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ABSTRACT Planar pore-spanning membranes (PSMs) have been shown to be a versatile tool to resolve elementary steps of
the neuronal fusion process. However, in previous studies, we monitored only lipid mixing between fusing large unilamellar ves-
icles and PSMs and did not gather information about the formation of fusion pores. To address this important step of the fusion
process, we entrapped sulforhodamine B at self-quenching concentrations into large unilamellar vesicles containing the
v-SNARE synaptobrevin 2, which were docked and fused with lipid-labeled PSMs containing the t-SNARE acceptor complex
DN49 prepared on gold-coated porous silicon substrates. By dual-color spinning disk fluorescence microscopy with a time res-
olution of �20 ms, we could unambiguously distinguish between bursting vesicles, which was only rarely observed (<0.01%),
and fusion pore formation. From the time-resolved dual-color fluorescence time traces, we were able to identify different fusion
pathways, including remaining three-dimensional postfusion structures with released content and transient openings and clos-
ings of the fusion pores. Our results on fusion pore formation and lipid diffusion from the PSM into the fusing vesicle let us
conclude that the content release, i.e., fusion pore formation after the merger of the two lipid membranes occurs almost
simultaneously.
SIGNIFICANCE Despite great efforts to develop in vitro fusion assays to understand the process of neuronal fusion,
there is still a huge demand for single-vesicle fusion assays that simultaneously report on intermediate states, including
three-dimensional postfusion structures and dynamic openings and closings of the fusion pore. Here, we show that pore-
spanning membranes are ideal candidates to fulfill these demands. Owing to their planarity and the second aqueous
compartments, they are readily accessible by fluorescence microscopy and provide sufficient space underneath the
membrane for the released vesicle content. Dual-color fluorescence microscopy allows distinguishing between different
fusion intermediates and fusion pathways such as direct full content release or a stepwise release from one vesicle.
INTRODUCTION

SNARE-mediated membrane fusion has been established as
one of the key steps in neuronal signal transmission. It is
well accepted that SNAREs are the engine of the fusion ma-
chinery (1–3). The highly exergonic nature of the SNARE-
assembly forming a complex provides the required energy
to overcome the barrier—or even several barriers dependent
on the intermediate states—from a docked vesicle to two
fully fused membranes (4). The critical and most important
step for neurotransmitter transfer from the synaptic vesicle
into the presynaptic cleft is the creation of a fusion pore
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that allows the content to be released (5). Exocytic fusion
pores have been shown to be highly dynamic and they deter-
mine the amount, size, and the kinetics of cargo release with
important consequences for downstream events (6–8).

To elucidate the process of neuronal fusion with a focus
on fusion pore formation, in vitro systems are highly desir-
able. Several in vitro assays have been developed over the
past two decades (9,10). Bulk fusion assays based on lipid
mixing (11,12) combined with content mixing (12) are
frequently used to measure fusion efficiencies as well as ki-
netics (13). With the help of electron microscopy and fluo-
rescence cross correlation spectroscopy, even intermediate
states could be identified (14) in vesicle populations. How-
ever, observation of SNARE-driven fusion at the single-
vesicle level has the great potential to readily dissect and
characterize fusion intermediates as well as their lifetimes
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and kinetics by means of fluorescence microscopy. Based on
two vesicle populations in which one population is immobi-
lized on a support, Yoon et al. (15) analyzed SNARE-medi-
ated fusion with a fluorescence-based lipid mixing assay.
However, taking content mixing into account showed that
efficient full fusion including pore formation, and expansion
required synaptotagmin 1 and Ca2þ in this assay system
(16,17).

To resemble the geometry of the planar presynaptic target
membrane on one side and the vesicular membrane on the
other side, supported lipid bilayers combined with fluores-
cence microscopy techniques such as total internal reflec-
tion fluorescence microscopy have been developed. To
produce supported lipid bilayers, most research groups
have employed the direct vesicle fusion method. However,
the initial attempts of single-vesicle fusion to planar-sup-
ported bilayers resulted in SNAP25-independent fusion re-
actions (18,19), were Ca2þ-dependent even though the
system lacked synaptotagmin (20), or resulted in vesicle
rupture instead of membrane fusion (21). One aspect that
might explain these observations is the reduced mobility
of the membrane components attached to the support (22).
To increase the membrane-support distance, Karatekin and
co-workers produced planar membranes via direct vesicle
fusion and included a polymer cushion (23,24). In contrast
to the direct vesicle fusion method, Tamm and co-workers
introduced in their seminal work a two-step Langmuir-
Blodgett/vesicle fusion approach to generate SNARE-con-
taining lipid bilayers (25,26). With this assay, the group
was able to show that the fusion kinetics strongly depend
on the lipid environment (27). Later on, they were extended
their system to the observation of content transfer from the
vesicle—in which water-soluble dyes were entrapped—to
the small cleft between the substrate and the supported
membrane (28). Again, the lipid composition, i.e., the
cholesterol content in either the supported membrane or
the vesicle membrane was a critical parameter to shift be-
tween hemifusion states and full fusion (29). The group
also showed that larger proteins entrapped in dense core ves-
icles can be released (22,30). Based on the cushioned planar
bilayers in a microfluidic flow cell, Stratton et al. (31) simi-
larly found that cholesterol increases the openness of
SNARE-mediated flickering fusion pores.

