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The structure, dynamic behavior, and spatial organization of
microtubules are regulated by microtubule-associated proteins. An
important microtubule-associated protein is the protein Tau, because its microtubule interaction is impaired in the course of
Alzheimer’s disease and several other neurodegenerative diseases.
Here, we show that Tau binds to microtubules by using small groups
of evolutionary conserved residues. The binding sites are formed by
residues that are essential for the pathological aggregation of Tau,
suggesting competition between physiological interaction and
pathogenic misfolding. Tau residues in between the microtubulebinding sites remain flexible when Tau is bound to microtubules
in agreement with a highly dynamic nature of the Tau–microtubule
interaction. By binding at the interface between tubulin heterodimers, Tau uses a conserved mechanism of microtubule polymerization and, thus, regulation of axonal stability and cell morphology.
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Biochemical studies have shown that the repeat domain and
the neighboring basic proline-rich region contribute strongly to
microtubule binding (8, 17). In addition, a variety of binding sites
and models of the Tau–microtubule complex were proposed
(18–22). The models include binding of Tau to the outer surface
of microtubules connecting tubulin subunits either across or
along protofilaments (18). Tau might also reach into the interior
of the microtubule wall near the binding site of the anticancer
drug paclitaxel (19). Often these studies are complicated by the
flexibility of the Tau protein, which belongs to the class of intrinsically disordered proteins (23, 24).
Here, we studied the molecular mechanism of the interaction
of Tau with microtubules by using a combination of NMR
spectroscopy and mass spectrometry. We show that small groups
of evolutionary conserved Tau residues bind dynamically at the
interface between tubulin heterodimers, thereby promoting microtubule assembly and stabilization.
Results
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Tau Binds Microtubules Through Short Sequence Motifs. To obtain

insight into the Tau–microtubule interaction, we polymerized
porcine brain tubulin and validated the formation of microtubules
by electron microscopy. Next, we added the microtubules to a
solution containing 441-residue Tau. At a twofold excess of microtubules, most Tau residues beyond 70 were strongly attenuated
(Fig. 1A). In particular, the resonances of residues 224–398 were
just above the noise level in 2D 1H-15N NMR spectra. Decreasing
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icrotubules regulate cell division, cell morphology, intracellular transport, and axonal stability and, therefore,
play crucial roles in cell function (1). Microtubules are built from
tubulin heterodimers that polymerize into protofilaments and
associate laterally into microtubules (2). Microtubule dynamics
in neurons is modulated by several accessory proteins termed
microtubule-associated proteins (3). However, little is known
about the mechanism of assembly and stabilization of microtubules by microtubule-associated proteins.
An important microtubule-associated protein is the protein
Tau, which promotes formation of axonal microtubules, stabilizes them, and drives neurite outgrowth (4, 5). The adult human
brain contains six isoforms of Tau, which are generated from a
single gene by alternative splicing. The six isoforms are composed of either three or four repeats, with up to two N-terminal
inserts, and range from 37 to 45 kDa (6). The 31- to 32-residuelong imperfect repeats are located in the carboxyl-terminal half
of Tau and are highly conserved in several microtubule-associated proteins (7). The repeat domain is flanked by a proline-rich
region that enhances binding to microtubules and microtubule
assembly (8). Tau isoforms are developmentally regulated and
have similar levels in the adult human brain (9).
Impaired interaction of Tau with microtubules plays an
important role in the pathology of several neurodegenerative
diseases (10, 11). Dysregulation by genetic mutation or hyperphosphorylation affects the Tau–microtubule complex, leads to
Tau detachment, causes instability and disassembly of microtubules, and, thus, perturbs axonal transport (12, 13). Microtubulestabilizing drugs might therefore improve neuronal degeneration
(14). When detached from microtubules, Tau can self-aggregate
into insoluble aggregates through its hexapeptide motifs in
the repeat domain (15). The deposition of aggregated Tau into
neurofibrillary tangles and neuritic Tau pathology is one of the
hallmarks in Alzheimer’s disease (16).

