review

Transport-vesicle targeting: tethers

before SNAREs
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Protein secretion and the transport of proteins between membrane-bound compartments are mediated by
small, membrane-bound vesicles. Here | review what is known about the process by which vesicles are
targeted to the correct destination. A growing family of proteins, whose precise modes of action are far
from established, is involved in targeting. Despite the wide diversity in the identities of the players, some
common themes are emerging that may explain how vesicles can identify their targets and release their
cargo at the correct time and place in eukaryotic cells.

destination involves a much larger set of proteins than antici-

pated and several layers of protein—protein interactions. The
process of ‘vesicle targeting’ includes all of the steps involved in
delivering a newly formed transport vesicle to its target. In the
broadest sense, targeting requires molecular motors and the actin
and/or microtubule-based cytoskeletons to bring a vesicle from one
part of the cell to another. Then tethering proteins collect and
restrain vesicles at or near their cognate target membranes. Finally,
a core layer of proteins interact to bring vesicle membranes in
exceedingly close apposition with their cognate target membranes,
thereby driving membrane fusion. Each of these processes is regu-
lated by other proteins, to enhance the spatial and temporal control
of membrane-trafficking events.

The targeting of transport vesicles to the correct membrane

SNAREs and company at the core

At the core of every pairing between transport vesicle and target
membrane lies an interaction between so-called SNARE proteins.
First discovered as proteins found on synaptic vesicles and at the
presynaptic plasma membrane, SNAREs are members of a family of
highly conserved proteins that reside on vesicles (v-SNAREs) or tar-
get membranes (t-SNAREs; refs 1-4). Almost every step in mem-
brane trafficking is carried out by a distinct set of SNARE pairs, and
the SNAREs that mediate a given transport step (from endoplasmic
reticulum (ER) to Golgi, from Golgi to plasma membrane, and so
on) are conserved from yeast to humans’.

Nearly incontrovertible proof of the importance of SNARE pro-
teins in neurotransmitter release from vesicles at synapses comes
from the discovery that the SNAREs that couple synaptic vesicles
with the presynaptic plasma membrane (namely vesicle-associated
membrane protein (VAMP; also called synaptobrevin), syntaxin
and synaptosome-associated protein of relative molecular mass
25,000 (SNAP-25)) are the precise and select targets of the clostrid-
ial botulinum and tetanus toxins®. These toxins block exocytosis
(the process of secretion, involving fusion of the transport vesicle
with the plasma membrane) by proteolysis of one or another of the
presynaptic SNARE molecules, leading to severe paralysis and, in
some cases, a horrible death.

The neuronal v- and t-SNAREs form exceedingly stable, parallel
coiled-coil complexes that are stable in 0.1% SDS™". The stability
of this complex has led to the proposal that the energy gained from
complex formation may be harnessed to drive the membrane-
fusion reaction. Rothman and co-workers have shown that purified
neuronal v- and t-SNAREs, when reconstituted into distinct lipo-
some vesicles, are themselves capable of driving liposome fusion,
albeit at a rate that is significantly slower than the rate of exocytosis
of synaptic vesicles'. The slow rate observed could have been due,
in part, to the presence of the syntaxin amino-terminal domain,
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which slows the assembly of the homologous yeast SNARE com-
plexes as much as 2,000-fold in vitro”. Release of this regulatory
domain would be expected to enhance significantly the rate of tight
SNARE pairing and membrane fusion. Thus, independent of any
other proteins, paired SNARESs seem to be capable of stabilizing ves-
icles and target membranes in a closely apposed orientation, suffi-
cient to drive liposome fusion'.

Although SNAREs are clearly important for membrane fusion,
an increasing body of information, summarized below, indicates
that they are not sufficient to ensure that the steps preceding mem-
brane fusion — that is, the accurate targeting and docking of vesi-
cles — are carried out. There is little doubt that additional proteins
function to enable SNARE-complex formation. For example, a pro-
tein may catalyse the conformational rearrangement of syntaxin’s
regulatory N-terminal domain to allow SNARE complexes to form.
Indeed, GTPases called Rab proteins are known to regulate the for-
mation of SNARE complexes in vivo'">. Moreover, the slow rate of
reconstituted, SNARE-mediated vesicle fusion could also reflect a
requirement for extra factors to drive fusion in conjunction with
SNAREs. For example, a new set of proteins that function in vesicle
docking (such as the early-endosomal autoantigen EEA-1; see
below) bind to phosphorylated, phosphatidylinositol lipids. It
remains to be determined whether this lipid-binding characteristic
may also enable this class of ‘docking factors’ to contribute to the
fusion event per se.

