Seminars in Cell & Developmental Biology 22 (2011) 18-26

journal homepage: www.elsevier.com/locate/semcdb

Contents lists available at ScienceDirect

Seminars in Cell & Developmental Biology

.

Seminars in
CELL & DEVELOPMENTAL
BioLOGY

Review

New links between vesicle coats and Rab-mediated vesicle targeting

Cortney G. Angers, Alexey ]. Merz*

Department of Biochemistry, University of Washington School of Medicine, Seattle, WA 98195-3750, United States

ARTICLE INFO ABSTRACT

Article history:
Available online 17 July 2010

Keywords:

Rab GTPase
Tether

Vesicle trafficking
Adaptor

Vesicle coat
Uncoating

Vesicle trafficking is a highly regulated process that transports proteins and other cargoes through eukary-
otic cells while maintaining cellular organization and compartmental identity. In order for cargo to reach
the correct destination, each step of trafficking must impart specificity. During vesicle formation, this is
achieved by coat proteins, which selectively incorporate cargo into the nascent vesicle. Classically, vesicle
coats are thought to dissociate shortly after budding. However, recent studies suggest that coat proteins
can remain on the vesicle en route to their destination, imparting targeting specificity by physically and
functionally interacting with Rab-regulated tethering systems. This review focuses on how interactions
among Rab GTPases, tethering factors, SNARE proteins, and vesicle coats contribute to vesicle targeting,
fusion, and coat dynamics.
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1. Overview of vesicle trafficking

Vesicular traffic allows eukaryotic cells to transport lipids and
proteins while preserving organelle identity. Trafficking can be
divided into four precisely choreographed stages: budding from a
donor membrane; movement through the cell; tethering and dock-
ing at a target membrane; and finally, membrane fusion. Budding
initiates when coat complexes are recruited to the donor mem-
brane. The three most studied vesicle coats are COPI (coat protein
complex I), COPII, and clathrin [1-3]. COPI mediates intra-Golgi
traffic and retrograde traffic from the Golgi to the ER. COPII medi-
ates anterograde traffic from the ER to the Golgi, and clathrin coats
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Table 1
Coat subunits.
COPII COPI Clathrin Retromer
Mammals Yeast Mammals Yeast Mammals Yeast Mammals Yeast
Outer Sec13 Sec13 a-COP Cop1bd CHC Chcl Sorting SNX1 Vps5
Coat Sec31 Sec31 ’-cop Sec27 LC Clc1 Nexins SNX2
e-COP Sec28 SNX5 Vps17
SNX6
Inner AP1-4: AP1-3: Cargo VPS26 Vps26
Adaptor Sec23? Sec232f 3-cop<e Sec26 p1-4 Apl1, Apl2, Apl6 Recognition ~ VPS29 Vps29
Coat Sec24 Sec24f 3-CoP Ret24 ni-4 Apm1-3, Complex VPS35 Vps35
y-COPP Sec21¢ v, 0l 9, & Apl3, Apl4, Apl5°©
¢-cop Ret3 ol-4 Aps1-3
Alternative GGA1-3 Ggal, Gga2
Adaptors Hrs Vps27
Dab2

COPI, COPI, and clathrin are composed of outer coats and inner adaptor coats, whereas retromer is composed of a cargo recognition complex and sorting nexins. Superscript
letters denote coat subunits that interact with tethers or a Rab GEF (a, TRAPPI; b, TRAPPII; ¢, COG; d, Dsl1; e, HOPS; f, Grhl1; g, p115; h, R6IP1; i, hRME-6). In addition to APs,
clathrin also interacts with alternative adaptors (GGA1-3, Hrs, and Dab2) and CLASPs (clathrin-associated sorting proteins) that function in concert with AP-2 (not shown;
reviewed in [144]). CHC, clathrin heavy chain; LC, light chain; GGA, Golgi-localized gamma-ear-containing Arf-binding protein.

mediate traffic throughout the endocytic system. Each coat is com-
posed of an outer coat and an inner adaptor coat (Table 1). Adaptors
directly couple cargo selection to vesicle formation by binding pro-
teins that contain sorting motifs and by recruiting an outer coat
that aids in the initiation and stabilization of membrane curva-
ture. While the outer coats of COPI and COPII each bind a single set
of adaptors, clathrin binds various heterotetrameric APs (adaptor
protein complexes) and alternative monomeric adaptors (Table 1).
Once formed, the vesicle pinches off from the donor membrane
and moves through the cell, often via cytoskeleton-motor systems
[4]. Conventionally, vesicle uncoating is thought to occur concur-
rently with budding or shortly thereafter, to expose the tethering
and fusion machinery. At the target membrane, tethering factors
make initial contacts between membranes. Tethering is followed
by docking. During docking, SNARE (soluble N-ethylmaleimide
sensitive factor attachment protein receptor) proteins on both
membranes zipper together into a tight four helix bundle, or trans-
SNARE complex, which initiates fusion by triggering lipid and
content mixing [5,6].

