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Abstract

Numerous human diseases are caused by excessive signaling of mutant G protein-coupled 

receptors (GPCRs) or receptors that are overstimulated due to upstream signaling imbalances. The 

feasibility of functional compensation by arrestins with enhanced ability to quench receptor 

signaling was recently tested in the visual system. The results showed that even in this extremely 

demanding situation of rods that have no ability to phosphorylate rhodopsin, enhanced arrestin 

improved rod morphology, light sensitivity, survival, and accelerated photoresponse recovery. 

Structurally distinct enhanced mutants of arrestins that bind phosphorylated and non-

phosphorylated active GPCRs with much higher affinity than parental wild-type (WT) proteins 

have been constructed. These “super-arrestins” are likely to have the power to dampen the 

signaling by hyperactive GPCRs. However, most cells express 5–20 GPCR subtypes, only one of 

which would be overactive, while nonvisual arrestins are remarkably promiscuous, binding 

hundreds of different GPCRs. Thus, to be therapeutically useful, enhanced versions of nonvisual 

arrestins must be made fairly specific for particular receptors. Recent identification of very few 

arrestin residues as key receptor discriminators paves the way to the construction of receptor 

subtype-specific nonvisual arrestins.
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1 The Case for Nonvisual Arrestins with High Receptor Specificity

The quenching of G protein-coupled receptor (GPCR) signaling was the first arrestin (arr) 

function described (Kühn et al. 1984; Lohse et al. 1990; Attramadal et al. 1992; Gurevich 

and Benovic 1995; Barak et al. 1997; Gurevich and Gurevich 2006b). After more than 30 

years since rod arrestin (modern systematic name arrestin-11) was first discovered (Kühn 

1978; Kühn et al. 1984), receptor desensitization is still the best-characterized function of 

the members of this protein family. Vertebrate evolution created only one truly receptor-

specific arrestin family member, visual arrestin-1, with high preference for rhodopsin 

(Gurevich et al. 1993, 1995; Vishnivetskiy et al. 2004, 2011), reasonable affinity for cone 

pigments (Sutton et al. 2005; Chan et al. 2007), and fairly low binding to nonvisual GPCRs 

(Gurevich et al. 2011). Even arr-4 expressed exclusively in cone photoreceptors (Craft et al. 

1994; Nikonov et al. 2008) binds several GPCRs essentially as well as nonvisual arrestins 

(Sutton et al. 2005). Arr-1 is also the most selective: it binds to light-activated and 

phosphorylated rhodopsin (P-Rh*) with an affinity orders of magnitude higher than to non-

phosphorylated light-activated (Rh*) or dark phosphorylated rhodopsin (P-Rh) (Gurevich 

and Benovic 1993; Zhuang et al. 2013). Arr-1 demonstrates high preference for P-Rh* over 

other GPCRs in vitro (Gurevich et al. 1993, 1995; Vishnivetskiy et al. 2004) and in live cells 

(Vishnivetskiy et al. 2011; Gimenez et al. 2012a). In contrast, nonvisual arrestins (arr-2 and 

arr-3 in vertebrates) are ubiquitously expressed and bind numerous GPCR subtypes 

(Gurevich et al. 1995; Barak et al. 1997; Gimenez et al. 2012b). Nearly 800 different genes 

encoding GPCRs have been identified in humans (Lagerstrom and Schioth 2008; Almen et 

al. 2009; Nordstrom et al. 2011; Suwa et al. 2009) and the two nonvisual arrestins 

apparently bind most of these receptors (Gurevich and Gurevich 2006b). Although 

differences in the interactions between nonvisual arrestins and different receptors have led to 

a GPCR classification based on the stability of the complex (Oakley et al. 2000), the 

differences in arr-2 and arr-3 recruitment to various GPCRs do not create a significant 

selectivity that can be exploited experimentally or therapeutically (Vishnivetskiy et al. 2011; 

Gimenez et al. 2012a). Thus, if one intends to “tweak” the selectivity of nonvisual arrestins 

for different receptors, two questions must be answered. First, whether is it even possible to 

build into a nonvisual arrestin, high selectivity for a specific receptor? Second, in what 

context would arrestins with enhanced receptor selectivity be beneficial? These two 

questions define the scope of this chapter.

