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Molecular machines governing exocytosis of synaptic vesicles

Reinhard Jahn? and Dirk Fasshauer?

1Department of Neurobiology, Max-Planck-Institute for Biophysical Chemistry, 37077 Géttingen,
Germany 2Department of Basic Neuroscience, Faculty of Biology and Medicine, University of
Lausanne, 1005 Lausanne, Switzerland

Abstract

Calcium-dependent exocytosis of synaptic vesicles mediates the release of neurotransmitters.
Important proteins in this process have been identified such as the SNAREs, synaptotagmins,
complexins, Munc18 and Munc13. Structural and functional studies have yielded a wealth of
information about the physiological role of these proteins. However, it has been surprisingly
difficult to arrive at a unified picture of the molecular sequence of events from vesicle docking to
calcium-triggered membrane fusion. Using mainly a biochemical and biophysical perspective, we
briefly survey the molecular mechanisms in an attempt to functionally integrate the key proteins
into the emerging picture of the neuronal fusion machine.

Exocytosis and recycling of synaptic vesicles define how much transmitter is released from
nerve terminals during incoming action potentials (Fig. 1). Under resting conditions,
synaptic vesicles are stored in the cytoplasm of the nerve terminal, with some of them
attached to specialized sites at the presynaptic plasma membrane termed active zones.
Active zones are composed of unique multidomain proteins that provide a scaffold for
vesicle docking and participate in activating the release apparatus, referred to as priming.
Priming probably involves several reactions, including some requiring metabolic energy.
Docked and primed vesicles (termed readily releasable pool) are ready to go, and some do
so spontaneously, with the transmitter released by a single vesicle giving rise to a miniature
postsynaptic potential. When an action potential arrives, voltage-gated calcium channels
open, with the resulting calcium influx stimulating the rate of exocytosis more than 100,000
fold in a highly cooperative manner (for review see ref. 1).

During the past two decades, the key proteins mediating neuronal exocytosis have been
identified. Many of them belong to structurally conserved protein families including the
SNARES, Rab proteins, Secl/ Munc18-like (SM) proteins, and a group of tethering proteins
termed CATCHR (complex associated with tethering containing helical rods) proteins.
Apparently, they form the core of an ancient intracellular fusion machine that diversified
during evolution to adapt to the needs of specialized compartments. Neuronal exocytosis
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constitutes one of such adaptations, and specific regulatory proteins such as synaptotagmins
and complexins evolved in the animal kingdom (for reviews see refs 2-8).

Despite such progress, there is still a gap in understanding between the functional properties
of synaptic exocytosis and the molecular features of the key proteins. Modern
electrophysiological9,10 and imaging approaches (11-13) provided a wealth of information
about the number of docked and primed vesicles, the exchange rates of vesicles between
different pools, their release probabilities, their kinetics of exocytosis, and the dependence of
exocytosis on calcium. Thus, detailed job descriptions for the underlying molecular
machines are available. However, whereas genetic perturbations were instrumental in
defining the basic functions of the key proteins, it often proved difficult to assign them to a
specific step in the exocytotic pathway. For instance, Munc18, synaptotagmin and even the
SNARESs were shown to function in docking as well as in priming and triggering.
Conversely, specific steps such as docking are controlled by multiple proteins (see refs 7 and
11 for a more detailed discussion). It also often proved difficult to reconcile the
physiological effects of the perturbations with the physicochemical properties of the
proteins. Thus, the molecular mechanisms responsible for the attachment of synaptic
vesicles to the active zone, for the activation of the release machinery, and for calcium
triggering of exocytosis on a millisecond timescale are only slowly emerging.

