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ABSTRACT: Parkinson’s disease involves the loss of dopaminergic neurons in thesubstantia nigra, leading
to movement disorders. The pathological hallmark of Parkinson’s disease is the presence of Lewy bodies
and Lewy neurites, which are intracellular inclusions consisting primarily ofR-synuclein. Although
essentially all cases of sporadic and early-onset Parkinson’s disease are of unknown etiology, two point
mutations (A53T and A30P) in theR-synuclein gene have been identified in familial early-onset Parkinson’s
disease. Previous reports have shown that mutantR-synuclein may form fibrils more rapidly than wild-
type protein. To determine the underlying molecular basis for the enhanced fibrillation of the mutants,
the structural properties, responses to changes in the environment, and propensity to aggregate of wild-
type, A30P, and A53TR-synucleins were systematically investigated. A variety of biophysical methods,
including far-UV circular dichroism, FTIR, small-angle X-ray scattering, and light scattering, were
employed. Neither the natively unfolded nor the partially folded intermediate conformations are affected
by the familial Parkinson’s disease point mutations. However, both mutants underwent self-association
more readily than the wild type (i.e., at much lower protein concentration and more rapidly). We attribute
this effect to the increased propensity of their partially folded intermediates to aggregate, rather than to
any changes in the monomeric natively unfolded species. This increased propensity of these mutants to
aggregate, relative to wild-typeR-synuclein, would account for the correlation of these mutations with
Parkinson’s disease.

Parkinson’s disease (PD)1 is the second most common
neurodegenerative disorder, after Alzheimer’s disease, af-
fecting approximately 0.2% of the population. However,
since it is predominantly an “aging” disease, the prevalence
is much higher in the population over 60 years old. Clinically,
it is a movement disorder characterized by tremor, rigidity,
and bradykinesia. These symptoms are attributed to the
progressive loss of dopaminergic neurons from thesubstantia
nigra region of the brain. Some surviving nigral dopamin-
ergic neurons contain cytosolic filamentous inclusions known
as Lewy bodies and Lewy neurites (1, 2). In addition to the
substantia nigra, LBs and LNs also are found in other brain
regions, such as the dorsal motornucleus of theVagus, the
nucleus basalis of Meynert, and thelocus coeruleus(2).

Abundant LBs and LNs in the cerebral cortex are also
neurophathological hallmarks of dementia with Lewy bodies
(DLB), a common late-life dementia that is clinically similar
to AD (3). Furthermore, LBs andR-synuclein were detected
in the Lewy body variant of Alzheimer’s disease (LBVAD)
(4). Structurally, typical LBs appear as intracytoplasmic
inclusions, 5-25 µm in diameter with a dense eosinophilic
core and clearer surrounding halo. Ultrastructurally, they are
composed of a dense core of filamentous and granular
material that is surrounded by radially oriented filaments (5).

Several observations have implicated the presynaptic
proteinR-synuclein in the pathogenesis of PD. First,R-sy-
nuclein was shown to be a major fibrillar component of LBs
and LNs (6, 7). Second, two different missense mutations
in the R-synuclein gene, corresponding to A53T and A30P
substitutions inR-synuclein, have been identified in two
kindreds with autosomal-dominantly inherited, early-onset
PD (8, 9). Finally, the production of wild-type (WT)
R-synuclein in transgenic mice (10) or of WT, A30P, and
A53T in transgenic flies (11) leads to the motor deficits and
neuronal inclusions reminiscent of PD.

R-Synuclein is a small (14 kDa), highly conserved protein
that is abundant in various regions of the brain (12-15).
The level ofR-synuclein increases during the early stages
of postnatal murine brain development (16) and during the
critical period for song learning in zebra finch (15), sug-
gesting a role of the protein in the synaptic development,
function, and plasticity. The amino acid sequence ofR-sy-
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nuclein is characterized by six imperfect repeats (consensus
KTKEGV) within the N-terminal part of the polypeptide
(residues 1-95), as well as by an acidic carboxyl-terminal
region (residues 96-140) (13, 17). Structurally, purified
R-synuclein belongs to the rapidly growing family of natively
unfolded proteins, which have little or no ordered structure
under physiological conditions (18, 19). This lack of folded
structure has been shown to correlate with specific combina-
tions of low overall hydrophobicity and large net charge (20).