It is hard to overestimate the importance of GPCRs in general homeostasis. GPCRs are key 

receptors in most sensory systems, detecting light, odorants, and taste molecules. About 400 

GPCRs in every mammal respond to hormones, neurotransmitters, and autacoids. Also 

known as seven-transmembrane domain receptors, or 7TMRs, GPCRs regulate a myriad of 

critical functions in unicellular and multicellular organisms (Dohlman et al. 1991). For 

example, yeast haploid cell types express Ste2 and Ste3, which respond to α and a-factor 

pheromones, promoting cell cycle arrest and fusion with cells of opposite mating type 

(Versele et al. 2001). Also in yeast, glucose triggers the shift towards the anaerobic 

1Different systems of arrestin names are used in the field and in this book. We use systematic names of arrestin proteins: arrestin-1 
(historic names S-antigen, 48 kDa protein, visual or rod arrestin), arrestin-2 (β-arrestin or β-arrestin1), arrestin-3 (β-arrestin2 or hTHY-
ARRX), and arrestin-4 (cone or X-arrestin; for unclear reasons its gene is called “arrestin 3” in the HUGO database).
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conversion of the sugar into ethanol. This process is initiated by the activation of another 

GPCR, the glucose receptor Gpr1 (Kraakman et al. 1999).

In multicellular organisms, GPCR signaling is required to maintain homeostasis and to 

ensure coordinated cellular function. Novel functions of GPCRs are constantly being 

identified. For example, in Drosophila melanogaster, the product of mth encodes a secretin 

receptor-like GPCR called Methuselah (Mth). Mth regulates life span in flies (Lin et al. 

1998) by modulating the oxidative stress resistance response (Araujo et al. 2013; Gimenez et 

al. 2013) through mechanisms that involve controlling secretion of insulin-like peptides 

from a restricted population of insulin-producing cells (IPCs) in the brain (Gimenez et al. 

2013). Unexpectedly, both expression of dominant negative mutants of Mth and 

overexpression of this protein in the IPCs result in a prolonged fly life span (Gimenez et al. 

2013). Thus, normal longevity is only observed when fly IPCs receive strictly calibrated 

signaling from Mth.

In vertebrates, GPCRs mediate constant hormonal control of organ function, as well as 

tissue growth and cell proliferation, during normal and pathological adaptation. In most 

cases, prolonged uncontrolled stimulation of any GPCR leads to pathology. In the heart, 

neuroendocrine stimulation initiated by cardiac adrenergic receptors induces hypertrophic 

changes of the myocardium (Dorn and Force 2005). Under persistent stimulation, excessive 

cardiac remodeling can lead to heart failure, as has been shown in a murine model of 

persistent muscarinic receptor stimulation by antibodies with agonist-like action (Gimenez 

et al. 2005). Agonist-like autoantibodies mediating prolonged receptor stimulation were 

found in patients with Chagas' disease and other dilated cardiomyopathies (Ribeiro et al. 

2007; Hernandez et al. 2008). Their deleterious effects highlight the importance of balanced 

GPCR signaling.

Several human disorders are caused by activating mutations in various GPCRs (Schipani et 

al. 1995; Paschke 1996; Khoo et al. 1999; Claus et al. 2005; reviewed in Schöneberg et al. 

2004; Vassart and Costagliola 2011) or genetic errors eliminating GRK phosphorylation 

sites (Apfelstedt-Sylla et al. 1993; Kim et al. 1993; Restagno et al. 1993) necessary for 

timely signal shutoff (Chen et al. 1995). These gain-of-function mutations are dominant, i.e., 

the other allele encoding a normal protein cannot reduce the signaling by an overactive 

mutant. An even greater variety of disorders are associated with excessive GPCR signaling 

caused by pharmacological therapeutic interventions (Ahmed et al. 2010). It stands to reason 

that arrestins with greater than normal ability to quench GPCR signaling, which can be 

constructed in several ways (see Chap. 7), can functionally compensate (Song et al. 2009). It 

is very likely that when excessive GPCR signaling underlies the pathology, bringing the 

balance back to normal will cure the disease.

