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Abstract

Arrestins are a small protein family with only four members in mammals. Arrestins demonstrate 

an amazing versatility, interacting with hundreds of different G protein-coupled receptor (GPCR) 

subtypes, numerous nonreceptor signaling proteins, and components of the internalization 

machinery, as well as cytoskeletal elements, including regular microtubules and centrosomes. 

Here, we focus on the structural determinants that mediate various arrestin functions. The 

receptor-binding elements in arrestins were mapped fairly comprehensively, which set the stage 

for the construction of mutants targeting particular GPCRs. The elements engaged by other 

binding partners are only now being elucidated and in most cases we have more questions than 

answers. Interestingly, even very limited and imprecise identification of structural requirements 

for the interaction with very few other proteins has enabled the development of signaling-biased 

arrestin mutants. More comprehensive understanding of the structural underpinning of different 

arrestin functions will pave the way for the construction of arrestins that can link the receptor we 

want to the signaling pathway of our choosing.

1. INTRODUCTION

As far as size is concerned, arrestins are quite average, 44–48 kDa soluble proteins. 

Functionally, however, arrestins are far from being average in many ways, demonstrating 

that evolution can pack incredible versatility into ~ 400 amino acids.

The discovery of the first member of the arrestin family (modern systematic name 

arrestin-1a) was rather unremarkable, except that it was discovered twice: first as S-antigen, 

the target of auto-antibodies in uveitis,1 then as a 48-kDa protein that binds light-activated 

rhodopsin,2 preferring the phosphorylated form.3 Eventually it became clear that both are 

the same protein, which prevents G protein activation by light-activated phosphorylated 

rhodopsin,4 thereby blocking (arresting) further signaling.

All this happened before the seminal discovery of striking similarity in sequence and 

topology between the β2-adrenergic receptor (β2AR) and rhodopsin,5 which led to the 

concept that there is a large family of G-protein-coupled receptors (GPCRs; also known as 

seven transmembrane domain receptors or 7TMRs) and fruitful ideas regarding the 

similarity of signaling and regulatory mechanisms in this family. The first nonvisual 

arrestin, termed β-arrestin because of its preference for the β2AR over rhodopsin, was 

aWe 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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cloned soon thereafter,6 followed by another nonvisual subtype (termed β-arrestin2,7 

arrestin-3,8 and hTHY-ARRX,9 respectively) and cone-specific arrestin.10,11 Considering 

that different vertebrate species express from 800 to >3400 distinct GPCRs (SEVENS 

database; http://sevens.cbrc.jp/), the fact that we only have four arrestin subtypes12 is rather 

remarkable. Moreover, arrestin-1 and -4 are largely restricted to photoreceptors,13 whereas 

the two nonvisual subtypes are ubiquitously expressed and interact with hundreds of 

different GPCRs.12,14 Even this striking versatility is only half of the story—in addition to 

receptors, arrestins bind dozens,12 and possibly hundreds,15 of amazingly diverse proteins, 

serving as multifunctional signaling organizers in the cell (see Chapter 1).

2. WHAT THE CRYSTAL STRUCTURE REVEALS, AND WHAT IT DOES NOT

Visual arrestin-1 was the first subtype discovered,2 functionally characterized,4 cloned,16 

and crystallized.17,18 The structure revealed a unique fold: an elongated molecule consisting 

of two cup-like domains with similar cores, each organized as a seven-strand β-sandwich 

(Fig. 3.1). Subsequently solved structures of arrestin-2,19,21 arrestin-3,20 and arrestin-422 

and even the short splice variant of arrestin-123 showed rather disappointing similarity, 

offering surprisingly few clues regarding the structural underpinnings of the functional 

diversity of these proteins.

Several features revealed by X-ray crystal structure matched the predictions of previous 

mutagenesis studies surprisingly well. The N-terminal half of the molecule that was 

predicted to be a separable independently folding unit24,25 turned out to be the N-

domain17,18 (Fig. 3.1). Predicted interaction between the N- and C-termini26 was also 

revealed.18 A molecule consisting of two domains with relatively few contacts between 

them appeared poised for a global conformational rearrangement predicted by the model of 

sequential multisite mechanism of receptor binding.25 Finally, Arg175, predicted to interact 

with a negatively charged partner in arrestin and function as the phosphate sensor,27,28 was 

found in an unusual (for a soluble protein) arrangement of solvent-excluded charged 

residues in the interface between the two domains, which was termed the “polar core”.18,29

However, the structures solved thus far reveal only the basal conformation of all arrestin 

subtypes. Several lines of evidence suggest that the structure of “active” receptor-bound 

arrestin is likely to be quite different (reviewed in Refs. 30,31) and indicate that arrestins can 

assume yet another distinct conformation favorable for the binding to microtubules.32–35 

Both still remain to be elucidated.

Crystal structure of rhodopsin36 and its subsequent refinements,37–39 followed by a flurry of 

remarkably similar structures of nonvisual GPCRs,40–54 raised another interesting question: 

how does arrestin, with the long axis of ~ 75 Å, fit GPCRs with a diameter of ~ 40 Å?

3. HOW DO ARRESTINS FIT RECEPTORS?

There is an obvious caveat in fitting known arrestin and receptor structures: for the complex 

to form, both arrestin and receptor must be in an active conformation, and the receptor also 

must be phosphorylated.14,30 While the effect of receptor-attached phosphates on its 

conformational state is completely unknown, activation-induced changes were well 
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characterized, first by a series of site-directed spin-labeling studies of rhodopsin55–59 then 

by the solution of several crystal structures of active forms of rhodopsin,60–63 β2AR,42 

adenosine A2A receptor,49,64 agonist-activated β2AR stabilized by nanobody,65 and β2AR 

in a physiologically relevant complex with the G protein.66,67 The common theme in GPCR 

activation is the outward movement of helices 5 and 6, and less dramatic rearrangements of 

other elements, which collectively open the cavity in the middle of the cytoplasmic side of 

the receptor, where the C-terminus of the α-subunit of their cognate G protein binds.68–70 

These movements increase the diameter of the receptor, making it larger than the short axis 

of arrestin, although still much smaller than its long axis (Fig. 3.2). To even begin 

meaningful fitting of an arrestin to a receptor, one needs to identify interacting residues in 

both proteins. While the arrestin-binding parts of the receptor have been identified 

imprecisely and only in a few GPCRs,74–76 the receptor “footprint” on different arrestins 

was mapped fairly comprehensively by several groups using a variety of methods (Fig. 3.2).

3.1. Receptor-binding surface of arrestins

Receptor-binding residues in arrestins were identified using mutagenesis,22,25–28,71,73,77 

H/D exchange,78 element swapping,79,80 peptide competition,81 epitope insertion,82 solution 

NMR,83–85 and site-directed spin-labeling EPR.73,86 All these experiments yielded 

essentially the same answer: an extensive surface on the concave sides of both arrestin 

domains is involved (reviewed in Ref. 14) (Fig. 3.2). The distance between the extreme 

positions of arrestin residues implicated in receptor binding appears to be larger than even 

the expanded active receptor, at least the parts visible in crystal structures. However, we 

should not forget that spatial localization of the phosphates necessary for high-affinity 

arrestin binding in vitro,25,80,87,88 in cells,89 and in living animals90,91 remains completely 

unknown. This is true for rhodopsin and the β2AR, where phosphorylation sites are 

localized in the C-terminus,92–100 which was not resolved in any of the structures. This is 

equally true for M2 muscarinic cholinergic receptor, where phosphorylation sites are 

localized on the large third cytoplasmic loop,101–103 which was deleted to obtain well-

diffracting crystals.45 Thus, we do not really know the size of the arrestin-binding surface of 

any GPCR. We also do not know the structure of the active receptor-bound arrestin so that 

the notion that the receptor and arrestin do not fit will be purely theoretical until the first 

structure of the arrestin–receptor complex is solved. Nonetheless, the idea that arrestins and 

the cytoplasmic tips of GPCRs do not fit has certain merits and remains quite popular. So far 

two elegant models have been proposed as possible solutions for this problem.

