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ABSTRACT: The aggregation of α-synuclein (A-syn) has
been implicated strongly in Parkinson’s disease (PD). In vitro
studies established A-syn to be a member of the intrinsically
disordered protein (IDP) family. This protein undergoes
structural interconversion between an extended and a compact
state, and this equilibrium influences the mechanism of its
aggregation. A combination of fluorescence resonance energy
transfer (FRET) and fluorescence correlation spectroscopy
(FCS) has been used to study the membrane induced
conformational reorganization and aggregation of A-syn.
Different structural and conformational events, including the
early collapse, the formation of the secondary structure, and
aggregation have been identified and characterized using FCS and other biophysical methods. In addition, the concentrations of
glycerol and urea have been varied to study the effect of solution conditions on the above conformational events. Further, we
have extended this study on a number of A-syn mutants, namely, A30P, A53T, and E46K. These mutants are chosen because of
their known implications in the disease pathology. The variation of solution conditions and mutational analyses suggest a strong
correlation between the extent of early collapse and the onset of aggregation in PD.
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Protein aggregation has been implicated directly in several
neurodegenerative diseases.1 The mechanism of aggrega-

tion has been extensively studied for different proteins and
polypeptides, including α-synuclein (A-syn), amyloid β, and
Islet amyloid polypeptides to name a few. Aggregation of
proteins may lead to loss of functions, including vesicular
recycling,2 maintenance of SNARE protein complex,3 modu-
lation of neural plasticity,4 neurotransmitter release,5 and so
forth. However, the physiological functions of many of these
proteins, including A-syn, are still not understood. Extensive in
vitro studies place A-syn as a member of the intrinsically
disordered protein (IDP)6 family. A-syn is believed to bind to
its biological partner in need for the maintenance of the
biological functions.7

The primary structure of A-syn consists of three regions: a
basic N-terminal domain, an acidic C-terminal domain, and a
hydrophobic NAC region. Detailed studies involving NMR,8

circular dichroism,9 electron paramagnetic resonance,10−12

fluorescence,13,14 and other biophysical techniques15 confirm
the involvement of the basic N-terminal domain during its
binding to the membrane and lipid mimic partners.16 On
interaction with the membrane, the protein forms α helical

structure, with several factors such as the curvature,17 lipid
composition of the membrane,18 the ratio of protein to
lipid,18−20 and ionic strength of the solution playing crucial
roles. The presence of elongated and bent helix intermediates21

in the presence of membrane has generated extensive interests.
A-syn, in the presence of external stress, aggregates to form

amyloid fibrils, which are rich in β structure.22 During the
aggregation process, monomeric protein generates matured
fibrilar structures through the formation of several oligomeric
intermediates23 encompassing many conformational states. It
has been suggested that the early oligomeric intermediates, and
not the matured fibrils, are toxic in the pathogenesis of
Parkinson’s disease (PD).24 A number of computational25 and
experimental26−28 studies have suggested that intrinsically
disordered A-syn or its disordered state ensemble29 (DSE)
experiences structural reorganizations in the folding condition
through the formation of an early collapsed state.14,30 This
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event is followed by the reconsolidation of the folded state or
aggregation depending upon the solution conditions. Although
it is a general belief that the early collapse is hydrophobic,27 the
involvement of hydrogen bonding and backbone interaction
may need to be considered. The potential energy landscape of
A-syn, and arguably other IDPs, is characterized by the
competition between intra- (early collapse and folding) and
interchain (aggregation) interactions,31 in which different
factors including hydrophobicity, electrostatics, and solution
quality play crucial roles.32 This energy landscape is inherently
complex33 and heterogeneous requiring combined use of
different biophysical techniques.34,35

In the present study, we have used a combination of
fluorescence resonance energy transfer (FRET) and fluores-
cence correlation spectroscopy (FCS) to study sodium dodecyl
sulfate (SDS) induced intra- (collapse) and interchain
(aggregation) processes of A-syn at single molecule resolution.
FCS data has been complemented by far UV circular dichroism
(CD), which provides ensemble averaged information on the
secondary structure. In addition, the steady state fluorescence
emission of thioflavin T (THT) has been used to study the
aggregation in the presence of SDS. The concentration of SDS
has been maintained below 1 mM to avoid the contributions of
SDS micelles. The critical micellar concentrations (cmc’s) of
SDS in the present experimental conditions have been
determined using light scattering methods. The collapse and
oligomer formation of A-syn have been investigated at different
solution conditions and using three mutant proteins, namely,
A53T, E46K, and A30P. These mutants have known
implications to PD. Our results show that, in the case of
both wild-type A-syn and the three mutants, the extent of
compaction accompanied by early collapse is correlated with
the onset of aggregation in different solution conditions.

