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ABSTRACT: Determining the molecular mechanism of the neuronal Tau
protein in the tubulin heterodimer assembly has been a challenge owing to
the dynamic character of the complex and the large size of microtubules. We
use here defined constructs comprising one or two tubulin heterodimers to
characterize their association with a functional fragment of Tau, named
TauF4. TauF4 binds with high affinities to the tubulin heterodimer
complexes, but NMR spectroscopy shows that it remains highly dynamic,
partly because of the interaction with the acidic C-terminal tails of the tubulin
monomers. When bound to a single tubulin heterodimer, TauF4 is
characterized by an overhanging peptide corresponding to the first of the
four microtubule binding repeats of Tau. This peptide becomes immobilized
in the complex with two longitudinally associated tubulin heterodimers. The
longitudinal associations are favored by the fragment and contribute to Tau’s
functional role in microtubule assembly.
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B INTRODUCTION

Tau is a microtubule-associated protein that in vivo and in vitro
promotes the assembly of microtubules from a pool of soluble
a/f tubulin heterodimers."” Electron and video-microscopy
measurements on both bulk’ and individual* microtubules
indicated that its main effect is to protect against depolymeriza-
tion by lowering the dissociation of tubulin heterodimers at
both (+) and (=) ends of the microtubule, resulting in an
increased growth rate and decreased catastrophe frequency.
The mechanistic details of how Tau promotes tubulin
heterodimer polymerization have proven elusive. A first body of

particular, hotspots’ and suggesting that intramolecular
interactions between the proline rich region (PRR) upstream
of the MTBRs and the repeats might be needed.® In a second
approach, the location of Tau binding sites on microtubules
was investigated. Alignment of Tau on the outer surface of
taxol-stabilized microtubules, both along and across protofila-
ments, has been inferred from cryoelectron microscopy
images,”'® whereas atomic force microscopy'' and isothermal
titration calorimetry'> located it predominantly along the
protofilaments. To make the situation even more complicated,
when Tau is coassembled with tubulin heterodimers into a

research has focused on the identification of Tau residues
involved in the interaction with stabilized microtubules. On the
basis of work with Tau fragments, multiple weak interactions of
the protein with the microtubule surface have been suggested,
especially mediated by the four repeating peptides in the C-
terminal half of the protein that thereby became known as the
microtubule binding repeats R1—R4 (MTBRs; see Fisgure 1 for
the primary structure and definition of peptides).” Later, a
concerted binding of the MTBRs and the flanking regions was
proposed.® The requirements to be fulfilled by Tau sequence
elements to obtain a functional and tight complex with
microtubules have been characterized further, identifying, in
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Tau:tubulin copolymer rather than fixed to a preassembled
microtubule, additional interaction sites might exist."> For the
latter case of coassembly, a binding site of Tau close to the taxol
binding site of f-tubulin, at the lumen of the microtubules, has
been suggested.'* Occupancy of the taxane pocket on f3-tubulin
stabilizes the lateral contacts between protofilaments.'> Tau
isoform-specific regulation of the number of protofilaments in
microtubules'® could involve a similar interaction. Nevertheless,
the precise localization of Tau has been hampered in particular
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Figure 1. Domain organization of Tau441 and sequence of the TauF4
fragment. Numbering is according to the 441 amino acid long adult
isoform. The repeat and inter-repeat regions are as defined by Lee et
al***> The PHF6 (V306—K311) and PHF6* (V275—K281) peptides,
thought to be the nuclei for the aggregation of Tau into fibers,***” are
underlined.

by its migration on the microtubule surface, as was suggested”
early on and recently observed by single molecule fluo-
rescence.

Because of the lack of detailed structural data, open questions
remain about the functional interaction of Tau with micro-
tubules. The first question concerns the molecular mechanism
by which Tau promotes the first steps of assembly of individual
tubulin heterodimers into protofilaments and/or microtubules.
This question concerns the interaction of Tau with a single
tubulin heterodimer and how this interaction lowers the critical
concentration for microtubule assembly. Second, how does it
protect microtubules from depolymerization: what are the
regions of Tau involved and what are their roles? A third
question relates to the structure of Tau when bound to tubulin
heterodimers, protofilaments, or microtubules. Tau is an
intrinsically unstructured protein (IUP) when isolated in
solution."® ** Whereas many IUPs have been shown to adopt
a well-defined fold upon binding to their cognate par‘cner,23
such might not be the case for Tau, but direct evidence is
lacking. A structural characterization of Tau when bound to
tubulin or to tubulin assemblies would help to clarify this issue.