In all these membrane systems, the aqueous space under-
neath the planar membrane is very small. An alternative
membrane system, in which larger second aqueous compart-
ments are provided that can take up the vesicle’s content, are
pore-spanning membranes (PSMs) (32,33). In previous
studies, we and others have shown that this model mem-
brane is suited to investigate SNARE-mediated fusion on
the single-vesicle level (32,34–36). Based on a fluorescent
readout, we were able to observe the diffusion of docked
vesicles as well as lipid mixing between the fusing vesicle
and the planar PSM providing information about intermedi-
ate states in a time-resolved manner (32,34,35).
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Here, we asked the question, whether PSMs allow us to
observe content release (fusion pore formation) during the
fusion process in a time-resolved manner. To address this
question, we generated fluorescently labeled PSMs contain-
ing the t-SNARE acceptor complex DN49 on porous sub-
strates, to which synaptobrevin-2 (syb 2)-doped large
unilamellar vesicles entrapping a water-soluble dye at
self-quenching concentrations were added. Dual-color spin-
ning disk fluorescence microscopy was used to monitor the
docking and fusion of individual vesicles with a temporal
resolution of �20 ms. The porous mesh allowed us to
directly observe the dye transfer into the underlying aqueous
compartments. Simultaneously, we were able to measure
lipid mixing, enabling us to visualize different fusion path-
ways based on the interplay of fusion pore formation and the
lipid diffusion from the PSM into the fusing vesicle.
MATERIALS AND METHODS

Materials

Porous SiO2/Si3N4 substrates with a pore diameter of 1.2 and 5.0 mm were

purchased from Aquamarijn (Zutphen, the Netherlands). 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine (POPS), and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-

phoethanolamine (POPE) were from Avanti Polar Lipids (Alabaster, AL).

Cholesterol, sulforhodamine B acid chloride (SRB) and 6-mercapto-1-hex-

anol were purchased from Sigma-Aldrich (Taufkirchen, Germany). Atto488

maleimide and Atto655/488/390-1,2-dipalmitoyl-sn-glycero-3-phosphoe-

thanolamine (Atto655/488/390 DPPE) were from Atto-Tec (Siegen,

Germany).
Protein expression, isolation, and labeling

Expression and purification of the SNAREs was performed according to a

protocol described previously (14,37). Briefly, recombinant expression of

the t-SNAREs syntaxin 1A (amino acids (aa) 183–288), SNAP25a (aa 1–

206 with all cysteine residues replaced by serine), the synaptobrevin 2 frag-

ments (aa 1–96, aa 49–96, aa 49–96 S79C), and full-length synaptobrevin 2

(aa 1–116) originating from Rattus norvegicus was performed using trans-

formed Escherichia coli BL21(DE3) cells carrying a pET28a vector. As all

proteins are equipped with a His6-tag, purification was achieved using

Ni2þ-NTA agarose affinity chromatography, thrombin cleavage of the

His6-tag overnight and final ion exchange chromatography with a MonoQ

or MonoS column (Äkta purifying system; GE Healthcare, Little Chalfont,

United Kingdom). Synaptobrevin 2 aa 49–96 S79C was labeled with

Atto488 maleimide. Acceptor complexDN49 was assembled from syntaxin

1A, SNAP25a, and synaptobrevin 2 (aa 49–96, unlabeled or Atto488-

labeled) and purified by ion exchange chromatography on a MonoQ column

as described previously (32,34,35).
Protein reconstitution

A comicellization procedure in presence of n-octyl-b-D-glycoside (n-OG)

followed by detergent removal via size-exclusion chromatography was

used to reconstitute the proteins into small unilamellar vesicles (SUVs)

as described previously (38). Briefly, lipids (DOPC/POPE/POPS/choles-

terol; 5:2:1:2 (n/n), 0.465 mg total) were mixed in chloroform, the solvent

was removed under a nitrogen stream at 30�C and the resulting lipid film

subsequently dried in vacuo for 2 h at room temperature. Lipid films

were rehydrated with 50 mL of buffer A (20 mM HEPES, 100 mM KCl,
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1 mM dithiothreitol, pH 7,4, 217 mOsmol/L) and n-OG for 30 min at 0�C.
Mixing with protein solution results in a nominal final protein to lipid ratio

(p/l) of 1:500 at 75 mM n-OG. After incubation for 45 min at 0�C, detergent
was removed by size-exclusion chromatography (Illustra NAP-10 G25 col-

umn; GE Healthcare) in buffer A. A second size-exclusion chromatography

step was performed in ultrapure water to remove remaining detergent and

salt. For the preparation of giant unilamellar vesicles (GUVs) containing

the DN49 complex, proteo-SUVs were dried on indium tin oxide slides.

