized micro-
tubules (Littauer et al., 1986; Melki et al., 1991; Gustke
et al., 1994; Chau et al., 1998; Al-Bassam et al., 2002). It
has been reported that, when tau or other MAPs are added
to microtubules which have already been assembled into
closed tubes and stabilized, they bind to the outer surface
in a speci®c manner (Chau et al., 1998; Ackmann et al.,
2000; Al-Bassam et al., 2002). We have investigated the
interaction of whole tau co-assembled with microtubules
in the absence of taxol and have found that tau binds more
tightly than when taxol is present. Taxol is known to bind
to a site on b-tubulin on the inside of a microtubule where
a-tubulin has a conserved extra loop (Nogales et al.,
1999). We have labelled a repeat motif in the microtubule-
binding domain of tau with nanogold and located the label
on microtubules by three-dimensional electron cryomicro-
scopy. The results indicate that under our assembly
conditions a repeat motif occupies a similar site to taxol.
Since tubulin cannot have evolved to bind taxol, we
believe that our work ®nally answers the question of what
type of natural substrate binds to this pocket in b-tubulin.

Results

The possibility that a tau repeat might bind to a site on
b-tubulin that overlaps the taxol site was initially
suggested by sequence similarity between tau repeats
and the extended loop in a-tubulin (Figure 1B) which ®lls
a pocket similar to the taxol site (Nogales et al., 1999).

Repeat motifs of tau bind to the insides of
microtubules in the absence of taxol
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We puri®ed recombinant proteins as described previ-
ously (Smith et al., 2000), choosing two tau isoforms: a
45.8 kDa molecule (4R-tau) with four repeats (Figure 1)
and a 42.6 kDa molecule (3R-tau) with three repeats. Both
were tested for activity in assembly assays (Figure 1C),
since we found that tau puri®ed by some methods can have
low activity even if the protein is pure and binds well to
microtubules in pelleting assays. We used only fully
`active' tau for most experiments and included trimethyl-
amine-N-oxide (TMAO) in all our buffers, since this and
other osmolytes enhance the effect of tau on tubulin
assembly (Tseng and Graves, 1998; Smith et al., 2000). To
stabilize microtubules further during the preparation of
samples for electron microscopy, we added GMPCPP, an
analogue of GTP that is only slowly hydrolysed (Hyman
et al., 1992).

Pelleting assays were carried out with a constant amount
of tubulin and varying amounts of 4R-tau or 3R-tau. Under
the conditions used, very low tau concentrations failed to
stimulate the assembly of a large fraction of the tubulin,
which remained in the supernatant, whereas at tau
concentrations >1 mM most of the tubulin appeared in
the pellets (Figure 2A and B). Plots of the amounts of tau
in the pellets (Figure 2C and D) show strong binding
(estimated dissociation constant ~10±7 M) at low ratios of
tau to tubulin. Tau started to appear in the supernatant
sooner for 3R-tau than for 4R-tau. The strong binding
range of 3R-tau to tubulin is up to one tau molecule per

three tubulin dimers (~3.3 mM 3R-tau to 10 mM tubulin
dimers) (Figure 2C). At higher ratios, the gradient of the
curve is less steep, indicating weaker binding (~10±6 M).
Strong binding of 4R-tau persisted as far as one tau
molecule per two to three tubulin dimers (~4 mM 4R-tau to
10 mM tubulin dimers) (Figure 2D).

The acidic C-terminal residues of tubulin have been
shown to interact with MAPs (Serrano et al., 1984; Chau
et al., 1998), although binding is not abolished by loss of
these residues. To investigate the importance of their role
in binding tau of known activity, we repeated some
experiments with tubulin whose C-termini had been
removed by subtilisin digestion (S-tubulin). It was neces-
sary to prepare S-tubulin in the presence of taxol to ensure
its stability during complete modi®cation of both a- and
b-tubulin (Serrano et al., 1984) (Figure 3A), which meant
that we could not test tau-induced assembly in the
complete absence of taxol. The binding of 3 mM active
4R-tau and 3 mM active 3R-tau to S-tubulin microtubules
is shown in Figure 3B. We estimate that, compared with
normal tubulin and 20 mM taxol, binding of active 4R-tau
was reduced by 15% and binding of active 3R-tau by 28%.
The loss was greater, but still not complete, for less active
3R-tau (Figure 3C). Native MAP2 reacted in a similar way
to active recombinant tau (Figure 3B).

