
the amount of microtubules resulted in an overall increase in
signal intensity (SI Appendix, Fig. S1). In addition, signal intensities
now varied strongly in the central region of Tau, consistent with
the presence of distinct microtubule-binding motifs (24, 25).

To obtain further insight into the Tau–microtubule complex, we
used a Tau fragment, which is composed of residues 208–324 and
binds with higher (submicromolar) affinity to microtubules (26).
At a Tau(208-324):tubulin heterodimer ratio of 1:2, resonances of
residues 224–237, 245–253, 275–284, and 300–317 were broadened
beyond detection (Fig. 1B andC). The NMR signal broadening is
caused by the slow molecular tumbling of microtubules and sug-
gests that the Tau residues, which are not detectable in the
presence of microtubules, are tightly bound to microtubules (Fig. 1
B andC). A direct interaction of residues 224–237, 245–253, 275–
284, and 300–317 with microtubules is supported by mutational
analysis, which showed that Lys224, Lys225, Arg230, Lys274,
Lys280, Lys281, and Y310 are important for binding to microtu-
bules (27–29). However, residues in between the microtubule-
binding motifs were still observed in the presence of microtubules
(Fig. 1 B andC). These Tau regions are thus not rigidly bound to
microtubules, demonstrating that Tau does not fold into a single
rigid structure upon binding to microtubules.

Different Tau Isoforms Use a Common Mode of Interaction with Tubulin.
The six isoforms of Tau, which are generated from a single tau
gene by alternative splicing, differ from each other in the presence
or absence of two N-terminal inserts and repeat R2. Biochemical
experiments showed that the N-terminal inserts contribute little to
the direct binding to microtubules (8, 17). To investigate the in-
fluence of the lack of repeat R2 on the microtubule interaction, we
analyzed a three-repeat isoform of Tau. The microtubule-induced
signal broadening profile closely matched that of the longest iso-
form with four repeats (Fig. 1A). Thus, three-repeat and four-
repeat isoforms use similar mechanisms to bind to microtubules.

Tau has distinct roles at different stages of development. In adult
neurons, Tau stabilizes microtubules and suppresses microtubule

shortening to retain the structural integrity of axons (29). In addi-
tion, Tau drives new microtubule assembly by lowering the critical
concentration of tubulin polymerization (5, 23). To dissect the
process of Tau-mediated microtubule assembly, we probed the in-
teraction of Tau with unpolymerized α-β-tubulin heterodimers.
Experiments were performed at low temperature in the absence
of Mg2+ and other polymerization promoting factors to avoid
the formation of tubulin rings (SI Appendix, Fig. S2). Addition of
α-β-tubulin heterodimers changed the position and intensity of Tau
cross-peaks, comparable to the addition of microtubules (SI Ap-
pendix, Fig. S2). This finding is in agreement with the ability of Tau
to bind to unpolymerized and polymerized tubulin in a similar
manner (17).

Tau Competes with Vinblastine for Binding to Tubulin. To obtain
insight into the binding site of Tau on microtubules, we per-
formed a wide range of competition experiments with different
tubulin drugs. The small molecules vinblastine, baccatin, thalid-
omide, and colchicine were shown to bind to distinct sites on the
α-β-tubulin heterodimer (Fig. 2A) (30–32). A 40-fold excess of
each small molecule was added to a sample containing Tau and
microtubules. When a small molecule binds to a site on tubulin
that is involved in binding to Tau, Tau would be released from
microtubules and NMR signal intensities would increase. Addi-
tion of baccatin, which binds to the paclitaxel pocket inβ-tubulin
on the microtubule’s inner surface, however did not influence the
microtubule-interaction of Tau (SI Appendix, Fig. S3). In addition,
the depolymerization drug colchicine and the microtubule-stabi-
lizing agent thalidomide did not interfere with the binding of Tau
to microtubules (SI Appendix, Fig. S3). In contrast, vinblastine,
which binds to a hydrophobic pocket formed by helix H10 and
β-strand S9 of α-tubulin (Fig. 2A) (31), resulted in an almost
complete recovery of Tau signal intensities (Fig. 2B). Notably,
most of the microtubules, which were stabilized by paclitaxel,
remained intact during the course of the NMR experiment, de-
spite a vinblastine-induced curling of microtubule ends (Fig. 2C).
In addition, vinblastine competed with Tau for binding to unpo-
lymerized tubulin (SI Appendix, Fig. S3D), indicating that the
increase in Tau signal intensities upon addition of vinblastine is
not simply due to a change in the polymerization state of tubulin/
microtubules or is influenced by the paclitaxel-mediated stabili-
zation of microtubules. Competition between Tau and vinblastine,
but not baccatin, thalidomide, and colchicine, was further sup-
ported by saturation-differenceNMR experiments of a variety of
Tau peptides with unpolymerized tubulin (Fig. 2D andSI Appendix,
Figs. S4 and S5). The combined data suggest that one of the sites
where Tau binds to tubulin/microtubules overlaps at least partially
with the binding pocket of vinblastine. The same binding pocket is
used by a variety of hydrophobic antimitotic peptides (33).

