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G-protein coupled receptors (GPCRs) are the largest known family of signaling proteins, with over 800 members in

humans, and even more in most mammalian species. They are responsible for initiating intracellular signaling that affects

metabolism, growth, differentiation, and mediate sensory inputs underlying taste, sense of smell, and vision. GPCRs are

targeted by about a third of clinically used drugs.
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1. Introduction

G-protein coupled receptors (GPCRs) are the largest known family of signaling proteins, with over 800 members in

humans, and even more in most mammalian species ( http://gpcrdb.org , accessed on 16 on November 2021). They are

responsible for initiating intracellular signaling that affects metabolism, growth, differentiation, and mediate sensory inputs

underlying taste, sense of smell, and vision . GPCRs are targeted by about a third of clinically used drugs . While

there is a lot of structural and dynamic information about how GPCRs engage G-proteins, less is known about how

arrestins interact with GPCRs. Arrestins are regulatory proteins that play a key role in homologous desensitization of

GPCRs ( Figure 1 ) and direct signaling to other pathways . Existing structures of two different arrestins (arrestin-1

and arrestin-2) bound to several GPCRs  reveal the end result, but do not reveal the sequence of molecular

events during binding or identify arrestin and receptor elements that drive the process. Receptor binding of arrestins is

precisely timed, and arrestins demonstrate impressive selectivity for active phosphorylated receptors . Timing and

selectivity of arrestin binding was shown to be critical for the proper function of rod photoreceptors in the retina , as well

as in other GPCR-driven signaling systems .

Figure 1. GPCR signaling, desensitization, and internalization. GPCRs (purple) are transmembrane proteins that mostly

localize to the plasma membrane (light blue). GPCRs are activated by agonist (A in red circle) binding. Active receptor

binds inactive (GDP-liganded) heterotrimeric G protein consisting of α-, β-, and γ-subunits (where α- and γ-subunits have

lipid modifications shown as purple tails inserted into the membrane). Receptor binding opens the nucleotide pocket in the

G protein α-subunit, leading to the release of bound GDP and binding of GTP, which is more abundant in the cytoplasm.

GTP-liganded G protein dissociates from the receptor as a separated α-subunit-GTP and βγ-dimer, both of which interact

with various effectors to initiate signaling. Active GPCRs are recognized by specialized GPCR kinases (GRKs, pink oval)

that phosphorylate many GPCRs at the C-terminus, although in some receptors, GRK phosphorylation sites are localized

on other cytoplasmic elements. Arrestins (magenta) bind active phosphorylated GPCRs and via direct interactions recruit

main components of the endocytic machinery of the coated pit, clathrin (green hexagon), and clathrin adaptor AP-2

(yellow), thereby promoting receptor internalization. The internalized receptor is deactivated by the loss of agonist in the

acidic environment of the endosome. This facilitates arrestin dissociation, which makes receptor-attached phosphates
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accessible for the phosphatases (possibly PP2A, shown in green). The dephosphorylated receptor can be recycled back

to the plasma membrane and reused. Some internalized GPCRs are sent to lysosomes for degradation (not shown). This

reduces the number of receptor molecules in the cell (downregulation).

Only four subtypes of arrestin proteins are expressed in most vertebrates (bony fish that underwent an extra round of

whole genome duplication express more) . Arrestin-1 and -4 are the two visual subtypes present in photoreceptor cells

in the retina. Their function is to regulate phototransduction cascades, i.e., quench photopigment signaling in rods and

cones . Arrestin-2 and -3 are ubiquitously expressed and regulate hundreds of GPCR subtypes involved in a wide

range of signaling pathways . Arrestin-1 displays the highest selectivity for active phosphorylated rhodopsin, as

compared to its other functional forms , including retinal-free opsin . Therefore, it was used to elucidate the

mechanism of arrestin activation and its binding to various functional forms of cognate receptors. Similar to rhodopsin,

non-visual GPCRs can be in an active or inactive state, unphosphorylated or phosphorylated. It should be noted, though,