GUVs were produced via electroformation (3 h, 1.6 Vpeak to peak, 12 Hz)

in 255 mOsmol/L sucrose solution. For large unilamellar vesicles (LUVs)

containing synaptobrevin 2, proteo-SUVs were dried in a round-bottom

flask in a desiccator over a saturated NaCl solution at 4�C. Sulforhodamine

B (SRB) was dissolved in buffer A (43 mM, 255 mOsmol/L), the pH was

adjusted to pH 7.4 and added to the proteolipid film. After incubation for

30 min, the suspended lipid film was extruded 31 times through a 400-

nm polycarbonate membrane using a miniextruder (LiposoFast-Basic;

Avestin, Ottawa, Ontario, Canada) resulting in a mean vesicle diameter

of 2405 100 nm and quantitative protein reconstitution as determined pre-

viously (32). Stable inclusion of SRB into the vesicle lumen was verified by

UV-Vis spectroscopy (Fig. S1 A). The fusogenicity of the SRB containing

LUVs with synaptobrevin 2 and SUVs containing the DN49 complex was

analyzed using a bulk fusion assay (Fig. S1 B).
Reconstitution efficiency of DN49 complex in
GUVs

The reconstitution efficiency R of the DN49 complex was determined ac-

cording to Aimon et al. (39) with slight modifications. R is defined as

(Eq. 1)

R ¼ IP
Mref � DOL � 100 � c0

; (1)

with Ip IP as the peak membrane fluorescence of DN49-Atto488-doped

GUVs in detector counts and c0 as the nominal protein concentration of

0.2 mol%. Mref ¼ 47,300 counts/mol% is the slope of a calibration curve

of peak membrane intensities of five known Atto488 DPPE concentrations

measured at exactly the same experimental conditions (Fig. S2 A), whereas

DOL is the degree of labeling of the protein determined to be 35%. The

fusion activity of the labeled DN49-Atto488 complex was analyzed in a

bulk fusion assay (Fig. S2 B).
PSM preparation

Porous SiO2/Si3N4 substrates with a pore diameter of 1.2 mm for single-

vesicle fusion experiments and 5 mm for fluorescence recovery after photo-

bleaching (FRAP) experiments were flushed with a nitrogen stream and

cleaned with a combination of argon and oxygen plasma. The surface

was coated with titanium (20 s, 40 mA, 0.4 mbar, Cressington sputter coater

108 auto; Elektronen-Optik-Service, Dortmund, Germany) and subse-

quently with a 40-nm-thick gold layer by thermal evaporation (Bal-Tec

Med 020; Bal-Tec, Balzers, Liechtenstein). The substrates were functional-

ized in 1 mM n-propanolic 6-mercapto-1-hexanol solution overnight at 8�C.
For PSM preparation, substrates were rinsed with ethanol, buffer B (20 mM

HEPES, 121 mM KCl, 1 mM dithiothreitol, pH 7.4, 255 mOsmol/L), and

fixed in a chamber. 10–15 mL of GUV suspension was pipetted onto the sur-

face and incubated for 30 min. Excess lipid material was removed by care-

fully rinsing with buffer B.
Indirect FRAP experiments

Indirect FRAP experiments were performed to determine the diffusion co-

efficient DDN49 of the fusion-active acceptor complex DN49 in the solid
supported part of pore-spanning membranes (s-PSM). A circular region

of interest (ROI) was placed on top of the freestanding part of the PSM

(f-PSM), and the fluorescence was bleached within this ROI. Because the

observed fluorescence recovery in the ROI depends on the diffusion of pro-

tein in the s- and f-PSM, DDN49 was obtained by comparing the acquired

data with simulated recovery curves of indirect FRAP experiments using

finite element simulations. For detailed information see the Fig. S3.
Single-vesicle assay on PSMs

Single-vesicle experiments were performed using an upright spinning disk

confocal setup (spinning disk, Yokogawa CSU-X (Rota Yokogawa KG,

Wehr, Germany); camera iXon 897 Ultra, (Andor Technology, Belfast,

United Kingdom), pixel size 222� 222 nm2) equipped with a water immer-

sion objective (LUMFLN 60XW 60�, NA 1.1; Olympus, Hamburg, Ger-

many). SRB was excited at lex ¼ 561 nm and Atto655 DPPE at lex ¼
639 nm. Emission light was separated and aligned on either side of the

