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ABSTRACT
Phospholipid vesicles are commonly used to get insight into the mechanism by which oligomers
of amyloidogenic proteins damage membranes. Oligomers of the protein α-synuclein (αS) are
thought to create pores in phospholipid vesicles containing a high amount of anionic
phospholipids but fail to damage vesicle membranes at lower surface charge densities. The
current understanding of how αS oligomers damage membranes is thus incomplete. This
incomplete understanding may, in part, result from the choice of model membrane systems. The
use of free-standing membranes such as vesicles may interfere with unraveling some damage
mechanisms, as the line tension of the edge of a membrane defect or pore ensures defect closure.
Here we used supported lipid bilayers (SLBs) of POPC/POPS to study membrane damage
caused by αS oligomers. Although αS oligomers were not able to initiate disruption of
POPC/POPS vesicles or intact SLBs, oligomers did stabilize and enlarge pre-existing SLB
defects. The increased exposure of lipid acyl chains at the edges of defects very likely facilitates
membrane-oligomer interactions resulting in the growth of fractal domains devoid of lipids.
Concomitant with the appearance of the fractal membrane damage patterns, lipids appear in
solution, directly implicating αS oligomers in the observed lipid extraction. The growth of the
membrane damage patterns is not limited by the binding of lipids to the oligomer. Analysis of
the shape and growth of the lipid-free domains suggests the involvement of an oligomerdependent diffusion limited extraction mechanism. The observed αS oligomer induced
propagation of membrane defects offers new insights into mechanisms by which αS oligomers
can contribute to the loss in membrane integrity.

INTRODUCTION
There is increasing evidence supporting the involvement of alpha-synuclein (αS) in not only
the pathology1 but also the etiology of Parkinson’s disease (PD). It is believed that the
aggregation of αS generates cytotoxic oligomeric species2. As for oligomers involved in several
other protein aggregation diseases3, 4, 5, 6, αS oligomers seem to possess the ability to disrupt
lipid membranes and interfere with membrane-related processes leading to neuronal damage3,
7

and cell death2,

5, 8

. To obtain a better insight into oligomeric species and their toxicity

mechanisms, in vitro prepared αS oligomers have been isolated and characterized using
biophysical approaches9, 10, 11, 12, 13, including single molecule fluorescence measurements14, 15,
16

. Protocols for preparing αS oligomers vary considerably in the literature. Oligomer formation

is induced by: including reactive aldehydes such as 4-oxo-2-nonenal (ONE) and 4-hydroxy-2nonenal (HNE)17,

18

, dopamine19, ethanol-FeCl3 combinations20, divalent cations21,

docosahexaenoic acid (DHA)22, incubating at low-temperature23, or simply elevating the αS
concentrations24. Even when using one specific protocol, distinct species of oligomers with
different structural properties have been observed9. The majority of these in vitro prepared
oligomers are off-pathway to fibril formation; only the oligomers prepared in the presence of
ONE have been reported to act as seeds for αS fibril growth in vitro25. These on-pathway ONE
oligomers contain β-sheet structure and are toxic to neuronal cells17, 18, 20, 22. Interestingly, both
on- and off-pathway αS oligomers prepared in vitro have been shown to permeabilize vesicles
consisting of anionic phospholipids3,

22, 26, 27, 28, 29, 30

. The interaction between the first 11

residues in the N-terminus of αS and the anionic membrane plays an important role in the
permeabilization mechanism27. Although αS oligomers can disrupt the integrity of vesicles of
composed of only anionic phospholipids, membrane permeabilization has not been observed in
vesicles of several 1:1 mixtures of anionic and zwitterionic phospholipids including
POPC/POPS and DOPE/DOPS31. This observation suggests that high surface charge densities

