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Abstract

Recent structural and functional studies of the synaptic vesicle fusion machinery suggest an 

inhibited tripartite complex consisting of neuronal SNAREs, synaptotagmin, and complexin prior 

to Ca2+-triggered synaptic vesicle fusion. We speculate that Ca2+-triggered fusion commences 

with the release of inhibition by Ca2+ binding to synaptotagmin C2 domains. Subsequently, fusion 

is assisted by SNARE complex zippering and by active membrane remodeling properties of 

synaptotagmin. This additional, inhibitory role of synaptotagmin may be a general principle since 

other recent studies suggest that Ca2+ binding to extended synaptotagmin C2 domains enables 

lipid transport by releasing an inhibited state of the system, and that Munc13 may nominally be in 

an inhibited state which is released upon Ca2+ binding to one of its C2 domains.
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Synaptic Transmission and Calcium Triggering

Synaptic transmission between pre- and post-synaptic neurons occurs when the pre-synaptic 

neuron terminal is temporarily depolarized upon an action potential, opening Ca2+ channels 

near the active zones of synapses. Since the extracellular Ca2+ concentration is much higher 

than the cytoplasmic concentration, Ca2+ will flow into the cytoplasm. In turn, Ca2+ will 

trigger fusion of neurotransmitter-filled synaptic vesicles with the presynaptic membrane in 

*Correspondence: brunger@stanford.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Trends Cell Biol. Author manuscript; available in PMC 2019 August 01.

Published in final edited form as:
Trends Cell Biol. 2018 August ; 28(8): 631–645. doi:10.1016/j.tcb.2018.03.004.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



less than a millisecond [1,2]. Upon fusion, neurotransmitter molecules are released into the 

synaptic cleft, and then bind to receptors that are located in the postsynaptic membrane.

Many, if not most, of the key factors of the core synaptic fusion machinery have been 

identified, including fusogenic SNAREs (Soluble N-ethylmaleimide sensitive factor 

Attachment protein REceptor), the Ca2+-sensor synaptotagmin, the activator/regulator 

complexin, the assembly factors Munc18 (mammalian uncoordinated-18), Munc13 

(mammalian uncoordinated-13), and the disassembly factors NSF (N-ethylmaleimide-

sensitive factor) and SNAP (soluble NSF adaptor protein). Yet, the molecular mechanisms of 

Ca2+-triggering, regulation, and membrane fusion are still unclear. Central to these questions 

is the role of synaptotagmin, which in the past has been primarily viewed as an activating 

factor upon Ca2+-binding, for example, by bending membranes [3–6] or bridging 

membranes [7–9]. However, such an activating role does not explain the effect of certain 

dominant negative mutants of synaptotagmin-1 that abolish evoked release in the 

background of endogenous wildtype synaptotagmin-1 [10–12]. We note that genetic deletion 

of synaptotagmin increased the frequency of spontaneous release in flies [13,14], and a 

similar phenotype was observed upon deletion of synaptotagmin-1 in mouse neurons [15]. 

However, expression of a dominant negative synaptotagmin-1 mutant also increased 

spontaneous release in mouse neurons in a Ca2+-dependent fashion [16], suggesting that a 

Ca2+-sensor other than synaptotagmin-1 is important for spontaneous release. Since the 

molecular mechanisms of spontaneous release are less certain at this time, we primarily 

discuss Ca2+-triggered neurotransmitter release in this review. We lay out the rationale for a 

new model where Ca2+-triggered synaptic vesicle fusion begins with release of inhibition 
upon Ca2+ binding to synaptotagmin-1 [16]. After release of inhibition, the activating 
properties of synaptotagmin-1 likely further assist the fusion process.

Key players for synaptic vesicle fusion

Below, we briefly summarize the key players in synaptic vesicle fusion. For more details the 

reader is referred to recent in-depth reviews [17,18]. Prior to membrane fusion, 

synaptobrevin-2 (also called VAMP2 – Vesicle Associated Membrane Protein 2) on the 

synaptic vesicle, and syntaxin-1A and SNAP-25A on the plasma membrane initially form a 

ternary SNARE complex (see Glossary) with the transmembrane domains of 

synaptobrevin-2 and syntaxin-1A (Figure 1A) in their respective membranes. This complex 

is also often referred to as the trans SNARE complex (see Glossary). The energy for 

membrane fusion is likely provided by zippering (see Glossary) the trans SNARE complex 

into the fully assembled cis SNARE complex (see Glossary), a parallel four α-helix bundle 

[19,20]. This notion is supported by the relative equivalence of energy estimates derived 

from pulling SNARE complexes apart [21] and estimates of the energy required in 

connecting the outer leaflets of the membranes, in other words, formation of so-called lipid 

membrane stalks [22].

Since SNARE complex assembly is independent of Ca2+, a Ca2+-sensor, such as 

synaptotagmin, is required for all forms of Ca2+-triggered neurotransmitter release. 

Synaptotagmins comprise an evolutionary conserved family of Ca2+-sensors composed of an 

N-terminal single transmembrane-spanning domain, a variable juxtamembrane linker, and 
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two C-terminal cytoplasmic C2 domains, termed C2A and C2B, respectively (Figure 1A) 

[23]. Genetic deletion of synaptotagmin decreased evoked release and increased spontaneous 

release [13–15,24]. Moreover, Ca2+-dependent binding to membranes and the Ca2+-

sensitivity of neurotransmitter release are correlated, in other words, mutations that reduced 

Ca2+-dependent binding also reduced the Ca2+-sensitivity and vice versa [25,26]. 

