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Background: Aggregation of �-Syn is associated with PD pathogenesis.
Results: Despite being natively unfolded, a site-specific structure exists in �-Syn that is significantly altered by familial PD-as-
sociated E46K, A53T, and A30P mutations.
Conclusion: Altered site-specific structure of the PD-associated mutants may attribute to their different aggregation propensity.
Significance: This study contributes to understanding the relationship between structure and aggregation of �-Syn.

Human �-synuclein (�-Syn) is a natively unstructured pro-
tein whose aggregation into amyloid fibrils is associated with Par-
kinson disease (PD) pathogenesis. Mutations of �-Syn, E46K,
A53T, and A30P, have been linked to the familial form of PD. In
vitro aggregation studies suggest that increased propensity to form
non-fibrillar oligomers is the shared property of these familial PD-
associated mutants. However, the structural basis of the altered
aggregation propensities of these PD-associated mutants is not yet
clear. To understand this, we studied the site-specific structural
dynamics of wild type (WT) �-Syn and its three PD mutants (A53T,
E46K, and A30P). Tryptophan (Trp) was substituted at the N ter-
minus, central hydrophobic region, and C terminus of all �-Syns.
Using various biophysical techniques including time-resolved fluo-
rescence studies, we show that irrespective of similar secondary
structure and early oligomerization propensities, familial PD-asso-
ciated mutations alter the site-specific microenvironment, solvent
exposure, and conformational flexibility of the protein. Our results
further show that the common structural feature of the three PD-
associated mutants is more compact and rigid sites at their N and C
termini compared with WT �-Syn that may facilitate the formation
of a partially folded intermediate that eventually leads to their
increased oligomerization propensities.

�-Synuclein (�-Syn)4 is a 140-amino acid protein abundantly
expressed in human brain (1). �-Syn is mostly localized in the

nucleus and presynaptic terminals of neurons with some frac-
tions existing in association with the synaptic vesicles (2– 4).
Although the physiological function of �-Syn has not been fully
determined, it has been suggested to play a role in neurotrans-
mitter (dopamine) release and regulation of the reserve pool of
synaptic vesicles at nerve terminals (5, 6). Aggregation of �-Syn
has been pathogenically linked to Parkinson disease (PD),
which is a very common neurodegenerative disease (7–9) in
aged populations. The presence of intraneuronal inclusions,
Lewy bodies, mainly composed of fibrillar aggregates of �-Syn
in the patient’s brain is the most important pathological hall-
mark of PD (7, 8, 10). Several genetic, neuronal cell culture
studies and animal models of PD suggest that �-Syn plays a
central role in PD pathogenesis (11–15). The protein is intrin-
sically disordered in vitro under physiological conditions and
has the tendency to self-assemble into amyloid fibrils upon
incubation for a longer time (16, 17). Several studies have sug-
gested that the oligomeric intermediates in the fibril formation
pathway of �-Syn are the most potent neurotoxic species
responsible for PD pathogenesis (18, 19). On the contrary,
many recent reports have described that �-Syn fibrils are toxic
(20), and exogenously added �-Syn fibrils can seed aggregation
of endogenous �-Syn into Lewy body-like inclusions in cul-
tured neuronal cells (21, 22), suggesting a critical role for �-Syn
fibrils in PD pathogenesis. The mechanism of neurodegenera-
tion in PD and the form of �-Syn (fibril/oligomers) that is
responsible for toxicity are still not clear. Hence, it is very
important to study and understand the entire aggregation path-
way of �-Syn and the factors that affect its aggregation.

The protein �-Syn has been widely studied in terms of its
structural aspects (23). The primary structure of �-Syn can be
divided into three main regions: the N-terminal region (resi-
dues 1– 60), middle region (residues 61–95), and C-terminal
region (residues 96 –140) (1). The N-terminal region has seven
loosely repeated motifs (11 residues) that extend to the middle
hydrophobic region (1). �-Syn can bind to synthetic phospho-
lipid vesicles through its N terminus, and these loosely repeated
motifs are involved in forming �-helices in association with the
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vesicle membrane (24, 25). It has also been reported that addi-
tional N-terminal repeats in the sequence of �-Syn disfavor
�-sheet structure formation (26). The middle region is the most
hydrophobic part of �-Syn and is known as non-amyloid
�-component (NAC) of Alzheimer disease plaques (27). The
NAC region is highly amyloidogenic, and this region drives
the fibrillation of �-Syn. The 12-residue stretch (71– 82) in the
middle of NAC is reported to be necessary and sufficient for
�-Syn fibrillation (28). A homologue of �-Syn, �-Syn, which
lacks this 12-residue stretch, does not have the ability to aggre-
gate into amyloid fibrils (28). The C-terminal region of �-Syn is
rich in acidic amino acid residues, making it negatively charged
(1). The C terminus of �-Syn has been suggested to regulate its
fibrillation as C-terminal truncation results in a faster fibrilla-
tion rate of the protein (29). Moreover, the existence of long
range intramolecular interactions between the C terminus and
stretches of residues in the middle NAC region as well as in the
N terminus of �-Syn has been reported (30, 31). �-Syn thus
exists as an ensemble of conformers that are on average struc-
turally more compact than expected for a completely unfolded
protein (30, 31).

Several genetic studies have revealed missense mutations
E46K, A53T, and A30P as well as the recently discovered H50Q,
G51D, and A53E and locus duplication and triplication of
�-Syn gene linked to rare familial forms of PD (32, 33). The
effect of three well known familial PD-associated mutations,
E46K, A53T, and A30P, on the structure and aggregation prop-
erties of �-Syn has been largely studied (34 –37). These studies
suggest that none of the three PD mutations (A53T, E46K, and
A30P) change the overall conformation of the protein. These
mutant proteins are also natively unfolded similar to wild type
(WT) �-Syn (34, 35). The in vitro aggregation studies have
shown that the mutant A30P has an enhanced rate of non-
fibrillar oligomer formation but a slower fibril formation rate
compared with WT �-Syn (34, 38), whereas the other two
mutants, E46K and A53T, have a faster fibril forming rate com-
pared with WT �-Syn (35–37, 39). It has been suggested that
increased propensity to form non-fibrillar oligomers is the
shared property of these familial PD-associated mutants of
�-Syn (38, 40). How a single missense mutation in an intrinsi-
cally disordered protein can drastically affect its aggregation
properties is an important question to be addressed. Several
studies using various biophysical techniques including nuclear
magnetic resonance (NMR) spectroscopy, time-resolved fluo-
rescence energy transfer measurements, single molecule force
spectroscopy, and molecular dynamics simulation have sug-
gested that the PD-associated mutations A53T, E46K, and
A30P alter the long range intramolecular interactions, struc-
tural compactness, and conformational equilibrium of the pro-
tein (41– 47). However, the impact of these mutations on the
structural properties of �-Syn is highly debated in the current
literature (41, 42). Despite all these studies, the structural basis
for the increased oligomerization propensities of these PD-as-
sociated mutants is not yet clearly understood. Two possibili-
ties could give rise to the altered aggregation properties: first, a
difference in early stage oligomerization, and second, a site-
specific structural difference between WT and PD mutant
�-Syns that could eventually lead to their increased oligomeri-

zation rate. In the current study, we address both these possi-
bilities. We studied the initial oligomer distribution of different
�-Syns using photo-induced cross-linking of unmodified pro-
teins (PICUP) and their site-specific structural dynamics using
time-resolved fluorescence. Our results show that although �-Syn
and its familial PD-associated mutants have the same overall sec-
ondary structure and initial oligomer distribution pattern, the site-
specific structural dynamics is significantly altered in the PD-asso-
ciated mutants, and this difference could be correlated to their
increased oligomerization propensities. Our results shed light on
the unique structural properties of �-Syn and its PD-associated
mutants, which is useful in understanding their different aggrega-
tion behavior. Furthermore, results from our current study
together with our previously published work on site-specific struc-
tural differences of the fibrils of �-Syn and its familial PD-associ-
ated mutants (48) show that different site-specific transformation
of dynamics and microenvironment occur for �-Syn and its differ-
ent PD mutants during fibril formation.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Most of the chemicals were pro-
cured from Sigma. For all the experiments, the water used was
double distilled as well as deionized by a Milli-Q water purifi-
cation system (Millipore Corp., Bedford, MA).

Site-directed Mutagenesis—Site-directed mutagenesis was
performed to create the tryptophan (Trp) mutants of �-Syn
using polymerase chain reaction (PCR) and subsequent DpnI
digestion for selection of mutants (49). The template DNA used
for the PCR reaction was a construct of pRK172 vector contain-
ing insert of �-Syn (WT, A30P, E46K, or A53T). The pRK172
construct of �-Syn was a kind gift from Prof. Roland Riek, ETH
Zurich, Switzerland (50). The protocol used for performing
site-directed mutagenesis was essentially the same as that
reported previously (48). The mutations were confirmed by
DNA sequencing.

Protein Expression and Purification—All �-Syns were expressed
in Escherichia coli BL21(DE3) strain and purified based on the
standard protocol (51) with slight modification (52).

Low Molecular Weight Sample Preparation and Fibrilliza-
tion Assay of All �-Syns—For preparing low molecular weight
forms of all �-Syns, the purified proteins (lyophilized) were dis-
solved in buffer (20 mM Gly-NaOH, pH 7.4, 0.01% sodium
azide) at 40 mg/ml concentration by adding a few microliters of
2 mM NaOH. The final pH of each protein solution was adjusted
to 7.4 by adding a few microliters of 1 mM HCl. A micro pH
meter (S20 SevenEasy, Mettler Toledo, Switzerland) was used
for measuring pH of the protein solutions. All the protein solu-
tions were then centrifuged at 13,000 � g for 30 min at 4 °C to
remove any insoluble particles. The supernatants were dialyzed
in a mini dialysis unit of 10-kDa cutoff (Slide-A-Lyzer MINI
Dialysis Devices, Pierce) overnight against the same buffer and
then filtered with 100-kDa molecular mass-cutoff filters (Cen-
tricon YM-100, Millipore Corp.). The resulting low molecular
weight solutions were clear and free of any larger aggregates. To
determine the protein concentration in low molecular weight
solutions, absorbance at 280 nm was measured using a Jasco
(V-650) spectrophotometer. The molar absorptivity (�) used
here is 5960 M�1 cm�1 for WT, E46K, A30P, and A53T �-Syn
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and 11,460 M�1 cm�1 for their Trp-substituted variants. Fibril-
lation assay was carried out according to protocols published
previously (53). Briefly, microcentrifuge tubes (1.5 ml) contain-
ing 500 �l of low molecular weight solutions of each �-Syn at
300 �M concentrations were incubated at 37 °C in a rotating
mixer (EchoTherm model RT11, Torrey Pines Scientific) at 50
rpm. At regular time intervals during incubation, aliquots of
protein solution were diluted to 5 �M in 150 �l of Gly-NaOH
buffer, pH 7.4, 0.01% sodium azide. 1.5 �l of 1 mM thioflavin T
(ThT) solution (prepared in Tris-HCl buffer, pH 8.0, 0.01%
sodium azide) was added to the diluted protein solution. ThT
fluorescence was recorded using a Horiba-Jobin Yvon (Fluo-
max4) spectrofluorometer in a rectangular 10-mm quartz
microcuvette (Hellma, Forest Hills, NY) with excitation at 450
nm and emission in the range of 460 –500 nm. The slit width for
both excitation and emission was kept at 5 nm. ThT fluores-
cence obtained at 480 nm was plotted for all proteins against
incubation time.

