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ABSTRACT: Aggregation of the amyloid-forming α-synuclein (αS)
protein is closely associated with the etiology of Parkinson’s disease
(PD), the most common motor neurodegenerative disorder. Many studies
have shown that soluble aggregation intermediates of αS, termed
oligomers, permeabilize a variety of phospholipid membranes; thus,
membrane disruption may represent a key pathogenic mechanism of αS
toxicity. Given the centrality of mitochondrial dysfunction in PD, we
therefore probed the formation of ion-permeable pores by αS oligomers in
planar lipid bilayers reflecting the complex phospholipid composition of
mitochondrial membranes. Using single-channel electrophysiology, we
recorded distinct multilevel conductances (100−400 pS) with stepwise
current transitions, typical of protein-bound nanopores, in mitochondrial-
like membranes. Crucially, we observed that the presence of cardiolipin
(CL), the signature phospholipid of mitochondrial membranes, enhanced αS-lipid interaction and the membrane pore-forming
activity of αS oligomers. Further, preincubation of isolated mitochondria with a CL-specific dye protected against αS oligomer-
induced mitochondrial swelling and release of cytochrome c. Hence, we favor a scenario in which αS oligomers directly porate a
local lipid environment rich in CL, for instance outer mitochondrial contact sites or the inner mitochondrial membrane, to
induce mitochondrial dysfunction. Pharmacological modulation of αS pore complex formation might thus preserve
mitochondrial membrane integrity and alleviate mitochondrial dysfunction in PD.
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■ INTRODUCTION

Parkinson’s disease (PD) is the most common motor
neurodegenerative disorder, with typical clinical signs including
slowness of movement, muscular rigidity, resting tremor, and
postural instability.1 From a pathological perspective, it is
classically associated with severe dopaminergic neuronal loss in
the substantia nigra, with the defining presence of proteina-
ceous cytoplasmic inclusions in neuronal cell bodies and
processes (known as Lewy bodies and Lewy neurites).2 The
major component of these deposits is an amyloid fibrillar form
of the 14-kDa protein α-synuclein (αS), which is expressed
abundantly in neurons and synapses. Many researches
postulate that the generation of neurotoxic soluble inter-
mediates, termed oligomers, along the aggregation pathway of
αS is central to the pathogenesis of PD.3,4 Oligomeric
aggregates of αS have been consistently observed to disrupt
a variety of membranes, in contrast to either native αS

monomers or fibrils.5−7 Downstream effects of membrane
disruption may include dysregulation of cellular ionic homeo-
stasis (especially Ca2+), altered signal transduction, free radical
production, and activation of apoptosis, ultimately leading to
synaptic degeneration and neuronal cell death.8−11 Not least,
the capacity of recombinant αS oligomers to damage cellular
membranes in vitro was found to correlate with in vivo
dopaminergic neuron loss in the substantia nigra of rats
expressing the same αS variants.12,13 A range of mechanisms
for membrane permeabilization by αS oligomers have been
proposed, mainly: (i) membrane thinning (so-called “carpet-
like” mechanism),14,15 (ii) leakage provoked by the extraction
of lipids (“detergent-like” mechanism),16−18 and (iii) per-
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meabilization through pore formation (“poration” mecha-
nism).19−21 Regarding membrane poration, annular αS
oligomers with a central pore have been repeatedly reported
and visualized using biophysical techniques such as atomic
force microscopy (AFM),22 cryo-electron microscopy (cryo-
EM),23 and small-angle X-ray scattering.24 Computer modeling
has also simulated the penetration of wild-type and mutant αS
in oligomeric ring-like conformations into membrane
bilayers.25,26

The lipid composition of the phospholipid membrane and
its attendant physical properties (e.g., membrane curvature,
charge, and packing defects) play a major role in influencing
αS-membrane affinities.27,28 In particular, oligomer−mem-

brane interactions are strongly favored by net negative charge
and loose packing of the bilayer, which encourage electrostatic
interactions with the positively charged N-terminus of αS and
hydrophobic (van der Waals) interactions with the acyl tails of
membrane phospholipids, respectively, leading to membrane
disruption.29−32 A unique type of membrane is undoubtedly
provided by energy-generating mitochondria organelles, which,
like native αS, populate axons and synapses to satisfy the high
metabolic demand of dopaminergic neurons.33 Mitochondria
are surrounded by a complex double-membrane system,
consisting of the outer (OMM) and inner (IMM) mitochon-
drial membranes, and mitochondrial contact sites, specialized
domains formed in regions of close apposition between the

Figure 1. Single-channel current recordings induced by αS oligomers in IM-type planar lipid bilayer. Planar lipid membrane recordings of αS
oligomers (1 μM) in symmetrical KCl (250 mM) buffer on an IM-type (15% CL) lipid bilayer, under voltage-clamp conditions of (A) + 40 mV
and (B) −40 mV. The current traces shown here, as represented by the electrical measurements, demonstrate “spiky” fast channel behavior; current
fluctuations between three consecutive conductance levels (Open-1, Open-2, Open-3) can be resolved. (C) Example of a control trace obtained
when monomeric αS was added to the cis-chamber. (D) Bilayer collapse due to instability at high voltages (<−60 mV or > + 60 mV).
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two membranes. The nonlamellar phospholipid cardiolipin
(CL) constitutes 10−20% of mitochondrial membrane
phospholipids and is enriched in the IMM and contact
sites.34,35 CL has an uncommon dimeric structure, resembling
two phospholipids joined together via their headgroups. This
gives CL a conical shape and a tendency to create high intrinsic
curvature, as in the highly curved edges of mitochondrial
membrane cristae.36 Mitochondrial bioenergetic efficiency is
dependent upon CL, since CL molecules stabilize supra-
molecular structures assembled from respiratory chain
complexes in the IMM, thereby enhancing the facility of
electron transfer and maximizing oxidative phosphoryla-
tion.37,38 In point of fact, a decline in mitochondrial CL
content was associated with bioenergetic deficits in mitochon-
dria of neurons from α-synuclein knockout mice.39 It has been
suggested that CL might help target oligomeric aggregates of
αS intracellularly to mitochondria and mediate disruption of
mitochondrial membranes.40,41 Mitochondrial imported αS is
predominantly associated with the CL-IMM, with the N-
terminal segment of αS being essential for its anchoring to
mitochondria.42,43 Compelling evidence has emerged from
human dopaminergic neuronal cultures and post-mortem PD
brains that αS directly interacts with mitochondria, with
potentially deleterious consequences.44,45 However, the exact
molecular mechanisms of αS-induced mitochondrial dysfunc-
tion are still unclear.
Therefore, given the centrality of mitochondrial dysfunction

in PD pathogenesis,46 in the present study we sought to
uncover whether αS oligomers are able to permeabilize
mitochondria membranes through ion-conducting pore for-
mation and address whether this is connected to the presence
of CL in the membrane. For this purpose, we make use of
minimalist model systems consisting of freshly isolated
mitochondria and single bilayer, or liposome, membranes
that simulate the mitochondrial lipid environment.47

