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Introduction

Exocytosis, the last stage in the secretory pathway, in-
volves the fusion of the membranes of secretory vesicles
with the plasma membrane. It results in the release of
the vesicle contents from the cell and also the delivery of
vesicle membrane proteins into the plasma membrane.
Exocytosis may either be constitutive, where vesicles
budding from the trans-Golgi network fuse rapidly with
the plasma membrane, or regulated, where specialized
secretory vesicles accumulate in the cell and fuse with
the plasma membrane only when the cell receives an
appropriate stimulus. The last few years have seen sig-
nificant advances in our understanding of the mecha-
nisms involved in exocytosis, and the identification of
many proteins that play crucial roles. Here we review
some of these advances.

Exocytosis Shares Features with other Membrane
Fusion Events

Several different strategies have been used to identify
proteins involved in membrane docking and fusion dur-
ing intracellular traffic. Recently, a convergence of
these lines of research has pointed to a highly conserved
mechanism of membrane fusion and made a major im-
pact on our thinking about exocytosis. A genetic ap-
proach to the problem of intracellular protein transport in
yeast, begun in the late 1970s, led to the identification of
a number of mutants (the sec mutants) in which transport
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was blocked at various stages (Novick et al., 1980,
1981). More recently, the normal counterparts of some
of the mutated genes have been cloned and sequenced
(reviewed by Schekman, 1992). A parallel biochemical
approach involved the development of an in vitro assay
for the transport of proteins between cis and medial com-
partments of the Golgi complex of CHO cells (Balch et
al., 1984a). Transport was found to require ATP and
cytosolic proteins, and to be inhibited by treatment with
the sulfhydryl reagent N-ethylmaleimide (NEM; Balch et
al., 1984b). The in vitro system was used to screen cy-
tosolic fractions for the NEM-sensitive factor, NSF
(Block et al., 1988). When NSF was purified and se-
quenced (Wilson et al., 1989), it turned out to be highly
homologous to Secl8p, one of the proteins identified in
the screen for secretory mutants in yeast (Novick et al.,
1981). In fact, Sec18p was able to substitute for NSF in
the mammalian in vitro transport assay (Wilson et al.,
1989). Furthermore, NSF was found to be required for
membrane fusion at various stages in the intracellular
transport pathway, including ER-Golgi transport (Beck-
ers et al.,, 1989), endocytosis (Diaz et al., 1989) and
constitutive exocytosis (Sztul et al., 1993). These were
the first clues that the machinery of membrane traffic
might be highly conserved. NSF exists as a homotrimer
of 76 kDa subunits, each of which has two ATP binding
sites (Whiteheart et al., 1994). Binding of NSF to Golgi
membranes requires other cytosolic proteins—soluble
NSF-attachment proteins, or SNAPs (Weidman et al.,
1989; Clary & Rothman, 1990; Clary et al.,
1990). SNAPs come in three isoforms, o. (35 kDa), 3 (36
kDa) and y (39 kDa). o- and B-SNAPs are in fact inter-
changeable, since B-SNAP is a brain-specific isoform
with an almost identical sequence to o-SNAP (White-
heart et al., 1993). Like NSF, o-SNAP has a yeast coun-
terpart, Secl7p (Griff et al., 1992), and o-SNAP can
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restore activity in the mammalian Golgi transport assay
to cytosol prepared from sec!7 mutant yeast.

SNAPs bind to integral membrane proteins (SNAP
receptors, or SNAREs), and this binding is necessary for
NSF attachment (Whiteheart et al., 1992). Detergent sol-
ubilization of the NSF/o-SNAP/Y-SNAP/SNARE com-
plex produces a multisubunit 20S particle, which has
been proposed to act as a ubiquitous fusion machine
(Wilson et al., 1992). ATP hydrolysis by NSF causes
disassembly of the particle, suggesting that cycles of as-
sembly/disassembly might be responsible for generating
successive rounds of vesicle fusion. In an attempt to
search for SNARESs, 20S particles were prepared from
detergent extracts of bovine brain and attached via NSF
to a solid support. When the particles were provided
with ATP, the resulting disassembly released the
SNARESs (Soliner et al., 1993a). Remarkably, the pro-
teins released were synaptobrevin-2 (also known as
VAMP-2), syntaxin (both A and B isoforms) and SNAP-
25 (synaptosome-associated protein, 25 kDa), all of
which had been implicated previously in neurotransmit-
ter release. Synaptobrevin is a small integral protein of
the synaptic vesicle membrane, with a single membrane
spanning domain, a short intravesicular carboxyl termi-
nus and a hydrophilic cytoplasmic amino terminus
(Trimble et al., 1988; Baumert et al.,, 1989). Synapto-
brevin-2 is the major isoform in brain. Syntaxins are
integral proteins of the presynaptic membrane, which
again have the bulk of their mass in the cytoplasm (Ben-
nett et al., 1992). SNAP-25 is a hydrophilic protein that
is bound mainly to the presynaptic membrane by palm-
itoylation of a cysteine cluster (Oyler et al., 1989). Ac-
cording to the ‘SNARE hypothesis’, the NSE/SNAP
complex interacts with synaptobrevin (the vesicle—or
v-SNARE) and with syntaxin and SNAP-25 (the target
or t-SNARESs) in a docking reaction, which is then fol-
lowed by fusion.

