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One of the key molecular events underlying the pathogenesis of Parkinson's disease (PD) is the aberrant
misfolding and aggregation of the α-synuclein (αS) protein into higher-order oligomers that play a key role in
neuronal dysfunction and degeneration. A wealth of experimental data supports the hypothesis that the neuro-
toxicity of αS oligomers is intrinsically linked with their ability to interact with, and disrupt, biological
membranes; especially those membranes having negatively-charged surfaces and/or lipid packing defects.
Consequences of αS–lipid interaction include increased membrane tension, permeation by pore formation,
membrane lysis and/or leakage due to the extraction of lipids from the bilayer. Moreover, we assert that the in-
teraction of αS with a liquid-disordering phospholipid uniquely enriched in mitochondrial membranes, namely
cardiolipin (1,3-diphosphatidyl-sn-glycerol, CL), helps target the αS oligomeric complexes intracellularly to
mitochondria. Binding mediated by CL may thus represent an important pathomechanism by which cytosolic
αS could physically associatewithmitochondrialmembranes and disrupt their integrity. Impairedmitochondrial
function culminates in a cellular bioenergetic crisis and apoptotic death. To conclude, we advocate the accelerat-
ed discovery of new drugs targeting this pathway in order to restore mitochondrial function in PD.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Parkinson's disease (PD) is the secondmost commonneurodegener-
ative condition, affecting around 2% of the population above the age of
65 [1]. It is characterized clinically by bradykinesia (slowness in initiat-
ingmovements), rigidity and a resting tremor. Most of the clinical man-
ifestations of the disease are due to a progressive loss of dopaminergic
neurons in the substantia nigra (SN) pars compacta in the midbrain
[2]. One of the principal molecular events in the pathogenesis of PD is
thought to involve the aberrant folding and aggregation of the
α-synuclein (αS) protein, which leads to neuronal dysfunction and
degeneration in the affected brain areas [3]. Genomic duplication and
triplication of the SNCA gene as well as several missense mutations (in-
cluding A53T, A30P and E46K) have been identified in rare cases of
inherited PD. Patients harboring mutations in SNCA have a clinical phe-
notype that resembles sporadic PD, although onset is typically earlier
and the disease more aggressive [4–7].

αS is a 140-residue soluble protein and its primary sequence is typ-
ically divided into three distinct regions: (i) a positively charged N-
terminal region (residues 1–60) made up of a series of seven imperfect
KTKEGV repeats, and which are characteristic of amphipathic helices of
apolipoproteins [8]; (ii) a central hydrophobic region (residues 61–95)
also referred to as the NAC (non-amyloid-β-component) domain com-
posed of nonpolar side-chains and therefore having a high propensity
for adopting β-sheet secondary structure [9]; and (iii) a highly acidic
C-terminal domain rich in proline residues (residues 96–140) that re-
mains disordered in both the oligomeric and fibrillar state [10,11]. αS
is abundantly expressed throughout the human central nervous system
and is highly conserved in vertebrates [12]. Although its exact physio-
logical function is unknown, it has been recently suggested that αS
acts as a soluble NSF attachment protein receptor (SNARE) complex
chaperone to promote the assembly of large complexes at the presynap-
tic plasma membrane, required for neurotransmission [13,14].

It is now widely accepted that in aqueous solution as well as in the
cellular milieu, αS exists mainly as an intrinsically disordered protein
[15]. During the aggregation process, several factors promote the
misfolding and self-assembly of αS into toxic β-sheet-rich oligomeric
structures (for further detailed discussion of the mechanisms underly-
ing αS aggregation and modulating factors, the reader is referred to
Paleologou and El-Agnaf [16]. Oligomers reorganize into mature
amyloid fibrils, which form cytoplasmic deposits termed Lewy bodies
(Fig. 1) [17]. This is a key feature in the neuropathology of PD [18]. Ex-
tensive data support the hypothesis that a partially-folded intermediate
precursor is critical forαS aggregation. Such intermediates are assumed
to expose hydrophobic domains on their surface, allowing intermolecu-
lar interaction and aggregation. Thus, a wide range of endogenous and
exogenous factors that increase the concentration of this critical
amyloidogenic intermediate will alter the kinetics of αS fibrillation,
favoring aggregation [19]. It is important to recognize that there exist
a multiplicity of pathways for the self-assembly of αS, and a
Fig. 1.A simplified representation ofα-synuclein aggregation process. Alpha-synuclein (αS; in g
with membranes containing anionic phospholipids, the N-terminus ofαS adopts anα-helical s
dered domains and facilitates self-association into dimers and β-sheet-rich intermediate oligom
of cellular and organelle membranes by oligomers with membrane permeation properties. Furt
and cross-β-strand fibril formation. The amyloid-like fibrils deposit in brain parenchyma as Le
heterogeneous mixture of oligomeric species with different β-sheet ar-
rangements are formed early during the self-assembly process. Typical-
ly, oligomers with antiparallel β-sheets within their core structures
represent a stable, toxic oligomeric species, while those oligomers har-
boring parallel β-sheets are able to elongate efficiently into fibrils [20].