Vesicles are targeted to specific destinations through interac-
tions with the tethering and fusion machinery. Besides the tethers
themselves, tethering usually involves small G-proteins of the
Rab/Ypt family. Each Rab has a characteristic membrane localiza-
tion within the cell and regulates specific tethering and docking
events [7]. Rabs are molecular switches that cycle through inactive
GDP-bound and active GTP-bound states; this cycle is catalyzed
by GEFs (guanine nucleotide exchange factors) and GAPs (GTPase
activating proteins) [8]. Rabs also cycle between the cytosol and
membranes through interactions with the cytosolic chaperone GDI
(GDP dissociation inhibitor). GTP binding activates the Rab, allow-
ing it to bind effector proteins including tethers. Tethers are long
coiled-coil proteins or large multi-subunit tethering complexes
(MTCs) thought to function as physical bridges between two mem-
branes. Although many putative tethers promote tethering in vivo
orin cell-free assays that employ purified organelles, few have been
rigorously shown to mechanically stabilize membrane-membrane
contacts in chemically-defined systems. Proteins known to directly
tether membranes include the HOPS (homotypic fusion and vac-
uole protein sorting) complex [9,10] and the coiled-coil tether
GMAP-210 [11]. Tethers are also thought to impart specificity
to targeting by forming a network of interactions between Rabs,
SNAREs, and specific lipids. SNAREs provide a final layer of
specificity [12], as only certain cognate SNAREs catalyze fusion
[13].

Vesicle coats may also impart specificity to vesicle target-
ing. Most adaptor coats are recruited to the membrane primarily
through interactions with activated Arf or Sar small GTPases
[14-22]. As Arf/Sar activation results in COPI and COPII coat
assembly, uncoating was thought to be a direct consequence of
GAP-stimulated GTP hydrolysis and a prerequisite for tethering and
fusion. This model was largely based on cell-free assays of COPI and
COPII trafficking, which demonstrated that fusion could not occur
if coats were stabilized by preventing hydrolysis of Arf-GTP or Sar-
GTP [3,23-26]. It was inferred that vesicle coats occluded factors
required for tethering and fusion. Similarly, outer clathrin coats are
disassembled by auxilin and the ATPase Hsp70 [27]. Cells lacking
auxilin accumulate clathrin-coated vesicles (CCVs) [28], suggesting
that clathrin must also be removed prior to tethering and fusion.
However, recent evidence suggests that some vesicles retain at
least portions of their coats throughout trafficking [29-31], with
targeting specificity achieved through interactions between vesi-
cle coats and the docking and fusion machinery. Here, we focus on
Rabs and Rab tethers that interact with coat proteins and how these
interactions influence tethering and uncoating.

2. Multi-subunit Rab tethers

Several MTCs have been identified in eukaryotes, including
TRAPPI-III, HOPS, CORVET, Exocyst, COG, GARP, and Dsl1 [32]. Each
MTC peripherally associates with membranes, controls specific
trafficking pathways, and has been hypothesized or demonstrated
to act as a tether. With the exception of Dsl1, MTCs bind Rabs as
effectors, GEFs, or both. Most MTCs also interact with SNAREs or
SNARE-binding SM (Sec1/Munc18) proteins to facilitate docking.
TRAPPI, TRAPPII, COG, Dsl1, and HOPS have been shown to inter-
act with adaptor coats (Fig. 1, Table 2), suggesting that MTCs are
central organizers of vesicle consumption at target membranes.

2.1. TRAPPI - COPII

Three TRAPP (transport protein particle) complexes (I-III) have
been identified in yeast. Although the TRAPP subunits are evo-
lutionarily conserved, only TRAPPII has been characterized in
mammalian cells. Each TRAPP complex comprises six core subunits:
Trs20, Trs23, Trs31, Trs33, Bet3, and Bet5. Trs85, originally con-
sidered a TRAPP core subunit, was recently shown to be a unique
subunit of TRAPPIII, which promotes autophagosome formation
[33]. Yeast TRAPPI facilitates transport of ER-derived COPII vesi-



20 C.G. Angers, AJ. Merz / Seminars in Cell & Developmental Biology 22 (2011) 18-26

PM

:@ Rabs

Rab5

4
¥

Rab5+
hRME-6

+Dsl1

R . 2'Grh1

== Uso1| pYpt1 =
I‘J Ypti+ |COG

s
N e ——

Early Golgi

~Rab5

.