Transmission Electron Microscopy—The �-Syn aggregation
stocks were diluted in distilled water to a final concentration of
�40 �M and spotted on a carbon-coated Formvar grid (Elec-
tron Microscopy Sciences, Fort Washington, PA). The sample
was wiped gently using a filter paper after 5-min incubation,
and the grid was given a quick water wash. After this, negative
staining was done wherein 1% (w/v) aqueous uranyl formate
solution was applied to the grid and incubated for 2 min. The
stain was then gently removed by wiping. The grids were air-
dried for 5 min and then subjected to transmission electron
microscopy. Electron microscopy of the samples was carried
out using a JEOL JEM-2100 microscope at 120 kV with 6000�
magnification.

Circular Dichroism (CD) Spectroscopy—5 �M low molecular
weight solution of each of WT �-Syn and its PD-associated
mutants was used for CD spectroscopy. The CD spectra were
measured by a CD polarimeter (Jasco 810) by putting the solu-
tions into a quartz cell (Hellma) with 0.1 cm path length. All
spectra were recorded at 25 °C in the wavelength range of 190 –
260 nm. With each protein sample, three independent experi-
ments were performed. Smoothing and buffer spectrum sub-
traction were used for raw data processing according to the
manufacturer’s instructions.

Cross-linking of Proteins—A PICUP experiment was carried
out according to the protocol established by Bitan et al. (54).
Briefly, 18 �l of 20 �M freshly prepared low molecular weight
form of �-Syn and its mutants were taken in clear, thin walled
0.2-ml PCR tubes. 1 �l of 3 mM tris(bipyridine)ruthenium(II)
chloride and 1 �l of 60 mM ammonium persulfate were added to
the low molecular weight solution. The reaction mixture was
irradiated with light for 1 s (controlled by a camera shutter).
The reaction mixture was quenched immediately by addition of
5 �l of 5� SDS-PAGE loading dye containing 5% �-mercapto-
ethanol and then boiled in a water bath at 95 °C for 5 min. The
cross-linked products were separated and visualized by SDS-
PAGE followed by silver staining. 4 �l of reaction products of
each protein and a standard protein ladder were added to the
wells of a polyacrylamide gel. Silver staining was performed
using a silver staining kit from Invitrogen (SilverXpress). The

cross-linking experiment was performed in triplicates to ensure
the reproducibility of results.

Steady-state Fluorescence Studies—6 �M concentration of
each low molecular weight sample was used for steady-state
Trp fluorescence studies. The samples were put in a rectangular
10-mm quartz microcuvette (Hellma), and Trp fluorescence
spectra were recorded using a Fluoromax4 spectrofluorometer
with excitation set at 295 nm and emission monitored in the
range of 305–500 nm. The excitation as well as emission slit
width was set to 6 nm.

Time-resolved Fluorescence Intensity Decay Kinetics—The
time-resolved fluorescence intensity decay experiments were
carried out using a rhodamine 6G dye laser (Spectra Physics,
Mountain View, CA) pumped by a passively mode-locked fre-
quency-doubled neodymium-doped yttrium aluminum garnet
laser (Vanguard, Spectra Physics) and a time-correlated single
photon counting setup coupled to a microchannel plate photo-
multiplier (model R2809u, Hamamatsu Corp). Pulses (1-ps
duration) of 590 nm radiation from the rhodamine 6G dye laser
were frequency-doubled to 295 nm by using a frequency dou-
bler (Spectra Physics). For obtaining the instrument response
function (IRF), a dilute colloidal suspension of dried nondairy
coffee whitener was excited at 295 nm, and the emission was
collected at the same wavelength (295 nm) with the emission
polarizer oriented at the “magic” angle of 54.7° with respect to
excitation polarizer. The width (full width at half-maximum) of
IRF was �40 ps. A 100 �M concentration of each low molecular
weight sample was excited at 295 nm at a pulse repetition rate of
4 MHz. The emission for each protein sample was measured at
their emission maxima (�max) (354 nm for V71W and V3W, 356
nm for A124W, and 360 nm for A140W Trp-substituted vari-
ants of WT and PD mutant �-Syns) as determined from steady-
state fluorescence. Decays with peak counts of 10,000 were col-
lected for analysis for discrete lifetimes, and decays with peak
counts of 20,000 were collected for analysis using the maximum
entropy method (MEM) (the detailed method is discussed later
under “Analysis of Fluorescence Intensity Decay by MEM”)
with the emission polarizer oriented at the magic angle (54.7°)
with respect to the excitation polarizer. All the decays were
deconvoluted with respect to the IRF.

Time-resolved Fluorescence Anisotropy Decay Kinetics—For
time-resolved anisotropy measurements, the low molecular
weight sample volume, concentration, experimental setup, and
parameters used were the same as those used for time-resolved
fluorescence intensity decay kinetics experiments. Peak counts
of 10,000 were collected for both parallel (emission polarizer
oriented at 0° with respect to excitation polarizer) and perpen-
dicular (emission polarizer oriented at 90° with respect to exci-
tation polarizer) fluorescence intensity measurements. I� and
I� represent parallel and perpendicular fluorescence intensity,
respectively. All the decays were deconvoluted with respect to
the IRF.

Analysis of Fluorescence Intensity Decay for Discrete Life-
times—The time-resolved fluorescence intensity decay curves
were analyzed for discrete lifetimes using a nonlinear least square
iterative deconvolution method based on the Levenberg-Mar-
quardt algorithm (55). The time-resolved intensity decays were
expressed as a sum of three exponential function as follows.
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I�t� � ¥� iexp��t/�i� i � 3 (Eq. 1)

where I(t) is the fluorescence intensity collected with the emis-
sion polarizer oriented at the magic angle (54.7°) with respect to
the excitation polarizer at time t and �i is the amplitude asso-
ciated with the fluorescence lifetime �i such that ��i � 1. The
mean fluorescence lifetime was calculated as �m � ��i�i.

The parameters obtained from the fitting of time-resolved
fluorescence intensity decays with a three-exponential function
(Equation 1) are shown in Tables 1 and 2. The goodness of fit
was assessed from the reduced 	2 values (0.9 –1.2) and from the
randomness of the residuals obtained from analysis.

Analysis of Fluorescence Intensity Decay by MEM—The
MEM analysis of time-resolved fluorescence intensity decays
was performed as described in detail previously (48). Briefly, the
MEM analysis considers the fluorescence intensity decay to
arise from a distribution of many discrete lifetime values in the
considered range (10 ps to 10 ns). Initially, the analysis assigns
equal probability (amplitude) to all the lifetime values, and in
each successive iteration, this lifetime distribution is modified
to minimize the 	2 and maximize the Shannon-Jaynes entropy
function (Equation 2):

S � 
¥� ilog�i (Eq. 2)

where S is the entropy and �i is the probability (amplitude) of
the ith lifetime. If several lifetime distributions have similar 	2

values, the one having the maximum value of entropy (S) is
accepted. For all of our MEM analyses, the 	2 values were in the
range of 0.9 –1.2.

Analysis of Fluorescence Anisotropy Decay Kinetics—The
time-resolved anisotropy decay curves were derived using
Equation 3.

r�t� �
I��t� 
 G���I��t�

I��t� � 2G���I��t� (Eq. 3)

where I�(t) and I�(t) are the experimentally obtained parallel
and perpendicular fluorescence intensity, respectively, at time
t; r(t) is the time-dependent anisotropy; and G(�) is the geom-
etry factor at the wavelength of emission (�). The value of G(�)
for the optics for measuring emission of each protein sample
was calculated independently using a 50 �M solution of
N-acetyltryptophanamide.

Analysis of the time-resolved fluorescence anisotropy decays
was done by globally fitting I�(t) and I�(t) as follows.

I��t� � I�t��1 � 2r�t�	/3 (Eq. 4)

I��t� � I�t��1 
 r�t�	/3 (Eq. 5)

r�t� � r0��1exp�
t/�1� � �2exp�
t/�2	 (Eq. 6)

where r0 is the anisotropy in the absence of any rotational dif-
fusion and �i is the amplitude associated with the ith rotational
correlation times �i such that ��i � 1. Two rotational correla-
tion times (�1 and �2) and the amplitudes associated with each
of them (�1 and �2) were derived from fits of the fluorescence
anisotropy decays to Equations 4 – 6 and are represented in
Tables 3 and 4. The mean rotational correlation time was cal-
culated as �m � ��i�i.

For some low molecular weight samples, a limiting value of
�2 
10 ns (Table 3) is due to the finite time window offered by
the fluorescence lifetime of Trp (�m � 1.2–3.5 ns). The r0 value
of 0.25 was calculated by an independent experiment using low
molecular weight form of one of the Trp mutant �-Syns in 70%

TABLE 1
Parameters associated with fluorescence intensity decays
The time-resolved fluorescence intensity decays of all low molecular weight (LMW)
samples fitted satisfactorily to a three-exponential function (Equation 1). The fluo-
rescence lifetimes (�) and their amplitudes (�) as well as the mean fluorescence
lifetime (�m) values derived from the fitting are shown. The error associated with
fluorescence lifetime measurement and its amplitude is �5–10%. The error associ-
ated with �m is �5%.

LMW sample �1 (ns) (�1) �2 (ns) (�2) �3 (ns) (�3) �m (ns)

�V3W	WT 0.63 (0.31) 1.93 (0.48) 4.1 (0.21) 1.98
�V71W	WT 0.42 (0.26) 1.29 (0.37) 3.72 (0.37) 1.96
�A124W	WT 0.22 (0.18) 1.43 (0.4) 3.7 (0.42) 2.16
�A140W	WT 0.47 (0.12) 1.52 (0.20) 4.38 (0.68) 3.34
�V3W	E46K 0.19 (0.37) 1.36 (0.23) 5.39 (0.4) 2.54
�V71W	E46K 0.51 (0.32) 1.84 (0.40) 4.25 (0.28) 2.09
�A124W	E46K 0.3 (0.17) 1.48 (0.37) 3.78 (0.46) 2.34
�A140W	E46K 0.59 (0.19) 2.28 (0.27) 4.98 (0.54) 3.42
�V3W	A53T 0.34 (0.20) 1.62 (0.53) 3.99 (0.27) 2.00
�V71W	A53T 0.39 (0.26) 1.42 (0.40) 3.71 (0.34) 1.93
�A124W	A53T 0.4 (0.22) 1.69 (0.39) 3.85 (0.39) 2.25
�A140W	A53T 0.10 (0.17) 0.88 (0.22) 4.33 (0.61) 2.85
�V3W	A30P 0.30 (0.18) 1.32 (0.45) 3.53 (0.37) 1.95
�V71W	A30P 0.60 (0.37) 1.82 (0.35) 3.92 (0.28) 1.96
�A124W	A30P 0.41 (0.18) 1.51 (0.39) 3.64 (0.43) 2.23
�A140W	A30P 0.42 (0.17) 1.90 (0.24) 4.56 (0.59) 3.22

TABLE 2
Parameters associated with fluorescence intensity decays
The time-resolved fluorescence intensity decays of all the denatured samples fitted satisfactorily to a three-exponential function (Equation 1). The fluorescence lifetimes (�)
and their amplitudes (�) as well as the mean fluorescence lifetime (�m) values derived from the fitting are shown. The error associated with fluorescence lifetime
measurement and its amplitude is �5–10%. The error associated with �m is �5%.

