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Background: Parkinson disease protein a-synuclein has sequence similarity with apolipoproteins.
Results: a-Synuclein can generate nanoparticles from phospholipid membranes and fatty acids by taking up a broken helical

structure.

Conclusion: These nanoparticles have shapes and dimensions reminiscent of apolipoprotein nanodiscs.
Significance: The data suggest apolipoprotein-like roles for a-synuclein as a lipid- or fatty acid-carrying protein.

a-Synuclein (aS) is a membrane-binding protein with
sequence similarity to apolipoproteins and other lipid-carrying
proteins, which are capable of forming lipid-containing nano-
particles, sometimes referred to as “discs.” Previously, it has
been unclear whether aS also possesses this property. Using
cryo-electron microscopy and light scattering, we found that aS
can remodel phosphatidylglycerol vesicles into nanoparticles
whose shape (ellipsoidal) and dimensions (in the 7-10-nm
range) resemble those formed by apolipoproteins. The molar
ratio of aS to lipid in nanoparticles is ~1:20, and «S is oligo-
meric (including trimers and tetramers). Similar nanoparticles
form when aS is added to vesicles of mitochondrial lipids. This
observation suggests a mechanism for the previously reported
disruption of mitochondrial membranes by aS. Circular dichro-
ism and four-pulse double electron electron resonance experi-
ments revealed that in nanoparticles aS assumes a broken
helical conformation distinct from the extended helical confor-
mation adopted when asS is bound to intact vesicles or mem-
brane tubules. We also observed aS-dependent tubule and
nanoparticle formation in the presence of oleic acid, implying
that oS can interact with fatty acids and lipids in a similar man-
ner. aS-related nanoparticles might play a role in lipid and fatty
acid transport functions previously attributed to this protein.

a-Synuclein (aS)* is an abundant protein in the brain that
has been implicated in the pathogenesis of Parkinson disease
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(1-7). Although its physiological functions are not fully under-
stood, various membrane-related roles have been proposed as
follows: in neuronal plasticity; stabilization of synaptic vesicles;
modulation of neurotransmitters; regulation of vesicular traf-
ficking; and brain metabolism (8 —~10). Membrane interaction
has also been proposed to play a significant role in the patho-
genesis of Parkinson disease, as aS can disrupt cellular mem-
branes. Damage to mitochondria is a commonly found feature
of aS expression (11-15), but disruption of other cellular mem-
branes such as Golgi (16, 17), lysosomes (18), endoplasmic
reticulum, and nucleus (19) has also been reported.

The membrane interaction of «S is mediated by seven 11-
amino acid repeats present in the first ~90 amino acids. Remark-
ably, this region can take up a variety of structures upon mem-
brane interaction. Most commonly observed is an extended
helical structure (20-25), but broken helical structures (23,
26 -29) or much shorter helical structures (30) have also been
reported. Itis clear that the structure of aS can be quite variable
and depends on the particular lipids involved (23, 25). An
important determinant for aS structure is whether or not ves-
icles stay intact during binding (23, 31). Vesicle-bound aS typ-
ically has an extended helical structure, whereas conditions that
disrupt vesicles can lead to rather different structures (23). We
previously reported that aS can induce membrane curvature
and that it can convert large phospholipid vesicles into bilayer
tubes and cylindrical micelles (25, 31). In addition, small vesi-
cles and small nonvesicular structures can form at higher pro-
tein-to-lipid ratios. We refer to the latter structures as nanopar-
ticles because their dimensions, albeit variable, are of the order
of 10 nm. Tubulation was also independently observed using a
supported bilayer system (32), and vesiculation was found in
the case of mitochondrial membranes (12). Induction of mem-
brane curvature occurs at physiological concentrations using
brain lipid extracts (33) and is thought to affect SNARE-medi-
ated vesicle fusion (34).

Whereas tubulation is mediated by an extended helical struc-
ture of aS (25), much less is known about the nanoparticles.

dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl).
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Their dimensions are reminiscent of those seen in lipoprotein
particles formed by apolipoproteins, perilipins, TIP47, and adi-
pophilin (35, 36). Apolipoproteins are involved in lipid trans-
port, whereas perilipins, TIP47, and adipophilin bind to lipid
droplets and control triglyceride metabolism (37, 38). Their
ability to complex with and carry lipids is thought to be of func-
tional relevance (36, 38, 39). These lipoprotein particles are
often referred to as discs, but recent evidence indicates that
their structures are ellipsoidal in solution (40 —43). A range of
such structures is likely to exist depending on the exact condi-
tions, including protein-to-lipid ratio. aS shares sequence sim-
ilarity with apolipoproteins, perilipins, TIP47, and adipophilin
in the sense that all of these proteins contain 11-amino acid
repeat regions. There is some indication that S plays a role in
the transport and trafficking of lipids. aS has been shown to
accumulate on triglyceride-rich lipid droplets (44, 45) and to be
associated with microsomes. aS is associated with neuromela-
nin, lipid droplets that are present in neurons of substantia
nigra (46). It is not known, however, whether aS can form lipo-
protein particles similar to those of other 11-amino acid repeat
containing proteins.

aS is also thought to participate in fatty acid transport as well
as metabolism (47-51), and fatty acids induce aS oligomeriza-
tion (51-53). However, the nature of these oligomers and spe-
cifics of the interactions of lipids and fatty acids with &S remain
to be determined.

