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The paired helical filaments (PHF) formed by the intrinsically
disordered human protein tau are one of the pathological hall-
marks of Alzheimer disease. PHF are fibers of amyloid nature that
are composed of a rigid core and an unstructured fuzzy coat. The
mechanisms of fiber formation, in particular the role that hydration
water might play, remain poorly understood. We combined protein
deuteration, neutron scattering, and all-atom molecular dynamics
simulations to study the dynamics of hydration water at the
surface of fibers formed by the full-length human protein htau40.
In comparison with monomeric tau, hydration water on the surface
of tau fibers is more mobile, as evidenced by an increased fraction
of translationally diffusing water molecules, a higher diffusion
coefficient, and increased mean-squared displacements in neu-
tron scattering experiments. Fibers formed by the hexapeptide
306yQIVYK3'" were taken as a model for the tau fiber core and
studied by molecular dynamics simulations, revealing that hydra-
tion water dynamics around the core domain is significantly re-
duced after fiber formation. Thus, an increase in water dynamics
around the fuzzy coat is proposed to be at the origin of the exper-
imentally observed increase in hydration water dynamics around
the entire tau fiber. The observed increase in hydration water dy-
namics is suggested to promote fiber formation through entropic
effects. Detection of the enhanced hydration water mobility around
tau fibers is conjectured to potentially contribute to the early di-
agnosis of Alzheimer patients by diffusion MRI.

hydration water | tau protein | amyloid fibers |
intrinsically disordered proteins | neutron scattering

myloid fibers are the most stable forms of ordered protein

aggregates. They have attracted much attention because of
their implication in so-called conformational diseases, which
include a variety of neurodegenerative disorders (1). Conse-
quently, means of hindering or reversing fiber formation are ac-
tively researched (2). Pathological fibers are often formed by
intrinsically disordered proteins (IDPs) that lack a well-defined 3D
structure in their native state and are best described by an en-
semble of different conformations (3). The human protein tau is
an IDP that normally regulates microtubule stability in neurons.
When tau aggregates, it forms paired helical filaments (PHF) that
are one of the two histological hallmarks of Alzheimer disease
(AD) (4, 5). As yet, and despite considerable effort over the past
30 y, the understanding of tau fibrillation in AD and other
taupathies remains largely incomplete (6). The longest human tau
isoform, htau40, is composed of 441 amino acid residues and is
organized into several domains (see Fig. 1), including the repeat
domains R1-R4 (residues 244-369) that constitute, together with
the P1 and P2 domains, the microtubule binding regions (7). Es-
sential for the nucleation of tau fibers is the presence of hex-
apeptides (*°VQIINK* and **VQIVYK®!) in R2 and R3 (8)
that have a high propensity to form p-structures. Although precise
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structures of tau PHF remain unknown (6), they can be divided
into two structurally different regions (see Fig. 1): (i) a rigid p-rich
core (denoted as the fiber core domain), which is essentially
composed of the four repeat domains, and (i) the remainder, the
so-called fuzzy coat, which is highly flexible (9-11).

Water is known to play key roles in protein folding, stability,
and activity (12). It mediates protein—protein and protein—DNA
recognition, is involved in allostery, partakes in enzymatic re-
actions and proton and electron transfer, and more generally
plasticizes biological macromolecules by providing their surface
with an extensive and highly dynamic network of hydrogen bonds.
Compared with folded proteins, tau has been shown to have a
stronger coupling with its hydration water (13). However, very little is
known about the role water plays in protein aggregation in general
and in tau fibrillation in particular. A recent study on two different
amyloid systems concluded that water plays a key role in fiber growth
and polymorphism, inter alia through entropic effects (14). A study
by Chong and Ham (15) highlighted the role of water in protein
aggregation propensity by revealing a tight relation between the
hydration free energy of a protein and its propensity to aggregate.

