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Abstract: The trans-Golgi network (TGN) is responsible for selectively recruiting newly synthesized
cargo into transport carriers for delivery to their appropriate destination. In addition, the TGN
is responsible for receiving and recycling cargo from endosomes. The membrane organization of
the TGN facilitates the sorting of cargoes into distinct populations of transport vesicles. There have
been significant advances in defining the molecular mechanism involved in the recognition of
membrane cargoes for recruitment into different populations of transport carriers. This machinery
includes cargo adaptors of the adaptor protein (AP) complex family, and monomeric Golgi-localized y
ear-containing Arf-binding protein (GGA) family, small G proteins, coat proteins, as well as accessory
factors to promote budding and fission of transport vesicles. Here, we review this literature with
a particular focus on the transport pathway(s) mediated by the individual cargo adaptors and the cargo
motifs recognized by these adaptors. Defects in these cargo adaptors lead to a wide variety of diseases.

Keywords: trans-Golgi network; adaptor proteins; AP-1; AP-3; AP-4; GGAs; protein sorting;
post-Golgi transport

1. Introduction

In mammalian cells, the trans-Golgi network (TGN) has a distinct morphology, compared to
the earlier Golgi cisternae, in that the TGN comprises networks of tubular, branching, and reticulating
membranes [1,2]. The TGN has been typically viewed as a major sorting hub where cargoes are sorted
into distinct transport carriers for trafficking to post-Golgi compartments and the plasma membrane
(PM) [3,4] (Figure 1A). Moreover, the TGN also receives transport carriers from the endocytic trafficking
pathway [5-7] (Figure 1A). Therefore, the TGN is a central organelle that intersects with both
the biosynthetic and endocytic pathways. Given the multiple trafficking routes, transport machinery is
employed to maintain the integrity of cargo sorting into the transport carriers. In addition, there is
evidence that the cargoes may be segregated into specific TGN membrane micro-domains, and these
microdomains are governed by small G proteins and TGN golgins [8-10]. Transport machinery,
including small G proteins of the ADP ribosylation factor (Arf) family, cytosolic cargo adaptor
proteins, coat proteins, and accessory proteins are key players in regulating cargo sorting at the TGN
(reviewed in [3,4,6]) (Figures 1 and 2). Central to the sorting process is the interaction of cytosolic
adaptor proteins with specific motifs on the cytoplasmic domains of membrane cargo proteins.
These adaptor proteins are recruited to the TGN membranes by active membrane-associated Arf
small G proteins, which then allow them to bind cargoes (Figure 2). In some cases, soluble cargoes
indirectly associate with adaptor proteins through specific transmembrane cargo receptors [3,4,6].
Sorting signals, such as the classical tyrosine-based YXX® (& denotes a bulky hydrophobic amino acid
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and X denotes any amino acid) and dileucine-based (DE)XXX(LL) signals, located at the cytoplasmic tail

of cargoes or cargo receptors are important for the recognition and binding by adaptor proteins [11,12]

(Figure 2). This interaction then allows for selective inclusion of cargoes into their respective transport
carriers [11-13] (Figure 2B). Some adaptor proteins recruit coat proteins, such as clathrin, which then
polymerize to form electron-dense coated membrane vesicles [14]. Adaptor proteins also recruit
accessory proteins to drive membrane curvature and scission, which leads to vesicle formation [15-20].
Upon the release of transport vesicles from the membranes, coat proteins are dissociated and recycled

for additional rounds of vesicle formation.
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Figure 1. Membrane trafficking pathways at the trans-Golgi network (TGN): (A) a schematic showing
the post-Golgi trafficking pathways (red arrows) and the retrograde recycling pathways (black arrows)
from the plasma membrane and endosomal/lysosomal compartments back to the TGN; (B) the distinct
trafficking pathways at the TGN are regulated by specific cargo adaptor proteins including adaptor
protein (AP) complexes (AP-1 in red, AP-3 in blue, AP-4 in orange); and (C) monomeric Golgi-localized,
v ear-containing, Arf-binding proteins (GGA1-3 in brown).
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Figure 2. Cargo sorting at the TGN: (A) schematic showing the process of membrane recruitment
of the adaptor protein complex, AP-1, and the binding of sorting motifs on the cytoplasmic tail of
cargoes. GTP-bound membrane-associated small G protein Arfl recruits cytosolic AP-1 to the TGN
membranes. Arfl also induces conformational change in AP-1, from closed to an open conformation, to
allow the binding of cargo sorting motif(s). The ul subunit (green) binds tyrosine-based sorting motif
(YXX®, green cargo) and the 01—y subunits bind dileucine sorting motif (DE)XXXL(LI), brown cargo).
(B) Schematic representation of the membrane recruitment of AP complexes by active small G proteins,
followed by binding of AP complex to the cytoplasmic tail of cargo proteins. Subsequently, the hinge-ear
extensions of each AP complex mediate the recruitment of coat and accessory proteins to drive membrane
curvature and vesicle formation.

2. Small G Proteins of the ADP Ribosylation Factor (Arf) Family

The ADP ribosylation factor (Arf) family of small G proteins plays a vital role in post-Golgi
sorting and trafficking, as well as maintaining the structure of the Golgi apparatus as reviewed in [8,9].
At the TGN, Arf proteins regulate the membrane recruitment of various cytosolic cargo adaptors,
such as the adaptor protein (AP) complexes, and lipid-modifying enzymes, such as phosphatidylinositol
(PtdIns) kinases, to initiate membrane trafficking [8,9]. The activity of Arf proteins is regulated between
their membrane-associated, GTP-bound active state, and the cytosolic, GDP-bound inactive state [8,9,21]
(Figure 3). The GTP and GDP states of Arfs are mediated by the Arf family guanine nucleotide-exchange
factors (GEFs) and guanine nucleotide-activating proteins (GAP), respectively [8,9,22] (Figure 2A).
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All Arfs are recruited to membranes through an N-terminal amphipathic helix from a hydrophobic
pocket [8,9]. Upon the exchange of GDP for GTP, Arfs undergo conformational rearrangement in switch 1
and 2 and the interswitch regions [21] (Figure 3B). This conformational change leads to the displacement
of the myristoylated N-terminal amphipathic helix from the hydrophobic pocket [21] (Figure 3B).
The exposed myristoylated amphipathic N-terminal helix then inserts into the membrane [21,23]
(Figure 3B). These features distinguish Arfs from other Ras superfamily small G proteins (Ras, Rho,
Rab, and Ran), which harbor a long hypervariable C-terminal domain for membrane targeting
and anchoring [9,23,24].
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Figure 3. Regulation of Arf family small G proteins: (A) The state of the Arf small G proteins
GTP binding and hydrolysis is regulated by Arf family guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs), respectively. The membrane-associated GTP-Arf then recruits
effectors such as cargo adaptor proteins, membrane lipid-modifying enzymes, and additional GEFs.
(B) GDP-Arf associates with the surface of the membrane in a reversible manner. Exchange of GDP for
GTP in Arf causes a conformational change of the switch (SW1 and SW2) and interswitch regions to
enter the hydrophobic pocket occupied by the myristoylated N-terminal helix (red). GTP-Arf then
associates tightly with the membrane via the exposed N-terminal helix.

In humans, there are five Arf small G proteins and more than 20 Arf-like (Arl) small G proteins
within the Arf family [9,25], and several of them are localized at the TGN [8,9]. All five Arfs
are ubiquitously expressed and can be further divided into Class I (Arfl and Arf3, Arf2 is not
found in humans), Class II (Arf4 and Arf5), and Class III (Arf6) based on sequence homology [8,9].
The Class I Arfs, which share 97% sequence identity, are the most abundantly expressed Arf small G
proteins [26-28]. The Class II Arfs, which are 90% identical, share 81% sequence identity with Class I
Arfs [29]. Unlike the Class I and II Arfs, Arf6 is the only Class III Arf and it shares the least sequence
identity (66%—70%) with other Arf family members [8,9]. Arf6 does not associate with the Golgi
and is the only Arf that is localized at the PM, where it regulates events such as endocytosis [8,9,28].
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On the other hand, the Class I and II Arfs are localized to the Golgi apparatus, including the TGN [26-29].
The individual knockdowns of Class I and Class II Arfs showed no obvious impact on Golgi morphology,
suggesting functional redundancy in some aspects of membrane trafficking [29]. However, the double
knockdowns of Class I and II Arfs, in every combination, revealed insights into specific defects in
secretory and endocytic trafficking [29]. Along the secretory trafficking pathway, the depletion of
Arfl + Arf3 dramatically altered the morphology of ER-Golgi intermediate compartment (ERGIC)
and accumulated vesicular stomatitis virus-G (VSVG) in large ERGIC-positive puncta, indicating
a block in trafficking to the cis-Golgi [29]. On the other hand, Arfl and Arf4 depletion caused tubulation
and vesiculation of the Golgi, and blocked VSVG trafficking from the ER [29]. However, not all
export pathways were blocked upon the depletion of Arfl and Arf4. For example, the trafficking
of the amyloid precursor protein (APP) from the Golgi was not affected by the silencing of Arfl
and Arf4 [30]. These studies reveal that different combinations of Arfs are likely to regulate distinct
trafficking pathways.

The Class I and II Arfs are also likely to regulate post-Golgi trafficking as they are also localized
to the TGN [26-28,31]. The cargo adaptor protein complex 1 (AP-1) is dissociated from the TGN
only by the depletion of both Arfl and Arf4, however, not by the single depletion of either Arfl or
Arf4 [32]. Given that AP-1 is required for post-Golgi trafficking of several cargoes (discussed below),
Arfl and Arf4 may either function collaboratively or distinctly to regulate post-Golgi trafficking
through the recruitment of AP-1. Interestingly, the specific recruitment of GDP-bound, but not
GTP-bound, Arf4 and Arf5, by calcium-dependent activator protein for secretion 1 (CAPS1) to the TGN
has been implicated in the trafficking of dense-core vesicles (DCV) from the Golgi network in rat PC12
cells [31]. Arf4 and Arf5 are likely to also regulate post-Golgi trafficking in neurons through CAPS,
which has been shown to regulate DCV secretion of a subset of neurotransmitters in the Purkinje
neurons [31,33]. The depletion of either CAPS1 or Arf4/Arf5 leads to the accumulation of a DCV marker,
chromogranin, in the TGN and reduced DCV secretion [31]. In addition to the combined functions of
Class I and II Arfs at the Golgi, the GTP-bound Arfs may also regulate post-Golgi trafficking of specific
cargoes via the recruitment of adaptor proteins. The GTP-bound Arfl and Arf4 have been shown to
regulate the transport of mannose 6-phosphate receptors (MPRs) [34,35] and ciliary cargoes [36] from
the TGN, respectively.

In addition to the recruitment of adaptor proteins to the membranes, Arfs also induce
conformational changes in adaptor proteins to promote their binding to sorting signals on cargoes [37].
Structural analysis reveals that cytosolic AP-1 exists as a closed conformation and this closed
conformation is unable to bind to cargo sorting signals [37] (Figure 2A). Upon the recruitment
of AP-1 to the membrane, Arfl drives the conformational opening of the core of AP-1 such that
the cargo binding sites are now exposed for cargo binding [37] (Figure 2A). There are three Arfl
binding sites on AP-1 that are involved in membrane recruitment and activation of cargo binding [37]
(Figure 2A). Two of the Arfl binding sites, which involve the switch region and are required for AP-1
membrane association, are located on the N-terminus of each large subunit (31 and y) of AP-1 [37]
(Figure 2A). Simultaneously, a third proposed binding site, which is between the back side of Arfl
and the central part of AP-1y subunit trunk domain, leads to the assembly of 2:2 dimer of AP-1
and Arfl, and the full activation of AP-1 for cargo binding [37].

3. Roles of Phospholipids in Regulating Protein Sorting

Phosphoinositides (PIs) play a central role in maintaining the identity of the Golgi membranes,
which is necessary for proper membrane trafficking and sorting. Each specific PI, phosphatidylinositol
mono-, bis-, and trisphosphate, is generated via reversible phosphorylation at positions three, four, and five
hydroxyl groups on the inositol ring of the PI [38,39]. This process is driven by distinct pool of PI kinases
(PIKs) and PI phosphatases that are localized on membrane organelles [38,39]. Phosphatidylinositol
4-phosphate (PI4P) is predominantly enriched in TGN membranes, and together with Arf small G proteins,
are required for mediating the recruitment of the cargo adaptors, including AP-1 and GGAs [40,41].
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The distribution and levels of PI4P are regulated by PI4 kinases (PI4Ks) and phosphatases that are
present at the TGN [3,40]. There are four P14Ks: PI14KlIle, PI4KII(3, PI4KIll«, and PI4KIII(3 in mammalian
cells, with PI4KIlx and PI4KIIIB representing the bulk of the PI4P production at the Golgi [38,39].
The knockdown of PI4KIlx reduces PI4P levels at the TGN and causes the dissociation of AP-1
and GGAs into the cytosol, thus blocking membrane trafficking [40,41]. On the other hand, PI4KIII3 is
required for maintaining the structural integrity of the Golgi since an expression of a dominant negative
PI4KIIIB dramatically altered the Golgi organization [42]. The recruitment and membrane association of
PI4KIIIB to the Golgi is regulated by GTP-bound Arfl [42] and another Arfl binding partner, neuronal
calcium sensor 1 (NCS1) [43,44]. Moreover, the interaction of Arfl and NCS1 controls PI4KIII{ activity
and regulates both constitutive and regulated secretion [43,44]. Since the stimulation of PI4P production
leads to the membrane recruitment of cargo adaptors, this PI pathway facilitates the coordinated sorting
and trafficking of cargoes at the TGN.