■ RESULTS

A number of electrophysiological studies have previously
shown that αS can form oligomeric pores that exhibit channel-
like properties in lipid membranes. Nevertheless, these studies
have characteristically made use of one- or two-component
bilayers that oversimplify the lipid complexity of biological

membranes.20,21,48 Herein, we investigate the possible
formation of conducting channels or pores by αS in
multicomponent bilayers that recapitulate the lipid constitu-
ents of the mitochondrial membrane. Native αS (only
monomeric) or aggregated αS (an oligomer-enriched prepara-
tion) were applied separately, in physiologically relevant
concentrations, to the mito-mimetic lipid bilayers. Formation
of higher-order αS oligomers in the aggregate preparation was
confirmed using single-particle confocal analysis and immuno-
blotting characterization (Supporting Figure S1). Aggregation
of αS for generation of oligomers was performed using a well-
established protocol involving ferric ions; these oligomers have
already been extensively characterized by AFM and fluo-
rescence correlation spectroscopy (FCS).49,50 Moreover, they
have been shown to alter intracellular calcium homeostasis and
lead to cell death.51,52

Electrophysiological Characterization of αS Pores in
Mito-Mimetic Lipid Bilayers. In order to demonstrate and
characterize the formation of ion-conducting αS pores, the
technique of planar bilayer membrane electrophysiology was
used. The standard approach involves protein reconstitution
into a BLM separating two electrolyte solutions. Since lipid
membranes are almost perfect insulators, the formation of even
a single conducting channel in a free-standing bilayer is
detectable.53 Uniquely, the bilayer was designed to have a
phospholipid composition similar to that found in the IMM or
mitochondrial contact sites (the latter representing regions of
close apposition between the OMM and IMM), with a CL
content of ∼15% (w/w) (IM-type: 45PC/25PE/10PI/5PS/
15CL).34,54 Recombinant Fe-induced αS oligomers were
added to the cis-side of an IM-type BLM at a final
concentration of 1 μM. At a clamped voltage of ±50 mV
and pH 7.2, αS oligomers induced channel-like current events
in the bilayer, an average of 35 min following addition of the
αS preparation into the electrolyte solution (range 7−100 min;
n = 12 trials with αS oligomer preparation; refer to Supporting
Table S2). Spontaneous membrane incorporation of αS
oligomers characteristically resulted in a sustained series of
electrical bursts and spikes occurring on an otherwise current-
free background, indicating fast, transient, and heterogeneous
ionic events (Figure 1A,B). Importantly, channel-like activity
was detected only in the presence of oligomeric but not

Figure 2. I/V curves of an αS pore in IM-type bilayer. (A) Under symmetric (250/250 mM KCl, 10 mM MOPS/Tris, pH 7.2) conditions, the
linear slope of the I/V graph is equivalent to the conductance G and corresponds to a single-channel conductance of 408 pS. (B) Under asymmetric
conditions (250/20 mM KCl, 10 mM MOPS/Tris, pH 7.2), the intercept on the voltage axis for the I/V relationship corresponds to a reversal
potential (Erev) at −40 mV.
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monomeric αS species (n = 10 trials with αS monomer
preparations). Further, ion flux activity was never observed in
bilayers without the addition of the protein (n = 10 trials with
DMSO/Fe aggregation buffer alone). A typical baseline
current trace with monomer or buffer is shown in Figure 1C.
Corresponding control experiments in which neither αS
monomer nor DMSO/Fe buffer led to any pore detections
have been published previously.48 Conductance across the
membrane was measured upon applied voltages of ±40 mV,
since higher voltages considerably increased the instability of
the bilayer and made recording unreliable (Figure 1D).
A detailed characterization of pore formation by the αS

aggregates in the IM-type bilayer was therefore undertaken,
including information on current−voltage (I/V) relationships,
ion selectivity, a detailed analysis of conductance states, and
estimation of pore size. I/V curves were constructed by
plotting the amplitude of the current recorded at each clamped
membrane potential (−60 mV to +60 mV) under symmetric
(250/250 mM KCl) and asymmetric (250/20 mM KCl)
conditions (Figure 2). Linear I/V relationships were observed
in both situations, indicating that the rate of ion permeation
through the αS pore was not voltage-dependent. This possibly
reflects a symmetrical distribution of electrical charges along

the pore axis. The mean conductance (G) calculated from the
straight-line fit of the graph was 408 pS (Figure 2A). Under
asymmetrical conditions, an electrochemical diffusion gradient
exists between the cis- and trans- compartments, due to buffers
of different ionic concentrations. This allows the direction of
shift in the reversal potential Erev to be measured, and hence
the cation or anion selectivity of a pore determined. Here, in
asymmetric 250/20 mM KCl solutions at pH 7.2, the observed
reversal potential corresponding to a zero current was Erev =
−40 mV, indicating an anion-selective pore (Figure 2B).
Next, an analysis of all current traces was carried out to

quantify multilevel conductance behavior, the latter being
typical of the incorporation of channel-like pores. Indeed, well-
defined conductance states were immediately apparent when a
histogram of conductance levels (in pS) was constructed and
the data fitted into Gaussian distribution. The Gaussian fits
revealed distinct peaks at three conductance values, both at
positive and negative applied holding potentials. At 40 mV,
peaks occurred at ∼100 pS (Open-1), ∼200 pS (Open-2), and
∼360 pS (Open-3) (Figure 3A). At −40 mV, peaks occurred at
∼100 pS (Open-1), ∼200 pS (Open-2), and ∼400 pS (Open-
3) (Figure 3B). Furthermore, it was noted that the 3
conductance levels (Open-1, Open-2, and Open-3) appeared

Figure 3. Histograms of multilevel conductance states and dwell-times of αS pores in IM-type bilayers. Event histogram of closed and open
conductance levels at (A, left panel) + 40 mV and (B, left panel) −40 mV holding potential, for αS pore incorporated in IM-type bilayer. Data is
fitted to Gaussian peaks (solid black lines). A first peak is assigned at 100 pS for a basic conductance event (Open-1), with subsequent peaks
representing doubling of the conductances to 200 pS (Open-2) and subsequently 400 pS (Open-3). The minimum acceptable time interval for
defining an open-state level was taken as 1 ms. The corresponding dwell-time histograms of the open states are shown for +40 mV (A, right panel)
and −40 mV (B, right panel). For optimal visualization of fit quality, dwell-times are accumulated into logarithmic bins and displayed with square-
root ordinate.61 The mean dwell-time (in ms) for each open state is given in brackets. Electrical recordings were carried out in 10 mM MOPS/Tris
and 250 mM KCl at pH 7.2 and 23 °C.
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and disappeared sequentially, possibly indicating that structural
arrangements within the same pore unit had occurred.
Therefore, an analysis of the distribution of conductance
steps was undertaken at +40 mV and −40 mV. The histograms
of the conductance step size (Supporting Figure S3) lead to
the identification of a major peak at ±90−100 pS, with
subsequent lower peaks at ±180−200 pS and ±360−400 pS.
The step sizes therefore overlapped with the conductance
levels. Dwell-time graphs were also constructed to enable
comparison of the duration (in ms) of the open states. The

dwell-time distributions and average lifetime values of the three
open levels at +40 mV and −40 mV are shown in Figure 3A,B,
respectively. The mean dwell-time values were similar for
Open-1 and Open-2 levels (∼18 ms) while the higher
conductance state Open-3 had a significantly longer average
lifetime (∼73 ms).
Defined changes in conductance levels as described above

imply the presence of protein-bound pores of αS in IM-type
bilayers. The pore diameter can be estimated from the
conductance levels, assuming a simplified cylindrical nano-