Regulating access to SNAREs
As membrane fusion involves the tight association of SNARE mol-
ecules with each other, access to SNAREs should be tightly regu-
lated; if cognate v- and t-SNAREs could pair at all times, all of the
organelles in the cytoplasm might become stuck together'. For
example, a v-SNARE that is found on ER-derived transport vesicles
and is therefore also present in the ER could bind tightly to a cog-
nate Golgi t-SNARE and thereby sandwich together two entire
organelles. Thus it is not surprising that there are proteins that
block SNARE accessibility.

n-Secl is the prototypic t-SNARE protector (Fig. 1). This mam-
malian homologue of the yeast protein Secl binds directly and
tightly to the t-SNARE on the presynaptic plasma membrane, syn-
taxin-1A; moreover, binding of n-Secl to syntaxin-1A blocks v-
SNARE-t-SNARE association". Secl homologues exist and could
regulate other t-SNAREs.

t-SNARE protectors could block v-SNARE binding by steric
hindrance. Alternatively, as SNAREs are likely to exist in distinct
conformations, SNARE protectors may bind preferentially to a par-
ticular conformation of a t-SNARE that interacts only weakly with
a v-SNARE. An important area for further investigation will be to
understand how and when n-Secl is released from syntaxin to allow
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Figure 1 Heterotypic targeting and fusion. Left, to target a vesicle derived from
one type of organelle, such as the Golgi, to another organelle (which would be the
plasma membrane in this case), tethering and docking factors, such as the Exocyst
complex, are recruited to nascent transport vesicles by an active (GTP-bound) Rab
GTPase. On the target membrane, a target-specifying component (Sec3 is the target-
specifying component of the Exocyst) recruits the vesicle by binding the vesicle-
associated docking factor (Exocyst subunits other than Sec3). Centre, docking or
other factors may then ‘deprotect’ or activate the t-SNARE to allow for t-SNARE-v-
SNARE pairing (right). LMA-1, a soluble protein that seems to stabilize detangled
SNAREs, may also bind the deprotected t-SNARE to help with the eventual formation
of core SNARE complexes (not shown).

SNARE-complex formation, and how and when it rebinds. An
unexpected link between n-Secl and proteins that connect presyn-
aptic nerve terminals with their postsynaptic targets may hint at the
spatial cues used for SNARE pairing at neurotransmitter-release
sites in neurons®. Specifically, n-Secl binds to a complex that
includes Mint-1 (LIN-10), CASK (LIN-2) and the transmembrane
protein [3-neurexin; the extracellular portion of B-neurexin links to
the postsynaptic-cell protein neuroligin to stabilize a functional
synapse'®. The presynaptic components of this complex may act as
a target specifier for vesicle release, and recruit SNARE:s to this site
through n-Secl (Fig. 1).

Even if t-SNAREs are shielded (or inhibited) from productive
interaction with cognate v-SNAREs, the members of SNARE pairs
must still find each other. Additional targeting factors could serve
two purposes: they could provide a layer of recognition to bring
vesicles in contact with protected SNAREs, and they could also cat-
alyse SNARE ‘deprotection’ (or conformational activation). Much
less is known about these extra factors and how they interact with
and potentially activate SNARESs. Yet these essential gene products
are likely to have key roles in the process of vesicle docking, before
membrane fusion occurs.

SNAREs are not sufficient for vesicle targeting

Although clostridial neurotoxins cleave neuronal SNAREs and
block their subsequent assembly, pre-assembled SNARE complexes
resist toxin-mediated proteolysis”. Thus, a toxin-triggered block in
exocytosis could be explained by a blockade in SNARE-complex
formation. However, giant-squid nerve terminals injected with tet-
anus toxin actually contain about twice as many docked vesicles as
do untreated nerve terminals®. In addition, genetic or toxin-medi-
ated removal of v- and t-SNAREs in Drosophila blocks neurotrans-

morphological association of synaptic vesicles with the presynaptic
plasma membrane must require other interactions as well as v-
SNARE-t-SNARE partnerships. The t-SNARE syntaxin on the pre-
synaptic plasma membrane can interact with the calcium-sensing
synaptic-vesicle protein synaptotagmin®”, and this interaction
could in part explain persistent vesicle docking despite a blockade
of v- and t-SNARE pairing. But other interactions probably regulate
SNARE accessibility to ensure that fusion occurs only at the correct
time and place®.