3.2. The stoichiometry of the complex

One model is based on the high Arrhenius activation energy of the arrestin–rhodopsin 

interaction104 and subsequent finding that elements of arrestin-1 that do not interact either 

with light-activated (Rh*) or inactive phosphorylated rhodopsin (P-Rh) become engaged by 

the active phosphorylated form (P-Rh*).25,27 Collectively, these data suggested that a 

substantial conformational change in arrestin, which brings additional parts into contact with 

the receptor, is necessary for high-affinity binding to P-Rh*.25 The evidence that shortening 

of the inter-domain hinge impedes the binding of all arrestins to their cognate 

receptors,35,105 suggested that this conformational change could be a clam-like movement of 

the two arrestin domains.30 This type of movement could solve the problem of the misfit 
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between the large receptor-binding surface of arrestin and the expected size of the arrestin-

binding cytoplasmic side of GPCRs. Although this idea could still be considered plausible 

simply because it was not unambiguously refuted, there is no direct evidence for the large 

movement of the two domains relative to each other. Existing evidence suggests that while 

domain movement actually accompanies receptor binding, it is rather small,72,106 certainly 

not big enough to significantly reduce the receptor-binding “face” of arrestin. However, 

detected movement of the loops on both distal tips of arrestin-1 toward the center of the 

receptor-binding side of the molecule likely contributes to the reduction of the surface of 

arrestin-1 that binds rhodopsin,72 improving the fit in a different way (Fig. 3.2).

An alternative model attacks the problem even more radically, proposing that a single 

arrestin binds two GPCRs in a dimer.107 Indeed, one can simultaneously fit two cytoplasmic 

tips of smaller GPCRs, such as rhodopsin, into the cavities of the two arrestin domains.107 

Unfortunately, to achieve this, one needs to disregard the receptor C-terminus, which is not 

visible in crystals, even though it is certainly involved in arrestin binding,26,28,90,108 and 

ignore the fact that inactive rhodopsin does not bind arrestin with high affinity.25,80,109 

However, this model was proposed without mentioning these obvious caveats and has 

gained certain popularity, despite complete lack of supporting evidence. Unfortunately, it 

also did not survive experimental testing. The model predicts that the saturation point would 

be achieved upon binding of one arrestin molecule to two molecules of rhodopsin. This 

prediction was tested in mice in vivo.110 In rod photoreceptors in the dark, arrestin-1 is 

largely localized away from the outer segment (OS), where all rhodopsin resides. In 

contrast, in bright light, the bulk of arrestin-1 moves to this compartment,32,111–114 where it 

remains due to high-affinity binding to rhodopsin.32 Considering that the expression ratio of 

arrestin-1 to rhodopsin in mouse rods is ~ 0.8:1,110,115–117 if this model were true, one 

would never expect virtually quantitative translocation of arrestin-1 to the OS, which was 

reproducibly observed by many labs.32,111–114 Genetic manipulation of arrestin-1 and 

rhodopsin expression levels in mouse rods revealed that the amount of arrestin-1 that can 

move to the OS in the light is, indeed, limited by the amount of rhodopsin there, but that 

saturation is achieved at the ratio of translocated arrestin-1 to rhodopsin that is greater than 

0.8:1, which is consistent only with 1:1 binding model.110 Obviously, in the photoreceptors 

of live mice, one cannot exclude the role of other proteins in arrestin-1 translocation. 

However, a variety of arrestin-1:rhodopsin ratios were tested in vitro using two carefully 

quantified pure proteins, which again yielded saturation at ~ 1:1.110 Since arrestin-1 readily 

self-associates, forming dimers and tetramers,118–121 this binding ratio could have been 

explained by an interaction of an arrestin-1 dimer with a rhodopsin dimer. However, it was 

shown that only monomeric arrestin-1 binds rhodopsin120 because its receptor-binding 

surface is shielded by sister subunits in the arrestin-1 tetramer and both possible dimers.122 

Finally, monomeric rhodopsin was reconstituted into nanodiscs (HDL particles containing 

membrane-like lipid bilayer) and shown to bind arestin-1 not just efficiently,123 but with 

physiologically relevant high affinity (KD ~ 3–4 nM) and 1:1 stoichiometry.124

Thus, while the problem exists, neither model proposed so far has withstood the rigors of 

experimental testing. It appears very likely that in real life a single molecule of activated 

phosphorylated receptor fits arrestin in its active conformation well enough, but we do not 
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know how exactly this fit is achieved. Two new ideas, which are not mutually exclusive, are 

suggested by the available evidence. On the arrestin side, unexpectedly large movement of 

the “139 loop” in the central crest, apparently out of the way of the incoming receptor,72 

likely allows the “finger loop” to insert itself fairly deeply into the cavity opening in the 

middle of the active receptor69 (Fig. 3.2). This would result in extensive contacts between 

the cytoplasmic loops and extended helices of the receptor and the cavities of both arrestin 

domains. In addition, the loops at the tips of both arrestin-1 domains move toward the 

receptor,72 possibly far enough to achieve direct contact with it, as suggested by reduced 

mobility of several residues in these loops in the complex.71,73 As far as the receptor is 

concerned, the comparison of the structures of the same active β2AR in complex with an 

agonist,42 nanobody mimicking G protein,65 and cognate heterotrimeric G protein66 shows 

that, with activation, the receptor helices on the cytoplasmic side progressively move further 

apart. Thus, it is entirely possible that in complex with arrestin the helices move out even 

more, thereby increasing the size of the cytoplasmic tip of the receptor to better 

accommodate arrestin. Naturally, these are no more than plausible speculations and should 

be viewed as such. Ultimately, the issue of the arrestin–receptor fit can only be definitively 

resolved by the elucidation of the structure of the complex.

3.3. Phosphate-binding residues and the phosphate sensor

The fact that arrestins preferentially bind phosphorylated forms of their cognate receptors 

was established early on, but the first model explaining how arrestin “selects” active 

phosphorylated receptors from among at least four coexisting forms (active and inactive, 

both of which can be unphosphorylated or phosphorylated) was proposed in 1993.25 

Specific binding to inactive phosphorylated (P-Rh) and light-activated unphosphorylated 

rhodopsin (Rh*) showed that arrestin-1 has interaction sites that recognize rhodopsin-

attached phosphates and the active state of rhodopsin independently of each other.25 

However, the binding to light-activated phosphorhodopsin (P-Rh*) was many times greater 

than either to P-Rh or Rh*,24,25 which cannot be explained by a simple cooperative two-site 

interaction. This led to the idea that primary binding sites engaged by Rh* and inactive P-Rh 

also serve as sensors. Only P-Rh* can engage both at the same time, suggesting that 

arrestin-1 acts as a molecular coincidence detector, where simultaneous activation of these 

two sensors triggers a global conformational change, which brings additional arrestin-1 

elements in contact with rhodopsin, greatly increasing the energy of the interaction and 

therefore observed binding (reviewed in Ref. 30). This model predicts that among 

phosphate-binding residues in arrestin-1 and other family members, there must be at least 

one that not only contributes to the interaction but also serves as a sensor. The elimination of 

positive charges that simply bind phosphates was expected to reduce arrestin binding to P-

Rh*, and even to a greater extent to inactive P-Rh, where the phosphates must be driving the 

interaction. In contrast, the neutralization or reversal of the charge of the putative phosphate 

sensor was expected to turn it on, enhancing the binding to unphosphorylated Rh*.

