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Abstract
The aggregation and deposition of the neuronal protein α-Synuclein in the substantia nigra region
of the brain is a key pathological feature of Parkinson’s disease. α-Synuclein assembles from a
monomeric state in solution, which lacks stable secondary and tertiary contacts, into highly
structured fibrillar aggregates through a pathway which involves the population of multiple
oligomeric species over a range of timescales. These features make α-Synuclein well-suited for
study with single molecule techniques, which are particularly useful for characterizing dynamic,
heterogeneous samples. Here we review the current literature featuring single molecule
fluorescence studies of α-Synuclein and discuss how these studies have contributed to our
understanding of both its function and its role in disease.

Introduction
There is strong evidence to support a central role for the protein α-Synuclein (AS) in the
pathogenesis of Parkinson’s disease (PD). It is the primary component of Lewy bodies,
dense cytoplasmic amyloid inclusions, which are associated with selective loss of
dopaminergic neurons in the substantia nigra region of the brain. Although its precise role in
the progression of PD remains unclear, point mutants of AS (A30P, E46K, and A53T) and
multiplication of the AS gene linked to familial forms of PD established that it is critical to
disease development [1–4].

AS is a small (140 amino acids), abundant neuronal protein. Its sequence is divided into
three domains: a positively charged N-terminal region that contains repeats of the highly
conserved KTKEGV sequence, a central, hydrophobic region known as the non-amyloid-β
component (NAC), and an acidic C-terminal region (Figure 1). AS is generally thought to be
an intrinsically disordered monomer in solution, although there is some recent evidence that
it may be capable of forming a partially α-helical tetramer under some conditions [5, 6]. The
N-terminal ~95 residues form an amphipathic α-helix upon binding to lipid membranes,
while the C-terminal region remains largely unstructured [7]. The proposed native functions
of AS include a role in synaptic vesicle trafficking[8, 9], regulation of the synaptic vesicle
pool[10], and maintenance of neuronal plasticity[11]. Defects in vesicle trafficking are
observed when AS is overexpressed in model organisms from yeast to rodents [8, 12–14]. A
potential link between membrane association and disease has been established by the finding
A30P and E46K show altered membrane binding properties [15, 16]. Moreover, it has been
suggested that toxicity in PD may be mediated through interaction of toxic, oligomeric
forms of AS and cell membranes [17–21]

The ability of AS to exchange between many different conformational states – disordered
monomer, partially structured oligomer, α-helical membrane-bound, and -sheet fibrillar
aggregate - may be central both to its native function as well as to its role in PD. Single
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molecule approaches offer a number of advantages for the study of a dynamic,
conformationally heterogeneous protein like AS. One of their greatest advantages is the
ability to analyze signals from different conformational states without the need to sort the
molecular populations. Single molecule approaches provide complementary information to
higher resolution methods, such as NMR; however, they can be applied to study of AS
interacting with more physiological relevant model membranes, including vesicles and
planar bilayers, that are not accessible to solution NMR. While single molecule approaches
that have been used to study AS include force-probe techniques [22, 23] and computational
simulations [24–26], in this review we focus on the application of single molecule
fluorescence methods. We will discuss how these methods have been applied to AS to gain
insight into both functional and dysfunctional states.

