Biologically Representative Lipid-Coated Gold
Nanoparticles and Phospholipid Vesicles for the
Study of Alpha-Synuclein/Membrane Interactions

Sophia M. McClain®, Moses H. Milchberg®, Chad M. Rienstra®, Catherine J. Murphy*

“Department of Chemistry, University of Illinois Urbana-Champaign, 600 South Mathews
Avenue, Urbana, Illinois, USA;

®Department of Biochemistry, University of Wisconsin-Madison, 433 Babcock Drive, Madison,
Wisconsin, USA;

“National Magnetic Resonance Facility at Madison, University of Wisconsin-Madison, 433

Babcock Drive, Madison, Wisconsin, USA

*C.J.M. Email: murphycij@illinois.edu

ABSTRACT Alpha-synuclein is an intrinsically disordered protein whose formation of beta-sheet
rich protein aggregates in the brain is implicated in the development of Parkinson’s disease. Due
to its believed role in synaptic vesicle trafficking and neurotransmission, many studies have
employed simple, synthetic model systems to investigate alpha-synuclein/membrane interactions
in an attempt to gain a better understanding of the protein’s native and pathogenic functions.
Interestingly, these studies seem to suggest that alpha-synuclein interacts differently with rigid
vesicle mimics in comparison to malleable vesicle mimics. However, the use of different mimic
sizes and surface chemistries across existing studies makes it challenging to directly compare the
effects of membrane mechanical properties on protein behavior observed thus far. In this work, we
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developed a synaptic vesicle mimic library comprising a range of both malleable and rigid synaptic
vesicle mimics possessing the same size and biologically representative lipid surface chemistry.
Limited proteolysis mass spectrometry experiments revealed distinct fragmentation patterns
between rigid and malleable synaptic vesicle mimics. The N-terminal and C-terminal regions of
alpha-synuclein were found to become less solvent-accessible upon binding to all synaptic vesicle
mimics. Nevertheless, minor variations in digestion pattern were observed in the central region of
the protein dependent upon mimic size, rigidity, and lipid composition. Higher binding affinities
were observed for alpha-synuclein binding to rigid synaptic vesicle mimics compared to malleable
synaptic vesicle mimics. Additionally, the binding affinity of alpha-synuclein toward small lipid
vesicles and small lipid-coated gold nanoparticles without cholesterol was found to be lower than
their respective malleable and rigid counterparts. Interestingly, the binding curves for the rigid
synaptic vesicle mimics demonstrated a non-traditional peak and dip shape believed to arise from
differences in alpha-synuclein orientation on the particle surface at different protein-to-particle

incubation ratios.
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Abnormal misfolding and aggregation of alpha-synuclein, a naturally abundant neuronal
protein, has been implicated in the development of several neurodegenerative diseases, including
Parkinson’s disease, due to its incorporation as the major component of Lewy bodies and Lewy
neurites which represent a pathological hallmark of these conditions.!> While alpha-synuclein is
considered an intrinsically disordered protein in its unbound monomeric state,** it adopts distinct
secondary structure characteristics associated with both its native and disease states providing a

convenient handle for monitoring protein behavior. Pathogenic fibrillation of alpha-synuclein is



marked by an increase in beta-sheet structure propagating from the central, hydrophobic region of
the protein known as the NAC or non-amyloid beta component.>~® On the other hand, an increase
in alpha-helix structure is observed upon binding of alpha-synuclein to anionic membranes
facilitated by an imperfect series of repeating amphipathic motifs located in the N-terminal region

of the protein.”!2

Membrane binding is also an important aspect of alpha-synuclein’s proposed
biological function in the regulation of synaptic activities including docking of synaptic vesicles,
endocytosis, synaptic vesicle clustering, and membrane remodeling.!3-!¢ Significantly, six alpha-
synuclein point mutations currently known to be associated with the development of hereditary
Parkinson’s disease are located within the N-terminal binding region.!”-!8 These mutants have been
shown to impact both lipid binding behavior and alpha-synuclein aggregation kinetics.'® Taken

together, these observations suggest that modulation of alpha-synuclein’s membrane binding

abilities could play an important role in disease pathology.

As a result, researchers have investigated the interactions of alpha-synuclein with a variety of
model membrane surfaces in an attempt to gain a better understanding of the protein’s native
function and its role in disease states. These studies have shown that alpha-synuclein binds to
highly curved surfaces such as small detergent micelles via a broken helical structure, while
binding to larger vesicles with less curved surfaces via an extended helical structure.!®-** Factors
including vesicle size, membrane composition, and alpha-synuclein point mutation have also been
observed to influence protein binding strength.?! Typically, alpha-synuclein exhibits stronger
binding to small vesicles in comparison to large vesicles,”?!?? as well as a greater affinity for
anionic membranes in comparison to neutral membranes.”?!-*3 Furthermore, the A30P variant of
alpha-synuclein exhibits decreased binding in comparison to wild-type alpha-synuclein, while the

E46K variant exhibits increased binding.'®2!2425 Interestingly, for a series of rigid lipid vesicle



mimics comprising spherical gold nanoparticles coated with a sodium dodecyl sulfate-based
organic bilayer, we observed no significant trends in binding affinity related to either alpha-
synuclein variant or particle size.?® This suggests that the native malleability of lipid vesicles could
play an important role in modulating the binding behaviors of alpha-synuclein. However, the use
of varied surface chemistries, mimic sizes, and experimental conditions across studies has made it
difficult to directly compare existing data to assess the effects of membrane mechanical properties

on protein behavior.

In this study we developed a library comprising both malleable (lipid vesicle) and rigid (lipid-
coated gold nanoparticle) synaptic vesicle mimics possessing the same hydrodynamic diameter
and surface chemistry to facilitate a systematic investigation into the impact of membrane
mechanical properties on alpha-synuclein binding interactions. By using a mixture of

phospholipids representative of those most prevalently found in synaptic vesicles,?’-*

we were
able to better approximate biological complexity while also achieving size control over malleable
synaptic vesicle mimics which would not have been possible with our previous sodium dodecyl
sulfate-based system.?® Furthermore, incorporation of 0-20 mol% cholesterol into both the
malleable lipid vesicles and rigid lipid-coated gold nanoparticles provided our system with
additional moderate variations in mimic malleability as well as two distinct surface chemistries for
comparison. Significantly, epidemiological studies have implicated cholesterol dysregulation in
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the pathogenesis of neurodegenerative diseases, while various in vitro experiments have

demonstrated that varying the amount of cholesterol present in synthetic vesicles affects both the
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binding affinity of alpha-synuclein for the vesicles and the protein’s ability to deform the

vesicles from spheres into tubules.’® Here we used dynamic light scattering, circular dichroism,



and mass spectrometry approaches to probe properties including binding affinity and protein

orientation upon interaction between alpha-synuclein and our library of synaptic vesicle mimics.
RESULTS AND DISCUSSION

