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Abstract

Regulation of VDAC by α-Synuclein (αSyn) is a rich and instructive example of protein-protein 

interactions catalyzed by a lipid membrane surface. αSyn, a peripheral membrane protein involved 

in Parkinson’s disease pathology, is known to bind to membranes in a transient manner. αSyn’s 

negatively charged C-terminal domain is then available to be electromechanically trapped by the 

VDAC β-barrel, a process that is observed in vitro as the reversible reduction of ion flow through a 

single voltage-biased VDAC nanopore. Binding of αSyn to the lipid bilayer is a prerequisite of the 

channel-protein interaction; surprisingly, however, we find that the strength of αSyn binding to the 

membrane does not correlate in any simple way with its efficiency of blocking VDAC, suggesting 

that the lipid-dependent conformations of the membrane-bound αSyn control the interaction. 

Quantitative models of the free energy landscape governing the capture and release processes 

allow us to discriminate between several αSyn (sub-) conformations on the membrane surface. 

These results, combined with known structural features of αSyn on anionic lipid membranes, 

point to a model in which the lipid composition determines the fraction of αSyn molecules for 

which the charged C terminal domain is constrained to be close, but not tightly bound, to the 

membrane surface and thus readily captured by VDAC nanopore. We speculate that changes in the 

mitochondrial membrane lipid composition may be key regulators of the αSyn-VDAC interaction 

and consequently of VDAC-facilitated transport of ions and metabolites in and out of 

mitochondria and, therefore, mitochondrial metabolism.
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1. Introduction

The voltage-dependent anion channel (VDAC) is the most abundant protein at the 

mitochondrial outer membrane (MOM). Oxidative phosphorylation—the main function of 

mitochondria—requires efficient exchange of respiratory substrates, such as ATP, ADP, 

pyruvate, succinate, and inorganic phosphate, between mitochondria and the cytosol. The 

large share of the MOM’s permeation functions is executed by VDAC, which conducts and 

regulates fluxes of water-soluble metabolites and small ions in and out of mitochondria. It is 

VDAC’s unique location at the interface between mitochondria and the cytosol that ensures 

its central role in bioenergetics and cell metabolism by enabling its interaction with cytosolic 

proteins involved in multiple signaling and metabolic pathways [1, 2]. Indeed, VDAC was 

found associated with a plethora of different pro-survival and pro-apoptotic proteins, 

endogenous and synthetic steroids, and anti-cancer and neuroprotective drugs (for review see 

e.g., [3–5]) and was consequently reported to be implicated in various diseases from cancer 

to neurodegeneration [6, 7].

Despite its impressive multifunctionality, VDAC is relatively uncomplicated. It is a 

monomeric channel comprising 19 β-strands that define a 2.7 nm diameter pore. A broken 

α-helix that lies along one side of the channel wall, approximately equidistant from the two 

ends of the pore, reinforces the β-barrel [8] and creates a constriction zone of about 1.4 nm 

in the narrowest part [9–11] (Figure 1). There is some evidence that this N-terminal α-helix 

takes part in the gating process [12–15]. VDAC is a passive diffusion channel that allows the 

passage of non-charged polymers up to 2 – 5 kDa [16, 17] and disordered polypeptide chains 

[18]. When reconstituted into planar lipid membranes—so far the only available method to 

study this channel’s biophysical properties—VDAC forms large, weakly anion-selective 

channels with a conductivity of about 4 nS in 1 M KCl (M = mol/L). In 150 mM KCl, the 

conductance is about 0.7 nS [19] and the permeability ratio Cl−/K+ ~ 3 [16, 20, 21]. VDAC’s 

anion selectivity matches the negative charge of most mitochondrial metabolites, such as 

ATP and ADP.

Hoogerheide et al. Page 2

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



VDAC’s name derives from its characteristic voltage gating behavior. Unlike VDAC’s 

structure, voltage gating is complicated, and, despite being known since 1976 when this 

mitochondrial channel was biophysically characterized first by Marco Colombini [22–24] 

and then by others [25–29], is still is not explained by a quantitative and comprehensive 

model (see, e.g. discussion in [30–32]. Gating, by definition, is VDAC’s ability to 

stochastically transition under transmembrane potentials of > 30 mV from a unique anion-

selective high-conducting “open” state to a variety of less anion-selective, low-conducting 

“closed” states. Importantly, the open state is open for ATP transport and the closed states 

are essentially impermeable to ATP [33, 34], mostly due to the reduced anion selectivity of 

the closed states. The closed states still conduct small ions and appear to be significantly 

more permeable for calcium ions than for chloride ions [35]. These distinctive biophysical 

properties of VDAC’s different states suggest that by gating VDAC could regulate fluxes of 

metabolites and calcium in vivo [36]. Its open state facilitates ADP uptake and keeps 

calcium influx low, thus maintaining normal respiration, while its closedss states reduce 

metabolite transport but increase calcium uptake leading to respiration impairment. 

Therefore, VDAC gating, though observed so far only on reconstituted channels, is likely to 

be one of the mechanisms that control MOM permeability in cells [1, 33, 35–38]. The 

sensitivity of VDAC gating to the lipid environment is particularly intriguing [39–41] but 

remains poorly understood. Progress in computational methods and high-resolution 

spectroscopy may provide additional insight in the near future. Regardless, VDAC gating as 

a mechanism to control mitochondrial metabolism in vivo meets a serious obstacle: the 

uncertainty concerning the real value of the membrane potential across MOM (e.g., see 

discussions in [1, 37, 42])..

Considering all the above, the search for VDAC regulation then expands to include its 

interactions with cytosolic proteins. Of these, dimeric tubulin and alpha-synuclein (αSyn) 

have emerged as potent VDAC regulators [18, 43–47] due to their cytosolic abundance and 

the efficiency of their interactions with VDAC in vitro and in vivo. Here we focus on αSyn 

and discuss the possible mechanisms by which mitochondria may tune the efficiency of such 

regulation.

αSyn is an intrinsically disordered neuronal protein and a well-known pathological hallmark 

of Parkinson’s disease (PD) [48]. It was initially found in the fibrillar form in the so-called 

Lewy bodies of the post-mortem brains of PD patients [49]. In normal neurons, αSyn 

constitutes up to 1 % of the total cytosolic protein content [50] and exists mainly as 

monomers, not as the fibrillar form associated with pathology (Fig. 2A). While fibrillar 

forms of αSyn are undoubtedly linked to PD or other synucleinopathies, the physiological 

role of its monomeric form remains poorly understood. In mitochondria, αSyn in oligomeric 

and monomeric forms is found in association with both the inner and outer membranes [45, 

51–53], causing typical mitochondrial dysfunctions, such as oxidative stress [54], 

impairment of the respiratory complexes [53, 55–57], or fission [58]. All these studies 

showed that when the αSyn expression level in a cell increases, αSyn enters the 

mitochondria and targets respiratory complexes at the mitochondrial inner membrane 

(MIM), inducing mitochondrial dysfunction. However, the molecular identity of the pathway 

for αSyn to cross the MOM has long been a mystery. Initially, Tom40, the channel 

component of the translocase of the outer membrane (TOM complex), was suggested as a 
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possible candidate for such pathway [56]. Later, our group unambiguously proved that 

VDAC is indeed a gateway for αSyn entry into mitochondria. Using electrophysiological 

single-channel experiments with VDAC reconstituted into planar lipid membranes, we 

showed that αSyn effectively and reversibly blocks the VDAC pore at nanomolar 

concentrations; under some conditions, determined by the applied potential, lipid 

composition, or ionic strength of membrane-bathing solution, αSyn translocates through 

VDAC [18, 59, 60]. These results will be detailed throughout this review. By contrast, aSyn 

does not measurably affect the conductance of Tom40 reconstituted into planar membranes 

[61]. Further, using neuronally differentiated human cells overexpressing wild-type αSyn as 

an adequate cell model of PD, we showed that αSyn translocates into mitochondria, causing 

the loss of mitochondrial potential and consequent cell death, and that the VDAC1 isoform 

is required for αSyn translocation [45].

