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Abstract

α-Synuclein (αSyn) is an intrinsically disordered protein that can form amyloid fibrils. Fibrils of αSyn are
implicated with the pathogenesis of Parkinson's disease and other synucleinopathies. Elucidating the
mechanism of fibril formation of αSyn is therefore important for understanding the mechanism of the
pathogenesis of these diseases. Fibril formation of αSyn is sensitive to solution conditions, suggesting that
fibril formation of αSyn arises from the changes in its inherent physico-chemical properties, particularly its
dynamic properties because intrinsically disordered proteins such as αSyn utilize their inherent flexibility to
function. Characterizing these properties under various conditions should provide insights into the mechanism
of fibril formation. Here, using the quasielastic neutron scattering and small-angle x-ray scattering techniques,
we investigated the dynamic and structural properties of αSyn under the conditions, where mature fibrils are
formed (pH 7.4 with a high salt concentration), where clumping of short fibrils occurs (pH 4.0), and where fibril
formation is not completed (pH 7.4). The small-angle x-ray scattering measurements showed that the
extended structures at pH 7.4 with a high salt concentration become compact at pH 4.0 and 7.4. The
quasielastic neutron scattering measurements showed that both intra-molecular segmental motions and local
motions such as side-chain motions are enhanced at pH 7.4 with a high salt concentration, compared to those
at pH 7.4 without salt, whereas only the local motions are enhanced at pH 4.0. These results imply that fibril
formation of αSyn requires not only the enhanced local motions but also the segmental motions such that
proper inter-molecular interactions are possible.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Parkinson's disease (PD) is the second most
common neuro-degenerative disorder after Alzhei-
mer's disease [1]. The hallmarks of this disease include
loss of dopaminergic neurons in the substantia nigra in
the brain and the formation of intracytoplasmic
aggregates, called Lewy bodies, the major component
of which is fibrillar aggregates (amyloid fibrils) of
α-synuclein (αSyn) [2]. Missense mutations in the
gene of this protein have been identified in early-onset
PD [3–8]. Overexpression of αSyn due to duplication
r Ltd. All rights reserved.
and triplication of this gene have also been shown to
cause familial early-onset PD [9–11]. These observa-
tions imply that amyloid fibril formation of αSyn is
involved with the pathogenesis of PD.
αSyn is an intrinsically disordered protein, containing

theN-terminal (1–60 residues) andC-terminal (96–140
residues) regions that are disordered and the central
NAC (non-amyloid-β component) region (61–95 resi-
dues) [12]. αSyn is abundant in presynaptic nerve cells
[13], and this protein has been reported to be
implicated with a variety of functions, including those
related to synaptic plasticity, vesicle dynamics, and
Journal of Molecular Biology (2019) 431, 3229–3245
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neurotransmitter release [14]. The involvement of this
protein with such numerous functions has led to the
concept of “multifunctionality” of αSyn [15]. Amyloid
fibrils of αSyn have been shown to be associated with
not only PD but also other neurodegenerative dis-
eases such asdementiawith Lewybodies andmultiple
system atrophy [1]. Elucidating the mechanism of fibril
formation of αSyn is therefore important for under-
standing the mechanism of the pathogenesis of these
synucleinopathies. αSyn has thus been the focus of
extensive studies (as reviewed, for example, in Refs.
[16,17]), the subjects of which include the kinetic
process of fibril formation, the structural characteriza-
tion in various states, the cytotoxicity of the aggre-
gates, and the effects and possible therapeutic
applications of various inhibitors of fibril formation.
The molecular mechanism of fibril formation of αSyn,
however, remains elusive.
Intrinsically disordered proteins contain conforma-

tional fluctuations as an inherent property, and they
utilize this dynamic property for function [18]. Confor-
mational fluctuations in intrinsically disordered αSyn
are thus likely to play a role in the process of
aggregation. Indeed, the measurements of the intra-
molecular diffusion of αSyn by Förster resonance
energy transfer (FRET) [19–21], the conformational
fluctuations of αSyn by NMR [22–27], and the local
motions of the polypeptide side-chains of αSyn by
quasielastic neutron scattering (QENS) [28,29]
suggest the importance of these motions in fibril
formation. Studies in terms of the dynamic properties
are therefore required to elucidate the molecular
mechanism of fibril formation of αSyn.
The kinetics as well as the pathway of aggregation

in vitro is sensitive to the conditions of the solution in
which αSyn is dispersed. The rate of fibril formation is
changed by the concentrations and kinds of salts in the
solution [30,31]. Incubation ofαSynat high temperature
under constant shaking leads to the formation of fibrils
at neutral pH, but to amorphous aggregates at acidic
pH [32,33]. Even the fibrils formed have distinct
features depending on the solution condition [34,35].
Thus, the propensity to fibril formation can be controlled
by the solution condition. Characterization of the
dynamic properties of αSyn under the conditions
corresponding to the different propensities to fibril
formation should provide clues to elucidate how the
dynamic properties of αSyn are related to fibril
formation. Since recent studies suggest the cytotoxicity
of oligomeric intermediates [36–38], it is particularly
important to elucidate how the initial process of
aggregation starts. We thus investigated in this study
the dynamic properties of αSyn monomers under
various solution conditions showing different propensi-
ties to fibril formation, to elucidate how the (possible)
dynamic changesofαSyncan start the initial processof
aggregation.
We employed QENS to characterize the dynamic