The PI4P phosphatase, Sacl, has also been shown to regulate PI4P at the Golgi and is required for
growth-dependent secretion in primary human fibroblasts [45]. In quiescent cells, Sacl accumulates
at the Golgi and eliminates PI4P, thereby downregulating anterograde trafficking [45]. In contrast,
in human fibroblasts grown in the presence of high serum, Sac1 relocates to the ER which results in
increased levels of PI4P at the Golgi, hence promoting anterograde trafficking [45].

4. Cargo Adaptors at the TGN

Cargo adaptors include the complexes of the adaptor protein (AP) family, as well
as the highly-conserved monomeric adaptors, Golgi-localized y ear-containing Arf-binding proteins
(GGAs), which collectively play a central role in the sorting of proteins at the TGN [3,46] (Figure 1B,C).
AP complexes are the most well-characterized cargo adaptors and several of these are located
at the TGN. Currently, there is a family of five homologous AP complexes identified in higher
eukaryotes (Figure 4) which are: AP-1, AP-3, and AP-4 that are associated with the TGN; AP-2 that
regulates endocytosis at the PM; and AP-5, the most recently identified member of the AP complex
family, that facilitates protein retrieval, at the late endosomes/lysosomes, back to the Golgi [18,19,47].
The AP complexes are made up of two large subunits (one of 31-5 and one of either «, v, , €, ;
~100 kDa), one medium subunit (11-5, ~50 kDa), and one small subunit (01-5, ~20 kDa) [18,19,47]
(Figure 4). The N-terminal trunk domains of the two large subunits, the medium subunit, and the small
subunit form the large globular core of the AP complex [13,20,37,48,49]. The C-terminus of each
large subunit forms a long-flexible hinge region and a globular ear (appendage) domain that extend
as a long projection from the core [13,20,48,49] (Figure 4). The core of the AP complex is important
for membrane recruitment via binding to Arf small G proteins and phospholipids, as well as sorting
signal recognition in the cargo proteins [12,13,18,19] (Figure 2A,B). On the other hand, the hinge region
recruits coat proteins (i.e., clathrin), and the ear domain recruits accessory proteins which are important
for membrane curvature and vesicle formation [12,13,18,19] (Figure 2A,B).

The highly-conserved GGA proteins function as ARF-dependent, monomeric clathrin adaptors
to facilitate cargo sorting at the TGN. GGAs have homologous domains to the large subunits of AP
complex [35,50-53] (Figure 4). In mammalian cells, there are three ubiquitously expressed GGAs (GGA1-3)
thatarelocalized at the TGN [50-52]. All GGAs have four domains which are comprised of the VHS (Vps27,
Hrs, and STAM) domain, GAT (GGA and TOM1) domain, a flexible hinge-like region, and a C-terminal
ear domain that is homologous to the AP-1 yl-ear domain [50-52]. The VHS domain of GGAs has
been shown to bind acidic-cluster dileucine sorting signals of cargoes, such as MPRs and sortilin [34,54].
Moreover, the VHS domain of each GGA has different binding preferences [34]. GGAs are recruited
to the TGN membranes through binding of its GAT domain to membrane-associated GTP-Arf1 [55].
Similar to the AP complexes, the hinge-like domain of GGAs is required for clathrin recruitment [35,53],
and the ear domain has been proposed to recruit accessory proteins [46,52].
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Figure 4. Cargo adaptor proteins: Five adaptor protein (AP) complexes, AP-1 (red), AP-2 (green), AP-3 (blue),
AP-4 (orange), and AP-5 (pink), have been identified to date in higher eukaryotes. Each heterotetrameric
AP complex comprises two ~100 kDa large subunits (31-5, and either «, v, 9, €, or (), one ~50 kDa medium
subunit (11-5), and one ~20 kDa small subunit (01-5). Together, they form the AP core, which is important
for membrane recruitment and cargo sorting motif recognition. The C-termini of both large subunits of each
AP complex give rise to the hinge and ear domains for further recruitment of accessory proteins. AP-1 is
localized at the TGN/recycling endosomes and regulates bidirectional transport. AP-1 also regulates basolateral
sorting in polarized cells. AP-2 is responsible for endocytosis of cargoes from the cell surface. AP-3 is localized
at the TGN/early endosomes and regulates transport to the late endosomes/lysosomes. AP-4 is localized
at the TGN and regulates cargo trafficking from the TGN to the early endosomes. AP-5 is localized at the late
endosomes/lysosomes, and the trafficking pathway it regulates is still unclear. The three Golgi-localized
y-ear containing Arf binding isoforms, GGA1, GGA2, and GGA3 (brown), are monomeric and have similar
structural protein folding to the ear domain of AP-1y subunit. GGAs are localized at the TGN and endosomes.

4.1. Adaptor Protein (AP) Complexes at the TGN

AP-1, AP-3, and AP-4 are localized at the TGN and are predicted to generate distinct transport
vesicles [18-20]. AP-1 is associated with clathrin-coated vesicles (CCVs) [53] and binds clathrin
via the clathrin-binding motif which is located at the flexible hinge of 31 subunit [56,57]. AP-3 33
subunit also contains a clathrin-binding motif, but AP-3 subunits are not enriched in CCVs prepared
from brain or the liver [53,58]. Therefore, it remains unclear whether AP-3 is functionally capable of
recruiting clathrin. On the other hand, AP-4 lacks the clathrin-binding motif and is not associated with
CCVs [59,60]. Mass spectrometric protein quantification of HeLa cell lysates revealed that the number
of AP-1 (~4500) and AP-3 (~4500) vesicles per cell were 30 times more abundant than AP-4 vesicles
(~150) [18]. The differences in abundance suggest that AP-1 and AP-3 likely represent the major cargo
trafficking pathways and the AP-4 pathway is relatively minor. Nonetheless, given that the loss of AP-4
produced drastic clinical phenotypes in humans, AP-4 may represent a specialized TGN trafficking
route for a specific set of proteins that collectively represent a minor fraction of all the membrane
cargoes which exit the TGN [18].

AP-1:

The best characterized TGN-localized AP complex is AP-1. There are two isoforms of AP-1 that
are 1 subunit, p1A, and u1B, which give rise to AP-1A and AP-1B, respectively [61,62]. Whilst AP-1A is
expressed ubiquitously, AP-1B is only expressed in a subset of polarized epithelial cells in mammals [61,
62]. A classical AP-1 mediated trafficking pathway is the delivery of newly synthesized lysosomal
hydrolases bound to the MPRs from the TGN to the endosomes [63,64]. The loss of AP-1 leads to
the secretion of lysosomal hydrolases instead of delivery to the lysosomes [64]. Interestingly, the loss of
AP-1 also results in the accumulation of MPRs at the endosomes [64]. In order to determine the role of
AP-1 in the endosomal trafficking of MPRs, a knocksideways technique to reroute the TGN-localized
AP-1 to the mitochondria was developed [65]. CCVs isolated from the AP-1 knocksideways cells
revealed that the MPRs (CD-MPR and CI-MPR) were significantly more depleted than the lysosomal
hydrolases [65]. This finding suggests that AP-1 is also required for the trafficking of ligand-free MPRs,
most likely in the retrograde pathway, back to the TGN for another round of binding and delivery
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of newly synthesized lysosomal hydrolases [65]. Collectively, these data support a role for AP-1 in
regulating bidirectional trafficking between the TGN and endosomes.

AP-1 is also implicated with the sorting of cargoes into polarized epithelial cells
and neurons [12,62,66,67]. The roles of AP-1A and AP-1B in epithelial basolateral sorting have been
investigated extensively [62,67,68]. Early studies indicated that AP-1A and AP-1B differed in their
localization. AP-1A is localized at the TGN and AP-1B is localized at the recycling endosomes. It was
proposed that AP-1A regulates biosynthetic sorting at the TGN and AP-1B is involved in recycling of
basolateral proteins from the recycling endosomes [69,70]. However, a recent study, using high-resolution
microscopy, has challenged these earlier findings and demonstrated that AP-1A and AP-1B colocalize to
a similar extent at the TGN and recycling endosomes in polarized Madin-Darby Canine Kidney (MDCK)
epithelial cells [62]. In addition, double knockdown of AP-1A and AP-1B, but not AP-1A or AP-1B
single knockdown, dramatically reduced the delivery of the newly synthesized transferrin receptor (TfR)
and low-density lipoprotein receptor (LDLR) from the TGN to the basolateral PM [67]. These results
suggest that both AP-1A and AP-1B compensate for each other in regulating the exit of cargoes from
the TGN. However, AP-1A is likely to regulate biosynthetic trafficking to the PM independent of
the recycling endosomes, since the knockdown of AP-1A, but not AP-1B, increased the trafficking of
LDLR and TfR from the TGN to the recycling endosomes [67]. Interestingly, knockdown of AP-1B, but not
AP-1A, significantly decreased the steady-state basolateral polarity of LDLR and TfR [67], suggesting
a specific role of AP-1B in the maintenance of basolateral polarity in epithelial cells. In a follow-up study,
yeast 2-hybrid and pull-down experiments demonstrated that AP-1B binds noncanonical tyrosine-based
and acidic clusters sorting motifs of LDLR more strongly than AP-1A [62]. Therefore, the differential
expression of AP-1B in epithelial cells may promote the sorting and maintenance of basolateral polarity of
proteins that are not efficiently regulated by AP-1A. Allin all, both AP-1A and AP-1B have complementary
and non-overlapping roles in sorting at the TGN and epithelial basolateral polarity.

AP-1A regulates the polarized sorting of cargoes, such as the TfR, the coxsackievirus and adenovirus
receptor (CAR), and the neuron-specific receptors (metabotropic glutamate receptor 1 (mGluR1),
and the N-methyl-D-aspartate (NMDA)-type ionotropic glutamate receptors NR2A and NR2B), to
the somatodendritic domain in rat hippocampal neurons [12,66]. AP-1 is localized to the TGN/recycling
endosomes and dendrites [66], and live-cell imaging showed that the bidirectional tubular carriers
moving between soma and dendrites are decorated with AP-1[66]. AP-1 functions by excluding the cargo
proteins from the transport carriers that are destined for axons [66]. The disruption of AP-1 and cargo
interaction by overexpressing a dominant negative u1A-W408S mutant resulted in misincorporation of
TR into the axonal transport carriers at the TGN/recycling endosomes in the soma/neuronal body [66].
Moreover, the overexpression of p1A-W408S also led to mis-sorting of mGluR1, NR2A, and NR2B from
the somatodendritic domain to the axons [66]. These findings highlight the importance of AP-1 in
regulating somatodendritic sorting and polarity in neurons. The role of AP-1 in embryonic development
is also indispensable since the knockout of the genes encoding vy or pul subunit in mice causes early
embryonic lethality [64,71]. In addition, mutation of o1 subunit in humans is associated with X-linked
mental retardation and several neurological disorders, further highlighting the importance of AP-1 in
neurological development [72-74].

AP-3:

AP-3, similar to AP-1, also exists in two isoforms, i.e., AP-3A ($3A/u3A) and AP-3B (33B/u3B),
where, AP-3A is expressed ubiquitously and AP-3B is neuronal-specific [58,75-77]. Immunofluorescent
data revealed that the majority of endogenous AP-3 is associated with punctate structures that lack
Tfr and it was proposed that these structures were the late endosome/lysosomes [58]. In addition,
some AP-3 is associated in the perinuclear region, which likely represents the Golgi [58]. The role
of AP-3 in cargo sorting to lysosomes, subsequently, came from studies identifying mutations in
B3A in patients with Hermansky-Pudlak syndrome (HPS), which is a genetic disorder with defective
lysosome-related organelles [78]. The AP-3-deficient fibroblasts from these patients showed an increase
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in cell surface expression of lysosomal-associated membrane proteins CD63, LAMP-1, and LAMP-2,
as compared with fibroblasts from a healthy individual, which showed localization at the late
endosome/lysosome [78]. A null allele of another AP-3 subunit, 5, was identified in an HPS mouse
model, mocha [79]. The lack of AP-3 in mocha was established as the cause of pleiotropic hematologic,
hypopigmentation, and neurological phenotypes in this mouse line [79]. The human and mouse
phenotypes from AP-3 deficiency have one thing in common, a defective endosomal-lysosomal sorting
pathway [79]. In a later study, mocha fibroblasts were also shown to display increased cell surface
expression of CD63 and LAMP1 [80], similar to fibroblasts from human patients with HPS described
by [78]. Using immunoelectron microscopy, LAMP-1 and LAMP-2 were often found to coincide
in endosomal-associated tubules that were decorated with AP-3 in a human liver carcinoma cell
line, HepG2 cells [80]. In addition, AP-3 was found in budding vesicles that were distinct to AP-1
budding vesicles at the endosomal tubular membranes [78]. These endosomal AP-3 budding vesicles
were also smaller than the AP-1 budding vesicles at the TGN [80]. These studies suggest that AP-1
and AP-3 regulate distinct trafficking routes from the endosomes. Therefore, AP-3 is likely to be
responsible for cargo sorting from the endosomes to lysosomes, and lysosomal-related organelles such
as melanosomes.

