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Abstract: Research for three decades and major recent advances have provided crucial insights

into how neurotransmitters are released by Ca21-triggered synaptic vesicle exocytosis, leading to

reconstitution of basic steps that underlie Ca21-dependent membrane fusion and yielding a model
that assigns defined functions for central components of the release machinery. The soluble N-

ethyl maleimide sensitive factor attachment protein receptors (SNAREs) syntaxin-1, SNAP-25, and

synaptobrevin-2 form a tight SNARE complex that brings the vesicle and plasma membranes
together and is key for membrane fusion. N-ethyl maleimide sensitive factor (NSF) and soluble NSF

attachment proteins (SNAPs) disassemble the SNARE complex to recycle the SNAREs for another
round of fusion. Munc18-1 and Munc13-1 orchestrate SNARE complex formation in an NSF-SNAP-

resistant manner by a mechanism whereby Munc18-1 binds to synaptobrevin and to a self-

inhibited “closed” conformation of syntaxin-1, thus forming a template to assemble the SNARE
complex, and Munc13-1 facilitates assembly by bridging the vesicle and plasma membranes and

catalyzing opening of syntaxin-1. Synaptotagmin-1 functions as the major Ca21 sensor that triggers

release by binding to membrane phospholipids and to the SNAREs, in a tight interplay with com-
plexins that accelerates membrane fusion. Many of these proteins act as both inhibitors and acti-

vators of exocytosis, which is critical for the exquisite regulation of neurotransmitter release. It is

still unclear how the actions of these various proteins and multiple other components that control
release are integrated and, in particular, how they induce membrane fusion, but it can be expected

that these fundamental questions can be answered in the near future, building on the extensive

knowledge already available.

Keywords: neurotransmitter release; synaptic vesicle fusion; SNAREs; Munc18; Munc13; synaptotag-

min; complexin; NSF; SNAPs

Introduction
The amazing variety of functions performed by the

brain is made possible by the ability of neurons to

communicate with each other, which occurs primar-

ily via chemical synaptic transmission. This process

involves neurotransmitters that are packaged in

vesicles at presynaptic nerve terminals and are
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released by Ca21-evoked synaptic vesicle exocytosis.

The vesicles are tethered to specialized sites on the

presynaptic plasma membrane called active zones,

undergo one or more priming reactions that leaves

them ready for release, and fuse with the plasma

membrane when an action potential triggers Ca21

influx into the terminal.1 Release exhibits a fast,

synchronous component that appears in less than

0.5 ms after Ca21 influx and a slower, asynchronous

component.1 Each of the steps that lead to release

can be regulated during a variety of short- and long-

term presynaptic plasticity processes that alter the

probability of vesicle release, thus modulating the

properties of neural networks and underlying multi-

ple forms of information processing in the brain.2

Hence, neurotransmitter release represents an

exquisitely regulated form of membrane fusion. Cor-

respondingly, comprehensive studies of the release

machinery for almost three decades have shown that

release is controlled by core components that have

homologues in most types of intracellular membrane

traffic and underlie a general mechanism of mem-

brane fusion, as well as by specialized factors that

help to confer the tight regulation of synaptic vesicle

fusion.3 Clearly, determining the mechanism of

membrane fusion is critical to understand how neu-

rotransmitters are released but, from the point of

view of neuroscience, it is equally or perhaps even

more important to elucidate how release is regulated

and how the ancient membrane fusion machinery

evolved during billions of years to provide such a

powerful signaling mechanism that enables in part

the many wonders of the human brain.

Many mechanistic insights into neurotransmitter

release have been obtained progressively over the

years, but multiple fundamental questions remained

just a few years ago.4 Recent advances have been

bringing into focus the blurry image that was emerg-

ing from the available information and, although

membrane fusion itself remains enigmatic, it seems

plausible that a reasonably detailed understanding of

the mechanism of release may be reachable in the

near future. In this review I outline important con-

cepts that emerged from earlier studies and empha-

size recent key advances, trying to make a clear

distinction between the notions that I consider well

established and those that remain debatable. I focus

primarily on N-ethyl maleimide sensitive factor

(NSF), soluble NSF attachment proteins (SNAPs),

SNAP receptors (SNAREs), Munc18-1 and Munc13s

as core components of the presynaptic fusion machin-

ery, and on synaptotagmin-1 (Syt1) and complexins as

key regulators, but I will also mention briefly some

other important regulators of release such as Rab3s,

RIMs and CAPS. Note however that some of the core

components themselves are also intimately involved

in the regulation of release, and that most of these

proteins perform both active and inhibitory roles in

release, as expected from the very nature of this bio-

logical process. Another noteworthy feature of many

of these proteins is the presence in their sequence of

C2 domains, which often function as Ca21-dependent

phospholipid binding modules but can also perform

other functions5 and can be considered critical regula-

tors of neurotransmitter release. I will describe some

results from studies of other types of intracellular

membrane fusion that have brought seminal insights

but, unfortunately, it is impossible to cover all the

vast amount of literature available in this field, and I

apologize to the authors of many studies that I will

not describe. Excellent recent reviews have covered

some aspects not discussed here (e.g., 3,4,6–9).

The SNARE Complex

SNARE proteins are characterized by sequences of

about 65 residues called SNARE motifs that have pro-

pensity to form coiled cols. The neuronal SNAREs

involved in neurotransmitter release are syntaxin-1,

SNAP-25 (no relation to SNAPs) and synaptobrevin-2

(also called VAMP2; below referred to as synaptobre-

vin). Syntaxin-1 and synaptobrevin each contain one

SNARE motif preceding a transmembrane (TM) region,

and are anchored to the plasma and vesicle mem-

branes, respectively [Fig. 1(A,B)]. SNAP-25 includes

two SNARE motifs and is attached to the plasma mem-

brane through palmitoylation. The three SNAREs form

a tight SNARE complex10 that consists of a four-helix

bundle11,12 and brings the membranes into close prox-

imity13 [Fig. 1(C,D)], which is critical for membrane

fusion (see below). Synaptobrevin is often referred to as

a v-SNARE because of its vesicle localization, while

syntaxin-1 and SNAP-25 are called t-SNAREs because

they reside on the target membrane.14 The observation

of a conserved polar layer in the middle of the SNARE

complex that is formed by three glutamines (from

syntaxin-1 and SNAP-25) and one arginine (from syn-

aptobrevin) led to a more general classification that des-

ignates syntaxin-1 and SNAP-25 as Q-SNAREs, and

synatobrevin as an R-SNARE.15

SNARE complexes that are formed between two

membranes before fusion are referred to as trans-

SNARE complexes, whereas those residing on the

same membrane after fusion are called cis SNARE

complexes. Synaptic vesicle priming to a readily-

releasable state is widely believed to involve forma-

tion of trans SNARE complexes that are partially

assembled at the N-terminus (e.g., 16). Trans

SNARE complexes are also assumed to be partially

assembled in vesicles that are morphologically

docked using the definition of docking that is now

commonly used, that is, contact or very close prox-

imity (�5 nm) between a vesicle and the plasma

membrane at the active zone (e.g., 17,18). This defini-

tion, which I adopt below, is more stringent than

those used earlier and implies that docking and

priming may be equivalent (but see below). I will
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use the term tethering to indicate vesicle proximity

to the plasma membrane that involves longer distan-

ces and occurs before SNARE complex assembly.

In addition to a SNARE motif and a TM region,

syntaxin-1 contains an N-terminal region that

includes a three-helix bundle called Habc domain19

and a short N-terminal sequence referred to as N-

peptide20 [Fig. 1(A,C)]. The Habc domain binds intra-

molecularly to the SNARE motif, forming a self-

inhibited structure known as closed conformation

that prevents SNARE complex formation21 and

binds to Munc18-1, in cooperation with the N-

peptide (see below). SNARE complex assembly is

also influenced by the tendency of SNARE motifs to

promiscuously form four-helix bundles that consti-

tute kinetic traps (reviewed in22). For instance,

syntaxin-1 and SNAP-25 form heterodimers called t-

SNARE complexes that are heterogenous and

Figure 1. Models of SNARE-dependent membrane fusion. (A) Domain structures of synaptobrevin, syntaxin-1 and SNAP-25.

SNARE indicates SNARE motif and N-pep indicates the N-peptide of syntaxin-1. Numbers on the right above the diagrams indi-

cate the length of the protein. The same color coding for the SNAREs is used in all figures. (B) Diagram illustrating the topology

of the neuronal SNAREs, with synaptobrevin anchored on a synaptic vesicle and syntaxin-1 anchored on the plasma mem-

brane, and showing how the SNAREs can form partially assembled trans-SNARE complexes between the two membranes. In

this model, the N-terminal half of the four-helix bundle is assembled and the C-terminal half of the synaptobrevin SNARE motif

is unstructured; the syntaxin-1 and SNAP-25 SNARE motifs are often assumed to be fully helical, as shown in the diagram, but

their C-termini may actually be unstructured.164 (C) Ribbon diagrams representing the three-dimensional structures of the

syntaxin-1 Habc domain19 (PDB accession code 1BR0) and the neuronal SNARE complex12 (PDB accession code 1SFC). N and

C indicate the N- and C-terminus, respectively. Dashed curves represent flexible regions that were not present in the elucidated

structures. (D–E) Together with panel (B), these diagrams illustrate the widespread model whereby the SNARE complex is ini-

tially formed at the N-terminus (B), it zippers toward the C-terminus, bringing the two membranes in close proximity (D), and

causes membrane fusion as continuous helices are formed by the SNARE motifs and TM regions of syntaxin-1 and synaptobre-

vin, as well as the short linkers between them.12,27,38 (E). For simplicity, only the SNARE motifs, TM regions and these short

linkers are shown. (F) Diagram showing how SNARE complex assembly can lead to extended membrane-membrane interfaces

without fusion.32 (G) Diagram illustrating how a bulky protein(s) (blue) bound to the SNARE four-helix bundle could play a key

role in membrane fusion by pushing the membranes away from each other at the same time that assembly of the SNARE com-

plex pulls the membranes together, which could cause a torque (see arrows) that helps to bend the membranes and initiate

fusion.45,46 (H) Diagram showing how membrane bridging by an elongated tethering factor (pink) could bring the vesicle and

plasma membranes into proximity. In this arrangement, the SNARE complex would assemble in the periphery of the

membrane-membrane interface, perhaps bound to the bridging protein and/or another factor, and C-terminal zippering of the