The A30P and A53TR-synucleins have also been shown
to be natively unfolded under physiological conditions (21).
The aggregation behavior of the recombinantR-synucleins
has been studied under physiological conditions in vitro. It
has been established that all three proteins, as well as the
1-87 and 1-120 truncated forms, are able to assemble
readily into filaments, with morphologies and staining
characteristics similar to those extracted from the disease-
affected brain (19, 21-29). Fibrillation occurs via a nucleation-
dependent mechanism (26, 28) with the critical primary stage
being the structural transformation of the protein from the
unfolded conformation to a partially folded intermediate (19).

Despite these studies, little is currently known about the
structural basis for the difference in the fibrillation capabili-
ties between wild-typeR-synuclein and its A30P and A53T
mutants. The major question is how a single point mutation
in the disordered (“natively unfolded”) conformation can
affect the aggregation and fibrillation properties of the
protein.

Here, we describe the effect of the familial point mutations
A30P and A53T on the structural properties ofR-synuclein
under different experimental conditions, on the apparent
“stability” of the protein, and on the aggregation and
fibrillation properties ofR-synuclein in vitro.

EXPERIMENTAL PROCEDURES

Materials. Thioflavin T was obtained from Sigma, St.
Louis, MO. All other chemicals were of analytical grade from
Fisher Chemicals.

Expression and Purification of WT, A30P, and A53T
R-Synucleins.WT R-synuclein and its A30P and A53T
mutants were produced and purified by fusing their genes
to a CBD/intein system (IMPACT T7 one-step protein
purification system, New England Biolabs) and expressing
the fusion proteins inEscherichia coli. This system allowed
simple purification ofR-synucleins by binding of the CBD-
fusion proteins to a chitin column, followed by addition of
a thiol agent (DTT or cysteine) to induce the cleavage
reaction of the intein and release theR-synucleins. The purity
of the resultant proteins was assessed by PAGE, gel filtration,
and electrospray mass spectrometry.

Fibril Formation. Solutions of 0.5 mL ofR-synucleins at
pH 7.5 in 20 mM Tris and 150 mM NaCl buffer were stirred
at 37°C in glass vials with micro stir bars. The advantage
of stirring the samples is that the kinetics of fibril formation
are significantly increased. We believe this is due to
interactions of the protein at the air/water interface, leading
to population of the partially folded intermediate. Protein
concentrations were 1 mg/mL. Fibril formation was moni-
tored with thioflavin T fluorescence (30, 31): aliquots of
10 µL were removed from the incubated sample at prede-
termined time points and added to 1.0 mL of 20µM TFT in

20 mM Tris buffer, pH 8.0. Experiments were run in at least
triplicate and averaged. The presence of fibrils was confirmed
by EM (negative staining with uranyl acetate) and AFM.

Data EValuation of Fibrillation Kinetics.The kinetics of
R-synuclein fibril formation are defined by an initial lag
phase, where no change in TFT fluorescence intensity was
observed, a subsequent growth phase, in which TFT fluo-
rescence increased, and a final equilibrium phase, where TFT
fluorescence reached a plateau, indicating the end of fibril
formation. For purposes of comparing kinetic parameters the
TFT kinetics were analyzed with a sigmoidal curve described
by the equation:

whereY is the fluorescence intensity at timet, andtm is the
time to 50% of maximal fluorescence. The apparent first-
order rate constant,kapp, for the growth of fibrils is 1/τ, and
the lag time is given bytm - 2τ.

Light Scattering Measurements. Rayleigh light scattering
at 330 nm was used to monitor the total aggregation as a
function of time. Although these experiments are not
quantitative, if the light scattering precedes fibril formation,
it indicates the buildup of other types of aggregates, e.g.,
soluble oligomers.

