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Abstract

Membrane trafficking depends on transport vesicles and carriers docking and fusing with the target
organelle for the delivery of cargo. Membrane tethers and small guanosine triphosphatases (GTPases)
mediate the docking of transport vesicles/carriers to enhance the efficiency of the subsequent SNARE
(soluble N-ethylmaleimide-sensitive factor attachment protein receptor)-mediated fusion event with
the target membrane bilayer. Different classes of membrane tethers and their specific intracellular
location throughout the endomembrane system are now well defined. Recent biochemical and
structural studies have led to a deeper understanding of the mechanism by which membrane tethers
mediate docking of membrane carriers as well as an appreciation of the role of tethers in coordinating
the correct SNARE complex and in regulating the organization of membrane compartments. This
review will summarize the properties and roles of membrane tethers of both secretory and endocytic

systems.

Introduction

Membrane tethering is traditionally considered to define
the process associated with the delivery of transport
vesicles or carriers laden with protein and lipid cargo to
their correct membrane compartment [1-3]. Membrane
tethering refers to the initial docking of transport carriers
to the target membrane prior to fusion of the two lipid
bilayers. Over the past 10 years, it has become clear from
both in vivo cell-based studies and in vitro membrane
fusion assays that tethering factors are essential for the
fidelity of intracellular transport pathways and for the
efficient assembly of SNARE (soluble N-ethylmaleimide-
sensitive factor [NSF] attachment protein receptor)
complexes between the transport vesicle and target
membrane and the fusion event. Loss of membrane
tethers results in a block in membrane transport and, in
many cases, dramatically affects the organization and
identity of compartments. Hence, the role of membrane
tethers in bridging membranes is important for under-
standing vesicular trafficking as well as organelle
biogenesis.

The key characteristics of membrane tethers that are
important for their function are as follows: (a) The
majority of membrane tethers are peripheral membrane
proteins that are recruited to specific locations by small G
proteins [4,5] of the Rab and Arl families [6]. Indeed,
membrane tethers represent a major group of Rab and
Arl effectors. Recruitment of membrane tethers from the
cytoplasm provides a mechanism for the dynamic
targeting of these factors to membranes without the
requirement for loading in the endoplasmic reticulum
(ER), as for membrane proteins, such as SNAREs. This
mechanism of recruitment provides the capacity to
rapidly generate membrane subdomains and to establish
a very restricted distribution of tethers to organelles
compared with SNAREs [7,8] which are tailed-anchored
proteins inserted initially in the membrane of the ER and
then transported to their functional site. (b) There are
two major classes of tethering molecules: long coiled-coil
proteins and multisubunit complexes [5,9]. Both classes
are found throughout the secretory and endocytic
pathways, including the ER, Golgi, and endosomes
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(Figure 1), and both classes are highly conserved
throughout the evolution of eukaryotic cells [10],
indicating their central roles in regulating the functions
of the endomembrane system. (c) Tethering molecules
are considered to play a key role in mediating the
specificity of interaction of the transport carrier with the
correct target membrane and, moreover, in an increasing
number of cases have been shown to coordinate the
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organization of the correct SNAREs at the vesicle docking
site [11,12]. (d) In addition to interacting with Rabs and
SNAREs, membrane tethers interact with a variety of
effectors, and it is apparent that many tethers may have
functions in addition to the regulation of membrane
fusion [13]. Given their extensive distribution through-
out the eukaryotic cell, they may provide a molecular
network between neighboring membrane compartments

Figure |. Location of membrane tethers in the trafficking pathways of the cells
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The location and identity of homodimeric coiled-coil tethers (pink ovals) and multiple subunit tethering complexes (yellow rectangles) are shown, as well as
some of the transport pathways and transport vesicles that are regulated by the membrane tethers. The majority of the coiled-coil protein tethers are
associated with the Golgi apparatus, whereas the multiple subunit tethering complexes are found throughout the secretory and endolysosomal pathways.
Abbreviations: CASP, CCAAT-displacement protein alternatively spliced product; COG, conserved oligomeric Golgi complex; CORVET, class C core
vacuole/endosome tethering; EEAI, early endosome antigen-|; ERGIC, endoplasmic reticulum-Golgi intermediate compartment; GARP, Golgi-associated
retrograde protein complex; GMAP-210, Golgi microtubule-associated protein of 210 kDa; HOPS, homotypic fusion and vacuole protein sorting; PAS,

phagophore assembly site; TRAPP, transport protein particle.
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of the secretory and endosomal systems [14,15]. There is
growing interest in understanding the potential roles of
membrane tethers as molecular communicators between
adjacent membrane-bound compartments to coordinate
the regulation of membrane flow throughout the
membrane transport systems of the cell.

