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Self-limiting multimerization of a-synuclein on
membrane and its implication in Parkinson’s diseases

Dong-Fei Ma't, Shenqing Zhangz's'l', Si-Yao Xu"M, Zi Huang1'4, Yuanxiao Tao’%, Feiyang Chen?3,
Shengnan Zhang’*8, Dan Li*3, Tongsheng Chen*, Cong Liu”3#, Ming Li"*®*, Ying Lu

a-Synuclein (a-syn), a crucial molecule in Parkinson’s disease (PD), is known for its interaction with lipid mem-
branes, which facilitates vesicle trafficking and modulates its pathological aggregation. Deciphering the complex-
ity of the membrane-binding behavior of a-syn is crucial to understand its functions and the pathology of PD.
Here, we used single-molecule imaging to show that a-syn forms multimers on lipid membranes with huge inter-
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multimer distances. The multimers are characterized by self-limiting growth, manifesting in concentration-
dependent exchanges of monomers, which are fast at micromolar concentrations and almost stop at nanomolar
concentrations. We further uncovered movement patterns of a-syn’s occasional trapping on membranes, which
may be attributed to sparse lipid packing defects. Mutations such as E46K and E35K may disrupt the limit on the
growth, resulting in larger multimers and accelerated amyloid fibril formation. This work emphasizes sophisticat-
ed regulation of a-syn multimerization on membranes as a critical underlying factor in the PD pathology.

INTRODUCTION

a-Synuclein (a-syn), an inherently unstructured protein, is princi-
pally located at presynaptic terminals within the nervous system
(1, 2). Its amphipathic characteristics are crucial for its interaction
with lipid membranes (3, 4). Previous studies using solution nuclear
magnetic resonance (NMR), solid-state NMR, and electron para-
magnetic resonance have demonstrated that the N-terminal region
of a-syn is responsible for its membrane binding (3, 5-9). Moreover,
chemical cross-linking and fluorescence resonance energy transfer
(FRET) methods have been used to show that a-syn forms multimer
upon binding to the membrane (10). However, how a-syn assem-
blies into multimer on the membrane remains poorly understood at
the single-molecule level. Although the exact physiological func-
tions of a-syn remain elusive (11-13), its role in managing synaptic
vesicle dynamics and neurotransmitter release is increasingly recog-
nized, primarily mediated through its interactions with lipids (14-
18). a-Syn is also a key mediator of the pathology of Parkinson’s
disease (PD) (19-21), in which abnormally it accumulates as insol-
uble fibrils (22-30), contributing to the formation of Lewy bodies in
neurons. This aggregation is profoundly affected by the lipid envi-
ronment (31-34). For instance, mitochondrial membrane has been
shown to accelerate the pathological aggregation of a-syn (35-37).
In addition, PD is characterized by substantial changes in brain lipid
metabolism and composition (38-41), indicating that there is a
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strong link between a-syn misfolding and disruptions in lipid
balance. Moreover, disease-causing mutation E46K within the N-
terminal region of a-syn alters its membrane-binding property (42),
highlighting the importance of a-syn-membrane interplay in medi-
ating its function and pathology.

a-Syn is carried between cells by exocellular vesicles (43-45),
and those with surface-bound a-syn are more likely to be internal-
ized (43). The extracellular concentration of a-syn is extremely low,
typically in the nanomolar scale (46), suggesting that the surface-
bound a-syn must engage in strong interactions with lipid mem-
branes to achieve stable attachment. On the other hand, a-syn also
functions in intracellular regions where concentration of a-syn is
estimated to be approximately 35 to 70 pM (46). In the presence of
such high concentration, the potent membrane binding of a-syn
would be expected to cause a vast accumulation of the protein on
cellular membranes, potentially disrupting the integrity of presyn-
aptic terminals and synaptic vesicles. However, how one protein can
similarly interact with lipid membranes in two extremely different
environments is not clear.