Two other lines of work strongly indicate that SNAREs cannot
be the sole determinants of vesicle targeting. The neuronal t-
SNAREs, syntaxin and SNAP-25, are not restricted to sites of syn-
aptic-vesicle fusion within the presynaptic membrane; they are also
localized along the entire length of the axon, as well as in nerve
terminals®. Thus, other proteins must specify vesicle-release sites
and also regulate the SNAREs located elsewhere. In addition, a sin-
gle v-SNARE has been shown to drive two completely distinct
transport events™*. If one v-SNARE pairs with t-SNAREs on two
different target membranes, other proteins must direct the different
vesicle types to the correct membrane destination.

Vesicle-docking and -tethering proteins

There are a number of recently discovered proteins that serve to
link vesicles (or organelles) with their targets (Table 1 and see
below). For the purposes of this review, it is useful to distinguish
between proteins that lead to an initial, loose ‘tethering’ of vesicles
with their targets from those responsible for tighter, more stable,
‘docking’ interactions (Fig. 1). Tethering could be considered to
involve links that extend over distances of more than about half the
diameter of a vesicle from a given membrane surface (>25nm); I use
the term ‘docking’ to refer to the holding of two membranes within
a bilayer’s distance of one another (<5-10nm). Stable docking
probably represents several distinct, molecular states: the molecular
interactions underlying the close and tight association of a vesicle
with its target may include the molecular rearrangements needed to
trigger bilayer fusion.

Although studies of synaptic vesicles and presynaptic plasma
membranes have provided a wealth of information about SNAREs,
the investigation of other transport steps has provided the most
clues to the components that act in vesicle tethering and docking
before SNARE pairing. A common feature of many proteins that
function in vesicle tethering and docking is their propensity to form
highly extended, coiled-coil structures'®**.

Vesicle tethering. Perhaps the best characterized tethering factor is
pl15, a peripheral-Golgi membrane protein in mammalian cells
that was purified on the basis of its ability to stimulate transport
between Golgi cisternae” (Table 1). At the ultrastructural level,
p115 is myosin-shaped: its dimeric structure comprises two globu-
lar heads and an extended coiled-coil tail followed by an acidic car-
boxy terminus™'. p115 is homologous to the yeast protein Usol
which is required for ER-to-Golgi transport’*>*. Usol is much
larger than p115 (length 150nm versus 45nm); a larger coiled-coil
portion in Usol accounts for the size differences between these pro-

mission but not synaptic-vesicle docking’. Thus, the teins. The architecture of p115/Usol is well suited to a tethering fac-
Table 1 Recently described tethering and docking interactions
Event GTPase Tethering/docking factor = Comments
Endosome fusion Rab5 EEA-1/Rabaptin-5 Homotypic interaction
(mammalian cells)*
Golgito-prevacuole (yeast)*®* Ypt21 Vacl Vacl links vesicle to Sec1l homologue Vps45 at the target
ER-to-Golgi (yeast)***® Yptl Usol/TRAPP TRAPP is at the target; not yet known if Usol interacts with TRAPP
Intra-Golgi (mammalian)®3° Rabl* pl115/giantin/GM130 Giantin is on the vesicle; GM130 and p115 are on the Golgi
Secretory vesicle to Sec4 Exocyst Exocyst links vesicle with target; Sec3 marks release site; Secl5 is
plasma membrane (yeast)*! recruited by the GTPase Sec4
* Rabl is important for intra-Golgi transport but it is not yet known to which docking factor it is linked.
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Figure 2 Homotypic endosomal targeting and fusion. The fusion of two
biochemically identical, early-endosome compartments is an example of homotypic
membrane fusion. In this case, cis-SNARE pairs (pairs of v-SNAREs and t-SNARES
found on a single organelle) are first disengaged by NSF and then stabilized by LMA-
1 (‘priming’). In parallel, organelles are brought together by Rab-regulated tethering/
docking factors such as EEA-1 or Rabaptin-5, to enable the potential collision and
association of LMA1-stabilized SNARE proteins and the subsequent fusion of the
early-endosome compartments. GTP hydrolysis by Rab is involved in controlling the
frequency of the docking process.

tor: a long coiled-coil domain provides a flexible arm with which to
‘catch’ or trap incoming transport vesicles and to link them loosely
with their targets.