The immediate question is what are the endogenous factors that regulate the discovered 

αSyn-VDAC interaction in vivo? One would expect that the αSyn expression level [45, 56], 

its disease-related mutations [62], post-translational modifications (PTM) [63, 64], and 

different cytosolic factors such as pH [65] could affect this process. Here we address the 

question of how αSyn-VDAC interaction could be regulated by mitochondria. Leaving aside 

the role of transmembrane voltage briefly discussed above, we focus instead on the less 

obvious but no less important role of mitochondrial lipids in αSyn-VDAC interaction. We 

will show that mitochondria lipids turn out to be one of the tools for mitochondria to fulfill 

this task.

Mitochondrial lipids of both outer and inner membranes play important structural and 

functional roles in maintaining mitochondrial biogenesis. Changes in the phospholipid 

composition affect mitochondrial functions and dynamics and have been linked to a variety 

of human diseases such as Barth syndrome [66], heart failure [67], neurodegenerative 

diseases [68], and cancer [69]. Considering the substantial lipid homeostasis in mitochondria 

during morphological changes such as fusion and fission [70], interorganellar interaction 

through mitochondria-associated membranes [71], apoptotic stress [72], or lipid oxidation 

by the reactive oxygen species produced by mitochondria [73–75], lipids could be potent 

regulators of αSyn-VDAC interaction, thus controlling VDAC permeability in vivo.

In this review, we will show that single-molecule electrophysiology, using VDAC 

reconstituted into lipid bilayer membranes mimicking the mammalian MOM composition, 

reveals a strong dependence of the in vitro interaction of VDAC with αSyn on the detailed 

chemical composition of the lipid bilayer. We complement known structural properties of 

αSyn on lipid membranes with single-molecule interrogation using nanopores; this 

combination allows us to identify structural details of the distributions of conformations 

adopted by αSyn on lipid surfaces.

Throughout the discussion, VDAC will play a dual role. VDAC is a mitochondrial channel, a 

tunable transporter of polyvalent metabolites; as such, a target for αSyn. VDAC is also a 

nanopore, a passive ionic conductor, a source of electromechanical force, and a reporter on 

the presence and charge composition of polypeptide chains it is able to capture; as such, 

VDAC will be a probe for the αSyn presence and conformation at the lipid membrane. It is 
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our contention that at the intersection of these dual roles—target vs. nanoprobe sensor—we 

gain the most insight into the biophysical chemistry of the αSyn-VDAC interaction, as 

catalyzed by the membrane surface. In other words, the use of VDAC, the very 

mitochondrial protein targeted by αSyn, as a nanopore probe provides unique mechanistic 

details of their interaction.

In Section 2, we will first briefly discuss the structure of αSyn on membrane surfaces and 

the role of lipid composition. Section 3 will introduce the principles of using a membrane-

embedded nanopore as a local single-molecule probe for αSyn. Section 4 will detail the 

observations regarding the role of lipids in the interaction of aSyn with VDAC. Section 5 

will relate these findings to the structural data reviewed in Section 2. Immediate 

physiological implications of the aSyn -VDAC interaction will be discussed in Section 6. 

Using a different, asymmetric nanopore of α-hemolysin, in Section 7 we will show that the 

nanopore-captured aSyn molecules are predominantly bound to membrane surfaces and then 

discuss the differences between the results obtained with this more traditional protein 

nanopore and VDAC.

2. Structure of membrane-bound aSyn

The structure of αSyn on lipid membranes is of significant contemporary interest, primarily 

due to the interplay between αSyn lipid membrane binding and its aggregate formation [76–

80]. αSyn is disordered in solution but does have three distinct regions that respond 

differently to membrane surfaces and other αSyn molecules (Figure 2A) [81–84]. The 

amphipathic region is the membrane-binding domain, wheares the central nonpolar or so 

called NAC (non-amyloid b component) domain is involved in fibril formation [85]. While 

the first two regions obtain structural features, the polyanionic C-terminal tail (CTT) remains 

disordered.

Early NMR studies showed [86] that the membrane-binding region of αSyn adopts a broken 

amphipathic helical conformation when associated with anionic SDS micelles. There were 

also early hints pointing to conformational variability, as small populations that deviated 

from the majority conformation were also observed. Later NMR results [81] obtained with 

anionic small unilamellar vesicles also identified an extended amphipathic binding motif in 

the αSyn N-terminal domain (Figure 2B). The binding domain comprises two helical 

regions, one of which remains consistently membrane-associated. The other spans part of 

both the amphipathic and NAC domains and is thought to be in dynamic equilibrium 

between the helical, membrane-associated (“proximal”) and disordered, membrane-

dissociated (“distal”) states (Figure 2B) [81]. In crosslinked mutants, the membrane binding 

energy differences among various conformers of αSyn on anionic lipid surfaces were shown 

to be minimal, suggesting that a variety of binding conformations are likely to be populated 

even on anionic surfaces [87].

Neutron reflectivity data with segmentally deuterated αSyn confirmed that on anionic lipid 

surfaces the membrane-binding region of αSyn resides at the interface between the lipid acyl 

chains and the headgroups, while the CTT is found above the lipid membrane (Figure 2C) 

[88, 89]. Complementary Trp fluorescence results showed that, when associated with these 
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lipid surfaces, residue 94 appears to be held deeply buried into the lipid acyl chains [90], 

consistent with the results of Fusco et al. [81] for the membrane-associated state of the entire 

N-terminal domain.

The structure of αSyn on uncharged or weakly charged membranes is less extensively 

characterized. Circular dichroism reveals that αSyn remains unstructured in the presence of 

phosphatidylcholine (PC) vesicles [79]. αSyn does bind to PC lipids, however; high 

concentrations of αSyn can also cause tubulation of PC membranes [79], while binding is 

observed by Fluorescent Correlation Spectroscopy (FCS) and isothermal titration 

calorimetry [87, 91, 92].