SNARE complex could pull the membranes radially (see arrows), thus perturbing the packing of the lipids and catalyzing mem-

brane fusion.48
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exhibit predominantly a 2:1 stoichiometry because

the missing synaptobrevin SNARE motif is replaced

by a second copy of syntaxin-1.23

Mechanics of SNARE-Dependent Membrane
Fusion

The notion that the high energy released by SNARE

complex assembly provides the energy for membrane

fusion13 is now widely accepted, and models whereby

SNARE complexes induce fusion without the assis-

tance of any other factors [e.g., Fig. 1(B,D,E)]

abound in the literature. However, it is still unclear

whether the SNAREs alone can induce physiological

membrane fusion, and alternatively views are still

considered (e.g., 24). Important insights into this

question have been obtained with diverse types of

reconstitution studies where fluorescent probes were

used to monitor lipid and/or content mixing between

liposomes containing R-SNAREs and liposomes or

supported bilayers containing Q-SNAREs (reviewed

in8), but two issues confound the available litera-

ture. First, many papers use the term “fusion” when

only lipid mixing was observed, but it is well estab-

lished that content mixing also needs to be observed

to demonstrate true membrane fusion, as close to

quantitative lipid mixing between liposomes can

occur with very little content mixing (e.g., 25). This

finding and the asymmetry observed in lipid mixing

experiments where the fluorescence probes where

placed on the vacuolar R- or Q-SNARE liposomes26

show that lipid mixing does not even prove the exis-

tence of hemifusion (where only the proximal leaf-

lets of the two bilayers have fused) and could occur

by other mechanisms (e.g., lipid transfer catalyzed

by perturbation of closely apposed membranes). The

second confounding issue is that the observation of

membrane fusion in reconstitutions assays is often

assumed to be of physiological significance. However,

much like a protein-protein interaction observed in

vitro can be completely irrelevant in vivo, membrane

fusion in reconstitution assays could occur by a

mechanism that is distinct from that occurring in

vivo. Hence, to demonstrate that fusion observed in

vitro is physiologically relevant, it is crucial to estab-

lish clear correlations of the results of the fusion

assays with physiological data, as well as to develop

a detailed mechanistic understanding that gives con-

fidence that the results obtained in the fusion assays

recapitulate at least to some degree the molecular

events that occur in vivo.

Pioneering reconstitution experiments showing

lipid and content mixing between synaptobrevin-

liposomes and syntaxin-1-SNAP-25-liposomes sug-

gested that the neuronal SNAREs constitute a mini-

mal membrane fusion machinery,27,28 and a single

neuronal SNARE complex was reported to be suffi-

cient for fusion.29 However, there is also evidence for

stable formation of trans-SNARE complexes between

two membranes without fusion.30,31 Moreover, cryo-

electron microscopy (cryo-EM) analyses of liposome

fusion reactions mediated by the neuronal SNAREs

revealed the formation of wide, closely apposed

membrane-membrane interfaces [Fig. 1(F)] that pre-

sumably proceed to fusion through hemifusion inter-

mediates.32 This mechanism is markedly different

from the stalk mechanism that is generally believed

to mediate physiological membrane fusion and

involves initial merger of the proximal leaflets to

yield a stalk intermediate, followed by fusion pore

formation when the distal leaflets merge.33 Although

it is plausible that physiological membrane fusion

does not really proceed through the stalk intermedi-

ate, it is also possible that the SNAREs alone cannot

induce fusion through a biologically relevant path-

way, or perhaps can do so but not very efficiently.

At the core of this unresolved question are the

mechanical properties of the SNARE complex. Physi-

ological studies have suggested that at least two or

three SNARE complexes are required for Ca21-

evoked exocytosis,34,35 and estimates of the energy

of SNARE complex assembly suggest that one or a

few SNARE complexes are sufficient to provide the

energy required to fuse membranes.36 However, it is

unclear how this energy is applied to the mem-

branes to fuse them. Multiple lines of evidence indi-

cate that the SNARE complex assembles in stages,

starting at the N-terminus and “zippering” toward

the C-terminus16,36,37 [Fig. 1(B,D)]. A widespread

model assumes that, for both synaptobrevin and

syntaxin-1, the SNARE motif, the TM region and

the short linker between them can form a continu-

ous helix, and mechanical force to induce fusion is

exerted by zippering of the entire synaptobrevin and

syntaxin-1 helices, beyond the four-helix bundle and

reaching the end of their TM regions12,27,38 [Fig.

1(E)]. Such continuous helices were observed in a

crystal structure of the neuronal SNARE complex in

detergent.39 However, there is also evidence for flexi-

bility in the linkers40 and the introduction of a flexi-

ble sequence within the synaptobrevin linker

impairs Ca21-evoked but not spontaneous neuro-

transmitter release.41 Moreover, SNAREs bearing

lipid anchors instead of TM regions can support

yeast vacuolar fusion42 and neurotransmitter

release.43 Thus, it appears that helix continuity

including the TM regions is not a critical aspect of

SNARE function. Note also that most of the energy

of SNARE complex assembly is consumed by forma-

tion of the four-helix bundle,36 which is expected to

bring the two membranes within a few nanometers

of each other but not necessarily into direct con-

tact44 [Fig. 1(D)]. This observation indicates that

SNARE complexes can form without inducing fusion,

as observed in some studies.30,31 Conversely, it is

also worth noting that interactions between the link-

ers36 and between their multiple basic residues and
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negatively charged phospholipids can bring the

membranes closer together than depicted in Figure

1(D), but this proximity may not necessarily induce

fusion and might lead to the wide membrane-

membrane interfaces observed by cryo-EM32 [Fig.

1(F)].

To ascertain whether or not the neuronal

SNAREs alone can induce physiological membrane

fusion, it is crucial to understand how the SNAREs

work together with other central components of the

neurotransmitter release machinery. Many authors

assume that other components act merely as

“accessory” or “regulatory” proteins that control

SNARE complex assembly, but, even if they are

involved in SNARE complex assembly, some proteins

may actually have direct roles in fusion; if that is

the case, they should be considered as intrinsic com-

ponents of the macromolecular assembly that

Figure 2. Structures of NSF, SNAP/Sec17 and the 20S complex. (A–E) Ribbon diagrams showing the three-dimensional struc-

tures of the N-terminal domain of NSF51 (A), the NSF D2 domain hexamer53 (B), Sec1755 (C), and the 20S complex56 (D,E). The

PDB accession codes are 1QDN, 1NSF, 1QQE, and 3J96, respectively. In (C) and (D), N and C indicate the N- and C-termini of

Sec17 (C) and the SNARE four-helix bundle (D), respectively. Panels (D,E) show two different views of the 20S complex rotated

approximately 908. In (E), the C-terminus of the SNARE four-helix bundle is pointing to the front. For alternate subunits of NSF,

the N-terminal domain is shown in violet or light pink, the D1 domain in orange or wheat, and the D2 domain in magenta or pur-

ple. Alternate aSNAP subunits are shown in cyan or deep blue. The N-terminal hydrophobic loop of one of the aSNAP subunits

is indicated in (D).
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induces fusion. For instance, the energy of SNARE

complex assembly may be applied more efficiently to

the membranes if the SNAREs are bound to a bulky

protein(s) (e.g., Munc18-1) because the bulky protein

would keep the membranes apart while the SNAREs

pull them together, which would generate a torque

that would help to bend the membranes and induce

fusion45,46 [Fig. 1(G)]. Recent studies of yeast vacuo-

lar fusion and molecular dynamics simulations have

provided support for this model.47 Another model

proposed that an elongated protein that can bridge

two membranes (e.g., Munc13-1) could by itself

bring the synaptic vesicle and plasma membranes

into close apposition and assembly of SNARE com-

plexes bound to this and potentially other proteins

would exert force not to bring the membranes

together but rather to pull the lipids outward, thus

perturbing the packing of the lipids in the bilayers

and catalyzing fusion48 [Fig. 1(H)]. Syt1 has also

been proposed to cooperate with the SNAREs in

causing membrane fusion by a variety of mecha-

nisms, and strongly stimulates SNARE-dependent

fusion in reconstitutions assays (see below). More-

over, it has been postulated that formation of trans

SNARE complexes does not fuse the membranes but

rather sets up the stage for other proteins such as

Syt1 or Sec17 to insert hydrophobic loops in the

membranes to catalyze fusion24 (see below). Further

research will be required to test the validity of these

various models.

SNARE Complex Disassembly by NSF and
SNAPs

The fully zippered cis SNARE complexes residing on

the plasma membrane after synaptic vesicle fusion

are highly stable, and their disassembly to recycle

the SNAREs for another round of fusion requires

the energy of ATP hydrolysis by NSF with the help

of SNAPs (Sec18 and Sec17, respectively, in

yeast).10,49,50 NSF contains an N-terminal domain

and two nucleotide-binding domains from the AAA

family (called D1 and D2). The N-terminal domain

contains two subdomains, one with a double-w b-bar-

rel fold and another that forms an a/b roll51 [Fig.

2(A)], and is responsible for binding to SNAPs,

which in turn bind to the SNARE complex and thus

serve as adaptors.52 The D1 and D2 domains assem-

ble into hexamers [illustrated by the crystal struc-

ture of D2,53 Fig. 2(B)]. ATP hydrolysis by the D1

domain is key for SNARE complex disassembly,

whereas D2 has little ATPase activity.54 SNAPs

adopt an elongated structure formed mostly by a-

helical hairpins and a globular helical domain at the

C-terminus [Fig. 2(C)], with an overall twist that

allows binding to the also elongated surface of the

SNARE complex.55

A seminal study by cryo-EM recently reported

the structure of the NSF hexamer in ADP- and ATP-

bound states, as well as four structures of the 20S

complex formed by NSF, aSNAP and the neuronal

SNARE complex, representing four states of the

complex bound to a non-hydrolyzable ATP analogue

that co-existed in the same sample.56 One of the

four structures is shown in Figure 2(D,E) and illus-

trates how four aSNAP molecules bind to the

SNARE four-helix bundle while making contact at

the same time with N-terminal domains of NSF mol-

ecules. Among several important insights, these

structures show how the hexameric symmetry of

NSF transitions to the pseudo four-fold symmetry of

the SNARE complex and reveal that the twist of the

aSNAP molecules is opposite to that of the SNARE

complex surface. This finding suggests that the

SNARE complex is disassembled by an unwinding

mechanism when ATP hydrolysis causes structural

changes in NSF that are transferred via its N-

terminal domains to the aSNAP-SNARE assembly.

The largely electrostatic nature of the interactions

between aSNAP and the SNARE complex explains

why NSF and SNAPs can disassemble distinct

SNARE complexes.56 It is also important to note

that aSNAP contains an N-terminal hydrophobic

loop that mediates a dramatic increase in the rate of

disassembly of membrane-anchored cis SNARE com-

plexes by NSF-aSNAP, compared to soluble SNARE

complexes.57 The structures of the 20S complex

nicely show how this hydrophobic loop is close to the

SNARE C-termini [Fig. 2(D)] and therefore should

facilitate assembly of the 20S complex on the

membrane.