Genetic and biochemical studies support a function in vesicle
tethering for p115/Usol. Usol is needed to allow the formation of
SNARE complexes involved in ER-to-Golgi transport™, consistent
with the idea that it acts before membrane fusion. In addition, Usol
seems to lead to vesicle tethering in cell extracts®: Barlowe and col-
leagues found that exogenous Usol decreased the fraction of freely
diffusible ER-derived transport vesicles generated in an in vitro ER-
to-Golgi transport reaction. Tethering required both functional
Yptl, the GTPase of the Rab family that is needed for this transport
step”, and a new peripheral-membrane protein, Sec35 (ref. 37), but
not functional v- or t-SNAREs®. A striking aspect of these experi-
ments was the finding that vesicles remained associated with the
target membrane even when SNARE pairing was blocked by an
anti-t-SNARE antibody. Moreover, after tethering was complete,
the Rab GTPase was no longer required. Thus vesicle tethering
involves a series of molecular interactions that precede SNARE
pairing. In ER-to-Golgi transport, p115/Usol is required, and teth-
ering is helped by the Rab GTPase Yptl.

A large macromolecular complex named TRAPP (for transport
protein particle) is also required for ER-to-Golgi transport in yeast™®
(Table 1). TRAPP is a large complex, of approximate relative
molecular mass 800,000, that contains about ten polypeptides.
TRAPP co-localizes with the relevant t-SNARE on the cis-Golgi and
is needed for vesicle docking in vitro; thus, TRAPP may ‘catch’ ves-
icles derived from the ER. Of obvious interest is whether p115/Usol
links ER-derived transport vesicles to TRAPP, before SNARE com-
plexes form. How p115/Usol associates with ER-derived vesicles is
also not yet known; however, this process seems to require that
transport vesicles contain active Yptl (ref. 35 and see below).

As mentioned above, p115 also functions in intra-Golgi trans-
port. Warren and colleagues have shown that p115 binds the N ter-
minus of a Golgi protein, GM130 (ref. 39 and Table 1). p115 also
binds a protein named giantin, which is present on Golgi-derived
transport vesicles, and can promote in vitro Golgi-derived vesicle
docking directly®. Like p115, GM130 and giantin also contain large
regions of extended coiled-coils that could function to tether and
‘restrain’ transport vesicles'”*. Thus, giantin could drive trans-
port-vesicle capture by latching onto pl115 molecules protruding
outwards from the Golgi membrane surface.

Tethering would enhance the efficiency of vesicle transport by
holding a vesicle close to its site of budding and adjacent to its cog-
nate target. In the transfer of proteins between Golgi cisternae, such
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tethering would be extremely advantageous”. Similarly, tethering
interactions are likely to be involved in concentrating synaptic ves-
icles at the synapse®'.

Vesicle docking. Four other components have been identified that
are likely to serve as tethering and/or docking factors (Table 1): the
Exocyst (or Sec6-Sec8 complex)**, the Rabaptin-5 complex®,
EEA-1 (ref. 45), and EEA-1’s yeast orthologue, Vacl (refs 46,47).
The Exocyst is a large, 19.5S complex that contains Sec3, Sec5, Sec6,
Sec8, Secl0, Secl5 and Exo070 and is required for exocytosis in
yeast”. The Exocyst is a highly extended structure that is about 30
nm in length, and it is localized to the tips of yeast buds, the site of
exocytosis in Saccharomyces cerevisiae®. Sec3 appears to localize the
Exocyst complex to the plasma-membrane target”. In contrast, the
t-SNAREs required for exocytosis in S. cerevisiae are distributed
uniformly over the plasma membrane®. It seems likely, then, that
the Exocyst functions to tether transport vesicles at the docking site
on the plasma membrane to enable the final reaction, SNARE
assembly, to occur. Guo et al.”' showed that the Sec15 component
of the Exocyst interacts directly with the GTPase Sec4, allowing the
docking factor, Exocyst, to link a transport vesicle with its target.