Sample �1 (ns) (�1) �2 (ns) (�2) �3 (ns) (�3) �m (ns)

�V3W	WT � 6 M GdnHCl 0.25 (0.19) 0.98 (0.28) 2.48 (0.53) 1.64
�V71W	WT � 6 M GdnHCl 0.32 (0.19) 1.10 (0.36) 3.53 (0.45) 2.05
�A124W	WT � 6 M GdnHCl 0.26 (0.15) 1.18 (0.36) 3.17 (0.49) 2.02
�A140W	WT � 6 M GdnHCl 0.21 (0.12) 1.42 (0.19) 4.99 (0.69) 3.74
�V3W	E46K � 6 M GdnHCl 0.21 (0.54) 1.2 (0.22) 3.8 (0.24) 1.29
�V71W	E46K � 6 M GdnHCl 0.34 (0.33) 1.54 (0.33) 4.02 (0.34) 1.99
�A124W	E46K � 6 M GdnHCl 0.24 (0.2) 1.39 (0.36) 3.33 (0.44) 2.01
�A140W	E46K � 6 M GdnHCl 0.65 (0.26) 3.42 (0.34) 5.71 (0.4) 3.62
�V3W	A53T � 6 M GdnHCl 0.29 (0.29) 1.49 (0.4) 3 (0.31) 1.61
�V71W	A53T � 6 M GdnHCl 0.34 (0.33) 1.43 (0.33) 3.94 (0.34) 1.92
�A124W	A53T � 6 M GdnHCl 0.34 (0.21) 1.39 (0.34) 3.28 (0.45) 2.02
�A140W	A53T � 6 M GdnHCl 0.46 (0.24) 3.19 (0.28) 5.59 (0.48) 3.69
�V3W	A30P � 6 M GdnHCl 0.21 (0.22) 1.23 (0.36) 2.8 (0.42) 1.67
�V71W	A30P � 6 M GdnHCl 0.33 (0.33) 1.41 (0.33) 3.93 (0.34) 1.91
�A124W	A30P � 6 M GdnHCl 0.19 (0.12) 1.1 (0.37) 3.19 (0.51) 2.06
�A140W	A30P � 6 M GdnHCl 0.48 (0.24) 3.18 (0.28) 5.56 (0.48) 3.67
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glycerol. The r0 value 0.25 with a window of 0.01 was used
during analysis of anisotropy decays. The goodness of fit was
assessed from the reduced 	2 values (1.2–1.7) as well as from
the randomness of the residuals.

Dynamic Quenching of Fluorescence Using Acrylamide as
Quencher—For the dynamic fluorescence quenching experi-
ments, the low molecular weight sample volume, concentra-
tion, experimental setup, and parameters used were the same as
those used for time-resolved fluorescence intensity decay
kinetics experiments. 1 �l of acrylamide (from a 5 M stock solu-
tion) was subsequently added to the same low molecular weight
solution and mixed thoroughly. After each addition of acrylam-
ide, fluorescence intensity decay with peak counts of 10,000 was
collected with the emission polarizer oriented at the magic
angle (54.7°) with respect to the excitation polarizer. For each
decay, the mean fluorescence lifetime (�m) was calculated by
deconvolution with respect to the IRF and fitting to a three-
exponential function as described under “Analysis of Fluores-
cence Intensity Decay for Discrete Lifetimes.” The concentra-
tion of acrylamide in the resulting low molecular weight

solution after each addition was calculated. �0/� was then plot-
ted against the increasing concentrations of acrylamide. The
data points were fitted with the Stern-Volmer equation (Equa-
tion 7), which gives a straight line (56).

�0/� � 1 � kq�0�Q	 (Eq. 7)

where �0 is the mean fluorescence lifetime of the low molecular
weight sample in the absence of acrylamide, � is the mean fluo-
rescence lifetime of low molecular weight sample at each acryl-
amide concentration, kq is the bimolecular rate constant for
dynamic quenching, and [Q] is the acrylamide concentration
(in M). The extent of solvent exposure was estimated by calcu-
lating kq from Equation 7.

Guanidine Hydrochloride (GdnHCl) Denaturation of Trp-
substituted �-Syn Proteins—Denaturation was performed by
adding GdnHCl from an 8 M stock solution (Pierce, Thermo
Scientific) to a final concentration of 6 M in low molecular
weight solutions of each of the Trp mutants V3W, V71W,
A124W, and A140W of WT �-Syn and its PD-associated
mutants. The denatured proteins were then subjected to time-
resolved fluorescence studies. The parameters obtained from
the fitting of time-resolved fluorescence intensity and aniso-
tropy decays of all the denatured samples are shown in Tables 2
and 4, respectively.

RESULTS

Site-specific Structural Dynamics of �-Syn in Its Soluble
Form—In the present work, we focused on the starting point of
the �-Syn aggregation process. We studied the site-specific
structural dynamics of freshly prepared soluble (low molecular
weight) form of WT �-Syn. The fluorescence properties of Trp
are extremely sensitive to its microenvironment (57, 58) and are
widely used to monitor changes in local structure and dynamics
of proteins (48, 59 – 61). Trp and Tyr fluorescence have been
previously used effectively to probe the structural dynamics of
several proteins like amyloid � (A�) and �-Syn during their
aggregation (59, 62, 63). Therefore, single Trp-substituted
mutants of �-Syn were studied using multiple time-resolved
fluorescence techniques. Trp residues were substituted at spe-
cific sites in each of the three regions (N-terminal, C-terminal,
and middle NAC region) of WT �-Syn using site-directed
mutagenesis. Fig. 1A shows the amino acid sequence of WT
�-Syn and its four Trp-substituted mutants designed for study-
ing the site-specific structure of �-Syn. The amino acid residue
valine (Val) at positions 3 and 71 of �-Syn was chosen for sub-
stitution with Trp because both Val and Trp have bulky and
hydrophobic side chains. Therefore, Trp substitution in these
positions is not expected to have much effect on the overall
hydrophobicity and net charge of the protein. Moreover, sub-
stitution of Val with Trp has been previously used effectively to
study site-specific conformational changes in A� protein (asso-
ciated with Alzheimer disease) during its aggregation (64). The
C-terminal substitution A124W and A140W are also reported
not to change the structural properties of �-Syn and have been
used previously for studying the structural features of �-Syn
oligomers (59). Here, Trp fluorescence was used as a probe to
study different aspects of site-specific structural dynamics of

TABLE 3
Parameters associated with fluorescence anisotropy decays
The time-resolved fluorescence anisotropy decays of all low molecular weight
(LMW) samples fitted satisfactorily to a two-exponential function (Equations 4 – 6).
The rotational correlation times (�) and their amplitudes (�) derived from the
fitting are shown. The error associated with rotational correlation time and its
amplitude is �10 –20%.

LMW sample �1 (ns) (�1) �2 (ns) (�2)

�V3W	WT 0.36 (0.67) 4.5 (0.33)
�V71W	WT 0.25 (0.56) 3.12 (0.44)
�A124W	WT 0.21 (0.45) 2.48 (0.55)
�A140W	WT 0.13 (0.72) 1.70 (0.28)
�V3W	E46K 1.3 (0.1) 6.1 (0.9)
�V71W	E46K 0.31 (0.66) 3.80 (0.34)
�A124W	E46K 1.3 (0.1) 6.1 (0.9)
�A140W	E46K 0.57 (0.60) 
10 (0.40)
�V3W	A53T 0.36 (0.64) 5.4 (0.36)
�V71W	A53T 0.29 (0.60) 3.70 (0.40)
�A124W	A53T 0.5 (0.46) 6.83 (0.54)
�A140W	A53T 0.20 (0.66) 3.36 (0.34)
�V3W	A30P 0.36 (0.65) 4.5 (0.35)
�V71W	A30P 0.27 (0.58) 3.70 (0.42)
�A124W	A30P 0.35 (0.57) 3.2 (0.43)
�A140W	A30P 0.35 (0.70) 4.60 (0.30)

TABLE 4
Parameters associated with fluorescence anisotropy decays
The time-resolved fluorescence anisotropy decays of all denatured samples fitted
satisfactorily to a two-exponential function (Equations 4 – 6). The rotational corre-
lation times (�), their amplitudes (�), and mean rotational correlation times (�m)
derived from the fitting are shown. The error associated with rotational correlation
time and its amplitude is �10 –20%.

Sample �1 (ns) (�1) �2 (ns) (�2) �m (ns)

�V3W	WT � 6 M GdnHCl 0.12 (0.47) 1.05 (0.53) 0.613
�V71W	WT � 6 M GdnHCl 0.15 (0.55) 1.72 (0.45) 0.86
�A124W	WT � 6 M GdnHCl 0.14 (0.38) 1.825 (0.62) 1.18
�A140W	WT � 6 M GdnHCl 0.13 (0.6) 1.30 (0.4) 0.6
�V3W	E46K � 6 M GdnHCl 0.41 (0.45) 2.2 (0.55) 1.4
�V71W	E46K � 6 M GdnHCl 0.16 (0.51) 1.8 (0.49) 0.96
�A124W	E46K � 6 M GdnHCl 0.17 (0.4) 1.9 (0.6) 1.21
�A140W	E46K � 6 M GdnHCl 0.12 (0.55) 1.3 (0.45) 0.65
�V3W	A53T � 6 M GdnHCl 0.14 (0.33) 1 (0.66) 0.71
�V71W	A53T � 6 M GdnHCl 0.12 (0.53) 1.77 (0.47) 0.9
�A124W	A53T � 6 M GdnHCl 0.17 (0.42) 1.86 (0.58) 1.15
�A140W	A53T � 6 M GdnHCl 0.15 (0.54) 1.3 (0.46) 0.68
�V3W	A30P � 6 M GdnHCl 0.17 (0.55) 1.15 (0.45) 0.61
�V71W	A30P � 6 M GdnHCl 0.12 (0.45) 1.7 (0.55) 0.99
�A124W	A30P � 6 M GdnHCl 0.17 (0.4) 1.9 (0.6) 1.21
�A140W	A30P � 6 M GdnHCl 0.12 (0.46) 1.04 (0.54) 0.62
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�-Syn. The microenvironment experienced by Trp was studied
using steady-state fluorescence as well as time-resolved fluores-
cence intensity decay kinetics. Site-specific solvent accessibility
and conformational flexibility were studied using dynamic
fluorescence quenching and time-resolved anisotropy decay
kinetics, respectively.