Since high-affinity arrestin binding was shown to require multiple phosphates on 

rhodopsin,25 one would expect the multiphosphorylated and therefore highly negatively 

charged rhodopsin C-terminus to interact with several closely spaced positively charged 

residues in arrestin. The first scanning mutagenesis performed targeted a 14-amino acid 
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stretch of the primary sequence carrying six positive charges (residues 163–176).27 

Considering that it was done long before crystal structure became available, this attempt 

proved amazingly well targeted: five out of six mutations reduced P-Rh and P-Rh* binding. 

The sixth, Arg175Asn, showed even more interesting phenotype: somewhat enhanced 

binding to P-Rh* and a dramatic ~ fivefold increase in Rh* binding.27 This is consistent 

with the idea that Arg175 serves as a phosphate sensor, which was artificially activated by 

charge neutralization, “fooling” arrestin-1 into perceiving any active form of rhodopsin as 

phosphorylated. However, the data with full-length protein did not prove one key point, that 

Arg175 actually interacts with phosphates, because the binding of Arg175Asn mutant to 

inactive P-Rh and P-Rh* was also increased.27 Luckily, the N-terminal half of arrestin-1, 

residues 1–191 containing Arg175, was previously shown to be functional and act as an 

unsophisticated version of arrestin; it interacts P-Rh and Rh*, and its binding to P-Rh* is 

essentially the sum of the two.24,25 In the context of this mini-arrestin, the Arg175Asn 

mutation reduced the binding to P-Rh and P-Rh* just like the other mutations, proving that 

Arg175 actually engages rhodopsin-attached phosphates.27 Replacement of Arg175 with all 

19 alternative residues showed that positive charge is the key: Arg175Lys retained high 

selectivity for P-Rh*, whereas all other substitutions showed enhanced binding to Rh*, with 

the charge reversal mutation Arg175Glu having the most potent effect.28 The simplest 

interpretation of these data was that Arg175 interacts with a negatively charged partner 

within arrestin, and the breaking of this salt bridge by negatively charged phosphates turns 

the sensor on, allowing arrestin transition into high-affinity receptor-binding state.27,28 

Later, the crystal structure revealed that Arg175 is part of solvent-excluded arrangement of 

five charged residues between the two arrestin domains (Fig. 3.1), identifying three possible 

negatively charged partners.17,18 Further mutagenesis proved that the salt bridge between 

Arg175 and Asp296 is the key phosphate sensor: charge reversal mutations of either greatly 

increase Rh* binding, whereas simultaneous reversal of both, restoring the salt bridge, also 

restores normal arrestin-1 selectivity for P-Rh*.29 Interestingly, these five charges are 

conserved in arrestin evolution from C. elegans to mammals,12 attesting to their important 

role in arrestin function. Virtually identical positions of all five side chains in different 

subtypes of mammalian arrestins (Fig. 3.1) support this notion. Charge reversals of 

homologous arginines in arrestin-2 and -3 also yield enhanced phosphorylation-independent 

mutants,125–130 demonstrating that this residue plays the same role in all arrestins.

Further mutagenesis identified additional phosphate-binding elements in arrestins. Arg18 in 

the loop between β-strands I and II is unique for arrestin-1,22 likely making is much more 

dependent on receptor-attached phosphates than the other subtypes.89 In contrast, two 

lysines in β-strand I are present in all arrestins.12 These charged residues appear to be critical 

for the “delivery” of phosphates to the shielded polar core.77 Importantly, they are adjacent 

to the bulky hydrophobic residues in β-strand I that participate in its interactions with the 

arrestin C-tail and α-helix I (Fig. 3.1).18 This suggested that their interaction with 

phosphates likely disrupts this three-element interaction, which would destabilize the basal 

arrestin conformation, similar to the effect of the disruption of the polar core.77 These data 

support the main premise of the sequential multisite binding model of the arrestin–receptor 

interaction25 that receptor binding is accompanied by a global conformational change in 

arrestin.
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The action of the phosphate sensor is based on pure electrostatics; all that receptor-attached 

phosphates need to do to activate the sensor is to break the key salt bridge.30 This makes it 

essentially insensitive to the sequence context of the phosphorylated residues. This 

mechanism explains how just two non-visual arrestins in mammals and only one in 

Drosophila can interact with hundreds of different GPCRs, in which serines and threonines 

phosphorylated by GRKs are found within diverse sequences that can be localized in the 

receptor C-terminus, or any of the intracellular loops (reviewed in Ref. 14).

3.4. The conformation of the receptor-bound arrestin

Several lines of indirect evidence suggested that the conformation of receptor-bound 

arrestins is likely quite different from their basal state revealed by crystal structures. The 

first indication that this must be the case was unusually high-energy barrier of arrestin-1 

binding to rhodopsin.104 Receptor-binding-induced release of the arrestin C-tail has been 

well documented for more than 20 years.73,86,109 In addition, the movement and/or 

structural rearrangement of the “finger loop” in the central crest of the receptor-binding side 

was also reported.83,131 Both polar core and the three-element interaction clearly support the 

basal conformation in all arrestin structures,18–20,22 so their destabilization by the 

phosphates was consistent with the idea that global rearrangement is necessary for receptor 

binding. Partial destabilization of the interface between the two domains enhanced arrestin 

binding to inactive receptor,132 again suggesting that arrestin conformation must change 

upon receptor binding.

Arrestin interaction with nonreceptor partners also appears to be consistent with the idea that 

the conformations of free and receptor-bound arrestins must be different.31 C-Raf1 and 

especially ERK1/2 preferentially interact with receptor-associated arrestins.133 In contrast, 

the ubiquitin ligases Mdm2 and parkin134,135 strongly prefer arrestins in a conformation 

induced by hinge deletions that impairs receptor binding.35,105,136 JNK3 also appears to 

prefer this conformation, although the difference in binding is less dramatic.134,136

Thus, it appeared almost certain that the conformation of receptor-bound arrestin is 

significantly different from the basal one observed in crystal structures, but direct evidence 

was missing. A recent study employing site-directed spin-labeling and long-range distance 

measurements using pulse EPR technique double electron–electron resonance (DEER) 

yielded the first experimental data on conformational rearrangements in arrestin-1 beyond 

the release of the C-tail.72 More than 25 distances between different residues in free and 

rhodopsin-associated arrestin-1 were measured. Significant changes in multiple distances 

combined with molecular modeling revealed binding-induced movements of several 

arrestin-1 elements. Some of the findings supported earlier predictions, whereas others were 

rather unexpected. Flexible “finger loop” (residues 67–79)73 (Fig. 3.1) in the central crest of 

arrestins exist in fully extended or bent conformation in different protomers in crystal 

oligomers.18,19 Multiple residues in this loop were shown to be immobilized upon receptor 

binding in both arrestin-173 and -2.71 Previous studies using fluorescent labels131 and 

NMR83 suggested that this loop extends and forms an α-helix upon receptor binding. 