Confirmation that synaptobrevin, syntaxin and
SNAP-235 are crucial to the process of regulated exocy-
tosis in neurones has been provided recently by the dem-
onstration of their sensitivity to tetanus toxin (TeTx) or
one of the botulinum toxins (BoNTs). These agents, pro-
duced by bacteria of the genus Clostridium, are among
the most powerful toxins known, and they act specifi-
cally to block neurotransmitter release. The toxins are
all zinc proteases, and they each proteolyse one of the
neuronal SNAREs. Synaptobrevin is cleaved by TeTx,
BoNT/B, BoNT/D, BoNT/F and BoNT/G (Schiavo et al.,
19924,b; Link et al., 1992; Schiavo et al., 19934,b; Ya-
masaki et al., 1994), syntaxin by BoNT/C (Blasi et al.,
1993a) and SNAP-25 by BoNT/A and BoNT/E (Schiavo
et al., 1993q,c; Blasi et al., 19935; Binz et al., 1994).
The fact that the toxins, between them, attack all three
neuronal SNAREs adds weight to the contention that the
NSF/SNAP/SNARE complex might indeed represent the
core of a fusion machine.
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The targeting of transport vesicles to particular
membrane compartments occurs with remarkable fidel-
ity, and it is possible that the required specificity of the
various membrane fusion events resides in particular
combinations of v-SNAREs and t-SNAREs. In support
of this idea, several SNARE homologues have been iden-
tified in yeast. For example, Boslp, a synaptobrevin ho-
mologue, is localized to ER-derived transport vesicles,
and in its absence the vesicles bud but do not fuse (Lian
& Ferro-Novick, 1993). Sed5p, a syntaxin homologue,
is also necessary for ER-Golgi transport (Hardwick &
Pelham, 1992), and Sec9p, a SNAP-25 homologue, is
required for the fusion of vesicles with the plasma mem-
brane (reviewed by Niemann et al., 1994). SNARE ho-
mologues have also been found in non-neuronal mam-
malian tissues. The syntaxin family has a wide tissue
distribution (Bennett et al., 1993). The synaptobrevin
homologue, cellubrevin, is present in all cells tested and
is localized to the constitutive endocytic/recycling path-
way (McMahon et al., 1993). Cellubrevin, like synapto-
brevin, is proteolysed by tetanus toxin. The toxin does
not affect endosome/endosome fusion in vitro (Link et
al., 1993), but does inhibit the delivery of transferrin-
containing vesicles to the plasma membrane, suggesting
that it might play a role in constitutive fusion of recy-
cling vesicles with the plasma membrane (Galli et al.,
1994). The demonstration that SNAP-25 is involved in
axonal growth (Osen-Sand et al., 1993) represents a fur-
ther potential connection of SNAREs with constitutive
exocytosis. Synaptobrevin isoforms have also been
found in the membranes of both adipocyte glucose trans-
porter-containing vesicles (Cain et al., 1992), and pan-
creatic zymogen granules (Braun et al., 1994), suggest-
ing an involvement of SNARES in regulated exocytosis
in non-neuronal tissues. The isoform in zymogen gran-
ule membranes (apparently synaptobrevin-2) is com-
pletely proteolysed by TeTx, whereas exocytosis in per-
meabilized pancreatic acini is only partially inhibited by
toxin treatment (Gaisano et al., 1994), suggesting the
existence of alternative mechanisms of exocyto-
sis. Whether these involve further TeTx-insensitive iso-
forms of synaptobrevin remains to be determined.

Proteins that are likely to be additional components
of the fusion complex in nerve terminals are still being
identified. Recently, for example, a 67-kDa protein was
isolated from rat brain on the basis of its ability to bind
stably to the amino terminus of the t--SNARE, syntaxin
(Hata et al., 1993q). This protein, Munc-18, is encoded
by the mammalian homologue of the Caenorhabditis
elegans gene unc-18. In C. elegans, mutations in unc-13
cause neuromuscular paralysis associated with accumu-
lations of acetylcholine. It would appear, therefore, that
unc-18 (and its mammalian homologue Munc-18) are
involved in neurotransmitter release. The precise role
played by Munc-18 in the exocytotic process has not
been established, but the fact that it also has a yeast
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homologue (seclp) that is involved in exocytosis sug-
gests that its function might be highly conserved.

