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Abstract

Heterotetrameric clathrin Adaptor Protein complexes (APs) orchestrate the formation of coated
vesicles for transport among organelles of the cell periphery. AP1 binds membranes enriched for
P14P, such as the TGN, while AP2 associates with PIP2 of the plasma membrane. At their
respective membranes, AP1 and AP2 bind the cytoplasmic tails of transmembrane protein cargo
and clathrin triskelions, thereby coupling cargo recruitment to coat polymerization. Structural,
biochemical, and genetic studies have revealed that APs undergo conformational rearrangements
and reversible phosphorylation to cycle between different activity states. While membrane, cargo
and clathrin have been demonstrated to promote AP activation, growing evidence supports that
membrane-associated proteins such as Arfl and FCHo also stimulate this transition. APs may be
returned to the inactive state via a regulated process involving phosphorylation and a protein called
NECAP. Finally, because antiviral mechanisms often rely on appropriate trafficking of membrane
proteins, viruses have evolved novel strategies to evade host defenses by influencing the
conformation of APs. This review will cover recent advances in our understanding of the
molecular inputs that stimulate AP1 and AP2 to adopt structurally and functionally distinct
configurations.
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Introduction

The inside of a eukaryotic cell is organized into membrane-bound organelles to allow for
compartmentalization of cellular processes. To shuttle transmembrane proteins (cargo) from
one compartment to another, a region of the donor membrane containing cargo is encased by
a ‘coat’ of regulatory and scaffolding proteins that facilitate cargo packaging and vesicle
formation. Once the coated vesicle forms, it is released into the cytosol where it is uncoated
and trafficked to an acceptor membrane for fusion and cargo delivery. Most transport
vesicles in the periphery of the cell, including those originating from the plasma membrane,
utilize a coat containing the three-legged triskelion scaffold protein called clathrin (Figure
1A).1

Clathrin does not appear to bind membrane nor cargo. Instead, early work unveiled that an
“assembly factor’ present in the coat was required to couple them together.23 Later, this
assembly factor was purified as a heterogeneous mix that was separable into two
hydroxylapatite-binding fractions, HA-1 and HA-114 and later named the Assembly
Polypeptides or Adaptor Proteins (APs), AP1 and AP2.% Subsequent studies revealed that
AP1 and AP2 mediate trafficking at different membranes®-8. Clathrin-mediated trafficking
from the plasma membrane to endosomes depends on AP2, while trafficking from the Golgi
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to endosomes®19 and from the endosomal system to other destinations'1-12 relies on AP1.
This review will highlight the recent structural advances that have yielded a better
understanding of how APs are pivotal regulators of clathrin-coated vesicle trafficking.

Molecular Composition of APs

Biochemical analysis of APs purified from bovine brains determined they are composed of
two ~100 kD large adaptin subunits (1 and -y for AP1, B2 and a for AP2), one ~50 kD
medium subunit (4, specifically pu1 for AP1 and p2 for AP2) which has two folded domains
connected by a linker, and one ~18 kD small subunit (o, specifically o1 for AP1 and o2 for
AP2).513 Freeze-etch electron microscopy and proteolysis experiments revealed that APs
have a central ‘core,” which is now known to be composed of |, o and the helical solenoid
(trunk) domains of two large adaptins that are connected via flexible, protease-sensitive
linkers to folded appendage (ear) domains (Figure 1).14-16 AP1 and AP2 each have patches
of positively charged amino acids believed to target the complex to the appropriate
membrane by binding to either phosphatidylinositol 4-phosphate (P14P) in the case of AP117
or phosphatidylinositol 4,5-bisphosphate (PIP2) for AP2.18 AP1 and AP2 also have binding
pockets for specific amino acid sequences (motifs) on the cytoplasmic tails of cargo. On the
W subunit is a binding site for tyrosine motifs (Yxx®) where Y is a tryrosine, X is any amino
acid, and @ is a bulky, hydrophobic amino acid.1%20 On the o subunit is a binding site for
dileucine motifs (D/ExxxLL/I) where D is aspartate, E is glutamate, L is leucine, and | is
isoleucine.?! The ears are thought to act as binding platforms for numerous clathrin
accessory proteins.22:23 Clathrin itself binds AP1 and AP2 via a clathrin-binding box
sequence in the linker of the B subunit (Figure 1A).24 In this manner, APs lie at the heart of
vesicle formation and serve as gatekeepers for clathrin-mediated trafficking.