Indeed, this loop was found to move in the direction of the receptor, although not as much as 

previously proposed,131 and the data were consistent with its helical conformation in 
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receptor-associated arrestin-1.72 However, hypothetical movement of the two arrestin 

domains relative to each other, which was proposed to improve the fit between arrestins and 

GPCRs,30 turned out to be very small, clearly insufficient to significantly reduce the size of 

the receptor-binding arrestin surface.72 Two other plastic loops containing residues 157 and 

344, localized at the tips of the N- and C-domain, respectively, that had different 

conformations in crystal strcutures,18 were found to move “inward,” in the direction of the 

cavities of their respective domains. These movements also slightly reduce the long axis of 

the receptor-binding surface, but only by a few angstroms. The most unexpected finding was 

a dramatic movement of the loop with residue 139 at its tip, which is adjacent to the finger 

loop in the basal state. This element shifts by more than 10 Å, moving in the direction of the 

N-domain and to the side of the molecule.72 This movement would take it out of the way of 

incoming receptor. Consistent with this model, spin label in position 139 was immobilized 

by inactive P-Rh, but in high-affinity complex with P-Rh*, its mobility increased to the level 

observed in free arrestin.73 Moreover, deletions in this loop, taking it out of the way without 

movement, increased arrestin-1 binding to rhodopsin, most dramatically to the nonpreferred 

forms Rh* and inactive P-Rh.72 Interestingly, the same deletions reduced the thermal 

stability of arrestin-1.72 Thus, it appears that the 139-loop structurally stabilizes the basal 

arrestin conformation and serves as a “brake”, precluding its binding to any form of 

rhodopsin except its preferred target, P-Rh*.

While this study clearly revealed multiple receptor-binding-induced rearrangements in 

arrestin-1, which are likely similar to those in nonvisual arrestins, biophysical methods 

cannot yield detailed atomic resolution structure of the receptor-bound arrestin. Crystal 

structure of the arrestin–receptor complex is necessary to obtain this information and clearly 

reveal the changes in arrestin molecule that underlie conformational preferences of 

nonreceptor binding partners.

3.5. Key determinants of receptor preference

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

receptors. Obviously, receptor-attached phosphates that activate the phosphate sensor are the 

common theme, so arrestin elements that bind other nonphosphorylated parts of the receptor 

in response to activation-induced conformational change must be responsible for receptor 

specificity of arrestin proteins. Two out of four arrestin subtypes in mammals are specialized 

and expressed primarily in photoreceptors. Interestingly, the specificity of cone arrestin-4 

for cone opsins appears to be largely ensured by its selective expression in cone 

photoreceptors.137 In vitro, it is quite promiscuous, binding other GPCRs almost as well as 

nonvisual arrestins,22 both of which readily interact with dozens, if not hundreds, of 

different receptors.80,138,139 Thus, evolution created only one receptor-specific subtype, 

arrestin-1, which demonstrates clear preference for rhodopsin over other receptors.80,140

Arrestin-1 binds rhodopsin efficiently and demonstrates fairly low binding to M2 muscarinic 

receptor, whereas arrestin-2 has the opposite preference.80,140 Therefore, the first attempt to 

identify arrestin elements that determine its receptor specificity involved the construction of 

a series of arrestin-1/2 chimeras and testing their ability to bind these two receptors.79 The 

premise of these experiments was that if an element is important for receptor preference, the 
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introduction of that part from arrestin-2 into arrestin-1 would decrease rhodopsin and 

increase M2 binding, whereas the introduction of the corresponding arrestin-1 part into 

arrestin-2 would decrease M2 and increase rhodopsin binding. N-domain residues 49–90 (β-

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

XVI) of arrestin-1 and homologous parts of arrestin-2 were found to play key role in 

receptor preference. The exchange of these two elements between arrestin-1 and -2 

completely reversed receptor specificity of both, creating one chimera that was >90% 

arrestin-1, yet bound M2 muscarinic receptor much better than rhodopsin, and a symmetrical 

chimera with >90% of arrestin-2 residues that clearly preferred rhodopsin to M2.79

Fewer than 25 residues in these two elements are nonconservative substitutions. Their 

individual contributions to receptor preference were tested by introducing point mutations.71 

This approach led to the identification of 10 exposed side chains that collectively determine 

which receptor an arrestin protein prefers. Interestingly, the replacement of all 10 with 

alanines in arrestins-1, -2, and -3 yielded mutants that virtually lost the ability to bind any 

GPCRs.71 One of the nonexposed residues in the N-domain element, Val90, was found to 

play an unexpectedly important role; its substitution with serine (Ser86 is the homologous 

arrestin-2 residue) increased arrestin-1 binding to M2 muscarinic receptor more than any 

other point mutation.19 Arrestin-3, with similarly broad receptor specificity, has Ala87 in the 

same position,20 which suggests that a small side chain is important. Crystal structure shows 

that arrestin-1 Val90, localized between the two β-sheets, makes contacts with several other 

hydrophobic residues, apparently stabilizing the core of the N-domain.18 All potential 

partners are present in arrestin-219 and -3,20 but they do not contact the smaller side chain of 

Ser86 or Ala 87. This analysis indicates that the presence of the bulky Val90 increases the 

rigidity of the N-domain, apparently enhancing receptor specificity of arrestin-1, whereas 

the smaller side chains in arrestin-2 and -3, as well as in the arrestin-1-V90S mutant, make 

the N-domain more flexible, which appears to correlate with broad receptor specificity. 

These results suggest that to construct a nonvisual arrestin with narrow receptor preference, 

one needs to place valine in this position.

The fact that the same 10 exposed residues determine receptor specificity and largely drive 

the arrestin–receptor interaction71,89 suggests that the targeted manipulation of these side 

chains has the potential to yield nonvisual arrestin mutants with much narrower receptor 

specificity than their parental proteins. Since arrestins that can selectively target particular 

GPCRs would be very useful research tools and have clear therapeutic potential,141,142 this 

idea was recently tested experimentally.143 Ten different amino acid substitutions affecting 

8 out of 10 identified receptor discriminator residues were introduced on the background of 

an arrestin-3-A87V base mutant. The binding of WT arrestin-3, A87V, and other mutant 

arrestins to β2AR, M2 muscarinic, as well as D1 and D2 dopamine receptors was tested in 

cells using a BRET-based assay.143 Seven out of 10 mutations resulted in differential 

changes in the binding to these receptors, yielding up to fourfold increase in GPCR 

selectivity over WT protein.143 This unexpectedly high success rate clearly indicates that 

correct targets were chosen to change the receptor preference of arrestin-3. The combination 

of two mutations that individually reduced β2AR binding, but did not affect the interactions 

with M2 or D2 receptors, yielded a variant with more than 50-fold preference for these 

receptors over β2AR. Similarly, two other mutations were shown to act additively; their 
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combination yielded a version of arestin-3 with >fivefold preference for D1 over D2 

receptor.143

Numerous GPCR mutations have been shown to underlie a variety of human disorders 

(reviewed in Ref. 144). Currently, there are no viable approaches to counteract the effects of 

gain-of-function mutations that result in excessive receptor signaling. Arrestins with 

enhanced ability to quench this signaling, such as the phosphorylation-independent mutants 

described above, have a potential to become a solution to this problem. However, WT 

nonvisual arrestins have very broad receptor specificity, so the introduction of an enhanced 

arrestin-2 or -3 will likely simultaneously blunt the signaling by the “bad” mutant receptor 

and numerous other perfectly normal GPCRs expressed in the same cell. Therefore, arrestin 

variants selectively targeting the overactive receptor are needed for therapeutic use in 

combination with other mutations changing its functional capabilities. This study was the 

first attempt to create something that evolution did not; a nonvisual arrestin with high 

receptor selectivity. Both the 70% success rate in changing receptor preference and additive 

effects of individual mutations show that it opened a promising new direction. However, a 

lot of additional experimentation is necessary to construct the arrestins that fit every GPCR 

whose signaling needs to be corrected to cure a particular human disorder. The same 

approach can be used to rein in excessive signaling by normal GPCRs that develops for 

various reasons in numerous human disorders.

4. INTERACTIONS WITH OTHER SIGNALING PROTEINS

Clathrin was the first nonreceptor-binding partner of arrestin proteins identified.145 Since 

then arrestins were shown to interact with an amazing variety of trafficking and signaling 

proteins (see Chapter 1). The molecular mechanisms of most of these interactions remain to 

be elucidated. By comparison, it appears that we know a lot about the mechanics of receptor 

binding, although even in this area there are more questions than answers.

