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Abstract
Neuronal fusion mediated by soluble N-ethylmaleimide-sensitive-factor attachment protein receptors (SNAREs) is a funda-
mental cellular process by which two initially distinct membranes merge resulting in one interconnected structure to release 
neurotransmitters into the presynaptic cleft. To get access to the different stages of the fusion process, several in vitro assays 
have been developed. In this review, we provide a short overview of the current in vitro single vesicle fusion assays. Among 
those assays, we developed a single vesicle assay based on pore-spanning membranes (PSMs) on micrometre-sized pores 
in silicon, which might overcome some of the drawbacks associated with the other membrane architectures used for inves-
tigating fusion processes. Prepared by spreading of giant unilamellar vesicles with reconstituted t-SNAREs, PSMs provide 
an alternative tool to supported lipid bilayers to measure single vesicle fusion events by means of fluorescence microscopy. 
Here, we discuss the diffusive behaviour of the reconstituted membrane components as well as that of the fusing synthetic 
vesicles with reconstituted synaptobrevin 2 (v-SNARE). We compare our results with those obtained if the synthetic vesicles 
are replaced by natural chromaffin granules under otherwise identical conditions. The fusion efficiency as well as the different 
fusion states observable in this assay by means of both lipid mixing and content release are illuminated.
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Introduction

Neuronal fusion and SNAREs

In eukaryotic cells, synaptic vesicle fusion is one of the piv-
otal steps during neuronal signal transduction (Brose et al. 
2019). An incoming action potential causes the influx of 
Ca2+ ions triggering the fusion of synaptic vesicles with the 
neuronal presynaptic membrane thus releasing neurotrans-
mitters into the synaptic cleft (Fig. 1a). At the active zone 
of the synaptic bouton, numerous proteins are found being 
involved in the exocytosis process (Wilhelm et al. 2014). 

Among them, the soluble N-ethylmaleimide-sensitive-fac-
tor attachment protein receptors (SNAREs, Fig. 1) are the 
main players providing the driving force for docking and 
fusion of a synaptic vesicle with the presynaptic membrane. 
The neuronal SNAREs that build up the minimal fusion 
machinery (Weber et al. 1998) are syntaxin 1A (Bennett 
et al. 1992) anchored by its transmembrane domain in the 
presynaptic (target) membrane (t-SNARE) together with 
SNAP-25 (t-SNARE) (Oyler et al. 1989), which is periph-
erally attached to the target membrane via palmitoyl side 
chains covalently bound to cysteine amino acid residues, and 
synaptobrevin 2 (v-SNARE) (Baumert et al. 1989) localised 
in the vesicle membrane.

Without complex formation, SNAREs are unstructured 
monomers (Fasshauer et  al. 1997). However, the three 
SNAREs are capable of forming a stable trans-SNARE 
complex independent of the other proteins that are involved, 
such as Munc18, synaptotagmin 1 (Syt), α-SNAP and NSF 
to name just a few (Söllner et al. 1993). This trans-SNARE 
core complex was predicted to be a coiled coil structure 
(Chapman et al. 1994; Hao et al. 1997; Hayashi et al. 1994) 
formed via the SNARE motifs with a length of around 60 
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amino acids (Jahn and Südhof 1999; Weimbs et al. 1997) 
(Fig. 1b), which was confirmed by the crystal structure 
(Sutton et al. 1998). The crystal structure further showed 
a specific hydrophilic interaction between three glutamine 
residues (Q) (syntaxin 1A and SNAP-25) and one arginine 
residue (R) (synaptobrevin 2), which was named the zero 
ionic layer. This observation led to a reclassification of the 
SNAREs in Q- and R-SNAREs (Fasshauer et al. 1998). It 
was hypothesised that the SNARE complex is formed via a 
“zippering” mechanism (Hanson et al. 1997; Harbury 1998; 
Lin and Scheller 1997), which was later on specified as an 
N- to C-terminal “zippering” (Li et al. 2014; Pobbati et al. 
2006). “Zippering” of the SNAREs forces the vesicular and 
target membrane into close proximity, which leads to fusion. 
The complex formation provides the required energy release 
needed to overcome the energy barrier that is given by repul-
sive interactions occurring if the membranes come in close 
proximity (Fasshauer 2003). After fusion, the SNARE core 
complex remains in the cis-configuration until the proteins 

are recycled into their original states (Jahn and Fasshauer 
2012).

In vitro fusion assays

Even though quite a number of studies have been performed 
to elucidate the neuronal fusion process, leading to a num-
ber of proposed fusion intermediates (Marsden et al. 2011), 
there is still a huge demand in developing suitable fusion 
assays to draw a comprehensive and consistent picture of the 
fusion process. Besides in vivo assays, in the last decades, 
numerous in vitro assays were established to characterise the 
SNAREs, elucidate the SNARE core complex and the fusion 
process as well as their intermediates.

The first reported in vitro bulk assay to detect SNARE-
mediated membrane fusion was developed by Weber 
et al. (1998). Based on Förster resonance energy transfer 
(FRET) as reported by Struck et al. (1981), lipid mixing 
between two vesicle populations, defined as membrane 
fusion, was measured. In this bulk assay, the t-SNAREs 
syntaxin 1A/SNAP-25 and the v-SNARE synaptobrevin 
2 were reconstituted into small and/or large unilamellar 
vesicles. Two different approaches were pursued to meas-
ure lipid mixing: (i) The membrane of one vesicle popula-
tion is labelled with a FRET pair, whereas the other one is 
unlabelled. If lipid mixing occurs, the distance between the 
fluorophores of the FRET pair increases due to dilution and 
thus, the donor fluorescence increases (dequenching). (ii) 
Each membrane of the two vesicle populations is doped with 
one of the fluorophores forming the FRET pair. If lipid mix-
ing takes place, the acceptor fluorescence increases owing 
to the now occurring FRET. Besides lipid mixing, also 
content mixing assays (van den Bogaart et al. 2010) can be 
performed in bulk, providing additional information about 
whether hemifusion or full fusion has occurred. However, 
even though these assays deliver data about fusion efficien-
cies and average fusion kinetics, several information cannot 
be read out such as complex fusion intermediates or kinetic 
aspects such as docking lifetimes. Moreover, in some assays, 
vesicle aggregation and bursting cannot be readily distin-
guished from vesicle fusion.

Therefore, single vesicle-vesicle assays have been devel-
oped to resolve individual fusion events and thus, get access 
to fusion intermediates, their formation and the kinetics. To 
setup these assays, one vesicle containing either t-SNAREs 
or v-SNAREs is immobilised via polyethylene glycol(PEG)/
PEG-biotin-neutravidin on a glass substrate and the other 
vesicle (t-SNAREs or v-SNAREs) is added from solution 
and fusion is detected by total internal reflection fluorescence 
(TIRF) microscopy. Several studies showed lipid mixing by 
labelling each vesicle population with a donor and accep-
tor fluorophore and detecting the FRET efficiency (Diao 
et al. 2010, 2012; Kyoung et al. 2011; Yoon et al. 2006). 

Fig. 1   a Ca2+-triggered synaptic membrane fusion. To transmit the 
incoming electric signal to the next neuron, neurotransmitters have 
to be released into the synaptic cleft. Therefore, target-SNAREs 
(syntaxin 1A (Syx) and SNAP-25) and the vesicle-SNARE (synapto-
brevin 2 (Syb)) form the SNARE core complex enabling the fusion 
of the synaptic vesicle containing the neurotransmitter with the pre-
synaptic membrane. Other proteins that control the fusion processes 
are also involved such as synaptotagmin 1 (Syt) and Munc18. b 
SNARE core complex. The mainly hydrophobic interaction between 
the helices of the three SNAREs leads to a coiled coil structured 
complex with a main site of interaction termed the zero ionic layer 
(PDB:3HD7)
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Alternatively, only one vesicle population was labelled with 
a lipid analogue fluorescent dye in self-quenched concentra-
tion and an increase in fluorescence intensity was observed 
upon fusion (Kyoung et al. 2011). However, even though 
these lipid mixing assays provide information about the 
intermediate states of the fusion process and their kinet-
ics, vesicle bursting as an underlying artefact of the signal 
could not be ruled out. Hence, content mixing was added 
to the assay by entrapping complementary labelled/unla-
belled DNA strands into the vesicles (Diao et al. 2010, 2012; 
Kyoung et al. 2011) or a water-soluble fluorescent dye in one 
vesicle population (Kyoung et al. 2011). From the read out 
of the fluorescence signals, one could conclude that content 
mixing occurred. In these studies, the fusion kinetics turned 
out to be faster than those observed in bulk assays.

Both bulk fusion assays as well as single vesicle-vesi-
cle assays are based on two highly curved vesicle popula-
tions fusing with each other. Such vesicle-vesicle assays 
can suffer from this non-physiological geometry. At the 
presynaptic site, a highly curved synaptic vesicle fuses 
with a rather planar presynaptic membrane. Hernandez 
et al. (Hernandez et al. 2014) have shown that if two vesi-
cles fuse, the vesicle size i.e., the curvature of the mem-
branes, greatly influences the number of SNAREs required 
for maximum lipid mixing. Considering the geometry at 
the presynaptic site, it would be much more desirable to 
establish a system with a planar bilayer geometry to which 
a single vesicle can fuse. Of course, this approach does 
not rule out the presence of proteins inducing local mem-
brane curvature such as synaptotagmin (Hui et al. 2009; 
McMahon et al. 2010). To develop such a fusion assay, 
planar supported lipid bilayers (SLBs) with reconstituted 
t-SNAREs have been exploited, which were produced by 
direct vesicle adsorption and fusion to the planar substrate. 
Unlabelled SLBs containing the t-SNAREs, to which 
labelled proteoliposomes (v-SNARE) were added, were 
analysed by TIRF microscopy to observe fusion. However, 
the initial attempts of single-vesicle fusion to planar sup-
ported bilayers resulted in SNAP-25-independent fusion 
reactions (Bowen et al. 2004; Liu et al. 2005) and were 
Ca2+-dependent even though the system lacked synap-
totagmin (Fix et al. 2004). With a content release assay, 
Wang et al. (2009) found that vesicles rather ruptured 
than transferred their content across the target membrane. 
These observations might be explained by the reduced 
protein mobility in SLBs (Brunger et al. 2015) as a result 
of short-range interactions between the proteins and the 
support (Kyoung and Sheets 2008). To increase the mem-
brane-support distance, Karatekin et al. (2010) produced 
planar membranes via direct vesicle adsorption and fusion 
but included a polymer cushion between the membrane 
and the support. They labelled the SLBs containing syn-
taxin 1A and SNAP-25 to investigate the heterogeneity 

and fluidity of the membrane before fusion. To this mem-
brane, synaptobrevin 2-containing vesicles were added by 
a microfluidic flow system.

