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Abstract

Membrane trafficking involves the collection of cargo into nascent transport vesicles that bud off
from a donor compartment, translocate along cytoskeletal tracks, and then dock and fuse with their
target membranes. Docking and fusion involve initial interaction at a distance (tethering),
followed by a closer interaction that leads to pairing of vesicle SNARE proteins (v-SNARES) with
target membrane SNAREs (t-SNARES), thereby catalyzing vesicle fusion. When tethering cannot
take place, transport vesicles accumulate in the cytoplasm. Tethering is generally carried out by
two broad classes of molecules: extended, coiled-coil proteins such as the so-called Golgin
proteins, or multi-subunit complexes such as the Exocyst, COG or Dsl complexes. This review
will focus on the most recent advances in terms of our understanding of the mechanism by which
tethers carry out their roles, and new structural insights into tethering complex transactions.
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Molecular tethering — linking a vesicle to its target

Several excellent reviews have recently appeared and include compilations of identified
tethering factors and their confirmed binding partners (Short et al., 2005; Sztul and
Lupashin, 2006; Cai et al., 2007a; Munson and Novick, 2006; Hughson and Reinisch, 2010).
We will restrict our discussion here to new developments in this area.

Transport vesicle tethering factors function by binding a component of the transport vesicle
and a component of the target membrane surface, to facilitate their productive interaction.
Most tethers seem to share the ability to bind to Rab GTPases, SNARE proteins and vesicle
coat complexes (Cai et al., 2007a; Short et al., 2005). In some cases, Rab GTPases
contribute to tethering protein localization, but they are likely to also regulate tether
interactions with other components. SNARE protein complexes may be assembled by
interaction with tethers, and tethers may collect SNARES to function at a given cellular
location. Moreover, coat complex interactions help tethers bind to their vesicle substrates.
Yet to be determined, of course, is the hierarchy of these interactions: how are they
orchestrated to permit selective recruitment of tethers at a single target membrane, and
which of these interactions are the most critical for the tethering process? The importance of
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determining the relative contributions of multiple interactions is emphasized by the recent
observation that some tethers can bind numerous and distinct Rab GTPases all across their
lengths (Sinka et al., 2008; Hayes et al., 2009). And to make matters all the more interesting,
some tethers (such as Rabaptin 5 and the TRAPP and HOPS complexes) also bind to (or
encode) guanine nucleotide exchange factors that re-activate specific Rab GTPases locally
(Horiuchi et al., 1997; Wang et al., 2000; Wurmser et al., 2000).

The first challenge for a tether is to somehow distinguish transport vesicles from their donor
membrane compartment. This is not always trivial, as the donor membraneis the source for
these components. Antonny and coworkers (Drin et al., 2008) have provided an exciting
new paradigm for how one class of tethers may make this distinction.

GMAP-210 (Golgi microtubule associated protein of 210 kDa) is a cis-Golgi localized
protein that is important for the maintenance of Golgi structure; its overexpression disrupts
anterograde transport through the Golgi and retrograde transport to that compartment (Rios
et al., 1994; Pernet-Gallay et al., 2002). GMAP210 is comprised of an N-terminal ALPS
motif (“amphipathic lipid-packing sensor”) and a C-terminal GRAB domain (GRIP-related
Arfl binding). The ALPS motif forms an amphipathic helix on the surface of small
liposomes, and interacts preferentially with curved membrane surfaces (r < 50nm) (Drin et
al., 2007). This N-terminal domain would be predicted to interact preferentially with
vesicles or with the highly curved rims of the Golgi complex. GMAP-210’s C-terminal,
GRAB domain was shown to bind to the Golgi-localized Arfl GTPase in the presence of
liposomes (Drin et al., 2008). Thus, the C-terminus could localize GMAP-210 to the Golgi
surface via Arfl binding. Consistent with this model, a mini- GMAP-210 construct
containing the N-terminus, C-terminus and one third of the internal coiled-coil domain was
able to cluster small, highly curved liposomes onto the surface of larger liposomes
containing the Arfl GTPase (Drin et al., 2008).

The localization of GMAP-210 would be further refined if Arf1-GTP was excluded from
curved membranes (and vesicles) that should not recruit this tether’s C-terminus.
Interestingly, the ArfGAP1 enzyme also contains ALPS motifs that favor its colocalization
with the GMAP-210 N-terminal ALPS motif on highly curved membranes (Mesmin et al.,
2007). The presence ArfGAP1 would disfavor interaction of GMAP-210’s Arf-binding
GRAB domain, thereby orienting the interaction of this tether: the N-terminus on vesicles,
and the C-terminus on a flatter membrane surface containing Arfl. The precise role of
GMAP-210 in organizing the structure of the Golgi awaits additional experimental analysis.