4.1. Where do the other partners bind?

Only two proteins have been shown to interact with the receptor-binding surface of arrestins: 

microtubules35 and Ca2+-liganded calmodulin.146 In both cases, receptors bind arrestin with 

much higher affinity, easily winning the competition with these partners.32,146 Most other 

proteins interact with receptor-bound arrestins,145,147–150 which suggests that they engage 

nonreceptor-binding elements localized either on the convex sides of the two domains, or on 

the arrestin C-tail that is released upon receptor binding.

Considering the potential biological importance of these interactions, surprisingly few 

binding sites of nonreceptor partners have been identified, and most of those very 

imprecisely. The best characterized among these are clathrin and AP2 interaction sites, both 

of which are localized in the C-tail of arrestin-2 and -3. The main clathrin site is a short 

LIELD or LIEFE motif in the part of the C-tail upstream of its contact with the N-

domain,151 which is not visible in any of the crystal structures of free arrestins, likely 

because it is inherently disordered.19–21 This interaction was resolved in the cocrystal of 

arrestin-2 with the clathrin β-propeller domain, where this arrestin element binds between 

blades 1 and 2.152 Interestingly, in the prevalent long splice variant of arrestin-2,8 another C-
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tail element also interacts with clathrin, binding between blades 4 and 5.152 The AP2 

binding site was localized downstream of the N-domain contact in the distal C-tail, by 

extensive mutagenesis147,153 and cocrystallization of an arrestin peptide with the AP2 beta-

appendage.154

No other partners have so far been cocrystallized with arrestins or even their elements. Only 

the binding sites of microtubules,35 calmodulin,146 and cAMP phosphodiesterase 

PDE4D5155 were mapped with any degree of precision. Particular residues in arrestin-2 

were implicated in binding of MEK1156 and c-Raf1,157 and several residues in arrestin-3 

were found to be critical for its ability to promote JNK3 activation.158 Thus, the structural 

basis of arrestin interactions with the great majority of putative partners still remains to be 

elucidated.

4.2. The shape of the arrestin–MAPK signaling complex

The first reports of arrestin-mediated activation of MAP kinases suggested that in each 

MAPKKK–MAPKK–MAPK cascade only MAPKKKs (ASK1 and c-Raf1) and MAPKs 

(JNK3 and ERK1/2) directly bind arrestins, whereas MAPKKs (MKK4 and MEK1) are 

recruited via interactions with corresponding MAPKKKs and/or MAPKs.148,149 This model 

further suggested that MAPKKKs bind to the N-domain of arrestins, whereas MAPKs 

interact with the C-domain.159 Subsequently, two MAPKKs, MEK1156 and MKK4,160 were 

shown to bind arrestins directly in the absence of MAPKKKs or MAPKs. Moreover, 

separately expressed arrestin N- and C-domains were shown to interact with all three kinases 

in c-Raf1–MEK1–ERK1/2 and ASK1–MKK4–JNK3 cascades.161,162 This led to an 

alternative model of the arrestin complex with MAP kinases, where MAPKKK, MAPKK, 

and MAPK have bipartite binding sites, each interacting with both arrestin domains,162 so 

that the three kinases are arranged on arrestin-like three hotdogs on a single bun.141 

Considering that receptor binding induces a conformational change in arrestins, the 

dependence of arrestin scaffolding function on GPCR activation can be easily explained by 

this arrangement.

4.3. Conformational preferences determine outcomes

The first reports of arrestin binding to nonreceptor partners focused on GPCR-associated 

arrestins,145,147–149 creating an impression that these interactions are contingent on arrestin 

binding to receptors. This implied that only “active” receptor-bound arrestin can engage 

other proteins, which turned out not to be the case. In fact, accumulating evidence suggests 

that most arrestin-binding partners interact with arrestins in all three conformations, basal, 

receptor-bound, and microtubule-associated, but their conformational preferences vary 

widely.

ERK1/2 appears to be an extreme case; it interacts with reasonable affinity only with 

receptor-bound arrestins, whereas its transient interaction with free arrestins is not even 

detectable by coimmunoprecipitation without cross-linking.133,149 C-Raf1 also prefers 

receptor-bound form, although the difference in binding is not as dramatic.133 In contrast, 

MEK1 not only binds free arrestins156 but also does not discriminate among the three 

conformations.133 Unexpectedly, it was shown that both ERK1/2 and c-Raf1 bind arrestins 
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in a conformation preferred by microtubules (which is mimicked by a 7-residue deletion in 

the inter-domain hinge, termed D735) better than the basal state of free WT arrestins.133 In 

cells, arrestins-1, -2, and -3 all bind ERK1/2 and recruit it to microtubules, reducing the 

overall ERK1/2 activation level, whereas arrestin-4 does not have this effect.35 Moreover, 

arrestin-3-D7 effectively suppresses—ERK1/2 phosphorylation induced by receptor 

activation, which makes it a dominant-negative form in this regard.136 The facilitation of 

signaling in c-Raf1–MEK1–ERK1/2 cascade appears to be strictly dependent on arrestin 

binding to GPCRs,133,136,157 as originally hypothesized.149 Therefore, mutant arrestins with 

impaired receptor binding that do interact with ERK1/2 normally recruit it away from places 

where it can be activated, blunting ERK1/2 activity.35,136

Arrestin-3, but not the other subtypes, promotes signaling in the ASK1–MKK4–JNK3 

cascade, and this function was originally ascribed to the receptor-bound form.148 However, 

subsequent studies showed that free arrestin-3 effectively facilitates JNK3 

phosphorylation136,158,159,162 and even localizes JNK3 to the cytoplasm independent of 

GPCR binding.134,136,163 An assay based on the ability of arrestins to move JNK3 from the 

nucleus to the cytoplasm did not detect any differences among WT arrestins, their 

preactivated phosphorylation-independent forms where the C-tail is forcibly detached by a 

triple alanine substitution (3A), and D7 mutants with impaired receptor binding.134 

However, more a quantitative BRET-based assay in cells showed that arrestin-3–D7 actually 

binds JNK3 better.136

The ubiquitin ligase Mdm2 was first reported to interact with receptor-bound arrestins.150 

However, the comparison of the ability of different forms of arrestins to remove Mdm2 from 

the nucleus showed that D7 mutants do it more efficiently than WT, whereas preactivated 

3A mutants are the least effective,134,161 indicating that Mdm2 prefers free over receptor-

bound arrestins. Yet arrestin ubiquitination by Mdm2 is clearly stimulated by receptor 

binding,135,150,164 suggesting that receptor-bound form is a better substrate for Mdm2. 

Collectively, these data suggest that Mdm2 binds free arrestins and is recruited to the 

receptor, where it has limited time to ubiquitinate arrestin before falling off due to reduced 

binding affinity. This model explains limited and fairly selective ubiquitination of arrestins 

by Mdm2 in response to receptor activation.164 Another E3 ubiquitin ligase, parkin, also 

shows strict preference for the basal and D7 forms of arrestins over 3A mutants partially 

mimicking receptor-bound state.135 Interestingly, in contrast to Mdm2, parkin appears to be 

able to shift the conformational equilibrium of arrestin to the form it prefers.135 Parkin 

greatly increases the binding of Mdm2 to WT arrestins, but not to D7 mutants that show 

enhanced Mdm2 interaction, suggesting that parkin acts by stabilizing the D7-like 

conformation.135 We found that parkin suppresses Mdm2-dependent arrestin 

ubiquitination.135 This is consistent with the idea that parkin stabilizes a basal-like arrestin 

conformation, whereas receptor-bound arrestins are better Mdm2 substrates.