Here we study a fragment of Tau, TauF4 (Figure 1), that
both binds tightly to MTs and favors their assembly, thus
recapitulating two important characteristics of the interaction of
the whole protein with tubulin heterodimers.”® We first show
that this fragment favors the longitudinal interaction of
individual tubulin heterodimers and thereby plays a positive
role in the construction of protofilaments. Then using NMR
spectroscopy we exploit the availability of soluble tubulin
complexes comprising a single or two heterodimers to detail
how this functional fragment of Tau binds to the tubulin
surface. We find that the Tau fragment largely binds without
adopting a regular secondary structure and that, despite the
high affinity of the partners, molecular mobility remains a
defining factor of the complexes tested. Finally, our structural
model provides a framework to study the physiological role of
Tau phosphorylation.

B EXPERIMENTAL SECTION

Effect of TauF4 on the GTPase Activity of Tubulin—
Colchicine. The tubulin—colchicine complex was prepared as
described previously.”” The GTPase measurements were performed

at a 10 uM tubulin—colchicine concentration in 80 mM PIPES-K, pH
6.8, 2 mM MgCl,, 0.5 mM EGTA, 150 uM [y-*P]GTP, in the
presence of TauF4 at variable concentrations.

Sedimentation Assay. A constant concentration of 10 xM tubulin
heterodimer—colchicine (Tc) was incubated with increasing concen-
trations of TauF4, in a 80 mM PIPES-based buffer, 1 mM MgCl,, 0.5
mM EGTA, 150 yM GTP. Samples were centrifuged at high speed
(315 000g, 34 °C) for 10 min after 20 min of incubation at 37 °C, or at
low speed (20 000g, 34 °C) for 15 min after 45 min incubation at 37
°C. Pellets and supernatants were collected and analyzed by SDS-
PAGE.

Electron Microscopy. Samples were prepared at 20 °C with § yuM
tubulin heterodimers alone and with different TauF4 concentrations
(from 2 to 18 #M) in 20 mM phosphate buffer, pH 6.5, 10 uM GTP.
Samples were adsorbed onto Formvar carbon-coated copper grids,
stained with 2% (w/v) uranyl acetate, and blotted to dryness. Grids
were observed using a JEOL JEM-1400 electron microscope operated
at 80 kV.

Sample Preparation. The complex of tubulin with an SLD-based
domain (SLD = stathmin-like domain) that sequesters one tubulin,*
complexes of tubulin and of subtilisin-digested tubulin with
RB3gp,>"** and the Ncap-tubulin®® complex were prepared as
described. The TauF4 fragment was prepared as a triply labeled
protein (*H, "*C, '*N) by overexpression in a deuterated culture
medium. Further details are given in the Supporting Information.

TauF4 Interaction Assay with the Different Tubulin
Heterodimer Complexes. A mutant of TauF4, in which one of
the cysteine residues (at position 322, residue numbering as in the
longest isoform of human Tau) had been mutated to a serine, was
obtained by standard molecular biology techniques, purified as TauF4,
reduced with dithiothreitol, and then reacted with acrylodan. This
protein was used in a titration experiment against the different tubulin
heterodimer complexes as described in the Supporting Information.

NMR Spectroscopy. NMR spectra were acquired on a Bruker 800
MHz Avance II instrument with a triple resonance probe head, or on a
900 MHz Avance III instrument, equipped with a cryogenically cooled
triple resonance probe head. Details of the sample conditions and
spectral acquisition parameters are given in the Supporting
Information.

B RESULTS

TauF4 Promotes the Longitudinal Association of
Tubulin Heterodimers. In the microtubule, the tubulin
heterodimer interacts longitudinally with its nearest neighbors
along protofilaments. Stabilizing these interactions is therefore
one way to favor microtubule assembly. To verify whether
TauF4 may use such a mechanism, we recorded its effect on the
GTPase activity of the tubulin heterodimer—colchicine
complex, which has been shown to depend on such longitudinal
associations.>**> We indeed observed an increased GTP
hydrolysis rate upon addition of TauF4 to a fixed concentration
of tubulin heterodimer—colchicine (Figure 2a). As expected,
this GTPase activity is inhibited by vinblastine, a compound
that binds at the longitudinal interface between two tubulin
heterodimers.*®