Single-molecule imaging permits the direct observation of sto-
chastic, dynamic processes involving individual molecules in real
time, in contrast to ensemble methods. It has been previously used to
investigate not only a-syn (18) but also other membrane-interacting
proteins, for example, G protein—coupled receptors (47, 48), solu-
ble N-ethylmaleimide-sensitive factor attachment protein receptors
(49), and the mixed-lineage kinase domain-like protein (50). The
significant advance in the analysis of membrane proteins that is pro-
vided by single-molecule methods is the ability to analyze signals
associated with conformational states, without the need to sort the
molecular populations (51). This permits greater understanding of
the physiological functions or pathology associated with membrane
proteins. In the present study, we used single-molecule imaging to
characterize the interaction of a-syn with negatively charged lipid
bilayers. We show that a-syn does not accumulate in large quantities
on liposome when present at high concentrations, and it does not
completely disassociate from lipid bilayers even after removing free
a-syn in the buffer. This binding is characterized by a self-limiting
multimerization process, which involves the dynamic exchange of
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monomers and is impeded in large areas surrounding the multimers.
Moreover, both the mutations of E46K and E35K cause a-syn to
form larger multimers on membrane and increase its propensity to
amyloid fibrillization. These findings demonstrate the self-limiting
adsorption and multimerization behavior of a-syn on membrane
and thereby not only improve our understanding of the organization
and vesicular transmission of a-syn between cells but also shed light
on its involvement in the pathology of PD.

RESULTS

Limited adsorption but strong post-binding retention of
a-syn on liposomes

We used total internal reflection fluorescence (TIRF) microscopy to
evaluate the adsorption of a-syn onto liposomes at various o-syn
concentrations. The incident angle of the light was adjusted to en-
sure a sufficient penetration depth of the evanescent field. We se-
quentially added 5 nM and then increased to 50 nM Alexa Fluor
555-labeled a-syn (a-syn T72C-Alexa 555) to 200-nm liposomes,
composed of 10% 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA)
and 90% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) (mo-
lar ratio), which were anchored to a polyethylene glycol (PEG)-
passivated surface, with intervening washes with buffer. After each
addition and wash, the samples were incubated for 10 min before
each observation (Fig. 1A). Intriguingly, compared with the 5 nM
a-syn concentration, there were only moderate increases in the
amount of a-syn on liposomes when the 50 nM a-syn concentration
was added (Fig. 1, A to C). After rinsing with buffer solution, there
was a substantial reduction in the a-syn adsorption. Moreover, once
the concentration of a-syn was increased to 200 nM, the adsorption
after washing with buffer stabilized at a level similar to that after the
wash following the addition of the 50 nM concentration within 10 min
(fig. S1). We calculated that approximately six monomers were as-
sociated with each liposome at 50 nM (Fig. 1C, data corrected for
the labeling rate), decreasing to approximately three to four mono-
mers within 10 min after washing with buffer (Fig. 1D). This implies
that a-syn does not fully occupy the liposome surface, even when
present at high concentrations (52) (details in Supplementary Text).

After removing the free a-syn from the solution, we analyzed
changes in the number of liposomes bound with a-syn over time
to characterize the protein’s retention on membranes. Notably, the
number of liposomes occupied by a-syn decreased very slowly, with
a decay constant of ~264 min, suggesting a very slow dissociation
process (Fig. 1E). It is unusual that a-syn neither rapidly disasso-
ciates from membranes in the absence of a supply of protein nor
accumulates in large amounts on the membrane when a high con-
centration of protein is present in the buffer.

Sparse, size-limited a-syn multimers on SLB

To further characterize the limited membrane absorption of a-
syn, we used supported lipid bilayers (SLBs), in place of liposomes,
to directly monitor the assembly of a-syn because liposomes have
diameters below the diffraction limit for optical imaging. a-Syn
T72C-Alexa 555 was incubated on SLBs for 10 min at concentra-
tions of 5 or 50 nM, and images were acquired by TIRF, with the
intensity of spots corresponding to a-syn multimers being nor-
malized to the intensity associated with a single a-syn monomer
(Fig. 2, A to C). This showed that a-syn forms multimers compris-
ing of three to four monomers at 5 nM and approximately six
monomers at 50 nM (Fig. 2D). Multimers comprising two to four
monomers also formed at a 0.5 nM concentration of a-syn if the
incubation was sufficiently long (fig. S2). Remarkably, after wash-
ing following the addition of the 50 nM sample (Fig. 2C), the size
of the a-syn multimer decreased to three to four monomers, which
was similar to the size of the a-syn multimer formed at the 5 nM
concentration (Fig. 2A). These data suggest that there is limited
absorption and multimerization of a-syn upon its binding to lip-
id bilayers.