3. Nanopore probes for surface-bound proteins

The use of nanopores—single perforations in a thin membrane that physically and 

electrically isolates two electrolyte-filled reservoirs—for single-molecule or single-particle 

analysis now has several decades of history. The principle is the same as that of a Coulter 

counter [93, 94]: the time-dependent modulation in ion transport through a voltage-biased 

nanopore, as revealed by the measured ionic current, reports on the dynamics of the internal 

state of the channel. Nanopores are effective in a number of applications, including 

measurement of chemical kinetics [95, 96], nucleic acid sequencing [97, 98], and more 

recently for protein sequencing [99], sensing of protein-protein interactions [100], detection 

of post-translational modifications [101], protein translocation [102, 103], and quantification 

of protein-lipid binding conformation and energetics [104].

In principle any channel is suitable as a nanopore, provided its internal dynamics can be 

separated from those that are caused by its interactions with analytes [105]. VDAC is one 

such channel; while its name derives from its characteristic gating response to voltage, under 

appropriate experimental conditions such as lipid composition [19, 25, 106], ionic strength 

[19, 25], or pH [107, 108], VDAC spends most of its time as a quiescent, passive transport 

channel.

Figure 3A shows a schematic of the sensing process of αSyn with a generic nanopore. 

Under an applied transmembrane potential, an ionic current is set up through the nanopore. 

When a charged polyelectrolyte, such as a nucleic acid or polypeptide, diffuses near the pore 

opening, it can be captured in the electric field and inserts into the channel. This process 

causes a modulation (reduction or increase, depending on the details of the bathing 

electrolyte and the captured molecule itself [109, 110]) of the ionic current through the 

nanopore (Figure 3B). After some time, the captured molecule leaves the nanopore, and the 

ionic current is restored to its original, analyte-free value. The entire process, known 

colloquially as an “event”, encodes information about the interaction of a single 

polyelectrolyte with a single pore. The event-specific observables are (1) the time elapsed 

before the event ton, (2) the duration toff, and, with sufficiently low noise at the required time 

resolution, (3) the time-dependent details of the ionic current modulation, ΔI(t), during the 

event. When many events are observed for the same nominal analyte-nanopore interaction, 

additional observables unique to single-molecule detection are in play, including detailed 

statistical analysis of the events and their correlations in time. Two of these multi-event 
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observables are the mean time between events, τon =< ton >, and the average event duration, 

τoff =< toff >, where the brackets denote averages.

In single-channel experiments with VDAC reconstituted into a planar bilayer, nanomolar 

concentrations of αSyn added to either side of the bilayer induce characteristic blockage 

events, detectable only when a negative potential is applied to the side of addition [18] 

(Figure 4A). This observation and the fact that the rate of blockage events by modified αSyn 

with a half-truncated C-terminal domain is reduced by orders of magnitude in comparison 

with the wild-type, allowed us to suggest that the polyanionic 45-residue CTT of αSyn is the 

VDAC pore blocking domain [18].

The results obtained with αSyn-VDAC interactions have led to a 3-step model (Figure 3C). 

In the first step, αSyn binds to the lipid membrane by its N-terminal domain [111]. In the 

second step, the polyanionic C-terminal domain, driven by the negative potential, is captured 

in the pore; the continued motion of αSyn is arrested by the N-terminal anchor and the αSyn 

molecule is electromechanically trapped. The third step is release of the C-terminal domain 

from the pore, either by the thermal motion-driven retraction from the nanopore or 

translocation of the whole αSyn molecule through the pore following unbinding of the N-

terminal anchor from the membrane [18, 47]. The retraction process is characterized by an 

exponential increase of blockage time with voltage [18] (Figure 3D). Above a critical 

voltage—the “turnover” potential V*— the blockage time decreases with voltage. Direct 

measurements of the translocation probability (Figure 5) show that in this regime nearly all 

αSyn molecules translocate [18, 60].

Figure 5 demonstrates that the processes depicted in Figure 3C can be quantitatively 

described by a free energy profile of the reaction [112]. An example of a free energy profile 

is shown in Figure 3E. The following subsections will discuss the two regions of the free 

energy profile governing capture (dashed lines on the lefts in Figure 3E) and release (solid 

line), and what can be learned from experimental observations of each. It is important to 

note that the essential features of the VDAC-αSyn interaction, such as the voltage-

dependence of blockage durations and probability of αSyn translocation, can be described 

by a free energy profile incorporating the physical properties of the αSyn molecule, rather 

than those of VDAC [60, 101]. This constitutes conclusive evidence that the observed 

interaction mechanism is voltage-induced insertion of αSyn into the VDAC nanopore, rather 

than αSyn-induced gating of the VDAC channel.

3.1. Capture kinetics (the “on-rate”)

The rate of capture of molecules into a nanopore, kon = τon−1, reveals important information 

about the underlying physical interaction. Indeed, in a diffusion-limited case, the nanopore 

captures with almost total efficiency each molecule that arrives in its vicinity. In this case 

one expects a weak dependence on the transmembrane potential. In a barrier-limited case, in 

which capture is inefficient due to the presence of an energetic barrier (e.g. the entropic cost 

of confinement), the capture rate is likely to depend exponentially on the applied 

transmembrane potential [113]. This is the regime that applies to the VDAC-αSyn 
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interaction (Figure 3D, blue line). Using a Kramers-type formalism [114], the capture rate 

can be written:

kon = ωexp −ΔGon
†

(1)

Here, ω is a collision rate between αSyn and the nanopore that is usually proportional to the 

relevant concentration (surface or solution), and the exponential factor represents a success 

rate based on the height of the energy barrier to pore entry by the molecule. This energy 

barrier height has multiple contributions, e.g.

ΔGon
# = qon V + ΔGconfinement + ΔGconformation + ⋯ (2)

Here the first term represents the effect of the fraction of the transmembrane potential that 

extends beyond the nanopore into the bulk and can be characterized by an effective charge 

qon of the molecule; ΔGconfinement is the entropic cost to confine the molecule in the pore; 

and ΔGconformation represents any energy required to rearrange the molecular conformation 

before capture by the pore. This region of the free energy profile, shown as a dashed line on 

the left in Figure 3E, can be directly probed with a nanopore only in very special 

circumstances [115], because in general the nanopore does not interrogate the αSyn 

molecule until it is already captured in the nanopore.

In sum, a panoply of effects can influence kon. The mentioned contributions to the exponent 

argument (Eq. 2) have the largest impact, though kon is also proportional to the 

concentration of the analyte. Note that the capture can occur either from solution (as is 

typically the case for nucleic acids), or from the surface of the membrane. In Section 7 of 

this review, we will show that α-hemolysin—a different, pronouncedly asymmetric β-barrel 

nanopore—reveals that more than 99.9 % of the αSyn molecules captured by the membrane-

embedded nanopores are bound to the lipid surface. We will also see that the profound lipid 

dependence of the free energy profile further supports this conclusion and demonstrates that 

kon is sensitive not only to the total amount of membrane-bound αSyn, but also to the 

conformations αSyn adopts on the membrane surface.

3.2. Release kinetics (the “off-rate”)

Compared to the on-rate, the physics of the off-rate distribution of a polyelectrolyte has a 

more quantifiable theoretical basis and can be directly interrogated by the VDAC nanopore. 