To investigate whether these longitudinal interactions lead to
protofilaments, we performed an assembly experiment of
tubulin heterodimers. Whereas a sample of 10 uM of tubulin
heterodimer—colchicine forms oligomers that can be visualized
by centrifugation at high speed (315 000g) but not at low speed
(20 000g), increasing amounts of TauF4 stabilize the oligomers
to such an extent that at equimolar concentrations of TauF4
and tubulin heterodimer—colchicine, a major part of the tubulin
heterodimer—colchicine is found in the pellet even when
centrifuging the sample at low speed (Figure 2b). To visualize
the resulting oligomers, we incubated a sample with TauF4 and
tubulin heterodimers at 20 °C, a temperature whereby no full
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Figure 2. TauF4 promotes the longitudinal assembly of tubulin
heterodimers. (a) TauF4-enhanced tubulin—colchicine GTPase
activity. The GTPase activity of tubulin—colchicine (10 M) was
recorded in the presence of increasing TauF4 concentrations. The
catalytic activity is inhibited to close to background level by vinblastine
(VIb, 50 uM added). For comparison, the GTPase in the presence of
RB3g, (T,R) was also measured. (b) TauF4 promotes oligomer
formation of tubulin heterodimers in the presence of colchicine. In the
presence of TauF4, these oligomers can be found in the pellet (p) even
when centrifuging at low speed, whereas without TauF4, Tc is mainly
found in the supernatant (s). (c) Electron micrograph of TauF4-
induced tubulin ring structures. Scale bar (black) = 200 nm, scale bar
(white) of insert = SO nm.

microtubules should form. Observation of the sample by
electron microscopy showed circular polymers of diameter 42
+ 4 nm, usuallg called tubulin rings, that resemble the curved
protofilaments®” (Figure 2c). Without TauF4, the same tubulin
heterodimers do not induce any ring structures (Figure S1,
Supporting Information). Overall, these results indicate that
TauF4 favors the longitudinal association of tubulin hetero-
dimers.

TauF4 Binds Tightly to Nonpolymerizable Tubulin
Heterodimers but Remains Dynamic in the Complex. To
study the Tau—tubulin interaction at the molecular level, we
sought to use NMR spectroscopy, a method that has previously
given access to structural details of flexible parts in a large
macromolecular complex®® and is well suited to deal with
dynamical systems. Stabilized microtubules are however too

large for the technique. Indeed, whereas solution NMR of Tau-
decorated microtubules previously allowed the observation of
the N-terminal projection domain and C-terminus of Tau,
residues in the direct interaction region could only be identified
by broadening or lack of signal.*>* Free tubulin heterodimers
are not a good candidate either, because stoichiometric
amounts of Tau lower the critical concentration for MT
assembly to submicromolar values, below the minimal
concentration of tens of micromolar required for solution
NMR. We therefore turned to tubulin heterodimer complexes
that are prevented from assembling into MTs. We have
previously shown® that a fragment of Tau devoid of the
projection domain binds to tubulin embedded in T,R, the
complex composed of two tubulin heterodimers sequestered by
the stathmin-like domain of the RB3 protein (RB3gp). "
Exploiting the FRET signal between the tubulin tryptophans
and acrylodan-labeled TauF4, we find that under NMR
conditions, the dissociation constant (Kp) of TauF4 from
T,R is lower than 1 nM (Figure 3). Thus, we expect a complex
that is stable on the NMR time scale.
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Figure 3. The affinity of TauF4 for different complexes of tubulin
heterodimers with stathmin-like-based proteins, monitored by
fluorescence spectroscopy.

The NMR spectrum of TauF4 is considerably simpler than
that of full-length Tau and should hence give easier access to
structural parameters.42 We have °N-, 13C-, >D-labeled TauF4
for the NMR spectroscopy study of its interaction with T,R.
Despite the absence of deuteration of T,R and the more than
200 kDa molecular weight of the resulting complex, the
resulting transverse relaxation optimized spectroscopy
(TROSY) spectrum was of good quality and allowed the
recording of a 3D TROSY-HNCACB experiment for the
assignment. Significant chemical shift differences, similar in size
and direction to those observed upon binding of Tau to
heparin,* were observed for most amide cross-peaks in the
PRR (Figures 4, S, and S2, Supporting Information). The most
significant shift was observed for resonances in the N-terminal
part of the PRR (for examples see Figure S2 and Table S,
Supporting Information). However, Ca and Cf§ chemical shift
values for residues in the PRR did not vary significantly
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Figure 4. The role of the C-terminal Glu-rich tubulin peptides in the
anchoring of TauF4. Schematic drawing of the T,R and sT,R
complexes used, in colors that correspond to the NMR spectra. (A)
Similar shifts for resonances of TauF4 (black when isolated) are
observed when in the complex with sT,R (blue) compared to T,R
(red). (B) Titration behavior for the complex of TauF4 with sT,R in
80 mM PIPES-K buffer. Spectra with a 0.8:1 and 0.3:1 ratio of
TauF4:sT,R in 80 mM PIPES-K buffer are shown in pink and violet,
respectively. The spectrum in blue is the TauF4:sT,R spectrum in 15
mM PIPES-K buffer. Residues in the R1 repeat (as here Ser258) lose
their resonances after the first titration point. (C) Although the peaks
of reduced intensity in the TauF4:T,R spectrum disappear in the
TauF4:sT,R spectrum at 15 mM PIPES-K buffer, they are visible in
the initial steps of the titration experiment in 80 mM PIPES-K, and
indicate the direction for the final peak in the TauF4:T,R spectrum.
(D) Idem as C, but with ratios 0.8:1 and 0.5:1 for TauF4:sT,R in 80
mM PIPES. The red TauF4:T,R spectrum is contoured at 2X lower
levels.

between the free TauF4 fragment and TauF4 in its complex
with T,R (Figure S2, Table S3, Supporting Information),
thereby arguing against the adoption of a stable secondary
structure for the PRR region.