To ascertain the properties of the aS-lipid nanoparticles and
assess their similarity to previously reported apolipoprotein-
like proteolipid particles, we investigated their structure using
circular dichroism (CD), cryo-electron microscopy (cryo-EM),
fluorescence spectroscopy, electron paramagnetic resonance
(EPR) spectroscopy, and light scattering. We find that they have
an overall ellipsoidal architecture analogous to that reported
for apolipoproteins. In these complexes, aS forms helical olig-
omers and assumes a shorter broken helical structure, indicat-
ing that in nanoparticles its interaction with lipid is distinctively
different from its interaction with liposomes. We observe the
formation of nanoparticles from a variety of negatively charged
membranes, including liposomes that mimic mitochondrial
membranes. In addition, we find that aS can form small oligo-
meric complexes in the presence of fatty acids. These data
strongly suggest that oS has the ability to function as an apoli-
poprotein-like, intracellular lipid-carrying protein. It might be
important to control this property in vivo to avoid disruption of
cellular membranes.

EXPERIMENTAL PROCEDURES

Purification of Wild-type and Mutant o-Synuclein—The
human wild-type and mutant «-synuclein were expressed in
Escherichia coli BL21 (DE3) pLysS cells and generated as
reported earlier (54). Briefly, cells were lysed by boiling, fol-
lowed by acid precipitation. Supernatant was passed through
anion exchange columns and eluted with a 0-1.0 M NaCl
gradient.

Preparation of Phospholipid Vesicles—The following syn-
thetic lipids were used to prepare different membrane
compositions: 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-RAC-
(1-glycerol)] (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
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phocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
L-serine (POPS), L-a-phosphatidylinositol (liver, bovine), cardi-
olipin (heart, bovine), cholesterol, and sphingomyelin (brain).
All lipids were purchased from Avanti Polar Lipids Inc. (Ala-
baster, AL). Large nonextruded vesicles were prepared by vor-
texing the dried lipid film in the required buffer.

Purification of Lipoprotein Particles—a-Synuclein was incu-
bated with POPG-containing vesicles at a protein-to-lipid
molar ratio of 1:10 for an hour. The mixture was then subjected
to ultracentrifugation for 10 min at 120,000 X g. The superna-
tant was passed through a Superdex 200 size exclusion column
at a flow rate of 0.5 ml/min. Fractions were collected and used
for further analyses.

Fluorescence Resonance Energy Transfer (FRET)—A single
cysteine mutant of S (position 131) was conjugated to fluores-
cent dye Alexa488 or Alexa546 using the thiol-reactive Alexa
Fluor 488 C, maleimide and Alexa Fluor 546 C; maleimide
(Invitrogen). Unconjugated dye was separated using a PD10
desalting column (GE Healthcare). FRET was monitored by
recording the spectra from 500 to 650 nm on a Jasco fluorom-
eter (FP-6500), using excitation at 488 nm. The FRET measure-
ments of the monomer were from a freshly prepared sample
that was filtered through a 30-kDa cutoff filter (Millipore).

Cross-linking and SDS-PAGE—Purified nanoparticles and
aS were subjected to cross-linking using 0.1% glutaraldehyde
(Electron Microscopy Sciences) followed by SDS-PAGE. 12%
NuPAGE Bistris gels (Invitrogen) were used with NuPAGE
MES running buffer for separation. Visualization was done by
staining the gels with SimplyBlue safe stain (Invitrogen) for 1 h
followed by destaining with ultra pure water for 12 h.

Estimation of Protein-to-Lipid Ratio in Nanoparticles—The
protein-to-lipid ratio of gel filtration-purified nanoparticles
was estimated by simultaneously labeling protein and lipid. aS
was labeled at position 131 with N,N’-dimethyl-N-(iodoacetyl)-
N'-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine
(IANBD) (Invitrogen) as described previously (25). The protein
concentration could then be estimated by measuring the
absorbance at 478 nm and using the extinction coefficient
(18,492 M~ ') of IANBD (after correction for labeling effi-
ciency). Lipid amounts were estimated in an analogous manner.
An extinction coefficient of 58,600 M~ ' was used for 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhoda-
mine B sulfonyl) (rhodamine-DOPE) to calculate lipid concen-
tration. We used 1% rhodamine-DOPE for both POPG and
cardiolipin/POPC 20:80% nanoparticles. After collecting dif-
ferent gel filtration fractions, we measured the absorbance at
478 and 570 nm using a UV-visible spectrophotometer and
then calculated the protein (Cp) and lipid (C;) concentrations,
respectively. Finally, the protein-to-lipid molar ratio in differ-
ent gel filtration fractions was obtained by obtaining C,/C;.

Circular Dichroism—The CD spectra were obtained using a
Jasco J-810 spectropolarimeter with a 1-mm quartz cell at room
temperature. The parameters used were as follows: scan rate of
50 nm/min, bandwidth of 1 nm, time response of 0.1 nm, and
step resolution of 0.5 nm. Protein concentration was deter-
mined using the extinction coefficient of protein at 280 nm
based on the number of tyrosine molecules in the protein.

JOURNAL OF BIOLOGICAL CHEMISTRY 17621



a-Synuclein Forms Lipoprotein Nanopatrticles

Appropriate blanks were collected under similar conditions
and were subtracted to obtain the final spectra. A 10 mMm
sodium phosphate (pH 7.4) buffer was used for all CD studies.