Regulated Exocytosis Requires Controlled
Membrane Fusion

Ca”*-DEPENDENT INACTIVATION OF A FUSION CLAMP

If regulated exocytosis uses the same basic molecular
machinery as other membrane fusion events, then addi-
tional components must exist that inhibit fusion until the
cell receives an appropriate stimulus. It is well estab-
lished that in most cells undergoing regulated exocytosis
cell stimulation results in a rise in intracellular Ca** con-
centration (Knight et al., 1990). One likely effect of the
Ca®* is to switch off the fusion clamp, allowing exocy-
tosis to proceed. In contrast, constitutive exocytosis ap-
pears to be Ca®*-independent (Miller & Moore, 1991;
Turner et al., 1992; Edwardson & Daniels-Holgate,
1992) presumably because there is no need to inactivate
a fusion clamp.

Exocytosis at the synapse is extremely rapid, with a
delay of approximately 100 ps between Ca®* entry into
the nerve terminal and the fusion of vesicles with the
presynaptic membrane (Almers, 1990). The impressive
speed of neurotransmitter release depends on the prior
docking of the vesicles at a specialized region of the
plasma membrane known as the active zone, which con-
tains a dense array of voltage-sensitive Ca** channels.
The most likely candidate for the Ca**-sensitive fusion
clamp at the nerve terminal is synaptotagmin. This is a
membrane protein of the synaptic vesicle that appears to
exist as a homotetramer (Perin et al., 1990; 1991). Its
carboxyl-terminal domain, which represents the bulk of
the protein, projects into the cytoplasm. This domain
contains two repeats with homology to the C2 domain of
protein kinase C (PKC), and binds Ca®" and phospholip-
ids in a ternary complex (Brose et al., 1992). Synap-
totagmin binds to both syntaxin (De Bello et al., 1993)
and, in a Ca2+-independent manner, to the conserved
carboxyl-terminal domain of the receptor for «-latro-
toxin, a component of black widow spider venom
that triggers explosive exocytosis (Petrenko et al., 1991).
The o-latrotoxin receptor is a plasma membrane protein
that belongs to the neurexin family (Hata et al., 1993b).
Finally, syntaxin binds to N-type Ca’" channels in the
presynaptic membrane (Bennett et al., 1992) which
points to a mechanism for localizing synaptic vesicles
immediately adjacent to the sites of Ca®* entry. It is
likely that docking and fusion of synaptic vesicles with
the plasma membrane involves the interaction of several
proteins in a large multimeric complex, as shown in Fig.
1. In the absence of NSF and SNAPs, the three SNAREs
can be recovered bound to synaptotagmin in a 7S com-
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plex (Sollner et al., 1993b). It appears that synaptotag-
min and a-SNAP compete for binding to a single site in
the SNARE complex. Ca®* is thought to promote the
dissociation of synaptotagmin, which allows 0-SNAP
and then NSF to bind and form the 20S complex. Hy-
drolysis of ATP by NSF then causes the disruption of the
20S complex and leads eventually to membrane fusion.
Attempts to determine the function of synaptotagmin
during exocytosis have yielded confusing results. In
synaptotagmin-deficient PC12 cell lines, secretion was
actually greater than in normal cells (Shoji-Kasati et al.,
1992). On the other hand, exocytosis in PC12 cells was
reduced following injection of antibodies against synap-
totagmin; surprisingly, antibodies against synaptobrevin,
rab3a and synaptophysin (see below) were without effect
(Elferink et al., 1993). Exocytosis was also inhibited by
injection of peptides corresponding to the synaptotagmin
C2 domains into the nerve terminals of the giant synapse
of Loligo pealei (Bommert et al., 1993).

OTHER Ca’ -DEPENDENT PROCESSES

In non-neuronal cells, where exocytosis typically occurs
several orders of magnitude more slowly than in neu-
rones, there is evidence for the presence of soluble in-
hibitors of exocytosis that are switched off by Ca**. In
mast cells, for example, exocytosis can be triggered by
microinjection of GTPYS (Tatham & Gomperts, 1991),
provided that micromolar Ca”" is also present. However,
when the same cells are held in the whole-cell patch
configuration, so that the cytosol is dialyzed away,
GTPYS triggers exocytosis in the absence of Ca”*, albeit
more slowly (Fernandez et al., 1984), suggesting that a
cytosolic inhibitor of exocytosis must normally be
switched off by Ca?*.