■ RESULTS AND DISCUSSION

The FRET FCS experiment is explained in Figure 1a. A mixture
of Alexa488Maleimide (Alexa488) and Alexa546Maleimide
(Alexa546) coupled A-syn was used. Since the protein does
not have a cysteine residue, a G132C mutation was introduced
for the maleimide labeling. Neither the cysteine mutation nor
the coupling by the fluorophores changed the secondary
structure as determined by far UV CD measurements (Figure
1S, Supporting Information). In addition, the aggregation
kinetics of G132C was found to be similar to that of the wild
type (WT) protein (Figure 2S, Supporting Information). It
may also be mentioned that this particular cysteine mutant was
previously used in the literature.36 FRET-FCS measurements at
the donor channel would provide information about the
conformation change of the protein monomer (intrachain
interaction) and also on the change in size due to oligomer
formation. In contrast, the data obtained at the acceptor
channel would provide information about the hydrodynamics
of the protein oligomers (interchain interaction between two
labels).
The FRET measurements as outlined above assume that the

presence of unlabeled protein does not significantly affect the
aggregation kinetics of A-syn. To verify this assumption, we
repeated FRET experiments using different concentrations of
unlabeled and labeled A-syn proteins (Figure 3S, Supporting
Information). Although the extents of FRET varied in these
measurements, the trends were found similar (Figure 3S,
Supporting Information).

In the present study, the concentration of SDS was varied
between 0 and 1 mM. Although the cmc of SDS has been
reported to be 8 mM in water,37 variation in its value has been
observed in experimental solutions, notably in the presence of a
protein.15 We used light scattering measurements to determine
the cmc of SDS in the absence and presence of 20 μM
unlabeled A-syn (Figure 4S, Supporting Information). The
present results show that cmc’s of SDS both in the absence (2.5
mM) and in the presence of 20 μM A-syn (1.1 mM) are less
compared to that in water (8 mM). The value of cmc in the
presence of 20 μM A-syn was further substantiated by
independent dynamic light scattering experiments (Figure 5S,

Figure 1. (a) Pictorial description of the FRET FCS experiments. (b)
The fluorescence intensity at the donor emission maximum (520 nm)
decreased and that at the acceptor maximum (570 nm) increased
when increasing concentration of SDS was added to a mixture of
Alexa488 and Alexa546 labeled A-syn; excitation wavelength is 488
nm. The inset shows the change in the intensity at the donor and
acceptor channels, which complement each other. (c) Variations of the
correlation functions obtained at the donor emission with the
increasing concentrations of SDS. The data were fit to a model
assuming the diffusion of a single component and the randomness of
the residual distributions are shown at the bottom of the figure; the
red, black, and blue traces correspond to 0, 0.2, and 0.75 mM SDS
concentrations, respectively. SDS concentration dependence of the
MEM profiles obtained at the (d) donor and (e) acceptor channels. (f)
Variations of rH with SDS concentrations at the donor channel. The
data obtained at the acceptor channel are shown in the inset.
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Supporting Information), which showed identical results. The
maximum concentration of SDS used in the present study was
1 mM to minimize the contribution of SDS micelles.
In the presence of SDS concentration less that 0.4 mM, we

did not observe any FRET at the emission wavelength of 570
nm (excitation wavelength of 488 nm) (Figure 1b). The FRET
intensity started increasing after 0.4 mM SDS, which took place
simultaneously with the decrease in the donor emission
intensity (520 nm). Consequently, the steady state FRET
measurements suggested the formation of oligomeric species
starting at 0.4 mM SDS concentration.
The correlation functions obtained at the donor channel