In this review, we describe the classes of membrane
tethers and the identity of tethers at the various locations.
We highlight recent advances in understanding their role
in both vesicle targeting and organelle function. The
reader is encouraged to complement this overview with
excellent detailed reviews of the individual classes of
tethering molecules [5,13,16-20].

Classification of tethering factors

Tethering factors can be broadly divided into two major
groups: homodimeric coiled-coil proteins and multi-
subunit tethering complexes (MTCs). Coiled-coil tethers
are large, hydrophilic, homodimeric proteins comprising
two globular heads connected by long coiled-coil
domains. Owing to their large size, coiled-coil tethers
can interact with vesicles over long distances (of more
than 200 nm) [17], and the current model postulates
that they facilitate the long-range sequestering of vesicles
as the initial step in vesicle tethering [21-23]. MTCs, on
the other hand, comprise a diverse family of proteins, with
each member consisting of 3 to 10 subunits (Figure 2),
resulting in an overall molecular weight of approximately
250 to 800 kDa [17]. MTCs interact with vesicles over a
shorter distance (up to 30 nm) [20] than the long coiled-
coil tethers and are thought to tether a captured vesicle in
close apposition to its acceptor compartment and mean-
ing it is poised for fusion.

Most coiled-coil tethers are peripheral membrane pro-
teins, and many have been found to be associated with
the Golgi (thus termed “golgins”), although some (such
as EFA1l) can be found at endosomes. The golgins
(approximately 20 members) are regulated by small
GTPases of the Rab and Arl families and function in
membrane-membrane and membrane-cytoskeleton
tethering at the Golgi apparatus [24]. MTCs can be
further divided into two general groups: those that
function along the secretory pathway—comprising
Dsllp, COG (conserved oligomeric Golgi complex),
GARP (Golgi-associated retrograde protein complex),
and the exocyst (collectively named complexes asso-
ciated with tethering containing helical rods, or
CATCHR)—and those that function in the endolysoso-
mal pathway, comprising the class C vacuolar protein-
sorting (Vps) complexes, HOPS (homotypic fusion and
vacuole protein sorting), and CORVET (class C core
vacuole/endosome tethering). In addition, eukaryotic
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Figure 2. Models of membrane tethers
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golgin-245/p230, with the Arll-binding site at the C-terminus (GRIP
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Abbreviations: CORVET, class C core vacuole/endosome tethering; HOPS,
homotypic fusion and vacuole protein sorting; TGN, trans-Golgi-network.

cells have TRAPP (transport protein particle) complexes,
which are also MTCs but do not readily fit into the two
MTC general groups and have tethering roles in both the
secretory and endolysosomal pathways as well as a
function in autophagy. These tethering factors will
hereafter be discussed according to the transport
processes they mediate (see Table 1 for summary).

ER-Golgi and intra-Golgi trafficking

Among the first membrane tethers to be identified and
analyzed by using in vitro assays were the coiled-coil tether
pl15 and its yeast homologue Usolp, shown to have
important functions in ER-to-Golgi transport and in the
biogenesis of Golgi membranes. However, the mechanism
for p115-mediated tethering remains under considerable
debate [25]. A tethering model was proposed on the basis
of a triad of coiled-coil proteins located at the ER/Golgi:
pl15, GM130, and giantin [19]. p115 is localized
predominantly to the cis-Golgi, ER exit sites, and the ER-
Golgi intermediate compartment (ERGIC) [26,27].
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Table |I. Tethering proteins and their proposed function
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Coiled-coil Structure/composition Proposed function

pl15 115 kDa protein; homodimer Tethering of COPI vesicles to Golgi; anterograde trafficking
of newly synthesized cargo; Golgi ribbon formation

GMI30 130 kDa protein; homodimer Tripartite model of pl|5-dependent tethering

Giantin 400 kDa protein; homodimer Tripartite model of pl |5-dependent tethering

CASP 160 kDa protein; homodimer Retrograde transport within the Golgi

GMAP210 210 kDa protein; homodimer Intra-Golgi trafficking and structural maintenance of Golgi