are required for disruptive oligomer-membrane interactions. Besides the above mentioned 1:1
mixtures, the integrity of membranes composed of more physiologically relevant lipid mixtures
containing only ~ 15% anionic phospholipids also remains unaffected by αS oligomers. We
have reported that αS oligomers cannot induce content leakage of vesicles composed of
mixtures of brain PS:brain PE:cholesterol (2:5:3), mimicking the plasma membrane28.
Most model studies on membrane disruption by amyloid oligomers are performed using
phospholipid vesicles. However, in vivo, membranes are typically anchored to the cytoskeleton
and extracellular matrix. Thus, free-standing membranes such as phospholipid vesicles, while
convenient experimental systems, may not be suited to study all membrane damage
mechanisms. Membrane rupture mechanisms involving non-trivial fractal rupture mechanics
with crackling-noise avalanches, for example, cannot be observed in free-standing
membranes32. To be able to judge if the inability of oligomers to induce membrane leakage
from 1:1 mixtures of anionic and zwitterionic phospholipids results from the choice of the
model membrane architecture, we investigated oligomer-induced damage in both free-standing
and supported lipid bilayers (SLBs).
We show that both POPC/POPS GUVs and SLBs remain intact and do not show any sign of
damage when incubated with αS oligomers. In contrast, in SLBs with pre-existing defects,
oligomers were able to propagate membrane damage. Oligomers appeared to stabilize the defect
edges and remove lipids from these edges resulting in fractal-like damage patterns. Concurrent
with the membrane damage, lipid particles were observed to appear in solution. The fractal
dimension D of the lipid-free defects was ~ 1.74, which is in agreement with an oligomerdependent diffusion limited lipid extraction mechanism. Such mechanisms may become
important during disruption of cell membranes in response to mechanical stress33, 34, 35, 36,
membrane remodeling processes37, 38 or in aging cells where membrane recycling mechanisms
are less efficient39.

RESULTS
To enhance the interaction of oligomers with membranes, 1:1 mixtures of the zwitterionic lipid
POPC and the anionic lipid POPS were used. We confirmed that monomeric and oligomeric
αS does not interfere with the integrity of vesicles of this composition. We first monitored the
effect of αS oligomers on the membrane integrity of POPC:POPS (1:1) GUVs. To be able to
follow the vesicles in time, GUVs were anchored via biotinylated lipids to a streptavidin-coated
surface. The GUVs were subsequently incubated with 2.5 µM of in vitro prepared, stable, wellcharacterized, αS oligomers16 and imaged using confocal fluorescence microscopy. We
observed that the GUVs remained spherical for at least 20 hours in both the absence and
presence of αS oligomers (Supporting Figure S1). To check if αS oligomers did form
(transient) pores in the membrane during this time period, we incubated GUVs with 10 µM of
αS oligomers and additionally added the fluorescent dye calcein. In contrast to what has been
observed for POPG GUVs26, we observed no influx of calcein for up to 24 hours of incubation,
the vesicle interior stayed devoid of calcein (Supporting Figure S1). We this confirm that
POPC:POPS (1:1) GUVs are resistant to αS oligomer-induced damage. We subsequently tested
the effect of αS oligomers on the membrane integrity of POPC:POPS (1:1) SLBs under identical
experimental conditions. Upon addition of 5 M αS oligomers labeled with AlexaFluor488
(methods) to defect-free POPC/POPS SLBs prepared on bare glass substrates, we observed
some sparse events of αS oligomer binding. This binding had however little impact on
membrane integrity as neither membrane defects nor a decrease in fluorescence intensity from
SLBs was observed (Figure 1A-B).

Figure 1: Effect of pre-existing defects in SLBs on αS oligomer interaction. Representative
fluorescence images of defect free Rhod-PE labeled POPC/POPS SLB (lipid channel) after incubation
of 5 μM AlexaFluor488 labeled αS oligomers (protein channel). Panel A and C depict images taken
prior to incubation with αS oligomers. Six hours after addition of 5 μM αS oligomers (panel B), no
visible membrane damage is seen in SLBs without preexisting defects while SLBs with pre-existing

defects contain characteristic damage patterns (panel D). All images were acquired at room temperature.
The insets (panel B and D) show intensity profiles from the lipid (white) and protein channel (green).
The lipid free defect areas contain labeled αS. The SLBs were buffered with 10 mM Tris-Cl, 100 mM
NaCl at pH 7.4. Scale bar is 10 µm.

Interestingly, the addition of 5 μM αS oligomers to SLBs with pre-existing defects (Figure 1C)
led to an increase in the defect area, a decrease in the fluorescence intensity in the lipid channel
and to the appearance of fractal-like damage patterns that were filled with fluorescently labeled
αS (Figure 1D and Supporting Figure S2). Six hours after oligomer addition, the relative
increase in membrane defect area amounted ~500 % (Figure 2A). In control experiments,
incubation with a comparable mass concentration of αS fibrils resulted in a ~140 % increase of
lipid free area. In the absence of αS oligomers or fibrils, only a marginal increase in defect area
of ~10% was observed (control, Figure 2A). The increase in defect area in the presence of
oligomers and fibrils did not simply result from the affinity of αS for the glass substrate since
the addition of αS monomers led to a ~50% decrease in defect area (see also Supplementary
Figure S4A). The observation that incubation with αS monomers results in a decrease in defect
area is in line with previous observations and has been ascribed to insertion of αS in the lipid
headgroup region resulting in lateral membrane expansion40, 41. Similar measurements with the
protein BSA resulted in a negligibly small decrease in defect area of ~5%. The appearance of
lipid-free regions is thus oligomer specific and possibly results from the extraction of lipids
from the SLBs by oligomers. To confirm that the disappearance of lipids from the SLBs results
from the presence of αS oligomers, we incubated a series of αS oligomer concentrations and
buffer solution (control) with fluorescent BODIPY-PC lipid containing SLBs for 90 minutes.
After 90 minutes, we monitored the increase in BODIPY-PC fluorescence in the solution above
the SLBs. We observe a clear increase in fluorescence in this solution with increasing oligomer