512 � 512 pixel2 detector using an optosplit (Acal BFi Germany, Dietzen-

bach, Germany) equipped with a 595/40 and 655lp emission filter. Single-

vesicle docking and fusion events were recorded with a resolution of

20.83 ms/frame over 6.94 min. Each docked vesicle was tagged manually

with a minimum of 4 � 4 pixel2 ROI. Time-resolved fluorescence intensity

readout and data evaluation was achieved semiautomatically using a

custom-made MATLAB script (The MathWorks, Natick, MA). For detailed

information see the Fig. S4.
RESULTS AND DISCUSSION

Although lipid mixing assays report on the merging of the
outer and inner leaflets of the fusing membranes, no infor-
mation is gathered about the formation of fusion pores. To
address fusion pore formation in our SNARE-mediated sin-
gle-vesicle fusion assay based on PSMs (33), we entrapped a
water-soluble fluorescent dye into the vesicles at self-
quenching concentrations (Fig. 1 A). To setup the system,
we reconstituted the t-SNARE acceptor complex DN49
composed of syntaxin 1A, SNAP25a, and the soluble synap-
tobrevin 2 fragment (aa 49–96) into the PSMs and the
v-SNARE synaptobrevin 2 (syb 2) into LUVs (34). PSMs
composed of DOPC/POPE/POPS/cholesterol (5:2:1:2, n/n)
and doped with the DN49 complex were visualized by
fluorescence microscopy using 1 mol% Atto655 DPPE
(Fig. 1 B).

Owing to the gold coating on the top part of the porous
substrate, only the freestanding PSMs (f-PSMs) are visible
in the fluorescence micrographs, while the supported parts
(s-PSMs) appear black as a result of fluorescence quenching
(40,41). LUVs composed of DOPC/POPE/POPS/choles-
terol (5:2:1:2, n/n) doped with syb 2 and filled with SRB
were added to the PSMs (Fig. 1 B), while taking time series
to monitor the docking and fusion of individual vesicles. To
measure single-vesicle content release (SRB) and lipid mix-
ing (Atto655 DPPE) simultaneously, both fluorescent dyes
were recorded with a temporal resolution of 20.83 ms by
means of dual-color spinning disk confocal microscopy.

In contrast to the s-PSMs, which appear black because of
the gold-induced quenching of the lipid fluorophores, the
vesicles are sufficiently large so that the SRB fluorophores
Biophysical Journal 119, 151–161, July 7, 2020 153



FIGURE 1 Schematic drawing of the fusion

assay based on pore-spanning membranes (PSMs)

(A) and a fluorescence micrograph (B) of

Atto655-DPPE-labeled PSMs (false colored in

green) containing the t-SNARE complex DN49

(DOPC/POPE/POPS/cholesterol (5:2:1:2, n/n),

nominal p/l ¼ 1:500). Proteo-LUVs (false colored

in magenta) doped with full-length syb 2 with the

same lipid composition and p/l ratio and filled

with sulforhodamine B (43 mM) are docked to

the s-PSMs. Scale bar, 2 mm. To see this figure in

color, go online.
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are far enough away from the gold surface (>15 nm) to
become fluorescently visible (40,41).

SNARE-specificity of docking was proven by blocking
the SNARE-binding site of the DN49 complex with a solu-
ble syb 2 fragment (aa 1–96) that is known to block fusion
before protein reconstitution (38). No docking of syb-2-
doped LUVs to PSMs was observed under these conditions.
Specific docking of syb-2-doped LUVs on the PSMs was
observed primarily on the supported parts of the PSMs
with the majority of vesicles located at the edge between
the f-PSM and s-PSM, in agreement with previous observa-
tions (32). Vesicle aggregation at the edges of the pores, a
region where the membrane is known to bend �100 nm
into the pore (42,43) was also monitored by Ramakrishnan
et al. (44). They discussed this finding in terms of protein
aggregation in this area. Although proteins are mobile in
the s-PSM, the mobility is by a factor of two to four lower
compared to that in the f-PSM (see Fig. 2 C; (32,34)). Of
note, already a small fraction of immobile protein would
immobilize the vesicle. Besides this aspect, we further pro-
pose that a larger contact area between the docked vesicle
and the curved PSM might increase the number of SNARE
complexes leading to vesicle immobilization.
Mobility and reconstitution efficiency of fusion-
active acceptor complex