Tamm and co-workers used a different approach to build 
up the supported bilayer. They produced SNARE-contain-
ing lipid bilayers by a two-step Langmuir–Blodgett/vesicle 
fusion procedure (Domanska et al. 2009) and reconsti-
tuted a preassembled SNARE complex (ΔN49 complex) 
(Pobbati et al. 2006) composed of syntaxin 1A, SNAP-25 
and a fragment of synaptobrevin 2 (aa 49–96). Lipid mix-
ing with synaptobrevin 2-doped vesicles occurred within 
tens of milliseconds. With this assay in hand, the group 
was able to analyse in great detail the docking and fusion 
efficiencies and their kinetics as a function of the lipid 
composition (Domanska et al. 2010; Kiessling et al. 2010; 
Kreutzberger et al. 2016). They extended their system also 
to a content release assay, in which the content from a 
vesicle with an entrapped soluble dye was released into the 
small cleft between the substrate and the SLB (Kiessling 
et al. 2010; Kreutzberger et al. 2015).

As there are a number of drawbacks associated with 
current state-of-the-art membrane architectures used to 
investigate fusion processes, there is still a demand for 
improved and alternative systems overcoming these disad-
vantages. It is desirable to establish a planar and continu-
ous lipid bilayer with laterally mobile membrane compo-
nents that is long-term stable and provides large second 
aqueous compartments underneath the target membrane 
that can take up the vesicle’s content. If these membranes 
are accessible to microscopy techniques, they would allow 
for the detection of single vesicle fusion events in a geom-
etry that nicely resembles the situation occurring at the 
presynaptic membrane. One alternative membrane system 
to SLBs that might suffice these requirements are pore-
spanning membranes (PSMs) (Mey et al. 2012; Reimhult 
and Kumar 2008; Warkiani et al. 2013; Zagnoni 2012). 
For a short summary of the common fusion assays found 
in literature along with seminal references, the reader is 
referred to Table 1.

Table 1   Summary of selected in vitro fusion assays discussed in the 
paragraph “in vitro fusion assays” using neuronal SNAREs

Model system Literature

Bulk assay Weber et al. (1998)
Adhered vesicle + vesicle Yoon et al. (2006)
SLB + vesicle Fix et al. (2004)
Langmuir-SLB + vesicle Domanska et al. (2009)
PEG-SLB + vesicle Karatekin et al. (2010)
PSM + vesicle Schwenen et al. (2015)
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Pore‑spanning membranes (PSMs)

PSMs have been shown to be mechanically robust and 
long-term stable (Römer et al. 2004), and the lipids in the 
PSMs are laterally mobile (Spindler et al. 2018; Weiskopf 
et al. 2007). As they are deposited on an open pore array, 
the membranes are accessible from both sides and provide 
enough space for the incoming lipid material during the 
fusion process (Höfer and Steinem 2011), while the aque-
ous space on either side of the membrane mimics more 
closely the in vivo conditions. To produce PSMs with the 
ability to reconstitute proteins, a method was developed 
based on spreading giant unilamellar vesicles (GUVs) on 
functionalised porous substrates (Fig. 2a). Si/Si3N4 or Si/
SiO2 substrates with micrometre-sized pores arranged in a 
hexagonal array and a typical surface porosity of 35–40% 
are used. Figure 2b shows a scanning electron micrograph 
of a porous silicon substrate with pore diameters of 1.2 μm. 
The top part of the porous substrate is functionalised with 
a thin 30–40 nm gold layer, onto which 6-mercaptohexanol 
(6-MH) can be chemisorbed rendering the surface hydro-
philic. This functionalisation allows individual GUVs to 
spread and form PSMs (Kaufeld et al. 2015; Kocun et al. 
2011; Mey et al. 2012; Schütte et al. 2017). The resulting 
PSM patches with the size of the area of a single GUV 

(Fig. 2c) have a symmetric lipid composition and float on 
a thin aqueous layer ensuring high lateral mobility of the 
lipids. To define the lipid composition and to reconstitute 
proteins such as SNAREs into PSMs, GUVs with the cor-
responding membrane composition need to be produced, 
which can be a bottle-neck of the procedure. If fluorescently 
labelled lipid dyes are inserted into the GUVs, the resulting 
PSMs can be readily visualised by confocal fluorescence 
microscopy using an upright microscope.

A typical fluorescence micrograph of a PSM doped with 
a green fluorescent dye is shown in Fig. 2c. The fluorescence 
micrograph shows regions of high fluorescence intensity, 
which are membranes that span the pores (freestanding 
PSMs, f-PSMs), while the lipid fluorescence is quenched on 
the gold-coated supported parts (supported PSMs, s-PSMs) 
(Acuna et al. 2012; Chi et al. 2008).

Single vesicle fusion experiments on PSMs

For a fusion experiment, the minimal machinery of neuronal 
fusion is reconstituted into the membranes. The SNAREs 
(t-SNAREs) syntaxin 1A and SNAP-25a (“a” indicates 
that all cysteine residues are mutated to serine residues) 
are reconstituted into the PSMs, while synaptobrevin 2 
(v-SNARE) is reconstituted into the vesicles. This arrange-
ment resembles the geometric membrane situation at the 
presynaptic site. In our studies, we use the preassembled 
syntaxin 1A/SNAP-25a/synaptobrevin 2 (residues 49–96) 
complex (1:1:1) termed the ΔN49 complex (Pobbati et al. 
2006) (Fig. 3) as also used in the studies on SLBs by the 
Tamm group (Domanska et al. 2009). To analyse whether 
the SNAREs are reconstituted into PSMs and are laterally 
mobile, first fluorescently labelled syntaxin derivatives 
were used, namely Atto647N (Atto647N-syntaxin 1-trans-
membrane domain (TMD) and syntaxin 1A labelled with 
Alexa488 via a cysteine residue (Alexa488-syntaxin 1A). 
Both the fluorescence of the Atto647N-syntaxin 1-TMD and 
that of Alexa488-syntaxin 1A were observed in the f-PSMs 
indicating successful reconstitution of the transmembrane 
peptides in the bilayers (Schwenen et al. 2015). Whereas 
the fluorescence intensity of Atto647N-syntaxin 1-TMD was 
fully homogeneous throughout the f-PSMs, the fluorescence 
of Alexa488-syntaxin 1A was slightly inhomogeneous.

In literature, it is described that syntaxin 1A tends to clus-
ter, driven by homotypic protein–protein interactions (Milo-
vanovic et al. 2015; Milovanovic and Jahn 2015; Sieber 
et al. 2006, 2007). Prerequisite for the formation of a fusion 
complex during fusion of a vesicle with the planar bilayer 
is the lateral mobility of the proteins in the plane of the 
PSMs. By means of fluorescence correlation spectroscopy, 
we determined the diffusion constants of the transmembrane 
peptides. The results clearly demonstrated that the peptides 
are mobile in the f-PSMs (Schwenen et al. 2015). While 

Fig. 2   a Schematic drawing of the preparation procedure of a PSM 
on a gold/6-mercaptohexanol-functionalised porous silicon substrate. 
b Scanning electron micrograph of a porous silicon substrate with 
pore diameters of 1.2  μm. Scale bar: 1  μm. c Fluorescence micro-
graph of a PSM patch composed of DOPC/POPE/POPS/cholesterol 
(5:2:1:2) and doped with OregonGreen-DHPE. Scale bar: 20  μm. 
Adapted from (Schwenen et al. 2015)
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for Atto647N-syntaxin 1-TMD, a diffusion constant in the 
f-PSMs of 3.4 ± 0.2 µm2/s was determined, Alexa488-syn-
taxin 1A exhibited a diffusion constant of 2.3 ± 0.2 µm2/s 
in the f-PSMs in good agreement with diffusion constants 
found for syntaxin 1A in GUVs (Bacia et al. 2004).

As we observed a fluorescence inhomogeneity in case of 
syntaxin 1A, we asked the question, whether the reconsti-
tuted ΔN49 complex is also inhomogeneously distributed 
within the PSMs. To illuminate this aspect in more detail, 
we labelled the ΔN49 complex using a synaptobrevin 2 frag-
ment (aa 49–96) that harboured a S79C mutation (ΔN49-
Atto488). The single cysteine residue was labelled with 
Atto488 maleimide and then assembled with syntaxin 1A 
and SNAP-25a. After reconstitution into GUVs and spread-
ing onto the porous substrates, fluorescence micrographs 
were taken (Fig. 4a/b). While the lipids were homogene-
ously distributed within the f-PSMs (Fig. 4a/b, I), the ΔN49 
complex was found to be either homogeneously distrib-
uted (Fig. 4a, II) or it was more localised at the pore edges 
(Fig. 4b, II).

One explanation for this finding could be the topography 
of the PSMs. PSMs are not completely flat but bend at the 
pore edges as has been visualized by scanning ion conduct-
ance micrographs (Böcker et al. 2009; Schütte et al. 2017). 
This bend membrane structure results from the interaction 
between the lipids of the bilayer and the 6-mercaptohex-
anol self-assembled monolayer (6-MH SAM) on the gold 
surface (Fig. 3a). In the centre of the pore, the PSMs are 
flat presumably as they experience a certain pre-stress in 

the mN/m-range (Janshoff and Steinem 2015; Kocun et al. 
2011; Kuhlmann et al. 2014). It is well conceivable that this 
membrane geometry, as well as the broad distribution of 
the ΔN49 complex concentration in the individual GUVs 
(Mühlenbrock et al. 2020) influence the observed differences 
in the protein distribution.