Retromer

Lysosome/
Vacuole

Late Golgi

Fig. 1. Overview of known coat-tether-Rab interactions. Coat-tether interactions have been studied in both yeast and mammalian cells and are presented as a composite
model. While not depicted, TRAPP is required for homotypic COPII vesicle fusion and subsequent VTC formation in mammalian cells [37]. Rabs are listed as the yeast homolog
except in cases where the interaction between the Rab, tether, and coat have been identified only in mammalian cells. Solid and dashed colored circles correspond to outer
and adaptor coats, respectively. PM, plasma membrane; EE, early endosome; LE, late endosome.

cles to the early Golgi [34,35]. It consists solely of the TRAPP core,
with two copies of Bet3 and a single copy of the remaining sub-
units. TRAPPI resembles a dumbbell, with a copy of Bet3 at each end
[36].

Bet3 binds directly to the COPII adaptor coat subunit, Sec23, and
in an in vitro reconstitution, excess Sec23 blocks vesicle tethering
at the Golgi [31]. These observations suggest models in which COPII
remains on the vesicle throughout trafficking and binds TRAPPI at
the target membrane. The role of Bet3 in binding COPII may explain
its symmetric distribution in TRAPPIL In mammals, TRAPP promotes
homotypic fusion of COPII vesicles to form VTCs (vesicular tubular
clusters) [37], and each copy of Bet3 likely binds Sec23 found on
opposing vesicles. It is less clear how such a mechanism would
support heterotypic fusion of COPII vesicles at the Golgi. While
many tethering complexes are Rab effectors, TRAPPI has only been
shown to act as a Ypt1 GEF [38,39]. Four of six core subunits are
required for GEF activity: Trs23, Trs31, Bet3, and Bet5 [40]. In addi-
tion to Rab activation and COPII-binding, Bet3 is required for TRAPPI
membrane localization [36,41]. The involvement of Bet3 in adaptor
binding, membrane association, and nucleotide exchange suggest
that these events may be closely coupled.

Unlike other multi-subunit tethers, TRAPPI is not known to
interact with SNAREs or SNARE cofactors. However, TRAPPI may
indirectly promote SNARE function by recruiting the coiled-coil

tether Usol, an ortholog of mammalian p115 (see Section 3.2).
Thus, TRAPPI and Uso1/p115 may have distinct, but coupled, roles
in COPII targeting.

2.2. TRAPPII - COPI

TRAPPII comprises the TRAPP core plus Trs65, Trs120, and
Trs130 [38] and is thought to mediate trafficking within the
Golgi, from late Golgi, and from early endosomes to Golgi [40,42].
Impaired Trs130 function results in vesicle accumulation in yeast
and mammalian cells [43,44]. It remains unclear whether TRAPPII
acts as a GEF for Ypt1/Rab1 alone [40,44,45] or also for Ypt31 and
Ypt32, Rabs required for trafficking to the late Golgi [39,42,46]. This
discrepancy might be explained by the co-purification of additional
proteins, such as the sedlin family protein, Tcal7 [47].

Even if each TRAPP is a Yptl GEF, targeting specificity may
be achieved through binding to unique adaptors. Mammalian
and yeast TRAPPII bind COPI [43,44]. In mammalian cells, Trs130
and Trs120 directly bind the COPI adaptor y-COP [44]. However,
TRAPPII, the sole TRAPP complex characterized in mammalian cells,
may tether both COPI and COPII vesicles. Mammalian Bet3 directly
binds Sec23 and is required for homotypic COPII fusion in vitro
[31,37].

Table 2
Tethers in yeast and mammals.
Yeast Mammals
Tether Rab Coat Tether Rab Coat
Multi-subunit tethers TRAPPI Yptl COPII: Sec23 TRAPPI? Rab1? COPII: Sec23
(MTCs) TRAPPII Yptl, Ypt31, Ypt32 COPI: (Cop1) TRAPPII Rab1 COPI: y-COP
COG Yptl COPI: Sec21 COG Rab1, Rab6? COPI: (B-COP)
Dsl1 ? COPI: Copl, Ret2 Syntaxin-18 Rab6? ?
HOPS Ypt7 AP-3: Apl5 HOPS Rab5, Rab7 ?
Coiled-coil tethers Grhl ? COPII: (Sec23, Sec24) GRASP65 Rab1 ?
Uso1 Ypt1 ? p115 Rab1 COPI: 3-COP
? ? ? R6IP1 Rab6, Rab11? Retromer: SNX1