However, virtually every cell in the body expresses between 5 and 20 different GPCRs, only 

one of which is a mutant or signals too much for some other reason. Both nonvisual arrestins 

bind many GPCRs with similar affinity (Gurevich et al. 1995; Barak et al. 1997; Gimenez et 

al. 2012b), and activating mutations make them even less discriminating (Gurevich et al. 

1997; Kovoor et al. 1999; Celver et al. 2002). Thus, an enhanced mutant constructed on the 

basis of promiscuous nonvisual arrestins will reduce the signaling by the overactive GPCR, 
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while simultaneously dampening the signaling by all other receptors expressed in the same 

cell. This is likely to cause side effects that could be even worse than the disease itself. 

Thus, therapeutic use of enhanced nonvisual arrestins requires the construction of mutants 

with narrow receptor selectivity, better yet with a strict specificity for an individual GPCR 

subtype that needs to be targeted.

2 Identification of an Extensive Receptor-Binding Arrestin Surface

Before the discovery of the arrestin–clathrin interaction (Goodman et al. 1996), GPCRs 

were the only known class of arrestin-binding proteins. Considerable effort by many groups 

was invested into the identification of arrestin residues directly engaged by receptors and 

mapping of the receptor “footprint” on arrestin. In fact, many arrestin elements involved in 

receptor binding were identified before the first crystal structure became available (Gurevich 

and Benovic 1993, 1995, 1997; Gurevich et al. 1993, 1995; Ohguro et al. 1994; Gray-Keller 

et al. 1997). The residues identified in these studies were later mapped onto the structure of 

the basal conformation of bovine arr-1 (Granzin et al. 1998; Hirsch et al. 1999) and found to 

be localized on the concave sides of both arrestin domains.

Interestingly, every arrestin element identified by subsequent studies using peptide 

competition (Pulvermuller et al. 2000), epitope insertion (Dinculescu et al. 2002), element 

swapping (Vishnivetskiy et al. 2004), site-directed mutagenesis (Vishnivetskiy et al. 1999, 

2000, 2010, 2011; Hanson and Gurevich 2006), site-directed spin labeling/EPR (Hanson et 

al. 2006; Vishnivetskiy et al. 2010, 2011; Kim et al. 2012), and NMR (Zhuang et al. 2013) 

was also found to localize to the same concave sides of the two arrestin domains (Fig. 1). 

Thus, we can be fairly confident that regardless of the arrestin–receptor combination, the 

entire receptor “footprint” is localized within these concave surfaces, and it likely covers a 

considerable fraction of them.

Existing data indicate that the receptor-binding arrestin elements likely include 

noncontiguous residues distributed through this surface of the protein. Each individual 

interaction between arrestins and receptors is relatively low-affinity, but simultaneous 

engagement of several elements yields a high-affinity complex (Gurevich and Benovic 

1993; Krupnick et al. 1994). As a result, 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 the 

probable mechanistic basis of the functional differences between class B GPCRs that hold 

arrestins tightly and travel with them all the way to late endosomes (Oakley et al. 2000) and 

class A receptors that readily release bound arrestins upon internalization.

3 Few Arrestin Elements Determine Receptor Preference

Discrete interactions of individual arrestin residues distributed over an extensive receptor-

binding surface were shown to account for receptor selectivity that determines arr-1 

preference for rhodopsin, as well as preferential binding of nonvisual arrestins to other 

GPCRs. This was elegantly demonstrated in a study where multiple elements were swapped 

between arr-1 and arr-2 in an attempt to identify those that determine this specificity 

(Vishnivetskiy et al. 2004). In this study, the parts of arr-1 that increased arr-2 binding to P-
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Rh* and the parts of arr-2 that improved arr-1 binding to M2 muscarinic acetylcholine 

receptor were identified. It turned out that two elements encompassing residues 49–90 (β-

strands V and VI with adjacent loops) in the N-domain and residues 237–268 (β-strands XV 

and XVI) in the C-domain of visual arr-1 and homologous elements in arr-2 are the key 

players in receptor preference (Vishnivetskiy et al. 2004). The exchange of these two 

elements between arr-1 and arr-2 completely reversed receptor specificity of these two 

subtypes (Vishnivetskiy et al. 2004).

