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Abstract
Interactions between the synaptic protein α-Synuclein and cellular membranes may be relevant both
to its native function as well as its role in Parkinson’s disease. We use single molecule Förster
resonance energy transfer to probe the structure of α-Synuclein bound to detergent micelles and lipid
vesicles. We find evidence that it forms a bent-helix when bound to highly curved detergent micelles,
whereas it binds more physiological 100 nm diameter lipid vesicles as an elongated helix. Our results
highlight the influence of membrane curvature in determining α-Synuclein conformation, which may
be important for both its normal and disease-associated functions.

α-Synuclein (AS) is the primary protein constituent of cytoplasmic Lewy bodies and Lewy
neurites that are the pathological hallmark of Parkinson’s Disease (PD)(1, 2). Although it is
strongly implicated in disease progression (3) the precise role of AS in PD is unclear. The
native function of AS is also poorly understood, although evidence suggests that it may play
a role both in maintaining neuronal plasticity and in the regulation of synaptic vesicle recycling
(4, 5).

AS is disordered in solution(6) but undergoes a conformational change to an α-helical structure
upon association with negatively charged membranes(7, 8). A number of in vitro studies have
characterized the interactions of AS both with detergent micelles and lipid membranes
(reviewed in (9)). However, there is conflicting evidence as to whether AS demonstrates
preferential affinities for specific phospholipids(7–12) as well as if association with lipids
inhibits or promotes AS aggregation or oligomerization(12–16). A further matter of debate is
the configuration of micelle or vesicle bound AS, with contrasting models proposing either an
extended, continuous helix(17–20) or two anti-parallel, non-interacting helices(21–24), with
an unstructured loop region between residues ~40–45 (Figure 1). Characterizing these
conformations is of great interest, as membrane-bound structures may be pertinent both to
native and disease-associated functions.

Here we use single molecule Förster resonance energy transfer (FRET) to probe the helical
structure of AS bound to SDS micelles and large unilamellar vesicles (LUVs). In FRET, the
energy transfer efficiency (ETeff) is dependent upon the distance between donor and acceptor
fluorophores to the sixth power (25). In single molecule studies of protein conformations, each
protein is labeled with a donor and an acceptor fluorophore. Photon bursts from the labeled
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proteins are collected as they diffuse through a diffraction-limited excitation volume. ETeff is
calculated as: ETeff= Ia°/(Ia°+γId°), where Ia° and Id° are the photon counts on the acceptor
and donor channels, respectively, corrected for background and signal bleed-through; γ
accounts for properties of the instrument and fluorophores as detailed in the SI(26). An ETeff
is calculated for each burst and a histogram is compiled of the individual values.

Single and double cysteine mutants of wild-type AS were engineered to allow for site-specific
labeling with maleimide fluorophores. Mutations were introduced at residues S9, T33, and T72
and AS-S9C-T72C, AS-T33C-T72C, and AS-S9C-T33C double mutants were used for FRET
measurements (Figure 1).The protein was expressed and purified as described previously
(27), then labeled with donor (Alexa 488 maleimide) and acceptor (Alexa 594 maleimide)
fluorophores generally following the protocol provided by the manufacturer (Invitrogen: SI
for details). It was confirmed by circular dichroism and fluorescence correlation spectroscopy
that the presence of the fluorophores did not significantly perturb binding of AS to either SDS
micelles or LUVs ((27) and SI for details). Steady state anisotropy measurements showed a
low anisotropy value for both fluorophores at all mutation sites, indicating free rotation of the
fluorophores with minimal artifacts in the ETeff calculations (SI for details). The expected
Ro for these fluorophores is ~54 Å(28).

