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α-Synuclein (α-synFL) is central to the pathogenesis of Parkinson’s
disease (PD), in which its nonfunctional oligomers accumulate and
result in abnormal neurotransmission. The normal physiological
function of this intrinsically disordered protein is still unclear. Al-
though several previous studies demonstrated α-synFL’s role in
various membrane fusion steps, they produced conflicting out-
comes regarding vesicular secretion. Here, we assess α-synFL’s role
in directly regulating individual exocytotic release events. We
studied the micromillisecond dynamics of single recombinant fu-
sion pores, the crucial kinetic intermediate of membrane fusion
that tightly regulates the vesicular secretion in different cell types.
α-SynFL accessed v-SNARE within the trans-SNARE complex to
form an inhibitory complex. This activity was dependent on neg-
atively charged phospholipids and resulted in decreased open
probability of individual pores. The number of trans-SNARE com-
plexes influenced α-synFL’s inhibitory action. Regulatory factors
that arrest SNARE complexes in different assembly states differ-
entially modulate α-synFL’s ability to alter fusion pore dynamics.
α-SynFL regulates pore properties in the presence of Munc13-1 and
Munc18, which stimulate α-SNAP/NSF–resistant SNARE complex
formation. In the presence of synaptotagmin1(syt1), α-synFL contrib-
utes with apo-syt1 to act as a membrane fusion clamp, whereas
Ca2+•syt1 triggered α-synFL–resistant SNARE complex formation
that rendered α-synFL inactive in modulating pore properties. This
study reveals a key role of α-synFL in controlling vesicular secretion.

alpha-synuclein | fusion pore | membrane fusion | SNAREs

Parkinson’s disease (PD) is a protein-misfolding disorder in
which nonfunctional α-synFL oligomers accumulate within the

cell. Several mutations in the gene encoding α-synFL are responsible
for the dominantly inherited form of PD (1, 2), indicating a crucial
role of α-synFL in disease pathogenesis. However, the normal cel-
lular function of this intrinsically disordered protein is still unclear.
α-SynFL is located at the neuronal cell body and presynaptic

nerve terminal (3) and is suggested to be involved in synaptic
vesicle trafficking (exo- and endocytosis) (4). α-SynFL over-
expression in cultured hippocampal neurons and coronal slices
showed miscellaneous spontaneous and evoked activities (4). Its
overexpression, decreased evoking dopamine release from PC12
and chromaffin cells (5). Exocytosis of recycling endosomes was
dependent on α-synFL’s differential expression in RBL-2H3 mast
cells (6). It inhibited α-granule secretion from platelets when
stimulated with either ionomycin or thrombin (7). α-SynFL single-
knockout (KO) mice of two age groups showed no effect in basal
synaptic transmission (4); paired-pulse facilitation (PPF) remained
unaltered in younger mice but reduced with age (4). α/β/γ-SynFL
triple-KO (TKO) mice showed elevated basal synaptic transmis-
sion in young mice, unlike old mice, which showed a reduction in
synaptic transmission (4, 8). PPF remained unaltered in hippo-
campal and corticostriatal slices of young α/β/γ-synFL TKO mice.
All these previous studies suggest that α-synFL can affect cellular
secretion from different cell types.
Cellular secretion involves the fusion of secretory vesicles with

the plasma membrane in a spatiotemporally coordinated man-
ner. In vitro reconstitution and cell-based studies showed that
α-synFL interacts with the negatively charged phospholipids and

the v-SNARE (soluble N-ethylmaleimide–sensitive factor attach-
ment protein receptor) synaptobrevin2 (syb2) (9, 10). Ensemble
and single-molecule studies demonstrated α-synFL’s role in the
docking step of membrane fusion (11) by cross-bridging v-SNAREs
and acidic phospholipids (12). α-SynFL increased clustering of
v-SNARE vesicles through its interaction with SNAREs and an-
ionic lipids (13), a mechanism that explains how it engages secre-
tory vesicles close to the active zone of the plasma membrane. It
also affected the reclustering of synaptic vesicles (SVs) after en-
docytosis and thus resulted in reduced neurotransmitter release
when overexpressed in hippocampal neurons (14). An in vitro lipid
mixing assay also suggested inhibition of vesicle fusion by α-synFL’s
direct interaction with lipid bilayers (15). α-SynFL was involved in
priming ATP-induced exocytosis of secretory vesicles in PC12 cells
and also affected the late stages of exocytosis (5, 16). Endogenous
and overexpressed α-synFL was also found to promote fusion pore
dilation and cargo discharge, while TKO increased pore closure in
neurons and adrenal chromaffin cells (17, 18).
Although the above studies demonstrated α-synFL’s role in

various steps of membrane fusion, they produced conflicting
outcomes regarding vesicular secretion. Investigating the direct
role of α-synFL on membrane fusion steps within the living cell
was technically challenging. Furthermore, detailed in vitro studies
using a defined system were limited by the time resolution to capture
molecular events occurring in physiologically relevant time-scale
(micromillisecond). To resolve this issue and to glean insight into
α-synFL’s mode of action in micromillisecond time-scale, we used a
recently described in vitro approach using v-SNARE–reconstituted
nanodiscs (NDs) and t-SNARE–reconstituted black lipid membrane
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(BLM) (19, 20). We investigated whether α-synFL regulates vesicular
secretion by directly altering the microsecond transitions of individ-
ual exocytotic fusion pores (21).
During membrane fusion, the fusion pore is the crucial kinetic

intermediate through which chemical messengers escape from
the lumen of a secretory vesicle into the extracellular space (22).
The principal components of exocytotic fusion pores are SNARE
proteins (23, 24) and lipids (25). The cytoplasmic domains of
v-SNAREs bind to the cognate domains on t-SNAREs, forming
trans-SNARE complexes that catalyze the fusion pore formation
and serve as the minimal machinery for membrane fusion (26,
27). On a microsecond time-scale, these ephemeral pores either
close or dilate as the vesicle membrane fully collapses at the plasma
membrane (21, 22, 28). Fusion pores are the site of action of many
regulatory proteins that are known to stimulate or limit cellular
secretion (29, 30). The ND-BLM system, mentioned above, has
revealed that microsecond fusion pore transitions are controlled by
the dynamic trans-SNARE complexes and the membrane lipid
composition (19, 20). Here, we leverage the strength of this newly
developed system to investigate the impact of α-synFL on fusion
pore properties. Our single-pore measurements are supported by
ensemble biochemical studies using v-SNARE NDs and t-SNARE
liposomes.
α-SynFL reduced the open probability of individual pores,

without affecting the size of open pores. Open pore denotes the
fully open state of a fusion pore unless mentioned otherwise.
This observation prompted us to check whether it alters the
trans-SNARE assembly. Interestingly, α-synFL enhanced trans-
SNARE assembly as observed previously (10), and the effect
was dependent on the presence of negatively charged phospho-
lipids. Since α-synFL binds to both lipids (9, 31–33) and SNAREs
(13, 34), we introduced strategies to decouple their contributions
in regulating the pore properties. Lipid-binding of α-synFL sta-
bilizes its interaction with the trans-SNARE complex and pro-
motes the formation of an inhibitory trans complex. Since the
number of trans complexes controls fusion pore properties (19),
we investigated whether that impacts α-synFL’s functionality. The
SNARE copy number directly influences α-synFL’s function of
modulating fusion pore transitions. Next, we probed α-synFL’s
pore modulatory capacity in presence of known regulatory factors
that affect SNARE complex assembly during membrane fusion
(30, 35, 36). α-SynFL significantly reduced the pore open proba-
bility in presence of Munc13-1 and Munc18, which organize a
trans-SNARE assembly to produce an α-SNAP/NSF–resistant
complex (37–39). It assists syt1 to act as a membrane fusion clamp
in absence of Ca2+ (20, 40, 41). Upon Ca2+ entry, α-synFL no
longer elicits its inhibitory action and promotes syt1’s function in
dilating exocytotic fusion pores (20).