Individual residues that determine receptor preference of arrestins were identified in a 

subsequent study (Vishnivetskiy et al. 2011). Due to high homology between arr-1 and -2, as 

few as 35 residues in the two elements that engage receptors are different, and only 22 of 

these differences represent nonconservative substitutions (Vishnivetskiy et al. 2004). An 

attempt to construct arr-2 with arr-1-like preference for P-Rh* demonstrated that only five 

arr-2 residues (Leu-68, Ser-86, Asp-240, Asp-259, and Thr-261) are the key in determining 

its receptor specificity, whereas nine additional residues (Leu-48, Glu-50, Arg-51, Tyr-238, 

Cys-242, Lys-250, Cys-251, Pro-252, and Met-255) play a supporting role (Vishnivetskiy et 

al. 2011). Moreover, alanine substitution of ten of these residues (four in the N-domain and 

six in the C-domain) completely blocked the binding of arr-1, arr-2, and arr-3 to all GPCRs 

tested, including P-Rh* (Vishnivetskiy et al. 2011; Gimenez et al. 2012a).

An interesting feature that distinguishes nonvisual arrestins from arr-1 is revealed by the 

comparison of the crystal structures of arr-2 and arr-1 (Hirsch et al. 1999; Han et al. 2001). 

Each arrestin domain is a β-strand “sandwich,” in which the two β-sheets are “glued” 

together via hydrophobic interactions between the side chains pointing inside the sandwich 

(Hirsch et al. 1999; Han et al. 2001; Sutton et al. 2005; Zhan et al. 2011). In visual arr-1, 

Val90 is one of these residues, participating in multiple interactions with hydrophobic side 

chains of Val45, Val57, Val59, and Phe118 (Hirsch et al. 1999). In nonvisual arrestins, this 

valine is absent, being replaced with serine (arr-2) or alanine (arr-3) (Han et al. 2001; Zhan 

et al. 2011). Even though all its potential partners are conserved in arr-2 (Val41, Val53, 

Val55, and Phe115), the absence of this valine apparently makes the N-domain more 

flexible. In contrast to arr-2, arr-1 demonstrates relatively low binding to active 

phosphorylated M2 muscarinic receptors (Han et al. 2001; Vishnivetskiy et al. 2004). The 

Val90Ser mutation in arr-1, which apparently “loosens up” the N-domain, dramatically 

reduces its preference for P-Rh*, enhancing the binding to M2 receptors (Han et al. 2001). 

The magnitude of the effect of the mutation of this one 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 

arr-1 for P-Rh* (Han et al. 2001; Vishnivetskiy et al. 2004). In fact, the Val90Ser 

substitution increases arr-1 binding to active phosphorylated M2 muscarinic receptors more 

than any other point mutation reported (Han et al. 2001; Vishnivetskiy et al. 2011).

This proof-of-concept protein engineering highlights the importance of the insight provided 

by the availability of high-resolution structural data. It also suggested that any mutants of 

nonvisual arrestins designed for increased receptor specificity must have Val (found in the 

two visual subtypes, arr-1 and arr-4) (Hirsch et al. 1999; Sutton et al. 2005) in the equivalent 

position. It seemed reasonable to expect that on this rigid background predisposed to be 
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receptor selective, substitutions of relatively few residues that determine receptor preference 

(Vishnivetskiy et al. 2011) would yield nonvisual arrestins with enhanced receptor 

specificity.

4 Construction of Nonvisual Arrestins with Increased Receptor Specificity

This approach was used to create a set of mutants on arr-3-Ala87Val background 

specifically intended for the generation of variants with high receptor specificity (Gimenez 

et al. 2012b). Arr-3 was used in this study because it was reported to be even more 

promiscuous than arr-2, capable of binding numerous GPCRs (Barak et al. 1997; Kohout et 

al. 2001; Zhan et al. 2011).