Conformational Rearrangements

It is now appreciated that AP complexes undergo conformational rearrangements and that
these different states may enable spatiotemporal control of AP activity. The initial evidence
of distinct conformations was a difference in the protease-sensitivity of [ in soluble APs
versus in coat-associated APs.14:25.26 High-resolution structures of AP cores have unveiled a
host of molecular snapshots and enabled us to attribute functional significance to these
different conformational states. The first crystal structure of the AP2 core revealed what is
now accepted to be an inactive, or ‘closed,” conformation (Figure 2, closed).2” Only a single
membrane-binding pocket, that of a.28, is surface exposed (Figure 1A), and the nearby
dileucine motif-binding site on a2 is plugged by the N-terminus of B2 (Figure 3A). The
other membrane-binding pocket, that of p2, is situated on a different face of the complex and
partially occluded, as is the nearby tyrosine motif-binding pocket.2” A more recent structure
revealed that the clathrin-binding box on B2 is also pressed against the closed AP2 core,
where it is unlikely to bind clathrin (Figure 3B, C).2% On the basis of these observations it
was predicted that AP2 must undergo a large conformational change in order to fully engage
membrane, cargo and clathrin.2” The crystal structure of the AP1 core is strikingly similar to
that of AP2.30 Indeed, the protease site on p that is sensitive to digestion when APs are
clathrin-associated appears to be inaccessible in this structure, further suggesting a similar
requirement for conformational activation.3° It is possible the closed form of APs represents
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a soluble, cytosolic state that serves to prevent premature association with cargo and
clathrin.

High resolution crystal structures of the AP2 core bound to synthetic cargo peptides were
solved, revealing that high concentrations of cargo are sufficient to induce a conformational
change in the adaptor complex in vitro.31:32 Addition of peptide representing a dileucine
motif resulted in a crystal structure in which the binding pocket on o2 is now occupied by
cargo, thereby displacing the N-terminus of B2 (Figure 3A) and inducing a 20° flexion of the
helical solenoids of a (Figure 2C, unlatched). However, this ‘unlatched’ AP2 is thought to
represent only a partially active form of the complex because the cargo- and membrane-
binding pockets of p2 remain blocked.3!

A crystal structure of what is believed to be the active, open form of AP2 was ultimately
obtained via co-crystallization with a tyrosine motif peptide (Figure 2, open). The binding
pocket on p2 is now occupied by the peptide, while the o2 site is engaged by a cryptic
dileucine motif of a myc tag on an adjacent AP2 core (Figure 3A).32 In this conformation,
the C-terminal domain of p2 has become dislodged and rotated out from the center of the
complex, exposing the protease-sensitive surface loop of u2. Importantly, all cargo and
membrane binding sites are now co-planar (Figure 1A), and although the 2 linker was not
included in these expression constructs, the clathrin-binding box site is now hidden (Figure
3B, C). These features indicate that this form of AP2 is competent to engage both membrane
and cargo, and potentially clathrin as well.32 Later, a crystal structure of the AP1 core in this
same active conformation was obtained (see AP Activation below) confirming that both APs
can adopt active conformations with similar attributes (Figure 4A).33 Not only do these
structures validate previous predictions, they offer an elegant example of how molecular
rearrangement is intimately coupled to biological function.

There appears to be more than one active conformation of APs. Through studying viral
hijacking of APs, a unique ‘hyper-open’ form of AP1 has been visualized (Figure 2, hyper-
open).34 Because APs regulate trafficking, they are co-opted by viruses in order to subvert
hosts” antiviral mechanisms. The HIV membrane protein, Viral protein U (Vpu), diverts
trafficking of the host membrane protein tetherin (also called BST2) that normally binds
newly-budded viral progeny to restrict their release from the cell surface.3® The cytosolic
domain of Vpu appears to stabilize the binding of tetherin’s cytosolic domain to AP1. Co-
crystallization of a fusion construct of these domains with AP1 revealed that the Vpu
fragment bound AP1 using its diluecine motif, ExxxLV, (Figure 3A) while tetherin engaged
AP1 via an unusual double tyrosine motif, YxY.3*4 Importantly, the complex appears to have
rotated open further than in previous structures, such that a new major contact has formed
between pl and y (the AP2 a equivalent; Figure 2, hyper-open).33:34 Further investigation
will be necessary to understand what dictates the open forms of APs and whether the
complexes can adopt additional conformational states (see Maybe It’s Not So Simple section
below).