Figure 4. Confocal FCS analysis of αS binding to mito-mimetic bilayers. (A) 2D-FIDA histograms depicting αS monomers or aggregated oligomers
and LUVs composed of either L-type (containing 0% CL) or IM-type (containing 15% CL) lipids. Thus, segments 1−3 correspond to the green-
labeled LUVs alone; segments 4−15 correspond to bicolored particles indicating oligomers bound to LUVs; and segments 16−18 correspond to
free red-labeled oligomers (refer to leftmost panel in the top row). Middle row panels from left to right: L-type vesicles without αS, incubated with
monomers, and incubated with Fe3+-induced oligomers. Bottom row panels from left to right: IM-type vesicles without αS, incubated with
monomers, and incubated with oligomers. x-axis, green fluorescence; y-axis, red fluorescence. Excitation at 488 and 633 nm. (B) Quantitative FIDA
analysis of αS bound to LUVs. For LUVs containing 15% CL (IM-type), the percentage of bound protein is significantly higher than for LUVs
without CL (L-type). Values represent mean percentage ± SEM (n = 5). For statistical analysis, a paired t-test was used (ns: p > 0.05; ** p < 0.01).
(C) SIFT segment analysis of αS oligomers bound to LUVs. From segment 6 onward, a higher signal for bicolored particles is observed for IM-type
LUVs than for L-type LUVs (n = 5).
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pore21 (see Methods). At applied voltages of +40 mV and −40
mV, the pore diameters were calculated for the three defined
conductance values, yielding pore diameter estimates of 0.57
nm (Open-1, 100 pS), 0.82 nm (Open-2, 200 pS), and 1.18
nm (Open-3, 400 pS).
Inhibition of Pore Insertion by Antiamyloid Com-

pounds. Since the electrophysiology experiments were
indicating formation of nanosized pores or channels in IM-
type bilayers by aggregated structures of αS, we proceeded to
attempt inhibition of membrane activity by testing antiaggre-
gator compounds. We therefore tested the antioligomer
compound anle138b, featuring a diphenyl-pyrazole scaffold
which potently antagonizes αS aggregation;55−57 the natural
flavonoid morin and BTE, both identified as lead inhibitors of
αS aggregation in previous work;58−60 and ginkgolide B, a
comparatively weak antiaggregator compound.58 Prior to
introduction into the test chamber, the preaggregated αS
preparation was incubated with the compounds for 90 min.
The aggregate−compound mixture was then added to the cis-
compartment and pore formation monitored over 2 h. Pore
formation in IM-type lipid bilayers was completely absent
when αS oligomers had been mixed with 10 μM anle138b (n =
0/6 trials) or 10 μM morin (n = 0/6 trials; 0%). BTE at a
concentration of 0.5 μg/mL was marginally less effective in its
inhibitory effect on pore formation (n = 1/6 trials; 17%); the
weakest inhibitor was 10 μM ginkgolide B since the same
multilevel conductance events typical of αS pores in IM-
bilayers were observed in a third (n = 2/6 trials; 33%) of
experiments. In summary, we demonstrated that use of
antiaggregator molecules could effectively modulate the
formation of membrane-active pores by αS in mito-mimetic
lipid bilayers.
Pore Insertion Rate Is Dependent on CL Content of

the Bilayer. One of the aims of this work was to decipher how
the lipid environment, especially CL, might affect the pore-
forming ability of oligomeric αS. Therefore, the rate of pore
formation in IM-type bilayers was compared with that in two
other bilayer types, namely L-type, which has the same
phospholipid constituents as IM-type but lacks CL (60PC/
25PE/10PI/5PS); and C-type, a phospholipid blend which
reflects the composition of synaptic vesicle membranes (50PE/
30PS/20PC)62 and which has the same overall negative charge
density (30% anionic) as IM-type membranes, thereby
allowing us to control for an effect of anionic charge on αS
pore insertion. In all, 12 independent electrophysiology
experiments were carried out with each bilayer type, thus
ensuring collection of robust data. When αS oligomers were
added to the cis-chamber, channel-like membrane activity
indicating formation of pores in the bilayer was reproducibly
observed in 67% of trials with the IM-type bilayer (n = 8/12
trials), 33% of trials with the L-type bilayer (n = 4/12 trials)
and 42% of trials with the C-type bilayer (n = 5/12 trials).
Crucially, no pores were detected during blank runs using
aggregation buffer only, in the absence of αS (n ≥ 3 trials for
each lipid bilayer type). We also looked at the time that
elapsed before incorporation of the first pore in the bilayer, for
each positive trial. No statistically significant differences were
observed in the mean (36, 32, 34 min), the median (27, 16, 10
min), the minimum (8, 11, 7 min), or the maximum (100, 85,
95 min) time to first opening when comparing IM-type, L-
type, and C- type bilayers, respectively (refer to Supporting
Table S2 for full details). Taken together, our data is suggestive
of a preference for αS oligomers to act as pore-forming agents

in bilayers recapitulating the complex lipid constituents of
mitochondrial membranes with a high CL content (IM-type).