Results
α-SynFL Kinetically Alters Fusion Pore Dynamics. In cells, whether the
effect of α-synFL on exocytosis results from the direct functional
alteration of fusion pores is unclear. To address this, we first used
an ND–liposome fusion assay (Fig. 1A) and measured glutamate
release through fusion pores using an optical sensor for glutamate,
iGluSnFR (25). NDs (13-nm diameter) bearing five copies of
v-SNAREs (ND5) (19, 25, 42, 43) were allowed to react with the
glutamate-entrapped t-SNARE liposomes (liposome-t), and glu-
tamate release through the fusion pores was monitored in the
absence and presence of increasing concentrations of α-synFL
(Fig. 1 B and C). We observed an approximately fivefold decrease
in the glutamate release as we titrated from 0 to 10 μM of α-synFL
(Fig. 1 B and C). The inhibitory effect on glutamate release was
mediated by the monomeric α-synFL [α-synFL used in our experi-
ments was purified by ion-exchange chromatography followed by
gel filtration (SI Appendix, Fig. S1 A and B), and the presence of
monomeric α-synFL was confirmed by immunoblotting (SI Ap-
pendix, Fig. S1C)]. α-SynFL alone did not produce detectable

leakage. Even a very high concentration of 100 μM α-synFL
failed to produce sulforhodamine B (SRB) loss from liposomes
(SI Appendix, Fig. S1D).
Several cell-based and in vitro reconstitution studies have dem-

onstrated a negative regulatory effect of α-synFL on vesicular se-
cretion (4, 15), while a number of studies also demonstrated
contrasting outcomes (4–7). To resolve this issue and to inspect
whether α-synFL can directly modulate the micromillisecond dy-
namics of exocytotic fusion pores, we employed a recently de-
scribed ND-BLM system (19, 20) (Fig. 1D and SI Appendix, Fig.
S2) and studied the submillisecond dynamics of individual nascent
fusion pores in absence and presence of α-synFL. When we used
ND0 (ND bearing no syb2), 4 μM α-synFL failed to produce any
detectable effect on BLM (Fig. 1 E, Upper). ND5, on the other
hand, formed bonafide fusion pores, and the addition of the same
amount of α-synFL caused a dramatic change in the pore proper-
ties, as we observed long closures of the individual pores (Fig. 1 E,
Lower). In all five trials, we observed repetitive transitions between
open/partially open and closed states of pores before a final, stable,
full closure. Current histograms as shown in Fig. 1F also confirmed
the presence of distinct subconductance states followed by full
closure. Diameters calculated from the conductance measurements
(20) before and after α-synFL addition showed no alteration of
the pore size (SI Appendix, Fig. S3). Further analysis revealed a
significant reduction in the open-state stability in presence of
4 μM α-synFL. The mean closed-state dwell times (<tc-obs>) in
the absence and presence of α-synFL were 0.006 (± 0.002) s and
19.3 (± 2.5) s, respectively. To gain insights into the number of kinetic
steps during fusion pore transitions, the cumulative distribution
functions (CDFs) of the closed-state dwell times were fitted with
exponential functions (SI Appendix, Fig. S4A). Closed-time CDFs
reflected the kinetics of fusion pores opening (20). In both the ab-
sence and presence of 4 μM α-synFL, pore opening followed double
exponential kinetics (SI Appendix, Fig. S4A), as described recently
(20). α-SynFL significantly reduced the rate of fusion pores opening
(SI Appendix, Fig. S4B). To calculate the open probability of indi-
vidual pores, we performed additional kinetic analysis and quanti-
fied the fraction of time the individual pores occupied the closed
state over a 30-min period of recording. We used a range of α-synFL
concentrations from 0 to 10 μMand quantified the above parameter
from all these recordings (Fig. 1 and SI Appendix, Fig. S5). The
“Fraction of time closed” (fc) increased with α-synFL concentration
(Fig. 1G), having an EC50 of 3 ± 0.5 μM. The pore open probability
decreases with the increase in α-synFL concentration.
To check whether NDs’ diameter influences α-synFL’s pore

modulatory capacity, we reconstituted nine copies of v-SNAREs
in a large ∼30-nm ND (ND9L), described recently (20). A 10-μM
α-synFL significantly destabilized the fusion pore’s open state with
the appearance of long closures (SI Appendix, Fig. S6A) when
ND9L was allowed to react with the t-SNAREs present in the
BLM. In all three trials, we observed repetitive transitions be-
tween open/partially open and closed states before a final, stable,
full closure. Current histograms also confirmed the presence of
distinct subconductance states followed by the full closures (SI
Appendix, Fig. S6B). α-SynFL addition showed a significant de-
crease in the pore open lifetime (SI Appendix, Fig. S6C). Hence,
fusion pore transitions were kinetically altered in the presence of
α-synFL, irrespective of whether v-SNAREs were reconstituted in
small (ND5)- or large (ND9L)-size NDs.
Altogether, the above results suggest that α-synFL can directly

alter micromillisecond dynamics of the fusion pore when mini-
mal machinery was used to reconstitute the membrane fusion. It
showed an inhibitory effect on vesicular secretion by altering the
fusion pore kinetics. Next, we performed in-depth studies to
investigate the cause of α-synFL–mediated fusion pore closure.

α-SynFL Localizes at the Membrane Fusion Site. α-SynFL is localized
at the presynaptic terminals (3). In human melanoma cells, it
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Fig. 1. Ensemble fusion assay and single-fusion pore measurements to trace α-synFL’s effect on membrane fusion. (A) Illustration summarizes the glutamate
release assay. During fusion between ND-v (13-nm ND reconstituted with the v-SNARE syb2) and liposome-t (glutamate-entrapped t-SNARE liposomes),
glutamate release through the fusion pores resulted in an increase in the fluorescence signal of the glutamate sensor (iGluSnFR), present in the reaction
medium. (B) Time courses of glutamate release for experiments described in A, in absence and presence of different α-synFL concentrations. (C) Maximum
percent (%) of glutamate release for the indicated conditions in B, are compared as bar graphs. Error bars indicate SEM from four independent trials under
each of the conditions mentioned; three independent sets of NDs were used. The Student’s t test was performed to compare the two means; ***p < 0.001,
**p < 0.01. (D) The illustration shows fusion pore formation as ND-v interacts with the BLM-t (t-SNAREs present in BLM). (E) Representative traces of single-
fusion pores for ND0 (no syb2 in NDs) and ND5 (five copies of syb2 in NDs), in the absence and presence of α-synFL; experiments were performed using the ND-
BLM system. Membrane lipid composition of both the NDs and BLMs is highlighted. An addition of 4 μM α-synFL is indicated by the orange arrow. Full closed
(C), partially open (P), and open (O) states of the individual pores are indicated along with the respective currents. (F) Current histograms of the ND5 pores
from E, in absence and presence of 4 μM α-synFL. Current distribution in different conducting states is shown. An addition of α-synFL is indicated by the orange
arrow. (G) Fraction of time for which pores were fully closed (fc), plotted as a function of [α-synFL]. n = 5 independent BLMs; three sets of NDs were used (for 0,
1, and 4 μM [α-synFL]). n = 3 independent BLMs; two sets of NDs were used (for 2 and 10 μM [α-synFL]). Data are presented as mean ± SEM.
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colocalizes with the SNARE proteins syntaxin 1a and syb2 (33). To
act on exocytotic fusion pores, α-synFL needs to be localized at the
membrane fusion sites. Here, we first performed a cosedimentation
assay (44) to validate the presence of α-synFL at the membrane
fusion site (Fig. 2A). Immunoblots showed a significant amount
of α-synFL copelleting with ND5 and t-SNARE liposomes when
both the NDs and liposomes contained 1,2-dioleoyl-sn-glycero-3-
phospho-l-serine (PS), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(PE), and 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (PC)
as the membrane lipids (Fig. 2B). The above observation can
originate from α-synFL’s interaction with the negatively charged
lipids as well as SNAREs. To disentangle the lipidic contribution,
we omitted α-synFL’s known interacting partners PS and PE. We
repeated the above assay with NDs and liposomes containing PC
alone; the α-synFL level in the pellet reduced dramatically
(Fig. 2B). The residual level of α-synFL under this condition could
be originated due to its interaction with syb2.
We then quantified the amount of α-synFL bound to the