AP Activation

How are APs converted to the active conformation at the appropriate time and place? Even
though the presence of cargo peptides was sufficient to generate unlatched,3! open32 and
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hyper-open34 structures of APs, it is not clear how cargo would initially interact with
binding sites on APs that are inaccessible in the closed structures.27:30 Likewise, there is
evidence that clathrin coats will stimulate AP2 to bind synthetic cargo peptides,2% but the
clathrin-binding site appears to be inaccessible in closed AP2 as well (Figure 3B, C).2°
Instead of inducing activation of adaptors, cargo and clathrin might secondarily stabilize the
active form of APs to promote the growth of nascent pits. This step might represent an
endocytic checkpoint to abort nonproductive pits.36-38

Membranes appear to stimulate conformational rearrangement of APs. The initial
localization of soluble APs to the appropriate membrane is likely mediated by the
phospholipid binding site that is surface exposed in the closed structure (Figure 1A).30:39:40
For AP2, PIP2-containing liposomes enhance cargo binding,*® as does poly-anionic heparin,
presumably by mimicking membranes.32 Inclusion of cargo in PIP2 liposomes will
cooperatively stimulate AP2 to bind clathrin.2® These data suggest that activation of AP2
follows a hierarchical progression with membrane phospholipids at the top, followed by
cargo and clathrin3® but it remains unclear whether these inputs are sufficient to fully
commit AP2 to endocytic pit formation.

By contrast, the small GTPase, ADP ribosylation factor 1 (Arfl), fulfills many requirements
of a bona fide allosteric activator of AP1. Early studies indicated that membrane-associated,
GTP-bound Arfl is required for AP1 localization and function at the Golgi,*1-43 potentially
synergizing membrane and cargo binding.4 More recently, co-crystallization of the AP1
core with a soluble, GTP-locked form of Arfl revealed that Arfl is capable of promoting the
active form of AP1 in the absence of both membrane and cargo (Figure 4A).33 In this crystal
structure, two AP1 cores are connected by two Arfl proteins forming a dimeric complex.
Each Arfl simultaneously engages each AP1 via two interfaces: the central region of one
AP1’s -y subunit, and the N-terminus the other AP1’s B1 subunit. This second interface
buries the switch I and 11 regions of Arfl that are known to engage effectors upon GTP
binding.#> Modeling of the dimeric AP1-Arf1 structure on a virtual membrane suggests that
all of the membrane and cargo binding sites could simultaneously engage a single surface
(Figure 4A). This structure further suggests that initiation of clathrin-coated structures on
intracellular membranes may require two membrane-associated, GTP-bound Arfl proteins
that cooperate to convert two AP1 complexes to the active state.33 Intriguingly, this model is
also consistent with single molecule imaging data suggesting that endocytic pits initiate
when two AP2 complexes become stabilized on the membrane.38 Future experiments are
needed to determine whether dimerization of clathrin adaptors is a common initiation
mechanism.

Recent work has suggested that members of a protein family called ‘muniscins’46 are
allosteric activators of AP2. This family includes the Fer/CIP4 Homology domain only
proteins, FCHol and FCHo2 47 hereafter collectively referred to as FCHo. These membrane-
associated proteins appear at endocytic sites on the plasma membrane prior to,*8 or
coincident with,4® AP2. Depletion of FCHo in tissue culture cells reduces AP2 nucleation
events*8 and disrupts clathrin structures on the plasma membrane.551 Careful analysis
reveals that FCHo sustains, rather than initiates, endocytic pit formation: knockdown of
FCHo increases the number of short-lived, abortive, endocytic structures without affecting
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the total number of initiation events.38 These data suggest that FCHo causes AP2 to
establish a higher affinity interaction with the membrane.