AP-4:

Unlike AP-1 and AP-3, AP-4 is not as well characterized. AP-4 is the most recently discovered
AP complex associated with the TGN [59,60]. It has been reported that AP-4 shows a distinct
immunofluorescence staining pattern as compared with AP-1 at the TGN [59,60], suggesting that
both AP complexes are likely to regulate distinct post-Golgi sorting and trafficking. Despite its
relatively low abundance compared to AP-1 and AP-3 in HeLa cells [18], AP-4 is expressed in all
human tissues [59,60], thus suggesting important functions in membrane trafficking. Indeed, several
independent studies have reported mutations in all four subunits of AP-4 genes encoding (34 [81-85],
€ [81,86-88], u4[84,87,89], and 04 [81,90] in human patients. These patients displayed severe intellectual
disability and progressive spastic paraplegia, with early onset of spasticity [81-84,86-90]. These studies
also highlight the importance of each AP-4 subunit in forming a functional AP-4 complex.

In a post-mortem analysis of an AP-4p deficient patient, histology of the brain tissue revealed
neuronal malformations, neuroaxonal degeneration, and white matter loss [89]. Given the severity of
the neurological phenotype associated with the loss of AP-4, it is likely that AP-4 plays an important role
in brain development and neuronal trafficking. Surprisingly, in contrast to the observed phenotypes in
humans, AP-4 47 mice were healthy and fertile with no obvious phenotypes detected, including in
the brain [91]. A poor rotor performance was the only reported fitness phenotype, hence, suggesting
defects in motor neurons [91]. Nonetheless, AP-4 f47 mice revealed a functional role of AP-4 in
polarized sorting in neurons [91]. The sorting of «-amino-3-hydroxy-5-methyl-5-isoxazolepropionic
acid (AMPA) receptor to the somatodendritic domain in neurons by AP-4 requires indirect association
of AP-4 with the AMPA receptor via transmembrane AMPA receptor regulatory proteins (TARPs) [91].
In AP-4 347 hippocampal neurons and Purkinje cells, the AMPA receptor and TARPs are missorted
into LC3-1I (a lipidated form of protein light chain 3) positive autophagosomes that accumulated in
the swollen axons [91]. In addition, the 2 subtype of glutamate receptor, which had been shown
to bind AP-4 p4 in a previous study [92], also accumulated in the axons of AP-4 p4a’ Purkinje
cells [91]. Conversely, the distribution of several other somatodendritic receptors, including TR,
mGluR1, and NMDA-type glutamate receptor NR1, were not affected [91]. Given that AP-1A regulates
the somatodendritic sorting of TfR and mGluR1 in rat hippocampal neurons [66], these results
demonstrate the selectivity of AP-4 in the post-Golgi sorting and trafficking of cargoes that are distinct
for AP-1[66,91].

In vitro and Y2H analyses have shown that AP-4 u4 binds to canonical tyrosine-based motifs of
cargoes including CD63 [60], LAMP-1, and LAMP-2 [93]. However, the binding affinities of AP-4 u4 to
these cargoes are weak, and the depletion of AP-4 did not alter the distribution of these proteins to
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lysosomes [94]. Therefore, in contrast to AP-3, AP-4 is unlikely to regulate TGN to lysosomal trafficking.
AP-4 u4 has also been shown to strongly bind synthetic peptides encoding the tyrosine-based sorting
motif in LDLR, and the basolateral sorting motif in CD-MPR by surface plasmon resonance binding
assays [95]. However, the depletion of AP-4 u4 in MDCK cells only partially affected basolateral
sorting of LDLR and CD-MPR [95]. Given that AP-1 has been shown to also regulate the trafficking of
LDLR and MPRs as described above, AP-4 may function in parallel with AP-1. Consistent with this
observation, AP-4 vesicle formation has been shown to be enhanced when CCVs components were
depleted [18,96]. Moreover, the level of AP-4 vesicles also increased when CCVs formation was altered
in AP-1 knocksideways studies from Robinson’s laboratory [18,65]. Therefore, AP-4 is likely to be
a specialized cargo adaptor that regulates the TGN export of a selective set of cargoes and, in addition,
may sort a subset of cargoes that are normally transported in CCVs.

An important role of AP-4 in regulating trafficking from the TGN to endosomes was uncovered in
a study from the Bonifacino’s laboratory [97]. AP-4 p4 was shown to bind to amyloid precursor protein
(APP) directly, which represents a novel AP-cargo interaction [97]. AP-4 is required for the post-Golgi
trafficking of APP to the endosomes in HelLa cells and neurons, a transport step which regulates APP
processing [30,97,98].

More recently, AP-4 has been shown to mediate export of a multi-pass membrane core
autophagy protein, ATG9A (autophagy-related protein 9A), from the TGN to endosomes and/or
preautophagosomes, and is thought to promote early stages of autophagosome maturation [99-101].
Moreover, a recent study from the Robinson’s laboratory identified two additional proteins, SERINC1
and SERINCS3 (serine incorporator 1 and 3), which co-traffic with ATG9A in AP-4 derived vesicles [101].
These vesicles were also found to associate with two newly identified cytosolic AP-4 accessory proteins,
RUSC1 and RUSC3 (run and SH3-domain containing protein), which are thought to be required for
microtubule plus end-directed trafficking [100].

4.2. Golgi-Localized, y Ear-Containing, Arf-Binding Proteins (GGAs)

The function, and potential redundancy, of the highly conserved GGAs (GGA1-3) remain only
partially defined. Evidence for a non-overlapping function amongst the GGAs comes from analyses
of GGA null mice, which showed that the loss of GGA2, but not GGA1 or GGA3, is embryonic
lethal [102,103]. GGAs are reported to interact and regulate the trafficking of cargoes such as MPRs
and sortilin from the TGN to the endosomes [34,54]. Interestingly, GGAs and AP-1 have been shown
to function cooperatively in the sorting of MPRs and their bound lysosomal enzymes into CCVs
at the TGN [65,104]. However, only AP-1 is required for the trafficking of ligand-free MPRs from
the endosomes back to the TGN [65]. These studies suggest that GGAs and AP-1 have cooperative
roles in regulating anterograde trafficking from the TGN but distinct roles in endosomal sorting.

In addition to membrane trafficking from the TGN, GGAs have also been shown to regulate
trafficking from other endosomal compartments. Firstly, GGA1 has recently been shown to mediate
the recycling of cargoes such as BACE1 from the early endosomes to the recycling endosomes [105].
Secondly, GGA2 was reported to interact with epidermal growth factor receptor (EGFR) in endosomal
structures [106]. The depletion of GGA2 leads to missorting of EGFR to the lysosomes via post-Golgi
compartments, indicating that GGA2 is required for sustaining the level of EGFR during cell
growth [106]. An increase in turnover of EGFR may explain the developmental arrest of GGA2
null mice. Lastly, the hinge region in GGA3 has two binding sites for ubiquitin and has been shown
to play a role in targeting ubiquitinated proteins for lysosomal degradation [107]. For example,
GGA3 regulates the lysosomal targeting and turnover of BACE1 as the depletion of GGAS3 increased
intracellular levels of BACE1 and elevated A levels [108,109].

5. Cargo Sorting Signals

The cytosolic domain of cargoes consists of short, linear sequences of amino acids that function
as sorting signals. The recognition of sorting signals by specific cargo adaptor proteins allows for



Cells 2019, 8, 531 11 0f 22

selective incorporation of cargoes into transport carriers along the biosynthetic and endocytic trafficking
pathways. The tyrosine-based (YXX®) and dileucine-based (DE)XXXL(LI) motifs (X denotes any amino
acid and ® denotes a bulky hydrophobic amino acid, i.e., isoleucine, leucine, methionine, phenylalanine
or valine) are the best-characterized sorting signals (Table 1). The YXX® signals are recognized by the p
subunit of AP-1 through 4 while the u subunit of AP-5 has yet to be identified to bind tyrosine-based
sorting signals [110,111]. On the other hand, (DE)XXXL(LI) signals are recognized by hemicomplexes
of AP-1 (y-o01), A-P2 (x-02), and AP-3 (5-03) [110,111] (Table 1). There is no evidence suggesting that
AP-4 or AP-5 binds dileucine-based signals. The AP complexes exhibit different binding affinities for
individual (DE)XXXL(LI) signals. For example, AP-1 and AP-2, but not AP-3, bind the DDQRDLI signal
of human major histocompatibility complex class II invariant chain (Ii) [112]. In contrast, AP-3, but not
AP-2, binds the DERAPLI and EEKQPLL signals of LIMP-II and Tyrosinase, respectively [113,114]

(Table 1). Therefore, these findings highlight the selectivity of sorting signals by AP complexes.

Table 1. Cargo sorting signals.

Motifs Cargoes Functions Cargo Adaptor Proteins Reference
TGN38, TfR, Furin, . .
MPRs, EGFR, CD63, f;‘jicyt"“; flng(r’sgg:l K SUb;“IItSXOf AP [48,79,93,110,114-118]
YXX® LAMP1, LAMP2 ysoso geting complexes
TfR, CAR TGN — somatodendritic WA (AP-1A) [66]

domains in neurons

[DEIXXXLILI]

Invariant chain

TGN — endosomes

Hemicomplexesof AP-1
v-o1

[112,119]

LIMP-II, Tyrosinase

Lysosomal targeting

Hemicomplexesof AP-3
8-03

[113,114]

BACE1

Endocytosis

Hemicomplexesof AP-2

[120]

x—02
APP family members, .
YXXPE ATGIA TGN — endosomes u4 (AP-4) [97,99]
. LDLR TGN — basolateral PM ulB (AP-1B) [62]
Noncanonical —
Tyrosine-based motif  TARp (AMPA receptor) O\ > somatodendritic 14 (AP-4) [91]
domains in neurons
Phenylalam.ne-based 52 glutamate receptor TGN — §oII}atodendr1t1c 14 (AP-4) [92]
motif domains in neurons
MPRs TGNendosomes GGAs [34]
Acidic clusters-DXXLL
BACE1 Endosomal recycling GGAs [105,121,122]
. Endocytosis:
Nef protein of HIV-1 : [123]
Acidic clusters Downregulation of MHC-I ul (AP-1)
Furin, CD-MPR TGN sorting [124,125]

Using X-ray crystallographic analyses, the binding mechanisms of p1A [126], u2[48,115], u3A [116],
and p4 [60,93] to YXX® sorting signals have been determined (Figure 5A-D). The N-terminal domain of
all the p subunits is required for an AP complex assembly while the C-terminal domain binds the YXX®
signals [127] (Figure 5A-D). The 16 3-strands within the C-terminal domain of the pul1-4 subunits
are organized into subdomains A and B, giving rise to the immunoglobulin-like 3-sandwich fold
(Figure 5A-D). In u2, the 1 and 16 strands in subdomain A binds YXX® where the Y and P residues
fit into two hydrophobic pockets (Figure 5B). The crystal structure of ul1A was solved in a complex with
the class 1 major histocompatibility complex (MHC-I) cytosolic tail, which lacks a ® residue (Figure 5A).
Although u1A binds the Y residue similarly to u2, the other regions of u1A also establish additional
interactions with the MHC-I tail. The YXX® signal of TGN38 binds u3A at a site that is equivalent
on p2 (Figure 5C), however, with fewer contacts for stabilization [116]. In contrast to the n1-3 subunits,
u4 exhibits the most distinct binding mechanism characterized to date for the YXX® signals (Figure 5D).
Although the binding of u4 to canonical YXX® signals is weak [93], it exhibits strong binding affinity
for a unique subset of YXXP signals fitting the YXX®E motif [97,99,128]. The YXX®PE motif is found in
the cytosolic tails of the APP family members: APP (YKFFE), APLP1 (YKYLE), and APLP2 (YRFLE),
as well as the autophagy-related protein 9A (ATG9A, YQRLE) [97,99,128]. Strikingly, the crystal
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structure of the p4 C-terminal domain, in a complex with APP’s YKFFE cytosolic signal, revealed
a unique binding site located on 34, 35, and 36 strands in the subdomain A of p4 [97,128] (Figure 5D).
This binding site, which also has hydrophobic pockets for Y and & residues, is located opposite to that
of the YXX® binding sites on n1-3 [97,128] (Figure 5A-D). Moreover, the crystal structure of p4 also
predicts the presence of a similar pu2 binding site and mutations in this site abolished the binding of
the LAMP-2 canonical YXX® signal [93,97,128]. Thus, the subdomain A of u4 is likely to have two
binding sites, one for YXX® and one for YXX®E. Collectively, these studies provided valuable insights
that illustrate that the binding affinities and mechanism of cargo signals by n1—4 subunits are distinct,
therefore, highlighting the presence of cargo selectivity by AP complexes for regulating cargo transport
to specific intracellular locations.

A APT B AP2
p1 C-terminus 2 C-terminus

%/ EGFR
FYRALM

C AP3 D AP4

APP
TYKFFEQ &

Figure 5. Tyrosine sorting motifs binding sites on AP complex. Crystal structures of the C-terminal
domains of u subunits of AP-1 through 4 in association with tyrosine-based sorting motifs (underlined).
The C-terminal domains of p1—4 are further subdivided into subdomain A (blue) and subdomain B (red).
(A) Mouse AP-1 pul C-terminal domain in complex with class 1 major histocompatibility complex
(MHC-1) peptide SYSQAA (PDB: 4EN2), (B) rat AP-2 p2 C-terminal domain in complex with epidermal
growth factor receptor (EGFR) peptide FYRAL (PDB: 1BWS), (C) rat AP-3 u3A C-terminal domain
in complex with TGN38 peptide SDYQRL (PDB: 4IKN), (D) human AP-4 p4 C-terminal domain in
complex with amyloid precursor promPP) peptide TYKFFEQ (PDB: 3L81).

