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ABSTRACT

Aggregation of the natively unfolded protein a-synuclein (a-Syn) has been widely correlated to the neuronal death
associated with Parkinson’s disease. Mutations and protein overaccumulation can promote the aggregation of a-
Syn into oligomers and fibrils. Recent work has suggested that a-Syn oligomers can permeabilize the neuronal
membrane, promoting calcium influx and cell death. However, the mechanism of this permeabilization is still
uncertain and has yet to be characterized in live cells. This work uses scanning ion conductance microscopy
(SICM) to image, in real time and without using chemical probes, the topographies of live SH-SYS5Y
neuroblastoma cells after exposure to a-Syn oligomers. Substantial morphological changes were observed, with
micrometer-scale hills and troughs observed at lower a-Syn concentrations (1.00 uM) and large, transient pores
observed at higher a-Syn concentrations (6.0 uM). These findings suggest that a-Syn oligomers may permeabilize
the neuronal membrane by destabilizing the lipid bilayer and opening transient pores.

INTRODUCTION

Parkinson’s disease (PD) is an increasingly prevalent neurodegenerative disorder characterized by the death of
dopamine-producing neurons in the substantia nigra region of the midbrain.! Loss of these neurons can impair
dopamine-dependent neurological pathways, inducing symptoms of PD such as muscle tremors and cognitive
dysfunction.” Neuronal death in PD has been widely attributed to the aggregation of the natively unfolded protein
a-synuclein (0-Syn).! Mutations, protein overaccumulation, posttranslational modifications, and oxidative damage
have all been observed to promote the aggregation of monomeric a-Syn into soluble oligomers or fibrils, both
containing cores of hydrophobic B-sheets.’ Recent work has argued that, while fibrils found in clusters known as
Lewy bodies are a traditional hallmark of PD, oligomers are the most toxic form of a-Syn." a-Syn oligomers can
be secreted from neurons in exosomes, a finding that prompted proposals of prion-like mechanisms for the cell-to-
cell transmission of PD.*?

a-Syn oligomers have been observed to induce neuronal death by disrupting a variety of cellular processes,
including calcium signaling, the mitochondrial electron transport chain, and the lysosomal autophagy system.’
Disruption of these processes appears to induce neuronal death while promoting further aggregation of a-Syn. For
instance, a-Syn oligomers have been demonstrated to induce irregular calcium influx from the cerebrospinal fluid
to the cytoplasm in a manner independent of known calcium transport pathways.® The imported calcium has been
shown to localize to the mitochondria,” at which a-Syn aggregates have been found to independently interfere
with complex I-dependent respiration, promoting the production of superoxide.® The resulting combination of
calcium and superoxide has been proposed to open the mitochondrial permeability transition pore, releasing
cytochrome c into the cytoplasm and initiating apoptosis.”'® Appropriately, neurons of the substantia nigra are



particularly susceptible to this oxidative stress because they bear a high respiratory demand; these neurons must

maintain resting potentials and oscillating calcium concentrations across long axons using active transport.>'!-2

A critical step in this proposed sequence of events is the disruption of the neuronal plasma membrane by a-Syn
oligomers. Monomers of a-Syn are known to bind negatively charged vesicles with high curvature by adopting a-
helical conformations in their N-termini."> a-Syn oligomers have also been demonstrated to tightly bind lipid
membranes, but with little electrostatic specificity, using a hydrophobic B-sheet core.'*!* This binding has been
observed to increase the permeability of liposomes and supported lipid bilayers to small ions like Ca®* and, to a

lesser extent, larger molecules such as glucose, dopamine, and Fura-2.'%!7

Several mechanisms for membrane permeabilization by a-Syn oligomers have been proposed. Some groups, such
as Schmidt et al., have proposed that a-Syn oligomers perforate the membrane with individual protein pores after
observing stepwise increases in the conductance of synthetic lipid bilayers treated with o-Syn oligomers.'
However, other publications have suggested that membrane permeabilization by a-Syn oligomers is less discrete
and only occurs after a critical amount of protein has bound the membrane.'”2' These works have proposed that
the binding of a-Syn oligomers to the cell membrane disrupts lipid packing, alters membrane curvature, and
extracts lipids from the membrane onto adsorbed aggregates.”'*> These disruptions would impose tension on the
membrane, which — when severe enough — would be expected to open large pores stabilized by a-Syn oligomers
at the pore edges”; this mechanism is conceptually similar to that by which many antimicrobial peptides
permeabilize membranes.”* Atomic force microscopy (AFM) imaging of supported lipid bilayers and fixed cells
in the presence of a-Syn oligomers has suggested the formation of micrometer-scale pores in the membrane,
supporting this ‘membrane destabilization” model.>> %’