membrane fusion site during trans complex formation using PS,
PE, and PC. α-SynFL was mixed with ND5 and t-SNARE lipo-
somes in different combinations (Fig. 2C). Ultracentrifugation
should then pellet the membrane lipids along with the SNARE
complexes and bound α-synFL (44). To quantify its localization
during trans-SNARE complex formation, we then probed for
unbound α-synFL in the supernatant, which proved lower than
the input as it was bound to the membrane lipids and SNAREs
(Fig. 2 C, Lower). α-SynFL was bound to t-SNARE liposomes
containing PS and PE, as evident from its reduced level in the
supernatant (Fig. 2 C, Lower). ND5 alone did not appear in the
pellet significantly, as evidenced from the immunoblot of syb2
(SI Appendix, Fig. S7A), and hence, we were unable to assess the

fraction of α-synFL bound to ND5 alone. When ND5 was en-
gaged in trans complex formation with t-SNARE liposomes, it
appeared in the pellet as demonstrated by immunoblots of syb2
and syntaxin 1a of the pellet (Fig. 2 C, Upper and SI Appendix, Fig.
S7A). Interestingly, under that condition, we observed maximum
decrease of α-synFL level in the supernatant (Fig. 2 C, Lower) and
with a concomitant increase in the pellet (Fig. 2 C, Upper).
Quantification yielded a significant increase of α-synFL–bound
fraction when ND5 was engaged in trans complex formation (Fig.
2D). Finally, we studied the effect of α-synFL on the trans-SNARE
complex assembly. An ND5/t-SNARE liposome fusion assay
demonstrated an approximately twofold increase in SNARE
complex formation in presence of 4 μM α-synFL (10) (Fig. 2E).
Together, these results indicate that α-synFL remains bound to

the membrane fusion site through its interaction with phospho-
lipids and SNAREs. α-SynFL’s membrane interaction within the
time frame of our experiments does not induce its oligomeriza-
tion (SI Appendix, Fig. S7B).

Membrane-Binding of α-synFL Promotes Its Functional Interaction
with the Trans-SNARE Complex. α-SynFL is a 140–amino acid pro-
tein with two functionally important regions. Its N terminus forms
an α-helix and is essential for binding to phospholipid membranes
(32), whereas the acidic C terminus interacts with SNAREs (10,
34) (Fig. 3A). To glean detailed insight into α-synFL’s mode of
action, we attempted to decouple the roles of N and C terminus in
controlling fusion pore dynamics.
First, we omitted PS and PE from the ND5 and BLM, leaving

PC as the only lipid used for these experiments. Interestingly, in
our planar bilayer recordings with PC alone, 4 μM α-synFL failed
to elicit considerable changes in the individual pore’s properties
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Fig. 2. α-SynFL’s localization at the membrane fusion site and its effect on SNARE complex assembly. (A) The schematic shows cosedimentation assay to
determine α-synFL’s presence at the membrane fusion site. (B) Representative immunoblots showing the presence of α-synFL with syb2 and syntaxin 1a in the
pellet, in the absence and presence of the negatively charged phospholipids (PS and PE). n = 3 independent experiments. (C, Upper) Representative immunoblot
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(Fig. 3B). <tc-obs> in absence and presence of α-synFL were 0.005
(± 0.0007) s and 0.006 (± 0.003) s, respectively, indicating that
α-synFL had no significant effect on closed-state stability. The
current histogram showed that PS and PE are required for α-synFL
to elicit its action on fusion pores, as the pores mostly occupied the
open state (Fig. 3C). The open-state dwell-time distribution in
absence of α-synFL showed predominantly longer open lifetimes
(Fig. 3D). The addition of α-synFL did not affect the longer open-
lifetime distribution; however, a minor increase in the shorter
open lifetime was observed (Fig. 3D). Hence, α-synFL’s interaction
with negatively charged phospholipids is a crucial determinant for
its action on nascent fusion pores.
To assess the importance of its SNARE-binding domain in reg-

ulating pore properties, we then used an α-synFL C-terminal–derived
peptide (α-syn91–140), which, according to previous studies (10, 34),
should primarily interact with SNAREs (Fig. 4A). A 4-μM
α-syn91–140 induced significant changes in pore properties when
PC was used as the only membrane lipid (SI Appendix, Fig. S8).
Pores transitioned between open/partially open and closed states
(SI Appendix, Fig. S8), and current histograms showed increased
closed and subconductance state occupancy (SI Appendix, Fig. S8).
Open-state lifetime distributions showed a significant decrease in
an open lifetime in the presence of this peptide (SI Appendix, Fig.
S8). However, none of our repetitions using this peptide yielded
stable, full pore closure.
We then included PS and PE in NDs and BLM. α-syn91–140

produced similar effects on pores as observed above in absence
of these negatively charged phospholipids (Fig. 4B). Pores tran-
sitioned between distinct open/partially open and closed states

(Fig. 4B), further confirmed by the current histograms (Fig. 4C).
Open-state lifetime distributions also shifted substantially to the
shorter lifetime (Fig. 4D). Again, none of our repetitions using this
peptide yielded stable full pore closure, which was observed with
α-synFL under the same condition (Fig. 1E). We presume that the
observed pore properties in the presence of α-syn91–140 resulted
from its interaction with syb2 within the functional trans-SNARE
complexes. It is to be noted that these trans complexes were found
to be dynamic (19). Adding the cytoplasmic domain of syb2 could
also access the trans-SNARE complexes and alter the fusion pore
dynamics (19, 20).
We performed the reciprocal experiments using only the lipid-

binding domain of α-synFL (α-syn1–90), in presence of PS, PE, and
PC as the membrane lipids. The addition of 4 μM α-syn1–90 did
not produce a detectable change in the pore properties (SI Ap-
pendix, Fig. S9A); current histograms showed mostly open-state
occupancy (SI Appendix, Fig. S9B). Open-lifetime distribution
didn’t alter considerably (SI Appendix, Fig. S9C).
Together, the above results indicate that while bound to the

membrane through its membrane-binding domain, α-synFL can
modulate the nascent fusion pore by interacting with syb2 pre-
sent within the trans-SNARE complex. Membrane lipid com-
position plays a crucial role in α-synFL function. The membrane-
bound α-synFL was found to be conformationally more dynamic
than the free α-synFL (33).
α-SynFL is known to be a curvature-sensing protein (45). Since