The binding of noncanonical tyrosine-based signals by the ul and p4 subunits (Table 1) are essential
for the polarized sorting of cargoes to the basolateral PM of epithelial cells and somatodendritic PM
of neuronal cells, respectively [62,91]. In addition, pu4 is shown to bind a phenylalanine-based motif
(Table 1), which is required for cargo sorting to the somatodendritic PM of neurons [92]. Another class
of sorting signals, the acidic cluster-dileucine DXXLL motif, is recognized only by the GGAs via
its VHS domain, described in [34,54,110] (Table 1). The acidic cluster-DXXLL motif is required for
endosomal recycling of BACE1 (see later sections) [105,121,122] and trafficking of cargoes such as CD-
and CI-MPRs between the TGN and endosomes [34,65]. Lastly, less information is known about
acidic cluster sorting signals, but they are proposed to regulate sorting in the TGN [124] (Table 1).
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This motif is also often found in transmembrane proteins (i.e., furin) that are localized at the TGN
in steady-state [110]. A recent study from the Robinson laboratory identified ul as an acidic cluster
sorting machine [123]. In vitro studies from the same laboratory showed that the basic patch (Lys274,
Lys298, Lys302, Arg303, and Arg304) of p1 is required for the binding of acidic cluster signals [123].
Thus, these studies show the capability of cargo adaptor proteins to recognize a wide array of cargo
sorting signals in a selective manner.

6. Accessory Proteins of AP Complexes and the Formation of Transport Vesicles

Membrane curvature followed by membrane fission from the cytosolic face of a continuous
membrane (i.e., TGN) is required for the formation and release of transport vesicles, and thus allows
vesicular trafficking to proceed [129,130]. The cargo adaptors by themselves do not drive membrane
curvature or bud formation. This process is controlled by various accessory proteins [129,130].
The highly-conserved epsin N-terminal homology (ENTH) domain (~130-150 residues) is found in
epsin family proteins (epsin1-3) [131,132], epsin-related protein (epsinR/enthoprotin) [129,132,133],
and tepsin (tetra-epsin/epsin for AP-4) [134]. The formation of an amphipathic «-helix in the ENTH
domain binds phosphoinositide (PI) and partially inserts into the membranes [17,135]. The ENTH
domain of epsinl is capable of promoting the formation of tubules from liposomes derived from total
brain lipids [17]. Furthermore, the addition of the ENTH domain to liposomes containing 10% PI4,5P,
(a PI that is enriched at the PM) was shown to induce tubulation as well as fragmentation into small
vesicles [17]. These observations are supported by a biophysical computational analysis conducted to
analyze the impact of the ENTH domain membrane insertion on a continuous membrane bilayer [16].
This analysis, which takes into account the molecular features of lipids and proteins, predicted that
the partial insertion of proteins into hydrophobic bilayers is sufficient to drive membrane fission
and results in the formation of separate vesicles from continuous membranes [16]. These predictions
were further validated using an in vitro quantitative liposome vesiculation assay, which showed that
the ENTH domain causes membrane vesiculation and tubulation, and the degree of vesiculation
also correlated strongly with the number of amphipathic helices [16]. The transient overexpression
of epsinl in BSC1 cells depleted of dynamin, i.e., a membrane-remodelling GTPase required for
endocytic membrane fission events [136], rescued CCV formation in a transferrin uptake assay [16].
Together, these results suggest that the ENTH domain is capable of driving membrane curvature
and fission.

Epsinl, the best-characterized epsin family member, associates with the PM by binding to
PI4,5P2 [17]. Epsinl also binds AP-2 via the appendage domains of « [137] and 32 [138] large
subunits to stimulate a clathrin assembly and drive clathrin-mediated endocytosis at the PM [17].
In contrast, EpsinR is recruited to the TGN membranes in an Arf-dependent manner and preferentially
binds PI4P [133,139]. EpsinR is associated with AP-1 by binding to the y subunit appendage
domain and is involved in CCV budding at the TGN [139]. However, unlike epsinl, epsinR does
not stimulate a clathrin assembly [139]. Tepsin is the only AP-4 accessory protein identified to
date [96,140]. Interestingly, while the membrane recruitment of epsinl and epsinR are independent of
AP-2 and AP-1, respectively, tepsin requires its AP complex, AP-4, for localization to the membranes [96].
Tepsin contains two C-terminal motifs that bind to the appendage domains of AP-4¢ [140] and 34 [141].
The loss of AP-4 abolished the membrane recruitment of tepsin to the TGN in fibroblasts derived
from human patients with loss-of-function mutations in AP-4 o4 [90]. In line with these observations,
a recent study using X-ray crystallography revealed that the ENTH domain of tepsin ({fENTH) lacks
the amphipathic x-helix and a PI binding pocket, which are found in the ENTH domains of both epsinl
and epsinR [134]. Thus, explaining why tepsin requires AP-4 for membrane recruitment. Phylogenetics
and comparative genomic analyses suggest that tepsin diverged from epsins ~1.5 million years ago,
and probably supports different biological functions [134]. Interestingly, tepsin contains a unique tepsin
VHS-like domain (tVHS), which is not found in epsinl and epsinR [134]. Structural data revealed
that tVHS lacks an «-helix-8 that is found in VHS domains, suggesting that it lacks common VHS
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functions such as the binding of dileucine-based motifs [134]. Nonetheless, it is predicted that both
tENTH and tVHS domains are likely to associate with a protein partner [134]. Further studies are
required to fully understand the role of tepsin and its tENTH and tVHS domains in the generation of
transport carriers.

7. Challenges and Future Directions

Many studies to date have analyzed cargo sorting in transfected cells with high levels of expression
of individual cargoes. The impact of overexpression may influence the selectivity of recruitment into
defined transport pathways, particularly at the TGN which has multiple transport routes. An important
advancement is the development of systems to analyze the trafficking of endogenous cargo in both
immortalized and primary cells. A recent innovative approach to analyze endogenous cargoes involves
the development of a proteomic technique known as dynamic organellar maps, which provides
a powerful complement to imaging-based analyses [142,143]. This technique combines subcellular
fractionation with quantitative mass spectrometry to determine the abundance and distribution
of individual proteins in the different organelle compartments in an unbiased manner [142,143].
The dynamic organellar maps technique also enables the spatial distribution of cargo proteins in each
intracellular organelle to be quantified upon the loss of key transport machinery, either through genetic
editing or in an inherited disease. This approach allows rapid assessment of the impact of depletion on
a transport machinery component on the distribution of the entire cohort of cargo proteins that share
a particular pathway. This technique should be particularly amenable to the study of minor transport
pathways, such as the AP-4 mediated pathway, since AP-4 is present in low levels as compared with
the other adaptor complexes.

A recent study by the Robinson laboratory utilized this approach to uncover the role of
AP-5 in regulating late endosomes to Golgi recycling of various proteins including the CI-MPR,
Golgi phosphoprotein 1 (GOLM1), and the Golgi integral membrane protein 4 (GOLIM4) [144].
Moreover, using the same approach, an important role of AP-4 in autophagy has been uncovered [100].
Therefore, the dynamic organellar maps technique holds considerable promise for the analyses,
in an unbiased manner, of currently poorly characterized transport pathways and the impact of
perturbation on the trafficking machinery.

Much of the work to date has analyzed trafficking pathways in cultured immortalized cells.
Another important challenge is to define transport pathways in primary cells. For example,
in melanocytes, AP-1 can partially rescue the requirement of AP-3 for the trafficking of tyrosinase
from distinct tubular vesicular domains in endosome to melanosomes [145]. This study would not be
possible in nonspecialized cells, which lack melanosomes. The dynamic organellar maps technique
has been utilized to generate a quantitative comparison of the organellar organization in neurons [143].
Another powerful approach of this tool is to compare the trafficking studies conducted previously in
cultured cells with primary cells.

In addition, the dynamics of membrane trafficking needs to be better defined, in particular, the TGN
where multiple transport pathways are generated from the same compartment. The development
of a technique to synchronize the trafficking of a newly synthesized protein from the Golgi,
known as the retention using selective hooks (RUSH) system [146], will enable direct analysis
of the spatial partitioning of cargo destined for different transport pathways. Indeed, a recent study
using the RUSH system has demonstrated a role for the transmembrane and luminal domains in
the segregation of cargo proteins in the Golgi prior to recruitment by specific transport carriers [147].

An interesting issue is the potential roles of cargo adaptors in functions other than the selection
of cargo into transport carriers. For example, AP-1 interacts with kinesins to promote retrograde
transport along the axon in neurons [148,149]. Identifying additional non-traditional roles of adaptor
proteins could be very important. A number of pathogens can highjack trafficking pathways by
selective interactions with adaptor protein complexes, for example HIV Vpu hijacks AP-1 dependent
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trafficking [150]. It will be of considerable interest to assess whether the other adaptor protein
complexes can also be selectively targeted by intracellular pathogens.

Finally, technical strategies to overcome the limitations of knockouts and knockdowns,
where compensatory pathways and indirect effects may dominate, will be very important. The rapid
inactivation of proteins, such as the knocksideways approach [65], will continue to be invaluable to
reduce the time period between the loss of protein and the functional analyses. Moreover, the application
of these technologies to in vivo whole organisms, will provide the capacity to directly examine the impact
of inactivating adaptor complexes on physiological responses.
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GGA  Golgi-localized y-ear containing Arf binding proteins

References

1.  Ladinsky, M.S.; Mastronarde, D.N.; McIntosh, J.R.; Howell, K.E.; Staehelin, L.A. Golgi structure in three
dimensions: Functional insights from the normal rat kidney cell. J. Cell Biol. 1999, 144, 1135-1149. [CrossRef]
[PubMed]

2. Klumperman, J. Architecture of the mammalian golgi. Cold Spring Harb. Perspect. Biol. 2011, 3. [CrossRef]
[PubMed]

3. Guo, Y, Sirkis, D.W.; Schekman, R. Protein sorting at the trans-Golgi network. Annu. Rev. Cell Dev. Biol.
2014, 30, 169-206. [CrossRef] [PubMed]

4. De Matteis, M.A.; Luini, A. Exiting the Golgi complex. Nat. Rev. Mol. Cell Biol 2008, 9, 273-284. [CrossRef]
[PubMed]

5. Herrmann, ].M.; Spang, A. Intracellular parcel service: Current issues in intracellular membrane trafficking.
Methods Mol. Biol 2015, 1270, 1-12. [PubMed]

6.  De Matteis, M.A.; Luini, A. Mendelian disorders of membrane trafficking. N. Engl. ]. Med. 2011, 365, 927-938.
[CrossRef] [PubMed]

7. Derby, M.C.; Gleeson, P.A. New insights into membrane trafficking and protein sorting. Int. Rev. Cytol. 2007,
261,47-116.

8.  Donaldson, J.G.; Jackson, C.L. Arf family G proteins and their regulators: Roles in membrane transport,
development and disease. Nat. Rev. Mol. Cell Biol. 2011, 12, 362-375. [CrossRef]

9.  Gillingham, A K,; Munro, S. The small G proteins of the arf family and their regulators. Annu. Rev. Cell Dev. Biol. 2007,
23, 579-611. [CrossRef]

10. Gleeson, PA.; Lock, ].G.; Luke, M.R ; Stow, J.L. Domains of the TGN: Coats, tethers and G proteins. Traffic 2004,
5,315-326. [CrossRef]

11.  Kirchhausen, T.; Bonifacino, J.S.; Riezman, H. Linking cargo to vesicle formation: Receptor tail interactions
with coat proteins. Curr. Opin. Cell Biol. 1997, 9, 488-495. [CrossRef]

12.  Bonifacino, J.S. Adaptor proteins involved in polarized sorting. J. Cell Biol. 2014, 204, 7-17. [CrossRef]
[PubMed]

13.  Traub, LM.; Bonifacino, ].S. Cargo recognition in clathrin-mediated endocytosis. Cold Spring Harb. Perspect. Biol. 2013, 5,
a016790. [CrossRef] [PubMed]

14. Faini, M; Beck, R.; Wieland, ET.; Briggs, J.A. Vesicle coats: Structure, function, and general principles of
assembly. Trends Cell Biol. 2013, 23, 279-288. [CrossRef] [PubMed]


http://dx.doi.org/10.1083/jcb.144.6.1135
http://www.ncbi.nlm.nih.gov/pubmed/10087259
http://dx.doi.org/10.1101/cshperspect.a005181
http://www.ncbi.nlm.nih.gov/pubmed/21502307
http://dx.doi.org/10.1146/annurev-cellbio-100913-013012
http://www.ncbi.nlm.nih.gov/pubmed/25150009
http://dx.doi.org/10.1038/nrm2378
http://www.ncbi.nlm.nih.gov/pubmed/18354421
http://www.ncbi.nlm.nih.gov/pubmed/25702105
http://dx.doi.org/10.1056/NEJMra0910494
http://www.ncbi.nlm.nih.gov/pubmed/21899453
http://dx.doi.org/10.1038/nrm3117
http://dx.doi.org/10.1146/annurev.cellbio.23.090506.123209
http://dx.doi.org/10.1111/j.1398-9219.2004.00182.x
http://dx.doi.org/10.1016/S0955-0674(97)80024-5
http://dx.doi.org/10.1083/jcb.201310021
http://www.ncbi.nlm.nih.gov/pubmed/24395635
http://dx.doi.org/10.1101/cshperspect.a016790
http://www.ncbi.nlm.nih.gov/pubmed/24186068
http://dx.doi.org/10.1016/j.tcb.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23414967

Cells 2019, 8, 531 16 of 22

15.