Notably, we found large, protein-free areas surrounding the mul-
timers on the SLB surface, with mean areas of approximately 0.6 pm*
at both concentrations (Fig. 2E). This intermultimer space persisted
after washing, implying that a-syn multimers do not readily dissoci-
ate from the membrane. Moreover, the areas around these multi-
mers were larger than the surface area of a 200-nm liposome (~0.13
um?), suggesting that a-syn likely forms a single multimer per
liposome.
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Fig. 1. Limited adsorption of a-syn onto 200-nm liposomes. (A) Adsorption of a-syn T72C-Alexa 555 onto 200-nm liposomes anchored on a glass surface, observed by
TIRF imaging, as the protein concentration was increased from 5 to 50 nM, followed by a phosphate-buffered wash. The incident angle of the light was adjusted to permit
a sufficient penetration in the evanescent field. Scale bars, 1 um. (B to D) Mean number of proteins on individual liposomes calculated using the fluorescent intensity. Each
histogram was built from >500 spots. The error bars represent the statistical error. (E) Quantitative analysis of the change in the amount of the liposomes occupied by -
syn after the removal of free proteins in the solution. The relative counts of the fluorescence spots in the image that represents the amount of the liposomes with bound
a-syn were calculated over time. The characteristic time t was derived from the single-exponential fitting.
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Fig. 2. «-Syn multimers are formed on SLBs. (A to C) TIRF images (middle) and intensity profiles along the specified lines (bottom), following the addition of 5 nM (A)
and 50 nM (B) a-syn T72C-Alexa 555 and a subsequent 10-min incubation. The image in (C) was obtained after wash with buffer followed by 10-min incubation in the
50 nM channel. Scale bars, 1 pm.The cartoon on top of each set depicts the state of a-syn on SLB. (D) Statistics analysis of the multimer sizes observed in (A) to (C). The size
is quantified as the number of molecules. Each histogram was built from >500 spots. (E) Calculated mean area around single multimers in (A) to (C).

Occasional trapping of a-syn on membrane surfaces

To further characterize the diffusion pattern of a-syn and its mul-
timerization on lipid membranes, we simultaneously tracked the
real-time trajectories of monomers or multimers by monitoring
the fluorescence traces. Initially, we observed the landing and dif-
fusion of monomers following the introduction of 1 nM a-syn into
the system. The movement of a-syn displayed unique characteris-
tics, which differed from standard Brownian motion and featured
a mix of unrestricted diffusion with occasional local entrapment as
seen in the trajectories in Fig. 3A. We then explored how these
trapping events influence the membrane binding of a-syn. Pro-
teins encountering these traps exhibited two distinct step sizes at
0.5-s intervals (Fig. 3B, top) and a longer mean dwell time of 17 s
on the membrane, which was limited by the extent of photobleach-
ing under the experimental conditions used (Fig. 3B, bottom).
This was significantly longer than the ~2.2-s dwell time for pro-
teins not caught in the local traps (fig. S3), indicating that these
local traps substantially enhance the interactions between a-syn
and membrane.

After increasing the concentration of a-syn to 50 nM, we mon-
itored the behavior of both monomers and multimers on the
membranes. This revealed two distinct types of movement pat-
tern. The trajectories and step size distribution of the brighter
spots suggested that the multimers were immobilized at the trap-
ping sites and did not migrate across the membrane (Fig. 3C and
the top in Fig. 3D). In contrast, in the areas surrounding these
multimers, a-syn primarily followed paths indicative of free diffu-
sion, without the entrapment noted near multimers (the trajecto-
ries colored in blue in Fig. 3C, and the top of Fig. 3E). This implies
that multimers might be occupying the trapping sites, thereby re-
ducing the binding of nearby monomers by blocking their access
to these sites. The dwell time for monomers distant to the multim-
ers was significantly shorter, at approximately 2.0 s (Fig. 3E, bot-
tom). In contrast, the multimer interactions were more stable,
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with dwell times averaging approximately 32 s (Fig. 3D, bottom),
albeit that this was constrained by photobleaching. This difference
in dwell time consistent with the hypothesis that the formation of
multimers at the trapping sites reduces the likelihood of monomer
entrapment.