SNARE proteins, the engine of membrane fusion

The synaptic proteins synaptobrevin (also referred to as VAMP), syntaxin 1 and SNAP-25
belong to the SNARE protein family. Their defining feature is an extended coiled-coil
stretch, which is referred to as a SNARE motif and falls into four subtypes, referred to as
Qa, Qb, Qc and R-SNARE motif (for example ref. 14). In syntaxin, synaptobrevin and in
most other SNAREs the SNARE motifs are connected by a short linker to a carboxy-
terminal transmembrane region (TMR). SNAP-25 deviates from this general structure: here
two SNARE motifs (Qb and Qc) are connected by a linker that is palmitoylated, whereas a
TMR is lacking. Whereas synaptobrevin and SNAP-25 do not carry any other domains,
syntaxin possesses an amino-terminal domain consisting of an antiparallel three-helix
bundle, termed the Habc domain (15,16), connected to the SNARE motif by a flexible
linker. Positioned N-terminally to the Habc domain is a short stretch that ends in the so-
called N-peptide (see Fig. 2). SNAREs undergo a regulated assembly—disassembly cycle
that is energized by the AAA1-ATPase NSF. Synaptobrevin is a synaptic vesicle protein,
whereas syntaxin 1 and SNAP-25 are localized in the presynaptic plasma membrane. On
contact, the SNARESs associate in trans at the N-terminal ends of the SNARE motifs. A tight
bundle of four parallel a-helices is formed, each contributed by a different SNARE motif
(17,18), which progresses towards the C-terminal membrane anchors (‘zippering’), thus
pulling the membranes tightly together (19). Assembly is associated with a huge release of
energy that is used to initiate membrane fusion (20,21). After fusion, the ternary SNARE
complex resides in the plasma membrane in the low-energy cis configuration and is
disassembled by NSF in conjunction with its SNAP cofactor. Next, synaptobrevin is
endocytosed and recycled, thus being able to participate in another round of exocytosis (for
reviews see refs 2-8).
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Despite the elegant simplicity and experimental support (22) of the zippering model,
SNARE assembly proved to be an unexpectedly complex reaction, and there is still a lot to
learn. In vitro, isolated SNARE motifs are unfolded but assemble into diverse homo-and
hetero-oligomers that all are at least partially helical (reviewed in refs 4 and 8). For instance,
SNAP-25 can bind sequentially two syntaxin molecules, thus blocking the binding site of
synaptobrevin (23). Furthermore, syntaxin rapidly switches between an active open
conformation and an inactive closed conformation in which the Habc domain folds against
the N-terminal part of the SNARE motif (24,25). Such conformational dynamics and kinetic
trapping of off-pathway intermediates explains why in vitro assembly of the ternary
complex, although highly exergonic, lasts hours, far too slow to mediate fast exocytosis. On
the other hand, if a complex of SNAP-25 and syntaxin with a free N-terminal binding site
for synaptobrevin is stabilized, SNARE assembly is accelerated by orders of magnitude
(26). The central problem is to delineate precisely the assembly pathway and to understand
how the SNARE molecules are channeled along this pathway by regulatory proteins to
execute fusion efficiently. Four proteins, each representing a small protein family, have
emerged as such key regulators: Munc18 and Munc13 that prepare the SNARE engine for
assembly, and synaptotagmin and complexin that govern calcium-dependent triggering.

Priming the SNARE engine

Muncl18

UNC-18 and UNC-13, the Caenorhabditis elegans orthologues of Munc18 and Munc13,
respectively, were originally identified by S. Brenner in his classical screen uncovering
genes involved in movement (27). Deletion of either Munc18 (ref. 28) or Munc13 (ref. 29)
and their respective orthologues (30,31) completely inhibits neuronal exocytosis. Munc18
belongs to the conserved family of SM proteins. It possesses an arch-shaped architecture
with a central cavity for high-affinity binding to syntaxin-1 (refs 32,33). By contrast, the
large Munc13s belong to the CATCHR protein family (34). Munc13 also binds to
syntaxin-1 but only with moderate affinity (35,36). Both proteins are involved in setting up
the SNAREs for assembly and perhaps in guiding them through the initial part of the
assembly pathway, but it is still not understood how exactly they operate, how many copies
are required to carry out the reaction, and how the extraordinary phenotypes of the
knockouts can be mechanistically explained.