16.

17.

18.

19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Hirst, J.; Edgar, J.R.; Borner, G.H.; Li, S.; Sahlender, D.A.; Antrobus, R.; Robinson, M.S. Contributions
of epsinR and gadkin to clathrin-mediated intracellular trafficking. Mol. Biol. Cell 2015, 26, 3085-3103.
[CrossRef]

Boucrot, E.; Pick, A.; Camdere, G.; Liska, N.; Evergren, E.; McMahon, H.T.; Kozlov, M.M. Membrane
fission is promoted by insertion of amphipathic helices and is restricted by crescent bar domains. Cell 2012,
149, 124-136. [CrossRef]

Ford, M.G.; Mills, I.G.; Peter, B.J.; Vallis, Y.; Praefcke, G.J.; Evans, P.R.; McMahon, H.T. Curvature of
clathrin-coated pits driven by epsin. Nature 2002, 419, 361-366. [CrossRef]

Hirst, J.; Irving, C.; Borner, G.H. Adaptor protein complexes ap-4 and ap-5: New players in endosomal
trafficking and progressive spastic paraplegia. Traffic 2013, 14, 153-164. [CrossRef]

Robinson, M.S. Adaptable adaptors for coated vesicles. Trends Cell Biol. 2004, 14, 167-174. [CrossRef]
Robinson, M.S.; Bonifacino, J.S. Adaptor-related proteins. Curr. Opin. Cell Biol. 2001, 13, 444-453. [CrossRef]
Goldberg, J. Structural basis for activation of Arf GTPase: Mechanisms of guanine nucleotide exchange
and GTP-myristoyl switching. Cell 1998, 95, 237-248. [CrossRef]

Bos, ].L.; Rehmann, H.; Wittinghofer, A. Gefs and gaps: Critical elements in the control of small G proteins.
Cell 2007, 129, 865-877. [CrossRef] [PubMed]

Antonny, B.; Beraud-Dufour, S.; Chardin, P.; Chabre, M. N-terminal hydrophobic residues of the G-protein
ADP-ribosylation factor-1 insert into membrane phospholipids upon GDP to GTP exchange. Biochemistry 1997,
36, 4675-4684. [CrossRef] [PubMed]

Chavrier, P; Gorvel, ].P; Stelzer, E.; Simons, K.; Gruenberg, J.; Zerial, M. Hypervariable c-terminal domain of
rab proteins acts as a targeting signal. Nature 1991, 353, 769-772. [CrossRef] [PubMed]

Kahn, R.A; Cherfils, J.; Elias, M.; Lovering, R.C.; Munro, S.; Schurmann, A. Nomenclature for the human Arf
family of GTP-binding proteins: ARF, ARL, and SAR proteins. J. Cell Biol. 2006, 172, 645-650. [CrossRef]
[PubMed]

Manolea, E; Chun, J.; Chen, D.W.; Clarke, I.; Summerfeldt, N.; Dacks, J.B.; Melancon, P. Arf3 is
activated uniquely at the trans-golgi network by brefeldin A-inhibited guanine nucleotide exchange
factors. Mol. Biol. Cell 2010, 21, 1836-1849. [CrossRef]

Hosaka, M.; Toda, K.; Takatsu, H.; Torii, S.; Murakami, K.; Nakayama, K. Structure and intracellular
localization of mouse ADP-ribosylation factors type 1 to type 6 (Arfl-Arf6). J. Biochem. 1996, 120, 813-819.
[CrossRef]

Cavenagh, M.M.; Whitney, ].A ; Carroll, K.; Zhang, C.; Boman, A.L.; Rosenwald, A.G.; Mellman, I.; Kahn, R.A.
Intracellular distribution of Arf proteins in mammalian cells. Arf6 is uniquely localized to the plasma
membrane. J. Biol. Chem. 1996, 271, 21767-21774. [CrossRef]

Volpicelli-Daley, L.A.; Li, Y,; Zhang, C.J.; Kahn, R.A. Isoform-selective effects of the depletion of
ADP-ribosylation factors 1-5 on membrane traffic. Mol. Biol. Cell 2005, 16, 4495-4508. [CrossRef]

Toh, W.H,; Tan, J.Z.; Zulkefli, K.L.; Houghton, EJ.; Gleeson, P.A. Amyloid precursor protein traffics from
the Golgi directly to early endosomes in an arl5b- and ap4-dependent pathway. Traffic 2017, 18, 159-175.
[CrossRef]

Sadakata, T.; Shinoda, Y.; Sekine, Y.; Saruta, C.; Itakura, M.; Takahashi, M.; Furuichi, T. Interaction of
calcium-dependent activator protein for secretion 1 (capsl) with the class ii ADP-ribosylation factor small
GTPases is required for dense-core vesicle trafficking in the frans-Golgi network. J. Biol. Chem. 2010,
285, 38710-38719. [CrossRef] [PubMed]

Nakai, W.; Kondo, Y.; Saitoh, A.; Naito, T.; Nakayama, K.; Shin, HW. Arfl and Arf4 regulate recycling
endosomal morphology and retrograde transport from endosomes to the Golgi apparatus. Mol. Biol. Cell
2013, 24, 2570-2581. [CrossRef] [PubMed]

Sadakata, T.; Itakura, M.; Kozaki, S.; Sekine, Y.; Takahashi, M.; Furuichi, T. Differential distributions of
the Ca2+ -dependent activator protein for secretion family proteins (caps2 and capsl) in the mouse brain.
J. Comp. Neurol. 2006, 495, 735-753. [CrossRef] [PubMed]

Puertollano, R.; Aguilar, R.C.; Gorshkova, I.; Crouch, R.J.; Bonifacino, J.S. Sorting of mannose 6-phosphate
receptors mediated by the GGAs. Science 2001, 292, 1712-1716. [CrossRef] [PubMed]

Puertollano, R.; Randazzo, P.A.; Presley, J.E; Hartnell, L.M.; Bonifacino, J.S. The GGAs promote Arf-dependent
recruitment of clathrin to TGN. Cell 2001, 105, 93-102. [CrossRef]


http://dx.doi.org/10.1091/mbc.E15-04-0245
http://dx.doi.org/10.1016/j.cell.2012.01.047
http://dx.doi.org/10.1038/nature01020
http://dx.doi.org/10.1111/tra.12028
http://dx.doi.org/10.1016/j.tcb.2004.02.002
http://dx.doi.org/10.1016/S0955-0674(00)00235-0
http://dx.doi.org/10.1016/S0092-8674(00)81754-7
http://dx.doi.org/10.1016/j.cell.2007.05.018
http://www.ncbi.nlm.nih.gov/pubmed/17540168
http://dx.doi.org/10.1021/bi962252b
http://www.ncbi.nlm.nih.gov/pubmed/9109679
http://dx.doi.org/10.1038/353769a0
http://www.ncbi.nlm.nih.gov/pubmed/1944536
http://dx.doi.org/10.1083/jcb.200512057
http://www.ncbi.nlm.nih.gov/pubmed/16505163
http://dx.doi.org/10.1091/mbc.e10-01-0016
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a021484
http://dx.doi.org/10.1074/jbc.271.36.21767
http://dx.doi.org/10.1091/mbc.e04-12-1042
http://dx.doi.org/10.1111/tra.12465
http://dx.doi.org/10.1074/jbc.M110.137414
http://www.ncbi.nlm.nih.gov/pubmed/20921225
http://dx.doi.org/10.1091/mbc.e13-04-0197
http://www.ncbi.nlm.nih.gov/pubmed/23783033
http://dx.doi.org/10.1002/cne.20947
http://www.ncbi.nlm.nih.gov/pubmed/16506193
http://dx.doi.org/10.1126/science.1060750
http://www.ncbi.nlm.nih.gov/pubmed/11387475
http://dx.doi.org/10.1016/S0092-8674(01)00299-9

Cells 2019, 8, 531 17 of 22

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

Magzelova, J.; Astuto-Gribble, L.; Inoue, H.; Tam, B.M.; Schonteich, E.; Prekeris, R.; Moritz, O.L.; Randazzo, P.A.;
Deretic, D. Ciliary targeting motif VxPx directs assembly of a trafficking module through Arf4. EMBO J.
2009, 28, 183-192. [CrossRef] [PubMed]

Ren, X.; Farias, G.G.; Canagarajah, B.J.; Bonifacino, J.S.; Hurley, J.H. Structural basis for recruitment
and activation of the AP-1 clathrin adaptor complex by Arfl. Cell 2013, 152, 755-767. [CrossRef] [PubMed]
D’Angelo, G.; Vicinanza, M.; Wilson, C.; De Matteis, M.A. Phosphoinositides in Golgi complex function.
Subcell. Biochem. 2012, 59, 255-270. [PubMed]

Vicinanza, M.; D’Angelo, G.; Di Campli, A.; De Matteis, M.A. Function and dysfunction of the PI system in
membrane trafficking. EMBO J. 2008, 27, 2457-2470. [CrossRef] [PubMed]

Wang, Y.J.; Wang, J.; Sun, H.Q.; Martinez, M.; Sun, Y.X.; Macia, E.; Kirchhausen, T.; Albanesi, ].P.; Roth, M.G.;
Yin, H.L. Phosphatidylinositol 4 phosphate regulates targeting of clathrin adaptor AP-1 complexes to
the Golgi. Cell 2003, 114, 299-310. [CrossRef]

Wang, J.; Sun, H.Q.; Macia, E.; Kirchhausen, T.; Watson, H.; Bonifacino, J.S.; Yin, H.L. PI4P promotes
the recruitment of the GGA adaptor proteins to the trans-Golgi network and regulates their recognition of
the ubiquitin sorting signal. Mol. Biol. Cell 2007, 18, 2646-2655. [CrossRef] [PubMed]

Godi, A,; Pertile, P.; Meyers, R.; Marra, P.; Di Tullio, G.; lurisci, C.; Luini, A.; Corda, D.; De Matteis, M.A. ARF
mediates recruitment of Ptdins-4-OH kinase-beta and stimulates synthesis of Ptdins(4,5)P2 on the Golgi
complex. Nat. Cell Biol. 1999, 1, 280-287. [CrossRef] [PubMed]

Zhao, X.; Varnai, P.; Tuymetova, G.; Balla, A.; Toth, Z.E.; Oker-Blom, C.; Roder, J.; Jeromin, A.; Balla, T.
Interaction of neuronal calcium sensor-1 (ncs-1) with phosphatidylinositol 4-kinase beta stimulates lipid
kinase activity and affects membrane trafficking in Cos-7 cells. J. Biol. Chem. 2001, 276, 40183-40189.
[CrossRef] [PubMed]

Haynes, L.P; Thomas, G.M.; Burgoyne, R.D. Interaction of neuronal calcium sensor-1 and ADP-ribosylation
factor 1 allows bidirectional control of phosphatidylinositol 4-kinase beta and trans-Golgi network-plasma
membrane traffic. J. Biol. Chem. 2005, 280, 6047-6054. [CrossRef] [PubMed]

Blagoveshchenskaya, A.; Cheong, EY.; Rohde, H.M.; Glover, G.; Knodler, A.; Nicolson, T.; Boehmelt, G.;
Mayinger, P. Integration of Golgi trafficking and growth factor signaling by the lipid phosphatase sacl.
J. Cell Biol. 2008, 180, 803-812. [CrossRef]

Bonifacino, J.S. The gga proteins: Adaptors on the move. Nat. Rev. Mol. Cell Biol. 2004, 5, 23-32. [CrossRef]
Guardia, C.M,; De Pace, R.; Mattera, R.; Bonifacino, J.S. Neuronal functions of adaptor complexes involved
in protein sorting. Curr. Opin. Neurobiol. 2018, 51, 103-110. [CrossRef]

Collins, B.M.; McCoy, A.].; Kent, HM.; Evans, PR.; Owen, D.]. Molecular architecture and functional model
of the endocytic AP2 complex. Cell 2002, 109, 523-535. [CrossRef]

Heldwein, E.E.; Macia, E.; Wang, J.; Yin, H.L.; Kirchhausen, T.; Harrison, S.C. Crystal structure of the clathrin
adaptor protein 1 core. Proc. Natl. Acad. Sci. USA 2004, 101, 14108-14113. [CrossRef]

Dell’Angelica, E.C.; Puertollano, R.; Mullins, C.; Aguilar, R.C.; Vargas, J.D.; Hartnell, L.M.; Bonifacino, J.S.
GGAs: A family of ADP ribosylation factor-binding proteins related to adaptors and associated with the Golgi
complex. J. Cell Biol. 2000, 149, 81-93. [CrossRef]

Hirst, J.; Lui, WW.Y.,; Bright, N.A.; Totty, N.; Seaman, M.N.J.; Robinson, M.S. A family of proteins
with gamma-adaptin and VHS domains that facilitate trafficking between the trans-Golgi network
and the vacuole/lysosome. J. Cell Biol. 2000, 149, 67-79. [CrossRef] [PubMed]

Takatsu, H.; Yoshino, K.; Nakayama, K. Adaptor gamma ear homology domain conserved in gamma-adaptin
and GGA proteins that interact with gamma-synergin. Biochem. Biophys. Res. Commun. 2000, 271, 719-725.
[CrossRef] [PubMed]