Acceleration of αS aggregation is promoted by environmental and
genetic conditions known to be important in the pathogenesis of PD:
overexpression of αS (resulting from duplication or triplication of the
SNCA gene locus) [4,5]; missense mutations such as A53T, A30P, and
E46K [21,22]; occupational exposure to pesticides (e.g. paraquat and
rotenone); and specific heavy metal ions (e.g. iron, copper, lead and
manganese) [23–26]. Other factors influencing the formation of the crit-
ical amyloidogenic precursor in the intracellular environment include:
macromolecular crowding, low pH, phosphorylation of Ser129 and
oxidativemodifications of theαS protein [27,28].More recently, the for-
mation of oligomeric αS species has been demonstrated in live cells
using fluorescence correlation spectroscopy. It was found that the
threshold cytoplasmic concentration needed for αS to form oligomers
is ~90 nM [29].

A prevailing hypothesis in the pathogenesis of PD relates to the
ability of oligomeric intermediates formed during the aggregation of
αS to disrupt cellular membranes [30]. Although this would provide a
straightforward explanation for the cytotoxicity of αS, the exact molec-
ular mechanisms are still unclear. Suggested mechanisms of membrane
damage range from a generalized increase in membrane conductance,
to discrete channel or pore formation, and complete membrane disrup-
tion [31].

2. α-Synuclein interaction with biological membranes

2.1. Membrane binding properties of αS

Binding ofαSwith biomembranes has been extensively studied [31].
Typically, experiments make use of planar bilayers, liposome vesicles
and micelles containing physiologically relevant phospholipids [32].
Although several distinct binding modes have been shown for αS,
there is a general consensus that upon binding to a membrane, αS
forms an amphipathic α-helical structure involving the N-terminal
and NAC regions (Fig. 1) [33]. Membrane binding of monomeric αS ap-
pears to involve two steps: first, anchoring by the N-terminal residues
3–25, followed by a coil-to-helix transition of residues 26–97 which
act as a membrane sensor and which determine the affinity of αS bind-
ing; the C-terminal domain exhibits only weak interactions with the
membrane surface [34–36]. As revealed by solution NMR spectroscopy
of micelle-bound αS, the axis of the N-terminal α-helical structure lies
parallel to the membrane interface and is actually made up of two
curved α-helices, helix N (residues 3–37) and helix C (residues 45–
92) connected by a well-ordered linker. Positively-charged lysine side
chains protruding from the helices make electrostatic interactions
with the negatively-charged membrane surfaces [37]. The presence of
reen) normally exists as amonomeric, intrinsically unstructured protein. Upon interaction
tructure. Increased local concentration of membrane-associatedmonomers exposes disor-
eric aggregates. A suggestedmechanism of neurotoxicity would involve permeabilization
her intermolecular association between oligomers leads to stable higher-order aggregates
wy bodies and Lewy neurites.
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multiple lysine residues in the N-terminal region of αS may therefore
partly explain the preferential binding of αS to vesicles containing an-
ionic (e.g. phosphatidylinositol [PI], phosphatidylglycerol [PG] and
phosphatidylserine [PS]), but not zwitterionic (e.g. phosphatidylcholine
[PC]), lipids [38,39]. It has been estimated that each molecule of αS can
bind to a lipid bilayer patch composed of not more than 85 acidic lipid
molecules [40].

Also favored is the binding ofαS tomembrane lipidswith small head
groups (e.g. phosphatidic acid [PA]) and polyunsaturated acyl chains.
This is likely due to the presence of packing defects and the availability
of more space forαS to embed in suchmembranes [41,42]. In this man-
ner, αS may insert and be accommodated more easily into the bilayer
[43,44]. The protein penetrates deeply in between the lipid head groups,
inducing lateral expansion of lipidmoleculeswhich in turn leads to a re-
duction of the average thickness of the bilayer (membrane thinning)
[45–47]. Moreover, bilayer defects are present in small, highly curved
vesicles, and indeed αS shows a binding preference for small
unilamellar vesicles (SUVs) over large unilamellar vesicles (LUVs)
[48–50]. Nevertheless, αS has been observed to bind to anionic LUVs
and planar bilayers as well [40,51,52]. In conclusion, the composition
and physical properties (especially curvature, charge, and packing
defects) of the phospholipid membrane bilayer markedly influence its
interaction with αS [53,54]. Furthermore, in addition to electrostatic
interactions, hydrophobic interactions are important in the association
of αS with membranes [55]. Importantly, binding of the amphipathic
helix of αS to stressed membranes causes a stabilization of the lipid
packing which reduces their propensity to fuse [50,56].