For many years, the molecular mechanism of Munc18 has been shrouded by a paradox
because it locks syntaxin-1 in a closed conformation (24,33) (Fig. 2), in which syntaxin
cannot enter SNARE complexes. Such inhibition is difficult to reconcile with the complete
loss of exocytosis in deletion mutants, which suggests exactly the opposite, namely that
SNARE zippering is absolutely dependent on Munc18. Indeed, Munc18 seems to be an
oddity because other SM proteins, despite high structural similarity, bind instead tightly to
the N-peptide of their cognate syntaxins, involving a binding site on the surface of the SM
protein. This binding mode would enable these syntaxins to remain open, with SNARE
assembly not being inhibited, whereas syntaxin-1 would need to be opened in the case of
Munc18. To reconcile these discrepancies, it was proposed that binding of SM proteins to
syntaxins, whether via the N-peptide or the Habc domain, merely serves to recruit the SM
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protein to the prospective fusion site. The SM proteins are then handed over to the SNARE
motifs where they promote nucleation and/or zippering (for reviews see refs 3 and 37).

Recently, it has been recognized that SM proteins, including Munc18, generally bind to their
respective syntaxins using both of the spatially distinct binding sites, but with different
relative affinities (32,38,39). In fact, the two binding sites seem to act together in controlling
SNARE complex formation (32). This sheds new light on the paradox, as full ‘opening’ of
syntaxin may not be required for gating entry into SNARE complexes. In support of this
view, a syntaxin mutant originally thought to be constitutively open (LE mutant) (24) is now
known to bind Munc18 via both sites in an at least partially closed conformation, but
without inhibiting formation of SNARE complexes (32,36). Indeed, when expressed as the
only syntaxin 1 variant, the LE mutant results in enhanced spontaneous exocytosis,
supporting that under resting conditions it is more reactive with respect to SNARE binding
(40).

Thus it seems that binding of Munc18-1 to both the closed conformation and to the N-
peptide of syntaxin 1a is an integral part of the pathway during which Munc18 guides
syntaxin towards productive SNARE complex formation. Perhaps Munc18 first keeps
syntaxin closed and inactive, thus preventing premature SNARE assembly, but allows for
synchronization of a subsequent (calcium-dependent?) activation step (see for example ref.
3).

Despite such progress, it is still unclear why Munc18 is essential for efficient SNARE
nucleation. Reconstitution experiments involving liposomes suggest that Munc18
participates in selecting the correct R-SNARE helix and thus guides nucleation of the
ternary complex (for example refs 41 and 42). It is unclear whether it then remains
associated with the ternary complex (43) as also suggested for other SM proteins (for
example ref. 37) or dissociates upon zippering (44). In the latter case Munc18 might be
interacting with a trans-SNARE complex only during its initiation, whereas progression of
zippering would cause syntaxin to fully open, thus driving off Munc18.

Munc13s are modular proteins sharing a conserved C-terminal region containing a phorbol-
ester-binding C1 domain and two calcium-binding C2 domains that flank a larger, so-called
MUN domain (Fig. 2, reviewed in ref. 45). Expression of the MUN domain alone partially
rescues the total arrest of exocytosis in neurons lacking Munc13s (46), identifying it as a key
functional element of the protein. MUN domains are shared with the proteins BAP3 and
CAPS (Unc31) and with other proteins in most eukaryotes (47). The MUN domain is
structurally strikingly similar to other CATCHR family members (48) that work in various
trafficking steps. These proteins form elongated arrays of stacked a-helical bundles with
flexible hinge regions, which tether transport vesicles to the site of fusion. It is conceivable
that the conserved MUN domain serves as binding platforms that arrange the core fusion
machinery, whereas the C1 and C2 domains mediate fine-tuning of its membrane
recruitment, a feature ideally suited to Ca2*-regulated secretion.
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CATCHR complexes are also thought to enable SNARE assembly, although their interplay
with SNARE proteins seems to vary. For instance, Munc13 may participate directly by
unlocking syntaxin from the grip of Munc18, because in C. elegans, the LE mutant of
syntaxin (that is not inhibited by Munc18 binding) partially rescues neurotransmitter release
in the absence of UNC-13 (refs 49 and 50). Furthermore, recent experiments have shown
that the isolated MUN domain accelerates the transition of syntaxin-1 from the Munc18-1
complex to the SNARE complex (36). It should be kept in mind, however, that the LE
mutant also partially rescues the block of exocytosis caused by deletion of RIM (also known
as UNC-10) in C. elegans (51). RIM serves as central organizer of the active zone. It forms a
tripartite complex with the N-terminal C2A domain of Munc13 and the small vesicular
GTPases RAB3 and RAB27, thus orchestrating the attachment site of synaptic vesicles
(reviewed in ref. 2).