Synthesis and Characterization of Biologically Representative Mimic Library. A library of
synaptic vesicle mimics with varying degrees of deformability ranging from malleable
phospholipid vesicles to rigid lipid-coated gold nanoparticles were synthesized (Figure 1). A set
of “small” mimics within the biological size range?’ of ~40-80 nm and a set of “large” mimics
(>100 nm) were prepared using a biologically representative combination of lipids with a molar
ratio of DOPC(3):DOPE(3):DOPS(1):SM(1) which approximates the reported composition of
synaptic vesicles.?® Incorporation of cholesterol into this lipid composition to achieve a molar ratio
of DOPC(3):DOPE(3):DOPS(1):SM(1):Chol(2) and further addition of a gold nanoparticle core

afforded varying degrees of rigidity to the mimics.
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Figure 1. Library of synaptic vesicle mimics with varying degrees of deformability ranging from malleable
phospholipid vesicles to rigid lipid-coated gold nanoparticles. Lipids employed in the synthesis of these mimics
include DOPC (red), DOPE (yellow), DOPS (green), sphingomyelin (brown), and cholesterol (blue). The given
percentages represent the molar ratio of lipids used in mimic synthesis. An inner layer of octadecane thiol (purple)
anchors an outer layer containing the lipids of interest to the surface of gold nanoparticle-based mimics. Illustrations
of synaptic vesicle mimics created using BioRender.



First, citrate-capped gold nanoparticles were synthesized in the two desired size regimes
and characterized by transmission electron microscopy to have core diameters of approximately
50 and 120 nm for small and large particles respectively (Figures S1-S2). Lipid-coating of these
citrate-capped gold nanoparticles resulted in a 5-8 nm redshift of the particles’ extinction peak
(Figure 2A) which is indicative of an increase in refractive index at the particles’ surface due to a
change in surface chemistry. Additionally, a ~10 nm increase in the hydrodynamic diameter
(Figure 2B) of the particles upon lipid-coating is in good agreement with the estimated 4 nm
thickness***> of the desired organic bilayer. Small, coated particles possessed a final
hydrodynamic diameter of approximately 70-75 nm while large, coated particles possessed a final
hydrodynamic diameter of approximately 120-130 nm, both in good agreement with the
hydrodynamic sizes of small and large extruded vesicles (Figure 2B, Figure S3). It was observed,
particularly for malleable synaptic vesicle mimics, that lipid compositions containing cholesterol
typically resulted in mimics with a slightly larger hydrodynamic diameter than those not containing
cholesterol. This is a commonly observed trend and is likely due to the impact of increased bending
modulus afforded by cholesterol incorporation on the mechanics of vesicle extrusion.?®” Negative
zeta potential measurements were obtained for all lipid-coated particles and extruded phospholipid
vesicles (Figure 2C, Figure S4). This result is in accordance with the net negative charge of the
lipid mixtures used in these experiments wherein DOPC, DOPE, sphingomyelin, and cholesterol

are overall neutral molecules, while DOPS possesses an anionic headgroup.

Subsequent etching experiments showed that both small and large lipid-coated gold
nanoparticles were highly resistant to etching in the presence of >10 fold excess potassium
cyanide. While the original citrate-capped gold nanoparticles were completely etched away in

approximately 10-15 minutes, little to no decrease in absorbance was observed over the course of



20 minutes for lipid-coated gold nanoparticles under the same conditions (Figure 2D). This
observation indicates the successful formation of a compact hybrid lipid coating on the particle
surface, which possesses a hydrophobic region capable of preventing permeation by cyanide ions.
Protection against cyanide etching was maintained long term, with particles maintaining >90%
extinction after 4 months and >50% extinction after 2 years of constant cyanide exposure (Figure

2E). Finally, staining of the lipid-coated gold nanoparticles with osmium tetroxide allowed for
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Figure 2. Characterization of representative citrate-capped and lipid-coated gold nanoparticles (solid), as well as
extruded phospholipid vesicles (textured). a) UV-vis spectra of small citrate-capped gold nanoparticles (red), small
lipid-coated gold nanoparticles with cholesterol (orange), small lipid-coated gold nanoparticles without cholesterol
(yellow), large citrate-capped gold nanoparticles (green), large lipid-coated gold nanoparticles with cholesterol (light
blue), and large lipid-coated gold nanoparticles without cholesterol (dark blue) gold nanoparticles, b) hydrodynamic
diameter of all sample types, c) zeta potential of all sample types, d-e) normalized absorbance of gold nanoparticle-
based samples after exposure to excess potassium cyanide, f-i) transmission electron microscopy images of small
lipid-coated gold nanoparticles with cholesterol (orange), small lipid-coated gold nanoparticles without cholesterol
(yellow), large lipid-coated gold nanoparticles with cholesterol (light blue), large lipid-coated gold nanoparticles
without cholesterol (dark blue) stained using osmium tetroxide.



visual confirmation of the lipid coatings by transmission electron microscopy (Figure 2F-I,
Figure S5-S6). By this approach, lipid coatings were observed to have a thickness measuring in
the range of ~2 — 9 nm. This variation could be a result of drying effects upon sample preparation

or an indication of multilayer formation on certain particles.

When synthesizing lipid vesicles comprising a mixture of different lipid components, it is
standard practice to assume that the ratio of lipids going into the synthesis is maintained in the
final vesicle product. However, when coating nanoparticles with a mixture of different lipid
components, it has been observed that some lipids demonstrate preferential adsorption over others
to the nanoparticle surface, with additional influences arising from nanoparticle size and coating
protocol.’®*° Furthermore, when vesicles are synthesized by extrusion through a porous
membrane, as they were for this study, it is reasonable to believe that some lipids may
preferentially interact with and become stuck on the membrane material during synthesis, thereby
impacting the ratio of lipids in the final extruded vesicles. Due to these considerations, we wanted
to quantify the final composition of lipid components present in all of our synaptic vesicle mimics.
This quantification would allow us to determine whether preferential adsorption was taking place
during the synthesis of our mimics and confirm that the surface chemistry of all mimics was
comparable to enable more meaningful interpretation of results from subsequent interaction

studies.

