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SUMMARY

The lipid-a-Synuclein (a-Syn) interaction plays a crucial role in the
pathogenesis of Parkinson’s disease. Here, we investigate the
lipid-binding and -unbinding kinetics of a-Syn in an a-hemolysin
(aHL) single nanopore. Under an applied voltage, an engineered
a-Syn sequence can be trapped at the nanopore due to the dielec-
trophoretic force. The conformational switch events of a-Syn can
be observed at the pore-membrane junction through the interpreta-
tion of blockade current amplitudes and dwell time. This allows
further analysis of a-Syn conformational dynamics. We study how
disease-associated metal ions (Cu2+, Zn2+) modulate the dynamics
of a-Syn at the interface of the membranes and pore and how a-he-
lical peptidomimetics stabilize the helical conformation of a-Syn in a
lipidic environment. These studies aid our understanding of the
complexity of the interaction of a-Syn, lipid membranes, and metal
ions, and in using peptidomimetics, a new strategy against a-Syn
toxicity and aggregation is advanced.

INTRODUCTION

Contributing to the pathogenesis of Parkinson’s disease (PD), intrinsically disordered

a-Synuclein (a-Syn), a 140-residue protein, is extensively expressed in neurons and en-

riched in the synaptic cleft.1 a-Syn consists of three domains: a membrane-binding re-

gion with positively charged N-terminal residues from 1 to 60,2,3 an aggregation asso-

ciated central hydrophobic domain (NAC: from residues 61–95) and a disordered acidic

C-terminal residues from 96 to 140.4,5 During aging, the protein deposits as b-sheet rich

amyloid fibrils,6 with contemporaneous neuronal dysfunction and degeneration in the

brain of PD. Although the biological role of a-Syn remains elusive, a number of studies

suggest that it interacts with phospholipid membranes in physiology and pathology,

such as synaptic regulation and neuronal death.6,7 In an effort to reveal the molecular

basis of a-Syn toxicity and aggregation, the interaction of a-Syn with membranes has

been widely explored.8–10 Several models have been presented to explain the a-Syn

induced toxicity to lipid membranes: (1) membrane-permeabilizing toroidal or barrel

pores11; (2) carpetmodel of disrupting and thinningmembrane12,13; and (3) lipid extrac-

tion model.14 Reciprocally, the lipid membrane affects the binding, misfolding, and ag-

gregation of a-Syn.15 For instance, a-Syn preferentially binds to membranes with nega-

tive charges and high curvatures.16 a-Syn is also reported to induce lipid expansion and

lead to membrane remodeling.17 In addition, the decreased a-Syn/membrane interac-

tion can facilitate a-Syn aggregation and enhance the neurotoxicity.18 Folding and un-

folding of a-Syn in a lipid membrane environment has been reported to play a vital role

in toxicity yet the kinetics remain to be fully explored.19 It is known that the level ofmetal

ions varies in PDpatients and healthy brains.20,21 For example, the cerebrospinal fluid of

the substantia nigra from PDpatients has abnormally high concentrations of Cu2+, Fe3+,

and Zn2+.22–24 In addition, metal chelators are able to inhibit the production of a-Syn
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Figure 1. Illustration of the a-Syn-membrane interactions studied by single-molecule nanopore analysis

Wild-type (WT) a-Syn was added to the trans side of a single a-hemolysin (aHL) nanopore and induced the blockage of the aHL channel in a lipid bilayer.