Soluble proteins that operate in a Ca®"-dependent
manner to promote exocytosis have also been identified.
Annexin II (also known as calpactin and p36) is bound to
the cytoplasmic surface of plasma membranes of chro-
maffin cells (Nakata et al., 1990). This 36-kDa protein,
associated with a smaller, 10-kDa protein (calpactin light
chain), as a heterotetramer (p36,p10,) has been shown to
aggregate chromaffin granules in a Ca**-dependent man-
ner and to cause membrane fusion in response to added
arachidonic acid (Drust & Creutz, 1988). Annexin II
will partially restore the secretory activity of permeabi-
lized chromaffin cells, in which exocytosis has been al-
lowed to ‘run down’ by leakage of cytosolic proteins (Ali
et al., 1989), and in addition a synthetic peptide corre-
sponding to the most highly conserved domain partially
inhibits exocytosis. Ultrastructural studies using immu-
nogold labeling have revealed 6-10 nm filaments of an-
nexin II linking granules to the plasma membrane, sug-
gesting that part of the function of this protein is to tether
granules to the membrane (Nakata et al., 1990). The
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Fig. 1. Model of synaptic vesicle docking and fusion. (2) The v-SNARE synaptobrevin and the t-SNAREs syntaxin and SNAP-25 bind together
to dock the synaptic vesicle at the plasma membrane. The SNAREs interact with the fusion clamp synaptotagmin to form a 7S complex.
Synaptotagmin in turn binds to neurexin, the receptor for a-latrotoxin, and syntaxin binds to the N-type Ca?* channel, so that the docking assembly
is localized immediately adjacent to the site of Ca®* entry. Ca”* entering the nerve terminal binds to synaptotagmin at its two C2-like domains,
causing it to dissociate from the SNARE complex. This allows the SNAPs and then NSF to bind in its place, forming a 20S complex (&). Hydrolysis
of ATP by NSF causes disruption of the 20S complex, which eventually leads to membrane fusion. It is not clear at present what events occur
between ATP hydrolysis and membrane fusion and what additional components are involved. The role played by Munc-18 is also unclear. Although
it was isolated through its ability to bind to syntaxin, it is not found in either the 7S or the 20S complex. One possibility is that it regulates the

formation of the 7S complex.

ability of annexin II to reconstitute exocytosis in perme-
abilized chromaffin cells declines as rundown proceeds.
Two additional protein fractions, termed Exol and Exo2,
that were able to rescue exocytosis in extensively run-
down cells, were isolated from bovine brain (Morgan &
Burgoyne, 1992). Exol was found to consist of a group
of proteins of the 14-3-3 family, that share similarities
with annexin II (Aitken et al., 1990), and Exo2 is now
known to be the catalytic subunit of protein kinase A
{Morgan et al., 1993).

GTP-BINDING PROTEINS, LARGE AND SMALL

It is clear that vesicle budding and fusion events are both
controlled by GTP-binding proteins. The evidence for
this includes the ability of GTPyS to inhibit various
transport steps, including ER-Golgi transport (Beckers &
Balch, 1989), intra-Golgi transport (Melangon et al.,
1987) and transport on the endocytic (Mayorga et al.,

1989) and recycling (Goda & Pfeffer, 1988) pathways.
The budding of both constitutive and regulated secretory
vesicles from the frans Golgi network is also inhibited by
GTPyS (Tooze et al., 1990; Leyte et al., 1992; Xu &
Shields, 1993). Interestingly, its overall effect on the
secretory event differs between the two types of exocy-
tosis. Constitutive exocytosis is inhibited by GTPyS
{Gravotta et al., 1990; Miller & Moore, 1991; Turner et
al., 1992; Edwardson & Daniels-Holgate, 1992), whereas
regulated exocytosis is usually stimulated (Fernandez et
al., 1984; Barrowman et al., 1986; Cockcroft et al., 1987;
reviewed by Gomperts, 1990), apparently through an ef-
fect on the ability of the pool of preformed secretory
vesicles to fuse with the plasma membrane (Nadin et al.,
1989; MacLean & Edwardson, 1992).

Small, monomeric GTP-binding proteins are known
to be involved in intracellular membrane traffic. These
proteins include Secdp (Goud et al., 1988) and Yptip
(Segev et al., 1988) in yeast, and the various rab proteins,
which are localized to distinct membrane compartments
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in mammalian cells (Zerial & Stenmark, 1993). Vesic-
ular transport is inhibited by synthetic peptides of the
‘effector domains’ of rab proteins (Plutner et al., 1990)
and by an anti-rab protein antibody (Plutner et al., 1991).
These GTP-binding proteins are believed to act as mo-
lecular switches, with GTP hydrolysis driving the vec-
torial transport of proteins from one compartment to an-
other (Bourne, 1988). GTPyS is thought to block trans-
port by preventing GTP hydrolysis, whereas the
synthetic effector domains act by binding to and inhib-
iting a GTPase-activating protein, or GAP.