Among the experimental methodologies available to study
protein hydration water, neutron scattering (NS) stands out owing
to its pronounced sensitivity to motions of hydrogen atoms. In-
deed, hydrogen atoms incoherently scatter neutrons about two
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Fig. 1. Schematic representation of the tau isoform htau40 in its mono-
meric (Top) and fibrillated (Bottom) forms. The microtubule binding domain
is roughly composed of the four repeat domains R1-R4 (residues 244-369)
and the proline-rich domains P1 and P2. R1-R4 constitute the core domain,
which forms cross-p structures as well as steric zippers in the fiber, whereas
the rest of the protein is referred to as the fuzzy coat domain, which remains
disordered in the fiber form. The amyloidogenic hexapeptide *°°vQIVYK3'
can be used as a model for the fiber core.

orders of magnitude more strongly than all other atoms present in
a biological sample, including deuterium atoms. Consequently,
NS has been widely used to study bulk and confined water at
room temperature (16), hydration water of peptides (17), pro-
teins (18-21), and water inside cells (22). More specifically, NS
probes atomic motions on the nanosecond to picosecond time-
scales and on the angstrom length scales (23), thus ensuring the
time and space resolution necessary for investigating water dy-
namics with atomistic detail. Elastic incoherent NS (EINS) re-
flects the global dynamics averaged over all atoms but does not
provide any information on the nature of the observed motions.
Quasi-elastic NS (QENS), however, allows the quantification of
energy exchanges between the sample and the neutron beam and
provides quantitative information about the nature of motions
observed. Because of a pronounced isotope effect, the replacement
of hydrogen by deuterium atoms effectively masks the labeled part
of a sample in incoherent NS experiments. Perdeuteration of
proteins (i.e., deuteration of the entire protein) hydrated in H,O
thus puts the focus on hydration water dynamics by minimizing
the protein contribution to the NS signal. All-atom molecular
dynamics (MD) simulation is a useful complement to NS be-
cause both methods probe atomic motions on the same time and
length scales. Whereas incoherent NS provides an accurate mea-
sure of the average dynamics of hydrogen atoms throughout the
sample, MD simulations provide atomic-scale insight into motions
occurring within particular space and time windows of interest (24).

Here we experimentally and computationally address the ef-
fect of tau fiber formation on the dynamics of its surrounding
hydration water. We produced perdeuterated htau40 as well as
a perdeuterated heparin analog, and measured by NS the dy-
namical properties of hydration water on the surface of tau
monomers and of tau fibers whose formation was triggered by
the heparin analog. Both elastic and quasi-elastic NS indicate an
increased mobility of hydration water on tau fibers compared
with tau monomers. MD simulations provide circumstantial ev-
idence suggesting that it is the increase in water dynamics around
the disordered fuzzy coat and not around the fiber core that is
at the origin of the experimentally observed increase in tau
hydration water dynamics after fibrillation. We conjecture that the
observed gain in water dynamics reflects an increase in water
entropy that is favorable to the fiber formation.

6366 | www.pnas.org/cgi/doi/10.1073/pnas.1422824112

Results

Tau Fiber Characterization. Fibers formed by adding heparin to
monomeric tau have been reported to closely resemble those
formed in vivo by tau hyperphosphorylation in AD brains (25).
Here we produced and used deuterated versions of tau and
heparin to largely mask their incoherent contribution in NS ex-
periments and thus focus on the hydration water dynamics around
tau fibers. To exclude an isotope effect on fiber formation and
morphology, we characterized deuterated fibers by complemen-
tary biophysical methods. A negative staining electron micrograph
of the deuterated tau fibers is presented in Fig. 24. Control mi-
crographs of the monomeric tau did not reveal the presence of
fibers. X-ray fiber diffraction patterns of deuterated tau fibers
(Fig. 2B) showed the typical signature of amyloid structures. The
diffraction ring at 4.7 A corresponds to the_cross-p sheet distance
along the fiber direction, and the ring at 9 A reflects the gauge of
the steric zipper, perpendicular to the fiber direction (26, 27).
Similar observations were made on hydrogenated tau fibers and
monomers as shown in Fig. S1. We conclude that adding deuterated
heparin to monomeric deuterated htau40 leads to the formation of
fibers resembling those formed from hydrogenated constituents.