The second contiguous peptide we could unambiguously
assign on the basis of the Ca/Cf carbon frequencies was the
IR2/3 (IR = inter-repeat) region and the part of R3 present in
TauF4 (Figure 1). Resonance peaks shift less than those
corresponding to residues in the PRR and do not show a
consistent upfield pattern (Figure S2, Supporting Information).
However, even for the PHF6 peptide (PHF = paired helical
filament) thought to be a nucleus for aggregation® (Figure 1),
BC chemical shift values do not vary significantly between the
free and bound state (Figure S2, Supporting Information). The
regular /3 strand adopted by this peptide in its amyloid form****
hence does not reflect its tubulin-bound conformation.

Assignment of residues in the R1 and R2 repeats and inter-
repeat region proved more difficult. Indeed, the last residue we
could connect to its upstream neighbor on the basis of its Car/
Cp signals was Val248, before the start of the first repeat.
Intensity after this residue severely dropped, and even for an
isolated correlation peak such as that for Gly261, we could not
find a plausible counterpart in the spectrum of the bound
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Figure S. Comparison of the TauF4 interaction with different tubulin
complexes. Spectra of TauF4:T,R (top, red), of TauF4:TR (middle,
light blue), and of TauF4:Ncap-tubulin (bottom, light green) show the
presence of signals for Asn26S in the latter two spectra, whereas this
resonance is completely absent from the TauF4:T,R spectrum. In
contrast, the intense peak of Tyr310 in the TauF4:T,R spectrum is
severely reduced in the spectra of TauF4 with a single tubulin
heterodimer. The red TauF4:T,R spectrum in the panel with Ser235 is
contoured at 2X lower levels to show the absence of the Asn265 cross-
peak. A schematic representation of the different soluble tubulin
constructs is given on the left of each spectrum.

TauF4. However, for a couple of isolated peaks such as those
for GIn276 in IR1/2 or Val300 in R2 (Figure S, top, and Figure
S2, Supporting Information), magnetization transfer in the
TROSY-HNCACB spectrum did occur and points to spots of
local mobility. Even for these residues, the carbon frequencies
did not appreciably vary between free and bound form. A
number of other weaker peaks are observed in the TROSY
spectrum but could only be tentatively assigned to residues in
R1—-R2 on the basis of proximity to peaks in the spectrum of
TauF4.

Despite the important contribution of the PRR to the overall
high affinity of the complex,®® these results highlight its
remaining dynamical character when bound to T,R. The same
is true for the C-terminal part of TauF4, comprising the IR2/3
and R3 peptides. The disappearing signals for most residues in
the internal R1 and R2 repeats hinder atomic characterization
at this stage.

Part of the TauF4 Dynamicity Is Conferred by Its
Interaction with the Tubulin C-Terminal Tails. A
dominant role for the tubulin C-terminal tails in mediating
the interaction with Tau has been proposed.***” One
characteristic of these C-terminal tails is that they are enriched
in acidic residues and highly mobile. Indeed, the C-terminal tail
could be traced in electron density maps of tubulin structures
only in the a subunit and when in complex with tubulin—
tyrosine ligase, an enzyme that specifically interacts with this
part of tubulin.*® To investigate the role of tubulin C-terminal
tails in Tau binding, we prepared a T,R construct in which the
tubulin tails have been cleaved by subtilisin (sT,R).*> When
measuring the affinity of TauF4 for sT,R in a FRET
experiment, the association constant indeed decreases by 2
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orders of magnitude (Figure 3), confirming a role for these
flexible tails in the anchoring of Tau.