At least two monomeric GTP-binding proteins have
been implicated in the control of regulated exocytotic
membrane fusion—rab3 and ADP-ribosylation factor.
Secretory vesicles from several cell types that undergo
regulated exocytosis have GTP-binding proteins of the
rab3 subfamily on their cytoplasmic surfaces. In neu-
rones, rab3a is localized specifically to synaptic vesicle
membranes (Fischer von Mollard et al., 1990), suggest-
ing that it might be involved in the control of exocytotic
membrane fusion. A potential link between rab3a and
the Ca**-sensitive membrane fusion machine described
above is the protein rabphilin-3a, which binds specifi-
cally to the GTP-bound form of rab3a in neurones (Shi-
ritaki et al., 1993). Rabphilin, like synaptotagmin, con-
tains two copies of the Caz+—binding C2 domain, and it
appears to compete with GAP for binding to rab3a.

It has been suggested that rab3 proteins also control
regulated exocytosis in non-neuronal cells. The best ev-
idence for this is the inhibition of exocytosis seen in
anterior pituitary cells when rab3b expression was abol-
ished by injection of an antisense oligonucleotide (Lledo
et al., 1993). The effect is specific for rab3b, since a
rab3a antisense oligonucleotide was without effect. The
ability of rab3 effector domain peptides to stimulate exo-
cytosis in permeabilized pancreatic acini (Padfield et al.,
1992), chromaffin cells (Senyshyn et al., 1992) and mast
cells (Oberhauser et al., 1992) has been taken as further
support for the general involvement of rab3 in regulated
exocytosis. The stimulatory effect of the effector pep-
tides contrasts with their inhibitory effects elsewhere on
the secretory pathway (Plutner et al., 1990). To account
for their behavior, it was proposed that the peptides ei-
ther keep rab3 in its GTP-bound state by binding to and
inhibiting its GAP or activate the normal (unidentified)
downstream effector protein in place of rab3. It has been
shown recently, however, that although the peptides
stimulate fusion between pancreatic zymogen granules
and plasma membranes in vitro (Edwardson et al., 1993),
even peptides with a completely scrambled sequence re-
tain activity (MacLean et al., 1993a), casting consider-
able doubt on the idea that they act by mimicking en-
dogenous rab3. It is probably significant that the rab3
effector peptide is polycatjonic, since other polycationic
peptides, such as mastoparan and substance P also stim-
ulate exocytotic membrane fusion in vitro (S. Marciniak
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& J. Edwardson, unpublished results). In fact, it is now
known that not only mastoparan and substance P (Mousli
et al., 1989) but also the rab3 effector peptides (Law et
al., 1993) trigger mast cell degranulation through a per-
tussis toxin-sensitive mechanism, indicating the involve-
ment of the heterotrimeric GTP-binding protein, G/G,,.

ADP-ribosylation factor (ARF) is a monomeric
GTP-binding protein which is known to participate in
intracellular membrane traffic. Although its best-
understood function is in the formation of the nonclathrin
coat on Golgi membranes, which is a prerequisite of
vesicle budding (reviewed by Rothman & Orci, 1992), it
has recently been identified on the membrane of secre-
tory vesicles in hepatocytes, suggesting an additional
role in exocytosis (Nickel et al., 1994). This role may
relate to its ability to activate phospholipase D (Cock-
croft et al., 1994), which hydrolyses phosphatidylcholine
to produce choline and phosphatidic acid, a known fu-
sogen for phospholipid vesicles (Simmonds & Halsey,
1985).

A question that remains to be answered is whether
monomeric GTP-binding proteins mediate the stimula-
tory effect of GTPYS on regulated exocytosis. If this is
0, then they must operate in a different way from the
other members of the family, with the GTP-bound form
promoting fusion. However, the observation that GTPYS
inhibits neurotransmitter release at the squid giant syn-
apse, apparently via a small GTP-binding protein, argues
against this (Hess et al., 1993). In fact, a model based
upon the involvement of a heterotrimeric GTP-binding
protein would more easily accommodate the stimulatory
effect of GTPYS, since heterotrimers are known to be
active in their GTP-bound form. Evidence for the in-
volvement of heterotrimeric GTP-binding proteins in the
control of exocytosis in a number of cell types has
emerged recently. For example, exocytosis in chromaf-
fin cells can be inhibited via G, (Vitale et al., 1993) and
G;; is required for exocytosis in a mast cell line (Aridor
et al., 1993).