The steady-state Trp fluorescence measurement of different
Trp-substituted �-Syns revealed that all four positions in the
low molecular weight state of �-Syn experience a polar environ-
ment with fluorescence emission maxima (�max) between 350
and 360 nm (Fig. 1B). Trp3 and Trp71 have similar fluorescence
emission spectra where �max is �354 nm and intensity is �5 �

105 arbitrary units. Trp124 has a slightly red-shifted fluores-
cence spectrum (�max � 356 nm), and intensity is �5 � 105

arbitrary units. Interestingly, Trp140 has a fluorescence spec-
trum where the �max was further red-shifted to �360 nm, sug-
gesting that Trp140 experiences a more polar microenviron-
ment followed by Trp124, Trp3, and Trp71. The fluorescence
intensity of Trp140 was also higher (�1 � 106 arbitrary units)
compared with Trp3, Trp71, and Trp124, suggesting less Trp
quenching at position 140. Different amino acid sequences and
side chains near the different Trp sites may contribute to the
different fluorescence intensities observed (Fig. 1B). The site-
specific microenvironment was further studied using time-re-

FIGURE 1. Site-specific structural dynamics of �-Syn. A, amino acid sequences of the protein �-Syn and its four Trp-substituted mutants designed for
the study. The substituted Trp residues are shown in blue, and the rectangular boxes indicate the mutation site in the sequences. To delineate the
site-specific structural dynamics of �-Syn, freshly prepared low molecular weight solutions of Trp3, Trp71, Trp124, and Trp140 �-Syns were studied using
different fluorescence methods. B, steady-state fluorescence spectra showing higher fluorescence intensity of Trp140 compared with Trp3, Trp71, and
Trp124. C, time-resolved fluorescence intensity decay kinetics fitted to a three-exponential function (smooth lines) showing slower decay of the fluores-
cence intensity of Trp140 compared with Trp3, Trp71, and Trp124. D, mean fluorescence lifetime (�m � �i�i) values calculated by fitting the fluorescence
intensity decays using a three-exponential function represented as a bar diagram (mean � S.D., n � 3) indicating a different microenvironment
experienced by Trp140, Trp124, Trp3, and Trp71. E, fluorescence lifetime distributions obtained by analyzing the time-resolved fluorescence intensity
decays using MEM showing that Trp3, Trp71, and Trp124 are conformationally more heterogeneous compared with Trp140. F, Stern-Volmer plots derived
from dynamic quenching of fluorescence using lifetime measurements showing a higher slope for Trp140 followed by Trp3, Trp71, and Trp124. G, the
bimolecular rate constants for dynamic quenching (kq) calculated from the Stern-Volmer plots and represented as a bar diagram (mean � S.D., n � 2)
indicating that Trp140 is more solvent-exposed followed by Trp3, Trp71, and Trp124. I, time-resolved fluorescence anisotropy decay kinetics fitted to a
two-exponential function (smooth lines) showing faster decay of fluorescence anisotropy of Trp140 compared with Trp3, Trp71, and Trp124. J, rotational
correlation time associated with the local motion of Trp (�1) calculated by fitting the fluorescence anisotropy decays and represented as a bar diagram
(mean � S.D., n � 2) indicating that Trp140 is conformationally more flexible compared with Trp3 and Trp71. The statistical significance was calculated
by one-way analysis of variance followed by Newman-Keuls multiple comparison post hoc test: *, p � 0.05; **, p � 0.01; NS, not significant, p 
 0.05. Error
bars represent S.D. AU, arbitrary units.
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solved fluorescence intensity decay kinetics. The intensity
decay kinetics of Trp3, Trp71, Trp124, and Trp140 �-Syns was
fitted satisfactorily to a three-exponential function (Fig. 1C), a
behavior typical of Trp-containing proteins (57). Mean lifetime
(�m � �i�i) values were derived from the fitting of intensity
decays (Table 1). Several processes can modulate the fluores-
cence lifetime of Trp including interaction with solvent mole-
cules, peptide bonds, and fluorescence quenching by the side
chains of nearby amino acids in the protein. Thus, the interpre-
tation of changes in fluorescence lifetime is often ambiguous
(58, 61, 65). Our data show that the fluorescence intensities of
Trp3 and Trp71 decayed faster (with shorter �m) followed by
those of Trp124 and Trp140 (Fig. 1, C and D). This could be due
to either the different structural dynamics at the four positions
and/or different amino acid residues near these sites in the pri-
mary sequence of the �-Syn. To extend our understanding on
the site-specific microenvironment of WT �-Syn, we analyzed
the time-resolved fluorescence intensity decay kinetics using
MEM (Fig. 1E). The MEM analysis provides a distribution of
fluorescence lifetimes, which gives an idea of the conforma-
tional heterogeneity of the fluorescent probe (66). Our MEM
results show dual peaks for Trp71, Trp124, and Trp140 �-Syns.
Trp3, Trp71, and Trp124 �-Syns have relatively broadened life-
time distributions as compared with that of Trp140 �-Syn (Fig.
1E). This clearly indicates that Trp3, Trp71, and Trp124 are con-
formationally more heterogeneous as compared with Trp140 in
the low molecular weight state of �-Syn. Moreover, the major
peak of Trp140 is shifted to longer lifetime values as compared
with those of Trp3, Trp71, and Trp124, consistent with our
results from discrete analysis of the intensity decays (�m of
Trp140 was longer than that of Trp3, Trp71, and Trp124). There-
fore, the above results indicate that the structural dynamics and
microenvironment of positions 3, 71, 124, and 140 are indeed
different in soluble �-Syn.

The solvent accessibility of �-Syn at the four different Trp
positions was studied by dynamic quenching of fluorescence
using acrylamide as quencher (Q). The quenching experiment
done using fluorescence lifetime measurements yielded linear
plots of �0/� versus [Q] (Stern-Volmer plots) (Fig. 1F). The
bimolecular quenching rate constant (kq) derived from the
Stern-Volmer plots is an estimate of the solvent accessibility of
Trp in the protein (56). A larger kq value indicates a greater
extent of solvent exposure and vice versa. The kq values are
represented as a bar diagram to compare the solvent accessibil-
ity at the four different positions (Trp3, Trp71, Trp124, and
Trp140) of �-Syn (Fig. 1G). The data suggest that all four posi-
tions are solvent-exposed in the low molecular weight state of
�-Syn having kq values of the same order of magnitude as that of
N-acetyltryptophanamide, which was used as a standard refer-
ence (kq � 11 � 109 M�1 s�1). The kq values represented in Fig.
1G suggest that Trp124 is relatively more solvent-protected fol-
lowed by Trp71, Trp3, and Trp140. This indicates that �-Syn is
not a completely unfolded protein as reported previously (30,
31). The protein has some residual structure, which is respon-
sible for the differential solvent exposure at the different sites of
the protein.

The site-specific conformational flexibility of the low molec-
ular weight state of �-Syn was studied using time-resolved fluo-

rescence anisotropy decay kinetics. For all Trp3, Trp71, Trp124,
and Trp140 �-Syns, the fluorescence anisotropy decayed in two
phases (Fig. 1H). The anisotropy decays of all �-Syns were fitted
satisfactorily to a sum of two exponential function. This model
assumes a population having uniform fluorescence dynamics
properties with each protein molecule associated with two
types of motions: the local motion of the Trp residue in the
protein and the global tumbling motion of the entire protein
molecule (67). Therefore, the two rotational correlation times
derived from two exponential fits of the fluorescence aniso-
tropy decays (Table 3) were interpreted to be associated with
the local motion of Trp (shorter rotational correlation time; �1)
and the global motion (longer rotational correlation time; �2) of
the protein molecule. The shorter rotational correlation time
(�1) provides information about the site-specific conforma-
tional flexibility of the protein (68). The bar diagram compares
the �1 values of the four positions of �-Syn (Fig. 1I). The shorter
�1 value for Trp140 as compared with those of Trp3 and Trp71

indicates that position 140 is conformationally more flexible
than positions 3 and 71 of WT �-Syn, which is expected for the
last residue of the polypeptide.

The above data suggest that �-Syn in its low molecular
weight state has different site-specific structure and dynamics
at NAC, N-, and C-terminal regions. To further confirm this
observation, we denatured the low molecular weight form of
Trp3, Trp71, Trp124, and Trp140 �-Syns by adding 6 M GdnHCl
to each of them. If �-Syn in its low molecular weight state has a
specific structure, the addition of denaturant (6 M GdnHCl)
should disrupt this structure and should alter the site-specific
structural dynamics of the protein. We indeed observed a
change in the site-specific structural dynamics upon denatur-
ation. The fluorescence intensity decay of Trp3 and Trp140 was
affected upon denaturation (Fig. 2A). In contrast, the fluores-
cence intensity decay of Trp71 and Trp124 was not significantly
altered upon denaturation. The �m of Trp3 decreased, whereas
that of Trp140 increased upon denaturation (Fig. 2B). Further-
more, for Trp3 and Trp71, the fluorescence anisotropy decayed
faster upon denaturation (Fig. 2C). The bar diagram comparing
the �1 values of the four different Trp positions of low molec-
ular weight �-Syn with and without denaturant indicates a sig-
nificant decrease in the �1 value of Trp3 and Trp71 upon dena-
turation (Fig. 2D). Our analysis of the anisotropy decays shows
a decrease in rotational correlation times associated with both
local motion (�1) and global motion (�2) of Trp3 and Trp71

upon denaturation (Table 4). This indicates that positions 3 and
71 are initially structured, and upon denaturation, they become
more flexible not only in terms of their local conformation but
also with respect to the global conformational properties of the
protein. The fluorescence anisotropy decays of Trp124 and
Trp140, however, were not much altered upon denaturation.
This suggests that because positions 124 and 140 are flexible
enough at the low molecular weight state their flexibility is not
further enhanced upon denaturation (Fig. 2D). Interestingly,
unlike the �1 values that became nearly the same for all four
positions of �-Syn upon denaturation, the �m values remained
different (�m of Trp3 � Trp71 � Trp124 � Trp140) (Fig. 2B). This
indicates that the amino acid residues in the primary sequence
of the protein near the Trp site affect their fluorescence life-
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time. Overall, these results imply that all four Trp positions in
the low molecular weight state of �-Syn are solvent-accessible
due to its random coil structure. However, �-Syn in its low
molecular weight state has a definite site-specific structure/dy-
namics, which gets disrupted upon its denaturation.

