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After much debate, recent progress indicates that the synaptic

vesicle protein synaptotagmin I probably functions as the

calcium sensor for synchronous neurotransmitter release.

Following calcium influx into presynaptic terminals,

synaptotagmin I rapidly triggers the fusion of synaptic vesicles

with the plasma membrane and underlies the fourth-order

calcium cooperativity of release. Biochemical and genetic

studies suggest that lipid and SNARE interactions underlie

synaptotagmin’s ability to mediate the incredible speed of

vesicle fusion that is the hallmark of fast synaptic transmission.
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Introduction
Intercellular communication at neuronal synapses occurs

on a millisecond timescale and relies on the rapid cal-

cium-triggered fusion of neurotransmitter-filled synaptic

vesicles at specialized active zones in the presynaptic

neuron. Following the establishment of the calcium

hypotheses for neurotransmitter release by Katz and

Miledi [1], multiple approaches have been undertaken

to characterize the molecular mechanisms that link cal-

cium influx to membrane fusion. Similar to most intra-

cellular membrane-trafficking steps, synaptic-vesicle

fusion requires the assembly of the SNARE complex

[2–4,5�]. The plasma-membrane-associated target mem-

brane proteins (t-SNAREs) syntaxin and SNAP-25,

together with the synaptic vesicle membrane protein

(v-SNARE) synaptobrevin, assemble into a four-helix

bundle [6] that can bridge membranes and mediate fusion

in reconstitution experiments [7]. However, fusion via

reconstituted SNARE proteins is slow and calcium-inde-

pendent, in contrast with synaptic transmission, where

SNARE assembly and subsequent fusion is rapid and

calcium-triggered [4,5�].

The search for synaptic calcium sensors that regulate

SNARE-dependent fusion has largely focused on the

synaptotagmins, which are transmembrane proteins con-

taining tandem calcium-binding C2 domains (C2A and

C2B) (Figure 1a). Synaptotagmin I is an abundant cal-

cium-binding synaptic vesicle protein [8,9] that has been

demonstrated via genetic studies to be important for

efficient synaptic transmission in vivo [10–13]. The C2

domains of synaptotagmin I bind negatively-charged

phospholipids in a calcium-dependent manner [9,14,15,

16�–18�]. There is compelling evidence that phospholipid

binding is an effector interaction in vesicle fusion, as the

calcium dependence of this process (� 74 mM) and its

rapid kinetics (on a millisecond scale) (Figure 1b) fit

reasonably well with the predicted requirements of

synaptic transmission [15]. In addition to phospholipid

binding, the calcium-stimulated interaction between

synaptotagmin and the t-SNAREs syntaxin and SNAP-

25 [15,19–23] provides a direct link between calcium and

the fusion complex. Indeed, synaptotagmin I can accel-

erate SNARE-mediated liposome fusion in reconstitution

experiments (Figure 1c; [24�]). The calcium-dependent

oligomerization of synaptotagmin [25–28,29�] has also

been hypothesized to organize SNARE complexes into

a fusion pore. For additional details on the biochemical

characterization of synaptotagmin, we refer the reader to

several recent in-depth reviews on the topic [30–32].

Here we summarize recent studies designed to test

correlations between synaptotagmin I’s biochemical

activities observed in vitro and its physiological function

as measured in vivo.

Analysis of synaptotagmin null mutants
Genetic studies on the function of synaptotagmin I have

established striking similarities between the loss-of-func-

tion synaptic phenotypes in mammals and invertebrates.

Elimination of synaptotagmin I in mice specifically dis-

rupts the fast synchronous phase of synaptic vesicle

fusion, without altering spontaneous or latrotoxin-

induced fusion [12]. Similarly, Drosophila synaptotagmin
I null mutants (sytAD4) specifically lack the synchronous

component of evoked vesicle fusion, but have normal

spontaneous fusion (Figure 2; [33�]). Following nerve

stimulation in sytAD4 mutants, a kinetically distinct asyn-

chronous component of vesicle fusion is uncovered in

the complete absence of the fast synchronous phase of

release. The time constant for delayed release in synap-
totagmin null mutants is 115 ms, in sharp contrast to the

time constant of a few milliseconds for synchronous

release at wild type synapses. These two distinct phases

of transmitter release — a fast component completed in a

few milliseconds and a slow component with a time

constant of �100 ms — have also been observed in

primary hippocampal neuronal cultures [34].
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Figure 1
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Structural and biochemical properties of synaptotagmin I. (a) Ribbon diagrams of the C2A and C2B domains of synaptotagmin I reveal an

eight-stranded b-sandwich motif with calcium-binding loops protruding from the top surface. Reprinted from [17�] with permission from Elsevier

Science. (b) The lipid-binding kinetics of the C2A domain of synaptotagmin I occur on a millisecond time scale compared to other slower C2 domains.

