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Studies of various membrane trafficking steps over the past
year indicate that membranes are tethered together prior to
the interaction of v-SNAREs and t-SNAREs across the
membrane junction. The tethering proteins identified to date
are quite large, being either fibrous proteins or multimeric
protein complexes. The tethering factors employed at
different steps are evolutionarily unrelated, yet their function
seems to be closely tied to the more highly conserved
Rab GTPases. Tethering factors may collaborate with Rabs
and SNAREs to generate targeting specificity in the
secretory pathway.
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Abbreviations
COP coat protein
EEA1 early endosome antigen 1
EM electron microscopy
ER endoplasmic reticulum
GDI guanine nucleotide dissociation inhibitor
NSF N-ethylmaleimide-sensitive factor
SNAP soluble NSF attachment protein
SNARE SNAP receptor
TRAPP transport protein particle

Introduction
Transit of cargo through the secretory pathway is mediat-
ed by membrane-bound carriers [1], which can take the
form of vesicles or larger membrane tubules. To maintain
an ordered flow through the pathway, pairs of membranes
must specifically recognize one another and subsequently
fuse. The determinants of this targeting specificity were
for some time suspected to be members of the Rab
GTPase family because distinct family members are
arrayed on different membranous compartments (for
review see [2]). This concept was called into question
when it was found that a single chimeric Rab protein
could function at two transport steps [3,4]. In a similar
fashion, SNARE proteins, which are integral membrane
proteins found predominantly on vesicles (v-SNAREs) or
target membranes (t-SNAREs), were proposed to embody
specificity [5]. This too has been debated because some
SNAREs can function at several transport steps in vivo [6],
some SNAREs have been found in multiple SNARE
complexes by co-immunoprecipitation [7,8], and SNAREs
that faithfully function at different transport steps in vivo
can interact promiscuously in vitro [9•]. These findings

indicate that neither Rabs, nor SNAREs, are the sole
determinants of targeting specificity.

The above considerations make it likely that some other
component imparts specificity, or that specificity is generat-
ed by the collaboration of several factors with no individual
component playing a dominant role. Tethering factors
(Table 1), which are proteins that bind membranes together
prior to SNARE interactions, are likely to assist in imparting
targeting specificity. Although they are of critical impor-
tance, they cannot be the sole determinants of targeting
specificity because they are soluble or peripheral membrane
proteins and therefore must interact with integral mem-
brane components with distinct localization patterns. In this
review we briefly describe what is known about tethering
factors used in different transport steps and conclude with a
consideration of how the seemingly evolutionarily unrelated
tethering factors might interact with the evolutionarily con-
served ‘core components’ found at all steps. In the end, it
may turn out that a collaborative effort between tethering
factors and core components is required to generate the
specificity inherent in membrane interactions. For defini-
tions of some of the terms used in this review see Table 2.

Early evidence for tethering factors
For some time, it was thought that the SNAREs themselves
mediated the initial contact of membranes that are destined
to fuse [5]; however, several observations suggest that this is
unlikely. For example, treatment of neurons with tetanus or
botulinum toxins, which specifically proteolyze SNAREs,
does not result in depletion of docked synaptic vesicles from
the presynaptic plasma membrane [10]. Similarly, deletion
of synaptic v-SNAREs or t-SNAREs in Drosophila does not
prevent synaptic vesicles from associating with the presy-
naptic plasma membrane [11]. Furthermore, although
t-SNAREs are dispersed on the plasma membranes of axons
[12] and yeast [13], vesicle docking occurs only at defined
sites: the active zone in neurons and the bud tip in yeast.
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Table 1

Proteins potentially involved in tethering.

Transport step Potential tethering factors References

ER to Golgi Uso1p, Sec35p, [14–16,17••,18,
TRAPP 19,20••,21••]

Intra-Golgi Giantin/p115/ [25–32,33•,
GM130/GRASP65 34–36,37••,38,39••]

[14,25–27,30,31]

Golgi to Exocyst [44–48,49••,50]
plasma membrane
Vacuole Rab GTPase? [53••,57,58••,59]

Endosome EEA1/Vac1p [60–64,65•,
66•,67••,68,70•,71•]



These results imply that other factors are responsible for, or
at least contribute to, targeting specificity.