Liquid chromatography-mass spectrometry was used to quantify the amount of DOPC,
DOPE, and DOPS present in samples, while cholesterol was quantified using a fluorometric assay.
However, the sphingomyelin used in these experiments was obtained as a brain extract containing
a mixture of molecular structures, making direct quantification of this component more

challenging. Instead, we utilized a mass balance approach to quantify sphingomyelin by



subtracting the measured DOPC, DOPE, and DOPS concentrations from a total phosphorus
concentration determined by colorimetric assay or inductively coupled plasma-mass spectrometry
analysis (Scheme S1). Unfortunately, this approach produced varied results and lacked
reproducibility. While some replicates yielded calculated sphingomyelin concentrations in the
expected range, the majority of replicates for all samples as well as the original lipid mixture had
aberrantly high apparent sphingomyelin concentrations ranging from 2 to 20 times the amount of
sphingomyelin actually added to the original lipid mixture and translating to ~10-75%
sphingomyelin in the final lipid composition. Although we cannot conclude much from this
attempted quantification of sphingomyelin, quantification of the remaining lipid components was
well behaved and reproducible, showing a comparable molar ratio of lipid components present

between each malleable synaptic vesicle mimic and its respective original lipid mixture (Figure

3).
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Figure 3. Molar ratio of DOPC (blue), DOPE (green), DOPS (yellow), and cholesterol (purple) measured in large and
small extruded phospholipid vesicles as well as the lipid mixtures used in their synthesis. Lipid compositions are given
for samples prepared a-c) with cholesterol and d-f) without cholesterol.

For the quantification of the lipids coating our rigid synaptic vesicle mimics, the lipids first
needed to be extracted from the nanoparticles’ surface using an adapted approach to the Folch
extraction method.**#! Using this approach, relatively equal and efficient extraction of all lipid
species was achieved for the lipid mixture alone in the absence of gold nanoparticles (Figure S7A-
C). However, extraction efficiency was variable between replicate extractions of lipids from the
surface of coated gold nanoparticle samples (Figure S7D-G), particularly for DOPC, DOPE, and
DOPS when compared to cholesterol. While some lipid extractions from the particles’ surface
matched the ratio of lipids used for mimic synthesis (e.g., S7G vs. S7B), this result was not
consistently observed. These inconsistent outcomes could be due to actual variations in lipid
composition on the particles’ surface, however; it could also be the result of incomplete lipid
extraction from samples containing gold nanoparticles. Solid-state nuclear magnetic resonance
spectroscopy (SSNMR) was investigated as a possible alternative technique by which to quantify
lipid composition without the need for extraction from the particles’ surface. Unfortunately,
differences in relaxation rates and linewidths prevented lipid quantification by this approach as
well. Nevertheless, 3'P-detected SSNMR experiments did provide support for the rigidification of
the particles’ surface chemistry upon addition of cholesterol (Figure S8). Although several hurdles
prevented conclusive analysis of all lipid components, the data obtained seem to suggest that for
the lipids and experimental conditions used in this study, the assumption that the ratio of lipids

going into mimic synthesis is maintained in the final mimic product generally holds true.

Alpha-Synuclein/Rigid Mimic Binding Affinity by Dynamic Light Scattering Titrations.
Dynamic light scattering was used to monitor the binding affinity between alpha-synuclein and

lipid-coated gold nanoparticles. For these experiments, the concentration of lipid-coated gold
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nanoparticles was kept constant as the amount of alpha-synuclein added to the particles was
increased. With increasing protein concentration, the hydrodynamic diameter of the particles is
expected to increase as more and more proteins bind until it plateaus indicating saturation of the
particle surface. However, for all replicates of all lipid-coated gold nanoparticle types, an initial
increase in hydrodynamic diameter was observed with increasing protein concentration followed
by a decrease in hydrodynamic diameter as the protein concentration continued to rise (Figure 4).
This breaks from the expected and previously observed outcome of a plateau in hydrodynamic
diameter at high protein concentrations?® and warrants further investigation to understand what is
causing this behavior. One possible explanation is that past the peak of the titration curve the
protein shell begins compressing or disrupting the soft lipid coating on the particle surface leading
to the smaller overall hydrodynamic size of the resulting complexes. Previous work investigating
alpha-synuclein binding to 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) vesicles
also suggests that increasing protein concentrations could play a role in destabilizing lipid
bilayers.*? In order to test if the lipid coating is being destabilized by alpha-synuclein binding, a
full set of titration points were exposed to excess potassium cyanide to assess lipid coating integrity
(Figure S9). No etching of the gold nanoparticles was observed at any protein concentration
indicating that the gold cores remained protected from cyanide penetration. However, this
protection could arise from a compact protein layer coating the exterior of the particles and
therefore cannot be interpreted as conclusive evidence relating to the condition of the lipid coating.
Interestingly, the peak and dip binding curve shape was observed for both typical titrations in
which samples were measured as prepared after incubation and for titrations in which incubated
samples were washed once by centrifugation before measurement (Figure S10). This indicates

that removal of excess protein does not change the shape of the binding curves. Another potential
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explanation for the observed dipping behavior in the binding curves could be a change in alpha-
synuclein display on the surface of the particles at higher concentrations due to multilayer
adsorption or crowding on the particle surface. We will explore this possibility further in our

discussion of limited proteolysis mass spectrometry experiments below.
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Figure 4. Dynamic light scattering titrations of lipid-coated gold nanoparticles with alpha-synuclein. The change in
hydrodynamic diameter of lipid-coated gold nanoparticles is plotted as a function of alpha-synuclein concentration.
The data shown here is an average of three replicate titrations for each condition. Error bars represent the standard
deviation of the averaged replicates. Fitting of the data with a Langmuir Adsorption Isotherm is shown in red.

Apparent association constants (Ka) for each lipid-coated gold nanoparticle/alpha-

synuclein pairing were estimated by fitting their respective binding curves using a Langmuir
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Adsorption Isotherm (Equation 1) in which AD is the change in hydrodynamic diameter at a given
titration point, ADmax is the maximum change in hydrodynamic diameter, and [AS] is the

concentration of alpha-synuclein at a given titration point.

AD  Kq[AS]
ADpmax  1+Kg[AS]

(Equation 1)

Although the peak and dip binding curve shape observed here is not typical of Langmuir-type
binding behavior, fitting of the isotherm to real data is primarily influenced by the slope of the
initial increase which does behave as expected in this system. Furthermore, replacement of the dip
regime with an artificial plateau yields very similar values for the association constants (Figure
S11), suggesting this approach can be used with caution to estimate binding constants. Estimated
association constants (Table 1) for large lipid-coated gold nanoparticles with and without
cholesterol as well as small lipid-coated gold nanoparticles with cholesterol all fell in the range of
(1.1-1.8) x 10° M"!. However, small lipid-coated gold nanoparticles without cholesterol yielded a
slightly lower association constant of 5.9 x 10 ML, Interestingly, the association constants for the
current lipid-coated gold nanoparticle mimics are roughly 1-2 orders of magnitude higher than
previously studied sodium dodecyl sulfate-coated gold nanoparticles (Ka = (2.1-5.9) x 107 M)
analyzed by the same approach. This increased affinity could be a result of packing defects and
grain boundaries arising in the more complex, mixed lipid surface chemistry as previous studies
have suggested that alpha-synuclein exhibits heightened affinity for such defects in lipid
bilayers.?>*+4> However, factors such as ionic strength, pH, and temperature can also impact

protein binding affinities*¢*3

and should be considered as a point of caution when comparing
results across multiple studies conducted under different experimental conditions, even when the

same method of analysis was applied.
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Table 1. Summary of association constants estimated by various approaches®” in this and other works for alpha-synuclein binding to curved surfaces®.