Association (left panel) and disassembly (right panel) kinetics of fluorescently labeled synaptotagmin I (syt I), synaptotagmin III (syt III), PKCb and

cPLA2 in the presence of labeled liposomes are shown. Reprinted from [15] with permission from Elsevier Science. (c) Synaptotagmin can bind
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It has been demonstrated that vesicle release requires

four or more calcium ions to trigger fusion of one synaptic

vesicle (fourth-order cooperativity). Both of these kinetic

phases of release have a steep fourth-order calcium coop-

erativity [34,35], suggesting that two independent sensors

with similar calcium cooperativities, yet unique calcium

affinities, coexist at synapses. The intact cooperativity of

residual release previously reported in synaptotagmin null

mutants [36] was one of the major arguments against

synaptotagmin functioning as a calcium sensor. However,

this study did not differentiate between the cooperativity

of fast release versus that of asynchronous release. Pre-

vious measurements reflected the cooperativity of the

asynchronous mechanism [36], as no synchronous com-

ponent remains in the null mutant [33�], and cooperativ-

ity for synchronous fusion cannot be measured. The two-

calcium-sensor model is also applicable to the fusion of

large dense-core vesicles in chromaffin cells, where

removal of synaptotagmin selectively eliminates the fast

fusion of readily releasable vesicles during the exocytotic

burst without affecting the fusion of the slowly releasable

pool [37�]. Whether the slowly releasable phase of the

fusion of large dense-core vesicles corresponds to the

asynchronous fusion of small synaptic vesicles is unknown.

Together, these studies suggest that two calcium sensors

with distinct calcium sensitivities are capable of triggering

fusion and that synaptotagmin I encodes or is required for

the function of the fast calcium sensor.

(Figure 1 Legend Continued) t-SNAREs at all stages of SNARE assembly and accelerates fusion between liposomes containing reconstituted

SNAREs (gray circles). Controls include SNARE-mediated fusion in the absence of synaptotagmin I (empty squares), reactions containing a

dominant-negative cytoplasmic domain of VAMP 2/synaptobrevin 2 (cd-VAMP 2; clear diamonds and triangles) and fusion in the presence of

synaptotagmin only (no VAMP 2; gray squares). To date, these stimulatory effects have not been found to require calcium, although the establishment

of millisecond timescale fusion assays may be required to observe rapid kinetic differences. Reprinted from [24�] by copyright permission from The

Rockefeller University Press.
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Latency analysis of evoked neurotransmitter release in synaptotagmin mutants. Genotypes are (a) wild type sytþ; (b) sytAD3; (c) sytAD1; (d) sytAD4. The

latencies of synaptic currents in 4 mM calcium for 1 s following nerve stimulation are plotted (100 stimuli for each cell). Results from each animal were

averaged and presented as the number of events occurring in 10 millisecond intervals following stimulation. A predicted model for synaptotagmin’s

structure in each of the three mutants is indicated above each plot. In the absence of synaptotagmin I, synchronous release is abolished and a

kinetically distinct delayed asynchronous release pathway is uncovered. Reprinted from [33�] with permission from Elsevier Science.
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Genetic characterization of C2A function
If synaptotagmin functions as the fast calcium sensor, one

would expect that disruption of the calcium-binding prop-

erties of synaptotagmin would mimic the null phenotype.

Recent reports in mice [38�] and Drosophila [39�,40�]
describe the effects of mutating C2A or C2B calcium

ligands. To date, no study has examined the consequences

of disrupting calcium binding to both domains simulta-

neously. The general approach employed in these studies

was to mutate the key aspartate residues that make up the

calcium-binding pocket at the exposed loops of each

domain (Figure 1a). Although this direct approach seems

to be the most straightforward way of determining the

function of calcium binding to synaptotagmin, the phos-

pholipid-binding properties of the C2A and C2B domain

turn out to be largely redundant.