Despite this drop in affinity, the TROSY spectrum of the
TauF4 fragment in complex with sT,R shows that the 'H, °N
chemical shift differences for residues in the PRR are only
marginally different from those observed in the complex with
T,R (Figure 4). The surface of the T,R complex, even when
calculated from the structure without the negatively charged C-
terminal tails, remains very electronegative (Figure S3,
Supporting Information). This negatively charged surface
rather than specific hydrogen bonding between amide functions
of TauF4 and acidic side chains of the tubulin tails in
TauF4:T,R hence can explain the observed shifts.*” The
resonance intensity of some selected residues in this region,
such as Leu2l1$, already weak in the spectrum of TauF4:T,R,
further decreased when in complex with sT,R (Table S2,
Supporting Information). A small but observable effect of the
removal of the tubulin tails on the peak position was detected
when approaching the Rl repeat (e.g, S241 and Thr24S in
Figure 4) and was accompanied by an earlier drop in intensity
than in the complex with T,R. The resonance of Val248, for
example, hardly reaches above noise level in the TauF4:sT,R
spectrum (Figure S4, Supporting Information). This signal
decrease, indicative of loss in mobility, further extends in the
repeats region, as peaks such as those of Gly271 and GIn276
and many of the other weak peaks tentatively assigned to the
R1-R2 region in the TauF4:T,R spectrum completely
disappear after removal of the tubulin C-terminal tails (Figure
S4, Supporting Information). The chemical shift values of
resonances corresponding to residues in the PHF6 peptide are
less affected, but their intensities in the sT,R complex are also
weaker than in the complex with T,R (Figure S4, Table S2,
Supporting Information).

It has been noted that the Tau—microtubule interaction
varies according to the ionic strength.**° In agreement with
this, when repeating the NMR experiments with the same
equimolar sample of TauF4 and the sT,R complex in a higher
PIPES concentration, we observed an intermediate position for
many resonances of TauF4 (Figure 4). Assuming that the
positions of the resonances in the spectrum of the 15 mM
PIPES TauF4:sT,R sample, with its 0.1 pM dissociation
constant (Figure 3), represent the final fully saturated state, we
derive a lower bound of 10 M for the dissociation constant in
80 mM PIPES. This K, value predicts a rapid exchange on the
NMR time scale and hence a gradual shift of the resonances
between free and bound state when the ratio of TauF4 to sT,R
is varied. This is what we observed for different titration points,
which allowed us to assign a number of the weak resonances
that we had only tentatively assigned on the basis of their
proximity to their parent resonance. Thus, markers for the IR1/
2 repeat region such as 11e277, Asn279, Leu282, and Ser28S, be
it with a very low intensity for the former two, could be
assigned (Figure 4). In R2, Lys294 was identified as the peak
with the most pronounced downfield proton chemical shift
(Figure 4). For residues in the R1 repeat, however, intensity in
the first point of the titration series was already at the limit of
detection, confirming our previous observation that its
resonances are completely broadened beyond detection in the
spectrum of TauF4:T,R

In conclusion, both the acidic tubulin C-terminal tails and the
general electronegative surface of tubulin are major contrib-
utors to the tight interaction between TauF4 and the tubulin

surface, and the tubulin tails contribute positively to the
dynamical character of Tau in the T,R complex.

TauF4 Binds to a Single Tubulin Heterodimer, with an
Overhanging Peptide in the First MTBR. Whereas the
above results concern the binding of TauF4 to a construct with
two curved tubulin heterodimers, we attempted to learn more
about an even eatlier event, that would be its association with a
first single tubulin heterodimer. For this, we used the stathmin-
like domain designed to sequester a single tubulin heterodimer
(this complex is named TR).* The 20 nM TauF4:TR tubulin
dissociation constant derived from a FRET measurement
(Figure 3) underscores the importance of the number of
tubulin units for the interaction strength but should still lead to
a stable complex on the NMR time scale. Because addition of
more than 0.3 equiv of TauF4 to TR invariably led to
precipitation of the sample at the concentrations required for
NMR analysis, we recorded a TROSY spectrum with 0.3 equiv
of TauF4.

When comparing the spectra of TauF4 in complex with TR
or with T,R, many resonances are very close in intensity and
position, indicating a similar environment for many residues of
TauF4 in complex with an assembly containing a single or two
tubulin heterodimers. Nevertheless, we did observe two notable
differences between both spectra. First, the resonances
corresponding to the previously invisible R1 peptide in the
TauF4:T,R spectrum are now visible in the TauF4:TR
spectrum, with easily detectable intensity for the ***STENZ
tetrapeptide (Figure S). Second, by contrast, the intensity of
resonances corresponding to residues in the C-terminal part of
TauF4, including the PHF6 peptide,26 is much weaker when
TauF4 is in complex with TR than in its complex with T,R, and
this despite the halving of the molecular weight of the TR
versus T,R complex (e.g, Tyr310 in Figure 5).