Circular Dichroism Measurements.CD spectra were
obtained on an AVIV 60DS spectrophotometer (Lakewood,
NJ) using R-synuclein concentrations of∼0.5 mg/mL.
Spectra were recorded using 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 performed in semimicro quartz cuvettes (Hellma) with
a 1 cm excitation light path using a FluoroMax-2 spectro-
fluorometer from Instruments S.A., Inc., Jobin Yvon-Spex.
The light source was a 150 W xenon lamp. TFT fluorescence
was recorded immediately after addition of protein aliquots
to the TFT 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 TFT intensity at 482
nm from which was subtracted a blank measurement
recorded prior to addition ofR-synuclein to the TFT solution.
All data were processed using DataMax/GRAMS software.

FTIR Spectra.Data were collected on a Nicolet 800SX
FTIR spectrometer equipped with an MCT detector. The IRE
(72 × 10 × 6 mm, 45° germanium trapezoid) was held in a
modified SPECAC out-of-compartment ATR apparatus. The
hydrated thin films were prepared and analyzed as described
previously (32, 33). Typically 1024 interferograms were
coadded at 4 cm-1 resolution. Data analysis was performed
with GRAMS32 (Galactic Industries). Secondary structure
content was determined from curve fitting to spectra decon-
voluted using second derivatives and Fourier self-deconvo-
lution to identify component band positions.

SAXS Experiments.Small-angle X-ray scattering (SAXS)
measurements were made using Beam Line 4-2 at the
Stanford Synchrotron Radiation Laboratory (34). X-ray

Y ) (yi + mit) +
(yf + mft)

1 + e-[(t-tm)/τ]
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energy was selected at 8980 eV (Cu edge) by a pair of Mo/
B4C multilayer monochromator crystals (35). 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 25µm 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 (Rg) was calculated according to
the Guinier approximation (36):

whereQ is the scattering vector given byQ ) (4π sin θ)/λ
(2θ is the scattering angle, andλ is the wavelength of X-ray).
I(0), the forward scattering amplitude, is proportional to
nFc

2V2, wheren is the number of scatters (protein molecules)
in solution,Fc is the electron density difference between the
scatter and the solvent, andV is the volume of the scatter.
This means that the value of forward-scattered intensity,I(0),
is proportional to the square of the molecular weight of the
molecule (36). Thus, I(0) for a pureN-mer sample will
therefore beN-fold that for a sample with the same number
of monomers since eachN-mer will scatterN2 times as
strongly as monomer, but in this case the number of scattered
particles (N-mers) will beN times less than that in the pure
monomer sample.

Transmission Electron Microscopy (TEM).Samples of
R-synuclein fibrils were placed onto glow discharged carbon
grids, rinsed with 0.1 M KCl, and negatively stained with
1% uranyl acetate. The specimens were viewed, and images
recorded, with a Philips 208 electron microscope operated
at 80 kV.

RESULTS

We have previously shown that the process ofR-synuclein
fibrillation may be minimally presented by the scheme (19):

where UN, I, Nucl, and F correspond to natively unfolded
conformation, partially folded intermediate, fibril nucleus,
and fibril, respectively. From this model the structural
transformation leading to the intermediate and the formation
of the nucleus represent two key kinetic steps. Thus, factors
that shift the equilibrium in favor of the intermediate and/or
nucleus may facilitate fibril formation. We anticipate that
the familial Parkinson’s disease point mutations, A30P and
A53T, which have been shown to increase the rate of
R-synuclein aggregation (21, 23-25, 27, 28), will change
the structural properties of the protein at the stages UN and/
or I. These structural changes could result in a shift of the
equilibrium toward the intermediate and/or nucleus, thus
accelerating the fibril formation. To check this assumption,
the structural properties of WT, A30P, and A53TR-synucle-
ins in theirUN and I states have been compared.

Effect of pH on the Far-UV CD Spectra of WT, A30P,
and A53T a-Synucleins.Figure 1 represents the far-UV CD
spectra of human recombinantR-synucleins (WT, A30P, and
A53T) measured at pH 7.5 (open symbols) and pH 3.0
(closed symbols) at 20°C. At neutral pH, all three proteins

possess almost indistinguishable far-UV CD spectra, which
are typical of an essentially unfolded polypeptide chain,
including the characteristic minima in the vicinity of 196
nm and the absence of bands in the 210-230 nm region. As
the pH is decreased, changes are observed in the spectral
shape for all three proteins. Figure 1 shows that the decrease
in the minimum at 196 nm is accompanied by an increase
in negative intensity around 222 nm, reflecting pH-induced
formation of secondary structure. Interestingly, all three
proteins possess almost identical far-UV CD spectra at acidic
pH.

