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Abstract
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The 4 mammalian arrestins serve as almost universal regulators of the largest known family of
signaling proteins, G-protein-coupled receptors (GPCRs). Arrestins terminate receptor interactions
with G proteins, redirect the signaling to a variety of alternative pathways, and orchestrate receptor
internalization and subsequent intracellular trafficking. The elucidation of the structural basis and
fine molecular mechanisms of the arrestin–receptor interaction paved the way to the targeted
manipulation of this interaction from both sides to produce very stable or extremely transient
complexes that helped to understand the regulation of many biologically important processes initiated
by active GPCRs. The elucidation of the structural basis of arrestin interactions with numerous nonreceptor-binding partners is long overdue. It will allow the construction of fully functional arrestins
in which the ability to interact with individual partners is specifically disrupted or enhanced by
targeted mutagenesis. These “custom-designed” arrestin mutants will be valuable tools in defining
the role of various interactions in the intricate interplay of multiple signaling pathways in the living
cell. The identification of arrestin-binding sites for various signaling molecules will also set the stage
for designing molecular tools for therapeutic intervention that may prove useful in numerous
disorders associated with congenital or acquired disregulation of GPCR signaling.
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1. Introduction
In the animal kingdom from Caenorhabditis elegans to humans, 3–4% of the genes encode
various members of the largest and most diverse family of signaling proteins, G-proteincoupled receptors (GPCRs). The growing realization over the last 20 years of the amazing
conservation of the core 7 transmembrane domain structure of these receptors, their signaling
via heterotrimeric G proteins, and the regulation of their signaling and trafficking by G-proteincoupled receptor kinases (GRKs) and arrestins led to the formulation of the “classic” model
of these processes (Fig. 1) (reviewed in Carman & Benovic, 1998;Claing et al., 2002;Marchese
et al., 2003). In a nutshell, the model posits that the same active receptor conformation that
preferentially interacts with G proteins is specifically phosphorylated by GRKs. Arrestin binds
the active phosphoreceptor and shields its cytoplasmic surface, thereby precluding further G
protein activation (desensitization). Receptor-bound arrestin also serves as an adaptor linking
receptors to the internalization machinery of the coated pit, promoting receptor endocytosis.
The internalized receptor can then be recycled back to the plasma membrane (resensitization)
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or directed to lysosomes and destroyed (down-regulation). Although it is not clear how the cell
decides the fate of the internalized receptor, overall the model is beautiful and logical. The
accumulating mechanistic evidence fit this model perfectly. The major activation-dependent
conformational change in the receptor was demonstrated in a series of elegant experiments
(reviewed in Hubbell et al., 2003). GRKs were found to specifically phosphorylate active
GPCRs simply because the active receptor itself activates the kinase (Palczewski et al.,
1991a). An ingenious mechanism involving activation and phosphorylation sensors in arrestin,
and its transition into its active receptor-binding conformation when both sensors are engaged
simultaneously, was found to ensure arrestin selectivity for the active phosphorylated receptor
(Gurevich & Benovic, 1993). The arrestin sensor for receptor-attached phosphates was first
identified by mutagenesis (Gurevich & Benovic, 1995) and then nicely confirmed by the crystal
structure (Hirsch et al., 1999;Vishnivetskiy et al., 1999). A simple competition between G
protein and arrestin was shown to underlie receptor desensitization (Krupnick et al., 1997b).
The absence of arrestin (Xu et al., 1997a), receptor kinase (Chen et al., 1999), or receptor sites
for GRK phosphorylation (Mendez et al., 2000) produced essentially the same expected
phenotype: a severe deficit in receptor desensitization. Finally, direct interaction of receptorbound arrestin with clathrin (Goodman et al., 1996) and clathrin adaptor complex AP-2
(Laporte et al., 1999) logically explained arrestin’s role in receptor endocytosis, and receptor
sequestration was found to be deficient in cells lacking non-visual arrestins (Kohout et al.,
2001).
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However, the great majority of these experiments were performed with just two model GPCRs,
rhodopsin and the β2-adrenergic receptor (b2AR). Although most GPCRs studied are
phosphorylated and interact with arrestins, with other receptors things do not seem so simple
and straightforward. Arrestins were shown to bind a number of unphosphorylated receptors
(Mukherjee et al., 1999a; Min & Ascoli, 2000; Min et al., 2002; Mukherjee et al., 2002; Galliera
et al., 2004; Jala et al., 2005). Every imaginable mechanism of internalization of different
GPCRs has been described: arrestin- and clathrin-dependent; arrestin- and clathrinindependent; arrestin-independent and clathrin-dependent; as well as the most puzzling
arrestin-dependent dynamin- and clathrin-independent (reviewed in Marchese et al., 2003;
Prossnitz, 2004). In some cases the same receptor apparently uses different internalization
pathways under different circumstances (Pals-Rylaarsdam et al., 1997; Lee et al., 2000).
Arrestin was found to be necessary for desensitization but not for the internalization of some
receptors (Pals-Rylaarsdam et al., 1997), and even the active receptor conformation recognized
by G proteins and GRKs/arrestins was reported to be different in some cases (Qian et al.,
2001; Vilardaga et al., 2001; Whistler et al., 2002b; Kohout et al., 2004; Hunton et al., 2005;
Ponimaskin et al., 2005). Thus, one is left wondering whether these data can be reconciled with
the “central dogma” of GRK and arrestin function in GPCR regulation.
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Here we attempt to understand the mechanistic basis of these disparate results and provide the
conceptual framework for their interpretation based on the available structural and functional
information about receptors and arrestins. Because more than 40 review articles covering
various aspects of arrestin function have been published since 2000, to avoid unnecessary
repetition we did not attempt to make this review comprehensive. We also focus on vertebrate
arrestins due to the relative paucity of the structural data on invertebrate homologues.

2. The molecular mechanism of the arrestin–receptor interaction
The first (and undisputed) arrestin function in life is to stop (arrest) receptor signaling via G
proteins. This is how the first member of the family, visual arrestin, was discovered (Kuhn,
1978; Kuhn et al., 1984; Pfister et al., 1985) and how it got its name. The fact that rhodopsin
activation and phosphorylation both enhance the binding of arrestin (known at the time as 48
kDa protein) was established before the functional role of this phenomenon was understood
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(Kuhn, 1978; Kuhn et al., 1984). The search for non-visual arrestin homologues begun after
the unexpected discovery that the apparent ability of β-adrenergic receptor kinase (now known
as GRK2) to reduce the coupling of purified β2-adrenergic receptor (b2AR) to G protein is
greatly diminished by progressive kinase purification (Benovic et al., 1987). Because visual
arrestin partially restored b2AR desensitization by purified kinase in reconstituted system, it
became clear that there must be arrestin analogues that work with non-visual GPCRs (Benovic
et al., 1987). Soon after the cloning of rod arrestin (Shinohara et al., 1987), further efforts
yielded 2 ubiquitously expressed non-visual arrestins (each having at least 2 splice variants)
that desensitize b2AR more effectively than visual (Lohse et al., 1990; Attramadal et al.,
1992; Sterne-Marr et al., 1993).
Obviously, in any GPCR-driven signaling system, the exact timing and affinity of arrestin
binding determine the magnitude of the signal that the active receptor generates. Most GPCRs
are “reusable”, hence arrestin must dissociate at some point to allow receptor recycling back
into the active pool. Thus, the rate of arrestin release regulates the reuse of the receptor, making
the timing of this event equally important. Because arrestin has to dissociate before the
receptor-attached phosphates are removed (Palczewski et al., 1989), arrestin binding cannot
be regulated solely by the phosphorylation status of the receptor.
2.1. Arrestin activation: a multi-step process
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The molecular mechanism that governs the arrestin–receptor interaction was first elucidated
on the visual arrestin–rhodopsin model (Gurevich & Benovic, 1993). Visual arrestin binds
phosphorylated light-activated rhodopsin (P-Rh*) with remarkable selectivity: its binding to
an equal amount of dark (inactive) phosphorhodopsin (P-Rh) or active unphosphorylated
rhodopsin (light-activated rhodopsin; Rh*) is 10–20 times lower, whereas its binding to
inactive unphosphorylated rhodopsin [dark (inactive) rhodopsin; Rh] is barely detectable (Fig.
2). Thus, receptor activation or phosphorylation alone promotes relatively weak arrestin
interaction. However, arrestin binding to P-Rh* is many times greater than the sum of dark PRh and Rh* levels, suggesting that the binding mechanism is more sophisticated than a simple
cooperative 2-site interaction. Two other observations strongly support this idea. First, arrestin
was found to undergo a significant conformational change in the process of its binding, as
evidenced by an unusually high activation energy (Schleicher et al., 1989). Second, arrestin
binding to dark P-Rh and to Rh* is very sensitive to high salt inhibition, indicating that it is
mediated primarily by ionic interactions, whereas its binding to P-Rh* is actually enhanced by
150–200 mM NaCl and quite resistant to very high salt concentrations, suggesting the
involvement of hydrophobic interactions that do not participate in arrestin binding to either PRh or Rh* (Gurevich & Benovic, 1993). The model of sequential multi-site arrestin–receptor
interaction (Gurevich & Benovic, 1993), based on these and other data, explains arrestin
selectivity (Fig. 2). This model posits that arrestin has 2 “sensor” sites: an “activation sensor”
that binds receptor elements that change conformation upon activation, and a “phosphate
sensor” that binds receptor-attached phosphates. These sensors by themselves mediate low
affinity binding to Rh* and inactive P-Rh, respectively. The sensors allow arrestin to “probe”
the functional state of the receptor molecule it encounters, and rapidly dissociate after the
“exploration” of inactive Rh, P-Rh, or unphosphorylated Rh*. When the receptor is
phosphorylated and active at the same time, both sensors bind. Simultaneous engagement of
the 2 sensor sites allows arrestin transition into the active high-affinity receptor-binding state.
The transition involves a major conformational change in arrestin, bringing into play additional
receptor-binding sites that ensure tight semi-irreversible interaction. In this model receptor
deactivation serves as a signal for arrestin to get off, whereupon the receptor can be
dephosphorylated and reused.
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Several lines of evidence suggest that in its basal state arrestin has “repressed” binding ability
that the receptor must “unleash”. One comes from deletion mutagenesis. The elimination of
the last 37 residues yields arrestin(1–367) with virtually normal affinity for P-Rh* and
dramatically reduced selectivity: it demonstrates comparable binding to P-Rh*, inactive P-Rh,
and Rh* (but very little binding to inactive Rh, indicating that the other interactions are quite
specific) (Gurevich & Benovic, 1992) (Fig. 3). The binding of this mutant to all functional
forms of rhodopsin is similarly resistant to high salt inhibition, suggesting that truncated
arrestin always uses its additional hydrophobic binding site that wild-type (WT) arrestin only
engages for P-Rh* binding (Gurevich & Benovic, 1993). This phenotype suggests that the
arrestin C-terminus is a regulatory region that does not directly participate in rhodopsin binding
but suppresses high-affinity interactions with the “wrong” targets, phosphorylated inactive and
active unphosphorylated rhodopsin. Interestingly, a structurally and functionally similar splice
variant of visual arrestin, p44, was found a few years later in some species (Smith et al.,
1994). Arrestin(1–191), lacking the whole C-terminal half of the molecule, is another very
instructive deletion mutant. This “mini-arrestin” also binds best to the proper target, but its
binding to P-Rh* is virtually equal to the sum of its binding to inactive P-Rh and Rh* (Fig. 3),
demonstrating a typical cooperative 2-site interaction. Importantly, its binding to all forms of
rhodopsin is as sensitive to salt inhibition as the binding of WT arrestin to inactive P-Rh and
Rh* (Gurevich & Benovic, 1993). Thus, the additional binding site that full-length arrestin
uses only for P-Rh* interaction is localized in the C-terminal half of the molecule, and the
complex mechanism ensuring arrestin selectivity for P-Rh* involves the mobilization of this
site.
2.2. The identification of the arrestin phosphate sensor
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The testable prediction of the sequential multisite interaction model is that arrestin has two
“buttons” which the receptor must “push” simultaneously to activate it and induce high-affinity
binding. According to the model, one “button” has to be pushed by receptor-attached
phosphates, the other by the part of the GPCR that changes conformation as a result of receptor
activation. Two other classes of receptor-binding partners, G proteins and GRKs, also
preferentially interact with the active receptor conformation, making it likely that all 3 classes
of proteins use essentially the same structural clues to discriminate between active and inactive
receptor (R). The obvious corollary of the model is that these “buttons” on arrestin can be
constitutively “pushed” by appropriately targeted mutations, yielding arrestin proteins that
would not require either receptor phosphorylation or activation. The mutants with the
phosphate sensor turned “on” permanently would bind any active receptor, phosphorylated or
not, whereas arrestins with the activation sensor turned on by mutagenesis would bind
phosphoreceptor regardless of its activation. Thus, the most direct way to test the model
experimentally is to identify these sensors in the arrestin molecule, figure out how they work,
and turn them on by the appropriate mutations.
In most GPCRs, GRK phosphorylation sites come in clusters (3–4 serines or threonines within
5–6 residues), and it has been established in several models that multi-phosphor-ylation of the
receptor is necessary for arrestin binding (Gurevich & Benovic, 1993; Gurevich et al., 1995;
Mendez et al., 2000). Thus, even before the arrestin crystal structure was solved, it was pretty
clear that the arrestin phosphate sensor is likely to contain a cluster of 3 or more positive charges
within a relatively short sequence. One would also expect the relevant charges to be conserved
in the arrestin family and localized in the N-terminal half of the molecule (Gurevich & Benovic,
1993). This identifies the stretch of residues 166–176 as the “prime suspect” (residue numbers
here and below are given for bovine visual arrestin unless otherwise specified) (Fig. 4A).
Neutralization of several positive charges in this element (K167S, R171Q, and K176S) yields
mutants with reduced binding to P-Rh* and inactive P-Rh, and normal binding to Rh*,
consistent with direct participation of these residues in phosphate interaction (Fig. 4B and C)
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(Gurevich & Benovic, 1995). However, the mutant that turned out to be the most interesting
in this series, R175N, binds inactive P-Rh and P-Rh* better than WT arrestin. Most importantly,
this mutant binds Rh* essentially as well as WT arrestin binds P-Rh* (Fig. 4B and C). In the
context of the model, this phosphorylation-independent binding suggests that Arg175 is the
phosphate sensor, and that the neutralization of its charge by mutagenesis turns it “on”. There
seemed to be one inconsistency, though: the model posits that the sensor directly binds
phosphates, hence one would expect a decrease (rather than the observed increase) of the
mutant binding to dark P-Rh and P-Rh*. However, in the context of full-length arrestin, the
interpretation of the effect of a mutation of this type is far from straightforward: the expected
reduction of the direct binding of this site to the receptor-attached phosphates can be
counterbalanced by its “activating” effect. Luckily, the impact of any mutation on phosphate
binding per se can be determined directly in the context of arrestin(1–191), which does not
have any sophisticated regulatory mechanisms. In this context, the R175N mutation behaves
just like the neutralization of the other phosphate-binding positive charges; it decreases P-Rh*
binding without affecting Rh* interaction (Fig. 4D and E).
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Thus, Arg175 fits the description of the phosphate sensor: it binds phosphates, and its
neutralization by mutation makes arrestin phosphorylation-independent. Actually, charge
reversal in this position (R175E) is even more effective than neutralization in promoting
arrestin binding to Rh*, whereas the conservative R175K mutation that preserves the charge
also preserves arrestin selectivity for P-Rh* (Gurevich & Benovic, 1997). Based on these data,
we proposed the simplest conceivable mechanism of the function of the phosphate sensor
(Gurevich & Benovic, 1995). In the basal (inactive) state, Arg175 interacts with a negatively
charged residue within the arrestin molecule itself. The binding of receptor-attached phosphate
neutralizes its charge (like the mutation), breaking this intra-molecular interaction. The
disruption of this salt bridge lets the rest of the arrestin molecule “know” that the phosphate is
in place. When the salt bridge is pre-disrupted by an appropriate mutation, the phosphates’
“job” is already done, hence the mutant does not need receptor-attached phosphates for highaffinity binding. Obviously, this hypothesis calls for the identification of the intra-molecular
interaction partner of Arg175. The arrestin crystal structure revealed that Arg175 is right in
the middle of the “polar core”, an unusual (for a soluble protein) arrangement of 5 shielded,
essentially solvent-excluded, interacting charged residues in the center of the arrestin molecule
(Hirsch et al., 1999) (Fig. 5). Exhaustive mutagenesis of all 5 residues corroborated the salt
bridge idea and identified Asp296 as the most important negatively charged partner of Arg175
(Vishnivetskiy et al., 1999). Breaking this salt bridge by charge reversal mutations on either
side (R175E or D296R) yields phosphorylation-independent arrestin species, whereas its
reconstruction by the combination of these mutations (R175E+D296R) restores arrestin
selectivity for P-Rh* (Fig. 5). These data clearly demonstrate that this salt bridge is the
phosphate sensor, and that receptor-attached phosphates simply need to break it to make
possible arrestin transition into the high-affinity-binding state.
To accomplish this, the phosphates must reach Arg175. However, this residue is buried at the
very bottom of the N-domain “bowl” that has plenty of other more exposed positive charges
(Fig. 6). Judging by a dramatic reduction of P-Rh* and especially inactive P-Rh binding by
charge neutralization and reversal mutations (Fig. 6B and C), two of these residues, Lys14 and
Lys15, directly interact with phosphates. In fact, the K15E substitution is the most detrimental
point mutation for P-Rh* binding ever described in visual arrestin (Vishnivetskiy et al.,
2000). Interestingly, in the context of arrestins with the polar core destabilized by other
mutations, substitutions of Lys14 and Lys15 do not reduce the binding to P-Rh* much (Fig.
6C), suggesting that the function of these lysines is only obligatory when the polar core is intact
and must be destabilized by phosphates. The simplest explanation of these data is that in wildtype arrestin the highly exposed lysines 14 and 15 “meet” the receptor-attached phosphates
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2.3. The molecular mechanism of arrestin activation
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So far we only have crystal structures of the basal (inactive) conformation of free arrestins
(Hirsch et al., 1999; Han et al., 2001; Sutton et al., 2005). Therefore, the inferences regarding
the conformation of active receptor-bound arrestin have to be made based on the conformation
of free arrestin and the changes that occur in the process of its binding to the receptor. In its
basal conformation arrestin is an elongated two-domain molecule. The relative orientation of
the two domains is supported by three groups of intra-molecular interactions (Fig. 7). One of
these is a relatively extensive interaction between the bodies of the two domains mediated by
numerous hydrophobic residues that so far has not been studied in detail. The second is the
polar core (Fig. 5) that apparently must be destabilized to allow high-affinity arrestin binding
to the receptor. The third is an interaction between β-strand I and α-helix I in the N-domain,
and the arrestin C-tail, which folds back from the C-domain and makes a strong contact with
these two elements. This 3-element interaction is mediated by bulky hydrophobic residues (Fig.
8). Its disruption by mutagenesis from any side yields “constitutively active” arrestins with
dramatically reduced selectivity: high binding to P-Rh* and significantly enhanced binding to
the non-preferred forms of rhodopsin, inactive P-Rh and unphosphorylated Rh* (Fig. 8)
(Gurevich, 1998; Vishnivetskiy et al., 2000). These effects are reminiscent of the consequences
of mutations destabilizing the polar core, suggesting that the 3-element interaction is also
disrupted in the process of arrestin binding. According to the current model, this interaction is
also destabilized by receptor-attached phosphates (Vishnivetskiy et al., 2000). Phosphatebinding lysines 14 and 15 (Fig. 6) are localized on the short β-strand I, right next to a group of
3 hydrophobic residues (Val11–Ile12–Phe13) interacting with α-helix I and the C-tail. Because
these lysines are two adjacent residues in a β-strand, their side chains point in opposite
directions (Fig. 8). To enable both lysines to “meet” the same cluster of phosphorylated receptor
residues simultaneously, one of them must flip over. This would likely “melt” the short βstrand I, moving its hydrophobic residues out of a position favorable for interaction with their
partners, thereby disrupting the 3-element interaction and releasing both α-helix I and the Ctail. Several pieces of indirect evidence are consistent with this model. The release of the visual
arrestin C-tail in response to its binding to P-Rh* or even a poly-anion like heparin has been
documented, based on a dramatic increase of arrestin susceptibility to limited proteolysis
(Palczewski et al., 1991b; Vishnivetskiy et al., 2002; Raman et al., 2003). α-Helix I participates
in receptor binding and trafficking (Han et al., 2001; Dinh et al., 2005), suggesting that it also
must get free of its intra-molecular partners.
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Thus, structurally both “hot spots” in the arrestin molecule where mutations facilitate the
binding to the preferred and non-preferred forms of the receptor are the intra-molecular
interactions that serve as “clasps” holding it in its basal conformation. Notably, both support
the relative orientation of the 2 domains in free (inactive) arrestin (Fig. 7). This strongly
suggests that in the process of its binding to the receptor arrestin undergoes a global
conformational rearrangement, likely involving the movement of the 2 domains relative to each
other. As will be discussed in the following sections, this conclusion has profound implications
for various aspects of arrestin function, yet so far it is supported only by indirect evidence. The
idea that a major conformational change in arrestin accompanies its binding to the receptor
was originally proposed on the basis of the unusually high energy barrier of this process
(Schleicher et al., 1989). The finding that arrestin sites that do not participate in its binding to
inactive P-Rh or Rh* are mobilized for the interaction with P-Rh* lent further support to this
model (Gurevich & Benovic, 1993). The data that the C-tail of visual arrestin is released upon
receptor binding (Palczewski et al., 1991b;Vishnivetskiy et al., 2002;Raman et al., 2003) and
that the overall pattern of arrestin3 proteolysis changes in the presence of heparin or
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phosphopep-tide mimicking the phosphorylated vasopressin type II receptor C-terminus (Xiao
et al., 2004) are also consistent with this notion. However, the absence of the C-tail in visual
arrestin splice variant p44 (Smith et al., 1994) reduces the activation energy by 50% but does
not completely eliminate the barrier (Pulvermuller et al., 1997), suggesting that there is more
to this conformational rearrangement than just the release of the C-tail. Structurally, any global
rearrangement of the arrestin molecule must involve domain movement, which would be
limited by the length of the inter-domain connector termed the “hinge region” (Fig. 7)
(Vishnivetskiy et al., 2002). The hinge has substantial “slack” in all 3 arrestin types with known
crystal structure: it is 12 residues long, whereas just 5 residues in a fully extended conformation
can cover the distance between the domains (Granzin et al., 1998;Hirsch et al., 1999;Han et
al., 2001;Milano et al., 2002;Sutton et al., 2005). In its sequence, the only conserved residues
are prolines, glycines, and alanines, indicating the importance of its conformational flexibility
rather than anything else. If arrestin–receptor interaction requires domain movement, and if
the main function of the extended hinge is to make this movement possible, one can predict
that an increase in hinge length or the scrambling of its sequence should not be detrimental for
receptor binding, whereas increasing deletions in the hinge region should progressively reduce
arrestin’s ability to bind the receptor. The binding should be completely abolished in mutants
where the hinge is just long enough to cover the distance between the 2 domains. These
predictions were rigorously tested and found to be correct (Vishnivetskiy et al., 2002), adding
the most convincing piece of indirect evidence supporting the idea that domain movement is
necessary for arrestin binding to the receptor.
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Collectively, these data along with the localization of receptor-binding arrestin elements on
the concave sides of both domains (Kieselbach et al., 1994; Ohguro et al., 1994; Pulvermuller
et al., 2000; Dinculescu et al., 2002; Vishnivetskiy et al., 2004) (Fig. 7) lead to the following
model of arrestin binding to the phosphorylated ligand-activated receptor (P-R*) (Gurevich &
Gurevich, 2004) (Fig. 9). Arrestin “activation sensor” binds to receptor elements that change
conformation upon activation. This binding likely weakens the interaction between the bodies
of the 2 domains. Although this interaction has not been rigorously probed, this seems a
reasonable hypothesis: the N- and C-domain receptor-binding elements (Vishnivetskiy et al.,
2004) meet at the inter-domain contact point (Figs. 8 and 14), and it is the only stabilizing
intra-molecular interaction in arrestin that is not affected by the phosphates. Meanwhile,
receptor-attached phosphates bind lysines 14 and 15, forcing one of them to flip over, thereby
destabilizing the 3-element interaction. The disruption of this interaction releases the arrestin
C-tail, removing Arg382 from the polar core in the process. The lysines “guide” the phosphates
to the polar core, where they neutralize the charge of Arg175, breaking the Arg175-Asp296
salt bridge. Thus, the polar core “loses” both positive charges. With all 3 interactions that held
arrestin in its basal state now disrupted, the mutual repulsion of the 3 remaining negative
charges in the polar core (Asp30, Asp296, and Asp303) helps to drive the movement of the 2
arrestin domains. With their concave sides facing the receptor, the 2 domains likely grip its
cytoplasmic tip (Fig. 9). This multi-step mechanism ensures high arrestin preference for P-R*
over other functional forms of the receptor and makes the binding semi-irreversible. Bound
arrestin apparently shields receptor-attached phosphates because arrestin dissociation must
precede receptor dephosphorylation (Palczewski et al., 1989). That leaves receptor deactivation
due to the loss of bound agonist the only conceivable signal for arrestin release. This makes
perfect sense biologically, because to ensure high fidelity of regulation arrestin is supposed to
stay bound and preclude receptor interactions with G proteins as long as it takes to fully
deactivate the receptor.
2.4. Are all arrestins created equal?
The great majority of mechanistic structure–function studies were performed on the visual
arrestin–rhodopsin model. Biologically, visual arrestin is unique: it is expressed almost
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exclusively in rod photoreceptors in the retina and it is the only member of the family designed
to bind just one receptor, rhodopsin. Both non-visual arrestins are ubiquitously expressed and
apparently interact with hundreds of different GPCRs, and even the other specialized arrestin
expressed in cone photoreceptors regulates 2–4 different cone opsins (depending on the
species). So it is necessary to test whether arrestins with broad receptor specificity use the same
activation mechanism and have the same selectivity for just one functional form of their cognate
receptors. It is important to keep in mind that due to very limited availability of purified GPCRs
necessary for the direct binding assay, quantitative biochemical studies of other arrestins under
strictly controlled experimental conditions were performed on a small set of model receptors:
rhodopsin, the β2-adrenergic receptor (b2AR), and the m2 muscarinic cholinergic receptor (m2
mAChR).
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Direct studies of the binding of different arrestin proteins to the 4 functional forms of these
receptors reveal striking differences in their selectivity (Gurevich et al., 1993b, 1995; Kovoor
et al., 1999; Celver et al., 2002; Sutton et al., 2005) (Fig. 10). First, non-visual arrestins do not
demonstrate the remarkable preference for active phosphorylated receptor (P-R*) over inactive
phosphoreceptor (P-R). Arrestins 2 and 3 show only a 2-fold difference in binding levels at
best, as compared to about a 10-fold difference, which is the hallmark of visual arrestin. This
appears to be to a large extent an intrinsic characteristic of these arrestins because their binding
to inactive and active phosphorhodopsin is also similar (Fig. 10A). Second, the difference
between non-visual arrestins binding to active phosphorylated (P-R*) and unphosphorylated
(ligand-activated receptor; R*) forms is also less dramatic, no more than 5-fold (Fig. 10B and
C).