Overall Structure and Early Oligomer Distribution of �-Syn
and Its PD-associated Mutants—Little is currently known
about the structural basis for the difference in the aggregation
properties between WT �-Syn and its three well known familial
PD-associated mutants (E46K, A53T, and A30P). Therefore, we
studied the secondary structure of WT �-Syn and the PD
mutants. The far-UV CD spectra of the freshly prepared low
molecular weight samples suggest that none of the PD muta-
tions affect the gross initial structure of �-Syn, having nearly
overlapping spectra characteristic of an overall unfolded struc-
ture. However, all the �-Syns have CD spectra with a minimum
in the vicinity of 198 nm and a positive signal near �190 –195
nm (Fig. 3A), indicating the possibility of some residual struc-
ture in all the proteins. It is possible that the propensity to form
higher order oligomers by freshly prepared protein/peptide
could be one of the key factors determining the aggregation
propensity of amyloidogenic proteins (69). However, these olig-
omeric species are metastable and exist in a dynamic equilib-
rium with the monomeric form of the protein. Hence, it is very
difficult to biophysically characterize and quantify the relative
abundance of each of these oligomeric species. We used the
PICUP method for studying the early oligomer distribution of
�-Syn (69). PICUP is a powerful technique in which rapid cova-
lent cross-linking of unmodified proteins allows the separation
and quantification of small metastable protein oligomers,
thereby giving an instant snapshot of the oligomerization pat-
tern of a protein in solution (54). Previously, PICUP has been
effectively used to study the early oligomerization event of
�-Syn (70) as well as another amyloidogenic protein, A�40/42
(69), which is associated with Alzheimer disease. When early
oligomerization of �-Syn was studied using PICUP, it was
observed that considerable amounts of dimeric, trimeric, and

pentameric forms of the protein exist in equilibrium with the
monomeric form in freshly prepared low molecular weight �-Syn
solution (Fig. 3B). The PD-associated mutants A53T, E46K, and
A30P also have an early oligomer distribution comprising mono-
meric, dimeric, trimeric, and pentameric species, which is qualita-
tively similar to that of WT protein (Fig. 3B). This implies that the
PD-associated mutations do not affect significantly the early
oligomer distributions of �-Syn.

Effect of Trp Substitution Mutations on the Aggregation Pro-
pensities of WT �-Syn and PD-associated Mutants—Because
the PD-associated mutations do not affect the early oligomer
distributions of �-Syn, we analyzed the effect of E46K, A53T,
and A30P PD mutations on the site-specific structural dynam-
ics of �-Syn. For this study, a Trp residue was substituted at four
specific sites in each of the three regions of E46K, A53T, and

FIGURE 2. Effect of denaturation on the site-specific structure of �-Syn. The freshly prepared low molecular weight solutions of Trp3, Trp71, Trp124, and Trp140

�-Syns were denatured by adding 6 M GdnHCl and subjected to time-resolved fluorescence studies. Black and green represent the low molecular weight state and
denatured state, respectively, of each Trp mutant of �-Syn. A, time-resolved fluorescence intensity decay kinetics fitted to a three-exponential function (smooth lines)
showing a change in decay kinetics of Trp3, Trp71, Trp124, and Trp140 upon denaturation. B, mean fluorescence lifetime (�m � �i�i) values calculated by fitting the
fluorescence intensity decays and represented as a bar diagram (mean � S.D., n � 3) indicating a change in microenvironment experienced by Trp3 and Trp140 upon
denaturation. C, time-resolved fluorescence anisotropy decay kinetics fitted to a two-exponential function (smooth lines) showing a faster decay of fluorescence
anisotropy of Trp3 and Trp71 upon denaturation. D, rotational correlation times associated with the local motion of Trp (�1) calculated by fitting the fluorescence
anisotropy decays and represented as a bar diagram (mean � S.D., n � 2) indicating an increase in conformational flexibility of Trp3 and Trp71 upon denaturation. The
statistical significance is as follows: *, p � 0.05; **, p � 0.01; NS, not significant, p 
 0.05. Error bars represent S.D.

FIGURE 3. Effect of PD-associated mutations on overall structure and
early oligomerization of �-Syn. A, far-UV CD spectra of low molecular
weight solutions of WT, E46K, A53T, and A30P �-Syns showing that all the
proteins have a minimum in the vicinity of 198 –200 nm. B, the early oligomer-
ization was studied by subjecting the freshly prepared low molecular weight
solutions of WT �-Syn and its PD-associated mutants to PICUP followed by
SDS-PAGE. A silver-stained gel is shown: lane 1, non-cross-linked WT �-Syn;
lane 2, cross-linked A30P; lane 3, cross-linked A53T; lane 4, cross-linked E46K;
lane 5, cross-linked WT �-Syn. In non-cross-linked WT �-Syn, a band corre-
sponding to monomer (�17 kDa) was observed, whereas in all cross-linked
�-Syns, distinct bands corresponding to monomer (�17 kDa), dimer (�35
kDa), trimer (�51 kDa), and pentamer (�85 kDa) were observed, indicating
that WT �-Syn and its PD-associated mutants have similar early oligomer
distributions. deg, degrees.
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A30P �-Syns similarly as we performed for the WT protein (Fig.
4). We performed the cross-linking as well as aggregation kinet-
ics study using the ThT binding assay with the multiple Trp-
substituted variants of WT �-Syn and its PD-associated
mutants. The cross-linking studies with the freshly prepared
low molecular weight form of all proteins show that all proteins
have similar early oligomer distributions, which include mono-
meric along with dimeric, trimeric, and pentameric species
(Fig. 5B). This implies that introduction of a Trp residue at any
of the four different positions did not alter the early oligomer
distribution of either the WT protein or the PD-associated
mutants. Furthermore, our aggregation kinetics study using the
ThT binding assay shows that Trp substitution did not largely
alter the aggregation behavior of the parent protein (Fig. 5A).
The PD mutants E46K and A53T as well as their Trp-substi-
tuted variants formed amyloid faster (within �48 –72 h for

E46K and �72– 85 h for A53T) compared with WT �-sy-
nuclein and its corresponding Trp-substituted proteins,
which formed amyloid fibrils within �96 –120 h of incuba-
tion (Fig. 5A). The PD mutant A30P and its corresponding
Trp-substituted variants had the slowest amyloid forming
rate (within �175–200 h of incubation). Although there
were small variations in the amyloid forming rates across the
parent protein and its Trp-substituted variants, none of the
Trp mutations significantly altered the amyloid forming pro-
pensity of its parent protein. Furthermore, at the end of the
aggregation process, all proteins formed amyloids having
very similar fibrillar morphology as observed by transmis-
sion electron microscope (Fig. 6 and see also Ref. 48). The
results suggest that the Trp substitutions do not change the
overall aggregation properties of the protein and therefore
are suitable probes for our study.

FIGURE 4. Design of Trp substitution mutations in the PD-associated mutants of �-Syn. Amino acid sequences of the PD-associated mutants E46K, A53T,
and A30P of �-Syn and their designed Trp-substituted mutants are shown. The PD mutations are shown in red, and the Trp substitutions are shown in blue. The
rectangular boxes indicate the Trp mutation site in the three regions, N terminus (V3W), middle NAC (V71W), and C terminus (A124W and A140W), of the
PD-associated mutants.
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Effect of PD-associated Mutations on the Site-specific Struc-
tural Dynamics of �-Syn—Freshly prepared low molecular
weight solutions of all Trp-substituted mutants of WT, E46K,
A53T, and A30P �-Syns were subjected to time-resolved fluo-
rescence studies. Similar to WT protein, the site-specific
microenvironment at the N terminus of all �-Syns was studied
using time-resolved fluorescence intensity decay kinetics, and
the data were fitted to a three-exponential function. The inten-
sity decay of Trp3 in E46K mutant was slower as compared with
that of Trp3 in WT, A53T, and A30P �-Syns (Fig. 7A). When
the �m values for each protein were calculated, we observed that
the Trp at the N terminus of E46K had a longer �m (�2.6 ns)
compared with that of Trp at the N terminus of WT, A53T, and
A30P �-Syns (�m � 2 ns) (Fig. 7B). The data suggest that the
site-specific microenvironment at the N terminus of �-Syn is
altered in the PD mutant E46K and remains unaltered in the
other two PD mutants A53T and A30P. Furthermore, the site-
specific solvent accessibility at the N terminus of WT �-Syn was
compared with the other three mutants using dynamic fluores-
cence quenching method. The kq values were derived from the
Stern-Volmer plots (Fig. 7C). The data show that the kq values
of Trp at the N terminus of PD-associated mutants are lesser as
compared with that of WT �-Syn (Fig. 7D). This indicates that
the PD-associated mutations decrease the site-specific solvent
accessibility of �-Syn at the N terminus. When the site-specific
conformational dynamics at Trp3 was studied using time-re-
solved fluorescence anisotropy decay kinetics, all proteins
showed anisotropy decay at a very similar rate except for E46K
�-Syn (Fig. 7E). We also observed a clear increase in the rota-

tional correlation time (�1) for Trp3 of E46K compared with
that of WT, A30P, and A53T (Fig. 7F). The rotational correla-
tion time associated with global motion of the protein (�2) was
also longer for Trp3 of E46K compared with WT, A30P, and
A53T (Table 3). This means that the local as well as global
conformational rigidity of the N terminus is greater for E46K
compared with WT, A30P, and A53T. It has been shown that
the residues (1–30) in the N terminus of �-Syn are not part of
the fibril core of the protein (71) but are partially buried in
oligomers of �-Syn and are involved in binding to membranes
(59). The effect of PD-associated mutations on the site-specific
structural dynamics at the N terminus of �-Syn further suggests
that this region may contribute significantly to the oligomeri-
zation of the protein.

Similar to the N terminus, the structural dynamics of Trp at
position 71 in the NAC region of WT �-Syn and its PD-associ-
ated mutants was studied. The NAC region of �-Syn is consid-
ered to be the most essential part for aggregation and amyloid
formation of the protein (28). The time-resolved intensity
decay kinetics of Trp71 of all �-Syns is almost overlapping (Fig.
8A). The �m values suggest that there is no significant difference in
the microenvironment (similar �m values �2 ns) of the Trp residue
at position 71 for all �-Syns (Fig. 8B). The site-specific solvent
accessibility studied using dynamic fluorescence quenching also
showed overlapping Stern-Volmer plots (Fig. 8C) and similar
values of kq (Fig. 8D) for all proteins, clearly indicating that Trp
at position 71 had a similar extent of solvent accessibility in WT
�-Syn and its PD mutants. Moreover, the time-resolved fluo-
rescence anisotropy decay kinetics (Fig. 8E) and the corre-

FIGURE 5. Effect of Trp substitutions on the aggregation propensities and early oligomerization of the respective parent proteins. A, amyloid formation
of WT �-Syn and its three PD-associated mutants (E46K, A53T, and A30P) along with their Trp-substituted variants monitored by ThT fluorescence. ThT
fluorescence at 480 nm is plotted as a function of time (in h). Mutants E46K and A53T and their Trp-substituted variants have a faster rate of amyloid formation,
whereas A30P and its Trp-substituted variants have a slower amyloid forming rate compared with WT �-Syn and its Trp-substituted variants. B, the early
oligomerization was studied for �-Syn and its Trp mutants using PICUP followed by SDS-PAGE. A silver-stained gel shows the cross-linked products of the
parent protein (lane 1), V3W variant (lane 2), V71W variant (lane 3), A124W variant (lane 4), and A140W variant (lane 5). In all proteins, distinct bands correspond-
ing to monomer (�17 kDa), dimer (�33 kDa), trimer (�54 kDa), and pentamer (�71 kDa) were observed, indicating that none of the Trp substitutions affect
the early oligomer size distributions of their parent proteins. Error bars represent S.D. AU, arbitrary units. In B, SDS-PAGE gels (from left to right) represent
proteins samples of WT, A30P, E46K, and A53T �-synuclein.
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sponding rotational correlation time (�1) values (Fig. 8F) were
also similar for Trp71 in all �-Syns. The fluorescence data for
Trp at position 71 clearly indicate that the PD-associated muta-
tions do not have any major effect on the site-specific structure
and dynamics of �-Syn in the NAC region.