To study the interaction of full-length a-Syn with the lipid membrane, a-Syn mutant (A140C) was covalently linked to oligonucleotide dC30. To hybridize

a-Syn with single-stranded dC30, 2,20-dipyridyldisulfide was used to activate 50-thiol (hexamethylene linker)-modified oligo(dC)30 for forming the

covalent bond with the cysteine from the a-Syn mutant (A140C). The conjuncted a-Syn(dC30) was then added to the trans side of the aHL nanopore and

induced the dielectrophoresis trapping of a-Syn(dC30) in lipid membranes. With the applied voltage, the highly charged oligo(dC30) acted as a leading

sequence to thread into the pore and the a-Syn part remained on the trans side for the interaction with lipid membranes. To minimize the effect of

terminal modification on the interaction, the none-lipid active C terminus of a-Syn was implemented as the conjunction site, and the N-terminal and

NAC domains of a-Syn remained flexible for the interaction with lipid membranes.

ll
OPEN ACCESS Article
oligomer-induced reactive oxygen species and meanwhile prevent oligomer-induced

neuronal death.25 It suggests that the metal ions also act as an important factor to

modulate a-Syn folding, aggregation, and neurotoxicity.26 Overall, both the metal

ions and lipid membrane interaction with a-Syn are two main factors that are involved

in the pathogenesis of PD, either in a direct causal manner or as a consequence of mis-

folding. Thus, it is important to investigate how themetal ionsmodulate the a-Syn bind-

ing and unbinding to the lipid membranes for further understanding of the molecular

mechanisms of a-Syn in the pathology of PD.

Single-nanopore technologies have been used to record the interaction or aggrega-

tion among amyloid proteins with or without metal ions or small molecules at the sin-

gle-molecule level.27–30 The recording is on the basis of individual amyloid proteins

blocking or translocating through a single nanopore. The dwell time and residual

current of single-nanopore transient blockade by individual amyloid proteins can

be extracted to gain an understanding of protein folding, topology, and noncova-

lent interactions of the lumen in the nanopore.31,32 A biological nanopore, such as

an a-hemolysin (aHL) nanopore, is an assembly of pore-forming toxins in reconsti-

tuted lipid membranes across cis (ground side) and trans sides (Figure 1). Secreted

by Staphylococcus aureus, aHL oligomerizes and self-assembles into a heptameric

mushroom-shaped b-barrel pore.33 By adding the amyloid peptides into the cis-

side of wild-type aHL, Wang et al. investigated how amyloid proteins block or trans-

locate the single nanopore for the characterization of amyloid aggregation or inter-

action.28,29 As aHL pore entry (which is cis-side in our convention) is elevated �5 nm

above the bilayer, the trans-entrance (aHL exit) of the channel lies close to the bilayer

surface. Proteins, especially those preferring to interact with membranes like a-Syn

from the trans side,34 easily enter the channel. After the addition of a-Syn into the

trans side, Gurnev et al. observed the membrane-binding a-Syn, of which the
2 Cell Reports Physical Science 4, 101243, February 15, 2023
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C-terminal tail entered the pore and the N and NAC domains partitioned on the sur-

face of the lipid membrane.10 Tavassoly et al. used the same setup and found that

Cu2+ ions induce large conformational changes of a-Syn.35 However, in these cases,

it is unclear how the whole sequence of a-Syn interacts with the lipid membranes and

howmetal ions regulate the entire a-Syn binding and unbinding to lipid membranes.

Recently, Rodriguez-Larrea et al. studied the unfolding kinetics of thioredoxin (Trx) in

a conjunction with a DNA oligonucleotide leader oligo(dC30) through a nano-

pore.36,37 The oligo(dC30) linked Trx was added to the cis part of the chamber,

where the unfolding of Trx only occurred without interacting with lipid membranes.

Their work provides an insight into the unfolding kinetics of Trx without interacting

with lipid membranes. The dynamics of a-Syn in a lipid membrane environment

play a vital role in toxicity yet the kinetics remain to be fully explored.

