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Abstract

Accumulation of filamentous aggregates of a-synuclein is a pathological hallmark of several
neurodegenerative diseases including Parkinson’s disease (PD). Interaction between a-synuclein
and phospholipids has been shown to play a critical role in the aggregation of a-synuclein. Most
structural studies have, however, been focused on a-synuclein filaments formed in the absence

of lipids. Here, we report structural investigation of a-synuclein filaments assembled under the
quiescent condition in the presence of anionic lipid vesicles using electron microscopy (EM)
including cryo-EM. Our transmission electron microscopy (TEM) analyses reveal that a-synuclein
forms curly protofilaments at an early stage of aggregation. The flexible protofilaments were then
converted to long filaments after a longer incubation of 30 days. More detailed structural analyses
using cryo-EM reveal that the long filaments adopt untwisted structures with different diameters,
which have not been observed in previous a-synuclein fibrils formed in vitro. The untwisted
filaments are rather similar to straight filaments with no observable twist that are extracted from
patients with dementia with Lewy bodies. Our structural studies highlight the conformational
diversity of a-synuclein filaments, requiring additional structural investigation of not only more
ex vivo a-synuclein filaments, but also in vitro a-synuclein filaments formed in the presence of
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diverse co-factors to better understand the molecular basis of diverse molecular conformations of
a-synuclein filaments.

Graphical Abstract
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Introduction

Intracellular deposition of misfolded a.-synuclein is a hallmark of Parkinson’s disease (PD),
dementia with Lewy bodies (DLB), and multiple system atrophy (MSA), collectively termed
synucleinopathies.! Structural characterization of filamentous a-synuclein aggregates is
essential to understanding the molecular mechanism of a-synuclein aggregation. Atomic-
resolution structures of a-synuclein filaments determined by solid-state NMR and cryo-EM
revealed diverse molecular conformations,2-6 suggesting the presence of multiple misfolding
and aggregation pathways. In addition, various pathogenic single-point mutations, including
E46K, G51D, and A53T were shown to induce distinct molecular conformations of a-
synuclein.”-10

Recent structural studies of ex vivo a-synuclein filaments also revealed that a-synuclein
filaments extracted from MSA and DLB patients’ brains exhibit distinct molecular
conformations from those of the in vitro a-synuclein filaments.1! In particular, filaments
derived from DLB patient brains were shown to adopt untwisted fibril morphologies,11: 12
which have not been observed for in vitro a-synuclein filaments!3. In addition, our
recent structural studies showed that interaction between the microtubule binding protein,
tau, and a-synuclein promotes the formation of a-synuclein filaments with distinct
conformations.14 15 Previous solid-state NMR studies also revealed that a-synuclein
filaments derived by anionic phospholipids have distinct molecular conformations in the
N-terminal region.18 These results suggest that cofactors in cellular environments might
interact with a-synuclein, leading the protein to a specific misfolding pathway for the
formation of distinct a-synuclein filaments.17- 18

There is mounting evidence that suggests interactions between a-synuclein and lipid
membranes play an important role in misfolding and aggregation of a-synuclein.19-22 |n
particular, a-synuclein localized in presynaptic neural terminals was suggested to interact
with synaptic lipid vesicles, which is associated with normal function as well as misfolding
and aggregation.23: 24 Lipid vesicles consisting of anionic phospholipids (1,2-dimyristoyl-
sn-glycero-3-phospho-L-serine, DMPS) have been used as model membranes since DMPS
is a key component of the synaptic vesicles.1 25 Previous studies revealed that DMPS
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vesicles with a diameter of 20 — 100 nm promote the formation of filamentous aggregates

of a-synuclein.19 26. 27 |n addition, recent high-resolution imaging of Lewy bodies (LB)
extracted from PD patients revealed the co-presence of a-synuclein aggregates and lipid-rich
inclusions in the LB,28 supporting the important role of lipids. In this study, structural
features of wild-type (WT) a-synuclein filaments in the presence of lipid vesicles (DMPS)
were investigated to compare their structural characteristics to those of previously reported
in vitro and ex vivo a-synuclein filaments. In addition to WT a-synuclein, a pathogenic
variant (G51D) associated with early-onset familial PD2° was also used to examine the
effect of the mutation on the N-terminal region that is responsible for interactions with

lipid membranes.3° Structural and biochemical properties of the two filamentous aggregates
derived by the lipid vesicles were compared. The effect of pH on oligomer formation was
also investigated since the synaptic vesicles undergo pH changes from 7.4 to 5.5 during their
life cycle.3!