In addition to disassembling cis SNARE com-

plexes, NSF and SNAPs have additional roles that

have been particularly well studied in yeast vacuolar

fusion. Sec18 and Sec17 disassemble trans SNARE

complexes,58 thus preventing fusion mediated by the

SNAREs alone, but also play positive synergistic

roles with the HOPS tethering factor.59 This synergy

may arise at least in part because Sec18-Sec17 dis-

assemble t-SNAREs complexes,60 as t-SNARE com-

plexes with wrong stoichiometry can hinder trans

SNARE complex formation (see above). Reconstitu-

tion assays using a mutant SNARE with a deletion

at the C-terminus, which allows formation of trans

SNARE complexes between liposomes without

fusion, showed that Sec17 by itself can trigger fusion

of this arrested state, and that this activity requires

the hydrophobic N-terminal loop of Sec17.61,62 More-

over, ATP-bound NSF can further stimulate fusion

(without ATP hydrolysis).63 These results have led

to the proposal that Sec17 actively participates in

inducing fusion through membrane insertion of the

N-terminal hydrophobic loop,62 or stimulates fusion

because it releases an inhibitory action of the HOPS

complex after the SNARE complex is assembled.64

Note also that the stimulatory activity of Sec17
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occurs at the late stages of the reconstitution assays,

but at the early stages Sec17 inhibits fusion.64

It is unclear to what extent these properties are

conserved in the neurotransmitter release machin-

ery. Thus, NSF-aSNAP disassemble t-SNARE com-

plexes,65 which was proposed to underlie the

inhibition of SNARE-dependent fusion by NSF-

aSNAP,66,67 while some evidence suggested that

NSF-aSNAP do not disassemble trans SNARE

complexes66 (but see68). No stimulatory activity in

membrane fusion has been reported for aSNAP, but

it has been shown that aSNAP by itself impairs

SNARE-dependent fusion, which was attributed to

interference in SNARE zippering.69 Conversely,

experiments with optical tweezers suggested that

aSNAP enhances zippering.70 Clearly, much needs

to be learned still about the various functions of

NSF and aSNAP.

Figure 3. Structures of SM protein-SNARE complexes. (A) Ribbon diagram showing the three-dimensional structure of

Munc18-1 bound to closed syntaxin-171,79 (PDB accession code 3C98). The domains of Munc18-1 are colored in blue (D1),

deep blue (D2) and cyan (D3a and D3b). Syntaxin-1 is colored in orange (N-terminal region) and yellow (SNARE motif). The

dashed curve represents the flexible sequence linking the N-peptide (N-pep) to the Habc domain of syntaxin-1. (B) Superposition

of the crystal structures of Vps33 (blue, deep blue and cyan) bound to the SNARE motifs of the synaptobrevin homologue Nyv1

(red) and the syntaxin-1 homolog Vam396 (yellow) (PDB accession codes 5BUZ and 5BV0, respectively). Vps33 is shown for

only the Vps33/Nyv1 complex. Note that the Vam3 SNARE motif is in a similar location as the syntaxin-1 SNARE motif in the

Munc18-1/syntaxin-1 complex (A) and that simultaneous binding of the Vam3 and Nyv1 SNARE motifs to the Vps33 sites

observed in the two structures would place the SNARE motifs in register to form the SNARE complex. (C) Close up of a super-

position showing the helix-loop-helix of domain 3a of Munc18-1 in the crystal structure of the Munc18-1-closed syntaxin-1

complex (cyan) and the crystal structure of Munc18-1 bound to the syntaxin-4 N-peptide98 (gray) (PDB accession code 3PUJ).

Note that the loop is furled in the former and unfurled in the latter. (D) Ribbon diagram of the full Munc18-1-syntaxin-4 N-pep-

tide structure.
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Orchestration of SNARE Complex Assembly by

Munc18-1 and Munc13s
Munc18-1 is a member of the Sec1/Munc18 (SM)

family of proteins that are critical for most types of

intracellular membrane traffic,46 and contains three

domains that form an arched-shaped structure71

[Fig. 3(A)]. Munc13s are large (ca. 200 kDa) multido-

main proteins from pre-synaptic active zones with a

variable N-terminal region and a conserved C-

terminal region. Munc13-1, the major neuronal iso-

form in mammals, contains a C2 domain and a

calmodulin-binding (CaMb) sequence in the N-

terminal region, whereas its C-terminal region con-

tains a C1 domain, two C2 domains and a MUN

domain, a highly elongated module that is homolo-

gous to tethering factors involved in diverse forms of

membrane traffic48,72–74 (Fig. 4). Ca21-triggered neu-

rotransmitter release, spontaneous release and

sucrose-induced release, which measures the

readily-releasable pool of vesicles, are totally abro-

gated in the absence of Munc18-1 or of Munc13-1

and 22 in mice75,76 (and also in invertebrates lack-

ing their homologue, unc1377,78). These findings not

only revealed the critical nature of Munc18-1 and

Munc13s for synaptic vesicle priming (and poten-

tially also in downstream events), but also suggested

that their functions are related. The basis for this

critical nature remained for a long time as one of

the most enigmatic questions in this field,22 but

major advances in recent years have yielded defined

models for the mechanism of actions of Munc18-1

and Munc13s.

Figure 4. Structure of Munc13-1. (A) Domain diagram of Munc13-1. The calmodulin-binding sequence is labeled CaMb. The

number on the right above the diagram indicates the length of the protein. (B–G) Ribbon diagrams of the three-dimensional

structures of the C1 domain110 (B), the Ca21-bound C2B domain111 (C) and the C1C2BMUN fragment48 (D) of Munc13-1, as well

as calmodulin (purple) bound to the Munc13-1 CaMb sequence (red)114 (E), the Munc13-1 C2A domain homodimer116 (F) and

the heterodimer of the Munc13-1 C2A domain (orange) with the RIM2a ZF domain (blue)116 (G). The PDB accession codes are

1Y8F, 3KWU, 5UE8, 2KDU, 2CJT and 2CJS, respectively. Ca21 ions are shown as purple spheres and zinc ions are shown as

yellow spheres. In (D), the locations of the DAG/phorbol ester-binding site in the C1 domain, the Ca21/PIP2-binding site in the

C2B domain, and a polybasic region formed by the C1 domain, the C2B domain and the linker sequence between them are

indicated.
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Early research (reviewed in more detail in4,22)

showed that Munc18-1 binds very tightly through

the cavity of its arch-shape to the closed conforma-

tion of syntaxin-121,71 and binding involves also the

syntaxin-1 N-peptide79 [Fig. 3(A)]. Munc18-1 binding

stabilizes the closed conformation80 and hinders

SNARE complex assembly,79,81 but also has a posi-

tive role by stabilizing both proteins in vivo.75,82 As

a consequence, a so-called LE mutation that desta-

bilizes the closed conformation of syntaxin-1 impairs

priming but increases the vesicular release probabil-

ity.82 Biochemical data83 and the observation that

syntaxin-1 bearing the LE mutation partially res-

cues neurotransmitter release in unc13 nulls in Cae-

norhabditis elegans84 suggested that Munc13s/unc13

mediate syntaxin-1 opening. Indeed, the MUN

domain was later shown to be critical for Munc13-1

function,72 and biophysical studies showed that the

MUN domain facilitates the transition from the

Munc18-1-closed syntaxin-1 complex to the SNARE

complex.81 Munc18-1 also binds to the assembled

SNARE complex though interactions with the

syntaxin-1 N-peptide, the Habc domain and the

SNARE four-helix bundle.20,85–88 The interaction

with the four-helix bundle may be alternative to

binding to the Habc domain89 and was proposed to

underlie a direct role of Munc18-1 in fusion45 [Fig.

1(G)]. The functional importance of the syntaxin-1

N-peptide-Munc18-1 interaction has been supported

by some studies,20,86,90,91 but not by others.92,93 It

seems likely that the N-peptide provides an anchor

point to retain Munc18-1 attached to syntaxin-1

when conformational changes lead to syntaxin-1

opening [Fig. 5(A)]. Note that some of these proper-

ties likely arose to meet specific regulatory require-

ments of neurotransmitter release, as Vam3, the

syntaxin involved in yeast vacuolar fusion, does not

adopt a closed conformation and does not contain an

N-peptide.94

Altogether, these and other observations led to a

model postulating that, in contrast to the wide-

spread textbook model whereby the syntaxin-1-

SNAP-25 constitutes the starting point for synaptic

vesicle fusion, the real starting point is instead the

Munc18-1-closed syntaxin-1 complex, which then

requires Munc13-1 to open syntaxin-1 and coordi-

nate SNARE complex formation81 (see also Refs.

21,71,84 for earlier related models). An attractive

feature of this model is that the Munc18-1-closed

syntaxin-1 complex provides a much better defined

starting point for an exquisitely regulated process

such as neurotransmitter release than the syntaxin-

1-SNAP-25 complex, which is heterogeneous due to

the promiscuity of the SNARE motifs (see above). In

support of this model, competition assays showed

that Munc18-1 can quantitatively displace SNAP-25

bound to syntaxin-1, and reconstitution assays using

syntaxin-1-Munc18-1 liposomes revealed efficient

fusion with synaptobrevin-liposomes that required

SNAP-25 and a Munc13-1 fragment spanning the

C1, C2B and MUN domains (C1C2BMUN), and that

was enhanced by Syt1.67 However, these results still

did not clarify why Munc18-1 and Munc13s are so

crucial for neurotransmitter release in vivo, as

extensive reconstitution experiments that used

syntaxin-1-SNAP-25 liposomes had shown that

SNARE complex assembly and fusion with

synaptobrevin-liposomes could also occur in the

absence of Munc18-1 and Munc13s (see above). The

key to solve this conundrum was the inclusion of

NSF and aSNAP, which abolish fusion between

syntaxin-1-SNAP-25 liposomes and synaptobrevin

liposomes,66 even in the presence of the strong stim-

ulation provided by Syt1,67 because NSF-aSNAP dis-

assemble syntaxin-1-SNAP-25 complexes and

perhaps trans SNARE complexes (see above). Under

these conditions, Munc18-1 and the Munc13-

1 C1C2BMUN are essential for liposome fusion

because they orchestrate SNARE complex assembly

in an NSF-aSNAP resistant manner.67 This notion

provides a clear explanation for the essential nature

of Munc18-1 and Munc13s in vivo and is reminiscent

of earlier results obtained in seminal reconstitution

studies of yeast vacuolar fusion showing that

SNARE complex assembly and fusion in the pres-

ence of Sec17-Sec18 require the HOPS tethering

complex, which includes the SM protein Vps33 and

five additional components.58,59 Since the machiner-

ies that control yeast vacuolar fusion and synaptic

vesicle exocytosis are very distantly related in evolu-

tion, this convergence of results suggests that the

critical function that makes SM proteins and tether-

ing factors so fundamental for intracellular mem-

brane fusion in general is the organization of

SNARE complex assembly in an environment that

strongly favors SNARE complex disassembly.