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. 1 B and C). The NMR signal broadening is
caused by the slow molecular tumbling of microtubules and suggests that the Tau residues, which are not detectable in the
presence of microtubules, are tightly bound to microtubules (Fig. 1
B and C). 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 microtubules (27–29). However, residues in between the microtubulebinding motifs were still observed in the presence of microtubules
(Fig. 1 B and C). 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 influence 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 isoform with four repeats (Fig. 1A). Thus, three-repeat and fourrepeat 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

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(208324) 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 labeled. (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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shortening to retain the structural integrity of axons (29). In addition, 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 interaction 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 Appendix, 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 performed a wide range of competition experiments with different
tubulin drugs. The small molecules vinblastine, baccatin, thalidomide, 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. Addition of baccatin, which binds to the paclitaxel pocket in β-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-stabilizing 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, despite a vinblastine-induced curling of microtubule ends (Fig. 2C).
In addition, vinblastine competed with Tau for binding to unpolymerized 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 stabilization of microtubules. Competition between Tau and vinblastine,
but not baccatin, thalidomide, and colchicine, was further supported by saturation-difference NMR experiments of a variety of
Tau peptides with unpolymerized tubulin (Fig. 2D and SI 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 microtubules and tubulin dimers identified cross-links from residues
Lys225, Lys240, Lys257, Lys311, and Lys383 in Tau to the side
chains of Lys336 and Lys338 of α-tubulin (Fig. 3A and SI Appendix, 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 residues in α-tubulin, Lys336 and Lys338, are located at the N-terminal 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 in α-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
Kadavath et al.

binds to the vinblastine-binding pocket in α-tubulin (Fig. 4A),
impedes tubulin polymerization (36) and keeps tubulin in an
unpolymerized state (SI Appendix, Fig. S6 A and B). Consistent
with the binding of I19L to the vinblastine-binding domain,
vinblastine interfered with the I19L–tubulin interaction (SI Appendix, Fig. S6C). We then asked whether I19L competes with
the binding of Tau to tubulin. To address this question, we added
an excess of I19L to a sample of Tau bound to unpolymerized
tubulin. Addition of I19L released a fraction of Tau from tubulin
(Fig. 4B), providing direct evidence that the interface between
α-β-tubulin heterodimers is involved in Tau binding.
Discussion
Despite the importance of the regulation of microtubule structure
and dynamics by microtubule-associated proteins, little is known
about the interaction of microtubule-associated proteins with
microtubules. Our study showed that the microtubule-associated
protein Tau remains highly dynamic when bound to microtubules.
Small groups of Tau residues bind tightly to microtubules, while
intervening parts stay flexible. The Tau residues that bind tightly
to the microtubule lattice are evolutionarily conserved (37), consistent with a conserved mechanism of microtubule regulation
by microtubule-associated proteins. In addition, the microtubulebinding motifs in Tau contain residues that are essential for protein
Kadavath et al.

aggregation in support of a mechanism where physiological interaction competes with pathogenic misfolding. The projection
domain of Tau up to the proline-rich region remains highly flexible
when Tau is bound to microtubules, and also when aggregated into
amyloid fibrils (38), and forms an unstructured polypeptide brush
covering microtubules and amyloid fibrils (21, 39). Thus, the
pathological (fibrillar aggregates) and cellular (microtubule-bound)
form of the Tau molecule can show similar properties with different outcome, in agreement with the high structural and functional adaptability of intrinsically disordered proteins.
We showed that only vinblastine, but not baccatin, thalidomide,
and colchicine, interferes with the Tau–tubulin interaction (Fig. 2
and SI Appendix, Fig. S2). In addition, Tau residues within or next
to the microtubule-binding motifs were cross-linked to lysine
residues, which are located in α-tubulin in vicinity to the vinblastine-binding pocket (Fig. 3). The combined data suggested that at
least one binding site of Tau on tubulin overlaps with the vinblastine-binding pocket at the interface between α-β-tubulin heterodimers. This hypothesis was supported by the ability of a
peptide, which comprises the N-terminal region of stathmin and
binds to the vinblastine-binding pocket in α-tubulin, to compete
with the binding of Tau to tubulin (Fig. 4). The part of stathmin
that pairs with β-strand S9 of α-tubulin is homologous to the
microtubule-binding motifs in the repeat domain of Tau. Binding at
PNAS | June 16, 2015 | vol. 112 | no. 24 | 7503
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Fig. 2. Tau competes with vinblastine for binding to tubulin. (A) Location of vinblastine (VB), colchicine (COL), and paclitaxel (PTX) on the 3D structure of the
(Tc)2R complex (PDB ID code 1Z2B; ref. 31). Bound colchicine and vinblastine are shown by using the sphere model. Residues involved in paclitaxel binding (54)
are highlighted in yellow. (B) Vinblastine competes with four-repeat Tau for binding to microtubules. Black bars represent the NMR line broadening observed
in four-repeat Tau upon addition of microtubules (molar ratio of 2:1), whereas the gray line shows the corresponding values after addition of a 20-fold excess
(with respect to four-repeat Tau) of vinblastine. (C) Electron micrograph of paclitaxel-stabilized microtubules after addition of vinblastine. The concentrations
of Tau, microtubules and vinblastine were 10, 20, and 400 μM, respectively, in 50 mM sodium phosphate buffer, pH 6.8. (D) Competition between Tau
fragments and vinblastine for binding to unpolymerized tubulin as probed by saturation-transfer difference NMR (SI Appendix, Figs. S4 and S5). Each of the
six Tau fragments Tau(162-188) (blue), Tau(211-242) (purple), Tau(239-267) (light blue), Tau(265-290) (green), Tau(296-321) (orange), and Tau(368-402) (red)
overlaps with one of the microtubule-binding motifs (Fig. 1 and SI Appendix, Fig. S1).

