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Intracellular proteinaceous aggregates (Lewy bodies
and Lewy neurites) of a-synuclein are hallmarks of neu-
rodegenerative diseases such as Parkinson’s disease, de-
mentia with Lewy bodies, and multiple systemic atro-
phy. However, the molecular mechanisms underlying
a-synuclein aggregation into such filamentous inclu-
sions remain unknown. An intriguing aspect of this
problem is that a-synuclein is a natively unfolded pro-
tein, with little or no ordered structure under physio-
logical conditions. This raises the question of how an
essentially disordered protein is transformed into
highly organized fibrils. In the search for an answer to
this question, we have investigated the effects of pH and
temperature on the structural properties and fibrilla-
tion kinetics of human recombinant a-synuclein. Either
a decrease in pH or an increase in temperature trans-
formed a-synuclein into a partially folded conformation.
The presence of this intermediate is strongly correlated
with the enhanced formation of a-synuclein fibrils. We
propose a model for the fibrillation of a-synuclein in
which the first step is the conformational transforma-
tion of the natively unfolded protein into the aggrega-
tion-competent partially folded intermediate.

Sporadic Parkinson’s disease is the second most common
neurodegenerative disease and the most common age-related
movement disorder. Parkinson’s disease arises from the loss of
dopaminergic neurons in the substantia nigra and is accompa-
nied by the presence of intracellular inclusions, Lewy bodies
and Lewy neurites (1). Abundant Lewy bodies and Lewy neu-
rites in the cerebral cortex are also pathological hallmarks of
dementia with Lewy bodies, a common late-life dementia that
is clinically similar to Alzheimer’s disease (2). Furthermore,
Lewy bodies have been detected in the Lewy body variant of
Alzheimer’s disease (3). Structurally, Lewy bodies and Lewy
neurites are composed of filamentous and granular material
(4), the major component of which is a-synuclein (5, 6). Two
different missense mutations in the a-synuclein gene, corre-
sponding to A53T and A30P substitutions, have been identified
in two kindreds with autosomal dominantly inherited, early-
onset Parkinson’s disease (7, 8). a-Synuclein appears to be the
major component of neuronal and glial inclusions in multiple
system atrophy and Hallervorden-Spatz disease (9-12). Thus,
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the accumulation of a-synuclein-derived fibrillar material rep-
resents a critical biomedical problem.

a-Synuclein is a 140-amino acid protein of unknown function
that was first isolated from synaptic vesicles of Torpedo cali-
fornica and rat brain (13, 14). Purified human a-synuclein has
been shown to be unstructured in aqueous solution and hence
extremely heat-stable (15). The amino acid sequence of
a-synuclein is characterized by six imperfect repeats (consen-
sus KTKEGV) within the N-terminal half of the polypeptide as
well as by a highly acidic C-terminal region (14, 17). Although
the function of a-synuclein is unclear, it is predominantly con-
centrated in the cytosol and presynaptic nerve terminals of
neurons, with some fractions associated with synaptic vesicle
membranes (14, 18-20). The repeat sequences in a-synuclein
are predicted to form amphipathic helixes that can associate
with lipid vesicles (18), and it has been shown to bind to small
synthetic unilamellar vesicles (21), acidic and neutral phospho-
lipid vesicles (22), and rat brain vesicles (23). It has recently
been reported that a-synuclein may regulate the size of pre-
synaptic vesicular pools (24). These studies suggest that
a-synuclein may play a role in neurotransmission or in the
organization and regulation of synaptic vesicles. The potential
role of a-synuclein deposition in several neurodegenerative
diseases has focused attention on this protein.

The aggregation behavior of recombinant wild-type
a-synuclein and its A30P and A53T mutants has been studied
under in vitro physiological conditions. It has been established
that all three proteins, as well as the 1-87 and 1-120 truncated
forms of recombinant a-synuclein, are able to assemble readily
into filaments with morphologies and staining characteristics
similar to those extracted from disease-affected brain (25-27).

