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Regulated vesicular fusion in neurons: Snapping together the details
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ABSTRACT In the past year major
strides have been made toward our under-
standing of the molecular mechanisms in-
volved in regulated vesicle fusion and exo-
cytosis in neurons and neuroendocrine
cells. Much of this advance has come from
the identification of proteins participating
in these events and of their potential roles
mediated by interactions with each other,
the constituent membranes, and, in some
cases, Ca2+ signaling. The involvement of
vesicle fusion in elongation of neuronal
processes during development and release
of transmitters and neuromodulatory pep-
tides in the mature nervous system indi-
cates, however, that refinements in the
fusion machinery may be required for
each of these acts. For many of the par-
ticipants in synaptic membrane fusion,
variant isoforms have been identified that
exhibit modifications that might alter in-
teractive properties of these proteins. We
discuss the idea that diversification of iso-
forms, as illustrated by the expression of
alternatively spliced variants of SNAP-25,
is likely to be an important component in
providing the detail necery to differen-
tiate the physiology of regulated fusion of
different classes of vesicles employed in
development, neurotransmisslon, and se-
cretion.

Constitutive trafficking and subsequent
fusion of vesicles to incorporate compo-
nents into the cell surface and intracellu-
lar organelles is a process common to all
cells. In neural and endocrine cells, how-
ever, vesicular fusion and transport take
on an added regulated dimension. In ad-
dition to providing material for growth
cone expansion and neurite extension
during development, vesicular fusion is
performed in these cells for regulated
secretion of neurotransmitters and mod-
ulatory peptides (1, 2). Not surprisingly,
there are characteristic differences be-
tween the vesicles as well as other com-
ponents that participate in these distinct
docking and fusion events. One particu-
larly fruitful avenue in characterizing
these differences has been to identify
proteins associated with nerve terminals
(3, 4). In a remarkable convergence of
alternative approaches to the problems of
vesicular trafficking and neurotrans-
mitter release, recent advances have now
not only established the importance of a
number of these characterized proteins

but also implicated their specific func-
tions in these tasks in neurons and endo-
crine cells (see ref. 5). For many of these
proteins, these functions can be distin-
guished independently by their homology
to proteins shown to be involved in traf-
ficking in yeast (6). The physiological
diversity of vesicular storage and fusion
in these cell types, however, suggests
that a yet further degree of specialization
is required from these proteins for selec-
tive targeting, protein, and membrane
interactions. This requirement could be
resolved by variant isoforms of partici-
pating proteins displaying subtle modifi-
cation ofdomains that provide such func-
tions.

Classes of vesicles can be distin-
guished by morphology, content, and
probability of release in response to Ca
influx. During neurite outgrowth, plas-
malemma precursor vesicles (PPVs) fuse
at the leading plasma membrane in a
Ca-dependent, possibly ATP indepen-
dent, manner to deliver membrane com-
ponents but appear not to discharge neu-
rotransmitters (7). In contrast, neurose-
cretion is mediated by two types of
vesicles (for review, see refs. 1, 2, and 8):
large dense core vesicles (LDCVs) or
secretory granules (SGs) typically asso-
ciated with neuropeptides; and small
clear synaptic vesicles (SVs) present in
neurons or synaptic-like microvesicles
(SLMVs) of neuroendocrine cells that
contain classical neurotransmitters such
as glutamate, y-aminobutyric acid
(GABA), and acetylcholine. Within the
presynaptic terminal, docking and fusion
of LDCVs primarily occurs extrajunc-
tionally, whereas SVs selectively fuse at
the active zone immediately apposing the
synaptic cleft (9, 10). Similarly, Ca chan-
nels may be clustered at the active zone
and therefore be intimately associated
with SVs (see ref. 11); however, it is not
known if this same close relationship
exists with other classes of vesicles. The
spatial compartmentalization of fusion
sites and Ca signaling is likely to play a
part in determining distinct rates of se-
cretion in response to stimulation: from
<1 msec for SVs to tens of milliseconds
for SGs (12).