Analysis of αS-Membrane Binding Using FCS. The
influence of CL on the interaction between αS oligomers and
lipid bilayers was explored in greater detail using confocal
fluorescence correlation spectroscopy. FCS allows quantifica-
tion of the binding of peptides and proteins to phospholipid
vesicles, using nanomolar protein concentrations. Further,
aggregate formation can be monitored with high sensitivity by
SIFT analysis.63−65 To evaluate αS aggregation and lipid
binding, 10−20 nM Alexa-647 αS (red label), either in
monomeric form or aggregated into oligomers, was mixed with
100 nm LUVs loaded with Alexa-488 dye (green label).
Histograms using 2D-FIDA were constructed from SIFT
measurements of αS coincubated with IM-type (15% CL) or
L-type (0%CL) LUVs (Figure 4A). For αS monomers, high-
intensity bins were observed only along the x-axis of the
histograms (“purely green bins”). These bins are generated by
LUVs alone, devoid of bound αS. Therefore, there was
practically no interaction between monomeric αS and IM-type
or L-type membranes (Figure 4A, middle column panels).
Aggregates representing Alexa-647 αS oligomers were
observed as an accumulation of high intensity bins along the
y-axis (“purely red bins”) (Figure 4A, top-right panel). When
mixed with either IM-type or L-type LUVs, these αS oligomers
yielded bins with both green and red fluorescence, indicating
that the oligomers had mostly associated with the vesicles.
Further, in the presence of LUVs, fewer purely red bins with
high fluorescent intensity (i.e., free oligomers) could be
detected (Figure 4A, right column panels). The exact fraction
of bound αS to IM-type and L-type vesicles was calculated by a
2D-FIDA fit (Figure 4B). A higher amount of bound protein
was observed for oligomer samples in comparison to monomer
samples for both IM-type and L-type membranes (monomers:
< 5% bound). More pertinently, FIDA analysis demonstrated
that αS oligomers exhibited a modest increase in propensity to
bind IM-type membranes in LUVs compared to binding
observed for L-type vesicles, which was statistically significant
(IM-type: 14.1%, L-type: 9.2%; p = 0.009). This can also be
seen in the 2D-FIDA segment analysis (Figure 4C; refer to
Supporting Figure S4 for explanation of 2D-FIDA histogram
segments) where from segment 6 onward, a higher signal for
bicolored particles, indicating bound oligomers, was observed
for LUVs containing 15% CL (IM-type) than for LUVs
without CL (L-type) (p = 0.0144). Hence, in line with our
previous findings, the αS oligomers manifested a moderate,
albeit higher, affinity for LUVs specifically containing the
mitochondrial lipid cardiolipin.

Targeting CL Inhibits αS-Induced Swelling and Cyto c
Release from Isolated Mitochondria. The induction of
pores in mitochondrial membranes would be expected to lead
to membrane permeabilization and dysfunctional events, such
as organelle swelling and the release of apoptogenic
cytochrome c (cyto c) from mitochondria.66,67 Hence, we
took a further step to investigate the possible consequences on
isolated mitochondria of exposure to the Fe3+-induced αS
oligomers. We observed a dose-dependent effect at low
micromolar oligomer concentrations on mitochondrial swelling
(Figure 5A,B): end-point (i.e., at t = 30 min) swelling by 1−2
μM αS oligomers was ∼50% of the effect of Ca2+ ions, with a
more pronounced degree of swelling at 3 μM (76 ± 5.8%). In
contrast, 2 μM monomeric (i.e., fresh) αS did not lead to any
significant swelling above control (25 ± 0.5%; 2 μM αS-fresh
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vs 2 μM αS-oligomers, p = 0.0002). The same group of
compounds that we had previously tested against αS pore
formation were now assayed for their ability to prevent
mitochondrial swelling (Figure 5C). Interestingly, a similar
pattern of inhibition to the electrophysiology experiments was

noted, with anle138b being the strongest and ginkgolide B the
weakest inhibitor of αS-induced swelling: anle138b (20 ± 9%,
p < 0.0001) > morin (28 ± 10%, p = 0.0002) > BTE (36 ± 3%,
p = 0.0007) > ginkgolide B (131 ± 4%, p > 0.05). The
inference is that the active compounds were acting with
similar, antioligomer-based mechanisms. We also considered
the potential involvement of mitochondrial permeability
transition pore (mPTP) opening in mitochondrial swelling
by αS oligomers. However, none of the classical pharmaco-
logical modulators of mPTP manifested any significant
inhibitory effect on swelling; these included the voltage-
dependent anion channel (VDAC) inhibitor DIDS (108%),
monoclonal antibodies to VDAC (127%), the adenine
nucleotide translocator (ANT) inhibitor BKA (125%), and
the strong antioxidant N-acetylcysteine (102%). Given that the
electrophysiology and FCS experiments had suggested a major
influence of CL on αS-induced poration of mitochondrial-like
membranes, we proceeded to test this hypothesis in the
swelling assay too. Hence, isolated mitochondria were first
incubated with a molecular probe which has a strong and
specific binding affinity to CL, namely 10-N-nonyl acridine
orange (NAO).68,69 Indeed, NAO dramatically decreased
swelling induced by αS oligomers (31 ± 5%, p < 0.0001)
(Figure 5C).
Another classical readout for mitochondrial membrane

permeabilization is the mobilization and efflux of cyto c from
stores within the intermembrane space and IMM.70,71 Thus,
isolated mitochondria were exposed to 2 μM αS oligomers and
the amount of cyt c release (CCR) from mitochondria
determined by immunoblotting of the recovered supernatant
(Figure 6A). Semiquantitative densitometric analysis of the

Figure 5. Mitochondrial swelling by αS. (A) Swelling kinetics of
freshly isolated mitochondria exposed to 1−3 μM aggregated αS
(αS), 2 μM fresh αS (αS-f), or 500 μM Ca2+ (positive control).
Mitochondrial swelling was measured by monitoring the absorbance
at 540 nm for 30 min, and typical traces are shown. (B) Maximal
swelling of mitochondria after 30 min exposure to αS was calculated
as a percentage of Ca2+-induced swelling. αS concentrations are in
moles of monomeric αS. Values represent the means ± SEM (n = 3−
6); one-way ANOVA for multiple comparisons with control or
between the marked pairs; * p < 0.05, *** p < 0.001, ns,
nonsignificant difference (p > 0.05). (C) The antioligomer compound
anle138b, the polyphenols morin and ginkgolide B (all at 10 μM), and
black tea extract (BTE; 0.5 μg/mL) were preincubated separately
with mitochondria before αS oligomers (2 μM) were added.
Mitochondrial swelling in the presence of each compound after 30
min is given as a percentage of the αS control (100%). Values
represent means ± SEM (n = 2−4); *** p < 0.001 and ns,
nonsignificant difference, compared with control (one-way ANOVA
with Bonferroni’s post hoc analysis).

Figure 6. Immunoblotting and densitometry of CCR by αS. (A) Cyto
c released from isolated mitochondria incubated with αS oligomers (2
μM, αS) alone or in the presence of NAO (20 μM, αS+NAO) and
with 5% Triton X-100 (TX) was visualized by immunoblot analysis of
the supernatant probed with anticytochrome c antibody. Control
(Ctrl) represents “background” cyto c released into the supernatant
from untreated mitochondria in buffer alone. Bands from a
representative gel are shown (n = 2). (B) Blots were analyzed by
densitometry, illustrating fold-increase in CCR compared to control.
Values represent means ± SEM (n = 2); * p < 0.05, ** p < 0.01, ***
p < 0.001, ns, nonsignificant difference (one-way ANOVA relative to
Ctrl or between indicated pairs).
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resultant cyt c bands (Figure 6B) showed a robust ∼2.5-fold
increase in CCR over control mitochondria (p < 0.01 vs
control) and around 75% of the maximal effect of the
detergent Triton X-100 (3.3-fold increase). Remarkably, when
the CL-specific probe NAO was preincubated with mitochon-
dria, the increase was only 1.2-fold and not significantly
different from control mitochondria alone. Hence, both the
swelling and CCR results strengthen the notion that
membrane CL plays an important part in mediating
mitotoxicity by αS oligomers.
Assay for Interaction of CL with αS Oligomers in