Using single-nanopore analysis, we investigate howCu2+ and Zn2+modulates a-Syn dy-

namic, lipid-binding and -unbinding states on the trans side that has a lipidic environ-

ment at the single-molecule level as shown in Figure 1. By the conjunction of a-Syn

mutant (A140C) with oligo(dC30), we observe two stepwise blockades of single-nano-

pore by the oligo-linked a-Syn, which may be explained by single-nanopore dielectro-

phoresis (DEP) force model.38 In this model, the observed two blockade levels are pre-

sumably causedby its interaction with the lipidmembrane and trapped by a strongDEP

force at thepore-membrane junction.We further study twometal ions, Cu2+, Zn2+, anda

helixmimetic compound thatmodulates a-Syndynamics in a lipidic environment. These

studies seek insights into the complexity of a-Syn interactions with lipid membranes in

the presence of metal ions and small molecule modulators of misfolding, thus allowing

the development of new strategies against a-Syn toxicity and aggregation.
RESULTS AND DISCUSSION

Design of membrane model

To investigate whether the PD-associated Cu2+ ions and Zn2+ ions modulate the

interaction between the lipid bilayer and a-Syn, we conducted a single-molecule

aHL nanopore electrical recording in the presence of a-Syn with or without Cu2+

ions, shown in Figure 1. The aHL nanopore was reconstituted in a planar lipid bilayer,

composed of a mixture of neutrally charged DOPC (1,2-dioleoyl-sn-glycero-3-phos-

phocholine) and negatively charged DOPG (1,2-dioleoyl-sn-glycero-3-phospho-

(10-rac-glycerol)) at a ratio of 4:1. Though a-Syn is negatively charged (+3 net charge

of N-terminus and�8 net charge of C-terminus), it is generally accepted that it is the

N-terminus that modulates a-Syn interaction with membranes, while the C-terminus

remains unbound.39 In addition, a-Syn preferentially binds to more physiologically

relevant lipids (bilayer or small unilamellar vesicles) with anionic headgroups like

PG,40 which typically takes up less than 30% of lipids and has been used as a model

lipid in the study of peptides with membrane-driven association,41,42 cell-pene-

trating,43–45 and the channel activities.46 Thus, the mixture of DOPC:DOPG (4:1) is

chosen in our setup to study the interaction of a-Syn with lipid membranes.

It has been reported that no blockage event for wild-type (WT) a-Syn in the aHL nano-

pore is observed10,29 when the voltage is lower than 40mV.Here, we applied thepoten-

tial between the lipid bilayer �100 mV due to the easy observation of the full blocked

capture ofWT a-Syn in the aHL nanopore.29 In addition, a higher voltage easily induces

discernible currents. The binding of a-Syn to the channels varies in the presence of

different salt concentrations.10At a high salt concentration,a-Syn canbeeasily captured

by the channel towhich thedecreasedCoulomband/or solvationbarriers are suggested

to control the binding rate of a-Syn. We selected a salt concentration of 1 M, whichhas
Cell Reports Physical Science 4, 101243, February 15, 2023 3



Figure 2. Interaction of full-length a-Syn with lipid membranes

(A) Representative current traces reveal the translocation of wild-type (WT) a-Syn through a single aHL nanopore in the presence or absence of Cu2+ ions

with the applied voltage of �100 mV. The samples were added to the trans side of the lipid bilayer, composed of DOPC and DOPG (4:1).

(B) Left: scatter distribution of the event dwell time plotted against the residual current in the presence of WT a-Syn with or without Cu2+ ions. Right:

residual current histogram in the presence of WT a-Syn with or without Cu2+ ions (originated from CuCl2.).

(C) The conjunction of a-Syn (A140C) with single-strand DNA oligos (dC30) through pyridyl disulfide reaction (left) and a-Syn (A140C) dimer.

(D) Representative current recording of a single aHL nanopore across a planar lipid bilayer composed of DOPC and DOPG (4:1) in the presence of

a-Syn(dC30) with or without Cu2+ at �100 mV.

(E) Illustration of a-Syn conformational switch in lipid membranes. a-Syn binding to lipid membranes accompanies the higher residual current.