Next, we tested binding of Tau to microtubules by using mass
spectrometry. Amine-directed cross-linking of Tau to microtu-
bules and tubulin dimers identified cross-links from residues
Lys225, Lys240, Lys257, Lys311, and Lys383 in Tau to the side
chains of Lys336 and Lys338 ofα-tubulin (Fig. 3A and SI Ap-
pendix, Table S1). No intermolecular cross-links were found to
β-tubulin. Lys225, Lys240, Lys257, Lys311, and Lys383 are within
or close to the amino acid patches of Tau that were identified as
microtubule binding motifs (Fig. 3B). The two cross-linked res-
idues in α-tubulin, Lys336 and Lys338, are located at the N-ter-
minal end of helix H10 in proximity to the vinblastine binding
pocket (Fig. 3C) (31). Chemical cross-links to helix H10 were
also detected in complexes of tubulin with the antimitotic agent
hemiasterlin (34) and with the N terminus of stathmin (35),
which both bind to the vinblastine binding site inα-tubulin.

Tau Binds at the Interface Between α-β-Tubulin Heterodimers. The
peptide comprising the N-terminal region of a stathmin domain
(I19L), which comprises the N-terminal region of stathmin and

Fig. 1. Tau binds microtubules through short evolutionary conserved sequence
motifs. (A) 1H-15N NMR signal intensities of free Tau, Ifree, are compared with
those of Tau bound to microtubules, Ibound (Tau:tubulin heterodimer ratio of
1:3.6). The estimated error in Ibound/Ifree according to the signal-to-noise ratio in
the spectra was on average 0.08. Data for three-repeat Tau are shown as red
line. The absence of repeat R2 in three-repeat Tau is indicated by vertical dashed
lines. Tau’s domain organization is shown on top: I, insert; P, proline-rich region;
R, repeat. (B) Superposition of 1H-15N CRINEPT-HMQC-TROSY spectra of Tau(208-
324) in the free (black) and microtubule-bound (yellow) state acquired at 30 °C.
The Tau(208-324):tubulin heterodimer ratio was 1:2. Selected resonances, which
are strongly attenuated when Tau(208-324) is bound to microtubules, are la-
beled. (C) Signal intensity profile of Tau(208-324) bound to microtubules. NMR
intensities were obtained from the spectra shown in B. At a Tau(208-324):tubulin
heterodimer ratio of 1:2, Tau(208-324) is fully bound to microtubules (26). The
detection of signals from residues in between the microtubule-binding motifs
shows that these Tau residues remain flexible in the Tau–microtubule complex.
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To probe the binding of a ligand to nonpolymerized tubulin, saturation-
transfer difference NMR spectra (48) of the ligand with and without tubulin
(or microtubules) were recorded. The concentration of the Tau peptides/
small molecules was 1 mM; that of tubulin 25 μM. The absence of micro-
tubule assembly promoting agents and a concentration of tubulin below
the critical concentration for microtubule assembly ensured the absence of
large tubulin rings as validated by electron microscopy. In competition
experiments, a second ligand was added at equimolar ratio with respect to
first ligand, and changes in the saturation-transfer difference signal in-
tensities of the first ligand were measured. Saturation-transfer difference
spectra were recorded at 25 °C on a 700-MHz spectrometer equipped with a
cryoprobe by using a series of 40 equally spaced 50-ms Gaussian-shaped
pulses for saturation of the protein, with a total saturation time of 1.5 s.
On- and off-resonance frequencies were set to −0.5 ppm and 60 ppm,
respectively.