GCCI85 185 kDa protein; homodimer Endosome-to-TGN trafficking

GCC88 88 kDa protein; homodimer Endosome-to-TGN trafficking

p230 245 kDa protein; homodimer Anterograde transport from the TGN

Golgin97 97 kDa protein; homodimer Anterograde transport from the TGN

EEAI 162 kDa protein; homodimer Docking and fusion of vesicles at the early endosome

MTCs Structure/composition Proposed function

COG 8 subunits in yeast: Cogl-8 Intra-Golgi trafficking; endosome-to-Golgi retrograde transport

Dsll 3 subunits in yeast: Dsll, Dsl3(Sec39), and Tip20; in mammals: Golgi-to-ER retrograde transport

ZW10, RINT-1, and NAG
GARP 4 subunits: Vps51-54 Endosome-to-TGN trafficking
TRAPPI 7 subunits in yeast: Bet3A, Bet3B, Bet5, Trs20, Trs23, Trs31, Tethering of COPIl-decorated vesicles from ER at the Golgi
and Trs33

TRAPPII TRAPPI subunits and Trs65, Trs120, and Trs130 Intra-Golgi transport; binds COPI vesicles; retrograde trafficking
from endosomes to Golgi

TRAPPIII TRAPPI subunits and Trs85 Retrograde endosome-to-TGN transport, autophagy

HOPS 6 subunits in yeast: Vpsl |, Vps16, VpsI8, Vps33, Vps39, and Vps4l Endolysosomal fusion, homotypic fusion of vacuoles in yeast

CORVET 6 subunits in yeast: Vps3, Vps8, Vpsl |, Vpsl6, Vpsl8, and Vps33 Acts upstream of HOPS and may tether vesicles or promote
homotypic fusion of endosomes

Exocyst 8 subunits in yeast: Sec3, Sec5, Sec6, Sec8, Secl0, Secl5, Exo70, Tethering complex for transport carriers from recycling

and Exo84

endosomes and the Golgi

Abbreviations: CASP, CCAAT-displacement protein alternatively spliced product; COG, conserved oligomeric Golgi complex; CORVET, class C core

vacuole/endosome tethering; EEAI, early endosome antigen-1; ER, endoplasmic reticulum; GARP, Golgi-associated retrograde protein complex; GCC,
Golgi localized coiled-coil protein; GMAP-210, Golgi microtubule-associated protein of 210 kDa; HOPS, homotypic fusion and vacuole protein sorting;
MTC, multisubunit tethering complex; TGN, trans-Golgi-network; TRAPP, transport protein particle; Vps, vacuolar protein sorting.

GM130 and giantin were subsequently identified as
binding partners of p115 via its acidic carboxy domain
[28,29]. GM130 was found to associate with Golgi
membranes via GRASP65, a 65 kDa protein involved in
reassembly of Golgi stacks following mitosis [30,31].
Giantin is a 400 kDa type II integral protein on Golgi
membranes and COPI vesicles [29]. The recruitment of
p115 and the GM130:GRASPG65 complex is thought to be
dependent on Rab1 [32,33]. The tripartite tether of p115:
GM130:giantin has been proposed to mediate the tether-
ing of recycling COPI vesicles. In the bridging model of
tethering, giantin on COPI vesicles binds p115, and p115
binds GM130 on acceptor cis-Golgi membranes, linking
COPI vesicles to target Golgi elements [29]. However,
subsequent findings have challenged this model, in
particular, those that suggest that p115 interaction with
GM130 and giantin may not be required directly for
membrane tethering [34-37]. Sztul and colleagues [34]
have instead proposed a new model for the mechanism of
pl15-mediated tethering. p115 contains four coiled-coil
domains (CC1 to CC4); CC1 and CC4 are both essential
for p115 function in Golgi ribbon formation and
trafficking of newly synthesized cargo [34,36]. This has
led these investigators to suggest that p115-mediated
tethering may involve simultaneous interaction of CC1

and CC4 domains of p115 with different subsets of
SNAREs, resulting in the “capture” of these SNAREs,
effectively concentrating them at fusion sites marked by
Rab1 localization. p115 might then catalyze trans-SNARE
formation at these sites, leading to the fusion of cargo-
laden vesicles with the Golgi [25].

