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Abstract Intracellular vesicular transport involves targeting of 
vesicles to their correct destination and subsequent fusion with the 
target membrane. These processes employ unique compartment- 
specific proteins in combination with general components which 
act at several transport steps. This review will summarize recent 
progress made in identifying such a machinery whose assembly 
and activity is modulated by a variety of regulatory proteins. 
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I. Introduction 

Intracellular transport of cargo between compartments is 
mediated by vesicles [1]. Vesicles bud and pinch off at a donor 
compartment and move to and fuse with their target compart- 
ment. In striking contrast to the unidirectional transport of 
cargo, transport machinery (including membrane lipids) has to 
be recycled, creating a backward flow of material which again, 
in all likelihood, requires the same transport mechanisms. The 
processes of targeting and fusion, both topics of this review, 
have to occur with high precision to maintain the integrity of 
the cell. Fusion wilt be defined as the set of events that follows 
docking, up to and including lipid bilayer intermixing of vesicle 
and target membranes. 

2. NSF and SNAPs 

Since vesicular transport connects multiple intracellular 
compartments [1], at every instance recapitulating the same 
mechanistic themes, it seems only natural that the executing 
machinery should employ common components. Such general 
components should exhibit a widespread distribution on several 
compartments, most likely recruited from a common cytosolic 
pool. The first component to be identified which fulfills these 
criteria is the N-ethylmaleimide sensitive fusion protein (NSF) 
[2]. Inactivation of NSF by N-ethylmaleimide, an alkylating 
agent, results in accumulation of transport vesicles, which are 
docked to the target compartment [3]. NSF is involved in trans- 
port from the endoplasmic reticulum to the Golgi [4], intra- 
Golgi transport [3], neurotransmission [5], endosome-to-en- 
dosome fusion [6,7] and transcytosis [8]. Mutation of the yeast 
equivalent o fNSF,  Secl8, [9] causes transport vesicles to accu- 
mulate at several stages along the secretory pathway [10], 
clearly arguing for a role of NSF/Secl8 in vesicle consumption. 

*Corresponding author. Fax: (1) (212) 717 3604. 

NSF is a trimeric cytosolic protein, with each monomer com- 
posed of three domains: an amino-terminal domain followed 
by two domains, D1 and D2, each of which possesses a consen- 
sus ATP-binding site [11,12]. ATP hydrolysis by domain D1 is 
required for transport and domain D2 supports trimerization 
of monomers [12]. The amino-terminal domain has been specu- 
lated to bind the soluble NSF attachment proteins (SNAPs), 
cytosolic protein adapters tethering NSF to membranes. NSF 
does not interact with cytosolic SNAPs but only with SNAPs 
already bound to membranes. It is thought that binding of a 
SNAP to its receptor induces a conformational change in 
SNAP which exposes an NSF binding site [13]. Binding of NSF 
to SNAPs increases the ATPase activity of NSF [14], suggesting 
that NSF function relies on converting the chemical energy 
stored in ATP into conformational changes transmitted to 
SNAPs and SNAP receptors. 

Three different SNAPs have been identified: e, fl and y, each 
capable of mediating binding of NSF to membranes and sup- 
porting intra-Golgi transport in vitro [15]. e-SNAP and fl- 
SNAP are closely related (83% sequence identity), but in con- 
trast to e-SNAP, which shows a general distribution, fl-SNAP 
is selectively localized to the brain [16]. y-SNAP is more dis- 
tantly related to e/fl-SNAP (25%/23% sequence identity respec- 
tively) [16]. Compelling in vivo and in vitro evidence exists for 
a function of e-SNAP in regulated exocytosis. Addition of 
e-SNAP stimulates facilitated neurotransmitter release in the 
synapse [17] and Ca 2+ regulated exocytosis in permeabilized 
adrenal chromaffine cells [18]. Distinct SNAP-peptides block 
neurotransmission in the giant squid axon efficiently and re- 
versibly [17]. Secl7 [19] is the yeast homologue of e-SNAP [20]. 
The secl 7 phenotype is the accumulation of transport [21] ves- 
icles again underlining the physiological function of SNAPs in 
fusion. A yeast homologue of y-SNAP has not yet been found. 

