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Even though a number of different in vitro fusion assays have been developed to analyze protein
mediated fusion, they still only partially capture the essential features of the in vivo situation. Here
we established an in vitro fusion assay that mimics the fluidity and planar geometry of the cellular
plasma membrane to be able to monitor fusion of single protein-containing vesicles. As a proof of
concept, planar pore-spanning membranes harboring SNARE-proteins were generated on highly
ordered functionalized 1.2 pm-sized pore arrays in Si;N,. Full mobility of the membrane components
was demonstrated by fluorescence correlation spectroscopy. Fusion was analyzed by two color
confocal laser scanning fluorescence microscopy in a time resolved manner allowing to readily
distinguish between vesicle docking, intermediate states such as hemifusion and full fusion. The
importance of the membrane geometry on the fusion process was highlighted by comparing SNARE-
mediated fusion with that of a minimal SNARE fusion mimetic.

In most physiological fusion processes, a strongly to moderately curved membrane (e.g. synaptic vesi-
cle, virion) fuses with a planar membrane (e.g. (neuronal) plasma membrane). Despite these geometric
considerations of the fusing membranes in nature, most in vitro results on fusion have been obtained
from bulk vesicle assays, where two curved membranes fuse with each other resulting in an increase in
vesicle size, i.e. the membrane’s curvature changes during the fusion process'=. In order to start already
with a planar membrane geometry, either giant unilamellar vesicles (GUVs)®’, freestanding black lipid
membranes®® or membranes attached to a solid support have been used!®'*. While GUVs allow only
for bulk measurements, black lipid membranes lack mechanical and long-term stability and are thus not
well suited. Supported membranes are unique as they are very robust and enable one to detect individual
fusion events using total internal reflection fluorescence (TIRF) microscopy'®'*-!¢. Observing membrane
fusion at the single-particle level provides several advantages over bulk vesicle assays. Single-vesicle based
experimental designs overcome problems such as vesicle aggregation, and bursting, and provide access to
the intermediate states during membrane fusion'’-'?. These intermediate states are not accessible in bulk
fusion assays, where only an average kinetics is monitored and individual and rare events are hidden®.
However, disadvantages of supported lipid membranes are that, owing to the close contact of the target
planar membrane with the support, they lack a second aqueous compartment, do not provide enough
space for the incoming lipid material, and show a reduced lateral mobility of the membrane components,
in particular of proteins. The mobility issue can be partly improved by decoupling the membrane from
the support. For example, Wagner ef al.?! introduced a polyethyleneglycol spacer between membrane and
substrate, which resulted in an increased mobility of the reconstituted proteins.
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As there are still a number of drawbacks associated with current state-of-the-art membrane archi-
tectures used for investigating fusion processes, there is a demand for improved and alternative systems
overcoming these disadvantages. Thus, we aimed at a planar membrane architecture that is long-term
stable and provides laterally mobile membrane components similar to the situation in vivo. Moreover,
this membrane system should allow for the detection of single vesicle fusion events, should be accessible
from both sides and should provide enough space for the incoming lipid material during the fusion
process. One membrane system that might suffice these requirements are pore-spanning membranes?-°.
Pore-spanning membranes have been shown to be mechanically robust and long-term stable?, and the
lipids in the pore-spanning membrane regions are laterally mobile?””. As they are deposited on an open
pore array, both aqueous compartments can be addressed individually?®. In a previous study, we have
shown that single-vesicle fusion can be observed on pore-spanning membranes providing sufficient space
for the additionally incoming lipid material®®. However, in this study, pore-spanning membranes, termed
nano-black lipid membranes, prepared from painting lipids dissolved in an organic solvent were used,
which do not allow for protein reconstitutions.

Hence, it was the aim of this study to develop a pore-spanning membrane system with reconstituted
fusion proteins to be able to develop a new in vitro fusion assay devoid of organic solvent. We established
a method to reconstitute neuronal SNARE proteins into pore-spanning membranes, which enabled us
to monitor individual fusion events between a pore-spanning membrane and SNARE-containing large
unilamellar vesicles.

SNARE proteins are the well-known key players in neuronal membrane fusion and an excellent test
case for the development and evaluation of the envisioned membrane fusion system. In synaptic trans-
mission three SNARE proteins, namely syntaxin 1, SNAP25 and synaptobrevin 2 mediate the fundamen-
tal steps of membrane fusion®. Syntaxin 1 and SNAP25 are localized in the mainly planar presynaptic
membrane, with which synaptobrevin 2 containing synaptic vesicles can fuse. To mimic this in vivo
situation, we established a reconstituted membrane system as depicted in Fig. 1A. SNARE complexes
composed of syntaxin 1A, SNAP25a and a soluble fragment of synaptobrevin 2 are embedded in a pla-
nar pore-spanning membrane by spreading SNARE-containing giant unilamellar vesicles (GUVs) on a
gold-coated functionalized regular pore array in silicon nitride with pore diameters of 1.2pm (Fig. 1B),
while the fusing vesicles contain synaptobrevin 2. The success of pore-spanning membrane formation
can be readily observed by fluorescence microscopy with a characteristic fluorescence pattern (Fig. 1C).
The fluorescence pattern arises from the fact that the fluorescence of the membrane is quenched on the
gold covered pore rims owing to the close contact of the membrane to the support. No quenching occurs
in the freestanding parts of the membrane resulting in the pore pattern in the fluorescence images, which
allows to observe each individual pore-spanning membrane®..