When we studied the effect of PD-associated mutations on
the site-specific conformational dynamics at position 124 in the
C terminus, the time-resolved fluorescence intensity decay
kinetics of Trp in all �-Syns showed no apparent differences
(Fig. 9A). Their corresponding �m values were also similar, sug-
gesting that all proteins experience a similar microenvironment
at position 124 (Fig. 9B). The site-specific solvent accessibility
and kq values (Fig. 9, C and D) were lower for Trp124 in all the
PD mutants compared with WT �-Syn. The data indicate that
position 124 is less solvent-accessible in all the PD mutants
when compared with WT. However, among the PD mutants,
we did not find any significant difference in solvent accessibil-
ity. The time-resolved anisotropy decay kinetics revealed that
Trp124 of the PD-associated mutants had slower fluorescence
anisotropy decay kinetics compared with Trp124 of WT �-Syn
(Fig. 9E). The corresponding rotational correlation time (�1)
was longest for Trp124 of E46K and A53T followed by A30P and
WT �-Syn (Fig. 9F). Moreover, rotational correlation time
associated with global motion of the protein (�2) was also lon-
ger for the PD mutants as compared with WT (Table 3). The
data suggest that Trp at position124 of all three PD mutants is

more rigid compared with that in WT �-Syn in terms of both
local and global dynamics.

Next, we studied the effect of PD-associated mutations on
the site-specific conformational dynamics at position 140 in the
C terminus. The time-resolved fluorescence intensity decay
kinetics of Trp in all �-Syns showed no apparent differences
(Fig. 10A). However, the corresponding �m of Trp140 in A53T
was significantly shorter than that of Trp140 in WT, E46K, and
A30P �-Syns (Fig. 10B). The data indicate that the PD mutation
A53T has an effect on the site-specific microenvironment of
�-Syn at position 140. The site-specific solvent accessibility and
kq values (Fig. 10, C and D) were lower for Trp140 in all the PD
mutants when compared with WT �-Syn. The data indicate
that the Trp at position 140 of WT �-Syn is more solvent-
accessible than that of the PD-associated mutants. However,
among the PD mutants, we did not find any significant differ-
ence in solvent accessibility. The time-resolved anisotropy
decay kinetics revealed interesting differences between all
�-Syn proteins. The Trp140 of E46K had a markedly slower
fluorescence anisotropy decay kinetics compared with Trp140

of WT, A53T, and A30P �-Syns. The Trp140 of A53T and A30P
also had slower fluorescence anisotropy decay kinetics com-
pared with Trp140 of WT �-Syn (Fig. 10E). The corresponding
rotational correlation time (�1) was longest for Trp140 of E46K
followed by A30P, A53T, and WT �-Syns (Fig. 10F). Similar to
our observation at position 124, �2 at position 140 was also

FIGURE 6. Morphological analysis of amyloid fibril formed by the Trp-substituted mutants. Electron micrographs show amyloid fibrils formed by WT
�-Syn and its selected Trp-substituted mutants. Scale bars, 200 nm.
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longer for all the PD mutants as compared with WT (Table 3).
The data suggest that the Trp at the C terminus of all three PD
mutants is more rigid compared with WT �-Syn in terms of
both local and global conformational dynamics.

Effect of PD-associated Mutations on the Sensitivity of �-Syn
to Chemical Denaturant (6 M GdnHCl)—We denatured all
Trp-substituted variants of WT �-Syn and its PD-associated
mutants using 6 M GdnHCl and analyzed them using time-
resolved fluorescence studies. These studies could provide
important insights in terms of a difference in the degree of
sensitivity of different PD mutants and WT protein to chemical
denaturant that may be correlated to their altered oligomeriza-
tion tendency. The time-resolved fluorescence intensity decay
kinetics and the corresponding �m values suggest that upon
denaturation all the proteins have similar microenvironments
at positions 71, 124, and 140 (Figs. 12, A and B; 13, A and B; and
14, A and B). In contrast, at position 3, E46K has a different
microenvironment (shorter �m) compared with all the other
proteins upon denaturation (Fig. 11, A and B). The time-re-
solved fluorescence anisotropy decay kinetics showed that

upon denaturation all the proteins had similar decays at posi-
tions 71, 124, and 140 (Figs. 12C, 13C, and 14C). Because the
dynamics of both local and global conformations of the protein
changes upon denaturation, we derived a single parameter, the
mean rotational correlation time (�m � ��i�i), to represent
the overall structural dynamics of the denatured proteins. Our
analysis revealed that the mean rotational correlation time (�m)
was similar for all proteins at positions 71, 124, and 140 (Figs.
12D, 13D, and 14D), suggesting that they have similar overall
structural dynamics upon denaturation. Trp at position 3 of
E46K, however, had slower anisotropy decay kinetics compared
with the other proteins in the denatured state (Fig. 11C). The
�m was also longer for Trp3 of E46K compared with all the
other proteins (Fig. 11D), indicating that Trp at position 3 of
E46K is more rigid compared with all the other proteins. This
implies that Trp at position 3 of E46K is relatively less sensitive
to GdnHCl denaturation compared with WT, A53T, and A30P.

Comparison of Site-specific Structure of the Soluble and
Fibrillar States of �-Syn and Its PD-associated Mutants—We
compared the site-specific structural dynamics of WT �-Syn
and its PD-associated mutants at their low molecular weight

FIGURE 7. Effect of PD-associated mutations on the site-specific struc-
tural dynamics of �-Syn at its N terminus (Trp3). Freshly prepared low
molecular weight solutions of Trp3 mutant of WT, E46K, A53T, and A30P
�-Syns were studied using different fluorescence methods. A, time-resolved
fluorescence intensity decay kinetics showing slower decay of Trp3 in E46K
mutant compared with Trp3 in WT, A53T, and A30P �-Syns. B, mean fluores-
cence lifetimes calculated from the fluorescence intensity decays and repre-
sented as a bar diagram (mean � S.D., n � 3) indicating that Trp3 of the E46K
mutant experiences a different microenvironment compared with Trp3 of WT,
A53T, and A30P �-Syns. C, Stern-Volmer plots showing a higher slope for Trp3

of WT �-Syn compared with Trp3 of the PD mutants. D, bimolecular rate con-
stants for dynamic quenching (kq) calculated from the Stern-Volmer plots and
represented as a bar diagram (mean � S.D., n � 2) showing that Trp3 of WT
�-Syn is more solvent-exposed compared with that of the PD mutants. E,
time-resolved fluorescence anisotropy decay kinetics showing slower decay
of fluorescence anisotropy of Trp3 of E46K compared with Trp3 of WT and
A30P �-Syns. F, rotational correlation times (�1) derived from the fluores-
cence anisotropy decays and represented as a bar diagram (mean � S.D., n �
2) showing that Trp3 of E46K is conformationally more rigid compared with
Trp3 of WT, A53T, and A30P �-Syns. The statistical significance is as follows: *,
p � 0.05; **, p � 0.01. Error bars represent S.D. The color code shown on the
right-hand side (top) in the figure indicates different �-synuclein Trp mutants.

FIGURE 8. Effect of PD-associated mutations on the site-specific struc-
tural dynamics of �-Syn at its middle NAC region (Trp71). Freshly prepared
low molecular weight solutions of Trp71 mutant of WT, E46K, A53T, and A30P
�-Syns were studied using different fluorescence methods. A, time-resolved
fluorescence intensity decay kinetics showing similar decay of fluorescence
intensity from Trp71 in WT �-Syn and its PD mutants E46K, A53T, and A30P. B,
mean fluorescence lifetime derived from the fluorescence intensity decays
kinetics (mean � S.D., n � 3) showing a similar microenvironment experi-
enced by Trp at position 71 of all �-Syns (WT, E46K, A53T, and A30P). C, Stern-
Volmer plots derived from dynamic quenching of fluorescence using lifetime
measurements showing that Trp71 in WT �-Syn and its PD mutants E46K,
A53T, and A30P have similar slopes. D, the bimolecular rate constants for
dynamic quenching (kq) (mean � S.D., n � 2) showing a similar extent of
solvent exposure of Trp71 in WT �-Syn and its PD mutants. E, time-resolved
fluorescence anisotropy decay kinetics showing similar anisotropy decays of
Trp at position 71 of all �-Syns. F, rotational correlation times (�1) derived
from the fluorescence anisotropy decays (mean � S.D., n � 2) reflecting sim-
ilar conformational flexibility of Trp at position 71 of all �-Syns. The statistical
significance is as follows: *, p � 0.05; **, p � 0.01; NS, not significant, p 
 0.05.
Error bars represent S.D. The color code shown on the right-hand side (top) in
the figure indicates different �-synuclein Trp mutants.
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(the starting point of aggregation process) and fibrillar states
(48) (Table 5). Because in our previous study on �-Syn fibrils
(48), [V3W]E46K (the Trp substitution mutations are shown in
square brackets, whereas the familial PD-associated mutations
are shown outside the square brackets) protein had such a low
expression level and yield from which we could not get fibrils,
we designed another Trp mutant, F4W, at the N terminus of
E46K for the study. Therefore, we have included the compari-
son of data of fibrils of [F4W]E46K with that of the low molec-
ular weight form of [F4W]E46K in Table 5. The comparison
(Table 5) shows that �m values of the N terminus (Trp3/Trp4)
remained very similar in the low molecular weight state as well
as the fibrillar state of WT, E46K, A53T, and A30P. However,
upon fibril formation, the fluorescence of Trp at position 71 was
significantly quenched (a decrease in �m values) in all �-Syns.
Similar to the NAC region, at the C terminus, the Trp fluores-
cence intensity was quenched after fibril formation by all pro-
teins except A53T (Table 5). The time-resolved fluorescence
intensity decay kinetics thus suggests that a significant change
in site-specific microenvironment occurs mostly at the middle
NAC region and C terminus for most �-Syns after their aggre-
gation. The dynamic fluorescence quenching studies revealed

that there was an overall decrease in the site-specific solvent
exposure (a decrease in kq) at all three regions (NAC and N and
C termini) of WT as well as PD mutants of �-Syn upon their
conversion from the low molecular weight to the fibrillar state
(Table 5). The kq value of Trp at the N terminus decreased by
�2.7 times in WT �-Syn and �1.9 times in the PD mutants
(Table 5) upon fibril formation. The data indicate that Trp at
the N terminus of WT �-Syn undergoes a greater extent of
burial than that of the PD-associated mutants upon fibrillation.
The Trp at position 71 of WT, A53T, and A30P �-Syns under-
went more than a 10-fold decrease in the kq value upon fibril
formation. In contrast, Trp71 in the mutant E46K underwent an
�3.7� decrease in kq value after fibrillation, suggesting a larger
extent of burial of position 71 in WT, A53T, and A30P com-
pared with E46K. Furthermore, upon fibril formation, Trp at
position 140 in all �-Syns underwent an �3.3� decrease in kq
value. The data suggest that the C terminus (Trp140) undergoes
a similar extent of burial in all proteins upon fibril formation.