20 (particle)
90 (particle)
10-100 (particle)
77 (vesicle)
116 (vesicle)
44 (vesicle)
44 (vesicle)
20-25 (vesicle)
20-25 (vesicle)
20-25 (vesicle)
20-25 (vesicle)
20-25 (vesicle)
40-60 (vesicle)
40-60 (vesicle)
40-60 (vesicle)
40-60 (vesicle)
40-60 (vesicle)
70 (particle)
70 (particle)
130 (particle)
130 (particle)
70 (vesicle)
75 (vesicle)
115 (vesicle)
120 (vesicle)

Citrate
Citrate
Sodium dodecyl sulfate
POPC(1):POPS(1)
POPC(1):POPS(1)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(2):DOPE(5):DOPS(3)
DOPC(3):DOPE(3):DOPS(1):SM(1)
DOPC(3):DOPE(3):DOPS(1):SM(1)
DOPC(3):DOPE(3):DOPS(1):SM(1)
DOPC(3):DOPE(3):DOPS(1):SM(1)
DOPC(3):DOPE(3):DOPS(1):SM(1)
DOPC(3):DOPE(3):DOPS(1):SM(1)
DOPC(3):DOPE(3):DOPS(1):SM(1)
DOPC(3):DOPE(3):DOPS(1):SM(1)

20

DLS
DLS
DLS
FCS
FCS
CD
CD
CD
CD
CD
CD
CD
FCS
FCS
FCS
FCS
FCS
DLS
DLS
DLS
DLS
CD
CD
CD
CD

2.0+£04x10 M"
1.8402x10°M"
2.1-5.9)x 10’ M

59+1.6x10°M"
1.7407x10°M"
1.8+08x10°M"
11+£07x10°M"

13402 x10°M"
59+02 x10°M"
27+02x10°M"
1.0+£0.1x10°M"
20+£02x10°M"
25+1.0x10°M"
6.0+1.0x10°M"
33+04x10°M"
32+04%x10°M"
1.5£0.1x10°M"
3.0£05x 10°M"
72+02x10°M"
24+01x10°M"
24+01x10°M"

1.6+£0.7x10°M"
48+07x10°M"
48+08x10°M"
45+13x10°M"

C

Ref®
Ref®
Ref?®

Ref?!
Ref?!

Ref®!
Ref®!
Ref*?
Ref*?
Ref*?
Ref*?
Ref*?
Ref*?
Ref*?
Ref*?
Ref*?
Ref*?

This Work
This Work
This Work
This Work
This Work
This Work
This Work
This Work

“Experiments were carried out either by titrating protein into particles, or by titrating lipids in protein. “Methods include titrations by dynamic light scattering
(DLS), fluorescence correlation spectroscopy (FCS), and circular dichroism spectroscopy (CD). “Gold nanoparticles and lipid vesicles of different sizes with
membrane mimetic and non-membrane mimetic surface chemistries.
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Another barrier to quantitative comparison of binding affinities is the use of different
analysis methods in which the fundamental characteristic being measured (e.g., particle size,
protein secondary structure, fluorescence autocorrelation) varies as well as the type of
concentration used (e.g., total particle, total lipid, accessible lipid) in calculations. Ideally,
experimental factors could be standardized between studies or experiments to achieve quantitative
comparison, however identifying a single compatible analysis method for mimics with very
different characteristics is challenging. For example, dynamic light scattering titrations are
appropriate for rigid particles where size increase can be attributed to protein adsorption, but it
does not work well for malleable particles that can undergo deformation upon particle binding
leading to unpredictable variations in hydrodynamic size (Figure S12). Conversely, circular
dichroism titrations and fluorescence correlation spectroscopy are often used successfully with
malleable particles (i.e., vesicles), but optical interference of gold nanoparticles precludes them
from these approaches (Figure S13). Here we chose to use dynamic light scattering for our rigid
lipid-coated gold nanoparticles and circular dichroism (described below) for our malleable
phospholipid vesicles. Isothermal titration calorimetry has been used less frequently and with some
difficulty to monitor molecule/particle binding,*®*’ but it has been successfully applied to

protein/vesicle binding on several occasions?>>°

and could represent an opportunity to achieve
quantitative comparison of binding affinity measurements across diverse membrane model

systems in the future using a single unifying analysis approach.

Alpha-Synuclein/Malleable Mimic Binding Affinity by Circular Dichroism Titrations.
Because alpha-synuclein is an intrinsically disordered protein in solution that adopts alpha-helical
character upon binding to membrane-like surfaces, binding can be monitored via circular

dichroism spectroscopy by observing changes in ellipticity at 222 nm, one of the wavelengths
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indicative of alpha-helical secondary structure. For these experiments, the concentration of alpha-
synuclein was kept constant as the amount of phospholipid vesicles added to the protein was
increased. Circular dichroism spectra were also taken for each vesicle concentration in the absence
of alpha-synuclein. Similarly to previous reports,’®>! the vesicle background was then subtracted
from each sample and the change in CD signal at 222 nm was plotted against vesicle concentration
(Figure 5). Here, due to the large size of the vesicles in use, the change in ellipticity at 222 nm
was calculated from the first titration point (0.0lmg/mL lipid) rather than from a free protein
measurement (0 mg/mL lipid) to account for vesicle interference that could not be eliminated by

background subtraction alone.
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Figure 5. Circular dichroism titrations of alpha-synuclein with phospholipid vesicles. The change in ellipticity at 222
nm is plotted as a function of accessible lipid concentration. The data shown here is an average of three replicate
titrations for each condition. Error bars represent the standard deviation of the averaged replicates. Fitting of the data
with a Langmuir Adsorption Isotherm is shown in red.

Apparent association constants (Ka) for each phospholipid vesicle/alpha-synuclein pairing
were estimated by fitting their respective binding curves using a Langmuir Adsorption Isotherm
(Equation 2) similarly to the analysis described above. In this case, ACD is the change in ellipticity
at 222 nm for a given titration point, ACDmax is the maximum change in ellipticity at 222 nm, and

[lipid] is the concentration of accessible lipids for a given titration point.