concentration (Figure 2B). Oligomers indeed seem to extract lipids from POPC:POPS (1:1)
SLBs when pre-existing defects are present.

Figure 2: Lipid extraction from POPC/POPS SLBs by αS oligomers. A) Bar plots of relative increase
in defect areas in SLBs (methods) upon incubation with 10 M αS monomers, oligomers or fibrils for 6
hours. The effect of incubation with an identical mass concentration of bovine serum albumin (0.07
mg/ml) is shown as a control. The error bars indicate the s.d. of at least 5 independent regions in an
SLB. B) A series of αS oligomer concentrations (0, 1.25, 2.5 and 5 µM) was incubated with 4 separate
POPC:POPS (1:1) SLBs buffered at pH 7.4 in 10 mM Tris-Cl, 100 mM NaCl. Lipid extraction was
followed by monitoring the BODIPY-PC fluorescence in the solution, above the bilayer after incubation
for 90 minutes. The fluorescence was normalized to the control experiment in the absence of oligomer.
The error bars indicate the SD of 3 independent measurements.

To exclude the possibility that the αS oligomer dependent appearance of fractal-like damage
patterns in the SLBs result from an interaction of the oligomers with the glass substrate, other
substrates were tested. Since grafting PEG to surfaces has been reported to reduce protein
adsorption42, 43, POPC:POPS (1:1) SLBs were prepared on PEG coated glass substrates. The
addition of labeled αS oligomers to SLBs prepared on PEG surfaces resulted in membrane
damage patterns similar to those observed on bare glass substrates. A time lapse of images of a
growing SLB defect shows that the PEG coating indeed prevents protein adsorption; the defects

remain free of labelled protein (Figure 3 compare to Figure 1D) Oligomers however still
interact with and line up at membrane defect edges. The oligomer induced growth of existing
SLB defects into damage patterns is comparable for SLBs prepared on glass and PEG coated
glass substrates (Supporting Figure S3).

Figure 3: Confocal time-lapse of images showing the evolution of damage patterns in POPC:POPS
(1:1) SLBs on a PEG coated glass surfaces. The addition of 5 M AlexaFluor488 labeled αS oligomers
(green) to Rhod-PE containing POPC/POPS SLBs with pre-existing defects prepared on a PEG coated
surface leads to their recruitment along edges of damage patterns. The frames are numbered (1-40) and
were acquired at 10 minute intervals. The SLBs were buffered at pH 7.4 with 10 mM Tris-Cl, 100 mM
NaCl at room temperature. Scale bar is 2 µm.

To visualize the membrane damage with a higher lateral and height resolution, we further
investigated the damage patterns using atomic force microscopy (AFM). We prepared
POPC:POPS (1:1) SLBs with defects on freshly cleaved mica surface. A height profile along

one of these defects indicated that the SLBs were approximately 5 nm thick (Supplementary
Figure S4B), which agrees well with the thickness of a single bilayer. Subsequently 2.5 µM αS
oligomers were incubated with the defect containing SLBs (Figure 4). Within 10 minutes, αS
oligomers were seen to start filling up the defects, and after ~50 minutes, the defects were
completely filled (Figure 4E). As observed in the fluorescence microcopy experiments, we
consistently observed a gradual loss of lipids from the SLBs. This loss of lipids seems to spread
in a pattern that appears to emanate from αS oligomer-filled defect edges only. It is therefore
likely that these edges act as damage nucleation sites. One of the nucleation sites is indicated
by a white arrow in Figure 4F.