Dynamic Light Scattering—Dynamic light scattering mea-
surements of lipid vesicles and samples obtained after gel filtra-
tion were performed in a quartz micro-cuvette with a 1-cm path
length and a 10-ul volume at room temperature using a Wyatt
DynaPro Nanostar Dynamic Light Scattering instrument
(Wyatt Technology, Santa Barbara, CA). The data were pro-
duced by a regularization fit and analyzed using Dynamics 7.0
software. Percent mass was used as the y axis value. The calcu-
lated radii were sphere-equivalent radii obtained using the Ray-
leigh sphere model.

Electron Microscopy—To prepare negatively stained speci-
mens, carbon-coated Formvar films mounted on copper grids
(EMS) were floated on 10-ul droplets of sample for 5 min, and
the excess liquid was blotted off before staining with 1% uranyl
acetate. A JEOL 1400 transmission electron microscope oper-
ated at 100 kV was used for imaging.

Cryo-electron Microscopy/Image Analysis—Samples were
applied to holey carbon grids (Quantifoil) and vitrified in a Vit-
robot cryo-station (FEI). The humidity was carefully controlled
to avoid drying-related deformation of membranes. Specimens
were observed with a CM200-FEG (FEI), and images were
recorded on film (SO163, Eastman Kodak Co.). Digitization was
performed on a SCAI scanner (Carl Zeiss) at final sampling
rates of 1.84 or 0.966 A/pixel. 628 particles were selected for
further analysis. K-means-based reference-free classification
and subsequent averaging were performed using SPIDER (55)
and EMAN (56). For detailed classification, principal compo-
nent analysis was also used.

Spin Labeling of Cysteine Mutants and Continuous Wave-
EPR—asS single or double cysteine mutants were incubated
overnight at 4 °C with a 5-fold molar excess of the 1-oxyl-
2,2,5,5-tetramethylpyrroline-3-methyl-methane-thiosulfonate
spin label (R1). PD10 columns (GE Healthcare) were used to
remove excess spin label. The spin labeled aS is referred to as
R1-labeled protein.

Continuous wave-EPR spectra were recorded from vesicle-
or oleic acid-bound aS at a protein-to-lipid/fatty acid molar
ratio of 1:100 in 20 mMm Hepes (pH 7.4), 100 mm NaCl buffer.
Unbound protein was removed from vesicle- or oleic acid-
bound aS by pelleting in an ultracentrifuge for 1 h at 120,000 X
g. Spectra were recorded using a Bruker EMX X-band continu-
ous wave-EPR spectrometer with a dielectric resonator at 1.59-
milliwatt incident microwave power, using a field modulation
of 1.5 G. As reported previously (22), sharp lines from back-
ground labeling were subtracted using software provided by
Christian Altenbach (UCLA). Subsequently, all spectra were
amplitude-normalized.

Pulsed EPR and Distance Analysis—Samples were prepared
at a protein-to-lipid ratio of 1:10. For all experiments, 10—-20%
fully spin-labeled protein, containing two spin labels per pro-
tein, was mixed with unlabeled wild-type protein and incubated
for 5 min before adding it to the lipid vesicles. To perform
four-pulse double electron electron resonance (DEER) mea-
surements on nanoparticles formed from POPG, the mixture of
aS and POPG vesicles was incubated for 1 h and then ultracen-
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trifuged for 10 min at 120,000 X g to separate the tubes from
unbound protein and lipoprotein particles. Purification of lipo-
protein particles was performed by passing through a Superdex
200 size exclusion column at a flow rate of 0.5 ml/min. Fractions
were collected and used for analysis. In the case of oleic acid, the
nanoparticles could not be purified to concentrations required
for pulsed EPR measurements using the abovementioned
methodology. Therefore, we carried out DEER experiments
with samples at different protein-to-lipid ratios where nano-
particles (1:5) and tubes (1:40) are strongly favored. In both
cases unbound protein was removed by ultracentrifugation for
1 h at 200,000 X g. The pellet consisting of nanoparticles or
tubes was used for DEER experiments. Four-pulse DEER exper-
iments were performed using a Bruker Elexsys E580 X-band
pulse EPR spectrometer fitted with a 3-mm split ring (MS-3)
resonator, a continuous-flow cryostat (CF935, Oxford Instru-
ments), and a temperature controller (ITC503S, Oxford Instru-
ments). All samples, in 15% sucrose, were flash-frozen, and data
were acquired at 78 K. The data were fitted using Tikhonov
regularization (57) as implemented in DEERAnalysis2011
packages (58). The background contribution from nonspecific
interaction was subtracted, using a three-dimensional model
for nanoparticle-bound aS. Tikhonov regularization was used
with regularization parameters of 100 or less obtained from the
L-curve analysis to fit distances.

RESULTS

a-Synuclein Forms Small Lipoprotein Particles—To investi-
gate the nanoparticles, we first devised a protocol to separate
them from small vesicles and tubes that also form when aS is
incubated with large phosphatidylglycerol-containing vesicles
(25, 31). High speed ultracentrifugation was used to pellet the
long tubular structures. The supernatant, which contained a
mixture of small tubes, vesicles, and nanoparticles (Fig. 14),
was then further fractionated by gel filtration. Two main elu-
tion peaks were observed (Fig. 1B). The latter peak eluted at the
same position as free aS (~12.5 ml) and had the characteristic
random coil CD spectrum (Fig. 1C, red spectrum). In contrast,
all fractions from the first peak were a-helical, according to CD
(Fig. 1C, blue spectrum).