Unfortunately, little is currently known about the structural
basis for a-synuclein fibrillation. A major fundamental ques-
tion concerns how the essentially disordered (“natively unfold-
ed”) protein is transformed into the highly organized fibrils
with characteristic crossed B-conformation. As a start to un-
ravel the “mystery” of a-synuclein fibrillation, we describe the
effects of pH and temperature on the structural and fibrillation
properties of human a-synuclein. Since most aggregating pro-
tein systems probably involve a transient partially folded in-
termediate as the key precursor to fibrillation, we sought con-
ditions that would be expected to favor such a conformation for
a-synuclein. The natively unfolded character of a-synuclein
arises from its low intrinsic hydrophobicity and high net charge
at neutral pH (pl 4.7) (28). Thus, conditions that decrease the
net charge and that increase the hydrophobicity would be ex-
pected to result in partial folding. Acidic pH and elevated
temperatures provide such conditions, respectively. The strong
correlation observed between the degree of protein folding and
the efficiency of its fibril formation suggests that the interme-
diate can be a precursor of fibrils. Although low pH and high
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temperature are unphysiological, they provide a useful model
by increasing the concentration of the critical intermediate.

EXPERIMENTAL PROCEDURES

Materials—Thioflavin T (ThT)' and 1-anilinonaphthalene-8-sulfonic
acid (ANS) were obtained from Sigma. All other chemicals were of
analytical grade and were from Fisher.

a-Synuclein Expression and Purification—A new procedure for pro-
ducing and purifying a-synuclein was developed by fusing its gene to a
chitin-binding domain/intein system (IMPACT, New England Biolabs
Inc.) and expressing the fusion protein in Escherichia coli. This system
allowed simple purification of a-synuclein by binding of the chitin-
binding domain fusion protein to a chitin column, followed by addition
of a thiol agent (dithiothreitol or cysteine) to induce the cleavage reac-
tion of the intein and to release the a-synuclein. The resultant protein,
which was highly homogeneous upon polyacrylamide gel electrophore-
sis, was indistinguishable from authentic a-synuclein based on its elec-
trophoretic mobility and molecular mass determined by electrospray
mass spectrometry.

Fibril Formation—Solutions of 0.5 ml of a-synuclein at pH 7.5 in 20
mM Tris buffer or at pH 3.0 in 20 mm acetate buffer were stirred at 37 °C
in glass vials with micro-stir bars. Protein concentration was 0.5 mg/ml.
Fibril formation was monitored with thioflavin T fluorescence (29, 30).
Aliquots of 10 ul were removed from the incubated sample and added to
1.0 ml of 25 umM ThT in 50 mMm Tris buffer (pH 8.0) (see below). The
presence of fibrils was confirmed by electron microscopy (negative
staining with uranyl acetate) and atomic force microscopy.

Analysis of Fibrillation Kinetics—The kinetics of a-synuclein fibril
formation could be described as sigmoidal curves defined by an initial
lag phase, in which a negligible change in ThT fluorescence intensity
was observed; a subsequent exponential growth phase, in which ThT
fluorescence increased; and a final equilibrium phase, in which ThT
fluorescence reached a plateau, indicating the end of fibril formation.
ThT fluorescence measurements were plotted as a function of time and
fitted to a curve described by Equation 1,

(vp + mx)

1+e

Y= +mx) + (Eq. 1)

where Y is the fluorescence intensity and x, is the time to 50% of
maximal fluorescence. The initial base line during the lag phase is
described by y; + m;x. The final base line after the growth phase had
ended is described by y, + mx. The apparent first-order rate constant
(k) for the growth of fibrils is calculated as 1/7, and the lag time is
calculated as x, — 27 This expression is unrelated to the underlying
molecular events, but provides a convenient method for comparison of
the kinetics of fibrillation.

Circular Dichroism Measurements—CD spectra were obtained with
an Aviv 60DS spectrophotometer using an a-synuclein concentration of
0.5 mg/ml. Spectra were recorded in a 0.01-cm cell from 250 to 190 nm
with a step size of 0.5 nm, a bandwidth of 1.5 nm, and an averaging time
of 10 s. For all spectra, an average of five scans was obtained. CD
spectra of the appropriate buffers were recorded and subtracted from
the protein spectra.

Fluorescence Measurements—Fluorescence measurements were per-
formed in semimicro-quartz cuvettes (Hellma) with a 1-cm excitation
light path using a FluoroMax-2 spectrofluorometer (Instruments S. A.,
Inc.). ThT fluorescence was recorded immediately after addition of the
aliquots to the ThT mixture from 470 to 560 nm with excitation at 450
nm, an increment of 1 nm, an integration time of 1 s, and slits of 5 nm
for both excitation and emission. For each sample, the signal was
obtained as the ThT intensity at 482 nm from which was subtracted a
blank measurement recorded prior to addition of a-synuclein to the ThT
solution. ANS emission spectra were recorded from 460 to 600 nm with
excitation at 350 nm, an increment of 1 nm, an integration time of 1 s,
and slits of 5 nm for both excitation and emission. All data were
processed using DataMax/GRAMS software.