Materials and Methods

a-synuclein expression and purification—Full-length human a-synuclein plasmid
(pET21a, a gift from Michael J Fox Foundation, Addgene plasmid # 51486) was
transformed into BL21(DE3) £. coli cells and expressed in LB medium as described
previously32. Briefly, the transformed E£. coli cells were grown in LB medium containing
carbenicillin (100 pug/mL) at 37 °C. When ODgq of cell culture reached 0.8, a-synuclein
expression was induced by adding 0.5 mM IPTG. After 12 hours of incubation at 25 °C,
cells were harvested by centrifugation. The resultant cell pellet was sonicated in lysis buffer
(20 mM Tris, 150 mM NaCl, pH 8.0), and the soluble fraction of the cell lysate was
precipitated with 50 % ammonium sulfate at 4 °C, then centrifuged. The resultant protein
pellet was re-suspended in dialysis buffer (10 mM tris buffer, 2 mM EDTA, pH 8.0) and
dialyzed against the same buffer overnight at 4 °C. a-synuclein was further purified by
anion exchange chromatography (HiTrap Q HP; 20 mM tris buffer, pH 8) followed by gel
filtration (HiLoad 16/60 Superdex 75 pg) at 4 °C.

Preparation of lipid vesicles

1,2-dimyristoyl-sn-glycero-3-phospho-L-serine (DMPS) lipids were prepared by re-
suspending dried DMPS (3 mM) in 10 mM phosphate buffer (pH 6.5) and stirring at

45 °C for 2 hrs. Lipids were then subjected to 5 freeze/thaw cycles. Lipid vesicles were
prepared by extruding the lipid solution 11 times through a 0.1 um membrane filter at 45 °C.
The average diameter of lipid vesicles was then confirmed using dynamic light scattering
measurements.

Dynamic Light Scattering (DLS)

The size distribution of lipid vesicles was measured using DynaPro NanoStar DLS
instrument. DMPS lipid vesicles were diluted to 30 pM in 10 mM phosphate buffer (pH
6.5), and a 20 pL of lipid suspension was added to a quartz cuvette. DLS measurements
were recorded with an acquisition time of 3 sec and ten repetitions with a laser wavelength
of 658 nm.
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Preparation of a-synuclein aggregates

Monomeric a-synuclein (60 uM) was incubated in the presence of DMPS (100 pM) at pH
7.4 or 6.5 for three weeks at 37 °C or 30 °C under quiescent conditions and filaments were
collected by centrifugation. In order to prepare a-synuclein fibrils in the absence of the
lipids, a-synuclein (60 pM) was incubated in PBS (10 mM phosphate buffer, 150 mM NaCl,
pH 7.4) for one week at 37 °C and the fibrils were collected by centrifugation.

Aggregation assay

a-synuclein aggregation kinetics were monitored by measuring ThT fluorescence using a
SpectraMax® microplate reader. Monomeric a.-synuclein (60 uM) was incubated with 50
UM thioflavin T (ThT) in the presence or absence of DMPS lipids (100 uM). A 200 uL of
each sample was added in duplicates to a 96 well black clear bottom microplate and sealed
airtight. Microplates were incubated at 37 °C or 30 °C under quiescent conditions. ThT
fluorescence emission was monitored at 482 nm with an excitation of 440 nm.

Negative staining Transmission Electron Microscopy (TEM)

a-synuclein samples (5 pL) incubated in the presence or absence of lipids were added onto a
carbon-coated formvar copper 300 mesh grids. After 30 sec of incubation excess sample was
blotted off with a filter paper. Grids were then stained with 5 pL of 1% uranyl acetate and
incubated for 30 sec. Excess stain was blotted off with filter paper, and grids were allowed
to air dry. a-synuclein samples were then imaged under Philips CM12 transmission electron
microscope at an accelerating voltage of 80kV.