NIH-PA Author Manuscript

Thus, other arrestins show qualitatively the same binding pattern, but their receptor functional
form selectivity is nowhere near that of rod arrestin. This raises the question whether all
arrestins use the same activation mechanism, and if they do, what is the structural basis of their
remarkably different behavior. Thus far, crystal structures of 3 out 4 types of vertebrate arrestin
proteins have been solved: rod (Granzin et al., 1998; Hirsch et al., 1999), arrestin2 (Han et al.,
2001; Milano et al., 2002), and cone (Sutton et al., 2005). All arrestins show high conservation
of the overall fold. In fact, the differences between arrestins from bovine rod and arrestin2 to
salamander cone do not exceed the differences between alternative crystal forms of the same
protein (Han et al., 2001; Sutton et al., 2005). Moreover, the polar core and the 3-element
interaction are invariably present and virtually identically configured, suggesting that the
phosphate-sensing mechanism must be shared by all arrestins. Indeed, the introduction of
various mutations homologous to known “activating” mutations in visual arrestin into
arrestin2, arrestin3, and salamander or human cone arrestin has very similar functional
consequences (Gurevich et al., 1997; Kovoor et al., 1999; Smith et al., 2000; Celver et al.,
2002; Pan et al., 2003; Sutton et al., 2005) (Fig. 11). First, the binding of these mutants to the
unphosphorylated active forms of their cognate receptors dramatically increases, often to the
levels that corresponding WT arrestins show with P-R* (Fig. 11B). Second, these mutants
become more promiscuous: their binding to the active phosphorylated non-cognate receptors
also increases. Interestingly, the binding of these mutants to the active unphosphorylated forms
of non-cognate receptors does not increase (Fig. 11), indicating that when the remaining “push”
for the transition into the active receptor-binding state must be provided by the receptor via
the arrestin “activation sensor”, proper fit is still required. The idea that “activating” mutations
in the polar core and 3-element interaction promotes arrestin binding to non-preferred forms
of their cognate receptor and to phosphorylated active non-cognate receptors by enhancing the
conformational flexibility of the molecule was first proposed based on the studies of visual
arrestin–rhodopsin model (Gurevich & Benovic, 1993). The positions of the residues affected
by “activating” mutations in subsequently solved crystal structures of visual arrestin and
arrestin2 are consistent with this idea. The results of a recent hydrogen/deuterium exchange
study of arrestin2 yielded the first direct evidence supporting this hypothesis (Carter et al.,
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2005). Essentially the same increase in accessibility of several regions implicated in receptor
binding was detected in 2 structurally distinct phosphorylation-independent mutant forms of
arrestin2, R169E (polar core mutation homologous to R175E in visual) and 3A (triple alanine
substitution of the bulky hydrophobic residues that anchor arrestin C-tail) (Carter et al.,
2005).
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Collectively, these data suggest that the phosphate sensing mechanism in all arrestin proteins
works similarly, if not identically. Thus, for the structural basis of their functional differences
one has to look elsewhere. Several more subtle structural characteristics that distinguish visual
and non-visual arrestins have been described. Visual arrestin has an arginine (Arg18) in the
loop following β-strand I, which in all arrestins contains 2 phosphate-binding lysines discussed
above. Neutralization and reversal of its charge progressively reduce visual arrestin binding to
P-Rh*. Most importantly, these mutations dramatically reduce the binding to inactive P-Rh,
which is mediated solely by arrestin interactions with receptor-attached phosphates (Fig. 12).
This identifies it as a phosphate-binding residue (Sutton et al., 2005). None of the other arrestins
has any positive charge in this loop. Interestingly, both non-visual and cone arrestin in various
species have at least one proline or glycine residue in this loop that rod arrestins do not have
(Fig. 12). Considering that the 2 phosphate-bound lysines in β-strand I need to move in the
direction of the polar core to “deliver” the phosphates, extra flexibility of the adjacent loop
would likely facilitate arrestin activation, making it less “picky”, whereas the rigidity of this
loop in rod arrestin would make it more selective. Thus, an extra phosphate-binding residue in
the loop following β-strand I together with the reduced flexibility of this loop may account for
the better discrimination by visual arrestin between the functional forms of its receptor target
(Sutton et al., 2005).
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Each arrestin domain is a β-strand “sandwich”, in which the two β-strand sheets are “glued”
together via hydrophobic interactions between the side chains pointing inside the “sandwich”.
In visual arrestin, Val90 is one of these residues, participating in multiple interactions (with
Val45, Val57, Val59, and Phe118) (Hirsch et al., 1999). In both non-visual arrestins, this valine
is conspicuously absent, being replaced with serine (arrestin2) or alanine (arrestin3). Even
though all its potential “partners” are conserved in arrestin2 (Val41, Val53, Val55, and
Phe115), the absence of this valine makes the N-domain more flexible. Visual arrestin shows
very little binding to the phosphorylated active m2 muscarinic cholinergic receptor (P-m2
mAChR*), whereas arrestin2 binds this receptor well (Fig. 13). Importantly, the V90S mutation
in visual arrestin, which “loosens up” its N-domain, dramatically reduces its receptor
specificity, enhancing its binding to P-m2 mAChR* virtually to the level of arrestin2, while
somewhat reducing binding to its cognate P-Rh* (Han et al., 2001) (Fig. 13). The magnitude
of the effect of the mutation of a single residue (the side chain of which is not even exposed)
strongly suggests that a relatively rigid N-domain stabilized by the interactions of Val90 with
its partners is an important contributor to the high specificity of visual arrestin. The absence
of these stabilizing interactions in non-visual arrestins makes their N-domains more flexible,
thereby enhancing their ability to “mold” themselves to fit a wide variety of structurally diverse
GPCRs. However, the introduction of the valine in the homologous position in arrestin2 (S86V)
does not appreciably change its receptor preference (Fig. 13), suggesting that even with this
valine its N-domain is still “loose” enough to bind its cognate receptor. Thus, there are likely
other structural elements that make rod arrestin more rigid that its non-visual homologues.
To summarize, despite the remarkable conservation of the overall fold, identifiable structural
differences underlie certain functional peculiarities of arrestin subtypes. We are far from a
comprehensive understanding of the structural basis for many functional properties of arrestin
proteins, but this goal seems achievable. The conservation of the key structural elements and
regulatory mechanisms in the arrestin family suggests that, as far as receptor binding is
concerned, the differences in their functional properties are still variations on the same theme.
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Therefore, the mechanistic insights gleaned from the extensive structure–function studies of
visual arrestin help us understand the interactions of different arrestins with various receptors.
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2.5. What is arrestin looking for in a GPCR?
All arrestins discriminate between active and inactive receptors, albeit the resulting differences
in binding levels vary widely. All arrestins also recognize the phosphorylated state of the
receptor. Thus, in order to bind the receptor with high affinity, any arrestin needs to find the
“active” conformation of certain receptor elements (which must be different in the inactive
state) and the part of the receptor that can activate the phosphate sensor.
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The arrestin phosphate sensor is specifically designed to respond to at least 2 phosphates
(Gurevich & Benovic, 1993; Gurevich et al., 1995; Mendez et al., 2000; Huttenrauch et al.,
2002) in close proximity to each other largely independently of the sequence context in which
the phosphorylated residues are found (Vishnivetskiy et al., 1999). This type of mechanism
explains how just 2 non-visual arrestins in mammals are “primed” for binding to hundreds of
different GPCRs. The requirement for a spatially concentrated charge explains why relevant
serines and threonines are usually found in clusters, such as STSVSKTETS in rhodopsin
(Wilden & Kuhn, 1982), STSVS and TVSTS in the m2 muscarinic cholinergic receptor (Lee
et al., 2000), TTIST and TPSS in the substance P receptor, SSS and TSS in the vasopressin-2
receptor, STS in the neurotensin-1 receptor, two SSS clusters in the oxytocin receptor (Oakley
et al., 2001), STQTS and TATNST in the N-formyl peptide receptor (FPR; Key et al., 2003),
SS and TRTS in the D2 dopamine receptor (Namkung & Sibley, 2004), SSTS in the
prostaglandin E2 receptor EP4 (Neuschafer-Rube et al., 2004), or STTT in all splice variants
of the 5-HT4 serotonin receptor (Barthet et al., 2005). This mechanism also explains why
arrestins do not care which particular kinase phosphorylates the receptor (as long as it adds 2
or more phosphates in close proximity); although in most cases relevant phosphates are added
by GRKs (Carman & Benovic, 1998), phosphates introduced by PKC on the D2 dopamine
receptor (Namkung & Sibley, 2004) or by casein kinase II on the thyrotropin-releasing hormone
receptor (TRHR; Hanyaloglu et al., 2001) work for arrestins just as well.
This design of the phosphate sensor also suggests that the activating element does not
necessarily have to contain receptor-attached phosphates: any spatially concentrated negative
charge can disrupt the polar core. Indeed, poly-anions such as heparin or phosphopeptides were
found to induce the release of the arrestin C-tail (Palczewski et al., 1991b; Gurevich et al.,
1994; McDowell et al., 1999; Vishnivetskiy et al., 2002; Xiao et al., 2004), and even stimulate
the binding of the most selective member of the family, visual arrestin, to unphosphorylated
light-activated rhodopsin (Gurevich et al., 1994; Puig et al., 1995).
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Many GPCRs must be phosphorylated to bind arrestins with high affinity. This was first shown
directly for rhodopsin (Kuhn et al., 1984), and then demonstrated for the b2AR (Benovic et
al., 1987; Lohse et al., 1990; Attramadal et al., 1992; Lohse et al., 1992; Gurevich et al.,
1995; Krasel et al., 2005), m2 muscarinic cholinergic receptor (Gurevich et al., 1993a), type
1 angiotensin II receptor (Qian et al., 2001), chemokine receptor CCR5 (Kraft et al., 2001;
Huttenrauch et al., 2002), α2-adrenergic receptor (Wang & Limbird, 2002), neuropeptide Y
Y1 receptor (Holliday et al., 2005), and a few other GPCRs. However, for a surprising number
of receptors phosphorylation is not required for arrestin binding. These include the lutropin
receptor (Mukherjee et al., 1999a; Min & Ascoli, 2000; Min et al., 2002; Mukherjee et al.,
2002), substance P receptor (Richardson et al., 2003), D6 non-signaling chemokine receptor
(Galliera et al., 2004), orexin-1 receptor (Milasta et al., 2005), protease-activated receptor-2
(Stalheim et al., 2005), several splice variants of the serotonin 5-HT4 receptor (Barthet et al.,
2005), and leukotriene B4 receptor-1 (Jala et al., 2005). Although in some of these cases
phosphorylation enhances the stability of the arrestin–receptor complex (Richardson et al.,
2003; Milasta et al., 2005; Stalheim et al., 2005), arrestin binding to unphosphorylated receptors
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requires an explanation consistent with the known mechanism of arrestin activation. Structure–
function studies of several receptors provide interesting clues. It has been established that an
acidic region in the C-terminus rather than putative phosphorylation sites in the “scavenger”
chemokine receptor D6 (which constitutively internalizes via arrestin-dependent pathway)
plays a key role in arrestin binding (Galliera et al., 2004). Apparently, the concentration of
negative charges in this region is sufficient to activate the arrestin phosphate sensor and
promote the interaction. Another example is the lutropin receptor, where a single residue,
aspartic acid 564 in the third cytoplasmic loop is crucial for phosphorylation-independent
arrestin binding (Mukherjee et al., 2002). Although it is unlikely that a single negative charge
does all the work of arrestin activation (i.e., there are probably other negatively charged
residues involved that remain unidentified), the presence or absence of this one residue
apparently tips the scales (Mukherjee et al., 2002). Aspartates and glutamates often
successfully serve as phosphate mimics (Lin et al., 1997; Lin et al., 2002), hence it is hardly
surprising that several spatially close acidic amino acids (that do not necessarily form a
contiguous stretch in a linear sequence) can “trip” the arrestin phosphate sensor. Visual arrestin
is the only member of the family with which this trick does not work: the substitution of all 7
serines and threonines in the C-terminus with aspartates or glutamates does not yield the
functional equivalent of phosphorylated rhodopsin (McDowell et al., 2001), even though the
presence of 2–3 phosphates works fine (Gurevich & Benovic, 1993; Mendez et al., 2000). It
is likely that the presence of one additional phosphate-binding residue (Arg18) in visual arrestin
explains its stricter requirements for the spatial concentration of the negative charge: after all,
side chains of acidic residues have a charge of <−1, whereas a serine- or threonine-attached
phosphate has a charge of ~−1.5.
2.6. Receptor elements implicated in arrestin binding
Arrestin elements involved in receptor binding have been identified by a variety of methods,
including mutagenesis (Gurevich & Benovic, 1992, 1993; Gurevich et al., 1994; Gurevich &
Benovic, 1995, 1997; Gurevich, 1998; Vishnivetskiy et al., 1999, 2000), chimera construction
(Gurevich et al., 1993a, 1995; Vishnivetskiy et al., 2004), peptide inhibition (Kieselbach et al.,
1994; Pulvermuller et al., 2000), differential chemical modification and hydrogen/deuterium
exchange (Ohguro et al., 1994), and epitope insertion (Dinculescu et al., 2002). Collectively,
these data implicate a substantial portion of the arrestin surface in receptor interaction: most
of the concave sides of both domains and a few additional elements (Fig. 14). These include
6 (7 in visual arrestin) phosphate-binding lysines and arginines and quite a few other residues
in β-strands I, V, VI, X, XV, XVI, and in several loops (Fig. 14), suggesting that a similarly
extensive multi-element receptor surface must participate in arrestin binding.
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To activate the phosphate sensor of arrestins, receptors have to be phosphorylated (or contain
negatively charged phosphate mimics). The first identified sites of receptor phosphorylation
relevant for arrestin binding were localized in the C-terminus of rhodopsin (Sitaramayya &
Liebman, 1983). Phosphorylation sites were also found to be localized in the C-terminus of
another prototypical GPCR, the b2AR (Dohlman et al., 1987; Bouvier et al., 1988). Moreover,
PKA phosphorylation of the 3rd cytoplasmic loop (i3) of the b2AR did not promote arrestin
binding (Lohse et al., 1992). These data led to the belief that the GRCR C-terminus is the place
of phosphorylation necessary for arrestin interaction, and that only GRKs can do it right.
However, as soon as the studies moved beyond these two classic models, it became clear that
relevant phosphorylation sites in different receptors could be localized on any cytoplasmic
element (Table 1). In many receptors they are in the C-terminus, but a large group of GPCRs
carry relevant phosphorylation sites in the 3rd cytoplasmic loop, and in some cases the
phosphates promoting arrestin binding are found in the first (i1) or the second (i2) cytoplasmic
loops (Table 1).

