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ABSTRACT Little attention has been given to how the asymmetric lipid distribution of the plasma membrane might facilitate
fusion pore formation during exocytosis. Phosphatidylethanolamine (PE), a cone-shaped phospholipid, is predominantly located
in the inner leaflet of the plasma membrane and has been proposed to promote membrane deformation and stabilize fusion
pores during exocytotic events. To explore this possibility, we modeled exocytosis using plasma membrane SNARE-containing
planar-supported bilayers and purified neuroendocrine dense core vesicles (DCVs) as fusion partners, and we examined how
different PE distributions between the two leaflets of the supported bilayers affected SNARE-mediated fusion. Using total inter-
nal reflection fluorescence microscopy, the fusion of single DCVs with the planar-supported bilayer was monitored by observing
DCV-associated neuropeptide Y tagged with a fluorescent protein. The time-dependent line shape of the fluorescent signal en-
ables detection of DCV docking, fusion-pore opening, and vesicle collapse into the planar membrane. Four different distributions
of PE in the planar bilayer mimicking the plasma membrane were examined: exclusively in the leaflet facing the DCVs; exclu-
sively in the opposite leaflet; equally distributed in both leaflets; and absent from both leaflets. With PE in the leaflet facing the
DCVs, overall fusion wasmost efficient and the extended fusion pore lifetime (0.7 s) enabled notable detection of content release
preceding vesicle collapse. All other PE distributions decreased fusion efficiency, altered pore lifetime, and reduced content
release. With PE exclusively in the opposite leaflet, resolution of pore opening and content release was lost.
Membrane fusion is a necessary biological process for
exocytosis, membrane trafficking, viral infection, and fertil-
ization (1). Intracellular fusion as exemplified by exocytosis
is mediated by a complex molecular machinery associated
with the fusing membranes (2). At the core of this machin-
ery are the soluble NSF attachment protein receptor
(SNARE) proteins that alone are able to catalyze membrane
fusion in vitro. According to current models, SNARE-medi-
ated fusion occurs by formation of a stalk between the inter-
acting membranes that elongates laterally and then opens to
form a fusion pore that expands as the membranes fully fuse
(3). Because highly curved membrane structures are neces-
sary for the fusion pore and its preceding intermediates
(4–7), lipid components that are favorable for generating
curvature can enhance fusion (8). Phosphatidylethanol-
amine (PE) lipids are enriched in the inner leaflet of the
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plasma membrane (9,10); their conical shape confers a
negative intrinsic curvature, which in turn could promote
and stabilize pores during membrane fusion (11). It is there-
fore reasonable to hypothesize that the asymmetric distribu-
tion of PE between the two leaflets of the plasma membrane
promotes fusion-pore formation in SNARE-mediated
exocytosis and in models of this process. Simulations have
predicted that PE could enhance the fusion rate when
distributed on the outward facing leaflet of liposomes (12)
or planar membranes (13). However, a comparative study
of contrasting interleaflet PE distributions has not been per-
formed due to the difficulty in preparing lipid bilayers with
asymmetric lipid composition.

Recently, we reported SNARE-dependent fusion of puri-
fied dense core vesicles (DCVs; secretory vesicles from
PC12 cells, an immortalized chromaffin cell line) with
planar-supported bilayers containing the plasma membrane
SNARE proteins syntaxin-1a and SNAP-25 (14). The
supported bilayers were prepared by a two-step method
that results in different lipid compositions of the first
(substrate-proximal) and second (substrate-distal) leaflets
(15–17). The DCVs contained neuropeptide Y (NPY)
tagged with the fluorescent protein Ruby as content marker.
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FIGURE 1 (A) Given here is a two-step model of DCV fusion event in a TIRF field. A DCV docks to a plasma membrane SNARE-con-

taining planar-supported bilayer, where a fusion pore opens releasing the fluorescent NPY-Ruby from the DCV. The DCV then col-

lapses into the supported bilayer, pulling NPY-Ruby forward in the TIRF field, which causes an increase in fluorescence as