The pH dependency of [θ]222 for the three proteins is
shown in the inset to Figure 1. The data show that WT,
A30P, and A53T behave similarly and that the pH-induced
changes in the far-UV CD of all three proteins are completely
superimposable. There is little change in the far-UV CD
spectrum between pH∼9.0 and pH∼5.5. However, a
decrease in pH from 5.5 to 3.0 results in an∼2-fold increase
in negative intensity in the vicinity of 220 nm, and a further
decrease in pH is accompanied by a reversal in the spectral
intensity. Additionally, the pH-induced changes in the far-
UV CD spectra of theR-synucleins were completely revers-
ible. Previously, we have shown that the pH-induced increase
in structure of WTR-synuclein represents an intramolecular
process involving the formation of a partially folded inter-
mediate and not self-association (19). Thus, this also appears
to be the situation for the A30P and A53T mutants.

Small Angle X-ray Scattering Analysis of WT, A30P, and
A53T at Different pHs.Small-angle X-ray scattering (SAXS)
is excellent method for the investigation of conformation,
shape, and association of biopolymers in solution. Analysis
of the scattering curves using the Guinier approximation
gives information about the radius of gyration,Rg. Presenta-
tion of the scattering data in the form of Kratky plots provides
information about the globularity (packing density) and
conformation of a protein (36). For a native globular protein
this plot has a characteristic maximum, whereas unfolded
and partially folded polypeptides have significantly different-
shaped Kratky plots.

Guinier analysis of the scattering data shows that at neutral
pH WT R-synuclein and its A30P and A53T mutants have

ln I(Q) ) ln I(0) - Rg
2Q2/3

UN / I / Nucl f F

FIGURE 1: Comparison of the effect of pH on far-UV CD spectra
of R-synuclein (circles) and its A30P and A53T mutants (inverted
triangles and squares, respectively). Far-UV CD spectra were
measured at pH 8.5 (open symbols) and pH 2.9 (closed symbols).
The inset represents the pH dependence of [θ]222. For far-UV CD
measurements the cell path length was 0.1 mm. Measurements were
carried out at 23°C. The protein concentration was 0.2 mg/mL.
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identical values ofRg, namely, 40( 1 Å (Figure 2A). For
all three proteins this value decreases to 30( 1 Å at pH
3.0, reflecting substantial compaction of the protein, corre-
sponding to a volume decrease of 2.4-fold (see Figure 3A).
The linear Guinier plots indicate that the solutions of these
three proteins are homogeneous under the conditions studied
and that there is no aggregation present. The observedRg

values for theR-synucleins at neutral pH (40 Å) are smaller
than those estimated for a random coil conformation for a
protein of this size (52 Å), indicating that the natively
unfolded conformations of all three proteins are more
compact than that of a random coil. On the other hand, the
Rg for the partially folded intermediates at low pH (30 Å) is
much larger than that of a folded globular protein of the size
of R-synuclein (15 Å) (19).

Analysis of the X-ray scattering in the form of a Kratky
plot shows that theR-synucleins do not have well-developed
globular structure at either pH 7.5 or pH 3.0 (Figures 2B
and 3B). However, whereas the profiles of the Kratky plots
at neutral pH are typical for a random coil conformation,
those at pH 3 show changes consistent with the genesis of a
tightly packed core.

The SAXS forward-scattering intensity values,I(0), give
information on the degree of protein association. Our data
indicate that on decreasing the pH there is no significant
change in this parameter for WT, A30P, or A53TR-synucle-

ins. This directly confirms that the pH-induced folding of
these proteins is an intramolecular process and does not result
from self-association (at the concentration of 0.5 mg/mL
used).