Pharmacol Ther. Author manuscript; available in PMC 2008 October 6.

Gurevich and Gurevich

Page 12

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Thus, the phosphates (or negatively charged mimics) that activate the arrestin phosphate sensor
could be localized almost anywhere on the intracellular surface of the receptor. Apparently,
this is also true for other non-phosphorylated arrestin-binding receptor elements. Several
experimental paradigms were used by a number of groups to identify arrestin-binding elements
of >40 different GPCRs. The data are often fragmentary and both existing relatively
comprehensive data sets were generated by systematic receptor mutagenesis. Dr. Weiss’ group
performed alanine-scanning mutagenesis of rhodopsin cytoplasmic loops and identified L72
and N73 in i1 and P142+M143 in i2 as residues crucial for arrestin interaction (Raman et al.,
1999). Simultaneous mutation of any 2 of these 3 residues virtually eliminates arrestin binding.
These effects were not caused by the phosphorylation deficit of mutant rhodopsin, suggesting
direct involvement of these residues in the interaction. One important caveat of this approach
is that if a mutation in a particular element reduces rhodopsin phosphorylation (which was
observed with several promising i3 mutants), the defects in arrestin binding cannot be
unambiguously interpreted (Raman et al., 1999). Using the phosphorylation-independent
arrestin, mutant R175E (Gray-Keller et al., 1997) and unphosphorylated rhodopsin
circumvented this problem and confirmed the central role of these residues in arrestin binding
(Raman et al., 2003). These i1 and i2 residues also proved to be important in inducing arrestin
transition into its active state (Raman et al., 2003). Dr. Ascoli’s group took advantage of the
fact that rat and human lutropin receptors are highly homologous, yet the human version
internalizes 7 times faster than the rat receptor via an arrestin-dependent pathway (Nakamura
et al., 2000). This allowed the authors to zero in on the very few amino acids that differ in the
2 receptors and elegantly identify 7 non-contiguous residues that determine arrestin
interactions. The substitutions that dramatically improved arrestin binding to the rat lutropin
receptor turned out to be VQ→IH in i2; R→K, Q→R, T→M, and P→T in the i3; and L→F
in i4 (proximal C-terminus preceding the palmitoylation site). The relatively mild (often
conservative) nature of these substitutions suggests that they are unlikely to change the global
conformation of the respective receptor domains, increasing the probability that these are
indeed the residues that directly interact with arrestin.
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In contrast to rhodopsin, many GPCRs have very large cytoplasmic loops and/or C-tails (Probst
et al., 1992), making comprehensive alanine-scanning mutagenesis impractical. Convenient
pairs of highly homologous receptors with dramatically different internalization and arrestin
binding are also an exception rather than the rule. Therefore, a variety of alternative approaches
have been used to identify arrestin-binding receptor elements. Several groups used synthetic
or, more often, overexpressed and purified (e.g., as GST fusions) peptides representing
intracellular receptor domains. Rhodopsin (Krupnick et al., 1994) and lutropin receptor
(Mukherjee et al., 1999b) loop peptides were tested for their ability to compete with the native
receptor for arrestin. Rhodopsin i1 and i3 competed with P-Rh* with 30–1000 μM affinities,
whereas lutropin receptor i3 had an IC50 of 10 μM (Mukherjee et al., 1999b). The studies of
arrestin interactions with receptor elements using surface plasmon resonance also yielded
micromolar affinities (Cen et al., 2001a; Liu et al., 2004). Wild-type arrestins bound to the
immobilized phosphorylated C-terminal peptide of the N-formyl peptide receptor with
micromolar affinities, although several constitutively active mutants demonstrated submicromolar dissociation constants (Potter et al., 2002). Interestingly, in a few studies where
the affinity of arrestin proteins for the native phosphoreceptor has been measured, it was found
to be nanomolar for rhodopsin (Schleicher et al., 1989; Pulvermuller et al., 1997; Osawa et al.,
2000) and sub-nanomolar for the b2AR or m2 muscarinic cholinergic receptor (Gurevich et
al., 1993a, 1995). As the binding affinity directly reflects the energy of the interaction (ΔG°=
−RT lnKA), one can calculate that cooperative 3- to 4-point binding, where each individual
interaction has micromolar affinity, would yield a sub-nanomolar KD. Thus, all reported
affinity measurements are in good agreement with the rest of the data, clearly indicating the
multi-site nature of the arrestin–receptor interaction. Qualitative studies of direct arrestin
binding to various elements of different receptors have implicated i3 of the m2 and m3
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muscarinic, the α2A-adrenergic receptors (Wu et al., 1997), and the 5-HT2A receptor (Gelber
et al., 1999), i3 and the C-terminus of delta-opioid and the C-terminus of kappa-opioid receptors
(Cen et al., 2001b), as well as i2, i3, and the C-terminus of dopamine D2 (Macey et al.,
2004) and D1 receptors (Macey et al., 2005). Where the binding of a combination of elements
was tested (e.g., i3+C-terminus of the delta-opioid receptor (Cen et al., 2001b), it was found
to be additive, suggesting that these elements bind to different sites on arrestin.
The most popular (although less mechanistically rigorous) approach used to delineate arrestinbinding receptor elements is the use of changes in (presumably) arrestin-dependent trafficking
of mutant and chimerical receptors as the readout. These experiments also identified the same
“usual suspects”, singly or in combinations: various cytoplasmic loops in many GPCRs, as
well as the C-termini of most receptors known to man (Table 2).
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Thus, an extensive body of evidence indicates that the arrestin-binding surface of GPCRs is as
extensive as the receptor-binding arrestin surface. It likely includes non-contiguous residues
distributed through all intracellular elements of the receptor. Each individual interaction is
relatively low-affinity, but simultaneous engagement of several elements yields the highaffinity complex. An obvious corollary of this model is that not all potential interaction sites
on both partners need to be engaged to allow arrestin to perform its functions. The complexes
held together by fewer elementary interactions would have reduced affinity and stability. This
is likely the mechanistic basis of the functional differences between class B GPCRs that hold
tight onto arrestins and travel with them all the way to late endosomes and beyond, and class
A receptors that readily release bound arrestins upon internalization (Oakley et al., 2000).
Another important corollary of this model is that the same arrestin–receptor combination can
form a variety of complexes by engaging a subset of potential sites. The complexes held
together by different sets of elementary interactions could have somewhat different shapes,
with important functional consequences (see Section 3.3).
2.7. The many faces of receptor phosphorylation
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The first clearly established role of rhodopsin phosphorylation was to promote arrestin binding
(Kuhn et al., 1984). A similar functional effect of b2AR phosphorylation fully corroborated
this notion (Benovic et al., 1989; Lohse et al., 1990), suggesting that direct arrestin binding to
receptor-attached phosphates is an important contributor to the overall affinity of the
interaction. The construction of the first visual arrestin mutants that bind P-Rh* as well or
better than wild-type arrestin, and also interact with comparably high affinity with
unphosphorylated Rh* and even light-activated truncated rhodopsin that has the C-terminus
along with all phosphorylation sites proteolytically removed (Gurevich & Benovic, 1992,
1993; Gurevich et al., 1994; Gurevich & Benovic, 1997), challenged this idea, suggesting that
as far as the affinity of the complex is concerned, direct arrestin–phosphate interaction is
dispensable. An alternative idea in which the phosphates are mostly necessary to activate the
phosphate sensor in arrestin to unleash its binding power was proposed (Gurevich & Benovic,
1993, 1995). The solved arrestin crystal structure (Hirsch et al., 1999) and follow-up
mutagenesis (Vishnivetskiy et al., 1999) revealed an elegant mechanism of the function of the
arrestin phosphate sensor providing very strong support for this model (Figs. 5–7).
However, a compelling set of studies of the m2 muscarinic receptor (Pals-Rylaarsdam et al.,
1997; Lee et al., 2000) suggested that there is more to receptor phosphorylation than previously
thought. This receptor is primarily phosphorylated on the 2 clusters in i3. The phosphorylation
of the C cluster (TVSTS) is absolutely required for arrestin binding in vivo and in vitro (PalsRylaarsdam et al., 1997). Mutation of this sequence to AVAAA virtually eliminates the
receptor’s ability to bind wild-type arrestins, similar to mutations or deletions of the
phosphorylation sites in the b2AR or delta opioid receptor (Kovoor et al., 1999).
Phosphorylation-independent arrestin2 mutants with the phosphate sensor “pre-activated” bind
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phosphorylation-deficient b2AR and delta opioid receptors (Kovoor et al., 1999; Celver et al.,
2002), but the same “super-arrestins” still fail to bind the C-cluster mutant of m2 receptor (Lee
et al., 2000). Unexpectedly, the deletion of 15 residues (including the C-cluster) yields an m2
receptor that binds even wild-type arrestins 2 and 3 normally. Thus, it appears that the C-cluster
and surrounding sequence is an inhibitory element suppressing m2 interactions with arrestins.
The deletion or, in the wild-type receptor, the phosphorylation of this element relieves the
inhibition, likely moving it out of the way to allow arrestin binding to other m2 receptor
elements (Pals-Rylaarsdam et al., 1997; Lee et al., 2000). This was the first description in a
mammalian GPCR of a receptor element serving as a “brake” for arrestin binding that is
released by receptor phosphorylation (although the term was coined a bit later; Whistler et al.,
2001). Soon it became clear that similar mechanisms operate in other receptors, as well. Alanine
substitution of serines and threonines in the distal C-terminus of the delta opioid receptor
yielded a mutant that did not bind arrestins and failed to internalize, whereas the deletion of
this element containing the regulatory phosphorylation sites was found to enable
phosphorylation-independent recruitment of arrestin3 and normal receptor internalization
(Whistler et al., 2001). Interestingly, the substitution of serines and threonines with aspartates
also enables arrestin binding and receptor internalization, suggesting that the brake is removed
from its inhibitory position by electrostatic interactions. Another example of a similar brake
was described for the rat follitropin receptor (Kishi et al., 2002). Agonist activation leads to
the phosphorylation of this receptor on i1 and i3 rather than on the C-tail. The deletion of 10
internal residues in the C-tail of this receptor that do not appear to be phosphorylated facilitated
arrestin binding and arrestin-mediated internalization severalfold (Kishi et al., 2002). Although
this issue has not been explored, it is tempting to speculate that in this case the phosphorylation
of other receptor elements, rather than that of the brake itself, relieves the inhibition of arrestin
binding. In yet another example, in i3 of the D1 dopamine receptor, alanine substitutions of all
serines and threonines, or of the 3-serine cluster (256, 258, 259), yielded receptors with reduced
phosphorylation and impaired arrestin binding and desensitization (Kim et al., 2004). Cterminal truncation of the D1 receptor also reduced phosphorylation, but even the most severely
truncated mutant bound arrestin and desensitized normally. These data suggest a similar
scenario; activation-induced phosphorylation of the D1 receptor moves its C-tail out of the
way, enabling direct phosphorylation independent association of arrestin with the elements of
the 3rd cytoplasmic loop (Kim et al., 2004).

NIH-PA Author Manuscript

Thus, receptor phosphorylation can play many roles. In some cases clustered phosphates prime
arrestin for binding by turning its phosphate sensor “on”, in others they primarily facilitate the
removal of an inhibitory receptor element and enhance the accessibility of other regions for
arrestin. It is entirely possible that for many receptors phosphorylation fulfills both functions
simultaneously, albeit with different relative importance for tight arrestin binding to various
GPCRs.
2.8. Do G proteins and arrestins require the same “active” receptor conformation?
Until recently this question has not been asked because the general assumption was that since
arrestins are designed to stop G-protein-mediated signaling, they should preferentially bind to
the same active receptor state that G proteins prefer. The same logic also applies to GRKs that
are supposed to prepare the receptor for arrestin binding. Therefore, an early finding that the
extent of b2AR phosphorylation by GRK2 in the presence of full and partial agonists correlates
remarkably well with their intrinsic activity, that is, their ability to activate adenylyl cyclase
via Gs, was not surprising (Benovic et al., 1988). An impressively extensive body of evidence
accumulated since the late 1970s solidly supports this idea (just a few representative references
are Kuhn, 1978; Schleicher et al., 1989; Gurevich et al., 1995; Krasel et al., 2005). Numerous
receptor mutagenesis studies indicate that signaling-impaired receptors demonstrate reduced
GRK-mediated phosphoryla-tion, arrestin binding, and internalization, whereas constitutively
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active receptors are often constitutively phosphorylated, associated with arrestins, and
internalized (Rim & Oprian, 1995; Min & Ascoli, 2000; Barak et al., 2001; Kim et al., 2001;
Min et al., 2002; Ponimaskin et al., 2005). As discussed in Section 4, this unfortunate feature
of naturally occurring constitutively active receptor mutants apparently underlies certain
congenital disorders (Rim & Oprian, 1995; Barak et al., 2001; Wilbanks et al., 2002).
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Another line of evidence pointing in the same direction is the ability of G proteins and arrestins
to stabilize the same functional (and, by extension, conformational) state of the receptor. This
was first described for rhodopsin, where different functional states are conveniently spectrally
distinct. Visual arrestin stabilizes the same metarhodopsin II (with λmax 380 nm) as does the
visual G protein transducin (Schleicher et al., 1989). Both non-visual arrestins were later shown
to stabilize the high agonist affinity state of β2-adrenergic and m2 muscarinic cholinergic
receptors (Gurevich et al., 1997), similar to the effect of their cognate G proteins (De Lean et
al., 1980; Samama et al., 1993; Simons et al., 2004). Moreover, the fraction of receptor
molecules in the high agonist affinity state in the presence of both G protein and arrestin was
found to be directly proportional to the intrinsic activity of the agonist (Samama et al., 1993;
Gurevich et al., 1997; Simons et al., 2004). Similar observations with the N-formyl peptide
receptor (Bennett et al., 2001; Key et al., 2001, 2003) and glucagon-like peptide-1 receptor
(Jorgensen et al., 2005) strongly indicate that this is a general rule for the GPCR family. The
translocation of arrestin-GFP fusion proteins to the plasma membrane in response to receptor
activation is a popular indicator of arrestin binding to the receptor in living cells (Barak et al.,
1997). “Green” arrestin recruitment by a variety of receptors shows the same pharmacological
profile as receptor activation (Zhang et al., 1999), also indicating that the active receptor state
required for both is usually the same.
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Several studies, however, suggest that the conformational requirements for G protein activation
and arrestin binding may not always be the same. Most of these data were obtained with receptor
mutants. One example is the 5-HT4A receptor, one unusual feature of which is the presence
of 2 palmitoylation sites in its C-terminus: the “standard” double cysteine motif in the proximal
part, and an extra cysteine in the distal segment (Ponimaskin et al., 2005). The elimination of
the proximal site yields a robust phenotype suggesting close similarity, if not identity, of
arrestin and G protein requirements: constitutive activity, constitutive phosphorylation, and
enhanced arrestin-dependent desensitization and internalization. In other palmi-toylationdeficient mutants, activation, phosphorylation, and arrestin binding appeared to be affected
differently (Ponimaskin et al., 2005). Another example comes from the complement factor 5a
receptor (Whistler et al., 2002b). Two structurally different mutations, F251A and NQ, confer
similar constitutive G protein activation, but only the NQ mutant undergoes constitutive
internalization. A compensatory N296A on the NQ background eliminates constitutive
activity, but not constitutive endocytosis (Whistler et al., 2002b). An engineered Zn2+-binding
site in the parathyroid hormone receptor precludes (in the presence of Zn2+) the relative
movement of helices 3 and 6, thereby blocking G protein activation, but does not prevent
agonist-induced receptor phosphorylation and arrestin recruitment (Vilardaga et al., 2001).
Two studies of the angiotensin II receptor type 1A using a signaling-deficient agonist analogue
found that it promotes receptor phosphorylation and arrestin binding (Qian et al., 2001), as
well as arrestin-mediated chemotaxis (Hunton et al., 2005). Finally, one study came to the same
conclusion based exclusively on the properties of the wild-type chemokine receptor CCR7 and
two of its native ligands, CCL19 and CCL21 (Kohout et al., 2004). While both ligands similarly
induce G-protein-mediated Ca2+ mobilization, only CCL19 promotes robust desensitization
of CCR7 and induces 4-fold greater arrestin-dependent extracellular signal-regulated kinase
(ERK1/2) activation than CCL21, suggesting that the two ligands induce different active
receptor conformations, equipotent in terms of G protein activation but distinct as far as arrestin
binding and arrestin-mediated signaling is concerned (Kohout et al., 2004).
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Thus, even though as a rule arrestins and G proteins preferentially bind to the same active
receptor state, in some cases there may be subtle differences between the conformational
requirements of these two families of regulatory proteins.