The specific docking of syb-2-doped vesicles indicates the
successful reconstitution of the DN49 complex in the
PSMs. However, to quantify the reconstitution efficiency
and the mobility of the DN49 complex within the PSMs,
we performed additional experiments using a DN49 com-
plex that was fluorescently labeled with an Atto488-labeled
syb 2 fragment (aa 49–96 S79C). In contrast to a study in
which SNAP25a was labeled via maleimide chemistry at a
single cysteine residue to determine the reconstitution effi-
ciency in GUVs (45), we pursued this approach to ensure
that only the fusion-active DN49 acceptor complex is
observed and not the fusion inactive SNAP25a/syntaxin
1A (1:2) complex (38). Fusogenicity of this construct was
verified in a bulk fusion assay (Fig. S2 B). By using lipid
probes as standards (Fig. S2 A), the fluorescence intensities
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ofDN49-Atto488-doped GUVs (N¼ 1015) were read out to
calculate the reconstitution efficiency (Fig. 2 A) of theDN49
complex. By fitting a log-normal function to the histogram,
a reconstitution efficiency of 26 5 24% (median) was ob-
tained. In few cases, a reconstitution efficiency of >100%
was calculated. Given the nominal protein/lipid ratio of
1:500, that means that the actual median protein/lipid ratio
reads 1:1900. As the reconstitution of the DN49 acceptor
complex into SUVs was proven to be quantitative (32)
and SUVs are the starting material for the preparation of
GUVs, the large deviation from the nominal value and the
large variation in protein content is attributed to the electro-
formation process (32,46,47). Each individual GUV forms
one PSM patch on the porous substrate, which explains
why we find a large variation of docked vesicles on the
individual membrane patches. The average number of
docked vesicles was determined to be 0.43 5 0.56 docked
vesicles mm�2.

To investigate the lateral mobility of the DN49 acceptor
complex in the s-PSMs, we performed so-called indirect
FRAP experiments (Fig. 2 B) as described previously (32).
By averaging 33 individual FRAP curves (Fig. 2 C) and
comparing them with simulated recovery curves using finite
element simulations (Supporting Materials and Methods), a
diffusion coefficient of DDN49 ¼ 1.0 5 0.5 mm2 s�1 and
DLipid ¼ 25 1 mm2 s�1 (Fig. S3 B) was estimated. The pro-
tein complex mobility is similar to the one that we deter-
mined for the single OregonGreen-labeled syntaxin 1A
transmembrane domain (Dsyx1A ¼ 1.1 5 0.2 mm2 s�1)
(32) and shows that the diffusion coefficient is mainly deter-
mined by the transmembrane helix embedded in the bilayer.
Kinetics of single-vesicle content release events

Even though single-vesicle fusion assays are rich in infor-
mation, as each fusion event can be analyzed individually
in a time-resolved manner, the drawback is that a suffi-
ciently large number of events needs to be evaluated to pro-
vide good statistics. Here, we detected 1609 docked vesicles
of seven different preparations and 68 individual membrane
patches by their SRB fluorescence. 840 of the 1609 vesicles
(52%) proceeded to fusion with the s-PSMs. Fluorescence
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FIGURE 2 Determination of the reconstitution efficiency and mobility of

the DN49 acceptor complex labeled with an Atto488 syb 2 (49–96) frag-

ment. (A) Reconstitution efficiency of the DN49 complex in GUVs

composed of DOPC/POPE/POPS/cholesterol (5:2:1:2, n/n) and nominal

p/l ¼ 1:500 (N ¼ 1015). The red line is a result of fitting a log-normal dis-

tribution to the data with a median value of 265 24%. Values with a recon-

stitution efficiency >120% are not displayed in the graph (N>120% ¼ 49).

(B) Fluorescence micrographs of an indirect FRAP experiment. The fluo-

rescence of an f-PSM composed of DOPC/POPE/POPS/cholesterol

(5:2:1:2, n/n), doped with Atto488-labeled DN49 acceptor complex (nom-

inal p/l ¼ 1:250), was bleached (white circle), and the recovery of the fluo-

rescence in the f-PSM was monitored as a function of time. Scale bars, 10

mm. (C) Normalized (mean (N ¼ 33)) time-dependent fluorescence recov-

ery curve (open squares) and simulated recovery curves with DDN49

(s-PSM) ¼ 0.5 (black), 1 (red), and 1.5 (blue) mm2 s�1, and DDN49 (f-

PSM) ¼ 3.4 mm2 s�1. To see this figure in color, go online.

A

B

C

FIGURE 3 (A) Fluorescence micrographs of a docked vesicle filled with

SRB (shown in magenta). The region of interest (ROI) used to readout the

fluorescence time trace is highlighted with a white circle. The vesicle fuses

with the PSM (shown in green). Scale bar, 2 mm. (B) Time-resolved fluores-

cence intensity time traces of the vesicle (magenta) and the membrane

(green) obtained from the ROI in (A). The black lines are 20 data points-

smoothed data. (C) Survival analysis of docked vesicles and monoexponen-

tial fit (red line) to the data leads to a mean docking lifetime of tdocking¼ 61

5 2 s. To see this figure in color, go online.

Fusion Pore Formation Observed with PSMs
intensity time traces of each docked vesicle within a ROI
(Fig. 3 A) was read out from the time series. In the given
example, complete content release upon fusion pore forma-
tion is detected by a decrease in SRB fluorescence intensity
to the baseline level (Fig. 3, A and B). Lack of an increase in
s-PSM fluorescence intensity (Fig. 3 B, green) indicates no
detectable influx of lipids from the s-PSM via a fusion stalk.
This observation suggests that the fusion pore is formed
very rapidly concomitant with the release of the content
dye and a rapid collapse of the vesicle into the s-PSM.