Measurements were made with ~90 pM AS in buffer (20mM Tris, 30mM NaCl, pH 7.4) or in
the presence of sodium dodecyl sulfate (SDS) (40 mM) or ~100 nm diameter 1-palmitoyl-2-
oleoyl-phosphatidylserine (POPS) LUVs (160 µM lipid). These conditions were chosen such
that not only is all the protein expected to be bound, but that only a single protein is bound per
micelle or vesicle. NMR studies have shown that 40 mM SDS is sufficient to fully bind 100
µM AS (29), and thus is in great excess for the 90 pM protein used in this study The partition
coefficient of fluorescently labeled wild-type AS for 100% POPS LUVs has been measured
as ~3µM (lipid concentration) under solution conditions similar to the ones we use (27). Based
on this number, we expect >98% of the protein to be bound and we calculate the vesicle:protein
ratio to be >20:1. POPS was chosen for the work discussed here both because AS binds to it
with high affinity and because phosphatidylserine comprises up to 30% of the lipid content of
cellular membranes. However, other studies indicate that lipid composition may influence the
membrane-bound conformation of AS (13), and thus this topic is an area of ongoing
investigation in our group.

The resulting ETeff histograms for AS-S9C-T72C are plotted in Figure 2. In buffer, the ETeff
peak value is 0.64 and shifts to 0.86 in the presence of SDS micelles (Figure 2A). These
ETeff values are roughly what was expected based on the bent-helix model, where residues 9
and 72 are brought into close proximity upon helix formation (Figure 1) and exhibit the same
general trends as the ETeff values measured for SDS micelle bound AS in another recent study
which used a different acceptor fluorophore(30). While there are difficulties associated with
calculating distances from ETeff, due to uncertainties in contribution of the fluorophore linkers
(31) both of our measured ETeff values are in good agreement with what is predicted for a
random coil (in solution) and for the bent-helix (on SDS micelles) (21).

However, when bound to both 50 and 100 nm diameter LUVs (data not shown), the ETeff drops
effectively to 0, indicating that the distance between the fluorophores is either too great to be
measured or is a very low value (ETeff< 0.1), such that we are unable to distinguish it from the
ETeff=0 peak that arises from mislabeled proteins (see SI for discussion). In a single, unbroken
helix, the separation between residues 9 and 72 is expected to be between 9 and 10 nm, at the
limit of the distance range that should be detectable by our donor-acceptor fluorophores (SI
for details). These data provide further evidence that all of the protein is either micelle or vesicle
bound during our measurements. If a significant fraction of AS remains free in the micelle or
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LUV experiments, the free subpopulations would be observed with ETeff =0.64 and we do not
find any evidence of unbound protein in our histograms.

The AS-T33C-T72C construct was designed to further probe the structure of the vesicle bound
protein (Figure 1). The ETeff of AS-T33C-T72C bound to SDS micelles (ETeff =0.81) was
higher than that of the free protein (ETeff~ 0.72) indicating closer contact between the donor
and acceptor fluorophores (Figure 3A & B). We are also able to observe a clear ETeff =0.57
peak for LUV bound AS-T33C-T72C (Figure 3C). This shift to smaller ETeff as compared to
the micelle bound protein suggests that residues 33 and 72 are further separated when bound
to LUVs, supporting our prediction that AS forms an elongated helix on LUVs.

As a control, the helical region probed by AS-S9C-T33C was expected to be independent of
whether the overall conformation was bent or extended and the measured ETeff values for
micelle and LUV samples were essentially indistinguishable (ETeff ~0.8; Figure S4).