Folding
The Deniz group has used smFRET (single molecule Förster resonance energy transfer: Box
1) to map the folding landscape of AS in detail as a function of sodium dodecyl sulfate
(SDS) concentration [27–30]. In all of this work, AS was labeled at residues 7 and 84 to
probe its membrane-binding region (Figure 1). In an initial equilibrium study [27], it was
found that at SDS concentrations below its critical micelle concentration (CMC), monomer
SDS molecules bound to AS, resulting in its exchange between three distinct conformational
states. At very low SDS concentrations (0.25 mM), disordered AS (ETeff ≈0.4; U-state)
transitioned to a folded conformation (ETeff ≈0.85; I-state). Further increasing the SDS to
1.2 mM resulted in binding of additional monomer SDS molecules and population of a more
extended, folded conformation (ETeff<0.2; F-state). Based on previous circular dichroism
(CD) measurements [31], these two liganded states, I and F, were known to be α-helical and
the distances calculated from the mean ETeff were consistent with two different α-helical
conformations, a horse-shoe shaped structure composed of two α-helical domains (I) and a
single, elongated α-helix (F) (Figure 2). In subsequent work, PD-associated point mutants of
AS were characterized by a combination of CD and smFRET [28]. While E46K and A53T
displayed very similar behavior to wild-type AS, folding in three states from U through I to
F, A30P was found to never populate the extended α-helical F-state at sub-CMC SDS
concentrations. The impact of this study is that it provides direct evidence of a difference in
the conformational ensembles populated by wild-type and a disease-associated point mutant
of AS, which may have implications for understanding pathogenic protein aggregation and
why this particular mutant leads to disease. Moreover, studies of AS folding in the presence
of SDS show that the amino acid sequence of AS is compatible with secondary structure
formation, which could be important for its ordering preceding aggregation to toxic species
on pathway to disease.

Box 1

SmFRET (single molecule Förster resonance energy transfer)

FRET occurs via a non-radiative dipole – dipole interaction between the donor and
acceptor fluorophore. The efficiency of transfer is strongly dependent upon the distance
between the two fluorophores making it a powerful tool for measuring inter- and
intramolecular distances. In a typical ensemble experiment, the average energy transfer
efficiency (ETeff) is measured for an entire population of molecules. One limitation is
that subpopulations can be obscured due to ensemble averaging or the mean ETeff can be
skewed by the presence of improperly labeled or photophysically damaged molecules.
However, on the single molecule level, subpopulations can be directly resolved and
improperly labeled molecules can be discriminated easily in data processing. This allows
for the analysis of several conformational states simultaneously present within a
population or access to very rarely populated states. Moreover, for disordered proteins
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like AS, it can be used to gain structural information in the absence of canonical
secondary or tertiary structure. Studies of AS have relied on a confocal instrument
configuration, whereby a laser is focused into a very dilute (10–100 pM) solution of
fluorescently labeled protein, such that on average much less than one protein is present
in the observation volume at any given time. When the proteins diffuse through the
observation volume, a stream of donor and acceptor photons are emitted. For each transit
event, an ETeff is calculated and these values are compiled into a histogram. A mean
ETeff is determined from fitting the histogram and this value can then be converted, using
an appropriate model, to a distance between the fluorophores. A number of recent
reviews that focus on smFRET studies of disordered protein states provide excellent
background to the technique and its strengths and challenges that will not be covered in
this contribution [86–88]. Relevant to this review, smFRET has been used to determine
the conformations sampled by monomer AS in solution and when associated with various
types of membrane mimetics.

In collaboration with the Groisman group, Deniz and colleagues have used microfluidic
devices to characterize the equilibrium folding landscape of AS with higher spatial
resolution [30] as well as to resolve time-dependent folding features [29]. In the time-
resolved measurements, both folding and unfolding reactions were followed. In the folding
measurements, the U state found in the absence of SDS collapsed to a more compact (ETeff
~0.6) state within the first 500 μs of adding SDS. By 1 ms, the high ETeff I-state was
present, and over the next 11 ms the folded F-state formed in a two-state transition from the
I-state. Interestingly, in the unfolding studies where the protein was rapidly diluted over 100
fold into SDS-free buffer, the protein transitioned from the F-state to the U-state within 1 ms
without ever populating the intermediate I-state. This apparent difference in the folding and
unfolding pathways suggests that all binding sites for the detergent molecules may not be
equally accessible in the unfolded state.