Fig. 3. The repeat domain of Tau cross-links to α-tubulin. (A) Separation of cross-linked Tau-tubulin complexes by SDS/PAGE. (B) Map of cross-linked lysine
residues. Cross-links are marked by dashed lines. Only cross-links from Tau to Lys336 and Lys338 in α-tubulin were observed. (C) Three-dimensional structure of
the (Tc)2R complex (PDB ID code 1Z2B; ref. 31). Vinblastine is shown as red sphere model. Lys336 and Lys338 are highlighted in blue.

the interface between α-β-tubulin heterodimers is also consistent
with the stoichiometry of the Tau:tubulin interaction: Full-length
Tau binds to microtubules with a stoichiometry of one Tau molecule for two tubulin dimers (8). In addition, a variety of smaller
Tau fragments bind to microtubules with a stoichiometry of up to
one Tau molecule for two tubulin dimers, although the affinity of
shorter fragments is reduced (8). Binding of Tau at the interdimer
interface is also supported by electron microscopy that identified
undecagold-labeled Tau in proximity to the tubulin helices H11
and H12 (18). Because of the dynamic nature of the Tau–microtubule interaction, the binding of Tau at the interdimer interface
does not exclude additional interactions with other parts of tubulin
such as the acidic C-terminal tails (40).
Vinblastine and antimitotic peptides induce a tubulin conformation that promotes curved tubulin rings and impedes microtubule
assembly (31). In contrast, Tau stabilizes a straight protofilament
conformation that prevents the inside-out curling typical of curved
polymorphic forms of tubulin (rings, vinblastine-induced spirals),
favors the formation of microtubules, and increases microtubule
stability (32, 41). We propose that the two distinct functional consequences of vinblastine and Tau are tightly connected to the flexibility of the structural elements forming the binding pocket at the
α-β-tubulin heterodimer interface (33), potentially through an allosteric mechanism. Moreover, flexible regions in between the
microtubule-binding motifs in the Tau–microtubule complex (Fig. 1 B
and C) support a dynamic mode of binding where microtubulebinding motifs in one Tau molecule can exchange dynamically with
the same α-tubulin molecule. Such a multivalent interaction is
consistent with the ability of a peptide composed of the Tau residues 274–281—the eight residues that are located at the center of
the microtubule-binding motif in repeat 2 (Fig. 1)—to kinetically
stabilize steady-state microtubule dynamics in a manner qualitatively similar to full-length Tau (29). In addition, the dynamic
structure of Tau makes it possible that different microtubule-binding regions in one Tau molecule bind to distinct tubulin molecules,
thereby increasing the local tubulin concentration or connecting
adjacent protofilaments, and promoting microtubule assembly.
Together with recent data about the structural transitions in
tubulin upon GTP hydrolysis (42), our study supports the importance of remodelling of longitudinal dimer contacts for microtubule assembly and stabilization.
Materials and Methods
Microtubule Assembly. Porcine brain tubulin was purified as described (8, 43).
Tubulin polymerization was performed in microtubule assembly buffer
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containing 100 mM Na-Pipes, pH 6.9, 1 mM EGTA, 1 mM MgSO4, 1 mM GTP
and 1 mM DTT. To induce formation of microtubules, fixed concentrations of
tubulin (20–50 μM) were incubated with equal concentrations of paclitaxel
at 37 °C for 20–30 min. The suspensions of the samples were fractionated by
ultracentrifugation at 40,000 × g for 20 min. For NMR measurements, the
microtubule pellet was resuspended in 50 mM phosphate buffer. Analysis of
microtubules showed that they remained stable over the duration of the
NMR experiments (SI Appendix, Fig. S7).
Protein Expression and Isotope Labeling. pNG2 plasmids with inserted coding
sequences of four-repeat Tau (residues Met1-Leu441), three-repeat Tau(352residue) and Tau(Met-208-324) were transformed into Escherichia coli strain
BL21(DE3) (Merck-Novagen). The bacterial pellet was resuspended in 50 mM
Mes, 500 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 5 mM DTT, pH 6.8, complemented with a protease inhibitor mixture (Complete Protease Inhibitor;