observed in the characteristic intensity traces of DCV fusion events. (B) Given here are characteristic fusion intensity traces for

different distributions of PE in the supported bilayers. Dots are normalized intensities from 10 averaged fusion events, with SEs

shown in shaded areas. Solid lines are fits of the two-step diffusion model shown in (A) with pore lifetimes of 0.7, 0, 0.3, and 1.5 s

for PE in the distal, proximal, or both leaflets, or not present at all, respectively. A cartoon schematic of PE localization (red triangles)

is shown above each figure, with blue and brown lipids representing the distal and proximal leaflets. (C) The kinetics of fusion are

shown as cumulative distribution functions of the delay time between DCV docking and pore opening for PE in the distal leaflet

(black), PE in the proximal leaflet (cyan), PE in both leaflets (blue), and no PE present (green).
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Docking and fusion of single DCVs with the planar mem-
brane was observed on a total internal reflection fluores-
cence (TIRF) microscope by following the fluorescence
from NPY-Ruby. Upon docking, a sudden increase of fluo-
rescence was detected as the DCV gets immobilized in the
evanescent field. After a variable delay time, a first charac-
teristic decay of fluorescent intensity occurs, followed by a
sudden increase in fluorescence intensity, and ultimately a
second characteristic decay of fluorescence was observed.
This pattern is consistent with a two-step fusion process dur-
ing which, first, a fusion pore opens, stays open whereas the
DCV remains intact, and, in the second step, the DCV col-
lapses into the planar membrane (Fig. 1 A). Fluorescent de-
cays indicate diffusion of NPY-Ruby away from the fusion
site and the intensity peak indicates a translocation of fluo-
rescent content toward the substrate. A mathematical model
that takes into account the characteristics of the evanescent
electric field, the release rate through the fusion pore,
and the lateral diffusion of NPY-Ruby within the cleft be-
tween the glass support and membrane, was able to repro-
duce the recorded fluorescence signal (14). In this model,
the topology of the DCV was assumed not to change during
the initial content release through the pore and NPY-mRuby
in the DCV does not equilibrate, i.e., content is released first
from within the proximity of the pore and only later from
regions further away from the pore. A second requirement
is that the lateral diffusion of NPY-mRuby away from the
fusion site is faster during the first phase of release than after
DCV collapse into the planar membrane. These conditions
point to a relatively rigid luminal structure of the DCV pro-
tein content, which is strikingly similar to what was deduced
from analyzing amperometric foot-signals measured during
exocytotic events in chromaffin cells (18).

In this work we studied the effects of different PE distri-
butions among the leaflets on fusion-pore stability, fusion
efficiency, and fusion kinetics. We prepared plasma mem-
brane SNARE-containing planar-supported bilayers under
conditions with four different distributions of PE in the
two leaflets: 1) 25 mol % in the distal leaflet facing the
DCVs; 2) 25 mol % in the proximal (opposite) leaflet;
3) 25 mol % in both leaflets; and 4) no PE in either leaflet
(Fig. 1 B). Condition 1 mimics the biological PE asymmetry
of the plasma membrane and constitutes the same lipid dis-
tribution that was used in a recently published study (14).
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The plasma membrane SNARE concentrations and orienta-
tions were the same under all four conditions (Fig. S2).