It is likely, in fact, that both large and small GTP-
binding proteins are involved in the control of regulated
exocytosis. Both types of protein are found on secretory
vesicles; the pancreatic zymogen granule, for instance,
has G; and up to 30 small GTP-binding proteins associ-
ated with it (Padfield & Jamieson, 1991; Schnefel et al.,
1992). Further, rab3a dissociates from synaptic vesicles
during exocytosis and reassociates later (Fischer von
Mollard et al., 1991), and during stimulation of the pan-
creatic acinar cell rab3 redistributes from the zymogen
granules to vesicles in the region of the Golgi complex
(Jena et al., 1994). A clue as to the likely role of rab3a
in neurotransmitter release has been provided recently by
a study of synaptic transmission in mice in which rab3a
gene expression had been deleted (Geppert et al., 1994).
It was found that most of the characteristics of synaptic
transmission were normal, although synaptic depression
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after short trains of stimuli was increased, suggesting that
rab3a is not essential for exocytotic membrane fusion,
but plays a role in synaptic vesicle recruitment. The
mechanism of operation of the heterotrimeric GTP-
binding proteins is unclear. In particular, it would be
interesting to know whether they are controlled by an
upstream regulator, in the same way as their counterparts
involved in signal transduction at the plasma membrane.

PrOTEIN PHOSPHORYLATION/DEPHOSPHORYLATION

A change in protein phosphorylation in synchrony with
regulated exocytosis has been seen in a number of cell
types, suggesting that phosphorylation/dephospho-
rylation is involved in its control. In nerve terminals,
phosphorylation of the vesicle protein synapsin I appears
to trigger the release of synaptic vesicles from the cyto-
skeleton (Siidhof et al., 1989). Synapsin I binds to syn-
aptic vesicles by interacting both with the phospholipids
and with proteins, including Ca**/calmodulin-dependent
kinase II (CaMKII; Benfenati et al., 19924). It also binds
cytoskeletal elements, including spectrin and actin (Val-
torta et al., 1992). The affinity of this latter interaction is
reduced 5-fold once synapsin I is phosphorylated by
CaMKXII (Valtorta et al.,, 1992). It has been suggested
that phosphorylation of synapsin I in response to a Ca>*
signal might release bound vesicles from cytoskeletal
constraints, enabling them to move to the plasma mem-
brane to dock and fuse (Benfenati et al., 19925). Hence
in neurones, Ca** would have not only a direct disinhib-
iting effect on exocytotic membrane fusion, but also an
‘upstream’ effect on vesicle-cytoskeleton interaction.
The action of the highly-homologous synapsin Il remains
unclear. Synapsin II also possesses synaptic vesicle and
cytoskeletal binding activity, but does not contain a
CaMKII phosphorylation site; further, phosphorylation
of either its CaMKI or its PKA sites does not appear to
alter its activity.

In many cells there does not appear to be an imme-
diate requirement for ATP (Cockcroft et al., 1987), al-
though a run-down is often seen following its removal
(Vilmart-Seuwen et al., 1986). One interpretation of
these findings is that dephosphorylation of a ‘primed’
(phosphorylated) protein may drive exocytosis. Protein
phosphatases have been implicated in the control of exo-
cytosis in the exocrine pancreas. For example, introduc-
tion of a recombinant tyrosine phosphatase into perme-
abilized pancreatic acini was found to enhance Ca**-
stimulated amylase secretion (Jena et al., 1991).
Conversely, exocytosis in pancreatic acini is reduced by
the immunosuppressants cyclosporin A and FK506,
which are known to inhibit the Ca*"/calmodulin-
dependent phosphatase, calcineurin (Waschulewski et
al., 1993). Okadaic acid, at high concentrations required
to inhibit protein phosphatase type 2B (Wagner et al.,