Water Mean-Squared Displacements Are Increased at the Surface of
Tau Fibers. We performed EINS on powders of fibers (denoted as
D-fiber-H,O) and monomers (D-tau-H,O) of deuterated tau
hydrated at 0.4 g H,O/g protein. This experiment aimed at
measuring the dynamics of the first hydration shell of the protein
in both states. Hydrogen atoms in the hydration water contribute
71% to the incoherent NS signal in both samples, whereas the
remainder originates from the deuterated proteins, including
exchanged hydrogen atoms (see SI Materials and Methods for
detailed calculations). The contribution of deuterated heparin
potentially included in the fibers is negligible (see SI Materials
and Methods). Incoherent NS experiments from D-fiber-H,O
and D-tau-H,O thus mainly monitor hydration water dynamics.
Mean-squared displacements (MSD) of hydration water in both
samples were extracted by applying a Gaussian approximation
(see SI Materials and Methods for details), and are presented as a
function of temperature in Fig. 34. The MSD of D-fiber-H,O
become markedly larger than those of D-tau-H,O above around
220 K, where large-amplitude water motions set in (28). At 300
K, they are about 30% higher for the fiber compared with the
monomer sample. Hydration water is thus more mobile around
the tau fibers than around the monomeric protein. The total
elastically scattered intensity, which provides a model-free esti-
mation of the dynamics, confirms the difference seen in the
water MSD between D-fiber-H,O and D-tau-H,O (Fig. S24).

Water Translational Diffusion Is Increased Around Tau Fibers. To pro-
vide quantitative information about the nature of water motions
observed, we recorded QENS spectra on the D-fiber-H,O and
D-tau-H,O samples at 280 K. The raw spectra are shown in Fig.
3B. The D-fiber-H,O spectrum exhibits a larger quasi-elastic
broadening, confirming qualitatively the enhanced dynamics of

Fig. 2. (A) Electron micrograph and (B) X-ray fiber diffraction pattern of
deuterated tau amyloid fibers. The white arrows highlight the diffraction rings
observed at 4.7 A and 9.0 A, which are characteristic of amyloid structures.
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Fig. 3. (A) MSD of the hydration water around monomers (D-tau-H,0) and
fibers (D-fiber-H,0) of the tau protein. The MSD were extracted from the
Gaussian approximation fitted between q values of 0.78 A~" and 1.76 A~".
(B) Comparison of the raw QENS spectra of D-fiber-H,O and D-tau-H,O at
280 K, binned over q values from 0.45 A~" to 1.66 A~". The spectra of D-tau-
H,O were extracted from Schiré et al. (29). For a visual comparison, the
spectra were scaled with a multiplicative factor and corrected for a linear
background. Because QENS spectra are symmetrical, the focus was put on
positive energy exchange. (C) MSD of monomers (H-tau-D,0) and fibers
(H-fiber-D,0) of the tau protein. They were extracted from the Gaussian ap-
proximation with a g* correction between q values of 0.43 A" and 1.93 A~".
The error bars represent the SD output from the fitting procedure. Data on
H-tau-D,0 were taken from ref. 13 and reanalyzed.

fiber hydration water evidenced by the MSD (Fig. 34). QENS data
were fitted with a model (29) that describes water diffusional dy-
namics as a superposition of translational and rotational motions,
with a supplementary term for immobile water molecules (see SI
Materials and Methods for details and Fig. S3 for an example of
fits). The fitting procedure allows extraction of the fraction of the
scattering signal coming from translating, rotating, or immobile
water molecules, as well as their respective diffusion co-
efficients. Table S1 presents the output parameters of the fitting

Fichou et al.

procedure. The fraction of water molecules undergoing translational
diffusion around the fibers is 25% higher than around the mono-
mers. Furthermore, the translational diffusion coefficient and the
rotational rate are 11% and 17% higher, respectively, for the fiber
hydration water.