Once the PSMs with reconstituted ΔN49 complex are 
established, synaptobrevin 2-doped vesicles labelled with a 
red fluorescent dye can be added to observe single vesicle 

Fig. 3   a Schematic drawing of 
the fusion setup (not drawn to 
scale). b Three-dimensional 
representation of the PSM with 
reconstituted t-SNAREs to 
which lipid-labelled vesicles 
containing the v-SNAREs 
are docked (left). The fluo-
rescence micrograph (right) 
shows a PSM composed of 
DOPC/POPE/POPS/choles-
terol (5:2:1:2) labelled with 
Atto488-DPPE and doped with 
the ΔN49 complex to which 
vesicles with the same lipid 
composition but doped with 
TexasRed-DHPE and synapto-
brevin 2 were docked, either to 
the f-PSM or the s-PSM. Scale 
bar: 5 µm. Adapted from (Kuhl-
mann et al. 2017)

Fig. 4   Fluorescence micrographs of Atto390-DPPE labelled PSMs 
(a–b, I) and reconstituted ΔN49-Atto488 complex (a–b, II) includ-
ing the overlays of both channels (III). a Homogeneous fluorescence 
intensity of the protein is visible in the f-PSM. Scale bar: 10 μm. b 
The majority of protein fluorescence intensity is observed at the pore 
edges with some fluorescence spots in the s-PSM. Scale bar: 10 μm
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fusion events. As the porous silicon substrates are non-
transparent, an upright confocal fluorescence microscope 
is required with a water immersion objective. An upright 
microscopy setup is essential to be able to observe vesicles 
that dock to the pore rims, which would be undetectable 
with an inverted microscope. Confocality is needed in this 
case to fade out the planes containing vesicles in solution. 
Using an overlay of the red and green fluorescence chan-
nel, as exemplarily shown in Fig. 3b, the specific docking 
of vesicles to the f-PSMs and s-PSMs can be observed in 
the fluorescence micrograph. The specificity of docking was 
proven by a control experiment. The SNARE-binding site of 
the ΔN49 complex was incubated with the soluble synapto-
brevin 2 fragment (aa 1–96) that is known to block fusion 
before protein reconstitution. No docking of synaptobrevin 
2-doped vesicles on these PSM was observed (Hubrich et al. 
2019; Mühlenbrock et al. 2020).

We distinguished between vesicles docked to the f-PSMs 
and those that docked to the s-PSMs. In our first study, we 
simply used geometric considerations extracted from the 
fluorescence micrographs of the PSMs i.e., we distinguished 
the highly fluorescent f-PSMs from the dark s-PSMs and 
used a grid to define the two different areas. This approach 
resulted in about 50% of vesicles docked to either part of the 
PSM with very similar fusion kinetics and fusion intermedi-
ates (Schwenen et al. 2015). However, in a follow-up study 
(Kuhlmann et al. 2017), we found that vesicles docked to the 
f-PSMs were mobile, while vesicles docked to the s-PSMs 
were instantaneously immobile. Vesicles that docked to the 
edges of the f-PSMs and are thus partially in contact to the 
pore rim are also immobile. An assignment of the position 
of a docked vesicle based on this mobility criterion led us 
conclude that vesicles highly favour to dock to the s-PSMs 
(99%) either by directly docking to the pore-rim area or 
docking to the f-PSM, however with a subsequent immobi-
lisation at the s-PSM, preferably at the edges between f-and 
s-PSMs. We suggest that the preferential localisation of the 
ΔN49 complex at the pore edges (Fig. 4b, II) is at least in 
part responsible for this finding. The fact that vesicles first 
dock to the f-PSMs and then immobilise at the edges of 
the s-PSM was independently observed by Ramakrishnan 
et al. (2019). They also observed t-SNARE aggregates at 
the pore edges and concluded that the immobility of the 
vesicles is a result of immobile t-SNAREs. However, as they 
used an inverted microscope setup in conjunction with the 
opaqueness of the silicon substrate, they could not observe 
vesicles docked on top of the s-PSMs and hence were not 
able to provide quantitative data about the ratio of vesicles 
docked to the f-PSMs and s-PSMs.

Besides the preferential location of the proteins at the 
pore edges, also the overall mobility of the membrane com-
ponents adds to the observed immobility of the docked vesi-
cles on the s-PSMs. The diffusion coefficients of the lipids 

and peptides are by a factor of 2–4 lower on the s-PSMs 
compared to the f-PSMs (Kuhlmann et al. 2017; Mühlen-
brock et al. 2020; Schwenen et al. 2015). Moreover, we 
hypothesise that a conformal contact of the vesicle with 
the membrane on the gold-covered support with a large 
Hamacker constant, further immobilises the vesicles (Kuh-
lmann et al. 2017).

Single vesicle lipid mixing on s‑PSMs

While the docking process can simply be observed by 
reading out the red fluorescence intensity time traces of 
the vesicle by defining a region of interest (ROI) around 
the vesicle, the fusion process itself can be investigated in 
much more detail if both the red fluorescence as well as the 
green fluorescence of the PSM is monitored simultaneously. 
Time traces of the red and green channel recorded during 
the docking and fusion of a single vesicle with the PSM are 
shown in Fig. 5.

Upon docking of a vesicle, fluorescence intensity 
increases in the red channel (I/II) and remains at a constant 
level until lipid mixing of (presumably) only the two outer 
leaflets (III) leads to an increase in the PSM fluorescence 
intensity (green channel, III) due to lipid dye diffusion into 
the 3D structure of the docked vesicle and thus out of the 
quenching regime of the underlying gold surface (Chen and 
Knutson 1988; Chi et al. 2008) and a partial decrease in vesi-
cle fluorescence (red channel) (III/IV). When using a FRET-
pair as lipid markers (here either OregonGreen-DHPE or 
Atto488-DPPE and TexasRed-DHPE), we observed in some 
cases a short drop in PSM fluorescence intensity prior to 
dequenching as well as a short spike in vesicle fluorescence 
intensity before lipids diffuse into the PSM and fluorescence 
intensity drops (Fig. 5, red channel, IV). We suggest that 
these intermediate fluorescence intensity levels indicate a 
hemifusion state. In case of hemifusion that proceeds to full 
fusion, merging of the inner leaflets leads to full lipid mix-
ing and drop of intensity to baseline level (Fig. 5, red chan-
nel, VI). In this particular case, collapse of the vesicle into 
the target membrane begins earlier than inner leaflet mixing 
(Fig. 5, red and green channel, V/VI).

In our first study (Schwenen et al. 2015), we defined cri-
teria to distinguish between docking, intermediate states and 
full fusion, which were applicable in the following studies. 
However, in the first study, we overestimated the number of 
detaching vesicles after docking. If the vesicle docked result-
ing in an increase in red fluorescence intensity followed by 
a drop back to baseline level in one step without change 
in the green PSM fluorescence, this process was originally 
interpreted as detachment of the docked vesicle. However, it 
turned out in a follow up-study, where we used a higher time 
resolution and an adapted fluorescence intensity read out 
strategy (Kuhlmann et al. 2017) that these vesicles quickly 
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fuse and do not detach. Indeed, vesicle detachment turned 
out to be an extremely rare event.

With the criteria in hand, we were able to perform sta-
tistical analysis of the fusion efficiency as well as the kinet-
ics. Figure 6 provides an example of the fusion statistics 
for PSMs doped with the ΔN49 complex, to which vesicles 
doped with synaptobrevin 2 were added. Under the given 

Fig. 5   a Time lapse fluorescence images of a single vesicle fusion 
event of a large unilamellar vesicle doped with full length synapto-
brevin 2 (lower panel, 2) with a PSM containing the ∆N49 complex 
(upper panel, 1). The region of interest (ROI) used to read out fluores-
cence intensities is highlighted with a yellow circle while the white 
circle serves as a guide to the eye to identify the region in which the 
vesicle docks and fuses; scale bar: 5 µm. b Schematic cross section of 
the possible fusion pathway of the vesicle fusing with the s-PSM and 
(c) corresponding fluorescence intensity time trace of the PSM (1, 
green) and vesicular membrane (2, red). Dashed black lines highlight 
the baselines while dashed blue lines highlight the different levels of 
vesicle fluorescence intensity. Upon docking to the PSM the red fluo-
rescence of the vesicle is detected in the ROI (I/II, red). Upon lipid 
mixing of the outer leaflets the red fluorescence (III, red) is increased 
due to a FRET between OregonGreen-DHPE and TexasRed-DHPE 
followed by a fast diffusion into the PSM (IV, red). Simultaneously, 
lipid molecules of the PSM diffuse into the 3D structure of the vesicle 
and are de-quenched (IV, green). Full fusion of the vesicle with the 
membrane results in a second decrease of vesicle fluorescence inten-
sity to baseline level (V/VI, red). Concomitantly, the 3D structure of 
the vesicle collapses into the target membrane (V/VI, green). The 
time between docking of the vesicle and fusion of the presumably 
outer leaflets is defined as τdocking. The time span between outer and 
inner leaflet mixing is defined as τintermediate. Adapted from (Schwenen 
et al. 2015) Fig. 6   Statistical analysis of the fusion process of LUVs composed 

of DOPC/POPE/POPS/cholesterol/TexasRed-DHPE (50:19:10:20:1) 
and doped with synaptobrevin 2 (p/l 1:500) with PSMs com-
posed of DOPC/POPE/POPS/PIP2/cholesterol/Atto488-DPPE 
(48:19:10:2:20:1) and doped with the ΔN49 complex (p/l 1:500). a 
Fusion efficiency. b Probability density function (pdf) of lifetimes of 
the docking state τdocking with the result of fitting Eq.  1 to the data 
(black line) with k1 = 0.074 ± 0.003 s−1 and N = 4.5 ± 0.2 resulting in 
an average docking lifetime of τdocking = 61 ± 5 s. c Histogram of the 
lifetimes of the intermediate states τintermediate. Fitting Eq. 2 to the data 
(black line) results in a rate constant of k2 = 0.15 ± 0.02  s−1. Taken 
from (Hubrich et al. 2019)
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conditions, the fusion efficiency was, with 92% of all docked 
vesicles (Fig. 6a), quite high. A general model proposed by 
Floyd et al. (2008, 2010) was employed to shed some light 
on the docking lifetime that is defined as shown in Fig. 5c. In 
this model, the rate-limiting step from docking to the onset 
of fusion is not defined as a one-step transition but as a series 
of N hidden transitions with a single rate constant k1 for each 
transition (Eq. 1):

with Γ(N) being the gamma function. By fitting Eq. 1 to the 
dwell time distribution of docked vesicles (Fig. 6b), a rate 
constant of k1 = 0.074 ± 0.003 s−1 and N = 4.5 ± 0.2 result-
ing in an average docking lifetime of 