Synaptotagmin C2 domains may act as electrostatic switches where Ca2+-binding 

neutralizes the negative charges within both the protein and plasma membrane surface, 

resulting in membrane binding, insertion or SNARE binding [27–29]. A subset of the 

synaptotagmin isoforms have been implicated in Ca2+-triggered synaptic vesicle fusion [30]. 

In this review we focus on synaptotagmin-1, which resides on the synaptic vesicle and is 

essential for synchronous Ca2+-triggered synaptic vesicle fusion [24,25]. Under certain 

experimental in vitro conditions in the presence of Ca2+, the synaptotagmin-1 C2B domain 

or a C2A-C2B fragment may bind to curved membranes or even induce deformation of the 

membrane [4–6], which may assist the fusion process [3]. Furthermore, they may stimulate 

membrane juxtaposition or bridging [7–9].

The cytoplasmic protein complexin (we focus on complexin-1 in this review) also plays 

critical roles in neurotransmitter release [31,32]. Specifically, synchronous evoked 

neurotransmitter release depends on complexin-1 [33], and this activating role of 

complexin-1 is conserved across all species and the different types of Ca2+-induced 

exocytosis studied to date [34–43]. Complexin-1 also regulates spontaneous release, 

although this effect is less conserved among species and experimental conditions 

[37,40,41,44].

Additionally, Sec1/Munc18 (SM) proteins are required components of all membrane 

trafficking pathways, as exemplified by the complete block of synaptic vesicle fusion upon 

Munc18-1 knockout in mice [45]. At the molecular level, Munc18 captures free syntaxin, 

locking it into a heterodimeric complex that kinetically prevents formation of the ternary 

SNARE complex [46]. To enable ternary SNARE complex formation, another factor is 

required. This protein, Munc13, is a primarily brain-specific, cytoplasmic protein in the 

presynaptic terminal that is implicated in synaptic vesicle priming and short-term synaptic 

plasticity [1,47]. At the molecular level, Munc13 accomplishes two tasks: (1) catalyzing the 

transit of syntaxin from the syntaxin/Munc18 complex into the ternary SNARE complex 

[46,48,49] and (2) promoting proper assembly of the SNARE complex in conjunction with 

Munc18, i.e., ensuring the parallel configuration of all components of the SNARE complex 

[50]. In vivo, Munc13 and Munc18 are required to promote proper SNARE complex 

assembly since genetic deletion of Munc13 can only be partially rescued with a mutant of 

syntaxin that bypasses the Munc13 requirement in vitro [50,51]. In addition, Munc18 and 

Munc13 have been implicated in preventing disassembly of the primed trans SNARE 

complex by NSF and αSNAP [52] and Munc13 may be involved in vesicle tethering [53] 

although the molecular mechanisms of these potential additional roles remain to be 

elucidated.

After fusion, in concert with the adaptor protein, SNAP, the ATPase NSF disassembles the 

ternary cis SNARE complex into individual proteins upon ATP hydrolysis [54–56]. NSF is a 

member of the so-called AAA+ (ATPases associated with diverse cellular activities) family 
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consisting of two ATPase rings, and an N-terminal domain. For more structural details of 

NSF and SNAPs we refer to a recent review [17].

While SNAREs and synaptotagmin-1 can promote full fusion of synthetic liposomes with 

reconstituted proteins (called proteoliposomes) upon Ca2+-triggering [57,58] with a ratio of 

Ca2+-dependent fusion to Ca2+-independent fusion of ~ 10 [59], Ca2+-triggered fusion with 

this minimal system is relatively inefficient (for a review of this and other in vitro fusion 

assays see [60]). Moreover, Ca2+-triggered fusion is inefficient between docked 

proteoliposomes and supported bilayers when only synaptotagmin-1 and SNAREs are 

reconstituted [61]. The situation is greatly improved when additional synaptic fusion 

proteins are included (Figure 1B). For example, in conjunction with neuronal SNAREs and 

synaptotagmin-1, complexin-1 increases the Ca2+-triggered amplitude (2.5-fold increase) 

and synchrony of proteoliposome fusion, and it also suppresses Ca2+-independent single-

vesicle fusion (content mixing) [59], resulting in a 50–100-fold enhancement of the 

probability ratio of Ca2+-triggered fusion to Ca2+-independent fusion. Consistent with their 

molecular functions, inclusion of both Munc18 and Munc13 further increases the Ca2+-

triggered amplitude of single-vesicle content mixing (Figure 1B), the Ca2+-triggered to 

Ca2+-independent fusion ratio to ~ 400, and the Ca2+ sensitivity to 20 µM in a more 

complete reconstituted system consisting of SNAREs, synaptotagmin-1, complexin-1, NSF, 

and αSNAP [50]. Interestingly, inclusion of Munc13 in a reconstitution of single dense-core 

vesicle fusion with a planar supported bilayer also greatly improved the Ca2+-triggered 

fusion probability in that system [62].

Together, Munc18, Munc13, NSF, and αSNAP, can be viewed as an assembly and quality 

control system that ensures proper assembly of fusogenic trans SNARE complexes [46,50]. 