Protein Dynamics of Tau Monomers and Fibers Are Identical. To
determine if the enhancement of hydration water dynamics
originates from a change in protein dynamics upon fibrillation,
we measured by EINS the dynamics of the fibrillated and the
monomeric tau protein. To this end, we prepared hydrogenated
tau amyloid fibers, hydrated with 0.4 g D,O per gram of protein
(H-fiber-D,0), strictly following the protocol established for
formation of the D-fibers. Incoherent NS from such a sample
amounts to 97% from the protein and only 3% from the hy-
drating D,O (detailed calculations are presented in SI Materials
and Methods) and, hence, almost solely reflects protein dynam-
ics, and not water dynamics. We extracted the MSD (Fig. 3C) of
tau fibers (H-fiber-D,0) and compared them to those of mono-
meric tau [H-tau-D,O; reprocessed from Gallat et al. (13)]. We
applied a g~ correction to the Gaussian approximation (see Fig. S4
and ST Materials and Methods for details) that allows fitting a large
q range and provides not only the MSD but also the width of the
MSD distribution (30, 31). This width reflects the heterogeneity of
the MSD among the various hydrogen atoms in the protein. Note
that this model was not suitable to fit scattering data from the
deuterated samples. The H-fiber-D,O and H-tau-D,O samples
present identical MSD (Fig. 3C) with similar distributions (Fig.
S5). Thus, both tau monomers and fibers exhibit the same protein
dynamics on the nanosecond to picosecond timescales, and the
differences in water dynamics are inherent to the hydration shell.

MD Simulation Shows Decreased Water Dynamics Around the
Fibrillated Hexapeptide 3°vQIVYK3"'. The structure of tau fibers
is heterogeneous in the sense that about 30% of the monomer is
included in a cross-f structure (referred as the fiber core),
whereas the rest remains disordered (fuzzy coat; see Fig. 1).
Because NS provides information on the average dynamics of all
hydrogen atoms in the sample, we used MD simulations to assist
the interpretation of our experimental results (see Discussion).
We carried out all-atom MD simulations on the amyloid-prone
hexapeptide ***VQIVYK>", which belongs to the tau fiber core
(8) and was therefore used as a model of the fiber core (32, 33).
The simulation was performed on the monomeric peptide in
solution (Fig. S64) and the peptide fiber based on the crystal
structure (34) [Protein Data Bank (PDB) entry 20N09; Fig. S6B],
following the procedure described by Zhao et al. in ref. 35. We
compared the dynamics of the water molecules (Fig. 4) around
the monomeric peptide (highlighted in Fig. S64) and around the
peptide fiber (highlighted in Fig. S6B). The MSD of hydration
water (Fig. 44) are higher for the monomeric compared with the
fibrillated peptide. To provide further insight into water behavior
at the surface of the peptide, two types of peptide—water hy-
drogen bond (HB) correlation functions were analyzed: the
continuous HB correlation function, the decay of which defines
the timescale, on average, on which protein—water HBs break,
and the intermittent HB correlation function, the decay of which
defines the timescale of the rearrangement of the protein—water
HB network. The decay of the continuous HB correlation func-
tion is due primarily to the rotational/librational motions of water
molecules, whereas the decay of the intermittent HB correlation
function results from the reorganization of the protein HB net-
work due to water translational diffusion (36). The relaxation
times of both correlation functions are longer (Fig. 4 B and C)
when the peptide is in the amyloid state, suggesting, consistently
with the water MSD (Fig. 44), that the hydration water dynamics
around the core domain is slowed down after fiber formation.

Discussion

The mobility of hydration water on the surface of tau fibers is
increased compared with tau monomers as evidenced by elastic
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Fig. 4. Dynamical properties of the hydration water around the fibrillated an
of the first hydration shell (defined as water molecules within 3 A of the p

d the monomeric peptide 3°®VQIVYK3"", obtained by MD simulations. (A) MSD
eptide), (B) protein—water continuous HB correlation function (providing in-

formation on the timescale of water rotational/librational dynamics), and (C) protein—water intermittent HB correlation function (providing information on
the timescale of the rearrangement of the protein—water HB network due to water translational diffusion).

and quasi-elastic NS. Quantitatively, 25% more water molecules
undergo translational diffusion on the fiber surface, and they
display an 11% higher diffusion coefficient. The protein dy-
namics of monomeric and fibrillar tau appear to be identical,
implying that the observed differences in water dynamics are
inherent to the hydration shell. MD simulation, carried out on a
model of the fiber core, shows a reduced water mobility around
the amyloid form of the fiber core model.