Binding assays carried out with tau and normal tubulin
in the presence of kinesin and AMP-PNP (Figure 3D)
produced no signi®cant difference in the amount of tau
pelleted, showing that strongly bound kinesin does not
compete with tightly bound tau. Furthermore, the amount
of kinesin bound was the same whether it was added
before or after microtubule assembly (not shown).

Fig. 1. Comparison of differences in tau proteins. (A) Diagram of
four-repeat tau (4R-tau) molecule. The N-terminal segment forms a
projection from a microtubule when the rest of the molecule is bound
(Hirokawa et al., 1988). R1±R4 repeat motifs are ¯anked by proline-
rich (P1±P2) and C-terminal segments. 3R-tau is similar apart from
lacking one of the repeat motifs. (B) Amino acid sequence of the four
repeats in one-letter code. Mutation sites C291I, C322I and S305C are
indicated. Boxed sequence (V275±S305) is absent from three-repeat tau
(3R-tau). The sequence from a-tubulin (T361±L368) is an extra loop
®lling the equivalent of the taxol site. (C) Spectroscopic assay of
microtubule assembly with 4R-tau and 3R-tau, each puri®ed by two
methods (see text).

Fig. 2. Pelleting assays. (A and B) SDS±polyacrylamide gels showing
proteins in pellets (P) and supernatants (S) when 10 mM tubulin dimer
was incubated with increasing concentrations of either triple mutant
4R-tau (A) or wild-type 3R-tau (B). Tau runs anomalously above
tubulin (Tu) on gels. Wild-type 4R-tau (see Figure 3) and the mutant
(shown here and in Figure 5C) gave indistinguishable results. (C and
D) Plots of pelleted tau measured by densitometry of gels such as those
in (A) and (B). The points diverge ®rst gradually, then much more
rapidly, from the diagonal lines as increasing proportions of tau appear
in the supernatant.
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In further pelleting assays with normal tubulin, inclu-
sion of 20 mM taxol increased the amount of tau in
supernatants for both 3R-tau and 4R-tau (Figure 4A and
B). For example, when 3 mM 3R-tau was mixed with
10 mM tubulin dimer, 20% less bound when taxol was
present; for 3 mM 4R-tau, ~12% less bound in the presence
of taxol. As a result, the binding curves make the break
from the tight binding phase to the weaker binding phase at
lower stoichiometries. The slope of the weak binding
phase for 3R-tau is not changed signi®cantly (Figure 4C).
The behaviour of high concentrations of 4R-tau was more
variable, for reasons that are unclear (Figure 4D). When
the concentration of taxol was increased to 200 mM, the
maximum that would dissolve, a little more tau appeared
in some supernatants but concentrations of either type of
tau up to 2 mM still bound quite strongly. Scatchard plots
in the absence or presence of taxol approximate to two
straight lines. The plot for 3R-tau (Figure 4E) shows that
taxol reduces the af®nity of the tight binding phase and
also that the tau to tubulin dimer ratio at which the weaker
binding phase takes over decreases to 1:5 (2 mM 3R-tau
to 10 mM tubulin dimers) instead of 1:3. The Scatchard
plot for 4R-tau (see Supplementary data available at
The EMBO Journal Online) shows qualitatively similar
changes.

To locate the binding site for the repeat motifs by
electron microscopy, we made a triple mutant of 4R-tau
with a single cysteine in R2 (see Figure 1B). The mutant
tau was as ef®cient as wild-type 4R-tau in nucleating
microtubules from soluble tubulin (data not shown) and
the binding curve was also unchanged. Since we used the
mutant 4R-tau for the nanogold experiments, we have
shown the binding curves of this protein (Figure 2).
Nucleation and binding were also unchanged when the

cysteine of the mutant was labelled with nanogold
(Figure 5C). We puri®ed the labelled tau away from
excess gold to avoid non-speci®c labelling (Figure 5A and
B) and used it to polymerize microtubules for electron
cryomicroscopy. Assembly was in the presence of TMAO
and GMPCPP to help make well ordered specimens for
computer analysis. We also tested that replacing GTP with
GMPCPP made no difference to the way that tau bound to
microtubules in the pelleting assay (Figure 5C).