we are using NDs in our experiments, we deliberated whether
the effect of α-synFL on trans-SNARE dynamics is limited by the
ND curvature. Because liposomes contain more curved surfaces
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than NDs, we compared the efficiency of trans complex formation
during ND–liposome and liposome–liposome fusion. We used
Glomelt dye that yields enhanced fluorescence upon binding to
the exposed hydrophobic regions of proteins. When a protein folds
into a compact structure, the dye is expelled out of the hydro-
phobic region, producing a decrease in the Glomelt fluorescence
(46). Here, we used this assay to probe for the impact of membrane
curvature on trans complex formation. v-SNAREs were recon-
stituted in either NDs or liposomes, whereas t-SNAREs were
reconstituted in only liposomes (SI Appendix, Fig. S10A). The
addition of dye to t-SNARE liposomes in the presence of ND5 or
v-SNARE liposomes resulted in an enhanced fluorescence at the
time (t) = 0, which decreased with time as the transcomplexes
formed. A corresponding increase in the fraction of t-SNAREs
bound to v-SNAREs was quantified from here (SI Appendix, Fig.
S10B), which was larger in NDs compared to liposomes. This
difference could originate because ∼20 to 30% of v-SNAREs were
oriented toward the lumen of the liposomes, as described previ-
ously (47), rendering them inaccessible for complex formation. To
account for the dye binding to other components of the reaction
(other than SNAREs), we used empty NDs and liposomes
(Methods). α-SynFL was not used directly in the above Glomelt
assay, as that might produce composite results regarding SNARE
assembly. When SNARE complexes were allowed to form over-
night at 4 °C, v-SNAREs reconstituted in NDs and liposomes were
equally capable of forming SNARE complexes, as evidenced by
immunoblotting (SI Appendix, Fig. S10C). Immunoblots showed
enhanced trans complex formation in presence of α-synFL, when
v-SNAREs were reconstituted into NDs (Fig. 2E). A similar

observation was also reported when v-SNAREs were reconstituted
into liposomes (10). Hence, in our experiments, α-synFL–mediated
modulation of trans-SNARE dynamics is not affected by
membrane curvature.

Number of Trans-SNARE Complexes Directly Influence α-synFL’s Activities
on Fusion Pores.A synaptic vesicle contains ∼70 copies of syb2 (48),
whereas only approximately two to three copies may be sufficient
for fusion (42, 49). The number of trans-SNARE complexes has
been found to modulate the size and kinetic properties of individual
pores (19). As demonstrated above, α-synFL altered the fusion pore
properties, presumably by interacting with the trans complexes.
Here, we asked whether its function is affected by the SNARE
copy numbers.
We first used a limiting α-synFL concentration of 1 μM and

used two different ND preparations, constituting syb2 copy
numbers of 4 and 7 (i.e., ND4 and ND7, 13-nm diameters). With
this limiting concentration, α-synFL was able to elicit significant
effects on pore properties in the case of ND4 (Fig. 5 A, Upper),
producing <tc-obs> of 2 (± 0.12) s. Three out of nine trials with
ND4 yielded partial open states in the presence of 1 μM α-synFL
(SI Appendix, Fig. S11A). Pores formed using ND7 under this
condition showed a significant reduction in α-synFL efficacy
as compared to ND4 (Fig. 5 A, Lower), and <tc-obs> was 0.005
(± 0.0006) s. ND7 pores under this condition did not show any partial
open states. Hence, the appearance of the pore subconductance
states, as shown above (Fig. 1 E and F), was α-synFL concentration
and SNARE copy number dependent. Current histograms in
Fig. 5B showed a drastic change in the closed-state currents of
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ND4 pores in presence of 1 μM α-synFL. ND7 pores under this
condition showed no considerable changes in the closed-state
currents (Fig. 5B). We performed an in-depth kinetic analysis to
compare the closed-time distributions of ND4 and ND7 pores
(Fig. 5C). ND4 pores in absence of α-synFL showed a shorter
closed-state lifetime distribution (Fig. 5 C, Upper), while the
presence of 1 μM α-synFL shifted the distribution predominantly
to the longer lifetime (Fig. 5 C, Lower). In the absence of α-synFL,
ND7 pores showed shorter closed-time distribution compared to
ND4 (Fig. 5 C, Upper). The addition of the same amount of
α-synFL to ND7 pores showed no significant alteration in closed-
time distribution (Fig. 5 C, Lower). To measure the open proba-
bility, next, we quantified the fc. This value decreased in presence
of 1 μM α-synFL, as we increased the syb2 copy numbers in the
NDs from 4 to 7 (Fig. 5D).
Finally, 4-μM α-synFL showed stable, full pore closures in the

case of ND4 (SI Appendix, Fig. S11 B, Upper). ND7 pores under
this condition showed predominantly subconductance states,
indicative of partial opening of pores (SI Appendix, Fig. S11 B,
Lower). A higher 10-μM concentration of α-synFL produced full,
stable closure of ND7 pores (SI Appendix, Fig. S12).
Altogether, these results indicate that the number of trans-

SNARE complexes directly influences α-synFL’s function. It
stoichiometrically interacts with syb2 within the trans complex.
Similar expression of α-synFL inside the cell might elicit different
effects on exocytotic fusion pores, formed by a different number
of SNAREs (5, 8, 10, 50–56).

Regulatory Factors Differentially Alter α-synFL’s Pore Modulatory
Capacity. Cellular secretion is regulated by accessory factors,
which act on different steps of membrane fusion and control the
amount of cargo release (29, 30). We next probed for α-synFL’s
ability to modulate fusion pore dynamics in presence of regula-
tory factors that organize SNARE complex assembly.

At first, we used a combination of Munc13-1 (Munc13-1
fragment spanning C1, C2B, MUN, and C2C domains) (57) and
Munc18, which assemble SNAREs to form an α-SNAP/NSF–
resistant complex (37–39). α-SynFL enhanced trans-SNARE as-
sembly when ND5 was allowed to react with t-SNARE liposomes
in presence of Munc13-1 and Munc18 (SI Appendix, Fig. S13). In
the ND-BLM experiments, α-synFL significantly destabilized the
pore open states in presence of these Munc proteins (SI Ap-
pendix, Fig. S14A). In both the absence and presence of 4 μM
α-synFL, pore opening followed double exponential kinetics, as
evidenced by the fitting of closed-time CDFs (SI Appendix, Fig.
S14B). α-SynFL significantly reduced the rate of pore opening
under this condition (SI Appendix, Fig. S14C), indicating its
ability to kinetically regulate pore dynamics in presence of
Munc13-1 and Munc18.
The vesicular release is thought to be triggered by the binding

of Ca2+ ions to syt1, in the case of LDCVs (Large Dense Core
Vesicles) and SVs (35, 36, 58–60). In contrast, apo-syt1 acts as a
fusion clamp, which is associated with syt1’s ability to drive the
assembly of trans-SNARE complexes into a more zippered yet
inhibited state (20, 40, 41). Next, we explored whether α-synFL
can elicit its pore regulatory capacity in presence of syt1.
We reconstituted full-length syt1 along with syb2 into 13 nm

NDs (ND4/syt1, SI Appendix, Fig. S15) and used the ND-BLM
system to study the properties of individual pores. As observed in
Fig. 6A (Upper, Left), the pores remained mostly closed in ab-
sence of Ca2+. This recapitulated the syt1-mediated clamping
phenotype of fusion pores as observed previously (20). Addition
of 4-μM α-synFL stabilized the closed state significantly (Fig. 6A,
Upper, Right), as <tc-obs> shifted from 0.03 (± 0.005) s (in the
case of no α-synFL) to 3.2 (± 0.08) s (in the case of 4-μM
α-synFL). However, the size of open pore was not altered by
α-synFL, as the conductance measurements didn’t change con-
siderably (SI Appendix, Fig. S16).