Recent results from both systems have also pro-

vided key clues on how SNARE complex assembly is

orchestrated. On one hand, a fragment spanning the

conserved C-terminal region of Munc13-1

(C1C2BMUNC2C, which includes the C2C domain)

was shown to be much more efficient that the

C1C2BMUN fragment in mediating liposome fusion

because the C1-C2B region can bind to one mem-

brane while the C2C binds to another membrane,

which correlated with the need to include both the

C1-C2B region and the C2C domain (in addition to

the MUN domain) to efficiently rescue neurotrans-

mitter release in Munc13-1/2 double KO mice.95

These findings indicate that, in addition to helping

to open syntaxin-1, a crucial function of Munc13-1 is

to provide a bridge between the synaptic vesicle and

plasma membranes, thus facilitating SNARE com-

plex assembly (Fig. 5). This notion is supported by

the finding that Munc13s are critical for synaptic

vesicle docking.18 On the other hand, two crystal
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Figure 5. Orchestration of SNARE complex formation by Munc18-1 and Munc13-1. (A) Model of the mechanism of SNARE com-

plex assembly.48,67,95,99 The model postulates that the starting point for the productive pathway that leads to neurotransmitter

release is the complex of closed syntaxin-1 (yellow and orange) with Munc18-1 (blue), which may be formed directly or after NSF-

SNAPs disassemble syntaxin-1-SNAP-25 complexes (upper diagrams). SNARE complex assembly occurs when Munc13-1 (pink,

cyan and brown) bridges the synaptic vesicle and plasma membranes through interactions of the C2C domain with the former and

the C1-C2B region with the latter, and catalyzes opening of syntaxin-1, which facilitates binding of synaptobrevin (red) to Munc18-1

(lower left diagram). By placing the N-terminal halves of the syntaxin-1 and synaptobrevin SNARE motifs into proximity and in the

correct register, Munc18-1 acts as a template that initiates assembly of the SNARE four-helix bundle,96,99 which later requires

incorporation of SNAP-25 (green). The N-peptide of syntaxin-1 (N-pep) is proposed to help keeping syntaxin-1 bound to Munc18-1

during the conformational changes that take place. Munc13-1 is proposed to initially bind to the plasma membrane through multi-

ple basic residues in the C1-C2B region, which leads to an approximately perpendicular orientation with respect to the membrane

(lower left). DAG binding to the C1 domain and Ca21/PIP2 binding to the C2B domain are proposed to favor a more slanted orienta-

tion of Munc13-1 that helps to bring the two membranes into closer proximity and facilitates SNARE complex assembly (lower right

diagram). This orientation is expected to be more favored when DAG and intracellular Ca21 levels increase during repetitive stimu-

lation, thus increasing the release probability. The model also predicts that Munc18-1 and Munc13-1 remain bound to the SNARE

complex after assembly, perhaps helping in fusion as proposed in Figure 1(G,H), but this feature is unclear. It is also unclear

whether such binding is compatible with interactions of the SNARE complex with Syt1 and Cpx1, which are not shown for simplic-

ity. (B) Three-dimensional model to better illustrate the notion that Munc13-1 can bridge the synaptic vesicle and plasma mem-

branes in two different orientations. The model includes only a vesicle, the plasma membrane and a ribbon diagram representing

the structure of the Munc13-1 C1C2BMUN fragment attached to a cyan ellipsis that represents the C2C domain. Below the right

diagram are close-up views of the Munc13-1 C1-C2B region. The residues that form the polybasic region are shown as blue

spheres. On the right, the DAG- and Ca21/PIP2-binding sites are indicated.
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structures of Vps33 bound to the syntaxin-1 homo-

logue Vam3 or to the synaptobrevin homologue Nyv1

showed how simultaneous binding of Vam3 and

Nyv1 to Vps33 would place their SNARE motifs in

close proximity and in register to form the SNARE

complex [Fig. 3(B)], strongly suggesting that SM

proteins form a template to facilitate SNARE com-

plex assembly.96 In support of this proposal, the

location of the Vam3 SNARE motif on Vps33 is simi-

lar to that observed for the syntaxin-1 SNARE motif

in the structure of the Munc18-1-closed syntaxin-1

complex [Fig. 3(A)], and Munc18-1 was also found to

bind to synaptobrevin.89,97 This interaction is weak

because the helical hairpin that forms the

synaptobrevin-binding site in domain 3a of Munc18-

1 adopts a furled conformation where the binding

site is occluded by the loop connecting the two heli-

ces [Fig. 3(C)], but a crystal structure of Munc18-1

bound to the N-peptide of another syntaxin isoform,

syntaxin-4, showed that this loop can also adopt an

unfurled conformation98 [Fig. 3(C,D)] that resembles

the conformation of the loop in Nyv1-bound Vps33

[Fig. 3(B)]. Moreover, a mutation in the helical hair-

pin of Munc18-1 that disrupts synaptobrevin binding

impairs the activity of Munc18-1 in stimulating

fusion in reconstitution assays and a mutation that

perturbs the furled loop conformation increases syn-

aptobrevin binding as well as Munc18-1 activity.97,99

In summary, the available data lead to a model

whereby Munc18-1 templates SNARE complex

assembly by first binding to closed syntaxin-1 and

later binding to synaptobrevin when Munc13-1

opens syntaxin-1 while at the same time bridges the

vesicle and plasma membranes [Fig. 5(A)]. The

observation that Munc18-1 and Munc13-1 prevent

antiparallel binding modes between the SNAREs100

show that, in addition to providing resistance to

NSF-aSNAP, this mechanism improves the fidelity

of SNARE complex assembly. There are however

important issues to be resolved, particularly regard-

ing the incorporation of SNAP-25 into the SNARE

complex. Some data suggested that a tripartite

Munc18-1-closed syntaxin-1-SNAP-25 complex can

be formed,101,102 but NMR experiments indicate a

clear competition as long as syntaxin-1 is closed,67

as expected from the structures of the SNARE com-

plex and the closed syntaxin-1-Munc18-1 complex.

The mechanism of syntaxin-1 opening by the

Munc13-1 MUN domain is also unclear, as interac-

tions of the MUN domain with the linker between

the syntaxin-1 Habc domain and its SNARE motif,103

or with the SNARE motif itself,81 have been impli-

cated in this activity. The latter interaction and the

finding that the Munc13-1 MUN domain helps to

prevent the formation of antiparallel SNARE com-

plexes100 suggest that the MUN domain also helps

to template SNARE complex assembly. Note in this

context that the orientations of the synaptobrevin

and syntaxin-1 SNARE motifs bound to Munc18-1

according to the available structural data (Fig. 3)

imply that these interactions with Munc18-1 must

be released in order to allow SNAP-25 binding. Per-

haps the most critical unanswered question is

whether Munc18-1 and/or Munc13-1 remain bound

to the SNARE complex after assembly. There is

indeed evidence for binding of the SNARE four-helix

bundle to Munc18-185,86,88 (see above) and to the

Munc13-1 MUN domain.104,105 Such binding might

prevent disassembly of trans SNARE complexes by

NSF-aSNAP and thus stabilize the primed state of

readily releasable vesicles, as suggested by a recent

study,106 and could also mediate a direct involve-

ment of Munc18-1 and/or Munc13-1 in membrane

fusion as proposed in the models of Figure 1(G,H),

but these models need further testing.

Munc13-1 as a Master Regulator of

Neurotransmitter Release
The increasing progress in our understanding of the

mechanisms underlying the steps that lead to neuro-

transmitter release facilitates the elucidation of the

molecular basis for diverse short- and long-term pre-

synaptic plasticity processes that underlie varied

forms of information processing in the brain. This

notion is epitomized by advances made in under-

standing the functions of Munc13-1, which acts as a

master regulator of release through its multidomain

architecture [Fig. 4(A)], in addition to being critical

for release itself. It is interesting to note that a

gain-of-function mutation that is believed to unfurl

the loop in domain 3a of unc18 can partially rescue

the severe phenotypes observed in unc13 nulls in C.

elegans,107 which is reminiscent of the rescue of

these nulls by the open syntaxin-1 mutant.84 These

findings show that, without the energy barriers

caused by the closed conformation of syntaxin-1 and

the furled conformation of the Munc18-1/unc18 loop,

Munc13s/unc13 would not be essential for neuro-

transmitter release; in wild type animals, the pres-

ence of these energy barriers leads to the essential

nature of Munc13s/unc13 and enables the multiple

forms of regulation that depend on Munc13s/unc13.

The varied regulatory functions of Munc13-1 are

most likely related to modulation of its activity in

mediating synaptic vesicle docking-priming. In the

conserved C-terminal region, the Munc13-1 C1

domain mediates DAG- and phorbol ester-dependent

augmentation of neurotransmitter release.108,109 A

point mutation that unfolds the C1 domain (H567K)

practically abolishes this augmentation in mice and

leads to death within 2–3 hours after birth despite

leaving Ca21-evoked release unaltered,108 illustrat-

ing the critical importance of the regulation of

release for survival. DAG-phorbol ester binding to

the Munc13-1 C1 domain is hindered by a trypto-

phane side chain that blocks the phorbol ester-
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binding site [Fig. 4(B)], which may allow activation

at high local concentrations of DAG caused by repet-

itive stimulation without responding to smaller per-

turbations in DAG levels that mediate PKC-

dependent signaling.110 The adjacent C2B domain of

Munc13-1 mediates short-term plasticity that

depends on Ca21 and phosphatidylinositide phos-

phates, in part through an unusual a-helix present

in its Ca21- binding region111 [Fig. 4(C)].

The crystal structure of the Munc13-

1 C1C2BMUN fragment recently revealed how the

DAG-binding region of the C1 domain and the Ca21-

PIP2-binding region of the C2B domain are close to

each other and point in the same orientation48 [Fig.