Micrographs were taken of unstained frozen specimens
(Figure 6A). Some gold particles can be seen easily
(arrows) but others may be obscured by noise (Figure 6B).
In any case, they are unlikely to appear in a regular pattern,
since tau molecules cannot be arranged with proper helical

Fig. 3. (A) Western blots of SDS gels, with lanes containing undigested
tubulin (Tu) and subtilisin-digested tubulin (ST), incubated with four
different anti-tubulin monoclonal antibodies speci®c to either a- or
b-tubulin; the epitopes lie either at the very C-termini or closer to the
N-termini. (B) SDS gels showing 3.0 mM wild-type 3R- and 4R-tau
and 1.0 mM native MAP2 (M2) (Sigma) in pellets (P) and supernatants
(S) when incubated with 10 mM S-tubulin (ST). To ensure its stability
during digestion, ~30 mM taxol was present with the S-tubulin. 1.0 mM
MAP2 was also incubated with 10 mM control tubulin (Tu). (C)
Pelleting assay to compare the binding to S-tubulin of 3R-tau puri®ed
by method 1 or method 2. (D) Binding of 3R-tau to normal tubulin in
the absence or presence of kinesin motor domains (K). Results similar
to those shown in (C) and (D) were obtained with 4R-tau.

Fig. 4. Effect of taxol on tau binding. (A and B) SDS±polyacrylamide
gels showing proteins in pellets (P) and supernatants (S) when 10 mM
tubulin dimer was incubated with increasing concentrations of
wild-type 3R-tau and 4R-tau in (A) the absence or (B) the presence of
20 mM taxol. Similar results were obtained for triple mutant 4R-tau,
before and after labelling with nanogold (Figure 5). (C and D) Plots of
pelleted WT tau measured by gel densitometry. A binding curve in the
presence of 200 mM taxol is also included. (E) Scatchard plots of the
results for 3R-tau showing the large change in the dissociation constant
(inverse of the slopes of the lines) when excess tau is bound. In the
absence of taxol, below 3 mM total tau there is so little in the
supernatants that the slope of the strongly binding phase is not de®ned
accurately by our data. There is even greater uncertainty for 4R-tau,
which apparently binds more tightly (Supplementary data).
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symmetry in a 1:4 ratio on the tubulin dimer lattice.
Images of 15-proto®lament microtubules were processed
by Fourier methods. Those that gave good diffraction
patterns (e.g. Figure 6C) were used to produce recon-
structed images. The reconstruction method depends on
averaging different subunits to obtain different views and
to reduce noise. Because the gold particles are not in a
symmetrical arrangement, it is impossible to reconstruct a

three-dimensional image in which one out of each eight
tubulin monomers appears labelled. Instead, the label will
appear at a reduced intensity on every subunit. We ®rst
reconstructed two-dimensional images (end-on views) to
®nd the radial position of the gold label. The electron
density maps of averaged end-on views of microtubules
with unlabelled tau (Figure 7B) and nanogold-labelled tau
(Figure 7C) appeared similar by eye, but difference maps
(Figure 7D) reproducibly showed density corresponding to
the gold label on the inside of the microtubule (Figure 7C,
yellow). The peak density difference lies well outside the
99% con®dence limit for random variance in individual
maps. There were no signi®cant differences on the outside.
We then calculated three-dimensional maps in which
every tubulin monomer was averaged and the difference

Fig. 5. (A) Separation of free nanogold from labelled protein by gel
®ltration (red curve). (B) Fractions of the ®rst peak were dotted onto
nitrocellulose paper and stained to detect the presence of gold and
protein. The second peak (free gold without protein) did not bind to the
paper. (C) Binding assays of labelled and unlabelled triple mutant tau
(4R-tauTM). The curve shown is for assembly with GMPCPP; results
for GTP were similar.

Fig. 6. (A) Electron micrograph of a frozen hydrated microtubule con-
taining nanogold-labelled 4R-tauTM. Arrows indicate some of the gold
particles that can be seen directly. (B) Model of a 15 kDa gold particle
attached to a 50 kDa tubulin monomer (top left). In the image of a
microtubule containing one labelled tau molecule per three to four tu-
bulin dimers, a labelled monomer will usually be superimposed on an
unlabelled monomer on the other side of the tube (lower left and cen-
tre). Noise in the image (right) makes some gold particles undetectable
by eye. (C and D) Calculated diffraction patterns from electron micro-
scope images of microtubules assembled with nanogold-labelled
4R-tauTM (C) without further decoration and (D) fully decorated with
kinesin motor domains. The 4 nm layerline arises from the longitudinal
spacing of tubulin monomers, and the 8 nm layerline from the binding
of a kinesin molecule to each tubulin heterodimer (see Figure 7G).