that in contrast to rhodopsin, which exists in the dark with covalently attached inverse agonist 11-cis-retinal, effectively

suppressing its constitutive activity (reviewed in ), non-visual GPCRs in an unliganded state, as well as occupied by

various ligands, sample a variety of conformations . Additionally, in rhodopsin, all GRK-phosphorylated residues are

compactly localized in a short stretch in the C-terminus , while in other receptors, GRK targets can be in the C-terminus

or cytoplasmic loops, often in more than one receptor element (e.g., see several examples in  and more general

discussion in ). However, critical mechanisms that govern the arrestin–GPCR interactions appear to be conserved in

other arrestin subtypes , although their relative roles in the binding vary. Two possible modes of the binding of non-

visual arrestins to their cognate GPCRs have been documented: the engagement of only the phosphorylated C-terminus

and simultaneous two-site interaction with the C-terminus and the cavity between transmembrane helices .

Interestingly, the first mode of binding was shown to be compatible with simultaneous interaction with arrestin and G

protein . Even though this was demonstrated using an artificial construct, β2-adrenergic receptor (β2AR) with

vasopressin V2 receptor C-terminus, it is entirely possible that this might be applicable to natural non-visual GPCRs.

Arrestin-1 demonstrates virtually no binding to unphosphorylated inactive rhodopsin (Rh) or unphosphorylated opsin .

Relatively low binding to unphosphorylated, active rhodopsin (Rh*), phosphorylated inactive rhodopsin (P-Rh), and

phosphorylated opsin was detected . In fact, phosphorylated opsin is the second most “attractive” functional form of

rhodopsin after phosphorylated active rhodopsin (P-Rh*) . Arrestin-1 demonstrates 10- to 20-fold higher binding to

P-Rh * .

This high specificity was explained by the existence of two independent elements (termed sensors ) in arrestin-1, one

interacting with the receptor-attached phosphates and the other with parts of the receptor that change conformation upon

activation . The sequential multi-site model of the arrestin–receptor interaction posits that to swing into action,

arrestins need both the receptor in active conformation and receptor-attached phosphates to simultaneously engage

arrestin elements that specifically bind respective parts of the receptor . In the case of arrestin-1, the only functional

form of rhodopsin capable of engaging both sensors at the same time is P-Rh* . This triggers a global conformational

change in arrestin, which brings to the receptor additional elements that stabilize this interaction, and therefore increase

the binding affinity . This model is consistent with available structures of free (in the basal conformation) 

and receptor-bound  arrestins, and molecular modeling of arrestin activation . Conformational changes in

arrestin-3 (i.e., β−arrestin2) induced by GPCR binding were explored in cells using several sensors incorporated into the

arrestin molecule . Additionally, differentially phosphorylated rhodopsin  and vasopressin receptor C-termini 

were used to investigate how the pattern of receptor phosphorylation (usually termed “barcode”) affects arrestin binding

and binding-induced conformational rearrangements. Nonetheless, the exact mechanism of the conformational change in

arrestin induced by GPCR binding has not been fully elucidated. The first step in this direction is the identification of

arrestin sensors.

2. Phosphate Sensor

Numerous mutants of arrestin-1, -2, and -3 have been constructed and tested over the years, some of which

demonstrated increased binding to P-Rh* and even unphosphorylated Rh*. When tested, these mutants demonstrate

greater overall flexibility  and greater propensity to spontaneously assume a receptor-bound-like conformation .

These mutants in different studies were termed “enhanced”, “pre-activated”, or “active”. Below, we use the term “pre-

activated”, indicating their increased binding to cognate receptors. We do not believe the term “active” correctly describes

these mutants, as pre-activated mutants of non-visual arrestins do not facilitate ERK1/2 activation without binding to

receptors , indicating that the conformations of even the most pre-activated mutants are distinct from those of

receptor-bound arrestins.