properties of αSyn. QENS provides a tool to directly
measure the protein dynamics at pico- to nano-second
time and ångstrom length scales [39]. Since the
incoherent QENS signals arise primarily from hydro-
gen atoms, the (incoherent) QENS measurements on
the protein samples in D2O solutions provide the
average spectra of the hydrogen atoms within the
proteins. About half of the atoms constituting the
proteins are hydrogen atoms, which are distributed
(pseudo-)uniformly in the proteins, and the motions of
the hydrogen atoms reflect themotions of larger groups
of atoms to which the hydrogen atoms are bound [39].
QENS spectra thus provide information on the average
dynamics of the entire proteins. In particular, the
information onglobalmotions such as diffusivemotions
of the entire protein and local motions such as those of
side-chains can be obtained [40]. We carried out the
QENS measurements on the αSyn solutions in D2O
under various salt and pH (pD) conditions, and
characterized the dynamic properties of αSyn under
these conditions.
We also characterized the structures of αSyn under

these conditions as well. For this purpose, we carried
out the small-angle x-ray scattering (SAXS) measure-
ments on the αSyn solutions. SAXS is a powerful
method to characterize the structures of the proteins in
solution. Themolecular parameters such as a radius of
gyration, obtained fromSAXS analysis, are sensitive to
the shapes and association states of the proteins, and
the sophisticated methods of analysis with modeling
make it possible to analyze the structures in detail [41].
We combined the dynamic and structural information to
elucidate the relationship between the dynamics and
structures of αSyn related to fibril formation.
Results

Structural characterization of the aggregated
states in various solution conditions

The following solution conditions showing different
propensities to fibril formation were employed: The
solution containing 20 mM Hepes (pH 7.4) and
150 mM NaCl (termed “pH 7.4 in high salt” below),
that containing only 20 mM Hepes (pH 7.4), and that
containing 20 mM sodium acetate (pH 4.0). Incuba-
tion of the αSyn solution at pH 7.4 at 37 °C with
constant stirring leads to the formation of amyloid
fibrils, but the rate and the degree of fibril formation are
different in the presence and absence of salt. On
the other hand, incubation of the solution at pH 4.0 is
known to result in the formation of amorphous
aggregates [32,33]. Figure 1(a) shows the aggrega-
tion kinetics under these solution conditions, moni-
tored by the increase in the thioflavin T (ThT)
fluorescence associated with the binding of the dye
to the fibrils [42]. The aggregation kinetics was
sensitive to the solution conditions: The αSyn solution



Fig. 1. (a) Kinetics of aggregation of αSyn under different solution conditions, monitored by ThT fluorescence. (b) The
cross-sectional Guinier plots of the SAXS curves of αSyn fibrils (or aggregates) under different conditions. Arrows indicate
the maximumQ values of the Guinier regions,Qmax, specified byQmaxRc = 1.3. Errors bars within symbols are not shown.
(c) Examples of the EM images at the final states of the aggregation kinetics under different conditions. A scale bar of
100 nm is shown in each image.
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at pH 4.0 shows the fast kinetics with a lag time of at
most 1 h and reaching a plateau at about 20 h,
whereas the kinetics of the solution at pH 7.4 in high
salt shows a lag time of about 20 h and reaching a
plateau at about 100 h. Furthermore, the solution at
pH 7.4 without salt shows very slow kinetics with a lag
time of about 50 h, and it takes at least 400 h to reach
a plateau. The degrees of aggregation at the plateaus
were evaluated by measuring the concentrations of
the solutions in the initial state and the supernatants
after centrifugation of the solutions in the plateaustate.
It was found that the degreesof aggregationwere98%
and 96% for the solutions at pH 4.0 and at pH 7.4 in
high salt, respectively. On the other hand, the degree
of aggregation was 38% for the solution at pH 7.4
without salt. This indicates that, together with the low
fluorescence intensity of ThT, which increases when
the dye binds to the fibrils, the fibril formation is not
completed under this condition. The fluorescence
intensity at the plateau at pH 4.0, which is lower than
at pH 7.4 in high salt, should be related to the different
morphology of the aggregates formed.
The structures of fibrils or aggregates formed under

these conditions were characterized using SAXS.
The SAXS measurements were carried out on the
αSyn solutions at pH 7.4 in high salt, at pH 7.4, and at
pH 4.0, after reaching the plateau states through
incubation at 37 °C with constant stirring. The SAXS
curves, I(Q), where Q (=4πsinθ/λ, 2θ is the scattering
angle and λ is the wavelength of x-ray) is the
momentum transfer, were analyzed using the cross-
sectional Guinier plots (the Q2 versus ln(QI(Q)) plots,
see Materials and Methods). Figure 1(b) shows the
cross-sectional Guinier plots. A slope of a linear fit to
this plot provides the cross-sectional radius of gyration
(Rc) of a filamentous structure. The plot of αSyn at
pH 7.4 in high salt shows clearly a linear region, which
extends beyond the Guinier region, the maximum
Q-value of which is specified by the relationship,
QRc = 1.3 [41], indicating a well-defined filamentous
structure. The value of Rc was 55.2 ± 0.3 Å, which
corresponds to the radius of 78 Å, assuming a solid
cylinder. This size of the fibrils is consistent with the
previous studies [32,34]. On the other hand, the plot of
αSyn at pH 4.0 shows a rather limited linear region,
from which Rc was estimated to be 85.7 ± 1.2 Å. This
Rc value corresponds to a solid cylinderwith a radius of
121 Å, which is somewhat smaller than twice the
radius of the cylinder corresponding to the fibril
structure at pH 7.4 in high salt. This implies that two
fibril structures associate or crush at pH 4.0. The
cross-sectional Guinier plot of αSyn at pH 7.4 without
salt provided the Rc value of 60.8 ± 1.4 Å. However,
the curve deviates from a linear region, while it is within
the Guinier region. This is likely due to the low degree
of aggregation (38%) under this condition.
Morphology of the aggregates formed under these

