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Abstract

Cargo adaptors sort transmembrane protein cargos into nascent vesicles by binding directly to
their cytosolic domains. Recent studies have revealed previously unappreciated roles for cargo
adaptors and regulatory mechanisms governing their function. The AP-1 and AP-2 clathrin
adaptors switch between open and closed conformations that ensure they function at the right
place at the right time. The exomer cargo adaptor plays a direct role in remodeling the membrane
for vesicle fission. Several different cargo adaptors functioning in distinct trafficking pathways at
the Golgi are similarly regulated through bivalent binding to the Arf1 GTPase, potentially
enabling regulation by a threshold concentration of Arfl. Taken together, these studies highlight
that cargo adaptors do more than just adapt cargos.
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Cargo adaptors sort proteins into nascent vesicles

Cargo adaptors play a central role in membrane trafficking by packaging cargo proteins into
nascent vesicles. Cargo adaptors bind directly to sorting signals in the cytosolic tails of
transmembrane cargos (or transmembrane cargo receptors serving as recognition interfaces
for lumenal cargos), concentrating them into vesicles or tubules for transport through the
secretory and endocytic pathways of cells [1-31. At each organelle, a distinct set of cargo
adaptors functions (Figure 1).

Cargo adaptor recruitment to the appropriate membrane surface is tightly regulated: in
addition to binding cargo, cargo adaptors usually bind directly to the membrane, with
membrane specificity enforced through interaction with an organelle-specific
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phosphoinositide lipid and/or a small GTPase [2 4 5. Cargo adaptors usually also bind to the
structural scaffold of a vesicle coat (such as clathrin). Different cargo adaptors may link to
the same coat scaffold and therefore connect multiple types of cargos to a single vesicle
coat, analogous to electric plug adapters; accordingly, over a dozen cargo adaptors are found
in higher eukaryotes [6-101 (Table 1).

The role of cargo adaptors in selecting and sorting cargos is well established. Our
understanding of membrane trafficking has been expedited by the structural analysis of
cargo adaptors and vesicle coat complexes [11. 121 but these proteins represent a challenge to
structural biologists due to their large size, flexibility, and multi-subunit architecture. In
spite of these obstacles, vast mechanistic data have been gleaned from many structural
studies of cargo adaptors which function as part of the COPI, COPII, retromer, and clathrin
vesicle coat protein complexes. For example, the structural basis for cargo specificity has
been documented for several adaptors through a series of illuminating adaptor/cargo co-
crystal structures [13-371,

An unexpected theme has emerged from several recent structural studies on the regulation of
cargo adaptors. Although it has been known for some time that certain cargo adaptors
regulate the nucleotide status of their regulators and coordinate interactions with vesicle
tethering factors [38 it now appears that several cargo adaptors exert an even more active
role in the regulation of vesicle biogenesis than previously appreciated. This review will
discuss recent studies emphasizing that cargo adaptors do not simply adapt cargos, but also
regulate multiple steps of transport vesicle formation.

COPII coat assembly may accommodate different cargo sizes

The formation of COPII vesicles, which sort cargos leaving the ER (Figure 1), is the first
trafficking step in the secretory pathway [39]. The structure of the Sec23/Sec24 cargo
adaptor bound to the ER-specific Sarl GTPase revealed the mechanism of membrane
recruitment, and was the first structural explanation for cargo adaptor regulation by a
GTPase [40]. Other early structural studies of the Sec23/24 complex established the basis for
cargo binding and for interaction with the Sec13/Sec31 scaffolding subcomplex [18: 41, 24],

Although the polyhedral cage-like structure of the Sec13/31 scaffold surrounding vesicles is
well characterized 42471 a recent cryo-EM structure of complete COPII complexes
assembled on membrane tubules uncovered an alternative cylindrical architecture adopted
by this scaffold [48]. This same study also revealed that the Sec23/24 cargo adaptor
assembled into a regular lattice on the membrane surface [48]. Taken together, the findings
from this and earlier work [43: 44.49. 46, 47] jndjcate that the COPII coat can adopt a variety of
geometries to accommodate a range of vesicle sizes, with the Sec23/24 adaptor itself playing
an unexpected structural role in determining vesicle shape [48],