FTIR Spectra—Attenuated total reflectance data were collected on a
Nicolet 800SX FTIR spectrometer equipped with an MCT detector. The
internal reflectance element (72 X 10 X 6 mm, 45° germanium trape-
zoid) was held in a modified SPECAC out-of-compartment attenuated
total reflectance apparatus. The hydrated thin films were prepared as

! The abbreviations used are: ThT, thioflavin T; ANS, 1-anilinonaph-
thalene-8-sulfonic acid; FTIR, Fourier transform infrared; SAXS, small
angle x-ray scattering.
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described previously (31, 32). Typically, 1024 interferograms were co-
added at 4-em™ ! resolution. Data analysis was performed with
GRAMS32 (Galactic Industries Corp.). Secondary structure content
was determined from curve fitting to spectra deconvoluted using second
derivatives and Fourier self-deconvolution to identify component band
positions. Hydrated thin film samples were prepared by drying 50 ul of
1 mg/ml a-synuclein solution on a ZnSe crystal with dry N,. The IR
spectra were collected, followed by Fourier transformation using the
spectrum of the clean crystal as a background. Water (liquid and vapor)
components were subtracted from the protein spectrum.

Small Angle X-ray Scattering Experiments—Small angle x-ray scat-
tering (SAXS) measurements were made using Beam Line 4-2 at the
Stanford Synchrotron Radiation Laboratory (33). X-ray energy was
selected at 8980 eV (copper edge) by a pair of Mo/B,C multilayer
monochromator crystals (34). Scattering patterns were recorded by a
linear position-sensitive proportional counter, which was filled with an
80% xenon and 20% CO, gas mixture. Scattering patterns were nor-
malized by incident x-ray fluctuations, which were measured with a
short length ion chamber before the sample. The sample-to-detector
distance was calibrated to be 230 cm using a cholesterol myristate
sample. The measurements were performed in a 1.3-mm path length
observation static cell with 25-um mica windows. To avoid radiation
damage of the sample in SAXS measurements, the protein solution was
continuously passed through a 1.3-mm path length observation flow cell
with 25-um mica windows. Background measurements were performed
before and after each protein measurement and then averaged before
being used for background subtraction. All SAXS measurements were
performed at 23 += 1 °C.

The radius of gyration (R,) was calculated according to the Guinier
approximation (35), In I(Q) = In(0) — R,*Q*/3, where Q is the scattering
vector given by @ = (47 sinf)/A, where 20 is the scattering angle and A
is the wavelength of x-ray. I(0), the forward scattering amplitude, is
proportional to n+p,>V? where n is the number of scatterers (protein
molecules) in solution, p, is the electron density difference between the
scatterer and the solvent, and V is the volume of the scatter. This means
that the value of forward scattered intensity, 1(0), is proportional to the
square of the molecular mass of the molecule (35). Thus, I(0) for a pure
n-mer sample will therefore be n-fold that for a sample with the same
number of monomers since each n-mer will scatter n? times as strongly
as monomer; but in this case, the number of scattered particles (n-mers)
will be n times less than that in the pure monomer sample.

RESULTS AND DISCUSSION

On the one hand, as noted, a-synuclein belongs to the class of
natively unfolded proteins, which have little or no ordered
structure in the purified state under physiological conditions
(15); and on the other, it forms fibrils of highly organized
secondary structure. For example, x-ray diffraction analysis of
a-synuclein fibrils shows the characteristic pattern of a crossed
B-sheet structure, in which the B-strands lie perpendicular to
the long fiber axis, typical of all amyloid fibrils (27). Electron
microscopy analysis indicates that human «-synuclein fila-
ments are typically 6—9 nm in width and several microns long
(27). Clearly, within the fibril, a-synuclein cannot be present as
an extended linear polymer since, in a fully extended confor-
mation, the maximal linear dimension of a polypeptide with n
residues is n X 3.63 A (36). This gives ~51 nm for a-synuclein,
which is at least five times greater than the diameter of the
filament.