2.2. Aggregation of αS at the membrane surface

Lipid binding byαS can be associated with enhanced fibrillogenicity
by promoting the formation of aggregates at the membrane surface. In
the presence of lipidic molecules and detergents, the aggregation rate
of αS was found to increase several-fold [57–63]. The lipid:protein
ratio appears to be a critical determining factor: while low concentra-
tions of lipid tend to drive aggregation, high concentrations of lipid
tend to prevent aggregation [64]. One mechanism by which lipids facil-
itate αS aggregation is by crowding the protein at the two-dimensional
liquid/lipid interface on the surface of the vesicle, thereby increasing its
effective local concentration [65,66]. This in turn facilitates the forma-
tion of stable αS dimers on the membrane surface, which represents
the first “core” step and initiates oligomerization [67]. In fact, on-
surface nucleation of αS has been observed to occur at low nanomolar
concentrations in the presence of negatively charged lipid bilayers
[68]. It has been recently calculated that lipid vesicles enhance the
rate of the primary nucleation of αS by a thousand-fold, compared to
bulk solution [69]. Use of surface plasmon resonance has shown forma-
tion of a high affinity lipid-binding intermediate [70]; thus, by driving
aggregation, lipids favor αS adopting the partially-folded critical inter-
mediate state involved in the pathway of conversion into β-sheet fibrils
[69]. In the presence of phospholipid vesicles, αS undergoes significant
perturbations in the N-terminal domain and the NAC domain [71]. Such
perturbations lead to increased accessibility of hydrophobic surfaces
and an oligomeric state with mostly β-sheet secondary structure [72].
Recently, a detailed characterization of the structure of ‘on-pathway’
oligomeric species revealed small, ellipsoidal oligomers consisting of
~30 monomers and having β-sheet structure with a high degree of
flexibility at the solvent interface [73]. Of note, the β-sheet structure
of toxic soluble oligomeric αS species was found to be distinct from
that of fibrils; in these experiments, oligomers were reported to adopt
an antiparallel β-sheet organization, differing from the parallel arrange-
ment of the fibrillar structure [74].

The essential role of hydrophobic interactions in the association of
αS with membranes is supported by analysis of the effects of familial
PD-linked αS mutations on membrane binding. In general, it appears
that the A30P mutation decreases the affinity of the protein for lipid
surfaces, lacking binding activity to rat brain vesicles [75] and to phos-
pholipid vesicles in vitro [38,76,77]. On the other hand, theA53Tmutant
displays membrane-binding activity at least comparable to wild-type
(WT) αS [76,77], while the E46K mutant shows enhanced binding
[38]. According to molecular dynamics simulation of the membrane in-
teractions of a range of αS species, the region including residues 39–45
may havemaximummembrane penetration. Increased oligomerization
ability was associated with a greater propensity to penetrate the
membrane. The E57K (artificial) and A53T mutants had the highest fre-
quency of interaction with the membrane, WT in-between and A30P
the last [78]. Nonetheless, although the A30P mutation has a reduced
membrane affinity, prolonged incubation with SUVs resulted in
membrane-induced aggregation of A30P αS into oligomers on the
membrane surface as a result of exposure of the central hydrophobic re-
gion [79]. Collectively, these findings suggest that interactions between
the membrane-bound αS molecules themselves are also relevant for
self-assembly on the bilayer.

2.3. Membrane perturbation and neurotoxicity by oligomeric αS

As with native αS, the two major factors driving oligomer–
membrane interactions are net negative charge and loose packing of
the bilayer. Oligomers of αS bind preferentially to lipids in the liquid-
disordered phase and show significant less affinity for liquid-ordered
bilayers. Liquid-ordered membranes are much more densely packed;
conversely, a disordered bilayer allows exposed hydrophobic patches
in the oligomeric structure to make hydrophobic interactions with the
membrane interior [80]. As with monomers, the N-terminus of αS
plays a major role in determining oligomer–membrane interactions.
For instance, deletion of residues 2–11 abolishes permeabilization of
LUVs by αS oligomers [81]. Similarly, N-terminal deletions in αS corre-
lated with reduced vesicle affinity and toxicity towards yeast [82]. It is
expected that the simultaneous binding of a large number of adjacent
N-terminals having juxtaposed hydrophobic regions in the oligomeric
structure would evoke a high degree of membrane instability. On the
other hand, monomers would be widely distributed over a membrane,
while in the case of fibrils most of the hydrophobic patches are buried
in the highly ordered structure. This provides an explanation why it
has been consistently observed that αS oligomers exhibit a higher
potency for permeabilizingmembranes than eithermonomers or fibrils
[73,83]. In general, oligomers have a stronger membrane affinity
compared tomonomers [84] and unlikemonomers may not necessarily
require membranes with high curvature or defects in lipid packing [85].

Interestingly, many other amyloidogenic proteins apart from αS
have been shown to form membrane-active oligomers; these include
the amyloid-beta (Aβ) peptide [86], tau [87], the islet amyloid polypep-
tide [88], the prion protein [89], salmon calcitonin [90] and the
N-terminal domain of Hyp-F from Escherichia coli [91]. A common un-
derlying theme is the key role of acidic lipids in accelerating aggregation
and recruiting oligomers [92]. Oligomerization has also been suggested
to be the basis for induction ofmembrane leakage by antimicrobial pep-
tides [93].