(Alexa488 emission) (Figure 1c) showed a decrease in the
diffusion time (τD) in the presence of low SDS concentration
(0.2 mM SDS). However, τD (calculated from the data
obtained at the donor channel) started increasing above 0.2
mM SDS (Figure 1d). We did not obtain significant emission
count below 0.4 mM to be able to calculate the correlation
function at the acceptor (FRET) channel. Above 0.4 mM SDS,
the values of τD obtained at the acceptor channel started to
increase with the increase in SDS concentration, suggesting the
formation of oligomeric species (Figure 1e).
Figure 1d and e shows τD distributions derived using the

maximum entropy method (MEM) analyses of the correlation
functions obtained in the donor and acceptor channels,
respectively. The values of τD were used to calculate rH of
the protein. The values of rH obtained from the MEM analyses
at the donor channel are shown in Figure 1f (the corresponding
data obtained at the acceptor channel are shown in the inset).
The variation of rH obtained at the donor channel is triphasic; a
decrease in rH at low SDS concentration (<0.2 mM), followed
by a biphasic increase occurring above 0.2 mM SDS. In
contrast, the MEM analyses of the correlation functions
obtained at the acceptor channel showed one extended phase
of increase in rH, observed in the presence of relatively high
SDS concentration (>0.4 mM). Comparing the data obtained
at the donor and acceptor channels, it can be concluded that
the initial decrease in rH corresponds to an intrachain collapse
(formation of Ic, Figure 1f), while the biphasic increase results
in the formation of two species, Is and Ia (Figure 1f). The
comparison between the data obtained at the donor and
acceptor channel clearly suggest that Ia is oligomeric. In
contrast, the absence of FRET associated with Is indicates that
this intermediate may be a monomer. An independent dynamic
light scattering experiment suggested a small increase in
hydrodynamic diameter (3.8 Å) as a result of Is formation
(Figure 6S, Supporting Information). This change corresponds
to a modest increase in the molecular weight of 8 kDa
(assuming spherical shapes for all the molecules). This small
change ruled out multimer formation, confirming FRET FCS
data. In contrast, the increase of 8 kDa accounts for the
attachment of approximately 28 molecules of SDS monomers
per molecule of A-syn (assuming the molecular weight of a SDS
monomer to be 0.28 kDa).
Representing the initial intrinsically disordered state of A-syn

using U, the FRET FCS data can be schematically shown as
follows:
Far UV CD of A-syn (in aqueous buffer and in the absence of

SDS) confirmed its natively unfolded nature (Figure 6S,
Supporting Information). In the presence of increasing
concentration of SDS, an increase in the ellipticity at 222 nm
was observed, suggesting the formation of alpha helical
structure (Figure 7S, Supporting Information). An analysis

using K2D2 (www.k2d2.ogic.ca)38 suggested the presence of
approximately 80% helical content at this condition. In
addition, the presence of SDS resulted in the increase in the
fluorescence emission intensity of THT, indicating the
generation of amyloid-like aggregates (Figure 7S, Supporting
Information). Independent transmission electron microscopy
experiments (TEM; Figure 8S, Supporting Information), which
were carried out with the THT active samples, supported the
presence of aggregated structures. The data obtained from the
far UV CD and THT fluorescence are compared in Figure 2.

Figure 2 suggests that the intermediate Is contains significant
secondary structure (about 60%), while about 24% THT
fluorescence enhancement occurs in this stage. In contrast, the
formation of Ia accounts for about 40% and 76% change in the
far UV CD and THT fluorescence change, respectively. The
midpoints of the formation of Ic, Is, and Ia (0.15, 0.3, and 0.6
mM SDS respectively) were determined by the FCS data.
To summarize all the above results, the earliest step of the