Tethering in the early secretory pathway
One of the most intensively studied membrane-trafficking
steps is endoplasmic reticulum (ER) to Golgi traffic in the
yeast Saccharomyces cerevisiae. The ‘core components’,
involved in the consumption of ER-derived vesicles at the
Golgi are related to those of many other steps: the v-
SNAREs Bet1p, Bos1p, and Sec22p; the t-SNARE Sed5p;
the t-SNARE-associated protein Sly1p; and the Rab
GTPase Ypt1p. In addition to these core components, sev-
eral ‘accessory factors’, which do not seem to have close
evolutionary relatives employed at other steps within the
cell, are also required. These accessory proteins are
thought to function in membrane tethering.

Two of the accessory factors for ER to Golgi transport in
yeast are Uso1p [14], a homodimeric molecule with two
heads and an extraordinary long coiled-coil tail [15], and
Sec35p [16], a novel 32 kDa protein present in both cytoso-
lic and membrane-associated pools [17••]. Genetic studies
have shown that both Uso1p and Sec35p act upstream of
the core components (Rab/SNAREs/t-SNARE associated
protein) because USO1 or SEC35 deletions can be sup-
pressed by overexpression of the ER to Golgi v-SNAREs,
YPT1, or a dominant allele of SLY1 [17••,18]. In vitro exper-
iments with a system that can resolve the stable interaction
of ER-derived vesicles with the Golgi from their subse-
quent fusion have shown that both Uso1p [19] and Sec35p
[17••] are required for vesicle tethering. Importantly, this
Uso1p- and Sec35p-dependent tethering step precedes,
and is independent of, the essential function of the
SNAREs and Sly1p [20••]. These findings suggest that
tethering might occur without trans-SNARE complex
assembly, although this has not been formally tested.

Vesicle tethering in vitro is inhibited by guanine
nucleotide dissociation inhibitor (GDI) [20••], a protein

that extracts membrane-bound Rab proteins.
Interestingly, GDI treatment was shown to remove both
Ypt1p and Uso1p, suggesting that Ypt1p regulates Uso1p
binding to membranes [20••]. This finding — in combi-
nation with genetic studies that place Ypt1p function
downstream of, or parallel to, the function of Uso1p and
Sec35p — suggests that Ypt1p may be a link between the
upstream events of vesicle tethering and downstream
SNARE-mediated functions [18,20••].

Another component that may function in vesicle tethering
is an ~800 kDa protein complex with ten subunits, termed
TRAPP [21••]. TRAPP was identified by virtue of the
interactions of a gene encoding one of its subunits, BET3,
with the v-SNARE gene BET1. In vitro studies have
shown that TRAPP is not required for vesicle formation,
rather it plays a role in vesicle consumption. As the genet-
ic interactions of two TRAPP genes, BET3 and BET5,
with other genes involved in ER to Golgi traffic are very
similar to those of USO1 and SEC35, it seems likely that
TRAPP functions in the same process, that is tethering.
Indeed, the TRAPP complex resides and functions on the
cis-Golgi, which is consistent with this function.

Tethering in the Golgi
The Golgi apparatus is the hub of a large amount of mem-
brane traffic in the cell and is generally surrounded by a
large number of vesicles [22]. Presently there is debate as
to whether these vesicles move cargo in the forward direc-
tion, as would be suggested by the vesicular transport
model, or whether they transport Golgi enzymes in the ret-
rograde direction as suggested by the cisternal maturation
model of Golgi transport [23]. Regardless of directionality,
both models suggest that the vesicles are derived from one
level of the Golgi stack and fuse with another.