Neurotoxicity ofαS oligomers is intrinsically linkedwith their ability
to interactwith and permeabilize lipid bilayers, and this has been amply
demonstrated both in cellular and membrane model systems [30,83,
92]. Various mechanisms of permeabilization have been put forward,
such as: membrane disruption, membrane thinning, permeabilization
via pore formation, and leakage induced by the extraction of lipids.
Downstream consequences of membrane permeabilization include
dysregulation of cellular ion homeostasis, increased levels of intracellu-
lar Ca2+, generation of reactive oxygen species (ROS), altered signal
transduction, and ultimately triggering of apoptotic neurodegeneration.
The increased generation of ROS is especially relevant to αS-induced
toxicity of dopaminergic neurons, in view of the fact that dopamine
(DA) itself is highly prone to oxidation [94]. DA oxidation generates fur-
ther reactive intermediates, which increase αS aggregation into
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oligomers while slowing the conversion of protofibrils to fibrils [95]. In
the presence of DA, αS forms SDS-resistant soluble oligomers [96]. At
the same time, αS may catalyze the formation of free radicals, like the
hydroxyl radical and hydrogen peroxide, further increase αS oligomer
formation by impairment of cellular quality control mechanisms and
by increasing the amount of ferric iron [26,97]. The treatment of
dopaminergic cells with both DA and the radical-generating compound
paraquat enhanced αS-induced membrane conductance and toxicity
[98]. The formation of DA-induced αS oligomers may also alter mem-
brane binding and result in disruption of its normal function in synaptic
vesicle trafficking [99,100]. Thus, it is clear that the complex interplay
between DA, oxidative stress, αS-oligomerization and membrane bind-
ing enhances the vulnerability of dopaminergic neurons to cell death.

2.3.1. Amyloid pore mechanism
The first indication of a pore-like mechanism for membrane perme-

abilization by αS came from studies in which leakage of encapsulated
dye from LUVs exposed to protofibrillar αS was strictly dependent
upon the size of the marker, with a strong preference for low-
molecularweightmolecules [101].More direct evidence for pore forma-
tion has been obtained from electrophysiological studies. Soluble ‘on-
pathway’ oligomers of αS, but not monomers or fibrils, formed
channel-like pores when reconstituted in planar lipid bilayers in the
presence of an applied trans-negative potential. The pores had well-
defined conductance states and were cation-selective [102]. The
PD-linked E46K mutant also formed channels with a higher selectivity
for cations [103]. Formation of distinct and uniform pores has also
been demonstrated using iron-induced αS oligomers [104]. These olig-
omers, termed “intermediate II” aggregates, have been extensively
characterized and are formed in a multi-step aggregation pathway
that includes micromolar concentrations of ferric iron (Fe3+) similar
to the concentration found in physiological conditions [26,104,105].
Importantly, the oligomers share propertieswithαS aggregates isolated
from post-mortem human and animal brains with regard to SDS-
resistance and anti-oligomer antibody epitopes [26]. Electrophysiologi-
cal characterization of “intermediate II” oligomers indicated stable and
uniform pores exhibiting quantized and step-wise changes in bilayer
conductance [106]. This suggests the formation of distinct transmem-
brane oligomeric pores, rather than non-specific damage to bilayer in-
tegrity. Oligomeric pores can also be formed from membrane-bound
monomeric αS. Under applied voltage, the peptide helices of WT,
E46K and A53T αS immerse into the bilayer and adopt a transmem-
brane orientation to form a ‘barrel-stave’ pore. Well-defined conduc-
tance states are again observed, reminiscent of pore-forming peptides
like alamethicin [107]. Multilevel channel conductances could be due
to conformational changes in the pore structure, or could reflect the
difference in the number of subunits that form a single pore [108].

Consistent with the electrophysiological data, structural studies
further support the notion of pore formation byαS. For instance, atomic
force microscopy (AFM) and transmission electron microscopy (TEM)
have enabled visualization of annular structures with a central pore
formed by aggregated αS [109,110]. A small-angle X-ray scattering
(SAXS) study showed annular oligomers in the shape of a wreath,
with a central channel. The potential for membrane permeabilization
by thewreath-shaped oligomers was confirmed by demonstrating lipo-
some disruption, hence strongly suggesting cytotoxic properties [111].
Computer modeling has simulated the perforation of membrane bilay-
ers by αS oligomeric ring-like structures, with immersion of mutant
A53T occurring more rapidly than for WT αS [67,112].