This work aimed to investigate membrane disruption by a-Syn oligomers in live SH-SYS5Y neuroblastoma cells —
rather than supported lipid bilayers, liposomes, or fixed cells — in real time. This was done using scanning ion
conductance microscopy (SICM), a topographical imaging technique that monitors the electrolytic current
flowing through the tip of a nanopipette probe.*® This current is dependent on the separation between the probe
and the sample and thus can be used to map the sample’s topography. Significantly, SICM can image the
membrane topographies of live neuroblastoma cells in artificial cerebrospinal fluid (ACSF) with nanometer
precision, without using chemical probes, in real time. Compared to other topographical imaging techniques, such
as AFM, SICM is less likely to damage or distort biological samples throughout imaging because it exerts a
negligible force on the sample.”** Additionally, because SICM probes can be cheaply fabricated, newly made
probes can be used in each experiment to prevent sample contamination. Thus, this work aimed to use SICM to
characterize the mechanism of a-Syn-induced disruption of membranes in live neurons.

RESULTS AND DISCUSSION

To study membrane disruption by a-Syn, aggregates of a-Syn were produced and purified in-vitro. Noncontact
air-mode AFM was used to assess the size of the prepared aggregates adhered to a flat mica substrate. Previous
work has suggested that, when imaged with AFM, a-Syn oligomers appear as particles with z-heights ranging
from 3-16 nm.**' Characterization of the aggregates by AFM determined that the z-heights of the aggregates
ranged from 3.50 to 11.00 nm, as shown in Figures 1A and 1B. The arithmetic mean of aggregate z-heights was
5.59 nm (n = 6892), with a 95% confidence interval of (5.53 nm, 5.64 nm). No o-Syn fibrils were observed.
Representative AFM images of a-Syn monomers are provided and discussed in the Supporting Information;

statistical analysis suggested that the a-Syn oligomers were significantly larger than the a-Syn monomers (p <
0.001).
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Figure 1. Characterization of a-Syn aggregates. (A) AFM image of a-Syn aggregates adhered to a mica substrate. Pixels are
colored by z-height to show aggregate size. Images were first-order flattened using Gwyddion. (B) Histogram of the z-
heights of aggregates imaged with AFM (n = 6892). (C) Circular dichroism (CD) spectra of a-Syn aggregates in phosphate
buffer (blue line), a-Syn monomers in phosphate buffer (red line), and phosphate buffer alone (black dashed line).

Circular dichroism (CD) spectroscopy was used to investigate the secondary structure of the produced a-Syn
aggregates. Previous works have suggested that, while a-Syn monomers exist primarily in the unfolded state or as
helical tetramers, a-Syn oligomers and fibrils adopt structures with approximately 35% and 65% B-sheet content,
respectively, when measured by CD spectroscopy.”' The CD spectra obtained for monomers and the produced
aggregates (Figure 1C) were analyzed using CDPro, suggesting that the a-Syn aggregates had adopted significant
B-sheet content (35 £ 7%), in contrast to the o-Syn monomers, which were composed primarily of unfolded
content (76 + 7%, with 8 £ 7% B-sheet content). Thus, the characterization of the a-Syn aggregates by AFM and
CD spectroscopy supported the presence of a-Syn oligomers in the aggregate sample.
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Figure 2. Real-time characterization of cell membrane disruption by SICM. Representative images show flattened maps of 4
x 4 um sections of the cell membrane, with pixels colored by their deviation from the mean z-height. Selected timepoints are
shown for four experimental conditions: No Treatment, a-Syn oligomer treatment (1.00 pM and 6.0 uM), and hemoglobin
(negative control, 6.0 uM).