4(D)], showing that the two domains can cooperate

in binding to the plasma membrane in a mode that

is enhanced by DAG, Ca21 and PIP2 [Fig. 5(B),

right]. However, both domains form a polybasic

region [Fig. 4(D)] that can mediate binding to the

plasma membrane in a different orientation in the

absence of these agents [Fig. 5(B), left]. Note also

that the Munc13-1 C2C domain can bind to mem-

branes in a Ca21-independent manner and that the

C1C2BMUNC2C fragment can bridge synaptobrevin-

liposomes with syntaxin-1-SNAP-25 liposomes con-

taining DAG and PIP2 in the absence and presence

of Ca21, but Ca21 is required for fusion between

these liposomes in the presence of C1C2BMUNC2C,

Munc18-1, NSF and aSNAP.95 These findings have

led to a model of short-term presynaptic plasticity

whereby the conserved C-terminal region of

Munc13-1 can bridge the synaptic vesicle and

plasma membranes in at least two different orienta-

tions [Fig. 5(B)], one present in the absence of Ca21

that primes the release machinery but inhibits mem-

brane fusion, and another that facilitates fusion and

is favored by Ca21, PIP2 and DAG.48 It is also plau-

sible that the two different orientations differ in

their ability to promote SNARE complex assembly

and that the orientation activated by Ca21, PIP2

and DAG leads to formation of a larger number of

trans SNARE complexes, which then dictate a larger

release probability. Regardless of these possibilities,

these ideas correlate with the findings that the

H567K mutation that unfolds the Munc13-1 C1

domain leads to a higher release probability in

mice,108 and that deletion of either the C1 domain or

the C2B domain of unc13 enhances evoked release in

C. elegans.112 The latter study also showed that that

Ca21-binding to the unc13 C2B domain releases the

inhibition caused by this domain. Note also that

deletion of the entire C1-C2B region practically abol-

ishes release,95,112 supporting the notion that this

region is critical to bind to the plasma membrane to

enable bridging of the vesicle and plasma mem-

branes by Munc13-1.

The N-terminal region of Munc13-1 is also

involved in diverse forms of regulation of release.

Deletion of this region (residues 1–520) leads to a

50% decrease in evoked release, while deletion of

only the C2A domain (residues 1–150) causes a

much more dramatic impairment of release, and

deletion of the linker region spanning residues 151–

520 has mild effects on release.113 These results

indicate that the linker region plays an inhibitory

role and that the C2A domain is critical to relieve

this inhibition. This linker region contains a CaMb

sequence [Fig. 4(A)], which includes two mobile

structural modules114 [Fig. 4(E)] and mediates some

forms of Ca21-dependent short-term plasticity.115

Because the N-terminal region emerges next to the

MUN domain in the structure of Munc13-

1 C1C2BMUN [Fig. 4(D)], it is tempting to speculate

that the linker region inhibits release by blocking

interactions of the MUN domain with the SNAREs

and that these inhibitory interactions are released

by an activity of the C2A domain and/or by calmodu-

lin binding to the CaMB sequence.

The Munc13-1 C2A domain is Ca21 independent

and acts as a protein-protein interaction domain

that forms a homodimer116 [Fig. 4(F)], which inhibits

neurotransmitter release,117 and alternatively forms

a heterodimer with aRIMs118,119 [Fig. 4(G)]. aRIMs

are large (ca. 180 kDa) Rab3 effectors that play criti-

cal roles in synaptic vesicle priming and in organiz-

ing the active zone,120,121 and are also involved in

tethering Ca21 channels to the active zone122 and in

long-term potentiation at mossy fibers.123 The prim-

ing role is primarily performed by a zinc finger (ZF)

domain at the N-terminus of aRIMs,122 which is

responsible for binding to the Munc13-1 C2A domain

[Fig. 4(F)] and activates vesicle priming by disrupt-

ing the C2A domain homodimer.116,117 In addition,

heterodimerization of aRIMs with the Munc13-

1 C2A domain plays an important role in docking-

priming, as a mutation that disrupts both homo and

heterodimerization leads to a 50% decrease in vesi-

cle priming and in the number of docked vesicles,

similar to that observed upon deletion of the entire

N-terminal region.113 However, a mutation that dis-

rupts only the heterodimer has a similar effect in

docking but a much stronger effect on priming,113

suggesting that homodimerization may allow dock-

ing while hindering fusion. Note also that sequences

adjacent to the aRIM ZF domain bind to Rab3,124

which is believed to provide a mechanism for initial

tethering of synaptic vesicles to the active zone.

However, the mild phenotype observed upon deletion

of the four Rab3 isoforms,125 compared to the much

stronger effects observed in the absence of Rab pro-

teins in other membrane traffic systems,126 suggests

that there may be some redundancy in synaptic vesi-

cle tethering, perhaps involving additional Rab iso-

forms. Regardless of this possibility, the observations

that Rab3A and Munc13-1 are also involved in

mossy fiber long-term potentiation,127,128 and that
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Munc13-1, aRIMs and Rab3A can form a tripartite

complex, suggest that this complex provides a con-

nection between synaptic vesicle priming and Rab3/

aRIM-dependent long-term presynaptic plasticity.119

The molecular mechanisms underlying these differ-

ent regulatory processes are still unclear. Neverthe-

less, it seems likely that the Munc13-1 N-terminal

region increases docking-priming because it helps to

bring Munc13-1 to the active zone, but this region is

not essential because the conserved C-terminal

region can by itself perform its functions in bridging

the vesicle and plasma membranes and opening syn-

taxin-1.

Dual Roles of Complexins in Neurotransmitter

Release
Complexins are small soluble proteins that bind

tightly to the SNARE complex.129 Analyses in mice

bearing a double knockout of the two major com-

plexin isoforms, complexin-1 (Cpx1) and 22, or a tri-

ple knockout of Cpx1, 2 and 3, as well as

experiments where Cpx1 and 2 where knocked

down, revealed marked impairments in evoked neu-

rotransmitter release130–132 (reviewed in 133,134).

Spontaneous release was decreased, unaltered or

increased in these different studies, a variability

that may arise in part from compensatory increases

in Cpx3 levels in the knockdown experiments.135 In

the absence of complexins, sucrose-induced release

was impaired but to a lesser extent than evoked

release, leading to a decreased release probabil-

ity,130,136,137 with no defect in vesicle docking.18

These findings suggest that mammalian complexins

play an important role in the Ca21-triggering step of

release and, although they are not essential for

docking-priming, they stabilize the primed state

and/or enhance the fusogeneicity of the primed state

(sometimes called superpriming). The distinct effects

on spontaneous release likely arise because of a dif-

ferent balance between this positive role on priming

and an inhibitory activity of complexins in the differ-

ent preparations used. An inhibitory role for com-

plexins was originally indicated by physiological and

reconstitution experiments that suggested an inter-

play with the Ca21 sensor Syt1 whereby the inhibi-

tion caused by complexins is released by Syt1 (see

below).138–140 The dual role of complexins was fur-

ther illustrated by the increased spontaneous release

and the decreased evoked release observed in inver-

tebrate complexin nulls.141–143 Docking was severely

impaired in C. elegans complexin nulls,143 sugges-

ting that there might be some functional differences

between mammalian and invertebrate complexins.

Mammalian Cpx1 is largely unstructured in

solution144 but binds to the SNARE complex by

forming a central a-helix that inserts into the groove

between syntaxin-1 and synaptobrevin, and is pre-

ceded by an accessory a-helix that does not contact

Figure 6. Structure and function of complexins. (A) Domain diagram of Cpx1. Numbers above the diagram indicate the domain

boundaries and the length of the protein. (B) Ribbon diagram showing the three-dimensional structure of the Cpx1(26–83)/

SNARE complex145 (PDB accession code 1KIL). (C) Ribbon diagram illustrating the three-dimensional structure of the complex

between Cpx1(26–83) bearing the superclamp mutation and a SNARE complex that was truncated at the synaptobrevin C-ter-

minus160 (PDB accession code 3RK3). Two copies of Cpx1(26–83) and of the truncated SNARE complex are displayed to show

how one Cpx1(26–83) molecule binds to one SNARE complex through the central helix and to another SNARE complex through

the mutated accessory helix, resulting in a zigzag array. The three mutated residues (shown as brown spheres) are hydrophobic

and bind to the hydrophobic groove left by the synaptobrevin truncation, but these three residues are charged in WT Cpx1. In

(B,C), N and C indicate the N- and C-termini of the SNARE complex, and selected residue numbers of Cpx1 are indicated. (D)

Model illustrating how, upon binding of Cpx1 to SNARE complexes partially assembled between two membranes, the acces-

sory helix would hinder closer membrane-membrane proximity due to steric and/or electrostatic hindrance with the vesicle. For

simplicity, only the SNARE motifs, TM regions and linkers between them are shown. In panels (B–D), Cpx1(26–83) is color

coded as in panel (A), syntaxin-1 is yellow, synaptobrevin red and SNAP-25 green.
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the SNAREs145 [Fig. 6(A,B)]. The central helix is

critical for all Cpx1 functions, in part by placing

other Cpx1 sequences in the right position to exe-

cute their roles, while the accessory helix plays an

inhibitory function132,146,147 by a mechanism that is

still under debate (see below). The N-terminal region

preceding the accessory helix plays a stimulatory

role in mice, likely by helping to release the inhibi-

tion caused by the accessory helix and interacting

with membranes and/or the SNARE com-

plex.132,136,146,148,149 In both mammalian Cpx1 and

invertebrate complexin, the C-terminal region

beyond the central helix contains a membrane-

binding motif that senses membrane curvature and

helps to localize them to synaptic vesicles, which is

important for inhibition of spontaneous

release.150–153 Indeed, sequence differences in the C-

terminal region underlie the stronger suppression of

spontaneous release by invertebrate complexins

than mammalian Cpx1,154 and the strong activity of

Drosophila complexin in inhibiting spontaneous

release depends on a C-terminal farnesylation motif

that mediates membrane localization and is present

in mammalian Cpx3 and Cpx4 but not Cpx1 and

Cpx2.155 Note however that the C-terminal region of

Cpx1 contributes to both active and inhibitory roles

in neurotransmitter release,156 and may simply help

to localize Cpx1 near the sites of fusion without hav-

ing a direct active or inhibitory action.