−
�docking = 61 ± 5 s was 

determined.
These docking lifetimes are astonishing large compared to 

docking lifetimes obtained in other fusion assays. Based on 
SLBs on glass substrates separated by PEG brushes, Kara-
tekin et al. (2010) found docking lifetimes of 130 ms for the 
fusion of small unilamellar vesicles (SUVs) with reconsti-
tuted synaptobrevin 2 with the target membrane contain-
ing the syntaxin 1A/SNAP-25 complex. Their described 
reconstitution protocol might have included undesired syn-
taxin 1A/SNAP-25 (2:1) complexes (Pobbati et al. 2006). 
Kreutzberger et al. (2016) developed two protocols to con-
trol the formation of the desired syntaxin 1/SNAP-25 (1:1) 
complex and analysed the docking lifetimes in comparison 
to the reconstituted ΔN49 complex, which was also used in 
case of the PSMs. In their assay composed of SLBs with 
reconstituted t-SNAREs, to which vesicles doped with syn-
aptobrevin 2 were added, they found docking lifetimes in the 
ten milliseconds range independent of the chosen t-SNARE 
complex (Domanska et al. 2009, 2010; Kreutzberger et al. 
2016). The same ten milliseconds docking lifetime was 
found for a fusion assay based on GUVs doped with the 
ΔN49 complex, to which single large unilamellar vesicles 
(LUVs) doped with synaptobrevin 2 were fused (Witkowska 
and Jahn 2017). From these results one can conclude that 
the t-SNARE complex is not the decisive parameter for the 
differences in docking lifetimes. However, it remains still a 
bit puzzling why there is no difference in docking lifetimes 
observed for the ΔN49 complex compared to the syntaxin 
1A/SNAP-25 (1:1) complex, as bulk anisotropic measure-
ments identified the replacement of the synaptobrevin 2 
fragment from the ΔN49 complex as the rate limiting step 
between docking and fusion with a half lifetime of about 20 s 
(Pobbati et al. 2006). This displacement of the synaptobrevin 
2 fragment would be in the time window of the docking 
lifetimes observed on PSMs but apparently does not become 
visible in the fusion processes on supported membranes. 
Indeed, the question still remains whether all assays measure 

(1)pdf
(

�docking

)

=
kN
1
⋅ �

N−1
docking

Γ(N)
⋅ exp

(

−k1 ⋅ �docking
)

,

SNARE specific docking and SNARE-induced fusion and 
which other factors, such as the different surfaces (gold vs. 
glass) contribute to the docking lifetimes.

To evaluate the stability of the intermediate states, we 
generated histograms for their lifetimes (Fig. 6c). τintermediate 
is defined as depicted in Fig. 5c. Equation 2 was fit to the 
histogram to determine k2, the rate constant for the onset of 
the collapse of the three-dimensional structure into the PSM:

with N0 being the total number of instable intermediate 
structures. k2 = 0.15 ± 0.02 s−1 means that the average life-
time of the three-dimensional structure before the onset of 
full fusion is k2

−1 = 6.7 ± 0.9 s.
The described lipid mixing assay nicely demonstrates 

that, based on a statistical analysis of individual vesicle 
fusion events, quantitative information can be gathered about 
the fusion process. However, one important information that 
this setup as well as other lipid mixing based fusion assays 
lacks is, when a fusion pore opens and to what extent the 
vesicular content is released upon fusion. Hence, we envi-
sioned to expand our PSM system to a content release assay, 
exploiting the second aqueous compartments underneath the 
PSMs.

Single vesicle content release on s‑PSMs

To establish the system, vesicles doped with synaptobrevin 
2 were filled with the water-soluble dye sulforhodamine B 
(SRB) at self-quenching concentrations. If the vesicle fuses 
with the PSM concomitant with fusion pore formation, SRB 
is released in the underlying aqueous compartments, and 
the fluorescence intensity is increased due to dye dilution. 
A time series of a fusing vesicle is depicted in Fig. 7. The 
vesicle, visible in the SRB fluorescence image (Fig. 7a), 
docks at the edge of the pore (Fig. 7c), as observed before, 
and releases its content in the adjacent aqueous compartment 
(Fig. 7a/b, ROI 2). If one reads out the fluorescence intensity 
directly at the site of vesicle docking, (Fig. 7a/b, ROI 1) the 
fluorescence intensity drops to baseline level.

With dual colour fluorescence read out, the content 
release (SRB fluorescence) and the diffusion of lipids 
(Atto655-DPPE) from the PSM into the vesicular structure 
can be extracted for each individual fusion event. With these 
two fluorescence time traces (idealised fluorescence inten-
sity time traces are shown in Fig. 8), it became possible to 
identify and quantify the different fusion intermediates and 
fusion pathways (Fig. 8).

Most of the docked vesicles released their content com-
pletely (75% of fusing vesicles). 24% of docked vesicles 
released their content without visible lipid diffusion via a 
fusion stalk, whereas 28% of docked vesicles underwent 

(2)N
(

�intermediate

)

= N0 ⋅ exp
(

−k2 ⋅ �intermediate

)

,
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fusion with visible lipid mixing into an either stable or 
unstable 3D structure and/or showing an incomplete con-
tent release. A process where hemifusion occurred without 
fusion pore formation was negligible. If only lipid mixing 
was used to measure the fusion process, we assigned the 
observed intermediate state to a hemifusion state, if the 
fluorescence intensity of the vesicle membrane drops and 
PSM fluorescence increases to a constant level above the 
baseline. However, if a hemifusion diaphragm were really 
formed without a fusion pore, no content release would be 
observed. Taken the information from the content release 
assay into consideration, it appears to be more appropriate 
that the intermediate state is defined by a quick opening 
and closing of the fusion pore rather than a stable hemifu-
sion state.

This result demonstrates that it is highly desirable to 
establish a fusion assay in which lipid mixing and con-
tent release can be observed simultaneously. For example 
Tamm and co-workers (Kiessling et al. 2013; Kreutzberger 
et al. 2017b) as well as others (Stratton et al. 2016) have 
extended their fusion assays based on SLBs to measure 
fusion pore formation. As there is no large aqueous space 
underneath the membrane, they rely on a characteristic 
diffusion behaviour of the released vesicular content to 
define whether the vesicle formed a fusion pore or burst. 
It is assumed that only if a fusion pore is formed result-
ing in the dye to be released inside the narrow cleft 
between membrane and support, a two-dimensional dif-
fusion behaviour of the dye can be observed. Thus, if a 

two-dimensional diffusion model fits the data, it is con-
cluded that a fusion pore has been formed.

By reading out the SRB fluorescence (fusion pore for-
mation) and Atto655-DPPE fluorescence (lipid mixing) 
we were furthermore able to quantify the time difference 
between lipid diffusion into the 3D structure of the vesicle 
and content release. With the given time resolution of about 
20 ms, the two processes appear to be quasi-simultaneously. 
This finding is in agreement with previous reports (Ram-
akrishnan et al. 2018; Stratton et al. 2016).

Single vesicle fusion with f‑PSMs

The majority of fusion events turned out to occur at the 
s-PSMs concomitant with the immobility of the docked vesi-
cle. However, we also observed vesicles that docked to the 
f-PSM and remained fully mobile within the f-PSM (Fig. 9a) 
till they proceeded to fusion (Fig. 9b). To evaluate their dif-
fusion behaviour, trajectories of the diffusing vesicles were 
read out. From the mean square displacements, a mean 
diffusion coefficient of 0.42 ± 0.15 μm2/s was calculated. 

Fig. 7   a Time lapse fluorescence micrographs of a fusing vesicle 
(magenta) that transfers its content across the PSM. Yellow circles 
highlight the ROI of the vesicle (1) and the neighbouring aqueous 
compartment underneath the f-PSM (2); scale bar: 2 μm. b Fluores-
cence intensity time traces obtained from ROI 1 + 2. The docked vesi-
cle (I) fuses and transfers its content (II) across the PSM and into the 
second aqueous compartment, thus leading to an increase in fluores-
cence intensity visible in ROI 2. c Schematic illustration of the pro-
cess shown in A and B. Adapted from (Mühlenbrock et al. 2020)

Fig. 8   Different fusion pathways extracted from single vesicle fusion 
events with idealised fluorescence intensity time traces. Taken from 
(Mühlenbrock et al. 2020)
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Compared to the diffusion constant of syntaxin 1A in the 
f-PSM, the diffusion coefficient of the docked vesicles is by 
a factor of five smaller. A close contact between vesicle and 
membrane and the displacement of the intermembrane water 
layer as well as multiple interacting SNARE-complexes 
might be responsible for the reduced diffusion coefficient 
compared to that of a single SNARE.