The theory relies on the key insight that the forces acting on the polyelectrolyte can be 

expressed as the gradient of a one-dimensional potential function U(x), where the spatial 

dimension x is the linear progress of the polyelectrolyte through the nanopore. Thus, each 

boundary of the interval x corresponds to one or the other end of the linear polyelectrolyte 

chain in the nanopore (Figure 3E). The three-dimensional variability in the conformations 

explored by the captured polyelectrolytes can also be expressed as a one-dimensional 

entropic free energy [116].
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An example of U(x) is shown as the solid line in Figure 3E. The local free energy minimum, 

labeled (1), is formed by two major free energy terms: the electrostatic interaction with the 

transmembrane potential, and the binding energy to the membrane. In the Kramers picture, 

the former is primarily responsible for the free energy barrier to retraction, ΔGret
† , while the 

latter is primarily responsible for the free energy barrier to translocation,ΔGtrans
‡ . Put simply, 

to retract the charged CT domain, αSyn must work against the electrodynamic forces that 

captured it; while to translocate, the αSyn molecule must unbind from the lipid membrane 

surface. The difference in these two free energies determines the partitioning of the 

population of the captured αSyn molecules between retraction and translocation, and hence 

the translocation probability Ptrans.

Because U(x) can be written as the sum of physically relevant terms, however, we do not 

have to rely on a Kramers-like description. U(x) is directly related to the measured 

distribution of off-rates via the adjoint of the Smoluchowski equation [117] and can be 

solved by a variety of numerical methods. The first moment of the off-rate distribution is τoff 

which can be determined by intra-pore diffusion constant D and direct integration for an 

initial position x0 as:

Dτoff x0 =

∫
0

L
dx eU(x)∫

0

x
e−U x′ dx′ ∫

0

x0
eU x′ dx′ ∫

0

L
eU x′ dx′

−1

− ∫
0

x0
dx eU(x)∫

0

x
e−U x′ dx′

(3)

In many cases, U(x) can be parameterized by a very few quantities, each of which has a 

well-defined physical interpretation [118]. A minimum set of these, which was previously 

validated on long DNA molecules in solid-state nanopores [119], includes two parameters 

describing the modification of the bare charge density on the polyelectrolyte due to 

electroosmotic flow in the nanopore [120–122] and any parameters required to describe the 

entropy of confinement of the polyelectrolyte in the nanopore [123]. Additional terms can be 

added to deal with particular cases, such as post-translational modifications [101] or 

association with the membrane[104, 112].

For determining the effect of membrane lipids on αSyn binding strength and conformation, 

one of the more important terms in U(x) is the membrane binding energy. This is modeled as 

an error function barrier with three parameters: the energy barrier height Eb, the position at 

which half the energy barrier has been overcome, xb, and the width of the error function wb, 

which is a measure of how gradually the unbinding process occurs. Eb is most closely 

related to the binding energy of a single molecule on the lipid membrane surface, while xb is 

related to the accessibility of the C-terminal tail for capture into the VDAC nanopore and 

will be of particular importance in distinguishing among surface binding conformations of 

αSyn. The effect of Eb and xb on the free energy profile is detailed in Figure 6 of [104]. 

Typical values of Eb are 15 kBT, which are largely consistent with the binding constants 
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determined by fluorescence correlation spectroscopy (FCS) measurements of αSyn binding 

to large unilamellar liposome membranes [91].

It should be noted that while the theory of the off-rate distribution appears to be independent 

of the nanopore used, the nanopore geometry affects the hydrodynamic resistance 

encountered by a polypeptide moving through the nanopore, and hence the intra-pore 

diffusion constant. The effects of the bulk vs. intra-pore diffusivities on the dynamics of 

molecule capture and release by a single nanopore were recently analyzed in a series of 

theoretical studies [124–126].The geometry and the charge distribution on the walls of the 

pore also influence the magnitude of electroosmosis, which affects the effective charge 

density of the polypeptide. Additionally, one might imagine a position-dependent term for 

the interaction of the polypeptide charge density and that of the nanopore; the magnitude of 

this term can be estimated from the partition coefficient of charged vs. uncharged regions of 

αSyn in the VDAC nanopore [60] and is found to be weakly voltage-dependent and on the 

order of 1 kBT at typical experimental voltages. This is a small correction to the electrical 

and membrane binding forces and is neglected in this discussion.

4. Effect of lipids on αSyn-VDAC binding kinetics

αSyn added to the planar membrane containing VDAC nanopore produces characteristic 

current fluctuations in milliseconds range at application of negative voltage from the side of 

αSyn addition in a lipid-dependent way. Examples of three typical experiments with 

VDAC1 reconstituted into the planar membranes made of three different lipid compositions 

are shown in Figure 4A. Two lipid mixtures have been chosen to mimic rat liver MOM 

composition where DOPC (PC) and DOPE (PE) make up 54 and 29% of the total lipid 

content, respectively [127] and the negatively charged DOPG (PG) represents a relatively 

high content (up to 20%) of the negatively charged lipid to which αSyn preferentially binds 

[84, 111]. The positively charged synthetic lipid DOTAP (TAP) was chosen as an oppositely 

charged lipid. 50% (mol/mol) of DOPG or DOTAP have been used in PC:PE (1:1, mol/mol) 

(PC/PE) mixtures. All lipids in these experiments have the same dioleoyl acyl chains to 

discriminate the effect of the lipid headgroup chemistry and charge on αSyn-VDAC 

interaction.

The lipid composition does not measurably affect the conductance of either the open or 

αSyn-blocked states (Figure 4A). By contrast, the differences in kon = τon−1 and the 

distributions of toff are striking and can be seen in three current traces obtained on single 

channels in the presence 10 nM of αSyn (Figure 4A and Insets). The kon obtained in the 

negatively charged PG:PC:PE (2:1:1, mol:mol) (2PG/PC/PE) membranes is >10 times 

higher than in the positively charged TAP:PC:PE (2:1:1, mol/mol) (2TAP/PC/PE), with 

PC/PE membranes in between them (Figure 4B). The type of the lipid headgroup also 

affects the on-rate: the kon in pure DOPE is ~10 times higher than in pure DOPC (Figure 

4C). Cardiolipin (CL), a signature lipid of the MIM and found in residual amounts in the 

MOM [127], almost doubles the kon when added at 20 mol% to the PC/PE mixture (Figure 

4C), which could be accounted for by its negative charge and nonlamellar feature, but does 

not support the earlier proposed specificity of α-syn-CL binding [128].
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The dependence of blockage times toff (indicated by red arrows in Figure 4A) on lipid 

composition is visible even in the current traces (insets), but can be best seen by the toff 

distributions in Figure 6A. Distributions of toff obtained on the membranes with highest 

αSyn kon—anionic, pure DOPE [92] (Figure 6A), or diphytanoylphosphatidylcholine 

(DPhPC) [18]—are well described by single exponential functions at all applied voltages 

[104]. In the membranes made of the lipids with low αSyn kon—neutral DOPC, an 

equimolar PC/PE mixture (Figure 6A) and cationic 2TAP/PC/PE [92]—the toff distributions 

cannot be described by a single exponent [104]. In PC/PE and pure DOPC, there are two 

well defined populations of toff, separated by a factor of 20, such that the whole toff 

distribution can be satisfactory described by a sum of two single exponents with 

characteristic times τoff
(1)  and τoff

(2)  (Figure 6A). In cationic 2TAP/PC/PE membranes, the 

long-lasting toff distribution is broad and requires more than two exponents to describe 

[104]. The occurrence of long-lasting τoff
(2)  increases with applied voltage from a minor, 10–

20%, to a significant 50% fraction, depending on lipid composition [104] (Table 1).