The Val87Ala mutation per se had negligible impact on arr-3 binding to M2 muscarinic and 

D1 and D2 dopamine receptors and slightly increased the binding to β2 adrenergic receptor 

(β2AR) (Gimenez et al. 2012b). The next study focused on ten exposed residues, four in the 

N-domain and six in the C-domain, that were previously identified as critical for the 

receptor–arrestin interaction (Vishnivetskiy et al. 2011; Gimenez et al. 2012a). However, if 

one considers all possible permutations, where each position can be occupied by 20 different 

amino acids, the number of possible combinations is 2010 (i.e., more than 10 trillion), which 

is too large for experimental testing. However, the analysis of known arrestin sequences 

(Gurevich and Gurevich 2006a) shows that only two to three different residues were found 

in equivalent positions in arrestins from Caenorhabditis elegans to mammals. The logical 

assumption that amino acids that are never found in a particular position should not be there 

narrows the number of possible combinations down to manageable. Evolutionary sequence 

analysis (Gurevich and Gurevich 2006a) shows that the residues affecting receptor 

preference (Vishnivetskiy et al. 2011; Gimenez et al. 2012a) are actually islands of 

variability within highly conserved elements. Replacement of arr-3 residues only with those 

that naturally occur in equivalent positions in arrestins from other species virtually 

eliminates the possibility of misfolding.

The substitutions following this logic were introduced into eight out of these ten positions 

(Gimenez et al. 2012b). The recruitment of the generated arr-3 mutants to agonist-activated 

M2, D1, D2, and β2AR (Gimenez et al. 2012b) was measured using bioluminescence 

resonance energy transfer (BRET) between GPCRs tagged with Renilla luciferase on the C 

terminus and arrestins N-terminally tagged with Venus, a version of GFP (Namkung et al. 

2009b; Walther et al. 2010). Interestingly, none of the mutations appreciably increased arr-3 

binding to any of the receptors tested. However, seven out of ten significantly reduced the 

interaction with some of the receptors, but not with others, changing the selectivity up to 

fourfold (Gimenez et al. 2012b). This unexpectedly high ~70% success rate clearly shows 

that the key players in receptor specificity were correctly identified (Vishnivetskiy et al. 

2011). This notion was further supported by the finding, with the use of direct in vitro 

binding assay with P-Rh* (Gurevich and Benovic 1992, 1993), that most substitutions 

significantly affected the ability of arr-3 mutants to interact with this model receptor 

(Gimenez et al. 2012b). Importantly, the combination of two mutations that significantly 

reduced β2AR binding without affecting the interactions with M2 and D2 receptors 

(Asp260Lys + Gln262Pro) yielded an arrestin with ~50-fold preference for these receptors 
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over the β2AR (Gimenez et al. 2012b). Similarly, the combination of two substitutions that 

reduced the binding to D2, but not D1 receptors (Tyr239Thr + Gln256Tyr), generated an 

arrestin with more than fivefold preference for the D1 over D2 receptor (Gimenez et al. 

2012b). Thus, the effects of individual mutations appear to be additive, which demonstrates 

the feasibility of the construction of nonvisual arrestins with high specificity for particular 

GPCRs (Fig. 2).

In-cell analysis of the binding of these arr-3 mutants to different GPCRs yielded yet another 

interesting finding. The arrestin–receptor interactions were found to have two distinct 

components: a basal, agonist-independent and an agonist-induced, each accounting for about 

half of the maximum observed binding (Gimenez et al. 2012a, b). Interestingly, the 

manipulation of the receptor-binding surface changed these two components in the same 

direction to a similar extent, which was reflected in a very good correlation between 

mutation-induced changes in both basal banding and its agonist-induced increase (Gimenez 

et al. 2012b). Thus, a limited set of exposed residues mediates both the basal and agonist-

induced arrestin binding to GPCRs, and targeted mutagenesis of these elements is a feasible 

approach for the generation of inherently selective nonvisual arrestins specifically targeting 

individual receptor subtypes.