Electron Microscopy. Electron microscopy grids were directly prepared after
the turbidity assay, and all steps were carried out at 37 °C. Formvar carbon-

coated copper grids (200 mesh) were glow-discharged for 30 s in a Pelco
easiGlow instrument. Five-microliter samples were mixed with a final con-
centration of 2% (vol/vol) glycerol and incubated for 3 min on top of the
grid. The solution was removed by filter paper, the grid was washed three
times with assembly buffer [supplemented with 2% (vol/vol) glycerol], and
negatively stained by incubating for 1 min with 2% uranyl acetate, followed
by one washing step with ddH2O. The grids were analyzed at 200 kV in a
JEOL JEM-2200FS transmission electron microscope.

Chemical Cross-Linking and Mass Spectrometry. Preincubated Tau–tubulin
complexes [Tau–tubulin dimer and Tau microtubules both at a Tau:tubulin
heterodimer ratio of 1:2; Tau(208-324)-tubulin ratio of 1:3] were mixed with
freshly prepared cross-linker bis(sulfosuccinimidyl) suberate at different cross-
linker to protein ratios of 0, 5, 10, 25, 50, 100, and 200. The cross-linking re-
action was carried out for 30 min at room temperature and quenched with
2 μL of 2 M Tris pH 7.2. Cross-linked samples were visualized by Coomassie-
stained SDS/PAGE and the ratio that exhibited maximum cross-linking yield
and minimum formation of higher order aggregates was selected (25 molar
excess over the complex). For the identification of cross-linked peptides, the
reaction was repeated at the determined optimal cross-linker to tubulin ratio.
Preweighted vials of bis(sulfosuccinimidyl) suberate were freshly dissolved in
dimethyl sulfoxide and taken to final concentration with 50 mM sodium
phosphate buffer, pH 7.2. Reactions were performed in the same buffer. After
quenching, samples were analyzed by SDS/PAGE in a 4–12% Bis-Tris gradient
gel. Cross-linked complexes derived from four gel lanes were pooled to in-
crease sample amount. In-gel digestion was performed as described (49) on
the band at molecular mass ∼150 KDa, which corresponds to the mass of the
trimeric complex (tubulin dimer and full-length Tau). After extraction from the
gel, samples were immediately analyzed on the mass spectrometer.

For liquid chromatography-MS/MS analyses, samples were dissolved in
30 μL of sample solvent (5% vol/vol acetonitrile, 1% vol/vol formic acid). Five
microliters were injected into a nano-liquid chromatography system (Agilent
1100 series; Agilent Technologies) including a ∼2-cm-long, 150-μm inner
diameter C18 trapping column in-line with a ∼15 cm long, 75 μm inner di-
ameter C18 analytical column (both packed in-house, C18 AQ 120 Å 5 μm,
Dr. Maisch GmbH). Peptides were loaded onto the trapping column at a flow
rate of 10 μL/min in buffer A (0.1% formic acid in H2O, vol/vol) and sub-
sequently eluted and separated on the analytical column with a gradient of
7.5–37.5% buffer B (95% acetonitrile, 0.1% formic acid in H2O, vol/vol) with
an elution time of 97 min and a flow rate of 300 nL/min.

MS analysis was performed essentially as described in ref. 50. Briefly,
online electrospray mass ionization-MS was performed with a LTQ-Orbitrap
Velos instrument (Thermo Scientific), operated in data-dependent mode by
using A top 8 method. MS fragments were recorded in the m/z range of 300–
1,800 at a resolution of 100,000. Only charge states 3 and above were se-
lected. Dynamic exclusion was enabled (30-s repeat duration, repeat count
1). Both precursor ions and fragment ions were scanned in the Orbitrap.
Fragment ions were generated by collision dissociation activation (normal-
ized collision energy = 37.5). As precursor ions and fragment ions were
scanned in the Orbitrap, the resulting spectra were measured with high
accuracy (< 5 ppm) both in the MS and MS/MS level.

Data analysis was performed with MassMatrix as described in their publi-
cations and manuals (51–53). Thermo Scientific Raw files were converted to the
mzxmL data format with MMConverter and submitted to database search
with the following parameters: peptide length between 6 and 40 aa long,
10 ppm MS1 tolerance, 0.02 Da MS2 tolerance, tryptic fragments with a maxi-
mum of two missed cleavages. Oxidation in methionine was set as a variable
modification, whereas carbamidomethylation of cysteine was set as a fixed
modification. Spectra were searched against a FASTA file composed of the
sequences of Tau and tubulin and a reversed decoy database. The resulting
matches with scores above the decoy scores were manually checked.
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