Mechanistic insight into FCHo activity was revealed by a genetic screen in C. elegars.
Nematodes lacking their sole muniscin protein, FCHO-1, phenocopy loss of AP2 subunits,
indicating that AP2 is inactive in fcho-1 mutants. A suppressor screen for mutations that
bypass the requirement for FCHO-1 isolated dominant missense mutations in AP2 subunits.
52 \When mapped onto the crystal structures of AP227:31.32 these mutations appear to
specifically disrupt the inactive conformation of AP2, thereby promoting the active form of
the complex.52 This screen demonstrates that the closed structure of AP227 exists in cells
and is biologically equivalent to inactive AP2. Moreover, FCHo may be what normally
promotes AP2’s transition to the active state, perhaps via allostery.

Allosteric modulation of AP2 by FCHo would require that a domain of FCHo directly
stimulates AP2. The terminal domains of muniscins have well characterized interaction
profiles, and neither are known to bind AP2. FCHo has an N-terminal membrane-binding
domain typified by the crescent-shaped (meniscus) F-BAR domain (Figure 4B).33 The F-
BAR domain binds to and tubulates PIP2-containing membranes /n vitro®* but is not
conserved in all muniscin proteins.*® For example, SH3-containing GRB2-like protein 3-
Interacting Protein (SGIP) has an alternative membrane phospholipid-binding domain at its
N-terminus.®® Thus, the N-terminus of FCHo likely mediates localization to the plasma
membrane, but this domain does not appear to be required for AP2 activation in viv.59:52

The C-terminal domain of FCHo is structurally*® and evolutionarily®6:>7 related to the C-
terminal domain of the AP p subunit (the p domain) (Figure 4B). This u Homology Domain
(uHD) of FCHo binds endocytic pioneer proteins such as Epidermal growth factor Pathway
Substrate 15 (Eps15) or Eps15 Related (EpsR), and intersectin.#6:48 This three-protein ‘FEI
complex’ is needed for efficient internalization of some cargos and recruits the ESCRT-0
complex to the plasma membrane to pre-engage ubiquitinated cargo destined for the
lysosome.>8 However, it does not interact directly with AP2.48

Structure-function analyses by independent groups determined that the central linker of
FCHo contains a domain conserved across muniscins®6 that appears to activate AP2. This
AP2 Activator (APA) domain,2 both immunoprecipitates AP2 from cell lysates and directly
binds the recombinant AP2 core in vitro.20:52:59 Expression of the APA jn vivo restores AP2
activity both in tissue culture cells depleted of FCHo proteins®® and in fcho-1 mutant worms.
52 Thus, AP2 activation correlates with APA binding, supporting the model that FCHo is an
allosteric activator of AP2.

What positions the APA at sites of endocytosis? The uHD of FCHo, which nucleates the FEI
complex with Eps15,8 is required for efficient endocytosis of cargo®® and for proper
localization of FCHo to clathrin-coated pits.5! Epsi5, in turn, binds to the AP2 ears.22:60.61
Thus, these interactions may position the APA close to AP2 which would increase the
efficiency of its activation (Figure 4B).52:63 To understand how Eps15 engages binding
partners using DPF motifs, structures of uHDs from FCHol and SGIP in complex with
fragments of Eps15 were solved.52:63 The DPF motifs of Eps15 nestle into a hydrophobic
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groove on the uHD that complements the spacing of phenylalanines in the repeated motif.

Mislocalization of the uHD to the Golgi in FCHo knockout cells recruits Eps15 away from
the plasma membrane and reduces cargo uptake.%2 These data highlight the importance of

the FEI complex for efficient endocytosis.

While there are strong data suggesting that the APA domain may be important for AP2
activity, additional work is needed to determine whether the APA is a bona fide allosteric
activator. For example, is the APA alone sufficient to drive AP2 into the active conformation
or does it cooperate with membrane, cargo, and clathrin, or perhaps with other endocytic
proteins? Is dimerization of AP2 important for activation, as observed for AP1?33 Indeed,
FCHo appears to dimerize®3 and initiation of coat formation at the plasma membrane is
coincident with the arrival of two AP2 complexes (see model Figure 4B).38 These questions
may be answered in future structural and biochemical studies.