Figure 4: Time-lapse AFM images of membrane defect propagation by αS oligomers. Panels A-I
show AFM images of the POPC/POPS (1:1) SLBs in the presence of 2.5 µM αS oligomers. The images
where obtained at 10 minute intervals. Initially oligomers were recruited to the defects in the SLBs. The
recruitment of oligomers in defects starts from 0’, no additional membrane damage is observed for up
to 50 minutes (A-E). The white arrow indicates initiation of destructive extraction of lipids from
preexisting defects. The growth of the damage patterns becomes more apparent in (F-I). Scale bar is 2
μm.

From the edge of the αS oligomer-filled defect, the membrane damage propagates outwards,
causing the membrane to break up into a fractal like pattern, which results in the appearance of
several membrane islands (Figure 5). Independent AFM experiments showed that membrane

damage consistently initiates from oligomer-filled defects resulting in similar SLB damage
patterns (Supporting Figure S5). No membrane damage was observed to arise from defectfree regions. Moreover, as observed in the confocal fluorescence microscopy measurements,
we hardly ever observe oligomers on the lipid bilayer in AFM measurements. This may result
from the low binding affinity of αS oligomers for POPC/POPS membranes and is in agreement
with earlier GUV experiments24.

Figure 5: AFM image of a fractal damage pattern in a POPC/POPS SLB after addition of 2.5 µM S
oligomers (left panel). The panel on the right depicts the height profile, corresponding to the white line
in the left panel, confirming loss of the complete bilayer. Scale bar is 5 µm.

A closer look at the damaged SLBs shows small structures (white regions in Figure 5), which
may be oligomers or oligomer-lipid aggregates. An AFM height profile indicates that these
structures are roughly twice the size of SLBs (~6 nm), a bit smaller than the diameter reported
for stable in vitro prepared αS oligomers13. The non-circular shape of the oligomer induced
defects and the binding of oligomers to the edges of the defect borders indicates that oligomers
somehow stabilize the damage patterns (Supplementary Figure S6). The oligomer induced
damage patterns resemble fractals (Figure 6A). To establish their fractal nature, we employed
fractal dimension analysis (methods) using the box-counting method (Figure 6B). Irrespective
of the underlying SLB substrate or the imaging method, the average fractal dimension D was ~
1.74 ± 0.04 (Figure 6C). This value for D is typically found for diffusion-limited processes44,
45, 46

.

Figure 6: Fractal analysis of membrane damage patterns. A) Representative AFM image depicting
fractal like damage patterns. B) Results of fractal analysis using box-counting method for two AFM
images. C) Comparison of fractal dimensions of membrane damage patterns obtained for SLBs prepared
on different supports. Every point in panel A represents a fractal dimension from an individual fractal.
D) Evolution of fractal dimensions during defect expansion over time on PEG-supported SLBs in
presence of 5 M αS oligomers. The error bars indicate standard deviations from at least 10 independent
fractals. The gray bars depict the range of D from 1.7 to 1.75.

The fractal dimension D of the membrane damage patterns did not depend on the substrate
underlying the SLBs. This suggests that the mechanism by which the damage patterns formed
is not primarily determined by interactions between the substrate-membrane and/or substrateαS oligomers. When the oligomer induced damage patterns in SLBs grew in size with time, the
fractal dimensions did not change significantly (Figure 6D). The latter observation is in
agreement with the scale-invariant nature of fractals.

Discussion
The understanding of how oligomer-membrane interactions are related to cytotoxicity in PD is
inadequate. To obtain a mechanistic understanding of cytotoxic events that directly result from
oligomer-membrane interactions, numerous studies with model membranes have been
performed. In these in vitro studies, mainly free-standing membranes such as vesicles have been
used. It has been shown that oligomers have high affinity for highly negatively charged
membranes, and impair the integrity of negatively charged phospholipid vesicles. Upon
interaction of oligomers with GUVs composed of the anionic phospholipid POPG, the
membrane becomes leaky, but the overall vesicle morphology remains intact 26. As the
percentage of negatively charged lipids in the membrane is decreased, the surface charge
density decreases and damage caused by oligomers diminishes31.
The phospholipid phosphatidylserine is one of the most common anionic phospholipids in
eukaryotic membranes. It is especially prevalent in the inner leaflet of the plasma membrane47.
However, no significant oligomer-induced leakage of dyes from LUVs and GUVs mimicking
the inner plasma membrane (Brain PS/ brain PC/ cholesterol) has been observed. Even at higher
ratios, such as POPC/POPS 1:1, oligomers do not cause damage in GUVs. It would be
interesting to see if increasing membrane affinity using organic solvents or ferric ions results in
pore formation/membrane thinning48, 49. Although monomeric αS has been reported to bind
POPC/POPS membranes, the affinity of αS for these membranes seems considerably lower than
the affinity for POPC/POPG containing membranes24. The low affinity of αS monomers for
membranes is also observed for oligomers; no co-localization of isolated in vitro produced
oligomers with POPC/POPS vesicles could be observed24. Due to their low affinity for
POPC/POPS membranes, oligomers do not generate pores or cause membrane thinning in such
vesicles. The lack of oligomer induced damage in membranes with a high PS content suggests