5. Model of membrane-bound αSyn conformations

The results of the VDAC nanopore-based analysis of αSyn-lipid interactions are 

summarized in Table 1 [92, 104]. To characterize kon, the capture rate at a single voltage (V 
= −35 mV) is chosen. This is justified because the slope of log10 kon with voltage is the 

same for all lipid compositions (Figure 4B). Using energy landscape modeling (section 3.2), 

the complex behavior of τoff can be reduced to membrane binding energy and the single 

geometric parameter, the penetration depth xb. This is shown for each lipid composition in 

Figure 6C. Note that the penetration depth informs us of the residue in the pore center at the 

furthest penetration of the CTT into the nanopore. Due to the thickness of the membrane, the 

residues closest to xb that could be responsible for membrane anchoring are at about +2 nm 

from the penetration depth. Thus, it is quite reasonable that αSyn residue F94 (at x = 18.4 

nm) is membrane-associated on anionic membranes (xb ≈ 15 nm), as discussed in section 2.

Table 1 and Figure 6C show that the population of long-lived events, τoff
(2) , is characterized 

by a much larger penetration depth xb. A physical model corresponding to this observation is 

shown in Figure 7. A shorter penetration depth corresponds to a membrane anchoring point 

that is near the CTT (starred positions in Figure 7), such that the CTT cannot fully penetrate 

the VDAC nanopore. This leads to faster retractions (τoff
(1) ), but also allows increases in the 

applied voltage to destabilize membrane binding, leading to mostly translocation events at 

higher voltages. By contrast, a larger penetration depth suggests that the membrane 

anchoring point is further from the CTT. Under the applied voltage, the entire CTT can pass 

through the nanopore; the weakly charged region of αSyn is in the nanopore, the force 

acting on the trapped molecule is weaker, and membrane binding is not destabilized with 

increased voltage. At the voltages reported in the measurements, a translocation regime is 

not observed.

NMR measurements suggest [81] the presence of a distal binding conformation on anionic 

lipids such as that shown in the upper right panel of Figure 7. In the VDAC nanopore 
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measurements, however, τoff
(2)  is not observed at significant levels. A clue to the reason of 

this absence arises from the strong correlation between low kon and the presence of τoff
(2)

(Table 1). This leads to the natural conclusion that proximal conformations, for which the 

CTT is pinned close to the membrane surface (but not bound to the surface, as for the 

cationic lipids (Figure 8B)), are more likely to be captured by the VDAC nanopore. In other 

words, the incidence of each molecular conformation observed by the VDAC nanopore is 

strongly biased toward molecular conformations that lead account for τoff
(1) . This bias is 

likely to be particularly significant on anionic lipids, for which electrostatic repulsion of the 

CTT from the membrane surface is strong; distal conformations may be still present, but 

their observation by the VDAC pore may be strongly repressed, so that the probability of 

capture is low. In the terms of Eq. (2), distal conformations add an additional term to ΔGon
‡

that represents the free energy required to bring the polyanionic CTT close to the anionic 

lipid surface. As a corollary, for the lipid compositions in which τoff
(2)  is present in a 

measurable fraction, it is likely that a substantial majority of the surface-bound molecules 

are in the corresponding distal conformations, even if accounting for a minority of observed 

events. Future studies with engineered proteins may be required to quantify the efficiency of 

capture for different molecular conformations.

A complete model for different lipid types is shown in Figure 8; proximal and distal 

conformations are shown by solid and dashed lines, respectively. For nominally neutral 

lipids with zwitterionic headgroups, the propensity of αSyn to adopt primarily proximal or 

distal conformations depends on the headgroup species and the salt concentration. For 

PC/PE membranes at low salt, proximal conformations are favored. This is likely due to 

electrostatic interactions between the lysines of the membrane-binding domain and the 

membrane surface, which is slightly anionic [129–132]. At high salt concentrations, 

electrostatic interactions are reduced and distal conformations are favored. Interestingly, 

unlike DOPC lipids, DOPE lipids appear to produce proximal conformations, possibly 

because the smaller PE lipid headgroup allows stronger hydrophobic interactions between 

the valine-rich αSyn central domain and the membrane interior (Figure 8D). DPhPC 

behaves similarly to DOPE [101, 112], presumably due to the increased lipid spacing 

introduced by the acyl chain methylation. Distal conformations, by contrast, appear to be 

favored on cationic lipids and DOPC (Figure 8C, B). Note that crowding on the membrane 

surface may also favor distal conformations.

Remarkably, Table 1 shows that the binding energy of αSyn to the lipid surface, as measured 

either by energy landscape modeling or FCS, is not strongly predictive of the conformational 

landscape and hence of the propensity of αSyn to block VDAC. This highlights an important 

predictive limitation of dissociation constant measurements in this system.

6. Role of mitochondrial lipids in αSyn-VDAC interaction: physiological 

implications

In the preceding sections, we have reviewed the nanopore-based evidence for the effect of 

lipid composition on the ensemble of conformations adopted by αSyn bound to membranes. 
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These results confirm and complement a variety of previous studies indicating the 

interdependence of membrane composition and morphology for function and pathology of 

αSyn, as reviewed in [88]. The specific lipid content of the cytosolic membranes with which 

αSyn is found associated—plasma membrane [133], synaptic vesicles [134], or 

mitochondria [45, 52, 65, 135]—can modulate not only the quantity of membrane-bound 

αSyn but also its conformation. While a majority of studies are understandably focused on 

the effect of model and cell membranes on αSyn fibrillation potency, there is emerging 

interest in the conformations of lipid-associated αSyn monomers [81, 136, 137]. In our 

view, understanding how the conformation of αSyn molecules on membrane surfaces is 

related to function and pathologies of cell organelles is of great biological importance.

For the specific case of mitochondrial membranes, the lipid composition may play an 

additional role in modulating the αSyn-VDAC interaction and thus in regulation of 

metabolite fluxes through the VDAC channel (see discussion in [47]). Dynamic lipid 

exchange occurs at the contact sites between the two mitochondrial membranes and at the 

points of tight contact between mitochondria and other organelle membranes, such as 

endoplasmic or sarcoplasmic reticulum, or lysosomes that are known as mitochondrial 

associated membranes. The mitochondrial lipid composition is especially dynamic under 

oxidative stress [73–75] or apoptosis [72]. It is thus natural to speculate that the MOM lipid 

composition affects the ratio between αSyn populations in proximal and distal 

conformations at the MOM surface (Figure 7). In other words, lipid composition could affect 

the ratio between αSyn molecules in proximal conformations, which produce short-lived 

blockages but have a higher probability of entering mitochondria through the VDAC, and 

αSyn in distal conformations that produce longer-lived blockages and thus potentially could 

control metabolite flux through the VDAC more effectively (Figure 7) [104].