Content release has been observed previously upon fusion
of single vesicles with planar membranes. In these studies,
supported lipid membranes were generated. Pore formation
during the fusion process was concluded from characteristic
fluorescent time traces observed upon release of self-quench-
ing SRB concentrations. A first increase in fluorescence in-
tensity followed by a decrease as a result of the diffusion
of SRB with a two-dimensional diffusion behavior (cleft be-
tween membrane and support) rather than a three-dimen-
sional (3D) diffusion behavior (bulk solution) indicates the
release of the fluorescent dye into the small cleft between
Biophysical Journal 119, 151–161, July 7, 2020 155
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FIGURE 4 (A) Time lapse fluorescence images of a fusing vesicle

(magenta) with transfer of its content across the PSM. Scale bar, 2 mm.

(B) Fluorescence intensity time traces obtained from ROI 1 and 2 shown

in (A). After docking (I), the vesicle fuses and releases its content (II)

into the aqueous compartment underneath the adjacent f-PSM, where it

leads to an increase in fluorescence intensity visible in ROI 2. (C) Sche-

matic illustration of a vesicle docked at the edge of a pore and releasing

its content into the underlying aqueous compartment. The figure is not

drawn to scale. To see this figure in color, go online.
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FIGURE 5 (Left) Fluorescence intensity time traces of fusing vesicles

(magenta) with the planar s-PSMs (green) with smoothed data (black)

showing different fusion pathways with (right) the corresponding sche-

matics of the (post)fusion structure. (A) Incomplete content release with a

remaining three-dimensional (3D) postfusion structure. (B) Complete con-

tent release with a remaining stable 3D postfusion structure. (C) Complete

content release with an unstable 3D postfusion structure. To see this figure

in color, go online.
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membrane and support (22,28–31). In our setup, wemake use
of the underlying aqueous compartments, which can uptake
the released SRB dye. This process can, in few cases, be
directly visualized (Fig. 4). The characteristic video sequence
along with the fluorescent time traces obtained at the site of
vesicle docking (Fig. 4, A and B, ROI 1) or at the position of
the neighboring f-PSM (Fig. 4, A and B, ROI 2) shows that
the content is released below the membrane, indicating fusion
pore formation. In contrast, if the vesicle ruptures, the content
is released into the bulk solution directly above the mem-
brane (Fig. S5), which is discernable as a spike in the SRB
fluorescence intensity time trace at the position of vesicle
docking (Fig. S5 B). This time trace signature can be readily
used to separate burst events (0.003%, see Fig. 7) from fusion
pore formation events.

To extract the mean docking lifetime, a survival analysis
of all docked vesicles was performed (Fig. 3 C). Fitting a
monoexponential decay function to the data results in
tdocking ¼ 61 5 2 s. This monoexponential decay, indi-
cating a one-step process for fusion, was also observed
by Gong et al. (48), who monitored content mixing be-
tween two vesicle populations on a single-vesicle level.
The observed docking lifetimes of tens of seconds are
similar to those reported previously for synthetic vesicles
(�30 s) (32,34) and chromaffin granules (80 5 16 s)
(35) on PSMs with reconstituted DN49 complex using lipid
mixing as a readout parameter. As shown in Fig. S6,
a different analysis as performed previously by us
(32,34,35) did not affect the resulting docking lifetime
significantly.
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During the fusion process, several different fusion path-
ways could be distinguished each being unique in their fluo-
rescence intensity time traces (Fig. 5). Whereas the
fluorescence intensity time trace of SRB reports on the for-
mation of a fusion pore releasing the dye underneath the
membrane, the Atto655 DPPE fluorescence provides infor-
mation about the influx of this lipid dye into the 3D structure
of the fusing vesicle if the vesicle is docked to the gold-
covered pore rims, which is found for the majority of docked
vesicles. In contrast to the event shown in Fig. 3 B, in which
lipid diffusion from the s-PSM into the fusing vesicle was
not discernable, an increase in Atto655 DPPE fluorescence
intensity indicates that lipid material diffuses from the s-
PSM into the unlabeled vesicular membrane, thus
increasing the distance of the lipid dye to the gold surface,
which results in a dequenching of fluorescence (Fig. S7).
It has been shown previously that the quenching or enhance-
ment of fluorescence depends upon the distance between
fluorophores and the gold surface. Chi et al. (40) quantified
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that fluorescence quenching occurs at distances within
�15 nm from the gold surface, whereas surface-enhanced
fluorescence is observed at tens of nanometers beyond the
range of quenching with the maximal enhancement at
�40–50 nm. Hence, we conclude that if an increase in
Atto655 DPPE fluorescence is observed, a vesicular struc-
ture connected with the s-PSM is present with an increased
fluorescence intensity given by the three-dimensional struc-
ture of the vesicle and the dequenching effect. In case of an
incomplete content release (13 5 9% of all fusion events,
see Fig. 7), due to the formation of a metastable fusion
pore, the 3D structure remains intact during the whole
observation time (Fig. 5 A). Besides partial release of the
content, also complete release events were observed. Here,
we distinguish between two cases: either a complete SRB
release is observed, whereas the 3D structure of the vesicle
remains intact (Fig. 5 B), or the vesicular 3D structure fully
fuses into the s-PSM (Fig. 5 C). The observed decay in
Atto655 DPPE fluorescence intensity is attributed to a
vesicle collapse concomitant with a re-entering of the
Atto655 DPPE fluorophores into the quenching regime of
the gold surface. The cases of a remaining 3D vesicular
structure associated with a full or partial content release
can be discussed in the context of ‘‘kiss and run’’ fusion
(3,49–53). Vesicles that remain in a visible 3D postfusion
structure while releasing their content would be readily
accessible for a direct retrieval in a ‘‘kiss and run’’ fashion.
However, one has to be aware that, in this study, only the
A B