3. SNAREs 

Both NSF and SNAPs are cytosolic proteins that act at 
several transport steps. Therefore, membrane components 
should exist that are specific for distinct organelles and that are 
able to recruit SNAPs and NSF to these membranes. Indeed, 
SNAP receptors (SNAREs) are compartment specific and, sur- 
prisingly, it has been shown that SNAP receptors are complexes 
composed of proteins originating from compartments con- 
nected by direct vesicular transport [5]. In each case one partner 
originates from the donor compartment and is found in trans- 
port vesicles, while the other one is localized in the acceptor 
compartment (Table 1). 

The first SNARE complex discovered originated from the 
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neuronal synapse [5] and was composed of the synaptic vesicle- 
associated protein (VAMP) [22,23], the synaptosome-associ- 
ated protein of 25 k D a  (SNAP-25) [24], and syntaxinl [25,26]. 
Both of the latter are localized to the presynaptic plasma mem- 
brane. Each of these proteins is the target of a class of neurotox- 
ins which are derived from Clostridium tetanus or CI. botulinum 
[27]. These toxins are site-specific proteases for the individual 
synaptic SNAREs, thereby blocking neurotransmitter release 
and thus clearly establishing the physiological relevance of 
these SNAREs. Due to their distinct locations, VAMP was 
defined to be a vesicle-associated SNARE (v-SNARE) and 
syntaxin/SNAP-25 as target-associated SNAREs (t-SNAREs) 
[5]. 

The SNARE hypothesis [5] generalizes these observations: it 
states that each transport vesicle carries a specific v-SNARE 
which pairs in a unique match with its cognate t-SNARE, 
found only at the intended target membrane. This hypothesis 
was confirmed by the isolation of a SNARE complex involved 
in ER to Golgi transport from yeast [28]. This SNARE complex 
consists of at least 7 proteins: Sed5, Bosl,  Betl,  Sec22, P28, P26 
and PI4. Bosl, and Sec 22 have been localized to transport 
vesicles derived from the ER [29-32], and P26 shows significant 
homology to Sec22; therefore, these proteins may be classified 
as v-SNAREs. Sed5 and its mammalian homologue syntaxin 
5 have been localized to the cis-Golgi network [33,34] and 
therefore act as t-SNAREs. The exact function and classifica- 
tion of P28 and P14 are unclear due to the lack of sequence 
information. The existence of at least three different v-SNAREs 
which all interact with the same t-SNARE, i.e. Sed5, could 
argue for a combinatorial code to ensure the fidelity of vesicular 
transport. Alternatively, different transport vesicles, each char- 
acterized by a subset of v-SNAREs and presumably moving 
either in an anterograde or a retrograde direction might dock 
to the same t-SNARE. 

Most SNAREs are type II membrane proteins. They contain 
a short luminal or extracellular carboxy-terminal domain, span 
the membrane once, and expose the bulk of their mass in the 
cytosol. The cytosolic domains form the basis for specific inter- 
actions of cognate SNARE pairs, perhaps via coiled-coil struc- 
tures [35]. These interactions of paired SNAREs provide the 
scaffold for binding of SNAPs [36,37] and subsequently of NSF 
(Fig. 1). 

A stable complex of SNAREs, SNAPs and NSF can be 
isolated from a detergent extract and migrates with a sedimen- 
tation constant of 20 Svedberg in velocity centrifugation [13]. 
This complex is only stable in the absence of hydrolyzable ATP 
(e.g. ATP~,S or ATP in absence of Mg2+). In the presence of 
Mg2*/ATE NSF will dissociate the SNARE complex, resulting 
in separation of v-SNAREs and t-SNAREs [36] (Fig. 1). 