The challenge of recognizing transport vesicles for tethering purposes may also be
facilitated by tethers binding directly to transport vesicle coat proteins (reviewed in Cai et
al., 2007a). The TRAPP-I1 tethering complex participates in the delivery of proteins from the
endoplasmic reticulum (ER) to the Golgi complex (Sacher et al., 1998). Its Bet3p constituent
was recently shown to bind directly to the Sec23p coat subunit that is important for cargo
recruitment into nascent transport vesicles (Cai et al., 2007b). Thus, in the case of ER-to-
Golgi transport, tethering interactions may be initiated even before the vesicle has budded
off from the donor ER membrane. This type of molecular link ensures accurate delivery of
abundant transport vesicles that bud from the ER. Similarly, the retrograde transport
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tethering complexes, COG and Dsl, both interact with COP-I coat components (Zolov and
Lupashin, 2005; Andag and Schmitt, 2003); as mentioned earlier, GMAP-210 interacts with
ArfGAP1 which may also be a COP-I vesicle coat component (Yang et al., 2002; Lee et al.,
2005).

Symmetric Tethering Fully Reconstituted

So far, we have considered the asymmetric tethering of transport vesicles to their respective
target membranes. Tethering also includes symmetric tethering of equivalent compartments,
such as early endosome-early endosome tethering that precedes fusion of these
compartments. Homotypic tethering of early endosomes was first shown in 1999 by Zerial
and coworkers (Christoforidis et al., 1999) using rhodamine-transferrin-containing
endosomes incubated with either cytosolic proteins or purified EEA1 protein (early
endosome antigen 1). EEA1 is recruited onto the surface of early endosomes by Rab5
GTPase and phosphatidylinositol 3-phosphate (PI3P; Simonsen et al., 1998). This dimeric,
coiled-coil protein facilitates homotypic interaction between two early endosome
compartments. In a recent reconstitution of the same process using entirely purified
components, two tethering proteins seemed to work together: EEA1 and Rabenosyn5-
HVps45 (Ohya et al., 2009). Both EEA1 and Rabenosyn 5 interact with PI3P via FYVE
domains and bind to Rab5 for endosome localization; Rabenosyn 5 also binds the HVps45
protein that can interact with Syntaxins 4, 6 and 13 (Nielsen et al., 2000). EEA1 also
interacts with SNARE proteins (Simonsen et al., 1999). Importantly, EEA1 and Rabenosyn
5 were both needed for full fusion in the reconstituted system, suggesting that their activities
are non-redundant (Ohya et al., 2009). The basis for this distinction in terms of the precise
roles of each of these tethering proteins in early endosome fusion will be important to
ascertain. In addition, how the proteins engage each other physically during coalescence of
donor and acceptor endosomes will be interesting to determine.

In their studies of the homotypic fusion of vacuolar compartments, Wickner and colleagues
reported an obligate requirement for the multi-subunit HOPS tethering complex in their fully
reconstituted vacuolar fusion system (Stroupe et al., 2009). Like the early endosomal
tethering proteins, HOPS complex subunits interact with a Rab GTPase: in this case, the
Rab7 homolog, Ypt7p, as well as phosphoinositides on vacuolar membrane surfaces
(Stroupe et al., 2006). HOPS also interacts with the SNAREs Vam3p and Vam7p.

Moreover, as mentioned earlier, one of its subunits carries out nucleotide exchange on the
Ypt7 GTPase, driving Ypt7 activation (Wurmser et al., 2000). In the fully reconstituted
vacuolar fusion study, Stroupe et al. (2009) argued that Rab:tether interactions did not seem
to be sufficient to detect stable tethering of proteoliposomes; SNARE proteins were also
required. Most recently, Hickey and Wickner (2010) can now detect HOPS tethering of
liposomes prior to SNARE engagement (2010), consistent with the conclusions of a study of
early endosomal fusion in which SNARESs were less important for tethering (Geumann et al.,
2008). Since early endosome fusion requires multiple tethers (EEA1 and Rabenosyn 5),
perhaps double tether participation decreases the requirement for SNARES in stabilizing
tethered complexes. In any event, much remains to be learned in terms of how, when and
why tethers interact with lipids, Rab GTPases and SNARE proteins.
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Tether regulation of SNARE Complex assembly

The first indication that tethers may catalyze SNARE complex assembly was obtained by
Shorter et al. (2002) in their work studying the Golgi tether p115. The presence of p115
resulted in an increased rate of complex formation between two cognate SNARES involved
in COPI vesicle fusion. Recent work suggests that other tethering complexes will share this
capacity. The multisubunit HOPS complex interacts with individual SNAREs and assembled
SNARE complexes (Starai et al., 2008). This has now also been shown for the GARP
complex involved in endosome to Golgi transport (Perez-Victoria and Bonifacino, 2009).
But the most detailed picture of SNARE-tether interactions comes from Hughson and
colleagues in their studies of the Dsl complex (Ren et al., 2009).