C D
minimal fusion machinery has been reconstituted and it is
still under investigation how the full neuronal protein set
guides the fusion pathways. Because we are able to deter-
mine the time points, during which the fusion pore opens
and the lipids from the s-PSM diffuse into the fusing vesicle,
we looked more deeply into these kinetics. On the one hand,
we determined the time span t3D between Atto655 DPPE
influx into the fusing vesicle and the onset of the collapse
of the 3D vesicular structure (Fig. 6, A and B).

Fig. 6 C shows the cumulative distribution function of t3D
(N ¼ 234). Only a biexponential function described the data
well with rate constants of k1 ¼ 0.0435 0.004 s�1 and k2 ¼
0.43 5 0.01 s�1. This result suggests that there are two
vesicle populations, one that starts to collapse fast and the
other one remaining intact longer. Previously, we reported
on such two vesicle populations in a qualitative manner by
making use of a lipid mixing assay (32). More importantly,
even in live chromaffin cells, these two vesicle populations
have been reported (54). The kinetic constant obtained for
the fast collapsing synthetic vesicles is in good agreement
with the kinetics we found for chromaffin granules (0.24
5 0.05 s�1) (35) and is in the same range as values found
for the endocytosis kinetics observed in vivo (�1 s�1)
(55,56), implying that these types of collapsing vesicles
can be directly retrieved from the target membrane in a
‘‘kiss and run’’ manner. Owing to the given time resolution
of 20.83 ms, we were able to determine a lag time Dt be-
tween the Atto655 DPPE diffusion into the 3D structure
FIGURE 6 Overview (A) and zoom (B) of time-

resolved fluorescence intensity traces (smoothed,

black) of a vesicle (magenta) fusing with the s-

PSM (green). An increase in the lipid fluorescence

intensity is attributed to the Atto655 DPPE diffu-

sion into the 3D structure of the lipid-unlabeled

vesicle. t3D is defined as the time span between

the Atto655 DPPE influx into the fusing vesicle

(marked by a blue x) until the onset of the vesicle

collapse. Dt is defined as the lag time between the

Atto655 DPPE diffusion into the 3D structure and

fusion pore formation (marked by a red x). (C) Cu-

mulative frequency function of t3D (N ¼ 234)

together with a biexponential fit (red) resulting in

rate constants of k1 ¼ 0.043 5 0.004 s�1 and

k2 ¼ 0.43 5 0.01 s�1. (D) Histogram of lag times

(Dt, N ¼ 455). Values with lag times of <�0.7 s

and >2 s are not displayed in the graph

(N�0.7s<Dt>2s ¼ 51). To see this figure in color,

go online.
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FIGURE 7 Proposed fusion pathways deter-

mined by single-vesicle docking/fusion events.

1609 docked vesicles were analyzed, and 52% of

these docked vesicles proceeded to fusion. 75%

of these vesicles released their content completely

through fusion pore formation. Only 0.003% of

vesicles ruptured and released their content in a

burst into the solution above the membrane. Over-

all, 28 5 16% of vesicles fuse via a fusion stalk

with different 3D postfusion structures. To see

this figure in color, go online.
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and fusion pore formation (Fig. 6, A and B). Fig. 6 D shows
the corresponding histogram (N ¼ 455) of Dt. A positive
value of Dt means that the influx of Atto655 DPPE into
the 3D vesicular structure occurs prior fusion pore forma-
tion. The distribution indicates that in most of the fusion
processes content release follows immediately after lipid
mixing with a median time difference of only 42 5
11 ms, which is close to the resolution limit of the setup
of �20 ms. Both processes occur almost simultaneously
in agreement with previous reports (31,36). For comparison,
Stratton et al. quantified the lag time to be 18.3 ms (31).