Our observations indicate that there is a close link between the
membrane adsorption of a-syn and the presence of trapping sites.
We postulate that the trapping of a-syn during its movement is the
result of the irregular arrangements of lipids on membranes. The
movements of a-syn into and out of the trapping zones indicate
that they are the result of transient fluctuation or topological im-
perfections in membrane lipid arrangements (53-56), rather than
defects created during lipid bilayer preparation. The occupation of
the trapping sites by multimers would reduce the likelihood of
monomers being trapped nearby because of weak interactions be-
tween the a-syn monomers and defect-free membranes. This re-
sults in limited multimer density, dictated by the availability of the
trapping sites. In support of this contention, we found that if lipo-
some swells by adjusting osmotic pressure (fig. S4), the adsorption
of a-syn onto the liposomes was enhanced. Furthermore, we incor-
porated cholesterol into liposomes and found that this also pro-
moted liposome binding by a-syn (fig. S5). The incorporation of
cholesterol into the membrane was reported to increase the areas of
the membrane packing defects (57) and may promote the forma-
tion of membrane defects that is sufficiently large to accommodate
proteins with amphipathic helices (58). Our observation further
supports the significance of packing defects in a-syn adsorption on
the liposome.

Dynamic monomer exchanges in multimers

Next, we sought to monitor the intensities associated with individu-
al multimers on SLBs with time, with the concentrations of a-syn-
Alexa 555 in buffer of 50, 5, or 0.5 nM. The intensity traces for
these multimers at 50 and 5 nM concentrations displayed frequent,
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Fig. 3. Entrapment-interspersed motion and correlated multimers of a-syn on lipid bilayers. (A) Trajectories of individual a-syn T72C-Alexa 555 (1 nM in solution)
on lipid bilayer showing local trappings (marked with shadows in the trajectories). Scale bar, 1T um. (B) Top: Distribution of the displacements in 0.5-s interval building from
>1200 moving steps. Bottom: Distribution of the dwell time on lipid bilayer of the proteins with local trappings. The histogram was built from >60 trajectories. (C) Multim-
ers formed in 50 nM a-syn T72C-Alexa 555 (brown) and the trajectories of newly landed monomers (blue) adjacent to the multimers. Scale bar, 1 pm. (D) Interval step size
distribution (0.5-s; top) and the on-membrane dwell times (bottom) of the multimers. The histograms were built from >3000 steps and > 80 traces, respectively (E) Inter-
val step size distribution (0.5-s; top) and the on-membrane dwell times (bottom) of the monomers adjacent to the multimers. The histograms were built from >800 steps

and >50 traces, respectively.

stepwise fluctuations, that varied according to the concentration
(Fig. 4A). These fluctuations imply the dynamic association and dis-
sociation of a-syn monomers with and from the multimers. To
discern whether these fluctuations were the result of a transient at-
tachment (kiss-and-run) of a single a-syn monomer or the exchange
of monomers with the multimer, we incubated «-syn labeled with
Alexa 647 (a-syn T72C-Alexa 647) with SLBs that had been prein-
cubated with a-syn T72C-Alexa 555 multimers (Fig. 4B, top). With
alternating excitations by 532- and 640-nm lasers, dual-channel im-
aging captured temporal evolution of the two differently labeled
a-syn. This imaging, in combination with the intensity traces for
colocalized Alexa 555 and Alexa 647 (Fig. 4B, bottom left), revealed
the replacement of Alexa 555-labeled a-syn in the multimers by
a-syn T72C-Alexa 647, demonstrating dynamic monomer exchange
between the multimers and the surrounding environment. Con-
sistent with this, examination of the size distribution of the a-syn
T72C-Alexa 647 monomers 900 s after their addition indicated that