Aggregation
In our own lab, the conformations of AS relevant to the initiation of aggregation have been
characterized by smFRET [32]. By placing the donor and acceptor probes at nine different
sets of locations throughout AS, we probed the response of specific domains to different
aggregation-promoting conditions, namely low pH and the presence of molecular
aggregation-inducers. Our studies showed that the C-terminus of AS compacts substantially
at pH 3.0 relative to pH 7.4. The C-terminus has a very high negative charge density at pH
7.4 that is neutralized at pH 3.0, resulting in collapse of this region. This may allow the
formation of hydrophobic patches which, combined with decreased intramolecular
repulsions, result in accelerated aggregation. In contrast to the C-terminus, the
conformational ensemble of the N-terminal and central regions compensate for the
compaction of the C-terminus, such that the overall hydrodynamic radius of the protein is
very similar under both conditions. To investigate whether the collapsed state observed at
low pH is common to other aggregation pathways, smFRET measurements of AS were
made in the presence of heparin and spermine, polyions previously shown to accelerate AS
aggregation [32]. However, in contrast to the pH 3.0 measurements, heparin and spermine
resulted in only minor conformational changes in any regions probed. This suggests that
enhanced aggregation by these molecules may primarily be the result of shielding of
repulsive charges rather that by populating specific conformations and emphasizes that that
there may be diverse initial steps leading to aggregation. Moreover, the results of this study
illustrate one of the unique advantages of single molecule approaches; they allow access to
aggregation-prone conformations under conditions that strongly disfavor protein aggregation
and subsequent complications due to heterogeneity in, or loss of, signal.
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Further investigation of the C-terminus included monitoring its response to chemical
denaturation at low pH. The ETeff histograms showed a single peak that shifted to lower
mean values with increasing denaturant concentration. This behavior is the hallmark of a
random coil expansion in the presence of chemical denaturant [33], indicating that while the
low pH state of AS makes tertiary contacts, and perhaps even forms a molten globule-like
structure, it is not a canonical globular fold. The hydrodynamic radius and intrachain
distances of AS measured by smFRET fall somewhere between a typical globular protein
and a statistical random coil. This suggests that although AS lacks stable secondary and
compact tertiary contacts in solution, it exhibits non-random structural features. In contrast
to the SDS-induced folding into a canonical α-helix, these results highlight a different type
of conformational change in AS, one that impacts its ability to self-associate and thus may
provide insight into the earliest stages of pathogenic aggregation.

Conformation of membrane-bound monomer
Because direct interactions between AS and cell membranes are thought to be important to
its function, there is a great deal of interest in characterizing this interaction. CD established
that AS becomes partially α-helical upon binding to SDS micelles and lipid vesicles while
NMR provided structural details of micelle-bound AS [34–36]. However, these studies left
the particular conformation of the α-helix, proposed to be either a single continuous
extended helix [37–40] or two helices arranged in a hairpin or horseshoe shape [36, 41–43],
a subject of debate. A paper from the Subramaniam group was the first publication of a
smFRET investigation of the conformation of AS bound to SDS micelles[44]. To probe the
membrane binding domain, AS was labeled at residues 9 and 69. While no conformational
changes for SDS concentrations less 0.5 mM were detected, at greater than 0.5 mM SDS, a
shift to a high ETeff state was observed which was attributed to binding to SDS micelles and
was consistent with the hairpin α-helical structure reported by NMR (Figure 2).