JM. Edwardson and S.J. Marciniak: Molecular Mechanisms in Exocytosis

1992), also blocks exocytosis, as well as preventing the
dephosphorylation of an unidentified 19-kDa protein.
We have examined the effects of agents that affect
secretion in the pancreatic acinar cell on the phosphory-
lation states of proteins on the zymogen granule mem-
brane. We have shown (MacLean et al.,, 1993b) that
Ca*" and GTPyS, which stimulate secretion, also stimu-
late phosphorylation of a protein of molecular mass 45
kDa (p45) on isolated granules. On the other hand, the
protein kinase inhibitor genistein inhibits both secretion
and p45 phosphorylation. The effective concentration
ranges of all three agents is identical to those that affect
secretion. The stimulatory effect of GTPYS and the in-
hibitory effect of genistein are also seen when the phos-
phorylation state of p45 on granules within permeabi-
lized cells is examined. Ca®", however, now causes de-
phosphorylation of p45 over the same time course as that
of Ca**-triggered secretion. There is good circumstantial
evidence, therefore, that p45 is involved in the control of
exocytosis in the pancreas, with dephosphorylation act-
ing as a trigger for exocytosis. Exocytosis in permeabi-
lized acini requires Ca®* (Edwardson et al., 1990), while
exocytotic membrane fusion in vitro does not (Nadin et
al., 1989; MacLean & Edwardson, 1992). It appears,
then, that Ca®* might have a disinhibitory effect through
a cytosolic protein, and it is tempting to speculate that the
cytosolic target might be a Ca**-dependent phosphatase,
such as calcineurin. Recently, we have found that p45 is
also present on parotid secretory granules (Marciniak &
Edwardson, unpublished results), which suggests that it
might play a general role, at least in exocrine tissue.

Membrane Lipids Influence Exocytotic
Membrane Fusion

The lipid composition of secretory vesicle membranes
and plasma membranes is known to be asymmetric (re-
viewed by Zimmerberg et al., 1993). For example, cho-
lesterol, which enhances secretory granule fusion with
liposomes, is asymmetrically distributed in zymogen
granules of the exocrine pancreas (Orci et al., 1980).
As the granules mature and acquire the capacity to fuse,
there is a change in the polarity of cholesterol distribu-
tion, with a transfer of this lipid from the cytoplasmic
leaflet to the inner leaflet, which might increase the flu-
idity and fusogenic properties of the cytoplasmic surface
of the granules (reviewed by Beaudoin & Grondin,
1992). In contrast, lysolipids have been shown to be
potent reversible inhibitors of fusion (Chernomordik et
al., 1993). They may act by inhibiting the formation of
curved membrane intermediates or by interfering with
hydrophobic regions of fusion proteins.

The metabolism of membrane lipids also appears to
play a role in exocytotic membrane fusion. The potential
significance of the ability of ARF to control phospholi-
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pase D activity, for example, has already been discussed.
Regulated exocytosis in PC12 cells has been shown to
involve sequential priming and triggering steps which
depend on ATP and Ca®", respectively, and require dif-
ferent cytosolic proteins (Hay & Martin, 1992). One of
the priming factors, PEP3, is now known to be identical
to phosphatidylinositol transfer protein, or PITP (Hay &
Martin, 1993), which catalyzes the transfer of phosphati-
dylinositol between donor and acceptor membranes. The
importance of this enzyme in vesicle traffic is underlined
by the discovery that Secl4p, the yeast form of PITP, is
essential for protein transport from the Golgi to the
plasma membrane. It has been suggested that PITP
might act either by increasing the fusability of the mem-
branes involved or by facilitating the binding of transport
vesicles to cytoskeletal elements.

Exocytosis Proceeds via the Formation of a
Fusion Pore

Exocytotic membrane fusion begins with the formation
of a fusion pore, a channel linking vesicle interior with
cell exterior. These pores were first visualized in elec-
tron micrographs of freeze-fractured samples (Chandler
& Heuser, 1980) and have since been investigated elec-
trophysiologically by the use of whole-cell capacitance
measurement (Neher & Marty, 1982). The fusion of the
vesicle membrane with the plasma membrane results in
an increase in cell surface area and thus an increased
capacitance. It was shown originally in rat mast cells
that exocytosis involves both the irreversible incorpora-
tion of vesicle membrane into the plasma membrane,
seen as stepwise increases of capacitance, and transient
flickering increases of capacitance, believed to represent
opening and closing of a fusion pore (Fernandez et al.,
1984; Breckenridge & Almers, 1987). Investigation of
the release of catecholamines from chromaffin cells by
amperometry revealed a small and relatively long-lasting
‘foot” before the major secretory signal (Chow et al.,
1992), and it was proposed that this foot represented the
leak of catecholamines through the fusion pore. This pro-
posal has been confirmed by the use of simultaneous
patch clamp measurement and amperometry (Alvarez de
Toledo et al., 1993). The flickering pore has a conduc-
tance which varies between 0.2 and 1.5 nS (radius 0.5-2
nm). Prior to complete fusion, the pore expands, and the
time required for this to happen depends on the size of
the secretory vesicle. Vesicles in beige mouse mast
cells, which are unusually large (mean radius 1.2 pm),
take on average 410 msec to open fully, during which
time they release 2.1% of their contents. Wild-type mast
cell vesicles (radius 0.35 wm), on the other hand, take 66
msec to open, releasing 3.2% of their contents while
doing so. From these data, it can be predicted that syn-
aptic vesicles (radius 24 nm) would open in only 0.55
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msec and release 8% of their contents. The true figure
for release might actually be larger than this, since the
contents of synaptic vesicles are freely diffusible, unlike
serotonin and histamine in mast cell vesicles which are
contained in a dense-core gel. These results have resur-
rected on old debate about whether neurotransmitter re-
lease can occur without full vesicle fusion. There is in
fact considerable evidence to support the idea that re-
versible fusion accounts for a significant proportion of
transmitter release at the nerve terminal (reviewed by
Fesce et al., 1994), and such a mechanism has the ad-
vantage of being ‘economical’ in that it does not require
membrane recycling to sustain it.