Ma et al., Sci. Adv. 10, eado4893 (2024) 9 October 2024

Alexa 647-labeled proteins also assembled into size-limited multi-
mers (Fig. 4B, bottom right). FRET experiments using a-syn T72C-
Alexa 555 and a-syn T72C-Alexa 647 also showed that the a-syn
T72C-Alexa 647 replaced the a-syn T72C-Alexa 555 in the multi-
mers (fig. S6). It is noteworthy that the fluctuation frequency is ap-
parently lower at lower protein concentrations (Fig. 4A). A count of
the number of Alexa 555-positive spots in the images during the
replacement by Alexa 647-labeled proteins (Fig. 4C) showed that
the displacement rate was higher at higher protein concentrations,
and this was confirmed by observing the replacement of membrane-
bound a-syn T72C-Alexa 555 by unlabeled proteins (fig. S7). These
findings indicate that the sizes of the multimers on the membrane
are restricted through a dynamic equilibrium, which limits the ab-
sorption of a-syn onto lipid membranes.

Together, these results show that a-syn monomers self-assemble
rapidly on membranes to form low-order multimers, as identified
following washing (Fig. 2D). The addition of further monomers may
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Fig. 4. Exchanges of a-syn in membrane-bound multimers with monomers in solution. (A) Representative intensity traces of a-syn multimers at 50, 5, and 0.5 nM
a-syn T72C-Alexa 555. (B) Top: The scheme (left) and the images (right) of the experiment showing the replacement of a-syn T72C-Alexa 555 by a-syn T72C-Alexa 647 (50 nM)
in multimers. The images were taken at the indicated time points after the addition of a-syn T72C-Alexa 647. Scale bars, 1 pm. Bottom left: A representative intensity trace
of the a-syn T72C-Alexa 555 multimers (green line) being replaced upon the addition of a-syn T72C-Alexa 647 (red line). Bottom right: The multimer size distribution of
the a-syn T72C-Alexa 647 multimers before and after washing with buffer. Each histogram was built from >200 spots. (C) Changes of the amount of the a-syn T72C-Alexa
555 multimers upon addition of various concentrations (denoted in the figure) of Alexa 647-labeled a-syn. (D) Schematic illustration showing the protein exchange in

the multimers.

destabilize these multimers, causing the random release of the pro-
teins and facilitating a dynamic exchange between the multimers
and their surroundings (Fig. 4D). This exchange is likely to be the
result of an energy barrier that restricts further growth of the
multimers.

Formation of larger multimers on membranes and the
accelerated aggregation of a-syn mutants

We next aimed to determine whether disease-causing mutation in
a-syn might affect the demonstrated self-limiting multimerization
by altering its membrane-binding properties. We first investigated
the hereditary mutation E46K, which was causative to early-onset
familial PD (59-61) and could influence the membrane binding by
a-syn (42). To compare the E46K with wild-type (WT) a-syn, we
introduced both proteins at concentrations of 50 nM onto SLBs.
Intriguingly, we found that although the multimers of the E46K
mutant also exhibited monomer exchange (fig. S8), they tended to
form larger multimers, comprising approximately 10 to 20 mono-
mers after washing with buffer, in contrast to the WT form (Fig.
5A, middle). This suggests that the E46K mutation disrupts the

Ma et al., Sci. Adv. 10, eado4893 (2024) 9 October 2024

self-limiting multimerization of a-syn on lipid bilayers, favoring
the formation of larger multimers. In addition, we examined an-
other a-syn mutation E35K, which was previously reported to
cause dopaminergic neuron loss in rat models (62). Similar to
E46K a-syn, E35K a-syn formed large multimers on membranes,
which were retained after washing with buffer, in contrast to WT
a-syn (Fig. 5A, bottom).