ND4 

ND7 

C

C

O

0

10
00

20
00

30
00

40
00

0

10
00

20
00

30
00

0
-1

0
-2

0
-3

0
0

10
00

20
00

30
00

40
00

50
00

0
-1

0
-2

0
-3

0
0

10
00

20
00

30
00

40
00

C
ur

re
nt

 (p
A)

0

10
0

20
0

30
0

1
10

10
2

0

20
0

40
0

60
0

Frequency

C
lo

se
d 

tim
e 

(m
s)

5 pA
1 s

A

B C D

ND4 ND7

0.0

0.5

1.0

desolc
e

mitfo
noitcarF

***

10
3

10
4

10
5

1 μM 

C
O

O

C
O

O

C

C

0

10
0

20
0

30
0

40
0 0

20
0

40
0

60
0

1
10

10
2

10
3

10
4

10
5ND4 ND7 

Frequency

0

1

[α-synFL]
(μM)

0

1

[α-synFL]
(μM)

ND4 ND7 

[α-synFL]: 0

O

Membrane lipids: PS, PE, PC

Fig. 5. SNARE copy numbers influence α-synFL’s functionality. (A) Representative traces showing the effect of 1 μM α-synFL on single pores formed by ND4
(Upper) and ND7 (Lower). Closed (C) and open (O) states are indicated along with the current and time-scale. An addition of 1 μM α-synFL is indicated by the
orange arrow. (B) Current histograms of the pores from A, in absence and presence of α-synFL. Closed (C) and open (O) states are indicated by red arrows. (C)
Closed dwell-time histograms of ND4 and ND7 pores in the absence (Upper) and presence (Lower) of 1 μM α-synFL are shown. n = 9, and 5 independent BLMs
for ND4 and ND7, respectively; three sets of NDs were used. (D) Fraction of time for which pores were fully closed (fc) in presence of 1 μM α-synFL are plotted as
a function of syb2 copy numbers in NDs. n = 9, and 5 independent BLMs for ND4 and ND7, respectively; three sets of NDs were used. The Student’s t test was
performed to compare the two means, ***p < 0.001. Data are shown as mean ± SEM.

Nellikka et al. PNAS | 7 of 12
α-Synuclein kinetically regulates the nascent fusion pore dynamics https://doi.org/10.1073/pnas.2021742118

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
6,

 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2021742118/-/DCSupplemental
https://doi.org/10.1073/pnas.2021742118


www.manaraa.com

The addition of Ca2+ to the pores formed by ND4/syt1
resulted in pore dilation with stable open states (20) (Fig. 6 A,
Lower, Left and SI Appendix, Fig. S16). Strikingly, the same
concentration of α-synFL did not change either the kinetic
properties or size of open pores (Fig. 6 A, Lower, Right and SI
Appendix, Fig. S16). <tc-obs> values in absence (0.006 [± 0.001] s)
and presence (0.008 [± 0.0007] s) of 4-μM α-synFL didn’t alter
significantly, and the effects were not [Ca2+]free dependent (SI
Appendix, Fig. S17). Further increase of α-synFL concentration
also had no detectable effect (SI Appendix, Fig. S18). α-SynFL
remained in a monomeric state in presence of 0.5 mM [Ca2+]free
in our experimental system (SI Appendix, Fig. S19).
We also quantified the open probability of pores under different

conditions (as measured by fc). The addition of 4-μM α-synFL in
apo-syt1 condition increased fc significantly compared to no
α-synFL (Fig. 6B), indicating that it further decreased the open
probability. In contrast, α-synFL was unable to elicit significant
changes in the open probabilities after Ca2+•syt1 triggered the
pores to dilate (Fig. 6B). Our detailed kinetic analysis confirmed
the appearance of long closures in the presence of α-synFL under
the apo-syt1 condition (Fig. 6C, Upper). In the presence of Ca2+, it
failed to elicit significant change in the closed-time distribution
(Fig. 6 C, Lower). As observed previously (20), this Ca2+•syt1-
triggered opening could be reversed in the presence of ATPase
NSF, with the help of α-SNAP, which closed the pores irreversibly
(SI Appendix, Fig. S20). Thus, the Ca2+ switch that activates syt1
to induce vesicular release from LDCVs and SVs concomitantly
deactivates α-synFL to elicit its inhibitory action on fusion pores.
To test whether the ND diameter influences α-synFL’s pore

modulatory action in case of regulated secretion, we reconstituted
full-length syt1 along with syb2 into ∼30-nm NDs (ND9L/syt1) (20).
Under the apo-syt1 condition, individual pores remained mostly in
the closed states, recapitulating syt1’s clamping activity (SI Appen-
dix, Fig. S21A). The detailed kinetic analysis confirmed the ap-
pearance of long closures in presence of α-synFL (SI Appendix, Fig.
S21B). It considerably reduced the open probability under the apo-
syt1 condition. Hence, under the apo-syt1 condition, fusion pore
transitions were kinetically altered in presence of α-synFL, irre-
spective of whether syb2 and syt1 were reconstituted in small
(ND5)- or large (ND9L)-size NDs. When Ca2+•syt1 triggered
the pores to dilate in larger conductance states (SI Appendix, Fig.
S21A), a 10-μM α-synFL remained ineffective in altering pore
properties. The kinetic analysis revealed no noticeable change in the
pore properties upon α-synFL addition (SI Appendix, Fig. S21B).
Hence, under the Ca2+-triggered condition, fusion pore transitions
remained unaltered in presence of α-synFL, regardless of whether
syb2 and syt1 were reconstituted in small- or large-size NDs.
Together, the above results suggest that α-synFL’s pore regu-

latory capacity is dependent on the physiological conditions, at
which regulatory factors clamp SNARE complexes in different
assembly states. These results can explain some conflicting out-
comes regarding α-synFL’s role in regulated secretion from dif-
ferent cell types, as mentioned above.

Discussion
α-SynFL is abundantly expressed in neuronal cells and less abun-
dantly in other tissues, such as the heart, skeletal muscle, pancreas,
and placenta (7). Its overexpression and KO studies showed
conflicting outcomes on spontaneous and evoked release from
different cell types (e.g., neurons, neuroendocrine cells, platelets,
and RBL-2H3 mast cells) (4–7). Abnormal dopamine release has
direct consequences in PD, in which nonfunctional α-synFL olig-
omers accumulate (61, 62). The release of chemical messengers
involves the fusion of secretory vesicles with the plasma membrane
in a spatiotemporally coordinated manner. In vitro reconstitution
and cell-based studies, which attempted to demonstrate α-synFL’s
role in membrane fusion steps, produced contrasting results re-
garding vesicular secretion (5, 10–18). To resolve this issue and to

glean detailed insight into α-synFL’s mode of action, we used an
ND–liposome–based reconstitution approach and a recently de-
scribed ND-BLM system to study the effect of α-synFL on a crucial
membrane fusion intermediate—the fusion pores.
α-SynFL inhibited glutamate release through the pores when

minimal fusion machinery was reconstituted in the NDs and li-
posomes (Fig. 1). A titration of [α-synFL] showed a gradual de-
crease of glutamate release with the increasing [α-synFL] (Fig. 1C).
In this assay, the v-SNAREs in both the sides of NDs are available
to fuse with the t-SNARE liposomes, which might result in a
sandwich of liposome–ND–liposome. This arrangement would not
allow liposome-entrapped glutamate to release into the medium;
hence, considerably less glutamate would be available to interact
with the iGluSnFR. However, the read-out of our iGluSnFR-
based content release assay yielded comparable membrane fu-
sion efficiency as previously reported, in which v- and t-SNAREs
were reconstituted in two different liposomes (26, 63) or NDs and
liposomes (42). Hence, in our experimental conditions and time
frame, the large population of t-SNARE liposomes presumably
interacts with one side of the NDs.
The ND-BLM system allowed us to probe for α-synFL’s direct

effect in regulating micromillisecond dynamics of fusion pores
(Fig. 1 and SI Appendix, Fig. S6). The reduced-pore open proba-
bility in presence of α-synFL (Fig. 1 and SI Appendix, Fig. S6) offers
a direct explanation for α-synFL–mediated negative regulatory effect
on spontaneous secretion, observed in cell-based and reconstitution
studies (4, 15). Nevertheless, it also contradicted many studies that
probed for α-synFL’s role in spontaneous and evoked release (4–7).
To clarify this, we next performed in-depth studies and