Membrane and cargo binding activates AP-2 to interact with clathrin

Clathrin serves as the structural scaffold for several types of vesicles budding from the
plasma membrane (PM), the trans-Golgi network (TGN), and some types of endosomes [501.
Correspondingly, clathrin interacts with several different cargo adaptor complexes (Table 1).
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Two of the most thoroughly studied of these are AP-1 and AP-2, which function at the TGN/
endosomes and PM, respectively P11 (Figure 1). AP-1 and AP-2 are heterotetrameric
complexes consisting of two large subunits, a medium subunit, and a small subunit (y, p1,
pl, and o1 for AP-1; a, $2, p2, and o2 for AP-2) [52,

The large subunits of the APs possess “appendage” domains that recruit accessory factors
assisting in cargo sorting, vesicle scission, and uncoating [5%]. The appendages are connected
to the core complex through a flexible linker referred to as the “hinge”. The hinge of the
subunit provides the platform for clathrin assembly via an interaction between a motif in the
linker — residues LLNLD, referred to as the clathrin box — and clathrin heavy chain 531, An
additional interaction between the appendage domain and clathrin heavy chain has also been
reported [23]. These interactions are believed to arrange clathrin trimers properly during
formation of the clathrin cage, as it has been known for some time that clathrin cage
assembly is stimulated by the AP complexes [%4]. Hence, the original name for the AP was
“assembly polypeptide”, though AP is now often used to denote “adaptor protein”.

Despite the wealth of information available regarding the interactions between the AP
complexes and clathrin, a recent study revealed an unexpected level of regulation controlling
this interaction [5%1. Surprisingly, a truncated form of the AP-2 p2 subunit bound more
tightly to clathrin, and stimulated clathrin cage formation more, than a construct of AP-2
that is essentially intact (lacking only the a appendage and hinge regions). This implies that
binding of the AP-2 clathrin box to clathrin is autoinhibited by the AP-2 core. The
mechanism for this autoinhibition was provided by a structure demonstrating that the
clathrin box motif binds to an interior pocket of the AP-2 core (Figure 2A), sequestering it
from binding clathrin 551,

Autoinhibition of clathrin binding is relieved when AP-2 is bound to membranes containing
phosphatidylinositol 4,5-bisphosphate (P1(4,5)P5), and clathrin binding is further stimulated
by addition of a cargo peptide. These results are best explained by previous structural studies
establishing that AP-2 adopts two very different conformations: open and closed 6. 291 (an
intermediate or “unlatched” conformation has also been observed [2%]). The open
conformation is stabilized by binding to PI(4,5)P, and cargo [2% 551, In the closed
conformation, AP-2 cannot bind to cargo [13. 561 and it is this closed conformation that
sequesters the clathrin box in the interior of the AP-2 core [35]. In contrast, the structural
data indicate that the clathrin box motif is not capable of binding to the open form of the
AP-2 core due to steric constraints (Figure 2B). Thus, once AP-2 binds to its cargo on a
P1(4,5)P, containing membrane, the clathrin box is released from the interior of the AP-2
core and becomes available to recruit clathrin [5%] (Figure 2C). This study is an elegant
example of the power of structure and biochemistry to elucidate an unexpected cell
biological mechanism. The implication is that the cargo adaptor itself is regulating clathrin-
coated vesicle formation, to ensure that vesicles form at the right place at the right time. It
remains to be determined whether this mechanism also applies to AP-1 and other clathrin
adaptors, or perhaps to cargo adaptors more broadly.
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The COPI cargo adaptor forms a bivalent Arfl complex

COPI, a.k.a. “coatomer”, is a heptameric complex that sorts retrograde cargos at the Golgi
and is regulated by the Arf1 GTPase [ (Figure 1). The B, v, 8, and ¢ subunits of the “F-
subcompex” bear striking resemblance in fold and function to the clathrin AP

complexes [38], and are thought to serve the cargo adaptor function for COPI. Unlike the
clathrin and COPI|I vesicle coats, for which cargo adaptor and coat recruitment occur in two
distinct steps, the entire coatomer complex, consisting of both the cargo adaptor and “cage-
like” subunits, is recruited to the membrane en bloc [5%]. Together, these seven subunits pair
cargo and small GTPase binding with the machinery necessary for vesicle biogenesis [601,

A structure of the y/C subcomplex bound to Arfl revealed several important regulatory
features [61]. The structure demonstrated that the v subunit binds directly to Arf1-GTP
through contacts with the “switch” regions of Arf1 (Figure 3A) [61] as is typical for
effectors of Arf1 and other small GTPases [62 631 On the basis of sequence and presumed
structural homology between the y and 3 subunits, a second Arfl binding site was identified
on the B subunit, thus establishing the Arfl:coatomer stoichiometry as 2:1. These
interactions with the two Arfl molecules, anchored to the membrane through amphipathic
helices, permitted the modeling of the COPI cargo adaptor complex bound to the
membrane [61],