Robinson, M.S. Forty years of clathrin-coated vesicles. Traffic 2015, 16, 1210-1238. [CrossRef] [PubMed]
Nielsen, M.S.; Madsen, P.; Christensen, E.I; Nykjaer, A.; Gliemann, J.; Kasper, D.; Pohlmann, R.; Petersen, C.M.
The sortilin cytoplasmic tail conveys Golgi-endosome transport and binds the VHS domain of the GGA2
sorting protein. EMBO ]. 2001, 20, 2180-2190. [CrossRef] [PubMed]

Collins, B.M.; Watson, P.J.; Owen, D.]J. The structure of the GGA1-GAT domain reveals the molecular basis
for ARF binding and membrane association of GGAs. Dev. Cell 2003, 4, 321-332. [CrossRef]

Gallusser, A.; Kirchhausen, T. The beta 1 and beta 2 subunits of the AP complexes are the clathrin coat
assembly components. EMBO J. 1993, 12, 5237-5244. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/emboj.2008.267
http://www.ncbi.nlm.nih.gov/pubmed/19153612
http://dx.doi.org/10.1016/j.cell.2012.12.042
http://www.ncbi.nlm.nih.gov/pubmed/23415225
http://www.ncbi.nlm.nih.gov/pubmed/22374093
http://dx.doi.org/10.1038/emboj.2008.169
http://www.ncbi.nlm.nih.gov/pubmed/18784754
http://dx.doi.org/10.1016/S0092-8674(03)00603-2
http://dx.doi.org/10.1091/mbc.e06-10-0897
http://www.ncbi.nlm.nih.gov/pubmed/17494868
http://dx.doi.org/10.1038/12993
http://www.ncbi.nlm.nih.gov/pubmed/10559940
http://dx.doi.org/10.1074/jbc.M104048200
http://www.ncbi.nlm.nih.gov/pubmed/11526106
http://dx.doi.org/10.1074/jbc.M413090200
http://www.ncbi.nlm.nih.gov/pubmed/15576365
http://dx.doi.org/10.1083/jcb.200708109
http://dx.doi.org/10.1038/nrm1279
http://dx.doi.org/10.1016/j.conb.2018.02.021
http://dx.doi.org/10.1016/S0092-8674(02)00735-3
http://dx.doi.org/10.1073/pnas.0406102101
http://dx.doi.org/10.1083/jcb.149.1.81
http://dx.doi.org/10.1083/jcb.149.1.67
http://www.ncbi.nlm.nih.gov/pubmed/10747088
http://dx.doi.org/10.1006/bbrc.2000.2700
http://www.ncbi.nlm.nih.gov/pubmed/10814529
http://dx.doi.org/10.1111/tra.12335
http://www.ncbi.nlm.nih.gov/pubmed/26403691
http://dx.doi.org/10.1093/emboj/20.9.2180
http://www.ncbi.nlm.nih.gov/pubmed/11331584
http://dx.doi.org/10.1016/S1534-5807(03)00037-6
http://dx.doi.org/10.1002/j.1460-2075.1993.tb06219.x
http://www.ncbi.nlm.nih.gov/pubmed/8262066

Cells 2019, 8, 531 18 of 22

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

ter Haar, E; Harrison, S.C.; Kirchhausen, T. Peptide-in-groove interactions link target proteins to
the beta-propeller of clathrin. Proc. Natl. Acad. Sci. USA 2000, 97, 1096-1100. [CrossRef]

Simpson, F.; Peden, A.A.; Christopoulou, L.; Robinson, M.S. Characterization of the adaptor-related protein
complex, AP-3. ]. Cell Biol. 1997, 137, 835-845. [CrossRef]

Dell’ Angelica, E.C.; Mullins, C.; Bonifacino, J.5. AP-4, a novel protein complex related to clathrin adaptors.
J. Biol. Chem. 1999, 274, 7278-7285. [CrossRef]

Hirst, J.; Bright, N.A.; Rous, B.; Robinson, M.S. Characterization of a fourth adaptor-related protein complex.
Mol. Biol. Cell 1999, 10, 2787-2802. [CrossRef]

Ohno, H.; Tomemori, T.; Nakatsu, F.; Okazaki, Y.; Aguilar, R.C.; Foelsch, H.; Mellman, I; Saito, T.; Shirasawa, T.;
Bonifacino, J.S. MulB, a novel adaptor medium chain expressed in polarized epithelial cells. FEBS Lett. 1999,
449, 215-220. [CrossRef]

Guo, X.; Mattera, R.; Ren, X.; Chen, Y,; Retamal, C.; Gonzalez, A.; Bonifacino, ].S. The adaptor protein-1 u1B
subunit expands the repertoire of basolateral sorting signal recognition in epithelial cells. Dev. Cell 2013,
27,353-366. [CrossRef] [PubMed]

Hille-Rehfeld, A. Mannose 6-phosphate receptors in sorting and transport of lysosomal enzymes.
BBA Rev. Biomembr. 1995, 1241, 177-194. [CrossRef]

Meyer, C.; Zizioli, D.; Lausmann, S.; Eskelinen, E.L.; Hamann, J.; Saftig, P.; von Figura, K.; Schu, P.
Mula-adaptin-deficient mice: Lethality, loss of AP-1 binding and rerouting of mannose 6-phosphate
receptors. EMBO . 2000, 19, 2193-2203. [CrossRef] [PubMed]

Hirst, J.; Borner, G.H.; Antrobus, R; Peden, A.A.; Hodson, N.A.; Sahlender, D.A.; Robinson, M.S. Distinct and overlapping
roles for AP-1 and GGAs revealed by the “knocksideways” system. Curr. Biol. 2012, 22, 1711-1716. [CrossRef] [PubMed]
Farias, G.G.; Cuitino, L.; Guo, X,; Ren, X,; Jarnik, M.; Mattera, R.; Bonifacino, J.S. Signal-mediated,
AP-1/clathrin-dependent sorting of transmembrane receptors to the somatodendritic domain of hippocampal
neurons. Neuron 2012, 75, 810-823. [CrossRef] [PubMed]

Gravotta, D.; Carvajal-Gonzalez, ] M.; Mattera, R.; Deborde, S.; Banfelder, ].R.; Bonifacino, J.S.; Rodriguez-Boulan, E.
The clathrin adaptor AP-1A mediates basolateral polarity. Dev. Cell 2012, 22, 811-823. [CrossRef]

Zhang, H.; Kim, A.; Abraham, N.; Khan, L.A.; Hall, D.H.; Fleming, J.T.; Gobel, V. Clathrin and AP-1 regulate
apical polarity and lumen formation during C. elegans tubulogenesis. Development 2012, 139, 2071-2083.
[CrossRef]

Folsch, H.; Pypaert, M.; Schu, P.; Mellman, I. Distribution and function of AP-1 clathrin adaptor complexes
in polarized epithelial cells. . Cell Biol. 2001, 152, 595-606. [CrossRef]

Folsch, H.; Pypaert, M.; Maday, S.; Pelletier, L.; Mellman, I. The AP-1A and AP-1B clathrin adaptor complexes
define biochemically and functionally distinct membrane domains. J. Cell Biol. 2003, 163, 351-362. [CrossRef]
Zizioli, D.; Meyer, C.; Guhde, G.; Saftig, P.; von Figura, K.; Schu, P. Early embryonic death of mice deficient
in gamma-adaptin. J. Biol. Chem. 1999, 274, 5385-5390. [CrossRef] [PubMed]

Tarpey, P.S.; Stevens, C.; Teague, ]J.; Edkins, S.; O’Meara, S.; Avis, T.; Barthorpe, S.; Buck, G.; Butler, A;
Cole, J.; et al. Mutations in the gene encoding the Sigma 2 subunit of the adaptor protein 1 complex, AP1S2,
cause x-linked mental retardation. Am. J. Hum. Genet. 2006, 79, 1119-1124. [CrossRef] [PubMed]

Saillour, Y.; Zanni, G.; Des Portes, V.; Heron, D.; Guibaud, L.; Iba-Zizen, M.T.; Pedespan, J.L.; Poirier, K.;
Castelnau, L.; Julien, C.; et al. Mutations in the AP1S2 gene encoding the sigma 2 subunit of the adaptor
protein 1 complex are associated with syndromic X-linked mental retardation with hydrocephalus
and calcifications in basal ganglia. . Med. Genet. 2007, 44, 739-744. [CrossRef] [PubMed]

Montpetit, A.; Cote, S.; Brustein, E.; Drouin, C.A.; Lapointe, L.; Boudreau, M.; Meloche, C.; Drouin, R,;
Hudson, T.].; Drapeau, P; et al. Disruption of AP1S1, causing a novel neurocutaneous syndrome, perturbs
development of the skin and spinal cord. PLoS Genet. 2008, 4, €1000296. [CrossRef] [PubMed]

Pevsner, J.; Volknandt, W.; Wong, B.R.; Scheller, R.H. Two rat homologs of clathrin-associated adaptor
proteins. Gene 1994, 146, 279-283. [CrossRef]

Newman, L.S.; McKeever, M.O.; Okano, H.J.; Darnell, R.B. Beta-nap, a cerebellar degeneration antigen,
is a neuron-specific vesicle coat protein. Cell 1995, 82, 773-783. [CrossRef]

Dell’Angelica, E.C.; Ohno, H.; Ooi, C.E.; Rabinovich, E.; Roche, K.W.; Bonifacino, J.5. AP-3: An adaptor-like
protein complex with ubiquitous expression. EMBO J. 1997, 16, 917-928. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.97.3.1096
http://dx.doi.org/10.1083/jcb.137.4.835
http://dx.doi.org/10.1074/jbc.274.11.7278
http://dx.doi.org/10.1091/mbc.10.8.2787
http://dx.doi.org/10.1016/S0014-5793(99)00432-9
http://dx.doi.org/10.1016/j.devcel.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24229647
http://dx.doi.org/10.1016/0304-4157(95)00004-B
http://dx.doi.org/10.1093/emboj/19.10.2193
http://www.ncbi.nlm.nih.gov/pubmed/10811610
http://dx.doi.org/10.1016/j.cub.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22902756
http://dx.doi.org/10.1016/j.neuron.2012.07.007
http://www.ncbi.nlm.nih.gov/pubmed/22958822
http://dx.doi.org/10.1016/j.devcel.2012.02.004
http://dx.doi.org/10.1242/dev.077347
http://dx.doi.org/10.1083/jcb.152.3.595
http://dx.doi.org/10.1083/jcb.200309020
http://dx.doi.org/10.1074/jbc.274.9.5385
http://www.ncbi.nlm.nih.gov/pubmed/10026148
http://dx.doi.org/10.1086/510137
http://www.ncbi.nlm.nih.gov/pubmed/17186471
http://dx.doi.org/10.1136/jmg.2007.051334
http://www.ncbi.nlm.nih.gov/pubmed/17617514
http://dx.doi.org/10.1371/journal.pgen.1000296
http://www.ncbi.nlm.nih.gov/pubmed/19057675
http://dx.doi.org/10.1016/0378-1119(94)90306-9
http://dx.doi.org/10.1016/0092-8674(95)90474-3
http://dx.doi.org/10.1093/emboj/16.5.917
http://www.ncbi.nlm.nih.gov/pubmed/9118953

Cells 2019, 8, 531 19 of 22

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Dell’ Angelica, E.C.; Shotelersuk, V.; Aguilar, R.C.; Gahl, W.A_; Bonifacino, J.S. Altered trafficking of lysosomal
proteins in hermansky-pudlak syndrome due to mutations in the beta 3A subunit of the AP-3 adaptor.
Mol. Cell 1999, 3, 11-21. [CrossRef]

Kantheti, P; Qiao, X.; Diaz, M.E.; Peden, A.A.; Meyer, G.E.; Carskadon, S.L.; Kapfhamer, D.; Sufalko, D.;
Robinson, M.S.; Noebels, J.L.; et al. Mutation in AP-3 delta in the mocha mouse links endosomal transport to
storage deficiency in platelets, melanosomes, and synaptic vesicles. Neuron 1998, 21, 111-122. [CrossRef]
Peden, A.A.; Oorschot, V.; Hesser, B.A.; Austin, C.D.; Scheller, R.H.; Klumperman, J. Localization of the AP-3
adaptor complex defines a novel endosomal exit site for lysosomal membrane proteins. J. Cell Biol. 2004,
164, 1065-1076. [CrossRef]

Abou Jamra, R.; Philippe, O.; Raas-Rothschild, A.; Eck, S.H.; Graf, E.; Buchert, R.; Borck, G.;
Ekici, A.; Brockschmidt, F.F; Nothen, M.M.; et al. Adaptor protein complex 4 deficiency causes severe
autosomal-recessive intellectual disability, progressive spastic paraplegia, shy character, and short stature.
Am. J. Hum. Genet. 2011, 88, 788-795. [CrossRef] [PubMed]

Bauer, P.; Leshinsky-Silver, E.; Blumkin, L.; Schlipf, N.; Schroder, C.; Schicks, ]J.; Lev, D.; Riess, O.;
Lerman-Sagie, T.; Schols, L. Mutation in the AP4B1 gene cause hereditary spastic paraplegia type 47 (SPG47).
Neurogenetics 2012, 13, 73-76. [CrossRef] [PubMed]