Ramakrishnan et al. (2018) saw similar results for vesi-
cles docking and fusing with the f-PSM in their lipid mixing 
based assay. While not quantified, they report on a slowing 
down in diffusion of the docked vesicle until it seems to be 
almost immobile and explained this finding by an increase in 
the number of SNARE-complexes formed during the dock-
ing process.

Chromaffin granules and PSMs

Synthetic vesicles containing a few types of lipids and syn-
aptobrevin 2 are a very minimalistic system to investigate 
neuronal fusion. We thus asked the question whether syn-
thetic vesicles doped with synaptobrevin 2 behave differ-
ently compared to natural vesicles. We replaced the synthetic 
vesicles with chromaffin granules (CGs), while keeping 
the PSMs doped with Atto488-DPPE and the reconsti-
tuted ΔN49 complex. CGs were isolated from the adrenal 
medulla of bovine glands using a continuous sucrose gradi-
ent for final purification (Park et al. 2012) and labelled with 
the lipophilic dye DiD-C18. CGs naturally containing the 
v-SNARE synaptobrevin 2 (Höhne-Zell et al. 1994) were 
added to the PSMs and their docking and fusion was inves-
tigated by dual colour confocal fluorescence microscopy 
(Hubrich et al. 2019). Once a CG has specifically docked 
on the PSM, it diffused onto the f-PSM as well as on the 
s-PSM and was even able to cross the borders (Fig. 10a). 
This finding was characteristic for CGs and was not observed 
if synthetic SNARE-doped vesicles were bound to PSMs as 
described above. The synthetic vesicles were either mobile 
and confined to the pore if they were docked to the f-PSM 
(see Fig. 9a) or they were immediately immobile, if they 
had docked to the s-PSM independent of the lipid composi-
tion (Hubrich et al. 2019; Kuhlmann et al. 2017). As long 

as the CG appears red in the fluorescence micrograph, no 
lipid mixing has occurred indicating that the CG is attached 
to the PSM via the formation of trans-SNARE complexes 
without the formation of a fusion stalk (pre-lipid mixing 
state, pre-lm). Once lipid mixing starts, the CG turns green, 
as the green fluorophore from the PSM diffuses into the CG, 
while the red fluorophore diffuses out. We call this state the 
post-lipid mixing state (post-lm) (Fig. 10b). Of note, in this 
post-lipid mixing state, the CG is still fully mobile on the 
f-PSMs as well as on the s-PSMs.

From trajectories obtained either solely on the s-PSM or 
f-PSM we computed the mean square displacement (MSD) 
(Fig. 10c). From short time intervals of several 100 ms, 
where CG diffusion was found to be unhindered, the diffu-
sion constant D was calculated from the slope. Individual 
trajectories of diffusing CGs only dwelling either on the 

Fig. 9   a Fluorescence micro-
graph of a f-PSM (green) 
together with the trajectory 
(white) of a mobile docked 
vesicle fusing with the f-PSM. 
b Fluorescence micrographs of 
the fusion process and respec-
tive fluorescence intensity time 
trace of the fusion event; scale 
bars: 1 µm. Adapted from (Kuh-
lmann et al. 2017)

Fig. 10   Fluorescence micrographs of a CG diffusing on the PSMs 
crossing pore boundaries (a) before and (b) after the onset of lipid 
mixing. Diffusion trajectories are depicted as white or orange lines, 
respectively. Scale bars: 2 µm. Mean square displacements (MSD) of 
the trajectories of CG diffusion in the pre-lipid mixing state (black 
line) and post-lipid mixing state (orange). Adapted from (Hubrich 
et al. 2019)
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f-PSMs or the s-PSMs before or after the onset of fusion 
resulted in mean diffusion coefficients on the f-PSMs 
of D̄f-PSM (pre-lm) = 0.34 ± 0.06 µm2/s and D̄f-PSM (post-
lm) = 0.40 ± 0.13 µm2/s. These diffusion constants are quite 
similar to those obtained for synthetic vesicles on f-PSMs, 
which suggests that CG diffusion is not altered by the fusion 
state i.e., whether the particle is in the pre-lipid-mixing 
state or post-lipid-mixing state on f-PSMs. On s-PSMs, 
mean diffusion coefficients for CGs were slightly smaller 
with D̄s-PSM (pre-lm) = 0.12 ± 0.05 µm2/s and D̄s-PSM (post-
lm) = 0.04 ± 0.03 µm2/s.

These results suggest that the full immobility observed 
for s-PSM-docked synthetic synaptobrevin 2-doped vesicles 
cannot be explained by fully immobile ΔN49 complexes 
in the s-PSMs (Kuhlmann et al. 2017). Another aspect that 
might be considered is the frictional coupling of the vesicle 
(Yoshina-Ishii et al. 2006) on the s-PSMs. Frictional coupling 
is expected to be reduced for CGs compared to synthetic vesi-
cles owing to the large protein content in the membrane serv-
ing as a spacer between vesicle and PSM so that synthetic 
vesicles become fully immobile, while CGs remain mobile 
on the s-PSMs. This mobility of docked CGs on s-PSMs 
allowed us to further analyse their diffusion behaviour. We 
compared CG trajectories on f-PSMs and s-PSMs. While 
CGs (pre-lipid- and post-lipid-mixing state) diffused freely 
on f-PSMs, they stayed confined for a certain time period on 
s-PSMs and at the edges of the pores, before they continued 
to diffuse. From a detailed quantitative analysis of the trajec-
tories, where we defined three (arbitrarily set) mobility states 
as a function of the position of the CG on the membrane 
in the pre-lipid-mixing state and post-lipid-mixing state, we 
concluded that the fusion state (pre-lipid-mixing and post-
lipid-mixing) does not significantly influence the diffusion 
behaviour of CGs. However, the CG mobility was impacted 
on the support dependent on whether they were in the pre-
lipid mixing or post-lipid mixing state. We found that CGs in 
the post-lipid mixing state were primarily found in the least 
mobile state, while CGs in the pre-lipid mixing state were 
equally found in all three mobility states. Apparently, in the 
post-lipid mixing states, the CGs couple more strongly to the 
support. To our knowledge, PSMs provide for the first time a 
planar artificial model membrane, on which full mobility of 
CGs has been observed. In CG fusion experiments on SLBs, 
the particles became immediately immobile after docking 
(Kreutzberger et al. 2017a).

In contrast to the different diffusion behaviour, the fusion 
process itself was very similar to what we have found for 
synthetic vesicles. We determined the docking lifetime 
of CGs bound to the PSMs and found a rate constant of 
k1 = 0.040 ± 0.004 s–1 with a number of hidden transitions 
of N = 3.2 ± 0.3 according to the Floyd model (Floyd et al. 
2008). From these parameters, we calculated the docking 
lifetime 

−
�docking = k1

−1  · N = 80 ± 16 s. Compared to the 

observed fusion of CGs with GUVs (Witkowska and Jahn 
2017) this value is much larger, but very similar to what 
we have found for the docking lifetimes of synthetic vesi-
cles with PSMs (Schwenen et al. 2015) independent of the 
lipid composition. Along the same line, we found that the 
lifetime of the semi-stable intermediate fusion states is very 
similar (k2

–1 = 4.2 ± 0.9 s) to that of the synthetic vesicles. 
These results suggest a consistent one-step mechanism for 
the decay of the intermediate fusion state.

In conclusion, our results show that the high protein 
content of the CGs in the membrane greatly influences the 
dynamics of the docked vesicles to the PSM but does not 
alter the fusion kinetics significantly. While the in vitro 
membrane models using synthetic vesicles with reconsti-
tuted synaptobrevin 2 (Karatekin et al. 2010; Kiessling 
et al. 2010) including our own experiments (Kuhlmann 
et al. 2017) capture the basic features of the fusion process 
itself, they apparently do not reflect the natural behaviour of 
docked and partially fused vesicles.

Conclusions

Pore-spanning membranes are a versatile tool to measure 
SNARE-mediated single vesicle fusion events on a quasi-
planar membrane geometry mimicking the situation at the 
synaptic bouton. These membranes are readily accessible by 
confocal fluorescence microscopy allowing for a high spa-
tial and time resolution. In contrast to SLBs, PSMs provide 
freestanding bilayer parts that allow taking up the incom-
ing lipid material and a large aqueous space underneath the 
membrane that can harbour the content of the fusing vesi-
cle. Using dual colour fluorescence techniques enables one 
to simultaneously measure lipid mixing as well as content 
release providing the required information to unravel differ-
ent fusion intermediates and fusion pathways. While there 
are a number of merits associated with this membrane sys-
tem, there are, however also some drawbacks and challenges 
that need to be overcome in the future to optimise the fusion 
assay based on PSMs. It would be desirable to better control 
the reconstitution of the fusion proteins in GUVs required 
to generate PSMs. Moreover, the inhomogeneous distribu-
tion of the proteins as well as the frictional coupling of the 
vesicles on the s-PSMs need to be illuminated to get a better 
handle on the system.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. The authors are grateful to the DFG (SFB 803, project B04) 
for financial support. We would like to thank R. Hubrich, R. Jahn, J. 
Kuhlmann, I. Mey, Y. Park, and L. Schwenen for their contributions to 
this work. M.S. and P.M. thank GGNB for financial support.