When calcium-binding residues in C2A are mutated, the

calcium-dependent interactions of the isolated C2A

domain are abolished. However, when the mutated

C2A domain is placed in tandem with a wild-type C2B

domain, the calcium-dependent interactions of the hybrid

C2A–C2B protein are unaffected [16�]. This redundancy

is attributable to calcium-dependent lipid binding by the

C2B domain, which ‘drags’ the attached C2A domain into

membranes and activates its lipid-binding properties

[16�]. This biochemical redundancy was borne out by

genetic manipulations of the C2A calcium-binding

ligands. Mutations of two calcium-binding residues in

the C2A domain (D232N and D238N) were generated in

mice, which were then tested for biochemical and elec-

trophysiological defects [38�]. The mutant mice have few

or no electrophysiological defects and the native protein

isolated from mutant animals displays normal calcium-

dependent syntaxin and phospholipid interactions. Simi-

lar results were reported in a Drosophila mutant with a

D229N substitution in C2A [39�], although quantitative

correlation between release probability and synaptotag-

min function with this approach is difficult because of

variability in protein levels following heat-shock induc-

tion of the transgene. In summary, genetic disruptions of

C2A calcium-binding ligands have relatively mild effects

on release and on the calcium-dependent interactions of

the full-length protein.

To circumvent the redundancy between the C2 domains,

Fernàndez-Chacòn et al. [41�] engineered mutations in

C2A outside the calcium binding sites in a neighboring

charged arginine residue (R233Q). In the R233Q knock-

in, a twofold decrease in calcium-dependent phospholi-

pid binding by the native C2A-C2B protein was observed.

Mutant mice displayed a twofold decrease in release

probability at hippocampal synapses, but had no defect

in the size of the readily releasable pool or in presynaptic

calcium influx. A complementary approach examined the

effects of a mutation (sytAD1) that deletes the C2B domain

in Drosophila, leaving only the C2A domain intact at

synapses [33�]. In sytAD1 animals, both the synchronous

and the asynchronous phases of release were present and

could be kinetically separated (Figure 2), suggesting that

calcium-dependent lipid binding by the C2A domain

alone can trigger the fast phase of release with low release

probability but cannot fully suppress slow asynchronous

release. The coexistence of both release phases in this

mutant also suggests that synaptotagmin I does not con-

vert the slow asynchronous pathway into a fast synchro-

nous one, but instead mediates the fast component of

release, whereas the asynchronous pathway is mediated by

a second calcium sensor. Importantly, although the C2A

domain alone can trigger synchronous release, the calcium

cooperativity is reduced from four to one [33�]. Reductions

in the calcium cooperativity of release have also been

observed in Drosophila larvae where synaptotagmin I has

been acutely disrupted with a novel transgenic photoi-

nactivation technique [42�], and in heteroallelic combina-

tions of Drosophila synaptotagmin mutations with the sytAD1

allele [43].

Biochemical studies indicate that the loss of the C2B

domain greatly diminishes high-affinity interactions

between synaptotagmin and SNAREs [15,23]. One inter-

pretation of this data is that the calcium cooperativity of

neurotransmitter release is mediated through synaptotag-

min–SNARE interactions, whereas phospholipid binding

triggers rapid fusion with increased release probability.

Supporting this model are recent findings indicating that

synaptotagmin–SNARE interactions are essential for the

membrane fusion of large dense-core vesicles in PC12

cells as well [16�,44�].

Genetic disruption of C2B functions
Given the redundancy of C2A calcium binding conferred

by C2B, are any phenotypes associated with specific

disruptions of the calcium-binding properties of the

C2B domain? Mackler et al. [40�] have addressed this

issue in Drosophila by examining transgenic strains har-

boring mutations in key calcium-binding residues

(D416N, D418N and a D356N, D362N double mutant)

within the C2B domain. In contrast to disruptions of C2A

calcium binding, mutations in C2B result in dramatic

defects in vesicle fusion. However, the phenotypes are

even more severe than those seen in the null mutant or in

animals completely lacking the C2B domain, indicating

the transgenes function as dominant-negative inhibitors

of vesicle fusion [40�]. Indeed, expression of the D356N,

D362N transgene in wild-type animals containing native

synaptotagmin resulted in >90% inhibition of release.

Although it is difficult to extrapolate loss-of-function

phenotypes secondary to the dominant-negative effects,

electron microscopy performed on the C2B mutants

indicate an abundance of docked vesicles, supporting

the argument that the dominant-negative C2B transgenes

block release following vesicle docking. Similar results

using acute inactivation of synaptotagmin also support a
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post-docking function for synaptotagmin (Figure 3c)

[42�]. The C2B dominant-negative transgenes also sup-

press the asynchronous release observed in the null

mutant, without a corresponding increase in synchronous

fusion. These findings suggest that the function of synap-

totagmin I in suppressing asynchronous release is distinct

and genetically separable from its role in triggering fast

synchronous fusion.