Abdollahpour, H.; Alawi, M.; Kortum, F.; Beckstette, M.; Seemanova, E.; Komarek, V.; Rosenberger, G.;
Kutsche, K. An AP4B1 frameshift mutation in siblings with intellectual disability and spastic tetraplegia
further delineates the AP-4 deficiency syndrome. Eur. |. Hum. Genet. 2015, 23, 256-259. [CrossRef] [PubMed]
Tuysuz, B.; Bilguvar, K.; Kocer, N.; Yalcinkaya, C.; Caglayan, O.; Gul, E.; Sahin, S.; Comu, S.; Gunel, M.
Autosomal recessive spastic tetraplegia caused by AP4M1 and AP4B1 gene mutation: Expansion of the facial
and neuroimaging features. Am. |. Med Genet. PART A 2014, 164, 1677-1685. [CrossRef] [PubMed]

Accogli, A.; Hamdan, EF,; Poulin, C.; Nassif, C.; Rouleau, G.A.; Michaud, J.L.; Srour, M. A novel homozygous
AP4B1 mutation in two brothers with AP-4 deficiency syndrome and ocular anomalies. Am. J. Med. Genet.
PART A 2018, 176, 985-991. [CrossRef]

Moreno-De-Luca, A.; Helmers, S.L.; Mao, H.; Burns, T.G.; Melton, A.M.; Schmidt, K.R.; Fernhoff, PM.;
Ledbetter, D.H.; Martin, C.L. Adaptor protein complex-4 (AP-4) deficiency causes a novel autosomal recessive
cerebral palsy syndrome with microcephaly and intellectual disability. J. Med. Genet. 2011, 48, 141-144.
[CrossRef]

Najmabadi, H.; Hu, H.; Garshasbi, M.; Zemojtel, T.; Abedini, S.S.; Chen, W.; Hosseini, M.; Behjati, F.; Haas, S.;
Jamali, P; et al. Deep sequencing reveals 50 novel genes for recessive cognitive disorders. Nature 2011,
478, 57-63. [CrossRef]

Raza, M.H.; Mattera, R.; Morell, R.; Sainz, E.; Rahn, R.; Gutierrez, J.; Paris, E.; Root, J.; Solomon, B.;
Brewer, C.; et al. Association between rare variants in AP4E1, a component of intracellular trafficking,
and persistent stuttering. Am. J. Hum. Genet. 2015, 97, 715-725. [CrossRef]

Verkerk, A].; Schot, R.; Dumee, B.; Schellekens, K.; Swagemakers, S.; Bertoli-Avella, A.M.; Lequin, M.H.;
Dudink, J.; Govaert, P; van Zwol, A.L.; et al. Mutation in the AP4M1 gene provides a model for neuroaxonal
injury in cerebral palsy. Am. J. Hum. Genet. 2009, 85, 40-52. [CrossRef]

Hardies, K.; May, P; Djemie, T.; Tarta-Arsene, O.; Deconinck, T.; Craiu, D.; Helbig, I.; Suls, A.; Balling, R.;
Weckhuysen, S.; et al. Recessive loss-of-function mutations in ap4sl cause mild fever-sensitive seizures,
developmental delay, and spastic paraplegia through loss of AP-4 complex assembly. Hum. Mol. Genet. 2014.
[CrossRef]

Matsuda, S.; Miura, E.; Matsuda, K.; Kakegawa, W.; Kohda, K.; Watanabe, M.; Yuzaki, M. Accumulation of
ampa receptors in autophagosomes in neuronal axons lacking adaptor protein AP-4. Neuron 2008, 57, 730-745.
[CrossRef] [PubMed]

Yap, C.C.; Murate, M.; Kishigami, S.; Muto, Y.; Kishida, H.; Hashikawa, T.; Yano, R. Adaptor protein
complex-4 (AP-4) is expressed in the central nervous system neurons and interacts with glutamate receptor
delta2. Mol. Cell. Neurosci. 2003, 24, 283-295. [CrossRef]

Aguilar, R.C.; Boehm, M.; Gorshkova, I.; Crouch, R.J.; Tomita, K.; Saito, T.; Ohno, H.; Bonifacino, J.S.
Signal-binding specificity of the mu4 subunit of the adaptor protein complex AP-4. |. Biol. Chem. 2001,
276,13145-13152. [CrossRef] [PubMed]

Janvier, K.; Bonifacino, J.S. Role of the endocytic machinery in the sorting of lysosome-associated membrane
proteins. Mol. Biol. Cell 2005, 16, 4231-4242. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1097-2765(00)80170-7
http://dx.doi.org/10.1016/S0896-6273(00)80519-X
http://dx.doi.org/10.1083/jcb.200311064
http://dx.doi.org/10.1016/j.ajhg.2011.04.019
http://www.ncbi.nlm.nih.gov/pubmed/21620353
http://dx.doi.org/10.1007/s10048-012-0314-0
http://www.ncbi.nlm.nih.gov/pubmed/22290197
http://dx.doi.org/10.1038/ejhg.2014.73
http://www.ncbi.nlm.nih.gov/pubmed/24781758
http://dx.doi.org/10.1002/ajmg.a.36514
http://www.ncbi.nlm.nih.gov/pubmed/24700674
http://dx.doi.org/10.1002/ajmg.a.38628
http://dx.doi.org/10.1136/jmg.2010.082263
http://dx.doi.org/10.1038/nature10423
http://dx.doi.org/10.1016/j.ajhg.2015.10.007
http://dx.doi.org/10.1016/j.ajhg.2009.06.004
http://dx.doi.org/10.1093/hmg/ddu740
http://dx.doi.org/10.1016/j.neuron.2008.02.012
http://www.ncbi.nlm.nih.gov/pubmed/18341993
http://dx.doi.org/10.1016/S1044-7431(03)00164-7
http://dx.doi.org/10.1074/jbc.M010591200
http://www.ncbi.nlm.nih.gov/pubmed/11139587
http://dx.doi.org/10.1091/mbc.e05-03-0213
http://www.ncbi.nlm.nih.gov/pubmed/15987739

Cells 2019, 8, 531 20 of 22

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Simmen, T.; Honing, S.; Icking, A.; Tikkanen, R.; Hunziker, W. AP-4 binds basolateral signals and participates
in basolateral sorting in epithelial mdck cells. Nat. Cell Biol. 2002, 4, 154-159. [CrossRef] [PubMed]

Borner, G.H.; Antrobus, R.; Hirst, J.; Bhumbra, G.S.; Kozik, P,; Jackson, L.P,; Sahlender, D.A.; Robinson, M.S.
Multivariate proteomic profiling identifies novel accessory proteins of coated vesicles. ]. Cell Biol. 2012,
197, 141-160. [CrossRef] [PubMed]

Burgos, P.V,; Mardones, G.A.; Rojas, A.L.; daSilva, L.L.; Prabhu, Y.; Hurley, ]. H.; Bonifacino, J.S. Sorting of
the alzheimer’s disease amyloid precursor protein mediated by the AP-4 complex. Dev. Cell 2010, 18, 425-436.
[CrossRef] [PubMed]

Tan, J.Z.A.; Gleeson, P.A. The trans-Golgi network is a major site for alpha-secretase processing of amyloid
precursor protein in primary neurons. J. Biol. Chem. 2019, 294, 1618-1631. [CrossRef] [PubMed]

Mattera, R.; Park, S.Y.; De Pace, R.; Guardia, C.M.; Bonifacino, J.S. AP-4 mediates export of ATG9A from
the trans-Golgi network to promote autophagosome formation. Proc. Natl. Acad. Sci. USA 2017,
114, E10697-E10706. [CrossRef] [PubMed]

Davies, A.K,; Itzhak, D.N.; Edgar, ].R.; Archuleta, T.L.; Hirst, J.; Jackson, L.P.; Robinson, M.S.; Borner, G.H.H.
AP-4 vesicles contribute to spatial control of autophagy via RUSC-dependent peripheral delivery of ATG9A.
Nat. Commun. 2018, 9, 3958. [CrossRef] [PubMed]

De Pace, R.; Skirzewski, M.; Damme, M.; Mattera, R.; Mercurio, J.; Foster, A.M.; Cuitino, L.; Jarnik, M.;
Hoffmann, V.; Morris, H.D.; et al. Altered distribution of ATG9A and accumulation of axonal aggregates
in neurons from a mouse model of AP-4 deficiency syndrome. PLoS Genet. 2018, 14, e1007363. [CrossRef]
[PubMed]

Govero, J.; Doray, B.; Bai, H.; Kornfeld, S. Analysis of gga null mice demonstrates a non-redundant role for
mammalian GGA?2 during development. PLoS ONE 2012, 7, e30184. [CrossRef] [PubMed]

Doray, B.; Govero, J.; Kornfeld, S. Impact of genetic background on neonatal lethality of GGA2 gene-trap
mice. G3 2014, 4, 885-890. [CrossRef] [PubMed]

Doray, B.; Ghosh, P; Griffith, ].; Geuze, H.]J.; Kornfeld, S. Cooperation of GGAs and AP-1 in packaging MPRs
at the trans-Golgi network. Science 2002, 297, 1700-1703. [CrossRef]

Toh, W.H.; Chia, P.Z.C.; Hossain, M.L; Gleeson, P.A. GGA1 regulates signal-dependent sorting of BACE1
to recycling endosomes, which moderates Abeta production. Mol. Biol. Cell 2018, 29, 191-208. [CrossRef]
[PubMed]

Uemura, T.; Kametaka, S.; Waguri, S. GGA?2 interacts with EGFR cytoplasmic domain to stabilize the receptor
expression and promote cell growth. Sci. Rep. 2018, 8, 1368. [CrossRef]

Puertollano, R.; Bonifacino, J.S. Interactions of GGA3 with the ubiquitin sorting machinery. Nat. Cell Biol.
2004, 6, 244-251. [CrossRef]

Tesco, G.; Koh, Y.H.; Kang, E.L.; Cameron, A.N.; Das, S.; Sena-Esteves, M.; Hiltunen, M.; Yang, S.H.; Zhong, Z.;
Shen, Y,; et al. Depletion of GGA3 stabilizes BACE and enhances beta-secretase activity. Neuron 2007,
54,721-737. [CrossRef]

Kang, E.L.; Cameron, A.N.; Piazza, F.; Walker, K.R.; Tesco, G. Ubiquitin regulates GGA3-mediated degradation
of BACEL. ]. Biol. Chem. 2010, 285, 24108-24119. [CrossRef]

Bonifacino, J.S.; Traub, L.M. Signals for sorting of transmembrane proteins to endosomes and lysosomes.
Annu. Rev. Biochem. 2003, 72, 395-447. [CrossRef]

Park, S.Y.; Guo, X. Adaptor protein complexes and intracellular transport. Biosci. Rep. 2014, 34, 00123.
[CrossRef] [PubMed]

Hofmann, M.W.; Honing, S.; Rodionov, D.; Dobberstein, B.; von Figura, K.; Bakke, O. The leucine-based
sorting motifs in the cytoplasmic domain of the invariant chain are recognized by the clathrin adaptors AP1
and AP2 and their medium chains. J. Biol. Chem. 1999, 274, 36153-36158. [CrossRef] [PubMed]

Honing, S.; Sandoval, I.V,; von Figura, K. A di-leucine-based motif in the cytoplasmic tail of LIMP-II
and tyrosinase mediates selective binding of AP-3. EMBO J. 1998, 17, 1304-1314. [CrossRef] [PubMed]

Le Borgne, R.; Alconada, A.; Bauer, U.; Hoflack, B. The mammalian AP-3 adaptor-like complex mediates
the intracellular transport of lysosomal membrane glycoproteins. J. Biol. Chem. 1998, 273, 29451-29461.
[CrossRef] [PubMed]

Owen, D.J.; Evans, P.R. A structural explanation for the recognition of tyrosine-based endocytotic signals.
Science 1998, 282, 1327-1332. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/ncb745
http://www.ncbi.nlm.nih.gov/pubmed/11802162
http://dx.doi.org/10.1083/jcb.201111049
http://www.ncbi.nlm.nih.gov/pubmed/22472443
http://dx.doi.org/10.1016/j.devcel.2010.01.015
http://www.ncbi.nlm.nih.gov/pubmed/20230749
http://dx.doi.org/10.1074/jbc.RA118.005222
http://www.ncbi.nlm.nih.gov/pubmed/30545942
http://dx.doi.org/10.1073/pnas.1717327114
http://www.ncbi.nlm.nih.gov/pubmed/29180427
http://dx.doi.org/10.1038/s41467-018-06172-7
http://www.ncbi.nlm.nih.gov/pubmed/30262884
http://dx.doi.org/10.1371/journal.pgen.1007363
http://www.ncbi.nlm.nih.gov/pubmed/29698489
http://dx.doi.org/10.1371/journal.pone.0030184
http://www.ncbi.nlm.nih.gov/pubmed/22291915
http://dx.doi.org/10.1534/g3.114.010355
http://www.ncbi.nlm.nih.gov/pubmed/24637350
http://dx.doi.org/10.1126/science.1075327
http://dx.doi.org/10.1091/mbc.E17-05-0270
http://www.ncbi.nlm.nih.gov/pubmed/29142073
http://dx.doi.org/10.1038/s41598-018-19542-4
http://dx.doi.org/10.1038/ncb1106
http://dx.doi.org/10.1016/j.neuron.2007.05.012
http://dx.doi.org/10.1074/jbc.M109.092742
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161800
http://dx.doi.org/10.1042/BSR20140069
http://www.ncbi.nlm.nih.gov/pubmed/24975939
http://dx.doi.org/10.1074/jbc.274.51.36153
http://www.ncbi.nlm.nih.gov/pubmed/10593899
http://dx.doi.org/10.1093/emboj/17.5.1304
http://www.ncbi.nlm.nih.gov/pubmed/9482728
http://dx.doi.org/10.1074/jbc.273.45.29451
http://www.ncbi.nlm.nih.gov/pubmed/9792650
http://dx.doi.org/10.1126/science.282.5392.1327
http://www.ncbi.nlm.nih.gov/pubmed/9812899