that PS rich membranes, such as the plasma membrane, are the not initiation sites for membrane
damage. However, this phenomenon may be biased by the choice of the membrane model
system.
In cells, plasma membranes are typically supported by other cellular structures like the
cytoskeleton and the extra-cellular matrix. In our experiments on supported POPC/POPS
membranes, we report a non-trivial mechanism of oligomer-induced membrane damage.
Whereas the addition of oligomers to GUVs or intact SLBs did not results in membrane damage,
oligomers were able to enlarge preexisting SLB defects. The addition of αS oligomers to SLBs
with preexisting defects resulted in the extraction of lipids from the SLBs and an increase in
the damage area and contour length. The increase in lipid fluorescence in the solution with
increasing αS oligomer concentration shows that extraction indeed results from interactions
with αS oligomers. As reported for GUVs, we did not observe binding of the oligomers to the
membrane surface, instead oligomers colocalized with the SLB defect contour. The high tension
and curvature of the membrane defects probably allows membrane edges to act as nucleation
sites for spreading damage (Figure 7). Such defects, where high curvature causes exposure of
hydrophobic areas, are not present or are very short lived in GUVs and LUVs and this damage
mechanism is therefore absent in these systems. Destructive lipid membrane extraction is
initiated from the contours of preexisting rounded SLB defects and propagated in an irregularly
shaped fractal like pattern. The irregular shapes of the αS oligomer induced damage patterns do
not agree with the expected high mobility of lipids in the SLBs and rounded shapes of defects
observed in the absence of protein (Supplementary Figure S6). Reorganization of the
membrane is not simply prevented by surface adsorbed protein; fractal like damage patterns are
also observed in SLBs on PEG coated surfaces. The shape of the damage patterns and the
observed alignment of oligomers at the edges of the defects indicates that the binding of αS
oligomers somehow stabilizes the entire contour of the membrane defect. The stabilization of

membrane defects by αS oligomers and membrane remodeling by αS monomers observed in
our study emanate from different driving forces. The binding of αS monomers to lipid
membranes does not require defects. It is well known to be driven by both electrostatic and
hydrophobic interactions27,

41, 50, 51, 52

. Monomer binding involves the insertion of an

amphipathic helix which is stabilized by interactions of the aligned positively charged lysine’s
in this helix with the negatively charged lipids. Although monomers may also stabilize defect
edges, the insertion of monomers into the lipid bilayer decreases the size of the pores in the
SLBs and thus the exposed edge length. Oligomers on the other hand expand defects and
thereby increase the exposed defect edge length.
The damage footprint resulting from oligomer-induced lipid extraction showed fractal like
characteristics. Further analysis of this membrane damage pattern resulted in an average fractal
dimension D of ~1.74 ± 0.04 irrespective of underlying substrate used. These values are
consistent with the proposed diffusion limited lipid extraction by oligomers as opposed to a
reaction limited process where D would be larger than 253, 54, 55. In a reaction limited lipid
extraction process the extraction process itself would be rate limiting. This is apparently not the
case, instead the diffusion of oligomers to a reactive membrane site is limiting the extraction
process. Once they reach this defect site, lipid extraction is fast. After lipid extraction
oligomers/lipid particles most likely disappear and therefore no gradient of oligomers is
observed along the edge of the damage pattern in AFM experiments (Figure 6).

Figure 7: Model for diffusion limited lipid extraction by αS oligomers.

Our results indicate that in spite of the low affinity of isolated oligomers for lipid bilayers with
physiologically relevant surface charge densities, the presence of oligomers may become
problematic. Transient membrane defects possible appear during vesicle fusion events37,36 and
as a result of mechanical stress33, 34, 35, 36. Also, aging of cells typically leads to a decrease in
membrane lipid dynamics and an increase in the replenishment time of membrane lipids 39. As
a result, once membranes of aged cells become damaged, the chances to recruit oligomers to
the damage site increase. A recent report suggests that mitochondrial membranes might be a
potential target for S oligomers due to their intrinsic mechanical instability and packing
defects52. Compared to reaction limited extraction mechanisms, the contour of the newly
created SLB edges enormously increases upon lipid extraction. Such large edged contours
stabilized entirely by αS oligomers may become difficult to close and will have numerous
opportunities to interact with other cellular components. It is therefore tempting to speculate
that the mechanism of oligomer-induced lipid extraction from pre-existing damage sites
observed in vitro may also be relevant in vivo. Transient defects in aged cellular membranes
could recruit αS oligomers which potentially stabilize or even enlarge these defects resulting in

loss of cytoplasmic constituents. The observed oligomer dependent lipid extraction mechanism
may therefore have serious consequences for cells.