(F) Scatter distribution of the event dwell time plotted against the residual current in the presence of a-Syn(dC30) with or without Cu2+ ions. Due to the

nanopore dielectrophoresis trapping, a-Syn(dC30) binding to the lipid bilayer generated a higher residual current than the unbinding state. Two distinct

events were classified, the lipid-unbinding (red scatters) and lipid-binding events (black scatters) of a-Syn(dC30).

(G) Residual current histogram in the presence of a-Syn(dC30) with or without Cu2+ ions. Similar to the presence of WT a-Syn, the addition of Cu2+ ions to

the hybrid a-Syn reduced the residual current of electrical recording, suggesting the different a-Syn conformations in the presence of Cu2+ ions. For all

the nanopore experiments, the two sides of the chamber (cis and trans) are filled with 10 mM HEPES buffer, pH 7.4, with 1 M KCl. The final concentration

of WT or hybridized a-Syn(dC30) and Cu2+ is 0.2 mM and 5 mM, respectively.
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been applied in several studies.47–51 Figure 2A shows the transient blockade events of

a-Syn without and with Cu2+ from the trans side. It is consistent with the previous obser-

vation that a-Syn causes the transient nanopore blockage.29 The final concentration of

Cu2+ is 5 mM in our studies, far from the concentration of 0.3 mM below which Cu2+

does not change the architecture of aHL nanopore and keeps the current steady.52

The stoichiometric ratio of 1:25 for a-Syn to Cu2+ was designed based on the previous

publication.35 At this ratio, Cu2+ induces a-Syn to a more folding and compact struc-

ture.35 In the presence of Cu2+, a-Syn induces the lower residual currents, which are

shown as the red scatter distribution in Figure 2B. From the histogram analysis of the

residual current, it has been estimated with �21 pA and �11.5 pA in the presence of
4 Cell Reports Physical Science 4, 101243, February 15, 2023
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a synuclein with and without Cu2+ ions, respectively. The lower nanopore blockage

induced by the addition of Cu2+ ions revealed a more folded structure of a-Syn. This

result is consistent with the previous publication that Cu2+ can induce themore a-helical

signal of a-Syn in the presence of lipid vesicles.53 The transient nanopore blockagemay

be caused by the translocation of a-Syn to the cis-side.10 The charged C terminus of

a-Syn presumably leads the translocation of the full-length protein into the lumen

of the nanopore. When the C terminus enters the lumen, the current changes can be

mainly attributed to the bilayer interaction with the N-terminus rather than the full-

length protein. However, the transient current signal does not provide informative bio-

physical characterization for single-molecule a-Syn interaction with a lipid membrane.

Interaction of full-length a-Syn with lipid membranes

To gain insights into the interaction of full-length a-Syn with lipidmembranes, we linked

the mutated a-Syn(A140C) to a single-strand 50-thiol-modified DNA oligonucleotide

dC30with a hexamethylene linker that was activatedwith 2,20-dipyridyl disulfide to yield

50-S-thiopyridyl oligonucleotides for coupling to a-Syn(A140C) (Figure S3B).36 Since

a-Syn(A140C) only has one cysteine residue replacing alanine 140, dC30 is coupled to

the terminal cysteine residue (C140). In this reaction, a-Syn(A140C) can be dimerized

through cysteine-cysteine (that is S-S) linkage as described in themethod part. We frac-

tionated hybrid a-Syn(A140C)-dC30 (abbreviation a-Syn(dC30)) and a-Syn dimer by ionic

exchangechromatography andconfirmed twoa-Syn(dC30) anda-Syndimerbandson the

SDS-gelpage (Figure2C).Theoligonucleotides,dC30,wereusedasa leadingsequence

to thread into the aHLpore.36,47,54When applying a negative potential at the trans side,

the negative-charged oligonucleotides dC30 in the trans part remained a-Syn on the

lipid membranes. Also, the N-terminal and NAC domains of a-Syn interact with mem-

branes.39 In this scenario, the oligonucleotides, dC30, can get trapped in the nanopore

under an applied voltage due to the a-Syn N-terminal interaction with the lipid mem-