Such complexes may represent the fulcrum of the primed state of the system as discussed 

below. Although this system is absolutely essential for efficient neurotransmitter release, it 

may primarily act upstream from the fusion process; this observation is supported by 

reconstitution experiments in which Munc13 was removed after Munc18/Munc13 assisted 

assembly of the synaptic fusion complex and no effect on the Ca2+-triggered fusion 

amplitude was found [50]. Clearly, this hypothesis needs further testing, but for simplicity 

we focus on SNAREs, synaptotagmin-1, and complexin-1 below.

Pairwise SNARE/synaptotagmin-1 and SNARE/complexin-1 interactions

Structural studies have proven invaluable in revealing interactions between SNAREs, 

synaptotagmin-1, and complexin-1. An X-ray crystal structure (see Glossary) of the complex 

between the neuronal SNARE complex and complexin-1 identified a primary pairwise 

interaction between these molecules [63] (Figure 2A). Crystal structures of the complex of 

the neuronal SNARE complex and synaptotagmin-1 [3] revealed pairwise interactions 

between synaptotagmin-1 and the SNARE complex (of these, the “primary” interface is 

shown in Figure 2B).

In general, interactions between macromolecules observed in crystal structures represent 

probable interactions between molecules, as crystallization selects from a subset of the 

energetically most probable interactions of the molecules in the crystallization solution. 
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Nevertheless, intra- or inter-molecular interactions observed in the crystal structure may or 

may not be physiologically relevant [64–66]. A reasonably large interface area, relatively 

low B-factors (see Glossary) for the interacting residues, and sequence conservation of the 

interacting residues are indicative of—but not necessarily sufficient to define—a 

functionally important interface. All these three criteria are satisfied for the SNARE/

complexin-1 interface that primarily involves the central α-helix of complexin-1 (Figure 2A) 

[63] and for the “primary” SNARE/synaptotagmin-1 interface (i.e., the one with the largest 

interface area, Figure 2B) [3]. In addition, both pairwise interfaces have been observed in 

very different crystal packing environments [3,16,63,67].

Most importantly, selected residues involved in both these particular pairwise interfaces have 

been functionally tested. For example, a mutant of complexin-1 that disrupts binding of the 

complexin-1 central α-helix to the ternary SNARE complex neither rescued deletion of 

wildtype complexin-1 in neuronal cultures [37], nor increased the Ca2+-triggered amplitude 

in single-vesicle fusion experiments with reconstituted SNAREs and synaptotagmin-1 [59]. 

Disruption of the primary SNARE/synaptotagmin-1 complex interface by mutation 

abolished fast synchronous release, reduced the size of the readily releasable pool (RRP, see 

Glossary), increased the frequency of spontaneous release in cultured neurons, and also 

greatly reduced the Ca2+-triggered amplitude in single-vesicle fusion experiments [3,68]. 

The primary interface is conserved among synaptotagmins (synaptotagmin-1, −2, −9) that 

are known to be involved in fast synchronous release and among neuronal SNAREs (see 

sequence alignments in ref. [3]).

In addition to the primary SNARE/synaptotagmin-1 interface [3], other pairwise interactions 

between the SNARE complex and synaptotagmin-1 C2B have been observed in vitro by 

single molecule Förster resonance energy transfer (FRET, see Glossary) and solution nuclear 

magnetic resonance spectroscopy (NMR, see Glossary) studies [69,70]. However, the data 

from either method were insufficient to reveal a high-resolution structure of these other 

interfaces, as single molecule FRET data were too sparse to derive high-resolution 

structures, and the highly dynamic character of the NMR data also prevented the 

determination of high-resolution structures of the most populated states. In addition, other 

small pairwise interfaces between the SNARE complexes and synaptotagmin-1 C2 domains 

have been observed in crystal structures [3,16], but their potential functional importance has 

not been tested.

Synaptotagmins also interact with anionic membranes in both the presence and absence of 

Ca2+ [71]. In the absence of Ca2+, the polybasic region (Figure 2D) of synaptotagmin-1 C2B 

primarily interacts with the membrane, and this membrane interaction stabilizes the 

synaptotagmin-1/SNARE primary interface [72]. However, polyvalent ions, such as ATP and 

Mg2+, may interfere with certain interactions between synaptotagmin-1 and the SNARE 

complex [73]. Specifically, polyvalent ions disrupt interactions between the polybasic region 

of synaptotagmin-1 C2B, but they do not disrupt the primary interface [72]. Moreover, in 
vitro Ca2+-triggered fusion experiments showed little difference in absence and presence of 

3 mM ATP [3]. Thus, while some in vitro interactions between synaptotagmin-1 and 

SNAREs are disrupted by electrostatic shielding, in particular those involving the polybasic 

region, the primary interface is unaffected by polyvalent ions. We will therefore not consider 
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interactions between the polybasic region of synaptotagmin-1 C2B and SNAREs in models 

of primed synaptic complexes that are presented below.