Fig. 7. Reconstructed images. (A±D) End-on views of microtubules
without kinesin. (A) Pure tubulin (with GMPCPP). (B) Tubulin
co-assembled with unlabelled tau. Tau difference density (at a
lower cut-off level) is superimposed in blue on half of the map; some
density appears on the inner (i) and outer (o) surfaces. (C) Tubulin
co-assembled with labelled tau. The peak of the difference density due
only to nanogold is superimposed in yellow. (D) Complete nanogold
difference map [(C) minus (B)]. (E and F) Inside views of three-
dimensional maps. (E) Three-dimensional version of (C). (F) As±
sembled with labelled tau and decorated outside with kinesin (red).
Peaks of the density difference between maps of kinesin-decorated
microtubules containing labelled tau and without tau, are shown in
yellow. (G) Outside view of kinesin-decorated microtubule assembled
with gold-labelled tau. The difference map shows no density here at the
level depicted in (F).
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density appeared on each monomer close to where taxol
binds to b-tubulin (Figure 7E).

Because the 8 nm layer-line data from the original
images were too weak to appear above the noise, they
could not be used to produce a distinction between a- and
b-tubulin. Therefore we analysed images of gold-labelled
microtubules decorated with kinesin, which produce a
strong 8 nm layer-line (Figure 6D), making it possible to
identify microtubules whose tubulin dimers are arranged
with the perfect helical symmetry required for correct
averaging. In these reconstructed three-dimensional
images (Figure 7G) it is easy to identify b-tubulin from
its position relative to kinesin (Amos and Hirose, 1997).
The 15 kDa nanogold particles are actually present on one
in four dimers, but every dimer is now averaged to
reconstruct the image. Difference density (yellow) due to
the gold label now peaks on b-tubulin (Figure 7F). Its
position on the monomer is in good agreement with that
already obtained independently for microtubules without
kinesin (Figure 7E). In both cases, the label lies very close
to the microtubule inner surface, suggesting that the 2 nm
linker between the tau cysteine and the gold particle does
not protrude normal to the surface and may even lie
parallel to it.

Difference maps between microtubules without tau and
with unlabelled tau in projection (Figure 7B, blue) show
weak densities on both the inside and the outside of the
microtubule. The difference density is noisy compared
with the difference density for the gold label but is
consistent with an extended molecule.

Discussion

Early work (reviewed by Chau et al., 1998) focused on the
interaction of MAPs with the acidic C-terminal residues of
tubulin, known to project ¯exibly from the outermost
surface (Nogales et al., 1999). These residues inhibit
microtubule assembly, presumably by charge repulsion,
and if they are removed by subtilisin digestion, tubulin
assembles more readily (Serrano et al., 1984). Similarly,
positively charged molecules such as MAPs may promote
assembly both by neutralizing the effect of the acidic
tubulin C-termini and by linking other negatively charged
regions of the outer surface. However, any positively
charged molecule seems able to act in this way. A variety
of proteins bind to microtubules, often linking them
together into dense bundles (Melki et al., 1991), even if the
C-terminal residues of tubulin are removed (Melki et al.,
1991; Saoudi et al., 1995). Most previous studies of the
binding of MAPs have involved microtubules that have
been pre-assembled and stabilized with taxol; this must
limit the ways in which tubulin and MAPs can interact.
Our approach has been to co-assemble tubulin and tau
together to allow tau molecules to become incorporated
into their most natural positions in the microtubule
structure.

The N-terminal domains of tau, MAP2 and MAP4 are
known to project from the outer surfaces of microtubules.
It is very likely that the adjacent region, the proline-rich
segment, also binds only to the outer surfaces where it
probably helps to stabilize the assembled state and
produce the observed stiffening effect (Dye et al., 1993;
Felgner et al., 1997). The binding of the proline-rich

segment may be only partially speci®c since proline-rich
domains are typically quite sticky and often bind non-
stoichiometrically (Williamson, 1994). However, the fact
that the repeat motifs are so well conserved suggests that
their role is much more speci®c. Al-Bassam et al. (2002)
have recently presented a model in which successive
motifs of a tau or MAP2 molecule bind to adjacent tubulin
monomers along the outer ridge of a single proto®lament.
However, these observations were made using tau added to
preformed taxol-stabilized microtubules. Our data show
that taxol affects the amounts of tau bound to micro-
tubules. It is known that this drug stabilizes tubulin
polymers by binding in a pocket between the `M-loop' and
the `central helix' of b-tubulin (Amos and LoÈwe, 1999;
Nogales et al., 1999). Taxol was not included in samples
that we prepared for electron microscopy so that the
binding site of the nanogold-labelled repeat motif would
not be affected. The results have shown the gold label
located on the inner surfaces of microtubules.