Cryo-EM sample preparation, data collection, and image processing

A 3 pL of the a-synuclein sample was applied to a glow discharged UltrAuFoil 1.2/1.3 300
mesh grid (Quantifoil) and reverse blotted for 20 sec on a Leica plunge freezing instrument
with chamber conditions of 15 °C and 95 % humidity. A total number of 1050 images

were collected at a nominal magnification of 45,000X on a 200 kV Talos Arctica equipped
with a K2 Summit direct electron detector (Gatan). Movies were collected as a series of 60
frames at a dose rate of 6 e/AZ/sec over 9 seconds. Beam-induced motion and drift were
corrected using MotionCor2.33 Aligned (non-dose-weighted) integrated micrographs were
used for contrast transfer function (CTF) estimation of each micrograph, using GCTF.34
a-synuclein filaments were manually picked and extracted with different box sizes in Relion
3.1.35 Reference free 2D classifications were then performed with 50 classes.

Circular dichroism (CD) spectroscopy

CD spectra of a-synuclein filaments and fibrils formed in the presence and absence of
DMPS lipids, respectively, were collected at a final monomeric protein concentration of 10
UM. The CD spectra were recorded on a Jasco 815 spectrometer using a 1 mm pathlength
quartz cuvette and an average of 30 scans were acquired for each sample.

Thioflavin T (ThT) and 8-anilino-1-naphthalenesulfonic acid (ANS) fluorescence:

DMPS derived a-synuclein filaments (5 uM) were mixed with ThT working solution (50
UM in 10 mM phosphate buffer) or ANS working solution (20 uM in 10 mM phosphate
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buffer). ThT fluorescence (Aex = 440 Nm, Ay = 450-600 nm) and ANS fluorescence (Aex =
350 nm, Agm = 410-570 nm) were measured with 1 mm slit-width.

Proteinase K (PK) digestion

DMPS derived WT and G51D a-synuclein filaments (0.2 mg/mL) were digested with
proteinase K (0.5 ng/uL) at 37 °C for different time intervals (1 min, 10 min, and 20 min).
The digestion reactions were quenched with 1 mm phenylmethylsulfonyl fluoride (PMSF).
Samples were then loaded with SDS sample buffer and run on 4-12% gradient bis-tris
SDS-PAGE gel.

a-synuclein seeding assays

In order to probe the seeding ability of the DMPS derived a.-synuclein filaments, WT and
G51D a-synuclein monomers (60 uM) were seeded with their respective DMPS derived
a-synuclein filaments at a ratio of 100:1 (protein:seed) in the presence of ThT (50 uM)

at 37 °C under constant agitation at 250 rpm. Aggregation Kinetics were monitored by
measuring ThT fluorescence with excitation and emission wavelengths of 440 nm and 482
nm, respectively.

Cell viability assay

Results

Human neuroblastoma SH-SY5Y cells were cultured in DMEM/F12 (1:1) medium with
10% FBS and 1% Pen-Strep at 37°C. Cells were plated in a clear bottom 96-well black
plate at a density of 10,000 cells per well and allowed to attach to the surface for one day.
a-synuclein samples at concentrations of 10, 20, and 40 uM were added to the cells and
incubated for 48 hours at 37°C. The cell medium was replaced by the fresh cell medium and
MTT was added to the wells. After 4 hours of incubation, a solubilizing agent (SDS) was
added to the wells and incubated at 37°C. After 4 hours of incubation, the absorbance was
measured at 570 nm. Duplicates were measured for each sample.