In addition to the interaction between the central α-helix of complexin-1 and the SNARE 

complex, an additional SNARE/complexin-1 interface was observed in a crystal structure 

between a truncated SNARE complex and complexin-1 with a mutation in the accessory α-

helix (Figure 1A) [67]. Although a weak interaction involving the accessory α-helix was 

observed by isothermal titration calorimetry (ITC, see Glossary) for the wildtype protein 

[74,75] it may not necessarily correspond to the crystal structure with mutated complexin-1, 

and it was not observed by NMR [44]. These differences between the NMR and ITC results 

are probably due to differences in the length of the syntaxin constructs used, as a few 

residues at the C-terminal end of syntaxin appear to have a substantial effect on binding 

[74,75]. Functionally, the accessory α-helix of complexin-1 was not required for Ca2+-

triggered single-vesicle fusion with reconstituted neuronal SNAREs, complexin-1, and 

synaptotagmin-1 [76], and mutations of the accessory α-helix had little or no effect on 

evoked release in neurons [44,77]. However, certain mutations of the complexin-1 accessory 

α-helix affected spontaneous release [44,77,78], although these studies differed in the effect 

of some of the mutations of the complexin-1 accessory α-helix. Moreover, elimination of the 

accessory domain all together increased Ca2+-independent single-vesicle fusion (content 

mixing) [76] compared to wild-type control. In this context, single-molecule experiments 

showed that the accessory α-helix weakly interacts with the binary t-SNARE complex 

(syntaxin-1A/SNAP-25A complex, see Glossary) [79], although it remains to be tested if 

this particular interaction is relevant for regulation of spontaneous release. In any case, since 

the accessory α-helix is largely expendable for evoked neurotransmitter release in neurons 

[44,77,78] and for in vitro Ca2+-triggered synaptic vesicle fusion [76], we will not consider 

it in models of primed synaptic complexes that are presented below.

Tripartite SNARE/complexin-1/synaptotagmin-1 complex

The pairwise SNARE/synaptotagmin-1 and SNARE/complexin-1 interactions alone do not 

explain certain experimental results. For example, mutation of the Ca2+-binding region of 

the C2B domain of synaptotagmin-1 has dominant negative effects on both evoked and 

spontaneous neurotransmitter release, in other words, expression of mutant synaptotagmin-1 

reduces evoked release and up-regulates spontaneous release in the background of 

endogenous wildtype synaptotagmin-1 [10–12] while complexin knockdown abrogates these 

dominant negative phenotypes [16], suggesting an important mode of cooperation between 

SNAREs, complexin-1, and synaptotagmin-1. The recent crystal structure of the tripartite 
SNARE/complexin-1/synaptotagmin-1 complex (Figure 2C) [16] now provides a possible 

explanation for these experimental results since it revealed an unprecedented interface 

between one synaptotagmin-1 C2B domain and both the SNARE complex and complexin-1 

[16]. Simultaneously, a second synaptotagmin-1 C2B domain interacts with the other side of 

the SNARE complex via the above-mentioned SNARE/synaptotagmin-1 primary interface. 

Structure-guided mutagenesis, solution-binding studies by ITC, and electrophysiological 

recordings showed that both Ca2+-triggered synaptic release and suppression of spontaneous 

release depend on synaptotagmin-1 C2B residues involved in both the SNARE/complexin-1/

synaptotagmin-1 tripartite and the SNARE/synaptotagmin-1 primary interfaces [16]. 
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Moreover, mutations in the synaptotagmin C2B domain that disrupt binding in vitro (as 

assessed by ITC) also abolished the readily-releasable pool of synaptic vesicles, i.e., the 

primed state of synaptic vesicles is sensitive to these interacting residues. Both interfaces 

map to distinct regions on the surface of the synaptotagmin-1 C2B domain (Figure 2D), and 

they are separate from the Ca2+-binding site and the polybasic region implied in membrane 

interactions [71].

For the tripartite interface, the synaptotagmin-1 C2B domain binds to the SNARE/

complexin-1 subcomplex via interactions with both the SNARE and complexin-1 

components (Figure 2C). Among the most striking structural features of this tripartite 

interface is the continuation of the complexin-1 central α-helix into the α-helix HA (Figure 

2D) of synaptotagmin-1. Since the α-helix HA is structurally conserved in C2B domains of 

all synaptotagmins, Doc2s, and Rabphilin, but not present in the Munc13-1 C2B domain and 

synaptotagmin C2A domains (see structural and sequence alignments in ref. [16]), the 

SNARE/complexin-1/synaptotagmin-1 tripartite interface may be more general, with 

different types of synaptotagmin-regulated exocytosis being mediated by similar 

complexin-1-dependent fusion mechanisms (synaptotagmin-1, −2, −7, −9, and −10) [43,80–

82]. It is thus conceivable that all these synaptotagmins could participate in a tripartite 

interface while only the subset of synaptotagmin molecules involved in synchronous 

neurotransmitter release (synaptotagmin-1, −2, or −9) may utilize the primary interface 

based on primary sequence conservation.

The tripartite interface involves the central α-helix, but not the accessory α-helix of 

complexin-1 or any other parts of complexin-1, consistent with the above mentioned 

observations that the accessory α-helix is largely expendable for evoked neurotransmitter 

release in neurons [44,77,78] and for Ca2+-triggered vesicle fusion in vitro [76]. On the 

other hand, the N-terminal domain of complexin-1 is important for activation of 

synchronous Ca2+-triggered release [37,83–85], and it increases the Ca2+-triggered 

amplitude in single-vesicle fusion (content mixing) experiments when added as an 

independent fragment in addition to the complexin-1 central α-helix[76]. The complexin-1 

N-terminal domain may thus independently interact with the juxtamembrane SNARE 

domains of the splayed open trans SNARE complex [79,84]. Note that the membrane 

proximal parts of the trans SNARE complex were not included in the crystal structure of the 

SNARE/complexin-1/synaptotagmin-1 complex, possibly explaining why the complexin-1 

N-terminal domain was not visible in that crystal structure.