Results

SNARE reconstitution into pore-spanning membranes and lateral mobility of the compo-
nents. Spreading ofa GUV to form pore-spanning membranes is achieved by a proper functionalization
of the porous silicon nitride substrate. The highly ordered pore array made of Si3N4 with pore diameters
of 1.2um is gold coated at the top surface followed by functionalization with 6-mercapto-1-hexanol®%
To examine whether the SNARE proteins reconstituted into GUVs according to the protocol described
in the Methods Section, are successfully transferred into pore-spanning membranes, two different flu-
orescently labeled syntaxin derivatives were used. A synthetic transmembrane domain (TMD) labeled
with Atto647N (Atto647N-syntaxin 1-TMD) as previously used for GUV experiments®, and a cysteine
mutant of syntaxin 1A labeled with Alexa488 (Alexa488-syntaxin 1A). Both were reconstituted into
GUVs composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)/1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE)/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS)/choles-
terol (5:2:1:2). After spreading of the GUVs, the fluorescence of the Atto647N-syntaxin 1-TMD (Fig. 2B) as
well as that of Alexa488-syntaxin 1A (Supplementary Fig. 1B) was readily observed in the pore-spanning
membranes indicating successful reconstitution of transmembrane peptides in pore-spanning bilay-
ers. The fluorescence intensity of Atto647N-syntaxin 1-TMD was fully homogeneous throughout the
free-standing parts of the pore-spanning membranes. However, the fluorescence of Alexa488-syntaxin
1A appeared to be slightly inhomogeneous, which might be explained by the tendency of syntaxin 1A to
cluster, driven by homotypic protein-protein interactions®*>.

Prerequisite for the formation of a fusion complex during fusion of a vesicle with the planar bilayer is
the unhindered lateral movement of the syntaxin transmembrane helices in the plane of the pore-spanning
membrane. Previously, we have shown that our membrane architecture ensures lipid mobility in both
leaflets®. However this does not necessarily imply that transmembrane proteins are fully mobile*"*’. In
case of solid supported bilayers, which also provide a planar membrane geometry, one lipid leaflet is
attached to a support even if a polymer cushion or lipid tethers are added to the system?, which can
considerably influence the lateral mobility of the proteins. To investigate the diffusion behavior of the
incorporated syntaxin 1A transmembrane helix in the pore-spanning membrane, fluorescence correla-
tion spectroscopy (FCS) was performed using Atto647N-syntaxin 1-TMD as well as Alexa488-syntaxin
1A together with two differently labeled lipids to investigate a conceivable influence of the fluorescent
dye on the diffusion coefficient.
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Figure 1. (A) Schematic drawing of the model system for SNARE mediated membrane fusion based on
pore-spanning membranes. SNARE proteins are shown in red (syntaxin 1A), green (SNAP25) and blue
(synaptobrevin 2). Membranes are depicted as thick orange lines. (B) Scanning electron micrograph of

a porous silicon nitride substrate. Scale bar: 3pm. (C) Pore-spanning membrane patch obtained from
spreading a giant unilamellar vesicle composed of DOPC/POPE/POPS/cholesterol (5:2:1:2) and doped with
1 mol % Oregon Green DHPE on a gold/6-mercapto-1-hexanol-functionalized substrate. Scale bar: 20 pm.

From the autocorrelation curves, a diffusion constant of 7.7 + 0.4 pm?/s (SD) for the lipid Atto488 DPPE
(Fig. 2D) and 7.4+ 0.3pm?/s (SD) for DPPE-KK114 was determined (Supplementary Fig. 1D) demon-
strating dye independent lipid diffusion constants. For the transmembrane peptide Atto647N-syntaxin
1-TMD a diffusion constant of 3.4 4 0.2 pm?*/s (SD) was found, (Fig. 2E), while the diffusion constant for
Alexa488-syntaxin 1A was determined to be 2.3+ 0.2pum?/s (SD) (Supplementary Fig. 1E). The deter-
mined diffusion constants of the lipids and syntaxin domains are in agreement with those determined
in freestanding membranes of GUVs*3® and black lipid membranes (BLMs)*. The smaller diffusion
constants of syntaxin 1-TMD and syntaxin 1A compared to the lipids complies with the expectation
taking the slightly larger molecular area and the transmembrane helix spanning both lipid leaflets of the
membrane into account. In conclusion, our results clearly demonstrate that the membrane components
are laterally mobile in the freestanding parts of the pore-spanning membranes, a prerequisite for the
formation of fusion active SNARE complexes.

Measuring the lipid and protein diffusion in membrane areas on the solid support, however, was not
feasible due to quenching of the fluorescence by the underlying gold layer (Fig. 2D, blue curve). The
question if the incorporated membrane components are mobile beyond the rims of the individual pores
was answered by fluorescence loss in photobleaching (FLIP) experiments. Here, the fluorescence was
bleached for a long time period in a region of interest on a pore-spanning membrane patch leading to a
loss of fluorescence in the entire membrane patch (Supplementary Fig. 2 and 3). This result demonstrates
that lipids and proteins can diffuse from one pore-spanning membrane to the other. However, a reduced
diffusion of the membrane components is expected in the membrane areas attached to the pore rims
compared to the freestanding parts. For example, Przybylo et al.** determined a more than two times
slower diffusion constant for lipids in solid supported membranes compared to diffusion constants found
in vesicles.
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Figure 2. Fluorescence micrographs of pore-spanning membranes composed of DOPC/POPE/POPS/
cholesterol (5:2:1:2) on a 6-mercapto-1-hexanol functionalized gold covered porous silicon nitride
surface. The images show fluorescence signals of (A) Atto488 DPPE, (0.01 mol%), (B) Atto647N-syntaxin 1
transmembrane domain (0.0055mol%) and (C) an overlay of (A) and (B). Scale bars: 3 pum. Autocorrelation
curves of the performed FCS measurements with excitation wavelengths of 488 nm (Atto488 DPPE, green,
D) and 633nm (Atto647N-syntaxin 1-TMD, red, E). The blue FCS curve in D was obtained on a gold
covered pore rim showing that the fluorescence of Atto488 DPPE is significantly quenched and hence, the
diffusion constant cannot be determined. Fitting eq. (4) to the autocorrelation curves provide diffusion
coefficients of 7.7 4+ 0.4 um?/s (SD) for Atto488 DPPE and 3.4+ 0.2um?/s (SD) for Atto647N-syntaxin
1-TMD. For Atto488-DPPE L was 200 nm, and for Atto647N-syntaxin 1A L was 250 nm. For each diffusion
constant, at least 20 pore-spanning membranes from three independent reconstitutions were analyzed.