Negative stain EM indicated that this peak contained two
main species. Whereas the earlier fractions consisted mainly of
small vesicles (Fig. 24) with some short tubular structures, the
latter portion of this peak was mainly composed of small round-
ish structures, i.e. the nanoparticles (Fig. 2B). To further char-
acterize them in solution, we performed dynamic light scatter-
ing experiments. As illustrated in Fig. 2C, a hydrodynamic
radius peak was observed at ~7 nm. This is too small to repre-
sent vesicles, which are generally at least 10 nm in radius (59).

The nanoparticles were then examined by cryo-EM (Fig. 34).
A sizeable set of images (n = 628) was subjected to classification
and class-averaging procedures. The number of distinct classes
was not sharply defined, but classes that gave consistent fea-
tures in the averages were a robust feature of the analysis,
regardless of how many classes were specified (Fig. 3B). The
majority of class averages show round particles with low density
central regions, which vary in diameter from 10 nm (classes 1
and 2) to about 8.5 nm (classes 4—6) to about 6.5 nm (classes
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FIGURE 1. Purification of lipoprotein nanoparticles formed by a-sy-
nuclein. A, supernatant obtained after ultracentrifugation of wild-type aS
incubated with POPG vesicles at a protein-to-lipid molar ratio of 1:10. White
arrowheads indicate nanoparticles. Scale bar, 100 nm. B, separation of smaller
nanoparticles by gel filtration after incubating aS with POPG vesicles. Green
trace represents protein alone, and blue trace shows the supernatant
obtained as described for A. C, circular dichroism spectra of aS alone (red
curve) and fraction 8- 8.5 ml (blue curve) of gel filtration after incubating wild-
type aS with POPG vesicles. mAU, milliabsorbance unit.

7-9). Some of the particles are oval rather than round (class 5)
with an axial ratio of about 1.2, and in some cases, the periph-
eral zone of higher density intrudes into the central region
(class 2). Overall, the data suggest a certain degree of intrinsic
heterogeneity as the smallest round particles cannot represent
an alternative view (a potential source of image variability) of
the largest round particles. All of the class averages present
higher peripheral density, suggesting that aS is wrapping
around the lipids in a ring-like manner. Such an architecture
has previously been suggested for early discoidal high density
lipoprotein particles formed by apolipoprotein A-1 (apoA-1)
(43, 60).

Small unilamellar vesicles (SUVs) composed of POPG are
commonly used for studying the interactions of aS with mem-
branes (23, 27, 61-63). We have previously shown that &S can
also disrupt such vesicles (23), but the morphology of the result-
ing structures has not been described in detail. As shown in Fig.
3C, incubation of aS with SUVs also resulted in the formation
of small lipoprotein particles. Their size and shape were indis-
tinguishable from those obtained from large vesicles (Fig. 34)
(25). Again, aS-containing nanoparticles could be purified by
gel filtration, eluting at the same position and with an a-helical
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FIGURE 2. a-Synuclein forms proteolipid nanoparticles. A, negative stain
electron micrograph of gel filtration fraction (6-8 ml) of supernatant
obtained after high speed ultracentrifugation; see Fig. 1B. Scale bar, 100 nm.
B, negative stain electron micrograph of purified (fraction 8-8.5 ml) ~10-
17-nm sized particles formed when large POPG vesicles (600 um) were incu-
bated with aS (60 um). Scale bar, 100 nm. G, analysis by dynamic light scatter-
ing showed that particles of ~7 nm average hydrodynamic radius are formed
in the presence of aS (8-8.5 ml) of gel filtration (red trace) as compared with
POPG vesicles without protein (blue trace).

X7 A

FIGURE 3. CryoEM images of aS-induced nanoparticles at a protein-to-lipid
ratio of 1:5 from MLVs (A) and SUVs (C) are shown. B, class averages of 628
selected nanoparticles induced by aS-MLVs. The size of these particles varies
from 7 to 10 nm. Scale bar, A and C, 100 nm; B, 10 nm.

signature, as judged by CD (data not shown). The main differ-
ence encountered when using SUV was the absence of the long
tubular structures, sometimes up to microns in length that were
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produced when large vesicles were used (25, 31). Thus, it
appears that the much fewer lipids available in a single SUV are
insufficient for the formation of micrometer long tubes, which
require a more substantial amount of lipid. In fact, assuming
average sizes of SUV and large vesicles of 25 and 1000 nm, the
large vesicles contain about ~3000-fold more lipid. This ratio
in lipid numbers approximately correlates with the different
tubule lengths, which are on the order of 100 nm and 100 um,
respectively.

aS Is Oligomeric on Nanoparticles—To test for oligomeriza-
tion of aS, we performed FRET and cross-linking experiments.
For FRET experiments, aS was labeled with Alexa488 as donor
and Alexa546 as acceptor. The respective derivatives were then
mixed, and the fluorescence emission spectra were recorded for
different preparations. A FRET signal between 550 and 600 nm
was observed from aS nanoparticles that were isolated by gel
filtration (Fig. 4A, black trace). This signal was absent for
monomeric derivatives in the absence of lipids (Fig. 44, red
trace). Binding of the fluorescently labeled derivatives to SUVs
under conditions that prevent membrane remodeling and keep
vesicles intact (23) also did not result in enhanced FRET com-
pared with monomer (Fig. 44, green).