The COPI cargo adaptor sits on the membrane surface in an orientation similar to that of
AP-2 (Figure 3A). Correspondingly, the Arfl binding sites on coatomer are located in
similar positions to P1(4,5)P, binding sites on AP-2. It should also be noted that
dimerization of Arf1 itself has been reported to be important for COPI vesicle formation [64],
However, it has not been established whether the Arfl dimer interface is intact when Arfl is
engaged with its effectors.

The COPI vy/{/Arfl structure additionally provides a potential functional mechanism for the
known ability of COPI to stimulate Arf GTPase-activating protein (Arf-GAP) activity [69].
Composite structural modeling indicated that COPI may bind to both Arfl and to an Arf-
GAP protein simultaneously, and therefore may stimulate Arf-GAP activity by “templating”
the Arf1l/Arf-GAP complex. This interaction, by inactivating Arfl, may stimulate the
uncoating process [61],

AP-1 forms a bivalent Arfl complex that stabilizes its open conformation

AP-1 sorts cargos from the TGN and endosomes (Figure 1), where it is recruited by
interactions with Arf1, the lipid P1(4)P, and cargos [66-69]. The first structure of the AP-1
core revealed an architecture similar to that of the closed form of AP-2 [701. More recently
the structure of the open form of AP-1 was elucidated through analysis of an AP-1/Arfl
complex (Figure 3B) [72]. Binding to Arf1 was found to be sufficient to stabilize the open
state of AP-1. Similarly to AP-2, the open state of AP-1 adopts a conformation that enables
it to simultaneously bind to all three of its ligands: Arf1, cargo, and a P1(4)P-containing
membrane. The structure further identified an interaction between the AP-1 $1-subunit and
the switch regions of Arfl, similar to the interactions previously established between Arfl
and both the B- and y-subunits of COPI [62]. A further similarity to the COPI/Arf1 study was
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the use of homology to delineate an additional Arfl-binding site in the N-terminus of the y-
subunit of AP-1, thus establishing that a single AP-1 complex binds simultaneously to two
Arfl molecules and constructing a plausible model of how the complex binds to the
membrane ["1] (Figure 3B).

An interesting outcome of this work was the finding that not all Arfl interaction surfaces on
AP-1 are created equal. Whereas the interaction between Arfl and the B1-subunit enforced
the open conformation of AP-1, the equivalent interaction with the AP-1 y-subunit did not.
However, a surprising “backside” Arfl interaction between a non-switch region of Arfl and
a different portion of the y-subunit, which would enable a single Arfl molecule to bridge
two separate AP-1 complexes, also stabilized the open form of AP-1. These results lead to a
plausible step-wise model of AP-1 membrane recruitment by Arfl, and subsequent
activation of AP-1, through the assembly of higher-order Arf1:AP-1 complexes triggering
conformational change to the open state. This regulatory mechanism would ensure that AP-1
does not engage cargo until it has been properly recruited to the correct membrane by

Arfl [711, 1t is tempting to speculate that this conformation of AP-1 would then be free to
recruit clathrin by revealing its clathrin box, in a manner analogous to that described above
for AP-2 [35]. Readers interested in learning more details about the conformational changes
exhibited by AP-1 and AP-2 are referred to a recent review [72],

Exomer forms a bivalent Arfl complex and remodels membranes

Structural analyses have provided many insights into cargo adaptor function and regulation.
Through functional analysis, these structures have helped generate mechanistic models for a
number of transport steps throughout the secretory pathway. However, sorting cargo at the
TGN into secretory vesicles destined for the apical PM remains a notable gap in our
understanding of membrane trafficking. Although a number of proteins have been
implicated in the formation of these vesicles, little is known about the sorting and packaging
of cargo in this pathway [73 1. The only cargo adaptor known to act directly in this sorting
step is the exomer complex, which traffics a subset of cargo from the TGN to the PM in a
regulated manner [74-84] (Figure 1). Although exomer lacks an obvious homolog in
metazoans (it was originally discovered in budding yeast), it merits investigation as one of
our only toeholds on this pathway.