3. The arrestin–receptor complex: one size does not fit all

NIH-PA Author Manuscript

Structural diversity of the members of the GPCR superfamily defies imagination (Probst et al.,
1992). Even though only their cytoplasmic surface matters from arrestins’ point of view, at
least 2 elements on the intracellular side of the receptor vary wildly. The 3rd loop (i3) ranges
from a modest 16-residue-long connector to a large domain comparable in size with the arrestin
itself. Similarly, receptor C-termini range from a dozen to several hundred residues. Arrestins,
on the other hand, are remarkably conserved: about 400 residues, give or take a dozen or two.
Having several crystal structures of only one receptor, bovine rhodopsin in its dark (inactive)
state (Palczewski et al., 2000; Okada et al., 2002; Li et al., 2004), we do not really know the
extent of the structural conservation even of the 7 transmembrane domain core in the GPCR
family, although there are good reasons to believe (and even better ones to hope) that at least
these parts of different receptors are structurally similar. In contrast, there is no reason to believe
that the conformations of large and small cytoplasmic loops and C-termini have much in
common. Moreover, receptor-attached phosphates that arrestin binds are localized in different
receptors on various intracellular elements: i1, i2, i3, or the C-tail. Yet the conformations of
the members of 3 crystallized vertebrate arrestin subtypes in their free (inactive) state are
essentially the same (Granzin et al., 1998; Hirsch et al., 1999; Han et al., 2001; Milano et al.,
2002; Sutton et al., 2005). Common sense suggests that there is no way in which this standard
arrestin “hat” can be uniformly “pulled” over the wildly varying cytoplasmic “heads” of
hundreds of receptors. Yet functionally arrestin interactions with numerous GPCRs have a lot
in common: they preferentially bind active, in most cases phosphorylated, receptors and
arrestin binding invariably stops receptor signaling via G proteins, indicating that there must
be a structural basis for this functional commonality.
3.1. What parts of the receptor must arrestin block to justify its name?
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To “arrest” G-protein-mediated signaling, bound arrestin must occupy or shield at least one
receptor element obligatory for G protein activation. In and of itself this does not help much
because G proteins also interact with multiple receptor elements (reviewed in Bohm et al.,
1997). In fact, structurally a somewhat larger family of heterotrimeric G proteins appears
almost as conserved as the arrestin family (Noel et al., 1993; Coleman et al., 1994; Lambright
et al., 1994; Sondek et al., 1994; Mixon et al., 1995; Wall et al., 1995; Lambright et al.,
1996; Sondek et al., 1996; Sunahara et al., 1997), creating a similar problem of fitting a uniform
“hat” onto a wide variety of “heads”. Nonetheless the receptor G protein interaction yields
important clues. Receptor activation (as studied in great detail on the rhodopsin model) involves
a substantial rigid body motion of the α-helical domains (reviewed in Hubbell et al., 2003).
Helix 6 moves up and away by 8Å opening up a cavity between the helices on the cytoplasmic
side (Farrens et al., 1996). The C-terminal peptide of the transducin α-subunit inserts itself into
this cavity (Janz & Farrens, 2004). This peptide is the only part of transducin that can stabilize
metarhodopsin II similar to holotransducin itself (Hamm et al., 1988). It also effectively
competes with transducin for Rh* (Hamm et al., 1988), suggesting that this is one of the
strongest interactions between the G protein and active receptor. Arrestin also stabilizes
metarhodopsin II (Schleicher et al., 1989), hence we were not surprised to find that an as yet
unidentified part of arrestin also occupies the cavity between the rearranged α-helices in Rh*
(Kolobova et al., 2003). The overlap between the arrestin- and G-protein-binding surface on
the receptor may be even more extensive: arrestin2 interaction with i2 of chemokine receptor
CCR5 (Huttenrauch et al., 2002) and arrestin binding to the N-formyl peptide receptor (Bennett
et al., 2000) requires an intact Asp-Arg-Tyr (DRY) motif, which is one of the crucial G protein
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interaction elements. Mutations D142A and D142T in the DRY motif of the α1B-adrenergic
receptor impair arrestin binding (Mhaouty-Kodja et al., 1999). The interactions with both the
cavity and DRY motif are possible only when the receptor is in its active state, hence either
(or both) may be responsible for the relatively low-affinity arrestin binding to R* (Fig. 10).
The overlap of the binding sites is the structural basis of direct competition between arrestin
and G protein for the active receptor (Krupnick et al., 1997b), explaining why their binding is
mutually exclusive. This competition along with structural analysis of the binding of these 2
proteins to the receptor indicates that the inter-helical cavity is a likely “anchoring point” that
arrestin must occupy or shield to do its job. We do not know yet which element of arrestin
interacts with this cavity.
3.2. Arrestin-binding elements in GPCRs: obligatory and optional
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The only other interaction between arrestin and the receptor that is likely to be obligatory in
the great majority (if not all) cases is between the arrestin polar core (Fig. 5) and phosphorylated
(or otherwise negatively charged) receptor elements. The situation here is the opposite: we
know exactly the part of arrestin that must be engaged, but the relevant receptor elements do
not appear to have any structurally fixed position in GPCRs; although phosphorylated residues
are more often found in the C-terminus than anywhere else, they can also be in any of the
intracellular loops, or even in more than one part of the same receptor. To complicate matters
even further, i3 and/or the C-terminus in many receptors can be equipped with several similarlooking serine/threonine-rich clusters, some of which appear crucial for arrestin binding, while
others turn out to be irrelevant (Lee et al., 2000;Oakley et al., 2001;Key et al., 2003;Namkung
& Sibley, 2004;Neuschafer-Rube et al., 2004). Because, at least in some cases, these
functionally distinct clusters were actually shown to be phosphorylated (Lee et al., 2000;Key
et al., 2003;Neuschafer-Rube et al., 2004), they must be exposed. This raises an obvious
question: how does arrestin know which cluster is the “right” one? The only logical explanation
is that when arrestin is appropriately anchored at the inter-helical cavity, certain clusters
sterically fit onto its phosphate-binding elements (Fig. 14) whereas others do not.
It is likely that the position of phosphorylated elements in the 3-dimensional structure of
different GPCRs varies as much as it does in the linear sequence of these receptors. Then bound
arrestin simultaneously anchored via an unknown element at the inter-helical cavity and via
its phosphate-binding residues at the phosphorylated cluster may well be oriented quite
differently relative to the “long” horizontal axis (helix I–helix V) of the receptor (Fig. 15).
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Several lines of evidence suggest that arrestin binding to the receptor usually involves more
than just these two obligatory interactions. In the most studied visual arrestin–rhodopsin model,
the binding of wild-type arrestin to Rh* (likely engaging receptor elements that become
exposed upon activation, such as the cavity and/or DRY motif) has relatively low affinity; it
is also highly sensitive to salt inhibition (Gurevich & Benovic, 1993). The binding of
structurally diverse phosphorylation-independent mutants to the same functional form of fulllength or even truncated C-tail-less rhodopsin (which, by definition, cannot involve phosphate
interactions because there are no phosphates in these preparations) is much stronger and has a
different chemical nature: it includes hydrophobic interactions that are enhanced at
physiological ionic strength (Gurevich & Benovic, 1993; Gurevich & Benovic, 1995; Gurevich
& Benovic, 1997; Gurevich, 1998). Truncated arrestin(1–191) does not have the hydrophobic
binding site (Gurevich & Benovic, 1993). These data clearly indicate that 2 binding sites in
arrestin (one in the N-and the other in the C-domain) can engage a minimum of 2 distinct
elements in unphosphorylated Rh*, hence with the receptor-attached phosphates the total
comes to 3. High (sub-nanomolar; Gurevich et al., 1995) affinity of non-visual arrestins for
their cognate receptors and the structural analysis of the elementary interactions involved also
indicate that 3 or more sites are simultaneously engaged. The additional contact sites (some of
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which may be optional) likely include interactions with i1, i2, and parts of i3 and the C-terminus
other than the phosphorylated elements in these receptor domains (Nakamura et al., 2000).
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3.3. Different flavors of the complex
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Arrestin interactions with the inter-helical cavity and phosphorylated receptor elements likely
determine its orientation relative to the receptor in the complex. Possible differences in its
position and the presence or absence of particular additional points of contact have the potential
to yield arrestin–receptor complexes of different shapes, within certain limits (Fig. 15). In
addition, even though receptor-bound arrestin is usually depicted with the concave sides of the
2 domains facing the membrane (Gurevich & Gurevich, 2003;Gurevich & Gurevich,
2004;Lefkowitz & Shenoy, 2005), as in Figs. 2,9, and 15, this is not necessarily the case. In
fact, the arrestin molecule can be turned on its long axis by up to 60–70° either way relative
to the plane of the membrane with the cavities of the 2 domains facing the cytoplasmic tip of
the receptor. It is entirely possible that the same arrestin can orient itself differently relative to
the plane of the membrane when approaching and binding the receptor. Another source of
structural variability of the complex is the extent of the movement of the two arrestin domains.
The 3 groups of intra-molecular interactions described above (Fig. 7) fix the relative orientation
of the two domains in the basal arrestin conformation. Arrestin activation involves the release
of all of these “clasps” to allow rigid body-like domain movement (Vishnivetskiy et al.,
2002). High stability of the β-strand sandwich in both domains is invariably supported by
numerous hydrophobic interactions between inwardly pointing β-sheet residues (Hirsch et al.,
1999;Han et al., 2001;Sutton et al., 2005). This structure along with the truly devastating effects
of mutations that destabilize the sandwich, such as V53D (Zhang et al., 1997;Orsini & Benovic,
1998), makes it extremely unlikely that any significant domain meltdown takes place in the
process of arrestin activation. On the other hand, there is no discernible structural feature that
would rigidly fix the relative orientation of the two domains in the active state. The contact
surface between the bodies of the two domains, including that between the receptor-binding
elements of all arrestins, is mostly hydrophobic (Fig. 7) (Sutton et al., 2005). This makes it
highly adaptable because in the absence of polar interactions there are very few geometrical
constraints. Therefore, it seems unlikely that the domains move from one predetermined
orientation to another one preset with similar strictness. Rather, the “released” domains are
probably free to “sample” a variety of relative orientations, allowing activated arrestin to
“mold” itself on the particular receptor to achieve the best possible fit (Gurevich & Gurevich,
2004). The ultimate shape of the complex would depend on the receptor elements engaged by
arrestin and the distances between them.
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One might ask whether these theoretical considerations have any relevance in real life. Several
unexpected findings in the last 2 years suggest that they have. The first indication that the
complex of the same arrestin with the same receptor can come in different “flavors” came from
studies of the N-formyl peptide receptor (FPR), which has 2 main serine/threonine clusters in
its C-terminus: residues 328–332 (STQTS) and 334–339 (TATNST) (Key et al., 2003). It was
found that although phosphorylation-independent arrestin2(1–382) binds the phosphorylationdeficient receptor, the complex does not demonstrate high agonist affinity, in sharp contrast to
the wild-type arrestin2-phospho-FPR complex (Key et al., 2001). The restoration of the STQTS
cluster increased mutant arrestin affinity for the receptor but did not restore high agonist affinity
of the complex. In contrast, the restoration of the TATNST cluster did not significantly affect
arrestin affinity for the receptor, but it restored high agonist affinity of the complex (Key et
al., 2003). This was the first demonstration that the functional properties of the arrestin complex
with the receptor phosphorylated at alternative clusters are different. The simplest structural
interpretation of these data is that depending on the position of the phospho-cluster that is in
contact with the phosphate binding “patch” of positively charged arrestin residues (Fig. 15) an
appropriate arrestin element can or cannot reach the inter-helical cavity (or some other part of
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the receptor) and therefore does or does not stabilize the high agonist affinity state of the
receptor.
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The results of two recent studies revealed unexpectedly distinct functional consequences of
the phosphorylation of the angiotensin II receptor (Kim et al., 2005a) and V2 vasopres-sin
receptor (Ren et al., 2005) by different GRKs. In both cases, the bulk of receptor
phosphorylation, arrestin recruitment, desensitization of G-protein-mediated signaling, and
receptor internalization was shown to be mediated by GRKs 2 and 3. In contrast, most of the
arrestin-mediated ERK1/2 activation depends on receptor phosphorylation by GRKs 5 and 6.
The inhibition of GRK5/6 expression abolishes arrestin-mediated ERK signaling, whereas the
inhibition of GRK2/3 expression enhances it. Accordingly, arrestin-mediated ERK activation
is enhanced by GRK5/6 overexpression and inhibited by the overexpression of GRK2/3. These
data clearly establish different functional capabilities of the arrestin complex with receptor
phosphorylated by different GRKs. If one accepts the only logical assumption that GRK2/3
and GRK5/6 phosphorylate different receptor elements, which subsequently “compete” for the
phosphate binding “patch” on arrestin, these apparently mystifying results lend themselves to
the same mechanistic explanation as the FPR data. Different positions of phosphorylated
receptor elements differentially orient arrestin on the receptor, yielding structurally and
functionally distinct arrestin–receptor complexes (which, however, include the same arrestin
and the same receptor).
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Another recent study suggests that the same arrestin bound to different receptors assumes
different conformations (Shenoy & Lefkowitz, 2005). The authors demonstrate that in complex
with the angiotensin II type 1A (AT1A) receptor, lysines 11 and 12 in arrestin3 become
ubiquitinated. This ubiquitination is required for stable arrestin3 association with the receptor,
their co-trafficking, robust ERK activation, and the retention of ERK in the cytoplasm. The
arrestin3(K11,12R) mutant cannot perform these functions, whereas the fusion of a ubiquitin
moiety at the C-terminus of this double arginine mutant restores them. In contrast, the binding
of the same arrest-in3(K11,12R) mutant to vasopressin V2 and neurokinin 1 receptors is
indistinguishable from wild-type arrestin3, and it mediates vasopressin-induced ERK
activation normally. However, quintuple mutant arrestin3(K18,107,108,207,296R) is impaired
in endosomal trafficking with V2 vasopressin, but not with the AT1A receptor (Shenoy &
Lefkowitz, 2005). Because ubiquitin ligases are not particularly “picky” and often modify the
most exposed lysines, these data suggest that these arrestin3 residues are differentially exposed
depending on the receptor type it binds.
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Collectively, these data support the idea that arrestins’ potential to assume a variety of active
conformations yielding structurally different arrestin–receptor complexes is actually realized
and indicate that arrestin “shape-shifting” has profound functional consequences. It appears
that arrestin can undergo further conformational rearrangements after it is bound, further
attesting to the flexibility of the molecule after its intra-molecular clasps are “unfastened” by
the receptor. Experiments with arrestin sandwiched between luciferase and yellow fluorescent
protein, in which intra-molecular bioluminescence resonance energy transfer (BRET) can be
used to monitor the distance between its N- and C-termini in living cells, showed that the 2
ends of the molecule come close together after receptor stimulation (Charest et al., 2005).
Kinetic analysis shows that the spike in BRET occurs substantially later than arrestin binding
to the receptor (Charest et al., 2005). This “second wave” of conformational changes in bound
arrestin possibly reflects the docking of its non-receptor-binding partners attracted to the
complex as a result of the first wave of conformational rearrangements (Gurevich & Gurevich,
2003).
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3.4. Where do receptor dimers fit in?
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Homo- and heterodimerization of GPCRs is a fairly common phenomenon (reviewed in Angers
et al., 2002), hence the first issue that needs to be addressed is whether arrestin binds the
receptor monomer, the dimer, or both. Direct unambiguous experimental evidence pointing
one way or the other does not exist. Free arrestins in their basal conformation are elongated 2domain molecules with a “wingspan” of slightly more than 75 Å (Granzin et al., 1998; Hirsch
et al., 1999; Han et al., 2001; Milano et al., 2002; Sutton et al., 2005). The cytoplasmic tip of
the only receptor for which the crystal structure was determined, dark (inactive) bovine
rhodopsin (Palczewski et al., 2000; Okada et al., 2002; Li et al., 2004) has a diameter of 35–
40 Å (Fig. 15). Both arrestin domains have a more or less cup-like shape, with identified
receptor-binding elements invariably localized on the concave sides of the two domains (Fig.
14) (Vishnivetskiy et al., 2004). This rather provocative geometry led to attempts to “dock” a
single arrestin to the rhodopsin dimer (Liang et al., 2003b). Let us consider whether this is at
least theoretically possible. First, this “geometric” model implies that receptor-bound arrestin
has essentially the same shape as free arrestin. Although only the solution of the crystal
structure of at least one arrestin–receptor complex can drive the final nail into the coffin of this
notion, the evidence that arrestin binding involves a global conformational rearrangement of
its domains is overwhelming (Schleicher et al., 1989; Palczewski et al., 1991b; Gurevich &
Benovic, 1993; Gurevich et al., 1994; Ohguro et al., 1994; Gurevich & Benovic, 1995;
Pulvermuller et al., 1997; Gurevich, 1998; Hirsch et al., 1999; Vishnivetskiy et al., 1999;
Vishnivetskiy et al., 2000; Han et al., 2001; Vishnivetskiy et al., 2002; Raman et al., 2003;
Xiao et al., 2004; Shenoy & Lefkowitz, 2005; Sutton et al., 2005). Second, this model does
not take into account activation-induced conformational changes in rhodopsin; all of the crystal
structures we have represent inactive unphosphorylated rhodopsin, that is, the only form that
does not bind any arrestin, wild type or mutant, under any circumstances (Figs. 3, 5–7, 10–12).
Even though the crystal structure of light-activated rhodopsin is not available, thanks to
enormous efforts by many investigators, particularly comprehensive collaborative site-directed
spin labeling studies of the laboratories of Drs. Hubbell and Khorana, we know that rhodopsin
activation involves the movements of helices and intracellular loops the net result of which is
a significant expansion of its cytoplasmic tip (Resek et al., 1993; Farahbakhsh et al., 1995;
Farrens et al., 1996; Altenbach et al., 1999a, 1999b; Altenbach et al., 2001a, 2001b) (reviewed
in Hubbell et al., 2003). Thus, in the functional state that actually binds arrestin the cytoplasmic
tip of rhodopsin becomes too big to fit into one arrestin domain and is perfect in size to engage
both arrestin domains simultaneously. Third, the docking of one rhodopsin to each domain of
arrestin implies that these domains are more or less equivalent, which directly contradicts all
available experimental evidence including every solved arrestin crystal structure. In fact,
arrestin has just one copy of each identified functional element (Figs. 3–8), and the “similarity”
between the two domains is largely superficial. Finally, rhodopsin has one of the smallest sets
of cytoplasmic elements among all GPCRs (Probst et al., 1992). For many receptors that
robustly bind arrestins the combined size of the cytoplasmic elements actually exceeds the size
of arrestin, creating the opposite problem of fitting such a large cytoplasmic tip into two
domains of just one arrestin molecule. Thus, a vast body of experimental data suggests that
simultaneous binding of one arrestin molecule to both receptors in a dimer is virtually
impossible. Importantly, not a single piece of experimental evidence contradicts this
conclusion.
Nonetheless the arrestin aspect of the “dimer problem” actually has a scientifically relevant
dimension. Even when one arrestin binds one receptor, we need to know whether arrestin
prefers its target in the form of monomer or as a part of the dimer (or whether it cares one way
or the other). This issue has never been directly addressed experimentally. However, a few
recent studies suggest that at least non-visual arrestins can bind receptors within a dimer. One
study took advantage of the difference between arrestin preference of the 2 types of thyrotropin-
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releasing hormone receptor (TRHR): TRHR1 interacts with both arrestin2 and arrestin3,
whereas TRHR2 interacts only with arrestin3, as evidenced by the enhanced internalization of
TRHR1 by overexpression of either non-visual arrestin; TRHR2 endocytosis was enhanced
only by arrestin3 (Hanyaloglu et al., 2002). Accordingly, the trafficking of TRHR2 was
impaired in mouse embryonic fibroblasts lacking either arrestin3 or both arrestins 2 and 3,
whereas the trafficking of TRHR1 was only impaired in fibroblasts lacking both non-visual
arrestins. The formation of TRHR1/2 heterodimers increased the interaction of TRHR2 with
arrestin2. Most importantly, even heterodimerization between TRHR2 and truncated TRHR1
(C335Stop), which by itself does not interact with non-visual arrestins, enhanced TRHR2–
arrestin2 interaction (Hanyaloglu et al., 2002). The simplest mechanistic interpretation of these
findings is that in a heterodimer with TRHR1 (but not in the TRHR2 homo-dimer) the
conformation of the TRHR2 cytoplasmic elements changes in such a way as to permit arrestin2
binding tight enough to promote arrestin2-dependent internalization. This interpretation
implies that arrestin2 binds a receptor molecule that is part of a dimer.
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Another study used two GPCRs with distinct modes of arrestin interaction and different
trafficking patterns: the mu-opioid receptor (MOR) and neurokinin1 receptor (NK1) (Pfeiffer
et al., 2003). Arrestin binds MOR expressed alone and brings it to the coated pit but does not
internalize with the receptor, whereas arrestin internalizes in complex with NK1. Co-expressed
MOR and NK1 form heterodimers, as evidenced by BRET and co-immunoprecipitation.
Although heterodimerization does not appreciably change the ligand binding and signaling
properties of these receptors, it gives rise to several interesting phenomena (Pfeiffer et al.,
2003). First, exposure of the heterodimer to either MOR- or NK1-selective agonists promotes
cross-phosphorylation and co-internalization of the other receptor. Second, regardless of which
receptor is stimulated, the heterodimer co-internalizes with arrestin to endosomes.
Consequently, resensitization of MOR is severely delayed in cells co-expressing both
receptors, as compared to cells expressing MOR alone (Pfeiffer et al., 2003). Crossphosphorylation is easily explained by the fact that GRK is activated by the active receptor
itself, whereupon it phosphorylates any substrate that happens to be around (Palczewski et al.,
1991a), in this case the other receptor in a dimer. Cross-internalization and especially cotrafficking of the whole dimer along with arrestin suggest not only that arrestin interacts with
the receptor in a dimer, but also that this interaction is tight enough to bring the whole dimer
inside. Moreover, it appears that in the pair the receptor with higher affinity for arrestin (in this
case NK1) “wins”, dragging its partner (MOR) through the long recycling pathway, thereby
slowing down its resensitization.
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Thus, arrestins can apparently bind to a receptor monomer that is part of a dimer. Judging by
robust virtually stoichiometric arrestin binding to receptors that were solubilized and
reconstituted into liposomes at a very high lipid-to-protein ratio (so that in the final preparations
there is 1 receptor molecule per 10–15 lipid vesicles, making the existence of dimers highly
improbable) (Gurevich et al., 1993a; Gurevich et al., 1995; Kovoor et al., 1999; Celver et al.,
2002; Pan et al., 2003), arrestins can also bind monomeric GPCRs. The important question
whether there is any difference in arrestin binding to the same receptor in monomeric or dimeric
form still remains unanswered.
3.5. What about other classes of receptors that bind arrestins?
Several recent studies show that arrestins also bind cell surface receptors that do not belong to
the GPCR superfamily. The list of these unconventional arrestin partners includes the insulinlike growth factor I (IGF1) receptor (Lin et al., 1998), the type III transforming growth factor
(TGF)-beta receptor (Chen et al., 2003), and the low density lipoprotein (LDL) receptor (Wu
et al., 2003). Structurally, these receptors have no similarities with GPCRs. However, as far
as arrestin interaction is concerned, certain functional commonalities emerge. Arrest-ins prefer
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the active forms of IGF1 receptor and type III TGF-beta receptor, and the constitutively cycling
scavenger-type LDL receptor can be considered “constitutively active”. Naturally, arrestin
binds to the cytoplasmic tail of these receptors because they have no intracellular loops.
Similarly to GPCRs, the phosphorylation of TGF-beta type III receptor by its partner TGFbeta type II receptor promotes arrestin binding and endocytosis of both receptors along with
arrestin (Chen et al., 2003). Notably, Tyr807Ala mutation abolishes, and Ser833-Asp mutation
enhances arrestin binding and endocytosis of the LDL receptor (Wu et al., 2003). Arrestin also
enhances MAP kinase activation by the IGF1 receptor (Lin et al., 1998).
Thus, even though these receptors are very different from GPCRs, arrestins still prefer them
active and phosphorylated (or otherwise equipped with extra negative charges). Considering
that phosphopeptides and other polyanions promote the release of the arrestin C-tail
(Palczewski et al., 1991b; Gurevich et al., 1994; Puig et al., 1995; Vishnivetskiy et al., 2002;
Xiao et al., 2004), which carries both clathrin (Goodman et al., 1996) and AP-2 (Laporte et al.,
1999) interaction sites, the mechanisms whereby arrestins promote the internalization of these
receptors and GPCRs via coated pits may be quite similar (Gurevich & Gurevich, 2003).
However, we know too little about the interactions of arrestins with these receptors to glean
any useful clues regarding the conformation of bound arrestin in this case.