To further characterize the oligomeric state of aS on nano-
particles, we performed SDS-PAGE (Fig. 4B). Using glutaralde-
hyde cross-linking, dimeric, trimeric, and tetrameric bands
were well resolved for nanoparticles (Fig. 4B, lane 2) after 30 s of
cross-linking. At longer times (1 min) of cross-linking (Fig. 4B,
lane 3), the cross-linking became more pronounced but the
bands were also more smeared. Importantly, even the longer
cross-linking times did not show appreciable cross-linking of
monomeric aS (Fig. 4B, lane 5) or vesicle-bound aS (lane 6). In
the absence of cross-linker, the trimer and tetramer bands of
the nanoparticles weakened (Fig. 4B, lane 1), but a dimer band
remained. Collectively, these data indicate that aS forms oligo-
mers on nanoparticles, but not on un-remodeled, intact
vesicles.

The simultaneous use of fluorescently labeled proteins and
lipids allowed us to provide an estimate of the protein-to-lipid
ratio in nanoparticles. For these experiments, we used gel filtra-
tion to purify nanoparticles, and from the absorbances of the
labeled proteins and lipids we were able to estimate the respec-
tive concentrations and obtain protein-to-lipid ratios of
~1:20-25 (Fig. 4C).

oS in Lipoprotein Nanoparticles Has a Different Structure
than on Membrane Tubes or Vesicles—asS takes up an extended
helical conformation when bound to vesicles (20 -24) or tubes
(25). To investigate its structure in nanoparticles, we measured
intramolecular distances using four-pulse DEER experiments.
Nanoparticles were generated from either large vesicles or
SUVs and purified using the aforementioned gel filtration pro-
tocol. Three double mutants were used with spin labels (R1)
either at positions 11 and 26 (11R1/26R1), at positions 22 and
52 (22R1/52R1), or at positions 63 and 81 (63R1/81R1) (Fig.
5A). Residues 11 and 26 are expected to be in the same helix
regardless of whether a single extended helix or a two-segment
helix is formed (23, 29). Indeed, with the 11R1/26R1 derivative,
the nanoparticles gave rise to distance distributions (Fig. 5B, top
panel) rather similar to those obtained in prior studies on vesic-
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FIGURE 4. Nanoparticles contain multiple S molecules. A, increase in fluo-
rescence resonance energy transfer (FRET) on nanoparticles formed from
POPG vesicles (black) was measured by mixing them with aS labeled with
Alexa488 and Alexa546. The POPG nanoparticles were purified using the
aforementioned gel filtration protocol before testing for FRET. No FRET
enhancement compared with monomer (red) was observed when aS was
added to POPS/POPC 3/7 SUVs (green) under conditions known to keep the
vesicles intact (23). Increasing the concentration of monomeric protein
10-fold higher than nanoparticles did not lead to an increase of emission
intensity at 570 nm. A protein-to-lipid molar ratio of 1:10 was used. B, SDS-
PAGE with or without cross-linking was used to ascertain the number of
aS-molecules per nanoparticle. Lane 1, noncross-linked nanoparticles from
POPG; lane 2, cross-linked nanoparticles after 30 s of incubation with 0.1%
glutaraldehyde; lane 3, cross-linked nanoparticles after 1 min of incubation
with 0.1% glutaraldehyde; lane 4, noncross-linked monomeric aS control;
lane 5, cross-linked monomeric aS control after 1 min of incubation with 0.1%
glutaraldehyde; lane 6, aS cross-linked with 0.1% glutaraldehyde for 1 minin
the presence of POPS/POPC 3/7 SUVs. G, gel filtration trace of the early nano-
particle-containing fractions. The red trace represents the absorbance at 478
nm of IANBD-labeled S, and the blue trace represents the absorbance at 570
nm of POPG containing 1% rhodamine-DOPE. A C./C, (see “Experimental
Procedures”) of ~1:20 was obtained for the nanoparticle-containing fraction
(8-8.5 ml) indicating the presence of ~1 aS molecule per 20 molecules of
lipid. AU, arbitrary units of fluorescence intensity; mAU, milliabsorbance units.
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FIGURE 5. Spin-label intramolecular distances from four-pulse DEER
experiment. A, numbers mark the positions of double mutants in a bent helix
(SDS-bound structure of aS top) versus extended helix (SUV-bound structure
of aS bottom). The light blue line shows the connectivity between the two
double mutants used in this study. The distances shown are from previous
NMR studies of the SDS-bound structure of aS (top) and from 4-pulse DEER
experiments of the SUV-bound structure of S (bottom). B, dipolar evolution
for aS 11R1-26R1 (top left), 22R1-52R1 (middle left), and 63R1-81R1 (bottom
left) for nanoparticles purified after incubating oS with POPG SUVs is shown.
The black trace denotes background-corrected experimental data. The red
curve depicts fit using L-curve Tikhonov regularizations, and the right panels
show the resulting intramolecular distance distributions in solid black.
Because of significantly better signal-to-noise ratios, shorter scans were used
to carry out Tikhonov regularization. An enhanced signal-to-noise ratio com-
pensated the increased uncertainty arising from shortened time scan. To
compare with distances obtained for same R1 pairs on tubes, data obtained
from our previous study for respective R1 pairs on micellar tubes have been
indicated by broken lines.
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ular and tubular structures (23, 25). In contrast, the distance
separating residues 22 and 52 is strongly dependent on the
structure into which oS is incorporated (23, 28, 29). With the
22R1/52R1 derivative, very different spacings were observed
(Fig. 5B, middle panel). Unlike the 46 —50 A observed on tubes
and vesicles, the DEER data from nanoparticles yielded dis-
tances of ~27 A (Fig. 5B). These data are incompatible with an
extended helical structure, but they are compatible with a two-
segment helical structure. 63R1/81R1 yielded a distance com-
patible with a helix within this region, but the distance distri-
bution was broader than that obtained in our previous study
with SUVs (Fig. 5B, bottom panel). This could indicate the pres-
ence of multiple conformations of aS, perhaps including some
less ordered structures in this region, as suggested previously
(30). Moreover, similar distances were obtained for nanopar-
ticles regardless of whether they were formed from SUVs or
large vesicles (data not shown). Taking these observations
together with their similar appearance in cryo-EM, it is likely
that nanoparticles from both sources are closely related.