conditions was examined with electron microscopy



Fig. 2. (a) Examples of the decay time distributions,
obtained from the DLS measurements. The distributions
at the scattering angle (2θ) of 90° at 287 K are shown.
(b) Examples of the plots of the decay rate againstQ2 (Q =
4πnsinθ/λ0, where n is the refractive index and λ0 is the
wavelength of the laser). The plots of the solutions at 287 K
are shown.
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(EM). Figure 1(c) shows examples of the EM images.
At pH 7.4 in high salt, many long fibrils were observed.
On the other hand, at pH 7.4 without salt, the fibrils
appear to be shorter and irregular, suggesting that they
are not completely fibrillar. Furthermore, the number of
fibrils observed was significantly smaller than that at
pH 7.4 in high salt, but small structures with rather
globular shapes were frequently observed. At pH 4.0,
many short fibrils were clumped together to form
aggregates. These observations are consistent with
the results of the SAXS measurements. Thus, the
solution conditions at pH 7.4 in high salt, pH 4.0, and at
pH 7.4 represent the conditions under which mature
fibrils are formed, short fibrils are clumped to form large
aggregates, and fibril formation is not completed,
respectively.

Structural characterization of the monomeric
states in various solution conditions

The fact that changes in the solution condition result
in changes in the aggregation behavior implies that the
behavior of αSyn monomers underlies the aggregation
behavior. It is therefore important to characterize the
behavior of αSyn in themonomeric state for elucidating
the different aggregation behavior. We investigated the
structural and dynamic properties of αSyn in the
monomeric states under these solution conditions.
It is expected that αSyn is in the monomeric state

when the solutions are not incubated at 37 °C with
constant stirring. To verify this, we carried out the
dynamic light scattering (DLS) measurements on the
αSyn solution at pH 7.4 in high salt, pH 7.4 without
salt, and pH 4.0. Note that the measurements were
done on the samples under the similar conditions to
those for the QENS measurements (similar protein
concentrations in the buffers in D2O) to make
comparison of the diffusion coefficients possible (see
below), and thus pH for the DLS samples was actually
pDas for theQENSmeasurements. Figure 2(a) shows
examples of the distribution of the decay time, obtained
from the DLS measurements. The distributions show
single peaks. Although the small peaks due to large
aggregates are observed for the samples pH 7.4 and
pH 4.0, the weights for the main peaks are more than
97%, indicating that the αSyn molecules in these
solutions can be considered monomeric. Figure 2(b)
shows examples of the Q dependence of the decay
rate, which is inverse of the decay time. A slope of a
linear fit to the plot provides the value of the
translational diffusion coefficient (DT). The values of
DT are summarized in Fig. 6(a) and Table S1 in the
supplemental information. These values were used to
simulate the apparent diffusion coefficient from the
QENS spectra.
As αSyn in these solutions was verified to be

monomeric, the SAXS measurements were carried
out on these solutions. For each solution, a concen-
tration series of the measurements were carried out
between αSyn concentrations of 1.8 and 5.5 mg/ml.
Examples of the SAXS curves are shown in Fig. 3(a).
The small-angle regions of these SAXS curves were
analyzed using the Guinier plot (the Q2 versus lnI(Q)
plot, see Materials and Methods), examples of which
are shown in Fig. 3(b). The values of the radius of
gyration, Rg, and I(0)/c, which is proportional to the
molecular weight, obtained from linear fits to these
plots, are summarized in the upper and lower panels of
Fig. 3(c), respectively. There are little concentration
dependences of these parameters. As shown in the
upper panel of Fig. 3(c), the Rg values of αSyn at
pH 7.4 in high salt are about 42 Å. This value is
consistent with the values of αSyn monomers in the
previous studies [43–45]. The values at pH 4.0 are
about 33 Å, which is also consistent with the previous
studies [43,44]. Rg becomes even smaller at pH 7.4
without salt, to be about 27 Å, indicating that αSyn at
pH 7.4 adopts more compact structures than in high
salt. On the other hand, as shown in the lower panel of
Fig. 3(c), the I(0)/c values are all similar between the
samples under the different conditions, verifying again
that αSyn is monomeric in these solutions. The
maximum dimension (Dmax) was estimated from the
length-distribution (p(r)) function obtained usingGNOM
[46] in the program suit ATSAS [47]. As shown in Fig. 3
(d), Dmax in the p(r) functions of αSyn at pH 4.0 is