Both ‘protein’ and ‘lipid’ models have been ad-
vanced to explain the process of fusion pore formation.
According to the former model, a protein channel spans
both vesicle and plasma membranes, and its disassembly
leads to the fusion of the membranes (Almers, 1990).
Advocates of the latter model propose that protein-
protein-interactions are involved only in bringing the
lipid bilayers close enough together to allow fusion,
through the formation of a lipid pore (Monck & Fernan-
dez, 1992). This might be the role, for example, of the
annexins (reviewed by Creutz, 1992). In a recent study
of lipid flux during fusion of erythrocytes with fibro-
blasts expressing the fusogenic protein influenza
haemagglutinin (Tse et al., 1993), it was found that lipids
did not leak around the pore when its conductance was
less that 0.5 pS, indicating that the initial pore was lined
with protein. Influenza haemagglutinin is in fact the
best-characterized fusion protein (reviewed by White,
1992). It exists as a trimer of identical subunits, each of
which contains a fusion peptide, a conserved sequence
containing many hydrophobic amino acids. The tips of
the molecule are responsible for its binding to sialic acid
residues on the target membrane. At neutral pH, the fu-
sion peptides are buried in the stem of the molecule,
close to the viral membrane. When the pH falls to
around 5.0 (usually in endosomes), the peptides are rap-
idly exposed and interact with the target membrane. Sev-
eral trimers are then thought to aggregate and form a
fusion pore. Interestingly, PH-30, a protein on the sur-
face of sperm, which mediates sperm-egg fusion, con-
tains a fusion peptide of similar structure to viral fusion
proteins, suggesting a common mode of operation (Blo-
bel et al., 1992). Of course, viral penetration into cells
and sperm-egg fusion involve interaction between the
extracellular faces of membranes. Whether the results
discussed above have any bearing on exocytotic mem-
brane fusion, where cytoplasmic faces of membranes in-
teract, remains to be seen.

Synaptophysin, a transmembrane glycoprotein of
synaptic vesicles, is the main candidate for a fusion pore-
forming protein at the nerve terminal. It has been shown
to form oligomers which have ion channel activity when
reconstituted into black lipid membranes (Thomas et al.,
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1988), and there is some evidence for its involvement in
exocytotic membrane fusion. For instance, when rat cer-
ebellar mRNA is injected into Xenopus oocytes, a Ca**-
dependent release of the neurotransmitter glutamate can
be detected (Alder et al.,, 1992). Removal of synapto-
physin from this system by addition of either an an-
tisense oligonucleotide or antisynaptophysin antibodies,
causes a reduction in the extent of glutamate release.
It has yet to be shown, however, that the function of
synaptophysin being disrupted in these experiments is
the formation of the fusion pore.

The Next Steps

Further advances in our understanding of the mecha-
nisms of exocytosis in the near future wiil probably cen-
ter around the SNARE hypothesis. Identification of can-
didate SNAREs in non-neuronal tissues has already be-
gun, and it will be important to test whether the Rothman
fusion machine operates in all exocytotic membrane fu-
sion events. The precise roles of the proteins located at
the synapse remain to be determined. In particular, it is
necessaty now to separate the molecular requirements
for docking from those for fusion. In addition, compo-
nents such as the GTP-binding proteins need to be placed
into the basic fusion mechanism in order to explain ob-
servations such as the ability of GTPYS under some cir-
cumstances to trigger exocytosis in the absence of Ca**.
It is clear that some of the factors that appear to play a
role in the control of exocytosis are not found in all
tissues, and it will be necessary to distinguish the fea-
tures. of the exocytotic mechanism that are universal
from those that are tissue specific.

Many of the crucial components involved in exocy-
totic membrane fusion have now been identified. It is
not unreasonable to speculate, therefore, that it might be
possible to reconstitute fusion in a fully defined system.
At the present rate of progress, it is unlikely to be too
long before this feat is accomplished.
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