Effect of Temperature on the Far-UV CD Spectra of WT,
A30P, and A53T a-Synucleins.Figure 4 represents the far-
UV CD spectra of WT, A30P, and A53TR-synucleins
measured at 3 and 95°C at pH 7.5. Spectra obtained for
WT at pH 3.0 and different temperatures are shown for
comparison. At low temperatures all three proteins possess
far-UV spectra typical of an unfolded polypeptide chain. As
the temperature increases, the spectra undergo changes
consistent with temperature-induced formation of secondary
structure. The temperature dependence of [θ]222 (inset to
Figure 4) shows that at pH 7.5 the major spectral changes
occur over the range of 3-50 °C for all threeR-synucleins.
Further heating leads to a less pronounced effect. A similar
increase in secondary structure is observed at pH 3.0 (see
inset to Figure 4). Interestingly, the difference between [θ]222

measured for the proteins at pH 7.5 and 3.0 increases with
temperature. The structural changes induced in WT, A30P,
and A53T by heating were completely reversible (data not
shown). These data are consistent with the conclusion that
both heating and decrease in pH contribute to the reversible
transformation ofR-synucleins to a partially folded inter-
mediate.

FIGURE 2: Guinier (A) and Kratky plot (B) representation of the
results of small-angle X-ray scattering analysis ofR-synucleins at
pH 7.5. Data for the WT protein are shown by circles (A) and a
solid line (B). Results for the A30P mutant are shown by inverted
triangles (A) and a dotted line (B). Data for the A53T mutant are
shown by squares (A) and a dashed line (B). Measurements were
carried out at pH 7.5 and 23°C. The protein concentration was 0.5
mg/mL.

FIGURE 3: Guinier (A) and Kratky plot (B) representation of the
results of small-angle X-ray scattering analysis ofR-synucleins at
pH 3.0. Data for the WT protein are shown by circles (A) and a
solid line (B). Results for the A30P mutant are shown by inverted
triangles (A) and a dotted line (B). Data for the A53T mutant are
shown by squares (A) and a dashed line (B). Measurements were
carried out at pH 3.0 and 23°C. The protein concentration was 0.5
mg/mL.
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Effect of Methanol on the Far-UV CD Spectra of WT,
A30P, and A53T.SinceR-synuclein may interact with lipid
membranes (57), we investigated the effect of decreasing
the polarity and dielectric constant of the solvent on the
structure ofR-synuclein and its mutants. Figure 5 shows the
far-UV CD spectra of WT, A30P, and A53TR-synucleins
measured at pH 7.5 and 23°C in the absence or presence of
80% methanol. There are two points to note; first, all three
proteins had similar spectra, and, second, the presence of
the alcohol induced substantial secondary structure. In fact,
the spectra measured in the presence of 80% methanol are
typical of folded proteins with well-developed secondary
structure (in particular,â-structure). Figure 5B compares
methanol-induced changes in the [θ]222 value forR-synucle-
ins. All three proteins showed an identical response to the
increasing methanol content, showing superimposable [θ]222

vs methanol concentration dependencies. The methanol-
induced structural changes were not reversible on diluting
out the methanol, suggesting that association had occurred.
Interestingly, similar studies performed at higher protein
concentrations (>1.0 mg/mL) were accompanied by detect-
able protein precipitation. Thus in the presence of methanol,
WT, A30P, and A53TR-synucleins undergo a conforma-
tional change and self-associate to form oligomers, which
aggregate and form insoluble precipitates at higher concen-
trations.

The capacity of concentrated organic solvents to induce
structural changes (often, denaturation accompanied by an
increase in content ofR-helical conformation) in native
globular proteins is well established (37-51). Much less is
currently known about the behavior of natively unfolded
proteins in water/organic mixtures (52-56); however, one
would expect similar effects. ForR-synuclein it has been
shown that solutions containing fluorinated alcohols, or
detergent micelles (18, 21), or small unilamellar vesicles (57)

induceR-helical structure. Contrary to these observations,
our data show that, in the neutral methanol solutions, WT
R-synuclein and its A30P and A53T mutants form soluble
and insoluble aggregates, enriched withâ-structure. It is not
possible at this stage to determine whether theâ-structure
arises from the intermolecular interactions formed in the
association of the intermediate or is present in the intermedi-
ate itself.