In polarized epithelial cells, the mammalian Exocyst, the Sec6—
Sec8 complex, localizes to sites of cell-cell interactions, at the apex
of the basolateral domain®. Available data are also consistent with a
vesicle-docking role for the mammalian complex®.

Another targeting factor in mammalian cells is the Rabaptin-5
complex, which interacts preferentially with endosome-associated
GTP-bound (active) Rab5 (refs 44,53,54). Rabaptin-5 occurs as a
complex with a nucleotide-exchange factor (Rabex-5) that can acti-
vate Rab5 (ref. 55). Rabaptin-5 has two distinct Rab-GTPase-bind-
ing sites that could in principle, tether two separate endosomes
together”. Rab5-GTP also interacts with EEA-1 (ref. 45), an early-
endosome-associated protein that contains long stretches predicted
to form coiled coils®. The C terminus of EEA-1 contains a so-called
‘FYVE’-finger domain that binds phosphatidylinositol-3-phos-
phate in endosome membranes™*. Zerial and co-workers have now
shown that EEA-1 tethers endosomes together and acts upstream of
SNARE: to trigger endosome fusion™.

The yeast relative of EEA-1, Vacl, interacts with the Rab5-
related GTPase Vps21 (refs 46,47). Vacl also interacts with the Secl
homologue involved in this transport step, Vps45 (refs 46,47).
These interactions have the potential to link a Rab-GTP-bearing
vesicle with a Vacl-containing target, bringing the vesicle in direct
contact with SNARE constituents.

Rab GTPases recruit tethering and docking proteins
Rabaptin-5/EEA-1, p115 and the Exocyst act in conjunction with a
Rab GTPase to carry out their functions in vesicle tethering and
docking (Fig. 1). Rab GTPases interconvert between inactive, GDP-
bound forms and active, GTP-bound forms. GTP hydrolysis is not
coupled to fusion; rather, Rab conformation, which depends on the
guanine nucleotide to which a Rab is bound, regulates the recruit-
ment of docking factors from the cytosol onto membranes. In this
way, Rab GTPases regulate vesicle docking. If it is mainly nascent
transport vesicles that contain active Rab GTPases, then only func-
tional transport vesicles will bind to the docking factors. Thus dock-
ing will take place only between transport vesicles and their targets,
rather than between entire organelles.

In contrast, when homotypic (like-to-like) fusion between two
organelles is the goal, the overall level of Rab-GTP could modulate
fusion rates®. An example of homotypic fusion is the fusion of two
biochemically identical early-endosome compartments (Fig. 2). In
endosome—endosome fusion, cells rely on the dynamic activation
and inactivation of Rab5 to maintain the size of the endosome com-
partment and to prevent the formation of large vacuoles®*.

The aim of a homotypic fusion process is rather different from
that of a heterotypic vesicle-fusion event in which a transport vesi-
cle buds from one compartment and delivers its cargo to the next.
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In heterotypic processes, it makes little sense to inactivate a Rab
before vesicle docking and fusion: once a vesicle forms, it should
find its target and fuse. In this case, it should be vesicle formation
that is rate limiting.

Rab5 catalyses both homotypic endosome fusion and the fusion
of newly formed, clathrin-coated endocytic vesicles with early
endosomes. It would appear, then, that Rab5 catalyses both hetero-
typic and homotypic fusion processes. Perhaps Rab5-GTP on clath-
rin-coated vesicles is longer lived than Rab5-GTP on endosomes,
ensuring efficient heterotypic vesicle delivery while restraining
homotypic endosome fusion. This type of regulation could be
accomplished by differential localization of the nucleotide
exchanger for Rab5, Rabex-5.

To ensure that Rab proteins remain active on transport vesicles,
the transport machinery may make use of a set of Rab-interacting
proteins that lock the Rabs in their active conformations™®. But
regardless of whether or not Rabs cycle rapidly between active and
inactivate forms (as in endosome fusion) or are clamped in their
GTP-bound conformations, we have proposed that their primary
function is to recruit cytosolic docking factors that are needed for
vesicle translocation (see below), tethering/docking and fusion®.