Detection of SNARE-mediated single vesicle fusion events with pore-spanning mem-
branes. For the detection of single vesicle fusion events with pore-spanning membranes, suspended
membranes composed of DOPC/POPE/POPS/cholesterol (5:2:1:2) containing reconstituted preassem-
bled 1:1:1 syntaxin 1A-SNAP25a-synaptobrevin 2 (residues 49-96) complexes (1,000:1), termed the
AN-acceptor complex®, were prepared by GUV spreading. Large unilamellar vesicles were composed of
DOPC/POPE/POPS/cholesterol (5:2:1:2) with reconstituted full length synaptobrevin 2 (1,000:1) exhib-
iting a mean diameter of 325+ 20nm as determined by dynamic light scattering. The functionality of
the reconstituted SNARE proteins, i.e. the fusogenic activity and specificity of large unilamellar vesicles
(LUVs) with reconstituted synaptobrevin 2 and GUVs containing the AN-acceptor complex, was proven
by a standard bulk vesicle fusion assay (Supplementary Fig. 4).

Pore-spanning membrane patches of various sizes ranging from 10-150 pm in diameter were obtained
by GUV spreading as visualized by the Oregon Green DHPE fluorescence (Fig. 3A,a). For the detection
of single vesicle fusion events, membrane patches with a size larger than 40 x 40 pm? were selected on
the porous surface. After addition of full length synaptobrevin 2 containing LUVs doped with Texas
Red DHPE, time series for both lipid dyes were recorded simultaneously (Supplementary Movie 1).
A characteristic time series of movie frames of a single vesicle fusion event that basically captures all
observables in these experiments is depicted in Fig. 3. The time dependent fluorescence intensity changes
of Oregon Green DHPE and Texas Red DHPE upon docking and fusion of a single vesicle to the pla-
nar membrane was monitored by defining a region of interest (ROI, yellow colored circle in Fig. 3A,a)
around the center of mass of the docked vesicle and integrating the fluorescence intensity as a function
of time. The obtained time traces of the two fluorophores including all characteristic features of a single
vesicle fusion event are depicted in Fig. 3C. Prior to vesicle docking a low Texas Red DHPE (TR) and a
high Oregon Green DHPE (OG) fluorescence is observed (Fig. 3C,a) When a single vesicle approaches
the surface and docks, a sudden increase in TR fluorescence occurs, while the OG fluorescence remains
unaffected (Fig. 3C,b). Upon onset of fusion (Fig. 3C,c) the TR intensity shows a transient increase,
while concomitantly a small transient decrease in the OG fluorescence intensity is observed, which is
a result of the Forster resonance energy transfer (FRET) between the TR and OG dye as the lipids of
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Figure 3. (A) Time lapse series of fluorescence micrographs showing a single fusion event of a large
unilamellar vesicle containing full length synaptobrevin 2 with a pore-spanning membrane with
reconstituted AN-acceptor complex. (top) Oregon Green DHPE fluorescence of the pore-spanning
membranes; (bottom) Texas Red DHPE fluorescence of the vesicle. The yellow circles in (a) shows the
region of interest (ROI) that was used for reading out the time-resolved changes in the relative fluorescence
intensities depicted in (C); the white circles in the images highlight the region, where the vesicle docks and
fuses and only serves as a guide to the eye. Scale bar: 5um. (B) Schematic drawing of the postulated fusion
states at the time of image recording. Membranes are colored according to their incorporated fluorescent
dye. (C) Time resolved changes in the relative fluorescence intensity of Oregon Green DHPE (green)

and Texas Red DHPE (red) during the shown fusion event. Dashed blue lines serve as a guide to the eye
highlighting the distinct levels of intensity. Letters (a—f) correspond to the fluorescence images in (A). For
further details see text and Supplementary Fig. 7.