We previously observed that TauF4 binds less tightly to T,R
than to microtubules,*® and our results indicate that some parts
of the fragment retain significant mobility when associated with
T,R. The number and the conformation of the tubulin
heterodimers that compose the surface available to TauF4
might be at the origin of these observations, but another
possible explanation for the different behavior according to the
tubulin assembly considered is that RB3g; |, interferes with the
binding of TauF4 to tubulin in T,R, hence lowering the
strength of interaction. To address this question, we turned to a
second construct with a single tubulin heterodimer in which
most of the stathmin-like domain is absent but for which
assembly is prevented by a covalently linked peptide derived
from the stathmin N-terminus. The resulting construct is
named Ncap-tubulin.>® In T,R, the peptide of RB3gp
corresponding to the stathmin N-terminus interacts with the
surface of a-tubulin engaged in longitudinal interactions when
tubulin heterodimers are embedded in a microtubule.””>!
Therefore, this surface is very unlikely to be involved in Tau
binding. The peptide hence prevents the tubulin longitudinal
associations but leaves the other surfaces of tubulin fully
accessible. Because Ncap-tubulin contains only one tubulin
heterodimer (as compared to two heterodimers in T,R), for
easier assessment of the effect of the stathmin-like domains on
TauF4 binding, we compare the spectra of the TauF4:Ncap-
tubulin complex with those of TauF4:TR. The RB3g, C-
terminal helix, that contacts both tubulin heterodimers of T,R
in a re%ion that corresponds to the exterior of the micro-
tubule,* is shortened in this complex but still occupies the
same position relative to the tubulin heterodimer. The spectra
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of TauF4 in the presence of both complexes (Ncap-tubulin and
TR) are similar, with visible resonances of the overhanging
peptide in the R1 repeat accompanied by a similar intensity
reduction for the resonances of the PHF6 peptide residues in
both spectra (Figure S). This suggests that the C-terminal helix
of the stathmin-like domain does not interfere significantly with
the TauF4:tubulin interaction. The Asn265 resonance shifts
slightly more in the TauF4:Ncap-tubulin complex than in the
TauF4:TR complex. Although we cannot fully exclude a
proximity of this residue to the RB3g; 1, helix that distinguishes
both single tubulin heterodimer complexes, this differential shift
can also reflect a proximity to the different Ncap peptides in
these two constructs.

Our results with the single tubulin heterodimer hence
suggest that the N- and C-terminal parts of TauF4 bind to a
single tubulin heterodimer with an overhanging peptide in the
first MTBR. Binding to a single tubulin heterodimer further
leads to a lesser degree of mobility for the C-terminal part of
the Tau fragment than when TauF4 binds to a construct with
two tubulin heterodimers.

To identify any stable structure in this overhanging peptide
in the TauF4:single tubulin complexes, we synthesized a
peptide (residues 256 to 273 of Tau) centered on the residues
that have observable intensities in the TauF4:TR complex
spectrum but disappearing signals in that of TauF4:T,R. The
NOE spectrum of the peptide in a 40:1 ratio over T,R shows
that the positive Ha-Hy NOE characterizing the flexible Gly,,-
Gly,,; C-terminus in the free peptide becomes negative in the
presence of T,R, confirming both the interaction and the rapid
exchange required for transfer-NOE®* (Figure S5, Supporting
Information). A number of sequential NOEs also gain
substantially in intensity, and new contact NOEs notably
between the amide protons of Ile,s-Gly,s; and Asn,gs-Leuygs
could be detected even at a mixing time as low as 100 ms
(Figure 6). As this suggests at least a partial structuring of this
peptide at the tubulin surface, we searched in the PDB for
sequence motif homologues to this peptide and identified an
IGSTENI motif in the citrate synthase from Francisella
tularensis (PDB code 3MSU), almost identical to the
20IGSTENL*® central sequence of the Tau peptide. In the
citrate synthase structure, this motif adopts a turn conforma-
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Figure 6. The conformation of the RI repeat in its complex with T,R.
(Left) Homonuclear transfer-NOE spectrum on the VKSKIG-
STENLKHQPGGG peptide of the Tau R1 repeat alone (black) or
in the presence of 1:40 T,R (blue). Additional cross-peaks stem from
the bound conformation of the peptide. (Right) Loop region of the
(E)IGSTEN(I) peptide in the citrate synthase crystal structure (PDB
code 3MSU), with short distances between the Ile/ Gly and And/Ile
amide protons.

tion, similarly characterized by short distances between the
amide protons corresponding to those identified by NOE in the
Tau peptide:T,R complex.

Altogether, the spectra of TauF4 with a single tubulin
heterodimer show that N- and C-termini of TauF4 bind to a
single tubulin heterodimer and hence suggest the presence of a
turn between those fragments located in the first repeat. This
turn, centered on the **IGSTENL*® peptide, thereby would
not directly contact the single tubulin heterodimer. The C-
terminus of TauF4 in this single tubulin heterodimer complex
has partly lost the mobility it had in the T,R complex with the
two tubulin dimers.

TauF4 Binds Asymmetrically to the Two Tubulin
Heterodimers in T,R. The NMR spectra of TauF4 in the
presence of assemblies comprising one or two tubulin
heterodimers suggest that a protruding R1 MTBR peptide
contacts the second tubulin heterodimer in T,R but sticks out
in the single tubulin heterodimer complexes. This scheme
predicts that TauF4 would lose the interaction of this Rl
MTBR peptide in the latter, and hence the affinities of TauF4
for TR or T,R would differ, in agreement with our titration
results (Figure 3).