A fundamental question is what forces or factors will cause a
natively unfolded protein to fold. It has been shown that na-
tively unfolded proteins are characterized by a unique combi-
nation of low overall hydrophobicity and large net charge (28).
Based on this observation, it is reasonable to suggest that any
alterations in the protein environment leading to an increase in
its hydrophobicity and/or a decrease in its net charge should be
accompanied by at least partial folding of the intrinsically
disordered protein. The overall hydrophobicity of a protein will
increase with increasing temperature (the hydrophobic inter-
action has the unusual property of increasing in magnitude at
higher temperatures due to the large change in heat capacity
with temperature and the complex thermodynamic properties
associated with changes in water structure as the temperature
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Fic. 1. Effect of pH on the structural properties of a-synuclein.
A, far-UV CD spectra as a function of pH. pH values were 8.9 (solid
line), 7.3, 6.4, 5.3, 4.3, 3.5, 2.7, 1.7, and 0.9 in order of the increase in
negative [6],,, value. The inset represents ANS fluorescence spectra
measured at pH 8.2, 7.5, 6.6, 5.4, 4.6, 4.0, 3.7, 3.1, 2.8, and 2.5 (in order
of increasing intensity). B, comparison of the effect of pH on far-UV
circular dichroism (circles and squares) and ANS fluorescence (¢rian-
gles) spectra. The results of the initial titration (decrease in pH) and
reverse (increase in pH) experiments are presented as open and closed
symbols, respectively. The cell path length was 0.1 and 10 mm for
far-UV CD and fluorescence measurements, respectively. Measure-
ments were carried out at 20 °C. Protein concentration was 0.1 (circles),
1.0 (squares), and 0.01 (¢riangles) mg/ml. Data on the pH effect on the
lag time of a-synuclein fibrillation (V) are also shown for comparison.
deg, degrees.

increases) (37), and the excess negative charge of a-synuclein
at neutral pH (pI 4.7) would be neutralized at lower pH values.
Thus, we can expect partial folding of a-synuclein under con-
ditions of high temperature and/or low pH. In contrast to an
unfolded protein, a partially folded intermediate is anticipated
to have contiguous hydrophobic patches on its surface, which
are likely to foster self-association and hence potentially
fibrillation.

The advantages of using high temperatures or lower pH are
that these conditions are anticipated to dramatically increase
the population of putative partially folded intermediates, thus
making it easier to characterize them. Such intermediates will
be in equilibrium with the natively unfolded conformation and
presumably are not populated significantly under normal phys-
iological conditions.

Effect of pH on a-Synuclein Structure and Fibrillation

Far-UV Circular Dichroism—Fig. 1A represents the far-UV
CD spectra of human recombinant a-synuclein measured at
different pH values at 20 °C. At neutral pH, the protein pos-
sesses a far-UV CD spectrum typical of an essentially unfolded
polypeptide chain. The spectrum has an intense minimum in
the vicinity of 196 nm, with the absence of characteristic bands
in the 210—230 nm region. However, as the pH was decreased,
changes were observed in the shape of the spectrum. Fig. 1
shows that the minimum at 196 nm became less intense,
whereas the negative intensity of the spectrum around 222 nm
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increased, reflecting pH-induced formation of secondary struc-
ture. The pH dependence of [6],55 is shown in Fig. 1B. There
was little change in the far-UV CD spectrum between pH ~9.0
and ~5.5. However, a decrease in pH from 5.5 to 3.0 resulted in
a ~2-fold increase in negative intensity in the vicinity of 220
nm, and a further decrease in pH was accompanied by a rever-
sal in the spectral intensity. Fig. 1B shows that the pH-induced
changes in the far-UV CD spectrum of a-synuclein were com-
pletely reversible (compare open and closed symbols) and were
independent of protein concentration (at least in the range of
0.1-1.5 mg/ml) (compare circles and squares). These observa-
tions are consistent with the assumption that the pH-induced
increase in the structure of a-synuclein represents an intramo-
lecular process and not self-association. Based on additional
structural probes, described below, we interpret these far-UV
CD changes to reflect the formation of a partially folded inter-
mediate with significant B-structure. The fact that the far-UV
CD spectra of a-synuclein as a function of pH show an isos-
bestic point (Fig. 14) indicates that the transition is a two-state
one, presumably between the natively unfolded state and the
partially folded intermediate conformation.

The question arises as to whether these spectral changes
correspond to a small fraction of the total protein being in the
intermediate conformation, in which case the intermediate has
a large negative ellipticity in the vicinity of 220 nm, or whether
essentially all the molecules are present as the intermediate, in
which case it has a small ellipticity at 220 nm. Based on the
small angle x-ray scattering results (see below), we can con-
clude that the majority of the molecules are in the same con-
formation, and thus, the intermediate possesses limited sec-
ondary structure.