The mechanisms underlying the dual functions

of complexins are still unclear. It seems likely that

the active function(s) arises because binding of the

Cpx1 central helix stabilizes the SNARE complex in

the prime state145 and/or because it helps setting up

the Ca21 sensing action of Syt1138 by forming a tri-

partite macromolecular assembly with Syt1 and the

SNARE complex157 (see below). Single-vesicle recon-

stitution assays indicated that Cpx1 plays an active

role by increasing the on-rate of vesicle docking,158

but other reconstitution assays where Cpx1 was pre-

incubated with t-SNARE vesicles suggested that

Cpx1 hinders docking because it hinders SNARE

complex formation,149,159 and both of these conclu-

sions contrast with the lack of docking defects in the

absence of complexins in mice.18

The accessory helix is responsible at least in

part for the inhibitory role of Cpx1, and a model

that was widely accepted proposed that this role

arises because this helix inserts into the C-terminus

of partially assembled SNARE complexes, replacing

part of the synaptobrevin SNARE motif.146,147 This

proposal was supported by the finding that so-called

superclamp and poor-clamp mutations in the acces-

sory helix enhanced or decreased, respectively, the

inhibitory activity of Cpx1 in cell-cell fusion

assays.147 The crystal structure of a SNARE complex

with a truncated synaptobrevin C-terminus bound to

a Cpx1 fragment bearing the superclamp mutation

revealed how the accessory helix inserts into the

groove left by the synaptobrevin truncation in one

SNARE complex while the central helix binds to

another SNARE complex, yielding a zigzag array

that was proposed to inhibit neurotransmitter

release160 [Fig. 6(C)]. Other biophysical experiments,

including isothermal titration calorimetry (ITC)

data, supported the notion that this interaction

occurs in solution for both WT and superclamp

Cpx1.160–163 However, all supporting data could

have alternative interpretations, and NMR experi-

ments did not detect any interaction of truncated

SNARE complexes with the accessory helix of WT or

superclamp Cpx1 despite the very high sensitivity of

these experiments to detect protein-protein interac-

tions.164 Moreover, the observation of heat in the

ITC data presented in support of the zigzag

model160,163 requires the highly basic juxtamem-

brane region of syntaxin-1, strongly suggesting that

this heat arises from an ionic interaction involving

this region rather than insertion of the accessory

helix into the SNARE complex.165 Note also that the

superclamp mutation replaces three charged resi-

dues with hydrophobic residues [Fig. 6(C)]; hence, it

is highly unlikely that WT Cpx1 can interact with

the truncated SNARE complex in the same mode

observed for the superclamp mutant in the crystal

structure.

The superclamp mutation was reported to

increase the ability of Cpx1 to inhibit spontaneous

neurotransmitter release in mice,137 but the data

presented in this study did not really show a statis-

tically significant effect and in fact are consistent

with a subsequent study showing no significant

effect of the superclamp mutation in spontaneous or

evoked release.164 Rescue experiments with mouse

Cpx1 in Drosophila complexin nulls did show a

lower rate of spontaneous release for rescue with

the superclamp mutant than for rescue with WT

Cpx1,166 but another way to look at these data is

that both WT and superclamp mutant Cpx1 exhib-

ited a similarly strong ability to suppress spontane-

ous release, considering the very high rate observed

for the complexin nulls. Note also that rescue with a

Cpx1 mutant that behaved as a poor-clamp in cell-

cell fusion assays160 yielded similar spontaneous

release to that observed with the WT Cpx1 res-

cue,166 and another poor-clamp mutant actually

impaired release in mice.164 Additional mutagenesis

experiments in the latter study led to a model

whereby the inhibitory activity of the accessory helix

arises because it is oriented towards the membranes

at the site of fusion, hindering fusion because of

electrostatic and/or steric hindrance with the mem-

branes164 [Fig. 6(D)]. The observation that the inhi-

bition of spontaneous release by complexin in C.

elegans is unaltered when the accessory helix is

replaced by a non-native a-helix with a completely
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unrelated, neutral sequence167 strongly supports the

conclusion that the inhibitory role of the accessory

helix does not involve specific interactions with the

SNAREs or any other protein, and is consistent with

the steric hindrance model.

Regardless of the underlying mechanism, beau-

tiful experiments using the surface force appara-

tus162 and single-molecule FRET studies using

nanodisc-anchored SNAREs168 showed that com-

plexin indeed hinders C-terminal zippering of trans-

SNARE complexes, arresting them in a half-

zippered state. Interestingly, another single-

molecule FRET study showed that Cpx1 can actually

hinder C-terminal zippering of cis-SNARE complexes

to some degree,169 although this activity was

strongly hindered by a no-clamp mutation that did

not have significant effects in the rescue experi-

ments in Drosophila.166 The same single-molecule

study also showed that Cpx1 bound to a SNARE

complex via its central helix can bind in trans to the

syntaxin-1-SNAP-25 complex, and that this interac-

tion is strengthened by the superclamp mutation

and weakened by the no-clamp mutation,169 in cor-

relation with other biophysical experiments.149 How-

ever, the significance of these data is also unclear

given the lack of correlation with the effects of these

mutations in neurons.137,164,166 In summary, there is

a large amount of interesting data on complexins,

but the mechanism underlying its inhibitory role is

still unclear. I favor the steric hindrance model, but

further research establishing clear correlations

between in vitro and in vivo data will be required to

fully understand this mechanism.

Ca21 Sensing by Synaptotagmin-1 and Interplay
with Complexins

Synaptotagmins constitute a family of membrane

trafficking proteins characterized by the presence of

tandem C2 domains in their cytoplasmic region.170

Syt1 is essential for synchronous neurotransmitter

release but asynchronous release is increased in its

absence,171 and knockdown of Syt7 in the Syt1 KO

background strongly impairs this enhanced asyn-

chronous release.172 These and other results indicate

that Syt1 and Syt7 act as Ca21 sensors for synchro-

nous and asynchronous release, respectively, and

that different Ca21 sensors may compete for a com-

mon target (e.g., the SNARE complex) at release

sites (reviewed in1). There is also evidence for com-

petition between different Ca21 sensors that mediate

spontaneous release, including Syt1.172,173 Such

potential competition complicates the interpretation

of the functional effects of mutations in a given sen-

sor. Although it was initially thought that synapto-

tagmins are not involved in priming, more recent

data indicated that deletion of Syt1 or of Syt1

together with Syt7 leads to a considerable decrease

in the readily-releasable pool without affecting the

rate of priming.174,175 In hippocampal synapses from

Syt1 KO mice, vesicle docking was reported to be

unaltered18 or decreased by 35%175 (but see176).

These results suggest that, similar to complexins,

synaptotagmins are not essential for docking-

priming or for fusion, but they stabilize the primed

state of synaptic vesicles; most importantly, synapto-

tagmins accelerate fusion to increase the release

probability within the short time window when the

Ca21 concentration increases at release sites upon

arrival of an action potential. Below I focus largely

on Syt1, which has been studied most extensively.

Syt1 is a synaptic vesicle protein that includes

an intravesicular sequence, a TM region, a linker

and tandem C2 domains [Fig. 7(A)]. The Syt1 C2A

and C2B domains adopt characteristic b-sandwich

structures that bind three and two Ca21 ions,

respectively, through loops at the top177–179 [Fig.

7(B)]. Ca21 binding does not induce substantial con-

formational changes on the Syt1 C2 domains but

drastically changes the electrostatic potential in the

Ca21-binding region, suggesting that these domains

function as electrostatic switches that inhibit fusion

before Ca21 influx and activate fusion upon Ca21

binding.179–181 The Ca21-binding loops mediate

Ca21-dependent binding to membranes182,183 and

mutations that increase or decrease the apparent

Ca21 affinity in phospholipid binding lead to parallel

changes in the Ca21-dependence of neurotransmitter

release, which demonstrated the functional impor-

tance of this activity and showed that Syt1 is the

major Ca21 sensor that triggers neurotransmitter

release.184,185 Mutations in the C2B domain Ca21-

binding sites practically abolish release while muta-

tions in the C2A domain Ca21-binding sites can also

impair release strongly, although not as drasti-

cally,186–189 suggesting that the C2B domain plays a

preponderant role. However, these results need to be

examined with caution, as mutations in the C2B

domain Ca21-binding sites cause dominant negative

effects186,190 and the relative functional importance

of Ca21-binding to the C2 domains is switched for

Syt7172, which may arise because the C2A domain

instead of the C2B domain dominates Ca21-depen-

dent phospholipid-binding to Syt7191. For Syt1, the

C2B domain can also interact with membranes via a

polybasic region on the side of the b-sandwich that

binds to PIP2
192,193 and through two arginines at

the bottom of the b-sandwich (R398-R399)194 [Fig.

7(B)], and mutations in both regions strongly disrupt

release.175,195–197

These and other findings led to various models

of how Syt1 triggers fast Ca21-dependent membrane

fusion. For instance, the finding that the Ca21-bind-

ing loops at the top of the C2B domain can bind to

one membrane while R398-R399 at the bottom bind

to another membrane suggested that Syt1 can bring

the vesicle and plasma membranes together, much
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like the SNAREs do, but in a Ca21 dependent man-

ner194 [Fig. 7(C)]. In addition, the C2B domain could

also facilitate fusion by promoting membrane curva-

ture through electrostatic interactions194 [Fig. 7(C)].

Membrane curvature can also be favored by inser-

tion of the Ca21-binding loops of the Syt1 C2

domains into the membranes198 [e.g., Fig. 7(D)],

which was also proposed to cause tension199 or per-

form work200 on the membranes, or to perturb the

packing of the lipids in the bilayers to induce

fusion.24 These various concepts are not necessarily

incompatible with each other. Binding of the C2B

domain polybasic region to PIP2 was proposed to

function upstream of fusion by steering Syt1 to the

plasma membrane.192 Reconstitution experiments

have shown that Syt1 can stimulate SNARE-

dependent lipid and content mixing, and have

yielded some support for these models, particularly

the notion that Syt1 brings the two membranes into

close proximity (e.g.,30,195,201–206). However, it has

been difficult to validate these models, in part

because of two key hurdles.