Even though they appear almost inseparable in evolution (see Chapter 2),12 the two arrestin 

domains are independent folding units that can be expressed separately and retain certain 

functions.24–26,80 Therefore, the expression of separated domains has been repeatedly used 

to determine which part of arrestin contains the binding sites for different partners. 

Interestingly, whenever the localization of binding sites was tested by this method or using 
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peptide arrays, it was found that the protein of interest binds both arrestin domains. This was 

shown for microtubules,35 the MAP kinases JNK3,161 ASK1,162 MKK4,162 c-Raf1,162 

MEK1,162 ERK2,162 the cAMP phosphodiesterase PDE4D5,155 as well as the ubiquitin 

ligases Mdm2135,161 and parkin.135 Thus, with very few possible exceptions, the interaction 

with both arrestin domains appears to be a general rule. Even though receptor binding does 

not induce a large movement of the two arrestin domains, the domains actually shift relative 

to each other.72 Therefore, this rearrangement can explain conformational preference of 

certain partners; the relative positions of the two parts of the binding site localized on 

different domains actually change. The distance between these two parts and/or their relative 

orientation can become favorable or unfavorable for the interaction in one of the 

conformations.31

It is harder to reconcile the bipartite binding site with the observations that some proteins, 

such as MEK1, appear to bind arrestins in all conformations equally well,133 unless the 

interaction with one of the domains predominates, as some data suggest.156 It is even harder 

to explain mechanistically how ERK1/2 can prefer both receptor-bound and D7-like 

conformation over basal; existing data suggest that the arrestin domains shift in opposite 

directions in these two states.34,35 It is becoming increasingly clear that without direct 

structural information obtained by cocrystallization of arrestins with different partners these 

questions will remain unanswered.

4.4. Binding and activation do not go hand-in-hand

The original explanation for why arrestin-3 promotes JNK3 phosphorylation while the 

closely related arrestin-2 does not was beautifully simple; it was suggested that arrestin-2 

does not bind this MAP kinase,148 and this idea appeared to be supported by the 

identification of putative JNK3-binding sequence RRS present in the C-domain of 

arrestin-3, whereas arrestin-2 has KP in homologous position.159 However, RRS is only 

found in rodent arrestin-3, while the prevalent sequence in mammalian species is RS.12 

Subsequent studies showed that arrestin-3 from other species also binds JNK3134,163 and 

effectively facilitates its activation.136,158,162 In fact, all four mammalian arrestins were 

found to bind JNK3 comparably and remove it from the nucleus, where it spontaneously 

localizes, to the cytoplasm.134,161 This was the first indication that JNK3 binding and its 

activation are two distinct functions of arrestins. The idea that arrestin-2 might not bind the 

upstream kinases ASK1 and MKK4, and therefore fails to assemble the complete MAPK 

module necessary for JNK3 activation, also was not supported by the evidence; both 

nonvisual arrestins appeared to interact with all three kinases comparably in cells,162 

although subsequent more precise direct binding experiments with purified proteins 

suggested that the affinity of arestin-3 for JNK3 and MKK4 is higher than that of 

arrestin-2.160 Since to assemble a productive complex arrestin must hold all three kinases 

simultaneously, even a subtle reduction in affinity for two of them could make a qualitative 

difference in the cellular environment, where the concentrations of all proteins involved are 

fairly low.

Arrestins-2 and -3 are 78% identical (and 88% similar),8 both bind ASK1, MKK4, and 

JNK3,134,162 yet only arrestin-3 facilitates JNK3 phosphorylation in cells.148,158,162 Thus, 
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arrestin-3-specific residues must be responsible for its unique ability to promote JNK3 

activation. This idea was tested by the construction of arrestin-2/3 chimeras.158 It turned out 

that virtually every chimera was less efficient than WT arrestin-3,158 indicating that it is 

much easier to destroy a function than to build it. Although these data were consistent with 

earlier conclusion that each kinase in the ASK1–MKK4–JNK3 module has multipartite site, 

interacting with both arrestin domains,162 this approach identified the C-domain as the key 

element in JNK3 activation.158 Interestingly, this region included residues 182–376, 

encompassing the Arg196–Ser197 sequence in bovine arrestin-3 that is replaced with 

Lys195–Pro196 in arrestin-2. To further dissect the key arrestin-3 elements necessary for 

JNK3 activation, the residues unique for this subtype were replaced with their arrestin-2 

homologues.158 Quite a few mutations, including RS→KP, had no detectable effect, ruling 

out the role of those residues in JNK3 activation. Multiple other substitutions reduced 

arrestin-3 potency in JNK3 activation assay.158 This study identified Val343 as the most 

important residue, as a Val343Thr point mutation reduced the ability of arrestin-3 to activate 

JNK3 by two-thirds. Residues Leu278, Ser280, His350, Asp351, His352, and Ile353 were 

found to play supporting roles, as their substitution with arrestin-2 homologues also reduced 

the ability of arrestin-3 to facilitate JNK3 phosphorylation.158 Interestingly, virtually all 

arrestin-3 mutants with reduced or even abolished ability to activate JNK3 demonstrated 

essentially normal binding to all three kinases in this module, supporting the idea that the 

interaction with these kinases and the ability to promote JNK3 activation are different 

arrestin-3 functions that can be separated by targeted mutagenesis. Evolution actually 

separated these functions in arrestin-2, which binds the same kinases but does not facilitate 

JNK3 phosphorylation.162

5. DESIGNING SIGNALING-BIASED ARRESTIN MUTANTS

To a certain extent, the natural structural organization of arrestins makes targeting different 

aspects of their function easier. The concave sides of both domains contain allknown 

receptor-binding residues (Section 3.3), most other partners interact with elements on the 

other side of the molecule that remain accessible in the arrestin–receptor complex, whereas 

clathrin and AP2 engage distinct sites on the arrestin C-tail (Section 4.1) that do not appear 

to overlap with the binding sites of any other known partner. These sites were the first to be 

eliminated by targeted mutagenesis.145,147,153 Predictably, the disruption of either site 

precluded arrestin interactions with its respective partners without affecting GPCR binding. 

Moreover, arrestin mutants with disabled binding sites for clathrin, AP2, and particularly 

both, acted as dominant-negative, selectively suppressing arrestin-dependent GPCR 

internalization via coated pits.145,147,153 These findings firmly established that arrestin 

functions can be manipulated independently of each other. In addition, these studies showed 

that an arrestin can act as adominant negative in a particular regard only when a single 

function is destroyed in a way that preserves all other functional capabilities. Similarly, to 

generate signaling-biased arrestins, a single function should be enhanced or disabled by the 

mutations that do not significantly affect others. In reality, it turned out to be extremely 

difficult to change anything within the arrestin molecule without affecting more than one 

function. However, as long as a single aspect of arrestin functions is affected to a much 

greater extent than the others, the mutant can serve a particular purpose.
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5.1. Enhanced phosphorylation-independent mutants

The first arrestin that binds with high affinity to any active form of its cognate receptor 

regardless of phosphorylation, arrestin-1–Arg175Asn, was created in the process of 

elucidation of the mechanism arrestins use to respond to the receptor-attached phosphates in 

1995.27 This happened when arrestins were still believed to interact only with GPCRs, 

before arrestin binding to the first nonreceptor partner, clathrin, was discovered in 1996.145 

Arg175 was later substituted by every residue in the book, and charge reversal mutation 