The time-resolved anisotropy decay kinetics data indicate
that there was a decrease in �1 values at the N terminus (Trp3/
Trp4) upon conversion of low molecular weight to the fibrillar

FIGURE 9. Effect of PD-associated mutations on the site-specific struc-
tural dynamics of �-Syn at its C terminus (Trp124). Freshly prepared low
molecular weight solutions of Trp124 mutant of WT, E46K, A53T, and A30P
�-Syns were studied using different fluorescence methods. A, time-resolved
fluorescence intensity decay kinetics showing similar decays of fluorescence
intensities by Trp124 in WT �-Syn and its PD mutants. B, mean fluorescence
lifetime (mean � S.D., n � 3) showing a similar microenvironment at position
124 of all �-Syns. C, Stern-Volmer plots derived from dynamic fluorescence
quenching showing a higher slope for Trp124 in WT �-Syn compared with the
PD mutants. D, the bimolecular rate constant (kq) represented as a bar dia-
gram (mean � S.D., n � 2) showing that Trp124 in WT �-Syn is more solvent-
exposed as compared with Trp124 in the PD mutants. E, time-resolved fluores-
cence anisotropy decay kinetics showing slower decay of fluorescence
anisotropy by Trp124 of all PD mutants compared with that of WT �-Syn. F,
rotational correlation time (�1) as represented by a bar diagram (mean � S.D.,
n � 2) showing greater rigidity of Trp at position 124 in all PD mutants. The
statistical significance is as follows: *, p � 0.05; **, p � 0.01; NS, not significant,
p 
 0.05. Error bars represent S.D. The color code in the figure indicates dif-
ferent �-synuclein mutants.

FIGURE 10. Effect of PD-associated mutations on the site-specific struc-
tural dynamics of �-Syn at its C terminus (Trp140). Freshly prepared low
molecular weight solutions of Trp140 mutant of WT, E46K, A53T, and A30P
�-Syns were studied using different fluorescence methods. A, time-resolved
fluorescence intensity decay kinetics showing similar decays of fluorescence
intensities by Trp140 in WT �-Syn and its PD mutants. B, mean fluorescence
lifetime (mean � S.D., n � 3) showing the different microenvironment at
position 140 by A53T compared with WT, E46K, and A30P �-Syns. C, Stern-
Volmer plots derived from dynamic fluorescence quenching showing a
higher slope for Trp140 in WT �-Syn compared with the PD mutants. D, the
bimolecular rate constant (kq) represented as a bar diagram (mean � S.D., n �
2) showing that Trp140 in WT �-Syn is more solvent-exposed as compared
with Trp140 in the PD mutants. E, time-resolved fluorescence anisotropy decay
kinetics showing slower decay of fluorescence anisotropy by Trp140 E46K
compared with that of WT, A53T, and A30P �-Syns. The fluorescence aniso-
tropy decay of Trp140 WT �-Syn, however, is faster than that of A53T and A30P
mutants. F, rotational correlation time (�1) as represented by a bar diagram
(mean � S.D., n � 2) showing greater rigidity of Trp at position 140 in all PD
mutants. The statistical significance is as follows: *, p � 0.05; **, p � 0.01. Error
bars represent S.D. The color code in the figure indicates different �-synuclein
mutants.
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state for all proteins, suggesting a decrease in site-specific rigid-
ity upon fibril formation (Table 5). Furthermore, the �1 values
increased for the middle NAC region (Trp71) upon fibril forma-

FIGURE 11. Effect of denaturation on the site-specific (Trp3) structure
of PD-associated mutants of �-Syn. The freshly prepared low molecular
weight solutions of Trp3 variants of WT �-Syn and the PD-associated
mutants were denatured by adding 6 M GdnHCl and subjected to time-
resolved fluorescence studies. A, time-resolved fluorescence intensity
decay kinetics fitted to a three-exponential function (smooth lines) show-
ing that the mutant E46K has a faster decay kinetics at Trp3 compared with
the other proteins even in the denatured state. B, mean fluorescence life-
time (�m � �i�i) values calculated by fitting the fluorescence intensity
decays and represented as a bar diagram (mean � S.D., n � 3) indicating
that E46K has a different microenvironment at Trp3 compared with the
other proteins. C, time-resolved fluorescence anisotropy decay kinetics
fitted to a two-exponential function (smooth lines) showing slower decay
of fluorescence anisotropy of Trp3 of E46K compared with the other proteins. D,
mean rotational correlation time associated with the motion of Trp (�m � �i�i)
calculated by fitting the fluorescence anisotropy decays and represented as a bar
diagram (mean � S.D., n � 2) indicating higher conformational rigidity of Trp3 in
E46K compared with the other proteins. The statistical significance is as follows: *,
p � 0.05; **, p � 0.01; NS, not significant, p 
 0.05. Error bars represent S.D. The
color code shown on the right-hand side (top) in the figure indicates different
�-synuclein Trp mutants.

FIGURE 12. Effect of denaturation on the site-specific (Trp71) structure
of PD-associated mutants of �-Syn. The freshly prepared low molecular
weight solutions of Trp71 variants of WT �-Syn and the PD-associated
mutants were denatured by adding 6 M GdnHCl and subjected to time-
resolved fluorescence studies. A, time-resolved fluorescence intensity
decay kinetics fitted to a three-exponential function (smooth lines) show-
ing that all proteins have similar decay kinetics in the denatured state. B,
mean fluorescence lifetime (�m � �i�i) values calculated by fitting the
fluorescence intensity decays and represented as a bar diagram (mean �
S.D., n � 3) indicating that all proteins have a similar microenvironment at
Trp71 in the denatured state. C, time-resolved fluorescence anisotropy decay
kinetics fitted to a two-exponential function (smooth lines) showing similar decay
of fluorescence anisotropy at Trp71 of all proteins. D, mean rotational correlation
time associated with the motion of Trp (�m � �i�i) calculated by fitting the
fluorescence anisotropy decays and represented as a bar diagram (mean � S.D.,
n � 2) indicating similar conformational rigidity at Trp71 of all proteins. The sta-
tistical significance is as follows: NS, not significant, p 
 0.05. Error bars represent
S.D. The color code in the figure indicates different �-synuclein mutants.

FIGURE 13. Effect of denaturation on the site-specific (Trp124) structure of
PD-associated mutants of �-Syn. The freshly prepared low molecular
weight solutions of Trp124 variants of WT �-Syn and the PD-associated
mutants were denatured by adding 6 M GdnHCl and subjected to time-re-
solved fluorescence studies. A, time-resolved fluorescence intensity decay
kinetics fitted to a three-exponential function (smooth lines) showing that all
proteins have similar decay kinetics in the denatured state. B, mean fluores-
cence lifetime (�m � �i�i) values calculated by fitting the fluorescence inten-
sity decays and represented as a bar diagram (mean � S.D., n � 3) indicating
that all proteins have a similar microenvironment at Trp124 in the denatured
state. C, time-resolved fluorescence anisotropy decay kinetics fitted to a two-
exponential function (smooth lines) showing similar decay of fluorescence
anisotropy at Trp124 of all proteins. D, mean rotational correlation time
associated with the motion of Trp (�m � �i�i) calculated by fitting the
fluorescence anisotropy decays and represented as a bar diagram
(mean � S.D., n � 2) indicating similar conformational rigidity at Trp124 of
all proteins. The statistical significance is as follows: NS, not significant,
p 
 0.05. Error bars represent S.D. The color code shown on the right-hand
side (top) in the figure indicates different �-synuclein Trp mutants.

FIGURE 14. Effect of denaturation on the site-specific (Trp140) structure of
PD-associated mutants of �-Syn. The freshly prepared low molecular
weight solutions of Trp140 variants of WT �-Syn and the PD-associated
mutants were denatured by adding 6 M GdnHCl and subjected to time-re-
solved fluorescence studies. A, time-resolved fluorescence intensity decay
kinetics fitted to a three-exponential function (smooth lines) showing that all
proteins have similar decay kinetics in the denatured state. B, mean fluores-
cence lifetime (�m � �i�i) values calculated by fitting the fluorescence inten-
sity decays and represented as a bar diagram (mean � S.D., n � 3) indicating
that all proteins have a similar microenvironment at Trp140 in the denatured
state. C, time-resolved fluorescence anisotropy decay kinetics fitted to a two-
exponential function (smooth lines) showing similar decay of fluorescence
anisotropy at Trp140 of all proteins. D, mean rotational correlation time asso-
ciated with the motion of Trp (�m � �i�i) calculated by fitting the fluores-
cence anisotropy decays and represented as a bar diagram (mean � S.D., n �
2) indicating similar conformational rigidity at Trp140 of all proteins. The sta-
tistical significance is as follows: NS, not significant, p 
 0.05. Error bars repre-
sent S.D. The color code in the figure indicates different �-synuclein mutants.
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tion by WT, A53T, and A30P �-Syns, whereas the �1 values
remained similar for Trp71 of E46K in both low molecular
weight and fibrillar states (Table 5). The data suggest that the
conformational rigidity at position 71 of all proteins except
E46K increases upon fibril formation. At the C terminus
(Trp140), �1 values decreased in E46K and A30P �-Syns upon
their fibrillation; however, �1 increased in the A53T mutant
upon its fibril formation. However, the �1 remained almost the
same (�1 � 0.15 ns) in the low molecular weight and fibrillar
states of WT �-Syn. This indicates that at the C terminus site-
specific rigidity decreases upon fibril formation of E46K and
A30P �-Syns. In WT �-Syn, there was no significant change in
rigidity at position 140 upon fibrillation, whereas in A53T
mutant, position 140 became more rigid upon conversion into
fibrils.