assessed the cause of α-synFL–mediated fusion pore closure.
First, we asked whether α-synFL enhances the SNARE complex
assembly, as observed previously (10). Indeed, α-synFL promoted
the SNARE complex assembly in our experimental system
(Fig. 2E). α-SynFL’s role in clustering the membranes through its
interaction with SNAREs and anionic lipids (13), might promote
this assembly. Chemical cross-linking showed that a multimeric
form of α-synFL is responsible for promoting the assembly (64).
Next, we designed strategies to dissect the role of α-synFL’s

lipid- and SNARE-binding activities (10, 13, 34) in regulating fusion
pore properties. Our results indicated that α-synFL’s inhibitory effect
on modulating pore dynamics requires the presence of both the
lipid- and SNARE-binding domains. Presumably, α-synFL exists in
an autoinhibitory form while it is not associated with the membrane.
Membrane-binding induces a conformational change (33), which
allows it to stably interact with syb2 in the functional trans-SNARE
complex. This stimulates the inhibitory trans complex formation
(Fig. 6D). Although α-synFL is a curvature-sensing protein (45),
NDs used in our experiments do not limit α-synFL in promoting
inhibitory trans complex formation. Our experiments suggested that
NDs and liposomes are equally efficient in producing trans-SNARE
complexes (SI Appendix, Fig. S10). Thus, the curvature sensitivity of
α-synFL did not come into play in these actions.
The above experiments using minimal machinery provided

valuable information that α-synFL can access v-SNAREs in the
dynamic trans-SNARE complex and regulate the pore proper-
ties. The number of trans complexes engaged in a fusion pore
assembly has a profound impact on pore size and kinetic prop-
erties (19, 20). We simultaneously altered SNARE copy numbers
and α-synFL concentration and discovered that α-synFL’s pore
modulatory capacity is dependent on its stoichiometric interac-
tion with the v-SNAREs in the dynamic trans complex (Fig. 5
and SI Appendix, Figs. S11 and S12). This suggests that the effect
of endogenous α-synFL on vesicular secretion might be depen-
dent on its expression level, as reported in a recent study (6).
α-SynFL’s similar expression can induce different effects on ve-
sicular secretion when the different number of trans-SNAREs
are engaged in fusion pore assembly.
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Fig. 6. Regulatory factors differentially control α-synFL’s function. (A) Traces of single pores with/without α-synFL are shown for ND4/syt1. In each trace, minus
(−) Ca2+ contains 1 mM BAPTA (in all ND-BLM experiments using syt1), and plus (+) Ca2+ contains 500 μM [Ca2+]free. An addition of 4 μM α-synFL is indicated by
the orange arrow. Closed (C) and open (O) states are shown; the current and time-scale, for all traces, is shown in the inset. (B) Fraction of time for which pores
were fully closed (fc) under indicated conditions is plotted as bar graphs. n = 4 independent BLMs for each of the conditions; three sets of NDs. ***p < 0.001,
ns: p > 0.05, Kruskal–Wallis U test, and Tukey’s multiple comparison tests. Data are shown as mean ± SEM. (C) Closed-state, dwell-time histograms for in-
dicated conditions are shown. n = 5 independent BLMs under each condition; three sets of NDs were used. (D) Schematic describing the mode of action of
α-synFL in regulating the nascent fusion pores. (Upper) α-synFL stimulates pore dissolution in presence of Munc13-1 and Munc18. (Lower) α-synFL in absence of
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pore dilation.
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To better mimic the physiological situation, we investigated
α-synFL’s pore modulatory capacity in presence of known regu-
latory factors. Since α-synFL elicited its action through trans-
SNARE complexes, we used two classes of factors that regulate
membrane fusion by acting on trans complexes. Munc13-1 and
Munc18 stimulate the formation of α-SNAP/NSF–resistant trans
complex (37–39). α-SynFL enhanced trans-SNARE assembly in
presence of these Munc proteins (SI Appendix, Fig. S13) and acted
on that complex to disassemble fusion pore, leading to its closure
(SI Appendix, Fig. S14 and Fig. 6D). Munc13-1 possesses an
elongated structure in absence of membrane or SNAREs (65). It
is still unknown whether it adopts the same structure in the
presence of donor and acceptor membranes during trans-SNARE
assembly. In this study, we have used NDs with a 13-nm diameter
to investigate the pore modulatory role of α-synFL in presence of
Munc13-1 and Munc-18. Further studies using larger-size NDs
might provide additional insight into this mechanism.
Syt1 in absence of Ca2+ also acts as a membrane fusion clamp

through its action on trans complexes (20, 40, 41). α-SynFL acted
on that complex and contributed significantly to stabilize a fusion
pore closed state (Fig. 6 and SI Appendix, Fig. S21). In presence
of Ca2+, syt1 induces additional trans-SNARE zippering toward
C-terminal, which can be disassembled by α-SNAP/NSF (20, 40,
41) (SI Appendix, Fig. S20). Ca2+•syt1 thus drives the formation
of a large, stable open-fusion pore (20, 40, 41) (Fig. 6); α-synFL is
unable to alter that pore’s properties (Fig. 6 and SI Appendix,
Fig. S21). These results indicate that stimulated conditions can
result in the formation of an α-synFL–resistant trans complex. This
renders α-synFL inactive to modulate pore transitions, as indicated
by previous cell-based studies in which no α-synFL–mediated effect
on evoked release was observed (4). Based on different SNARE
assembly states, organized by different regulatory factors,
α-synFL’s pore modulatory capacity alters inside the cell. Further
cell-based studies are needed to clarify these results.
In this study, we investigated α-synFL’s pore modulatory capacity in

presence of a limited number of regulatory factors. The inclusion of
crucial proteins like complexins, NSF, α-SNAP, etc. in the reconsti-
tution will provide further insight into α-synFL’s action. Overexpression
(66–68) and in vitro reconstitution studies (69, 70) demonstrated
complexin to be a clamp for membrane fusion. Evidence also suggests
that membrane fusion starts with syntaxin–1a•Munc18-1 complex.
Munc18-1/Munc13-1 orchestrate fusion together with SNAREs
and Ca2+•syt1 in an NSF- and α-SNAP–resistant manner (37).
Future reconstitutions using these accessory proteins will reveal
interesting insights into α-synFL’s function.
Overall, our current study demonstrated a function of α-synFL

in regulating micromillisecond dynamics of exocytotic fusion pores.
It will initiate research to understand how nonfunctional α-synFL
oligomers, under pathological conditions, alter the cellular secretion
of chemical messengers.

Methods
Materials. PE, PC, PS, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol)
(sodium salt) (PG), and brain Phosphatidylinositol 4,5-bisphosphate or PtdIns(4,5)
P2 (PI(4,5)P2) were purchased from Avanti polar lipids; DDM (n-dodecyl β-D-
maltoside) and OG (n-octyl glucoside) were from Gold Biotechnology; IPTG
(Isopropyl β- d-1-thiogalactopyranoside), Triton × 100, and DEAE Sephadex were
from Sigma-Aldrich; Glutathione Sepharose 4 B and Ni-Sepharose 6 Fast Flow
were from GE Healthcare; 2-mercaptoethanol and glycerol were from Thermo
Fischer Scientific; and Bio-Beads SM2 were from BIO-RAD. The α-Syn91–140 pep-
tide was synthesized, purified, and analyzed by mass spectrometry at Genscript.
The α-Syn1–90 fragment was cloned and purified as a GST-tagged protein. Rat
Munc13-1 (spanning C1, C2B, MUN, and C2C domains) (57) for bacterial ex-
pression was a kind gift from Prof. Josep Rizo. The antibodies used in this study
are listed in SI Appendix, Table S1.