the outer leaflet of the vesicle (Texas Red DHPE) start mixing with the lipids of the outer leaflet of the
pore-spanning membrane (Oregon Green DHPE) (Fig. 3C,c). After this first transient changes of TR
and OG fluorescence, the TR fluorescence intensity drops to and then remains at an intensity that is
well above baseline level but lower than that of the originally docked vesicle. Simultaneously, an increase
in OG fluorescence intensity is observed. These fluorescence time traces can be explained with the for-
mation of an intermediate hemifused state (Fig. 3C,d). In the hemifused state, the outer leaflets merge,
while the inner leaflet of the TR-doped vesicle remains unaffected. Thus, after a first merger of the
outer leaflets, the TR fluorescence intensity drops to an intermediate intensity level, as Texas Red DHPE
lipids located in the outer leaflet of the vesicle diffuse into the pore-spanning membrane. Simultaneously,
Oregon Green DHPE lipids diffuse into the outer leaflet of the vesicle and move away from the porous
surface into the third dimension resulting in an increase in OG fluorescence intensity. The magnitude
of the observed OG fluorescence increase depends on the position of the fusing vesicle. Fig. 4 shows
two single fusion events at two different positions of the pore-spanning membrane. If the vesicle fuses
in the center of the pore-spanning membrane (Fig. 4A) only a small increase in fluorescence intensity
is observed as a result of the three dimensional vesicle structure atop the pore-spanning membrane at
the hemifusion state. From geometric considerations taking the average membrane area of the outer
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Figure 4. Time resolved changes in fluorescence intensity of Oregon Green DHPE (green) and Texas
Red DHPE (red) during (A) a fusion event occurring in the center of the pore-spanning membrane and
(B) occurring with a pore-spanning membrane attached to the pore rim. (C) Averaged Oregon Green
fluorescence image. The red dots mark the positions of the centers of mass of the docked vesicles. Scale bar:
4pm.

membrane leaflet of the vesicle (~0.3pm?) and the area of both leaflets of the pore-spanning membrane
in the ROI (~1.5pm?) into account, an OG intensity increase of about 20% is expected, which agrees
well with the observed increase in OG fluorescence (Fig. 4A). However, if the vesicle fuses at the pore
rim, where the OG fluorescence of the planar membrane is quenched owing to the close contact with
the underlying gold surface®’, the OG fluorescence gets significantly increased. This is a result of the
Oregon Green DHPE lipids diffusing into the outer leaflet of the vesicle with a dimension of several
hundred nanometers. As the OG lipids move significantly away from the gold covered surface, fluores-
cence quenching, which occurs at distances within about 15nm from the gold surface, becomes almost
zero®!. Instead de-quenching and surface-enhanced fluorescence is observed, which is found at tens of
nanometers beyond the range of quenching® resulting in an increase in OG fluorescence significantly
larger than the calculated 20% (Fig. 4B).
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As shown in Fig. 3C,d the OG fluorescence does not remain constant during the intermediate state
but slowly decreases. This is not always but frequently observed and is discussed in terms of a shrinkage
of the fusing vesicle (Fig. 3B,e). A similar behavior was observed by Yoon et al.'’. They monitored lipid
mixing of distinct vesicle pairs and found a stepwise process of lipid mixing throughout the course of
the fusion process, which they assigned to multiple intermediate states. Such intermediate states, i.e.
hemifusion and flickering of fusion pores allows lipid material to get slowly or stepwise released into the
pore-spanning membrane resulting in a shrinkage of the fusing vesicle. Shrinkage of synaptic vesicles
in living cells has also been observed in the process of repeated kiss-and run fusion*>*’. Upon fusion of
the inner membrane leaflets (Fig. 3,e), both fluorescent dye intensities drop to the baseline level (Fig. 3f)
indicating full fusion of both membranes.

The FRET in the OG fluorescence time traces (transient decrease in OG fluorescence) was only
observed in about 4% of the cases. It was mainly observed if large vesicles fuse, as in most cases the
time resolution was not sufficient to resolve the opposing effects of the FRET resulting in OG quenching
and diffusion of the OG molecules away from the gold surface, resulting in de-quenching and fluores-
cence enhancement. Based on the observed fluorescence time traces of OG and TR, we defined criteria
to distinguish between only docked vesicles, vesicles that remain in the hemifused state and those that
fully fuse (Supplementary Fig. 7).

The specificity of the single vesicle fusion events was verified by several control experiments. First,
GUVs were preincubated with the soluble SNARE binding motif of synaptobrevin 2 (residues 1-96) and
then spread to form pore-spanning membranes. These pore-spanning membranes did not produce any
efficient docking with full length synaptobrevin 2 containing LUVs (Supplementary Movie 2). Second,
in the absence of SNAP25a, no fusion was observed.

As the planar pore-spanning membranes consist of solid supported as well as freestanding membrane
areas, we further asked the question, if there is a preference for the vesicles to dock. A different behav-
ior is conceivable as the diffusion of the membrane components is expected to be reduced on the pore
rims. To analyze this, a grid was computed from the OG fluorescence of the pore-spanning membranes
showing the freestanding membrane areas (Fig. 4C). The center of mass positions of each individual
docked vesicle obtained by the particle tracking algorithm (see Methods) were then overlaid on this grid.
Evaluating 2030 docked vesicles revealed that 27% of the docked vesicles were positioned on the free-
standing membrane part that makes up 42% of the entire membrane, which is 64% of the theoretically
expected value assuming non-preferential docking. This preference for the vesicles to dock to the solid
supported membrane might be a result of increased van der Waals attraction at the gold covered pore
rims, which is further enhanced by the conformal contact of the vesicle at the slightly curved border
between rim and pore.

Detecting intermediate states of SNARE-mediated fusion. To obtain statistically meaningful
data, all vesicles docked onto the pore-spanning membranes were automatically detected by a tracking
algorithm, counted and the time traces of the fluorescence intensities were read out from the ROI with 3
pixels around the center of mass of each docked vesicle. As demonstrated in Fig. 3, three different states
of the vesicle can be distinguished (Fig. 5A-D, Supplementary Fig. 7). If the TR fluorescence intensity
increases in one step to a constant higher value while there is no change in OG fluorescence, the vesicle
has only docked (Fig. 5A, docking). The vesicle then either remains docked onto the membrane until the
end of the time series or detaches within the observation period indicated by a drop in TR fluorescence
intensity in one step to baseline level. Characteristic for the onset of a fusion event following docking
of the vesicle is in all cases a simultaneous decrease in TR and an increase in OG fluorescence intensity
even if the FRET peak of the OG fluorescence is not observable (Supplementary Fig. 7).