a-Synuclein Forms Nanoparticles with Physiologically Rele-
vant Lipids and Fatty Acids—Next we investigated whether aS
forms nanoparticles in the presence of more physiologically
relevant lipids. It has been reported that &S can interact with
mitochondrial membranes and that overexpression of aS can
disrupt mitochondrial membrane integrity (11-14, 64). Dam-
age to mitochondrial membrane has been attributed to the
direct membrane interaction of aS and specifically to cardioli-
pin, which is present in both outer and inner mitochondrial
membranes (15). To investigate how aS might interact with
mitochondrial membranes and potentially disrupt their integ-
rity, we incubated aS for 1 h with multilamellar vesicles with a
lipid composition commonly used to mimic mitochondrial
membranes. After ultracentrifugation, the supernatant was
visualized by EM (Fig. 6, A and B). Indeed, aS formed nanopar-
ticles similar to those observed with POPG vesicles. When sub-
jected to gel filtration, the nanoparticles again eluted after the
void volume peak. By monitoring the absorbance of fluores-
cently labeled aS and lipid of these isolated nanoparticles, we
estimated the protein-to-lipid ratio to be on the order of
~1:20-25 for these nanoparticles (data not shown). FRET data
further confirmed the presence of aS oligomers in nanopar-
ticles formed from cardiolipin/POPC vesicles (Fig. 6C). Unfor-
tunately, the lower yields under these conditions (compared
with POPG) prevented us from obtaining high quality four-
pulse DEER data. It should be noted that negatively charged
membranes are required as we could not generate nanopar-
ticles from the neutral phosphatidylcholine-containing vesicles
(data not shown).

The interaction of S with free fatty acids is thought to be of
physiological relevance, and it is known that oS oligomerizes
upon addition of free fatty acids (45, 48, 50, 52, 65) possibly
causing the formation of helical conformations related to those
described above (66). To test whether «S has a similar means of
interacting with fatty acids as with lipids, we incubated the pro-
tein with oleic acid under various «S-to-oleic acid ratios.
According to CD, increasing amounts of oleic acid give rise to
enhanced helicity (Fig. 6D, red squares). Next, we used contin-
uous wave EPR to test whether fatty acid binding, like mem-
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FIGURE 6. a-Synuclein forms nanoparticles from vesicles mimicking
mitochondrial membranes. A, oS with vesicles mimicking mitochondrial
membrane (POPC/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine/
POPS/L-a-phosphatidylinositol/cardiolipin/sphingomyelin/cholesterol =
39:34:1:5:18:1:2%). Scale bar, 100 nm. B, &S with vesicles composed of card-
iolipin/POPC (20:80%). Arrowheads point to some of the nanoparticles. The
P/Lratio was 1:10.Scale bar, 100 nm. C, nanoparticles formed from POPG, oleic
acid, and cardiolipin/POPC vesicles contain multiple aS molecules. Percent
increase in acceptor fluorescence (FRET) intensity on nanoparticles formed by
aS labeled with Alexa488 and Alexa546 is shown. Fluorescence intensity of aS
labeled with Alexa488 and Alexa546 in the absence of lipid was used as con-
trol to calculate percent increase of acceptor fluorescence intensity at 570
nm. No FRET enhancement was seen with POPS/POPC SUV vesicle control,
which was intact under conditions previously shown (23). D, aS helicity inc-
reases with increasing amounts of oleic acid. Mean residue molar ellipticity
(O, right y axis) at 222 nm (red square) is plotted against the indicated oleic
acid/aS molar ratios. Ordering of amino acids at position 10 (green triangle),
22 (blackcircle), 70 (blue circle),and 131 (black square) was monitored by moni-
toring the change in central line amplitude (left y axis) as a function of incre-
asing oleic acid concentration using continuous wave EPR. E, continuous
wave EPR spectra of oS in the presence of oleic acid or POPG. Residues in the
N-terminal membrane binding region tested for their ability to bind to oleic
acid (red spectra) showed comparable structuring to that reported with POPG
(black spectra) vesicles. C-terminal residues (103R1 and 131R1) largely rema-
ined unstructured with oleic acid or POPG vesicles. F, tubes formed after inc-
ubating aS with oleic acids at a protein-to-fatty acid molar ratio of 1:20. Scale
bar, 100 nm. G, nanoparticles formed upon incubating aS with oleic acids ata
molar ratio of 1:5. Scale bar, 100 nm.
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brane binding, is mediated by the N-terminal region of the mol-
ecule. Toward this end, EPR spectra of spin-labeled S
derivatives were recorded as a function of oleic acid concentra-
tion. When spin labels were introduced in the N-terminal
region of the molecule (10R1, 22R1, and 70R1), the interaction
with oleic acid caused a progressive decrease in the amplitude
of the EPR spectra (amplitudes are plotted in Fig. 6D) that cor-
responded to the structuring observed by CD (Fig. 6D). In con-
trast, only minor changes in spectral amplitude were obtained
for the C-terminal labeling site (131R1) (Fig. 6D). The EPR
spectra of the fatty acid-bound forms (Fig. 6E, red traces) show
that sites in the N-terminal membrane-binding region (10R1,
22R1, 70R1, and 87R1) have intermediate mobility consistent
with an ordered structure. In contrast, sites in the C terminus
(103R1 and 131R1) exhibit a high mobility that is characteristic
for a disordered structure. Thus, similar regions are involved in
fatty acid and membrane binding. For comparison, we also
recorded the EPR spectra of POPG-bound «S derivatives under
the equivalent protein-to-lipid ratios (Fig. 6E, black traces).
Qualitatively similar spectra were observed further supporting
potential similarities between fatty acid and lipid binding.