Both we and the Deniz group used smFRET to show that AS adopts an extended α-helix
upon binding to lipid bilayers of a more physiological size, namely ~50–100 nm diameter
large unilamellar vesicles (LUVs) [27, 45]. Building upon their folding work described
above, the Deniz group showed that upon exceeding the CMC of SDS, a high ETeff state
was observed, which was similar to the I-state observed during folding and consistent with
the hairpin structure (Figure 2). However, when the SDS concentration was further
increased to 450 mM, a concentration where it no longer forms spherical micelles, but
instead forms elongated tubular structures, they found a very low ETeff state that resembled
the folding F-state and suggested an extended α-helical conformation (Figure 2). They
confirmed that the same extended structure was observed in the presence of anionic LUVs.
Our own study focused on AS binding to LUVs where we showed that AS formed an
extended α-helix upon binding. In order to unambiguously differentiate between the
extended and hairpin α-helical structures, AS was labeled at two different sets of positions
within the membrane-binding domain to provide independent, self-consistent measurements
of this domain. We have also observed the extended α-helical conformation on lipid
nanodiscs [46]. In the presence of an excess of lipid nanodiscs, the mean ETeff of AS was
comparable to that of AS bound to LUVs, suggesting that the extended helical conformation
is populated on both membrane surfaces. Together, these studies have shown that the helical
structure that AS populates is highly dependent on the curvature of the membrane or
membrane mimetic surface to which it is associated.

The similarity of AS states induced by SDS monomer binding in solution (the I and F states)
and states populated upon micelle and vesicle binding is notable. This suggests that despite
its general lack of structure, AS has a propensity for specific α-helical structures in solution.
Moreover, low concentrations of SDS [47] and some lipid compositions [43, 48–51] have
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been used very effectively to accelerate AS aggregation, suggesting that some α-helical
conformations of AS are on-pathway to amyloid formation. Thus mutations or modifications
to AS that favor this particular α-helical state may predispose the protein towards
aggregation.

Regulation of membrane-binding
In addition to studies of native AS membrane interaction, single molecule studies have also
been useful in probing potentially pathological modifications to AS which alter its
interactions with lipid bilayers [52]. Oxidative modification and damage to proteins has been
broadly implicated in neurodegenerative diseases. Disruption of normal AS membrane
binding is thought to be one cause of aggregation in PD, and there is building evidence that
specifically nitration of tyrosine residues in AS may disrupt native membrane interactions
[53]. We recently investigated the effects of tyrosine nitration on AS conformational state
and membrane binding [52]. With smFRET, we were able to probe multiple regions of AS
and localize conformational changes conferred by nitration specifically to the C-terminus of
the protein. This allowed us to propose a model whereby changes in the C-terminal region of
AS allosterically alter the membrane binding behavior of the N-terminal region of the
protein. The C-terminus of AS has been proposed to interact with a variety of cellular
binding partners, and our findings suggest that binding to or modifying the C-terminus is a
viable mechanism for modulating interactions with cellular membranes.

Oligomers
The interest in pre-fibrillar oligomeric species of AS is motivated both by in vitro
measurements of differences in oligomerization rates of wild-type and PD-associated
mutants, as well as by evidence that the presence of fibrillar AS aggregates does not
necessarily correlate with cell death and disease severity. Dependent upon experimental
conditions, oligomers may be stably or transiently populated [54–59], as well as on-pathway
or off-pathway to fibrillar aggregate formation [60–63]. The toxic effects of some AS
oligomers on cultured cells [9, 19, 64] resulted in the proposal that for AS [64, 65], as well
as other amyloid-forming proteins [66–68], soluble oligomeric species may be the toxic
species responsible for cellular damage. Furthermore, it has been suggested that the toxic
effects are a consequence of interactions between oligomers and cellular membranes [17–
19]. AS has been extracted from cells, transgenic mouse brains, and PD human brains in the
form of soluble oligomers [69, 70], providing evidence that AS may exist in oligomeric
forms in vivo as well. Various cofactors and protein modifications have been found to affect
oligomerization of AS, including oxidative modifications to specific residues [71–73], metal
ions [74–76], and dopamine [54, 77, 78], as well as other small molecules [63]. Single
molecule approaches are exceptionally useful for the study of AS oligomeric species given
their rarity and transience. Furthermore, they allow for the study of low concentrations of
molecules that kinetically limit the aggregation process, providing access to transient
populations present at the beginning stages of aggregation.