Secondary Structure Analysis by FTIR.A major advantage
of FTIR in comparison with CD is that FTIR is much more
sensitive toâ-structure. Experiments with relatively low
protein concentrations were performed using attenuated total
reflectance FTIR and hydrated thin films of the sample (32,
33). Figure 6 shows the FTIR (amide I region) spectra
measured for WT (Figure 6A), A30P (Figure 6B), and A53T
R-synuclein (Figure 6C) at pH 7.5. The FTIR spectrum of
WT protein is typical of a substantially unfolded polypeptide
chain, whereas spectra of A30P and A53T possess significant
changes, indicative of increased ordered structure. The most
evident change is the appearance of a new band in the
vicinity of 1626 cm-1, which corresponds toâ-sheet. This
means that mutantR-synucleins contain significant amounts
of â-structure under these conditions. As discussed below,
this is due to association at the protein concentrations used
in the FTIR experiments.

Deconvolution (FSD and second derivative) of the FTIR
spectra, followed by curve fitting, permitted quantitation of
the differences in the secondary structure in WT, A30P, and
A53T. These results are summarized in Table 1. The
â-structure content of theR-synucleins increases in the
following order: WT< A30P< A53T. Table 1 shows that
the â-sheet content of the mutants is 1.54 (A30P) and 1.85
times (A53) greater that that of the WT protein.

This is a rather unexpected observation, as all three
proteins possess almost identical far-UV CD spectra. The

FIGURE 4: Comparison of the effect of temperature on the far-UV CD spectra ofR-synuclein (circles) and its A30P and A53T mutants
(inverted triangles and squares, respectively). Far-UV CD spectra were measured at 3°C (open symbols) and 95°C (closed symbols). The
inset represents the temperature dependence of [θ]222 measured at pH 7.5 (all proteins) and pH 3.0 (WT, solid line, and A30P, circles).
Measurements were carried out in a 0.1 mm cell. The protein concentration was 0.2 mg/mL.
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source of this apparent discrepancy between CD and FTIR
data is due to the difference in the protein concentration used
in the two types of experiments. The far-UV CD measure-
ments were performed in dilute protein solutions (0.2 mg/
mL), whereas the hydrated thin film samples analyzed by
FTIR had much higher concentrations (g1 mg/mL). Thus
the combined CD and FTIR data indicate that the mutants
have a greater propensity to aggregate at higher concentra-
tions than the wild-type protein; this was further confirmed
as follows.

Effect of Protein Concentration on the Far-UV CD
Spectra.To investigate if there were differences in the
propensity of the mutants to aggregate, we investigated the
concentration dependence of the circular dichroism spectra.
Figure 7 shows far-UV CD spectra for the threeR-synucleins
measured at different protein concentrations, and the inset
shows the [θ]222vs protein concentration dependencies. These
data support the hypothesis that the major difference between
WT, A30P, and A53TR-synucleins is their propensity to
aggregate, since the spectral changes are attributed to
intermolecular association of the partially folded intermedi-
ate. In fact, the far-UV CD spectrum of WT is invariant
within a wide range of protein concentrations (0.1-8.0 mg/
mL), whereas spectra of both mutants show strong concen-
tration dependence, with A53T being the most sensitive.

Differences between WT, A30P, and A53T in Aggregation
and Fibrillation. TFT is a fluorescent dye, which interacts
rather specifically with fibrils and not with most native
proteins or amorphous aggregates. Binding of TFT to protein
fibrils is accompanied by a characteristic increase in the
fluorescence intensity in the vicinity of 480 nm (30, 31). In
work to be reported elsewhere we have shown that the rate
of R-synuclein fibril formation increases as the protein
concentration is increased: both the lag time decreases and
the growth rate increases, leading to a decrease in the
midpoint of the fibrillation transition. Figure 8A compares
fibrillation patterns of WT, A30P, and A53TR-synucleins

FIGURE 5: Comparison of the effect of methanol on the far-UV
CD spectra ofR-synuclein (circles) and its A30P and A53T mutants
(inverted triangles and squares, respectively). (A) Representative
far-UV CD spectra measured at 0 (open symbols) and 80%
methanol (closed symbols). (B) Methanol-induced changes in [θ]222
values, measured at pH 7.5 (all proteins) and pH 3.0 (WT, solid
line, and A30P, circles). Measurements were performed at pH 7.5
and 23°C in a 0.1 mm cell. The protein concentration was 0.2
mg/mL.