Reconstitution of Golgi protein traffic in vitro [24] and
subsequent biochemical dissection led to the identifica-
tion of p115 [25], which is the mammalian homolog of
Uso1p [26]. The first evidence implicating p115 in vesi-
cle tethering came from work that showed that p115
could bind distinct membranes together prior to mem-
brane fusion [27]. This p115-dependent tethering might
be mediated through a chain of interactions involving at
least four proteins: giantin, p115, GM130 (Golgi matrix
protein of 130kDa), and GRASP65 (Golgi stacking pro-
tein of 65kDa) [28]. Giantin is an  integral membrane
protein of Golgi-associated coat protein (COP)I vesicles
with an approximately 250 nm long coiled-coil cytoplas-
mic domain [29,30]. It is anchored into the membrane by
its carboxyl terminus [29] and interacts with p115 [28],
the carboxyl terminus of which in turn interacts with the
amino terminus of GM130 [28,31], a coiled-coil protein of
the Golgi [32]. Finally, the carboxyl terminus of GM130
binds to GRASP65 [33•], which is thought to be anchored
in the Golgi membrane by a myristoyl moiety [34].
Although simultaneous interaction of all these proteins
has not been demonstrated, these interactions have the
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Table 2

Definitions of terms used in this review.

Terms Definitions

Accessory factors Components that are important for one (or a 
few) trafficking steps but are not members of a 
family used in all steps. Tethering factors fall 
into this category.

Core components The components that have family members 
common to all trafficking steps, namely Rabs, 
SNAREs, and t-SNARE associated proteins of 
the Sec1p family.

SNARE-docked Membrane interaction mediated, at least in part,
by trans-SNARE pairing.

Tethering Adherence of membranes preceding, and 
independent of, trans-SNARE pairing.



potential to generate a giantin–p115–GM130–GRASP65
tether that can be traced from the vesicle membrane to
the Golgi.

Membrane transport through the Golgi ceases during mito-
sis [35] and recent results suggest that this regulation is
mediated at the level of vesicle tethering. It has been
shown that p115 does not bind to mitotic Golgi [36]
because the p115 binding site within GM130 is phospho-
rylated upon entry into mitosis [32]. This phosphorylation
is mediated directly by the kinase Cdc2 and involves pri-
marily a single serine within the highly conserved
p115-binding site [37••]. This finding provides a nice
explanation for why the Golgi apparatus of animal cells dis-
assembles during mitosis: vesicle budding continues but
the loss of tethering allows vesicles to diffuse away from, or
not re-attach to, the Golgi.

Elegant electron microscopic studies of the Golgi have
provided a beautiful complement to these biochemical
findings. For example, deep-etch rotary shadowing elec-
tron microscopy (EM) [38] and transmission EM [39••] of
Golgi have revealed what appear to be proteinaceous links
between the Golgi and nearby transport vesicles. It is pos-
sible that these tethers are composed of fibers of
giantin–p115–GM130–GRASP65, or any of a number of
the many coiled-coil proteins that have been identified as
Golgi constituents (for example [40•,41–43]). In addition,
freeze fracture EM has shown that there is a gradient of
density of intra-membranous particles (i.e. integral mem-
brane proteins or protein complexes) across the Golgi
stack, and that vesicles have particle densities similar to
nearby, not distant, cisternae [39••]. The authors interpret
these results to suggest that vesicles are not free to diffuse
away from the site of budding. Rather, they are retained by
proteinaceous tethers. This mechanism would only allow
vesicles to fuse with nearby cisternae and result in an
ordered movement of material (be it cargo in the antero-
grade direction, or enzymes in the retrograde direction)
through the stack.

Tethering at the plasma membrane
The final step of secretion — delivery and fusion of
Golgi-derived vesicles with the plasma membrane — has
been extensively studied in yeast. The core components
involved in this trafficking step are: Snc1p and Snc2p
(which are functionally redundant); the t-SNAREs Sso1p
and Sso2p (again, functionally redundant) and Sec9p; the
Rab GTPase Sec4p; and finally Sec1, which is related
to Sly1p.

In addition to these core components several accessory fac-
tors are required for this step. One of these, the so-called
‘exocyst’, is a large heptameric protein complex containing
Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, and Exo70p
[44]. A homologous complex has been identified in mam-
malian cells [45], where it may be involved be involved in
polarized secretion in neurons and epithelial cells [46].