In contrast to these prototypical tethers, other coiled-coil
proteins have been implicated in Golgi trafficking.
CCAAT-displacement protein alternatively spliced pro-
duct (CASP) localizes to the Golgi [38] and is important
for retrograde traffic within the Golgi, although its exact
mechanisms remain undefined [39]. Golgi microtubule-
associated protein of 210 kDa (GMAP-210) is a cis-Golgi
protein [40] involved in membrane trafficking: over-
expression of GMAP-210 blocks anterograde transport of
both a soluble form of alkaline phosphatase and
hemagglutinin between the ER and cis/medial Golgi
stacks [41] and inhibits retrograde transport of Shiga-
toxin B subunit between the Golgi and the ER [41].
GMAP-210 is recruited to Golgi membranes by the
interaction of a C-terminal domain with Arf1-GTP,
whereas the N-terminus can interact directly with curved
membranes [42,43], hence the potential to tether
membrane vesicles. Overexpression of GMAP-210

Page 4 of 14

(page number not for citation purposes)



F1000Prime Reports 2014, 6:74

induces an enlargement of the Golgi [40], possibly by the
accumulation of tethered vesicles unable to undergo
fusion. A number of other Golgi-localized coiled-coil
proteins, such as golgin-84 and TMF1, have been
proposed to play a role in membrane tethering (for
review, see [44]).

MTGCs also play important roles in Golgi trafficking. The
COG complex consists of eight subunits [45,46]. This
octameric complex can interact with a gamut of
molecules—SNAREs, SNARE-interacting proteins, Rabs,
vesicular coats, and molecular motors as well as other
tethers of the coiled-coil family—consistent with its role
in multiple Golgi trafficking steps [47]. Specifically, COG
interacts with Yptlp (yeast homologue of Rab1), intra-
Golgi SNAREs, and the COPI coat, leading to the
hypothesis that COG may tether COPI-coated, retro-
gradely targeted intra-Golgi vesicles to the cis-Golgi [48].
A role in intra-Golgi transport of COG is strongly
suggested by findings by Zolov and Lupashin [49],
whereby Cog3p deletion in Hela cells led to the
accumulation of vesicles carrying the Golgi SNAREs
GS15 and GS28 and the cis-Golgi glycoprotein GPP130
and inhibited retrograde transport of Shiga toxin.
Another MTC and member of the CATCHR family that
has been implicated in Golgi-to-ER retrograde transport
is the Dsl1p complex, which in yeast consists of three
subunits (Dsl1, Dsl3/Sec39, and Tip20) and forms a
stable complex with ER SNAREs Ufel, Usel, and Sec20 at
the ER membrane [50,51]. This interaction is thought to
anchor the Dsl1p complex to the ER, where it can tether
COPI vesicles [52,53], thereby coupling tethering with
SNARE assembly [54]. No Ypt/Rab interaction has been
reported for the Dsl1p complex. In addition, Dsl1 can
associate with the R-SNAREs Sec22 and Ykt6 [55]; thus,
the Dsl1 complex contains many interaction sites for
SNAREs that may collectively stabilize Dsl1 at the ER,
recognize incoming vesicles, and subsequently promote
SNARE-mediated fusion. The mammalian orthologue of
the yeast Dsl1 complex comprises ZW10 (Dsl1), RINT-1
(Tip20), and NAG (Sec39/Dsl3) [56]. The ZW10 com-
plex can also associate with ER SNAREs syntaxin 18
(Ufel), BNIP1 (Sec20), p31 (Usel/Sltl), and Sec22b
(Sec22) [56,57]. Interestingly, a recent study by Tagaya
and colleagues has shown that RINT-1 can also interact
with trans-Golgi-network (TGN) SNAREs and Cogl, a
subunit of the COG complex [58], suggesting a degree of
promiscuity among CATCHR family complex subunits.