The image analysis process, as applied to microtubules,
averages every tubulin subunit whether it is a or b, and
whether it has gold bound to it or not. Enough of the
subunits in the labelled microtubules had gold bound to
them for it to appear at a lower level in the average. Thus
we have been able to detect the label that was attached to
the second repeat motif of 4R-tau, by subtracting the
image of an unlabelled microtubule. The results clearly
indicate that the labelled repeat motif is bound to the inside
surface of a tubulin subunit. By repeating the image
reconstruction with kinesin-decorated microtubules we
have shown that the gold is attached to b- rather than
a-tubulin. The simplest interpretation of both the effect of
taxol in reducing the af®nity between tau and tubulin and
the positions of the gold labels in the three-dimensional
images is that tau repeats bind to a site that overlaps with
the taxol pocket. A possible alternative explanation for the
effect of taxol is that its binding induces a conformational
change in tubulin which affects tau binding to some other
site inside or outside the microtubule. However, the
location of the gold label makes this less likely. The
sequence similarity between the repeat motifs and the loop
stabilizing the conformation of a-tubulin also supports our
interpretation.

The arrangement discovered by Al-Bassam et al. (2002)
presumably occurs when a microtubule has already been
assembled and stabilized either by taxol, as in their
experiments, or by a suf®cient number of other MAP
molecules, as may occur in vivo. In fact, overexpression of
tau in neurons has been shown to inhibit vesicle traf®c
along microtubules (Stamer et al., 2002), indicating that
excess tau binds to the outsides of microtubules in vivo.
However, the fact that 4R-tau has its extra motif inserted
between the ®rst and second motifs of 3R-tau (Figure 1)
makes it unlikely that slight differences in the motifs
speci®cally target them to a- or b-tubulin as suggested by
Al-Bassam et al. (2002). We suggest that the differences
between individual motifs produce grades of binding
af®nity to control the order in which they associate with a
growing microtubule.

The saturating tau-to-tubulin ratio of 1:3 for the
strongest binding phase of 3R-tau indicates that each
repeat domain binds to one tubulin dimer. One might
expect 4R-tau to saturate at a ratio of 1:4 but, counter to
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this expectation, it saturates at a ratio of ~1:2.5. As well as
its additional repeat motif, 4R-tau has the R1±R2 inter-
repeat motif (Figure 1), which can bind strongly to taxol-
stabilized microtubules as a lone peptide (Chau et al.,
1998). Thus very strong binding is still possible when the
average 4R-tau molecule has only ~2 repeat motifs bound
to tubulin, probably R1 and R2, as well as the inter-repeat.
Low concentrations of both 3R-tau and 4R-tau still bind
strongly in the presence of taxol. The slopes of the initial
lines in the Scatchard plots in the presence of taxol suggest
a further binding mode that is quite strong, although
weaker than the primary strong binding mode. In the case
of 3R-tau (Figure 4E), for example, the Scatchard plot can
be interpreted in terms of a region of tau, including at least
one of the ¯anking regions, which attaches to ®ve tubulin
dimers. It is not yet clear whether this semi-strong mode of
binding involves the inner or outer surfaces of the
microtubules. The weak binding mode at higher concen-
trations probably consists of a mixture of non-optimal
con®gurations, some of which might include binding to
one or two sites on the inside as well as molecules attached
only to the outside surface. At very high concentrations,
tau molecules can also aggregate on top of each other on
the microtubule surface (Ackmann et al., 2000).