In addition, we evaluated the aggregation behaviors of E46K,
E35K, and WT a-syn using a thioflavin T (ThT) fluorescence assay
(63, 64) in the presence of 200-nm liposomes composed of 10%
DOPA and 90% DOPC (molar ratio), with a protein-to-lipid ratio of
1:2.5. Over a 6-day incubation period, all of E46K, E35K, and WT
showed accelerated aggregation in the presence of liposomes (Fig.
5B). Compare to WT, the E46K and E35K mutants aggregated faster
on the liposomes and formed significantly larger number of amyloid
fibrils (Fig. 5, B and C, and fig. S9). These observations imply that
both the E46K and E35K mutations disrupt a-syn’s self-limiting
multimerization, altering the energy landscape of a-syn’s confined
multimerization on membranes and decreasing the energy barrier
for amyloid fibril formation.
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Fig. 5. Membrane-indued multimerization and amyloid aggregation of WT, E46K, and E35K a-syn. (A) Size distributions of the multimers on SLB, determined by
adding 50 nM protein, incubating for 10 min, rinsing with buffer, and incubating for a further 10 min. Each histogram was built from >200 fluorescent spots. (B) Fluores-
cence intensity of ThT measured from the amyloid aggregate samples of WT, E46K, and E35K, with (protein: liposome = 1: 2.5, molar ratio) and without the liposomes. The
ThT fluorescence intensities were normalized to the samples without the liposomes. Data are shown as mean + SD. n = 3. Significance was tested using Student's t test,
with *P < 0.05 and **P < 0.01 indicating statistical significance. (C) Representative transmission electron microscopy images taken from the ThT assay as denoted by the

colored borders. Scale bars, 1 pm.

DISCUSSION

The present findings illustrate the complex relationship between a-
syn and membranes. At low concentrations, a-syn forms stable mul-
timers through a positive cooperative process and show a strong
affinity for membranes. Conversely, at high concentrations, the
binding within and outside the multimers weakens, leading to re-
versible and negatively cooperative behavior. This suggests that a
concentration-dependent, self-regulatory mechanism affects the in-
teraction between a-syn and membranes. Previous studies have
shown that a-syn multimers on exocellular vesicles can be more ef-
fectively absorbed by neighboring cells, facilitating their spread
(43). The close association of multimers with membranes may be

Ma et al., Sci. Adv. 10, eado4893 (2024) 9 October 2024

crucial in the context of the long-distance of a-syn on exocellular
vesicles. However, the number of self-limiting multimers on each
vesicle is tightly controlled, which likely represents a measure to
prevent pathological buildup. This regulation maintains the stability
of membrane-bound multimers in regions that are devoid of a-syn
(46), promoting efficient intercellular transport while mitigating the
risk of pathological outcomes of uncontrolled a-syn multimeriza-
tion and aggregation. Under diseased circumstances, such as in the
familial PD caused by the E46K mutation, this self-controlled mul-
timerization process may be disrupted, leading to faster aggregation
and fibrillation, contributing to pathology. In contrast, in the fa-
milial PD caused by Synuclein Alpha (SNCA) gene duplication or
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triplication (65), two- to threefold increase of a-syn protein concen-
tration may not disturb this self-controlled process but influence the
latter steps of pathological aggregation process.

Single-molecule tracking of a-syn on membranes revealed oc-
casional trapping, likely at sites of imperfections in lipid packing,
which is crucial for the stabilization of membrane interactions.
These trapping events lead to more stable adsorption of monomers
onto the lipid bilayer. The movements of a-syn into and out of
these trapping zones indicate that they result from transient fluc-
tuations in membrane lipids, rather than from defects in the prepa-
ration of the experimental lipid bilayer. These imperfections may
attract protein components, such as the N-terminal helix of a-syn,
which has an affinity for specific conformations. We speculate that
the formation and occupation of trapping sites by multimers re-
duce the likelihood of monomer trapping nearby owing to the
weak interactions being left between a-syn monomers and defect-
free membranes. This results in large gaps between the multimers
and a limited density of multimers, dictated by the availability of
trapping sites. The correlation between low multimer density and
membrane packing defects is plausible. Vanni et al. (58) suggest
that defects larger than 10 to 15 A” enhance binding of proteins
with specific lipid packing sensor motifs. The observed distances
between a-syn multimers in our study are consistent with these
findings. Although directly observing these defects is challenging,
increased adsorption of a-syn on liposomes undergoing certain
changes supports this hypothesis. The existence of local trapping
sites substantially extends a-syn’s dwell time on the membrane,
contrasting with its relatively weak binding in areas free of traps.
This phenomenon has important implications for a-syn’s function-
al and pathological interactions with cellular membranes. The
sparse multimers and their self-limited growth help moderate o-
syn accumulation on membranes.