According to our working model, in normal mitochondrial physiology, αSyn regulates 

ATP/ADP fluxes through VDAC by dynamically blocking the pore [18]. In pathology such 

as αSyn overexpression, αSyn could enter mitochondria through VDAC and target electron 

transport complexes in the MIM causing their impairment. According to this model, an 

increase of anionic lipid content in the MOM could increase the population of αSyn in a 

membrane-proximal conformation, leading to higher translocation probability through 

VDAC (Figure 8A) and potentially to mitochondrial dysfunction. It is suggestive that under 

stress conditions such as apoptosis, the content of highly anionic and non-lamellar 

cardiolipin increases in the MOM [73] whereas it normally accounts for less than 1% of the 

total MOM lipid content [127]. Future experiments in vitro and in vivo will be required to 

determine if this model is relevant physiologically.

We have shown that the VDAC nanopore is sensitive to the effect of mitochondrial lipids on 

its cytosolic protein partners. By extension, this mitochondrial nanopore may be found to be 

useful for sensing the interactions of various cytosolic proteins such as glycolytic enzymes, 

hexokinase, cytoskeletal, neuronal, and Bcl-2 family pro- and anti-apoptotic proteins with 

the MOM [43, 138–144]. Notably, most of these cytosolic proteins, which execute their 

biological and pathological functions at the MOM platform, are weakly and transiently 

bound to the membrane.
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7. Capture from the bulk versus capture from the membrane surface: 

experiments with α-Hemolysin nanopore

The idea of VDAC as a nanopore sensor is somewhat counterintuitive because under some 

conditions VDAC starts moving to its closed states at the applied transmembrane potentials 

as small as 30 mV. This should be compared with potentials of 100 mV or more necessary to 

gate many other β-barrel channels, especially those that find more regular use as sensors 

[145–149]. In addition, it was shown that changes in VDAC’s environment, such as 

application of osmotic pressure [150], altering membrane lipid type [41], or decreasing 

solution pH [107], are able to increase the propensity of VDAC to gate under applied 

voltage. Even more importantly in the present context, it was demonstrated that the presence 

of certain negatively charged polymers that do not permeate VDAC can greatly increase the 

probability of gating transitions and thus VDAC’s sensitivity to voltage [151]. For that 

reason, experiments with different nanopores as sensors for membrane-bound αSyn could be 

of great value.

Such experiments have been performed with another β-barrel channel, α-Hemolysin (αHL), 

where the crucial involvement of the membrane surface in αSyn interactions with 

membrane-imbedded nanopores was first demonstrated [152]. This extensively studied, 

prototypical nanopore [153–155] is formed as the result of self-assembly of seven αHL 

monomers into a mushroom-shaped structure (Figure 9). The nanopore, about 10 nm in 

length, is slightly anion-selective in 1M KCl solutions at neutral pH [156] and is 

characterized by a diameter which varies along the channel length, with the narrowest 

constriction of about 1.4 nm [153, 157]. Most notably, the αHL nanopore has a pronounced 

and functionally important asymmetry (Figure 9). The cap side of the nanopore, 

corresponding to the side of αHL addition in a reconstitution experiment (cis-side), is 

elevated by about 5 nm above the surface of the bilayer, while the opening on the other, stem 

side (trans-side), is flush with the membrane surface. The asymmetry, which is absent in the 

structure of membrane-embedded VDAC (Figure 1), makes the αHL nanopore an ideal 

probe for the discrimination between the bulk and membrane-surface-catalyzed processes.

One of the key findings reported by Gurnev et al. [152] was that addition of αSyn to the 

stem (trans in Figure 9) side of the nanopore results in an orders of magnitude greater on-

rate of αSyn capture than that described in the initial publications on the interactions 

between αSyn and αHL [158, 159], where αSyn was added to the cap side of the pore. 

Indeed, capture events were readily observable when 50 nM αSyn was added to the trans-

side of the membrane under transmembrane voltages of 40 mV relative to the side of αSyn 

addition, with the on-rate increasing by about 10-fold for a 20 mV increase in the applied 

voltage. For the cis-side addition of 50 nM αSyn, events were not observed at any voltages 

of either polarity; observation of rare events required a significantly higher αSyn 

concentration and voltages of 100 mV or more. This vast difference in the on-rates, 

exceeding three orders of magnitude if recalculated to the same voltages and concentrations, 

suggests that the protruding cap side of the channel cannot capture αSyn molecules from the 

membrane surface (Figure 9), but instead captures them from the bulk. In the context of 

equations (1) and (2), the value of ΔGon
‡  is considerably larger for the membrane-bound 
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αSyn molecules that must stretch away from the membrane surface to reach the cap side of 

the channel, while the collision rate is much smaller for the molecules that do not adhere to 

the membrane surface.

The second finding of the study was that the on-rate for the surface-bound αSyn depended 

on the lipid species used for membrane formation, varying by more than 100-fold for the 

lipid compositions tested [152]. Similar to the findings with VDAC, the on-rate was shown 

to grow exponentially with the applied voltage (at least for relatively small voltages) and, in 

the range of small αSyn concentrations, to scale linearly with the concentration. At small 

αSyn concentrations it was found that for DPhPC membranes the on-rate constant was about 

20 times higher than that for bilayers formed from the soybean polar lipid extract (PLE), 

with palmitoyl-phosphatidylcholine (POPC) bilayers demonstrating a 10-fold further 

reduction in the on-rate constant relative to that for PLE. Comparison of the capture rate 

dependences on αSyn concentration obtained from DPhPC and PLE bilayers revealed that, 

while they differ significantly, they both saturate at similar concentrations [152]. The 

dependences were best fit using simple binding isotherms with the characteristic 

concentrations of 30 and 32 nM for DPhPC and PLE, respectively. This observation led the 

authors to speculate that both DPhPC and PLE membranes bind αSyn in similar amounts, 

but PLE-bound molecules are somehow mostly incapacitated regarding their interaction with 

the channel. Indeed, the conjecture of the existence of different lipid-dependent 

conformations of αSyn, which differ in their ability to be trapped by a β-barrel nanopore, 

was, as described above, proved by further studies with the VDAC nanopore [92, 104].

The nanopore structures of VDAC and αHL are drastically different by the overall 

architecture, chemistry of the residues, and number of β-strands (19 and 14, respectively) 

involved in barrel formation (Figures 1 and 9). The stem side of the αHL nanopore, 

however, is similar to VDAC in that in both cases the pore opening is flush with the 

membrane surface. Besides, both nanopores have slight anion-selectivity in 1 M KCl and, 

while different in the total channel length, have similar dimensions of their narrowest 

constrictions and similar diameters of the trans-side opening. Given these similarities, it is 

instructive to compare the rates of αSyn capture by the αHL and VDAC nanopores. Such 

comparison suggests that the VDAC nanopore is orders-of-magnitude more proficient. 