SDS induced conformational reorganizations involves a chain
compaction (the formation of Ic). Ic is a compact monomer
(with rH of 22 Å) without any secondary structure. The
majority of the secondary structure forms in the second step,
which results in the formation of an α helical intermediate (Is).
The early formation of the collapsed structure followed by the
induction of the secondary structure was observed in the salt
induced refolding of two globular proteins, predominantly α
helical cytochrome c27 and the intestinal fatty acid binding
proteins containing β-sheet secondary structure.39 It is
interesting that a similar pattern could be generalized in the
case of an intrinsically unfolded protein, like A-syn. The
formation of Is is not accompanied by any significant FRET,
suggesting Is to be an extended monomer with rH of 28.5 Å.
The presence of extended monomeric conformation of A-syn
has been reported before,14 the nature of which is extensively
debated. ESR studies indicated that the intermediate to be an
extended helix with 11 Lys residues oriented perpendicular to
the helix axis and 8 Glu residues in the upward direction.10 In
contrast, NMR measurements suggested a broken helix
structure.40 In this broken helix form, the protein forms two
antiparallel α helices (3−37 and 45−92 residues) flanked by a
ordered loop. Membrane induced conformational switching is
also observed, and this switch depends on multiple factors,
including the charge, chemical composition, and the curvature
of the membrane.17 The formation of Ia is accompanied by

Figure 2. Variation of THT binding (red) and ellipticity at 222 nm
(black) with the increase in SDS concentrations. Data were fit to a
three state transition model.
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small change in the secondary structure (about 30%). In
contrast, this step accounts for a large enhancement of THT
fluorescence.
The disordered to ordered transition (the molecular

collapse) and its implications in protein folding have been
extensively studied for both globular and intrinsically unfolded
proteins.41,42 Using cytochrome c, we showed that the
interconnection between the molecular collapse and secondary
structure formation depends on the nature of solvent.27 The
role of mutations in early collapse and in the aggregation has
been noted in the case of the intestinal fatty acid binding
proteins (IFABP).39 It has been suggested that the incorrectly
formed contacts as a part of early unfolded state reorganization
needs to be broken to enable the formation of the properly
folded proteins.43

Further, we studied the effects of different solvents and
mutations using FRET FCS, far UV CD, and THT fluorescence
intensity. Urea was chosen as a representative good solvent
which favors backbone−solvent interaction as opposed to the
backbone−backbone interaction. Indeed, FCS experiments
showed diminished extents of early collapse as the concen-
tration of urea increased (Figure 3a). As mentioned, the extent

of collapse was calculated by the difference in rH observed by
the FCS data collected at the donor channel. The measured
difference in rH was associated with the formation of Ic, the
earliest event of Scheme 1, discussed above. In addition, the
increase in urea concentration resulted in an increase in the
onset concentration of SDS, which was measured using THT

fluorescence intensity (Figure 3a). In the second set of
experiments, we used glycerol, a solution condition, which is
known to favor the backbone−backbone interaction. FCS
measurements showed greater extent of early collapse
associated with the formation of Ic. In addition, the addition
of glycerol favored amyloid formation by decreasing the onset
concentration (Figure 3a). To summarize, a solvent which
disfavors backbone−backbone interaction, seems to delay
amyloid formation. Next, we tested three mutant proteins,
namely, A30P, E46K, and A53T, to find out if a similar
correlation existed. These mutations are known to have strong
implications in PD.
The extent of early collapse is significantly higher in the case

of E46K and A53T mutants compared to that observed in WT
and A30P (Figure 3b). In contrast, measurement of THT
fluorescence intensity showed that the propensity to form
amyloid was the greatest for A53T and E46K mutants (Figure
3b). A30P was found to have the most delayed onset of
amyloid formation (Figure 3b).
Figure 3c plots the correlation between the onsets of amyloid

formation and the extent of early collapse for the WT protein in
the presence of different concentrations of urea and glycerol.
These two parameters showed excellent correlation, with the
correlation coefficient being 0.9. The extent of collapse and the
onset of amyloid formation data obtained with the three
mutants are also shown in the same figure using the open red
circles. It is interesting to note that the mutants’ data also fall
nicely on the correlation line.
The interaction between A-syn and membrane (or

membrane mimic, like SDS) has been studied extensively.
Single molecule fluorescence spectroscopy and other bio-
physical techniques have been used to study the binding and
conformational switching in the presence of SDS.14,15,26,44