ACD _ Kg[lipid]
ACDpmayx  1+Kg[lipid]

(Equation 2)

The plateau values for all titrations, falling at a change in ellipticity of approximately 5
millidegrees, is in good agreement with values obtained for a series of control samples (Figure
S14). Estimated association constants (Table 1) for large phospholipid vesicles with and without
cholesterol as well as small phospholipid vesicles with cholesterol all fell in the range of (4.5-4.8)
x 10> M'!. However, similarly to the trend observed for lipid-coated gold nanoparticles, small
phospholipid vesicles without cholesterol yielded a slightly lower association constant of 1.6 x 102
M-, These results indicate that both malleable and rigid mimics experience decreased binding
affinity under the combined absence of cholesterol and decrease in particle size, whereas no
significant change in binding affinity is observed for changes in mimic size or lipid composition
alone. Previous studies investigating the role of cholesterol in alpha-synuclein binding affinity to
phospholipid vesicles have yielded contradicting results (Table 1). While Man et al. observed a
linear decrease in binding affinity with increasing cholesterol content up to nearly 50 mol%,3!
Mabhapatra et al. reported an increase in binding affinity upon the addition of 5-40 mol%

cholesterol with the strongest binding occurring at a composition of 10 mol% cholesterol.*?
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Comparing just our small phospholipid vesicle conditions, we observe a trend similar to that
reported by Mahapatra et al. in which addition of cholesterol results in an increase in binding
affinity. Interestingly, we do not observe a trend in either direction for the large phospholipid
vesicle samples, suggesting that the ability of cholesterol content to influence binding affinity,
possibly through modulating lipid packing defects,*** is less significant for larger vesicles with

lower surface curvature.

Protein Binding Orientation by Limited Proteolysis Mass Spectrometry Analysis. The
binding orientation of alpha-synuclein to the surface of our rigid and malleable synaptic vesicle
mimics was probed using a limited proteolysis approach (Scheme S2, Figure S15). Each synaptic
vesicle mimic was incubated with sufficient alpha-synuclein to achieve approximately monolayer
surface coverage as estimated by DLS and CD titration experiments. Partial enzymatic digestion
was then achieved by employing Glu-C at a low enzyme to protein ratio (1:200 by mass) and low
digestion temperature (25°C), similarly to previous studies.?® Protein fragments released from the
surface of the mimics upon digestion were then isolated and analyzed by mass spectrometry with
label free quantification (LFQ) performed by MaxQuant. This analysis method allows for the
determination of relative amounts of each protein fragment across all samples. Under these
conditions, we expected fragments from accessible, solvent-exposed regions of the protein to be
detected more frequently, while fragments from less accessible, protected regions of the protein

should be detected less frequently.

Fragmentation patterns for free alpha-synuclein and alpha-synuclein digested from the
surface of either malleable or rigid synaptic vesicle mimics all showed full sequence coverage

(Figure 6, Figure S16). Furthermore, the presence of fragments across all sample types in which
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Figure 6. Fragmentation patterns for a) free alpha-synuclein and b) alpha-synuclein digested from the surface of
malleable, phospholipid vesicles by Glu-C. Each bar represents a protein fragment detected by mass spectrometry and
the color scale indicates the log: value of the average LFQ intensity obtained for a given fragment across three replicate
samples [high LFQ (blue), low LFQ (orange)]. Bars that are white indicate fragments that were not detected for a
certain condition but were detected in other conditions.
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1-2 digestion sites were missed indicates that we are in fact operating under partial rather than
complete digestion conditions. The most commonly detected fragments, as indicated by high LFQ
intensity, for free alpha-synuclein were primarily located at the N-terminal of the protein sequence.
Fragments originating from the region between residues 36-105 were the next most common,
while fragments in the range of residues 29-35 were the least common. Similar overarching trends
were observed in the fragmentation patterns of alpha-synuclein digested from the surface of rigid
synaptic vesicle mimics (Figure S16), however fragments in the N-terminal and C-terminal
regions of these samples typically showed lower LFQ intensities than the free protein which could
indicate that they are released less frequently from the rigid mimic’s surface and are therefore more
protected from digestion when bound. Interestingly, alpha-synuclein digested from the surface of
malleable synaptic vesicle mimics demonstrated more significant differences in fragmentation
patterns when compared to free alpha-synuclein. Namely, several longer fragments containing
missed cleavage sites were not detected in malleable mimic conditions except in the case of the
small vesicles not containing cholesterol (Figure 6). Most notably, fragments 62-104 and 62-105,
which are missing from most malleable mimic conditions, are detected at a higher rate in the small
vesicle condition not containing cholesterol when compared to free alpha-synuclein. Significantly,
the small vesicle condition not containing cholesterol also demonstrated a decreased binding
affinity compared to the other malleable conditions, suggesting a connection between weaker
alpha-synuclein binding and increased detection of released alpha-synuclein fragments from this

region of the protein.

To explore these observed trends in more detail, we also considered the digestion patterns
of alpha-synuclein from the perspective of the specific cut sites (Figure 7). In order to achieve

this, the LFQ intensities for each fragment were first averaged across replicates of a given
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condition, only considering fragments that had LFQ intensities recorded for 2 or more replicates.
The averaged LFQ intensities for all fragments associated with a given digestion site were then
summed. Finally, the fold change between free and bound was calculated by taking log: of the
ratio of the summed LFQ intensities for bound protein/free protein. Values below zero indicate
regions of the bound protein that are less accessible to digestion compared to free protein, while
values above zero indicate regions of the bound protein that are more accessible to digestion
compared to free protein. Across all mimic types, the N-terminal region of the protein was found
to be more protected from digestion in comparison to free protein, demonstrating approximately
2-fold decrease in associated LFQ intensity at residue 20 for rigid mimic samples and up to 3.5-
fold decrease for malleable mimic samples at the same digestion site. This observation agrees with
the results of our previous investigation into alpha-synuclein binding to rigid, SDS-based synaptic
vesicle mimics?® and aligns with the expectation that alpha-synuclein binds to membrane surfaces
via an amphipathic alpha-helical structure that forms in the N-terminal region of the protein.®-!2-2
Interestingly, in the C-terminal region of alpha-synuclein, residues 115-126 were also found to be
protected from digestion in comparison to free protein, differing from our previous study?® and
other reports of a free floating C-terminal region upon membrane binding.>? Furthermore, the final
fragment, comprising residues 132-140, showed an approximate 1-fold increase in LFQ intensity
for large and small rigid mimics without cholesterol, which was not observed in other mimic

conditions.
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Figure 7. Difference digestion patterns between free alpha-synuclein and alpha-synuclein bound to a) lipid-coated
gold nanoparticles or b) extruded lipid vesicles. The fold change was calculated by taking logz of the ratio of the
summed LFQ intensities for fragments associated with a given digestion site in bound protein/free protein. Values
below zero indicate regions of the bound protein that are less accessible to digestion compared to free protein, while
values above zero indicate regions of the bound protein that are more accessible to digestion compared to free protein.
Error bars represent the standard deviation based on data collected from triplicate samples.