Collaborative efforts from the Kostka and Giese labs have relied on a variety of diffusion
and brightness-based techniques, including FCS, FIDA, and SIFT (fluorescence correlation
spectroscopy, fluorescence intensity distribution analysis, and scanning for intensely
fluorescent targets; Box 2), to classify and characterize AS oligomers. Their initial work
[79] demonstrated that SIFT useful method for following protein aggregation. In this study,
an increase in the SIFT signal was found to parallel that of an ensemble aggregation assay,
although the SIFT assay was shown to be significantly more sensitive. Wild-type AS and the
A30P mutant were labeled with different colored fluorophores which allowed for monitoring
of co-aggregation using dual-color SIFT. While their measurements did provide evidence
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that aggregates contained both protein variants, the most surprising observation was that
specific molar ratios of the two variants resulted in an increase in the number (although not
the sizes) of the aggregates formed. This led the authors to hypothesize that AS oligomers
formed at these specific protein ratios were more likely to seed aggregate formation or be
incorporated into growing fibers.

Box 2

FCS (fluorescence correlation spectroscopy), SIFT(scanning for intensity
fluorescence targets), and FIDA(fluorescence intensity distribution

analysis)

Although FCS, SIFT, and FIDA are not strictly single molecule approaches, they can be
carried out at the single molecule level and they are most sensitive for studies of <100
molecules. As with smFRET (Box 1), each of these techniques uses a highly focused
laser to form an observation volume to measure low concentrations of fluorescent
molecules. While these methods reliably detect low nanomolar concentrations of
fluorescent molecules, a small amount of labeled AS can be doped into a large excess of
unlabeled protein, such that only one or two fluorescent molecules are present per
aggregate. This makes these techniques experimentally useful over a broad range of
protein concentrations. In FCS, the temporal autocorrelation of spontaneous fluctuations
in fluorescence intensity are fit with a variety of models to yield quantitative parameters
associated with concentration, molecular size, and chemical or photophysical kinetics
[89–91]. For studies of AS aggregation, typically the number of fluorescent molecules
and their hydrodynamic properties (as measured by diffusion coefficient or diffusion
time) are monitored, as these properties are expected to change as monomer protein is
consumed by growing aggregates. Closely related to FCS is fluorescence cross-
correlation spectroscopy (FCCS). In FCCS, two populations of molecules are labeled
with spectrally separable fluorophores and both molecules are directly excited. A cross-
correlation signal arises when two different fluorophores co-diffuse, signaling that they
have been incorporated into the same molecular species. Thus it can be used as a measure
of co-aggregation of the two protein populations. More details on FCS and FCCS can be
found in several recent reviews [92–94]. SIFT was developed as a more sensitive
measurement of relatively rare aggregated species [95]. This method counts the number
of photons detected in a certain time interval and histograms the intensity distribution to
examine aggregates which contain multiple labeled molecules and are consequently very
bright relative to monomers. Since molecular diffusion is not measured in this analysis,
the laser is scanned through the sample to enable detection of slow-diffusing species that
might otherwise not encounter a stationary observation volume. Two-color SIFT follows
the same principle, but similar to FCCS, two differently labeled molecules are used such
that co-aggregation can be monitored. Lastly, FIDA also utilizes photon counting over
defined time intervals and measures molecular size based on a brightness analysis [96].
In FIDA, however, an expected brightness distribution for variously sized molecular
species is calculated to account for the fact that illumination in an observation volume is
not uniform. For example an intrinsically bright species at the edge of the observation
volume will not yield as many photons as a less bright species diffusing through the
center of the observation volume. By accounting for this, a more accurate determination
of the molecule size distribution can be obtained, making FIDA useful for measuring the
relative population of various sized aggregates within a sample. In this review, we
discuss how these approaches have been used to characterize AS aggregation in real time
as well as stable oligomeric forms of AS.