That this may be part of  NSF's  role in vivo is suggested by 
studies in yeast. To isolate the ER/Golgi SNARE complex 
mentioned above in a stable form, it was necessary to accumu- 
late the complex in cells harboring a temperature sensitive 
Secl8 (NSF) allele at the restrictive temperature [28]. Appar- 
ently, after vesicles have been docked via SNAREs, SNAPs and 
NSF now prime the vesicles for, or execute, the fusion event by 
disassembling the docking partners (see Fig. 1). Despite the role 
of SNAPs and NSF in disassembly of SNAREs after vesicle 
docking, they might have additional functions before or during 
vesicle docking. For  example, NSF has been found to be asso- 
ciated with synaptic vesicles but in a mode in which it can not 

be released by Mg2+/ATP [38]. Further analysis will be required 
to identify proteins which mediate this type of membrane asso- 
ciation of NSF. 

SNAREs thus can define, in a functional manner, the bor- 
ders of intracellular transport units. Isolation of SNAREs from 
different intracellular compartments, especially from the Golgi 
should provide important insights about the functional organi- 
zation of these organelles and thus confirm or revise models 
based mainly on morphology. If SNAREs indeed delineate 
compartment borders then it is essential that SNAREs are 
sorted to their correct destination in an inactive form and are 
only activated upon arrival. Each SNARE should thus contain, 
in addition to the domain conferring the correct interaction 
with its partner SNARE, a domain ensuring its correct intracel- 
lular localization and a module to allow switching between 
active and inactive forms. Therefore SNAREs should be ideal 
model proteins to study intracellular protein targeting signals. 

Indeed studies of this kind have demonstrated the impor- 
tance of both the membrane spanning and cytoplasmic domain 
[34]. Due to their topology (type II membrane proteins) and the 
absence of a signal sequence, SNAREs do not follow the 
cotranslational transport pathway across the ER membrane 
[39]. VAMP, for instance, inserts posttranslationally into the 
ER membrane, in a process that is independent of the translo- 
cation machinery needed for proteins with signal sequences 
[40]. How this occurs and how VAMP passes through the 
secretory pathway in an inactive state before reaching the syn- 
aptic vesicles needs further investigation. In contrast to most 
SNAREs, P26 and SNAP-25 do not have membrane spanning 
regions; they seem to be membrane anchored via lipid moieties. 
P26 possesses a carboxy-terminal CAAX box [28], and SNAP- 
25 possesses a cluster of cysteines, which seem to be the target 

Table 1 
Individual members of the SNARE, Secl and rab protein families 
function at distinct transport steps 

ER-Golgi post Golgi 

Yeast v-SNAREs Bosl Sncl 
Sec22 Snc2 
P26 
Betl? 

Mammalian 

t-SNAREs Sed5 Sso 1 
Sso2 
Sec9 

Secl family Slyl Secl 

rab family Yptl Sec4 

v-SNAREs ? VAMP 
cellubrevin 

t-SNAREs syntaxin5 syntaxinsl~ 
SNAP-25 

Secl family 9 Secl homologue 

rab family rabl rab3 
rab2 rab6 

rab8 

Abbreviations: ER, endoplasmic reticulum; t-SNAREs, target-associ- 
ated SNAP receptors; v-SNAREs, vesicle-associated SNAP receptors; 
VAMP, vesicle-associated membrane protein; SNAP-25, synaptosome- 
associated protein 25. 
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of palmitoylation [41]. How these lipid modifications play a role 
in targeting or other events like vesicle docking and fusion 
needs to be tested. 

After the vesicles have fused with their target membrane, the 
v-SNAREs now reside in the acceptor compartment and have 
to be recycled to their compartment of origin. Whether the 
v-SNARE plays an active or a passive role in this is unclear. 
Nevertheless the activity of v-SNAREs which have reached the 
acceptor compartment needs to be modulated to avoid futile 
cycles of budding from and fusion with the same compartment. 

4. Components modulating the accessibility of SNAREs 

SNAREs interact with several proteins in addition to their 
cognate SNAREs and SNAPs (Table 1). 

(i) Members of the Secl protein family [42,43] show both 
genetic and physical interactions with t-SNAREs [28,44]. Indi- 
vidual members in yeast act at distinct transport steps: Slyl [30] 
in ER Golgi transport, Slpl [45] in transport to the vacuole and 
Secl [19] in Golgi-plasma membrane transport. The mammal- 
ian Secl homologue [44,46-48] blocks the assembly of the syn- 
aptic SNAREs into a complex in vitro [49] and overexpression 
in Drosophila blocks neurotransmitter release in vivo [48], 
clearly demonstrating a regulatory role. 