Is the experimentally observed average increase in hydration
water dynamics around fibrillar tau due to enhanced dynamics of
water around the core or the fuzzy coat domains (see Fig. 1 for a
visual representation of these domains)? To address this question,
we divide the average hydration water dynamics in two parts (see
Fig. 1): the dynamics of the water molecules around residues
244-369 (forming the core domain in the fibers) and around resi-
dues 1-243 and 370-441 (forming the fuzzy coat in the fibers). The
subscripts core and fuzz refer to these two groups, respectively, and
the subscript fot refers to the water around the entire protein. Note
that the definition of these groups applies to both the monomeric
and the fibrillated protein. Then, one can write

<u>tot =Pfuzz X <u>ﬁ422 +Pcore X <u>core’ (1]
where (1) are the mean values of a generic dynamic parameter,
and py,.. and p.,,. are fractions of water molecules at the surface
of the fuzzy coat and the core domain, respectively, with py,., +
Peore = 1. Note that u represents any dynamical quantity, such as
MSD, for instance. Following Eq. 1, our experimental finding
can be written as (u)™ > ()", where the superscripts fib and
mon refer to the fibrillated and monomeric protein, respectively.

During tau fibrillation, a fraction of the core domain becomes
dehydrated when it forms dry steric zippers (34) and cross-p
sheets, i.e., pft <p"o" and thus pjfc;bzz >pfg,- If the average
amino acid composition of core and fuzzy coat were markedly
different, in particular resulting in a different hydrophobicity,
a redistribution of water from the core to the fuzzy coat after
fibrillation could affect hydration water dynamics (17, 37).
However, according to the hydropathy scale of Kyle and
Doolittle (38), the average hydropathy of the core and fuzzy
coat are similar (—0.6 + 1.3 and —0.9 + 1.4, respectively). This
similarity thus suggests that (u)for ~ (u)rn, and that a re-
distribution of water between core and fuzzy coat domains is
not at the origin of the experimentally observed increase in
the average tau hydration dynamics after fibrillation.

Another possible origin of the enhanced hydration water dy-
namics observed on the surface of tau fibers is an increase in water
dynamics on the core moiety after fiber formation. The amyloid
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core is composed of p-sheets that are stabilized by intermolecular
HBs, thus reducing the number of HB donors and acceptors
available for interaction with hydration water. As a consequence,
one could conjecture that water moves more freely on the fiber

core, thus leading to ()™ > (u)™". To evaluate this possibility

in silico, we chose the hexapeptide **VQIVYK>!! as a model for
the fiber core and carried out MD simulations of both monomeric
and amyloid fiber states. The analysis of water dynamics in the first
hydration layer shows an overall lower mobility around the amy-
loid form, as revealed by water total MSD (see Fig. 44). In par-
ticular, both the continuous (Fig. 4B) and the intermittent (Fig.
4C) protein—water HB relaxation times are longer around the
fibrillated peptides, suggesting that both rotational and trans-
lational diffusions are reduced around the amyloid assembly. A
reduction in the local dynamics of water molecules around the
core domain in tau fibers (in particular around the residue
Cys322) has also been observed in Overhauser dynamic nuclear
polarization NMR experiments (39). Therefore, we propose that it
is the water dynamics not around the core domain but around the
fuzzy coat that is increased when tau has formed amyloid fibers,
resulting in the average increase in water dynamics observed in
our neutron experiments. Spatially resolved water dynamics on the
core and on the fuzzy domains could be monitored with time-
resolved fluorescence lifetime measurements (40).

The local protein topology, determined by the protein con-
formation, has been proposed to be a key, if not the main, fea-
ture determining the hydration water dynamics (41-44).
Significant conformational changes in the fuzzy coat have been
shown by NMR spectroscopy to accompany tau fiber formation
(11); thus a change in water mobility upon fiber formation is
expected. A rough model of a tau fiber has been proposed based
on EM and atomic force microscopy experiments, in which the
fuzzy coat resembles a two-layered polyelectrolyte brush with the
protein termini sticking out of the fiber core (45). In view of this
model, one might conjecture that the alignment of the protein
termini within the fuzzy coat after fiber formation modifies the
confinement geometry of hydration water. In particular, the con-
finement dimensionality might be reduced from 3D before to 1D
or 2D after fiber formation, thus increasing water mobility, as
shown in model systems by, e.g., MD simulations and experiments
(46, 47). Thus, we propose that the conformational change of the
fuzzy coat imposed by formation of the fiber core is responsible for
the experimentally observed increase in water dynamics.