Although single-molecule imaging has been shown to be a pow-
erful tool for the study of protein-membrane interactions, the
method has some limitations. In vitro studies generally require the
use of purified proteins, and most membrane proteins require
encapsulation with detergents, because of their hydrophobicity,
and this can adversely affect the study of membrane interactions.
Membrane proteins need to be processed, for example, recom-
bining them onto liposomes. In this study, a-syn has a disordered
structure in aqueous solution and good water solubility, making
it more suitable for single-molecule imaging. Owing to the bleach-
ing effect of the fluorescent molecule, imaging can only be per-
formed for a relatively short period, and therefore, it is necessary
to be aware of any resulting biases in the data. The rapid develop-
ment of photostable fluorescent probes (66) may help to overcome
this challenge by extending the time available for observations to
be made. Last, although they are important in regulating protein-
membrane interactions, lipid packing imperfections are currently
difficult to observe directly by means of single-molecule fluores-
cence experiments, but improvements in the method may be made
in the future.

In conclusion, in the present study, we have revealed the intri-
cate dynamics of a-syn multimerization on lipid bilayers. This
work provides a detailed perspective regarding the self-limiting
multimerization of a-syn on lipid membranes at the single-
molecule level and has thereby identified complexities that would
not be apparent in bulk experiments. We have made several key
findings: (i) a-Syn has a notably low tendency to occupy liposome
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surfaces but forms stable multimers on their surfaces, even at low
concentrations. (ii) Although a-syn quickly forms multimers when
it binds to lipid bilayers, the expansion of these multimers is strin-
gently controlled, representing a regulatory mechanism that pre-
vents excessive multimerization, which is associated with a high
risk of pathological amyloid aggregation. (iii) Despite the presence
of numerous monomers and very dense negatively charged lipids,
there are substantial gaps on the surfaces between the membrane-
bound a-syn multimers, suggesting that there is precise regulation
of their spatial arrangement. (iv) The dynamic interaction within
a-syn multimers on lipid bilayers hints at a self-confined mecha-
nism that maintains multimer size. (v) The E46K and E35K mu-
tants, in contrast to WT a-syn, tends to form larger multimers and
shows greater aggregation in the presence of liposomes, which
implies that these mutations may disrupt normal «-syn multi-
merization on membranes and enhance amyloid fibrillation in dis-
eased states.

MATERIALS AND METHODS

Materials

All lipids in this work were purchased from Avanti Polar Lipids Inc.,
including DOPC, DOPA, and 1,2-dipalmitoyl-sn-glycero-3-phosph
oethanolamine-N-(cap biotinyl) (biotin-PE). The mini extruder and
its accessories for the preparation of the liposomes were also from
Avanti Polar Lipids Inc.

The coverslips were from Thermo Fisher Scientific, and the
reagents used for buffer preparation and modifying the surface
were mainly from Merck, including disodium hydrogen phosphate
(Na,HPOy), sodium phosphate monobasic (NaH,POy,), sodium chlo-
ride (NaCl), acetone (>99.5%), methanol (high-performance liq-
uid chromatography grade), sulfuric acid (95.0 to 98.0%), hydrogen
peroxide (30% solution), (3-aminopropyl) triethoxysilane (APTES;
>99.5%), and acetic acid (99.5%). Reactive PEG derivatives, includ-
ing methoxypolyethylene glycol-succinimidyl valerate (mPEG-SVA)
and biotin-PEG-SVA, were bought from LaysanBio Inc.

Protein purification and labeling

Human a-syn WT and mutant gene were cloned into pET22b vec-
tor and transformed into Escherichia coli strain BL21 (DE3). To
purify the overexpressed protein, bacterial pellets were lysed. The
lysates were heated for 10 min at 100°C followed by centrifugation
and then were further incubated with streptomycin (20 mg/ml) on
ice for 30 min. After centrifugation, the pH value of supernatants
was adjusted to 3.5. After buffer exchange, the dialyzed sample
was further purified by anion exchange column (HiTrap Q FF,
GE Healthcare), followed by a size exclusion chromatography (GE
Healthcare, Superdex 75). The purified a-syn mutant proteins were
conjugated with Alexa 555 C2 maleimide (A20346, Invitrogen) by
following the user manual. After conjugation reaction, a-syn-Alexa
555 conjugates were further purified by a size exclusion chromatog-
raphy (GE Healthcare, Superdex 75). The final protein concentra-
tion was measured by Bicinchoninic Acid (BCA) protein assay. The
labeling rate was determined to be ~80% by measuring the concen-
tration of Alexa 555 with fluorescence spectrometer.