Aggregation kinetics in the presence of DMPS vesicles

Model membrane vesicles consisting of DMPS with a diameter of 20 — 100 nm have
previously been used to explore the effect of lipid vesicles on a-synuclein aggregation

and morphology of a-synuclein aggregates mainly at pH 6.5 and 30 °C.19. 27,36 |n this
study, additional incubation conditions were used to prepare filamentous aggregates suitable
for more detailed molecular structural characterization using cryo-EM. Small unilamellar
vesicles (SUV) with an average diameter of 70 nm were prepared from DMPS via extrusion
methods (Figure S1). Aggregation kinetics of wild-type (WT) and mutant (G51D) forms

of a-synuclein in the presence and absence of the DMPS lipid vesicles were examined at
different pH conditions (pH 6.5 and 7.4) using thioflavin T (ThT) fluorescence (Figure 1).
The protein aggregation was greatly accelerated in the presence of the DMPS-SUV for both
WT (red) and G51D (green) a.-synuclein at pH 6.5 under the quiescent condition (Figure
1a), which is consistent with previously reported kinetics monitored at pH 6.5 and 30
°C.19.36 |n addition, WT synuclein (red and violet) exhibits accelerated aggregation kinetics
than the G51D mutant (green and pink) at both 37 and 30 "C, respectively, presumably
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due to less favorable interaction between the more negatively charged G51D mutant and
negatively charged DMPS lipid vesicles.

The aggregation kinetics were also monitored at the physiological pH of 7.4 (Figure 1b).
The DMPS lipid vesicles induced aggregation of WT (red) and G51D mutant (green)
a-synuclein at the physiological pH of 7.4 and 37 “C as well (Figure 1b). Aggregation rates
of the two a-synuclein were, however, substantially reduced, and a-synuclein aggregates
were observed after longer incubation times at pH 7.4.

Structural features of the filaments formed in the presence of DMPS vesicles

Morphological features of the aggregates were examined using transmission electron
microscopy (TEM) (Figure 2). After 7 days of incubation, oligomeric species were observed
for G51D a-synuclein (60 uM) in the presence of the lipid vesicles (100 uM) at pH 6.5 and
30 °C (Figure 2a). On the other hand, WT a-synuclein forms curly protofilaments under

the same condition (Figure 2b). At a higher temperature of 37 °C, the flexible filamentous
aggregates were observed for both G51D and WT a-synuclein at pH 6.5 (Figure 2c¢ and 2d,
respectively).

The morphology of a-synuclein filaments formed at the physiological pH (7.4) at 37 °C
was also investigated by TEM (Figures S2 and S3). The mutant (G51D) filaments appear to
be greatly extended at the higher pH (Figure S2). WT a-synuclein filaments also become
somewhat more extended after a longer incubation of 38 days, but they still exhibit curly
morphological features (Figure S3). Thus, the mutant (G51D) filaments formed at pH 7.4
were chosen for more detailed structural investigation using cryo-EM.

Untwisted G51D filaments

The G51D a-synuclein filaments formed at pH 7.4 and 37 "C in the presence of DMPS
SUVs were frozen on a Quantifoil 1.2/1.3 300 mesh grid and images were acquired at
45,000x magnification on a 200 kV Talos Arctica electron microscope equipped with a
Gatan K2 Summit direct detection camera. The cryo-EM micrographs reveal the presence of
distinct thin and thick a-synuclein filaments with a diameter of 5 — 13 nm (Figure 3), similar
to previously observed filaments isolated from MSA brains which had a diameter of 5 — 18
nm37,

About 250 micrographs were analyzed using Relion reference-free two-dimensional (2D)
classification, which reveals the major species of a-synuclein filaments with different
thicknesses (Figure 4, Figure S4, and Table S1). The 2D class averages may originate
from different orientations of single asymmetric cylindrical filament or different types of
filaments. As for the asymmetric cylindrical filament, it is less likely to observe thinner
images from the filaments due to the smaller surface area along that orientation. However,
the thinner filaments are more frequently observed in the micrographs (Figure 3) and 2D
class averages (Table S1), suggesting that a-synuclein forms at least two distinct filaments
in the presence of DMPS vesicles.

The thin and thick filaments are stacked along the axis with a spacing of 4.7 A, determined
by the power spectrum (Figure S4). It is interesting to note that the filaments do not
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exhibit helical twists that are observed in the previous cryo-EM structures of the in vitro
filaments2~> (Figure 4, Figure S4, and Table S2). These results suggest that the DMPS
vesicles induce the formation of untwisted filaments, which were observed for the ex vivo
filamentous aggregates extracted from DLB patients!®.