Generally, we distinguish three cases: i) If the TR fluorescence intensity decreases to an intermediate
level and does not reach the baseline level, while the OG fluorescence increases and remains high, the
vesicle arrests in an intermediate, presumably hemifused state (Fig. 5B, hemifusion). The vesicle can
proceed from the intermediate state to the fully fused state indicated by a simultaneous decrease in TR
and OG intensity to baseline level. ii) This can occur after the vesicle has been stalled in an intermediate
state for a while (Fig. 5C, full fusion) or iii) the vesicle proceeds within 1-2 frames (~2100-200ms) to a
fully fused state (Fig. 5D, full fusion).

We define the time period between vesicle docking and the onset of fusion as docking time (4,). The
time period between fusion of the outer membrane leaflet, i.e. hemifusion and the inner leaflet, i.e. full
fusion, is defined as hemifusion time (f;.,;) (Supplementary Fig. 7). Vesicles that were already docked at
the time when the analysis was started were not counted in docking time analysis.

For the statistical analysis, 2030 single vesicle events from 48 time series on individual membrane
patches and 10 different reconstitutions were analyzed. We distinguished those events that were observed
on the pore rims and those that were found on the freestanding parts of the pore-spanning membranes.
1492 docked vesicles (100%) were found on the pore rims and analyzed, from which 51% progressed
to fusion. 62% of the fusing vesicles proceeded to full fusion, while the remaining 38% stayed in an
intermediate hemifused state (Fig. 6A). Almost the same results were obtained for those events observed
on the freestanding membrane parts. From 538 docked vesicles (100%) on the freestanding parts of the
pore-spanning membranes, 47% progressed to fusion, while 53% remained in the docked state. 56% of
the fusing vesicles proceeded to full fusion, while 44% remained in the hemifused state (Fig. 6D). From
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Figure 5. left: Time resolved intensity courses of Oregon Green DHPE (green) and Texas Red DHPE
(red). (A) Docking of a vesicle, (B) hemifusion event, (C,D) full fusion events (C) with and (D) without
resolved hemifusion state. The dotted vertical lines illustrate the docking time (f4,4) and hemifusion time
(themi)- The horizontal dashed blue lines serve as guide to the eye highlighting the distinct levels of intensity.
right: Schematics of the scenarios envisioned at the end of the time series. For further details see also
Supplementary Fig. 7.

the vesicles that only docked, ¥ detached during the observation window of 300s, while % remained
docked during the entire time period. These results indicate that even though there might be a differ-
ence in the diffusion behavior of the membrane components within the freestanding pore-spanning
membranes and those on the pore rims, this does not considerably influence the ratios of the different
observed fusion states.

The negligible impact of the substrate on the fusion efficiency is also reflected in the results found
by Tamm and coworkers given that the membrane is sufficiently decoupled from the substrate'?!. They
reported that 43% of all docked vesicles fuse with a planar supported membrane that was detached from
the substrate by a polyethyleneglycole spacer to ensure lateral mobility of the SNAREs. This as well as our
detected efficiency is much larger than what has been observed by Fix et al.!. They found an efficiency
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Figure 6. Statistical analysis of the fusion events on the pore rim attached membranes (A-C) and on the
freestanding parts (D-F). (A,D) Number of vesicles that only dock, dock and fuse but stay in the hemifused
state and vesicles that fully fuse with the membrane. (B,E) Histogram of the docking time #;,.. The red lines
are results of fitting eq. (1) to the data. (C,F) Histogram of the hemifusion time #,,,;. The red line is the
result of fitting eq. (2) to the data.

of only 0.4% in the absence of Ca*", and 15% in the presence of Ca®*, even though Ca®" is not required
in the minimal fusion system as long as synaptotagmin is not present.

Kinetics of single fusion events. To shed some light on the fusion kinetics we followed a general
model proposed by Floyd et al'. In this model, the rate-limiting step from the docked state towards
the intermediate state is not a single, one-step transition but a series of N transitions between the initial
and the intermediate hemifused state with a single rate constant k, for each transition leading to eq. (1):

N, N-1

ki tioc
pdf(tdock) = —L_dodc exp{_kltdock}’

T'(N) (1)

with I'(N) being the gamma function. Using this expression to fit the dwell time distributions of docked
vesicles results in a rate constant of k; = 0.033 4= 0.003s~! (SD) with N= 1.9+ 0.2 for those fusion events
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A

Figure 7. Fluorescence micrographs of a pore-spanning membrane patch containing cholesterol-PEG,,-
(EIAALEK), (A) before and (B) after the addition of large unilamellar vesicles containing cholesterol-PEG,,-
(KIAALKE),. All 26 Texas Red DHPE doped vesicles, marked with white circles, have docked onto the pore-
spanning membranes at the end of the time series. Scale bars: 5pm.

occurring on the pore rims (Fig. 6B). Fitting eq. (1) to the data plotted in Fig. 6E results in a rate constant
of k;=0.035+0.005s"" (SD) and N=1.740.2. For those cases, where the docked vesicles progress to
full fusion, a second rate constant k, was determined using eq. (2):

n (themi) =Ny exp{_thhemi}a (2)

Fitting eq. (2) to the histogram (Fig. 6C) results in a rate constant of k,=0.2140.02s™! while k, was
determined to be 0.24 4 0.01s™! for the events detected on membranes on the freestanding part (Fig. 6F).
These results indicate that the time constants k; and k, are almost independent of the position, where the
vesicle docks and fuses on the pore-spanning membrane.