Fig. 3. (a) Examples of log–log plots of the SAXS curves of αSyn monomers under different conditions. Solid lines are
the fits to the data in the high-angle region in the measured Q-region with the power–law relationship, I(Q) ∝ Q−Dm.
(b) Examplesof theGuinier plots of thedata in thesmall-angle regionof theSAXScurves.Arrows indicate themaximumQ values
of the Guinier regions,Qmax, specified byQmaxRg = 1.3. (c) The concentration dependences ofRg and I(0)/c, evaluated from the
Guinier plots. (d) The p(r) functions of αSyn monomers under different conditions. (e) The dummy-atom models for αSyn
monomers under different conditions. The averaged models with volume correction over the 100 models generated are shown.
The picture on the right is the superposition of the averaged models for the different conditions.
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smaller than that at pH 7.4 in high salt, and Dmax at
pH 7.4 without salt is smaller than that at pH 4.0, again
indicating that the molecules are more compact.
Such changes in the compactness may be

reflected in the behavior of the high-angle region in
the SAXS curves. Fits to the curves in these regions
with the power-law relationship, I(Q) ∝ Q-Dm, shown
in Fig. 3(a), provide the fractal dimensions, Dm, of
2.06 ± 0.18, 2.24 ± 0.13, and 2.39 ± 0.19 for the
curves at pH 7.4 in high salt, at pH 4.0, and at
pH 7.4 without salt, respectively. The Dm values of 2
and 3 correspond to the power laws of a Gaussian
chain, which is often employed as a model of an
unfolded protein, and the molten-globule state of
proteins, respectively [48]. The conformations of
αSyn are thus similar to those represented by the
Gaussian chain. An increase in the compactness
of the conformations appears to be accompanied by
an increase in the Dm values. This implies that the
conformations of αSyn, which can be approximated
by the extended Gaussian chain at pH 7.4 in high
salt, tend to change toward the more molten-
globule-like conformations at pH 4.0 and at pH 7.4
without salt.
We employed a modeling approach for further

analysis. We constructed dummy-atom models for



Fig. 4. Examples of the QENS spectra. The spectra at Q = 1.05 Å−1 of αSyn monomers (a) at pD 7.4 in high salt at 277 K, (b) at pD 7.4 at 280 K, and (c) at pD 4.0 at
280 K are shown. The fits to the experimental spectra using Eq. (1) and the resolution function are also shown.
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these samples using DAMMIF [49] in ATSAS. One
hundred dummy-atom models generated for each
condition were averaged using DAMMAVER [50] in
ATSAS.Fig. S2 in the supplemental information shows
examples of the models generated. The averaged
models over the hundredmodels generated are shown
in Fig. 3(e). Thesemodels are consistent with the order
of compactness indicated by Rg and Dmax (pH 7.4
without salt ≪ pH 4.0 ≪ pH 7.4 in high salt). Superpo-
sition of these models, done by using SUPCOMB [51]
in ATSAS, is also shown in Fig. 3(e). Assuming that the
central regions in thesemodels, which are superposed
in Fig. 3(e), are the NAC region, the flexible N- and
C-terminal regions are more expanded at pH 7.4 in
high salt than those at pH 4.0 and at pH 7.4 without
salt. The overall structure of αSyn thus changes
corresponding to the changes in the solution condition.
As an alternative modeling approach to analyze the

SAXS curves, we also employed the ensemble
optimization method (EOM), in which an ensemble of
conformations is selected to fit the SAXS curve out of a
large pool of (randomly generated) conformations, and
which has been shown to be useful to analyze flexible
proteins [52]. We carried out the EOM analysis using
the program EOM [53] in ATSAS. The results of the
EOManalysis were essentially similar to those from the
dummy-atom models, with the exception of including
highly extended conformations in the ensemble for the
condition at pH 7.4 in high salt. Thedetails of the results
and the discussion on the results are described in Text
S1 in the supplemental information. Although some
cautions are made, the conclusions are the same as
those obtained from the dummy-atom models.

Dynamic characterization of the monomeric
states in various solution conditions

The differences in the “averaged” structures of αSyn
monomers reflect the differences in the distributions of
the conformational ensembles between the solution
conditions. This implies that the dynamic properties
underlying the conformational ensembles are different
between the solution conditions.We thus characterized
the dynamic properties of the αSynmonomers in these
solutions using QENS. The QENS measurements
were carried out on the solutions in D2O so that the
signals from the hydrogen atoms in proteins can be
detected with the minimum influence of the solvent
signals. Figure 4 shows examples of theQENSspectra
of αSyn at pD 7.4 in high salt, at pD 7.4, and at pD 4.0
at Q = 1.05 Å−1. The spectra, S(Q,ω), where ω is the
energy transfer of neutrons, can be fit with the equation
[54]:

S Q;ωð Þ ¼ A0 Qð Þδ ωð Þ þ 1−A0 Qð Þf gLlocal Q;ωð Þ½ �
⊗Lglobal Q;ωð Þ⊗R Q;ωð Þ þ B Qð Þ;

ð1Þ

where A0(Q)δ(ω) is the elastic component with A0(Q)
being the elastic incoherent structure factor (EISF) and
δ(ω) being the Dirac delta-function. Llocal(Q,ω) and
Lglobal(Q,ω) are the Lorentzian functions describing the
local atomic motions within the proteins (Llocal(Q,ω) =
(1/π) × (Γlocal(Q)/(Γlocal(Q)2 + ω2))) and the global
diffusive motions of the proteins (Lglobal(Q,ω) = (1/
π) × (Γglobal(Q)/(Γglobal(Q)2 + ω2))), respectively,
where Γlocal(Q) and Γglobal(Q) denote the half-width at
half-maximum (HWHM) of the corresponding Lorent-
zian functions. R(Q,ω) is the instrumental resolution
function, which is obtained from the spectra of
vanadium, B(Q) is the background, and ⊗ denotes
the convolutionoperation. The results of the fits are also
shown in Fig. 4. Using this phenomenological equation
based on the assumption that the global motions and
local motions are uncorrelated, the contributions of the
global motions and the local motions of αSyn can be
separated.
The global motions of αSyn can be characterized

by Lglobal(Q,ω). In particular, analysis of Γglobal(Q)
provides information on the diffusive motions of
αSyn. Figure 5 shows the Q2 dependence of Γglobal
(Q). Γglobal(Q) increases linearly with increasing Q2,
indicating that the motions observed can be
regarded as free diffusion. The apparent diffusion
coefficient, Dapp, can then be evaluated according to
the relationship, Γglobal(Q) = DappQ