Solution. The high affinity of NAO for CL can be put to use
in an assay to determine whether αS protein can bind free CL
phospholipids in solution. The underlying assay principle is
that when NAO binds CL there is a decrease in NAO emitted
fluorescence at 525 nm, as a result of dimerization of the dye
molecules which brings them in close proximity to each
other.72,73 Thus, it would be expected that if αS oligomers
competitively bind CL, NAO would remain in monomeric
form and no decrease in fluorescence would be observed. In
fact, NAO fluorescence emission intensity at 525 nm decreased
from 1.0 RFU (normalized value for NAO alone) to 0.256 ±
0.03 RFU with addition of CL, but not upon mixing with PC
(1.27 ± 0.11 RFU) or PS (1.15 ± 0.06 RFU). This confirms
specificity of the assay to detect NAO-CL binding. However,
preincubation of CL with αS oligomers did not effectively
prevent NAO dimerization (0.275 ± 0.01 RFU) (Figure 7).
Hence, evidence for a direct CL-αS binding in solution could
not be obtained using this assay.

■ DISCUSSION
The interaction of soluble αS oligomers with mitochondria is
thought to induce mitochondrial dysfunction and contribute to
early dopaminergic neuronal death in PD.74−76 However,
whether this interaction can lead to mitochondrial membrane

poration and the role of the local lipid environment had not
been reported until the present study. In this work, we make
use of single-channel electrophysiology to demonstrate the
membrane pore-forming activity of αS oligomers in mem-
branes made up of a physiological lipid composition that
simulates the mitochondrial environment (IM-type). We also
reveal that the presence of CL, the signature phospholipid of
mitochondrial membranes, promotes the formation of such
pores and is crucial for mitochondrial permeabilization
resulting in organelle swelling and loss of cyt c.
Conductance state and step-size histograms obtained from

the electrophysiology experiments of αS oligomers in IM-type
membranes show clear peaks at the same conductances, i.e.,
100, 200, and 400 pS. Published literature reporting on
channel formation by αS in negatively charged BLM (however
with bilayers consisting of only one or two different
phospholipids) also typically documented major conductance
states also in the hundreds of pS.19−21,77 Therefore, the
histograms strongly suggest the formation of holes spanning
the bilayer that are surrounded and stabilized by αS oligomeric
assemblies. Less likely is the possibility of toroidal lipidic pore
formation, as a result of protein clustering on the membrane
surface, which would fluctuate continuously in size and hence
not explain the consistency of the conductance levels and step
sizes observed here.78 Also unlikely is a “carpeting” effect of the
αS aggregates on the outer leaflet of the membrane with
thinning of the membrane, facilitating leakage of ions across
the bilayer−in the case, defined steps in current would be
absent, too.79,80

The observation from the conductance state histograms that
GOpen 2 (200 pS) is twice that of GOpen 1 (100 pS), and that
GOpen 3 (400 pS) is in turn twice that of GOpen 2, suggests that
three types of pores may be interconverting with each other in
the membrane. Keeping in mind the idea of loosely interacting
mobile protein subunits in a fluidic bilayer,81 a number of
scenarios can be envisaged. First, is the presence of a single
pore in the bilayer which changes the pore dimensions
reflecting the association or disassociation of a fixed subunit
(Figure 8A). Thus, starting for example from a minimal Open-
1 (100 pS) pentameric pore (0.57 nm pore diameter)
incorporated into the bilayer, addition of a single αS subunit
results in assembly of a hexameric Open-2 (200 pS) pore
(Open-1 → Open-2), which in turn may associate with
another αS subunit to generate an Open-3 (400 pS)
heptameric pore (Open-2 → Open-3). Closure of either of
the three types of pores into a nonconducting (closed) state
would generate conductance steps of 100, 200, and 400 pS for
Open-1 (Open-1 → Closed), Open-2 (Open-2 → Closed),
and Open-3 (Open-3 → Closed), respectively. Further, longer
dwell-times and a broader conductance distribution observed
for Open-3 pores would be in keeping with a greater degree of
heterogeneity in pore size diameter permissible as a result of
the assembly from a greater number of loosely interacting
mobile protein subunits in the fluidic bilayer. A second
possibility is that the 100 pS (Open-1), 200 pS (Open-2), 400
pS (Open-3) pores reflect coupled multimeric assemblies that
have 1, 2, or 4 pores of the same size in a mono-, di-, or
tetrameric supermolecular structure (Figure 8B). Again, this
would explain the defined 100, 200, and 400 pS jumps, as well
as the longer dwell-times of Open-3 pores (a more stable
tetrameric complex). A third possible model would involve the
formation of up to four identical and separate pores, each with
a 100 pS (Open-1) conductance. However, a distinct

Figure 7. NAO-CL fluorescence binding assay. As expected,
incubation of 2 μM CL with NAO resulted in a highly significant
decrease in NAO fluorescence emission at 525 nm, while neither the
zwitterionic PC nor anionic PS had any effect, confirming NAO-CL
affinity. Preincubation of CL with 2 μM αS oligomeric species did not
alter NAO-CL binding either. Fluorescence values are normalized to
NAO alone (1.0) and represent means ± SEM (n = 3); *** p <
0.001, relative to NAO control (one-way ANOVA for multiple
comparisons).
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conductance level or step size at ∼300 pS (i.e., reflecting the
simultaneous opening/closure of three Open-1-sized pores) is
notably absent from the histograms (Figure 3 and Supporting
Figure S3), thereby mitigating against the latter scenario.
Analogous channel models to those illustrated in Figure 8

have already been described. For instance, molecular dynamics
(MD) simulations of docking of αS molecules onto
membranes show “propagating docking” by incorporation of
αS monomers in lipid membranes to form energetically
favorable pentamers and hexamers,82 while Tosatto and co-
workers hypothesized that insertion or removal of a tetrameric
αS subunit to a single pore accounted for transitions between
the observed multilevel channel conductances of αS channels
in simple binary planar membranes.21 It is also useful to
compare the electrophysiological features of Fe-induced αS
oligomers in IM-type bilayers with those reported in previous
work using azolectin (PC) bilayers. Similarities include bilayer
conductances of 100−600 pS, voltage-independence, and a
preference for permeability to negatively charged ions such as
chloride ions (PCl−/PK+ ≅ 2.75).48,49 Impressively, pore-like
structures were actually visualized on AFM after incubation of
isolated mitochondria with recombinant N-terminus of human
αS (amino acid residues 1−60), which was associated with

mitochondrial swelling.83 The exact nature of the αS
oligomeric pore(s) in the IM-type membrane observed here,
however, remains to be determined in future studies, for
example by applying single-molecule optical detection using
fluorescently labeled peptides in a horizontal bilayer system.84