Arg175Glu was found to be the most potent.28 Later, a whole family of structurally distinct 

phosphorylation-independent mutants of arrestin-1 was constructed.77,165 The Arg175Glu 

mutant was shown to effectively suppress transducin activation by unphosphorylated light-

activated rhodopsin (Rh*).166 Several mutations homologous to those that enable arrestin-1 

binding to unphosphorylated Rh* were shown to yield similar phosphorylation-independent 

binding of both nonvisual arrestins to their cognate receptors,125–128 and to block the 

coupling of unphosphorylated WT and mutant GPCRs to their cognate G proteins.125,126,129

One of the phosphorylation-independent arrestin-1 mutants was recently tested for its ability 

to compensate for defects of rhodopsin phosphorylation in vivo.91 This enhanced arrestin-1 

was shown to significantly improve survival and functional performance of rod 

photoreceptors lacking rhodopsin kinase, and to facilitate the rate of rod recovery ~ 

threefold, as compared to parental WT arrestin-1.91 This proof-of-concept study showed that 

one mutant protein can be used to compensate for a molecular defect in another.141 

However, photoresponse recovery in “compensated” rods was much slower than in WT 

photoreceptors, suggesting that a significant further redesign of arrestin-1 is necessary to 

achieve a perfect fit and high-affinity binding to unphosphorylated Rh*.91 These results 

clearly showed that, even though we know about the molecular mechanism of the arrestin–

receptor interaction much more than about any other arrestin function, we still need a lot of 

additional information to construct a perfect tool for therapeutic use.

Enhanced phosphorylation-independent versions of all arrestins have been 

constructed125–128 and shown to effectively desensitize several GPCRs without receptor 

phosphorylation.125,126,129 These mutants proved to be useful in the studies of GPCR 

phosphorylation129,130 and its role in particular biological processes.130,167,168 However, 

wider practical use of enhanced nonvisual arrestins, particularly for therapeutic purposes, is 

contingent on our ability to make them target the receptors of our choosing, rather than all 

GPCRs indiscriminately, like parental WT arrestin-2 and -3.

5.2. Constitutively monomeric arrestins

Self-association of arrestin-1 (known as S-antigen at the time) was discovered even before 

its role in quenching rhodopsin signaling.1 Arrestin-1 was subsequently crystallized as a 

tetramer (dimer of dimers) by two independent groups under different conditions.17,18 It was 

shown to form dimers and tetramers in solution by a variety of methods: analytical 

ultracentrifugation,118 small angle X-ray scattering,119 and multiangle light scattering.120 

The study of arrestin-1 self-association using long-range measurements of inter-subunit 

distances by DEER yielded an unexpected result; the solution tetramer was found to be 

strikingly different from that in crystal form.120 Elucidation of its structure122 confirmed the 
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earlier idea that arrestin-1 oligomers are storage forms.118 It also explained the earlier 

finding that only monomeric arrestin-1 can bind rhodopsin120; in the physiologically 

relevant solution tetramer and both possible dimers the rhodopsin-binding surfaces of all 

arestin-1 molecules are shielded by sister protomers.122

Bovine, mouse, and human arrestin-1 were shown to self-associate via the same monomer–

dimer–tetramer equilibrium, although dimerization and tetramerization constants were very 

different in these species.121 Model-based targeted elimination of the same two 

phenylalanines generated self-association-deficient bovine and mouse arrestin-1.121,122 

These results showed that the structure of the solution tetramer of all mammalian arrestin-1 

is likely very similar, despite striking differences in dimerization and tetramerization 

constants. This study also generated a constitutively monomeric form of arrestin-1 that 

retained perfectly normal binding to rhodopsin and microtubules.121 This mutant is the 

molecular tool necessary to determine the biological role of robust arrestin-1 self-association 

at concentrations normally found in photoreceptors.110,115–117 This is not a trivial question, 

as only monomeric arrestin binds receptor,120 and no other signaling protein in 

photoreceptors has an oligomeric storage form. Interestingly, cone-specific arrestin-4 is a 

constitutive monomer,169 but it represents only ~ 2% of total arrestin complement in 

cones,170 the rest being arrestin-1 that readily self-associates. This finding, along with 

apparent conservation of self-association among mammalian arrestin-1 homologues,121 

strongly suggests that oligomerization of this subtype has an important biological function 

that needs to be elucidated experimentally.

Both nonvisual arrestins were also found to self-associate171–173 and even form 

heterodimers.171,172 The mechanism of self-association of arrestin-1 and nonvisual subtypes 

appears to be different, as IP6 inhibits oligomerization of arrestin-1, while promoting self-

association of nonvisual arrestins.169,172 Two IP6 binding sites in arrestin-2 were identified 

by crystallography and confirmed by structure-based mutagenesis.172 Self-association was 

shown to regulate the subcellular distribution of arrestin-2; oligomers were predominantly 

cytoplasmic, whereas monomers showed increased nuclear localization.172 Oligomerization 

of arrestin-3 was reported to be required for its interaction with the E3 ubiquitin ligase 

Mdm2, and elimination of IP6 binding residues inhibited Mdm2 binding and p53-dependent 

antiproliferative effects of arrestin-3.173 It should be noted that while self-association of 

arrestin-1 certainly stops at tetramers that have the shape of closed diamonds, where all 

potential interaction surfaces are fully engaged by sister subunits,122 it is not clear whether 

oligomerization of nonvisual arrestins has a natural limit. Crystallography suggests that they 

might form chains of any length172; biochemical data obtained with pure protein indicate 

that arrestin-2 can form at least tetramers but do not provide evidence that the process stops 

at that stage.169 Further experimentation with arrestin-2, arrestin-3, and a mixed population 

of the two nonvisual arrestins in the presence and absence of IP6 is necessary to resolve 

these issues and attempt construction of constitutively monomeric forms of these proteins 

with all other functions intact. These tools are necessary to determine the biological role of 

the oligomerization of nonvisual arrestins.
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5.3. Manipulating MAPK signaling

MAP kinases regulate many vital cellular functions, from proliferation to apoptotic death.174 

MAPK cascades consist of three kinases that sequentially activate each other by 

phosphorylation: upstream MAPKKKs (e.g., ASK1 and cRaf1), MAPKKs (e.g., MEK1/2, 

MKK4/7), and MAPKs (e.g., ERK1/2, JNK1/2/3, p38 MAPK). All MAP kinases are soluble 

proteins, but phosphatase activity in the cytoplasm makes it highly likely that an upstream 

kinase would be dephosphorylated before it finds its target by random diffusion. In addition, 

there are many different MAPKs, MAPKKs, and especially MAPKKKs in the cell.174 

Therefore, productive complexes containing matching components are usually assembled by 

scaffolding proteins that bring the three kinases together, thereby facilitating signaling.175

Arrestins were shown to promote the activation of JNK3,148 ERK1/2,149 and p38 MAPK168 

by scaffolding the relevant three-kinase modules. The first reports suggested that receptor 

activation is necessary for arrestin-dependent scaffolding of MAPK cascades.148,149,168 

Subsequent studies confirmed that receptor binding is a prerequisite for arrestin-dependent 

activation of ERK1/2.133,136 However, arrestin-3-mediated facilitation of JNK3 

phosphorylation was shown to be receptor-independent,159,162 indicating that free arrestin-3 

performs this function.136,158 This was unambiguously confirmed by reconstitution of an 

arrestin-3–MKK4–JNK3 signaling module in vitro from purified proteins in the absence of 

the receptor.160

Regardless of whether free, receptor-bound, or both forms of arrestins scaffold MAPK 

cascades, several ways of manipulating MAPK signaling by mutant arrestins are 

conceivable. First, targeted mutations disrupting an interaction with one of the kinases 

would yield arrestins that can only form incomplete complexes, thereby sequestering the 

other two kinases and suppressing the activation of a particular MAPK. Second, a mutant 

that binds all kinases but holds them in a “wrong” configuration not conducive to signal 

transduction would serve this purpose even better. Third, mutations enhancing the 

interactions with one or more of the kinases in a particular cascade would channel signaling 

in that direction. Finally, mutations that create preference for ERK1/2 over JNK3 would 

facilitate prosurvival and suppress proapoptotic signaling, while mutations biasing arrestin 

toward JNK3 would have the opposite effect.