Indeed, the most catalyzing membrane surface for the reaction of αHL with αSyn was found 

to be that of DPhPC bilayers, where the on-rate constant is about 8.10−3 s−1 nM−1, measured 

at 40 mV applied voltage in 1 M KCl solutions at neutral pH (Figure 3C in[152]). This value 

is about 5.103 times lower than that for VDAC in DPhPC, other experimental conditions 

being the same [18]. Even for the least catalyzing lipid composition explored for VDAC, the 

2TAP/PC/PE mixture, the on-rate constant is more than two orders of magnitude higher than 

the highest for αHL [92]. Specifically, extrapolated to 40 mV from the exponential fit of the 

data in the 25 mV to 37.5 mV range (Figure 1C in [92]), it is about 2.7 s−1 nM−1. This huge 

difference in the ability of the two nanopores to capture membrane-bound αSyn molecules 

reflects structural and electrostatic dissimilarities in the nanopore architectures. The main 

reason is probably in the channel conductance. VDAC, being nearly five times more 

conductive, upon application of the transmembrane voltage is expected to create five times 

stronger fields in the vicinity of its entrance. These fields act to capture αSyn molecules 

more efficiently. In the formalism of equations (1) and (2), the change in the on-rate is due to 
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the change in the contribution of the first term in the right-hand side of Eq. (2). An 

additional change in ΔGon
‡  may also originate from the differences in the structures of the 

channel openings, which result in substantially different free energy barriers for the entry of 

the C-terminal tail of αSyn, accounted for by the second and third terms in right-hand side 

of Eq. (2). This conjecture is strongly supported by the two orders of magnitude difference 

in the on-rate of aSyn capture found for VDAC1 and VDAC3 isoforms [160].

In summary, experiments with αHL clearly demonstrated the crucial role of the membrane 

surface in the chain of events leading to αSyn interaction with β-barrel nanopores. 

Observation of the orders-of-magnitude lower probability of αSyn capture by the cap side of 

the αHL channel, which extends several nanometers into the bulk, compared to that of the 

capture by the stem side of the channel from the membrane surface, explicates the powerful 

catalyzing effect of the membrane interface. The data also support the notion of different 

conformations of membrane-bound αSyn, which are characterized by drastically different 

accessibility of its negatively charged C-terminus for the interaction with a membrane-

embedded nanopore. Finally, comparison of the data obtained with VDAC and αHL 

suggests the importance of the fine structural and electrostatic features of a nanopore, 

including those that change electric field and its distributions at the nanopore entrance.

8. Conclusions

One of the important peculiarities of disordered proteins is their ability to undergo structural 

rearrangements upon binding/association with cell membranes. Moreover, their structure on 

the membrane surface strongly depends on membrane lipid composition, that is, on the 

nature of the acyl chains and the phospholipid headgroup charge, size, and hydration. These 

factors define membrane electrostatics and mechanical properties, such as membrane 

fluidity, bending and compressibility moduli, lipid spontaneous curvature, and, therefore, 

lipid packing stress. There are significant experimental limitations to identifying the 

structure of proteins that are weakly or transiently bound to the membrane, or that populate 

many different binding conformations. In the present review we demonstrate that a single-

molecule nanopore-based approach is particularly useful in this case. Importantly, here the 

nanopore of our choice, VDAC, plays an unusual dual role: on the one hand, it is a nanoscale 

electromechanical device for probing the fine structural features of membrane-bound αSyn; 

on the other, it is the natural target of this cytosolic protein in mitochondria. VDAC as a 

nanopore probe turns out to be sensitive to the distribution of conformations adopted by 

different αSyn molecules on the same lipid surfaces. We show that the strength of αSyn 

binding to the membrane does not correlate in any simple way with its rates of capture or 

release by VDAC. Among many other membrane-specific effects, we indicate that the lipid-

dependent association of the central domain of αSyn with the membrane surface appears to 

determine the availability of αSyn for capture by the VDAC nanopore and thus governs the 

overall interaction of αSyn with VDAC. We conclude that in addition to advocating VDAC 

as a promising nanopore sensor, our results have straightforward implications for the 

potential role of mitochondrial lipids in regulation of bioenergetics, stress response, and 

apoptosis.
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Highlights

• The voltage-dependent anion channel (VDAC) acts as both ion channel and 

nanopore

• As an ion channel VDAC is regulated by membrane-bound α-Synuclein 

(αSyn)

• As a nanopore VDAC allows electro-mechanical probing of membrane-bound 

proteins

• Lipid composition determines αSyn’s surface density and conformational 

ensembles

• αSyn surface conformation defines rates of insertion into and release from 

VDAC
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Figure 1. 
Structure of VDAC. Side and top view of mouse VDAC1 (mVDAC1, PDB ID: 3EMN). The 

elongated pore constriction is formed by the N-terminal α-helix (shown in dark blue) near 

the pore center. Created with Biorender.com.
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Figure 2. 
Membrane-bound structure of αSyn. (A) Amino acid sequence of αSyn. Adapted with 

permission from Robyn Croke et al, In: “Protein Science”, Wiley Online Library. V. 20 (2), 

pp 256–269, Copyright © 2010 The Protein Society. The N-terminal region responsible for 

membrane interaction comprises both the amphipathic and the central (NAC) domains. The 

polyanionic C-terminal tail is responsible for interaction with the VDAC nanopore. (B) 

Solution and solid-state NMR derived structure of αSyn on anionic bilayers showing three 

distinct regions: a persistent helical region (blue); a transient binding domain (gray), which 

is helical when bound and disordered when unbound; and the C-terminal tail (green), which 

is only weakly associated with the lipid surface. Adapted with permission from Fusco et al, 

Nat. Commun. (2014). Copyright 2017 Elsevier. (C) Low-resolution structure of αSyn 

embedded in POPC/POPA bilayers. (D) Volume occupancy and cross-section area of the 
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deuterated residues 1−86 (red) and protiated residues 87−140 (blue). Segmental deuteration, 

in combination with contrast variation, provides a domain-level view of the protein-lipid 

complex. Dashed lines show 68% confidence intervals. Adapted with permission from Jiang 

et al, J. Phys. Chem. Lett. (2017). Copyright © 2016 American Chemical Society.
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Figure 3. 
Nanopore-based analysis of surface-bound αSyn. (A) Schematic of a generic nanopore 

measurement. (B) An applied voltage produces an ionic current through the nanopore. If an 

analyte is drawn into the nanopore, it causes transient current blockages, or “events”, that are 

characterized by their onset time, ton, and duration, toff. (C) Reaction scheme of the 

nanopore-αSyn interaction. Once captured, the αSyn leaves the nanopore either by 

retraction or translocation, thus restoring the ionic current to its unblocked level. (D) Typical 

voltage dependences of the average rates. The average event duration, τoff, has a biphasic 

dependence on voltage that indicates the transition from primarily retraction events to 

primarily translocation events. (E) Free energy landscape governing the reaction scheme in 

(C). The “reaction coordinate” x denotes the length of αSyn that has threaded into the 

VDAC nanopore past the constriction. The trapped state (1) is a metastable state that is an 

electromechanical trap formed by the opposite action of the electric field on the charged C-

terminal domain (CT; shown in red) and the N-terminal domain (NT; shown in green) lipid-

associated anchor.
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Figure 4. 
The kinetics of αSyn blockage of VDAC strongly depend on membrane lipid composition. 