250	 European Biophysics Journal (2021) 50:239–252

1 3

Compliance with ethical standards 

Conflict of interest  The authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Acuna GP, Möller FM, Holzmeister P, Beater S, Lalkens B, Tinnefeld 
P (2012) Fluorescence enhancement at docking sites of DNA-
directed self-assembled nanoantennas. Science 338:506–510. 
https​://doi.org/10.1126/scien​ce.12286​38

Bacia K, Schuette CG, Kahya N, Jahn R, Schwille P (2004) SNAREs 
prefer liquid-disordered over “raft” (liquid-ordered) domains 
when reconstituted into giant unilamellar vesicles. J Biol Chem 
279:37951–37955. https​://doi.org/10.1074/jbc.M4070​20200​

Baumert M, Maycox PR, Navone F, de Camilli P, Jahn R (1989) Syn-
aptobrevin: an integral membrane protein of 18,000 daltons pre-
sent in small synaptic vesicles of rat brain. EMBO J 8:379–384

Bennett MK, Calakos N, Scheller RH (1992) Syntaxin: A synaptic 
protein implicated in docking of synaptic vesicles at presynaptic 
active zones. Science 257:255–259. https​://doi.org/10.1126/scien​
ce.13214​98

Böcker M, Muschter S, Schmitt EK, Steinem C, Schäffer TE (2009) 
Imaging and patterning of pore-suspending membranes with scan-
ning ion conductance microscopy. Langmuir 25:3022–3028. https​
://doi.org/10.1021/la803​4227

Bowen ME, Weninger K, Brunger AT, Chu S (2004) Single molecule 
observation of liposome-bilayer fusion thermally induced by solu-
ble N-ethyl maleimide sensitive-factor attachment protein recep-
tors (SNAREs). Biophys J 87:3569–3584. https​://doi.org/10.1529/
bioph​ysj.104.04863​7

Brose N, Brunger A, Cafiso D, Chapman ER, Diao J, Hughson FM, 
Jackson MB, Jahn R, Lindau M, Ma C, Rizo J, Shin Y-K, Söllner 
TH, Tamm L, Yoon T-Y, Zhang Y (2019) Synaptic vesicle fusion: 
today and beyond. Nat Struct Mol Biol 26:663–668. https​://doi.
org/10.1038/s4159​4-019-0277-z

Brunger AT, Cipriano DJ, Diao J (2015) Towards reconstitution of 
membrane fusion mediated by SNAREs and other synaptic 
proteins. Crit Rev Biochem Mol Biol 50:231–241. https​://doi.
org/10.3109/10409​238.2015.10232​52

Chapman ER, An S, Barton N, Jahn R (1994) SNAP-25, a t-SNARE 
which binds to both syntaxin and synaptobrevin via domains that 
may form coiled coils. J Biol Chem 269:27427–27432

Chen RF, Knutson JR (1988) Mechanism of fluorescence concentration 
quenching of carboxyfluorescein in liposomes: Energy transfer 
to nonfluorescent dimers. Anal Biochem 172:61–77. https​://doi.
org/10.1016/0003-2697(88)90412​-5

Chi YS, Byon HR, Lee BS, Kong B, Choi HC, Choi IS (2008) Poly-
meric rulers: Distance-dependent emission behaviors of fluo-
rophores on flat gold surfaces and bioassay platforms using 

plasmonic fluorescence enhancement. Adv Funct Mater 18:3395–
3402. https​://doi.org/10.1002/adfm.20080​0471

Diao J, Su Z, Ishitsuka Y, Lu B, Lee KS, Lai Y, Shin Y-K, Ha T (2010) 
A single-vesicle content mixing assay for SNARE-mediated mem-
brane fusion. Nat Commun 1:54. https​://doi.org/10.1038/ncomm​
s1054​

Diao J, Ishitsuka Y, Lee H, Joo C, Su Z, Syed S, Shin Y-K, Yoon T-Y, 
Ha T (2012) A single vesicle-vesicle fusion assay for in vitro stud-
ies of SNAREs and accessory proteins. Nat Protocols 7:921–934. 
https​://doi.org/10.1038/nprot​.2012.020

Domanska MK, Kiessling V, Stein A, Fasshauer D, Tamm LK (2009) 
Single vesicle millisecond fusion kinetics reveals number of 
SNARE complexes optimal for fast SNARE-mediated membrane 
fusion. J Biol Chem 284:32158–32166. https​://doi.org/10.1074/
jbc.M109.04738​1

Domanska MK, Kiessling V, Tamm LK (2010) Docking and fast fusion 
of synaptobrevin vesicles depends on the lipid compositions of 
the vesicle and the acceptor SNARE complex-containing target 
membrane. Biophys J 99:2936–2946. https​://doi.org/10.1016/j.
bpj.2010.09.011

Fasshauer D (2003) Structural insights into the SNARE mechanism. 
Biochim Biophys Acta Mol Cell Res 1641:87–97. https​://doi.
org/10.1016/S0167​-4889(03)00090​-9

Fasshauer D, Otto H, Eliason WK, Jahn R, Brünger AT (1997) Struc-
tural changes are associated with soluble N-ethylmaleimide-
sensitive fusion protein attachment protein receptor complex for-
mation. J Biol Chem 272:28036–28041. https​://doi.org/10.1074/
jbc.272.44.28036​

Fasshauer D, Sutton RB, Brunger AT, Jahn R (1998) Conserved struc-
tural features of the synaptic fusion complex: SNARE proteins 
reclassified as Q- and R-SNAREs. Proc Natl Acad Sci USA 
95:15781–15786. https​://doi.org/10.1073/pnas.95.26.15781​

Fix M, Melia TJ, Jaiswal JK, Rappoport JZ, You D, Söllner TH, Roth-
man JE, Simon SM (2004) Imaging single membrane fusion 
events mediated by SNARE proteins. Proc Natl Acad Sci USA 
101:7311–7316. https​://doi.org/10.1073/pnas.04017​79101​

Floyd DL, Ragains JR, Skehel JJ, Harrison SC, van Oijen AM (2008) 
Single-particle kinetics of influenza virus membrane fusion. Proc 
Natl Acad Sci USA 105:15382–15387. https​://doi.org/10.1073/
pnas.08077​71105​

Floyd DL, Harrison SC, van Oijen AM (2010) Analysis of kinetic 
intermediates in single-particle dwell-time distributions. Biophys 
J 99:360–366. https​://doi.org/10.1016/j.bpj.2010.04.049

Hanson PI, Heuser JE, Jahn R (1997) Neurotransmitter release — four 
years of SNARE complexes. Curr Opin Neurobiol 7:310–315. 
https​://doi.org/10.1016/S0959​-4388(97)80057​-8

Hao JC, Salem N, Peng X-R, Kelly RB, Bennett MK (1997) Effect of 
mutations in vesicle-associated membrane protein (VAMP) on the 
assembly of multimeric protein complexes. J Neurosci 17:1596–
1603. https​://doi.org/10.1523/JNEUR​OSCI.17-05-01596​.1997

Harbury PAB (1998) Springs and zippers: coiled coils in SNARE-
mediated membrane fusion. Structure 6:1487–1491. https​://doi.
org/10.1016/S0969​-2126(98)00147​-6

Hayashi T, McMahon H, Yamasaki S, Binz T, Hata Y, Südhof TC, Nie-
mann H (1994) Synaptic vesicle membrane fusion complex: action 
of clostridial neurotoxins on assembly. EMBO J 13:5051–5061

Hernandez JM, Kreutzberger AJB, Kiessling V, Tamm LK, Jahn R 
(2014) Variable cooperativity in SNARE-mediated membrane 
fusion. Proc Natl Acad Sci USA 111:12037–12042. https​://doi.
org/10.1073/pnas.14074​35111​

Höfer I, Steinem C (2011) A membrane fusion assay based on pore-
spanning lipid bilayers. Soft Matter 7:1644–1647. https​://doi.
org/10.1039/C0SM0​1429J​

Höhne-Zell B, Ecker A, Weller U, Gratzl M (1994) Synaptobrevin 
cleavage by the tetanus toxin light chain is linked to the inhibition 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.1228638
https://doi.org/10.1074/jbc.M407020200
https://doi.org/10.1126/science.1321498
https://doi.org/10.1126/science.1321498
https://doi.org/10.1021/la8034227
https://doi.org/10.1021/la8034227
https://doi.org/10.1529/biophysj.104.048637
https://doi.org/10.1529/biophysj.104.048637
https://doi.org/10.1038/s41594-019-0277-z
https://doi.org/10.1038/s41594-019-0277-z
https://doi.org/10.3109/10409238.2015.1023252
https://doi.org/10.3109/10409238.2015.1023252
https://doi.org/10.1016/0003-2697(88)90412-5
https://doi.org/10.1016/0003-2697(88)90412-5
https://doi.org/10.1002/adfm.200800471
https://doi.org/10.1038/ncomms1054
https://doi.org/10.1038/ncomms1054
https://doi.org/10.1038/nprot.2012.020
https://doi.org/10.1074/jbc.M109.047381
https://doi.org/10.1074/jbc.M109.047381
https://doi.org/10.1016/j.bpj.2010.09.011
https://doi.org/10.1016/j.bpj.2010.09.011
https://doi.org/10.1016/S0167-4889(03)00090-9
https://doi.org/10.1016/S0167-4889(03)00090-9
https://doi.org/10.1074/jbc.272.44.28036
https://doi.org/10.1074/jbc.272.44.28036
https://doi.org/10.1073/pnas.95.26.15781
https://doi.org/10.1073/pnas.0401779101
https://doi.org/10.1073/pnas.0807771105
https://doi.org/10.1073/pnas.0807771105
https://doi.org/10.1016/j.bpj.2010.04.049
https://doi.org/10.1016/S0959-4388(97)80057-8
https://doi.org/10.1523/JNEUROSCI.17-05-01596.1997
https://doi.org/10.1016/S0969-2126(98)00147-6
https://doi.org/10.1016/S0969-2126(98)00147-6
https://doi.org/10.1073/pnas.1407435111
https://doi.org/10.1073/pnas.1407435111
https://doi.org/10.1039/C0SM01429J
https://doi.org/10.1039/C0SM01429J


251European Biophysics Journal (2021) 50:239–252	

1 3

of exocytosis in chromaffin cells. FEBS Lett 355:131–134. https​
://doi.org/10.1016/0014-5793(94)01192​-3

Hubrich R, Park Y, Mey I, Jahn R, Steinem C (2019) SNARE-medi-
ated fusion of single chromaffin granules with pore-spanning 
membranes. Biophys J 116:308–318. https​://doi.org/10.1016/j.
bpj.2018.11.3138