ANS Fluorescence—Changes in ANS fluorescence are fre-
quently used to detect non-native partially folded conforma-
tions of globular proteins (38—40). This is because such inter-
mediates are characterized by the presence of solvent-exposed
hydrophobic clusters to which ANS binds, resulting in a con-
siderable increase in the ANS fluorescence intensity and in a
pronounced blue shift of the fluorescence emission maximum.
Fig. 1 shows that, in the case of a-synuclein, a decrease in pH
led to a large blue shift of the ANS fluorescence maximum
(from ~515 to ~475 nm) (Fig. 1B, open triangles), reflecting the
pH-induced transformation from the natively unfolded state to
the partially folded compact conformation. The transition from
unfolded to partially folded conformation took place between
pH 5.5 and 3.0 and was completely reversible (open and closed
symbols).

Fig. 1B shows that the pH-induced structural transitions
observed by ANS fluorescence and CD ellipticity changed si-
multaneously in a rather cooperative manner. This means that
protonation of a-synuclein results in transformation of the
natively unfolded protein into a conformation with a significant
amount of ordered secondary structure and with affinity for
ANS. The position of the transition indicates that protonation
of one or more carboxylates was responsible for the structural
change. Further investigations were devoted to the structural
characterization of this conformation.

Secondary Structure Analysis by FTIR—FTIR represents a
powerful method for the investigation of protein secondary
structure. The main advantage of this approach in comparison
with CD is that FTIR is much more sensitive to -structure. To
work with low protein concentrations, we used attenuated total
reflectance FTIR and hydrated thin films of the sample (31, 32).
Fig. 2 shows the FTIR (amide I region) spectra of a-synuclein
measured at pH 7.5 and 3.0. The spectrum of a-synuclein fibrils
is also presented for comparison. The FTIR spectrum of
a-synuclein at pH 7.5 is typical of a substantially unfolded
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Fic. 2. Secondary structure analysis of a-synuclein by FTIR. A,
FTIR spectra of the amide I region were measured at pH 7.5 (solid line)
and pH 3.0 (dashed line). The spectrum of a-synuclein fibrils is shown
for comparison (dashed and dotted line). B, shown are second deriva-
tives of the corresponding spectra. The major B-structure bands are in
the 1620-1640 cm ™! region.

polypeptide chain, whereas a decrease in pH led to significant
spectral changes, indicative of increased ordered structure. The
most evident change was the appearance of a new band in the
vicinity of 1626 cm ™!, which corresponds to B-sheet. This
means that, at acidic pH, natively unfolded a-synuclein is
transformed into a partially folded conformation with a signif-
icant amount of B-structure. As expected, the FTIR spectrum of
a-synuclein fibrils shows the major contribution from B-sheet.
Fourier self-deconvolution (and second derivative) of the FTIR
spectra followed by curve fitting revealed the differences in the
secondary structure in the different conformations. These re-
sults are summarized in Table I. Based on the SAXS experi-
ments (below), the protein is monomeric at pH 3, and thus, the
increased B-structure is not due to association-induced B-sheet.

Small Angle x-ray Scattering Studies—SAXS is a very useful
method for the investigation of conformation, shape, and di-
mensions of biopolymers in solution. Analysis of the scattering
curves using the Guinier approximation gives information
about R,. Presentation of the scattering data in the form of
Kratky plots provides information about the globularity (pack-
ing density) and conformation of a protein (35). For a native
globular protein, this plot has a characteristic maximum,
whereas unfolded and partially folded polypeptides have sig-
nificantly different-shaped Kratky plots.

Guinier analysis of scattering data shows that, at neutral
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pH, a-synuclein is characterized by an R, of 40 = 1 A (Fig.
3A). At low pH, this parameter decreases t0 30 = 1 A at pH
3.0, reflecting considerable compaction of the protein, corre-
sponding to a volume decrease of 2.4-fold. The linear Guinier
plots indicate that the solutions are homogeneous, suggesting
that, at pH 3, essentially all the molecules of a-synuclein
have the intermediate conformation, rather than a small
fraction. It is interesting to compare measured R, values with
those calculated for the fully globular and random-coil
polypeptide chains of 140 amino acid residues. The R, for a
native globular protein composed of n amino acid residues is
given by RN = 2.9-n"? (41). Thus, if a-synuclein were folded
into a globular structure, it would have RN = 291402 =
15.1 A. The radius of gyration of a completely unfolded (ran-
dom-coil) polypeptide, RgU, may be estimated from the corre-
sponding Stokes radius, RgsY, using the known relation
RgU/RSU = 1.51 (42). The hydrodynamic radius of a com-
pletely unfolded globular protein, RgY, with known molecular
mass may be calculated from the following empirical equa-
tion (43): log(Rs") = 0.533<(M) — 0.682. This gives 34.3 A for
RV and 52.1 A for R, U. The observed R, for a-synuclein at
neutral pH is smaller (40 A) than that est1mated for a ran-
dom-coil conformation (52 A), indicating that the molecule is
more compact than a random coil. On the other hand, the R,

for the partially folded intermediate (30 A) is much larger
than that of a folded globular protein of the size of
a-synuclein (15 A).