The produced a-Syn oligomers were applied extracellularly to live SH-SYS5Y neuroblastoma cells. Previous work
has suggested that a-Syn oligomers may partially permeabilize liposomes at concentrations near 0.10-1.00 uM,
with maximum permeabilization at higher concentrations (3.0-10.0 uM).?! Similarly, other works in the literature
have observed changes to lipid bilayer curvature at o-Syn concentrations of 0.50-1.00 pM** and pore formation at
0-Syn concentrations of 2.5-10.0 uM.'**'%52¢ Thus, in this work, a-Syn oligomers were applied extracellularly at
monomer-equivalent concentrations of 1.00 + 0.03 uM and 6.0 + 0.2 uM. The topography of the cell membrane
was imaged in 10-minute intervals, as shown in Figure 2. To ensure that SICM imaging does not significantly
alter the membrane topography, live neurons were imaged in ACSF solution without added protein for over 3 h,
showing minimal changes in morphology. Conversely, in the presence of 1.00 pM a-Syn oligomers, large hills
and troughs on the order of 2 um in lateral size and + 0.5 pm in z-height appeared on the membrane. In the
presence of 6.0 pM a-Syn oligomers, curvature changes were still observed, and several large pores appeared in
the membrane. These pores were 0.5-1 um in lateral size and displayed z-heights of -0.4 to -0.8 pm. Additionally,
several small features could be observed on the membrane with z-heights ranging from +0.3 to +0.6 um; line
profile plots of these features can be found in the Supporting Information (Figure S3). In both experiments using
a-Syn oligomers, the neuroblastoma cells survived for approximately 1.5 h. To confirm that the observed changes



in membrane topography were specifically due to interaction with a-Syn aggregates, neuroblastoma cells were
also imaged in the presence of hemoglobin (6.0 uM), a tetrameric globular protein not expected to disrupt
neuronal cell membranes. Minimal changes to the membrane topography were observed, suggesting that the
presence of micromolar concentrations of protein in the extracellular solution does not nonspecifically alter
membrane topography. This finding indicates that the observed membrane disruptions were likely due to
membrane binding by a-Syn oligomers.

SICM imaging was also used to investigate the disruption of live neuroblastoma cell membranes by a-Syn
monomers. Figure 3 shows representative SICM images of a neuroblastoma cell membrane treated with 2.5 +
0.08 uM a-Syn monomers. The cells treated with a-Syn monomers survived for approximately 2.5 h. Little
disruption was seen in the first 100 min of the experiment, so the a-Syn monomer concentration was increased to
5.0 £ 0.2 uM. Even at this higher concentration, only small curvature changes could be observed after 2 h. These
curvature changes were similar in z-height but smaller in lateral size than those observed for 1.00 uM o-Syn
oligomers. Additionally, no pores could be observed, in contrast to the images obtained for samples treated with
6.0 uM o-Syn oligomers. These findings support the hypothesis that a-Syn monomers are less able than a-Syn
oligomers to permeabilize the cell membrane.'®
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Figure 3. Real-time characterization of cell membrane disruption by a-Syn monomers using SICM. Representative images
show flattened maps of 6.5 x 6.5 pum sections of the cell membrane, with pixels colored by their deviation from the mean z-
height. Selected timepoints are shown for neuroblastoma cell membranes treated with o-Syn monomers at an initial
concentration of 2.5 pM (0-100 min), which was later increased to 5.0 uM (100-160 min).

Changes in membrane topography were quantified by measuring membrane roughness over time, as shown in
Figure 4. For neuroblastoma cell membranes imaged without treatment or in the presence of 6.0 uM hemoglobin,
roughness remained constant throughout imaging, as normalized roughness values did not significantly exceed 1
(p > 0.05). However, the membrane roughness increased significantly after treatment with a-Syn oligomers. At all
timepoints, the membrane roughness after treatment with a-Syn oligomers was significantly larger than that of the
membrane before treatment (p < 0.01). Additionally, at all timepoints other than 90 min, treatment with 6.0 uM a-
Syn oligomers gave significantly larger (p < 0.01) roughness values than treatment with 1.00 uM a-Syn oligomers
and treatment with 2.5 uM o-Syn monomers. After an initial roughness increase, roughness did not appear to
continue increasing over time; for samples treated with either 1.00 uM or 6.0 uM a-Syn, none of the post-
treatment roughness measurements were significantly different from each other (p > 0.05). For samples treated
with a-Syn monomers, roughness remained approximately constant (not significantly different from 1, p > 0.05)
until after 100 min, as the a-Syn concentration was increased to 5.0 pM, when it climbed to approximately 1.5
times the initial value (not shown in Figure 4).