First, many papers reported interactions of the

Syt1 C2 domains with syntaxin-1, SNAP-25, the t-

SNARE complex and/or the SNARE complex that

could coordinate their functions, but it has been dif-

ficult to distinguish whether these interactions are

functionally relevant or may result from the promis-

cuity of these proteins (reviewed in 4,200). For

instance, sequences of the Syt1 C2B domain that

bind to lipids such as the polybasic region and R398-

R399 have also been implicated in SNARE binding

(e.g., 207–211) and it is still unclear which are the

true targets of these sequences in vivo. Note also

that the strong Ca21-dependent stimulation of lipid

mixing between synaptobrevin-liposomes and

syntaxin-1-SNAP-25 liposomes caused by a soluble

fragment containing both Syt1 C2 domains (C2AB)

in reconstitution experiments202 might arise simply

from its ability to bring two membranes into close

Figure 7. Structure and function of Syt1. (A) Domain diagram of Syt1. The number on the right above the diagram indicates the

length of the protein. (B) Ribbon diagrams showing the three-dimensional structures of the Ca21-bound Syt1 C2A and C2B

domains178,179 (PDB accession codes 1BYN and 1K5W, respectively). Ca21 ions are shown as orange spheres. The side chains

of R398-R399 and the polybasic region of the C2B domain are shown as deep blue spheres. (C,D) Potential models of Syt1

function. In (C), the C2B domain is proposed to cooperate with the SNAREs in bringing the two membranes together in a Ca21-

dependent manner by binding to the plasma membrane through R398-R399 and to the vesicle membrane through its Ca21-

binding loops (small protuberances at the top of the domain).194 R indicates the location of R398-R399, and K the location of

the polybasic region. Note that the Ca21-binding region is negatively charged before Ca21 binding and would thus have electro-

static repulsion with the vesicle membrane (left), but binding of the Ca21 ions (orange circles) would promote membrane bind-

ing. This model also proposes that, at the same time, the highly positive electrostatic potential of the C2B domain would help

to bend the membranes (middle) and induce membrane fusion (right).194 Note that the orientation of the C2B domain could be

reversed. (D) Model whereby insertion of the Ca21-binding loops of the C2B domain into the bilayers induces membrane curva-

ture to catalyze fusion.198 In both (C) and (D), syntaxin-1 is yellow, synaptobrevin red and SNAP-25 green, and only the SNARE

motifs, TM regions and linkers between them are shown. The C2A domain is not shown for simplicity and because its location

with respect to the C2B domain is unclear, but the C2A domain could cooperate with the C2B domain in bringing the mem-

branes together and in inducing membrane curvature. Note that in both models interactions of Syt1 with the SNAREs are not

necessary, but Syt1 and the SNARE complex would still cooperate in inducing membrane fusion.
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proximity.195,205,212 Incorporation of full-length Syt1

into synaptobrevin-liposomes leads to a Ca21-inde-

pendent enhancement of lipid mixing201 that does

involve interactions of Syt1 with the t-SNAREs and

bridges the v- and t-vesicles,209 but such bridging is

likely caused in vivo by binding of Munc13-1 to the

two membranes when syntaxin-1 is still bound to

Munc18-1 rather than SNAP-25 (see above). Among

the described Syt1-SNARE interactions, those

involving the SNARE complex are the most likely to

be functionally important based on the mechanism

of SNARE complex formation proposed in Figure 5

Figure 8. Structures of Syt1-SNARE complexes. (A,C,D) Ribbon diagrams illustrating the dynamic structure of the Syt1 C2B

domain-SNARE complex assembly determined in solution by NMR spectroscopy196 (A), the crystal structure of the Syt1 C2AB-

SNARE complex assembly197 (C) and the crystal structure of the Syt1 C2AB-Cpx1-SNARE complex assembly157 (D) (PDB

accession codes 2N1T, 5KJ7, and 5W5C, respectively). For all structures, only the Syt1 C2B domain is shown (cyan), with

R398-R399 and the polybasic region represented as blue spheres and bound Ca21 ions as orange spheres. Syntaxin-1 is yel-

low, synaptobrevin red, SNAP-25 green, and Cpx1 pink. Note that the structure shown in (A) represents just one snapshot of

the many closely-related binding modes that form this dynamic ensemble. N and C indicate the N- and C-termini of the SNARE

complex. (B) Ribbon diagram showing a superposition of the NMR structure shown in (A) with the Cpx1(26–83)-SNARE complex

shown in Figure 6(B). Both structures have been rotated to better show how, if Cpx1 and the Syt1 C2B domain are bound

simultaneously to the SNARE complex in these modes, Ca21-dependent binding of the C2B domain to a membrane would

induce strong steric clashes of the Cpx1 accessory helix with the membrane.196 (E) Superposition of the structures shown in

(A,C,D) illustrating how the binding modes of (A) and (C) overlap partially but they are both compatible with the binding mode of

(D). (F) Diagrams illustrating a model that attempts to integrate the three structures of Syt1-SNARE complex assemblies shown

in (A,C,D). As in Figure 7(C,D), the Syt1 C2B domain is represented by cyan ellipses with protuberances that represent the

Ca21-binding loops, Ca21 ions are represented by orange circles and the C2A domain is not shown for simplicity. R indicates

the location of R398-R399, and K the location of the polybasic region. Cpx1 is shown in orange (accessory helix) and pink (cen-

tral helix). The model postulates that, before Ca21 influx, two Syt1 molecules bind through their C2B domain to each partially

assembled SNARE complex according to the crystal structures shown in (C,D). In this arrangement, the C2B domain at the bot-

tom binds also to PIP2 on the plasma membrane while the C2B domain at the top is expected to have electrostatic repulsion

with the vesicle membrane, and steric hindrance between the vesicle and the Cpx1 accessory helix also contributes to hinder

membrane fusion (left). Ca21 binding to the Syt1 C2B domain is proposed to cause rearrangements that allow, for some of the

Syt1 molecules, simultaneous binding of the C2B domain polybasic region to the SNARE complex as in the NMR structure

shown in (A) while the Ca21-binding loops bind to the vesicle and R398-R399 bind to the plasma membrane; the C2B domain

of other Syt1 molecules may just bridge the two membranes without contacting the SNAREs, perhaps in an opposite orientation

(middle). Concomitantly, the SNARE complex zippers and the Cpx1 accessory helix melts because of steric hindrance. The

position of Syt1 with respect to the membranes is proposed to further rearrange to facilitate membrane bending and fusion

(right).
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and the natural expectation that Syt1 and the

SNAREs cooperate in the final step that leads to

membrane fusion. It has been suggested that Syt1-

SNARE complex interactions are abolished at physi-

ological ionic strength,213 but such interactions

should be favored at the high local concentrations of

Syt1 and the SNAREs present in the primed state

even if they are weak. Moreover, the recent struc-

tural studies discussed below have provided compel-

ling evidence for the relevance of Syt1-SNARE

complex binding.

A second major hurdle to elucidate how Syt1

functions has been to understand its interplay with

complexins. The finding that the Syt1 C2AB frag-

ment competes with a Cpx1 fragment spanning its

accessory and central helices [Cpx1(26–83) for bind-

ing to membrane-anchored SNARE complexes138,214

provided a natural basis for functional, cell-cell

fusion and reconstitution experiments suggesting

that Syt1 releases the inhibition caused by complex-

ins,138–140 but it was puzzling that Syt1 C2AB and

Cpx1(26–83) can bind simultaneously to the SNARE

complex in solution.215 Subsequent reconstitution

assays have further supported the notion that the

functions of Syt1 and complexins are coupled, for

instance showing that the Ca21-independent stimu-

lation of lipid mixing caused by Syt1 was inhibited

by CpxII.216 Moreover, single vesicle-single vesicle

fusion assays have indicated that Syt1 and Cpx1

cooperate in accelerating Ca21-dependent fusion,

thus synchronizing fusion with Ca21 arrival.217

Another study using similar experiments showed

that the low fusion efficiency commonly observed in

these assays at 1–5 lM Cpx1 can be dramatically

enhanced by using lower Cpx1 concentrations (100–

200 nM), suggesting that excess Cpx1 can unduly

inhibit fusion.218 These assays also showed that

Cpx1 can stimulate fusion in a Ca21-dependent

manner even in the absence of Syt1,218 which raises

the possibility that Cpx1 may act as a Ca21 sensor,

although no Ca21-binding sites have been identified

in Cpx1 so far. Clearly, understanding how Syt1

binds to the SNARE complex and how such binding

affects Cpx1-SNARE complex interactions is critical

to rationalize these interesting results.

Structures of Syt1-SNARE Complex Assemblies
Key insights have been brought by three structural

studies of Syt1-SNARE complexes recently reported.

First, an analysis by NMR spectroscopy in the pres-

ence of Ca21 revealed the predominant binding

mode between Syt1 and the SNARE complex in solu-

tion, which is highly dynamic and involves the poly-

basic region of the C2B domain and a polyacidic

patch formed by SNAP-25 and syntaxin-1 in the

SNARE complex196 [Fig. 8(A)]. This dynamic struc-

ture is consistent with extensive evidence implicat-

ing the C2B domain polybasic region in SNARE

complex binding207–210 and explains the puzzling

biochemical interplay with Cpx1(26–83). Thus, the

C2AB and Cpx1 binding sites on the SNARE com-

plex are distinct, consistent with simultaneous bind-

ing in solution, but, in a putative C2AB-SNARE-

Cpx1 complex anchored on a membrane, insertion of

the C2B domain Ca21-binding loops into the mem-

brane would cause steric clashes of the Cpx1 acces-

sory helix with the membrane, consistent with the

competition observed on membranes [Fig. 8(B)].

Note that Syt1 C2AB could not displace full-length

Cpx1 from membrane-anchored SNARE com-

plexes,215 suggesting that Syt1 binding to the mem-

brane and the SNARE complex in this mode may

lead to “melting” of the Cpx1 accessory helix without

full displacement of Cpx1 due to membrane interac-

tions involving its N- and/or C-termini.196 Impor-

tantly, the orientation of the C2B domain in the

structure would allow interaction of its Ca21-binding

loops with the synaptic vesicle membrane while

R398-R399 bind to the plasma membrane, support-

ing the notion that Syt1 could cooperate with the

SNAREs in bringing the two membranes together to

accelerate membrane fusion [Fig. 8(F)]. The func-

tional relevance of the structure was supported by

the finding that different mutations in the polybasic

region of the C2B domain caused strong or mild

impairments in neurotransmitter release that corre-

lated with their effects in disrupting C2AB-SNARE

complex binding but not with their more indiscrimi-

nate effects on PIP2 binding.196

Subsequently, two similar crystal structures of

Syt1 C2AB bound to the SNARE complex revealed

three binding modes197 that were drastically differ-

ent from each other and from that defined by NMR

spectroscopy, consistent FRET and NMR data show-

ing that there are multiple types of Syt1-SNARE

complex interactions.196,219 One of the binding

modes observed in the crystal structures, referred to

as the primary interface, was validated by mutagen-

esis and electrophysiological data, while the other

two binding modes most likely arise from crystal

contacts (see also220,221). The primary interface

involves the two SNARE motifs of SNAP-25, par-

tially overlapping with the C2B domain-binding site

defined by NMR spectroscopy, but the interacting

region of the C2B domain is located on the convex

side of the b-sandwich, opposite to the concave side

containing the polybasic region [Fig. 8(C,E)]. As a

result, this region is available for binding to PIP2 on

the plasma membrane. Two additional crystal struc-

tures of the SNARE complex bound to a Cpx1 frag-

ment and the Syt1 C2B domain or C2AB fragment

later revealed yet another C2B domain-SNARE com-

plex interface, referred to as tripartite interface,

that does not overlap with the primary interface or

the binding mode defined by NMR157 [Fig. 8(D,E)].