Arrestin mutants that combine narrow receptor specificity with increased ability to 

desensitize GPCRs that cannot be phosphorylated or have excessive activity for other 

reasons are likely to be effective tools for normalizing GPCR signaling in conditions where 

excessive signaling underlies the pathology. This promising research direction is still in its 

infancy, and a lot of additional work needs to be done to generate receptor-specific arrestins 

with high therapeutic potential.

5 Differential Role of Receptor-Attached Phosphates in the Binding of 

Different Arrestins

As a rule, arrestins preferentially bind active phosphorylated forms of their cognate 

receptors. The main phosphorylation sensor in all arrestins is structurally similar: the polar 

core, localized between the two arrestin domains, includes two positively charged arginines 

and three negatively charged aspartates (Hirsch et al. 1999; Han et al. 2001; Sutton et al. 

2005; Zhan et al. 2011) (see Chap. 7, Fig. 3). Usually, in soluble proteins, charged residues 

are exposed on the surface, whereas the polar core in arrestins is buried. An arginine in β-

strand X (Arg175, Arg169, or Arg170 in arr-1, arr-2, or arr-3, respectively) directly binds 

the phosphates attached to the intracellular loops and/or C terminus of GPCRs by GRKs 

(Gurevich and Benovic 1993, 1995, 1997; Granzin et al. 1998; Vishnivetskiy et al. 1999; 

Celver et al. 2002; Gurevich and Gurevich 2006b; Hanson and Gurevich 2006). 

Neutralization or reversal of the charge of this arginine by appropriate mutations artificially 

turns the phosphate sensor “on,” greatly increasing arrestin binding to unphosphorylated 

active forms of their cognate receptors: Rh* in case of arr-1 (Gurevich and Benovic 1995, 

1997; Gray-Keller et al. 1997; Gurevich 1998; Vishnivetskiy et al. 1999) or various 

nonvisual receptors in case of arr-2 and arr-3 (Gurevich and Benovic 1993; Gurevich et al. 

1997; Kovoor et al. 1999; Celver et al. 2001, 2002; Pan et al. 2003; Schattauer et al. 2012). 

Each arrestin has numerous lysines and arginines that bind receptor-attached phosphates: 
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several in β-strand X and preceding loop (Gurevich and Benovic 1995) and two lysines in β-

strand I (Vishnivetskiy et al. 2000; Shukla et al. 2013) (see Chap. 7, Fig. 2). Arr-1 has an 

additional phosphate-binding residues, Arg19 in the loop between β-strands I and II (Sutton 

et al. 2005), which explains why arr-1 is more dependent on receptor-attached phosphates 

than nonvisual subtypes (Vishnivetskiy et al. 2000; Gimenez et al. 2012a; Kim et al. 2012; 

Zhuang et al. 2013). Interestingly, this remains true even in case of arr-1 binding to non-

cognate receptors (Gimenez et al. 2012a, b). As far as nonvisual GPCRs are concerned, the 

role of receptor-attached phosphates varies widely, depending on a particular arrestin–GPCR 

combination (Mukherjee et al. 2002; Kim et al. 2004; Namkung et al. 2009a; Gimenez et al. 

2012a) [see also Chap. 2 and Gurevich and Gurevich (2006b) for review]. Using BRET 

between receptor-RLuc and Venus-arrestin it was recently shown that in case of the β2AR, 

phosphates play an important, although not as decisive role as in arr-1 binding (Gimenez et 

al. 2012a). As for the M2 muscarinic and D2 dopamine receptors, the role of 

phosphorylation in arrestin recruitment (Gimenez et al. 2012a) and signaling regulation 

(Namkung et al. 2009b) appears to be minimal, even though the phosphorylation of a 

particular cluster of serines and threonines in the third intracellular loop of M2 was shown to 

enable arrestin binding (Pals-Rylaarsdam et al. 1997; Lee et al. 2000). In all arrestin 

subtypes mutations that destabilize the polar core or delete or forcibly detach the C-tail 

displaced by receptor binding yielded “pre-activated” enhanced nonvisual arrestins that 

readily interact with cognate GPCRs in a phosphorylation-independent manner (Gurevich et 

al. 1997; Kovoor et al. 1999; Celver et al. 2001, 2002; Pan et al. 2003).