This table lists tethers discussed in this review along with known Rab and coat interactions. Coat subunits in parentheses are reported to bind tethers, although it is unclear
whether these interactions are direct. Rab1, Rab5, Rab6, Rab7, and Rab11 are mammalian homologs of yeast Ypt1, Vps21, Ypt6, Ypt7, and Ypt31/32.
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2.3. COG - COPI

The COG (conserved oligomeric Golgi) complex comprises 8 sub-
units (Cog1-8). COG mediates retrograde traffic from the late to
early Golgi and regulates Golgi morphology [48,49]. COG interacts
with Ypt1/Rab1 as an effector [48], and may also interact with Rab6
[50]. The yeast COG subunit Cog2 binds the COPI adaptor subunit
Sec21, and Cog3 binds B-COP in mammalian cells [48,51]. Muta-
tions in yeast COG, or knockdown of mammalian Cog3, result in
accumulation of small vesicles, and a subset of vesicles appear to
be coated with COPI in mammalian cells [51,52]. Yeast and mam-
malian COG bind SNARE complexes containing Sed5/Syntaxin5.
Cog7 knockdown results in reduced SNARE complex abundance
[53], likely due to defects in SNARE complex assembly or stability.

COG s alsoimplicated in COPII trafficking. COG binds p115/Uso1
[49], and Cog2 is required for Usol-mediated COPII transport
[54]. The involvement of COG in both COPI and COPII transport
is supported by its ability to bind SNAREs involved in intra-Golgi
and ER-Golgi transport [48,53]. While the function of COG in
COPII trafficking remains unclear, its interaction with p115/Uso1
may modulate the affinity of COG for different SNAREs or vesicle
coats.

2.4. Dsl1 - COPI

The Dsl1 complex is a yeast MTC required for trafficking of COPI
vesicles from the Golgi to the ER [55-57] and is homologous to the
mammalian syntaxin 18 complex [58]. The smallest of the MTCs,
it comprises 3 subunits (Dsl1, Sec39, Tip20) that stably interact
with 3 SNAREs (Sec20, Ufel, Usel) [57]. Crystal structures of the
Dsl1 subunits have been modeled into a single-particle EM density
map of the complex [59,60]. The complex resembles a clothespin in
which Tip20 and Sec39 bind membrane-bound SNAREs, while Dsl1
bridges the membrane distal regions of Tip20 and Sec39 [59]. Dsl1
projects ~2004a from the membrane and contains a flexible loop
that binds COPI [30,61]. Dsl1 also contains a flexible hinge, consis-
tent with EM images showing the complex in “closed” and “open”
conformations. The Ds11 complex can catalyze SNARE complex for-
mation, so this flexibility might be used to assemble SNAREs on the
ER membrane [59]. Alternatively, this flexibility may be harnessed
to pull the COPI vesicle closer to the ER membrane.

While most tether-coat interactions involve direct interactions
with adaptors, Dsl1 binds both the COPI adaptor subunit Ret2 and
the outer coat subunit Cop1 [30,61]. This may be explained by the
unique dynamics of COPIL. Unlike COPII and clathrin, which undergo
stepwise assembly of the inner and outer coats, COPI is recruited
en bloc as a stable complex [62]. Thus, it may be expected that
COPI dissociates from the vesicle as an intact complex. Yeast Cop1
also binds TRAPPII, suggesting that all COPI tethers (Dsl1, TRAPPII,
COG, p115) interact with both adaptor and outer coats [43]. Dsl1
has not been shown to directly catalyze COPI uncoating, but Dsl1
knockdown results in accumulation of COPI coated vesicles [30].
Dsl1 binds a region of Cop1 that interacts with other COPI subunits
[30,63] and might promote uncoating by disrupting inter- or intra-
molecular interactions among COPI subunits.

The Dsl1 complex is the only MTC not known to interact with
a Rab. Ypt1 is implicated in COPI trafficking to the ER [64], but it
remains unclear whether the Dsl1 complex binds Yptl. Another
possible candidate is Rab6/Ypt6. Rab6 is required for Golgi frag-
mentation that results from knockdown of ZW10, the mammalian
Dsl1 ortholog [50]. The lack of an identified Rab in Dsl1 complex
tethering raises two important questions: what is the function of
Rabs in tethering, and can proper tethering occur in absence of a
Rab? Besides mediating membrane association of tethers, Rabs can
impose temporal regulation on a tethering event. As the Dsl1 com-
plex stably associates with SNAREs on the ER, it is unclear if the

Dsl1 complex recycles on and off the membrane. The Dsl1 com-
plex may be regulated in another manner (e.g., phosphorylation) to
avoid constitutive activation of tethering.

