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xocytosis of synaptic vesicles is
a central step in neuronal signal
transmission (reviewed in 1). On
arrival of an action potential,
voltage gated Ca2+ channels in the
synaptic plasma membrane open. The inﬂux of Ca2+ ions triggers fusion of synaptic
vesicles with a delay of less than 1 ms
and increases the fusion rate by more than
four orders of magnitude (2). During the
past 2 decades, major progress has been
made in deciphering the molecular
events underlying exocytosis of synaptic
vesicles. Although details are still controversial, it is widely accepted that membrane fusion itself is catalyzed by the
synaptic SNARE proteins, including the
R-SNARE synaptobrevin/vesicleassociated membrane protein that resides
on synaptic vesicles and the Q-SNAREs
syntaxin-1 and synaptosomal-associated
protein-25 (SNAP-25) that reside in the
presynaptic plasma membrane. On contact, these SNAREs form a helical complex that is initiated at the membranedistal N-terminal ends and progresses
toward the C-terminal transmembrane
anchors, thus pulling the membranes
together. The tight coupling of fusion to
Ca2+ inﬂux is mediated by the protein
synaptotagmin, a resident of synaptic
vesicles. Synaptotagmin-1 bears two Ca2+binding C2 domains that interact with both
SNAREs and acidic membrane lipids in
a Ca2+-dependent manner. However, despite intense research by many
groups, it is still unclear exactly how the
enormous acceleration by Ca2+ is achieved at the molecular level. Kyoung et al.
(3) now provide us with a unique assay
in which some of the key steps have
been reconstructed in vitro, thus opening
the door toward unraveling synaptic
membrane fusion.
Reconstitution of a complex cellular
event in vitro, such as protein-mediated
membrane fusion, is an important step
toward a full mechanistic understanding,
and despite the increasing sophistication
of cell-based assays, there is still no alternative to this approach. Indeed, there is
a long tradition in reconstituting fusion
events using both biological and artiﬁcial
membranes; such assays have been instrumental in unraveling the mechanisms
underlying membrane merger, particularly
in the ﬁeld of viral fusion proteins (4).
Similarly, the presence of appropriate
combinations of SNAREs sufﬁces to mediate fusion of artiﬁcial membranes: Liposomes containing synaptobrevin-2 are
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Fig. 1. Cascade of membrane fusion events that
can be distinguished by the assay of Kyoung et al.
(3). Step 1 is liposome tethering. Step 2 is hemifusion with the outer membrane leaﬂet mixed and
the inner leaﬂet still intact. Step 3 is full-membrane
fusion accompanied by content mixing.

capable of lipid mixing with a second
population of liposomes that contain
SNAP-25 and syntaxin-1A (5). Although
this observation has been reproduced
numerous times, major problems persist.
First, the fusion rate is extremely slow
(at least 5 orders of magnitude slower than
neuronal exocytosis). Second, including
the Ca2+ sensor synaptotagmin-1 in the
experiments only results in a very moderate acceleration of fusion (reviewed in 6
and 7) that is by no means even close to
the increase of four orders of magnitude
observed in neurons (2).
A major limitation of these experiments
is the “bulk” nature of the measurements.
In typical fusion assays, liposomes are
labeled with two spectrally separated
ﬂuorescent lipid analogs. These lipid analogs mix on membrane fusion, resulting
in a change of ﬂuorescence attributable
to Förster resonance energy transfer
(FRET) (5). This process is usually measured in a cuvette, where total ﬂuorescence is measured over time after mixing
of the two populations. Although this assay is simple and very reliable, it is not
possible to distinguish docking from fusion
with this approach. This is a serious
limitation because the ﬁrst membrane
tethering step (Fig. 1; step 1) is ratelimiting for native SNAREs (8, 9). Thus,
any effect on fusion downstream of tethering, as is proposed for synaptotagmin-1
(6), cannot be reliably measured. Furthermore, ensemble averaging does not
allow for distinguishing between vesicle
populations exhibiting different kinetics,
and multiple rounds of fusion cannot be
differentiated. Last but not least, testing
for nonleakiness (an important criterion
for biological fusion) requires different
dyes, is difﬁcult to carry out in the same
experiment, and is thus frequently
omitted.
In single-liposome fusion assays, membrane tethering can be easily discerned
from actual lipid mixing and multiple
rounds of membrane fusion can also be
readily observed. The ﬁrst researchers
to realize single vesicle Ca2+-triggered