Analysis of the x-ray scattering in the form of a Kratky plot
shows that a-synuclein lacks a well developed globular struc-
ture at both pH 7.5 and 3.0 (Fig. 3B). The profile of the Kratky
plot at neutral pH is typical for a random-coil conformation,
whereas that at pH 3 shows changes consistent with the devel-
opment of the beginnings of a tightly packed core.

The SAXS forward scattering intensity values give informa-
tion on the degree of protein association. The results of this
analysis for a-synuclein indicate that the decrease in pH was
not accompanied by a significant change in this parameter: 1(0)
was 0.0124 = 0.0004 at pH 7.5 and 0.0119 = 0.0003 at pH 3.0.
This directly confirms that the pH-induced folding of
a-synuclein is an intramolecular process and does not result
from self-association.

Effect of pH on a-Synuclein Fibrillation—The histological
dye thioflavin T is widely used for the detection of amyloid
fibrils (29, 44, 45). In the presence of fibrils, ThT gives rise to a
new excitation maximum at 450 nm and enhanced emission at
482 nm, whereas unbound ThT is essentially non-fluorescent at
these wavelengths. ThT is believed to interact specifically and
rapidly with the crossed B-sheet structure common to amyloid
fibrils, and the binding is independent of the primary structure
of the protein. Only the multimeric fibrillar forms, not multiple
B-sheet domains in native proteins, give significant fluores-
cence with ThT. The binding of ThT to a-synuclein fibrils is
thus a very convenient method for studying the kinetics of fibril
formation.

Fig. 4 represents time-dependent changes in the ThT flu-
orescence during the process of a-synuclein fibril formation
at 37 °C as a function of pH. The kinetics of the ThT fluores-
cence intensity at 482 nm exhibit characteristic sigmoidal
curves, which have of an initial lag phase, a subsequent
growth phase, and a final equilibrium phase. Such curves are
consistent with a nucleation-dependent polymerization
model, in which the lag corresponds to the nucleation phase,
and the exponential part to fibril growth (elongation) (26,
46-51)

Fig. 4 shows that decreasing the pH resulted in a very
substantial acceleration of the kinetics of a-synuclein fibril-
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TABLE I
Secondary structure content of human a-synuclein determined by FTIR under different experimental conditions
pH 7.5 pH 3.0 Fibrils, pH 7.5
Structural assignment Wave Wave Wave
number % number % number %
em ™! cm™1 em ™!
Turn 1688 2.9 1687 2.6 1684 3.0
Turn 1673 18.5 1672 18.3 1666 18.5
Loops/disordered 1655 38.3 1656 23.4
Disordered/extended 1640 24.7 1642 31.1 1648 24.0
B-Sheet 1626 15.6 1624 24.3 1629 47.1
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FiG. 3. Guinier (A) and Kratky (B) plot representation of the
results of small angle x-ray scattering analysis of a-synuclein
under different experimental conditions: pH 7.5 (line 1) and pH
3.0 (line 2). Measurements were carried out at 23 °C. Protein concen-
tration was 1.0 mg/ml.

lation: the lag time was ~12 times shorter (2.4 = 0.06 versus
28.1 * 0.6 h), and the apparent rate of fibril formation was
~10-fold larger (1.03 + 0.003 versus 0.11 = 0.007 h™ 1) at pH
3.0 compared with pH 7.5. Fig. 4B shows that pH had similar
effects on both the lag time and the elongation rate. Inter-
estingly, the pH dependence of the kinetic parameters of
fibril formation shows transitions similar to the pH depen-
dences of the a-synuclein structural parameters monitored
by circular dichroism and ANS binding (cf. Figs. 1B and 4B).
Moreover, Fig. 1B shows that the pH-induced changes in the
a-synuclein fibrillation kinetics were coincident with the pH-
driven structural transformations. In other words, there was
an excellent correlation between intramolecular conforma-
tional change and fibril formation. This is a very important
observation and is consistent with the conclusion that the
process of a-synuclein fibrillation is dramatically accelerated
by the partial folding of the natively unfolded protein.