What are the potential pathophysiological sequelae of
punching nanometer-sized holes in mitochondria? Here, we
observed that αS oligomers (but not monomers) led to
significant mPTP-independent swelling and CCR from isolated
mitochondria. Moreover, in our previous work, fibrillary αS
was not found to significantly permeabilize mito-mimetic
liposomes40 or form pores in planar lipid bilayers.48 In close
accordance with these findings, it was reported that soluble αS
oligomers, but not monomeric or fibrillary αS, added
exogenously to mitochondria induced organelle swelling,
depolarization, and CCR, which were only partially rescued
by inhibition of the mPTP.85 Intriguingly, there are several
examples of virulent toxins from bacterial pathogens that
specifically target and disrupt mitochondrial membranes. For
example, the p58 subunit of Helicobacter pylori VacA toxin
forms hexameric or heptameric oligomeric pores in mitochon-
drial membranes with a low but significant conductivity of 12
pS (calculated diameter of 0.15 nm) and having a clear

Figure 8. Schematic models accounting for the multiple conductance states generated by αS oligomers in IM-type bilayers. (A) Open-1 (100 pS),
Open-2 (200 pS), and Open-3 (400 pS) conductance (G) levels can be explained by assuming incorporation, or release, of a fixed subunit into an
existing αS multimeric aggregate complex with a ring-like structure. The pore lumens are represented by the central gray circles with increasing
radii. Pore diameters (⌀) are drawn to scale in relation to each other. (B) Open-1 (100 pS), Open-2 (200 pS), and Open-3 (400 pS) conductance
(G) levels reflect the formation of coupled multimeric assemblies that have 1, 2, or 4 pores of the same size in a mono-, di-, or tetrameric
supramolecular structure. Defined subunits constituting the pore assemblies are represented by white circles. Conductance steps between open and
closed states are shown as bidirectional arrows (in pS).

ACS Chemical Neuroscience Research Article

DOI: 10.1021/acschemneuro.9b00320
ACS Chem. Neurosci. 2019, 10, 3815−3829

3823

http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.9b00320/suppl_file/cn9b00320_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschemneuro.9b00320/suppl_file/cn9b00320_si_001.pdf
http://dx.doi.org/10.1021/acschemneuro.9b00320


preference for anions.86 Another bacterial porin, Neisseria
gonorrheae PorB, incorporates into the IMM with a main
conductance state of ∼420 pS; it was calculated that a single
open such channel would dissipate the mitochondrial
membrane potential in about 0.8 ms.87 Hence, mechanistically,
amyloid αS pores in mitochondrial membranes might be acting
analogous to bacterial mitochondrial porins.
Another important question addressed in this investigation

was how much a change in lipid composition, in particular the
presence of CL, affects the membrane pore-forming activity of
αS. Collective evidence is obtained here invoking the necessity
of an interaction of αS oligomers with CL for perturbation of
mitochondrial integrity: (i) successful membrane incorpora-
tion for αS was most frequently observed in bilayers that
recapitulate the properties of the inner mitochondrial
membrane and contact sites; (ii) αS oligomers had a
significantly lower affinity for binding to vesicles lacking
membrane CL; (iii) pretreatment of mitochondria with a CL-
specific probe (NAO) dramatically reduced mitochondrial
swelling and offered protection against CCR. The fact that
NAO is specific for CL is based on considerable
research68,88−90 and was confirmed here in the CL-NAO
fluorescence binding experiments. Our data is in agreement
with several recent reports highlighting the interaction of αS
with CL in mitochondrial membranes. Thus, αS interacted
strongly with, and fragmented, lipid vesicles whose composi-
tion matched that of the CL-containing IMM.91,92 Mitochon-
drial studies have shown that αS binds significantly to the IMM
membrane but not to the OMM, which contains less CL;42

however, with an increase of CL phospholipid in the OMM,
clusters of αS protein accumulate at the mitochondrial surface
and mitochondria display fragmentation.93 The propensity for
αS-CL interaction may be partly explained by way of
electrostatic attractions between the divalent anionic charge
from the diphosphatidyl glycerol headgroup of CL and the
positively charged lysine residues in the N-terminal repeat
domain of αS. Yet, the pore insertion rate of αS oligomers was
reduced by half (from 67% to 33%) when changing from IM-
type to C-type lipid BLMseven though both membrane
types possess the same overall negative charge. Hence, an
additional important factor is likely the affinity of αS for lipid
packing defects, typically found in membranes harboring cone-
shaped lipids like CL which induce negative curvature
strain.15,36 Such defects would facilitate insertion of αS
oligomers into the headgroup region. The fact that we failed
to demonstrate a direct binding between CL and αS oligomers
in solution, lends more support to an interaction with CL at
mitochondrial membrane surfaces in situ, by way of curvature
and packing defects. Strikingly, the endogenous mitochondrial
porins Bax and Bak also insert within curvature-induced lipid
packing defects created by CL, leading to mitochondrial outer
membrane permeabilization and triggering of apoptosis.94 CL
also guides the entry of cobra venom cytotoxins into
mitochondrial membranes, leading to membrane poration
and disruption of mitochondrial integrity.95 It is surely
fascinating that, once again, the molecular mechanism of
pore insertion into mitochondrial membranes uncovered here
for amyloidogenic αS peptides, may be shared by natural
cytotoxins.
Finally, we demonstrated that protection of mitochondria

from poration and swelling can be accomplished by
preincubation of αS with strong (anle138b, morin and BTE)
but not weak (GinkB) antiaggregator compounds.58 Sufficient

time was allowed for compound interaction with αS prior to
insertion into the membrane, and all the three effective
compounds are known to have direct modulatory effects on the
aggregation pathway of αS.55,59,60 Moreover, anle138b blocked
pore-like ionic current activity of channels formed by amyloid-
beta (Aβ) oligomers.96 Thus, we conjecture that compound−
oligomer interaction is the dominant mechanism involved,
even though we cannot exclude concomitant compound−
membrane effects.
The exciting possibility is raised that small-molecule

compounds that modulate formation of amyloid αS nanopores
in mitochondrial bilayers may be considered as candidate drugs
in the ongoing search for mechanism-based, rational
therapeutics for PD.

■ CONCLUSIONS

In conclusion, our data provide evidence of the molecular
mechanisms by which soluble αS aggregation intermediates
may contribute to mitotoxicity in Parkinson’s disease. We
showed, for the first time, that ion-permeable pore structures
are formed by αS oligomers in mito-mimetic membranes. The
αS pores display features of amyloid peptide channels,
including heterogeneous multilevel conductances in the order
of 100s of pS, voltage-independence, and inhibition of
membrane poration by antiaggregator compounds like
anle138b. We conclude that the pores would be large enough
to let water, ions (e.g., chloride ions), or small molecules
transit through the bilayer, thus explaining the observed
oligomer-induced swelling of, and release of cyto c from,
isolated mitochondria. Outer mitochondrial contact sites or the
IMM present a lipid environment containing high CL, which
favors the membrane-pore forming activity of αS. Future work
should aim at intervening on the αS−CL interaction, to
prevent active αS-induced pores in mitochondrial membranes
and alleviate mitochondrial dysfunction in PD.