(A) Records of ion currents through single VDAC1 channels reconstituted into planar 

bilayers formed from DOPG:DOPC:DOPE (2:1:1, mol:mol) (2PG/PC/PE) (left trace), 

DOPC:DOPE (1:1, mol:mol) (PC/PE) (middle traces), and DOTAP:DOPC:DOPE (2:1:1, 

mol:mol) (2TAP/PC/PE) (right trace) obtained at −35 mV applied voltage. Individual, time-

resolved blockage events can be seen in the insets, which show fragments of current records 

at a finer time scale. Horizontal dotted lines indicate VDAC open and blocked states; dashed 

lines indicate zero current. Blue arrows indicate durations of the open state, ton, and red 

arrows show blocked state durations, toff. Both parameters of blockage events visibly depend 

on lipid composition. Current traces were digitally filtered using a 5 kHz lowpass Bessel 

filter for presentation. (B) Voltage dependences of the rate of capture, kon, obtained in three 

lipid compositions. The kon of the αSyn-VDAC interaction increases in the presence of 

anionic and nonlamellar lipids. Error bars show 68% confidence intervals. (C) Summary of 

results for kon obtained in DOPE (PE), PC/PE, DOPC (PC), Cardiolipin:DOPC:DOPE 

(1:2:2) (CL/2PC/2PE), and 2PG/PC/PE membranes at −35 mV applied voltage. All data 

were obtained in the presence of 10 nM of αSyn in the cis compartment in 1 M KCl at pH 

7.4. Error bars show 68% confidence intervals. Adapted with permission from Jacobs et al. 

Sci. Reports (2019). Copyright © 2019 Springer Nature.
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Figure 5. 
Determination of the relationship between the biphasic voltage dependence of τoff and the 

translocation probability. (A) The fraction of αSyn molecules that translocate through a 

VDAC pore transitions sharply from zero to unity near the turnover voltage V∗, where (B) 

the voltage-dependence of τoff reverses slope. The solid and dashed lines in (B) are the 

median and 95% confidence interval, respectively, of an energy landscape model optimized 

to the observed τoff; this model accurately predicts the translocation probability and its 95% 

confidence interval (solid and dashed lines, respectively) in (A). Error bars are 68% 

confidence intervals calculated using bootstrap resampling. Adapted with permission from 

Hoogerheide et al. Biophys. J. (2018). Copyright © 2018, Elsevier.
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Figure 6. 
Lipid-dependent features of τoff. (A) Distributions of toff at V = −35 mV shows a single 

characteristic time scale, τoff
(1) , for DOPE lipids. At higher potentials, a second, slower time 

scale, τoff
(2) , is apparent in PC/PE and pure DOPC membranes. (B) For all lipid 

compositions, τoff
(1)  shows the characteristic transition from retraction to translocation; this 

transition is not observed for τoff
(2)  in PC/PE and DOPC lipids. The solid lines are model 

predictions with the optimized energy landscapes, U(x), with only two free parameters per 
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curve. Error bars represent 68% confidence intervals. (C) Penetration depth obtained from 

the optimization for different lipid compositions. The depth represents the furthest residue 

that can penetrate the nanopore before deeper penetration is prevented by the membrane 

anchor. Error bars represent 95% confidence intervals and where not visible are smaller than 

the size of the data marker. Adapted with permission from Hoogerheide et al. ACS Nano 
(2021). Copyright © 2021, American Chemical Society.
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Figure 7. 
Model of the possible αSyn conformations responsible for the different observed τoff. The 

blue region of αSyn corresponds to the persistently membrane-bound domain identified by 

Fusco et al. [81] (Fig. 2B); the dynamic center region is shown in gray; and the CTT is 

shown in red. In each conformation, the position closest to the CTT that is pinned to the 

lipid membrane is shown with a star. For “proximal” membrane-bound conformations, 

where the pinning region extends near the CTT, which is constrained to be close to the 

membrane surface, τoff
(1)  is observed. For “distal” conformations, where the pinning region is 

further away from the CTT, allowing the CTT to float further from the membrane surface 

but also to penetrate entirely through the VDAC nanopore once captured, τoff
(2)  is observed. 

Created with Biorender.com.
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Figure 8. 
Model of binding conformations adopted by αSyn on membranes of different lipid 

compositions. Proximal conformations, which are readily captured and lead to short 

blockages of VDAC (τoff
(1) ), are shown in solid lines; distal conformations, which are less 

available to the VDAC pore but have longer lifetimes (τoff
(2) ), are shown by dashed lines. 

Arrows reflect upon relative populations rather than dynamic equilibrium. (A) On anionic 

lipids, VDAC nanopore-based measurements are consistent with binding conformations 

observed by NMR. Distal conformations, however, are not observed. (B) In the proximal 

conformations on cationic membranes, the C-terminal domain is closely associated with the 

lipid surface. Distal conformations, however, account for a significant fraction of observed 

events. For neutral lipids (C-D), PC lipids and PC/PE mixtures at high salt concentrations 

favor distal conformations (C), while (D) PE lipids, PC/PE mixtures at low salt 

concentrations, and DPhPC lipids favor proximal conformations. Created with 

Biorender.com.
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Figure 9. 
The asymmetric structure of α-hemolysin (PDB ID: 3ANZ) prevents capture of membrane-

bound αSyn from the cap (cis) side but allows capture from the stem side. Created with 

Biorender.com.
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Table 1.

Summary of results of VDAC nanopore-based analysis of αSyn-lipid interactions. Except for DPhPC, all 

lipids contained dioleoyl acyl chains.

Lipid composition 2PG/PC/PE DPhPC
a PE PC/PE PC 2TAP/PC/PE

Ionic strength (mM) 150 1000 1000 1000 150 1000 1000 150 1000

Kon(nM−1s−1) (−35 mV) 108 38 29 33 99 8.9 4.3 5.65 1.4

Fraction τoff
(2)

 (%) < 10 < 10 <10 < 10 < 10 32 36 14 37

xb (nm) for τoff
(1) 15.4 14.5 12.9 10.1 13.9 10.7 11.6 6.2 7.2

xb (nm) for τoff
(2) --- --- --- --- >17.2 >18.7 b b

Eb/kBT for τoff
(1) 35.7 19.0 18.3 15.0 29.3 15.0 15.8 18.4 14.8

kd (μM)
b 47 --- --- --- 1500 --- --- 116 ---

a
Using data from [101].

b
These were not characterized because of the broad toff distributions without clear separation between populations.

c
As determined using FCS in [92].
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