Hui E, Johnson CP, Yao J, Dunning FM, Chapman ER (2009) Syn-
aptotagmin-mediated bending of the target membrane is a criti-
cal step in Ca2+-regulated fusion. Cell 138:709–721. https​://doi.
org/10.1016/j.cell.2009.05.049

Jahn R, Fasshauer D (2012) Molecular machines governing exocytosis 
of synaptic vesicles. Nature 490:201–207. https​://doi.org/10.1038/
natur​e1132​0

Jahn R, Südhof TC (1999) Membrane fusion and exocytosis. Annu 
Rev Biochem 68:863–911. https​://doi.org/10.1146/annur​ev.bioch​
em.68.1.863

Janshoff A, Steinem C (2015) Mechanics of lipid bilayers: What do 
we learn from pore-spanning membranes? Biochim Biophys Acta 
1853:2977–2983. https​://doi.org/10.1016/j.bbamc​r.2015.05.029

Karatekin E, Di Giovanni J, Iborra C, Coleman J, O’Shaughnessy B, 
Seagar M, Rothman JE (2010) A fast, single-vesicle fusion assay 
mimics physiological SNARE requirements. Proc Natl Acad Sci 
USA 107:3517–3521. https​://doi.org/10.1073/pnas.09147​23107​

Kaufeld T, Steinem C, Schmidt CF (2015) Microporous device for 
local electric recordings on model lipid bilayers. J Phys D: Appl 
Phys 48:25401. https​://doi.org/10.1088/0022-3727/48/2/02540​1

Kiessling V, Domanska MK, Tamm LK (2010) Single SNARE-medi-
ated vesicle fusion observed in vitro by polarized TIRFM. Bio-
phys J 99:4047–4055. https​://doi.org/10.1016/j.bpj.2010.10.022

Kiessling V, Ahmed S, Domanska MK, Holt MG, Jahn R, Tamm 
LK (2013) Rapid fusion of synaptic vesicles with reconstituted 
target SNARE membranes. Biophys J 104:1950–1958. https​://
doi.org/10.1016/j.bpj.2013.03.038

Kocun M, Lazzara TD, Steinem C, Janshoff A (2011) Preparation 
of solvent-free, pore-spanning lipid bilayers: Modeling the low 
tension of plasma membranes. Langmuir 27:7672–7680. https​
://doi.org/10.1021/la200​3172

Kreutzberger AJB, Kiessling V, Tamm LK (2015) High cholesterol 
obviates a prolonged hemifusion intermediate in fast SNARE-
mediated membrane fusion. Biophys J 109:319–329. https​://doi.
org/10.1016/j.bpj.2015.06.022

Kreutzberger AJB, Liang B, Kiessling V, Tamm LK (2016) Assem-
bly and comparison of plasma membrane SNARE acceptor 
complexes. Biophys J 110:2147–2150. https​://doi.org/10.1016/j.
bpj.2016.04.011

Kreutzberger AJB, Kiessling V, Liang B, Seelheim P, Jakhanwal S, 
Jahn R, Castle JD, Tamm LK (2017a) Reconstitution of cal-
cium-mediated exocytosis of dense-core vesicles. Science Adv 
3:e1603208. https​://doi.org/10.1126/sciad​v.16032​08

Kreutzberger AJB, Kiessling V, Liang B, Yang ST, Castle JD, Tamm 
LK (2017b) Asymmetric phosphatidylethanolamine distribution 
controls fusion pore lifetime and probability. Biophys J. https​://
doi.org/10.1016/j.bpj.2017.09.014

Kuhlmann JW, Mey IP, Steinem C (2014) Modulating the lateral 
tension of solvent-free pore-spanning membranes. Langmuir 
30:8186–8192. https​://doi.org/10.1021/la501​9086

Kuhlmann JW, Junius M, Diederichsen U, Steinem C (2017) 
SNARE-mediated single-vesicle fusion events with supported 
and freestanding lipid membranes. Biophys J 112:2348–2356. 
https​://doi.org/10.1016/j.bpj.2017.04.032

Kyoung M, Sheets ED (2008) Vesicle diffusion close to a mem-
brane: intermembrane interactions measured with fluorescence 
correlation spectroscopy. Biophys J 95:5789–5797. https​://doi.
org/10.1529/bioph​ysj.108.12893​4

Kyoung M, Srivastava A, Zhang Y, Diao J, Vrljic M, Grob P, 
Nogales E, Chu S, Brunger AT (2011) In vitro system capable 

of differentiating fast Ca2+-triggered content mixing from 
lipid exchange for mechanistic studies of neurotransmitter 
release. Proc Natl Acad Sci USA 108:E304–E313. https​://doi.
org/10.1073/pnas.11079​00108​

Li F, Kümmel D, Coleman J, Reinisch KM, Rothman JE, Pincet F 
(2014) A half-zippered SNARE complex represents a functional 
intermediate in membrane fusion. J Am Chem Soc 136:3456–
3464. https​://doi.org/10.1021/ja410​690m

Lin RC, Scheller RH (1997) Structural organization of the synaptic 
exocytosis core complex. Neuron 19:1087–1094. https​://doi.
org/10.1016/S0896​-6273(00)80399​-2

Liu T, Tucker WC, Bhalla A, Chapman ER, Weisshaar JC (2005) 
SNARE-driven, 25-millisecond vesicle fusion in vitro. Biophys 
J 89:2458–2472. https​://doi.org/10.1529/bioph​ysj.105.06253​9

Marsden HR, Tomatsu I, Kros A (2011) Model systems for mem-
brane fusion. Chem Soc Rev 40:1572–1585. https​://doi.
org/10.1039/c0cs0​0115e​

McMahon HT, Kozlov MM, Martens S (2010) Membrane curvature 
in synaptic vesicle fusion and beyond. Cell 140:601–605. https​
://doi.org/10.1016/j.cell.2010.02.017

Mey I, Steinem C, Janshoff A (2012) Biomimetic functionalization of 
porous substrates: towards model systems for cellular membranes. 
J Mater Chem 22:19348. https​://doi.org/10.1039/C2JM3​1737K​

Milovanovic D, Jahn R (2015) Organization and dynamics of 
SNARE proteins in the presynaptic membrane. Front Physiol 
6:89. https​://doi.org/10.3389/fphys​.2015.00089​

Milovanovic D, Honigmann A, Koike S, Göttfert F, Pähler G, Junius 
M, Müllar S, Diederichsen U, Janshoff A, Grubmüller H, Ris-
selada HJ, Eggeling C, Hell SW, van den Bogaart G, Jahn R 
(2015) Hydrophobic mismatch sorts SNARE proteins into 
distinct membrane domains. Nat Commun 6:5984. https​://doi.
org/10.1038/ncomm​s6984​

Mühlenbrock P, Herwig K, Vuong L, Mey I, Steinem C (2020) 
Fusion pore formation observed during SNARE-mediated vesi-
cle fusion with pore-spanning membranes. Biophys J 119:151–
161. https​://doi.org/10.1016/j.bpj.2020.05.023

Oyler GA, Higgins GA, Hart RA, Battenberg E, Billingsley M, 
Bloom FE, Wilson MC (1989) The identification of a novel 
synaptosomal-associated protein, SNAP-25, differentially 
expressed by neuronal subpopulations. J Cell Biol 109:3039–
3052. https​://doi.org/10.1083/jcb.109.6.3039

Park Y, Hernandez JM, van den Bogaart G, Ahmed S, Holt M, Riedel 
D, Jahn R (2012) Controlling synaptotagmin activity by electro-
static screening. Nat Struct Mol Biol 19:991–997. https​://doi.
org/10.1038/nsmb.2375

Pobbati AV, Stein A, Fasshauer D (2006) N- to C-terminal SNARE 
complex assembly promotes rapid membrane fusion. Science 
313:673–676. https​://doi.org/10.1126/scien​ce.11294​86

Ramakrishnan S, Gohlke A, Li F, Coleman J, Xu W, Rothman JE, 
Pincet F (2018) High-throughput monitoring of single vesicle 
fusion using freestanding membranes and automated analysis. 
Langmuir 34:5849–5859. https​://doi.org/10.1021/acs.langm​
uir.8b001​16

Ramakrishnan S, Bera M, Coleman J, Krishnakumar SS, Pincet F, 
Rothman JE (2019) Synaptotagmin oligomers are necessary and 
can be sufficient to form a Ca2+-sensitive fusion clamp. FEBS 
Lett 593:154–162. https​://doi.org/10.1002/1873-3468.13317​

Reimhult E, Kumar K (2008) Membrane biosensor platforms using 
nano- and microporous supports. Trends Biotechnol 26:82–89. 
https​://doi.org/10.1016/j.tibte​ch.2007.11.004