branes. The trappeddC30maynot affecta-Syn conformation and interaction, especially

the interaction with lipids. The interaction remained the protein away from the translo-

cation into the nanopore and trap the single protein for understanding their interaction

kinetics with lipids. Shorter oligonucleotides could be more difficult to be controlled

through the nanopore due to the high-speed translocation and insufficient dwell time

to reach an analytic resolution.55 The oligonucleotides, dC30, were chosen instead of

dA30or dT30,mainly because poly(dC) gives a higher discernible signal than poly(dA)55

and a longer translocation time than that of dT.56 The purification of hybrid a-Syn(dC30)
was shown on SDS-PAGE in Figure 2C. The addition of a-Syn(dC30) to the trans side

caused the trappingofaHLnanopore inFigure2D.Thismaybeattributed to two factors:

(1) a-Syn(dC30) released the full-length a-Syn for the interaction with the head group of

lipid membranes; (2) with its longer sequence, a-Syn(dC30) had a stronger dielectropho-

retic force (DEP) at thenanoporeconjunction than theWT.DEP trappingwasobserved in

aprevious studywherea-Syn couldbe trapped in the constrictionof a nanoporeandwas

consideredasa reservoir-microchannel junction.29Here,weobserved twodistinguished

trapping levels in Figures 2D–2G, with approximately 10 pA current difference in the

presenceofa-Syn(dC30) butnotWTa-Syn.At a nanoporeconjunction, aDEPof theoppo-

site electric field inducesparticle deflection, focusing, and trapping.38 Large complexes,

likea-Syn(dC30), canbe trapped in the conjunction, but the smallerWTa-Syn translocates

through the nanopore. Twodifferent trapping events can be induced by thea-Syn inter-

action with the lipid surface and a DEP, contributing to the binding and unbinding of

a-Syn to the lipid membranes (Figure 2E). The lower residual current we observed is

assumed to be due to the folding of a-Syn.

With the applied voltage, the single-strand DNA, oligo(dC30), led the a-Syn protein

away from the lipid membrane and blocks the nanopore. The dwell time that a-Syn
Cell Reports Physical Science 4, 101243, February 15, 2023 5
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trapped in the pore with the low residual currents is tm_unbinding. The time that a-Syn re-

mained in the lipid-binding conformationwith the high residual currents is tm_binding. The

high residual currents represent the less blockage of the nanopore by oligo(dC30)-

linked-a-Syn because of the unfolded a-Syn protein interactionwith the lipidmembrane

on the trans side. We refer it to the lipid-binding level here. The two repeated levels of

the low and high residual currents (lipid-unbinding and lipid-binding) suggest that the

engineered a-Syn might have a kinetic equilibrium between lipid-unbinding and lipid-

binding conformations. Thus, tm_binding was calculated from the interevent interval of

two lipid-unbinding levels. The higher tm_binding we observed, the longer a-Syn stayed

in the lipid-binding conformation in Figure 2E. The dynamics and kinetics could be

modulated bymetal ions or smallmolecule ligands. For instance, as shown in Figure 2D,

the inverted signal in the presence of Cu2+ ions represents more blockage by an a-Syn

complex with Cu2+. Cu2+ ions refolded a-Syn in a more compacted structure with the

reduced residual current and longer dwell time in the electrical recording in

Figures 2F and 2G. Analysis of these trapping events offers insights into the conforma-

tionaldynamicsandkineticsofa-Syn in thepresenceof lipidmembranes,metal ions, and

aggregation inhibitors.