In Fig. 7, we summarize the different fusion pathways
that we observed. The different pathways were identified ac-
cording to the two fluorescence intensity time traces
158 Biophysical Journal 119, 151–161, July 7, 2020
(Atto655 DPPE, green; SRB, magenta) (see e.g., Figs. 3 B
and 5, A–C). Overall, 1609 docked vesicles were analyzed,
52% of these docked vesicles proceeded to fusion. The
different percentages were calculated as weighted means x
according to Eq. 2:

x ¼ 1Pn
i¼ 1wi

Xn

i¼ 1

xi � wi; (2)
with xi being the respective percentage of the fusion
pathway found at n ¼ 68 individual membrane patches
and wi being the respective amount of docked vesicles/
mm2 at this patch as a weighting factor. We assume that
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FIGURE 8 (A) Schematic drawing of the fusion pathway for a stepwise

release of the vesicle content with (B) a typical fluorescence intensity

time trace of the vesicle (magenta) and planar s-PSM (green) with

smoothed data (black). Vesicles with a first partial content release (II) un-

dergo a consecutive fusion pore formation with a likeliness of 51%. 8%

of the whole vesicle population show this stepwise pore formation with

2% resulting in a complete release as the final situation. In rare cases, fusing

vesicles show even more than two release events. To see this figure in color,

go online.

Fusion Pore Formation Observed with PSMs
the number of docked vesicles is a function of reconstituted
DN49 complex in the PSM. Thus, we need to account for the
broad distribution of the DN49 complex in the GUVs (Fig. 2
A), which is directly transferred into the membrane patches.

By comparing the docking time, fusion efficiency, and the
different fusion pathways (Fig. S8) with the number of
docked vesicles, we conclude that the distribution of the
DN49 complex does not significantly influence the calcu-
lated mean values. The total number of events (N) for
each pathway is summarized in Table S1. The weighted
standard deviation SD was calculated according to Eq. 3

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i¼ 1wi�Pn
i¼ 1wi

�2 �Pn
i¼ 1w

2
i

�
Xn

i¼ 1

ðxi � xÞ2 � wi

s
:

(3)

245 11% of docked vesicles released their content without
visible lipid diffusion via a fusion stalk. 28 5 16% (54% of
fusing) vesicles underwent fusion with visible lipid mixing
into an either stable or unstable 3D structure and/or showing
an incomplete content release. 75% of the vesicles that pro-
ceeded to fusion released their content completely either
directly or consecutively. A process in which hemifusion oc-
curs without fusion pore formation was negligible. These
findings differ from results reported by others, who worked
with supported lipid bilayers. Stratton et al. (31) found a
large fraction of incomplete content release (80%), whereas
Kreutzberger et al. (29) reported on dead-end hemifusion
(�65%). A direct comparison of the results is difficult
because, besides the differences in the space underneath
the membranes, other parameters such as the lipid composi-
tion of the vesicle and the planar membrane, contributing
significantly to the fusion pathways (29,31), are different.
Dynamic openings and closings of the fusion
pore

Interestingly, in�50% of the fusing vesicles, of which a first
partial content release was observed, the fusion pore reopens
(Fig. 8, A and B). In rare cases, this process even consists of
three or more consecutive partial dye release events. Similar
fusion behaviors have been frequently described in in vivo
experiments and were referred to as flickering fusion pores
(6,57–60). Staal et al. (6) detected consecutive dopamine
release events (two to five times) in midbrain neurons that
were proven to originate from one individual vesicle. Such
transient fusion pore dynamics is thought to first facilitate
vesicle recycling in a ‘‘kiss and run’’ manner and would
lead to a long-range signaling as well as long-lasting activa-
tion of postsynaptic receptors (3,6). In in vitro assays, dy-
namics of fusion pores have been only rarely described
(48). Gong et al. (48) were first to show that a stepwise con-
tent release is possible in a simple, well-defined model sys-
tem. In their study, two highly curved vesicle populations
containing either the v- or the t-SNAREs fused with each
other with 72% fusing in a single step and the remaining
38% fusing in a two- or three-step process. Our findings
indeed support the occurrence of more than one release
event. Such observed dynamic transient pores are hence
not a function of the full neuronal protein machinery, but
can already be observed with the simple minimal fusion pro-
teins reconstituted in a model membrane system.
CONCLUSIONS

Although several single-fusion assays have illuminated
elementary steps occurring during neuronal fusion, there
is still a lack of in vitro assays that are capable of simulta-
neously reporting on all the different intermediate states
including 3D vesicular structures and fusion pore formation
including flickering pores. In our membrane system, vesicle
bursting is negligible and can be unambiguously distin-
guished from fusing vesicles forming a fusion pore. Our re-
sults demonstrate that the different fusion intermediates and
fusion pathways as reported in vivo, are apparently not a
result of the large number of additional proteins involved
in the fusion process but are already an intrinsic character-
istic of the simple neuronal fusion machinery composed
of only three SNAREs.
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