This study establishes the viability of single molecule FRET for characterizing membrane-
bound conformations of AS. There is a fair amount of discussion in the literature about the
meaning of the width of single molecule ETeff histograms. Broadening is often attributed to
dynamics that are slow on the timescale of diffusion (32). While AS is disordered in solution
and thus expected to be highly dynamic, long-range contacts exist between the C-terminus and
the central region of the protein (33) which may restrict motion and slow dynamics. For the
AS constructs studied here, the ETeff distributions in buffer are wider than the micelle or LUV
bound ones (σbuffer=0.27 and σmicelle=0.17 for AS-S9C-T72C and σbuffer=0.31, σmicelle=0.21,
and σLUV=0.24 for AS-T33C-T72C). The helical micelle and LUV bound states are more
restricted conformations, resulting in reduced dynamic motion and narrower ETeff histograms.
However, we note that both the micelle and LUV bound distributions are still rather wide for
the AS-T33C-T72C construct. This may be due to the probe at residue 33 which is close to the
loop region of the bent helix; this region is thought to remain disordered (17) even while the
overall conformation of the protein adopts an extended helix. The T33C probe may reflect
increased dynamics of this region of both the micelle and the vesicle bound protein (34), either
due to fraying of the helix or the mobility of adjacent residues. We also cannot eliminate the
possibility that peak broadening results from AS sampling two or more specific conformations
with close mean ETeff values that are not resolved in our measurements.

A number of recent studies highlight the ongoing debate regarding the physiologically relevant
form, bent or extended membrane-bound helix, of AS. Our findings are in good agreement
with two recent reports - an ESR study of AS bound to lipid vesicles and bicelles (19) and a
combined EPR and molecular dynamics simulation study of AS bound to lipid vesicles (20) –
both of which find that AS binds to these model membranes in an extended helix. While there
is a strong argument to be made in favor of lipid bilayers as a much more physiologically
relevant model system, a third study of SDS-induced folding of AS also concluded that at high
detergent concentrations, where rod-like micelles are expected to dominate over highly-curved
spherical ones, AS populates an alternative conformation, suggested to be the elongated helix
(35). Ours, and these other recent findings, are in direct contrast to a second recent EPR study
which found evidence for a bent-helix on ~20–30 nm diameter vesicles(23).

This study emphasizes the role of the physical parameters of the membrane mimetic,
particularly curvature, in determining the conformation of membrane-bound AS. Membrane
binding is closely associated with both AS native function and its pathology in PD. In PD, it
is hypothesized that AS may bind and permeabilize the plasma membrane(36). On the scale
of the helical region of AS, the plasma membrane is a low curvature surface and thus the
mechanism of membrane disruption could involve the elongated helical form of AS. However,
the native function of AS is thought to involve binding to much more highly curved synaptic
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vesicles. Thus both membrane-bound structures we observe may be important to understanding
AS. It remains to be determined precisely how vesicle curvature mediates the conformational
switch from bent to elongated helix and how these structures relate to the native function of
AS and its role in PD

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Possible configurations of membrane-bound AS. Bottom, bent-helix model, from NMR
structure of AS on SDS micelles (PDB: 1XQ8). Top, elongated helix model (cartoon from
PyMol). Mutations for labeling are shown as blue spheres. Arrows on both molecules are color-
matched to show the expected relative distances compared with the three AS FRET constructs
described in the text: AS-S9C-T72C (red), AS-T33C-T72C (yellow), AS-S9C-T33C (blue).
All mutations are in the helix-forming region (residues 1–90) and FRET between these
locations distinguishes between these possible structural models
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Figure 2.
ETeff histograms of AS-S9C-T72C in buffer (A) or in the presence of 40 mM SDS (B). Each
histogram contains >2000 events. The high ETeff observed in the micelle bound form of AS
indicates that residues 9 and 72 are brought into close proximity, as expected based on the
model illustrated in Figure 1. The lack of measurable energy transfer for the vesicle bound
protein (not shown) suggests that the protein takes a more extended conformation when bound
to vesicles.
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Figure 3.
ETeff histograms of AS-T33C-T72C in buffer (A) or in the presence of 40 mM SDS (B) or 160
µM POPS (C). In contrast to AS-S9C-T72C, we are able to observe three distinct conformations
in the three measurement conditions for this construct. Of primary importance is that this data
distinguishes between the micelle bound (B) and vesicle bound (C) conformations of AS and
supports that the vesicle bound protein is more extended (Figure 1).
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