Homotypic and heterotypic docking and priming

So far T have mainly summarized events involved in heterotypic ves-
icle targeting and fusion. Heterotypic fusion events probably
require Rab-type GTPases, motor proteins (in some cases), large
coiled-coil tethering proteins, release-site identifiers and SNAREs
(Fig. 1 and see above). Tethering and docking of a transport vesicle
at the target membrane probably precede the formation of a tight
core SNARE complex.

In neuronal exocytosis, the term ‘priming’ has been used to
include all of the molecular rearrangements and ATP-dependent
protein and lipid modifications that take place after initial docking
of a synaptic vesicle but before exocytosis, such that the influx of
calcium ions is all that is needed to trigger nearly instantaneous
neurotransmitter release™"'.

However, during heterotypic targeting events, complexes of v-
and t-SNARE:s that formed at the target membrane during a previ-
ous release event also need to be unpaired. The ATPase NSF (for N-
ethylmaleimide-sensitive factor) can disassemble SNARE com-
plexes in the presence of a soluble co-factor named SNAP (soluble
NSF-attachment protein)®®. Such unpairing would make available
free t-SNAREs which could then engage in a subsequent round of
membrane fusion. This process might take place relatively late dur-
ing an in vitro heterotypic fusion reaction, as translocation and ini-
tial tethering events could take place first. Thus, NSF action may
also be part of the overall ‘priming’ process.

The term priming has been used differently in the study of
homotypic fusion events (Fig. 2). Homotypic fusion is often meas-
ured in vitro by loading two vesicle populations (of a similar type)
with different molecules, and then monitoring content mixing.
This type of assay provides sensitive detection of a single event that
resulted from fusion between two representatives of the different
populations of membranes. However, it is not possible to detect any
of the multiple fusion events that probably took place within either
population before the event that led to content mixing. This is
important because the molecular products of previous, unscored
fusion events (complexes of SNARE proteins and other docking
factors) would need to be ‘untangled’ before another round of
homotypic fusion would be possible. Thus, all in vitro homotypic
reactions are likely to require the early action of ‘untangling factors’
such as NSF before mixing of the two populations can be
detected®?. In homotypic fusion, untangling could appear to be
the first step because of the experimental protocol used; Wickner
has called this process ‘priming’**.

Wickner and colleagues have also discovered a soluble complex
that seems to stabilize untangled SNAREs. This factor, termed
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LMA-1 (ref. 68), stabilizes t-SNAREs on yeast endosomes after their
NSF-mediated disengagement from v-SNAREs”. LMA-1 is
recruited to membranes by NSF, and can be found in complexes
containing the t-SNARE after NSF has acted and been released. In
addition to its function in homotypic prevacuolar fusion, LMA-1
also facilitates heterotypic yeast ER-to-Golgi transport™.

Homotypic fusion events could, in principle, be simpler than
heterotypic fusion events as they require coalescence of two similar
structures. Whereas heterotypic membrane recognition may invoke
several layers of specific interactions to ensure accurate target rec-
ognition, homotypic fusion could rely on self-association of identi-
cal proteins found on two separate vesicles of a similar type (such as
two endosomes). In homotypic events, SNARE untangling and sta-
bilization may take place either before or in parallel with organelle-
tethering events: concomitant with NSF and LMA-1 action, EEA-1,
in conjunction with an active Rab GTPase, might drive endosome
coalescence. Available (and stabilized) SNAREs could then pair,
leading to fusion.

It is not yet known how many individual SNARE complexes are
needed to drive efficient fusion. Given what is known about cell-
fusion reactions mediated by viral glycoproteins, membrane fusion
is likely to require more than a single SNARE complex. However, it
is highly unlikely that all SNAREs present on a single endosome are
needed for each round of membrane fusion.

Finally, t-SNARE protection may be more important in hetero-
typic than in homotypic fusion events, because of the need to main-
tain the identity of distinct membrane-bound organelles. Thus,
LMA-1 may not enter into play in a heterotypic event until the t-
SNARE has first been deprotected in the context of a newly arrived,
tethered transport vesicle. In homotypic events, the prevalence of
so-called cis-SNARE complexes (v- and t-SNAREs paired on a sin-
gle organelle as a result of a previous fusion event)”' may have a sim-
ilar function to the protection of t-SNAREs on a heterotypic target-
membrane compartment; the NSF-mediated uncoupling of the cis-
SNARE complex could be a rate-influencing factor for the overall
fusion process, but might not need to be as carefully orchestrated as
deprotection of the t-SNARE in relation to vesicle docking.