2. The values
obtained are summarized in Fig. 6. Although the
differences in the Dapp values (filled squares)
between the different solution conditions are small,
these values are significantly larger than the DT
values (crosses) obtained from the DLS measure-
ments. It has been shown that Dapp contains the
contributions from not only translational diffusion but
also rotational diffusion of the entire particle
[40,55–58]. The spectra arising from the translational
and rotational diffusion were thus simulated, based
on the DT values obtained from the DLS measure-
ments and the rotational diffusion coefficients (DR)
calculated from the dummy-atom models obtained
from the SAXS measurements (see Text S2 in the
supplemental information for details of the calcula-
tion). The simulated spectra were well approximated
by single Lorentzian functions, and linear fits to the
Q2 dependence of the HWHM provide the simulated
values of Dapp (see Fig. S4 in the supplemental
information). The open circles in Fig. 6(a) are the
simulated Dapp values. There is still a significant
discrepancy between the experimental and simulat-
ed Dapp values. The contribution of the rotational
diffusion to the simulated values may be somewhat
smaller than expected: The ratios, Dapp/DT, fall in a
range between 1.1 and 1.28, while these ratios are
about 1.27 for globular proteins [40]. The DR values
employed in the simulations were calculated from
the dummy-atom models using HYDRO++ [59],
based on the rigid-body assumption, to be about
1–3 × 106 s−1 as shown in Table S1 in the
supplemental information. On the other hand, for
example, DR of hen egg white lysozyme, one of the



Fig. 5. Q2 dependence of Γglobal of
αSyn monomers (a) at pD 7.4 in high
salt, (b) at pD 7.4, and (c) at pD 4.0. The
results of the linear fits are also shown.
Errors bars within symbols are not shown.
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typical globular proteins with a similar molecular
weight to αSyn, is calculated from the crystal
structure (PDB code: 193L) to be 1.56× 107 s−1,
using the program HYDROPRO [60]. Such signifi-
cant differences in the DR values could account for
the relatively small contribution of the rotational
diffusion on Dapp.
The discrepancy between the experimental and

simulated Dapp values indicates that the significant
internal motions such as segmental motions contribute
to Dapp as shown in the previous studies [29,61,62].
Figure 6(b) shows the differences between the dashed
lines, which are the linear fits to the experimental Dapp
values above 285 K, and the dash-dotted lines,
which are the linear fits to the simulated Dapp values,
in Fig. 6(a). This demonstrates the degree of contribu-
tion of the internal segmental motions to Dapp. It is
shown that this degree at pD 7.4 in high salt is about
twice as large as that at pD 7.4 without salt and at pD
4.0, whereas they are similar between at pD7.4without
salt andat pD4.0. Thedegreesof the contributionof the
internal segmental motions of αSyn are thus signif-
icantly larger at pD 7.4 in high salt than at pD7.4without
salt and at pD 4.0. Note that the conclusions were the
same when the parameters obtained from the EOM
analysis were employed (see Text S3 in the supple-
mental information.)
The previous study on unfolded proteins by QENS,

however, showed consistency between the experi-
mental and theoretical spectra and detected no
contribution of additional motions [58]. This study
employed the DT and DR values obtained from the
neutron spin-echo (NSE) spectroscopymeasurements
[63], in which the analysis was based on the Zimm
model, which regards polypeptides as a chain consist-
ing of beads with uniform bond lengths, including
internal friction. The values employed were thus those
of each bead in a chain, which characterize the internal
motions within the chain. The results of the study
therefore indicate that the internal motions in the
unfolded proteins contribute to the QENS spectra.
This study, which detects the internal motions as
the differences between the experimental values
and the simulated values for a rigid body, provides a



Fig. 6. (a) Summary of Dapp obtained
from the QENS spectra, Dapp obtained
from the simulation based on the DLS and
SAXS measurements, and DT obtained
from the DLS measurements. Errors bars
within symbols are not shown. Filled
squares, open circles, and crosses denote
the Dapp values obtained from the QENS
measurements, the Dapp values from the
simulation, and the DT values from the
DLSmeasurements, respectively. Dashed
lines are the fits toDapp from QENS above
285 K, and dashed-dotted lines are the fits
to the simulated Dapp. (b) The difference
curves between the dashed lines and the
dashed-dotted lines shown in panel a.
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complementary method to those combined with the
NSE spectroscopy.
The localmotionswithin theαSynmolecules suchas

fluctuations of the side chains can be characterized by
Llocal(Q,ω). In particular, analysis of Γlocal(Q) provides
information on the frequency of the local motions.
Figure 7(a–c) shows the Q2 dependence of Γlocal(Q).
The observed asymptotic behavior of Γlocal(Q) can be
described by an equation based on a jump-diffusion
model, Γlocal(Q) = DjumpQ