2.5. HOPS - AP-3

HOPS is a hexameric tethering complex composed of four core
subunits (Vps11, Vps16,Vps18,and Vps33)and two additional pro-
teins, Vps39 and Vps41 [65-67]. In yeast, HOPS is required for most
fusion events at the vacuolar lysosome, including homotypic fusion
between vacuoles and heterotypic fusion with autophagosomes,
late endosomes, and AP-3 vesicles [65,68]. HOPS tethers isolated
vacuoles [69] and vacuole-like proteoliposomes [9,10]. The Rab
Ypt7, along with phosphoinositides, recruits HOPS to membranes.
Vps41 directly binds Ypt7-GTP [70,71]. Vps39 was reported to act
at as a Ypt7 GEF [66,72] However, highly purified Vps39 and HOPS
fail to show GEF activity, suggesting that additional factors are
required (Merz lab, unpublished data). HOPS functions in docking
by promoting trans-SNARE assembly [9,69,73-76], and is the only
MTC that contains a SNARE-interacting SM protein (Vps33) Nev-
ertheless, it is unclear how Vps33 contributes to SNARE complex
assembly or stability [74,75,77]. HOPS may also shield trans-SNARE
complexes from disassembly by Sec17 (a-SNAP) and Sec18 (NSF),
allowing the complexes to persist until they initiate lipid and con-
tent mixing [76,78-80].

The Rab-binding subunit Vps41 also binds Apl5, a subunit of
the AP-3 adaptor coat [29,81,82]. In yeast, AP-3 mediates traffick-
ing from the late Golgi to the vacuole. Because AP-3 trafficking
is clathrin-independent in yeast and Vps41 contains a region
homologous to clathrin heavy chain [83], it was hypothesized
that Vps41, independently of HOPS, might form a clathrin-like
outer coat [81,82]. However, subsequent studies demonstrated
that yeast Apl5 preferentially binds Vps41 within the context of
HOPS rather than as a monomer [29]. Similarly, HOPS and AP-3 co-
immunoprecipitate from mammalian cells [84]. Furthermore, yeast
cells lacking Vps41 accumulate AP-3 coated vesicles [29]. These
results suggest that HOPS tethers AP-3 vesicles at the vacuole tar-
get membrane, with the AP-3 coat retained on the vesicle at least
until tethering has occurred.

The Yck3 kinase and Vps41 are the only proteins, other than AP-
3 itself, known to have selective roles in AP-3 cargo sorting from
the Golgi to the vacuole [82,85,86]. Phosphorylation of Vps41 by
Yck3 results in loss of HOPS from membranes [71,87-89]. While
cells lacking Yck3 exhibit normal or hyperactive vacuole fusion,
they also accumulate endosomal structures adjacent to the vac-
uole and are partially defective in AP-3 trafficking [71,86,87,89].
These data suggest that phosphorylation of Vps41 by Yck3, and
subsequent loss of HOPS from the vacuole, promotes heterotypic
fusion while attenuating homotypic fusion. Although HOPS does
not detectably localize to AP-3 vesicles [29], it is possible that AP-3
recruits sub-stoichiometric amounts of cytosolic HOPS to the vesi-
cle, and tethering proceeds through HOPS oligomerization.

3. Coiled-coil Rab tethers

Coiled-coil tethers are proteins with extended a-helical struc-
tures that often dimerize with themselves and other coiled-coil
tethers. Many are found at the Golgi, where they are required for
proper Golgi morphology and stack formation. Similar to the MTCs,
coiled-coil tethers also interact with Rabs, SNAREs, and vesicle coats
(Fig. 1, Table 2).

3.1. Grh1 - COPIl

Grh1 is the yeast ortholog of the mammalian coiled-coil tether
GRASP65. GRASP65 recruits GM130, another coiled-coil tether, to
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the early Golgi, where they promote a variety of tethering events
[90]. Yeast lack a clear GM130 homolog, but Grhl binds another
coiled-coil protein, Bug1 [91]. GRASP65 and GM130 bind Rab1-GTP
[92], but it is unknown whether Grh1 and Bug1 interact with Ypt1.
Similar to TRAPPI, COG, and p115/Uso1, Grh1 is required for COPII
tethering. Grh1 co-purifies with the COPII adaptor subunits Sec23
and Sec24, and COPII vesicles formed in vitro contain Grh1, sug-
gesting that this coat-tether interaction recruits Grh1 to ER-derived
vesicles. Deletion of Grh1 or Bugl does not affect COPII budding,
but reduces the number of vesicles involved in Uso1-dependent
tethering [91]. SLY1-20, a dominant allele encoding an SM protein
that promotes SNARE pairing, rescues the lethality of mutants lack-
ing Uso1 [93] or Ypt1 [94]. However, in absence of Bug1 or Grhl,
Sly1-20 no longer rescues [91]. While Sly1-20 may compensate for
a SNARE-related docking function of Uso1, Grh1 may be needed
to mechanically tether membranes. However, the requirement for
Grh1 in the presence of wild type Uso1 suggests that the function
of Grh1 is not redundant, but additive, with Uso1.

