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for translation reinitiation or decay. Thus,
the ribosome is central in scrutinizing the
integrity of mRNAs in eukaryotic cells, and
messages that meddle with the ribosome are
shown no mercy.
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Synaptotagmin: fusogenic role for calcium sensor?

Joshua Zimmerberg, Sergey A Akimov & Vadim Frolov

Two recent studies focusing on synaptotagmin-1’s role in synaptic vesicle fusion suggest that it may be key in
bringing vesicle and target membranes together and in promoting SNARE assembly. The highly positive electrostatic
potential of the synaptotagmin surface could catalyze fusion.

One of the abiding mysteries in biology is the
great speed of synaptic transmission, where
synaptic vesicles laden with neurotransmitter
fuse to the presynaptic membrane and release
their content to the synaptic cleft. The Ca**-
triggered release of neurotransmitter begins
some tens of microseconds after Ca>* floods the
presynaptic intracellular release site!. Thus, the
mechanism of membrane fusion must account
for how Ca?* triggers the extremely fast forma-
tion of a fusion pore linking vesicular and plasma
membranes that were hitherto stable and not
leaky. The current paradigm for exocytotic fusion
sets the trans-SNARE complex?, composed of
proteins localized in vesicular and plasma
membranes, as the minimal fusion machine.
The calcium dependence of fusion is
believed to be regulated by proteins such as
synaptotagmin-1 (syt), which acts as both a
‘calcium sensor’ mediating Ca®* triggering and
a regulator of fusion-pore dynamics during
neurotransmitter release>*. Two recent stud-
ies>®, including one on page 323 of this issue®,
suggest that syt may have a more central role in
mediating fast synaptic fusion.

Syt is a member of a family of trans-
membrane proteins that sit in the vesicular
membrane. Its Ca?" sensitivity arises from its
two cytoplasmic C2 domains, C2a and C2b,
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Figure 1 Synaptotagmin as a catalyst for
fusion. Side (a) and top (b) views of stalk
and fusion pore surrounded by six C2b
domains show that synaptotagmin can
energetically favor formation of both stalks
and fusion pores, and may attract charged
lipids in the stalk-pore membrane area.

The radius, r, is drawn from the center of the
stalk or pore laterally outward to the neutral
plane of the outer monolayer.

Fusion pore
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(c) Hypothetical decreases of the elastic energy of stalk and pore formation by synaptotagmin. Black,
energies of the stalk and pore formed between two flat bilayers (as shown in a) separated by ~3 nm.
Elastic energy of each lipid monolayer was calculated analytically using the Hamiltonian from ref. 23,
assuming the stalk and pore shapes drawn in a?2. Blue, stalk and pore energies when synaptotagmin
electrostatically compensates the bending energy of the bound monolayer. Red, stalk and pore energies

when synaptotagmin assists bending by changing the spontaneous curvature of PS (lipid composition of
30% PS and 70% PC; PC spontaneous curvature of —1/8.7nm™! is assumed®). Dotted curves indicate

the transition state explicitly calculated in ref. 22.

attached by a long linker to its transmembrane
domain. C2a and C2b have three and two Ca?*-
binding sites, respectively, located in distal loops
of the domains. Upon Ca?" binding, the electro-
static potential around each C2 domain becomes
highly positive for a large part of the domain
surface, extending far beyond the Ca?*-binding
loops7>8. As a result, both domains bind nega-
tively charged lipids, such as phosphatidylserine
(PS)>10, Arac et al.>. now show two important

aspects of this syt-membrane interaction. Using
highly purified C2a and C2b domains of syt,
they find that membrane adsorption induced by
Ca?* is not accompanied by any domain aggre-
gation, previously hypothesized to facilitate
fusion!!. Instead, they find that the C2b domains
makes extensive interactions with liposomal
membranes that involve not only Ca?*-binding
loops, but also other positively charged regions
(such as the polybasic region), located on the
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distal side of the domain. They further demon-
strate that these regions can cause electrostatic
flocculation of liposomes: positively charged
C2b domains link together negatively charged
liposome bilayers!2. In contrast, without the C2b
domain of syt, mixing complementary vesicles
reconstituted with either vesicle (v-) SNAREs
or target membrane (t-) SNAREs in a fusion
assay” does not lead to either observable vesicle
clustering or adhesion, even at the peak rate of
lipid mixing'3.

To explain the extensive coverage of the C2b
domain by membrane, Arac et al.’ propose that
membranes bend around the domain, and thus
the C2b domain may directly participate in the
formation of highly bent membrane interme-
diates thought to be at the core of fusion. This
proposal can be considered in the context of the
stalk-pore theory of fusion, which is strongly
supported by recent experiments (see refs.
14,15). Two phospholipid bilayers in close prox-
imity start to fuse when the lipids in their con-
tacting leaflets bend toward each other to form
highly curved intermediates—first the stalk and
then the pore. Syt may modulate the curvature
of these membrane intermediates through
electrostatically driven bending. The electro-
static energy of the Ca?*-binding loops of C2b
adsorbing onto a flat membrane is estimated
at several kcal mol! (ref. 8). Six syt molecules
(Fig. 1a,b) could dramatically reduce the barrier
for stalk formation if the electrostatic binding
energy were used to compensate the bending
energy of the bound lipid monolayer (Fig. 1c).
With stalk-widening and pore formation, more
charged lipids are available for syt, so the pro-
teins effectively pull the curved membrane out
to expand the stalk and pore.