Protein Purification. Complementary DNA for the following proteins was
derived from rat-neuronal SNAREs (syb2, syntaxin-1a, and SNAP-25B), syt1,
NSF, and α-SNAP (20, 25, 71).

Syb2, t-SNARE heterodimers comprising syntaxin-1a, and SNAP-25B were
expressed at 37 °C, and syt1 was expressed at 28 °C; these were purified as
his6-tagged proteins, as described previously (20, 25, 71), with some modi-
fications. Bacterial pellets were resuspended (∼10 mL per liter of culture) in
resuspension buffer (25 mM Hepes-KOH pH 7.4, 400 mM KCl, 10 mM imidazole,
and 5 mM β-mercaptoethanol). Protease inhibitor mixture, EDTA-free (Roche)
DNase I, and RNase (Sigma, 10 μg/mL) were then added, and samples were
sonicated in 35-mL batches on ice for 6 × 15 seconds (20% duty cycle). Triton X-
100 was added to 2.1% (vol/vol) and incubated overnight with rotation at 4 °C
before centrifugation of the cell lysate at 14,000 rpm for 30 min in a JA-17 rotor
(Eppendorf). The supernatant was then incubated for >2 h at 4 °C with Ni-NTA
agarose (GE Healthcare; 0.5 mL of a 50% slurry per liter of cell culture) equili-
brated in resuspension buffer. Beads were washed extensively with resus-
pension buffer containing 1% Triton X-100 and then washed with OG wash
buffer (25 mMHepes-KOH pH 7.4, 400mMKCl, 10mM imidazole, 10% glycerol,
5 mM β-mercaptoethanol, and 1% OG). The slurry was loaded onto a column,
washed with five to 10 column volumes of OGwash buffer and step-eluted with
OG wash buffer containing 500 mM imidazole. The purity of proteins was
assessed using sodium dodecyl sulphate–polyacrylamide gel electrophoresis
(SDS-PAGE) after staining with Coomassie brilliant blue.

MSPE3D1, NW30, α-SNAP, NSF, iGluSnFR, Munc13-1, and Munc18 were
also purified as his6-tagged proteins, as described previously (20, 25). In
brief, a similar procedure as above was used to purify these proteins except
all detergents were omitted from the wash buffers. The purified proteins
were dialyzed against 25 mM Hepes-KOH (pH 7.4), 100 mM KCl, 10% glycerol,
and 1 mM dithiothreitol (DTT).

α-SynFL was purified using a method described previously (72, 73), with
necessary modifications. In brief, a plasmid containing mouse α-synFL was
expressed in Escherichia coli BL21(DE3) cells and induced with 0.5 mM IPTG
for 4 h at 37 °C. The cells were pelleted, washed, and sonicated with
resuspension buffer (10 mM Tris-Cl pH 7.4, 5 mM NaCl, protease inhibitor
mixture, DNase I, and RNase). The supernatant following sonication was
loaded onto a DEAE Sepharose column and eluted using elution buffer
(10 mM Tris-Cl pH 7.4 and 300 mM NaCl). To isolate monomeric α-synFL, gel
filtration was carried out using a Superdex 200 10/300 GL column, equili-
brated in reconstitution buffer 25 mM Hepes-KOH pH 7.4, 100 mM KCl, and
1 mM DTT). The purity of monomeric α-synFL was assessed by immunoblot,
using a monoclonal α-synFL antibody.

Proteoliposome Reconstitution. v- and t-SNARE liposomes were prepared as
described previously (19). In brief, syb2 or t-SNARE heterodimers were mixed
with lipids in reconstitution buffer (25 mM Hepes-KOH, pH 7.5, 100 mM KCl,
and 1 mM DTT) plus 0.02% OG. The following lipid compositions were used in
different experiments: 1)100% PC; 2) 32% PE, 52% PC, 16% PS; 3) 30% PE, 52%
PC, 16% PS, 2% PIP2; 4) 75% PE, 25% PG; 5) 31% PE, 51% PC, 15% PS, 1.5%
PIP2, and 1.5% DAG. Dialysis was performed against reconstitution buffer
(overnight, 4 °C), followed by the isolation of t-SNARE liposomes by flotation
using ACCUDENZ gradient. For this purpose, ultracentrifugation was performed
at 180,000 × g for 2 h in Optima MAX-XP ultracentrifuge (Beckman Coulter).
Glutamate-entrapped t-SNARE liposomes are designated as “liposome-t”;
empty liposomes harboring t-SNAREs are designated as “t-SNARE liposomes.”

ND Reconstitution. Reconstitution of syb2 into NDs was performed as de-
scribed previously (19, 43). In some experiments, full-length syt1 was cor-
econstituted with syb2 at a 1:3 (syt1:syb2) molar ratio, as described previously
(20). MSP1E3D1 and NW30 were used to generate 13- and ∼30-nm NDs. The
ratios of membrane scaffolding protein (MSP) to lipid molecules used were
3:180 (for 13-nm NDs) and 2:1,000 (for ∼30-nm NDs); while the MSP to syb2
ratios were 3:3 (ND4), 3:6 (ND5), and 3:9 (ND7). The syb2 and syt1 copy numbers
per ND refer to the total number of syb2 and syt1 molecules, not the number of
copies per face of the ND. The following lipid compositions were used as in-
dicated: 1) 16% PS, 32% PE, 52% PC; 2) 100% PC; 3) 40% PS, 15% PE, 45% PC;
and 4) 31% PE, 51% PC, 15% PS, 1.5% PIP2, and 1.5% DAG. Briefly, reconsti-
tution involved mixing syb2, MSP, and lipids, with or without syt1 in reconsti-
tution buffer containing 0.02% DDM. Detergent was slowly removed with Bio-
Beads (1/3 volume) with gentle shaking (overnight, 4 °C). The NDs in the su-
pernatant were purified by gel filtration using a Superdex 200 10/300 GL col-
umn, equilibrated in reconstitution buffer.

Ensemble Fusion Assay. Ensemble fusion assays were performed with the
glutamate sensor iGluSnFR (1 μM) (25, 42), ND5 (0.2 μM), and liposome-t
(0.004 μM) in the absence or presence of α-synFL of the indicated amount.
The glutamate release upon membrane fusion activated iGluSnFR to pro-
duce enhanced fluorescence, which was monitored for 1 h in a plate reader
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(Tecan Infinite M200). After each run, 5 μL of 5% Triton X-100 was added to
each reaction, and data were collected for another 25 min.

SRB Assay. SRB (20 mM) incorporated t-SNARE liposomes were prepared as
described earlier (74). SRB-incorporated t-SNARE liposomes (0.004 μM) were
incubated in the absence or presence of increasing [α-synFL]. SRB release from
liposomes was recorded by the characteristic fluorescence emission for 1 h
(Excitation 532-nm; Emission 586 nm). After each recording, 5 μL of 5% Triton
X-100 was added to each reaction, and data were collected for another 20 min.

Planar Lipid Bilayer Electrophysiology. Planar lipid bilayer (BLM) recordings
were performed using a Planar Lipid Bilayer Workstation from Warner In-
struments (19, 20, 75, 76). Briefly, lipids (as indicated, at 30 mg/mL in
n-decane) were first painted onto a 150-μm aperture in a 1-mL polystyrene
cup (Warner Instruments) and dried for 10 min. After that, the aperture was
immersed in 1 mL of 25 mM Hepes-KOH, pH 7.4 with 100 mM KCl in the cis
and 10 mM KCl in the trans chamber. Silver–silver chloride electrodes were
connected to each chamber. The lipid solution was gently reapplied to the
hole until a conductance-blocking seal was formed, as determined by ca-
pacitance. This process was repeated, either with a brush or air bubble until
the desired capacitance was achieved.