The Cpx1 binding mode is analogous to that
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observed in the binary Cpx1-SNARE complex assem-

bly145 and the Cpx1 central helix is “continued” by

an a-helix of the Syt1 C2B domain that is unique to

C2B domains in tandem C2 domain proteins222 and

binds to the same groove of the SNARE complex as

Cpx1 [Fig. 8(D)]. Because there are also C2B

domain-Cpx1 contacts, Cpx1 binding to the SNARE

complex enhances its affinity for the C2B domain at

this binding site.157 This finding provides an expla-

nation for the active role of Cpx1 in neurotransmit-

ter release, as it helps to position Syt1 next to the

SNARE complex, and also suggests that Syt1 and

Cpx1 cooperate in forming a “locked” state that

inhibits release before Ca21 influx but is ready for

fast release upon Ca21 binding to Syt1. Mutagenesis

and electrophysiological experiments supported this

notion and the functional relevance of the tripartite

interface.157 It is also worth noting that, although

the Syt1-SNARE complex-complexin stoichiometry is

1:1:1 in the crystals, the SNARE complex has other

interfaces with the C2B domain of symmetry mates,

including the primary interface observed in the first

crystal structure of the C2AB-SNARE complex. This

finding illustrates that two Syt1 molecules can bind

simultaneously to the SNARE complex through

these two binding modes.

Figure 8(F) presents a model that incorporates

the three structures of Syt1-SNARE complexes and

attempts to integrate much (but not all) of the exist-

ing data. The two binding modes observed in the

crystal structures appear to be Ca21-independent

and likely occur in the primed state that exists

before Ca21 influx, helping to bring Syt1 next to the

SNARE complex to generate the release-ready state.

The finding that disruption of either binding mode

strongly impairs release suggests that it is function-

ally important to have more than one Syt1 molecule

next to the SNAREs to cooperate in triggering

fusion, consistent with the known high cooperativity

of release with Ca21. Fusion may be inhibited in the

primed state by the steric and/or electrostatic repul-

sion of the Cpx1 accessory helix and the Ca21-bind-

ing region of one of the C2B domain molecules with

the synaptic vesicle membrane [Fig. 8(F)]. The two

Syt1-SNARE binding modes are unlikely to remain

unaltered upon Ca21-binding to Syt1, as they do not

explain how Syt1 releases the inhibition caused by

Cpx1 and helps to induce membrane fusion. The

model of Figure 8(F) proposes that Ca21 binding to

Syt1 induces rearrangements such that both

Syt1 C2B domains bridge the vesicle and plasma

membranes through their Ca21-binding loops at the

top and R398-R399 at the bottom, with one of the

C2B domains binding to the SNARE complex

through the polybasic region as in the mode defined

by NMR spectroscopy. Note that, although the poly-

basic region is not involved in Ca21 binding, the

affinity of this largely electrostatic binding mode is

increased by Ca21 binding to the top loops,210 likely

because of the resulting increase in the positive elec-

trostatic potential. In this model, the Cpx1 accessory

helix becomes unstructured due to steric clashes as

binding of the C2B domains to the two membranes

and C-terminal zippering of the SNARE complex

bring the membranes together.196 This model also

accounts for the strong impairment of release caused

by mutations in R398-R399 together or individu-

ally,157,195 and for functional data suggesting that

these residues are important for triggering fusion.223

Note in this context that both arginines participate

in the primary interface defined by X-ray crystallog-

raphy, but R398 does not appear to make strong con-

tacts and mutation of R398-R399 did not

significantly affect the co-immunoprecipitation of

Syt1 with the SNAREs,197 suggesting that R398-

R399 interact with another key target [e.g., the

membranes; Fig. 8(F)].

From the available structural information, the

position of the Syt1 C2A domain is unclear, but there

is no doubt that Ca21 binding to this domain is also

functionally important.184,188,189 The C2A domain

may cooperate with the C2B domain in binding to

the same membrane, help in bridging the two mem-

branes,194,204,212,224 and/or contribute to induce

membrane curvature [as proposed in the model of

Fig. 8(F)]. The model also proposes that, after bridg-

ing the two membranes, the insertion of the Ca21-

binding loops into the membranes induces mem-

brane curvature198 and/or perturbs the lipid pack-

ing.24 Note that the time scale of neurotransmitter

release (<0.5 ms1) is fast for a biological process but

provides ample time for the molecular rearrange-

ments involved in this cascade of Syt1 actions.

Clearly, this model needs further testing, and

multiple questions about Syt1 function remain.

First, it is highly unclear how Syt1 helps to induce

membrane fusion. Second, the multiplicity of Syt1-

SNARE complex binding modes [Fig. 8(F)] seems

counterintuitive and it is plausible that some of the

data of the structural studies might need re-

interpretation. Third, Syt1 was shown to form ring-

like oligomers that were proposed to inhibit neuro-

transmitter release before Ca21 influx and to be dis-

assembled upon Ca21-dependent membrane binding

to the C2 domains,225,226 but it is unclear whether

such oligomers are compatible with the crystal

structures of Syt1-SNARE complex assemblies. It is

worth noting that the observed rings led to a

hypothesis whereby a buttressed ring of Syt1s is

surrounded by a ring of Munc13s227 and, interest-

ingly, supramolecular assemblies containing multiple

Munc13-1 molecules have been observed by super-

resolution imaging of synapses.228 Fourth, and more

generally, it is unclear how this model can be inte-

grated with the notion that Munc18-1 and/or

Munc13-1 may also bind to the SNARE complex as
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intrinsic components of the complex that triggers

membrane fusion (Fig. 5).

Perspectives

The research summarized above has yielded a

wealth of information on the mechanism of neuro-

transmitter release, establishing that: (i) SNARE

complexes are critical to bring membranes together

and catalyze membrane fusion; (ii) NSF and aSNAP

disassemble SNARE complexes and play additional

roles; (iii) Munc18-1 and Munc13-1 play key roles in

orchestrating SNARE complex assembly in an NSF-

aSNAP-resistant manner, the former by binding to

synaptobrevin and closed syntaxin-1, thus forming a

template to assemble the SNARE complex, and the

latter by bridging the vesicle and plasma mem-

branes and helping to open syntaxin-1; and (iv) Syt1

functions as a Ca21-sensor by binding to the mem-

branes and the SNAREs, in a tight interplay with

complexin that accelerates membrane fusion. How-

ever, fundamental questions still remain, particu-

larly with regard to the mechanism of membrane

fusion. It seems clear that the SNAREs, Syt1 and

complexin are part of the macromolecular assembly

that triggers fusion, but how do they actually exe-

cute fusion? Are Munc18-1 and/or Munc13-1 part of

this macromolecular complex, thus being also

involved in fusion? Are aSNAP and perhaps NSF

also involved in fusion, as suggested by studies of

the roles of Sec17 and Sec18 in yeast vacuolar

fusion? Which are the initial interactions that tether

synaptic vesicles to the plasma membrane at the

active zone and what is the cascade of events that

bring the membranes progressively closer through

the action of proteins that can bridge membranes

such as the SNAREs, Munc13-1 and Syt1?

Structural studies have been fundamental to

develop many of the key concepts underlying our

current understanding of neurotransmitter release,

but most of these studies were performed without

membranes. To address the questions listed above, it

will be crucial to obtain structural information on

complexes assembled between two membranes. It

can be expected that major advances in this area

may be obtained with cryo-electron microscopy and

tomography, techniques that have already provided

important information in this field194,212,229 and

have experienced a dramatic technical revolution in

recent years.230,231 Note that these techniques also

allow observation of membrane fusion intermedi-

ates,32,217,232 and tomography can be used to observe

presynaptic complexes in actual neuronal

synapses.233

Reconstitutions experiments will continue to

play a major role in complementing the structural

studies and providing a means to probe the func-

tions of the components of the release machinery in

vitro, but it is important to understand the

limitations of the approaches used so far in order to

make further progress. Thus, bulk reconstitution

assays have provided crucial information and

allowed reconstitution of Ca21-dependent membrane

fusion with the three SNAREs, Munc18-1, Munc13-

1, Syt1, NSF and aSNAP,67 but these assays have

low time resolution and do not distinguish between

docking and fusion. Moreover, much of the Ca21

dependence in these assays arises from Ca21 binding

to the Munc13 C2B domain,95 which is known to be

important for release during repetitive stimulation

but not for release evoked by the first action poten-

tial.111 This apparent discrepancy may arise because

of partial functional redundancy with another pro-

tein such as CAPS, which also contains a Ca21-

dependent C2 domain and a MUN domain, and

likely has similar but not completely overlapping

functions with Munc13s.22,234,235 Moreover, it is

likely that the major function of Syt1 is to accelerate

fusion to time scales well beyond those probed in

bulk fusion assays. Single vesicle-single vesicle

fusion assays have also made important contribu-

tions to this field, can distinguish between docking

and fusion, and have better time resolution than

bulk assays,8 although the time resolution is still

limited. Studies that monitor fusion of single

vesicles with supported planar bilayers afford faster

speed, having been able to reveal fusion within 20

ms,236 and are also very useful to study the neuro-

transmitter release machinery.237 However, even

higher time resolution will be required to monitor

fusion at the speeds occurring in vivo. Novel meth-

ods, including for instance amperometric recordings

on artificial cells,238 may be necessary for this pur-

pose. Of course, electrophysiological studies will con-

tinue to be essential to test the models emerging

from structural and reconstitution studies, as well

as to study the functions of the release machinery.

A detailed understanding of the molecular

mechanism underlying a wide variety of presynaptic

plasticity processes that make our brain so powerful

has become increasingly feasible with the progress

made in elucidating the basic mechanisms of dock-

ing, priming and fusion, particularly with regarding

to Munc13 function. However, the presynaptic active

zone is a complex supramolecular assembly that, in

addition to Munc13s, include multiple large proteins

such as RIMs, RIM-binding proteins, bassoon, pic-

colo and liprins among others.239 The functional

importance of these proteins was emphasized by the

dramatic disruption of active zone formation and of

neurotransmitter release caused by deletion of RIMs

and RIM-binding proteins.240 Hence, structural and

reconstitution studies need to gradually incorporate

these proteins, together with Rab3s and CAPS.

Moreover, post-translation modifications such as

phosphorylation can also play key roles in regulating

release (e.g., 241), and long-term changes in release
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efficiency likely involve also transcriptional regula-

tion. We have come a long way, but we still have a

long way to go.
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