Roche). Cells were disrupted with a French pressure cell and subsequently
boiled for 20 min. The soluble extract was isolated by centrifugation, the
supernatant was dialyzed twice against 20 mM Mes, 50 mM NaCl, 1 mM
EGTA, 1 mM MgCl2, 2 mM DTT, 0.1 mM PMSF, pH 6.8, and loaded onto a
FPLC SP-Sepharose column. Proteins were eluted by using a linear gradient
of 20 mM Mes, 1 M NaCl, 1 mM EGTA, 1 mM MgCl2, 2 mM DTT, 0.1 mM
PMSF, pH 6.8. Tau breakdown products were separated in a second chromatography step by using a Superdex G200 column (GE Healthcare). The
buffer was 137 mM NaCl, 3 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4,
with 1 mM DTT. Protein samples uniformly enriched in 15N were prepared by
growing E. coli bacteria in minimal medium containing 1 g/L 15NH4Cl.
Synthetic peptides were purchased from EZBiolab USA or synthesized in
house on ABI 433A (Applied Biosystems) and Liberty 1 (CEM) machines.
Peptides were synthesized with acetyl and amide protection groups at the N
and C termini, respectively. Peptides were purified by reversed-phase HPLC,
and the pure product was lyophilized.
NMR Spectroscopy. NMR measurements were performed in 50 mM sodium
phosphate buffer, pH 6.8, 10% D2O. Two-dimensional (2D) 1H-15N heteronuclear single quantum coherence (HSQC) experiments (44, 45) of Tau with
microtubules or unpolymerized tubulin were recorded at 5 °C on 700, 800,
and 900 MHz Bruker spectrometers equipped with cryoprobes. Before the
NMR measurements, the samples were incubated at 37 °C for 1 h. Twodimensional 1H-15N- CRINEPT-HMQC-TROSY (46) and 2D 1H-15N TROSY
spectra (47) of 2H, 15N-labeled Tau(208-324) were recorded at 30 °C on a Bruker
900 MHz spectrometer equipped with a TCI cryoprobe (Z-gradient).
Competition experiments between tubulin drugs or Tau fragments and
full-length Tau for binding to microtubules, which were stabilized by paclitaxel, were performed by addition of the compounds/peptides to the
preincubated Tau-microtubule complex at 37 °C. The trimeric complex was
then again incubated at 37 °C for 30 min. The extent of competition of the
ligands was monitored by reading out the variation in signal broadening in
2D 1H-15N HSQC NMR spectra of Tau, which were recorded at 5 °C to reduce
solvent exchange. The sample used to perform competition experiment with
colchicine was incubated for 2 h at 37 °C before the NMR measurements.

Kadavath et al.

Fig. 4. Tau binds at the interface between α-β-tubulin heterodimers.
(A) Three-dimensional structure of the N terminus of a stathmin-like domain
(green) bound to α-tubulin (55). Lys336 and Lys338 of α-tubulin, which were
cross-linked to Tau (Fig. 3), are shown in red. Helix H10 and strand S9 that
form the vinblastine binding pocket of α-tubulin are highlighted. (B) Average normalized signal intensity of residues 245–337 (black) in 1H-15N HSQC
spectra of four-repeat Tau in the presence of unpolymerized tubulin and
after addition of an x-fold molar excess of I19L with respect to Tau. For
comparison, averaged normalized intensity values of residues 3–70 are
shown in gray. Error bars show the SD over the selected residues.

To probe the binding of a ligand to nonpolymerized tubulin, saturationtransfer 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 microtubule 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 intensities 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.

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 crosslinker to protein ratios of 0, 5, 10, 25, 50, 100, and 200. The cross-linking reaction 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 Coomassiestained 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 increase 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 diameter 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 subsequently 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 selected. 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 (normalized 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 publications 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 maximum 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.

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