Even though the binding sites of MAP kinases remain unknown or poorly defined, several 

signaling-biased forms of arrestins that significantly affect MAPK signaling were created. 

The first in this line was arrestin-2-R307A mutant, which was shown to have impaired c-

Raf1 binding, while interacting with ERK1/2 and MEK1 normally.157 In contrast to WT 

arrestin-2, the expression of this mutant did not rescue β2AR-dependent arrestin-mediated 

ERK1/2 activation in arrestin-2/3 double knockout cells.157 Whether this mutant can 

suppress ERK1/2 activation via other scaffolds still remains to be elucidated. Interestingly, a 

homologous K308A mutation in arrestin-3 did not affect c-Raf1 binding or its ability to 

promote ERK1/2 phosphorylation upon receptor stimulation.157 These results suggest that 

despite very high homology between the two nonvisual subtypes, the molecular mechanisms 

of scaffolding c-Raf1–MEK1–ERK1/2 cascade by arrestin-2 and -3 are subtly different.
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Two signaling-biased mutants of arrestin-3 have been characterized more 

comprehensively.136 The ability of WT arrestin-3, its “preactivated” 3A mutant that binds 

GPCRs even more readily,125 and two receptor-binding-impaired forms; one with 7-residue 

deletion in the inter-domain hinge (D7) and the other where key receptor-binding residues 

were mutated to alanines (KNC),71,89 to bind JNK3 and promote its activation in the cell 

was compared.136 It turned out that the ability of these proteins to bind GPCRs and activate 

JNK3 do not correlate at all: WT arrestin-3 that binds receptors and D7 mutant that does not 

promoted JNK3 phosphorylation equally well, whereas both 3A and KNC did not.136 This 

was the most convincing evidence that arrestin-3 scaffolds ASK1–MKK4–JNK3 module 

independently of receptor binding. Moreover, the inactive KNC mutant was shown to 

interact with ASK1 and MKK4 as well as WT, and bind JNK3 even better,136 providing the 

strongest proof so far that recruitment of MAP kinases and the ability to promote signaling 

in the cascade are also separable arrestin functions. Indeed, the KNC mutant was shown to 

act in a dominant-negative manner, suppressing JNK3 activation in the cell. Thus, 

arrestin-3–KNC is a silent scaffold, inhibiting JNK3 activation by sequestering ASK1, 

MKK4, and JNK3 away from productive scaffolds. As could be expected, both receptor-

binding-impaired forms of arrestin-3, D7 and KNC, were found to suppress ERK1/2 

activation.136 Apparently, these mutants retain the ability to recruit kinases of c-Raf1–

MEK1–ERK1/2 module but cannot assume the conformation conducive to ERK1/2 

activation due to the defect in GPCR binding.

These studies generated tools that selectively suppress either ERK1/2 or JNK3 activity, 

which is believed to send prosurvival or proapoptotic signal to the cell, respectively. The 

ability of the arrestin-3–KNC mutant to enhance cell survival and that of arrestin-2–R307A 

to suppress proliferation and possibly facilitate cell death needs to be tested. Mutants where 

individual functions are enhanced, rather than suppressed, also must be developed. Targeted 

construction of distinct signaling-biased forms of arrestins would be greatly facilitated by 

better understanding of the molecular mechanisms involved in their binding to nonreceptor 

partners and the ability to scaffold MAP kinase cascades productively.

6. CONCLUSIONS: WHERE DO WE GO FROM HERE?

It might appear that as proteins go, arrestins are fairly well studied structurally and 

functionally. It is clear that members of this small protein family, which apparently emerged 

relatively late in evolution,12 likely after GPCR kinases,176 serve as multifunctional 

signaling organizers in the cell. However, while known phenomenology is rich and pretty 

well described,177 the structural basis of most arrestin functions remains obscure. The 

molecular mechanisms underlying arrestin interactions with most partners, as well as 

expected inter-dependence of these interactions, must be elucidated. This will greatly 

improve our understanding of cell signaling, particularly the integration of different inputs 

into coherent cell behavior, which is arguably the greatest challenge in modern cell 

biology.142 As an added bonus, elucidation of the molecular mechanisms underlying 

individual arrestin functions and identification of the residues involved will pave the way to 

intelligent design of mutant arrestins with desired signaling bias. The mutants of this type 

are not just valuable research tools but also hold promise of enormous therapeutic potential.
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Figure 3.1. 
Basal conformation of different arrestin subtypes. Superimposition of the crystal structures 

of the two monomers in the arrestin-1 tetramer (Arr1A, red and Arr1D, pink),18 two 

monomers of the arrestin-2 dimer (Arr2A, light blue and Arr2B, dark blue),19 and arrestin-3 

(Arr3, yellow)20 shows remarkably similar cores of both domains and variable structure of 

the loops and inter-domain hinge. Importantly, the variability of these elements in different 

monomers of the same arrestin (compare Arr1A and Arr1D, as well as Arr2A and Arr2B) is 

essentially as great as between arrestin subtypes, suggesting that it reflects the flexibility of 

these loops, rather than their subtype-specific conformations. Black and red circles show the 

location of the two key intramolecular interactions that hold arrestins in their basal state, the 

polar core in the inter-domain interface, and the three-element interaction between β-strand 

I, α-helix I, and β-strand XX in the C-tail, respectively. The panels above show detailed 

structure of these elements revealing their extremely high conservation, down to the 

orientation of the side chains. Right: The polar core, main phosphate sensor. Left: The three-

element interaction. In both panels, residue numbers of bovine proteins are indicated as 

follows: arrestin-1, red; arrestin-2, blue; arrestin-3, green.
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Figure 3.2. 
Comparison of the cytoplasmic side of active receptor and arrestin. Putative complex 

assembled from crystal structure of active β2-adrenergic receptor (from the complex with Gs 

heterotrimer44) and arrestin-2.19 Phosphate-binding residues and other elements that likely 

come into direct contact with receptor are shown in red and blue, respectively. Darker blue 

shows residues in positions where the mobility of the engineered spin label is dramatically 

decreased upon receptor binding, whereas lighter blue denotes smaller decreases in spin 

label mobility (based on Ref. 71). Residue numbers correspond to bovine arrestin-2 used 

in.71 The comparison of these structures suggests that the receptor-binding surface of 

inactive arrestin-2 is greater than the cytoplasmic part of the receptor resolved in crystal. 

The receptor C-terminus (not resolved in any crystal structure) with attached phosphates 

(yellow spheres) was added manually to position the phosphates near known phosphate-

binding positive charges in arrestin. The analysis of receptor-binding-induced 

conformational changes in arrestin-172 revealed very small shifts in relative positions of the 

two arrestin domains, moderate movement of the “finger loop” toward the receptor, large 

movement of the neighboring “139 loop” toward the N-domain and to the side (out of the 

way of incoming receptor), as well as the movement of two loops at the distal tips of the N- 

and C-domain toward the receptor. Collectively, these rearrangements would allow the 

finger loop to insert itself deep into the cavity between receptor helices that opens upon 

activation, and move the tips of the arrestin domains closer to the receptor. However, all 

contacts expected based on EPR studies of binding-induced changes of spin label mobility in 
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arrestin-173 and -271 can only be readily achieved if the receptor helices move even further 

apart than they do in complex with Gs.
44
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