3.2. p115 - COPI

Like COG, p115 is implicated in both COPI and COPII tethering
[95-97]. The COPI subunit 3-COP structurally resembles the large
subunits of the AP clathrin adaptors. It consists of a conserved N-
terminal trunk that interacts with the other adaptor subunits and a
C-terminal “ear” domain attached to the N-terminal trunk through
aflexible linker. Both 3-COP and AP ear domains contain F/W motifs
that bind accessory proteins [98]. p115 directly binds the F/W motif
on 3-COP. Like knockdown of p115, expression of (3-COP with a
mutation in its F/W motif results in coalescence of early and medial
Golgi markers and defective anterograde trafficking [99].

p115/Usol is also required for heterotypic fusion of COPII vesi-
cles at the Golgi [95] and homotypic tethering of COPII vesicles
[100]. p115 binds Rab1-GTP [96], and in vitro, GDI-mediated Ypt1
extraction releases Usol from membranes [95]. These findings
suggest that activation of Rab1/Ypt1, presumably by TRAPPI, is
required for p115/Uso1 membrane recruitment. While p115/Uso1
promotes packaging of SNAREs and other cargo into COPII vesi-
cles [96,101], it also stimulates SNARE assembly at the target
membrane. Usol-deficient yeast cannot form SNARE complexes
required for COPII fusion [93]. In mammals, p115 interacts with
SNAREs, catalyzes SNARE complex formation [102], and is required
for proper Golgi assembly and anterograde trafficking [103].
Despite the role of p115/Uso1 in COPII trafficking, it is unknown
whether p115/Uso1 directly interacts with COPIL

The ability of p115 to bind COPI and COPII vesicles may be
influenced by additional tethers. p115 not only binds the coiled-
coil tethers giantin and GM130, but also COG [49,104]. COPI and
COG bind distinct regions on p115 [49,99], suggesting that these
interactions could occur simultaneously. Similarly, another coiled-
coil tether, CASP, may promote tethering of both COPI and COPII
vesicles. Golgi-localized CASP tethers uncoated COPI vesicles that
contain the coiled-coil tether golgin-84 [105,106], but CASP also
copurifies with the COPIl adaptor Sec23 [105]. The ability of a tether
to function in more than one context does not necessarily preclude
arole in targeting specificity, as interactions with additional factors
may modulate its ability to target specific vesicle populations.

3.3. R6IP1 - retromer

Retromer is a heteropentameric coat complex involved in retro-
grade transport from endosomes to the TGN (trans-Golgi network)
[107]. Like other coats, retromer is capable of cargo sorting,
self-assembly, and membrane deformation. However, instead of
vesicles, retromer drives the extrusion of endosomal membrane
tubules [108]. Retromer is composed of two subcomplexes not

readily categorized as adaptors or outer coats. The sorting nexin
subcomplex mediates binding of the cargo recognition subcomplex
(Vps26, Vps29, and Vps35) to the Golgi. While one pair of sorting
nexins (Vps5 and Vps17) provides this function in yeast, mam-
malian cells contain two orthologs of each protein (SNX1, SNX2
and SNX5, SNX6; Table 1) [107,109]. Sorting nexins contain BAR
(Bin/Amphiphysin/Rvs) domains that dimerize to create a concave
surface that contacts the membrane [110]. In addition to recruit-
ment of the cargo recognition complex, SNX1 induces tubulation of
endosomes in vitro [111].

R6IP1 (Rab6 interacting protein 1) directly interacts with
the retromer subunit SNX1. It is a predicted coiled-coil protein
recruited to Golgi by Rab6-GTP [112,113]. R6IP1 also binds Rab11-
GTP[112],butR6IP1 has not been detected onrecycling endosomes.
Overexpression of the Rab6 binding domain of R6IP1 inhibits retro-
grade transport from endosomes to the TGN [113]. Knockdown of
R6IP1 results in dispersal of SNX1 positive endosomes from areas
adjacent to the TGN to the cell periphery [109], implying that R6IP1
acts at the TGN to tether retromer-coated tubules. It is unclear
whether the R6IP1-SNX1 interaction modulates the ability of SNX1
to bind or deform membranes. As yeast contains retromer but
lacks obvious R6IP1 homologs, it is unknown which yeast proteins
provide this tethering function. Overall, these data suggest that
interactions between coats and tethers may be widely employed
to correctly traffic cargo, regardless of the trafficking modality.