Diversity in homotypic fusion events

Two homotypic fusion events occur by a mechanism distinct from
that described above for endosome fusion. Whereas yeast vacuole
fusion requires a v-SNARE on one membrane and a t-SNARE on
another”, homotypic fusion of mammalian postmitotic Golgi cis-
ternae and of yeast ER membranes appears to be mediated by the
pairing of two t-SNAREs””. In addition, the ATPases p97/Cdc48,
rather than NSF, are required here. Regardless of the formal possi-
bility that an unknown v-SNARE protein participates in these
homotypic fusion events, it will surely be important to characterize
these processes further. Of particular interest are the potential cell-
cycle-coordinated control of p97/Cdc48 and the regulation of t-
SNARE-t-SNARE pairing.

Translocation of vesicles to docking sites

Certain vesicle-trafficking steps require the translocation of a vesi-
cle over a significant distance. For example, vesicles that carry pro-
teins from the Golgi to the cell surface are likely to use motor
proteins and a cytoskeletal track to get close to their target before
tethering would be appropriate. Both the actin- and the microtu-
bule-based cytoskeletons have been implicated in these processes,
along with an increasing number of new motor proteins. Once the
vesicles reach their targets, they come into contact with tethering
factors that can restrain them there.

In yeast, the Exocyst complex and the GTPase Sec4 interact
genetically with actin, profilin, Myo2 (a type-V myosin motor) and
Smyl (a kinesin-like protein) (reviewed in ref. 43). Sec4, a Rab
GTPase, could first recruit a motor to the vesicle, allowing translo-
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cation along actin filaments that extend towards release sites.
Translocation would bring a vesicle into contact with the Exocyst
complex to permit tethering and subsequent ‘functional docking’
(that is, SNARE pairing). More likely, perhaps, is a scenario in
which a vesicle contains more than one Sec4 molecule. Multiple
Rab proteins on a single vesicle could interact with distinct effec-
tors, leading to steady-state translocation and also to targeted vesi-
cle delivery. In this case, a vesicle might be linked by Rab GTPases
to a motor protein as well as to tethering factors.

The Golgi-associated GTPase Rabé, in its active conformation,

interacts with a new, kinesin-like motor protein named Rabki-
nesin-6 (ref. 75). Rabkinesin-6 is also localized to the Golgi com-
plex, and may be part of a larger docking complex that uses the
microtubule-based cytoskeleton to direct vesicle trafficking. Rab5
also appears to be involved in the regulation of endosome motility
(M. Zerial, personal communication). Rabphilin, a Rab3A effector,
interacts with the actin-bundling protein O-actinin in the absence
of Rab3A-GTP76. This may provide a means for Rab3A-GTP to
modulate the organization of the local actin-based cytoskeleton in
relation to events preceding synaptic-vesicle exocytosis. Finally,
Rab8 also influences the organization of the actin-based cytoskele-
ton in some way”’.

The emerging view is that, when necessary, Rab GTPases can

link vesicles to motor proteins. Rab proteins can also enable vesicle
tethering by recruiting the tethering factors to the vesicle. In some
cases, vesicle translocation is not required, in which case the teth-
ering process can be initiated more rapidly. This almost entirely
unexplored area will surely receive a great deal of attention in the
coming months.

Conclusions

The past five years have witnessed a virtual explosion in our knowl-
edge of membrane targeting and fusion. The diversity of proteins
involved at each step in membrane traffic could not have been pre-
dicted. In addition to the diversity of SNARE molecules, individual
transport events appear to use entirely distinct, multisubunit teth-
ering complexes and unique Rab GTPases. Thus, vesicle targeting
requires many more molecules and protein—protein interactions
than those provided by just SNAREs. This extra complexity is likely
to help to ensure the exquisite selectivity and spatial and temporal
regulation of membrane targeting in eukaryotic cells. A fuller
understanding will surely result from the stepwise reconstitution of
each of the underlying molecular interactions, using purified pro-
teins as well as proteins reconstituted into liposomes'"”. An under-
standing of the connection between molecular motors and the
targeting machinery also awaits both functional reconstitution and

molecular dissection.
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