Thus, αS oligomer binding can create a membrane pore through
which small molecules permeate the lipid bilayer. A pore size of
~10 nm (outer diameter) and ~2 nm (inner diameter) would be suffi-
cient for most types of ions to pass through. An unregulated flux of
ions and other molecules would provide an evident mechanism for
oligomer-induced cytotoxicity. A crucial role is likely to be played by
disruption of calcium homeostasis, since elevated intracellular Ca2+
levels are known to activate caspases and protein phosphorylation,
leading to synaptic degeneration and neuronal cell death [113]. Extra-
cellular oligomeric αS increased intracellular Ca2+ levels in neurons
by inducing Ca2+ influx, independent of cobalt-sensitive calcium chan-
nels. Furthermore, the neuronal membrane potential was significantly
depolarized after oligomer treatment [114]. Similarly, high plasma
membrane ion permeability and raised intracellular Ca2+ levels were
observed in neuronal cell lines stably expressingWT ormutantαS, sug-
gesting the possibility of excessive Ca2+ influx through large non-
selective pores formed by αS [115]. Notably, αS was displayed by elec-
tron microscopy to be present in close proximity to the plasma mem-
brane and in association with other organelles [112]. Thus,
interventions aims at preventing pore formation or blocking existing
pores may represent a novel strategy for treatment of PD.

2.3.2. Carpet mechanism and toroidal pores
Yet other studies on the permeabilization of lipid membranes by

soluble αS oligomers have reported a generalized increase in bilayer
conductivity, i.e. without any evidence of discrete channel or pore
formation [116,117]. It is envisaged that oligomeric assemblies bind
onto the surface of the target membrane and cover it in a “carpet-like”
manner. Once a threshold concentration is reached, the lipid packing
is disturbed and the hydrophobic core of the bilayer thins out. This
lowers the dielectric barrier, thereby facilitating the transport of small
molecules and ions across the membrane [117,118]. In the presence of
high concentrations of αS monomers, a lateral expansion of lipid mole-
cules that progressed to membrane thinning was also observed, again
without amyloid pore formation [45].

Membrane thinning may however lead to the formation of finite-
sized, toroidal lipidic pores. Essentially, the membrane-inserted protein
gives rise to a local curvature stress in the membrane, which decreases
the curvature elastic energy for poration. At a high protein concentra-
tion, the tendency is for the formation of well-ordered toroidal pores
stabilized by the inserted proteins, while more stochastic transient
pores are formed at lower concentrations [119]. Such a mechanism,
also known as themembrane tension model, is again shared by antimi-
crobial peptides [120].

2.3.3. Lipid extraction mechanism
Growth of membrane-adsorbed amyloid aggregates, and the related

co-aggregation of proteins and lipids, can lead tomembrane damage by
the uptake of phospholipids from the bilayer. Aggregation of αS on an-
ionic membranes has been reported to involve extraction of lipids from
the bilayer and clustering of lipids around the growing αS aggregates
[121,122]. This leads to membrane disintegration and leakage of dye-
filled vesicles [123]. Furthermore, as a result of membrane fragmenta-
tion, soluble complexes of αS and lipid are formed [124].

An elegant study has convincingly demonstrated that αS oligomers
are toxic in vivo. Recombinant E35K and E57K αS variants that had an
increased ability to form oligomers in vitro, correlated well with a
higher affinity to bind liposomes, triggering of Ca2+ influx in neuronal
cell lines, and greater toxicity in cell-based assays. Importantly, rats ex-
pressing the E35K and E57K membrane-associated αS oligomers also
suffered the most severe dopaminergic loss in the SN [125]. In other
words, a qualitative correlation was established between the ability of
αS oligomers to cause in vitro toxicity by disrupting cellular mem-
branes, and their in vivo toxicity to nigral neurons.

3. α-Synuclein interaction with mitochondrial membranes

3.1. Mitochondrial phospholipids and cardiolipin

Mitochondria are dynamic organelles enclosed by a complex double
membrane. They are essential for cell viability, not least because they
provide most of the chemical energy required by the cell (adenosine
triphosphate, ATP). The functional integrity of these organelles is
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intricately linked with the maintenance of intact membranes having a
proper phospholipid composition [126]. Mitochondrial membrane lipids
are involved in a plethora of physiological processes, ranging from the or-
ganization and function of respiratory complexes, to the regulation ofmi-
tochondrial dynamics and apoptosis [42]. The major phospholipids in
mitochondrial membranes are PC and phosphatidylethanolamine (PE),
making up ~40% and ~30% by weight of total mitochondrial phospho-
lipids, respectively. PI and PS together comprise another ~10–15%,
whereas cardiolipin (1,3-diphosphatidyl-sn-glycerol, CL) accounts for
~10% of the total mitochondrial phospholipids [127]. The most notable
difference in the relative abundance of phospholipids between the
outer (OMM) and inner (IMM) mitochondrial membranes concerns CL,
with ~5% abundance in the OMM and ~20% in the IMM [128]. Apart
from the IMM, CL is amajor component ofmitochondrial contact sites, re-
gions of close apposition between the outer and inner membranes [129].
Contact sites allow CL to diffuse from the IMM to the OMM. Indeed, CL
represents the signature lipid species of mitochondrial membranes and
playsmultiple roles in organization ofmulti-subunit oxidative phosphor-
ylation complexes, the maintenance of membrane integrity in response
to environmental stress, and the regulation of programmed cell death
[130]. CL peroxidation and depletion have been reported in a variety of
pathological conditions associated with energy deficiency, and CL has
been lately identified as a target for drug development [126,131].