■ METHODS
Materials. Bongkrecic acid (BKA) and anti-VDAC antibody were

purchased from Calbiochem (EMD Chemicals Inc., Darmstadt,
Germany). 10-N-Nonyl acridine orange (NAO) was purchased
from Invitrogen (Thermo Fisher Scientific, U.S.A.). The phospholi-
pids L-α-phosphatidylcholine (egg PC), L-α-phosphatidylethanol-
amine (egg PE), L-α-phosphatidylinositol (soy PI), L-α-phosphati-
dylserine (brain PS), DOPE:DOPS:DOPC (5:3:2 w/w/w), and heart
cardiolipin were obtained from Avanti Polar Lipids, Inc. (Alabaster,
AL, U.S.A.). All other chemicals, including the compounds morin,
black tea extract (BTE; > 80% theaflavins), and ginkgolide B, were
purchased from Sigma-Aldrich (Munich, Germany).

Preparation of αS Oligomers. Recombinant αS protein was
expressed from a bacterial plasmid (pET-5a) containing full-length
wild-type αS in BL21(DE3) E. coli cells and purified as previously
described in Nuscher et al.97 Protein stock solutions of 1 mg/mL were
prepared in 50 mM Tris-HCl (pH 7.0) buffer and stored at −80 °C;
to avoid repeated freeze/thawing, samples were divided into aliquots
in LoBind tubes (Eppendorf). Oligomers of αS were prepared using
an established protocol,48 by incubation with organic solvent and
ferric ions: monomeric αS (7 μM) was incubated for 72 h in 50 mM
Tris-HCl (pH 7.0) with 1% dimethyl sulfoxide (DMSO) and 20 μM
FeCl3 without agitation at 25 °C in a total volume of 200 μL.

Planar Lipid Bilayer Electrophysiology Recordings. Electro-
physiological studies were carried out using an Ionovation Compact
automated bilayer workstation (Ionovation GmbH, Osnabrück,
Germany) on an isolated vibration-free table. Ag/AgCl electrodes
(Ionovation GmbH) with 2 M KCl/agarose bridges (1.5% w/v
agarose) were used to apply the transmembrane voltage and to
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measure the transmembrane current. The cis-electrode was connected
to the headstage of a HEKA EPC10 amplifier (HEKA Elektronik
GmbH) and used as a reference for the reported current readings.
All aqueous solutions used for electrophysiology were prepared

using doubly distilled and deionized water, filtered through a 0.4-μm
filter, and stored at 4 °C. Lipid mixtures for the bilayer membrane
were prepared by mixing lipid solutions in chloroform in the defined
ratios (IM-type: 45PC/25PE/10PI/5PS/15CL; L-type: 60PC/25PE/
10PI/5PS; or C-type, 50PE/30PS/20PC) and then drying under
vacuum. The dried lipid mixture was redissolved in n-decane to obtain
a concentration of 30 mg/mL. This phospholipid solution was added
to the chamber and used to form a vertical bilayer membrane (BLM)
by spreading the lipid up-and-down (“painting technique”)48,53 across
a ∼120 μm pinhole aperture in a Teflon septum separating two
compartments containing 1.3 mL of electrolyte buffer solutions
(symmetrical conditions: 250 mM KCl, 10 mM MOPS/Tris, pH 7.2
in cis and trans chambers; for asymmetrical conditions, the electrolyte
solution in the trans chamber was replaced by perfusion to 20 mM
KCl, 10 mM MOPS/Tris, pH 7.2). BLM formation was verified
visually using a built-in low-amplification microscope and by checking
capacitance measurements. Only stable, low conductance (50−70
pS), low-noise (<15 pS) membranes were used for experiments,
which generally lasted for around 2 h. After data recording, the well-
characterized bacterial porin α-hemolysin from Staphylococcus aureus
was tested as a positive control, with channel ionic activity confirming
integrity of the bilayer and proper functioning of the electro-
physiology setup. For the electrophysiology experiments involving
aggregation inhibitor compounds, we carried out preliminary studies
to ensure that, at the tested concentrations, none of the compounds
caused bilayer instability when added alone to the chamber buffer
(instability being defined as a variation from baseline conductance).
Following at least 15 min to ensure the above BLM criteria, αS

oligomer preparation (1 μM, in equivalent moles of monomeric αS)
was added directly into the buffer solution in the cis compartment,
just below the bilayer. Current traces were initially recorded at ±50
mV in voltage clamp mode. Both chambers were equipped with
magnetic stirrers to facilitate protein reconstitution into the BLM;
stirring was activated by the Compact workstation for 30 s if the
conductance threshold indicating pore formation (>70 pS) was not
reached. In the event of pore formation, a recording protocol to
characterize the pore electrophysiologically was automatically initiated
by Patchmaster software (HEKA, Germany). The protocol consisted
of the following: (i) voltage-ramping from −60 mV to +60 mV over
10 s, and vice versa; (ii) square wave-voltage pulses of −60, −50, −40,
−30, −20, −10, 0, +10, +20, +30, +40, +50, +60 mV, with 10 s
recording at each voltage; (iii) 100 s runs of recordings at ±40 mV
potential, repeated for three times. Applied voltages greater than ±60
mV tended to cause IM-type bilayer instability. Ion selectivity was
determined by changing to an asymmetrical salt concentration
(250:20 mM KCl, cis:trans) to enable measurement of the reversal
potential (membrane voltage for zero current). All electrophysiology
experiments were performed at room temperature. Data files were
converted using ABF utility (www.synaptosoft.com) and processed
using Clampfit 10 (Molecular Devices). Further statistical analysis was
done using Microsoft Excel 2010 and GraphPad Prism 6.
Calculation of Pore Diameter Using Channel Conductance.

The pore size diameter can be readily estimated using the measured
channel conductance, assuming a simplified cylindrical nanopore.21

Pore diameter (2r) is calculated in an electrolyte solution of defined
conductivity (σ, 29.1 mS/cm for 250 mM KCl at 25 °C), for a
membrane-spanning pore length (L, 7 nm for mitochondrial
membranes) and ionic conductance (G), according to the following
equations:

r r L r1 (1 4 / )0 0
1/2π= [ + + ] (1)

r G/40 σ= (2)