The site of polarized secretion in yeast migrates from the
bud tip to the bud neck and back again during the cell
cycle, and the exocyst is always localized to these sites
[47]. Moreover, one of the exocyst components, Sec3p,
localizes at the appropriate secretory site independent of
other exocyst polypeptides or components involved in
generating cell polarity [48]. Because plasma membrane
t-SNAREs in yeast are not localized to the site of secretion,
it has been proposed that Sec3p marks the plasma mem-
brane docking site for Golgi-derived vesicles [48].

Recent work [49••] has shown that another exocyst com-
ponent Sec15p can associate with Golgi to plasma
membrane secretory vesicles when overexpressed.
Association might be mediated in part through the spe-
cific interaction of Sec15p with the GTP-bound form of
the Rab Sec4p, which is normally found on these vesicles.
Interestingly, Sec15p and another exocyst component
Sec10p, can be found in a subcomplex that does not con-
tain other exocyst polypeptides; furthermore, in
wild-type cells Sec3p is found exclusively in the hep-
tameric exocyst complex, whereas in the absence of
Sec4p function Sec3p is not incorporated into the com-
plex. These results suggest that vesicles might be
tethered to the plasma membrane by assembly of the
exocyst, with the key player Sec15p (and perhaps
Sec10p) localized on the vesicle and the remainder of the
complex, including Sec3p, at the docking site on the plas-
ma membrane. This interpretation is supported by
analysis of the protein–protein interactions within the
exocyst, where a chain of interactions leading from
Sec15p to Sec3p have been identified [49••], as well as by
genetic studies of the exocyst [50].

Vacuole tethering in
Saccharomyces cerevisiae
The inheritance of yeast vacuoles involves fusion of vac-
uolar fragments derived from the mother cell [51]. This
homotypic fusion event has been reconstituted in vitro [52]
and has been used to identify the factors and to dissect the
mechanism of membrane tethering, docking and fusion.
The system is particularly powerful because it can be
manipulated to allow numerous intermediates along the
reaction pathway to be trapped and, in several cases, the
intermediates can be ‘chased’ to complete the reaction.
This property allows clear ordering of the biochemical
events and requirements.

In this system, the vacuoles have both v-SNAREs (Nyv1p
and Vam7p) and a t-SNARE (Vam3p) [53,54] and these
must be primed by the ATPase NSF (Sec18p in yeast) in
order to allow fusion. NSF-dependent priming involves
the disassembly of cis-SNARE pairs and the loading onto
the t-SNARE of a factor called LMA1 (a heterodimer of
thioredoxin and a protease inhibitor) [55,56]. The next
step is a tethering event that is dependent on the Rab
GTPase Ypt7p [57,58••]. Tethering is not dependent on
the SNAREs, however, because anti-SNARE antibodies
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do not inhibit this step even though they can inhibit the
overall reaction [58••].

Importantly, the tethering event can be reversed by
extraction of Ypt7p from the membrane with GDI — but
only if trans-SNARE pairing has not occurred. This sug-
gests that the GTPase plays is integral role in the
tethered state and is not simply required for its forma-
tion. Once trans-SNARE pairing has taken place,
removal of Ypt7p does not result in separation of the
membranes. This corresponds to a ‘SNARE-docked’
state, where the membranes are tightly coupled by trans-
SNARE pairs. Finally, membrane fusion occurs in a step
that appears to be independent of the presence of trans-
SNARE pairs [58••] and that has been shown to require
Ca2+/calmodulin [59].

Endosome tethering
The fusion of endosomes in mammalian cells requires
Rab5, and many of the proteins that collaborate with
Rab5 in this process have been identified.
Rabaptin5–Rabex5 is a protein complex that consists of
a Rab5 guanine nucleotide exchange factor (Rabex5
[60]) and a Rab5 effector (Rabaptin5) [61]. The net
effect of these two activities is to generate and stabilize
the GTP-bound form of Rab5, which then becomes asso-
ciated with the endosome membrane along with the
Rabaptin5–Rabex5 complex [60]. Another important fac-
tor is EEA1, a large predominantly coiled-coil endosomal
protein [62] with a zinc-binding ‘FYVE finger’ [63].
EEA1 also binds phosphatidylinositol-3-phosphate [64]
and Rab5•GTP [65•].