These studies have found the presence of multiple
intermediates of A-syn, which have been induced and stabilized
at different concentrations of SDS.44 The present FCS
measurements, which directly determine hydrodynamic radius,
agree well with the initial increase in the FRET efficiency
observed by Ferreon et al. in their single molecule FRET
measurements.14 The extent of secondary structure formation is
found to be dependent on multiple factors, including the nature
of membrane mimics, protein membrane ratio, and the
membrane curvature.17 Ahmad et al. have shown the
predominance of fibrillogenic aggregates at low concentration
of SDS (less than 1 mM), a conclusion supported by the
present data. In contrast, the addition of SDS micelles (>1
mM) results in the inhibition of fibrillation.45 Giehm et al. have
used a number of spectroscopic and biophysical techniques to
suggest an alternative fibrillation pathway populated in the
presence of SDS.15 This pathway differs significantly from the
classical aggregation of A-syn, which takes place in the absence
of SDS.15

Although the implication of these mutants to PD has been
noted, any mechanistic interpretation of their roles is unknown.
The present results correlate the mutant properties nicely with
a physical interpretation obtained from the solvent data, clearly
suggesting a direct contribution of the backbone−backbone
interactions. An explanation of the present data may consider

Figure 3. Variations of the extent of collapse and the onset of amyloid
formation with the (a) nature of solvent and (b) nature of mutants.
The black and red curves were obtained from the FCS-FRET data and
refer to the Ic and Ia states, respectively. The green curves were
obtained from the THT fluorescence data. The blue line represents Ia
formation in normal buffer condition. The shift from this line indicates
the effect of a solution condition or a mutation on A-syn aggregation.
The dependence between the extent of collapse and the onset of
amyloid formation is shown in (c). Black and red symbols in (c)
represent the data obtained for the solvent and mutant variations,
respectively.

Scheme 1. SDS Induced Conformational Reorganization and
Aggregation of A-Syn
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the binding between A-syn and membrane (or membrane
mimics, like SDS in this case) into account. The presence of
low concentration of SDS (like what is used in the present
study) can confine the protein in a small one- or two-
dimensional space, resulting in high local concentration of the
protein.46 In an another model, small micelles of four to seven
SDS molecules or small tubules sharing a protein chain have
been proposed in the studied range of protein concentration,
resulting in amyloid formation. It is interesting to note that
these oligomers or short micelles can form in SDS
concentrations less than its cmc.15 In this explanation, the
facilitation of micellization and/or the binding between the
protein and SDS micelles plays crucial roles on the onset (and
also on the extent) of amyloidosis. This explanation holds for
the A53T and E46K proteins, which have higher propensities
for amyloid formation. These proteins have higher membrane
affinities compared to A30P. This is known that A30P is less
likely to form amyloid. However, the present results obtained
with urea and glycerol does not completely agree with this
explanation. This is because both urea and glycerol are known
to inhibit the formation of SDS micelles,47 although they
behave differently to the amyloid formation propensity as
shown here.
A second possibility may come from the interplay between

the early intrachain reorganization of the protein and the
subsequent aggregation. The correlation between the early
conformational change and aggregation has been a matter of
extensive debate. The presence of extended conformation has
been noted using tryptophan-cysteine contact quenching by
measuring the kinetics of loop closure of polyglutamine
peptides.48 In contrast, the chain length of polyglutamine
peptide has been shown to play a direct role in the peptide
collapse.49 The age of onset of Huntington’s diseases is found
to have inverse correlation with the length of polyglutamine
domain.50 Along this line, a connection between polyglutamine
length and the increase in aggregation has been observed,
which supports the present data. Both computational and
experimental studies27,31suggest that early intramolecular
collapse events leading to incorrect contact formations (or
misfolding) needs to be corrected by subsequent slow steps,
else these could lead to aggregation.51 It has been demonstrated
that the aggregation kinetics of A-syn, which is a slow process,
can be controlled kinetically by chain reorganization at the early
microsecond.35

The spectroscopic understanding of protein amyloidosis is
complicated because the energy landscape of misfolding is
heterogeneous. Another difficulty arises from the slowness of
protein aggregation. The present data as well as other recent
results, however, show strong correlation between the early
(which may be hidden in the initial phase) and the late stages of
amyloid formation. In addition, the early oligomers are believed
to be more toxic than the matured fibrils.52 Taken together,
detailed understanding of the early events of protein
aggregation may be essential not only for the molecular level
understanding of this process, but also for the development of a
suitable pharmaceutical strategy to counter the aggregation
related threats.