4. The functional consequences of complexity
NIH-PA Author Manuscript
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It seems hard to believe now that less than 10 years ago the commonly accepted paradigm was
that as far as signaling is concerned arrestin binding to the receptor was the end of the story.
The first indication that arrestins do more than simply “arrest” G-protein-mediated signaling
was reported in 1996 (Ferguson et al., 1996). Arrestin and GRK2 overexpression was able to
rescue the internalization of a mutant b2AR that did not internalize otherwise, indicating that
arrestin binding plays a role in receptor trafficking (Ferguson et al., 1996). The mechanism
whereby arrestin accomplishes this feat was soon revealed: both non-visual arrestins directly
bind clathrin, apparently serving as adaptors tethering the bound receptor to the internalization
machinery of the coated pit (Goodman et al., 1996). Later it was discovered that receptor-bound
arrestins also interact with the clathrin adaptor complex AP-2 (Laporte et al., 1999). Both
interactions are necessary for efficient endocytosis, but to a certain extent they also serve as
backups for each other, because disabling or deletion of either binding site in arrestin does not
completely block receptor internalization (Kim & Benovic, 2002). For example, truncated
arrestin2(1–383), which binds receptors in phosphorylation-independent fashion (Kovoor et
al., 1999) and lacks AP-2 binding site (Laporte et al., 1999), supports the internalization of
unphosphorylated receptors and traffics into endocytic vesicles with receptors that normally
release wild-type arrestin at the plasma membrane (Oakley et al., 2001). This additional
function of non-visual arrestins was still viewed as an extension of its role in desensitization,
as internalization was considered a simple “mopping up”, that is, the removal of the used
desensitized receptor. However, soon it became clear that internalization does not just remove
“unwanted” receptor from the cell surface but is a necessary step in receptor resensitization.
Dominant-negative mutants of arrestin and dynamin, both of which block the internalization
of the b2AR, were found to impair dephosphorylation and resensitization of this receptor
(Zhang et al., 1997). Accordingly, impaired b2AR sequestration, dephosphorylation, and
resensitization in COS-7 cells (expressing very low levels of endogenous arrestins) were
completely rescued by the overexpression of arrestin3, suggesting that the levels of arrestin
expression regulate the ability of the receptor to resensitize (Zhang et al., 1997).
Continuing discoveries of additional non-receptor arrestin-binding partners, many of which
were bona fide signaling molecules, completely changed the overall perception of arrestin’s
role in the cell (reviewed in Lefkowitz & Whalen, 2004; Lefkowitz & Shenoy, 2005). The
ever-growing list of proteins that bind the arrestin–receptor complex (and in some cases free
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arrestin as well) now includes ADP ribosylation factor 6 (ARF6) and ARF nucleotide-binding
site opener (ARNO) (Claing et al., 2001; Hunzicker-Dunn et al., 2002), cAMP
phosphodiesterase 4 (PDE4) (Perry et al., 2002), N-ethylmaleimide-sensitive fusion protein
(NSF) (McDonald et al., 1999), E3 ubiquitin ligase Mdm2 (Shenoy et al., 2001), IκBα, an
inhibitor of NFκB (Gao et al., 2004), and a variety of protein kinases, such as cSrc (Luttrell et
al., 1999) and the related kinase Yes (Imamura et al., 2001), extracellular signal-regulated
kinases (ERK1 and 2) and cRaf1 (Luttrell et al., 2001), and c-Jun N-terminal kinase 3 (JNK3)
and ASK1 (McDonald et al., 2000). This overabundance of binding partners raises many
important questions. Which of these proteins preferentially interact with active receptor-bound
arrestin, and how is this accomplished mechanistically? Do the partners that bind free arrestins
stay bound through the process of its docking to the receptor? Are there proteins (other than
GPCRs) that only bind free arrestins? Which partners bind arrestin simultaneously and which
compete for overlapping binding sites? And last but not least, what are the functional
consequences of all these interactions?

4.1. Does arrestin binding predetermine the internalization pathway?
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Arrestin binding to the receptor induces the release of the arrestin C-tail, where both clathrin
and AP-2 sites are localized (Goodman et al., 1996; Krupnick et al., 1997a; Orsini & Benovic,
1998; Laporte et al., 1999; Kim & Benovic, 2002). In addition, several positively charged
residues in the C-domain of non-visual arrestins constitute a high-affinity phosphoinositidebinding site (Gaidarov et al., 1999). Phosphoinositide binding is an additional mechanism
bringing arrestin to the coated pit: adaptin2 also binds phosphoinositides apparently for the
same purpose (Gaidarov & Keen, 1999). Thus, arrestin binding creates so many reasons for
the complex to end up in the coated pit that it is hard to imagine how any arrestin-binding
receptor can escape this fate. Yet early on it became clear that some receptors do just that. One
of the first examples was m2 muscarinic cholinergic receptor (m2 mAChR). This was one of
the first receptors shown to bind arrestins (Gurevich et al., 1993a). The main GRK
phosphorylation sites in m2 mAChR are localized in 2 clusters in i3, termed the N- and Ccluster for convenience (Pals-Rylaarsdam et al., 1997). Alanine substitution of serines and
threonines in the N-cluster does not affect receptor desensitization in living cells or direct
arrestin binding in vitro, whereas the elimination of phosphorylatable residues from the Ccluster or from both the N- and C-clusters impairs both desensitization and arrestin binding,
indicating that the desensitization of this receptor is strictly arrestin dependent (PalsRylaarsdam et al., 1997). Yet even the receptor with both clusters mutated internalizes in
HEK293 cells normally. Moreover, the internalization of the m2 mAChR and its mutant forms
is not affected by the dominant-negative dynamin(K44A) mutant that blocks clathrin- and
arrestin-dependent internalization of the b2AR in the same cells (Pals-Rylaarsdam et al.,
1997). Thus, the m2 mAChR even with arrestin bound apparently chooses a different
internalization pathway. Interestingly, overexpression of either non-visual arrestin enhances
its internalization, and this additional receptor trafficking is suppressed by dynamin(K44A)
(Pals-Rylaarsdam et al., 1997). So bound arrestin actually can direct the m2 mAChR to the
coated pit, although usually this receptor uses an alternative route. What is the structural basis
of this curious phenomenon?
The cytoplasmic elements of many GPCRs contain a variety of internalization and sorting
motifs. One example is the dileucine motif recognized by several clathrin adaptors participating
in the trafficking of other membrane proteins, which was identified in the C-termini of several
receptors: the b2AR (Gabilondo et al., 1997), V2 vasopressin receptor (Schulein et al., 1998),
lutropin receptor (Nakamura & Ascoli, 1999), leukotriene B4 receptor (Gaudreau et al.,
2004), chemokine receptor CCR5 (Kraft et al., 2001), and a few others. In many cases the
dileucine motif was shown to regulate receptor internalization, sorting, or membrane targeting.
Other examples are interaction motifs for G-protein-coupled receptor-associated sorting
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protein (GASP), which has not been precisely structurally defined (Whistler et al., 2002a), Nethylmaleimide-sensitive fusion protein (NSF) (Cong et al., 2001), and PDZ domain interaction
motifs (Parker et al., 2003). GASP binding was documented for the C-termini of delta opioid,
D4 dopamine, as well as β2- and α2B-adrenergic receptors (although the effect of this
interaction on lysosomal targeting of only one receptor, delta opioid, was demonstrated)
(Whistler et al., 2002a), the NSF interaction motif is localized to the last 3 amino acids of the
b2AR (Cong et al., 2001), whereas PDZ domain interaction was shown for the 5-HT2C receptor
(Parker et al., 2003). It is likely that other trafficking-related motifs in GPCRs remain to be
discovered.
As discussed above, arrestin is not big enough to cover all of the cytoplasmic elements of the
great majority of GPCRs. Therefore, even in the complex other structural motifs regulating
receptor trafficking are apparently exposed and interact with their targets. In the ensuing
competition between different trafficking motifs in the receptor itself and in bound arrestin,
“pulling” the complex in different directions, arrestin does not always win. Therefore, arrestin
binding does not predetermine the internalization route that the complex would follow.
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The m2 muscarinic receptor is not the only member of the family that can internalize via
different pathways. Chemokine receptor CCR5 can internalize in a phosphorylation- and
arrestin-dependent, as well as independent, fashion (Kraft et al., 2001). Full-length A2B
adenosine receptor internalizes via an arrestin-dependent pathway, but deep truncation of its
C-terminus redirects it to an arrestin-independent route (Matharu et al., 2001). The cysteinyl
leukotriene type 1 receptor internalizes normally in mouse embryonic fibroblasts in which both
non-visual arrestins are knocked out, yet arrestin overexpression enhances its internalization
(Naik et al., 2005), apparently linking it to an additional arrestin-dependent pathway, similar
to the situation with the m2 mAChR (Pals-Rylaarsdam et al., 1997). The metabotropic
glutamate receptor mGluR1a undergoes extensive constitutive agonist-independent
internalization that does not involve arrestins, yet its internalization in response to agonist is
selectively mediated by arrestin2 (Dale et al., 2001). In contrast, spontaneous internalization
of the α1A-adrenoreceptor is arrestin dependent, and this receptor travels with bound arrestin
all the way to the recycling endosomes (Pediani et al., 2005). WT serotonin 5-HT4 receptor
internalizes via an arrestin-dependent pathway in colliculi neurons naturally expressing it, as
well as in COS-7 and HEK293 cells, but the deletion of the main S/T cluster phosphorylated
by GRK2 re-directs the receptor to an arrestin-independent pathway and actually increases the
rate of its internalization (Barthet et al., 2005).
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Not all receptors bind arrestins under usual circumstances, even though they appear to be
structurally equipped for the interaction. In human airway smooth muscle, prostaglandin
receptor EP2 does not recruit arrestins upon stimulation, does not internalize, and does not
demonstrate any effects of arrestins on signaling (Penn et al., 2001). Nonetheless, the
phosphorylation-independent arrestin2 mutant R169E induced marked desensitization of EP2
signaling and enabled substantial receptor internalization (Penn et al., 2001). The same
arrestin2(R169E) mutant was found to induce agonist-independent internalization of the
serotonin 5-HT2A receptor, which was previously considered arrestin insensitive (Gray et al.,
2003).
Thus, arrestin binding functionally “equips” the receptor to interact with the internalization
machinery of the coated pit but does not necessarily direct it to this pathway. The complex
interplay of trafficking signals localized on bound arrestin and the receptor itself along with
the availability of various internalization pathways in a particular cell type determine the actual
route the receptor takes. Apparently, most (if not all) GPCRs have the structural potential to
interact with arrestins as well as to internalize via more than one pathway, arrestin-dependent
and -independent.
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The internalized receptor can be deactivated, dephosphorylated, and recycled back to the
plasma membrane, or it can be transported to lysosomes for degradation. Some receptors, like
protease-activated receptors where the tethered ligand exposed by proteolysis serves as an
agonist, cannot be deactivated and therefore they are “disposable” by design. The great majority
of GPCRs can actually be either recycled or destroyed, and it is far from clear how the cells
“decide” what to do with a particular receptor molecule. However, there is a growing body of
evidence suggesting that the properties of the receptor–arrestin complex play a significant role
in determining the route the receptor travels inside the cell and its ultimate fate.
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The stability of different arrestin–receptor complexes varies. Extensive use of arrestin-GFP
fusions revealed that the activation of most GPCRs induces rapid arrestin translocation to the
plasma membrane, indicative of its binding to the receptor (Barak et al., 1997). After that, the
scenario can be quite different and largely depends on the receptor studied. Some GPCRs, such
as the b2AR, D1 dopamine, and endothelin type A receptors release bound arrestin near the
plasma membrane, apparently soon after internalization, whereas others, including angiotensin
II type 1A (AT1A) or neurotensin receptors, travel with bound arrestins inside the cell (Zhang
et al., 1999). The exchange of the C-termini between the b2AR and AT1A reverses this pattern,
suggesting that this receptor element largely determines the stability of the complex (Zhang et
al., 1999). The difference in complex stability determines the rate of receptor resensitization:
the exchange of the C-tail between the b2AR that recycles and resensitizes rapidly and the
vasopressin V2 receptor that keeps bound arrestin longer and recycles and resensitizes slowly,
switches the pattern of their trafficking and the rate of their dephosphorylation, recycling, and
resensitization (Oakley et al., 1999). Similarly, the exchange of the C-termini between 2
vasopressin receptors, V1a that recycles rapidly via peripheral endosomes, and V2 that moves
slowly via the perinuclear recycling compartment reversed their trafficking pattern and the rate
of their recycling (Innamorati et al., 2001).