Supramolecular arrangements of synaptic fusion complexes

The structure of the SNARE/complexin-1/synaptotagmin-1 complex likely represents the 

primed pre-fusion state of this tripartite complex since the RRP of synaptic vesicles depends 

on residues involved in both interfaces [16]. There are likely two or more synaptic 

complexes involved in Ca2+-triggered fusion [86,87]. In principle, these complexes could be 

arranged independently from each other around a contact site between synaptic and plasma 

membranes in star-like fashion, or they could interact with each other. Moreover, 

synaptotagmins are capable of forming ring-like homo-oligomeric assemblies on synthetic 
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membranes, although the physiological relevance of such assemblies remains to be 

established [88].

Cryo-electron tomography (cryo-ET, see Glossary) of slices of unstained, vitrified frozen-

hydrated mouse synapses [89], or in cryo-ET thin sections of high-pressure frozen 

hippocampal neuronal cultures [90] only provided very low resolution images that make it 

difficult to identify individual synaptic proteins or their complexes. Recent work with 

reconstituted systems does provide clues as to what kinds of structures might exist between 

membranes. Cryo-ET images and corresponding tomograms of functionally active 

proteoliposomes with neuronal SNAREs, synaptotagmin-1, complexin-1, and Munc13 

revealed contacts with a variety of morphologies between the vesicle membranes with a 

preference for relatively compact point contacts [91]. Although the resolution of these 

tomograms is still relatively low, the observed contacts are likely proteinaceous as connected 

density spans inter-membrane distances of 40–60 Å [91].

At that separation, lipids alone would be unable to bridge the membranes: for example, the 

critical distance at which lipid stalks form is < 9 Å [22]. Volumetric analysis suggested that 

the most compact point contacts can accommodate approximately two SNARE/complexin-1/

synaptotagmin-1 complexes while the larger contacts can accommodate even more 

complexes [91]. The larger contacts may represent higher order oligomeric, but probably 

asymmetric, assemblies. We speculate that multiple membrane contact morphologies co-

exist in the neuron and that they are relevant in different contexts (e.g., fast synchronous 

release, asynchronous release, and spontaneous release [92]). Taken together, we propose 

that the SNARE/complexin-1/synaptotagmin-1 complexes form protein “stalks” that 

juxtapose the membranes, keeping them far enough away to reduce the chances of 

membrane fusion, in other words, these complexes inhibit fusion and set the stage for Ca2+-

triggering.

Regardless of the overall organization and number of multiple synaptic complexes, the 

crystal structure of the SNARE/complexin-1/synaptotagmin-1 complex and the existing 

cryo-ET studies are compatible with several quaternary arrangements, two of which are 

shown in Figure 3. In one proposed “core” arrangement, one SNARE complex interacts with 

two synaptotagmin-1 C2B domains, via the primary and the tripartite interfaces of the two 

separate C2B domains (Figure 3B,C, and Supplementary Video 1) (corresponding to Figure 

1 in ref. [16]). Multiple complexes could be arranged in a starlike fashion. Alternatively, one 

C2B domain could “bridge” two SNARE complexes, again via the primary and tripartite 

interfaces of the same C2B domain (Figure 3D,E, and Supplementary Video 2) 

(corresponding to Extended Data Figure 9 in ref. [16]) and two additional C2B domains may 

interact with this unit. Again, multiple such bridge SNARE/complexin-1/synaptotagmin-1 

quaternary arrangements could be situated around the membrane contact site. Moreover, the 

presence of the membranes as well as their composition might induce a conformational 

change of the SNARE/complexin-1/synaptotagmin-1 complex.
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Release of inhibition upon Ca2+ binding?

Regardless of the particular quaternary arrangement (Figure 3), the number of complexes, 

and how they might interact with each other, we propose that the system is nominally locked 

or inhibited, preventing synaptic vesicle fusion in the absence of Ca2+, based on the 

following arguments. First, the dominant negative phenotype of mutations of the 

synaptotagmin-1 C2B that prevent Ca2+-binding [11,12] as well as the requirement of 

residues of both interfaces of the SNARE/complexin-1/synaptotagmin-1 complex for 

maintaining the RRP of synaptic vesicles [16] both suggest that Ca2+-free C2B domains play 

an essential role to prevent fusion, but that they also play an essential role in establishing the 

RRP. Second, as mentioned above, cryo-ET studies of contacts between proteoliposomes 

with reconstituted SNAREs, complexin-1, and synaptotagmin-1 revealed a membrane 

separation of 40–60 Å [91], i.e., a separation that is too far for lipid stalk formation [22]. 

Third, for both possible arrangements, the SNARE complex is only partially zippered, and 

thus provides an “energy store” that becomes available once the inhibition is released.