For rigid mimics (Figure 7A), digestion in the central NAC region of the protein is fairly
similar to that observed for the free protein, with only a mild exposure observed for large gold
nanoparticles without cholesterol and a mild protection observed around residue 61 for the other
rigid mimic conditions. In our previously studied surfactant-based mimic system, wildtype alpha-
synuclein bound to larger (65-100 nm) SDS-coated gold nanoparticles similar in size to our current
system also behaved very similarly to free protein, while more significant exposure in the NAC
region for was only observed for smaller (10-50 nm) mimics.?® This suggests that low surface
curvature could help prevent exposure of the NAC region upon membrane binding. For malleable
mimics (Figure 7B), mild protection was observed at the end of the NAC region from residues
83-104 for all conditions except for small vesicles without cholesterol which shows mild exposure
at the beginning of the NAC region from residues 61-83. Furthermore, residues 36-47 were

exposed upon binding to large vesicles with cholesterol and, to a lesser extent, small vesicles
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without cholesterol. Interestingly, this region encompasses a short motif (i.e., residues 36-42) that

was found to play an important role in alpha-synuclein aggregation and function.>

Finally, we investigated the hypothesis that the observed dipping behavior in our DLS
binding curves could be due to a change in alpha-synuclein display on the surface of the particles
at higher protein concentrations. Small lipid-coated gold nanoparticles without cholesterol, chosen
as the exemplary mimic condition for this experiment, were incubated with alpha-synuclein at
protein-to-particle ratios corresponding to the peak and dip regions of the titration curve for
analysis by limited proteolysis mass spectrometry (Figure 8). Samples prepared at both incubation
ratios were washed of any free, unbound protein prior to analysis. We found that the central NAC

region and portions of the C-terminus were more exposed in the dip condition compared to the
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Figure 8. Comparison of alpha-synuclein binding behavior in the peak (green) and dip (red) regions of a) a
representative DLS titration curve for small lipid-coated gold nanoparticles without cholesterol. Small lipid-coated
gold nanoparticles without cholesterol were incubated with alpha-synuclein at protein-to-particle ratios corresponding
to the peak and dip regions of the titration curve for analysis by limited proteolysis mass spectrometry to obtain b) the
difference in digestion patterns between free alpha-synuclein and alpha-synuclein bound to small lipid-coated gold
nanoparticles without cholesterol at different incubation ratios. The fold change was calculated by taking log of the
ratio of the summed LFQ intensities for fragments associated with a given digestion site in bound protein/free protein.
Values below zero indicate regions of the bound protein that are less accessible to digestion compared to free protein,
while values above zero indicate regions of the bound protein that are more accessible to digestion compared to free
protein. Error bars represent the standard deviation based on data collected from triplicate samples.
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peak condition. These results indicate that protein-to-particle incubation ratio plays a role in
determining protein orientation upon binding to these rigid mimics which could contribute to the

non-traditional shape of their binding curves.

CONCLUSIONS

In this study we developed a library of synaptic vesicle mimics comprising a range of both
malleable phospholipid vesicles and rigid lipid-coated gold nanoparticles of two distinct sizes.
While quantification of lipid composition in the final synthesized mimics posed several challenges,
results suggested that the molar ratios of components present across all mimic conditions were
comparable. Upon interaction of alpha-synuclein with all mimic types, limited proteolysis
experiments showed that the N-terminal region of the protein became protected against digestion
consistent with the reported membrane binding region. Much of the C-terminal region of alpha-
synuclein became protected against digestion as well, although this observation is in contrast with
studies which typically depict alpha-synuclein’s C-terminal end as a free-floating tail, which has
little to no interaction with membrane surfaces upon binding. Interestingly, higher binding
affinities were observed for alpha-synuclein binding to rigid synaptic vesicle mimics compared to
malleable synaptic vesicle mimics. Furthermore, the small lipid-coated gold nanoparticles and
small lipid vesicles without cholesterol stood out amongst all the mimic conditions as they
demonstrated lower binding affinities toward alpha-synuclein than their respective rigid and
malleable counterparts. The small lipid vesicles without cholesterol also had a different digestion
pattern than the other malleable mimics, displaying exposure rather than protection in the NAC
region. Finally, differences in alpha-synuclein orientation on the surface of rigid synaptic vesicle

mimics at different protein-to-particle incubation ratios are believed to contribute to the non-
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traditional peak and dip shape of the observed binding curves. Increased exposure of the NAC
region at higher protein concentrations could possibly act as a seed for pathogenic alpha-synuclein

aggregation.

MATERIALS AND METHODS

Tetrachloroauric(IIl) acid trihydrate (HAuCls-3H>O), hydroquinone, 1-octadecanethiol,
sodium dodecyl sulfate, chloroform, HEPES, and ammonium bicarbonate were purchased from
Sigma-Aldrich; cholesterol (ovine wool, powder, 98%), 1,2-dioleoyl-sn-glycero-3-
phosphocholine  (DOPC, 25mg/mL in  chloroform), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE, 25mg/mL in chloroform), 1,2-dioleoyl-sn-glycero-3-phospho-L-
serine (DOPS, sodium salt, 25mg/mL in chloroform) and sphingomyelin (porcine brain, 25mg/mL
in chloroform) were purchased from Avanti Polar Lipids; potassium cyanide was purchased from
Fluka BioChemika; osmium tetroxide (4% solution) was purchased from Electron Microscopy
Sciences; trisodium citrate dihydrate (Na3Ce¢HsO7-2H>0) was purchased from Flinn Scientific;
sodium hydroxide was purchased from Fisher Scientific; Glu-C endoproteinase was purchased
from Thermo Scientific. All materials were used without further purification. Extinction spectra
were collected on a Cary 5000 UV-vis—NIR spectrophotometer, transmission electron microscopy
images were collected on a JEOL 2100 CRYO TEM, dynamic light scattering measurements were
taken on a Malvern Panalytical Zetasizer Nano-ZS, circular dichroism spectra were collected on
an Olis DSM17. Exo-spin™ mini-HD columns were obtained from Cell Guidance Systems. Water

used in all preparations was obtained from a Barnstead NANOpure II water purification system.
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Synthesis of Lipid Vesicles. Lipid vesicles were synthesized by extrusion using an Avanti Mini
Extruder at room temperature. First, the desired molar ratio of lipids in chloroform were combined,
mixed well, and dried down under a stream of nitrogen. A molar ratio of either 3:3:1:1:2
DOPC:DOPE:DOPS:sphingomyelin:cholesterol or 3:3:1:1 DOPC:DOPE:DOPS:sphingomyelin
was used for all experiments. The resulting lipid film was then placed under vacuum overnight to
remove any remaining solvent traces. The lipids were then rehydrated to a desired concentration
in the range of 1 mg/mL to 10 mg/mL with HEPES buffer (10 mM, pH 7) or ammonium
bicarbonate (10 mM, pH 8) and allowed to agitate on a shaker for ~1 hr to form a milky white
solution containing large multilamellar vesicles. This solution was briefly vortexed before
proceeding. The resulting solution was loaded into a syringe and passed through a single
polycarbonate membrane of defined pore size 31 times, ending with the lipid solution in the
alternate syringe. To obtain large vesicles the solution was passed through a membrane with 100
nm pores. To obtain small vesicles the solution was passed first through a membrane with 100 nm
pores, then 50 nm pores, and finally 30 nm pores in a step-down approach. The sizes of the
resulting lipid vesicles were characterized by dynamic light scattering. As synthesized lipid

vesicles were stored in the refrigerator at 20°C for up to 7 days.