FIGURE 6: Secondary structure analysis of WTR-synuclein (A)
and its A30P (B) and A53T (C) mutants by FTIR. FTIR spectra of
the amide I region were measured at pH 7.5 (solid line). Curve fit
spectra are presented by dashed lines. The majorâ-structure bands
are in the 1620-1640 cm-1 region.

Table 1: Secondary Structure Analysis of HumanR-Synuclein and
Its A30P and A53T Mutants Determined by FTIRa

WT A30P A53T

structural
assignment

wave-
number
(cm-1) %

wave-
number
(cm-1) %

wave-
number
(cm-1) %

turn 1688 2.9 1682 7.3 1685 5.5
turn 1673 18.5 1669 12.9 1669 23.2
loops/disordered 1655 38.3 1655 42.2 1654 27.7
extendedb 1640 24.7 1641 13.5 1640 14.8
â-sheet 1626 15.6 1626 24.1 1626 28.8

a The estimated error in the frequencies is( 1.5 cm-1. b The
assignment of this band is uncertain; it may also reflect disordered
secondary structure or a combination of extended and disordered.
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monitored by TFT fluorescence. In agreement with earlier
studies (21, 24), A53T shows the fastest rate of fibril
formation, whereas A30P forms fibrils more slowly than the
WT protein.

It is known that static light scattering from protein
solutions reflects the formation of large particles; i.e., this
is an association-dependent parameter. In contrast to TFT,
the increase in static light scattering will reflect the formation
of all large particles, both fibrillar and amorphous (including
large soluble oligomers). To compare the total aggregation
rates of WT, A30P, and A53TR-synucleins, time courses
of static light scattering were studied. Figure 8B shows that
both mutants are more prone to aggregate than WT protein.
The total aggregation rates decrease in the following order:
A53T > A30P > WT. Interestingly, the three proteins
differed not only in their rates of aggregation but also in
their final light scattering signal, which showed the A53T
> WT > A30P pattern. (Note, this is the pattern for total
aggregation, not fibrillation. The A30P mutant forms non-
fibrillar aggregates much faster than it forms fibrils.) This
may reflect essential differences between the three proteins
in terms of the number of aggregates and/or the size of the
aggregates. In addition, the light scattering preceded the
formation of fibrils, as monitored by TFT, consistent with
formation of soluble oligomers, which could be on or off
the fibrillation pathway.

DISCUSSION

Our data indicate that WT, A30P, and A53TR-synucleins
possess similar structural properties (cf. ref21). Furthermore,
the conformational transitions induced in these three proteins
by decrease in pH or increases in temperature or methanol
concentration are indistinguishable. Likewise, the WT (19),
A30P, and A53T mutants may be transformed into the

FIGURE 7: Effect of protein concentrations on the far-UV CD spectra ofR-synuclein (circles) and its A30P and A53T mutants (inverted
triangles and squares, respectively). Representative far-UV CD spectra were measured at 0.1 (solid lines) and 4.0 mg/mL (dashed lines).
The inset represents the dependence of [θ]222 on protein concentration. Measurements were performed at pH 7.5 and 23°C in cells with
path lengths of 1.0 and 0.1 mm for low and high protein concentrations, respectively.

FIGURE 8: Kinetics of fibrillation (A) and aggregation (B) of
R-synucleins monitored by the enhancement of thioflavin T
fluorescence intensity and light scattering, respectively. Measure-
ments were performed at 37°C for WT (circles), A53T (inverted
triangles), and A30P (squares) proteins. TFT fluorescence was
excited at 450 nm, and the emission wavelength was 482 nm. Light
scattering measurements were performed at 330 nm.
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partially folded intermediate state by decreasing the pH or
increasing the temperature. Importantly, the structure of this
intermediate state is independent of the mutations. Thus the
monomeric forms of WT, A30P, and A53TR-synucleins
exhibit identical structural properties and conformational
behavior. On the other hand, the data show that the
propensity to aggregate ofR-synuclein is strongly enhanced
by the familial Parkinson’s disease point mutations (cf. refs
21, 23, and 24). Recently, we proposed a model for the
fibrillation of R-synuclein in which the first step is the
conformational transformation of the natively unfolded
protein into the aggregation-competent partially folded
intermediate (19). The absence of any detectable structural
difference between partially folded conformations ofR-sy-
nucleins raises the question of how point mutations may
affect the aggregation propensity of the protein.