2/(1 + DjumpQ
2τ), where

Djump is the jump-diffusion coefficient and τ is the
residence time [54]. The results of the fits are also
shown in Fig. 7(a–c). As ameasure of the frequency of
the local jumping motions, the residence times were
compared between the different solution conditions.
Figure 7(d) shows the Arrhenius plots of the residence
time. The residence times of αSyn at pD 7.4 without
salt are substantially larger than those at pD 7.4 in high
salt and at pD 4.0. This suggests that the local motions
under this condition are slower than those at pD 7.4 in
high salt and at pD4.0. The slopes of theArrhenius plot
provide the activation energy for the jumping motions
according to the Arrhenius law, τ = τ0exp(−Ea/kBT),
where Ea is the activation energy, kB is the Boltzmann
constant, and T is the temperature. The evaluated
activation energy is 7.5 ± 0.9, 6.8 ± 1.3, and 5.5 ±
0.9 kcal/mol forαSynat pD7.4without salt, at pD7.4 in
high salt, and at pD 4.0, respectively. The activation
energy of the local motions at pD 4.0 may be smaller
than that under the conditions at pD 7.4.
The amplitude of the local motions can be evaluated

by analyzing the EISF curve (A0(Q) in Eq. (1)), which is
calculated as the ratio of the intensity of the elastic
peak to the sum of the intensity of the elastic peak and
that of quasielastic scattering. Figure 8 is a summary of
the EISF curves. These EISF curves were fit with
the equation based on the diffusion-inside-a-sphere
model [64], in which each atom is assumed to undergo
diffusive motion in a sphere of a certain radius,
described as,

EISF Qð Þ ¼ p0 þ 1−p0ð Þ � 3 j1 Qað Þ=Qað Þ2; ð2Þ

where p0 denotes the “immobile” fraction of atoms,
motions of which are outside the current instrumental
energy window, j1(Qa) is the first order spherical
Bessel function of the first kind, and a denotes the
radius of the sphere, within which atoms undergo



Fig. 7. Q2 dependence of Γlocal(Q) of
αSyn monomers (a) at pD 7.4 in high salt,
(b) at pD 7.4, and (c) at pD 4.0. Solid lines
are the fits with the equation based on a
jump-diffusion model. Error bars within
symbols are not shown. (d) The Arrhenius
plot of the residence time of the jump
diffusion model, estimated from the fits
shown in panels a, b, and c.
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diffusivemotions. The results of the fits are also shown
in Fig. 8. Figure 9 summarizes the results of the fits. As
shown in Fig. 9(a), the fractions of immobile atoms are
similar between the different conditions. On the other
hand, as shown in Fig. 9(b), the radius of the sphere is
different between the conditions. In particular, the a
values at pD 7.4 without salt are consistently lower
than those at pD 7.4 in high salt and at pD 4.0,
indicating that the amplitude of the local motions is
enhanced at pD 7.4 in high salt and at pD 4.0.



Fig. 8. The EISF curves of αSyn
monomers (a) at pD 7.4 in high salt, (b) at
pD 7.4, and (c) at pD 4.0. Solid lines denote
the results of the fit with Eq. (2). Errors bars
within symbols are not shown.
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Moreover, whereas the a values are similar between
pD 7.4 in high salt and at pD 4.0 below around 290 K,
the values at pD 4.0 becomes larger than those at pD
7.4 in high salt above around 295 K. Thus, at the
temperatures where the incubation for aggregation is
carried out, the local motions are more enhanced
under the conditions where large aggregates are
formed by clumping of the short fibrils, compared to
the conditionswheremature amyloid fibrils are formed.

Discussion

In this study, the structural and dynamic properties of
αSyn monomers were characterized. αSyn under the
conditions showing the different propensities to fibril
formation was shown to have distinct structural and
dynamic properties. The SAXS measurements
showed that at pH 7.4 in high salt, where αSyn forms
mature fibrils, αSyn adopted disordered and expanded
structures.At lowpHwhere the short fibrils ofαSyn tend
to clump together to form large aggregates, these
expanded structures became more compact such that
the disordered N- and C-terminal regions came close
to the central NAC region. The structures became even
more compact at pH 7.4 without salt, where fibril
formation is not completed. On the other hand, the
QENS measurements showed that at pH 7.4, the
segmentalmotions aswell as the localmotions such as
the side-chain motions were enhanced in the presence
of 150 mM NaCl. The local motions were enhanced in
both frequency and amplitude. At pH 4.0, the segmen-
tal motions of αSyn were similar to those at pH 7.4
without salt, while the local motions were enhanced in
both frequency and amplitude. In particular, the
amplitude of the local motions was larger than that at
pH 7.4 in high salt at the temperatures above 295 K.



Fig. 9. Summary of the parameters of
the models describing the EISF curves.
Errors bars within symbols are not shown.

3240 Dynamic Properties of Human α-Synuclein
Enhancement of the intramolecular motions of αSyn is
thus obviously related to adoption of the expanded
structures. This enhancement would facilitate a wider
distribution of the conformational ensemble, and the
wider distribution is possible when the molecules are
more expanded.
The structures of αSyn at neutral and low pH in the

presence of high salt have been characterized using
NMR and molecular dynamics simulation [23,27,65].
These studies provide a consistent picture as follows.
At neutral pH, the C-terminal region in αSyn adopts
extended conformationswhile theN-terminal andNAC
regions have transient contacts between them, and the
conformational ensemble has a wide distribution. On
the other hand, at low pH, the contacts between the
C-terminal and NAC regions are observed in addition
to thosebetween theN-terminal andNAC regions, and
the C-terminal region itself is more compact than at
neutral pH. The distribution of the conformational
ensemble also becomesmorehomogeneous than that
at neutral pH. Structural characterization using FRET
[66,67] has shownconsistently that loweringpH results
in compaction of the molecule. Characterization of the
structures of αSyn in the presence and absence of
150 mM NaCl at pH 6.0 using NMR has shown that
the structures aremore compact in the absence than in
the presence of high salt [68]. These results are
consistent with the results from the SAXS measure-
ments in this study.
The structural characterization using NMR and