Next, we used electron microscopy to test whether similar
morphologies could be observed in the case of lipid and fatty
acid-bound aS. Indeed, at a protein-to-fatty acid molar ratio of
1:20 to 1:40, we observed narrow tubular structures that have
dimensions similar to those seen in cylindrical micelles from
POPG (Fig. 6F) (25). At a higher protein content (e.g. a ratio of
1:5), we observed small round structures reminiscent of those
observed with phosphatidylglycerol or mitochondrial lipids
(Fig. 6G). The fatty acid-containing nanoparticles (~20-30 nm
in diameter by negative stain EM) were stable during gel filtra-
tion, and FRET measurements of the purified nanoparticles
again indicated the presence of S oligomers (Fig. 6C).

To test for further structural similarities between POPG and
oleic acid-bound aS, we used four-pulse DEER experiments at
different oS to fatty acid ratios. The 22R1/52R1 derivative was
used, because it is a sensitive indicator for extended or broken
helical structures (Fig. 54). Under conditions that favor the
formation of cylindrical micelles (protein-to-oleic acid ratio of
1:40), we mainly observed long distances (Fig. 7) consistent with
an extended helical structure (Fig. 5A4). In contrast, larger pro-
tein-to-fatty acid ratios (1:5), which favor the formation of
nanoparticles, gave short distances that are incompatible with
an extended helical structure (Fig. 7). These data further illus-
trate the structural similarities between lipid and fatty acid-
bound aS.

DISCUSSION

Based on the sequence similarity between apolipoproteins,
TIP47, perilipins, and aS, it has long been suspected that aS
might be capable of forming lipoprotein particles. However, in
the presence of neutral lipids commonly used with apolipopro-
teins, such structures could not be generated (67). The key dif-
ference in this study is the use of negatively charged lipids or
fatty acids. Otherwise, our conditions, including the protein-to-
lipid ratios, were comparable with those used in earlier studies
with apolipoproteins, TIP47, and perilipin lipoprotein particles
(35, 36, 43).
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FIGURE 7. Intramolecular distance measurements of oleic acid-bound aS
using four-pulse DEER. Measurements were carried out using the 22R1-
52R1 derivative at 1:5 (A) and 1:40 (B) protein to fatty acid ratios. The dipolar
evolution of aS 22R1-52R1 is shown on the left. The black traces denote back-
ground-corrected experimental data. The red curves depict a fit using Tik-
honov regularization, and the right panels show the resulting intramolecular
distance distributions in black.

The aS-containing nanoparticles share a number of similar-
ities with those described for the aforementioned proteins.
First, their sizes as determined by both EM and light scattering
are closely similar. Second, multiple apolipoprotein molecules
wrap their helices around the lipid core to form apolipoprotein-
lipid particles. Our FRET and SDS-PAGE data are consistent
with S being oligomeric on nanoparticles as well. The largest
oligomer we can clearly resolve on gels is a tetramer (Fig. 4B).
Based on our estimate of a protein-to-lipid ratio of 1:20 to 1:25,
such a tetramer would contain ~80-100 lipids, a number that
is close to that obtained for apolipoprotein nanoparticles or
discs (43). Based on the average size of a lipid, a bilayer made
from 80-100 lipids would be about 5—6 nm in diameter. If aS
molecules were to be wrapped around such a lipid core, the
nanoparticle would take up a size similar to that observed by
cryo-EM studies. In fact, the class average images for the
aS-lipid particles (Fig. 3B) are consistent with a model in which
multiple helical oS wrap around a central lipid-filled core.
Third, the class averages have the appearance of discoid struc-
tures, but, as explained above, these particles are not likely to be
perfectly flat; rather, the cryo-EM data suggest that these
“discs” have ellipsoidal shapes. This feature is in agreement
with recent studies on apolipoproteins that showed by other
approaches that the apolipoprotein/lipid particles are ellipsoi-
dal in solution (40, 42, 43). A fourth similarity between apoli-
poproteins and S is the ability to clear the light scattering of
large vesicles (Fig. 2C) (31, 68) by converting them into smaller
structures, including tubes, small vesicles, and lipoprotein par-
ticles. We previously reported that apolipoproteins are also
capable of forming tubes (31). Whether tubes act as precursors
of nanoparticles remains to be tested.
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FIGURE 8. Summary of a-synuclein structure on different lipid assem-
blies. A, aS forms an extended helical structure on SUVs and tubes; B, with
SDS and SLAS, it forms bent a helical structure. C, aS does not take up a single
extended helix on aS-lipid nanoparticles. Red cylinders indicate the shorter
helical structure as compared with an extended helix. Multiple aS molecules
could be bound on nanoparticles similar to that proposed for apolipoprotein
particles (see text).