An enhanced phosphorylation-independent mutant of arr-1 was shown to compensate for the 

lack of rhodopsin phosphorylation in vivo, prolonging the survival and improving functional 

performance of rod photoreceptors (Song et al. 2009) (see Chap. 7). Enhanced nonvisual 

arrestins were shown to effectively shut off the signaling by several unphosphorylated 

GPCRs in cells (Kovoor et al. 1999; Celver et al. 2001, 2002) and in vivo (Bruchas et al. 

2006). However, nonvisual arrestins are inherently promiscuous (Gurevich et al. 1995; 

Barak et al. 1997; Kohout et al. 2001; Gimenez et al. 2012b), and activating mutations make 

them even more flexible (Carter et al. 2005), so that the expression of phosphorylation-

independent nonvisual arrestins in any cell, in addition to the desired suppression of the 

signaling by overactive receptors, would likely also dampen the signaling by other GPCRs 

present in the same cell, causing serious side effects. Thus, therapeutic use of enhanced 

nonvisual arrestins will be feasible when activating mutations are combined with those that 

narrow down their receptor specificity, preferably to small groups of receptors or individual 

GPCRs.

6 Usefulness of Arrestins with Greater Specificity for Individual Receptors

Overactive GPCRs cause signaling imbalances leading to disease via different mechanisms: 

excessive stimulation of a normal receptor by a ligand (Hernandez et al. 2003, 2008; Ribeiro 

et al. 2007; Stavrakis et al. 2009, 2011; Ahmed et al. 2010), activating mutations (Schipani 

et al. 1995; Paschke 1996; Schöneberg et al. 2004; Vassart and Costagliola 2011), or 

aberrant desensitization (Apfelstedt-Sylla et al. 1993; Kim et al. 1993; Restagno et al. 1993; 

Chen et al. 1995; Rim and Oprian 1995; Barak et al. 2001; Moaven et al. 2013). The 

development of enhanced nonvisual arrestins targeting a specific malfunctioning receptor 
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holds promise of compensation with a potential of bringing the signaling closer to normal. 

Recent advances in the development of gene delivery methods suitable for therapy 

(Ishikawa et al. 2011; Bartel et al. 2012; Nguyen and Szoka 2012; Dalkara et al. 2013) make 

the introduction of protein-based tools feasible (see chapter “Therapeutic potential of small 

molecules and engineered proteins”).

Controlling runaway GPCRs is not the only potential therapeutic use of reengineered 

arrestins with narrow receptor specificity. In addition to shutting of G protein-mediated 

signaling (Carman and Benovic 1998), arrestins recruit GPCRs to coated pits for 

internalization via direct binding to clathrin (Goodman et al. 1996) and AP2 (Laporte et al. 

1999) and initiate the second round of signaling by recruiting various non-receptor partners 

(Gurevich and Gurevich 2006a; DeWire et al. 2007). New generations of GPCR agonists 

biased towards G proteins or arrestins are becoming increasingly available (see chapter 

“Arrestin-biased GPCR agonists”) with some currently tested in clinical trials for the 

treatment of pain and control of elevated blood pressure and even food intake (Reiter et al. 

2012; Kenakin and Christopoulos 2013). Signaling-biased arrestin mutants with disabled 

individual functions, such as the ability to bind clathrin/AP2 (Kim and Benovic 2002) or 

MEK1 (Meng et al. 2009) and activate ERK1/2 (Coffa et al. 2011) or JNK3 (Seo et al. 2011; 

Breitman et al. 2012), are also becoming available. These designer arrestins equipped with 

additional mutations that make them specific for particular GPCRs can be used for selective 

channeling of arrestin-mediated signaling to desired pathways, while excluding unwanted 

ones. In combination with conventional or biased agonists, these arrestins can also be used 

to enhance traditional pharmacological therapy and make it more targeted. Phosphorylation-

independent arrestin mutants were shown to support rapid internalization and recycling of 

GPCRs, preventing receptor downregulation (Pan et al. 2003). In several pathological 

conditions, such as congestive heart failure, excessive desensitization and downregulation of 

β-adrenergic receptors is at the root of the disease (Rockman et al. 1998). Arrestin mutants 

that can selectively prevent downregulation of β-adrenergic receptors have a potential to 

improve the performance of the failing heart.