We sought to further localize the TauF4 fragment on the
T,R surface by introducing four cysteine mutations in the
RB3g p, helix, one in front of every tubulin subunit (Figure 7),
and labeled them with a spin label to perform paramagnetic
relaxation enhancement (PRE) experiments.>>>* We then
measured the spectra of TauF4 in the presence of these four
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Figure 7. Positioning of TauF4 on the T,R surface through the use of
engineered spin labels in the RB3gp helix. (Left) X-ray structure of
T,R (PDB code 3RYC). The Cas of the RB3;, residues mutated in
cysteine for nitroxide labeling are shown as blue spheres. The residues
corresponding to the stathmin-derived Ncap peptide are also
highlighted in blue. The RB3g;p region that connects its N-terminal
part to the C-terminal helix is disordered in the structure and not
traced in this panel. (Right) Representative panels of the spectra of
TauF4 in its complex with each of the four differently labeled T,R
complexes, in the absence (red) or presence (black) of vitamin C.
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different T,R complexes, each one with a single label on
RB3g;p to detect possible spatial proximity at a per-residue
level. In agreement with the low-contrast detected by
cryoelectron microscopy of Tau-decorated microtubules,'® all
spin labels had some effect on most of the resonances.
Nevertheless, the most pronounced signal disappearance for
many TauF4 resonances was observed when the spin label was
attached to Cys122, in front of the 42 subunit, with for example
a vanishing intensity for the resonances of Arg230 in the PRR
(Figure 7) and Ser241 and Leu243 at the hinge between the
PRR and first MTBR (Figure S6, Supporting Information). The
spin label at Cys71, in front of £1, had a less pronounced effect
and quenched the intensity of the same resonances only to a
level of 60%. The PRR is therefore predominantly positioned in
the vicinity of the f2 subunit, indicating an asymmetrical
contribution of the two tubulin heterodimers of T,R in their
role toward TauF4 binding. We further observed an almost
complete extinction of the resonances of the PHF6 *®VYK*!"
residues, close to the C-terminal end of TauF4, when the spin
label was in front of this #2 tubulin subunit (Figure 7). This
agrees with an overall structure of TauF4 bound to the a2/42
tubulin heterodimer in T,R with a turn-like character.

Most surprisingly, however, the spin label at Cys53, in front
of al, weakens these selected resonances to the same extent of
the PHE6 peptide (Figures 7 and S6, Supporting Information).
In the structure of T,R, the distance between the Cas of the
corresponding labeled residues of RB3g;, (residues 53 and 122,
in front of al and f32, respectively) is larger than 100 A,
whereas the expected sphere of activity of the spin label has
been estimated to be 20 to 25 A.>S Therefore, even when taking
into account the size of the spin label itself, mostly 8 to 10 A
away from the main chain atoms, the spheres of activity in T,R
of RB3gp labeled at position 53 and 122 do not overlap.
Whereas an intensity decrease of these PHF6 resonances by the
spin label at Cys71, in front of 1 and hence equivalent to the
Cys122 position in front of f2, could have pointed to the
existence of similar binding modes of TauF4 to both tubulin
heterodimers, we interpret the PRE data with the spin label at
CysS3 as evidence for the mobility of the C-terminal moiety of
TauF4 between two distal positions located at either T,R end.

B DISCUSSION

Past attempts to elucidate the details of how Tau interacts with
tubulin have revealed the crucial role of the PRR and MTBR
regions in the interaction with stabilized MTs and in promotion
of tubulin assembly.®**** We previously defined the TauF4
fragment that spans this central region and functionally mimics
full length Tau for microtubule assembly. The tighter binding
of TauF4 to straight microtubular tubulin can provide the
driving force to straighten the soluble curved tubulin
heterodimers, the conformation found in T,R, and thereby
promote polymerization. However, a view of how this central
region of Tau behaves when in complex with any form of
tubulin surface has been missing. Here we present NMR data
on the interaction of TauF4 with several soluble constructs
containing a single or two tubulin heterodimers in their curved
conformation. These constructs do not recapitulate a possible
role of Tau in establishing lateral contacts between the
protofilaments, but the corresponding complexes should
represent the early intermediates in the assembly of tubulin
heterodimers into MTs by Tau.