Ca?l-dependent triggering starts the SNARE engine

In contrast to the basic fusion reaction that is carried out by conserved proteins traced back
to an ancient eukaryotic machine, the unique features of calcium-triggered exocytosis are
primarily encoded in specialized proteins. Of these, synaptotagmins I, Il and IX constitute
the dominant calcium sensors whose deletion results in a complete loss of fast, calcium-
triggered exocytosis (reviewed in refs 52-54). However, asynchronous (that is, slower)
calcium-dependent release persists, showing that other calcium-binding proteins are
involved, with candidates including other synaptotagmin isoforms or related proteins such as
Doc2 (refs 55-57). Furthermore, complexins I and Il are involved in triggering: deletion of
complexins strongly reduces calcium-evoked exocytosis, whereas both stimulatory and
inhibitory effects were observed on spontaneous release (for example see refs 58 and 59).

Synaptotagmins

Complexins

The neuronal synaptotagmins are anchored to synaptic vesicles by a single TMR.
Characteristic features of the synaptotagmins are two C2 domains, called C2A and C2B, that
are connected to the membrane as well as to each other by flexible linkers. C2 domains are
rigid, oval-shaped b-sandwiches that possess a cluster of calcium-binding loops, serving as
partial coordination site for two (C2A) or three (C2B) calcium ions. In the presence of
calcium, the C2 domains bind to membranes containing acidic phospholipids that complete
the calcium coordination sites. In addition, the C2B domain contains a spatially separated
basic patch that steers the domain to membranes enriched in phosphatidylinositol (4,5)
bisphosphate (P1(4,5)P,). Membrane binding is primarily electrostatic and rapidly reversed
by chelating calcium or increasing the ionic strength. Furthermore, the synaptotagmin C2
domains bind to syntaxin alone or syntaxin-containing SNARE complexes (for example see
refs 60 and 61). Although binding occurs in the absence of calcium, it appears to be
influenced by calcium (reviewed in refs 54 and 62).

Complexins are small cytoplasmic proteins that bind via a central helix to a groove on the
surface of the SNARE complex, which is formed by the helices of syntaxin and
synaptobrevin (63,64) (Fig. 2). Because SNARE binding is required for their physiological
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action, complexins can only exert their function once SNAREs are at least partially
assembled, placing them into the reaction sequence after zippering is initiated. Intriguingly,
the central helix is not sufficient for complexin function. Rather, the N-terminal end pointing
towards the membrane is needed for facilitation of fusion, whereas the regions flanking the
central helix seem to have an inhibitory role. To accommodate the presumed dual
stimulatory and inhibitory role of complexin, two alternative molecular mechanisms are
discussed (3,9,65-67). First, binding to the surface of the SNARE complex may promote
initiation and progression of zippering, for example, by stabilizing partially zippered
SNARE complexes and sensitizing them to activation by synaptotagmin (‘super-priming’)
(for example see ref. 58). Second, complexin acts as a clamp that blocks progression of
SNARE-zippering, presumably by competing directly with synaptobrevin binding in the C-
terminal part of the SNARE complex (for example see refs 59 and 68). The clamp is
released upon calcium triggering, probably by synaptotagmin (see below) because
complexins do not bind calcium.