8.52 (circles), 7.23 (inverted triangles), 5.82 (squares), 4.08 (diamonds),
2.79 (triangles), and 1.92 (hexagons). Protein concentration was 1 mg/
ml. ThT fluorescence was excited at 450 nm, and the emission wave-
length was 482 nm. B, pH dependence of kinetic parameters of
a-synuclein fibrillation: lag time (circles) and apparent rate constant of
elongation (squares). The lag times at rates of elongation were deter-
mined as described under “Experimental Procedures.”

Elevated Temperature Causes a Conformational
Transition in a-Synuclein and Facilitates Fibrillation

Effect of Temperature on the Secondary Structure of
a-Synuclein—Fig. 5 represents the far-UV CD spectra of
a-synuclein measured at different temperatures. At low tem-
peratures, the protein shows a far-UV spectrum typical of an
unfolded polypeptide chain. As the temperature was increased,
the spectrum changed, consistent with temperature-induced
formation of secondary structure. The temperature dependence
of [0ly9, (Fig. 5, inset) shows that the major spectral changes
occurred over the range of 3 to 50 °C. Further heating led to a
less pronounced effect. Interestingly, Fig. 5 shows that the
structural changes induced in a-synuclein by heating were
completely reversible (cf. open and closed circles). These data
indicate that high temperatures induce a reversible transition
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Fic. 5. Effect of temperature on the far-UV CD spectra of
a-synuclein at pH 7.5. Far-UV CD spectra were measured at increas-
ing temperatures: 3.0, 9.0, 19.0, 31.0, 39.0, 45.0, 53.0, 62.0, 72.0, 82.0,
and 92.0 °C (in order of the increase in negative [6],,, value). The inset
shows the dependence of [6],,, on temperature. Data for increasing
temperature and cooling are shown as open and closed circles,
respectively.

in a-synuclein leading to a partially folded intermediate. This
intermediate has a circular dichroism spectrum similar to that
induced by low pH. Since hydrophobic interactions increase
with increasing temperature, the simplest explanation for the
temperature-induced structural formation is that it is driven
by hydrophobic interactions. The enhanced rates of fibrillation
at higher temperatures probably reflect a combination of both
faster rates at higher temperatures and increased concentra-
tion of the aggregation-competent intermediate due to the in-
creased hydrophobic interactions.

Effect of Temperature on a-Synuclein Fibril Formation—Fig.
6A shows the effect of temperature on the kinetics of
a-synuclein fibrillation at pH 7.5. The kinetics were strongly
affected by temperature, with similar effects on both the lag
time and the elongation rate. The activation energy values
calculated from the slopes of corresponding Arrhenius plots
(Fig. 6B) were 17.9 = 0.8 and 20.1 * 0.8 kcal/mol for the
nucleation and elongation processes, respectively.

Fibril Morphology from Electron Microscopy

Fig. 7 shows that the fibril morphology was sensitive to the
conditions under which the fibrils were formed. Fibrils formed
at neutral pH and 37 °C were longer and much less clumped
than those formed at higher temperature or low pH. The latter
two conditions led to fibrils that were much shorter in length
and of much higher fibril density. Since it has been frequently
observed that fibrils made in vitro from a variety of proteins
may have morphologies that are very sensitive to the condi-
tions under which they were grown, we do not attach much
significance to the fact that a-synuclein fibril morphology var-
ied with the choice of incubation conditions.

Model for Fibrillation

The data reported herein demonstrate that low pH or ele-
vated temperature leads to formation of a partially folded in-
termediate conformation of a-synuclein and that these condi-
tions correlate with enhanced kinetics of fibrillation,
suggesting that the intermediate is an important species on the
fibril-forming pathway. The effects of low pH are attributed to
minimization of the large net negative charge present at neu-
tral pH, thereby decreasing charge-charge intramolecular re-

Partially Folded Intermediates in a-Synuclein Fibrillation

250x10% 4

200x10* 4

150x10°% 4

100x10°

ThT fluorescence

50x10° 4

0 50 100 150 200

Time (hours)

In (k..
In (1/lag-time)

-13
0.0030

0.0032 0.0033

1T (K

0.0031

Fic. 6. Effect of temperature on a-synuclein fibrillation. A,
kinetics of fibril formation monitored by the enhancement of ThT fluo-
rescence. Measurements were performed at 27 °C (circles), 37 °C (in-
verted triangles), 47 °C (squares), and 57 °C (diamonds). Protein con-
centration was 1 mg/ml. ThT fluorescence was excited at 450 nm, and
the emission wavelength was 482 nm. The lag times at rates of elon-
gation were determined as described under “Experimental Procedures.”
B, the corresponding Arrhenius plots for the lag time (circles) and the
elongation rate constant (¢riangles).