Considering that aS is thought to play a role in lipid transport
and metabolism in vivo (47, 69-75), its apolipoprotein-like
lipid binding and carrying abilities are likely to be of functional
relevance. Its preference for negatively charged membranes
might be important in this context. The extracellular localiza-
tion of apolipoproteins exposes them to more neutral lipids,
although the intracellular localization of aS leads to it encoun-
tering more negatively charged phospholipids. In fact, under
some conditions aS is exposed to very high concentrations
(~20%) of negatively charged cardiolipin in the inner mito-
chondrial membrane. An increased accumulation of aS at the
inner mitochondrial membrane is linked to mitochondrial dys-
function in Parkinson disease (15, 76). Our present data indi-
cate that this disruption could be due, at least in part, to the
ability of aS to remove and carry negatively charged lipids. As in
prior studies on apolipoproteins (43, 77, 78), the protein-to-
lipid ratios in the present experiments were high. Although the
exact concentrations in the brain are not known, aS has been
estimated to be present at concentrations as high as hundreds
of micromolars (79—-81). The overall concentration of lipid
membranes in a typical cell has been estimated to be in the low
millimolar range (82). Thus, the ratios used may not be too
different from intracellular conditions.

The structural characterization of membrane-bound oS has
led to some controversy because many different structures have
been invoked. Here, we find that these seemingly contradictory
results can be reconciled if one considers the ability of aS to
remodel membranes. When aS binds to intact vesicles, it takes
up an extended helical structure (Fig. 8A4). A related extended
helical structure is also present on tubular assemblies (Fig. 84)
(25). In contrast, aS does not take up an extended helical struc-
ture on nanoparticles (Fig. 8C). Our EPR data (Fig. 5) are con-
sistent with a broken helical structure in which helix 2 may not
be fully ordered. Thus, aS structure strongly depends on the
nature of the lipid assembly in which it is incorporated. This
plasticity also applies to its association with detergent micelles
where slightly different two-helix structures have been
reported when aS interacts with SDS (26, 29) and SLAS (28)
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micelles (Fig. 8B). Although the energy difference between the
various aS structures is probably not very large (83), the protein
appears to have a general tendency to take up an extended he-
lical structure in the presence of larger lipid assemblies, such as
vesicles and tubes. These assemblies are large enough to
accommodate an extended helical structure, some 14 nm in
length. In contrast, the diameters of typical detergent micelles
and nanoparticles are too small to accommodate the extended
helix. The present data also have an important practical consid-
eration. When studying the interaction of «S with liposomes, it
is essential to verify that no membrane remodeling occurred.
The formation of small lipid particles could otherwise lead to
the erroneous conclusion that aS takes up a broken helical
structure on liposomes.

Several in vitro and in vivo studies have indicated that oS
oligomerizes upon exposure to fatty acids (51, 66, 84, 85). The
present data provide further insight by finding that S can form
fatty acid-containing complexes that are structurally similar to
those formed with lipids. In addition to cylindrical micelles, aS
can form small nanoparticles with fatty acids. The DEER dis-
tances indicate that aS forms an extended helical structure on
the former, but a broken helical structure on the latter. These
structural features are analogous to those formed on the corre-
sponding lipid-bound equivalents.

Collectively, our data illustrate the ability of aS to bind to a
range of amphiphilic molecules via related mechanisms. This
property mandates that extra precautions are needed when
handling aS. During the course of our experiments, we found
that when oS is run through columns previously exposed to
lipid, it can pick up lipid molecules and form complexes in
which it has a helical conformation, similar to those described
here (data not shown). Accordingly, to verify that columns are
free of amphiphilic molecules that could interact with &S in this
way, we routinely pre-run our columns with monomeric aS.

a$ is widely perceived as an intrinsically disordered mono-
meric protein, a concept that has been well supported by a
number of studies (86 —88). However, two recent studies pre-
sented evidence that S might also be able to form small oligo-
mers (trimers and tetramers) with an a-helical conformation
(89, 90). The dimensions of these oligomers are similar to those
of the nanoparticles generated here. Our data further show that
nanoparticles contain helical oligomers (including trimers and
tetramers), and these can be generated with both lipids as well
as fatty acids. The promiscuous interactions of aS with various
amphiphilic molecules raise the possibility that the previously
reported oligomers might have been stabilized by amphiphilic
molecules. The structural relationship between those oligo-
mers and the nanoparticles studied here remains to be
investigated.
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