Two models explain the action of calcium

Despite many years of research, it is still controversial as to how calcium influx brings about
the extraordinary and highly cooperative acceleration of exocytosis. To some extent this is
owing to the fact that the molecular status of a docked and primed vesicle, ready to respond
to calcium by exocytosis in less than a millisecond, is not known with certainty.

Most authors seem to agree that SNARES are already partially zippered in this state, with
full zippering being prevented either by an energy barrier in the fusion pathway that the
SNARE:s alone cannot overcome (for example, electrostatic repulsion, transition towards a
stalk intermediate, see below), and/or by an interfering protein, with prime candidates being
complexins and/or synaptotagmins (Fig. 3, pathway I). During this state, Munc18, and
perhaps also Munc13, may still be bound to the complex. It is debated whether such a
complex is strained, that is, storing energy that is released during fusion, or whether it is
relaxed, with the linkers connecting the zippered part of the complex to the membrane being
flexible.

Calcium binding to synaptotagmin would trigger fusion either by activating (disinhibiting)
the SNARES or by lowering the activation energy barrier in the fusion pathway through
membrane interactions. Accordingly, synaptotagmin may act by (1) disengaging from the
SNAREs, thus relieving the block (fusion clamp model) (69), (2) binding to the SNAREs,
thus displacing the inhibitory complexin and/or promoting zippering (59), (3) binding to the
membrane directly adjacent to the partially complexed SNAREs, thus destabilizing the
bilayer at the fusion site (70-72), (4) increasing curvature stress by displacing lipids in the
monolayer of the plasma membrane facing the vesicle (73,74), and (5) cross-linking the
vesicle and the plasma membrane, thus accelerating fusion by charge compensation owing
to the positive electrostatic potential of the C2 domains (75).

A wealth of evidence is invoked in support of a partially zippered and arrested SNARE
complex; for instance, differential effects of SNARE mutations on fusion Kinetics that affect
nucleation and zippering, respectively (see for example refs 76—78). The model also allows
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for an integration of complexin into the fusion mechanism that needs at least partial SNARE
assembly before it can bind and exert its action.

Furthermore, the model intuitively explains the fast fusion kinetics because only minor
conformational rearrangements are required upon Ca?*-triggering, with all proteins already
being correctly positioned for the final step.

On the other hand, there are problems with this model, which in our opinion have not been
sufficiently appreciated. Experimentally, trans-complexes are difficult to capture. Similarly,
despite hints, for example, from single-molecule experiments (4,79), an effect of
synaptotagmin and/or complexin on the rate of SNARE assembly has remained elusive.
Most importantly, the mechanisms proposed for arresting SNARE zippering somewhere in
the middle are difficult to reconcile with the fact that SNARE assembly proceeds along a
steep downhill energy gradient. For instance, a C-terminal fragment of synaptobrevin forms
in vitro a stable complex with SNAP-25 and syntaxin, thus blocking, like a brake shoe, the
C-terminal portion from assembling as envisioned in the partially zippered model. However,
full-length synaptobrevin is able to rapidly displace this fragment (26) and, despite this
additional energy barrier, to promote fusion in vitro even if only one of such partially
inhibited SNARE complexes is involved (80). None of the proposed factors (including
complexin) binds with an affinity even remotely comparable to that of the synaptobrevin
fragment, questioning their ability to influence the strongly exergonic zippering reaction.
Furthermore, we consider it unlikely that the control of the neuronal SNAREs is exerted by
tinkering with its structurally highly conserved engine core, that is, the helical bundle whose
major features (structure, stability, folding— unfolding hysteresis) are remarkably similar
between SNAREs in regulated and non-regulated trafficking steps (8).

Similarly, a role of synaptotagmin in destabilizing membranes or inducing curvature stress is
difficult to reconcile with CaZ*-dependent membrane binding being primarily electrostatic
and reversible. Indeed, vesicle deformation in vitro requires saturation with C2 domain-
containing synaptotagmin fragments (73,74), whereas only few phospholipid molecules are
expected to be displaced by binding of single C2 domains, hardly sufficient to create even
local tension. Generally, agents increasing positive spontaneous curvature of the proximal
monolayers inhibit rather than enhance fusion(81), that is, exactly the opposite of what
synaptotagmin is doing, requiring elaborate models of highly organized ‘bulges’ to explain
promotion of fusion intermediates (82).