Trexler and Rhoades Page 6

Mol Neurobiol. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



AS aggregation has also been followed in real time using FCS, both in the presence [80] and
absence [60] of aggregation inducers. In an initial study, Engelborghs and colleagues simply
measured an increase in diffusion time to follow the aggregation of AS and found that
aggregation was accelerated upon the addition of an FK506 binding protein (FKBP). By
labeling AS and the FKBP with differently colored fluorophores, they showed that FKBP
was not incorporated into the AS fibers. This led the authors to suggest that FKBP, which
has peptidyl prolyl isomerase activity, impacted AS aggregation by facilitating cis to trans
isomerization of C-terminal prolines, allowing population of aggregation-prone
conformations. In a later study from the same group, the authors used a more sophisticated
approach to characterizing aggregation by plotting distributions of measured diffusion
coefficients as a function of time. Over the course of hours, the diffusion coefficient of the
measured species shifted from an initial narrow distribution of quickly diffusing species,
characteristic of monomer protein, through a transient population of small oligomers which
were gradually replaced by large oligomers, defined by a broad distribution of more slowly
diffusing species. Moreover, it was demonstrated the aggregation kinetics could be
monitored by following the loss of the fast-diffusing monomer species. This assay showed
that loss of monomer occurred during the aggregation lag-phase, as measured by turbidity,
suggesting that oligomeric species formed during this phase and implicating these species as
on-pathway intermediates to amyloid formation. Moreover, ensemble intramolecular FRET
showed that conformational changes occurred upon oligomerization which proceeded the
conversion to β-sheet fibrillar aggregates. These species are of interest as they represent a
population critical for amyloid formation that are not experimentally accessible by most
conventional means given their low abundance and transience.

While FKBP appears to alter AS aggregation through transient interactions, a number of
other proteins have been found to either accelerate or inhibit AS aggregation by more direct
mechanisms. One example of this are the matrix metalloproteases; these proteases can
cleave AS at multiple different locations in it sequence and there is also evidence of matrix
metalloprotease (MMP) de-regulation in PD and other neurodegenerative diseases. FCCS
and SIFT were used to characterize the effect of MMP cleavage on AS aggregation [81].
Intermediate concentrations of certain MMPs were found to accelerate AS aggregation by
cleaving the protein between the NAC region and the C-terminus. Removing this highly
charged portion of the protein decreases intermolecular electrostatic repulsion and has
previously been shown to accelerate AS aggregation.

More recent efforts from the Giese and Kostka labs focused primarily on the study of stable
oligomers of AS [82]. They developed three protocols for oligomer formation that differed
by the absence or presence of FeCl3, the absence (Type A) or presence (Type B) of stirring
during incubation, and ultracentrifugation concentration prior to analysis (Type C). By
FIDA, while no systematic differences caused by the addition of FeCl3 were observed,
stirring was found to cause a greater fraction of the protein to convert to small oligomers.
Interestingly, only Type A oligomers were found to be capable of causing calcium influx
and cell death in cultured SH-SY5Y cells. By contrast, Types B & C were both taken up by
the cells, whereupon they seeded aggregation of endogenous AS. This work provided direct
evidence that oligomeric species with physical properties differentiable by fluorescence
methods also had different cellular phenotypes. Correlation of toxicity with the structural
features measured by FIDA is an important step towards understanding the underlying
mechanism for the differential effects of specific oligomer species on cells.

In a related study [76], the authors used SIFT and FCS to study oligomers formed in the
presence of EtOH, which has been shown to accelerate AS aggregation. Oligomer produced
at EtOH concentrations between 5 and 20% differed significantly from those formed at
higher EtOH concentrations. Namely, the low EtOH oligomers (intermediate I): (1) formed
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reversibly, such that they could be dissociated into monomers upon dilution, (2) could be
blocked by the presence of detergent or BSA, and (3) were on-pathway to amyloid fiber
formation in that they were capable of seeding AS aggregation. When Fe3+ was added along
with the low concentrations of EtOH, much larger, detergent-resistant oligomers were
formed (intermediate II), that otherwise shared the properties listed above of the
intermediate I oligomers. However, only the intermediate II oligomers were capable of
causing electrical conductivity changes to planar bilayers, consistent with permanently open
pore-like species bound to the bilayer. Conductivity could be blocked using antibodies
specific for AS monomers or oligomers, suggesting pore-like behavior derived from specific
AS species and not simply generic effects from oligomers binding the membrane surface or
other artifacts. These findings lead the authors to suggest that the intermediate II oligomers
are formed from the intermediate I oligomers and both are potentially relevant model drug
targets for developing therapeutic approaches for PD.