(ii) Genetically linked to the Secl family is another protein 
family: that of rab proteins a class of small GTP binding pro- 
teins. Individual members of this family exhibit a certain degree 
of transport step specificity [50]. Genetic interactions between 
rabs and SNAREs have been established [29] and biochemical 
studies have demonstrated that rab proteins play a role in 
assembly of specific SNARE complexes [28,51]. These interac- 
tions clearly link the transport step specific protein families of 
SNAREs, Secl and rab with each other. Formation of SNARE 
complexes seems to be lightly regulated through inclusion of 
several check points to ensure the overall fidelity of vesicular 
transport. 

(iii) Regulated secretion requires additional mechanisms to 
allow triggered cargo release. Signal sensors, acting as a clamp 
(or mediating their effects via clamps), are necessary to keep an 
otherwise constitutively active fusion machinery in an 'oW 
state. Ideally such regulatory components should be associated 
with or be an integral part of secretory vesicles, thus ensuring 
that only those vesicles harboring such components are con- 
trolled by a triggering event. A candidate component, synapto- 
tagmin, fulfilling all criteria expected for a calcium sensor 
[52,53], has been identified on synaptic vesicles. Synaptotagmin 
has also been shown to interact with SNAREs, to share com- 
mon binding sites with SNAPs, and to be associated with w- 
conotoxin sensitive Ca 2+ channels on the presynaptic plasma 
membrane, thus placing it in the correct vicinity to control 
neurotransmitter release. Homologues of synaptotagmin, local- 
ized to non neuronal tissues that exhibit regulated secretion, 
have been identified [54]. Therefore, it seems that tagmins fulfill 
a role as signal sensors, but it is not clear whether they act as 
the Ca 2+ sensor for fast exocytosis or if they play a role in vesicle 
mobilization or docking. 

(iv) On synaptic vesicles the accessibility of the v-SNARE 
VAMP for its partner t-SNARE seems to be regulated by its 
interaction with synaptophysin [55,56], another synaptic vesicle 
protein. It would be not surprising if similar mechanisms apply 
to constitutive secretion, since v-SNAREs on the donor corn- 
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v-SNARE/t-SNARE 
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SNAPs 

20 S fusion particle 

ATP hydrolysis 
and other steps 
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Fig. 1. Hypothetical model of the action of SNAREs, SNAPs and NSF 
during vesicle docking and fusion. After activation, a v-SNARE binds 
to its cognate t-SNARE. The activation process might involve associa- 
tion or dissociation of proteins to or from the SNAREs and could - 
in case of the v-SNARE already occur during vesicle budding. The 
rab and Sec 1 protein families are likely to be involved in this process. 
In the presence of SNAPs and NSF, which both bind to the assembled 
SNAREs, fusion is initiated and ATP hydrolysis results in a conforma- 
tional switch in the SNARE complex. Abbreviations: v-SNARE, vesi- 
cle-associated SNAP receptor; t-SNARE, target-associated SNAP re- 
ceptor; SNAP, soluble NSF attachment protein; NSF, N-ethylmaleim- 
ide-sensitive fusion protein. 

partment should be in an inaccessible state to avoid direct 
fusion between two closely opposed organelles. 

5. Concluding remarks 

SNAREs are likely to guide transport vesicles through the 
secretory pathway of the cell, and SNAPs and NSF seem to 
initiate vesicular fusion. How these processes occur mechanisti- 
cally, how the act of membrane fusion is actually mediated in 
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biophysical terms, and which components  catalyze this event 
will be topics for future studies. Furthermore,  we are just begin- 
ning to get an idea of  how regulatory components  modulate  
vesicle docking and fusion. A cast of  characters in the form of  
additional transport  factors are waiting to be included in the 
script. 

Acknowledgements: I thank Gero Miesenbock, James E. Rothman and 
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manuscript. 
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