The TRAPP complex is an atypical tethering factor that
cannot be classified under two broad categories of tethers
(coiled-coil proteins and MTCs). This complex is found
in three forms in yeast (TRAPPI, II, and III), ranging
between 300 and 1,000 kDa and reflecting the different
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subunit compositions. TRAPPI consists of seven subunits
(Bet5, Trs20, Bet3A, Bet3B, Trs23, Trs31, and Trs33)
[59-62]. An additional three subunits are found in
TRAPPII (Trs65, Trs120, and Trs130) [63] and an
additional subunit in TRAPPIII, namely Trs85 [64]. The
TRAPP complex-associated protein 17 kDa (Tcal7) has
also been shown to specifically associate with TRAPPII
[65], although its role in membrane traffic is unknown. A
unique feature of the TRAPP complexes is their ability to
act as guanine nucleotide exchange factors (GEFs) for
Rab small GTPases [66]. In this regard, the TRAPP
complexes differ from other membrane tethers as they
have GEF activity and are not Rab/Arl effectors. The core
subunits Bet3A, Bet3B, Bet5, and Trs23 interact with Ypt1
to promote nucleotide exchange [67]; thus, the yeast
TRAPP complexes function as a multisubunit GEF for the
Rab Yptl. TRAPPI is the most well-studied TRAPP
complex thus far, and a tethering function for ER-to-
Golgi transport in yeast is proposed. Via an in vitro
reconstitution assay, TRAPPI has been shown to be an
essential component to tether COPII-decorated ER-
derived vesicles with Golgi membranes, and the Bet3
subunit of TRAPPI binds to Sec23, a subunit of the inner
layer of the COPII coat [68,69]. In contrast to the role of
TRAPPI in ER-Golgi trafficking, TRAPPII has been
proposed to mediate intra-Golgi transport in yeast. In
line with this proposal, TRAPPII specifically binds COP]I,
but not COPI]I, vesicles [69-71]. In addition, mutations
in the TRAPPII-specific subunit Trs120 and Trs130 result
in trafficking defects within the Golgi and in retrograde
trafficking from the endosomes to the Golgi [70].

Yeast TRAPPIII has recently been shown to be required
for autophagy. TRAPPIII is localized to the phagophore
assembly site (PAS) [64], where it may function to recruit
membrane [72]. In addition, Noda and colleagues [73]
showed that TRAPPIII functions at the Golgi to receive
retrograde cargo from endosomes, including Atg9, a
transmembrane protein required for autophagy, and the
SNARE protein Sncl. Atg9 is essential for autophago-
some formation, and the TRAPPIII-dependent pathway
may provide a source of Atg9 for PASs [73]. Hence,
TRAPPIII may be localized to more than one site and
may play both a direct and an indirect role in phagosome
formation.

Less is known about mammalian TRAPP complexes. So
far, two mammalian TRAPP complexes have been
isolated [61,71,74]. The mammalian TRAPPII complex
is associated with COPI-coated vesicular structures and
binds to the COP coat adaptor subunit v1COP [71,75],
and as expected from the characteristics of the yeast
TRAPP complexes, the mammalian TRAPPII complex
has GEF activity for the mammalian Yptl homologue,
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Rab1 [71]. Consistent with a role for the mammalian
TRAPPII complex in intra-Golgi trafficking, depletion of
TRAPPC10 (mammalian homologue of yeast Trs130)
resulted in an accumulation of vesicles adjacent to the
early Golgi [71]. More recently, another mammalian
TRAPP complex that interacts with COPII has been
identified [76].

TGN trafficking

GARP is a heterotetrameric tethering factor that consists of
four subunits—Vps51, Vps52, Vps53, and Vps54 [77]—
and has been reported to be recruited to the TGN by the
Rab6 GTPase in mammalian cells [78,79]. The GARP
subunit Vps51 has been shown to interact with the
Q-SNARE syntaxin 6 on the TGN and may promote
SNARE-complex assembly [80]. There is also evidence
that the Vps53 subunit of GARP binds to retrograde
transport carriers [80], in line with the ability of this
complex to act as a tether linking a transport carrier and
acceptor membrane. However, the nature of the inter-
action between GARP and the transport carriers is
currently not known. Importantly, depletion of Vps52
results in a block in endosome-to-TGN retrograde
transport of several cargoes, such as CI-MPR, TGN46,
and Shiga toxin [81]. In addition, an uncharacterized
164-kDa protein SHIP164 has been found to interact
with GARP and syntaxin 6 [82]. Depletion of GARP
subunits or overexpression of syntaxin 6 led to the
accumulation of SHIP164 to endosomal structures.
Intriguingly, several golgins have previously been
implicated in the retrograde transport of such cargoes
[14]. A model that consolidates these findings is one in
which GARP cooperates with golgins at the TGN to
tether endosome-derived vesicles.