Players in Vesicle Docking and Fusion

In a model for vesicular fusion at the
nerve terminal, Rothman and colleagues

(13) have proposed that the integral SV
protein synaptobrevin/VAMP (Syb) and
plasma membrane proteins syntaxin
(Sytx) and synaptosomal-associated pro-
tein of 25 kDa (SNAP-25) serve as mem-
brane receptors, termed SNAREs, for a
core fusion apparatus comprised of
N-ethylmaleimide-sensitive factor (NSF)
and three isoforms of soluble NSF-
associated proteins (a-, 3-, and
'y-SNAPs) (see Fig. 1). That Syb, Sytx,
and SNAP-25 each, in fact, do play a
central role in exocytosis is demon-
strated by their identification as specific
substrates for botulinum neurotoxins
(BoNTs) that selectively block neuro-
transmission (reviewed in ref. 5). More
recent evidence suggests that Syb, Sytx,
SNAP-25, and an additional integral
membrane protein of vesicles, synap-
totagmin (Sytg), first form a precomplex,
presumably bridging vesicular and
plasma membranes, where Sytg is dis-
placed by a-SNAP prior to entry ofNSF
into the complex (14). Because Sytg con-
tains two regions of a sequence homolo-
gous to the phospholipid and Ca ion bind-
ing C2 domains of protein kinase C (16),
it has been suggested to act as a Ca ion
sensor (17). Interestingly, Sytg interacts
with the plasma membrane protein Sytx,
which has been found tightly associated
with N-type Ca channels, and neurexins,
a family oftransmembrane proteins bear-
ing a laminin-like extracellular domain
(18-22). This suggests that Sytg may
function as a clamp whose release is
coupled to Ca influx (14).
Adding further to the complexity of

these envisioned interactions, additional
proteins have been recently identified,
but their roles in regulated vesicle fusion
have yet to be so deftly assigned. The
small vesicle GTP binding protein
Rab3A, for example, is found in a com-
plex of Syb, Sytx, and SNAP-25 that
apparently lacks NSF and associated
SNAPs (23), suggesting its participation
in early steps of docking. Based on its
binding to Sytx, a novel protein Munc-18
has been identified that bears significant
similarity to the Caenorhabditis elegans
gene unc-18 (previously implicated in
neurotransmission) as well as homology
to sec-i of yeast, also thought to be
involved in exocytosis (24). That both
Munc-18 and SNAP-25 bind to distinct
domains of Sytx (24), which also inter-
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FIG. 1. Schematic representation of some of the protein interactions likely targeting
synaptic vesicle fusion in neurons. Isoforms of targeting membrane proteins (indicated by
shading) VAMP/synaptobrevin (Syb) and synaptotagmin (Sytg) and SNAP-25 and syntaxin
(Sytx) are positioned on vesicular and plasma membranes of the presynaptic nerve terminals.
As proposed by Rothman and colleagues (13, 14), tetrameric NSF and associated SNAP
proteins (the P-SNAP isoform appears specific to neural systems) interact transiently with the
ensemble ofvesicle and plasmamembrane targeting proteins. Upon entry into an initial complex
comprised of Syb, Sytg, SNAP-25, and Sytx (solid arrow), a-SNAP is thought to dislodge Sytg
(depicted by the doubleheaded arrow) and assemble with NSF to form a 20S particle with the
remaining Syb, SNAP-25, and Sytx. Subsequently, NSF-catalyzed ATP hydrolysis is proposed
to lead to disassociation of Sytx, SNAP-25, and Syb (doubleheaded arrow). The intermediary
interactions postulated to be interrupted by the NSF fusion machine between Sytx and Sytg and
between Sytx and SNAP-25 are indicated by dashed lines, whereas the association of Sytx with
the w.conotoxin binding a-subunit ofthe N-type, as well as other Ca ion channels, and Sytg with
the a-subunit of neurexins is represented as solid lines. Botulinum neurotoxin serotypes
(BoNT/A to BoNT/F), tetanus toxin (TeTX), and other neurotoxins that have been instru-
mental in distinguishing the participants and their roles are indicated within boxes aimed at their
targets. While this model appears consistent with docking and setting the stage for fusion of
synaptic vesicles, less is known of the scenario for LDCVs. For example, peptidergic
exocytosis from LDCVs, in contrast to transmitter release from SVs, is not stimulated by
a-latrotoxin at neuromuscular junctions (15), suggesting that dispersed LDCVs either do not
interact with neurexins when targeted to the membrane for fusion or employ a different isoform
localized away from the active zone and insensitive to the toxin. In growth cones, beyond the
involvement ofSNAP-25 that is likely to be performed by the a isoform, the participation of the
other represented proteins in fusion of PPVs for plasmalemma expansion remains an open
question.

acts directly with Syb (25), underscores
the apt christening of Sytx from the
Greek (18) that anticipated its importance
in assembling multiple proteins at the
plasma membrane. The characterization
of the so-called cysteine string proteins
(CSPs) of Torpedo and Drosophila, dis-
tinguished by their unusual motif of 10 or
11 consecutive cysteine residues, as a
synaptic vesicle protein that affects
N-type Ca channels (26, 27) and is re-
quired for effective synaptic transmission
(28), indicates that this protein may pro-
vide a further link in coupling the control
of Ca ion influx with vesicle fusion, per-
haps by signaling docking of vesicles.
Although several questions concerning
the actual sequence of events and proper
protein partnering during exocytosis re-

main unresolved, these observations al-
ready suggest that these membrane-
associated proteins are critical compo-
nents for determining the specificity and
physiological characteristics of regulated
vesicular fusion in neurons and endo-
crine cells.