4. Rab-mediated uncoating

Rabs are implicated at almost every stage of trafficking. In addi-
tion to the recruitment of tethers, Rabs regulate cargo recruitment
during budding and facilitate connections between vesicles and
cytoskeleton motors [7]. More recently, Rabs have been implicated
in vesicle uncoating. These studies suggest that Rabs are key reg-
ulators of vesicle trafficking and may couple vesicle uncoating to
tethering and fusion at target membranes.

4.1. hRME-6 and AP-2

The AP-2 adaptor mediates clathrin-dependent internalization
of endocytic cargo from the plasma membrane [114]. Unlike other
adaptors, AP-2 is not recruited to the membrane by an activated
Arf/Sar GTPase, but by direct binding of AP-2 o and .2 subunits to
cargo and PtdIns(4,5)P2 [115,116]. Upon membrane binding, .2 is
phosphorylated by AAK1 (adaptor associated kinase 1) [117]. Phos-
phorylated w2 binds both PtdIns(4,5)P2 and cargo with increased
affinity, thereby stabilizing AP-2 on the membrane [118,119]. Pro-
tein phosphatase 2A (PP2A) dephosphorylates w2 in vivo [120]
and promotes AP-2 uncoating in vitro [121]. Thus, the membrane
association of AP-2 is controlled by its phosphorylation state, as
opposed to the nucleotide state of Arf/Sar. This phosphorylation
is further regulated by Rab5 and its GEF, hRME-6 (human recep-
tor mediated endocytosis 6) [122]. hRME-6 competes with AAK1
for a site on the a-ear, resulting in decreased w2 phosphorylation
and weakened membrane association. a-ear binding stimulates the
Rab5 GEF activity of hRME-6. A dominant negative Rab5 increases
PtdIns(4,5)P2 levels, suggesting that activated Rab5 likely down-
regulates PtdIns (4,5)P2 levels by recruiting a lipid phosphatase
(e.g., synaptojanin). Thus it appears that both Rab activation and
downstream Rab functions contribute to uncoating. Additional
experiments will be needed to determine when uncoating occurs,
as both hRME-6 and Rab5 are present on CCVs and early endo-
somes [123,124]. Rabs may also regulate the membrane association
of other adaptors. Coats are stabilized on membranes by an array
of interactions (see Section 4.2). A Rab or Rab GEF’s ability to com-
pete for any of these interactions may stimulate coat release. Since
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(A) Coat recruits tether to vesicle, uncoats early

(C) Uncoating after fusion

A

(D) “Scabby” coat

—— Quter coat /
— — Adaptor coat Tt
* v-SNARE \

Tether s I
wath Rab -
~ t-SNARE complex i

Fig. 2. Models of vesicle uncoating. See Section 4.2 for discussion. v-SNARE, vesicle
SNARE; t-SNARE, target SNARE.

Rab activation is often a prerequisite for tethering and fusion, it is
tempting to hypothesize that uncoating is coupled to these events
at the target membrane.

4.2. Implications for uncoating

Coat-tether interactions and the accumulation of coated vesi-
cles in the absence of tethering have expanded our view of when
and where uncoating occurs (Fig. 2). The historical view of vesicle
uncoating occurring concurrently with or immediately after bud-
ding (Fig. 2a) is not necessarily at odds with recent experiments; it

remains unclear whether coat-tether interactions recruit tethers to
vesicles or whether coats interact with tethers exclusively at target
membranes. Moreover, some trafficking events probably require a
tether-coat interaction, while others do not.

Pivotal studies demonstrated that blocking Arf/Sar GTP hydrol-
ysis inhibits uncoating and subsequent fusion [3,23-26]. However,
other evidence suggests that GTP hydrolysis is required early in
budding for cargo sorting [125-127] and membrane deforma-
tion [128]. Furthermore, purified CCVs contain little Arfl [129],
and COPII coated vesicles formed in vitro remain coated, even
though they contain almost no Sar1 [3]. Thus, if coats are retained
on vesicles throughout trafficking (Fig. 2b-d), retention is likely
achieved through Arf/Sar-independent interactions with cargo,
SNAREs, lipids, and other factors [130,131]. For some trafficking
events, calcium may play a role in coat retention. Calcium chela-
tion results in decreased retention of the COPII outer coat subunit
Sec31 but not the inner coat subunit Sec23 [132]. Chelation of cal-
cium also results in the loss of COPI from the Golgi in vivo and loss
of COPI from vesicles formed in vitro [ 133]. Coat retention might be
mediated by calcium sensing proteins, such as ALG-2 on the vesicle
surface [132], though the relevant mechanisms of calcium release
and detection are unclear.