Single-Fusion Pore Measurements. Single-pore measurements were per-
formed using the methods described before (19, 20). Briefly, after the for-
mation of BLM, t-SNARE proteoliposomes were added to the cis chamber,
which spontaneously fused with the planar bilayer, thus depositing the
t-SNAREs into the BLM. t-SNAREs were reconstituted into BLMs, at a density
of 0.4 molecules per μm2 (20). Then, to form fusion pores, v-SNARE NDs
(reconstituted with/without syt1) were added to the cis chamber. Pores
formed within 5 to 30 min and could be monitored for ≥90 min. Currents
were recorded using Bilayer Clamp Amplifier BC-535 (Warner Instrument)
and a Digidata 1550B (with Humsilencer) acquisition system (Molecular De-
vices Corp.) in the absence and presence of the indicated amount of α-synFL

or an α-synFL–derived peptide, α-syn91–140. Single-channel recordings were
acquired at 10 kHz using pCLAMP 11 (Molecular Devices, LLC.) software and
were filtered at 5 kHz using a multisection Bessel filter. Δψ ≡ ψcis − ψtrans

(ψtrans ≡ 0 V). All recordings were conducted at room temperature. Pore
formation and dynamics were studied at Δψ = −50 mV.

When syt1 was used, experiments were initiated with 1 mM BAPTA in the
cis chamber, followed by the sequential addition of reconstituted liposomes
bearing t-SNAREs and then NDs and subsequently the indicated amount of
α-synFL. In another set, the addition of 1 mM BAPTA, t-SNARE liposomes, and
v-SNARE NDs was followed by the addition of 1.5 mM CaCl2 in the cis
chamber, which yielded [Ca2+]free of 500 μM. The indicated concentration of
α-synFL was added after that. In the experiments where Munc13-1 and
Munc18 were used, BLMs contained PS, PE, PC, PIP2, and DAG.

To study the effect of PS and PE on α-synFL’s action, NDs and BLM lipid
composition were varied as indicated in the text. BLMs were formed
following the same technique as described in Planar Lipid Bilayer
Electrophysiology.

To study the effect of α-SNAP, NSF, ATP, and Mg2+, the indicated concen-
tration of each factor was added to the cis chamber, after pores had opened.

Analysis of Single-Fusion Pore Unitary Currents. Single-channel data were
analyzed using Clampfit 10.7 (Molecular Devices, LLC.) and MS Origin 2018
(OriginLab). In all figures showing BLM recordings, the representative traces
were filtered at 1 kHz for display purposes.

Current histograms were plotted using CLAMPFIT 10.7 and fitted with
Gaussian functions. To calculate the open lifetime of individual pores, 30-min
recordings of individual traces were analyzed. Dwell times corresponding to
the fully open and fully closed states were measured in individual records
using the event detector in CLAMPFIT10.7. Closed-state, dwell-time histo-
grams were plotted using MS Origin 2018 (OriginLab).

The fraction of time fully closed (fc) was calculated using the equation:

Fraction of time closed = closed dwell time
open dwell time + closed dwell time

.

Kinetic Analysis of Single-Pore Data. Kinetic analysis of single-channel data
was performed using previously reported methods (20). Closed-state dwell
times (<tc-obs>) were detected in CLAMPFIT 10.7. These were further statis-
tically analyzed by CDFs [defined by the probability P(tclosed ≤ t)] using Origin
2018. Closed-state CDFs of individual traces were fitted with the different
exponential fits, and the goodness of fit was determined using Akaike

Information Criterion (77, 78), as described previously (20). CDFs generated
from the closed-state dwell times provided kinetics for the pore opening.

Immunoblotting. Immunoblotting was performed by mixing the samples with
1× (final concentration) Laemmli sample buffer and heated at 95 °C for
5 min. Samples were run on SDS-PAGE and blotted onto a polyvinylidene
difluoride membrane. The membrane was blocked with 5% skimmed milk in
Tris-buffered saline containing 0.1% Tween 20 (TBS-T) and incubated with
respective primary antibodies (SI Appendix, Table S1) overnight at 4 °C. The
blots were washed with TBS-T and incubated with corresponding
horseradish peroxidase-conjugated secondary antibody (SI Appendix, Table
S1) for 1 h at room temperature. The blots were developed using enhanced
chemiluminescence. For SNARE complex detection, samples were prepared
without boiling.

Cosedimentation Assay. This assay was performed following a reported
protocol (44), with necessary modifications. t-SNARE liposomes alone or in
combination with ND5 (equal number of t- and v-SNAREs were allowed to
react) were incubated overnight at 4 °C with α-synFL in a 100 μl reaction, using
reconstitution buffer (25 mMHepes-KOH pH-7.4, 100 mMKCl, and 1 mMDTT).
The liposomes, as well as trans-SNARE complexes, were then pelleted by
centrifuging at 180,000 g for 90 min at 4 °C. Both the supernatant and pellet
were probed for SNAREs and α-synFL in different experiments, using respective
monoclonal antibodies. The α-synFL band intensities in the supernatant cor-
responded to the unbound fraction. Fraction α-synFL bound to the lipids, and
SNAREs were calculated with respect to the input α-synFL in the control lane.
ImageJ software was used to quantify the band intensities. The pellet samples
were probed with syntaxin 1a and syb2 to verify the presence of t-SNAREs and
ND5, respectively, in the trans-SNARE complex.

Quantitation of SNARE Complexes in Western Blot. Equal concentrations of
t-SNARE liposomes and ND5 were incubated with or without 4 μM α-synFL in
reconstitution buffer (25 mM Hepes-KOH pH-7.4, 100 mM KCl, and 1 mM
DTT) overnight at 4 °C. The samples were probed with both α-synFL and
SNAP-25 antibodies in the immunoblots. The blots were analyzed using
ImageJ software and the amount of SNARE complex formation was quan-
tified by measuring the band intensities after background correction, under
indicated conditions.

Glomelt Assay to Trace SNARE Complex Formation. Glomelt dye (0.2× final
concentration) was mixed with t-SNARE liposomes and v-SNARE NDs or li-
posomes in a reaction buffer containing 25 mM Hepes-KOH pH 7.4, 100 mM
KCl, and 1 mM DTT. Fluorescence intensity was monitored for 1 h in a plate
reader (Tecan Infinite M200). Glomelt dye showed maximum fluorescence
initially, upon interacting with the exposed SNARE motifs of individual
SNARE proteins. During trans-SNARE complex formation, a gradual decrease
of fluorescence was observed as the dye was expelled out due to SNARE
folding. For v-SNARE NDs, a fraction of t-SNAREs bound to v-SNAREs at a time

t is given by 1 - FND5 + tSNARE liposome

FND0 + tSNARE liposome
; FND5 + tSNARE liposome and FND0 + tSNARE liposome are

the corresponding fluorescence intensities at time t when t-SNARE lipo-
somes reacted with ND5 (5 copies of syb2) and ND0 (no syb2), respectively.
Similarly, for v-SNARE liposomes, a fraction of t-SNAREs bound to v-SNAREs at

a time t is given by 1 - FvSNARE liposome + tSNARE liposome

Fempty liposome + tSNARE liposome
; FvSNARE liposome + tSNARE liposome and

Fempty liposome + tSNARE liposome are the corresponding fluorescence intensities at
time t when t-SNARE liposomes reacted with v-SNARE or empty liposomes,
respectively. The presence of trans-SNARE complexes in the reaction mixtures
was further confirmed by the immunoblots, using SNAP-25B–specific antibody.
The v-SNARE density in NDs and liposomes used were similar in all the
experiments above.

Statistical Analysis. The number of independent trials is provided in the figure
legends, along with the statistical tests that were performed. Error bars
represent SEM.

Data Availability. All study data are included in the article and/or supporting
information.
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