Exomer is a heterotetrameric complex [8%] consisting of a homodimer of the core subunit,
Chsb, each paired with one member of the four paralogous ChAPs (Chs5-Arfl binding
proteins), Chs6, Bud7, Bchl, and Bch2, which convey cargo specificity. The first structures
of the exomer complex, composed of Chs5 and the Chs6 or Bchl ChAP subunits, revealed
that homodimerization of the Chs5 subunit occurs through an unusual N-terminal domain
that appears to function as a molecular hinge [85 861 A combination of X-ray
crystallography, normal mode analysis, and small angle X-ray scattering demonstrated that
the exomer complex is capable of constrained flexible motions centered on the Chs5 N-
terminal hinge. The exomer hinge motion should not be confused with the “hinge” region of
the clathrin cargo adaptors, which is actually a flexible linker.
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One surprise from the initial crystal structure was the existence of a structural domain with a
fold reminiscent of, but not identical to, the appendage domains found in the AP and COPI
complexes [87]. This domain, named the FBE domain (EN3-BRCT domain of exomer), was
found to be critical for exomer recruitment to membranes via interaction with Arf1 [85],
Recent structural analysis of a Chs5/Bch1 exomer complex bound to Arfl [88] (Figure 3C)
revealed an interface between the Chs5 FBE domain and a non-switch region of Arfl, as
well as another interface between the ChAP (Bch1) and the switch regions of Arfl. In
addition to its critical role in membrane recruitment, the FBE domain may also play a
regulatory role in vesicle biogenesis, as it interferes with Arf-GAP activity on Arf1 [€5],
Interestingly, a recent structure of a BBSome cargo adaptor subunit bound to the Arl6
GTPase also revealed an interaction with a non-switch region of the GTPase (8], Together
with the AP-1 “backside” Arfl interaction and the exomer FBE-Arfl interaction, it appears
that non-switch GTPase interfaces are somewhat common for cargo adaptors.

The exomer heterotetramer binds to two molecules of Arfl. The symmetrical nature of the
structure and the knowledge of how Arfl binds membranes [99] leads to a model of the
complex at the membrane surface (Figure 3C), revealing important electrostatic interactions
between the ChAPs and the membrane (85 8], The ChAPs interact with their cargos at the
membrane via an unresolved mechanism, which, due to the regulated nature of exomer
cargo trafficking, may involve competition for cargo with other cargo adaptors [371.

Although the mechanism of membrane fission, the final step of vesicle biogenesis, has been
studied extensively for endocytosis [°1. 92] fission remains poorly understood for many
trafficking steps. A number of proteins and lipid components are known to be important for
vesicle fission, including proteins that physically insert into the membrane such as the Sarl
GTPase [93] and epsin [94 921 proteins that constrict the diameter of the budding vesicle
neck such as dynamin [4: 91. 951 or otherwise generate membrane curvature such as the
banana-shaped BAR-domain proteins [96. 92, 971 structural protein scaffolds such as the
Sec13/31 COPII subcomplex [%8], and specific lipids encouraging membrane deformation by
altering the biophysical properties of the bilayer [99: 1001 |n fact, multiple factors are

important for driving and regulating fission of a nascent vesicle or membrane
tubule [101-104],

Structural analysis of the membrane-binding surface of the exomer complex revealed a
potential membrane-insertion element [881. Accordingly, exomer was found to cooperate
with Arfl to drive membrane fission in vitro, and the exomer membrane insertion element
was important for this activity both in vitro and in vivo. Arfl (and the related Sarl GTPase)
can remodel membranes via an N-terminal amphipathic helix [93. 105-108] ‘and exomer
appears to amplify this intrinsic capability of Arfl. The ability of exomer to bind and orient
two Arfl molecules, on both flat and highly curved membrane surfaces (such as a Golgi
membrane and at the neck of a budding vesicle), likely arises from the hinge-motion
afforded by the Chs5 N-terminal domain [86: 881 (Figure 4). Thus, unlike most other cargo
adaptors, exomer appears to participate directly in membrane remodeling and fission [88].
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Concluding remarks

The structures of cargo adaptors have provided deep insights into their function and
regulation. Each cargo adaptor achieves its proper localization through a unique set of
interactions, but several common themes have emerged from these recent studies.

It is clear that cargo adaptors are recruited to their site of action by more than one binding
partner, often by a combination of a specific lipid and small GTPase, and cargo itself plays a
role in recruitment of adaptors. Interestingly, several Arf and Rab family GTPases have been
shown to recruit their effectors, which include other molecules important for trafficking as
well as cargo adaptors through multivalent interactions [62 631 This reliance on more than
one signal for recruitment is a prime example of coincidence detection, ensuring that cargo
adaptors are recruited to the right place at the right time.