Uniquely, CL is a divalent lipid having two connected
phosphatidylglycerolmoieties and four acyl chains. This chemical struc-
ture results in a small anionic headgroup and a large hydrophobic tail,
thereby giving CL its characteristic conical shape. In turn, the structure
of CL imparts distinctive biophysical properties to the phospholipid
membrane. Firstly, CL is likely to disturb lipid packing and thus theme-
chanical stability of themembrane [132,133]. Secondly, the ‘hinged’ acyl
chains induce negative curvature strain in CL microdomains, as in the
cristae of inner mitochondrial membranes [130]. Thirdly, CL can poten-
tially carry two negative charges. The biological inference of these three
biophysical characteristics of CL, i.e. lipid packingdefects, high curvature
and divalent anionic charge, is that CL-rich sites could represent primary
targets for permeabilization of mitochondrial membranes by patholog-
ical αS oligomers.

3.2. Direct association of αS with mitochondria

A robust, direct interaction of αS with isolated mitochondria, which
is not affected by loss of the inner membrane potential, has been ob-
served in several studies [134,135]. The αS–mitochondria interaction
is mediated by the N-terminal region of αS, which adopts an α-helical
conformation [136]. The N-terminal 32 amino acids contain a cryptic
mitochondrial targeting sequence [137] and mitochondrial binding
was abolished upon deletion of residues 2–11 [138]. It is possible that
the N-terminal motif facilitates translocation of αS across the OMM by
the mitochondrial import machinery, thus allowing αS to gain access
to the IMM [137]. Consistent with these studies, fluorescently-labeled
αS was imported into isolated mitochondria and localized to the IMM
[139]. Moreover, αS has been shown on electron micrographs to be lo-
calized to the mitochondrial membrane in normal dopaminergic neu-
rons of the SN pars compacta from human and mouse brain [137,140].
Recent experiments suggest that monomeric αS interacts with the
voltage-dependent anion channel (VDAC), a major channel of the
OMM, and reversibly blocks the channel pore [141]. A direct conse-
quence for mitochondrial function would involve steric hindrance by
αS of ATP/ADP fluxes between mitochondria and the cytosol. Further,
at high voltages of more than 40 mV, the whole αS molecule was able
to translocate through the channel. Thus, VDAC could serve as a route
for αS to access the intermembrane space and impair the respiratory
chain complexes of the IMM [142].

Mitochondrial model membranes are more prone to oligomer-
induced damage compared to plasma membrane model systems. In
fact, liposomes with physiologically relevant lipid mixtures that mimic
biological membranes of mitochondria undergo robust perme-
abilization [143]. Bothwild-typeαS oligomers andmonomers exhibited
a preference for the CL-enriched IMM over the OMM, although mono-
mers perturbed the packing density of the bilayer but did not trigger
permeabilization [139,144]. Soluble A53T and A30P mutant oligomers,
however, were equally damaging to both membrane types [144].

4. α-Synuclein causes deficits in mitochondrial function and
dynamics

4.1. α-Synuclein and mitochondrial dysfunction — role of cardiolipin

The effects and consequences on mitochondrial morphology, dy-
namics and function, of a direct interaction of αS with mitochondrial
membranes have been intensively investigated. Treatment of mito-
chondria isolated from rat brain or neuronal cell lines with soluble
prefibrillarαS oligomers, but notwithmonomeric or fibrillarαS, caused
mitochondrial swelling, loss of mitochondrial membrane potential, re-
lease of the respiratory protein cytochrome c (cyto c), elevated levels
of ROS, and an increase of mitochondrial Ca2+ [134,144–146]. Similar
detrimental effects of αS on mitochondria were seen in dopaminergic
cell lines and primary neurons overexpressing αS intracellularly.
Mitochondrial impairment was associated with bioenergetic failure,
an increase in oxidative stress, and a decrease in cell viability [134,
146,147]. Overexpression of αS in neuronal cells also evoked the frag-
mentation of mitochondria [56,148]. Remarkably, the hallmarks of mi-
tochondrial dysfunction and oxidative stress induced by αS are
recapitulated in the unicellular eukaryote Saccharomyces cerevisiae. In
yeast cells expressing high levels of αS, the mitochondria fragment,
swell, and produce ROS [149,150]. This observation lends support to a
direct, deleterious interaction of αS with mitochondria. An important
role for direct lipid binding in mediating the detrimental effects of αS
on mitochondria is further evident by the fact that deletion of amino
acids 1–65 abrogated mitochondrial damage [147]. The latter region in-
cludes the N-terminal KTKEGV repeats that bind phospholipid vesicles.
Taken together, these studies point to a novel, direct effect of oligomeric
αS on mitochondrial membranes.