Structural and biochemical properties of the a-synuclein filaments

Cryo-EM structural studies of the WT a-synuclein filaments formed in the presence of
DMPS vesicles were not amenable due to the curly structural features of the filamentous
aggregates. Conventional experimental methods were, therefore, used to compare structural
features of the DMPS-induced filaments derived from WT and G51D a.-synuclein. Circular
dichroism (CD) spectroscopy was initially used to investigate the secondary structure of

the two filamentous aggregates (Figure 5a). The CD spectra of the G51D (red solid line)
filaments revealed a typical CD spectrum with a maximum at ~195 nm and minimum at
~215 nm observed for B-structured amyloid fibrils, which is consistent with the cryo-EM
image of the G51D filaments. However, the DMPS-induced filaments appear to have more
helical characters (26%) than the G51D fibrils formed in the absence of lipid vesicles (13%)
(red dotted line in Figure 5a and Table S3) based on another minimum at ~ 210 nm. The
TEM images also revealed highly flexible, curly filaments (Figure 2), suggesting that the
DMPS-induced filaments contain more helical regions than the fibrils formed in the absence
of lipid vesicles. The two WT and G51D DMPS-induced filamentous aggregates exhibit
almost identical spectra (red and black solid lines), suggesting that the DMPS-induced a-
synuclein filaments adopt similar secondary structural features (Table S3). The CD structural
studies are in line with similar binding properties of the two filaments for the fluorescence
probe, ThT, that is known to bind the grooves formed by the cross-g structures of the fibrils
(Figure S5 and S6). The filamentous aggregates are also able to accelerate the aggregation
process, suggesting that the DMPS-derived filaments can act as seeds for filament formation
(Figure 5b).

Protease K (PK) digestion assays have long been used for comparative structural analyses of
amyloid oligomers and fibrils.38 3% The enzymatic digestion pattern of the two a-synuclein
filaments was analyzed to compare their molecular structural features (Figure 5c). The PK
digestion analyses revealed that the G51D filaments are cleaved more effectively than the
WT a-synuclein filaments. These results suggest that the core region of the WT a-synuclein
filaments is more protected from digestion than that of the G51D filaments. The structural
difference was also observed in the PK digestion analyses of WT and G51D a-synuclein
fibrils formed in the absence of lipid vesicles, which revealed that the G51D a-synuclein
fibrils are digested more readily than the WT fibrils.® In addition, the G51D fibrils were
shown to be more toxic to the cells than the WT fibrils.8: 40 Our toxicity assay using

MTT also showed that the DMPS-derived G51D filaments exhibit stronger cytotoxicity than
the DMPS-derived WT filaments (Figure 5d), as was observed for the a-synuclein fibrils
formed in the absence of lipid vesicles.
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Discussion

Recent advances in cryo-EM and solid-state NMR methodologies enabled the structural
determination of amyloid filaments at atomic resolution.2-8 The high-resolution structural
studies revealed that a.-synuclein can form diverse filamentous aggregates with different
molecular conformations under different buffer conditions. In addition, ex vivo a-synuclein
filaments extracted from MSA and DLB patients’ brains were shown to adopt distinct
molecular conformations from those of the in vitro filaments.11: 12 In particular, only
untwisted filamentous aggregates were observed for the extracts from DLB patients. These
results suggest the presence of co-factors involved in the formation of a-synuclein filaments
in vivo.