Comparison of SNARE-mediated fusion with SNARE fusion mimetics. To compare the results
of SNARE-mediated fusion with other SNARE mimetics and evaluate the influence of the planar
membrane geometry on the overall fusion efficiency, we performed the same experiments with two
well-established SNARE fusion mimetics*, i.e. the coiled coil forming lipidated peptides cholesterol-PE
G,,-(ETAALEK), and cholesterol-PEG,,-(KIAALKE),. Reconstituted into small unilamellar vesicles, the
two vesicle populations containing either cholesterol-PEG,,-(KIAALKE), or cholesterol-PEG,-(EIAA
LEK), fuse (Supplementary Fig. 5) as reported previously with very similar synthetic lipidated coiled
coil forming peptides®>*®. Next, cholesterol-PEG,,-(EIAALEK), was reconstituted into pore-spanning
membranes, while cholesterol-PEG,,-(KIAALKE), was reconstituted into LUVs using the exact same
conditions as reported for the SNAREs. Upon addition of the LUVs to the pore-spanning membranes,
vesicles dock onto the membrane (Fig. 7) and remain docked during the entire observation time. No
fusion events were observed. Altogether, we analyzed 5 different pore-spanning membrane patches from
two different membrane preparations and counted 159 docked vesicles. None of the docked vesicles fused
during the observation time. Docking of the vesicles was, however highly specific and did not occur
without the reconstitution of the lipopeptides demonstrating that the molecular recognition between the
peptide sequences, i.e. the formation of a coiled coil structure takes place.

Discussion

We successfully established a fusion assay based on solvent-free pore-spanning membranes to monitor
protein-mediated fusion events on the single vesicle level. As a proof-of-concept, SNARE-proteins have
been chosen to be reconstituted as they are well established to readily fuse membranes®. Even though
a number of in vitro fusion assays have been developed that allow for the detection of single vesicle
fusion events'®!*-16, they all rely on solid substrates, which can greatly influence the observed fusion
process. If the lipid bilayer is directly attached to the solid substrate, SNARE-mediated fusion events
were even observed in the absence of SNAP25'", although numerous in vivo and in vitro experiments
have established that SNAP25 is an essential component of the SNARE-complex in the target membrane
to catalyze fusion>'#*3%°. Only if the membrane is decoupled from the substrate, SNAP25 dependent
fusion has been reported!*. These results clearly demonstrate that the support of a membrane can greatly
influence the fusogenicity and specificity of the entire system. In our setup, we only observed SNAP25
dependent fusion events. No significant interaction of full length synaptobrevin 2 doped LUVs with
pore-spanning membranes containing only syntaxin 1A but lacked SNAP25a and the C-terminal soluble
fragment of synaptobrevin 2 (residues 49-96) were monitored. In contrast to substrate decoupled solid
supported membranes, planar pore-spanning bilayers have the advantage to provide sufficient space for
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the additionally incoming lipid material, as both leaflets face an aqueous compartment and thus the
membrane can be positioned in the third dimension®.

Another important aspect that needs to be taken into consideration if a fusion assay is established is
membrane curvature. From the comparison of the SNARE-mediated fusion with that of SNARE mimet-
ics, it becomes clear that even though highly curved SUVs doped with the lipopeptides fuse, LUVs do
not fuse with a planar pore-spanning membrane indicating that membrane curvature strongly influences
the fusion efficiency®. This has likewise been observed for other SNARE mimetics®"*2. Curvature might
also explain, why the lifetime of the docked vesicles is by a factor of roughly 1000 larger compared to
experiments performed on solid supported membranes with SUVs of a mean diameter of 40nm'. In
our assay we used LUVs with a mean diameter of 325nm, which are thermodynamically much more
stable®, to be able to better resolve each individual vesicle. This notion is corroborated by bulk fusion
assays, where the kinetics of fusion is also greatly influenced by the size of the vesicle population, i.e.
larger vesicles result in slower fusion kinetics**-°. Moreover, if LUV instead of SUVs are fused with solid
supported membranes, the docking time is also significantly increased®.

Besides membrane curvature®, there are a number of other parameters that are debated in literature
to influence the fusion kinetics. The number of SNAREs is controversially discussed and ranges from one
to 15 complexes'#”-6!. Hernandez et al.>° recently stated that the actual number of complexes strongly
depends on the vesicle size. They found even 23-30 SNARE complexes for >80 nm vesicles, while only
three are required in case of small 40 nm sized vesicles.

Another aspect is the lateral membrane tension that has been shown to influence the fusion process
including the different fusion states®>-%. Even though it is known that the lateral tension of plasma mem-
branes is generally smaller® than those found for pore-spanning membranes®*?, the local membrane
tension at the sites of fusion is not known. It is, however accepted that the cell is capable of regulating
vesicle trafficking by plasma membrane tension. While exocytosis is stimulated by high membrane ten-
sion, endocytosis stimulated by low membrane tension, increases it’. The pore-spanning membrane
system allows to modulate the lateral membrane tension by modifying the surface functionalization®,
which might pave the way for analyzing fusion processes as a function of membrane tension.