To circumvent the dominant-negative effects, a mutated

tyrosine residue in the C2B domain near the calcium-

binding ligands has been characterized (sytAD3) that

eliminates conformational changes induced by calcium

binding to C2B but does not have dominant-negative

effects [29�,33�]. This point mutation (Y364N) disrupts

the calcium-dependent oligomerization of synaptotagmin

mediated through its C2B domain [29�,45] but does not

abolish C2A phospholipid binding or SNARE interac-

tions. Animals containing the Y364N mutant have a 10-

fold reduction in synchronous fusion but normal calcium

cooperativity. The release that is still observed in the

Y364N mutant is completely synchronous with nerve sti-

mulation and does not have an asynchronous component

(Figure 2), similar to what is observed in the wild type.

These findings suggest that calcium-dependent oligo-

merization via the C2B domain enhances the sensitivity

Figure 3
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Regulation of vesicle fusion by synaptotagmin I. (a) Synaptotagmin I stabilizes fusion pore opening during large dense-core vesicle exocytosis,

leading to longer prespike foot currents. The different scales illustrate the whole spike (left) and the foot current (right and shaded). Scale bars:

10 pA, 2 ms, left; 5 pA, 1 ms, right. Reprinted with permission from [47�] (copyright [2001] American Association for the Advancement of Science).

(b) The photolysis of caged calcium (top panel) at the squid giant synapse results in a decay of the excitatory postsynaptic potential (middle panel)
even though a sustained elevation of calcium remains (bottom panel). Reprinted from [49] with permission from Elsevier Science. (c) Using

photoinactivation to acutely disrupt transgenic synaptotagmin I at Drosophila synapses leads to a rapid block of exocytosis. Photoinactivation was

performed in the absence of stimulation. Following resumption of stimulation, release is decreased by the maximum amount at the first stimulus and

there is no stimulation-dependent decay or temporal requirement for the defect to manifest. These findings strongly suggest that synaptotagmin

I functions at the fusion step and does not resupply the vesicle pool or function to maintain docked vesicles. Reprinted from [42�] with

permission from Elsevier Science.
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of vesicle fusion to calcium, but is not required for

cooperativity or the suppression of the slow asynchronous

phase of release.

Suppression of asynchronous release
by synaptotagmin
The delayed asynchronous release pathway is rarely

observed in wild type Drosophila but is fully uncovered

in synaptotagmin null mutants [33�]. Although the fast

and slow components of neurotransmitter release are

mediated by distinct mechanisms and calcium sensors,

synaptotagmin I normally suppresses the asynchronous

component of neurotransmitter release (Figure 2). Zucker

and colleagues [46] have postulated two separate calcium

sensors in order to explain the short-term facilitation

induced by residual calcium. Genetic evidence indicates

that synaptotagmin I is the low-affinity calcium sensor for

synchronous release. A second high-affinity sensor with

slower kinetics is postulated to be responsible for both

facilitation and the asynchronous phase of release [46].

Convincing evidence that separate molecular pathways

underlie the two release phases is provided by the obser-

vation that Drosophila synaptotagmin mutants that lack the

C2B domain (sytAD1) show both phases of release, whereas

a C2B point mutant (sytAD3) shows intact suppression of

the asynchronous pathway but is still defective in trigger-

ing synchronous fusion (Figure 2). sytAD3 mutants also

exhibit far fewer fusion events evoked by salines contain-

ing high potassium or calcium ionophores than are

observed in the null mutant sytAD4, where there is increased

asynchronous release because of the unrestricted activity

of the high-affinity calcium sensor in the absence of

synaptotagmin [33�].

What potential mechanisms underlie the suppression of

asynchronous release? One possibility is suggested by the

recent finding that synaptotagmin I stabilizes fusion pores

during dense-core vesicle release in PC12 cells [47�].
Wang et al. observed that overexpression of synaptotag-