From a structural perspective, a possible mechanism of fusion inhibition is intuitive for the 

bridge arrangement (Figure 3D,E) since the transmembrane domains of the two SNARE 

complexes involved in the bridge arrangement are on opposite sides, placing the structured 

parts of the SNARE/complexin-1/synaptotagmin-1 complex at the center between the 

membranes, and providing a large geometric barrier for the SNARE complexes to fully 

zipper. Starting from the bridge arrangement, the SNARE transmembrane domains would 

have to move by approximately 5 nm (i.e., half the end-to-end distance of the SNARE 

complex) if the proximity of the transmembrane domains is a prerequisite for fusion pore 

formation. If this were an entirely diffusion-driven process, the time it would take for the 

SNAREs to diffuse around an area of 5 nm2 would be in the range of 3–70 µsec considering 

the lateral diffusion coefficients of SNARES in membranes (the average diffusion coefficient 

for synaptobrevin-2 in lipid bilayers is ~ 0.4 µm2 s−1, for syntaxin-1A it is ~ 0.07 µm2 s−1 

[93], and for the binary t-SNARE complex it is 1.5-0.5 µm2 s−1 [94] at ambient 

temperature). Thus, movement of the transmembrane domains starting from the bridge 

arrangement would be a physically plausible process for synaptic vesicle fusion since it 

occurs within ~ 0.1 msec [95].

For the core arrangement (Figure 3B,C), the negative charge of the Ca2+ binding region of 

synaptotagmin-1 C2B might repel negatively charged anionic phospholipids in the 

membrane, as suggested by membrane penetration and orientation measurements [71,96], 

effectively increasing the distance between membranes in the absence of Ca2+, thus 

decreasing the chance of membrane fusion. Distance regulation by synaptotagmin-1 alone 

had been previously suggested upstream of SNARE complex formation [9], and our models 

(Figure 3) suggest that it may also apply to the tripartite SNARE/complexin-1/

synaptotagmin-1 pre-fusion complex.

At present, there is no uninhibited structure of the SNARE/complexin-1/synaptotagmin-1 

complex, i.e., in the presence of Ca2+. We speculate that upon Ca2+-binding to the C2 

domains of the primed complex, the synaptotagmin-1 molecule that is involved in the 

SNARE/complexin-1/synaptotagmin-1 tripartite interface (Figure 3A) is dislodged, for 
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example, by interacting with, or insertion into, one of the membranes [28,71,97–99], by 

switching to a different interface with the SNARE complex [70], or by membrane bridging 

[7–9].

This synaptotagmin-1 dislodging may also induce a conformational change of complexin-1 

[79]. However, full dislodging of complexin-1 as previously suggested [100] is unlikely 

considering the tight binding (dissociation constant Kd ≈ 10–100 nM) between complexin-1 

and the cis ternary SNARE complex [79]. Moreover, only partial Ca2+-dependent 

competition between complexin-1 and synaptotagmin-1 in binding to the SNARE complex 

has been reported [100], and non-competitive binding was observed in both the absence and 

presence of Ca2+ by another group [101].

The synaptotagmin C2B molecule that forms the primary interface could induce membrane 

bending in conjunction with the SNARE complex upon Ca2+-binding, and puckering of the 

membrane near fusion site [3]. We note that synaptotagmin C2A-C2B domains can bend 

membranes on their own as well [4–6]. Following unlocking of the primed complexes, the 

SNAREs may then fully zipper [19,20] to trigger fusion.

Autoinhibitory role of extended synaptotagmin C2 domains

Extended synaptotagmins are involved in establishing contacts between endoplasmic 

reticulum (ER) and plasma membranes, and in promoting lipid transfer between the 

membranes [102,103]. In mammals, there are three different isoforms, extended 

synaptotagmin-1, −2, and −3 [104] that comprise an N-terminal hydrophobic hairpin that 

anchors them to the ER membrane, a SMP (synaptotagmin-like mitochondrial binding 

protein) domain, and multiple C2 domains. The crystal structure of the SMP-C2A-C2B 

fragment of extended synaptotagmin-2 in the absence of Ca2+ revealed an intramolecular 

interface between the C2 and SMP domains [102]. The SMP domain forms a channel that 

accommodates glycerolphospholipids, and this channel is probably involved in lipid transfer 

at ER-plasma membrane contact sites. Among mammalian extended synaptotagmins, the 

C2A-SMP domain interface is highly conserved [103]. We note that the primary sequence 

analysis published in ref. [102] included the sequence of tricalbins, yeast proteins that also 

contain a SMP domain and several C2 domains. However, in retrospect, tricalbins are rather 

different from extended synaptotagmins since only the C2C domains of tricalbin1 and 

tricalbin2 show Ca2+ dependent membrane binding [103], and, thus, the function of the 

tricalbins may be different from that of extended synaptotagmins. The functional relevance 

of the C2A-SMP interactions was tested by mutagenesis, and by disrupting the charge-based 

interaction under high salt conditions. The available data suggest that upon Ca2+ binding to 

the extended synaptotagmin-2 C2A domain, the autoinhibitory interaction between the C2A 

and SMP domains is released, enabling lipid transfer between membranes via the released 

SMP domain [105], possibly in conjunction with membrane bridging via the C2 domains of 

extended synaptotagmins [8]. However, as in the case of the SNARE/complexin-1/

synaptotagmin-1 complex, the uninhibited conformation of extended synaptotagmins 

remains to be determined.
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Autoinhibitory role of the Munc13 C2B domain

Munc13-1 consists of a C1 domain (C1), a calmodulin-binding domain, two C2 domains 

(C2A, C2B), a so-called MUN domain, and finally another C2 domain (C2C). The crystal 

structure of the C1C2BMUN fragment of Munc13-1 revealed inter-domain interactions 

between the C1, C2B, and MUN domains and a folded linker region between the C1 and 

C2B domains [106]. Surprisingly, deletion of the Munc13 C2B domain enhanced Ca2+-

triggered exocytosis in C. elegans neurons, suggesting an inhibitory function for this domain 

[107]. The C2B-MUN linker was required for inhibition and Ca2+-binding to C2B domain 

relieved this inhibition. A cryo-ET study of proteoliposomes with reconstituted syntaxin and 

SNAP-25 and with bound C1C2BMUN revealed filamentous features that suggested 

multiple conformations of this fragment in the absence of Ca2+ [91], with the one 

conformation being consistent with the crystal structure in the absence of Ca2+ [106]. 