Aggregation of a-synuclein is affected by a variety of factors such as metal ions, negatively
charged lipids, other aggregation-prone proteins including tau, and DNA.19 41-43 Cofactors
in different cellular environments may play an important role in promoting misfolding and
aggregation of a-synuclein in vivo.1® It was also previously suggested that a-synuclein
interacts with synaptic vesicle membranes in dopaminergic neurons.23: 24 In addition, co-
localization of lipid membranes and a-synuclein aggregates in LB28 suggests a critical role
of lipid membranes in misfolding and aggregation of a.-synuclein.44

Model membrane vesicles consisting of DMPS have been used to explore the effect

of the lipid vesicles on a-synuclein aggregation and morphology of a-synuclein
aggregates.19 27. 36 |n this study, cryo-EM was used to investigate structural features of
a-synuclein aggregates formed in the presence of DMPS vesicles. Our structural analyses
revealed that the DMPS-induced a-synuclein filaments adopt untwisted conformations with
a diameter of 5 — 13 nm, which are drastically from those of the in vitro twisted a-synuclein
fibrils formed in the absence of DMPS8. The untwisted filaments are rather similar to those
observed in brain extracts from DLB patients. The anionic lipids were shown to interact
with the N-terminal region of a-synuclein,*> which may disrupt long-range interactions
between the N- and C-terminal regions and accelerate the formation of fibrils#6: 47, The
interactions between the N-terminal region of a-synuclein and anionic lipids may also lead
the protein to an aggregation pathway toward untwisted filaments. On the contrary, our
previous structural studies showed that an aggregation-prone protein, tau, interacts with the
C-terminal region of a-synuclein, promoting the formation of twisted fibrils with distinct
molecular conformations.14 1° These results suggest that interactions between cofactors and
a-synuclein may lead to the formation of diverse a.-synuclein fibrils.8

A series of large helical fibrils with diameters of 40 — 100 nm reported in a previous
structural study (100 uM of WT a-synuclein with 200 pM of DMPS vesicles with a
diameter of 20 nm at pH 6.5)27 are, however, not detected in our experimental conditions
(60 uM of G51D a-synuclein with 100 pM of DMPS vesicles with a diameter of 70

nm at pH 7.4). In addition, a very recent structural study demonstrated that phospholipid
vesicles consisting of POPC/POPA (1:1, lipid to protein ratio of 5:1) induced the formation
of twisted WT a-synuclein filaments of 10 — 15 nm in thickness with a helical pitch

of 90 — 120 nm.*? These results indicate that the morphology of a-synuclein filaments
derived by lipid vesicles depends on the lipid composition, protein to lipid ratio, size of the
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vesicles, and the mutation that may modulate a.-synuclein bindings2% 30, Further studies are,
therefore, needed to investigate the effect of those factors on the filament structure.

Atomic-resolution structure of the DMPS-derived G51D filaments could not be determined
since only one orientation was available in the cryo-images. In addition, the curly DMPS-
derived WT filaments were not amenable for cryo-EM structural studies. Thus, the
structural, and biochemical properties of the two DMPS-derived filaments were compared
with commonly used biophysical and biochemical techniques. Structural analyses using CD
spectroscopy revealed that the two a-synuclein filaments have similar secondary structural
features with similar ThT binding affinities and seeding properties. The two DMPS-induced
filaments exhibit distinct CD spectra from those of more a-structured twisted fibrils formed
in the absence of DMPS vesicles, suggesting that WT a-synuclein may also form untwisted
conformations. The more flexible, curly morphology of the DMPS-induced WT and G51D
a-synuclein filaments may also originate from the untwisted structures.

It is also notable that the DMPS-derived G51D filaments were more effectively digested

by the PK enzyme than the DMPS-derived WT filaments. In addition, the G51D filaments
exhibited stronger cytotoxic activities than the WT filaments. Similar trends were observed
in previous biochemical studies for the WT and G51D fibrils formed in the absence of

lipid vesicles.® 40 Cryo-EM structural studies revealed that the WT and mutant fibrils adopt
similar molecular conformations of the fibril core region consisting of residues 60 — 98
(Figure S7).8 The single-point mutation, however, disrupts the interfacial region (residues
50 - 57) of the WT fibrils, and the interfacial segment with residue 51 unfolds and forms
B-hairpin with the other segment (residues 50 — 67) in the G51D fibrils (Figure S7b).