Arrestins modulate an amazing variety of physiological processes, from GPCR trafficking 

(chapters “Arrestin interactions with G protein-coupled receptors” and “Arrestin binding to 

clathrin, AP2, and role in GPCR trafficking”), MAP activity (chapters “Arrestin-dependent 

activation of ERK and Src Family kinases”, “Arrestin-dependent activation of JNK family 

kinases”, and “Arrestin-mediated activation of p38 MAPK: molecular mechanisms and 

behavioral consequences”), cell motility (chapter “Molecular Mechanisms underlying beta-

arrestin-dependent chemotaxis and actin-cytoskeletal reorganization”) and heart function 

(Rockman et al. 1998) to aging (Gimenez et al. 2013). In most cases, arrestin interactions 

with particular GPCRs are responsible for these effects, both normal and pathological. Thus, 

nonvisual arrestins combining strict receptor specificity with different types of signaling bias 

have many potential therapeutic uses.
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Fig. 1. 
The receptor-binding interface has been mapped to the concave side of both domains in all 

arrestin subtypes. (a) Ribbon representation of bovine arr-1 based on PDB: 1CF1 (Hirsch et 

al. 1999) as viewed from the receptor “viewpoint.” Arrestins consist of two domains linked 

by a flexible hinge and the C-tail that comes back from the C-domain and makes a strong 

contact with the β-strand I and α-helix I in the N-domain (see Chap. 7, Fig. 1). The β-strands 

V–VI and XV–XVI with adjacent loops, identified as key elements that determine receptor 

specificity (Vishnivetskiy et al. 2004), are shown in green; the C-tail (including the parts not 

resolved in crystal structures) is shown in yellow. (b) Space-filling model of arr-1, oriented 

and color coded as in panel (a). (c, d) Side view of arr-1 [90° rotation from the perspective 

shown in panel (a)] with spin-labeled residues (Hanson et al. 2006) shown as ball-and-stick 

models. The magnitude of the detected changes in spin-label mobility upon receptor binding 

is color coded as follows: gray (or green/yellow), no change; pink/red, small and large 

increases in mobility, respectively; lightblue/dark blue, small and large decreases in 

mobility, respectively. (c) Changes upon binding to dark (inactive) P-Rh. (d) Additional 

changes induced by light activation of P-Rh to P-Rh*. Upon binding to dark P-Rh (c), finger 

loop residues (I72, V74, M75) become less mobile, while the mobility of the C-tail residues 

increases. Light activation further decreases the mobility of the finger loop residues (d), 

while mobility of V139 increases [this loop was later shown to move out of the way of 

incoming receptors (Kim et al. 2012; Vishnivetskiy et al. 2013)]. Ribbon and surface 

cartoons rendered with UCSF Chimera 1.8
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Fig. 2. 
Mutations of few residues increase the selectivity of arr-3 for certain GPCRs. (a) The 

residues on the receptor-binding surface of bovine arr-3 that affected receptor selectivity the 

most (Gimenez et al. 2012b) are shown as ball-and-stick models. (b) The effect of these 

mutations and their combinations (on the Ala87Val background) on agonist-induced arr-3 

recruitment (Net BRETmax) to M2 muscarinic (M2R), D1 (D1R) and D2 (D2R) dopamine, 

and β2-adrenergic (β2AR) receptors. (c) Ratios of net BRETMAX [shown in panel (b)] for 

the indicated mutants and receptor pairs are shown. For normalization, the binding ratio of 

the Ala87Val base mutant was set at 1. Asp260Lys + Gln256Tyr increased arr-3 preference 

for M2R over β2AR to >50-fold, whereas Tyr239Tre + Gln256Tyr increased arr-3 

preference for D1R over D2R to approximately fivefold
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