In conclusion, the presented membrane fusion system provides several advantages over estab-
lished fusion assays and is capable of mimicking the natural situation of SNARE-mediated fusion. By
time-resolved dual color fluorescence microscopys, it allows resolving individual steps during the fusion
process, i.e. docking, intermediate states and full fusion. While the Texas Red DHPE time traces alone
provide information similar to lipid dequenching assays®?, the Oregon Green DHPE time traces further
support the different fusion states and can provide additional information about a retarded diffusion of
lipids®” through the proposed stalk or the formation of flickering fusion pores®. Thus, we believe that
our system will enable us to quantitatively analyze fusion processes mediated by proteins and mimetics
of those and that it will pave the way to bring together in vitro and in vivo results.

Methods

Materials. Porous silicon substrates were received from fluXXion B.V. (Eindhoven, NL).
DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), POPE (1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine), and POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine),
were purchased from Avanti Polar Lipids (Alabastar, AL, USA). Texas Red DHPE (Texas Red
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt), cholsterol as well as
6-mercapto-1-hexanol were obtained from Sigma-Aldrich (Tautkirchen, Germany). Oregon Green 488
DHPE (Oregon Green 488 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine) and Atto488 DPPE
(Atto488 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine) were purchased from Molecular Probes
(Eugene, OR, USA). KK114 labeled 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE-KK114)
was kindly provided by Vladimir Belov (Max-Planck-Institute for Biophysical Chemistry, Gottingen,
Germany)®. The syntaxin 1A transmembrane domain was synthesized using Fmoc solid phase pep-
tide synthesis** and kindly provided by the Diederichsen group (University of Gottingen, Germany).
The lipopeptides cholesterol-PEG,,-(KIAALKE), and cholesterol-PEG ,-(EIAALEK), were synthesized as
described previously*.

Protein expression and purification. All hexahistidine tagged SNARE proteins from Rattus nor-
vegicus, i. e. synaptobrevin 2 (residues 1-116, full-length), synaptobrevin 2 (residues 1-96, soluble SNARE
binding motif), synaptobrevin 2 (residues 49-96, soluble C-terminal fragment), syntaxin 1A (residues
183-288), SNAP25a (residues 1-206, with all cysteine residues replaced by serine residues) were recom-
binantly expressed in transformed Escherichia coli cells (strain BL21(DE3)) containing the bacterial
pET28a expression vector®. Purification of the hexahistidine-tagged proteins was carried out as described
previously>>* using a Ni*"-nitrilotriacetic acid affinity chromatography followed by ion exchange chro-
matography (MonoQ for syntaxin 1A and SNAP25a, MonoS for synaptobrevin and derivatives, Akta
purifying system, GE Healthcare) after cleavage of the hexahistidine tag by thrombin. For the purifica-
tion of syntaxin 1A and full-length synaptobrevin 2, 1% (w/v) of the detergent CHAPS was added to the
buffer. The ternary SNARE complex composed of syntaxin 1A, synaptobrevin 2 (residues 49-96, soluble
C-terminal fragment), and SNAP25a, called AN-acceptor complex, was assembled by mixing the three
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purified proteins with an excess of SNAP25a (1:1:1.5) in presence of 1% CHAPS. After incubation over
night at 7°C, the AN-acceptor complex was purified by MonoQ ion exchange chromatography.

SNARE and SNARE mimetics reconstitution into vesicles. Small unilamellar vesicles containing
SNAREs or the lipopeptides were formed upon detergent removal from a micellar protein/lipid/deter-
gent mixture using size exclusion chromatography as described previously®. Lipids (DOPC/POPE/POPS/
cholesterol, 5:2:1:2, 0.465mg total) were mixed from stock solutions in chloroform and dried under a
stream of nitrogen. Residual solvent was removed in vacuum (1 hour). The lipid films were solubilized
in 50 pL buffer A (20mM HEPES, 100mM KCl, 1 mM dithiothreitol (DTT), pH 7.4) containing 100 mM
n-octyl-3-D-glucopyranoside. After addition of either syntaxin 1A, the AN-acceptor complex, or either
cholesterol-PEG,,-(KIAALKE), or cholesterol-PEG-12-(EIAALEK), in buffer A with 1% CHAPS to
reach a lipid-to-protein ratio of 1,000:1, the mixture was incubated for 0.5hours on ice. Detergent was
removed by size exclusion chromatography on a Sephadex G25 column (Illustra NAP-25, GE Healthcare)
equilibrated in buffer A resulting in small unilamellar vesicles™.

To form large or giant unilamellar vesicles, multilamellar lipid films were formed from the resulting
vesicle suspensions. First, the vesicle suspension was concentrated in a vacuum centrifuge (Eppendorf
concentrator 5301) to a volume of about 75pl and loaded onto a Sephadex G25 column equilibrated
in ultrapure water to remove residual detergent and salts. After again concentrating the suspension to
100pL in a vacuum centrifuge, the suspension was dried overnight at 7°C in a desiccator over saturated
sodium chloride solution (76% relative humidity). For the formation of large unilamellar vesicles (LUVs),
the described drying process was performed in a glass test tube, while the electroformation of giant uni-
lamellar vesicles (GUVs) required the drying process to be performed on indium tin oxide (ITO) slides.