AP u Phosphorylation

APs are known to be phosphorylated at multiple sites®465 and most studies have focused on
phosphorylation of a conserved threonine (T156 in AP2, or T154 in AP1) in the linker
connecting the N-terminal and C-terminal domains of p (Figure 1B).66 The most likely
kinases are the AP2-Associated Kinase (AAK1)%7 and the cyclin-G-Associated Kinase
(GAK).88-70 AAK1 co-purifies with AP2, binds the a ear, and directly phosphorylates .57
GAK, which was originally isolated as a cyclin G-binding protein,®® is the non-neuronal
homolog of auxilin, a cofactor that stimulates the heat shock protein Hsc70 to uncoat
clathrin from vesicles.”172 Additionally, GAK co-purifies with clathrin-coated vesicles,5°
binds to the AP2 a. and AP1 1y ears, and phosphorylates the p subunit of both complexes.”®
While the kinases and targets are clear, the physiological consequence of p phosphorylation
has been difficult to determine.

Some data suggest that phosphorylation exerts a stimulatory effect on APs. Phosphorylation
of the i subunits strengthens AP association with membranes and cargo.2%73.74 |n tissue
culture cells, expression of phosphorylation-defective AP2 (T156A) or treatment with kinase
inhibitors both result in cargo internalization defects.3%.7> These data suggest that
phosphorylation promotes the active form of APs. Consistent with this model, the p linker is

unstructured and potentially accessible to kinases in the closed conformation (Figure 5A).
27,30

There is also data to suggest p phosphorylation might stabilize, rather than induce, the open
conformation of APs. The u2 linker is hypo-phosphorylated in worms with inactive AP2
(fcho-1 mutants) and becomes hyper-phosphorylated in worms with mutations in AP2 that
promote the active conformation.>2 Thus, the substrate for the kinase appears to be open
AP2, not closed AP2. Indeed, clathrin precedes the arrival of GAK at endocytic sites,*% AP
kinases are incorporated in vesicle coats’® and clathrin stimulates AAK1 activity.”’:’8 This
further suggests phosphorylation may occur during, or even after, coat formation on AP
complexes that have already adopted the open conformation. One potential problem with
this model is that in all open structures of APs, a region of the 1 linker that includes the
threonine forms a helical structure that is inserted into a trough formed by B and p (Figure
5B).32:33 |t is not entirely clear if kinases could access the threonine in this configuration.
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Curiously, some data even hints that phosphorylation may inhibit AP2 activity. When AAK1
was first identified, initial analysis showed that recombinant AAK1 exerted an inhibitory
effect on an /n vitro assay of endocytosis.8” Additionally, overexpression of AAK1 also
inhibited transferrin uptake in tissue culture.”® Currently, the physiological significance of p
phosphorylation remains unsettled and is worthy of further investigation (see AP
Inactivation section below).

AP Inactivation

While much attention has focused on mechanisms to activate APs, it is unclear whether there
are also mechanisms to close (inactivate) APs even though this transition is likely to occur in
some cellular contexts. Inactivation of APs may prevent aberrant vesicle formation when
adaptors do not fully engage cargo.36:37 Inactivation may also facilitate removal of vesicle
coats to expose machinery required for fusion with target membranes.’ It is unclear whether
these events occur stochastically, or whether there are negative regulators that shuttle APs
back to the closed state.

Potential candidates for negative regulators of APs are a family of proteins called adaptiN
Ear-binding Coat-Associated Proteins (NECAPs). NECAPs were originally identified as
components of clathrin coats and shown to bind the adaptin ears of AP2 a. and AP1 .80
Vertebrates express two isoforms, brain-specific NECAP1 and ubiquitous NECAP2. Initial
characterization revealed that NECAP1 may act early in endocytosis to regulate clathrin
binding and accessory protein recruitment to AP2,81 whereas NECAP2 appears to regulate
an AP1-dependent recycling pathway from endosomes.82 Outside of vertebrates, most
multicellular eukaryotes express a single NECAP.83 In C. elegans, loss of NECAP bypasses
the requirement for FCHO-1.84 Similar to the mutations in AP2 that promote the open
conformation, loss of NECAP causes AP2 to accumulate in a protease-sensitive,
phosphorylated active state. Heterologous expression of NECAPs (both vertebrate isoforms
and one fungal) complement loss of worm NECAP and restore the inactive state of AP2.84
This genetic evidence implies that NECAPSs can act as ‘brakes’ to limit AP2 activity.