However, no high resolution structures of the bent conformations of C1C2BMUN are 

available, and a structure of the proposed autoinhibitory conformation of Munc13 in the 

absence of Ca2+ and presence of the membranes also remains to be determined.

Concluding remarks

In addition to the three examples of C2 domain inhibition presented in this review, there are 

other examples where C2 domains may inhibit certain functions. For example, the C2 

domain of protein kinase C (PKC) βII interacts with its kinase domain in an autoinhibitory 

conformation [108] and the HECT-type ubiquitin ligase Smurf2 is also autoinhibited by its 

C2 domain. In both cases, it is possible that Ca2+ binding may release the autoinhibition, 

although this remains to be experimentally confirmed.

Taken together, synaptotagmin and synaptotagmin-like C2 domains may play a dual role of 

inhibiting a certain process, such as membrane fusion [16], in the absence of Ca2+, and of 

activating the same process after release of inhibition by membrane remodeling in the 

presence of Ca2+ [3–9]. Clearly, there remain key questions regarding the molecular 

mechanism of Ca2+-triggering (see Outstanding Questions). To begin, the conformation of 

the trans SNARE/complexin-1/synaptotagmin-1 complex within its native environment (that 

is between the synaptic and plasma membranes) needs to be determined along with the 

quaternary arrangement of such complexes. It is still an open question if interactions with 

other proteins, such as Munc18 and Munc13, play a regulatory role downstream from 

assembly of the trans SNARE complex, and if so, the structure of such super-complexes 

remains to be determined. Finally, the molecular steps after Ca2+-binding to the 

synaptotagmin C2 domains should be visualized, in other words, what happens to the 

synaptotagmin C2 domains, the SNARE complex, complexin, and the membranes around 

the emerging fusion pore. Considering the recent advances in imaging methods, in particular 

in electron microscopy, we predict that these goals are achievable in the not too distant 

future.
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Refer to Web version on PubMed Central for supplementary material.
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Glossary

Binary t-SNARE complex
subcomplex consisting of the neuronal SNARE proteins syntaxin-1A and SNAP-25A

B-factor
refers to the thermal factor of atoms or groups of atoms in crystal structures

cis SNARE complex
fully assembled ternary SNARE complex with both the syntaxin and synaptobrevin 

transmembrane domains residing in the same membrane

cryo-ET
cryo-electron tomography, imaging method to visualize large macromolecular complexess 

and cellular assemblies at up to ~ 40 Å resolution

FRET
Förster resonance energy transfer, a mechanism of energy transfer between fluorescent dyes

ITC
isothermal titration calorimetry, method to determine binding constants between 

macromolecules in solution

NMR
nuclear magnetic resonance spectroscopy, method to study macromolecular structure and 

dynamics

RRP
readily releasable pool, set of synaptic vesicles that are primed and ready to undergo evoked 

synaptic vesicle fusion

ternary SNARE complex
complex consisting of the three neuronal SNARE proteins syntaxin-1A, synaptobrevin-2, 

and SNAP-25A

trans SNARE complex
partially assembled (zippered) ternary SNARE complex with the transmembrane domains of 

syntaxin and synaptobrevin residing in the plasma and synaptic vesicle membranes, 

respectively

X-ray crystal structure
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three-dimensional structure of a molecule or of a complex of molecules obtained by 

crystallization of the molecule(s), X-ray diffraction data collection, structure solution, and 

refinement

Zippering of the SNARE complex
directed assembly of the ternary SNARE complex, starting from the trans SNARE complex, 

proceeding from the N-terminal to the C-terminal end of the SNARE complex, and resulting 

in the cis SNARE complex
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Highlights

• The recent structure of the pre-fusion complex of neuronal SNAREs, 

complexin-1, and synaptotagmin-1, along with functional studies, suggest that 

Ca2+-triggered fusion is initiated by release of inhibition.

• Activating properties, such as, full zippering of the SNARE complex, 

synaptotagmin-induced membrane bending or membrane bridging would act 

after the release of inhibition.

• Inhibitory properties of synaptotagm in C2 domains at resting level of Ca2+ 

have also been suggested to occur for extended synaptotagm ins and Munc13.
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Outstanding Questions

What is the quaternary arrangement of multiple SNARE/complexin-1/synaptotagmin-1 

complex around the fusion site?

Are Munc18 and Munc13 still interacting with these complexes after trans SNARE 

complexes have formed? Are other factors interacting with these complexes?

What happens to the SNARE/complexin-1/synaptotagmin-1 complex after release of 

inhibition?

When and how do synaptotagmin C2 domains engage with the membrane after Ca2+-

triggering?
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Figure 1. More complete reconstitution improves fusion probability in vitro
(A) Domain diagrams of SNAREs, synaptotagmin-1, and complexin-1.