NIH-PA Author Manuscript

Based on the relative affinity for different arrestins and the stability of the arrestin–receptor
complex, GPCRs were divided into 2 classes (Oakley et al., 2000). Class A receptors (b2AR,
mu-opioid, endothelin type A, dopamine D1, and α1B-adrenergic) bind arrestin3 with higher
affinity than arrestin2 and do not interact with visual arrestin. These receptors also tend to
release arrestin soon after internalization and recycle rapidly. Class B receptors (AT1A,
neurotensin receptor 1, vasopressin V2, TRHR1, and NK1) bind both non-visual arrestins
equally well, interact with visual arrestin, and tend to internalize with bound arrestin and recycle
more slowly (Oakley et al., 1999; Zhang et al., 1999; Oakley et al., 2000). Obviously, a number
of GPCRs do not fit into this classification. For example, the metabotropic glutamate receptor
1a interacts selectively with arrestin2, but not with arrestin3 (Dale et al., 2001), somatostatin
receptor 2A internalizes along with arrestin, yet is recycled and resensitized rapidly, whereas
somatostatin receptor 3 releases arrestin near the plasma membrane, yet does not recycle
rapidly and is largely degraded after internalization (Tulipano et al., 2004). Nonetheless it is
clear that the stability of the arrestin–receptor complex significantly affects the trafficking
pattern of different GPCRs.
These experiments do not explain how the choice between the degradation and recycling is
made for the same receptor in the same cell. Even the b2AR that is rapidly internalized and
recycled even in the presence of agonist (Morrison et al., 1996) becomes progressively
degraded upon stimulation for many hours (Pan et al., 2003). Several studies using various
arrestin mutants suggest that the stability of the complex may play a role in this choice, as well
as in arrestin-dependent receptor trafficking beyond internalization. Arrestin release must
precede receptor dephosphorylation, leaving the loss of active receptor conformation due to
agonist dissociation in acidic endosomes as the only logical signal for arrestin to get off. Then
the receptor has to undergo several cycles of dephosphorylation (because receptor multiPharmacol Ther. Author manuscript; available in PMC 2008 October 6.
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phosphorylation is required for arrestin binding) before it can finally emerge in a recyclingcompetent fully dephosphorylated form (Hsieh et al., 1999). However, both non-visual
arrestins poorly discriminate between phosphorylated active and inactive forms of the receptor
(Fig. 10), suggesting that arrestin release may be rate limiting in this process. On the other
hand, the binding of phosphorylation-independent mutants to the unphosphorylated receptor
is strictly activation dependent (Fig. 16A), so that in this case receptor deactivation would be
immediately followed by arrestin release. Moreover, because both phosphorylationindependent arrestins and GRKs compete for the same functional form of the receptor, R*,
these mutants directly inhibit receptor phosphorylation (Fig. 16B) (Pan et al., 2003). Thus, if
the expression of the mutant arrestin is high enough to out-compete endogenous wild-type
arrestins and GRKs, the receptor primarily internalizes in an unphosphorylated form in
complex with the constitutively active arrestin. As could be expected, the b2AR internalizes
in these complexes at a normal rate but recycles much faster than the same receptor internalized
in “normal” phosphoreceptor–arrestin complexes (Pan et al., 2003). It turned out that this
accelerated cycling prevents receptor down-regulation even after very long (up to 24 h) agonist
exposure (Fig. 16C). Phosphorylation-independent arrestin mutants bind phosphorylated
receptor at least as well as wild-type arrestin, and in this situation their ability to discriminate
between active and inactive phosphoreceptor is, if anything, even worse than that of wild-type
arrestin (Fig. 16A). Thus, one can predict that overexpression of a GRK along with the mutant
would ensure that most receptors get phosphorylated before they have a chance to encounter
the “super-arrestin” mutant. Indeed, overexpression of GRK2 along with mutant arrestin
returns the situation back to normal, “rescuing” receptor down-regulation (Fig. 16C) (Pan et
al., 2003). Thus, the formation of a less stable complex with exactly the same receptor tips the
balance towards recycling, whereas the stabilization of the complex favors receptor
degradation. This conclusion is in remarkable agreement with the correlation observed for a
variety of different GPCRs that belong to classes A or B (Oakley et al., 1999; Zhang et al.,
1999).
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This conclusion is also supported by studies where a different type of arrestin mutant was used
to make the arrestin–receptor complex unusually stable. Rapid internalization of the b2AR
requires transient ubiquitination of receptor-bound arrestin3, which is accomplished by E3
ubiquitin ligase Mdm2, that directly interacts with arrestin (Shenoy et al., 2001). The time
course of arrestin3 ubiquitination and de-ubiquitination is consistent with the idea that arrestin
carries a ubiquitin moiety as long as it is bound to the receptor (Shenoy et al., 2001). Indeed,
the activation of the V2 vasopressin receptor, which stays in complex with arrestin longer than
b2AR, results in more prolonged arrestin ubiquitination (Shenoy & Lefkowitz, 2003).
Switching the b2AR and V2 C-termini, which to a large extent determine the stability of the
complex (Oakley et al., 1999), also reverses the kinetics of arrestin ubiquitination induced by
the activation of these receptors (Shenoy & Lefkowitz, 2003). An arrestin3–ubiquitin fusion
protein that cannot be de-ubiquitinated in the cell stays in complex with the b2AR just as long
as wild-type arrestin remains bound to class B receptors. Most importantly, the expression of
the arrestin–ubiquitin fusion enhances the degradation of the b2AR (Shenoy & Lefkowitz,
2003). Thus, arrestin mutations that make b2AR–arrestin complex more transient prevent
receptor degradation (Pan et al., 2003), whereas mutants forming unusually stable complexes
shift the equilibrium towards degradation (Shenoy & Lefkowitz, 2003), suggesting that the
stability of the complex plays a role in the determination of the fate of internalized receptor.
One of the mechanisms whereby this can be accomplished appears to be arrestin-mediated
recruitment of enzymes that ubiquitinate the receptor itself, as has been demonstrated for the
b2AR (Shenoy et al., 2001) and the V2 vasopressin receptor (Martin et al., 2003).
The properties of the arrestin–receptor complex also affect post-endocytic receptor trafficking
in other ways. An example of this is the N-formyl peptide receptor, which internalizes in an
arrestin-independent fashion but requires arrestins for recycling (Vines et al., 2003). In normal
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cells this receptor recycles relatively fast, whereas in arrestin-deficient cells the receptor
accumulates in the perinuclear recycling compartment and fails to recycle. The recycling can
be rescued by the overexpression of arrestin2 or 3 (Vines et al., 2003). The recycling of this
receptor is inhibited by the expression of a constitutively active arrestin2(I386A, V387A,
F388A) mutant that binds the phosphorylated receptor with higher affinity than wild-type
arrestin (Key et al., 2005). Importantly, the recycling was restored when receptor was only
partially phosphorylated (Key et al., 2005), which reduces arrestin affinity for the receptor.
Thus, excessively stable arrestin association stops the receptor in its tracks, inhibiting recycling
of the N-formyl peptide receptor.
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Thus, the stability of the arrestin–receptor complex is an important factor, which determines
the receptor trafficking pattern and the ultimate fate of the internalized receptor. However,
most of the data leading to this conclusion were generated using various receptor and arrestin
mutants and chimeras, that is, the tools that the cell does not have at its disposal, raising the
question whether the cell can actually regulate the properties of the arrestin–receptor complex
by some normal, natural means. Biochemical studies of the mechanisms of the arrestin–
receptor interaction suggest at least one relatively simple method the cell can employ to change
the stability of the complex. The properties of the complex and the biological consequences of
its formation depend to a large extent on the nature of the phosphorylatable receptor elements
(Oakley et al., 1999; Zhang et al., 1999; Innamorati et al., 2001) and the actual level of their
phosphorylation (Oakley et al., 2001; Pan et al., 2003; Key et al., 2005). Virtually all receptors
have many more GRK phosphorylation sites than the minimum of 2 required for the activation
of the arrestin phosphate sensor to induce arrestin transition into its high-affinity receptorbinding state. When arrestin binds, it physically covers the phosphorylation sites, whether they
are “hit” by GRK or not, preventing further receptor phosphorylation (Fig. 16B) (Pan et al.,
2003). Because active receptor encounters with GRK and arrestin are stochastic events
governed by the law of mass action, in a cell that has relatively little GRK activity and high
levels of arrestins most receptors will meet and bind arrestin as soon as they have the minimum
requisite number of phosphates attached. Conversely, in cells expressing a lot of GRKs and
relatively little arrestin, most receptors will be phosphorylated many times before they
encounter and bind an arrestin molecule. The first situation would mostly generate arrestin–
receptor complexes with the lowest possible stability, whereas in the latter case more stable
complexes would emerge in abundance. The functionally relevant differences would persist
even beyond the eventual dissociation of arrestin because the receptor that emerges would have
varying numbers of attached phosphates requiring different time for full dephosphorylation.
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This type of possible regulation remains inexplicably underappreciated, even though emerging
evidence suggests that it may actually be used in vivo, especially by neurons, that is, the cells
that constantly regulate and integrate complex networks of signaling pathways. As a rule, the
total GRK/total arrestin ratio in neurons is fairly high, favoring receptor multi-phosphorylation,
but there are intriguing variations between different brain regions (Gurevich et al., 2004).
Complex changes in the expression levels of both non-visual arrestins and GRKs 2, 3, 5, and
6 during neural development have been documented (Penela et al., 2000; Sefton et al., 2000;
Gurevich et al., 2002; Gurevich et al., 2004). A dramatic 7- to 10-fold increase in arrestin2
expression during neuronal maturation in the rat brain that is faithfully recapitulated in the
process of the differentiation of neuronal precursors in vitro is particularly striking (Gurevich
et al., 2004). Profound changes in arrestin2 and GRK6 expression levels in the brain have also
been reported in the monkey model of Parkinson’s disease; importantly, these changes were
reversed by L-DOPA treatment (Bezard et al., 2005). The changes in the relative levels of
GRK2/3 and GRK5/6 groups yield arrestin–receptor complexes with dramatically different
functions (Kim et al., 2005a; Ren et al., 2005). Relatively low levels of GRK2 expression are
sufficient to promote arrestin-dependent internalization of the serotonin 5-HT4 receptor, but
substantially higher GRK2 expression (similar to that in colliculi neurons that express it
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naturally) is required for its rapid desensitization (in the latter process GRK2 seems to function
independently of its kinase activity because its K220R kinase-dead mutant works just as well
as WT GRK2) (Barthet et al., 2005). All these data indicate that changes in the expression of
arrestins and GRKs are important and are probably widespread regulatory mechanisms. Our
mechanistic analysis suggests that these changes (among other things) may regulate the
properties of the arrestin–receptor complex and the functional consequences of its formation.
4.3. Constitutively desensitized receptor mutants in congenital disorders
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Rhodopsin, with its covalently bound inverse agonist, 11-cis-retinal, is unique among GPCRs
in that its noise level (constitutive activity) is virtually nil: based on the rod photoreceptor noise
level, it has been calculated that one rhodopsin molecule undergoes spontaneous activation
once in 2000 years (Burns & Baylor, 2001). Most GPCRs have detectable levels of constitutive
(agonist-independent) activity (Seifert & Wenzel-Seifert, 2002). Certain naturally occurring
mutations in different receptors enhancing their constitutive activity have been shown to
underlie a variety of human congenital disorders, ranging from stationary night blindness to
various forms of cancer (recently reviewed in Seifert & Wenzel-Seifert, 2002). Because
receptor conformations preferred by G proteins, GRKs, and arrestins are in most cases the same
(or very similar), on purely theoretical grounds one would expect these constitutively active
mutants to be subject to GRK- and arrestin-dependent desensitization. The first experimental
proof that this is the case was found in the visual system: several rhodopsin mutants that
constitutively activate transducin in biochemical assays and cause night blindness or retinal
degeneration in humans were shown to be constitutively phosphorylated by rhodopsin kinase
and bind visual arrestin, suggesting that the disease phenotype may be the result of either their
uncontrolled signaling or persistent desensitization (Rim & Oprian, 1995). On the same lines,
two forms of constitutively active luteinizing hormone receptor were found to internalize faster
than the wild-type receptor via an arrestin-dependent pathway (Bradbury & Menon, 1999).
The most intriguing discovery was the finding that the naturally occurring vasopressin receptor
mutation R137H associated with familial nephrogenic diabetes insipidus that was originally
described as loss-of-function actually induces constitutive arrestin-mediated desensitization.
In contrast to the wild-type vasopressin receptor, the “non-signaling” R137H receptor is
phosphorylated and sequestered in arrestin-associated intracellular vesicles even in the absence
of agonist. Eliminating molecular determinants on the receptor that promote high-affinity
arrestin–receptor interaction reestablishes plasma membrane localization and the ability of the
mutated receptors to signal (Barak et al., 2001). Thus, in the case of constitutively active
GPCRs, persistent desensitization can overwhelm persistent signaling and directly contribute
to the etiology of a mutation-induced disease. This finding suggests that some of the other
disease-associated GPCR mutants that were classified as “non-signaling” in cell-based assays
need to be re-examined biochemically for possible constitutive activity and consequent
persistent desensitization in cells. It also indicates that pharmacological targeting of the
desensitization machinery, GRKs and/or arrestins, may be a viable therapeutic strategy.
4.4. Non-receptor-binding partners of arrestin proteins
As if the binding to hundreds of different GPCRs and a few unrelated receptors were not
enough, arrestins also interact with a fairly diverse group of non-receptor binding partners
(recently reviewed in Lefkowitz & Shenoy, 2005). The ever-growing list of proteins that bind
arrestins includes trafficking-related partners (clathrin, adaptin2, NSF) and a variety of
signaling proteins: small G proteins and guanine nucleotide exchange factors, protein kinases,
ubiquitin ligase, etc. Obviously, arrestin-mediated signaling can only be receptor activationdependent if receptor-bound arrestin interacts with the downstream partner with higher affinity
than free arrestin, which is always present in the cell (Gurevich & Gurevich, 2003). Thus, the
most important question from a functional viewpoint is which of these partners bind free
arrestins in the cytoplasm, which preferentially interact with receptor-bound arrestins in the
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active conformation, and which bind to both functional states of arrestin with comparable
affinity. With the exception of clathrin (Goodman et al., 1996; Kim & Benovic, 2002; Xiao et
al., 2004), we do not know the answer to these questions because in most cases the interactions
were demonstrated by co-immunoprecipitation and other inherently non-quantitative methods.
Careful biochemical experiments with purified proteins reconstructing putative arrestincontaining complexes necessary to measure the affinity of any interaction partner for free
arrestin in the basal conformation and for active receptor-bound arrestin have yet to be
performed. However, several lines of evidence suggest that virtually any arrestin partner binds
both functional forms of arrestin, albeit likely with different affinities. Even the arrestin–
clathrin interaction was first discovered using free arrestin (Goodman et al., 1996) and its
facilitation due to the destabilization of the basal arrestin conformation by various means was
demonstrated only later (Kim & Benovic, 2002; Xiao et al., 2004). However, it is clear that
the affinity of receptor-bound arrestin for clathrin must be much higher than that of free arrestin,
because otherwise overexpressed non-visual arrestins would compete with the receptor–
arrestin complexes for clathrin, effectively acting as inhibitors of receptor internalization. In
fact, this mechanism is perfectly feasible because the overexpressed arrestin2 C-terminus,
which carries clathrin and AP-2 binding sites, effectively acts as a “dominant-negative” arrestin
as far as receptor internalization is concerned (Orsini & Benovic, 1998), but WT arrestin does
not.
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Sometimes the reports that free or receptor-bound arrestin bind a particular partner are
perceived as conflicting, as is the case with ARF6 and ARNO (Mukherjee et al., 2000; Claing
et al., 2001; Hunzicker-Dunn et al., 2002), whereas it is likely that these partners simply bind
both functional forms of arrestin. Another example is JNK3. Arrestin3 was reported to serve
as a scaffold for receptor activation-dependent JNK3 phosphoryla-tion by the ASK1-MKK4JNK3 activation cascade (McDonald et al., 2000). Yet arrestin3 that has a nuclear export signal
(NES) in its C-terminus also redistributes JNK3 from the nucleus to the cytoplasm (Scott et
al., 2002). Because membrane-bound GPCRs obviously cannot move between the nucleus and
the cytoplasm via aqueous nuclear pore where NES-dependent transport operates, this must be
the function of free arrestin, suggesting that it also binds JNK3. Similarly, bound non-visual
arrestins mobilize ubiquitin ligase Mdm2 to GPCRs where it ubiquitinates the receptor (Shenoy
et al., 2001), whereas free arrestins also redistribute Mdm2 from the nucleus to the cytoplasm
(Wang et al., 2003).
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Mechanistically, the change in arrestin conformation upon receptor binding likely explains an
enhanced affinity of receptor-bound arrestin for many non-receptor-binding partners (Gurevich
& Gurevich, 2003). However, free arrestin (like any normal protein) is not as rigid as the crystal
structure may lead one to believe: it “breathes”, likely “sampling” a number of conformational
variations, although for the sake of simplicity we call this whole group of conformational states
“basal”. In the process, it may occasionally expose the same sites for its binding partners that
become fully exposed in the receptor-bound state (which again is likely a whole family of
conformations that we classify as “active”). The destabilization of the basal conformation of
free arrestin by mutagenesis (Kim & Benovic, 2002), by the phosphopeptide mimicking the
phosphorylated receptor C-terminus, or even by heparin (Xiao et al., 2004), enhances clathrin
binding apparently because “loose” arrestin assumes the conformation somewhere in between
the basal and active-like more often. It is likely that this would also be true for other binding
partners that prefer receptor-bound arrestin, but so far this has never been tested experimentally.
Arrestin elements involved in receptor binding have been fairly well mapped (Fig. 14)
(Gurevich & Benovic, 1995;Gurevich et al., 1995;Vishnivetskiy et al., 2000;Vishnivetskiy et
al., 2004). In sharp contrast, the binding sites for the non-receptor partners, with the exception
of clathrin and AP-2 (Krupnick et al., 1997a;Laporte et al., 1999;Kim & Benovic, 2002), were
either identified imprecisely or simply remain unknown. For example, proline-rich motifs in
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arrestin2 were shown to participate in its interaction with the SH3 domain of c-Src (Luttrell et
al., 1999), yet both non-visual arrestins bind Src comparably, apparently via its catalytic
domain (Miller et al., 2000). The binding site for JNK3 was tentatively localized to the
RRSLHL motif in rat arrestin3 (Miller et al., 2001), yet this sequence is not conserved in
arrestin3 in other mammals. To achieve a mechanistic understanding of arrestin interaction
with various signaling proteins and develop tools affecting these interactions, this gap needs
to be filled. The most straightforward approach to achieving this goal is the use of direct
biochemical and biophysical methods to study the complexes reconstructed under carefully
controlled conditions with purified proteins, both wild-type and targeted mutants.
4.5. ERK activation and beyond
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Cells have an enormous number of pathways leading to ERK activation. Even the subset of
these pathways initiated by active GPCRs is relatively large: ERK activation can be mediated
by several heterotrimeric G proteins (Gs via cAMP and PKA, Go via PLCβ and PKC, Gi via
its βγ-subunit and Src), by trans-activation of receptor tyrosine kinases, etc. (recently reviewed
in Luttrell, 2003). The arrestin-mediated pathway is unique in one important respect: active
ERK does not go to the nucleus to phosphorylate its usual transcription factor substrates and
induce proliferation but stays in the cytoplasm instead (Tohgo et al., 2002; Luttrell, 2003;
Tohgo et al., 2003). Interestingly, one of the known cytoplasmic ERK substrates is arrestin2
itself, where the phosphorylation of Ser412 in its C-terminus reduces its affinity for the
internalization machinery (Lin et al., 1997). Free arrestin2 is constitutively phosphorylated,
and the phosphate is apparently removed upon its binding to the receptor. Its subsequent
phosphorylation by ERK2 facilitates the dissociation of the arrestin–receptor complex from
clathrin, but the phosphorylation status of Ser412 does not affect receptor interaction (Lin et
al., 1997). Another interesting ERK substrate is GRK2 (Pitcher et al., 1999; Elorza et al.,
2000). ERK phosphorylates the C-terminal Ser670 in GRK2, thereby attenuating its Gβγmediated mobilization to the membrane and reducing its activity towards the receptor (Pitcher
et al., 1999; Elorza et al., 2000). In essence, ERK stops the events that lead to its arrestindependent activation in the first place, making this a typical negative feedback loop. ERK also
phosphorylates Gα-interacting protein (GAIP), which is a regulator of G protein signaling
(RGS) (Ogier-Denis et al., 2000). Its phosphorylation at Ser151 in the RGS domain enhances
GAIP-dependent acceleration of the rate of GTP hydrolysis by the α-subunit of the G protein
Gi3 (Ogier-Denis et al., 2000). Interestingly, all these ERK substrates are regulators of GPCR
signaling. Another cytoplasmic ERK substrate, tyrosine hydroxylase (Salvatore et al., 2001),
is the rate-limiting enzyme in the synthesis of catecholamines, which are endogenous agonists
of several GPCRs. Still, the relative paucity of known cytoplasmic ERK substrates makes it
very likely that quite a few more will be discovered before we can fully appreciate the functional
significance of the retention of active ERK in the cytoplasm.