How might NECAPs negatively regulate AP2? NECAPs are believed to bind the adaptin
ears via a WxxF motif at the end of the NECAP disordered C-terminal tail (Figure 5C).&0
However, a fungal NECAP lacking this motif can inactivate AP2 when expressed in worms.
84 The well-conserved Pleckstrin Homology-like (PHear) domain (Figure 5C)8° at the N-
terminus can interact with the clathrin-binding box on the B linker, which could limit the
binding of clathrin to active APs.81 In the absence of this inhibitory effect, APs might more
readily progress to coat formation. This is consistent with the observations that in the
absence of NECAP, endocytic structures on the membrane become enlarged®! and AP2
accumulates in an open, phosphorylated state.84 Additionally, it was discovered that
NECAPs directly bind the AP2 core, specifically when the complex is in a phosphorylated,
open conformation.84 Taken together, these data suggest that active AP2 represents the
substrate for NECAP binding, and that NECAPs somehow shuttle these complexes to a
closed, dephosphorylated state. This model is consistent with the observations that NECAPs
are recruited to the plasma membrane at the same time as clathrin,*® presumably after AP2
is already open, and that dephosphorylation of AP1 promotes vesicle uncoating.2>
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Many questions remain regarding NECAPs’ mechanism of action. Do NECAPs directly
convert AP2 to the closed state or do they cooperate with other factors? What is the nature of
the interface between NECAP and AP2 that mediates adaptor inactivation? Because
missense mutations in the PHear domain specifically disrupt NECAP binding to
phosphorylated AP2, the PHear domain may either bind to the site of phosphorylation or to
a conformation induced by phosphorylation (see model Figure 5C). Additionally, PHear
mutants retain binding to open, non-phosphorylated AP2, suggesting that a region outside of
the PHear domain specifically interacts with open complexes (see model Figure 5C). Indeed,
the domain of conservation that extends beyond the PHear domain, known as the Extended
(Ex) domain, appears to bind AP2 at an undetermined location.81 NECAPs are also thought
to bind and regulate AP189:82 and the AP1 p1 linker is known to be phosphorylated.2>
Perhaps NECAPSs serve as negative regulators of AP1 as well. Future biochemical and
structural studies are required to reveal the mechanisms by which NECAPs inactivate APs.

Maybe It’s Not So Simple

While the structural data presented thus far generate a compelling and informative model for
AP activation and inactivation, there are many proteins coordinating clathrin-mediated
trafficking,1:86 making it easy to imagine this model may be over-simplified.8” Numerous
interactions between APs and the multitude of clathrin-coat accessory proteins likely remain
to be characterized, and the AP appendage domains, which are thought to interact with many
of these proteins,22:23.88.89 have been absent from all AP core structures thus far. In addition,
APs may adopt conformations that have yet to be visualized. Cryo-EM tomographic
structures of the coatomer Coat Protein complex | (COPI) reveal that the AP-like
subcomplex within these coats adopts an extended conformation that appears to be even
more open than the ‘hyper-open’ AP1 structure.99-92 There is also evidence that APs may be
capable of functioning as two separate hemicomplexes (B/y, and either a/o2 or y/ol), as
each half retains some level of activity in the absence of the other.21:93 Are there instances
when APs split and the hemicomplexes act independently from each other?