Isoforms to Vary the Theme

The prime candidates for leading roles in
the initial targeting of vesicles to the
plasma membrane, Sytg, Syb, SNAP-25,
Sytx, and neurexins, are expressed as
variant isoforms encoded either by dif-
ferent genes-e.g., Syb (29-32), Sytg (33,
34), Sytx (35), and neurexins I and II
(20)-or, as SNAP-25 (36, 37) and neu-
rexins (20), by alternative splicing. Im-

portantly, the alternative isoforms of
these proteins are differentially ex-
pressed. While some isoforms are spe-
cific to neuronal and neuroendocrine
cells, others are expressed by other tis-
sues, supporting the idea that these pro-
teins function in distinct membrane fu-
sion events possibly both regulated and
constitutive in nature. Moreover, while
Sytg is associated with all secretory ves-
icles, other vesicle proteins are not de-
tected on LDCVs and thus appear spe-
cific to SVs (38). This raises the issue of
whether the composition of the cast of
individual components and their respec-
tive isoforms, drawn from the repertoire
of vesicle and plasma membrane pro-
teins, directs the specificity of vesicle
fusion complexes.
The regulated expression of SNAP-25

presents an interesting example that may
provide novel insight into how subtle
variations in sequence between isoforms
could contribute to different vesicle fu-
sion events. SNAP-25, as other presyn-
aptic proteins, is highly evolutionarily
conserved with identical sequence in
mouse (39), human (37), and chicken (40)
and limited divergence in goldfish (41),
Torpedo, and Drosophila (42). Based on
the mammalian sequence, several struc-
tural domains have been postulated that
are largely conserved through Drosoph-
ila and thus may reflect functionally im-
portant regions of the protein. At the
amino terminus, the periodicity of hydro-
phobic residues predicts an amphipathic
helix with a high potential for forming a
coiled-coil structure that is likely to be
involved in protein-protein interactions
(39). Indeed, SNAP-25 specifically inter-
acts with the carboxyl portion of Sytx
(24), which also comprises a highly prob-
able coiled-coil domain. Near its car-
boxyl terminus, SNAP-25 contains a
short sequence, IDRI, identical to Sytx.
Endopeptidergic cleavage either within
this sequence or 17 residues further to-
ward the carboxyl terminus of SNAP-25
by BoNT/E or BoNT/A (43, 44) effec-
tively blocks exocytosis, thereby demon-
strating functional importance of this end
of the protein possibly in protein recog-
nition. The idea that such interactions, in
particular between the coiled-coil do-
mains of SNAP-25 and Sytx, might en-
gage to promote dynamic conformational
changes in protein complexes at the
plasma membrane leading to fusion and
exocytosis (14), as proposed for influ-
enza hemagglutinin in viral fusion (45), is
certainly enticing and deserves further
investigation.
The region that differs between

SNAP-25 isoforms, and therefore impli-
cated in recruiting distinct vesicle fusion
events, is the domain that likely provides
for plasma membrane attachment. In
contrast to the other synaptic membrane
proteins, SNAP-25 lacks a sufficient hy-