NIH-PA Author Manuscript

Theoretically, one can envision two mechanisms responsible for the cytoplasmic retention of
active ERK. Arrestin3 with its native nuclear export signal (NES) was shown to bring some
of its interaction partners, such as JNK3 (Scott et al., 2002) and Mdm2 (Wang et al., 2003),
out of the nucleus, so that (assuming that in its free state it also binds ERK) it could redistribute
active ERK to the cytoplasm. However, this seems unlikely, as arrestin overexpression is
necessary to see this effect, and upon receptor activation the concentration of free arrestin3 in
the cytoplasm actually decreases (Barak et al., 1997). Besides, this mechanism does not explain
why it matters how ERK was activated; free arrestin could redistribute ERK activated by any
pathway. The formation of stable receptor–arrestin complexes facilitates ERK activation and
the retention of active ERK in the cytoplasm (Tohgo et al., 2003). ERK has been repeatedly
detected by co-immunoprecipitation in complexes containing arrestin and receptor (DeFea et
al., 2000a, 2000b; Luttrell et al., 2001). Thus, the most likely mechanism of retention is that
ERK activated on the scaffold of the arrestin–receptor complex simply stays bound. One
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important corollary of such a mechanism is that the c-Raf1-MEK1-ERK1/2 cascade assembled
with the help of receptor-bound arrestin does not work as a catalyst sequentially activating and
releasing multiple ERK molecules. If the complex activates only 1 molecule of ERK, then
during arrestin-assisted ERK activation there cannot be any amplification of the signal. Another
implication is that for the system to work this way, the affinity of receptor-bound arrestin for
active ERK must be at least as high as that for the inactive ERK it presumably binds first. This
raises the question of how the bound ERK (active or inactive) eventually leaves arrestin, and
when this happens.
4.6. Scaffolding and its limitations
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Arrestins are relatively small proteins (about 80×35×40 Å) with a total exposed surface of less
than 10,000 Å2 (Hirsch et al., 1999; Han et al., 2001; Sutton et al., 2005), a significant
proportion of which is occupied by the GPCR in the arrestin–receptor complex (Figs. 9 and
14) (Gurevich & Gurevich, 2004; Vishnivetskiy et al., 2004), with which Src, c-Raf1, MEK1,
ERK2, ASK1, JNK3, and many other arrestin-binding partners also interact (reviewed in
Gurevich & Gurevich, 2003; Lefkowitz & Shenoy, 2005). Most protein–protein interaction
surfaces are 500–2000 Å2, hence it is unlikely that more than 4–6 proteins can be bound to a
single arrestin–receptor complex simultaneously. Therefore, the sheer number of arrestinbinding partners and their size relative to arrestin suggests that some of them must compete
with each other for the limited number of “parking spaces” available on the arrestin molecule
(Fig. 17). This suggests that there has to be a certain sequence of arrestin interactions with
various non-receptor partners following its binding to the GPCR. Because receptor
internalization is required for ERK activation in some cases (Daaka et al., 1998; Ignatova et
al., 1999; DeFea et al., 2000a; Luttrell et al., 2001) but is not in many others (Budd et al.,
1999; Schramm & Limbird, 1999; Kramer & Simon, 2000), the binding of clathrin+AP-2 and
that of other arrestin partners is likely mutually independent. The detachment of the fairly long
arrestin C-tail carrying both clathrin and AP-2 interaction sites upon arrestin binding to the
receptor is perfectly suited to move these sites far enough from the rest of the arrestin molecule
and the binding sites for the other partners to achieve this independence. c-Src likely binds
early on, because it has to phosphorylate dynamin to promote receptor internalization (Perry
& Lefkowitz, 2002), but it is not known how long it stays in the complex. Even though Src
and ERK have been found associated with immunoprecipitated arrestin–receptor complexes
simultaneously (DeFea et al., 2000a), this does not mean that both proteins are present in the
same complex. Because free arrestin in its basal conformation obviously interacts with some
of the non-receptor partners, such as ubiquitin ligase Mdm2 and JNK3 (Scott et al., 2002;
Wang et al., 2003), arrestin might come to the receptor already “loaded” by one or more other
proteins. It is unclear whether this is the case and whether the “company” arrestin brings to the
receptor affects the functional consequences of its binding.
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Unless a single arrestin molecule can simultaneously scaffold the c-Raf1-MEK1-ERK1/2 and
ASK1-MKK4-JNK3 cascades (which, given the relative sizes of arrestin and these kinases,
seems virtually impossible; Fig. 17), there also must be inter-dependence of the binding of
certain partners. For example, if arrestin with bound JNK3 or ERK1/2 were equally likely to
bind c-Raf1 and ASK1, a lot of resulting complexes would be unproductive. Therefore, it would
make sense biologically if the binding of JNK3 made the binding of ASK1 more likely (and/
or vice versa), whereas the binding of ERK1/2 should facilitate the binding of c-Raf1 at the
expense of ASK1. The mechanistic information regarding these interactions is sadly missing.
Another important and unclear issue is when these partners ultimately dissociate from arrestin
and what makes them do so. The release of the partners that preferentially interact with the
arrestin–receptor complex is likely prompted by arrestin dissociation from the receptor and its
return to its basal conformation (Gurevich & Gurevich, 2003). However, in the case of JNK3,
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which clearly binds free arrestin with high enough affinity to be removed by it from the nucleus
(Scott et al., 2002), and some other proteins, the situation is not that simple. Just as receptor
activation and phosphorylation make arrestin bind and receptor deactivation prompts arrestin
to leave, there must be regulatory mechanisms that “tell” other arrestin partners when to bind
and when to go away. Experimental studies of the regulation of arrestin interactions with
various signaling proteins are long overdue.
4.7. Competition and cooperation
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Every cell type that has been carefully studied has multiple GPCR subtypes (human airway
smooth muscle is one well-characterized example; Penn et al., 2001). Yet the pool of GRKs
and arrestins in the cell appears to be common and shared by all. Thus, it is not surprising that
a receptor that forms tight complexes with arrestin can deplete this pool, leaving other receptors
with little arrestin to bind. This competition between receptors for arrestin was first
demonstrated in a heterologous system expressing the b2AR and vasopressin V2 receptors at
similar levels (Klein et al., 2001). Activation of the V2 receptor dramatically inhibited
isoproter-enol-induced internalization of the b2AR. In contrast, the activation of the b2AR,
which releases arrestin soon after internalization, did not affect agonist-induced trafficking of
V2. Overexpression of either non-visual arrestin, expanding the pool, abolished vasopressininduced inhibition of b2AR internalization, as did the mutations in the V2 receptor that
prevented the formation of its stable complexes with arrestin (Klein et al., 2001). Thus, the 2
receptors actually compete for the limited pool of arrestin, and the one that forms more stable
complexes with it “wins”, thereby affecting the trafficking (and presumably desensitization
and phosphorylation level) of the other. Similar observations were later reported with
neurokinin receptors NK1 and NK3; active NK1 forms stable complexes with arrestin,
inhibiting internalization and desensitization of the co-expressed NK3, whereas NK3, which
does not traffic with arrestin, does not take enough of it out of circulation to affect NK1
regulation (Schmidlin et al., 2002). Most importantly, the same phenomenon was observed in
enteric neurons that naturally co-express NK1 and NK3 (Schmidlin et al., 2002). Thus, the size
of the arrestin pool accessible to one receptor can be regulated not only by arrestin expression,
but also by the rate of its utilization by other “competing” GPCRs. The importance of the size
of the arrestin pool for receptor regulation may be one of the reasons for the dramatic increase
in arrestin2 expression during neuronal maturation (Gurevich et al., 2002; Gurevich et al.,
2004), that is, at the time when the expression of various GPCRs also increases.
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A number of proteins other than the “usual suspects” (GRKs, arrestins, and G proteins) bind
to the cytoplasmic side of many GPCRs, suggesting that if arrestins cover a substantial part of
a receptor’s cytoplasmic tip they should compete with other receptor-binding partners as well.
The third cytoplasmic loop of the α2A-adrenoceptor interacts with spinophilin (Richman et
al., 2001) and 14-3-3ζ (Prezeau et al., 1999). Arrestin has higher affinity for the
unphosphorylated i3 loop than 14-3-3ζ (Wang & Limbird, 2002). Agonist binding enhances
α2A-adrenoceptor association with spinophilin, and arrestin actually competes with it. The
elimination of GRK phosphorylation sites from the i3 loop tips the balance in favor of
spinophilin (Wang & Limbird, 2002). This competition was shown to be functionally relevant
in vivo (Wang et al., 2004). Spinophilin antagonizes arrestin effects on receptor signaling and
trafficking, reducing arrestin-stabilized receptor phosphorylation, receptor endocytosis, and
the stimulation of mitogen-activated protein kinases. Spinophilin knockout mice are more
sensitive than wild-type animals to sedation elicited by stimulation of α2A-adrenoceptors,
whereas arrestin3 knockout mice are more resistant (Wang et al., 2004). Sometimes arrestin
competition with other receptor-binding proteins depends on the functional state of the
receptor. The D3 dopamine receptor in its resting state was found to form complexes containing
both arrestin3 and filamin (Kim et al., 2005b). The reduction of GRK2/3 activity enhances
receptor association with both proteins, whereas an increase of receptor phosphorylation due
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to agonist activation or higher GRK2/3 expression enhances arrestin3 association with the D3
receptor at the expense of filamin (Kim et al., 2005b).

NIH-PA Author Manuscript

Certain biological responses require the cooperation of receptor signaling via both G proteins
and arrestins. Angio-tensin II receptor type 1A (AT1A) stimulation results in the activation of
the small G protein RhoA, which leads to the reorganization of stress fibers (Barnes et al.,
2005). Whereas neither arrestin2 mobilization to the active receptor nor Gq/11 activation alone
is sufficient to activate RhoA, the concurrent recruitment of arrestin2 and activation of Gq/11
leads to full activation of RhoA and to the subsequent stress fiber formation (Barnes et al.,
2005). In the case of chemotaxis induced by the AT1A receptor, only arrestin-mediated
signaling is required, whereas the same process induced via the LPA receptor requires
simultaneous activation of Gi- and arrestin-mediated signaling pathways (Hunton et al.,
2005). Thus, even though arrestin binding to the receptor terminates coupling to the G protein,
subsequent arrestin-mediated signaling can cooperate with the G protein signaling,
dramatically changing the biological outcome of the latter.

5. Conclusions
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In the 20 years since the discovery that arrestin binding to rhodopsin is enhanced by rhodopsin
phosphorylation (Kuhn et al., 1984), our understanding of arrestin structure and function has
improved enormously. In the first 10 years after this seminal discovery, it became increasingly
clear that receptor phosphorylation followed by arrestin binding is a common mechanism
regulating the signaling of the great majority of GPCRs. Subsequent identification of arrestin
and receptor elements involved in the interaction and the solution of the arrestin crystal
structure led to a fairly good understanding of the simple and ingenious sequential multi-site
binding mechanism that governs arrestin binding to its cognate receptors and subsequent
dissociation (which is equally important from a functional viewpoint). Deep understanding of
the “inner workings” of arrestin led to the targeted construction of a number of mutants with
interesting and useful functional characteristics, in particular phosphorylation-independent
“constitutively active” versions of visual and both non-visual arrestins that bind active
phosphorylated and unphosphorylated receptors with comparable affinity and dramatically
change the trafficking patterns of various receptors. All of these developments consolidated
the perception that arrestin is just what its name implies: a terminator of G-protein-mediated
signaling.
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In a parallel development, since clathrin was identified as the first non-receptor interaction
partner of arrestins in 1996 (Goodman et al., 1996), additional arrestin-binding proteins have
been identified at a rapid pace, such that in less than 10 years more than 20 other proteins were
reported to bind arrestins. In this direction, the description of the phenomenology far outpaces
the mechanistic understanding of these interactions, hence we do not really know where many
of these partners bind and what makes them bind or dissociate at a particular phase of the
arrestin functional cycle. This lack of mechanistic information hampers our understanding of
the regulation of these interactions, including possible cooperativity of the binding and/or
competition between various proteins for arrestin. The reconstruction of the putative signaling
complexes that include arrestin with and without bound receptor in vitro from purified
components is necessary to get definitive answers regarding the actual sequence of events in
arrestin-mediated signaling cascades and to fully appreciate the biological significance of
arrestin’s ability to interact with so many different proteins.
It is entirely possible that arrestins emerged in evolution as signaling adaptors (rather than
terminators), directing receptor signaling to particular pathways, essentially functioning as
analogues of the Ste5 scaffolding protein in yeast that couples the α-mating factor receptor to
the MAP kinase cascade (notably, yeast have a GPCR but do not have arrestin homologues).
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Because proteins that bind active GPCRs inevitably compete with each other due to the
limitations of available space on the cytoplasmic surface of the receptor, arrestins may have
started “moonlighting” as inhibitors of G-protein-mediated signaling. This latter function of
arrestin appears to be the main one only in the visual system, where the selectivity of the highly
specialized rod arrestin for the active phosphorylated receptor was ultimately perfected to
levels unattainable for the other members of the family, which needed to preserve their other
important functions. Because arrestin and its functional role was first discovered in rod
photoreceptors, which are arguably the most unusually designed and highly specialized cells
in the body, we may have read the evolution of arrestin backwards, from its “arresting”
capability to its “roots” as an ubiquitous adaptor and facilitator of signaling.
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It is clear that arrestins represent an important intersection in the intricate network of signaling
pathways in the cell, which makes them an inviting target for experimental and therapeutic
manipulation. The modular structure of the arrestin molecule, where receptor-binding elements
are collected on one side, and the binding sites for the non-receptor partners are apparently
localized on the other side, as well as on the conveniently detachable C-tail, is perfect for this
kind of manipulation. The identification of the interaction sites used by various arrestin-binding
partners will allow the construction of arrestins in which the ability to bind a particular partner
can be selectively disrupted or enhanced by targeted mutagenesis, leaving all other functional
properties virtually intact. There is no doubt that these “custom-designed” arrestins will be
extremely useful in unraveling the biological significance of arrestin-mediated signaling and
the mechanisms of its regulation. The identification of arrestin-binding sites for various nonreceptor partners will also set the stage for designing peptides and/or small molecule mimics
to selectively disrupt individual interactions without affecting the others. These novel tools
may be useful for therapeutic intervention in a growing number of disorders associated with
congenital or acquired disregulation of GPCR signaling.

Abbreviations
ARF6
ADP ribosylation factor 6
ARNO
ARF nucleotide-binding site opener
AT1A
angiotensin II type 1A
b2AR
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β2-adrenergic receptor
BRET
bioluminescence resonance energy transfer
ERK
extracellular signal-regulated kinase
FPR
N-formyl peptide receptor
GPCR
G-protein-coupled receptor
GRK
G-protein-coupled receptor kinase
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m2 mAChR
m2 muscarinic cholinergic receptor
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MOR
mu-opioid receptor
NK1
neurokinin1 receptor (a.k.a. substance P receptor)
P-R
inactive phosphoreceptor
P-R*
phosphorylated ligand-activated receptor
P-Rh*
phosphorylated light-activated rhodopsin
P-Rh
dark (inactive) phosphorhodopsin
R
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inactive receptor
R*
ligand-activated receptor
Rh
dark (inactive) rhodopsin
Rh*
light-activated rhodopsin
TRHR
thyrotropin-releasing hormone receptor
WT
wild type
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Fig. 1.