min I in PC12 cells increased the duration of the small

foot current that precedes the major release spike mea-

sured in amperometric recordings (Figure 3a). The foot

current is postulated to arise from the release of a small

amount of transmitter during the initial assembly of the

fusion pore before it expands completely during full

fusion. The increased foot duration suggests synaptotag-

min I can stabilize the fusion complex and decrease the

free energy needed for dilation of the fusion pore [48]. A

similar stabilization of the fusion complex of synaptic

vesicles could account for the suppression of asynchro-

nous release by synaptotagmin. By analogy with the

inactivation of voltage-gated channels and the desensiti-

zation of ligand-gated channels, the initial influx of cal-

cium may trigger synaptotagmin/SNARE-dependent

conformational changes that enhance membrane fusion

for several milliseconds. A secondary phase of inhibitory

conformational changes in synaptotagmin may then occur

several milliseconds later, resulting in fusion pores that

have a lower probability of dilating. This would effec-

tively serve to drive rapid synchronous fusion while

inhibiting the asynchronous release normally activated

by the high-affinity calcium sensor. Electrophysiological

studies using the squid giant synapse have demonstrated

that release rates adapt and decay within tens of milli-

seconds after the initial calcium influx, even during

sustained elevated intracellular calcium concentrations

obtained using caged calcium (Figure 3b; [49]). These

results cannot be explained by vesicle depletion, suggest-

ing that an intrinsic property of the fusion machinery is

likely to change following the initial calcium spike. It is

tempting, on the basis of the ability of C2B calcium ligand

mutants to dominantly suppress asynchronous release, to

speculate that the C2B domain may be the site of such

secondary inhibitory conformational changes [40�]. The

suppression of the asynchronous release pathway, together

with the steep calcium cooperativity provided by synapto-

tagmin I, probably explains the sharp time resolution of

nerve-evoked release.

Conclusions
Katz hypothesized the existence of the ‘calcium receptor’

three decades ago in his classical description of the

calcium hypothesis of neurotransmission. The explosion

of molecular cloning and reverse genetics in the 1990s

provided a host of candidate molecules that are enriched

at presynaptic terminals and important for neurotransmit-

ter release. After debate about the roles of many of these

molecules, we have finally reached a point where most

data suggest that synaptotagmin I is the fast calcium

sensor for synchronous neurotransmitter release. The past

several years have seen several effector interactions,

including SNARE binding, phospholipid binding and

oligomerization, emerge as potential underlying mechan-

isms. Over the next few years there is likely to be

enthusiastic debate about which of these interactions

are relevant in vivo. As a working hypothesis to be tested

over the next few years, we propose a three-stage model

for calcium-activated vesicle fusion mediated by synap-

totagmin as shown in Figure 4. We expect that this model

will be polished by experimental results using systematic

structure–function studies.

Update
Several recent findings have provided insights into the

role of synaptotagmin’s effector interactions during vesi-

cle fusion. Rickman and Davletov [50�] demonstrate that

native synaptotagmin I is capable of binding a t-SNARE

heterodimer of syntaxin and SNAP-25, even in the absence

of calcium. The interaction requires the presence of both

C2 domains of synaptotagmin, suggesting that tandem C2

domains may have unique functions not observed in iso-

lated C2 domains. Ernst and Brunger [51] have recently

solved the crystal structure of a truncated SNARE com-

plex and demonstrate that synaptotagmin recombinant
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proteins containing both C2 domains interact with the

truncated SNARE complex, even in the absence of

calcium. Together with previous data, these findings

suggest that synaptotagmin-SNARE interactions may

have both calcium-dependent and calcium-independent

roles in fusion. To test the in vivo role of synaptotagmin-

SNARE interactions, Shin et al. [52�] have analyzed the

effects of strontium on triggering release in synaptotag-

min knockout mice. Although strontium is much less

effective at triggering fusion compared to calcium, stron-

tium-stimulated release is also defective in synaptotag-

min knockouts. The authors demonstrate that strontium

binds specifically to the C2B domain of synaptotagmin and

can induce lipid binding, but does not effect SNARE

interactions. The authors propose that strontium’s ability

to trigger fast release requires synaptotagmin–phospholi-

pid interactions, but not SNARE binding. Further studies

will be required to determine if the increased release

efficacy of calcium versus strontium is due to calcium’s

ability to promote high affinity synaptotagmin-SNARE

interactions. In addition to lipid and SNARE binding,

calcium-induced oligomerization of synaptotagmin I has

been suggested to be an important step in fusion. Wu et al.
[53] provide the first images of calcium-dependent synap-

totagmin oligomers assembled on phospholipid bilayers.

Recombinant synaptotagmin assembles into heptameric

oligomers in the presence of calcium, suggesting oligo-

merization might play a role in regulation of fusion pore

opening or dilation. Future studies will no doubt continue

to elucidate the role of these synaptotagmin effector

interactions during vesicle fusion.
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