Cells 2019, 8, 531 21 of 22

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Mardones, G.A.; Burgos, P.V,; Lin, Y.; Kloer, D.P.; Magadan, J.G.; Hurley, ].H.; Bonifacino, J.S. Structural
basis for the recognition of tyrosine-based sorting signals by the u3A subunit of the AP-3 adaptor complex.
J. Biol. Chem. 2013, 288, 9563-9571. [CrossRef] [PubMed]

Ohno, H.; Stewart, ].; Fournier, M.C.; Bosshart, H.; Rhee, I.; Miyatake, S.; Saito, T.; Gallusser, A.; Kirchhausen, T.;
Bonifacino, ].S. Interaction of tyrosine-based sorting signals with clathrin-associated proteins. Science 1995,
269, 1872-1875. [CrossRef]

Honing, S.; Griffith, J.; Geuze, H.].; Hunziker, W. The tyrosine-based lysosomal targeting signal in lamp-1
mediates sorting into Golgi-derived clathrin-coated vesicles. EMBO ]. 1996, 15, 5230-5239. [CrossRef]
Salamero, J.; Le Borgne, R.; Saudrais, C.; Goud, B.; Hoflack, B. Expression of major histocompatibility complex
class IT molecules in hela cells promotes the recruitment of AP-1 Golgi-specific assembly proteins on golgi
membranes. J. Biol. Chem. 1996, 271, 30318-30321. [CrossRef]

Prabhu, Y.; Burgos, P.V.; Schindler, C.; Farias, G.G.; Magadan, ].G.; Bonifacino, J.S. Adaptor protein 2-mediated
endocytosis of the beta-secretase BACEL1 is dispensable for amyloid precursor protein processing. Mol. Biol. Cell
2012, 23, 2339-2351. [CrossRef]

He, X.; Chang, W.P,; Koelsch, G.; Tang, ]. Memapsin 2 (beta-secretase) cytosolic domain binds to the VHS
domains of GGA1 and GGA2: Implications on the endocytosis mechanism of memapsin 2. FEBS Lett. 2002,
524,183-187. [CrossRef]

He, X,; Li, E; Chang, W.P;; Tang, ]. GGA proteins mediate the recycling pathway of memapsin 2 (BACE).
J. Biol. Chem. 2005, 280, 11696-11703. [CrossRef]

Navarro Negredo, P.; Edgar, ].R.; Wrobel, A.G.; Zaccai, N.R.; Antrobus, R.; Owen, D.J.; Robinson, M.S.
Contribution of the clathrin adaptor AP-1 subunit microl to acidic cluster protein sorting. J. Cell Biol. 2017,
216, 2927-2943.

Stockli, J.; Honing, S.; Rohrer, ]. The acidic cluster of the CK2 site of the cation-dependent mannose
6-phosphate receptor (CD-MPR) but not its phosphorylation is required for GGAl and AP-1 binding.
J. Biol. Chem. 2004, 279, 23542-23549. [CrossRef]

Teuchert, M.; Schafer, W.; Berghofer, S.; Hoflack, B.; Klenk, H.D.; Garten, W. Sorting of furin at the trans-Golgi
network. Interaction of the cytoplasmic tail sorting signals with AP-1 Golgi-specific assembly proteins.
J. Biol. Chem. 1999, 274, 8199-8207. [CrossRef]

Jia, X,; Singh, R.; Homann, S.; Yang, H.; Guatelli, J.; Xiong, Y. Structural basis of evasion of cellular adaptive
immunity by HIV-1 Nef. Nat. Struct. Mol. Biol. 2012, 19, 701-706. [CrossRef]

Aguilar, R.C.; Ohno, H.; Roche, K.W.; Bonifacino, J.S. Functional domain mapping of the clathrin-associated
adaptor medium chains mul and mu2. J. Biol. Chem. 1997, 272, 27160-22716. [CrossRef]

Ross, B.H.; Lin, Y.; Corales, E.A.; Burgos, P.V.; Mardones, G.A. Structural and functional characterization of
cargo-binding sites on the mu4-subunit of adaptor protein complex 4. PLoS ONE 2014, 9, e88147. [CrossRef]
Chernomordik, L.V.; Kozlov, M.M. Protein-lipid interplay in fusion and fission of biological membranes.
Annu. Rev. Biochem. 2003, 72, 175-207. [CrossRef]

Frolov, V.A.; Escalada, A.; Akimov, S.A.; Shnyrova, A.V. Geometry of membrane fission. Chem. Phys. Lipids
2015, 185, 129-140. [CrossRef]

Rosenthal, J.A.; Chen, H.; Slepnev, V.I; Pellegrini, L.; Salcini, A.E.; Di Fiore, P.P.; De Camilli, P. The epsins
define a family of proteins that interact with components of the clathrin coat and contain a new protein
module. J. Biol. Chem. 1999, 274, 33959-33965. [CrossRef]

Legendre-Guillemin, V.; Wasiak, S.; Hussain, N.K.; Angers, A.; McPherson, P.S. ENTH/ANTH proteins
and clathrin-mediated membrane budding. J. Cell Sci. 2004, 117, 9-18. [CrossRef]

Hirst, J.; Motley, A.; Harasaki, K.; Peak Chew, S.Y.; Robinson, M.S. EpsinR: An ENTH domain-containing
protein that interacts with AP-1. Mol. Biol. Cell 2003, 14, 625-641. [CrossRef]

Archuleta, T.L.; Frazier, M.N.; Monken, A.E.; Kendall, A K,; Harp, J.; McCoy, A.].; Creanza, N.; Jackson, L.P.
Structure and evolution of ENTH and VPS/ENTH-like domains in tepsin. Traffic 2017, 18, 590-603. [CrossRef]
Miller, S.E.; Collins, B.M.; McCoy, A.].; Robinson, M.S.; Owen, D.]. A SNARE-adaptor interaction is a new
mode of cargo recognition in clathrin-coated vesicles. Nature 2007, 450, 570-574. [CrossRef]

Ferguson, S.M.; De Camilli, P. Dynamin, a membrane-remodelling GTPase. Nat. Rev. Mol. Cell Biol 2012,
13,75-88. [CrossRef]


http://dx.doi.org/10.1074/jbc.M113.450775
http://www.ncbi.nlm.nih.gov/pubmed/23404500
http://dx.doi.org/10.1126/science.7569928
http://dx.doi.org/10.1002/j.1460-2075.1996.tb00908.x
http://dx.doi.org/10.1074/jbc.271.48.30318
http://dx.doi.org/10.1091/mbc.e11-11-0944
http://dx.doi.org/10.1016/S0014-5793(02)03052-1
http://dx.doi.org/10.1074/jbc.M411296200
http://dx.doi.org/10.1074/jbc.M313525200
http://dx.doi.org/10.1074/jbc.274.12.8199
http://dx.doi.org/10.1038/nsmb.2328
http://dx.doi.org/10.1074/jbc.272.43.27160
http://dx.doi.org/10.1371/journal.pone.0088147
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161504
http://dx.doi.org/10.1016/j.chemphyslip.2014.07.006
http://dx.doi.org/10.1074/jbc.274.48.33959
http://dx.doi.org/10.1242/jcs.00928
http://dx.doi.org/10.1091/mbc.e02-09-0552
http://dx.doi.org/10.1111/tra.12499
http://dx.doi.org/10.1038/nature06353
http://dx.doi.org/10.1038/nrm3266

Cells 2019, 8, 531 22 of 22

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Owen, D.J.; Vallis, Y.; Noble, M.E.; Hunter, ].B.; Dafforn, T.R.; Evans, P.R.; McMahon, H.T. A structural
explanation for the binding of multiple ligands by the alpha-adaptin appendage domain. Cell 1999,
97, 805-815. [CrossRef]

Owen, D.J.; Vallis, Y.; Pearse, B.M.; McMahon, H.T.; Evans, P.R. The structure and function of the beta 2-adaptin
appendage domain. EMBO J. 2000, 19, 4216—4227. [CrossRef]

Mills, L.G.; Praefcke, G.J.; Vallis, Y.; Peter, B.J.; Olesen, L.E.; Gallop, ].L.; Butler, PJ.; Evans, P.R.; McMahon, H.T.
EpsinR: An AP1/clathrin interacting protein involved in vesicle trafficking. J. Cell Biol. 2003, 160, 213-222.
[CrossRef]

Mattera, R.; Guardia, C.M.; Sidhu, S.S.; Bonifacino, J.S. Bivalent motif-ear interactions mediate the association
of the accessory protein tepsin with the AP-4 adaptor complex. ]. Biol. Chem. 2015, 290, 30736—43079.
[CrossRef]

Frazier, M.N.; Davies, A.K.; Voehler, M.; Kendall, A K.; Borner, G.H.; Chazin, W.J.; Robinson, M.S.; Jackson, L.P.
Molecular basis for the interaction between AP4 34 and its accessory protein, Tepsin. Traffic 2016, 17, 400-415.
[CrossRef]

Itzhak, D.N.; Tyanova, S.; Cox, J.; Borner, G.H. Global, quantitative and dynamic mapping of protein
subcellular localization. Elife 2016, 5, €16950. [CrossRef]

Itzhak, D.N.; Davies, C.; Tyanova, S.; Mishra, A.; Williamson, J.; Antrobus, R.; Cox, J.; Weekes, M.P;
Borner, G.H.H. A mass spectrometry-based approach for mapping protein subcellular localization reveals
the spatial proteome of mouse primary neurons. Cell Rep. 2017, 20, 2706-2718. [CrossRef]

Hirst, J.; Itzhak, D.N.; Antrobus, R.; Borner, G.H.H.; Robinson, M.S. Role of the AP-5 adaptor protein complex
in late endosome-to-Golgi retrieval. PLoS Biol. 2018, 16, €2004411. [CrossRef]

Theos, A.C.; Tenza, D.; Martina, J.A.; Hurbain, I.; Peden, A.A.; Sviderskaya, E.V.; Stewart, A.; Robinson, M.S.;
Bennett, D.C.; Cutler, D.F; et al. Functions of adaptor protein (AP)-3 and AP-1 in tyrosinase sorting from
endosomes to melanosomes. Mol. Biol. Cell 2005, 16, 5356-5372. [CrossRef]

Boncompain, G.; Divoux, S.; Gareil, N.; de Forges, H.; Lescure, A.; Latreche, L.; Mercanti, V.; Jollivet, F;
Raposo, G.; Perez, F. Synchronization of secretory protein traffic in populations of cells. Nat. Methods 2012,
9, 493-498. [CrossRef]

Chen, Y.; Gershlick, D.C.; Park, S.Y.; Bonifacino, ].S. Segregation in the Golgi complex precedes export of
endolysosomal proteins in distinct transport carriers. J. Cell Biol. 2017, 216, 4141-4151. [CrossRef]
Nakagawa, T.; Setou, M.; Seog, D.; Ogasawara, K.; Dohmae, N.; Takio, K.; Hirokawa, N. A novel motor,
KIF13A, transports mannose-6-phosphate receptor to plasma membrane through direct interaction with ap-1
complex. Cell 2000, 103, 569-581. [CrossRef]

Schmidt, M.R.; Maritzen, T.; Kukhtina, V.; Higman, V.A ; Doglio, L.; Barak, N.N.; Strauss, H.; Oschkinat, H.;
Dotti, C.G.; Haucke, V. Regulation of endosomal membrane traffic by a Gadkin/AP-1/kinesin KIF5 complex.
Proc. Natl. Acad. Sci. USA 2009, 106, 15344-15349. [CrossRef]

Jia, X.; Weber, E.; Tokarev, A.; Lewinski, M.; Rizk, M.; Suarez, M.; Guatelli, J.; Xiong, Y. Structural basis of
HIV-1 Vpu-mediated BST2 antagonism via hijacking of the clathrin adaptor protein complex 1. Elife 2014,
3, €02362. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0092-8674(00)80791-6
http://dx.doi.org/10.1093/emboj/19.16.4216
http://dx.doi.org/10.1083/jcb.200208023
http://dx.doi.org/10.1074/jbc.M115.683409
http://dx.doi.org/10.1111/tra.12375
http://dx.doi.org/10.7554/eLife.16950
http://dx.doi.org/10.1016/j.celrep.2017.08.063
http://dx.doi.org/10.1371/journal.pbio.2004411
http://dx.doi.org/10.1091/mbc.e05-07-0626
http://dx.doi.org/10.1038/nmeth.1928
http://dx.doi.org/10.1083/jcb.201707172
http://dx.doi.org/10.1016/S0092-8674(00)00161-6
http://dx.doi.org/10.1073/pnas.0904268106
http://dx.doi.org/10.7554/eLife.02362
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Small G Proteins of the ADP Ribosylation Factor (Arf) Family 
	Roles of Phospholipids in Regulating Protein Sorting 
	Cargo Adaptors at the TGN 
	Adaptor Protein (AP) Complexes at the TGN 
	Golgi-Localized,  Ear-Containing, Arf-Binding Proteins (GGAs) 

	Cargo Sorting Signals 
	Accessory Proteins of AP Complexes and the Formation of Transport Vesicles 
	Challenges and Future Directions 
	References