Römer W, Lam YH, Fischer D, Watts A, Fischer WB, Göring P, 
Wehrspohn RB, Gösele U, Steinem C (2004) Channel activity 
of a viral transmembrane peptide in micro-BLMs: Vpu(1–32) 
from HIV-1. J Am Chem Soc 126:16267–16274. https​://doi.
org/10.1021/ja045​1970

https://doi.org/10.1016/0014-5793(94)01192-3
https://doi.org/10.1016/0014-5793(94)01192-3
https://doi.org/10.1016/j.bpj.2018.11.3138
https://doi.org/10.1016/j.bpj.2018.11.3138
https://doi.org/10.1016/j.cell.2009.05.049
https://doi.org/10.1016/j.cell.2009.05.049
https://doi.org/10.1038/nature11320
https://doi.org/10.1038/nature11320
https://doi.org/10.1146/annurev.biochem.68.1.863
https://doi.org/10.1146/annurev.biochem.68.1.863
https://doi.org/10.1016/j.bbamcr.2015.05.029
https://doi.org/10.1073/pnas.0914723107
https://doi.org/10.1088/0022-3727/48/2/025401
https://doi.org/10.1016/j.bpj.2010.10.022
https://doi.org/10.1016/j.bpj.2013.03.038
https://doi.org/10.1016/j.bpj.2013.03.038
https://doi.org/10.1021/la2003172
https://doi.org/10.1021/la2003172
https://doi.org/10.1016/j.bpj.2015.06.022
https://doi.org/10.1016/j.bpj.2015.06.022
https://doi.org/10.1016/j.bpj.2016.04.011
https://doi.org/10.1016/j.bpj.2016.04.011
https://doi.org/10.1126/sciadv.1603208
https://doi.org/10.1016/j.bpj.2017.09.014
https://doi.org/10.1016/j.bpj.2017.09.014
https://doi.org/10.1021/la5019086
https://doi.org/10.1016/j.bpj.2017.04.032
https://doi.org/10.1529/biophysj.108.128934
https://doi.org/10.1529/biophysj.108.128934
https://doi.org/10.1073/pnas.1107900108
https://doi.org/10.1073/pnas.1107900108
https://doi.org/10.1021/ja410690m
https://doi.org/10.1016/S0896-6273(00)80399-2
https://doi.org/10.1016/S0896-6273(00)80399-2
https://doi.org/10.1529/biophysj.105.062539
https://doi.org/10.1039/c0cs00115e
https://doi.org/10.1039/c0cs00115e
https://doi.org/10.1016/j.cell.2010.02.017
https://doi.org/10.1016/j.cell.2010.02.017
https://doi.org/10.1039/C2JM31737K
https://doi.org/10.3389/fphys.2015.00089
https://doi.org/10.1038/ncomms6984
https://doi.org/10.1038/ncomms6984
https://doi.org/10.1016/j.bpj.2020.05.023
https://doi.org/10.1083/jcb.109.6.3039
https://doi.org/10.1038/nsmb.2375
https://doi.org/10.1038/nsmb.2375
https://doi.org/10.1126/science.1129486
https://doi.org/10.1021/acs.langmuir.8b00116
https://doi.org/10.1021/acs.langmuir.8b00116
https://doi.org/10.1002/1873-3468.13317
https://doi.org/10.1016/j.tibtech.2007.11.004
https://doi.org/10.1021/ja0451970
https://doi.org/10.1021/ja0451970


252	 European Biophysics Journal (2021) 50:239–252

1 3

Schütte OM, Mey I, Enderlein J, Savić F, Geil B, Janshoff A, Stei-
nem C (2017) Size and mobility of lipid domains tuned by 
geometrical constraints. Proc Natl Acad Sci USA. https​://doi.
org/10.1073/pnas.17041​99114​

Schwenen LLG, Hubrich R, Milovanovic D, Geil B, Yang J, Kros A, 
Jahn R, Steinem C (2015) Resolving single membrane fusion 
events on planar pore-spanning membranes. Sci Rep 5:12006. 
https​://doi.org/10.1038/srep1​2006

Sieber JJ, Willig KI, Heintzmann R, Hell SW, Lang T (2006) The 
SNARE motif is essential for the formation of syntaxin clusters 
in the plasma membrane. Biophys J 90:2843–2851. https​://doi.
org/10.1529/bioph​ysj.105.07957​4

Sieber JJ, Willig KI, Kutzner C, Gerding-Reimers C, Harke B, 
Donnert G, Rammner B, Eggeling C, Hell SW, Grubmüller 
H, Lang T (2007) Anatomy and dynamics of a supramolecular 
membrane protein cluster. Science 317:1072–1076. https​://doi.
org/10.1126/scien​ce.11417​27

Söllner T, Bennett MK, Whiteheart SW, Scheller RH, Rothman 
JE (1993) A protein assembly-disassembly pathway in vitro 
that may correspond to sequential steps of synaptic vesicle 
docking, activation, and fusion. Cell 75:409–418. https​://doi.
org/10.1016/0092-8674(93)90376​-2

Spindler S, Sibold J, Gholami Mahmoodabadi R, Steinem C, San-
doghdar V (2018) High-speed microscopy of diffusion in pore-
spanning lipid membranes. Nano Lett 18:5262–5271. https​://doi.
org/10.1021/acs.nanol​ett.8b022​40

Stratton BS, Warner JM, Wu Z, Nikolaus J, Wei G, Wagnon E, Bad-
deley D, Karatekin E, O’Shaughnessy B (2016) Cholesterol 
increases the openness of SNARE-mediated flickering fusion 
pores. Biophys J 110:1538–1550. https​://doi.org/10.1016/j.
bpj.2016.02.019

Struck DK, Hoekstra D, Pagano RE (1981) Use of resonance energy 
transfer to monitor membrane fusion. Biochemistry 20:4093–
4099. https​://doi.org/10.1021/bi005​17a02​3

Sutton RB, Fasshauer D, Jahn R, Brunger AT (1998) Crystal structure 
of a SNARE complex involved in synaptic exocytosis at 2.4 Å 
resolution. Nature 395:347–353. https​://doi.org/10.1038/26412​

van den Bogaart G, Holt MG, Bunt G, Riedel D, Wouters FS, Jahn 
R (2010) One SNARE complex is sufficient for membrane 
fusion. Nat Struct Mol Biol 17:358–364. https​://doi.org/10.1038/
nsmb.1748

Wang T, Smith EA, Chapman ER, Weisshaar JC (2009) Lipid mix-
ing and content release in single-vesicle, SNARE-driven fusion 

assay with 1–5 ms resolution. Biophys J 96:4122–4131. https​://
doi.org/10.1016/j.bpj.2009.02.050

Warkiani ME, Bhagat AAS, Khoo BL, Han J, Lim CT, Gong HQ, Fane 
AG (2013) Isoporous micro/nanoengineered membranes. ACS 
Nano 7:1882–1904. https​://doi.org/10.1021/nn305​616k

Weber T, Zemelman BV, McNew JA, Westermann B, Gmachl M, 
Parlati F, Söllner TH, Rothman JE (1998) SNAREpins: Minimal 
machinery for membrane fusion. Cell 92:759–772. https​://doi.
org/10.1016/S0092​-8674(00)81404​-X

Weimbs T, Low SH, Chapin SJ, Mostov KE, Bucher P, Hofmann K 
(1997) A conserved domain is present in different families of 
vesicular fusion proteins: A new superfamily. Proc Natl Acad Sci 
USA 94:3046–3051

Weiskopf D, Schmitt EK, Klühr MH, Dertinger SK, Steinem C (2007) 
Micro-BLMs on highly ordered porous silicon substrates: rupture 
process and lateral mobility. Langmuir 23:9134–9139. https​://doi.
org/10.1021/la701​080u

Wilhelm BG, Mandad S, Truckenbrodt S, Kröhnert K, Schäfer C, 
Rammner B, Koo SJ, Claßen GA, Krauss M, Haucke V, Urlaub 
H, Rizzoli SO (2014) Composition of isolated synaptic bou-
tons reveals the amounts of vesicle trafficking proteins. Science 
344:1023–1028. https​://doi.org/10.1126/scien​ce.12528​84

Witkowska A, Jahn R (2017) Rapid SNARE-mediated fusion of 
liposomes and chromaffin granules with giant unilamellar 
vesicles. Biophys J 113:1251–1259. https​://doi.org/10.1016/j.
bpj.2017.03.010

Yoon T-Y, Okumus B, Zhang F, Shin Y-K, Ha T (2006) Multiple inter-
mediates in SNARE-induced membrane fusion. Proc Natl Acad 
Sci USA 103:19731–19736. https​://doi.org/10.1073/pnas.06060​
32103​

Yoshina-Ishii C, Chan Y-HM, Johnson JM, Kung LA, Lenz P, Boxer 
SG (2006) Diffusive dynamics of vesicles tethered to a fluid sup-
ported bilayer by single-particle tracking. Langmuir 22:5682–
5689. https​://doi.org/10.1021/la053​4219

Zagnoni M (2012) Miniaturised technologies for the development of 
artificial lipid bilayer systems. Lab Chip 12:1026–1039. https​://
doi.org/10.1039/C2LC2​0991H​

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1073/pnas.1704199114
https://doi.org/10.1073/pnas.1704199114
https://doi.org/10.1038/srep12006
https://doi.org/10.1529/biophysj.105.079574
https://doi.org/10.1529/biophysj.105.079574
https://doi.org/10.1126/science.1141727
https://doi.org/10.1126/science.1141727
https://doi.org/10.1016/0092-8674(93)90376-2
https://doi.org/10.1016/0092-8674(93)90376-2
https://doi.org/10.1021/acs.nanolett.8b02240
https://doi.org/10.1021/acs.nanolett.8b02240
https://doi.org/10.1016/j.bpj.2016.02.019
https://doi.org/10.1016/j.bpj.2016.02.019
https://doi.org/10.1021/bi00517a023
https://doi.org/10.1038/26412
https://doi.org/10.1038/nsmb.1748
https://doi.org/10.1038/nsmb.1748
https://doi.org/10.1016/j.bpj.2009.02.050
https://doi.org/10.1016/j.bpj.2009.02.050
https://doi.org/10.1021/nn305616k
https://doi.org/10.1016/S0092-8674(00)81404-X
https://doi.org/10.1016/S0092-8674(00)81404-X
https://doi.org/10.1021/la701080u
https://doi.org/10.1021/la701080u
https://doi.org/10.1126/science.1252884
https://doi.org/10.1016/j.bpj.2017.03.010
https://doi.org/10.1016/j.bpj.2017.03.010
https://doi.org/10.1073/pnas.0606032103
https://doi.org/10.1073/pnas.0606032103
https://doi.org/10.1021/la0534219
https://doi.org/10.1039/C2LC20991H
https://doi.org/10.1039/C2LC20991H

	In vitro single vesicle fusion assays based on pore-spanning membranes: merits and drawbacks
	Abstract
	Introduction
	Neuronal fusion and SNAREs
	In vitro fusion assays
	Pore-spanning membranes (PSMs)
	Single vesicle fusion experiments on PSMs
	Single vesicle lipid mixing on s-PSMs
	Single vesicle content release on s-PSMs
	Single vesicle fusion with f-PSMs
	Chromaffin granules and PSMs

	Conclusions
	References