As a control, we investigated the conformational dynamics of a-Syn(dC30) in the pres-

ence of neutrally charged lipid membranes, composed of DPhPC (1,2-diphytanoyl-

sn-glycero-3-phosphocholine). Figure 3A shows that a-Syn displays fewer binding

and unbinding events in DPhPC than that in a negatively charged lipid mixture of

DOPC and DOPG (4:1) (Figure 2D), suggesting less completely a-Syn trapping

into the nanopore. This may be explained by the greater association of a-Syn with

a negatively charged lipid membrane, in agreement with previous studies.57–59

Similar to the presence of a negatively charged lipid membrane, the addition of

Cu2+ ions and the hybridized a-Syn to the neutrally charged lipid membrane gave

the reduced residual current in the electrical recording. This reveals both Cu2+

ions and the nature of the lipid determine the conformation of a-Syn.

Effect of metal ions on lipid-binding and -unbinding events

An increased dielectrophoretic force was carried out for studying different trapping

events. We increased the voltage to �200 mV and observed from Figure 4A that the

trapping events are similar to the recording at �100 mV as shown in Figure 2D. How-

ever, the presence of Cu2+ ions slightly changed the effect of the trapping at

�200mV as shown in Figure 4A, in comparison to the trapping at�100mV. It suggests

that a higher voltage may give a stronger dielectrophoretic force for the trapping and

interaction of the a-Synmoiety with the lipidmembranes in the presence of Cu2+ ions. A

plausible explanation is that a-Syn forms a folded complex with Cu2+ ions, taking a

stronger dielectrophoretic force at a higher voltage. We compared the modulation of

the a-Syn interaction with lipid membranes in the presence of Cu2+ and Zn2+ at

�200 mV. As a lower blockage current was observed with Cu2+, we suggest a more

compacted a-Syn conformation in the presence of Cu2+. Likewise, the lipid-unbinding

time constant (t1) is higher with Cu
2+ than Zn2+ (Table 1), suggesting Cu2+ forms amore

stable complex with a-Syn in the lipid membranes. This result is consistent with the

outcome from ESI-IM-MS method that Cu2+ induced a more compact a-Syn conforma-

tion whenCu2+ binds to a-Syn in vitro.60 In the presence of the Cu2+ ions, we observed a

higher tm_binding value compared with that of a-Syn alone as shown in Table 1. This in-

dicates that the Cu2+ ions keep longer the interaction of a-Syn structures with the lipid

membrane. We assumed that a-Syn forms a compacted and folded structure in the

presence of Cu2+. Such compacted a-Syn conformation takes a longer time for each

trapping event during the equilibrium. Though Zn2+ induced a longer tm_binding

compared with Cu2+, Zn2+ did not show a lower residual current at the lipid-unbinding
6 Cell Reports Physical Science 4, 101243, February 15, 2023



Figure 3. Lipid-binding and unbinding events of a-Syn(dC30) in a neutrally charged lipid membrane

(A) Representative current recording of hybridized a-Syn(dC30) with or without Cu2+ translocating a

single aHL nanopore on the neutrally charged DPhPC lipid bilayer at �100 mV. Two distinct

conformational switch events of a-Syn(dC30) were classified. The unbinding a-Syn(dC30) to lipid

membranes induced a smaller residual current than the binding conformation. The final

concentration of hybridized a-Syn(dC30) and Cu2+ is 0.2 mM and 5 mM respectively. 10 mM HEPES

buffer, pH 7.4, with 1 M KCl was used to fill the two compartments of the chamber (cis and trans).

(B) Scatter distribution of the dwell time plotted against the residual current of a-Syn(dC30) with or

without Cu2+. The red and black scatters represent the lipid-unbinding and binding events,

respectively.