The homodimeric golgins are found to be predomi-
nantly associated with the Golgi, and the golgins
recruited specifically to TGN are called TGN golgins.
Members of the TGN golgin family all contain the GRIP
Golgi-targeting domain and are conserved among
mammals to protozoans [83]. There are four mamma-
lian GRIP domain golgins: p230/golgin-245, golgin-97,
Golgi localized coiled-coil protein (GCC) 185, and
GCC88 [15,83]. In particular, the role of the TGN
golgins GCC88 and GCC185 in retrograde trafficking
has been well documented. RNA interference (RNAi)
silencing revealed that GCC88 and GCC185 were
required for the retrograde transport of the TGN38
and Shiga toxin, respectively. In cells lacking GCC185, a
specific block in retrograde transport of Shiga toxin and
MPR, but not TGN38, was observed [84,85]. GCC185
has also been shown to be required for the transport of
MPR by the Rab9-dependent pathway from the late
endosomes [86]. In contrast, the silencing of GCC88
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dramatically reduced endosome-to-TGN transport of
TGN38 and MPR, whereas Shiga toxin was transported
at a normal rate. Both TGN38 and MPR accumulated in
the early endosome in GCC88-depleted cells, suggest-
ing that GCC88 was required for efficient retrograde
transport from the early endosomes [87]. Thus, TGN
golgins might exhibit specificity in tethering different
retrograde cargo along distinct endosome-to-TGN
routes [87,88]. On the other hand, golgin-245/p230
and golgin-97 have instead been implicated in TGN-to-
plasma membrane anterograde transport of cargo.
Golgin-245/p230 and golgin-97 have been found to
be associated with different transport carriers that
emerge from the TGN [89,90] and have been shown
to selectively regulate the transport of a number of
cargoes [89-92]|. Hence, the function of golgin-245/
p230 and golgin-97 appears to be associated with
biogenesis of transport carriers from the TGN or the
tethering of TGN-derived transport carriers at their
destination (or both). Some studies [93,94] have also
implicated golgin-97 and golgin-245/p230 in the
regulation of retrograde membrane trafficking between
the endosomal system and TGN, although other studies
did not confirm these findings [84,87]; it is possible
that the perturbation in retrograde transport by these
two golgins is an indirect consequence of altered
expression levels.

Like the golgins of the Golgi stack, TGN golgins may link
the processes of tethering and membrane fusion by
interacting with SNARE components or contributing to
the retention and assembly of SNAREs at the TGN.
GCC185 has been shown to bind syntaxin 16 in wvitro
[95], and GCC88 is required for the retention of syntaxin
6 to the TGN; in GCC88-depleted cells, syntaxin 6 was
located predominantly in dispersed cytoplasmic struc-
tures [87]. A number of golgins have been found to
interact with components of the cytoskeleton [14].
Notably, GCC185 has been shown to interact with the
microtubule-binding proteins CLASPs (cytoplasmic lin-
ker associated proteins) that selectively coat non-
centrosomal microtubule seeds and are required for the
formation of microtubules at the Golgi [96]. TGN
golgins have been shown to bind to members of the
Rab family: Rab2 (golgin-235 and GCC185), Rab6
(GCC88 and golgin-97), Rab19 (golgin-97), and Rab30
(golgin-97, golgin-245, and GCC88) [15]. Additionally,
yeast two-hybrid assays have revealed interactions
between GCC185 and various Golgi/TGN-localized
Rabs [97]. Given the ability of TGN golgins to interact
with such a large array of protein partners, the current
view holds that TGN golgins act as membrane scaffold
molecules, each generating a distinct membrane domain
at the TGN.
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Tethers along the endosome/lysosome pathway

Membrane fusion of early endosomes-EEA|

There are multiple sites of membrane fusion along the
endocytic pathway. Endocytic vesicles derived from the
plasma membrane are tethered to early endosomes by
the binding of the coiled-coil protein early endosome
antigen-1 (EEA1) [98]; the counterpart in yeast is Vacl
[99]. EEAL1 is a long coiled-coil dimer of Mr 162 kDa with
two cysteine-rich, FYVE finger domains and two Rab5-
binding domains at each end [100]. EEA1 associates with
early endosomal membranes by the coordinated inter-
action with GTP-bound Rab5 and with phosphatidyli-
nositol-3-phosphate (PtdIns[3]P) in the membrane of
early endosomes via the FYVE finger domains
[98,101-103]. Rab5 provides a positive feedback loop as
it regulates the production of a local pool of PtdIns(3)P
at the early endosomal membrane through its interac-
tion with various phosphate kinases and phosphatases,
resulting in the recruitment of more Rab5 and more
EEA1 [104,105].