Thus, our binding curves suggest that the very strongest
binding is controlled by the repeat motifs and that the
¯anking regions play a secondary role. The repeats may
bind well only in a particular conformation that can be
disturbed by non-physiological conditions during puri®-
cation and assembly. The presence of TMAO (Tseng and
Graves, 1998) appears to make tau fold up into a better
conformation against tubulin. One possible arrangement of
the repeat domain is for successive repeats to lie along the
shallow helices of tubulin monomers, linking three or four
proto®laments together (Figure 8). The binding sites for
PGGG loops within the repeat motifs (Figure 1) would
then be on adjacent proto®laments, ~4 nm apart at this
radius. This arrangement might explain why, under some
conditions, a mixture of tubulin and MAPs assembles as
rapidly growing proto®lament triplets (Mandelkow et al.,
1984). Alternatively, the repeat region may run along one
proto®lament, but in this case binding sites for the PGGG
loops on b-tubulin would be ~8 nm apart and the inter-
repeats would need to be fully stretched out between them.

Whilst observing dynamic instability, Ichihara et al.
(2001) found that a local MAP2-to-tubulin dimer ratio of
1:16 stabilized segments of microtubule against depoly-
merization. It is likely that a similar ratio of MAPs,
including tau, occurs in vivo. Thus only a minority of
tubulin dimers will be occupied by repeat motifs and other
regions of the microtubule-binding domain may have an
important role as supplementary stabilizers. Part of the
proline-rich ¯anking region (Figure 1) must provide the
link between the N-terminal projection domain of tau on
the outside of the microtubule and the repeat motifs on the
inside surface; it could thread through one of the holes
between the proto®laments. The N-terminal part of the
microtubule-binding domain, attached to the projection,
most probably runs along a proto®lament. However, to
trace the path of the complete molecule when incorporated
into a microtubule in the absence of taxol will require
labelling of several different residues. Our prediction is
that, when a tau molecule is playing its full role, the repeat

region runs across proto®laments to help stabilize lateral
bonds and the ¯anking regions run along them to provide
stiffening. But, apart from linking different proto®laments,
we predict that the repeat motifs also directly stabilize the
conformation of the b-tubulin monomers to which they
bind, just as that of a-tubulin is stabilized by its own extra
loop. A direct effect on the conformation of b-tubulin that
could stabilize other dimers along the same proto-
®lament by a cooperative mechanism, as suggested for
taxol (Amos, 2000), could explain the substoichiometric
effect of MAPs on microtubule stability.

Materials and methods

Mutants
Human 4R-tau was cloned into M13mp18 vector and mutations were
introduced to replace Cys291, and Cys322 with isoleucine. Ser305 was
replaced with cysteine. The mutated sequence was cloned into pRK172
and transformed into Escherichia coli BL21(DE3) cells for expression.

Spectroscopic analysis
6S tubulin, obtained as a lyophilized powder from Cytoskeleton, was
resuspended in BRB80 (80 mM PIPES pH 6.9, 2 mM MgCl2, 1 mM
EGTA) and immediately refrozen in small aliquots on dry ice. 4R-tau
protein was made up to 0.1 mg/ml in BRB80 with GTP and DTT (each
1 mM) and quickly mixed with freshly thawed tubulin to a ®nal
concentration of 1.0 mg/ml. The absorbance was determined at 350 nm
and 37°C. 3R-tau was treated identically, but its ®nal concentration was
0.3 mg/ml.

Tau puri®cation method 1
Tau protein was expressed in E.coli strain BL21(DE3), and the bacterial
pellet was lysed, spun at 15 300 g and the supernatant loaded onto a
phosphocellulose column (Smith et al., 2000). The column was washed
with 0.1 M NaCl in 50 mM PIPES, and the protein was eluted out with
0.3 M NaCl in 50 mM PIPES, passed through a 0.20 mm ®lter and
dialysed overnight against saturated ammonium sulfate. The protein was
precipitated twice in ammonium sulfate, resuspended in BRB80 and spun
at 235 000 g. It was then boiled with 0.5 M NaCl±2% b-mercaptoethanol
in BRB80 for 5 min, followed by chilling on ice, and gel ®ltrated through
a Sephacryl S200 column prewashed with BRB80.

Tau puri®cation method 2
Since tau normally co-puri®es with lower molecular weight bands
(probably degradation products), a faster method to yield purer tau was
tried. Extracted protein was boiled immediately after grinding the
bacterial pellet under liquid nitrogen. After a spin at 235 000 g the protein

Fig. 8. Background: pure tubulin map (three-dimensional version of
Figure 7A). Superimposed: ribbon diagram of ab-tubulin atomic
structure (PDB 1JFF) (LoÈwe et al., 2001). La, a-tubulin loop
(T361±L368) alone; T, taxol; N, bound nucleotide. Blue structure,
model of bound tau repeats including PGGG loops; the asterisk
indicates an inter-repeat region.
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was puri®ed on a HiTrap SP column. The eluate was desalted on a
Sephacryl S200 column. This protein appeared to be extremely pure, ran
on SDS±PAGE in the same place as tau prepared by method 1 and was
able to saturate microtubules in a similar manner, but it had only half the
ability to nucleate tubulin polymerization (Figure 1). Possibly, as a result
of the early boiling step, it had some RNA, DNA or another non-protein
inhibitor (Bryan et al., 1975) bound to it.