(B) Histogram of vesicle fusion time upon entry of 500 µM Ca2+ (at time = 0 sec), as 

measured in a single-vesicle fusion assay [50,59]. The inset shows the corresponding 

cumulative probability histogram. Synthetic proteoliposomes that mimic the synaptic vesicle 

(SV) are reconstituted with synaptobrevin-2 and synaptotagmin-1, while plasma membrane-

mimic proteoliposomes (PM) are reconstituted with syntaxin-1 and SNAP-25. The 

histograms were normalized by the number of associated (docked) vesicle pairs. Alone, this 

simple reconstitution (blue) produces only ~0.5 % fusing vesicle pairs immediately upon 

Ca2+ entry. Addition of complexin-1 to this fusion system (green) increases both the number 

of fusion-competent vesicle pairs as well as the fraction of vesicles that fuse immediately 

upon Ca2+ entry. In the more complete reconstitution system (red) NSF, α-SNAP and 

Munc18 are incubated with PM vesicles in the presence of ATP and Mg2+ to disassemble 

pre-formed binary (syntaxin-1/SNAP-25) SNARE complexes and allowing Munc18 to trap 

free syntaxin-1 (we refer to these syntaxin-Munc18 vesicles as SM vesicles). Subsequent 

addition of SNAP-25, Munc13, and complexin-1 with the SV vesicles greatly enhances the 

total number of fusion competent vesicle pairs as well as the number of vesicles that fuse 

immediately upon calcium addition. Data are taken from [50,59]. SV: synaptic vesicle 
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mimicking proteoliposome; PM: plasma membrane mimicking proteoliposome; TM: 

transmembrane domain.
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Figure 2. Atomic-resolution structures of SNARE/complexin-1, SNARE/synaptotagmin-1, and 
SNARE/complexin-1/synaptotagmin-1 complexes
(A) Crystal structure of the pairwise complex between complexin-1 (yellow) and the 

SNARE complex (synaptobrevin-2, blue; SNAP-25, green, syntaxin-1A, red) [63] (PBD ID 

1KIL). (B) Superposition of the Ca2+ and Mg2+-bound crystal structures of the pairwise 

complex between the SNARE complex (synaptobrevin-2, blue; SNAP-25, green, 

syntaxin-1A, red), and synaptotagmin-1 C2B (gray, green, purple, blue, and gold) [3] (PDB 

IDs 5CCG and 5CCI). For clarity, only the primary C2B-SNARE interface is shown. (C) 
Crystal structure of the Ca2+-free tripartite complex between the half-zippered SNARE 

complex (synaptobrevin-2, blue; SNAP-25, green, syntaxin-1A, red), complexin-1 (yellow), 

and synaptotagmin-1 C2B (gray, green, purple, blue, and gold) [16] (PDB ID 5W5C). (D) 
Functional regions and interfaces of the synaptotagmin-1 C2B domain. The colors indicate 

the loops involved in Ca2+-binding (gold), the primary SNARE-synaptotagmin-1 interface 

(green), the tripartite SNARE/complexin-1/synaptotagmin-1 interface (purple), and the 

polybasic region (blue).
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Figure 3. Models of quaternary arrangements of the SNARE/complexin-1/synaptotagmin-1 pre-
fusion complex
(A) Schema of the trans SNARE complex interacting with two synaptotagmin-1 C2B 

domains and the central α-helix of complexin-1 in the core quaternary arrangement. The 

trans SNARE complex consists of synaptobrevin-2 (blue), syntaxin-1 (red) and SNAP-25 

(green). The trans SNARE complex forms two interfaces (referred to as primary and 

tripartite interfaces) with two synaptotagmin-1 C2B domains (represented as multicolored 

ellipsoids), one of which also involves the central α-helix of complexin-1 (yellow) [16]. The 

colors of the C2B ellipsoid indicate the loops involved in Ca2+-binding (gold), the primary 

SNARE/synaptotagmin-1 interface (green), the tripartite SNARE/complexin-1/
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synaptotagmin-1 interface (purple), and the polybasic region (blue). For clarity, the rest of 

synaptotagmin-1 including the C2A domain and the transmembrane domain, has been 

omitted. For the trans SNARE complex, the primary interface mainly involves SNAP-25 

while the tripartite interface involves synaptobrevin-2, syntaxin-1 and complexin-1 (yellow). 

(B) and (C) Two orthogonal views of the core arrangement consisting of one trans SNARE 

complex that interacts with one central α-helix of complexin-1, and two synaptotagmin-1 

C2B domains. See also Supplementary Video 1. (C) The same core arrangement viewed 

from above.

(D) and (E) Two orthogonal views of the bridge quaternary arrangement consisting of two 

trans SNARE/complexin-1 complexes that interact with a single C2B domain via primary 

and tripartite interfaces, respectively. To exemplify the potentially iterative nature of this 

interaction, additional synaptotagmin-1 C2B domains are shown in white. See also 

Supplementary Video 2. (E) A top-down view of (D).
In panels (B)–(E), the primary and tripartite molecular interface areas are indicated by green 

and purple colored surfaces, respectively, and the known crystal structure of the SNARE/

complexin-1/synaptotagmin-1 complex (PDB ID 5W5C) is shown in ribbon representation.
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