For each condition, we recorded at least 340 docking
events of DCVs to plasma membrane SNARE-containing
supported bilayers and evaluated their fusion efficiencies,
fusion kinetics, and average line shapes, as described in
detail in Kreutzberger et al. (14). The average line shapes
measured under the different conditions were distinct in
rate and length of the first decay as well as the following
peak intensity (Fig. 1 B). The cumulative distribution func-
tions of the time delays of the onset of fusion after docking
were also different in the four cases (Fig. 1 C). The highest
fusion efficiency, 41%, was achieved with PE in the distal,
cytoplasmic face-mimicking leaflet of the target membrane.
The fusion kinetics followed the same sigmoidal shape of
previously reported single proteoliposome fusion events
(Fig. 1 C; Table S1) (19). The fit of the fusion model to
the average line shape of the fluorescence signal under con-
dition 1 revealed a fusion pore that was open for 0.7 s and
through which content was released with a characteristic
rate of (0.7 s)�1 (Fig. 1 B; black). The diffusion coefficients
for NPY-Ruby dispersion from the fusion site were 5 mm2/s
during the initial release phase and 0.05 mm2/s after DCV
collapse. These parameters are identical to the ones previ-
ously deduced under the same conditions (14), as recapitu-
lated in the Supporting Material. For modeling the line
shape of conditions 2–4, it was not necessary to change
the two diffusion coefficients, showing that these parameters
are independent of the fusion process.

For condition 2 (PE exclusively in the extracellular face-
mimicking leaflet), fusion was strongly inhibited, with only
�15% of the docked DCVs undergoing fusion (Fig. 1 C,
cyan). Moreover, the average line shape of these fusion
events showed only a single phase, the collapse phase
(Fig. 1 B, cyan). Within the time resolution of the measure-
ment, 200 ms, no content release through a pore was de-
tected and there was a compensatory increase in the
fluorescence peak observed during DCV collapse. For con-
dition 3 with symmetric PE distribution, the DCV fusion
efficiency was 29%, about halfway between the two
asymmetric conditions (Fig. 1 C, blue). Initial content
release was observed and occurs at the same rate as under
condition 1 (0.7 s)�1. However, the lifetime of the fusion
pore was reduced to 0.3 s (Fig. 1 B, blue). For condition 4
(no PE; symmetric PC/cholesterol), the DCV fusion effi-
ciency was 33% (similar to condition 3) (Fig. 1 C, green).
In the average line shape, initial release of NPY-mRuby
was clearly visible and the data were fitted with a character-
istic release rate of (1.5 s)�1 and a fusion pore duration of
0.9 s (Fig. 1 B, green).

These results show that our hybrid system for reconstitut-
ing SNARE-mediated fusion in vitro using purified DCVs
and supported membranes that contain only syntaxin-1a
and SNAP-25 is able to reproduce the basic characteristics
of single secretion events observed by amperometry of chro-
1914 Biophysical Journal 113, 1912–1915, November 7, 2017
maffin cells (18). The fusion partners provide everything that
is necessary to open a fusion pore and keep it open for almost
1 s. Our finding that the PE distribution is a key factor
contributing to the presence of an initial release phase of
NPY-Ruby through the stable fusion pore, has not been
described before, to our knowledge. It experimentally con-
firms theories that invoke the importance of lipid shape in
fusion intermediates. Indeed, under condition 1 with PE in
the cytoplasmic-mimicking leaflet, about half of the fluores-
cent content is released before the DCV collapses into the
planar target membrane. It is striking how well this asym-
metric PE condition in our model membrane system not
only promotes fusion with the highest efficiency but also re-
flects the electrophysiologically measured fusion events in
cells (18). PE as a cone-shaped lipid most likely stabilizes
the highly-curved local structure within the bilayer at the
pore. Consistent with this view are our observations that no
pore was observed when PE was present exclusively in the
opposing leaflet and that a pore with shorter lifetime was
observed with symmetrically distributed PE. Interestingly,
when PE was absent on either side of the bilayer, release
was observed over a longer time (0.9 s), but at a significantly
slower rate. One interpretation of this result is that in the
absence of PE, the pores transiently open and close instead
of being stabilized by PE. This explanation is similar to
that offered for single vesicle fusion as observed by TIRFmi-
croscopy by Stratton et al. (20).

In summary, we have shown how PE distribution contrib-
utes to the characteristic fluorescence profile that we
observed in reconstituted SNARE-mediated fusion and
how this distribution affects fusion probability, fusion pore
stability, and the kinetics of DCV content release. In the
future, our hybrid system should permit investigations of
how other factors in the vesicle or plasma membrane influ-
ence the structure and stability of the exocytotic fusion pore.
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