Digestion of tubulin with subtilisin
S-tubulin was prepared as described (Chau et al., 1998), and the extent of
digestion was assayed by western blotting with antibodies to the a- and
b-tubulin C-termini, as well as to internal epitopes, and shown to be
complete for both tubulin subunits (Figure 3A).

Pelleting assays
Tubulin was thawed from liquid nitrogen and spun at 77 300 g for 20 min.
The protein concentration of the supernatants was determined spectro-
scopically. Since tau has a very low absorbance, its concentration was
estimated by SDS±PAGE against a BSA standard and tau protein of
known concentration. Different concentrations of tau (from 1.35 to
12 mM) were incubated with 10 or 20 mM tubulin, 0.1 M TMAO, 1 mM
GTP and 5% dimethyl sulfoxide (DMSO), and incubated for 20 min at
37°C. After centrifugation at 96 600 g for 40 min, the supernatants were
carefully removed and the pellets were resuspended in 40 ml of BRB80.
Pellets and supernatants were run on SDS±PAGE, and the gels were
stained with Page Blue 83. The concentration in each protein band was
estimated using ImageQuant software. The assay was repeated at least
three times for each type of tau and gave highly reproducible results,
especially at fairly low ratios of tau to tubulin. In the absence of tubulin,
no tau appeared in the pellet. For pelleting in the presence of paclitaxel
(taxol), the drug was added prior to polymerization. We were able to
dissolve up to 200 mM taxol since our buffer includes DMSO.

Nanogold labelling and electron cryomicroscopy
Maleimido-gold reagent (1.4 nm) was obtained from Nanoprobes, and
4R-tauTM was labelled at Cys305 following the supplier's protocol.
Labelled tau was separated from an excess of free gold (Figure 5) on a
Superdex-200 column run on an AÈ kta protein puri®er (Amersham
Pharmacia Biotech). Labelling was detected by silver-stained and
protein-assayed dot blots of each fraction and spectroscopically at 280
and 420 nm. The latter measurements indicated that 93±97% of molecules
were labelled. After separation from free gold, the labelled protein was
incorporated immediately into microtubules. Tau from the 97%-labelled
fraction was incubated with tubulin to ®nal concentrations of 1.0 mg/ml
tubulin, 0.3 mg/ml tau, 1 mM GMPCPP, 0.1 M TMAO and 5% DMSO at
37°C for 20 min. All grids were prepared within 3 days of labelling, after
which the gold label has been shown to be unstable for some proteins. For
some samples, 10 mM kinesin (rat KD340; Hirose et al., 1996) was added
with 1 mM AMPPNP. Cryogrids were made and examined on a Philips
CM-12, 120 KeV cryomicroscope at 45 0003 magni®cation and 1.25 mm
underfocus.

Image analysis
Micrographs were scanned in 28 mm steps and reconstructed using the
MRC-LMB software package (Crowther et al., 1996; Hirose et al., 1996).
Images of 15-proto®lament microtubules were selected as their Fourier
transforms contain distinct non-overlapping layer-lines (Figure 6C). In
addition to re¯ections arising from the inter-proto®lament spacing, the
calculated Fourier transforms contained three layer-lines arising from
the ~4 nm longitudinal spacing of tubulin monomers. Patterns from
undecorated microtubules, with or without tau, contained traces of an
8 nm periodicity (Figure 6C) arising from the distinction between a- and
b-tubulin subunits, but the data were too weak and noisy to be useful.
Microtubules decorated with kinesin produced a group of three strong
~8 nm layer-lines (Figure 6D). Layer-line data from different images, to a
resolution of ~3.5 nm, were compared and those that were in best
agreement (Supplementary data) were averaged (at least 6000 nm of
15-pf microtubule, 12 000 tubulin dimers, 3000 tau molecules). Maps of
different specimens were normalized (Trachtenberg and DeRosier, 1987)
and difference maps calculated.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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