The Dsl complex is a three-subunit tether required for Golgi to ER retrograde transport
(Reilly et al., 2001; Andag et al., 2001). The complex, comprised of Dsl1, Sec39 (Dsl3) and
Tip20 proteins, is localized to the ER at least in part by direct interactions with two ER
SNAREs: Sec20 and Usel (Kraynack et al., 2005; Tripathi et al., 2009). Dsl is thought to
mediate retrograde vesicle tethering by binding to components of the COP-I coat (see
below).

Different Dsl subunits interact with different SNARES via their N--terminal regulatory
domains: Sec39 binds Usel while Tip20 binds Sec20. By binding to individual SNARE
components, this arrangement would facilitate the disassembly of non-functional SNARE
protein clusters and also have the capacity to drive the formation of active SNARE
complexes, by bringing together Sec20, Usel and eventually, Ufel proteins. Indeed, the Dsl
complex enhanced, at least somewhat, the rate of SNARE complex formation detected using
a fluorescence polarization assay (Ren et al., 2009). In addition, the Dsl tether subunits
interact with N-terminal regulatory domains on the SNAREs, rather than the SNARE motif
itself. Thus, SNARE complex formation would not necessarily be impeded by the presence
of the Dsl tether.

In addition to catalyzing SNARE complex formation, tethering factors could also regulate
SNARE pairing by reducing the rate of complex assembly until some set of criteria
important for trafficking are met. Munson and colleagues first identified this type of SNARE
regulation in their work on the Exocyst component Sec6 (Sivaram et al., 2005). The Exocyst
is a multi-subunit tethering complex required for delivery of post-Golgi vesicles to the
plasma membrane (Terbush et al., 1996). Sec6 binds to Sec9, a t-SNARE at the plasma
membrane. Sec9 assembles into a t-SNARE complex with Ssol, and the inclusion of Sec6 in
an in vitro assembly reaction lowered the rate of assembly approximately 3.5 fold (Sivaram
et al., 2005). It is possible that the Exocyst, a large complex with many binding partners, is
able to integrate a number of signals to help determine the proper set of conditions that must
be met before SNARE pairing is allowed to proceed.

Dsl: A structural view of the tethering process

Structural studies have provided invaluable information regarding how interaction of the Dsl
complex with COP-I coat proteins may contribute to the tethering process. The Dsl1 subunit
interacts with multiple COP-I vesicle coat components (Andag and Schmitt, 2003). Zink et
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al. (2009) found that an unstructured loop in Dsl1 binds to the same short region in alpha-
COP that is used to stabilize COP-I coat structures by binding to epsilon-COP. This implies
that interaction with Dsl would favor coat destabilization. The authors favor a model in
which the Dsl complex inhibits repolymerization of COP-I coat constituents at the fusion
target site. It seems nevertheless highly likely that Dsl tethering includes interaction with at
least partially disassembled coats on incoming transport vesicles.

Remaining Mysteries

Why are most coiled-coil tethers so long? It has been suggested that many of these tethering
factors could extend from organelle surfaces to capture incoming vesicles, but experimental
evidence for this possibility is not yet in hand. Experiments investigating the interactions of
single vesicles or organelles with purified tethering proteins will provide important
information to further inform current models. Do tethering factors undergo structural
transitions that facilitate progression from more distant tethering to closer docking states?
Electron microscopy showed that the Dsl complex may exist in either an extended or bent
conformation (Ren et al., 2009), and it will be of interest to determine whether different
binding interactions with components of either the target membrane or the transport vesicle
favor one of these conformations over the other. The fundamental question of how tethers
recognize vesicles and prime them for productive interaction with target membranes will
surely continue to engage us for many years to come.
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Figure 1.
Tethering orientation of GMAP-210. The N-terminus has an ALPS motif that binds

preferentially to curved membrane surfaces; the C-terminus has a GRAB domain that binds
Arfl-GTP. The presence of ArfGAP1 on curved membranes keeps drives GMAP-210’s C
terminus onto flattened membranes. Reprinted from Drin et al. (2008) with permission from
AAAS.
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The Dsl complex is located at the ER membrane. Here it organizes SNARES and an
unstructured loop recognizes coat components to lasso the incoming vesicle to the target
membrane. Reprinted from Ren et al. (2009) with permission from Elsevier.
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