The structural rearrangement yields more extended, less compact fibril core in the G51D
fibrils, which might be more amenable for PK digestion. Although the effect of the G51D
mutation on the DMPS-derived filaments is not clear because the atomic structure of the
DMPS-derived filaments is not available, similar trends in the PK digestion and cytotoxicity
assays suggest that the G51D mutation may partly disrupt the core region of the WT
filaments, leading to less compact core structures that are more accessible to the digestive
enzymes.

In summary, we report untwisted straight filaments with diameters of 5 — 13 nm formed

in the presence of DMPS lipid vesicles, which have not been previously observed for in

vitro a-synuclein aggregates. The untwisted straight filaments are morphologically similar
to those extracted from DLB patients, suggesting that lipid vesicles may play an important
role in a-synuclein aggregation in vivo. The new structures induced by the lipid vesicles also
imply that interactions between a-synuclein and cofactors may lead the protein to distinct
misfolding and aggregation pathways, highlighting the important role of cofactors in cellular
environments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

PD Parkinson’s disease

DMPS 1,2-dimyristoyl-sn-glycero-3-phospho-L-serine

TEM transmission electron microscopy

DARR dipolar assisted rotational resonance

cryo-EM cryo-electron microscopy

MSA multiple system atrophy

DLB dementia with Lewy bodies

ThT thioflavin T

DLS Dynamic light scattering

CTF contrast transfer function

POPA 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphate

PK proteinase K

POPC 1-palmitoyl-2-oleoyl-sr-glycero-3-phosphocholine

ANS 8-anilino-1-naphthalenesulfonic acid

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
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Figure 1:

Aggregation kinetics of a-synuclein (60 pM) in the absence and presence of the DMPS
SUVs (100 uM) at pH 6.5 (a) and pH 7.4 (b) under the quiescent condition. ThT
fluorescence of all of the a-synuclein samples in the absence of the DMPS vesicles was
nearly zero at the incubation periods.
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Figure 2:
TEM images of G51D a-synuclein at pH 6.5 and 30 °C (a), WT a-synuclein at pH 6.5 and

30 °C (b), G51D a-synuclein at pH 6.5 and 37 °C (c), and WT a-synuclein at pH 6.5 and
37 °C (d). Protein samples (60 pM) were incubated for 7 days in the presence of DMPS
(100 uM) lipid vesicles of an average diameter of 70 nm. No filaments were observed in the
absence of the lipid vesicles.
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Figure 3:
Representative cryo-EM micrographs of G51D a-synuclein (60 uM) incubated for 30 days

in the presence of DMPS (100 pM) vesicles with an average diameter of 70 nm.
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Figure 4:
(a—f) Representative reference-free 2D class averages of G51D a-synuclein filaments

formed in the presence of DMPS SUVs were obtained with a box size of 56 nm.
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Figure5:

WT a-synuclein

G51D a-synuclein

(a) CD spectra of a-synuclein filaments (solid lines) and fibrils (dotted lines) formed in the
presence and absence of DMPS lipids, respectively. CD spectra of the DMPS-derived WT
and G51D a-synuclein (10 pM) were measured using a 1 mm pathlength quartz cuvette

on a Jasco 815 spectrometer. (b) Aggregation Kinetics of WT and G51D a-synuclein (60
uM) seeded with the DMPS-derived a-synuclein filaments (0.6 pM) in the presence of

ThT at 37 °C under constant agitation at 250 rpm. Aggregation kinetics were monitored

by measuring ThT fluorescence with excitation and emission wavelengths of 440 and 482
nm, respectively. (c) Proteinase K digestion analyses of DMPS-derived WT (red) and G51D
(yellow) a-synuclein filaments. a-Synuclein filaments (14 pM) were mixed with proteinase
K (0.5 ng/uL) and incubated for 1 min (bands 1 and 2), 10 min (bands 3 and 4), and 20

min (bands 5 and 6). The core bands after the digestion are marked in red (WT) and yellow
(G51D). Bands 7 and 8 are the a-synuclein monomer and the protein ladder, respectively.
Protein samples were run on 4-12% SDS-PAGE gel. (d) MTT cell viability assay for the
DMPS-derived WT and G51D a-synuclein filaments at 10, 20, and 40 uM monomeric

concentrations.
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