4622 Review: Bark and Wilson



Proc. Natl. Acad Sci. USA 91 (1994) 4623

drophobic stretch for insertion in the
membrane but, instead, is membrane as-
sociated, at least in part, through hydro-
phobic interactions provided by
thioester-linked long chain fatty acyla-
tion of a centrally located cluster of four
(or five in Torpedo) cysteine residues
(46). Because protein palmitoylation is a
dynamic, post-translational process, it
provides an attractive mechanism for
regulating the interaction of SNAP-25
with the plasma membrane and conse-
quently with other proteins involved in
vesicle fusion. For example, exposure of
regenerating neurons to nitric oxide in
culture, which rapidly leads to collapse of
growth cones and inhibition of neurite
extension, also inhibits the palmitoyla-
tion ofSNAP-25 as well as other proteins
(47). Since nitric oxide can act by nitrosy-
lation of free cysteine thiol groups, this
suggests that ongoing turnover of protein
fatty acylation may be required for ves-
icle fusion in plasma membrane expan-
sion and motility. In SNAP-25 this site of
palmitoylation lies precisely within the
domain that is encoded by duplicated,
but divergent, exons (36, 37). Through
alternative splicing of these exons, the
arrangement and sequence context of
this "cysteine quartet" motif is altered
between the variant SNAP-25a and
SNAP-25b isoforms. The regulated ex-
pression of the two isoforms, moreover,
implicates these differences between al-
ternative exon encoded sequences in
modifying the role of SNAP-25 during
brain development and in neurons and
neuroendocrine cells (ref. 48; unpub-
lished data). In neonatal rodent brain,
where the low level of SNAP-25 mRNA
predominantly consists of the SNAP-25a
isoform, the protein chiefly accumulates
in cell bodies and fiber tracts (49). In
contrast, during synaptogenesis and
brain maturation, the dramatic induction
of SNAP-25 occurs principally by the
increased and preferential expression of
SNAP-25b mRNA, which correlates with
a shift in localization of the protein to
nerve terminals, and the virtual disap-
pearance from nerve fibers in adult brain.
The switch between exon 5 encoded fatty
acylation domains, therefore, may be in-
volved in selectively targeting SNAP-25
to axons and terminals. Alternatively,
these sequences could provide subtle but
distinct functions, possibly through inter-
action of the fatty acid moiety with the
plasma membrane and thus contribute
directly to mediating different vesicular
fusion events required for neurite out-
growth and mature neurotransmitter re-
lease.

Additional support for the variety of
roles played by SNAP-25 isoforms comes
from studies where expression of
SNAP-25 is perturbed. Blocking
SNAP-25 expression with antisense oli-
gonucleotides in cortical neurons and

PC12 cells in vitro, and chicken retinal
neurons in vivo, prevents neurite exten-
sion but not initial neurite outgrowth, as
evidenced by a decrease in length but not
number of neurites (50). Since PC12
cells, as neonatal cortical neurons, pri-
marily express SNAP-25a mRNA
(>90%) (48), this is consistent with the
primary involvement of SNAP-25a in the
fusion of PPVs during process elonga-
tion. In contrast, in synaptosomes of
adult brain where SNAP-25b isoform is
by far the major species, the specific
carboxyl-terminal cleavage by BoNT/A
and BoNT/E of SNAP-25 (51, 52) effec-
tively blocks Ca-dependent glutamate re-
lease and thus clearly defines the func-
tion of this isoform in neurotransmission.
However, BoNT/A also inhibits exocy-
tosis and catecholamine release from ad-
renal chromaffin cells (53) and PC12 cells
(54), which predominantly express
SNAP-25a. This suggests the further pos-
sibility that the SNAP-25a isoform may
also participate in docking and fusion of
SGs, which, in contrast to glutaminergic
vesicles, are not tightly clustered at an
active zone and are triggered more slowly
in response to Ca influx. The proposed
dual function of SNAP-25, therefore,
might be attributed to the part(s) played
by the SNAP-25a isoform in physiologi-
cal processes common to both axonal
elongation and exocytosis from SGs and
LDCVs, including peptide transmitters,
whereas SNAP-25b may perform a more
highly specialized role in fast release of
classical neurotransmission.
These observations support the notion

that alternative isoforms of membrane-
associated proteins involved in mem-
brane docking and fusion events play
critical roles in providing added refine-
ment required by neural cells for regu-
lated vesicular trafficking. The specific-
ity of such interactions, in fact, has been
recently illustrated by the observation
that neuron-specific isoforms of Syb in-
teract with some, but not all, plasma
membrane-associated members of the
Sytx gene family (25). One intriguing
possibility is that different isoforms of
these proteins may contribute to direct-
ing vesicles to different classes of volt-
age-gated Ca ion channels on the plasma
membrane (55) that would impose dis-
tinct physiological differences in signal-
ing neurotransmitter release. In addition
to these vesicle targeting proteins, iso-
form variants also have been described
for other synaptic vesicle proteins, in-
cluding synapsins (56), which function in
tethering SVs to cytoskeletal actin ca-
bles, and synaptophysin (57) and several
other members of the rab family of small
GTP binding proteins whose precise
functions in trafficking remain to be fully
elucidated (58). Together with the mem-
brane targeting proteins, these proteins
may contribute further levels of diversity

to the repertory for sorting, storage, and
cycling of vesicles in a variety of neural
cells. In light of these recent findings, the
present challenge is to unravel how the
expression of similar but distinct iso-
forms of presynaptic proteins changes
during development and in response to
different environmental stimuli. These
may be the "details" that help to modu-
late the retooling of neurons during mat-
uration and regeneration and, impor-
tantly, the synaptic plasticity that under-
lies learning and behavior.
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