CONCLUSION
It is generally accepted that αS oligomers damage membranes by pore formation or membrane
thinning, but in model studies isolated oligomeric αS only affects the integrity of vesicles with
a high percentage of anionic lipids. In this report, we show that although oligomeric αS cannot
initiate the disruption of 1:1 POPC/POPS bilayers, these species can stabilize and subsequently
expand pre-existing membrane defects by a lipid extraction mechanism that is diffusion limited.
Destructive phospholipid extraction from membranes by oligomers could be another route to
membrane damage.

EXPERIMENTAL
Materials. Stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) were purchased from Avanti Polar
Lipids (Birmingham, AL) and used without further purification. Alexa Fluor 647 C2 maleimide
and β-BODIPY® FL C5-HPC (2-(4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene3-Pentanoyl)-1-Hexadecanoyl-sn-Glycero-3-Phosphocholine (BODIPY-PC) was purchased
from Invitrogen (Carlsbad, CA). Ethylenediaminetetraacetic acid (EDTA) was purchased from
Sigma Chemicals (St. Louis, MO). Sodium chloride (NaCl), sodium hydroxide (NaOH), and
Tris(hydroxymethyl)aminomethane

(Tris)

were

purchased

from

Merck

(Germany).

Bottomless, 6-channel Sticky-Slide VI0.4 chambers were purchased from ibidi® (Germany) and
were directly annealed to cleaned glass cover-slips before use.

Expression and purification. αS was expressed in Escherichia coli strain BL21 (DE3) using
the pT7-7 expression plasmid and purified in the presence of 1 mM DTT as previously
reported56.
Preparation of αS oligomers. αS oligomers were prepared as described previously28. For
preparation of labeled oligomers for fluorescence microscopy and spectroscopy experiments,
10% of the monomers used for the preparation of oligomers were labeled with AlexaFluor 488
dye. The concentration of oligomers was determined by measuring the absorption at 276 nm
using a Shimadzu UV-visible spectrophotometer. The protein labeling efficiency was estimated
to be >90% from the absorption spectrum by measuring protein absorbance at 280 nm (A280)
using the molar extinction coefficient at 280 nm (i.e. ε280 = 5120 cm-1 M-1) and including the
correction factor for AlexaFluor 488 absorbance (ε495 = 73000 cm-1 M-1) at 280 nm. Oligomers
were stored at 4 °C and used within 2-3 days of preparation.
Preparation of giant unilamellar vesicles (GUVs). Lipid mixtures were prepared from a 10
mg/ml stock solution of POPC and POPS in chloroform. To allow visualization of the vesicles
using fluorescence microscopy, 0.05% of Lissamine Rhodamine PE (Avanti Polar Lipids,
Birmingham, AL) was included in the mixtures. Additionally, the phospholipid mixtures
contained 0.01% 18:1 Biotinyl PE lipids that were introduced to facilitate immobilization of
vesicles on streptavidin-coated glass slides. GUVs were prepared by the electro-formation
method using a platinum (Pt) wire electrode with a diameter of 0.762 mm in a 1 ml plastic
cuvette. The lipids suspended in chloroform were deposited on the wire drop by drop, and were
dried using a nitrogen stream. After drying of the lipids the electrodes were transferred to a
cuvette filled with 700 µl of electroswelling buffer (100 mM NaCl, 100 mM sucrose and 10
mM Tris-Cl, pH 7.4) and connected to a frequency generator (PCGUI 1000 Velleman). The
electroswelling was done at 500 Hz, and during detachment of vesicles the frequency was