FRET as above suggests long-range interactions,
such as those between the N-terminal and NAC
regions and between the C-terminal and NAC
regions. Segmental motions within and between
these regions have been indeed detected using the
FRET techniques [19–21]. Such motions contribute
to the global motions obtained from the QENS
measurements in this study. The decrease in the
contribution of the segmental motions to the global
motions in the QENS spectra at low pH is consistent
with the observation of the decrease in the intra-
molecular diffusion coefficients obtained by the
FRET techniques [20,21]. Since lowering pH in-
creases the contacts between the C-terminal and
other regions while those between the N-terminal
and NAC regions remain similar [27,65], this
decrease is likely to arise from the decrease in the
motions of the C-terminal region.
The decreased segmental motions occur concom-

itantly with the compaction of the molecule. These
changes, observed not only at pH 4.0 but also at
pH 7.4 without salt, are likely to protect the NAC
region from interacting with other molecules. Never-
theless, at pH 4.0, the most of the molecules form
large aggregates, whereas at pH 7.4 without salt,
about 60% of the molecules remain monomeric and/
or oligomeric states such that the molecules remain
in the supernatant after ultracentrifugation. This
difference should arise from another observed
difference, namely the difference in the local motions
in αSyn between pH 4.0 and pH 7.4 without salt.
Both frequency and amplitude of the local motions
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are enhanced at pH 4.0 to similar degrees to those
at pH 7.4 in high salt. In particular, the amplitude of
the local motions at pH 4.0 is larger than that at
pH 7.4 in high salt above 295 K. The local motions
thus need to be enhanced for aggregation to
proceed. If, however, the NAC regions are protected
as at pH 4.0, fibril formation, which requires the
interactions between the NAC regions in different
molecules, presumably competes with non-specific
interactions arising from the overly enhanced local
motions such as those observed at pH 4.0 above
295 K, and result in clumping of short fibrils to form
large aggregates. The results obtained in this study
thus imply that amyloid fibril formation of αSyn
requires not only the enhanced local motions, but
also the segmental motions that properly expose the
NAC region so that interactions between the
molecules are possible.
The importance of the enhanced intramolecular

motions suggests that fibril formation can be inhibited
by controlling the dynamics of αSyn. The NAC region
has been the main target region for inhibitors because
the binding of inhibitors to this region directly prevents
the interactions leading to fibril formation. However,
fixing the segmental motions of the C- and/or
N-terminal regions in the positions to shield the NAC
region should be able to inhibit fibril formation as well.
These regions can therefore be candidates for the
target for the inhibitors [23]. Furthermore, the inhibition
of the local dynamics should also be effective in
inhibiting fibril formation. Since the local motions
detected by QENS are averaged motions over the
entire molecule, the possible key region(s), the local
motions in which are particularly important for fibril
formation, cannot be specified. More detailed analysis
of the spectra with the aid of, for example, molecular
dynamics simulation could provide information on such
regions. Including these regions as the potential targets
would expand the possibility of developing new
inhibitors. The possibility of inhibiting fibril formation
by controlling the dynamics should thus provide a
possibility of new strategy of drug development based
on the dynamics of the target molecules.
Materials and Methods

Sample preparation

Humanwild-type αSynwas expressed inEscherichia
coli BLR(DE3), and purified as described [69]. The
purified protein was suspended either in solution
containing 20 mM Hepes (pH 7.4), containing 20 mM
Hepes (pH 7.4) and 150 mM NaCl, or containing
20 mM sodium acetate (pH 4.0), by dialysis. These
sample solutions were prepared in either H2O or D2O.
For the SAXS, DLS, and QENS experiments, the
sample solutions were ultracentrifuged at 100,000g for
20 min to remove any aggregates just before starting
the measurements.

Aggregation kinetics measurements

The kinetics of the aggregation of αSyn was
monitored by the fluorescence measurements of ThT.
The αSyn solutions at pH 7.4 without salt, at pH 7.4 in
high salt, and at pH 4.0 were prepared in H2O at
concentrations of about 2 mg/ml. The concentration of
αSyn was determined spectrophotometrically using an
extinction coefficient of ε280 nm

0.1% = 0.354 [70]. ThT was
added to each solution at the final concentration of
20 μM. These solutions were put into the quartz
cuvettes for the fluorescence measurements and
incubated at 37 °C under constant stirring with micro
stirrer bars in a fluorescence spectrophotometer
F-7000 (Hitachi Hi-Technologies Corp., Tokyo,
Japan). The fluorescence measurements of ThT were
carried out continuously during the incubation.