Recently, an alternative scenario for the docked and primed state has been envisaged that,
despite being far from proven, we consider as an interesting alternative, as it overcomes
several of the problems outlined above (70,83) (Fig. 3, pathway I, see also ref. 40).
Supported by recent electron tomography data showing that docked vesicles appear to be a
few nanometres away from the plasma membrane (11,12), it assumes that SNARESs do not
connect in trans before the arrival of the calcium signal. Rather, the interaction of the vesicle
with the active zone components (most notably Muncl13 and RIM) would precisely position
the vesicle on top of a patch of plasma membrane containing activated SNARE acceptor
complexes, probably complexed with Munc18. In this state, vesicle-bound synaptotagmin
may be already in contact with the plasma membrane, either by (calcium-independent)
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binding to the SNARES or by loosely binding to PI(4,5)P2 patches colocalizing with
syntaxin clusters. Calcium influx would trigger membrane binding and cross-linking of the
vesicle and plasma membrane, thus nudging them a bit closer (75,83,84), sufficient to allow
for rapid binding of synaptobrevin to the acceptor complex (78). Once nucleation is
triggered, the SNAREs quickly progress through zippering and fusion.

This model places the entire control of the neuronal fusion machine upstream of SNARE
nucleation, which has important consequences for our understanding of the partial reactions.
Most importantly, it changes the view of SNARE function. Accordingly, SNARES act as
‘single shot’ devices that, once nucleation is triggered, are unstoppable and flash through
assembly to bring about fusion. ‘Misfiring” of SNAREs (assembly without fusion) probably
only occurs rarely, if at all, but is likely to increase in mutants affecting zippering (85). Also,
it is possible that nucleation triggers the displacement of Munc18 and other factors (such as
Munc13), thus allowing the SNAREs to carry out the work unhindered by bulky bound
proteins. Such a simple and highly efficient mode of operation may explain why the SNARE
engine was so successful in evolution. The proposed function for synaptotagmin is in line
with the function of C2 domains in other proteins such as protein kinase C—they operate as
electrostatic switches (62) mediating calcium-dependent rapid and reversible membrane
binding.

The model also elegantly explains why solutions of high osmolarity (usually sucrose) trigger
calcium-independent exocytosis of the readily releasable pool (86): the resulting water
efflux creates negative pressure that draws docked vesicles closer to the plasma membrane,
triggering SNARE firing. Furthermore, any destabilization of the overall architecture of the
docking site, which increases Brownian fluctuations of the vesicle, would cause occasional
spontaneous firing of SNARESs, which may explain changes in spontaneous release rates
upon deletion or overexpression of some proteins (for a detailed discussion see for example
refs 9 and 57).

Finally, the model provides for a fresh look at the molecular basis of the high cooperativity
of calcium-triggered fusion. At non-saturating calcium concentrations, synaptotagmin
binding may be less tight or transient, perhaps undergoing rapid and repetitive ‘on—off’
cycles, resulting in vesicle jittering. Accordingly, the probability for SNARE nucleation/
firing would be reduced. Such a scenario may also explain the function of complexin, which
is otherwise more difficult to integrate into this model. Complexin may increase the
frequency of successful nucleation events by stabilizing correctly oriented syntaxin—
synaptobrevin alignments. This hypothesis is in line with the ability of complexin to bind to
SNARE complexes with fast, diffusion-limited kinetics (87).

Fusion—interplay between proteins and lipids

In the final step of exocytosis the vesicle membrane fuses with the plasma membrane. The
merger of two bilayers involves non-bilayer intermediates at the contact site that ultimately
develop into the opening of an aqueous channel, termed a fusion pore. During fusion the
hydrophobic barrier separating the cytoplasm from both the vesicle content and the
extracellular space must remain intact.