The recent renaissance in EM techniques has enabled visualization of multi-molecular
trafficking complexes. Cryo-EM was recently used to visualize a novel trimeric complex
composed of AP1, Arfl and tetherin fused to the HIV ‘negative factor’ (Nef), another viral
hijacker of APs.%495 Each monomer of the trimer consists of one AP1, two Arfls, and one
tetherin:Nef. Additionally, AP1 has adopted the hyper-open conformation34 and Arf1 forms
the interface between the monomers.%49° Interestingly, there exist two conformations of the
trimer: a ‘closed’ trimer where the membrane binding sites on the hyper-open AP1 are
hidden, and an “open’ trimer where these binding sites are exposed.> When the open trimer
structure is iteratively docked onto the crystal structure of the AP1-Arfl dimer,33 a
hexagonal ring is formed. The dimensions of this hexagon align with the structure of the
clathrin cage,% generating the intriguing possibility that the hexagon could template clathrin
lattice formation.?® Because the closed trimer cannot form this hexagon to template clathrin,
there may exist mechanisms to regulate trafficking through structural changes at the level of
the coat, not just at the level of the adaptor.%* The Arf1 and AP1 binding sites are conserved
prior to HIV evolution, indicating the hexagonal lattice framework of Arfl and AP1 is likely
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a more ancient feature of coated vesicles and might have implications beyond viral biology.
95

As techniques such as cryoEM and tomography are advanced, we will no doubt be able to
explore avenues that have historically been out of our reach. What do APs look like when
bound simultaneously to membranes and cargo, or when incorporated into the clathrin coat?
How do the appendage domains influence AP structure and regulation? The next decade of
studying adaptor protein regulation is likely to be exciting as technological advances make
the visualization of these more complex and multi-molecular structures possible.
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Synopsis:

The adaptor complexes AP1 and AP2 are the molecular ‘linchpins’ of clathrin-mediated
vesicle trafficking. They are believed to exist as inactive heterotetramers in the cytosol,
but upon association with phospholipids of the appropriate membrane undergo a series of
conformational rearrangements to expose binding sites for membrane, cargo and clathrin.

This review will highlight recent structural, biochemical and genetic studies that have
yielded insight into cellular proteins that govern these transitions and mechanisms viruses
have evolved to subvert them.
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Figure 1. Structure and function of heterotetrameric clathrin adaptor proteins.
A. Schematic of the Adaptor Protein (AP) cycle. B. Structure of the AP2 core, split apart to

reveal subunit composition of APs. Same key as in A. The P2 subunit comprises two
subdomains connected by a flexible linker (dashed line), which contains the phosphorylation
site. In AP1, -y is the equivalent of AP2 a.. Note: the B2(trunk) depicted here also includes
the linker sequence containing the clathrin-binding box (29).
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Figure 2. Conformational rearrangement of adaptor protein complexes.
A. Color key for AP subunits. B. Four different conformations of APs (PDB ID above)

oriented such that the membrane would be horizontal and below the complex. C and D. The
same complexes as in (B), rotated as indicated at left.
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Figure 3. Functional consequence of adaptor protein reorganization.
A. Close-up view of the dileucine motif binding pocket in four different conformations

(indicated above). B and C. Interaction of the clathrin-binding box with the closed AP2
core. Positions of the u2 subunit and clathrin-binding box within two configurations of the
core (B, dashed lines). In the open conformation, the p2 subunit has pivoted around the core
(B, arrow) and the B2 solenoid has approached that of a (C, arrow), potentially excluding
the clathrin-binding box.
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Figure 4. Activation of adaptor protein complexes.
A. Two views of the Arfl-activated AP1 dimer. Two Arfl proteins stabilize two hyper-open

AP1 cores. B. Model for AP2 activation by the muniscin protein FCHo. The dimerized F-
BAR domain is modeled onto a membrane and the uHD is bound to DPF motifs from
Eps15. These terminal domains are connected by a central linker (dashed line). Hypothetical
contact between the APA and AP2 is depicted.
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Figure 5. Negative regulation of adaptor proteins.
A. View of closed AP2 depicting the hypothetical location of T156 in the p2 linker, the site

of phosphorylation. B. View of open AP2 showing the location of p2 T156 (yellow), packed
against the B2 subunit. C. Model for mechanism of NECAP action. NECAP binds the
clathrin-binding box of the B2 linker via the PHear domain, and the ear of a via a WxxF
motif (Note: the motif in the structure is from intersectin 1, not NECAP). Additionally,
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NECAP binds the open, phosphorylated AP2 core. This interaction may be mediated by the
PHear and Ex domains (arrows).
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