It has recently been shown that EEA1 is required for
homotypic endosome fusion [65•,66•] and that this pro-
tein can tether endosomal membranes to one another
[67••]. Similar to the ER to Golgi and vacuole systems
described above, tethering seems to be independent of
trans-SNARE pairing because it can occur in the absence
of NSF-mediated SNARE priming, which is presumably
a prerequisite for trans-SNARE pairing [67••]. Another
important finding of this work was that although the
function of EEA1 is enhanced by Rab5, high levels of
EEA1 can tether endosomes in the absence of Rab5
function. This suggests that Rab5 may act upstream of
EEA1 in the process of endosome–endosome tethering
but does not preclude the possibility that they
act together.

Golgi to endosome transport in yeast has been shown to
require an EEA1 homolog, termed Vac1p (or Pep7p or
Vps19p) [68,69]. Recent studies [70•,71•] have shown
that Vac1p can interact with the GTP-bound form of
Vps21p, the Rab protein required at that step.
Interestingly, Vac1p also interacts with phosphatidylinos-
itol 3-phosphate and Vps45p, which is the endosomal
t-SNARE-associated Sec1p-family member. The authors
suggest that Vac1p may act as an adaptor protein that

integrates multiple inputs to co-ordinate some aspect of
vesicle targeting, perhaps tethering.

Common features of tethering systems
One of the common features of membrane tethering sys-
tems is their dependence on the large family of structurally
and functionally related Rab GTPases. In contrast, differ-
ent intracellular transport steps utilize entirely unrelated
tethering factors. For example, Uso1p, the exocyst, and
EEA1 are used in the early secretory pathway at the plas-
ma membrane or at the endosome, respectively. This
feature leads one to wonder about the evolutionary basis of
vesicle targeting mechanisms. It is reasonable to assume
that the families of core components (Rabs, SNAREs, and
t-SNARE-associated proteins) arose by gene duplication
and divergence, generating related but distinct targeting
systems that could be employed to achieve transport
between evolving systems of membrane-bound compart-
ments. It would then follow that step-specific tethering
factors evolved to enhance or embellish the functionality
of an established core system. In this case, one might
expect accessory components to enhance an existing vesi-
cle targeting interaction, rather than inserting themselves
as intermediaries into an already functional system. Thus,
evolutionary considerations might lead one to predict that
tethering factors act in concert with Rabs, rather than func-
tioning between Rabs and SNAREs.

At present, the best evidence that Rabs function upstream
of a tethering component is provided by studies of Rab5
and EEA1 [67••]. In this work, Christoforidis et al. showed
that high levels of EEA1 could drive endosome–endosome
fusion in vitro even in the presence of GDI, a treatment
that should sequester Rab5. The most straightforward
interpretation of this result is that Rab5 acts upstream of
EEA1. It is also possible, however, that Rab5 acts in con-
cert with EEA1 but, in the absence of Rab5, high levels of
EEA1 could drive the endosome fusion reaction. If Rabs
function primarily to recruit a tethering factor onto mem-
branes, their action will appear to be required concomitant
with the function of the tethering factor. If a tethering fac-
tor has another means by which to associate with
membranes (such as EEA1 binding to phosphorylated
phosphatidylinositol lipids), however, Rab function could
be bypassed. We favor the idea that Rabs function to
recruit tethering factors onto membranes and to co-ordi-
nate membrane tethering with downstream events such as
trans-SNARE pairing [20••].

Conclusions
A large body of data now indicates that membranes
become tethered together prior to SNARE complex for-
mation and subsequent membrane fusion. Unexpectedly
diverse tethering factors have been identified; their only
common feature is their tendency to form elongated,
coiled-coil structures and/or to assemble into large, multi-
meric assemblies. All of the tethering events described to
date are intimately related to the function of a distinct Rab
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GTPase. Thus, it now seems likely that the specificity of
membrane targeting is achieved through the combined
actions of Rabs, tethering factors, and SNAREs.
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