[15]

[16]

[3][4]

[11] [17]

[18]

[19]

[13]

[20]

[3]

[11]

[21]

[22]

[17]

[17]

[17][23]

[17]

[17]

[11][17]

[11]

[17]

[11] [24][25][26][27]

[5][6][7][8][9][10] [28]

[29][30] [31] [32]

[33] [34]

[35][36]



It turned out that lariat loop lysine mutations do not have a significant effect on the binding of WT arrestins to P-Rh* and

phosphorylated non-visual receptors . In fact, charge reversal and neutralization of the lariat loop lysine on some pre-

activated backgrounds in arrestin-1 even increased the binding to Rh*, suggesting that it might be involved in interactions

with unphosphorylated portions of rhodopsin. Thus, while the conserved lysine in the lariat loop apparently participates in

receptor binding, it does not act as the phosphate sensor . This lysine is not the only lariat loop residue implicated in

rhodopsin binding: alanine substitutions of Leu249, Tyr250, Ser251, Ser252, and Tyr254 in the lariat loop were shown to

reduce P-Rh* binding .

The role of the two lysines in the β-strand I in binding to cognate GPCRs of non-visual arrestin-2 and -3 was tested using

the in-cell BRET-based assay . The binding of both non-visual subtypes to P-Rh* in vitro and the binding of arrestin-

1 to non-visual GPCRs in cells was dramatically reduced by alanine substitutions of these two lysines . These

interactions with non-cognate receptors were likely largely driven by the phosphate binding, so that these data support the

idea that these two lysines are critical for phosphate-induced arrestin activation. However, the binding of both arrestin-2

and -3 to cognate non-visual GPCRs in cells was not dramatically impacted by the elimination of positive charges in these

positions . Thus, non-visual arrestins do not appear to rely as much on receptor-attached phosphates as arrestin-1.

Both receptor phosphorylation and activation are needed for high-affinity arrestin binding, although non-visual arrestin-2/3

are less selective than arrestin-1 ( Figure 2 ). Both sensors must be engaged simultaneously to trigger arrestin transition

into a high-affinity receptor-binding conformation, as evidenced by direct binding data  and suggested by

modeling . When arrestin interacts with the active phosphorylated receptor, the phosphate sensor engages receptor-

attached phosphates, while the activation sensor binds parts of the receptor that change conformation upon activation,

destabilizing inter-domain interactions. This model of arrestin binding suggests functional symmetry between

phosphorylation and activation (reviewed in ). While the mechanism of phosphate sensing was thoroughly investigated,

the identity of the activation sensor is still debated.

Figure 2. Receptor functional form selectivity of arrestins. (A) Binding of arrestin-1 to the four functional forms of

rhodopsin. Note the ~10-fold higher binding to P-Rh* than to inactive P-Rh or unphosphorylated active Rh*. (B,C). Binding

of arrestin-2 (B) and arrestin-3 (C) to four functional forms of the β2-adrenergic receptor. Note only an ~2-fold binding

differential between the active and inactive phosphorylated receptor. In all cases, arrestins do not bind inactive

unphosphorylated receptors. Binding data from .

3. Finger Loop as an Activation Sensor

Arrestin finger loop connecting β-strands V and VI emerged as the top candidate for the receptor activation sensor in

visual arrestin-1  ( Figure 3 ). The sequence of this loop is remarkably conserved among arrestin subtypes, and the

finger loop was invariably found in the cavity between the cytoplasmic ends of GPCR transmembrane helices in all

structures of the complex . As GPCR activation is always accompanied by the opening of this cavity , it

makes perfect sense that the presence of an open cavity serves as an indicator of receptor activation for all proteins that

prefer active GPCRs over inactive , G proteins, G protein-coupled receptor kinases, and arrestins . In the

protomers where it is resolved, the finger loop in the basal state of arrestin-1 is unstructured . This loop forms a

short α-helix upon binding rhodopsin  ( Figure 3 ). While a similar conformational change in the finger loop appears to

occur in arrestin-2 bound to the neurotensin receptor 1 , it was not observed in complex with the muscarinic M2  or