The “classical” model of arrestin-mediated GPCR desensitization. The agonist-activated
receptor activates cognate heterotrimeric G proteins that subsequently stimulate various
signaling cascades increasing the activity of protein kinases PKA, PKC, etc. Active receptor
is specifically phosphorylated by GRKs. Arrestin binds the active phosphoreceptor with high
affinity, precluding further G protein activation. Arrestin serves as an adaptor linking the
receptor to the internalization machinery of the coated pit (clathrin, adaptor complex AP-2),
facilitating receptor internalization. Low pH in the endosome promotes agonist dissociation,
which facilitates the release of arrestin, whereupon the receptor can be dephosphorylated and
recycled back to the plasma membrane (resensitization). Alternatively, the receptor can be
transported to lysosomes and destroyed (down-regulation).
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The sequential multisite binding mechanism ensures high arrestin selectivity for the
phosphorylated active receptor. (A) Direct arrestin binding to the 4 functional forms of
rhodopsin (inactive phosphorylated, P-Rh; light-activated phosphorylated, P-Rh*; inactive,
Rh; light-activated, Rh*). P-Rh* is the preferred arrestin target. (B) Model of the arrestin–
receptor interaction. First, arrestin binds via its activation sensor to receptor elements that
change conformation upon activation or via the phosphate sensor to receptor-attached
phosphates, respectively. If the receptor is active and phosphorylated, simultaneous
engagement of both sensors promotes arrestin transition into the active state with concomitant
engagement of additional binding sites, stabilizing the arrestin–receptor complex. Eventual
loss of the active receptor conformation reverses this sequence of events and induces arrestin
dissociation (adapted from Gurevich & Benovic, 1993).
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The function of the arrestin C-domain and C-tail. The deletion of the arrestin C-tail yields
truncated arrestin(1–367) that binds P-Rh* essentially as well as full-length (WT) arrestin. This
deletion dramatically decreases arrestin selectivity for P-Rh*, enhancing the binding to dark
P-Rh and unpho-sphorylated Rh*, suggesting that the C-tail is a regulatory element
“suppressing” the interactions with non-preferred forms of rhodopsin. The deletion of the
whole C-terminal half of the molecule yields arrestin(1–191). This “mini-arrestin”
demonstrates essentially the same binding to dark P-Rh and unphosphorylated Rh* as WT
arrestin, but its binding to P-Rh* is many times lower. In the case of this mutant (in sharp
contrast to WT arrestin), P-Rh* binding roughly equals the sum of the binding to dark P-Rh
and Rh*. Thus, arrestin(1–191) does not have an additional binding site that can be mobilized
to ensure arrestin selectivity (Gurevich & Benovic, 1992).
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Fig. 4.

Identification of the main phosphate-binding element of visual arrestin. (A) The N-domain
element 161–179 contains a cluster of positively charged residues that are conserved in arrestin
family (shown in bold). (B) The neutralization of several of these charges reduces the binding
to P-Rh*, identifying these residues as phosphate-binding elements. In contrast, the R175N
mutation enhances the binding to P-Rh* and dramatically increases the binding to
unphosphorylated Rh* (C). (D) The same mutation in the context of the “mini-arrestin” (1–
191) reduces P-Rh* binding without affecting arrestin interaction with Rh* (E). These data
identify K166, R171, R175, and K176 as phosphate-binding elements. R175 also serves as the
main “phosphate sensor”. Apparently, the neutralization of its charge by receptor-attached
phosphates (or by the R175N mutation) is necessary to make the high-affinity arrestin binding
possible (Gurevich & Benovic, 1995).
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Fig. 5.

Polar core is the phosphate sensor in arrestin. (A) Five solvent-excluded interacting charged
residues are localized at the center of the arrestin molecule (hence the term “polar core”). These
include Asp30 and Arg175 of the N-domain, Asp296 and Asp303 of the C-domain, and Arg382
of the C-tail. (B) The disruption of the salt bridge between Arg175 and Asp296 from either
side by R175E or D296R charge reversal mutations dramatically increases arrestin binding to
Rh*. Simultaneous reversal of both charges restores the salt bridge. Functionally the doublereversal mutation restores high arrestin selectivity for P-Rh*. These data identify the Arg175–
Asp296 salt bridge as the phosphate sensor and demonstrate that receptor-attached phosphates
simply break it by neutralizing the positive charge of Arg175.
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How do the phosphates get to the shielded Arg175? (A) In the basal conformation arrestin’s
main phosphate sensor Arg175 (highlighted with the atoms shown) in the polar core is shielded,
whereas numerous other positively charged residues in the N-domain (highlighted) are highly
exposed. (B) Lysines 14 and15 (highlighted with the atoms shown in panel A) in β-strand I
interact with receptor-attached phosphates, as evidenced by the progressive decrease of P-Rh*
binding with neutralization and reversal of their charges. (C) The K15A mutation dramatically
reduces WT arrestin binding to P-Rh*. However, in the context of arrestin mutants in which
the polar core is already disrupted (R175E or D296R), the effects of the same K15A mutation
on P-Rh* binding are mild (K15A+R175E and K15A+D296R). Importantly, the K15A
mutation suppresses arrestin binding to dark P-Rh (which is mediated solely by phosphate
interactions) in any context, supporting the identification of Lys15 as one of the residues
directly binding phosphates. Thus, the presence of Lys15 is required for arrestin binding to PRh* only when the polar core is intact, suggesting that its function is to “meet” the phosphates
first and then “guide” them to the polar core (adapted from Vishnivetskiy et al., 2000).
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Three sets of intramolecular interactions hold arrestin in its basal (inactive) conformation. Side
chains of participating residues are shown in CPK: (1) TE, the residues participating in the 3element interaction; (2) polar core; (3) DI, hydrophobic residues participating in the extensive
interaction between the bodies of the two domains are shown in lighter (N-domain residues)
or darker (C-domain residues) pattern. The inter-domain hinge is also highlighted.
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The 3-element interaction: another “clasp” holding arrestin in its basal state. (A) The 3-element
interaction between β-strand I and α-helix I of the N-domain and β-strand XX of the C-tail
involves triplets of bulky hydrophobic residues in each element (Val11+Ile12+Phe13, Leu103
+Leu107+Leu111, and Phe375+Val376+Phe377, respectively). Disrupting the 3-element
interaction by replacing the hydrophobic residues with alanines in β-strand XX (3A), β-strand
I (N3A), or α-helix I (h3A) yields constitutively active mutants, suggesting that it is disrupted
in WT arrestin by P-Rh*. Two highly conserved lysines (Lys14 and Lys15) are present
immediately downstream of the participating hydrophobic residues in β-strand I. The
movements accompanying phosphate binding to Lys15 and Lys14 likely melt the short β-strand
I, disrupting the hydrophobic interaction of adjacent residues with the arrestin C-tail and αhelix (adapted from Vishnivetskiy et al., 2000).
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Fig. 9.

Current model of arrestin–receptor interaction. Receptor-attached phosphates (blue circles with
yellow stripe) bind Lys14 and Lys15 (blue), forcing one of them to flip over. The resulting
distortion of β-strand I disrupts the 3-element interaction, allowing Lys14 and Lys15 with
bound phosphates to move towards phosphate-binding residues in β-strand X (Lys166, Arg171,
Arg175, and Lys176; blue). Ultimately the phosphates neutralize the charge on Arg175,
thereby breaking its salt bridge with Asp296 and destabilizing the polar core. The breakup of
the 3-element interaction also releases the arrestin C-tail (green), removing the remaining
positive charge (Arg382; orange) from the polar core. Having lost both interaction partners,
the amphipathic α-helix I (magenta) swings out and participates in receptor binding. After the
constraints holding the 2 arrestin domains in their basal orientation are released, the N-domain
and C-domain move relative to each other. This movement brings all receptor-binding elements
into contact with the receptor, so that arrestin encloses its cytoplasmic tip. In the bound form
the “patch” of the phosphate-binding residues is in contact with receptor-attached phosphates
and an unidentified arrestin elements (possibly one of the flexible loops; red) occupies the
inter-helical cavity that opens upon receptor transition into its active state.
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Fig. 10.

The selectivity of visual arrestin is unrivaled in the family. Comparative binding of visual (rod)
arrestin and its 2 non-visual “cousins” (arrestin2 and arrestin3) to the 4 functional forms of
rhodopsin (A), m2 muscrarinic cholinergic receptor (B), and β2-adrenergic receptor (C). Visual
arrestin binding to the active phosphorylated form (P-Rh*) of its cognate receptor, rhodopsin,
is many times greater than its binding to inactive P-Rh or unphosphorylated Rh*. In contrast,
the difference in binding of both non-visual arrestins to inactive and active phosphoreceptors
is about 2-fold or less. The difference in their binding to phosphorylated and unphosphorylated
forms of the receptors is also much less impressive. Visual arrestin also shows much stronger
preference for its cognate receptor, rhodopsin, over the m2 mAChR and the b2AR, whereas
non-visual arrestins bind all 3 receptors comparably. Both arrestin2 and 3 show a similar
selectivity profile for rhodopsin binding, demonstrating that the difference lies in the functional
characteristics of the arrestin rather than the receptor (adapted from Gurevich et al., 1995).
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Fig. 11.

Phosphate-dependent activation mechanism is conserved in the arrestin family. Comparative
binding of WT and mutant forms of visual, arrestin2, and arrestin3 to phosphorylated and
unphosphorylated light-activated rhodopsin (A) and b2AR (B). The mutations destabilizing
the polar core and 3-element interaction produce a similar phenotype in all 3 arrestins: enhanced
binding to the unphosphorylated active cognate and to the phosphorylated active non-cognate
receptor, but not to the unphosphorylated active non-cognate receptor. The mutations in visual,
arrestin2 and 3, respectively, are designated, as follows: RE: R175E, R169E, and R170E; 3A,
triple alanine substitution in the C-tail: FVF→AAA (375–377), IVF→AAA (386–388), and
IVF→AAA (386–388); T, C-terminal truncation yielding 1–378, 1–382, and 1–392 mutants.
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Fig. 12.

Arg18: an additional phosphate-binding residue in visual arrestin. (A) The neutralization
(R18A) and reversal (R18E) of the charge in position 18 progressively reduces the binding of
visual arrestin to P-Rh* and dramatically impedes its binding to dark P-Rh, which is mediated
solely by phosphate interactions. These data identify Arg18 as yet another phosphate-binding
residue. (B) Arg18 in visual arrestin is located in the loop between β-strands I and II, where
no other arrestin has a positive charge. Instead, a proline is present in the equivalent position
in non-visual arrestin2 (P14) and cone arrestin (P13) (adapted from Sutton et al., 2005). Nonvisual and cone arrestins often have additional prolines and/or glycines in this loop. Higher
rigidity of this loop and the presence of the additional phosphate-binding residue in visual
arrestin likely contribute to its unparalleled selectivity for the active phosphorylated receptor.
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Fig. 13.

Enhanced stability of the N-domain β-strand sandwich contributes to the receptor specificity
of visual arrestin. (A) The substitution of Val90 with serine in visual arrestin greatly reduces
its receptor specificity, allowing the mutant to bind the P-m2 mAChR* almost as well as
arestin2. However, the introduction of valine in the homologous position in arrestin2 (S86V)
does not appreciably change its binding selectivity, suggesting that there are other structural
features in non-visual arrestins contributing to their broad receptor specificity. (B) The
interactions between the 2 “layers” of the β-strands in visual arrestin are stabilized by the
presence of Val90 (highlighted) that interacts with several hydrophobic partners (Val45, Val57,
Val59, and Phe118; highlighted), whereas arrestins 2 and 3 have Ser86 and Ala87, respectively,
in the equivalent positions (adapted from Han et al., 2001). Note that arrestin in panel B is
shown with its N-domain on the right-hand side (in contrast to Figs. 6, 7, 9, and 14) to show
the interactions of Val90 better.
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Receptor-binding elements are localized on the concave sides of both arrestin domains. Upper
panel: “side” view of the arrestin molecule. Lower panel: view down the cavities of both
domains on the receptor-binding surface. Receptor-binding elements are pattern-coded, as
indicated. Element identification is based on truncation (Gurevich & Benovic, 1992, 1993) and
site-directed mutagenesis (Gurevich & Benovic, 1995, 1997; Sutton et al., 2005; Vishnivetskiy
et al., 2000), chimera construction (Gurevich et al., 1995; Vishnivetskiy et al., 2004), chemical
modification and H/D-exchange (Ohguro et al., 1994), peptide inhibition (Pulvermuller et al.,
2000), and epitope insertion (Dinculescu et al., 2002).
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Fig. 15.

NIH-PA Author Manuscript

The structural basis for the formation of different arrestin–receptor complexes. Arrestin
binding to the receptor is mediated by multiple elements in both proteins. Different relative
positioning of the arrestin-binding parts of the receptor results in the variation of arrestin
orientation on the receptor, in some cases with profound functional consequences. For the sake
of simplicity, the example shows only 2 elementary interactions. One of the flexible loops of
arrestin (filled pink circle) moves into the inter-helical cavity that opens upon GPCR activation
(red oval) and interacts with receptor elements that become accessible upon activation (red
circle within the red oval). At the same time, phosphate-binding arrestin residues (2 yellow
elements on β-strand X and one on β-strand I) interact with receptor-attached phosphates (filled
red circles). The difference in the positions of receptor-attached phosphates forces arrestin to
orient itself in different ways on the receptor to achieve the best fit. The views of the receptor
from its cytoplasmic side and of the arrestin with its receptor-binding side facing the receptor
(away from the reader) are shown.
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The formation of a transient arrestin–receptor complex prevents receptor down-regulation. In
contrast to WT arrestin2, R169E mutant binds with high affinity to unphosphorylated b2AR*
(A), thereby competing with GRK2 and inhibiting receptor phosphorylation (B). The
expression of the R169E mutant in HEK cells at levels sufficiently high to out-compete GRKs
and endogenous arrestins and to form complexes with unphosphorylated b2AR* prevents the
loss of the receptor even after very long agonist exposure, in contrast to the overexpression of
WT arrestin2 (C). However, concomitant overexpression of GRK2 (that ensures that the
receptor is phosphorylated faster, so that both WT and R169E arrestins bind phosphorylated
receptor) “rescues” receptor down-regulation (C). The R169E mutant facilitates receptor
cycling in two ways. First, deactivation of P-b2AR (due to agonist loss in the endosome) does
not dramatically reduce arrestin binding, whereas deactivation of unphosphorylated b2AR
sharply reduces arrestin binding, so that upon internalization the mutant dissociates from the
receptor faster. Second, after the release of WT arrestin the emerging multi-phosphorylated
receptor must be fully dephosphorylated before it can be recycled, whereas the dissociation of
R169E immediately releases the unphosphorylated recycling-competent receptor. Thus, the
decrease in stability of the arrestin–receptor complex facilitates receptor cycling, and rapid
recycling, in its turn, prevents receptor down-regulation (Pan et al., 2003).
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Fig. 17.

NIH-PA Author Manuscript

Relative sizes of the receptor, arrestin, and its non-receptor-binding partners. Crystal structures
of rhodopsin (Okada et al., 2004), arrestin (Hirsch et al., 1999) (shown from the “back”, that
is, from the side that does not interact with receptors), the arrestin-binding N-terminal domain
of clathrin heavy chain (ter Haar et al., 1998), the arrestin-binding appendage of β2-subunit of
the AP-2 clathrin adaptor complex (Owen et al., 2000; Traub, 2003), ARF6 (Shiba et al.,
2003), c-Src (Xu et al., 1997b), JNK3 (Xie et al., 1998), MEK1 (Ohren et al., 2004), Mdm2
(Grasberger et al., 2005), ERK2 (Canagarajah et al., 1997), the kinase domain of Raf (Wan et
al., 2004), the catalytic domain of phosphodiesterase PDE4 (Huai et al., 2003), and the sec7
(exchange activity) domain of ARNO (Cherfils et al., 1998). The structures are shown to scale.
The relative sizes of arrestin and its partners suggest that only a few of them can be bound to
a single receptor-associated arrestin simultaneously.
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Table 1

The localization of the phosphorylation sites relevant for arrestin binding on the cytoplasmic elements of different
GPCRs
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Cytoplasmic element

Receptor

References

C-terminus

Chemokine receptors CCR5
Chemokine receptor CCR7
Angiotensin II receptor type 1A
Thyrotropin-releasing
hormone receptor
Parathyroid hormone receptor
N-formyl peptide receptor
β1-Adrenergic receptor
Substance P receptor
Prostaglandin E2 receptor subtype EP4
Corticotropin-releasing hormone receptor type
1alpha
Orexin-1 receptor
Protease-activated receptor-2
Cysteinyl leukotriene type 1 receptor
Neuropeptide Y Y1 receptor
Somatostatin receptor 2A m2 muscarinic cholinergic
receptor

Huttenrauch et al., 2002; Kraft et al., 2001
Kohout et al., 2004
Qian et al., 2001
Hanyaloglu et al., 2001

i3 (3rd loop)

NIH-PA Author Manuscript

i2 (2nd loop)
i1 (1st loop)

α2A-adrenoceptor
Gonadotropin receptor
Dopamine receptor D1
Dopamine receptor D2
mu-opioid receptor
Follitropin receptor

Vilardaga et al., 2002
Key et al., 2003
Liang et al., 2003a
Richardson et al., 2003
Neuschafer-Rube et al., 2004
Teli et al., 2005
Milasta et al., 2005
Stalheim et al., 2005
Naik et al., 2005
Holliday et al., 2005
Tulipano et al., 2004
Lee et al., 2000, Pals-Rylaarsdam et al., 1997
Wang & Limbird, 2002
Bhaskaran et al., 2003, Kishi et al., 2002
Kim et al., 2004
Namkung & Sibley, 2004
Celver et al., 2001, 2004, Lowe et al., 2002
Kishi et al., 2002
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Table 2

Receptor elements involved in arrestin binding identified using receptor trafficking assays in cells
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Receptor element

Receptor type

References

C-terminus

Thyrotropin-releasing hormone receptors1 and 2
Chemokine receptor CCR5
Chemokine receptor CCR7
Angiotensin II receptor type 1
Platelet-activating factor receptor
N-formyl peptide receptor
β1- and β2-adrenergic receptors
V2 vasopressin receptor
Metabotropic glutamate receptor 1A
Substance P receptor
Scavenger chemokine receptor D6
Prostaglandin receptor EP4
Corticotropin-releasing hormone receptor
Orexin-1 receptor
Protease-activated receptor-2
Cysteinyl leukotriene receptor
Neuropeptide Y1 receptor
Somatostatin 2A receptor
Serotonin 5-HT4 receptor
Follitropin receptor
Neurokinin 1 and 3 receptors
m2 muscarinic cholinergic receptor
Dopamine D2 and D3 receptors
Dopamine D1 receptor
Dopamine D2 receptor
α2A-adrenoreceptor
α2B-Adrenoreceptor
α2C-Adrenoreceptor
Follitropin receptor
Lutropin receptor
Neurokinin 1 and 3 receptors
Dopamine D2 and D3 receptors
Follitropin receptor

Groarke et al., 2001; Hanyaloglu et al., 2001, 2002
Huttenrauch et al., 2002, Kraft et al., 2001
Kohout et al., 2004
Qian et al., 2001
Chen et al., 2002
Key et al., 2003
Liang et al., 2003a
Charest & Bouvier, 2003
Dale et al., 2001; Mundell et al., 2003
Richardson et al., 2003
Galliera et al., 2004
Neuschafer-Rube et al., 2004
Teli et al., 2005
Milasta et al., 2005
Stalheim et al., 2005
Naik et al., 2005
Holliday et al., 2005
Tulipano et al., 2004
Barthet et al., 2005
Kishi et al., 2002
Schmidlin et al., 2003
Lee et al., 2000
Kim et al., 2001
Kim et al., 2004
Namkung & Sibley, 2004
Wang & Limbird, 2002
DeGraff et al., 2002
DeGraff et al., 2002
Kishi et al., 2002
Bhaskaran et al., 2003
Schmidlin et al., 2003
Kim et al., 2001
Kishi et al., 2002

i3 (3rd loop)
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i2 (2nd loop)
i1 (1st loop)
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