TauF4 binds to one tubulin heterodimer with a sizable
affinity (Figure 3). We propose it does so in a U-turn manner

12621

(Figure 8). In the complex, the IR2/3 region has a reduced
mobility, as witnessed by the low intensities for these residues

Figure 8. Model for the interaction of TauF4 with tubulin
heterodimers, in the presence (top) or absence (bottom) of RB3gp,.
The regions of TauF4 are colored according to Figure 1. In the TR
complex (top, left), TauF4 binds in a U-turn conformation, whereby
the IGSTEN peptide protrudes from the tubulin surface and can hook
on a second tubulin. This is modeled by the T,R complex (top, right),
in which the C-terminus of TauF4 now gains in mobility, translating in
the experimentally observed swing movement of the PHF6 peptide. In
the absence of the SLD domain, TauF4 favors tubulin longitudinal
associations leading to enhanced GTPase activity of the tubulin—
colchicine complex (bottom, middle) and to the assembly into
protofilaments forming rings at 20 °C (Figure 2) or MTs when
incubated at 37 °C (bottom, right). The model should not be taken as
a static picture of TauF4, in view of the important mobility of this Tau
fragment on the tubulin surface.

in the TauF4-TR spectra (Figure S). This argues against this
region playing a “fly-casting” role to recruit a second tubulin
heterodimer.>® In TauF4-TR, an overhanging peptide in the
first Tau MTBR (R1) maintains sufficient mobility in the
complex to be visible in the NMR spectrum (Figure 5). Only
when a second tubulin heterodimer comes in, as mimicked by
the T,R complex, does this peptide become immobilized.
Together with the increased GTP hydrolysis rate of the
tubulin—colchicine complex upon addition of TauF4 and
TauF4’s capacity to promote the oligomerization of tubulin
heterodimers into ring-like structures (Figure 2), these data
point to a role for TauF4 in longitudinal tubulin assembly
through recruitment of a second tubulin heterodimer by the
first repeat of TauF4 (Figure 8). This Rl region spans the
“assembly-promoting” peptide sequence that was early on
identified to promote MT assembly, albeit at a 100-fold higher
concentration than that of full-length Tau.”’
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At the other end of the microtubule assembly—disassembly
cycle, during shrinkage, tubulin heterodimers become curved
when protofilaments are peeling off;*® hence, their interaction
with Tau may become more similar to what we observe in the
case of T,R. Such a complex is characterized by an increased
mobility of the C-terminal part of TauF4, most dramatically
illustrated by the movement of the PHF6 peptide, whose
resonances are affected by spin labels in the vicinity of both the
al and the A2 subunits in T,R. Tubulin heterodimer
dissociation could be slowed down by the overhanging RI1
region of Tau and, additionally, by the swing movement of the
IR2/3 region that keeps two curved tubulin heterodimers
connected (Figure 8). Altogether, such a model also explains
the prevention of catastrophes by Tau.>*

The downfield shifts of many of the "H—""N correlations in
our TauF4:tubulin complexes, even without its C-terminal
acidic tails (Figure 4), together with the steep salt dependence
of the interaction, suggest that a general electrostatic interaction
is one of the major driving forces for the interaction of Tau
with tubulin. This is also consistent with the high flexibility of
TauF4 in its complex with T,R and the apparent absence of a
single binding pocket on the tubulin surface. Less well
characterized than an interaction model whereby specific van
der Waals interactions, hydrogen bonds, or ionic bonds provide
the free energy of binding, the Tau:tubulin interaction is
distinguished from that of many other IUPs that bind to their
target molecule in a well-defined conformation.”?

Few additional cases have been described where an IUP
remains mobile upon binding to its target. One example is the
complex of the cyclin-dependent kinase inhibitor Sicl with the
F-box protein Cdc4, where several phosphorylated motifs target
a similar binding pocket in a highly dynamical manner.*® The
binding of Sicl is conditioned by a minimal number of
phosphorylation events.” For Tau, phosphorylation is not
required for interaction with tubulin. Rather, the different
phosphorylation patterns that define its physiological but also
pathologically aggregated state®' would regulate its interaction
with and its assembly capacity of tubulin in an as yet poorly
understood manner. The major proton chemical shift observed
for Leu215, directly neighboring Ser214 that upon phosphor-
ylation leads to a strongly decreased affinity of Tau for the MT
surface,*>® suggests that specific phosphorylation events can
interfere with interaction hotspots. Similarly, Ser262, which
upon phosphorylation by the Mark kinase was reported to lead
to detachment of Tau from the MTs, %" is at the very center
of the “invisible” region of TauF4 in its complex with T,R. Our
experimental approach based on NMR analysis of soluble
tubulin constructs with a Tau fragment, together with our
capacity to generate in vitro well-defined phosphorylation
patterns,®® will allow us to study the regulation of Tau by
phosphorylation in an unprecedented manner.

H CONCLUSION

We present experimental evidence that a functional fragment of
Tau, TauF4, promotes the longitudinal interaction between
tubulin heterodimers. Using NMR spectroscopy of TauF4 in
complex with different soluble tubulin heterodimer structures,
we present a model that can explain how TauF4 promotes the
assembly of microtubules from tubulin heterodimers.
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