Nature. Author manuscript; available in PMC 2015 June 10.
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Key issues concerning the molecular rearrangements of proteins and membrane lipids along
the fusion pathway are unresolved. Popular models requiring an oligomeric ring of SNARE
complexes surrounding the prospective fusion pore as intermediate cannot be maintained in
view of the fact that only one to two (or three) SNARE complexes are sufficient for fusion
both in vitro and in vivo (80,88,89). Intriguingly, in vitro fusion can be mediated by trans
assembly of artificially engineered molecules mimicking SNARE-zippering (even DNA) as
long as they possess membrane anchors (for example see refs 91-94). Such a lack of
structural specificity in catalysis is indeed a hallmark of membrane fusion, and it is likely
that considerable structural variety is tolerated along the fusion pathway. This helps to
explain why unrelated classes of fusion proteins evolved in parallel to the SNAREs, such as
those fusing cells (95), viruses (96), mitochondria (97) or the endoplasmic reticulum (98).
The stalk hypothesis, first developed 30 years ago (99), describes membrane fusion as an
ordered sequence of steps initiated by an hourglass-shaped intermediate (the fusion stalk),
followed by a hemifusion diaphragm and subsequent rupture, resulting in the formation of a
fusion pore (Fig. 4). Indeed, stalk-like intermediates can be induced as a separate phase
under mild conditions (100-102). However, the energy landscape as well as the intermediate
molecular structures along the fusion pathway is unclear.

Originally, the energy profile was modeled on the basis of the elastic properties of
membranes, with the curvature stress of the intermediate model structures defining
transition-state energies. However, these energies were unrealistically high, and molecular
parameters were invoked to lower the energies (for review see ref. 103). More recently,
coarse-grain or even atomistic simulations of fusion have provided detailed scenarios for
intermediate structures (Fig. 4), with consequences for the energy landscape. For instance, it
has been suggested that “splaying’ of phospholipid tails may form the first hydrophobic
connection between the membranes (104) from where stalk formation proceed downhill an
energy gradient. Furthermore, the enhanced fusogenicity of curved membranes can also be
explained by the hydrophobic effect: owing to the increased spacing of the hydrophilic head
groups the membrane surface is more hydrophobic. Lipid splaying requires the membranes
to be at a critical distance of less than 1 nm (Fig. 4, see ref. 105 for a more detailed
discussion).

These considerations have important consequences for the mechanism of SNARE-catalysed
fusion. Certainly, zippering of the four-helix bundle brings the membranes in close
proximity, but the question is how the SNARESs promote stalk formation and subsequent
intermediate structures. If the main energy barrier is contributed by curvature stress (106),
stiffness of the linkers connecting SNARE motifs and TMRs is essential for transmitting
stress to the membranes. Indeed, mutagenesis of the linkers generally reduces fusion
efficacy (see for example ref. 107), and at least syntaxin seems to have a stiff linker as a
monomer (108). On the other hand, if close proximity, water removal, increase of local
hydrophobicity and lipid splaying form the main energy barrier, bending stiffness of the
SNARE linkers may not be as relevant, a view suggested by recent simulation studies (109).
Instead, the pulling force exerted during zippering may drag the TMRs along with some
phospholipids slightly out of the membrane, thus initiating phospholipid splaying once the
critical distance has been reached.
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What are the next steps? Transient hemifusion intermediates (experimentally defined, for
example, by lipid mixing in the absence of content mixing) are observed upon SNARE-
mediated fusion of liposomes, suggesting hemifusion as a metastable intermediate (for
example see refs 110-114). However, it is experimentally difficult to differentiate between
stalk and hemifusion intermediates. Hemifusion constitutes the lateral expansion of a stalk,
leading to the formation of a hemifusion diaphragm (Fig. 4). It remains to be seen whether
such diaphragms represent intermediates along the fusion pathway or whether they are dead-
ends as previously suggested for viral fusion proteins (see ref. 115 for a review). In any case,
the job of the SNAREs is not finished before the initial opening of the fusion pore, with
interactions between the linkers as well as the TMRs probably being involved (116).