gradually decreased from 500-50Hz as reported elsewhere57. For all experimental conditions
the electroswelling was done at room temperature using the same frequency generator settings.
Preparation of coated glass slides. To anchor GUVs to the surface, cover-slips were incubated
with streptavidin (100 µg/ml) in phosphate buffered saline (PBS) for 30 minutes. Thereafter,
the slides were rinsed with 10 mM Tris-Cl, 100 mM glucose, 100 mM NaCl buffered at pH 7.4
to remove unbound streptavidin and ensure osmotic balance with the GUV containing solution.
The biotinylated GUVs were subsequently incubated on these cover-slips for 10-15 minutes in
buffer solution and used for imaging and further experiments.
Confocal microscopy and image analysis. Immobilized GUVs were visualized using a Zeiss
CLSM 510 confocal microscope with a 63X Plan-Apochromat 1.4 NA oil immersion objective.
For confocal imaging of SLBs, a Nikon A1 confocal microscope equipped with a perfect focus
system (PFS) was used. Images were acquired using a 100X oil immersion, 1.49 NA objective.
Lissamine Rhodamine-DOPE (Rh-DOPE) was excited at 543 nm using a Helium Neon laser
and calcein/Alexa488 labeled αS oligomers were excited with the 488 nm Argon laser line. The
fluorescent signals from Rh-DOPE and calcein/Alexa488 labeled αS oligomers were acquired
in sequential mode to minimize crosstalk. For the quantification of defect areas, raw images of
the Rh-DOPE labeled SLBs were first converted to binary scale. Subsequently the total pixel
area corresponding to area of each defect was determined using the Nikon NIS Elements
ObjectCount plugin. Laser intensity and gain settings were kept constant for all experiments.
Substrate pretreatment for SLB preparation. Glass cover-slips were washed in 2%
Hellmanex (VWR International, Chicago, IL) at 80 °C for 60 minutes, rinsed extensively with
deionized water and then dried with a stream of nitrogen. The cover-slips were etched for 8
minutes in a solution of 3:1 (v/v) concentrated sulfuric acid (H2SO4) and 30% hydrogen
peroxide (H2O2). The slides were stored in deionized water, and were used within 3 days. For

the preparation of PEG coated glass substrates, a previously reported protocol was followed 58.
The mobility of the SLBs on the PEG coated glass was measured using the fluorescence
recovery after photobleaching (FRAP) technique. The lipids in the SLBs prepared on PEG
coated glass substrates had ~2.5 fold higher diffusion coefficient as compared to those on bare
glass substrates.
Preparation of large unilamellar vesicles (LUVs) and supported lipid bilayers (SLBs).
Lipid stock solutions of POPC and POPS in chloroform were mixed in 1:1 molar ratios, dried
under a stream of nitrogen, and placed under vacuum for 1 hour. After drying, the lipid films
were rehydrated in 100 mM NaCl solution to a final concentration of 500 µM and vortexed
vigorously. Thereafter, they were freeze-thawed for at least six times resulting in a clear
suspension of unilamellar vesicles. Large unilamellar vesicles were prepared by extruding the
freeze-thawed solution 21 times through a 100 nm polycarbonate membrane. The vesicles were
stored at 4 °C and used within 3 days. SLBs were formed by vesicle fusion on freshly cleaved
mica or pretreated glass slides. For preparation of SLBs with defects, the extruded vesicles in
100 mM NaCl were mixed with 400 mM NaCl solution at a 1:1 ratio in a custom-built chamber
to induce surface adhesion and vesicle fusion. After 20 minutes of incubation, the chamber was
rinsed with 10 mM Tris-Cl, 100 mM NaCl, pH 7.4 buffer. For preparation of defect-free SLBs,
the extruded vesicles in 100 mM NaCl were mixed with 1 M NaCl in a 1:1 ratio and thereafter
the procedure described above was followed. For lipid extraction experiments SLBs were
prepared from POPC/POPS vesicles doped with 0.5 % of BODIPY-PC.
Atomic force microscopy (AFM) experiments. Imaging of SLBs on mica was done using
tapping-mode AFM in ambient conditions on a Bioscope Catalyst instrument (Bruker Santa
Barbara CA, USA). The experiments were performed under ambient conditions in buffer
solution while circumventing fluid evaporation. Proteins in 10 mM Tris-Cl, 100 mM NaCl, pH
7.4 buffer appropriate amounts were added to SLBs using a Hamilton® syringe. Tapping mode