SAXS measurements

The sample solutions at pH 7.4 without salt, at
pH 7.4 in high salt, and at pH 4.0were prepared inH2O
with the protein concentrations between 1.8 and
5.5 mg/ml. The fibril (or aggregate) solutions of αSyn
under these conditions were prepared at αSyn
concentrations of 3 mg/ml by incubating the solutions
at 37 °C with constant stirring. The measurements of
the scattering patterns were carried out using the
beamline BL8S3 in Aichi Synchrotron Radiation
Center, Aichi, Japan,with thewavelength (λ) of incident
x-ray of 1.50 Å at 293 K. The sample-to-detector
distance was 2.176 m. The scattering patterns were
recorded using a pixel detector (PILATUS 100 K,
Dectris) and were circularly averaged to obtain one-
dimensional scattering curves. The intensity of these
curves was corrected by the incident beam flux
measured with an ion chamber placed upstream of
the samples. The net scattering curves of the proteins
were obtained by subtracting the scattering curves of
the buffer from those of the samples.
Analysis of the scattering curves

The net scattering curves were analyzed using the
Guinier plots [71]. For globular particles, the scatter-
ing curves in the small-angle region can be
approximated by the equation,

I Qð Þ ¼ I 0ð Þ exp −Rg
2Q2=3

� �
; ð3Þ

where I(0) is the scattering intensity at Q = 0, and Rg
denotes the radius of gyration of the particle of
interest. The plot of lnI(Q) against Q2 (the Guinier
plot) is thus fit by a straight line. The slope of the
linear fit provides the value of Rg, and the molecular
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weight of a particle of interest can be estimated from
the I(0) value. For filamentous particles such as
amyloid fibrils, the scattering curve decreases with a
factor 1/Q, and the scattering curves in the small-
angle region can be approximated as,

QI Qð Þ ¼ Ic 0ð Þ exp −Rc
2Q2=2

� �
; ð4Þ

where Ic(0) is proportional to the mass per unit length
of the filaments, and Rc is the cross-sectional radius
of gyration. The linear fit to the plot of ln(QI(Q))
against Q2 (the cross-sectional Guinier plot) thus
provides the values of Rc and the mass per unit
length.
Further analysis for estimating the length distribution

functions and generating the dummy-atom models
were carriedout using theprogramsuite for small-angle
scattering data analysis from biological macromole-
cules, ATSAS [46].

Electron microscopy

The final states of the sample solutions were
examined with EM. A drop of each sample solution
was applied to a glow-discharged carbon-coated
copper grid, blotted, stained with 2% uranyl acetate,
and visualized under a Hitachi H-7600 transmission
electron microscope operated at 100 keV. Images
were recorded on Fuji FG film at 20,600× magnifi-
cation, and digitized with a EPSON GT-X970 flatbed
scanner in 10.6-μm steps.

DLS measurements

The solutions of αSyn at pD7.4without salt, pD 7.4 in
high salt, and pD 4.0 were prepared in D2Owith protein
concentrations of about 10 mg/ml. These sample
solutions were similar to those for the QENSmeasure-
ments. The DLS measurements on these solutions
were carried out using a system consisting of a 22-mW
He–Ne laser (wavelength, λ0 = 632.8 nm), an ava-
lanche photodiode mounted on a static/dynamic
compact goniometer, ALV/LSE-5004 electronics and
an ALV-7004 correlator (ALV, Langen, Germany). The
measurements were made at scattering angles from
30° to 120° in 15° steps, at temperatures at 15 °C,
20 °C, and 25 °C. The CONTIN analysis [72] was
employed for the data analysis.
QENS measurements

The sample solutions similar to those for the DLS
measurements as above were prepared. About 2 ml of
the sample solutions was put into a double-cylindrical
aluminum cell with a sample thickness of 1.0 mm, and
sealed with indium wire. The QENS measurements
were carried out using the near-backscattering spec-
trometer, BL02 (DNA), [73] at the Materials and Life
Science Experimental Facility (MLF) of the Japan
Accelerator Research Complex (J-PARC), Tokai,
Ibaraki, Japan. The measurements were done at the
energy resolution of 12 μeV, at which atomic motions
faster than 55 ps are accessible, and at four temper-
atures between 280 K and 300 K. The QENS spectra
of the solution samples and the D2O buffers were
measured.
The measured QENS spectra, S(Q, ω), were

corrected for the empty cell contribution and the
detector efficiency, and normalized to the vanadium
standard, which was also used for defining the
instrumental energy resolution. Subtraction of the
spectra of the D2O buffer from those of the D2O-
solution samples was done using the scaling factors
calculated from the scattering cross-section of the
samples [29]. Examples of the QENS spectra of the
sample solutions, the buffer, and the difference
between the spectra of the sample solutions and the
buffer are shown in Fig. S6(a–c) in the supplemental
information. The spectra thus obtained were verified by
the static structure factor, S(Q), calculated by integrat-
ing the S(Q, ω) along the ω-direction, examples of
which are shown in Fig. S6(d–f). The QENS spectra of
the D2O-solution samples and the D2O buffer show
increase in intensity at Q ≫ ~1.4 Å−1, which arises
from the coherent scattering of D2O [74,75]. On the
other hand, the spectra of the proteins do not contain
such a contribution [75,76]. Proper subtraction of the
D2O-buffer spectra thus provides S(Q) with rather flat
intensity at Q ≫ ~1.4 Å−1. As shown in Fig. S6(d–f),
whereas the increase in intensity at Q ≥ 1.4 Å−1 is
observed in the curves of the solution sample and the
buffer, such an increase disappears in the difference
curves. This indicates that the solvent contribution is
negligible in the difference spectra, and thus, these
difference spectra can be regarded as the spectra
arising from the proteins. It should be noted that the
increase in intensity observed in the region
Q ≤ 0.4 Å−1 arises from the coherent scattering of
the protein [74,76]. Analysis was thus done on the
spectra in the region Q ≫ 0.4 Å−1.
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