membrane fusion experimentally were Lee
et al. (10). In this study, Q-SNARE liposomes were immobilized via biotinavidin linkage (11) on a glass surface. This
allowed for measuring lipid mixing with
R-SNARE liposomes containing the
Ca2+ sensor synaptotagmin-1 using ﬂuorescence microscopy. Surprisingly, membrane fusion was accelerated already at
10 μM Ca2+ (10), which is far lower than
observed previously in vitro. Even more
surprisingly, higher concentrations resulted in a decrease of the fusion efﬁciency. This paradox was attributed to
“back binding” by synaptotagmin to its
“own” membrane at higher Ca2+ concentrations, resulting in functional inactivation (12). Notwithstanding these
important ﬁndings and methodological
advances, content leakage and hemi/fullmembrane fusion were not addressed
in this study.
Kyoung et al. (3) have now overcome
these limitations in a very elegant manner.
As in the study by Lee et al. (10),
Q-SNARE liposomes were immobilized
on a glass slide and synaptotagmin/RSNARE liposomes were subsequently
introduced. Membrane fusion was then
monitored by a cunning triple-ﬂuorescence microscopy approach. First, Ca2+
was introduced together with the ﬂuorescent dye cascade blue, which allowed for
monitoring the Ca2+ diffusion through
the microscopy chamber. Second, one of
the liposome populations contained a
self-quenching concentration of the red
ﬂuorescent lipid analog 1,1′-dioctadecyl3,3,3′,3′-tetramethylindodicarbocyanine 4chlorobenzenesulfonate. Thus, lipid mixing could be monitored because dilution
of the lipids resulted in decreased selfquenching and an increase in ﬂuorescence.
Third, a self-quenching concentration of
the green ﬂuorophore sulforhodamine-B
was encapsulated in the lumen of one of
the liposome populations. Leakage and
content mixing could hence be directly
followed by monitoring dispersion and/or
increase of the ﬂuorescence. Because
these three ﬂuorophores are spectrally
separated, Ca2+ diffusion, as well as
membrane tethering and lipid and content
mixing, could be followed simultaneously.
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COMMENTARY

Inside insight to membrane fusion

The results contain a few surprises.
First, SNAREs alone mediated some
tethering but hardly sufﬁced to catalyze
membrane fusion: Only 20% of the tethered liposomes fused within ∼30 min.
Tethering was enhanced in the presence of
complexin [as reported previously (9, 13)]
or with synaptotagmin (7, 14). In the
presence of synaptotagmin-1, Ca2+ dramatically increased fusion. Fusion consisted of a fast phase with a time constant
well below the 200-ms time resolution
and a slower phase with a subsecond time
scale. Very interestingly, disrupting Ca2+
binding to the C2B-domain of synaptotagmin-1 only affected the fast phase of
membrane fusion, whereas the total fusion
efﬁciency remained unaltered. Because
bulk assays do not allow discrimination
between these two phases, this explains
why the C2B mutant was indistinguishable

from the WT in some studies (7, 12). A
striking difference that remains to be
clariﬁed is the nonphysiologically low Ca2+
sensitivity: Kyoung et al. (3) require more
than 3 mM for acceleration, whereas
Lee et al. (10) require only 10 μM.
The triple-ﬂuorescence single-liposome
assay of Kyoung et al. (3) provides a
powerful tool for future work. Most importantly, it will facilitate studying the role
of other regulatory proteins, such as
Munc18, Munc13, and Rab3-interacting
molecule (1, 6). Also, with direct evidence
that trans-SNARE complex formation
can, in fact, mediate tethering, it will be
very interesting to determine how far the
SNARE motifs are coiled up and how
further zippering is arrested. Particularly
attractive is the perspective of combining
the assay of Kyoung et al. (3) with an
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earlier single-molecule FRET approach
from the same group (15).
The study by Kyoung et al. (3) introduces a unique tool for studying
membrane fusion. Most importantly, or
perhaps even worryingly, they show
profoundly different kinetics of lipid
and content mixing, asking for a reevaluation of the many studies on membrane fusion that only looked at lipid
mixing. The triple-ﬂuorescence singleliposome fusion assay may allow resolution of some of the questions that have
been occupying the SNARE ﬁeld for
many years.
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