EEA1 was one of the first membrane tethers to be
analyzed by using in wvitro fusion assays. Homotypic
endosome fusion assays directly demonstrated a role for
EEA1 in endosome docking and fusion [98,106,107].
More recently, a synthetic endosome system has been
reconstituted by using artificial proteoliposomes, and, in
this fully reconstituted system, EEA1 was shown to be an
essential component of the core machinery required for
membrane fusion [11]. Together with GTP-Rab5, mem-
brane-bound EEA1 forms a large complex that includes
Rabaptin5-Rabex5, NSF, and the Q-SNARE syntaxin 13
[108]. The multiple interactions with EEA1 suggest that
this membrane tether may function as a scaffold to bring
together the various factors necessary to ensure produc-
tive and specific fusion of membranes with early
endosomes.

Coordinating trafficking of the endosomes and lysosomes:
CORVET and HOPS

The MTCs of the endosomes, HOPS and CORVET, have
attracted considerable interest recently. Originally iden-
tified in yeast as a class of the Vps mutants, variants have
now been identified in a range of higher eukaryotes [16],
including humans [109]. CORVET and HOPS act
sequentially and coordinate fusion events associated
with the early/late endosomes and the lysosome. Both
complexes are heterohexamers and share a common set
of four Vps proteins (VPS11, VPS16, VPS18, and VPS33
[110,111]), and both interact with GTP-Rabs and
SNAREs. Two isoforms of VPS16 and VPS33 have been
described in metazoans [109,112-114]. Mutation in any
of the core subunits results in loss of both CORVET and
HOPS complexes and severe defects in endosomal
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biogenesis and vacuolar morphology in yeast [18,115].
Loss-of-function mutants in higher eukaryotes for HOPS
or CORVET either are embryonic lethal or cause severe
developmental defects [116-119]. Furthermore, muta-
tions in VPS33 and 16 have been linked to diseases,
including cancer [120,121]. In addition to the four
common core subunits, both complexes contain two
additional subunits (CORVET Vps8 and VPs3 and HOPS
Vps41 and Vps39) that are unique to each complex and
account for their specific Rab-binding properties
[110,122,123]. CORVET is a Rab5 effector, whereas
HOPS is a Rab7 effector. The interactions with Rabs and
SNAREs account for their capacity to tether membranes
and for their defined location on early or late endo-
somes/lysosomes, respectively.

Of the two tethers, HOPS is the better defined
structurally and functionally. HOPS tethers
membranes by binding to Rab7 (or the yeast

homologue Ypt7) on late endosomes and
vacuoles/lysosomes [124,125]. Recent structural
data based on electron microscopic (EM)

tomography of single particles [126] and analysis of
protein interactions between HOPS subunits and
Rab proteins [123,127,128] have provided a low
resolution of the HOPS complex and the
identification of the Rab-binding sites, offering insight
into the tethering function of this complex. An elegant
in vitro system has been established, and HOPS was
shown to stimulate SNARE-mediated fusion of proteo-
liposomes in wvitro [129,130]. Moreover, HOPS has
been shown to bind SNAREs [130,131]. The fusion of
proteoliposomes by using the in vitro system requires
four yeast SNAREs: Ypt7p/Rab7, HOPS, the SNARE
chaperones Sec17p/Sec18p, and regulatory phosphoi-
nositide lipids [130]. The primary function of Ypt7 in
this in vitro system is the recruitment of HOPS to
membranes, and membrane fusion can occur
independently of Ypt7 [129]. Interestingly, three of the
SNAREs (Q-SNARE) are required for tethering
and these findings are compatible with the
concept of proofreading by the HOPS complex
[12]. One of the subunits of HOPS, namely
Vps33, is an SM (Secl/ Munc-18-like SNARE
master) protein, a member of the family of proteins
known to bind trans-SNARE complexes and direct
their fusogenic activity [111,132]. Recent crystal
structural analyses confirmed Vps33 to be an SM
and identified the basis of the interaction of Vps33
with Vps16 and the HOPS complex [133,134]. Hence,
HOPS is considered important to ensure the correct
arrangement of the set of SNAREs and to
promote fusogenic activity rather than lysis, which can
occur in SNARE-mediated events in the absence of SM
proteins [129,135]. The emerging view is that HOPS
tethers by binding Ytp7p/Rab7 on one membrane and
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SNAREs on the other [124,129]. In addition to late
endosome/lysosome fusion, HOPS interacts with
components of the AP3-coated vesicles derived from
the TGN and may promote the tethering of these AP3
vesicles with late endosomes/lysosomes [136].