A macromolecular surface perturbs hydration water with re-
spect to bulk water, resulting in a decrease in both water dy-
namics and water entropy. The notion of water being a reservoir
of entropy for biomolecules has been discussed in the context of
protein folding, binding, and aggregation (14, 48-50). Energetically
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unfavorable protein conformational changes can feed upon the
water entropy. For instance, Breiten et al. showed experimentally
that water entropy compensates for the poor binding enthalpy of a
protein—ligand complex (49). Several studies (14, 51) have shown
that the nucleation of amyloid structures requires surmounting a
free energy barrier. That this thermodynamic cost can be com-
pensated by an increase in hydration entropy through the release
of water into the bulk has been shown in silico (14). Our ob-
served increase in the fraction of water molecules undergoing
translational diffusion on the fiber surface reflects a decrease in
water perturbation and thus a gain in water entropy. A tentative
estimation of the entropy gain associated with the addition of
water translational degrees of freedom could be based on the
increase in the number of translating water molecules around tau
fibers (see Table S1). However, it has been shown (see, e.g., ref.
52) that the translational entropy of a water molecule interacting
with a protein depends not only on the surface hydrophobicity
but also largely on the water—protein distance. Consequently,
without knowing the surface topology of tau fibers at high res-
olution, any quantitative estimation of the entropy change would
not be reliable. Nevertheless, from a qualitative point of view,
we propose that the entropy gain associated with the increase
in the number of translating water molecules promotes fiber
formation.

Many studies have examined fibers formed only by the core
domains (so-called K18 and K19 fragments) as models for the
biologically relevant tau PHF. Our work provides an example of
a property that differs significantly between the fiber core do-
main (reduced hydration dynamics) and the full-length tau fibers
(enhanced hydration water dynamics). Care should thus be taken
when extrapolating experimental results obtained on a protein
fragment fiber to a full-length protein fiber.

An increase in water diffusivity has been observed with diffusion
MRI in the hippocampus of patients suffering from AD (53, 54)
and proposed as a potential early biomarker of the disease. This
increase has been hypothesized to originate from the decrease in
neuronal cell density accompanying the progression of AD, yet
experimental validation remains elusive. Our study raises the pos-
sibility that the enhanced water mobility around tau PHF could
provide an additional explanation for the increased water diffu-
sivity revealed by diffusion MRI. Indeed, although the local density
of PHF within volumes of brains corresponding to the spatial
resolution of MRI [~1 mm?® (55)] remains unknown to the best of
our knowledge, PHF have been shown to be densely packed within
neuronal cells (see, e.g., figure 4 in ref. 56), and the proportion of
accelerated PHF hydration water compared with bulk-like water
might thus be substantial. In addition, islands of dystrophic neurons
containing PHF in AD-affected brains have been shown to reach
1 mm in size (57). Consequently, accelerated PHF hydration water
might well be at the origin, at least partially, of the enhanced water
diffusivity in AD-affected brains detected by diffusion MRI.

In conclusion, we have provided experimental evidence for an
increased hydration water mobility of tau fibers compared with
monomers, which we tentatively assigned to an increase of water
dynamics on the surface of the fuzzy coat. The ensemble of re-
sults presented suggests a scenario in which the hydration water
mobility plays a role in the formation of tau amyloid fibers by
providing entropic compensation. It would be highly interesting
to follow water dynamics during the fibrillation process. The
question of whether or not the growth rate of amyloid fibers can
be modulated by acting on the solvent dynamics remains to be
studied. If this were the case, efforts to mitigate the formation of
tau amyloid fibers in the context of AD should be extended to
include a focus on hydration water dynamics.