If coats remain on vesicles throughout trafficking, uncoating
may be coupled to tethering, docking, or fusion (Fig. 2b). Dsl1
likely plays a key role in COPI uncoating (see Section 2.4). Simi-
lar to hRME-6 binding AP-2, binding of tethers to adaptor ears may
activate other functions of the tether or compete with binding of
accessory proteins. HOPS and p115 bind ear domains within AP-3
and COPI, however, further work is needed to sort out the functional
consequences of these interactions. SNARE complex formation may
also occur in the presence of adaptor coats. SNAREs can stably pair
once membranes approach to within ~804 [134,135]. On COPII
vesicles, Sec23/24 adaptor coats extend ~40-604 from the vesi-
cle surface [136], suggesting that SNARE zippering might initiate
prior to uncoating. However, it remains unclear whether SNAREs
can pair under these conditions. SNAREs are loaded into vesicles
by adaptor coats, and some of these interactions involve the mem-
brane distal N-termini of SNAREs [137]. Furthermore, if adaptors
continue to bind SNAREs through tethering and docking, SNARE
pairing might be coupled to uncoating. Formation of trans-SNARE
complexes may weaken interactions between unpaired SNAREs
and adaptors, contributing to uncoating. It remains possible that
full uncoating does not occur until after SNARE mediated fusion
(Fig. 2c). In this scenario, uncoating may be catalyzed by decreased
membrane curvature, changes in phosphoinositide composition,
phosphorylation of proteins and lipids, or other factors at the target
membrane.

To what extent is a vesicle coated, and would the presence of
a coat prevent tethering and fusion? Outer coats seem to form a
complete shell around the vesicle, but the stoichiometry of adap-
tor subunits to outer coat subunits is less clear. Formation of CCVs
in vitro requires a 1:1 stoichiometry of clathrin and adaptors [138],
and EM analyses of CCVs suggest that adaptor layers are tightly
packed [139]. However, higher resolution EM data lack the AP den-
sity expected for a stoichiometric interaction [140]. This result is
supported by fluorescence microscopy of clathrin coats. Clathrin
and AP-2 are evenly distributed at the beginning of CCV forma-
tion, but AP-2 subsequently becomes polarized away from the site
of vesicle formation [141]. Thus, adaptors do not necessarily form
an unbroken mesh around the membrane that would occlude the
tethering and fusion machinery.

It is possible that a majority of the adaptor coat is shed con-
currently with the outer coat, leaving a “scabby coat” required for
tethering (Fig. 2d). This scabby coat may consist of only the adaptor
or both adaptor and outer coats. Clathrin adaptors were reported
to remain on vesicles after clathrin uncoating [142], but in more
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recent experiments, clathrin and AP-2 appear to uncoat together
[143]. Furthermore, TRAPPI interacts with Sec23 on COPII vesicles
that still contain detectable amounts of the outer coat subunit Sec31
[31]. As coat formation appears to be asymmetrical, the scabby coat
might correspond to a special region of the coat that was deposited
during the initiation or termination of coat formation and thereby
marked for retention on the vesicle.

5. Conclusions

Tethers are emerging as nexuses that link Rabs, SNAREs, and
vesicle coats to promote membrane association, SNARE assembly,
and ultimately, targeting specificity. However, the spatiotemporal
dynamics and consequences of these interactions remain unclear.
Does the coat simply recruit a tether to the vesicle, or does the
coat directly participate in tethering by interacting with tethers
on the target membrane? Several pathways employ more than
one tether. One possibility is that different combinations of tethers
contribute to trafficking specificity by binding a subset of vesicles
containing specific cargo. Conversely, tether-tether interactions
could increase reliability by providing backup mechanisms for vesi-
cles that have fully shed their coats. A third possibility is that each
tether executes distinct functions. For example, TRAPPI provides
Ypt1 GEF activity and coat binding, while Uso1l promotes SNARE
pairing. For at least a subset of trafficking pathways, tethering
is a prerequisite for uncoating. However, it is generally unclear
whether uncoating is directly coupled to tethering or whether it
occurs during, or after, fusion. Furthermore, the involvement of
Rabs in tethering and uncoating suggest that they may couple these
processes to enhance spatiotemporal regulation throughout traf-
ficking.
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