To produce LUVs, the proteolipid film was incubated with buffer A for 30 minutes and subsequently
vortexed three times every 5 minutes. The suspension was then passed 31 times through a polycarbonate
membrane with a nominal pore diameter of 1000nm using a miniextruder (LiposoFast-Basic, Avestin,
Ottawa, CA, USA). Vesicle sizes were determined to be 325+ 20nm by dynamic light scattering. For
electroformation of GUVs, the proteolipid-covered ITO slides were assembled to form a chamber, which
was filled with 200mM sucrose solution. To grow the GUVs, a sinusoidal voltage (1.6 V,,.,, 12Hz) was
applied for 3hours. Functional SNARE and SNARE mimetic reconstitution into LUVs and GUVs was
proven by a standard bulk fusion assay (Supplementary Information).

Preparation of pore-spanning membranes. The top surface of porous silicon nitride substrates
with pore diameters of 1.2pm was first coated with titanium using a sputter coater (15s, 40mA,
Cressington sputter coater 108auto, Elektronen-Optik-Service, Dortmund, Germany) and subsequently
with a gold layer (30 nm) in an evaporation unit under high vacuum with a deposition rate of 0.5-1nm/s
(Bal-Tec Med 020, Balzers, Liechtenstein). The gold surface was functionalized by chemisorption of
6-mercapto-1-hexanol at 8°C overnight using a 0.1 mM solution in n-propanol. Afterwards, the sub-
strates were rinsed with n-propanol and buffer A to be mounted in a Teflon chamber filled with 3mL
buffer A. The GUV suspension (25pL) was added directly onto the porous substrate and incubated for
30 minutes at room temperature. After rinsing, bilayer formation was monitored by fluorescence micros-

copy.

Fluorescence correlation spectroscopy (FCS). For FCS measurements, GUVs composed of
DOPC/POPE/POPS/cholesterol, 5:2:1:2 with fluorophore concentrations of 1:10,000 (dye/lipid) for
KK114-DPPE and 1:500 (peptide/lipid) for Alexa488-syntaxin 1A were used. These GUVs were spread
on functionalized porous silicon substrates to obtain pore-spanning membranes as described. For fluo-
rescence imaging of pore-spanning membranes, a confocal beam-scanning microscopy setup with pulsed
two color excitation pulsed-diode lasers (PicoQuant, Berlin, Germany) at 488 nm (pulse length: 80 ps)
and 633nm (pulse length: 80 ps) was used. Emission filters were 540 4= 20 nm for the green channel and
670+ 30nm for the red channel. We used a 100x oil immersion objective (NA = 1.42, Leica, Wetzlar,
Germany), and avalanche single photon counting detectors (APD, SPCM-AQR-13-FC, Perkin Elmer
Optoelectronics).

To study the dynamics of syntaxin 1A and the lipids in the pore-spanning membranes, we applied
FCS. From the time resolved fluorescence intensity traces F(t) the autocorrelation function G(7) is cal-
culated (eq. (3)):

(6F (t) - 6F (t + 7))
(F (1)) ’ (3)

where F is the fluorescence intensity, t the time, §F(f) the temporal fluorescence intensity fluctuations,
and 7 the lag time; the angular brackets refer to time averaging. Since we monitor lateral diffusion in the
plane of the membrane, a two-dimensional diffusion model was fitted to the autocorrelation function

(eq. (4)):

G(r) =
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S
¢ m(l—i—TLD) 1+1_PPTT )

where m is the average number of fluorescently labeled molecules in the detected volume and p is the
fraction of labeled molecules, which convert to the dark triplet state. 7, is the average transit time of
molecules moving through the observation volume and 7 is the average time the labeled molecule
remains in the triplet state. From the diffusion time 7, we obtain the diffusion coefficient D (eq. (5)):

12
™= T o
In(2)-8-D (5)
where L is the lateral width of the focal detection volume at half maximum fluorescence intensity. For
Alexa488-syntaxin 1A L was 200nm, and for KK114-DPPE L was 250 nm. For each diffusion constant,
at least 20 pore-spanning membranes from three independent reconstitutions were analyzed.

Confocal laser scanning fluorescence microscopy imaging. An upright confocal laser scanning
microscope (Zeiss LSM 710, Zeiss, Jena, Germany) equipped with a water immersion objective with
63x magnification (NA = 1.0, Zeiss, W Plan-Apochromat) was used for fluorescence imaging. A 488 nm
argon-laser was used to excite both, the red and the green fluorescent dye simultaneously. Emission light
was spectrally separated and collected by photo multiplier tubes for Oregon Green and Atto488 in the
range of 500-560 nm and for Texas Red at 600-680 nm.

Single vesicle fusion detection and data analysis. For monitoring fusion events of single vesi-
cles with pore-spanning membranes, images of 256 X 256 pixels? related to an area of 40 x 40 um? were
recorded with a time resolution of about 120 ms/frame over a period of 300s (2500 images) after the
addition of 0.5pl vesicle suspension to the pore-spanning membrane. To automatically detect the single
vesicle fusion events, a global threshold was subtracted from the red channel intensity to locate the
vesicles diffusing in proximity to the pore-spanning membrane with a minimum size of two pixels. The
individually numbered particles were followed by a particle-tracking algorithm. At the position, where
the vesicle remains fixed on the membrane surface, i.e. the vesicle has been docked to the membrane, a
region of interest (ROI) with a radius of 3 pixels was defined around the center of mass of the particle
and the intensity of the red and the green channel in the ROI was integrated and read out as a function of
time. The generated time-resolved fluorescence intensity traces were used to analyze the individual fusion
events. Resulting histograms for docking and hemifusion times were statistically corrected to account for
the finite time window of data acquisition according to eq. (6):

o=

¢ T—1t) (6)
with # the originally determined events, n, the corrected ones and T, the time window of data acquisition
(308s).
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