CL may account for the selective effect of pathological αS oligomers
onmitochondrialmembranes (Fig. 2). Given the central role of CL in the
formation and stability of respirasomes composed of complex I/III/IV
[151], the physical association ofαS oligomerswith CL and perturbation
of mitochondrial membrane phospholipids might disrupt electron
transfer between the respiratory complexes [135,152,153]. It has also
been discovered that αS oligomers bound to CL form a triple complex
with cyto c and thereby act as substrates for peroxidase activity of
cyto c. Peroxidative activity of αS–CL–cyto c complexes may favor per-
meabilization of mitochondrial membranes, apart from contributing to
a constant source of oxidative stress in dopaminergic SN neurons
[154]. Another consequence of αS–CL binding could be loss of function
of the mitochondrial ADP/ATP carrier, which is normally stabilized by
CL molecules [155,156]. Moreover, analysis of mitochondria from PD
brain and αS-expressing dopaminergic neurons confirmed the associa-
tion ofαSwith complex I [137]. Thus, a feed-forward cycle of increasing
ROS generation and reduced mitochondrial respiratory chain enzyme
function would be set up [145]. Consistent with this concept, a decline
in mitochondrial CL content correlated with bioenergetic deficits in mi-
tochondria of neurons overexpressing the N-terminal domain of αS
[147]. Furthermore, α-synuclein knockout mice were reported to have
qualitative and quantitativemitochondrial lipid abnormalities including
a decrease in CL content, whichwas associatedwith a reduction in com-
plex I/III activity [157].

Interestingly, aggregated forms of various amyloidogenic proteins,
including αS, Αβ and tau, have shown a preference to compromise the
integrity of membranes with a high content of CL [144]. In a paper pub-
lished during preparation of this manuscript, the authors attributed cy-
totoxic properties of cobra venom toxins to their ability to bind CL and



Fig. 2. α-Synuclein-induced mitochondrial dysfunction prompted by disruption of membrane lipids at contact sites. Mitochondria contact sites are enriched in cardiolipin, the signature
phospholipid of energy-generatingmembranes. Cardiolipin imparts biophysical characteristics that make OM contact sites a prime target forαS oligomers. Destabilization of contact sites
leads to permeabilization of both outer and inner mitochondrial membranes (OMM, IMM) because the two membranes are closely juxtaposed at this site. Permeabilization may be in-
duced by insertion of oligomeric pore complexes, or by an increase inmembrane curvature stress prompting the formation of a toroidal protein–lipid porewith its walls partially covered
by lipid head groups. Mitochondrial outer membrane permeabilization permits release of cyto c and other apoptogenic proteins into the cytosol. Loss of inner membrane integrity allows
entry of water, and hence matrix swelling with damage tomitochondrial cristae and further mobilization of cyto c. Inevitably, there is a fall in mitochondrial membrane potential (Δψm)
which compromises mitochondrial respiratory function. Increased mitochondrial levels of αS in PD have also been associated with reduced complex I activity and increase free-radical
generation. Superoxide (O2•−) is converted to hydrogen peroxide (H2O2) by mitochondrial superoxide dismutase (MnSOD) in the matrix. The free radicals will further decrease respira-
tory activity and promote a fall inΔψm. Finally, oxidative damage tomitochondrial DNA (mtDNA) sets up a vicious cycle ofαS-inducedmitochondrial damage culminating in bioenergetic
failure.
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thus physically associate with mitochondrial membranes. Moreover,
they suggested formation of toroidal-like pores by the cytotoxins lead-
ing to disruption of mitochondrial structural integrity [158]. It is un-
doubtedly intriguing that amyloidogenic proteins and natural
cytotoxins might share a common poration mechanism involving the
thrilling of mitochondria via CL binding. It is plausible that amphipathic
peptide-induced electrostatic clustering of CL increases membrane ten-
sion in CL-containingmembranes, which is then released by the forma-
tion of toroidal pores [159]. A similar mechanism has been recently
described for the formation of toroidal protein–lipid pores involving
cyto c/H2O2-induced peroxidation of mitochondrial cardiolipin. Electro-
static binding of cyto c to CL phospholipids in the bilayer is followed by
conformational changes of the protein leading to the induction of per-
oxidase activity, CL oxidation and formation of permeating protein–
lipid pores [160].