AFM imaging in fluid was done using MSCT nonconductive silicon nitride probes (MSCT tip
F, K=0.6 N/m) mounted on a CAT-FCH probe holder (Bruker Camarillo, CA, USA). Imaging
was performed at low force settings to avoid disruptive interactions with the sample.
Lipid extraction assay. SLBs composed of POPC/POPS (1:1) were formed by vesicle fusion
inside a 6-channel sticky-Slide VI0.4 chamber (Ibidi®, Germany) by simply annealing these
chambers to the treated cover-slips. Thereafter, the buffer solution above the SLBs was
collected (while keeping the SLBs hydrated) and BODIPY-PC fluorescence or the supernatant
was measured in a TECAN InfinitePro M200 plate reader. Appropriate concentrations of αS
oligomers were then flushed into the chamber and incubated for 60 minutes. After 60 minutes,
the buffer solution was again collected and the BODIPY-PC fluorescence in the supernatant
was quantified.
Fractal Analysis. For fractal analysis, the AFM and fluorescence microscopy images were first
converted into binary bitmap images by using ImageJ. The fractal dimension of the damage
patterns in the thus obtained binary images was determined using the box-counting method45 in
BENOITTM software v.1.3.1. Briefly, the box counting method calculates the fractal dimension
of a given image by superimposing it with a grid consisting of boxes of size δ. By counting the
number of boxes N required to regenerate the whole area of interest and subsequently iterating
this procedure on the same image with varying δ, 𝑁(δ) is obtained:
ln(𝑁(δ)) = −𝐷 ∗ 𝑙𝑛 (δ)
Where the proportionality constant D is the fractal dimension. The software and the boxcounting method was validated against fractals of known dimensionality, e.g., Sierpinski
triangle (D = 1.585) and a black square (D = 2) before applying them to the membrane damage
patterns.
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Figure S1: Representative images of immobilized POPC/POPS GUVs doped with Rh-DOPE
(red) incubated with S oligomers. POPC/POPS GUVs containing biotinylated lipids were
immobilized on streptavidin-coated cover-slips. GUVs remain stable in the absence of αS
oligomers (panel A) and even when incubated with 2.5 µM S oligomers at room
temperature for 20 hours (panel B). Scale bars are 5 µm in panel A and B. Panels C (red
channel, GUV label) and D show images of GUVs incubated with 10 µM S oligomer and
calcein in the external solution at room temperature. Scale bars are 10 µm in panel C and D.
Even after 24 hours of incubation with S oligomers, vesicles remained intact and no influx
of calcein was observed (Panel E).

Figure S2: Analysis of S oligomer induced membrane damage pattern by fluorescence
confocal microscopy. (A) Representative gray-scale images showing damage patterns in
Rhod-PE labeled POPC/POPS SLBs at room temperature acquired after 6 hours of incubation
of 5 M S oligomers from two independent measurements. The SLBs were buffered with
10 mM Tris-Cl, 100 mM NaCl at pH 7.4. The scale bar is 2 μm.

Figure S3: Time-lapse confocal images of evolution of damage patterns on POPC:POPS
(1:1) SLBs on a PEG surface upon addition of S oligomers. All time-lapse images from
the lipid channel are converted to binary scale to aid visualization. The red scale bar is 2 μm.

Figure S4: A) Confocal images of POPC:POPS (1:1) SLBs before (left) and after (right)
WT-S monomer addition. The panel on the right was acquired after 6 hours of incubation of
10 µM S monomers and show slight decrease in defect areas (see white arrow). The
quantification of the changes in defect area is shown in Figure 2A of the main text. The SLBs
were buffered with 10 mM Tris-Cl, 100 mM NaCl at pH 7.4. The scale bar is 1 μm. B) AFM
image of a defect containing POPC/POPS SLB in the absence of S oligomers (left panel).
Height profile of the SLB along the black line shown in right top panel. The height
differences in the profile of ~5 nm correspond to the typical thickness of a lipid bilayer.
White arrow indicates nearly circular defects (indicated by *) and several rounded defects
merging (indicated by #).

Figure S5: Overview of membrane damage patterns obtained from AFM images on
POPC:POPS (1:1) SLBs on mica. All time-lapse images are converted to binary scale to aid
visualization. The SLBs were buffered with 10 mM Tris-Cl, 100 mM NaCl at pH 7.4. Scale
bar is 0.5 µm.

Figure S6: Rounded defects (panel A) in SLBs on glass substrate in absence of S
oligomers and irregularly shaped defects (panel B) in presence of S oligomers. The
scale bar is 10 m. C) S oligomers accumulate at membrane defect edges. POPC:POPS
(1:1) SLBs were doped with 0.5 mol% Rhod-PE (red above). 5 M of S oligomers (10%
AlexaFluor488 labeled, green above) was added to SLBs with preexisting defects. A green
fluorescence ring is seen along the defect edges before it filles up S oligomers from the
solution. The SLBs were buffered with 10 mM Tris-Cl, 100 mM NaCl at pH 7.4. All
measurements were conducted at room temperature. The scale bar is 2.5 m.