Conclusion

The molecular basis of synaptic exocytosis has fascinated scientists for decades. Since the
initial discovery of quantal release in the 1950s by Katz and colleagues, and the elucidation
of the synaptic vesicle-recycling pathway by Heuser and Ceccarelli in the 1970s, we have
come a long way in deciphering the steps of the vesicle cycle at an increasingly detailed
level. Although we have focused here on only a few key components, the vesicle cycle is
governed by hundreds of proteins, and there are still new proteins being put on the map. We
are only beginning to understand the rules by which individual protein—protein interactions
work together in supramolecular machines to yield the synaptic vesicle cycle that reliably
operates millions of times. These machines assemble on demand and disassemble when the
task is completed. They are highly robust, tolerate varying stoichiometries, flexible
compositions and other disturbances, and are controlled by an array of regulators such as
protein kinases and phosphatases. Advances in technologies such as super-resolution
microscopy, single-molecule measurements, fluorescent reporters and cryo-electron
tomography are all contributing to closing the gap between our understanding of partial
reactions in vitro and the fascinating efficiency of the vesicle cycle in intact synapses.
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Figure 1.
Trafficking pathways in the nerve terminal. Synaptic vesicles are filled with

neurotransmitter and stored in the cytoplasm. Active vesicles are translocated to release sites
in the active zone where they dock. Priming involves all steps required to acquire release
readiness of the exocytotic complex. Although usually assumed to occur after docking,
priming and even triggering may precede docking during sustained activity, resulting in
immediate fusion of an arriving vesicle. After exocytosis, the vesicle proteins probably
remain clustered and are then retrieved by endocytosis. Despite some lingering
controversies, consensus is emerging that retrieval is generally mediated by clathrin-
mediated endocytosis. After clathrin uncoating, synaptic vesicles are regenerated within the
nerve terminal, probably involving passage through an endosomal intermediate. Actively
recycling vesicles are in slow exchange with the reserve pool. See text for more details
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Figure 2.

Schematic depictions of domain structures and crystal structures of core proteins of the
neuronal fusion machine. The dashed lines between the N-peptide (N) and Habc domain
represent flexible regions in syntaxin. For synaptotagmin the two Ca2* binding sites are
indicated. Note that the domain structure of the large multi-domain protein Munc13 is
shown five times smaller than those of the other domain structures. A high-resolution
structure was obtained for the C-terminal half of the MUN domain. See text for details. The
data for structures are from: Munc13-1 (C and D subdomains) (48),Synaptotagmin 1 (C2A
and C2B domain) (117), Munc18-1 (blue-green, in complex with syntaxin (red)) (32),Habc
domain (16), SNARE complex (18),complexin (63). aa, amino acid.
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Figure 3.

Alternative models describing the steps between priming and fusion. Priming | involves
arrest of a partially zippered SNARE complex, here shown with bound Munc18, Munc13
and synaptotagmin. Calcium influx triggers binding of synaptotagmin to the SNARE
complex and to the plasma membrane (involving P1(4,5)P,, not shown here), associated
with displacement of complexin and (possibly) Munc18 and/or Munc13. Priming Il involves
arrest after positioning of the vesicle with the aid of active zone components and (possibly)
contact of synaptotagmin with P1(4,5)P, in the plasma membrane, but no contact between
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the SNARESs. Ca2*-triggering pulls the vesicle closer via synaptotagmin-mediated cross-
linking, resulting in SNARE assembly, associated with full opening of syntaxin and
displacement of Munc18, and binding of complexin. See text for details.
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Figure4.
Transition states during membrane fusion. Intermediates of the fusion pathway. The top

drawings represent intermediate states of the membrane along the pathway as predicted by
the elastic theory. Below, snapshots of intermediate states of a simulation of SNARE-
mediated fusion are shown, which, although roughly corresponding to the elastic model,
differ in detail and in their energy predictions (adapted from ref. 109, courtesy of J.
Rissellada and H. Grubmiiller).
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