To further improve our understanding, we analyzed the
amino acid sequence of WT, A30P, and A53T. Figure 9
compares sequences of these proteins in scales of hydro-
phobicity (Figure 9A) and propensity to formâ-sheet (Figure

9B) or R-helix (Figure 9C). Figure 9A shows that the
hydrophobicity of both mutants is slightly reduced in the
vicinity of both substitutions. This is an interesting observa-
tion, in that hydrophobic interactions are assumed to be
important in aggregation, and so we have the apparent
paradox that a decrease in hydrophobicity is associated with
increased aggregation propensity.

Figure 9C shows that the propensity to formR-helical
structure is somewhat diminished in the N-terminal region
of both mutants. Since this region is believed to be involved
in binding to lipids, this may also play a role in the
physiological consequences of the mutations. Both A30P and
A53T are predicted to be more likely to formâ-structure
than WTR-synuclein (Figure 9B). The aggregated species
of many proteins are enriched inâ-structure. Moreover, it
has been established that transformation ofR-helical (or
disordered) structure toâ-sheets (including intermolecular
ones) is a hallmark of aggregation and fibrillation processes
(32, 60-66). Taking these observations into account, we
hypothesize that the increased internal susceptibility of A30P
and A53T to formâ-sheets may not be strong enough to
alter the structure of the monomeric proteins but may affect
the aggregation behavior of theR-synuclein mutants through
specific stabilization of an intermolecularâ-structure. This
model for the effect of the familial Parkinson’s disease
mutations is illustrated by comparison of the aggregation
models for the WT (A) and the mutants (B) in Scheme 1. In
this model F and A represent fibrils and amorphous ag-
gregates (or soluble oligomers), respectively, UN is the
natively unfolded state, and I represents the partially folded
intermediate. The Roman numerals indicate the major stages
of the aggregation process. A number of observations indicate
that R-synuclein can form both fibrils and amorphous
aggregates under some conditions. For example, Figure 8
suggests the formation of large oligomeric species signifi-
cantly earlier than fibrils, and the fact that monomers of A30P
disappear more rapidly than fibrils appear (28) is consistent
with nonfibrillar aggregates. Confirmation of the presence
of amorphous aggregates, along with fibril deposits from
R-synuclein, was observed by electron microscopy (Figure
10).

In the above model we propose that the structural
properties of UN and I, as well as the rate of their
interconversion (stage I), are unaffected by the A30P and
A53T mutations. However, the rates of stages II and III are
facilitated by the familial Parkinson’s disease point mutations

FIGURE 9: Distribution of hydrophobicity (A) and probability to
form theâ-sheet (B) orR-helical structure (C) throughout the amino
acid sequences of WTR-synuclein (solid line) and its A30P (dotted
line) and A53T (dashed line) mutants. Hydrophobicity of proteins
was calculated according to the Kyte and Doolittle approach (67),
whereas the probability forâ-sheet orR-helical structure was
calculated using the hierarchical neural network method (68).

Scheme 1
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(thicker arrows). This would result from the mutation-
enhanced probability of forming intermolecularâ-structure.
As a result, the mutants show a faster rate of fibrillation
(A53T) or amorphous aggregation or soluble oligomers
(A30P).

Our results showing that the A53T and A30P mutations
in R-synuclein lead to increased propensity to aggregate,
compared with the wild-type protein, provide strong support
for a direct and critical role ofR-synuclein aggregation in
the etiology of Parkinson’s disease. Parenthetically, it might
be noted that the involvement ofR-synuclein in Parkinson’s
disease arose from gene-linkage experiments in familial
early-onset Parkinson’s disease, which revealed the A53T
mutation.
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