These results provide a wealth of information regarding membrane disruption by o-Syn oligomers in live
neuroblastoma cells. At a lower concentration (1.00 pM) of a-Syn, neuronal membranes were significantly
distorted, forming large hills and troughs. This finding supports the model suggesting that binding of a-Syn
oligomers compresses the outer leaflet of the lipid bilayer, encouraging changes in local membrane curvature, as
illustrated in Figure 5. Such micrometer-scale changes have been previously observed at similar concentrations in
supported lipid bilayers (0.4 uM a-Syn).** At a higher concentration (6.0 uM) of a-Syn, large pores were observed
in the membrane. These pores were not static and appeared at different locations at each timepoint; we attribute
this observation to the fluidity of the lipid bilayer. These findings support the proposition that higher
concentrations of a-Syn oligomers increase tension on the membrane to open transient, micrometer-scale pores, as
previously observed at similar concentrations in supported lipid bilayers (2.5 pM a-Syn)** and fixed cells (2 uM
and 10 uM a-Syn).”*?’ Additionally, several small features were observed to form on the membrane; these
features may represent the extraction of membrane lipids to form protein/lipid clusters on the surface of the cell,
as previously observed in supported lipid bilayers (3.0 uM a-Syn).*
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Figure 4. Quantification of cell membrane roughness over time. Roughness was measured for each 1 x 1 um section of the
SICM images by calculating the root-mean-square deviation of z-heights from the mean. Error bars show 95% confidence
intervals for the mean calculated by bootstrapping. Data are shown for five experimental conditions: extracellular a-Syn
aggregates (1.00 pM, n = 36; 6.0 uM, n = 49), extracellular a-Syn monomers (2.5 pM, n=36), no treatment (n = 36), and
extracellular hemoglobin (negative control, 6.0 pM, n = 25). Samples sizes refer to the number of data points for each

timepoint.
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Figure 5. Illustration of the proposed lipid bilayer destabilization model for membrane disruption by o-Syn aggregates.
Neuronal membrane proteins have been omitted for clarity. At low concentrations, a-Syn oligomers embed in the membrane
using their hydrophobic -sheet core, disrupting lipid packing and changing membrane curvature. As more a-Syn oligomers
embed in the membrane, tension increases until protein-stabilized pores are opened. Lipid extraction also increases
membrane tension and forms protein/lipid clusters on the surface of the membrane.

This work has characterized the disruption of live neuronal membranes by o-Syn oligomers applied at two
different concentrations. While previous works have investigated the binding and damage of model membranes
and fixed cells by a-Syn oligomers, these studies do not account for the complex composition and fluidity of real
neuronal membranes, which include many types of phospholipids, glycolipids, and membrane proteins as well as
a high proportion of cholesterol. SICM imaging suggested that a-Syn oligomers applied extracellularly may
disrupt lipid packing in live cell membranes, altering membrane curvature and even opening large pores in the
membrane. However, while a-Syn oligomers are present at low concentrations in the cerebrospinal fluid of PD
patients, they primarily occupy the neuronal cytoplasm.** Thus, further work is necessary to demonstrate that this
work’s results apply to disruption by intracellular aggregates. We expect similar results because, although the
inner leaflet of the plasma membrane lacks glycolipids and contains a higher proportion of unsaturated
phospholipids compared to the outer leaflet,”® its characteristics do not immediately suggest a reason for a
difference in interaction.**

Additionally, while a-Syn is N-terminally acetylated in-vivo,’ this work studied unmodified a-Syn because the
membrane permeabilizing activity of unmodified a-Syn has been most widely studied in the literature. This was
done to demonstrate that SICM can be reliably used to monitor membrane disruption. Future work is necessary to
thoroughly investigate the membrane-disrupting activity of N-terminally acetylated a-Syn.