The above estimates predict that syt both
initiates fusion and regulates fusion-pore
dynamics. In particular, pulling by syt would
promote expansion of fusion pores that would
otherwise stay narrow in a transient mode
of vesicle fusion called kiss-and-run release
(Fig. 1). Recent experimental data corroborate
these predictions*. Curiously, PS changes its
spontaneous curvature from +1/14.4 nm~! to
—1/2.3 nm~! when fully protonated'®, enough
to explain the compensation of bending energy
by syt described above (Fig. 1). Although pro-
tonation of free PS in physiological solution
is highly unlikely, one can imagine ways that
tight apposition with syt might discharge the
lipid headgroups and dehydrate the head-
group region to some extent, thus effectively
reducing the spontaneous curvature of PS.

In addition to lipid binding, syt also binds
SNAREs and SNARE complexes. Balla et al.®
now suggest that synaptotagmin drives the
assembly of SNARE complexes, a potential
scaffold for C2b recruitment. They use a recon-
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Figure 2 Possible pathways for Ca2*-stimulated membrane fusion of exocytosis. (a) ‘Calcium sensor
regulates the SNARE fusion machine’ paradigm. Vesicles are initially tethered together by other factors
(not shown). Upon chelating calcium, syt (aqua) binds PS and syntaxin (red), promoting binding

of SNAP-25 (gray) and forming an attachment site for synaptobrevin (purple), which binds to form
the four-helix bundle of the SNARE complex. Syt, Ca2+ and PS now drive conformational changes
(asterisk) in the SNARESs to promote fusion of the vesicular membrane to the plasma membrane.

(b,c) ‘SNARESs are scaffolds for syt’ paradigm. Docked vesicles are poised to fuse, with the SNARE
complex holding and concentrating syt. Upon calcium binding, the positively charged surface of syt
attracts the negatively charged membrane, binding (b) and bending the membrane to promote their
initial hemifusion (the stalk) and then pulling on the membrane stalk laterally to open the fusion pore.
If docked vesicles are already hemifused to the plasma membrane by SNARES, binding of Ca2* can
simply pull open the pore (c). This would be the fastest way for Ca2+ to trigger fusion.

stitution system like that of ref. 2, but with
negatively charged phospholipid vesicles
bearing either v-SNAREs or t-SNAREs.
SNAREs alone are sufficient to induce a slow
lipid mixing between these liposomes that is
augmented by Ca?* and syt®. Using SNAREs
from different species and different traffick-
ing pathways, Balla et al.® show that both the
SNARE binding of neuronal syt and the accel-
eration of SNARE-mediated fusion by syt is
species or isoform dependent, working only for
neuronal exocytotic SNAREs and not for yeast
SNAREs. The specificity of syt enhancement
clearly suggests a syt-SNARE interaction.
Balla et al® further show that the
functional significance of this interaction is
the Ca?*— and PS—dependent recruitment
by syt of the t-SNARE component SNAP-25
to syntaxin. Next they propose that the
complex of syt, Ca>* and PS changes the
conformation of the SNAREs to enhance their
fusogenicity. Putting the two papers together,
this suggests a pathway (Fig. 2a) in which Ca*
entering into the presynaptic terminal first
binds syt, thereby bridging phospholipids,
leading to tight adhesion of vesicles to the
plasma membrane, and simultaneously

promoting assembly of SNARE complexes
by recruiting SNAP-25. Syt, PS and Ca>* then
change the SNARE complex conformation so it
can cause fusion by an unknown mechanism.
But is there time for all that? An alternative
paradigm is that ring assemblies of SNAREs
and syt complexes form to appropriately con-
centrate and orient C2b domains of syt. The
ordered domains then create an electrostatic
tunnel for membrane fusion® that is extended
by the polybasic linker regions of syntaxin
and synaptobrevin!” (Fig. 2b,c). What is the
role of calcium? First, Ca2* turns on an ‘elec-
trostatic switch’ initially proposed for the
syt-syntaxin interaction'®, but better suited to
instantaneously stress the phospholipid bilayers
of the presynaptic membrane and the synap-
tic vesicle for the ultra-rapid exocytosis seen in
the nervous system. Second, even without syt,
Ca”* speeds up fusion of SNARE-reconstituted
membranes!® considerably. Perhaps Ca?* also
has a direct role, electrostatically complexing
PS headgroups?® to promote fusion between
negatively charged phospholipid bilayers?!
Ultimately, syt, SNAREs and the other
proteins that comprise the exocytotic fusion
machine must cajole lipids to move through
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a pathway that culminates in fusion-pore
opening. Our view is that exocytotic fusion fol-
lows the pathway of phospholipid-membrane
fusion'>2122, The role of proteins along this
pathway is to lower the several energy barriers
to membrane fusion, just as enzymes lower the
energy barriers to their respective reactions. As
the reaction coordinate for membrane fusion is
the radius of the stalk and pore??, proteins con-
trolling radial forces should regulate forward
and backward passage through the pathway
toward complete fusion. The SNARE proteins
and syt are the guides that walk and pull the
membrane through a bumpy stalk-pore path,
with electrostatic interactions having a larger
role than hitherto realized.
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