Synthesis of Citrate-Capped Gold Nanoparticles. Small and large gold nanoparticles were
synthesized according to a previously reported method.>* First, a seed solution was made by
bringing 50 mL water and 500 pL 1% w/v HAuCl4 to a boil under stirring, followed by the addition
of 1.5 mL 1% w/v sodium citrate. The resulting solution was allowed to boil for 10 minutes, during
which time it underwent a color change from clear to pink to red and was then cooled to room
temperature. Small ~50 nm (and large ~120 nm) gold nanoparticles were grown at room

temperature by combining 239.5 mL (243.8mL) water, 2.5 mL 1% w/v HAuCl4, 5 mL (0.4 mL)
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seeds, 550 puL 1% w/v sodium citrate, and 2.5 mL 0.03 M hydroquinone under stirring for 1 hr.
Gold nanoparticles were collected by centrifugation at 600g for 30 min (200g for 30 min). The
resulting nanoparticles were characterized by UV-vis, dynamic light scattering, and transmission

electron microscopy.

Lipid-Coating of Gold Nanoparticles. After synthesis, the citrate-capped gold nanoparticles

138 which utilizes

were coated with a hybrid lipid bilayer based on a previously established protoco
an inner alkane thiol layer as an anchor to facilitate the association of an outer lipid layer to the
particle surface. To achieve small lipid-coated gold nanoparticles, 0.022 nmol small citrate-capped
gold nanoparticles were combined first with 22 mg lipids (rehydrated as described above),
followed by the addition of 4.4 mg octadecane thiol (from 10 mg/mL ethanolic stock solution) in
a total incubation volume of approximately 4.5 mL HEPES buffer (10 mM, pH 7). For large lipid-
coated gold nanoparticles, 0.0034 nmol large citrate-capped gold nanoparticles were combined
first with 17 mg lipids (rehydrated as described above), followed by the addition of 6.8 mg
octadecane thiol (from 10 mg/mL ethanolic stock solution) in a total incubation volume of
approximately 4.7 mL HEPES buffer (10 mM, pH 7). These mixtures were then sonicated for 10
minutes and allowed to incubate on a shaker at room temperature overnight. The following day,
samples were centrifuged two times to remove any excess lipids remaining in solution. Samples

with small particles were centrifuged at 600g for 30 minutes, while samples with large particles

were centrifuged at 200g for 30 minutes.

Cyanide Etching of (Lipid-Coated) Gold Nanoparticles. A solution of 100 mM potassium
cyanide was made using 0.1 mM sodium hydroxide. Citrate-capped gold nanoparticles or lipid-
coated gold nanoparticles were prepared at an appropriate dilution for measurement by UV-vis

using 0.1 mM sodium hydroxide in a 1 cm quartz cuvette. An aliquot of the as prepared potassium
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cyanide solution was then added to the particles in the cuvette, the cuvette was capped, and the
extinction of the sample was monitored by UV-vis spectroscopy for changes over time. Potassium
cyanide was added to gold nanoparticle samples in an amount sufficient to achieve at least a 10x
stoichiometric excess of cyanide ions to gold atoms. Safety Note: Solutions of potassium cyanide
should be maintained under basic conditions and never mixed with acidic solutions in order to

prevent the formation of highly toxic hydrogen cyanide.

Osmium Tetroxide Staining of Lipid-Coated Gold Nanoparticles. The staining procedure was
adapted from a previously reported approach.*® Briefly, 10 uL of lipid-coated gold nanoparticles
at half their synthesized concentration were dropcast onto a TEM grid and allowed to dry
overnight. The grid was then floated sample side down on top of a 0.4% osmium tetroxide solution
for 1 hour. Finally, the grid was rinsed sample side down in water 3 times for 10 minutes. The grid
was allowed to dry sample side up on a piece of filter paper and then taken immediately for TEM

imaging.

Analysis of Lipid Composition. The composition of lipids present in final synaptic vesicle
mimics was assessed according to Scheme S1. DOPC, DOPE, and DOPS were quantified by liquid
chromatography-mass spectrometry (LC-MS). Cholesterol was quantified using a fluorometric
Cholesterol Quantification Assay Kit (CS0005) obtained from Sigma Aldrich. Total phosphorus
concentration was determined by colorimetric assay according to a procedure published by Avanti

Polar Lipids® or by inductively coupled plasma-mass spectrometry (ICP-MS).

Extraction of lipids from the surface of coated gold nanoparticles was achieved using a
modified approach to the Folch method***' by first adding 2 mL of sample in 10 mM HEPES
buffer to 8 mL of a 2:1 chloroform:methanol mixture. Samples were then vortexed in 1 minute

intervals for a total of 3 minutes. The phases were allowed to separate for ~30 min, then the organic
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layer containing extracted lipids was collected. Fresh organic phase was added and samples were
extracted two additional times. Collected organic layers for each sample were dried down by
rotovap and placed under vacuum for 1 hr to remove trace solvent. Finally, extracted lipids were

rehydrated in 10 mM HEPES for 1 hr before analysis.

Expression and Purification of Alpha-Synuclein. Wildtype alpha-synuclein protein was
expressed and purified as previously described.’® Final protein stock solutions used for
experimentation had a concentration of 11.01 mg/mL (761 pM) wildtype alpha-synuclein in 1 mM

EDTA, 10 mM Tris-HCI, and 150 mM NacCl (pH 8).

Dynamic Light Scattering Titrations. First, a working solution of 0.5 uM alpha-synuclein was
made by diluting 1 pL of the 761 uM stock solution to a final volume of 1.5 mL using 10 mM
HEPES buffer (pH 7). Titration curves were collected for protein concentrations ranging from 0-
50 nM alpha-synuclein added to constant concentrations of either 0.025 nM small lipid-coated
gold nanoparticles or 0.0075 nM large lipid-coated nanoparticles in a total volume of 1 mL 10 mM
HEPES buffer (pH 7). Each titration point for a given curve was prepared simultaneously in
separate microfuge tubes, and the samples were allowed to incubate on a shaker for at least 30
minutes before collecting DLS measurements. The order of titration point measurement was
randomized within each replicate curve to account for any potential impact of varied incubation
time. Three measurements of ~15 scans each were taken and averaged for each titration point.
Each titration curve was conducted in triplicate. All DLS measurements of hydrodynamic size

were obtained by cumulants fitting.