Vesicle Binding Studies Using Confocal Single-Particle
Fluorescence Spectroscopy. To characterize the binding of αS
oligomers with CL, single-molecule spectroscopy techniques were

applied. By labeling αS and LUVs with fluorophores having two
different excitation wavelengths (“red” for the peptide and “green” for
the lipid), FCS enables the monitoring of interactions between the
two particles.63 Recombinant αS was labeled with the fluorescent dye
Alexa Fluor-647-succinimidylester (Thermo Fischer Scientific, U.S.A.)
by mixing in a 1:2 ratio and incubating for 12 h at 4 °C. Unbound
fluorophores were separated by two filtration steps using PD10
columns (Amersham Biosciences, Munich, Germany) equilibrated
with 50 mM Tris-Cl buffer (pH 7.0). LUVs with IM-type and L-type
membrane compositions (see above) were prepared as described
previously.40 Following evaporation of the chloroform by a gentle
stream of N2 gas, the dried lipid mixture was rehydrated by mixing
with 1 mL of 50 μM Alexa Fluor-488 dye (Invitrogen, Thermo Fisher
Scientific, U.S.A.) in 50 mM Tris-Cl buffer (pH 7.0) at room
temperature. After the hydrated lipid suspension were vigorously
vortexed, they were subjected to five freeze−thaw cycles by alternately
placing the sample tubes in liquid nitrogen and an Eppendorf
Thermomixer set at 20 °C. The lipid suspensions were then diluted to
1 mM with 50 mM Tris, and 500 μL of the lipid suspensions was
extruded through a 100 nm polycarbonate filter for 21 times. LUV
fractions were run on a size-exclusion chromatography column using
Sephadex G-200 to remove the free fluorescent dye molecules. A
vesicle diameter of ∼100 nm was confirmed with dynamic light
scattering measurements using a Zetasizer NanoZS (Malvern
Instruments, Herrenberg, Germany). Vesicles were immediately
utilized or kept at 4 °C and used within 48 h. Oligomer formation
was induced by coincubating labeled αS (diluted to 10−20 nM in 50
mM Tris, pH 7.0) with 10 μM Fe3+ for 20 min at room temperature.
It has already been shown that attachment of the Alexa-647 label to
αS influences neither the oligomerization of the protein nor the
binding of αS to the vesicles.49 Subsequently, LUVs were added at a
final lipid concentration of 10 μM. Measurements were carried out
using an Insight Reader (Evotec Technologies, Hamburg, Germany)
with dual color excitation at 488 and 633 nm. Five independent
measurements were performed on four replicates per measurement
group. Measurement time was 60 s for FCS and 10 s for SIFT. All
measurements were performed at room temperature in 384-well glass-
bottom sample plates (Greiner Bio-One, Solingen, Germany).

Data of scanned measurements were directly visualized in 2D-
FIDA (fluorescence intensity distribution analysis) histograms
(photon counting histograms). Photons were summed over time
intervals of constant length, using a bin length of 40 μs. Depicted
histograms contain all photons of all consecutive measurements of
one sample. To determine oligomer binding to vesicles, a four-
component fit was used. The following values were fixed: Qmonomer in
the red channel for component one, Qoligomer in the red channel for
component two, Qvesicle in the green channel for components three
and four. A free fit of brightness for bound αS was calculated for the
fourth component in the red channel. The brightness I was calculated
using the following equation: I = C × Q, where C = concentration of
particles and Q = particle brightness. Thus, I/Itotal(red) is equivalent to
the fraction of αS bound to vesicles. The fraction of vesicles with
bound αS is equivalent to I/Itotal (green). Data was analyzed using the
software packages FCS+Plus Analyze and SIFT-2D Version 2c
(Evotec Technologies, Hamburg, Germany) as previously de-
scribed.50,65

Mitochondrial Swelling Assay. Mitochondrial were freshly
isolated from SH-SY5Y neuroblastoma cells as described in Camilleri
et al.40 The mitochondrial pellet was resuspended in mitochondrial
buffer (MB: 10 mM HEPES, 5 mM succinate, 250 mM sucrose, 1
mM ATP, 0.08 mM ADP, 2 mM K2HPO4, 1 mM DTT, pH 7.5) and
brought to 0.5−1 mg/mL of protein. Swelling was initiated by adding
native or oligomeric αS, 500 μM Ca2+, or other swelling agent in a 96-
well plate in a total volume of 100 μL/well. Mitochondrial swelling
was evaluated by following changes in the absorbance of the
mitochondrial suspension at 540 nm (A540) every 5 min for 60
min.98 In the case of swollen mitochondria, light transmission is
increased (i.e., a reduced turbidity). This is measured as a decrease in
the relative absorbance at A540.

99,100 All measurements were
performed at room temperature. After subtracting the blank (buffer
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alone) from all values, mitochondrial swelling curves were graphed
using Graphpad Prism.
Determination of Cyto c Release from Isolated Mitochon-

dria by Immunoblotting. Aliquots of isolated mitochondria (20
μg) were incubated with αS oligomers for 1 h at 30 °C in 1×MB. The
mitochondrial suspensions were then centrifuged at 16 000g for 10
min at 4 °C to pellet mitochondria. Equal aliquots of the supernatant
were run on 4−16% Bis-Tris gradient gels (Life Technologies,
Thermo Fischer Scientific, U.S.A.).101 Proteins were electro-trans-
ferred to Hybond-ECL membrane (Amersham Biosciences, Munich,
Germany), and the membrane was blocked overnight at 4 °C in 5%
nonfat dry milk in TBS-T (Tris-buffered saline, 0.05% Tween-20).
After the membrane was rinsed with TBS-T buffer, cyto c was
immunostained with primary anticytochrome c antibody (Invitrogen)
(1:1000 in TBS-T) plus secondary antimouse antibody bound to
horseradish peroxidase (Sigma-Aldrich) (1:4000 dilution in TBS-T).
Peroxidase activity was detected using the enhanced chemilumines-
cence ECL Prime kit (Amersham Biosciences, Munich, Germany)
followed by autoradiography. The intensity of the cyt c bands was
analyzed densitometrically using ImageJ Software (NIH Image).
NAO-CL Binding Assay. Binding of the fluorescent dye NAO to

CL results in dimerization of the dye in a stacking organization; when
dye molecules are brought in close proximity, the emitted
fluorescence shifts from 525 nm for the monomer, to 640 nm for
the dimer.72 Phospholipids (2 μM) were pipetted into 96-well half-
area clear-bottom black plates, and NAO (0.5 μM) was added. To test
for αS-CL binding, αS protein samples were incubated for 1 h with
CL before addition of NAO. The incubation time of NAO with CL or
the PLs was about 15 min in the darkness. The total volume of each
well was 200 μL, and samples were measured in quadruplicate using a
Bio-Tek FLx800 fluorescence microplate reader (Bio-Tek, Germany).
Statistical Analysis. Data are displayed as mean ± standard error

of the mean (SEM) unless stated otherwise, with n as the number of
independent experiments. Normal distribution of data was evaluated
by D’Agostino-Pearson normality test. Differences between means
were determined by one-tailed Student’s t-test for pairwise
comparisons and by one-way ANOVA followed by Bonferroni
posthoc adjustment for multiple comparisons. Significance was
determined at an α-level of p < 0.05. Statistical analyses were
performed using the software package GraphPad Prism v6 (GraphPad
Software, San Diego, CA, U.S.A.) or Microsoft Excel 2016 (Microsoft
Corporation, Redmond, WA, U.S.A.).
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