(C) Distributions of residual current of a-Syn(dC30) with or without Cu2+ are plotted as histograms,

fitting with the multiple-peak Gaussian function.
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level, suggesting that Zn2+ and a-Syn form a less compacted conformation than that of

Cu2+ and a-Syn. A plausible explanation is that Zn2+ induced different a-Syn conforma-

tion changes from Cu2+. The addition of Zn2+ causes longer time for a-Syn switch be-

tween the lipid-binding and lipid-unbinding conformations. Our trapping method as

a complementary technique allows observing the dynamics of a-Syn binding to lipid

membranes in the presence and absence of the disease-relatedmetal ions. The residual

current and time constant provide insight into the folding and complex stability informa-

tion of metal ions, a-Syn, and lipid membranes.
Cell Reports Physical Science 4, 101243, February 15, 2023 7



Figure 4. Lipid-binding and unbinding events of a-Syn(dC30) in the presence of the different metal ions

(A) Representative current recording of hybridized a-Syn(dC30) with or without Cu2+ or Zn2+ translocating a single aHL nanopore on the negatively

charged DOPC:DOPG (4:1) lipid bilayer at �200 mV. Two distinct conformational switch events of a-Syn(dC30) were classified. The unbinding a-Syn(dC30)

to lipid bilayers induced less blocked current than the binding structure. The final concentration of hybridized a-Syn(dC30) and Cu2+ or Zn2+ is 0.2 mM and

5 mM, respectively. The experiments were conducted in 10 mM HEPES buffer, pH 7.4, with 1 M KCl.

(B) Scatter distribution of the dwell time plotted against the residual current of a-Syn(dC30) with or without Cu2+ or Zn2+. The red and black scatters

represent the unbinding and binding events, respectively.

(C) Distribution of residual current of a-Syn(dC30) with or without Cu2+ or Zn2+ are plotted as histograms, fitting with the multiple-peak Gaussian function.

The metal ions Cu2+ and Zn2+ are obtained from CuCl2 and ZnSO4, respectively.
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The single-nanopore trapping technique was further applied to investigate how

small molecules, which can disrupt amyloid protein fibrillization kinetics, modulate

a-Syn conformation in the presence of a lipid membrane (Figure 5). Compound 3,

an a-helical mimetic compound that can imitate the topography of an a-helix, is

functionalized with, at physiological pH, cationic NH3
+, anionic COO�, and
8 Cell Reports Physical Science 4, 101243, February 15, 2023



Table 1. Conformational switch events of a-Syn(dC30) with or without Cu2+ on DOPC:DOPG (4:1)

lipid bilayer at �200 mV

a-Syn(dC30) a-Syn(dC30)_Cu
2+ a-Syn(dC30)_Zn

2+

t1_unbinding (ms) 0.623 G 0.266 1.29 G 0.201 0.68 G 0.025

t2_binding (ms) 0.515 G 0.097 1.80 G 0.119 4.537 G 0.134

Kon_unbinding (L$ms�1$g�1) 1.603106 1.943106 1.473106

Kon_binding (L$ms�1$g�1) 7.7503105 5.563105 2.203105

tm_unbinding (ms) 6.047 G 0.866 2.12 G 0.158 1.85 G 0.10

tm_binding (ms) 2.108 G 0.100 4.106 G 0.25 12.82 G 0.87

The time constant t1_lipid-unbinding and t2_lipid-binding were calculated from the scatter distribution of the

dwell time against the residual current, which was fitted by the double-exponential decay function.

The rate constant is Kon = 1/[ton3Cpeptide]. tm represents the mean value of the dwell time.15 Cpeptide rep-

resents the final concentration of the testing peptide in the aqueous phase.
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branched alkyl groups in the i, i+4, and i+7 positions, respectively (Figure 5B).61

Mimetic 3 is designed to target the helical surface of a-Syn comprising three amino

acids (negatively charged Glu,46 positively charged His,50 and hydrophobic Ala53)

that occupy the i, i + 4, and i + 7 positions (Figure 5A), by forming complementary

contacts. The side chain of His50 includes the ionizable imidazole ring with a pKa

value of 6.78.62 The lipidic environment can cause the pKa shift of His50 to 7.7.62 In

the lipidic environment of our experimental condition, His50 is supposed to be

positively charged for interacting with anionic group at i+4 in Figure 5. Thus, the

acid form of His50 of a-Syn can bind to i+4 (anionic) position of mimetic 3 com-

pound at pH 7.4 via the electrostatic interaction. We have previously successfully