■ METHODS
Materials and Methods. For the purification of A-syn and its

mutants, we purchased isopropyl β-D-galactopyranoside (IPTG) and
Tris salt from Biotecx Laboratories (Houston, TX) and J.T. Baker
(Center Valley, PA), respectively. Phenylmethanesulfonylfluoride

(PMSF), ammonium sulfate, and sodium chloride were obtained
from Sigma-Aldrich (St. Louis, MO). For high performance liquid
chromatography (HPLC), we used two columns of Waters (Milford,
MA). Urea and NaH2PO4 were obtained from Sigma-Aldrich (St.
Louis, MO). Glycerol and sodium dodecyl sulfate (SDS) were
purchased from Merck (Whitehouse Station, NJ) and USB (Cleveland,
OH), respectively.

Protein Purification of A-Syn. Recombinant human A-syn and its
mutants were expressed in Escherichia coli BL21 (DE3) strain
transformed with pRK172 α-synuclein WT/mutant plasmid. The
expression was induced using 1 M IPTG at an OD of 0.5−0.6. The
cultures were incubated at 37 °C with shaking at 175 rpm for 4 h after
addition of IPTG. Cells were then harvested by centrifugation. The
cell pellets were then resuspended in sonication buffer (10 mM Tris,
pH = 7.4) and lysed by sonication using short but continuous pulses at
12 Hz for 1 min. This step was repeated 14 times to lyse all the cells.
The lysate was centrifuged at 14 000 rpm for 45 min at 4 °C to remove
cell debris. Just before the sonication, 1 mM PMSF cocktail was added.
The lysis suspension was brought to 30% saturation with ammonium
sulfate and the pellet was discarded. It was followed by 50% saturation
with ammonium sulfate. The solution was then centrifuged at 35 000
rpm for 1 h at 4 °C. The resultant pellet was dissolved in 10 mM Tris
buffer, pH 7.4 and dialyzed overnight against same buffer. After
dialysis, the protein sample was filtered using 30 kDa centricon filter.
The crude protein was then injected into a DEAE anion exchange
column equilibrated with 10 mM Tris (pH = 7.4) and eluted using a
NaCl gradient. A-syn was found to elute at about 300 mM NaCl.
Fractions containing A-syn (analyzed by coomassie-stained SDS-
PAGE) were concentrated and further purified using a Sephadex gel
filtration column. Fractions containing A-syn were combined and
lyophilized. The protein was determined to be about 95% pure by
SDS-PAGE. For the experiments with A53T, E46K, and A30P
proteins, corresponding double mutants with additional G132C
mutations were used with each case.

For the sample preparations of all experiments, lyophilized protein
was dissolved in sodium phosphate buffer (pH 7.4) and filtered using
0.22 μm low protein binding membranes (Millex-GP). This step is
essential because the presence of small amount of oligomers can act as
seeds for further aggregation.

FRET-FCS Setup. FRET-FCS experiments were carried out in the
presence of different SDS concentration in 20 mM NaH2PO4 pH 7.4.
These measurements were performed using a Confocor 3 LSM
system. Excitation was achieved by focusing the 488 nm line of an
argon laser into the sample solution, 50 μm above the glass coverslip
surface, using a water immersion objective (1.2 NA, 40×; Carl Zeiss).
The fluorescence emission was collected using the same objective,
separated from the excitation light using a dichroic filter. The emission
line was spatially filtered using a 70 μm pinhole, which was then split
into donor and acceptor components using a mirror (NT 50/50 IR).
The donor and acceptor signals were further filtered using a BP 505−
540 IR band pass filter and a BP 560−610 IR band pass filter,
respectively. The emission was detected using two avalanche
photodiode (APD) photon counting modules. Photon counts were
recorded using a photon counting card interfaced with a computer.
Microscope correction collar and height were adjusted manually to
correct for refractive index mismatch between the immersion solution
and experimental environment. All protein data was normalized using
the τD value obtained with the free dye (alexa488 maleimide)
measured under identical condition.