For several cargo adaptors, bivalent interactions with the same signal are utilized. The AP-1,
COPI, and exomer complexes all bind to two molecules of the Arfl GTPase [61. 71, 88] ang
AP-2 binds to at least two P1(4,5)P, molecules [2%]. Interestingly, the Arf1-dependent GGA
clathrin adaptors have been reported to dimerize through their appendage domain [109],
although the physiological significance of GGA dimerization remains unresolved.
Nevertheless, most of the Golgi cargo adaptors form bivalent Arfl complexes. Why are
these bivalent interactions so common? One possibility is that cooperativity is a
consequence of bivalency, and membrane recruitment of the cargo adaptor is therefore
robust only once a critical threshold concentration of Arfl has been reached (i.e., in the case
of bivalent recruitment, there is a sharper transition between soluble and membrane-bound
cargo adaptor, depending on the concentration of the recruiting GTPase or lipid). It remains
to be determined whether this threshold hypothesis holds true in vivo.

Some cargo adaptors undergo dramatic conformational rearrangements in switching between
open and closed conformations. This switching underlies allosteric regulation of cargo
adaptor function, and further ensures that adaptors only engage and sort cargos at the correct
membrane. The importance of this regulation becomes clear when one considers the
itinerary of many cargos that cycle between different membranes. For example, after its
biosynthesis the transferrin receptor (TfR) is delivered from the Golgi to the PM. After
engaging with its ligand (transferrin), TfR is taken up into endocytic vesicles by interacting
with AP-2. After releasing transferrin in endocytic compartments, TfR is then delivered
back to the PM to repeat the cycle [1101, |f the endocytic machinery (i.e. AP-2) were to
mistakenly engage TfR at the Golgi and endosomes, TfR might never be delivered to the
PM to carry out its function. Given the finding that AP-2 recruitment of clathrin is regulated
by cargo and membrane binding, it is likely that additional mechanisms regulating the
timing and activity of other cargo adaptors remain to be discovered.

Somewhat surprisingly, the exomer cargo adaptor plays a direct role in membrane
remodeling [88]. This illustrates how a cargo adaptor can be directly involved in aspects of
vesicle biogenesis beyond cargo selection. Exomer may be a unique example, in that there is
no known structural scaffold in the exomer pathway that functions similarly to Sec13/31 or
clathrin cages. Therefore, exomer may play a more direct role in membrane remodeling to
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compensate for the absence of such a structural scaffold. Alternatively, other cargo adaptors
may also possess membrane-remodeling activity. Indeed, the structure of the COPII coat
assembled on membrane tubules implies that the Sec23/24 cargo adaptor plays a direct role
in shaping the membrane [, and it has been proposed that COPI or AP-1 may drive
membrane curvature through coordination of two Arf1 molecules [2].

Structural biology has proven to be a powerful approach for dissecting the regulatory
mechanisms underlying cargo adaptor function. Of course, many outstanding questions
remain (Box 1). We look forward to the results of future structural studies in this field.

Box 1
Outstanding Questions
Does COPI exhibit closed and open states?

Is recruitment of clathrin by AP-1 and AP-3 regulated by a mechanism similar to that
seen for AP-2?

Do cargo adaptors respond to “threshold” concentrations of their regulators in vivo?
Do cargo adaptors other than exomer directly participate in membrane remodeling?
Do cargos recruit adaptors or do adaptors recruit cargos?

How do specific GTPases control the cargo specificity of adaptors? (see Ref [111])

Avre there other cargo adaptors that function in the TGN-to-apical PM exocytic pathway?
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Figure 1. Overview of cargo adaptor localization
Shown is a schematic of the secretory and endocytic pathways of a typical eukaryotic cell,

highlighting the trafficking pathways controlled by the major cargo adaptors. Traffic is
shown to and from the apical plasma membrane. Traffic to the basolateral membrane
appears to rely upon similar adaptors used for traffic to the endo-lysosomal system [°]. The
precise pathways controlled by many cargo adaptors, especially regarding endocytosis and
the endosomal membrane system, remains a subject of debate. Note that Exomer traffics
only ~5% of PM proteins in budding yeast, and there is no homolog of Exomer in
metazoans, so the sorting mechanism for the bulk of apical PM proteins remains unresolved.
ERGIC denotes the ER-Golgi Intermediate Compartment. See also Table 1.
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Figure 2. AP-2 binding to cargo and P1(4,5)P2 membranes triggers recruitment of clathrin
(A) The recent structure of the AP-2 core complex in the closed conformation revealing an