demonstrated such an approach with islet amyloid polypeptide.63 As shown in Fig-

ure 5C, compared with a-Syn(dC30) alone, the conformational switch events of

a-Syn in the presence of mimetic 3 in lipid membranes are significantly reduced,

consistent with the stabilization of the helical protein. Besides peptidomimetic 3,

dopamine, another compound that kinetically stabilizes a-Syn oligomers,64–67

also reduces the binding and unbinding events of a-Syn to lipid membranes, but

with more spikes and greater residual current, indicative of the weaker binding

of dopamine to a-Syn than that of mimetic 3. These results suggest that the sin-

gle-nanopore trapping is a suitable method to characterize the effects of small

molecules on a-Syn conformational dynamics in the presence of lipid membranes.

Moreover, it may find use as a primary tool for the screening and optimization of

aggregation inhibitors.

Previously, single-molecule nanopore methods were used to characterize the

conformation and dynamics of amyloid proteins on the basis of heterogeneous pro-

teins rather than one single-molecule amyloid protein. Here we observed the a-Syn

interaction with lipids at a single-molecule level by trapping the single molecule un-

der the dielectrophoretic force. We show that the conformational switch kinetics of

a-Syn in the presence of lipid membranes can be extracted from single-molecule

nanopore dielectrophoretic trapping. The binding and unbinding of a-Syn are

modulated by the charged nature of the lipids constituting the membranes and

the metal ions. Therefore, the nanopore trapping method offers a single-molecule

detection for understanding the kinetic conformation switch of intrinsically disor-

dered proteins in a lipidic environment.

The limitations of our study are that binding and unbinding characteristics of

trapping for hybridized a-Syn are under externally applied dielectrophoretic

force. The external force and hybridization may influence the intrinsic structural

properties of a-Syn in a lipidic environment. To address these issues future
Cell Reports Physical Science 4, 101243, February 15, 2023 9



Figure 5. Conformational switch events of a-Syn(dC30) in the presence of small molecules

(A) Schematic representation of an a-helix mimetic compound interacting with three residues

(Glu46, His50, and Ala53) located in the a-helical region of membrane-bound a-Syn.

(B) Structure of a-helix mimetic compound 3 with three side chains (yellow, orange, and pink

highlights) designed to form complementary contacts with residues Glu46, His50, and Ala53 through

salt bridges at i and i+4, and hydrophobic interactions at i+7.

(C) Representative current recordings of hybridized a-Syn(dC30) in the presence of mimetic 3 or

dopamine. A negatively charged DOPC:DOPG (4:1) lipid bilayer was formed under the voltage of

�200 mV. The two cis and trans sides were filled with 10 mM HEPES buffer, pH 7.4, with 1 M KCl.
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work in our laboratory will explore the use of electrode-free nanopore sensing.68

Additionally, the single-nanopore technique in our study still remains challenging

to visualize the dynamics and kinetics of a-Syn, in which direct imaging would be

more straightforward to validate these two conformational states at a single-

molecule level. The combination of fluorescence-based diffusion method would

be one potential method to observe the different status of molecules through

the fluorescence signal changes,68 though the further work will be explored in

our lab.

Last, we found that disease-associated metal ions and peptidomimetic compounds

modulate the conformational dynamics of a-Syn in lipid membranes. In principle, the

method can be used for screening inhibitors suppressing the interaction between
10 Cell Reports Physical Science 4, 101243, February 15, 2023
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lipid and a-Syn, which will be the subject of further study. The development of micro-

electrode-cavity arrays, such as the commercial Orbit 16 TC equipped with the dedi-

cated low-noise 16-channel amplifier, allows the formation of 16 selected ion-con-

ducting channels or pores in parallel.69 We believe that further parallelization of

single-molecule nanopore trapping has the potential to enable high-throughput

screening of potential therapeutics against intrinsically disordered proteins in lipidic

environments.
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