Fluorescence intensity emitted from the small confocal volume is
collected as a function of time. The recorded fluorescence intensity
fluctuates as the fluorescently labeled molecules diffuse in and out of
the confocal volume. The fluctuations of fluorescence intensity, which
consist of information on the average number of molecules, the
resident time of the molecule, and other photophysical properties, can
be analyzed using the autocorrelation function. The normalized form
of the autocorrelation function of intensity I(t) at time t is represented
by
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In this expression, ⟨I(t)⟩ is the average of the fluorescence signal over
time and δI(t) is the signal fluctuation at time t minus the average:
⟨δI(t)⟩ = I(t) − ⟨I(t)⟩.
For a simple system of the diffusion of a one component, the

autocorrelation function can be defined by the following equation:
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where N is the number of the molecules present in the confocal
volume and can be calculated from the N = 1/G(0) relationship. S is
the structural parameter, which is defined by the ratio of beam radius
and height. For a FCS experiment, the characteristic diffusion time
(τD) is related to the diffusion coefficient (D) by the following
equation:

τ ω=
D4D

2

(3)

where ω defines the size of the observation volume. The value of
hydrodynamic radius (rH) can be obtained from D using the Stokes−
Einstein formalism (eq 4).

πη
=D

kT
r6 H (4)

In our experiments, typically 100 nM Alexa488 labeled A-syn along
with 20 μM unlabeled protein was used.
Maximum Entropy Method (MEM) Analysis of the Correla-

tion Functions. FCS data was analyzed further using MEM, which
determines the distribution of αi of a heterogeneous system on the
basis of maximum entropy S and minimum χ2. S is defined by

∑= −S p plni i (5)

where pi = αi/Σαi.53
Thioflavin T (ThT) Binding fluorescence Assay. A volume of 3

mL of 20 μM A-syn with 20 μM of ThT in 20 mM sodium phosphate
buffer pH 7.4 was titrated with 0−1 mM SDS in a quartz cuvette of 1
cm path length. Slits for this experiment were at 2 nm for excitation
and emission each, and integration time was 1 s. While adding SDS,
steady state fluorescence was monitored using excitation at 450 nm
and emission at 485 nm with proper mixing. Fluorescence measure-
ments were carried out using a PTI fluorimeter. After sample
preparation, samples were kept in 37 °C incubator for 2 h with
constant stirring at 200 rpm.
Circular Dichroism. A volume of 800 μL of 20 μM unlabeled A-

syn in 20 mM NaH2PO4 buffer at pH 7.4 was kept at different SDS
concentrations for 2 h in constant agitation, and the secondary
structure change of each sample was monitored using a JASCO J 720
CD instrument. Other parameters included scan speed at 100 nm/
min, integration time of 1 s, and number of scans of 5. CD
measurements were carried out between 200 and 250 nm using the
permissible HT voltage to obtain optimum signal-to-noise ratio. A
traditional CD cuvette of 0.1 cm path length was used for the far UV
CD measurements.
Transmission Electron Microscopy. A total of 5 μL of A-syn of

20 mM concentration in 20 mM sodium phosphate buffer pH 7.4 with
various surfactant concentrations was transferred to a 400-mesh
carbon-coated glow-discharged grid.
After 30 s of incubation, grids were washed in two drops of doubly

distilled water, stained with 2% uranyl acetate solution, and blotted dry
on filter paper. Then samples were kept for overnight in a desiccator to
dry the samples. Samples were viewed on a transmission electron
microscope.
Static and Dynamic Light Scattering. Static light scattering

(SLS) experiment was carried out using a PTI fluorimeter with the
excitation and emission wavelengths at 350 nm. A xenon lamp was

used in the SLS experiment. The scan speed was 30 points/s, and
excitation and emission slits were kept at 2 nm each. The signals were
collected in the detector placed at 90°.

The Malvern Zetasizer Nano ZS DLS system (Malvern Instruments
Ltd., UK) was used to perform all dynamic light scattering (DLS)
measurements. The DLS system is equipped with a 633 nm He−Ne
laser and an avalanche photodiode detector configured to collect
backscattered light at 173°. The sample was maintained at 25 °C and
allowed to equilibrate for 120 s prior to analysis. Each size
measurement was determined from 10 runs, 10 s each. All DLS data
were collected and analyzed using Malvern Zetasizer 6.12 software. All
reported mean particle hydrodynamic radii (RH) were calculated from
intensity based particle size distributions.
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