Circular Dichroism Titrations. Titration curves were collected for vesicle concentrations
providing 0-8 mM accessible lipids added to a constant concentration of 2 pM alpha-synuclein in

a final volume of 0.3 mL 10 mM HEPES buffer (pH 7). Accessible lipids are considered those in
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the outer leaflet and their concentration was determined geometrically based on vesicle
hydrodynamic size and previously published calculations.?! Each titration point for a given curve
was prepared simultaneously in separate microfuge tubes, and the samples were allowed to
incubate on a shaker for at least 30 min before collecting circular dichroism measurements. The
order of titration point measurement was randomized within each replicate curve to account for
any potential impact of varied incubation time. Five scans were taken and averaged for each
titration point with an integration time of 1 second and increments of 0.1 nm over the range of
220-224 nm, bandwidth 8. The resulting spectra were smoothed using a Savitsky-Golay filter and
the change in ellipticity at 222 nm (representative of alpha-helical secondary structure) was
monitored. Vesicle control scans were taken at each vesicle concentration, and any signal
originating from the vesicles on their own was background subtracted from the respective samples.
Each titration curve was conducted in triplicate. Full spectra of select samples were also taken over

the range of 200-250 nm with 0.2 nm increments.

Enzymatic Digestion and Separation of Alpha-Synuclein from the Surface of Lipid-Coated
Gold Nanoparticles. In a typical digest (Scheme S2A), 20 ug alpha-synuclein was incubated with
0.007 nmol small lipid-coated particles or 0.001 nmol large lipid-coated particles in 600 pL total
volume (10 mM ammonium bicarbonate, pH 8) at 4 °C overnight. Small and large lipid-coated
particle concentrations were selected to achieve approximately monolayer surface coverage upon
protein incubation, as estimated from DLS titration data. The surface area of the gold nanoparticle
cores was kept constant between samples. After protein incubation, samples were centrifuged
twice to remove any excess unbound protein. Samples with small particles were centrifuged at
600g for 30 min, while samples with large particles were centrifuged at 200g for 30 min. After the

first centrifugation step, 550 pL of supernatant was removed and replaced with an equal volume
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of 10 mM ammonium bicarbonate (pH 8). After the second centrifuge step, 550 pL supernatant
was removed and replaced with 540 pL ammonium bicarbonate plus 10 uL Glu-C endoproteinase
(10 pg/mL). Enzymatic digestion was then allowed to take place for 6 hr in a 25 °C water bath.
Glu-C digestion sites are identified in Figure S15. Finally, the digested samples were centrifuged
to pellet all gold nanoparticles, and the top 550 pL of the supernatant containing protein fragments
released due to digestion were collected. The collected samples were immediately placed in the
freezer at -20 °C for overnight storage before submission for mass spectrometry analysis the
following day. Free protein controls were conducted by adding 20 pg alpha-synuclein and 100 ng
Glu-C Endoproteinase directly into a total volume of 600 pL ammonium bicarbonate (10 mM, pH
8) and allowing digestion to take place for 6 hr in a 25 °C water bath without the need for

centrifugation steps.

Enzymatic Digestion and Separation of Alpha-Synuclein from the Surface of Lipid Vesicles.
In a typical digest (Scheme S2B), 20 pg alpha-synuclein was incubated with 1 mg small lipid
vesicles or 1 mg large lipid vesicles in 150 pL total volume (10 mM ammonium bicarbonate, pH
8) at 4 °C overnight. After protein incubation, samples were passed through an ExoSpin™ mini-
HD size exclusion chromatography column in order to remove any excess unbound protein. First,
columns were brought to room temperature, storage buffer was removed, and the columns were
flushed three times with 2.5 mL ammonium bicarbonate (10 mM, pH 8). Next, the 150 uL sample
volume was applied to the top of the column. Once the sample had entered the column, 50 pL of
ammonium bicarbonate was added and the first fraction totaling 200 uL. was collected by gravity.
Next, 200 uL ammonium bicarbonate was applied to the top of the column and collected by gravity
as the second fraction. This process was repeated a further 22 times until a total of 24 fractions of

approximately 200 pL had been collected. A 2 pL aliquot of each fraction was analyzed by
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Nanodrop and fractions containing vesicles (typically fractions 5-8 as determined by signal arising
from vesicle scattering) were saved and combined. These combined fractions were concentrated
under vacuum to a volume of approximately 140 puL before proceeding. Next, 10 pL Glu-C
endoproteinase (10 pg/mL) was added to the samples and enzymatic digestion was then allowed
to take place for 6 hr in a 25 °C water bath. Glu-C digestion sites are identified in Figure S15.
Finally, digested samples were passed through an ExoSpin™ mini-HD size exclusion
chromatography column according to the procedure described above in order to separate protein
fragments released from the vesicle surface due to digestion from protein fragments which
remained bound. In this case, fractions containing free protein but not containing lipid vesicles
(typically fractions 16-20) were saved and combined. The combined fractions were immediately
placed in the freezer at -20 °C for overnight storage before submission for mass spectrometry
analysis the following day. Free protein controls were conducted by adding 20 pg alpha-synuclein
and 100 ng Glu-C Endoproteinase directly into a total volume of 600 pL. ammonium bicarbonate
(10 mM, pH 8) and allowing digestion to take place for 6 hr in a 25 °C water bath without the need

for centrifugation steps.

Mass Spectrometry and Proteomics. Peptide samples were desalted using StageTips, and the
amount in each sample was determined with a Pierce quantitative colorimetric peptide (modified
BCA) assay. The dried peptides were suspended in a solution of 0.1% formic acid (FA) in 5%
acetonitrile (ACN), and 30 ng from each sample was injected into an UltiMate 3000 RSLCnano
system. The peptides were separated using a 25 cm Acclaim PepMap 100 C18 column (Thermo
Scientific) and mobile phases of 0.1% FA (A) and 0.1% FA in 80% ACN (B) at a flow rate of 300

nL/min. The gradient started at 5% B, increased to 35% B over 40 minutes, and then increased to
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50% B over 5 more minutes; this was followed by column washing and equilibration. The column

was maintained at 50 °C over the course of the run.

The peptides were analyzed with a Q Exactive HF-X mass spectrometer (Thermo
Scientific) in positive mode. MS1 scans from 350 to 1500 m/z were acquired at 120k resolution
(3e6 AGC; 60 ms max IT), followed by HCD fragmentation (30 NCE) of the 15 most abundant
ions. MS2 scans were acquired at 30k resolution with an isolation window of 1.0 m/z and a

dynamic exclusion time of 20 s (5e4 AGC; 35 ms max IT).

The raw LC-MS data was searched against the Uniprot Homo sapiens reference proteome
(78,806 entries) with MaxQuant v2.0.1.0. GluC was specified as the enzyme with a maximum of
2 missed cleavages; minimum peptide length was set to 6. Variable modifications of methionine
oxidation and N-terminal acetylation were also added to the search. The precursor mass tolerance
was 20 ppm for the first search and 10 ppm for the main search, while the fragment mass tolerance
was set to 20 ppm. The match between runs function was enabled with a match time window of 1
min, and the false discovery rate was set to 1% at the PSM and protein levels. Label-free

quantitation was also performed with MaxQuant using a minimum ratio count of two.
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