4.2. Mitochondrial dysfunction induced by αS in animal models of PD

Mitochondrial dysfunction in relation to αS toxicity has also been
demonstrated in vivo. Overexpression of humanWTαS in micewas as-
sociated with brain mitochondria having decreased mitochondrial
membrane potential, higher ROS production, oxidative mitochondrial
DNA damage and reduced ATP production [161,162]. In one of these
studies, mainly monomeric full-length N-terminally acetylated αS was
found to accumulate in mitochondria. Thus, brain mitochondria can
also been impaired by a threshold amount of a soluble, monomeric
form of human αS [161]. In another study, inhibition of mitochondrial
function by overexpressedαSwas linked to defectivemitochondrial im-
port machinery, specifically, a decrease in TOM40 (translocase of the
OMM) protein levels [162]. Overexpression of human A53T mutant αS
in mice resulted in a severe motor disorder, with destruction of motor
neurons in the spinal cord leading to paralysis and death [163].
Intraneuronal αS-positive inclusions were seen by electron microscopy
to consist of degenerating mitochondria [163]. Mitochondria had a
depolarized membrane potential and showed impaired maximum
respiratory capacity [164]. Similarmitochondrial deficits were observed
in the SN of rats overexpressing humanWTαS; for instance, a reduction
in the mitochondrial membrane potential was associated with the
in vivo accumulation of αS within mitochondria [165]. A particularly
impressive finding in the latter study is that AFM analysis revealed a
high frequency of pore-like structures on the outer membrane of mito-
chondria isolated from the αS-overexpressing rats. These findings thus
support a mechanism involving direct formation of a pore complex by
αS in mitochondrial membranes.

5. Conclusion and future perspectives

There is now compelling evidence that the reciprocal interaction
between the amyloidogenic αS protein and lipid membranes may rep-
resent a key pathological mechanism in PD [166]. There are two major
consequences of such an interaction. Firstly, the biomembrane interface
favors aggregation ofαS and the generation of a pathogenic, intermedi-
ate oligomeric species on the two-dimensional membrane surface. Sec-
ondly, interaction of soluble αS oligomers with membranes evokes
various models for permeabilization; these include a generalized mem-
brane thinning and increase in membrane tension, insertion of oligo-
meric amyloid pores or formation of lipidic toroidal pores, and leakage
induced by lipid extraction. Highly charged, anionic membranes play a
particularly important role, since they strongly favor αS binding via
electrostatic interactions and self-assembly of αS on the bilayer.
Another critical parameter is decreased lipid packing and instability of
the bilayer itself, which enhances hydrophobic protein–membrane in-
teractions. The aforementioned membrane characteristics are distinc-
tive of membranes that are enriched in the dimeric, conical-shaped
phospholipid CL. We therefore propose that pathological αS oligomers
have an intrinsic affinity to target and harm mitochondria due to an
abundance of CL, particularly at the mitochondrial inner membrane
and contact sites. Thus, while the interaction ofαS with the bilayer sur-
face is aided by electrostatic interactions with multiple lysine residues
on the N-terminus, its ability to penetrate deeper into the membrane
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is favored by the higher exposure of hydrophobic surfaces in the oligo-
meric structure.

Association of αS with CL could lead to one or more of the following
[167]: decline in CL content and inhibition of respiratory complexes;mi-
tochondrial ROS generation; CL peroxidation and release of pro-
apoptotic factors like cyto c; and formation of amyloid or lipidic pores
in the membrane bilayer. In this manner, pathological αS interactions
with mitochondrial membranes possibly represent an upstream event
that feeds a vicious cycle contributing to a cellular bioenergetic crisis
and apoptotic death.More generally, themechanismbears a strong sim-
ilarity to that observed in apoptosis triggered by the pro-apoptotic
members of the Bcl-2 family such as Bax, Bak and tBid. Specific cooper-
ation between tBid and CL has been suggested to promote Bax or Bak
oligomerization at contact sites [168,169]. This leads to subsequent
permeabilization of the OMM, cyto c release and final execution of
apoptosis [170].

To date, a significant effort in drug discovery has been made to de-
velop compounds that attenuate mitochondrial ROS in PD, typically
usingmitochondria-targeted antioxidants like Coenzyme Q10 and Vita-
min E. However, these compounds have largely failed to improve mito-
chondrial bioenergetics [171]. A novel effective therapeutic approach is
potentially one inwhich compounds are screened for their effectiveness
in protecting mitochondrial membrane integrity and preserving mito-
chondrial bioenergetics. This can be achieved by drugs such as
anle138b that act as αS oligomer modulators and are enriched in lipo-
philic environments [172]. In addition, CL would represent a prime
drug target for improving the bioenergetic robustness of mitochondria.
Protecting CL would also be expected to hinder the insertion of αS olig-
omeric pores in mitochondrial membranes. In this respect, clinical trials
are presently being conducted to evaluate the first-in-class CL-
protective compound, the Szeto–Schiller (SS) peptide Bendavia™ (also
referred to as SS-31 in the literature) as a therapeutic agent to restore
mitochondrial bioenergetics in a host of age-associated diseases, includ-
ing neurodegenerative disease [131]. SS-31 targets CL and improvesmi-
tochondrial respiration and ATP synthesis, while protecting the
structure of the mitochondrial cristae [173].

Focusing on the development of drugs that target mitochondrial
lipids, and in particular cardiolipin, in order to recharge the mitochon-
drial cellular powerhouses thus represents a novel approach that should
be earnestly validated by further experimental, pharmacological and
clinical studies.
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