The large membrane pores described in this work might offer a mechanism for the a-Syn-induced influx of
extracellular calcium previously observed in both vesicles'® and acute rat brain tissue slices.® This calcium influx
would allow for calcium accumulation in the mitochondria, which — in combination with the oxidative stress
created by complex I inhibition by a-Syn — would initiate the opening of the mitochondrial permeability transition
pore, promoting the release of cytochrome ¢ and signaling cell death.'” Future work aims to characterize in more
detail the protein-membrane interactions driving membrane binding and disruption as well as the biological
consequences of these processes (such as calcium influx, superoxide generation, and cell death). This work will
also further explore the interactions of various isoforms of a-synuclein, such as fibrils, epigallocatechin gallate
(EGCQ)-treated oligomers, and N-terminally acetylated a-synuclein. Such efforts may reveal strategies to prevent
or mitigate damage to the neuronal membrane in patients with PD.

METHODS

a-Synuclein Expression, Purification, Aggregation, and Characterization. o-Syn protein was produced in
BL21 (DE3) E. coli transfected with a pRK172 plasmid containing the wild-type human a-Syn gene originally
donated by Prof. Peter Lansbury (Harvard University). a-Syn was aggregated using a protocol adapted from Chen
et al.>! a-Syn (800 pM) was incubated in PBS at 37 °C for 22-24 h. The aggregate sample was filtered through an
Amicon Ultra centrifugal filter (100 kDa cutoff, Millipore-Sigma, Burlington, MA) to remove monomers;
oligomers were backwashed off the filter with PBS and stored at room temperature for no longer than 14 d.

AFM images were acquired in noncontact air mode with a Park NX12 multifunctional microscopy platform
equipped with a detachable AFM head (Park Systems, Seoul, South Korea). The acquired images were linearly
flattened and aligned with Gwyddion version 2.51 (http:/gwyddion.net/).”> For characterization by circular
dichroism spectroscopy, a-Syn aggregates were diluted to a monomer concentration of 15 uM in 5 mM phosphate
buffer (pH 7.40). A J-1100 Circular Dichroism Spectrophotometer (JASCO, Inc., Easton, MD) was used to obtain
all measurements. The circular dichroism spectrum obtained for the a-Syn aggregates was compared to those of
56 known proteins with the CONTIN/LL algorithm in CDPro to estimate secondary structure composition.*
Detailed information regarding the bacterial expression of a-Syn, AFM imaging, and CD spectroscopy can be
found in the Supporting Information.

Scanning Ion Conductance Microscopy of Live SH-SYSY Neuroblastoma Cells. Nanopipette SICM probes
were pulled from quartz capillaries to give tip radii of approximately 30-50 nm. The nanopipettes were filled with
ACSF solution and fitted with Ag/AgCl electrodes. All images were acquired with a Park NX12 multifunctional
microscopy platform (Park Systems) equipped with a detachable SICM head. A CCD camera (Pike F-032B,
Allied Vision, Exton, PA) was connected to the optical microscope to assist in probe positioning. SH-SY5Y
neuroblastoma cell media was exchanged with ACSF solution warmed to 37 °C. Images were acquired in
approach-retract-scan (ARS) mode with a threshold of 0.99 Iy; ARS parameters were varied to optimize image
quality without sacrificing imaging speed.

The acquired SICM images were flattened according to a two-dimensional polynomial profile and aligned with
Gwyddion version 2.51. Roughness was measured across the membrane surface in 1 um x 1 pum sections as the
root-mean-square deviation of z-heights from the average. Detailed information regarding the SICM imaging, the
SICM image processing, and the statistical analysis of roughness measurements can be found in the Supporting
Information.
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Supporting Information

Complete details of the methods and results of this work are provided as supporting information. This includes
descriptions of the materials used, the bacterial expression of a-Syn, AFM imaging, CD spectroscopy, the
neuroblastoma cell culture, SICM imaging, data processing, and the statistical analysis of roughness
measurements as well as SICM line profile plots of the observed membrane pores and simulated SICM approach
curves demonstrating the negligible effects of membrane surface charge. This material is available free of charge
via the Internet at http://pubs.acs.org.
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