Fic. 7. Negatively stained transmission electron micrographs
of a-synuclein fibrils prepared under different experimental
conditions: pH 7.5 and 37 °C (lef¢), pH 3.0 and 37 °C (middle), and
pH 7.5 and 57 °C (right). A 100-nm scale bar is shown for comparison.
A magnification of 40,000 was used in all three images.

pulsion and permitting hydrophobic interaction-driven collapse
to the partially folded intermediate. The effects of elevated
temperatures are attributed to increased strength of the hy-
drophobic interaction at higher temperatures, leading to a
stronger hydrophobic driving force for folding. Calculations
indicate that the combination of net charge and intrinsic hy-
drophobicity of a-synuclein is such that it is only marginally
destabilized at neutral pH; thus, either relatively small in-
creases in hydrophobicity or decreased charge is sufficient to
promote its partial folding (28).

The results are consistent with the following scheme for
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Fic. 8. Model for a-synuclein fibrillation. Transformation of the
natively unfolded protein to the partially folded intermediate leads to
association due to exposed hydrophobic surfaces of the intermediate.
Oligomerization of the intermediate leads either to fibrils via a critical
nucleus or to soluble oligomers, resulting in amorphous aggregates.
Additional conformational changes occur between the aggregation-com-
petent intermediate and the fibrils. The oligomeric intermediate (rep-
resenting the nucleus or a soluble aggregate) is shown as a tetramer for
convenience only and could be much larger.

a-synuclein fibrillation: Uy <> I <> Nucl — F, where Uy, I, Nucl,
and F' correspond to the natively unfolded conformation, par-
tially folded intermediate, fibril nucleus, and fibril, respec-
tively. From this model, we anticipate two key kinetic steps:
the structural transformation leading to the intermediate, and
formation of the nucleus (Fig. 8). Thus, factors that shift the
equilibrium in favor of the intermediate will facilitate fibril
formation, as observed. Fibril elongation could involve the ad-
dition of either the intermediate or the natively unfolded mol-
ecule to existing fibrils or seeds. Fibrillation of a-synuclein,
leading to Lewy body formation and Parkinson’s and related
Lewy body diseases, thus may arise from various factors that
would significantly populate or increase the concentration of
the aggregation-competent intermediate. Possibilities include
nonpolar molecules (such as some pesticides) that might pref-
erentially bind to the partially folded intermediate and cations
that might mimic the effect of low pH (high proton concentra-
tion) as well as factors that result in an increase in the concen-
tration of a-synuclein itself.

There are two interesting features of the a-synuclein par-
tially folded intermediate: it has some B-structure, which is the
major type of secondary structure in a-synuclein fibrils, and it
is relatively unfolded (i.e. more similar to a random-coil con-
formation than a native tightly folded globular conformation).
We have also recently observed that a partially folded interme-
diate of IgG light chains that form amyloid fibrils is relatively
unfolded (16). Thus, it remains to be seen if it is a common
feature in amyloid fibril formation that the critical monomeric
partially folded intermediate is relatively unfolded.

The question arises as to the physiological significance of the
observation of a partially folded intermediate of a-synuclein
formed under conditions of low pH or high temperature.
Clearly, these particular environmental conditions will not be
found in the dopaminergic cells of potential Parkinson’s disease
patients. However, the existence of such an intermediate, on
the pathway to fibrils, means that in vivo conditions that lead
to population of the intermediate will lead to increased risk of
the disease. Thus, any intracellular factors that lead to a shift
in the equilibrium position between the natively unfolded state
and the partially folded intermediate will increase the likeli-
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hood of a-synuclein fibril formation. Such factors could include
relatively nonpolar molecules that would preferentially bind to
the intermediate, for example. Epidemiological studies have
implicated insecticides and herbicides as increased risk factors
for Parkinson’s disease. In support of such a connection, we
found in preliminary experiments? that several relatively hy-
drophobic pesticides as well as ANS both induce conforma-
tional changes in a-synuclein and accelerate the rate of fibril
formation, apparently by preferentially binding to the partially
folded intermediate.
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