DISCUSSION

A detailed study of the mechanism of aggregation of �-Syn
and the factors that affect aggregation has relevance in under-
standing the etiology of PD (23, 34, 35). �-Syn under physiolog-
ical conditions is natively unfolded (16) and can aggregate into
highly ordered �-sheet-rich amyloid fibrils in vitro upon incu-
bation (17). It is extremely intriguing as to how an essentially
disordered protein can self-assemble into a highly ordered
structure. Several investigations have been carried out to

understand the molecular mechanism of �-Syn fibrillation.
These studies revealed that �-Syn fibrillation follows a nucle-
ation-dependent mechanism (72, 73). A model has been pro-
posed to explain the fibrillation mechanism in which the first
critical step is the structural transformation of �-Syn from a
natively unfolded conformation into an aggregation-compe-
tent partially folded conformation (74). This partially folded
intermediate further self-assembles into soluble oligomers,
which give rise to a fibril nucleus. The fibril nucleus recruits
soluble protein and eventually forms fibrillar aggregates. In this
model, the conformational transformation of �-Syn from
natively unfolded to partially folded intermediate and the for-
mation of a nucleus are the two key rate-limiting steps that
determine the kinetics of fibrillation (74).

Consistent with the previous observations, our results also
suggest that under physiological conditions �-Syn is substan-
tially unfolded (Fig. 3A) (16). However, several research groups
have reported that �-Syn has special and non-random confor-
mational properties. Despite being unstructured overall, �-Syn
has been suggested to exist as an ensemble of conformers that
are on average structurally more compact than expected for a
completely unstructured protein (30, 31). In the current study,
we substituted a Trp residue at its four different positions in the
middle NAC region (Trp71) and N (Trp3) and C termini (Trp124

TABLE 5
Comparison of site-specific structural dynamics of low molecular weight and fibrillar forms of WT �-Syn and its PD-associated mutants
The mean fluorescence lifetime (�m), bimolecular quenching rate constant (kq), and rotational correlation time associated with the local motion (�1) of Trp at the
N-terminal, NAC, and C-terminal regions of low molecular weight (LMW) as well as fibrils of WT �-Syn and its PD-associated mutants are shown. The error associated
with �m and kq is �5 and �10%, respectively. The error associated with �1 is �10 –20%. The symbols beside the values of parameters of fibrils represent their statistical
significance in comparison with the values of their respective low molecular weight forms at the particular site. The statistical significance is denoted as follows: *, p � 0.05;
**, p � 0.01; NS, not significant, p 
 0.05. ND, not done.
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and Trp140) to elucidate the site-specific structure of �-Syn.
Consistent with previous reports, we observed that a definite
site-specific structure exists in �-Syn. The Trp at positions 3,
71, and 124 in WT �-Syn are conformationally more heteroge-
neous as compared with the Trp at position 140 (Fig. 1E). Fur-
thermore, our dynamic fluorescence quenching studies show
that Trp124 is more solvent-protected followed by Trp71, Trp3,
and Trp140 (Fig. 1, F and G). The Trp at position 140 is confor-
mationally more flexible compared with Trp at positions 3 and
71, whereas Trp at position 124 had intermediate flexibility
(Fig. 1, H and I). To confirm the existence of site-specific struc-
ture in �-Syn, we studied the Trp-substituted mutants in com-
pletely denatured conditions (in 6 M GdnHCl) (Fig. 2, A–D).
Interestingly, the site-specific structure of �-Syn was destroyed
upon denaturation, which is evident by the significant increase
in conformational flexibility of the Trp at positions 3 and 71 of
�-Syn. The site-specific conformational flexibility became
nearly the same in all three regions of the protein (middle NAC
and N and C termini) in the denatured state, suggesting that
�-Syn has a distinct site-specific structure at its three regions.

Previous in vitro studies suggest that the three PD-associ-
ated mutations (E46K, A53T, and A30P) in �-Syn lead to an
increased propensity of non-fibrillar oligomer formation (34,
36, 37, 39, 40). All three PD mutants of �-Syn are natively
unfolded under physiological conditions similar to WT protein
(34, 35). Our results also suggest that the overall structure of
�-Syn is not affected by the PD-associated mutations as evi-
denced by their almost overlapping CD spectra (Fig. 3A). The
structural basis of this drastic alteration of aggregation kinetics
of �-Syn by these PD-associated mutations is thus not clear.
�-Syn, which is an aggregation-prone protein, is reported to
exist in a dynamic equilibrium with its lower order oligomers
(70, 75). Factors affecting aggregation of �-Syn have been
reported to change the early oligomer distribution pattern of
the protein (75, 76). Because WT �-Syn and its PD mutants
have a similar overall structure, another possibility could be
that they may possess a different oligomer distribution imme-
diate after solubilization, which could lead to different nucle-
ation rates and eventually result in altered aggregation kinetics.
For example, it has been suggested that the more aggregation-
prone A�42 preferentially forms pentameric/hexameric oligo-
mers (paranuclei) in contrast to A�40, which mostly forms
dimers, trimers, and tetramers (69). In contrast to A� studies,
our PICUP data indicate that there is no significant difference
in the early oligomer distribution of WT and the PD mutants of
�-Syn (Fig. 3B).

We hypothesized that PD-associated mutations may influ-
ence the site-specific structure/dynamics of �-Syn, which
might lead to their altered propensity to self-associate and
eventually result in different oligomerization/fibrillation rates.
We studied the effect of PD mutations (E46K, A53T, and A30P)
on the site-specific structural dynamics of �-Syn. Significant
site-specific structural alterations were observed due to the PD-
associated mutations at the N and C termini of �-Syn. The
time-resolved fluorescence intensity decay studies suggest that
among the PD-associated mutations E46K and A53T alter the
site-specific microenvironment at the N terminus and C termi-
nus, respectively (Figs. 7, A and B, and 10, A and B). However,

the other mutation, A30P, does not affect the microenviron-
ment at any of the four positions of the protein. The dynamic
fluorescence quenching studies reveal that all the PD-associ-
ated mutations decrease the site-specific solvent accessibility at
both the N (Trp3) and C termini (Trp124 and Trp140) of �-Syn
without having any major effect at the middle NAC region
(Figs. 7D, 8D, 9D, and 10D). The conformational dynamics
studies using time-resolved fluorescence anisotropy decay sug-
gest that the E46K mutation enhances the rigidity at the N ter-
minus and that all the PD-associated mutations enhance the
conformational rigidity at the C terminus (positions 124 and
140) (Figs. 7, E and F; 9, E and F; and 10, E and F). None of the
mutations, however, have any effect on the conformational
dynamics at the middle NAC region (position 71) (Fig. 8, E and
F). The data further suggest that the site-specific structural dif-
ferences are most evident in the E46K mutant. The E46K muta-
tion reduces the site-specific solvent accessibility as well as the
conformational flexibility at both the N and C termini of �-Syn.
Our denaturation studies showed that Trp at position 3 of E46K
is rigid and faces a different microenvironment compared with
all the other proteins upon denaturation. This observation of
rigid structure being resistant to a high concentration of dena-
turant (6 M GdnHCl) is very unusual for proteins in general.
However, this unique observation is consistent with the previ-
ous reports that E46K has a more compact structure with
increased long range intramolecular interactions between its N
and C termini (35, 42, 45). The higher resistance of Trp at posi-
tion 3 of E46K to denaturation suggests that these intramolec-
ular interactions are quite strong. Thus, our results suggest that
even in the absence of any overall structure in �-Syn, the intra-
molecular interactions existing in the protein are affected by
the PD-associated mutations. This effect may further lead to
significant alterations in the structural dynamics in these PD
mutants at locations far from the mutation site.

Here, we also correlate the alterations in structural dynamics
of �-Syn caused by the PD-associated mutations (E46K, A53T,
and A30P) with their shared property of increased propensity
to form oligomers. Our results suggest that the common struc-
tural property of the three PD-associated mutants (E46K,
A53T, and A30P) is reduced solvent accessibility (both at the N
terminus and at the C terminus) and reduced conformational
flexibility (at the C terminus), which may facilitate the forma-
tion of an aggregation-prone partially folded intermediate (the
key rate-limiting step in the aggregation pathway) (74). This
eventually may lead to their increased rate of oligomerization. It
should be noted that oligomerization and fibril formation are
two different processes and may follow distinct pathways. Fibril
formation of �-Syn requires the folding of residues �30 –110 of
the protein into a �-sheet-rich structure, which forms the core
of fibrils (71). However, in the mutant A30P, the �-structure-
breaking residue proline at position 30 may hinder this process,
thus slowing the fibril forming rate irrespective of its acceler-
ated oligomerization rate. This potentially accounts for the
increased oligomerization rate in the PD mutant A30P and
increased fibrillation rate in the other two mutants, E46K and
A53T.

Comparison of the site-specific structural dynamics of WT
�-Syn and its PD-associated mutants at their low molecular
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weight state (the starting point of the aggregation process) with
their fibrillar state (48) (Table 5) reveals that the three regions
(middle NAC and N and C termini) of all �-Syns become more
buried after fibril formation. Trp at position 71 underwent
maximum burial in all proteins upon fibrillation as it resides in
the region (residues �30 –110) that forms the core of �-Syn
fibrils (71). We further observed that despite having site-spe-
cific structural differences at their N terminus in the low molec-
ular weight state, all the proteins (WT, E46K, A53T, and A30P
�-Syns) result in fibrils having similar site-specific structure/
dynamics at their N terminus. Because the PD mutants start
with a more solvent-protected site at the N terminus (Trp3/
Trp4), they undergo a lesser extent of burial at this region dur-
ing fibril formation as compared with WT. Interestingly, the
middle NAC region has similar site-specific microenvironment
and structural dynamics in the low molecular weight state of
WT and PD mutants. However, after fibril formation, all these
proteins end up with a completely different site-specific
microenvironment in the NAC region. The data suggest that
different PD mutations manifest different alterations in the
microenvironment and structure in the NAC region of �-Syn
during fibril formation. The structural dynamics of the C ter-
minus is largely altered by all three PD-associated mutations in
both the low molecular weight and fibrillar states. All three PD
mutations decrease the site-specific solvent accessibility at the
C terminus of �-Syn in the low molecular weight state, and this
effect persists even in the fibrillar state of the protein. All the PD
mutations increase the site-specific rigidity at the C terminus of
�-Syn in the low molecular weight state, but in the fibrillar
state, only A53T and E46K mutant fibrils have higher rigidity
compared with WT fibrils at their C terminus. In contrast, the
A30P fibrils have site-specific rigidity similar to that of WT
�-Syn fibrils at their C terminus. This indicates that the muta-
tions E46K, A53T, and A30P differentially affect the site-spe-
cific conformational changes occurring in the NAC, N-, and
C-terminal regions during the aggregation of �-Syn.

CONCLUSION

Our time-resolved fluorescence studies reveal that �-Syn
despite being largely unfolded has a definite site-specific struc-
ture at its three distinct regions (the N terminus, middle NAC,
and C terminus). The low molecular weight form of �-Syn is far
from a random coil. The PD-associated mutants E46K, A53T,
and A30P have a more compact and rigid structure that even-
tually may lead to their increased rate of oligomer formation.
The comparison of site-specific structure at the soluble and
fibrillar states of WT �-Syn and its PD mutants infers that dif-
ferent extents of site-specific conformational transitions take
place for different PD mutants. The present study therefore
helps to delineate the alteration of structure/aggregation of
�-Syn due to the familial PD-associated mutations.
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