autoinhibitory interaction with the clathrin box motif (orange) of the p2 subunit [551. (B) The
structure of the AP-2 core complex in the open conformation demonstrating that the binding
site for the clathrin box is no longer present [291, consequently the clathrin box is available to
recruit clathrin. (C) Model for activation of AP-2 by binding to cargo and PI(4,5)P,, leading
to recruitment of clathrin through the released clathrin box motif (551,
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Figure 3. Bivalent binding to the Arfl GTPase by the AP-1, COPI, and Exomer cargo adaptors
(A) Structural model of the COPI F-subcomplex recruited to the membrane surface by two

molecules of Arfl. The Arfl molecule and portions of the F-subcomplex shown in gray are
modeled based on homology to the AP-2 complex, and homology between the p-COP and y-
COP subunits (the observed and modeled Arfl interactions were confirmed

biochemically) [61]. 1t should be noted that a recent cryo-EM study of the COPI coat
suggested that the F-subcomplex may adopt a different conformation than does the AP-2
core 1121 (B) Structural model of the AP-1 core complex recruited to the membrane surface
by two molecules of Arfl. The Arfl molecule shown in gray is modeled based on homology
between the p1 and y subunits (the observed and modeled Arfl interactions were confirmed
biochemically) [731. (C) Structure of the Exomer/Arf1 complex bound to membranes (all
interactions, including with the membrane surface, were confirmed biochemically) [88],
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Figure 4. The exomer cargo adaptor remodels the membrane
(A) Normal mode analysis was used to model the hinge motion of the Exomer/Arfl

complex [88]. The hinge motion of the exomer complex has been established [86]. (B)
Schematic of the dual roles of exomer in biogenesis of a secretory vesicle: cargo sorting and
membrane remodeling. (C) Structural model of several Exomer/Arfl complexes on the
constricted neck of a budding vesicle. One-half of a tangential cross-section of the budding
vesicle neck is shown for clarity. The myristoylated N-terminal amphipathic helix of each
Arfl molecule is modeled based on a previous study [90].
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Cargo adaptor Primary trafficking pathway Number of subunits Coat or scaffold Primary GTPase and
in cargo adaptor & lipid regulator(s)
AP-1 TGN-to-EE, EE/RE-to-PM 4 clathrin Arfl b‘ p|(4)p
AP-2 Endocytosis 4 clathrin P1(4,5)P,
AP-3 TGN-to-lysosome, EE-to-lysosome 4 clathrin ArfL b
AP-4 TGN-to-EE 4 none known ArfL b
AP-5 LE-to-TGN 4 SPG11/15 PI(3)P
BBSome/IFT complexes Ciliary trafficking Unresolved € Unresolved € Arl6 (aka BBS3)
F-subcomplex (COPI) Golgi, Golgi-to-ER 4 a-COP ArfL b
f’-cop
e-COP (B-subcomplex)
GGA1l TGN-to-LE 1 clathrin Arfl b' PI(4)P
GGA2 TGN-to-LE 1 clathrin Arfl by PI(4)P
GGA3 TGN-to-LE, RE-to-PM 1 clathrin Arfl b’ Arf, P1(4)P
ESCRT MVB (LE) sorting ESCRT-0: 2 ESCRT-III PI(3)P
ESCRT-I: 4
ESCRT-II: 4
Exomer TGN-to-PM 4 (dimer of dimers) none known ArfL b
Retromer EE-to-TGN, LE-to-TGN 3 Vps5 (Snx1) Rab7, PI(3)P
Vpsl7 (Snx2)
Sec23/24 (COPII) ER-to-Golgi 2 Sec13/31 Sarl
Snx4/41/42 EE-to-TGN, EE/RE-to-PM 3 none known Rab11?

TSET Endocytosis 4 TTRAY none known

a . . . . . . .
Note that some subunits have multiple paralogs in some organisms, and for some complexes the number of subunits varies among organisms.

bArfl denotes the paralogous Arf1-5 proteins.

CThe BBSome has 8 subunits, the IFT-A complex has ~6 subunits, and the IFT-B complex has ~14 subunits. It remains to be determined which
subunits are involved in cargo recognition and which subunits are involved in scaffolding.
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