Additional functions for HOPS have been suggested on
the basis of identified effectors, including a role in
autophagy and antigen presentation. HOPS interacts
with components of the autophagosome machinery
[137] and may regulate the fusion of autophagosomes
with lysosomes, as for late endosome-lysosome fusion.
Another HOPS effector is Arl8b that promotes the
membrane transport of the major histocompatibility
complex molecule CD1 to the lysosomes from the Golgi
to mediate antigen binding and subsequent antigen
presentation at the cell surface [138].

In comparison with the function of HOPS, that of
CORVET is less well understood. CORVET functions
upstream of HOPS, probably in early endosomes as it
binds to GTP-Rab5, and may tether vesicles or act as a
tether to promote homotypic endosome fusion, a
process necessary for the generation of multivesicular
bodies [16,139]. CORVET appears to act independently
of the coiled-coil early endosome tether EEA1 (Vacl)
[140]. Interestingly, there is evidence that CORVET and
HOPS may be intimately aligned with the switch from
Rab5 to Rab7. The pathway of this conversion involves
the interaction of HOPS with the effector SAND1/Mon1,
which displaces Rab5 GEF from membranes and more-
over is a component of the Mon1-Cczl complex [141],
which has been identified as the GEF for yeast Rab7
(Ypt7) [142]. Thus, HOPS may be tightly integrated with
the switch from GTP-Rab5 to GTP-Rab7 during late
endosome biogenesis.

Post-Golgi secretion

Exocyst is an MTC with eight subunits, and as for HOPS
and CORVET, subunits were originally identified in
screens for yeast mutants [143], in this case for a block in
secretion, and subsequently defined as components of a
membrane-associated complex required for exocytosis
[9,144]. Exocyst is a member of the CATCHR complexes,
which share conserved structural features and which
include the previously discussed GARP COG and Dsl1.
The octameric exocyst complex consists of Sec3, Sec5,
Sec6, Sec8, Sec10, Secl5, Exo70, and Exo84 and has been
proposed to function as a tethering complex for
transport carriers derived from the recycling endosomes
[145,146] and the Golgi [147,148] to dock and fuse with
the plasma membrane [9,149]. Binding partners have
been identified for each of the exocyst subunits [144].
The Ex070 and Sec3 subunits interact with the lipid
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PtdIns(4,5)P, and Rho GTP at the cell surface [150,151].
On the other hand, Secl5 has been shown to interact
with Rab11 on transport vesicles [152], consistent with
the known role of Rab11 in mediating the delivery of
transport carriers to the cell surface. There is also
emerging evidence indicating a direct interaction
between exocyst subunits and Q-SNAREs and the SM
protein, Secl [153]. Therefore, the exocyst may also be
involved in regulating SNARE assembly, as for a number
of the other membrane tethers.

The exocyst has been associated with a range of functions
associated with the development in various organisms
[144]. These functions include synapse formation, cilia
development, and axon outgrowth, and a recent report
describes the importance of the exocyst in branching
morphogenesis in drosophila tracheal cells [154]. A key
role of the exocyst in polarized delivery of membrane to
the cell surface was identified originally in the earlier
studies in yeast [155], and the range of functions now
associated with the exocyst is likely to reflect the
importance in the delivery of membrane and cargo to
specific domains at the cell surface. However, it should
be noted that not all secretory processes are dependent
on exocyst; for example, synaptic vesicle fusion is an
exocyst-independent process [156].

Conclusions

Membrane tethers are central for both the regulation of
membrane traffic and biogenesis of organelles. It is now
clear that both homodimeric coiled-coil tethers and MTC
tethers interact not only with small G proteins (Rabs and
Arls) but also with SNAREs and function to mediate the
docking of transport carriers as well as, in some cases, the
assembly of SNARE complexes. Reconstituted proteoli-
posome systems have been particularly instructive for
providing direct evidence of a tethering function and for
understanding the nature of interactions and the
mechanism by which the tethers EEA1 and HOPS, in
particular, regulate efficient and specific fusion events.
More definitive evidence of a tethering function is
required for many of the other membrane tethers using
such reconstitution systems. In addition, many of the
tethers have been studied to date in isolation of other
membrane tethers, and it is important to better
appreciate the network of interactions mediated by
tethers and the potential coordination of their collective
functions in vivo. The adoption of a more systems-based
in vivo approach should help to connect the individual
roles of membrane tethers to yield advances in our
understanding of how the membrane tethers act as a
network to coordinate membrane trafficking, membrane
flux, and organelle biogenesis throughout the endo-
membrane system of the cell.
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