In that same study, the authors showed that a small molecule that inhibits oligomer
formation as seen by SIFT also inhibited toxic effects of AS on PC12 cells. They expanded
upon this theme in subsequent work where they focused on small molecules that were N′-
benzylidene-benzohydrazide (NBB) derivatives [83] or natural products [84]. By SIFT,
NBB derivatives were found to inhibit both intermediate I and intermediate II oligomer
formation. Cell models of aggregation also showed a decrease in higher MW species in the
presence of NBB compounds and a decrease in cell toxicity. In the natural products study,
the authors observed that molecules, such as trihydroxy-polyphenols and black tea extract,
which were most effective at preventing aggregation, were also most effective at
disaggregating pre-formed oligomers. Overall, the compound potency was found to be
correlated with the number of vicinal hydroxyl groups on a single phenyl ring, leading the
authors to suggest that such a structure could serve as a general scaffold for drug
development. Given that fluorescence methods are compatible with high throughput drug
screening, these studies also illustrate the potential of single molecule fluorescence as a
novel, potentially powerful means for drug discovery.

Conclusions
Over the past almost twenty years, experiments using single molecule fluorescence methods
have evolved from ‘proof-of-principle’ demonstrations to those which provide valuable
insight into biological molecules and complexes. This evolution is very well illustrated by
the studies of AS described here. Going forward, single molecule fluorescence is a natural
complement to computational studies that have the ability to provide high resolution
structural and dynamic information about AS. In that vein, we have recently developed a
computational method whereby distances derived from smFRET measurements of AS were
used as constraints to guide Monte Carlo simulations[85]. These simulations were able to
accurately determine physical features of AS derived from conditions favoring aggregation.
In the future, this combination of single molecule experimental and computational
approaches could prove a versatile tool for probing interactions between AS and small
molecules and thus be a novel approach for identifying potential drugs for the treatment of
PD.

Abbreviations

AS α-Synuclein

PD Parkinson’s disease

NAC non-amyloid beta component
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FRET Förster resonance energy transfer

SDS sodium dodceyl sulfate

CMC critical micelle concentration

CD circular dichroism

LUV large unilamellar vesicle

FCS fluorescence correlation spectroscopy

FIDA fluorescence intensity distribution analysis

SIFT scanning for intensely fluorescent targets

FCCS fluorescence cross-correlation spectroscopy

FKBP FK506 binding protein

MMP matrix metalloprotease

NBB N′-benzylidene-benzohydrazide

ETeff energy transfer efficiency
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Figure 1.
Schematic of AS. Shown in red is the N-terminal membrane binding region (residues 1–95),
light gray is the central hydrophobic domain, and dark gray is the negatively charged C-
terminal region. PD-associated disease mutations are marked in yellow.
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Figure 2.
The conformational states of AS. Cartoons in green show three of the most well studied
conformational states of AS. The unfolded state (U) is largely disordered, though the
hydrodynamic radius is not as large as expected for a fully random coil. The U-state
transitions to an intermediate state (I) upon binding of SDS monomers or micelles. The I-
state is also known as the hairpin or horseshoe conformational state. The folded state (F) can
be populated via either the I-state, upon additional SDS monomer binding, or from the U-
state upon binding to large unilamellar vesicles (LUV) or extended SDS structures. The SDS
concentrations given are sub-CMC, where monomer SDS binds to AS. The F-state is also
known as the extended helical conformation when bound to LUVs. The U, I, F nomenclature
is from Reference 27.
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