Materials and Methods

Expression, Purification, Fibrillation, and Sample Preparation of htaud40 for
Neutron Experiments. The expression and purification of the human iso-
form htau40 has been published elsewhere (13) and is briefly recalled in S/
Materials and Methods. The deuterated fibers (denoted as D-fiber) and hy-
drogenated fibers (H-fiber) were prepared identically. The purified protein
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was mixed with the deuterated heparin analog (the production of which is
described in S/ Materials and Methods) at a molar ratio tau:heparin 4:1 to
trigger fibrillation. The fibrillation was monitored by fluorescence of thio-
flavin S on a BioTek Synergy H4 Hybrid microplate reader with excitation
and emission wavelengths of 430 nm and 490 nm, respectively. A typical
fluorescence curve as a function of time of the hydrogenated protein solu-
tion is shown in Fig. S7.

After adding the deuterated heparin analog, the solutions were incubated at
room temperature for the hydrogenated protein and at 30 °C for the perdeu-
terated protein for about 2 wk. The fibers were then extracted by centrifugation
at 125,000 g for 90 min and used for neutron sample preparation, as well as for
biophysical characterization (see S/ Materials and Methods). After lyophilization,
the deuterated fibers were rehydrated to 0.40 g H,O per gram of protein
(sample denoted D-fiber-H,0) and the hydrogenated fibers were rehydrated to
0.44 g D,0 per gram of protein (H-fiber-D,0). Both samples were then sealed in
a 4 x 3 cm? flat aluminum sample holder. A detailed protocol of the sample
preparation is given in S/ Materials and Methods. The deuterated and hydro-
genated monomeric tau samples (i.e.,, D-tau-H,O and H-tau-D,O, respectively)
were prepared previously (13).

EINS Experiments. EINS of D-fiber-H,O and D-tau-H,O was carried out on the
backscattering Spectrometer for High Energy Resolution (SPHERES) (58) (Julich
Centre for Neutron Science at the Heinz Maier-Leibnitz Zentrum Garching,
Garching, Germany). The instrumental energy resolution of 0.65 peV (full
width at half-maximum) allowed motions faster than about 1 ns to be
probed. The instrument uses neutrons with a wavelength of 6.27 A and
scattering vectors g in the range of 0.21-1.84 A~". EINS of H-fiber-D,0
was carried out on the backscattering spectrometer IN16 (59) at the
Institut Laue Langevin (Grenoble, France). The instrumental energy res-
olution of 0.9 peV (full width at half-maximum) allowed motions faster
than about 1 ns to be probed. The instrument uses neutrons with a wave-
length of 6.27 A and scattering vectors q in the range of 0.19-1.95 A~". Data
on H-tau-D,0, also measured on IN16, were taken from previous work (13)
and reprocessed. The MSD were calculated using the Gaussian approxima-
tion (S/ Materials and Methods).

QENS. QENS experiments on the D-fiber-H,O sample were carried out on
SPHERES (58). The data were collected over an energy range of —15.8/+15.6 peV
at 20 K and 280 K, for 10 h and 12 h, respectively. The spectra at 280 K (Fig.
3B and Fig. S3) were normalized to the 20-K spectra. QENS data on D-tau-
H,0, measured on SPHERES according to the same protocol, were obtained
by Schiré et al. (29). Details on data processing and modeling are available in
SI Materials and Methods.

MD Simulation. The monomeric peptide model was built by placing the
hexapeptide 3°VQIVYK3'" in a box containing 9,253 water molecules and
1 chloride ion for electroneutrality (see a snapshot of the simulation box in
Fig. S6A). The fiber model was based on the work of Zhao et al. (35). The
fiber was made of the antiparallel two-sheet crystal structure published by
Sawaya et al. (34) (PDB entry 20N9). Five strands were stacked on top of
each other with a distance of 4.7 A (Fig. S6B) and placed in a box of 9,258
water molecules. After 18 ns of equilibration, the dynamical parameters
shown in Fig. 4 were computed over 2 ns for water molecules within 3 A
of the protein surface (see Fig. S6). Details on the simulation protocol
and the calculations of the dynamical parameters are given in S/ Materials
and Methods.
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