Liposome preparation
The liposomes in this work were prepared by a standard extru-
sion method. The lipids (90% DOPC, 10% DOPA, and biotin-PE as
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needed) were dissolved in chloroform/methanol (2:1, volume ratio)
and mixed in a glass tube. Then, the organic solvent in the tube was
evaporated in a vacuum pump, resulting in a thin lipid layer at the
wall of the tube. Buffer was then added, and the tube was shaken for
60 min to make the turbid suspension of multilamellar liposomes.
The liquid was transferred to plastic tubes, underwent five cycles
of freeze-thawing in liquid nitrogen and 37°C, and lastly passed
through the 200-nm-pore polycarbonate membranes, yielding homo-
sized unilamellar liposomes.

Coverslip modification

The coverslips were first cleaned in acetone or methanol for 30 min
and then treated by a mixture of sulfuric acid and 30% hydrogen
peroxide (7:3 volume ratio) for 120 min at 95°C. The coverslip
could be rinsed for SLB preparation. For liposome anchoring, the
coverslips were further treated in a 5% solution of APTES in
methanol. After drying, a mixture of 99% mPEG-SVA and 1%
biotin-PEG-SVA was added onto each coverslip and incubated
for 120 min. The coverslips were then rinsed and assembled into
flow chambers.

SLB preparation

The SLB was prepared through liposome rupture on hydrophilic
surface. The liposomes were added into the flow chamber and sub-
sequently incubated overnight at 37°C. After washing with buffer to
remove excess unruptured liposomes, the SLB was ready for subse-
quent experiments.

«o-Syn binding to liposomes or SLB

In the experiments that a-syn binds to SLBs, the prepared SLB was
washed with a buffer [20 mM phosphate buffer (pH 7.4) and 150 mM
NaCl] to remove unruptured liposomes. a-Syn was then added, and
images were recorded. In the experiments involving a-syn-liposome
interactions, streptavidin was added at 0.01 mg/ml to the chamber
assembled with biotin-PEG-modified coverslip. After 10-min incu-
bation, the chamber was washed with buffer. Liposomes containing
biotin-PE were then added to anchor onto the surface. a-Syn was
then added to interact with the liposomes. Each of the liposome or
SLB binding experiments were repeated at least three times to en-
sure the reliability.

ThT fluorescence assay for aggregation of a-syn

a-Syn WT, E46K, and E35K mutant proteins (monomer) and li-
posomes were prepared as described above. a-Syn WT (100 pM)
and mutants were incubated with or without 250 pM liposomes in
50 mM tris-HCI, 150 mM KClI (pH 7.5), 0.02% NaNj3, and 50 pM
ThT buffer. Reactions were performed in a black 384-well optimal
bottom plate (Thermo Fisher Scientific, 142761), orbitally shaking
at 37°C, 700 rpm. The ThT fluorescence signals were monitored by a
BMG FLUOstar Omega plate reader using 440-nm excitation wave-
length and 485-nm emission wavelength.

Negative staining transmission electron microscopy

Five microliters of ThT products was incubated on a 200-mesh
glow-discharged copper grid for 45 s. The grid was then washed
with double-distilled water and stained with 2% (w/v) uranyl acetate
for another 45 s, followed by air drying. The samples were imaged
using a Tecnai T12 transmission electron microscope (FEI) operated
at 120 kV.
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Data processing and statistical analysis

For fluorescence intensity analysis, the intensity profile of the re-
corded fluorescent spots was fitted by two-dimensional Gaussian
function, and the function was integrated to represent the intensity
value. For motion analysis of the proteins on SLB, the spots were
fitted and localized frame wisely. The spots adjacent to each other in
neighbor frames were linked to get the trajectories of the motion of
the proteins, which were subsequently used for step size and dwell
time analysis.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S9
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