with β1-adrenergic  receptor ( Figure 3 ). Interestingly, even though the orientation of bound arrestin relative to the

receptor in the case of rhodopsin , M2 receptor , β1-adrenergic receptor , vasopressin 2 , corticotropin-releasing

factor receptor 1 , and parathyroid hormone receptor 1 , on the one hand, and neurotensin receptor  on the
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other differs by almost 90°, the finger loop is invariably found within this receptor cavity. It is worth noting that in the

arrestin-3 trimer, where all three protomers were in a receptor bound-like conformation, the finger loops of the three

protomers engage each other in a manner mimicking their interaction within the inter-helical cavity of GPCRs .

Figure 3. Finger loop as the activation sensor. The structure of the finger loop in basal bovine arrestin-1 (Arr1 basal; PDB

1CF4 ), mouse arrestin-1 in complex with rhodopsin (Arr1-Rho, PDB 5W0P ), basal arrestin-2 (Arr2 basal, PDB

1G4M ), arrestin-2 in complex with M2 muscarinic (Arr2-M2R; PDB 6U1N ), β1-adrenergic (Arr2-β1AR; PDB 6TK0

), and NTSR1 neurotensin (Arr2-NTSR1; PDB 6UP7 ) receptors. Note that in receptor-bound arrestins, the finger

loop can form a short α-helix (Arr1-Rho, Arr2-NTSR1) or a different secondary structure (Arr2-β1AR, Arr2-M2R). Finger

loop and adjacent residues identified as critical for recognizing the active state of the receptor in bovine arrestin-1 (Gly68,

Glu70, Ile72, Phe79 ) and homologous conserved arrestin-2 residues (Gly64, Glu66, Ile68, Phe75) are shown as CPK

models in dark green. Polar core residues and the two lysines in the β-strand I are shown as grey CPK models. Where

resolved in structures, the phosphorylated receptor C-terminus is shown in red. Receptor-bound structures have a pinkish

tinge.

Comprehensive alanine-scanning mutagenesis showed that several mutations in the finger loop affect the receptor

binding of arrestin-1 . Arrestin-3 is the non-visual subtype that interacts with the widest variety of GPCRs .

Mutations in its finger loop impacted the interactions with receptors, suggesting that it is an essential element in binding.

Deletion of the first glycine in the arrestin-3 finger loop drastically reduced binding to several non-visual GPCRs .

Proline substitutions that reduce the flexibility and disrupt the helicity of the finger loop also lowered arrestin-3 binding to

tested receptors . Consistent with the direct involvement of this element in receptor binding, numerous finger loop

residues were found to be strongly immobilized by the bound receptor in arrestin-1 and arrestin-2 . Thus, both

structural and biochemical evidence is consistent with the idea that the finger loop acts as a sensor of receptor activation.

The finger loop between β-strands V and VI encompasses 11 residues (68–78) in bovine arrestin-1 . It has the same

length in bovine arrestin-2 (64–74)  and -3 (65–75) . The role of the finger loop in activation recognition was

investigated thoroughly by mutagenesis in arrestin-1 . Finger loop mutations were introduced on the background of WT

arrestin-1 and truncated arrestin-1-(1-378), which demonstrates much higher binding to Rh* and inactive P-Rh. The

binding to Rh*, which lacks receptor-attached phosphates, is mediated only by the activation recognition, so the finger

loop substitutions were expected to impact the binding to Rh* more significantly than to P-Rh *. In contrast, dark P-Rh is

inactive, so mutations of residues responsible for the activation recognition were expected to minimally affect the binding

to this form of rhodopsin.

Both WT and truncated arrestin-1 exhibited the highest binding to P-Rh * . To specifically study the effects on the

binding to the active unphosphorylated receptor, the ability of (1–378) mutant to bind to Rh* at relatively high levels was

utilized. The binding of truncated arrestin-1 to Rh* was more sensitive to finger loop substitutions than the binding to dark
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P-Rh and P-Rh *, consistent with the idea this element is an important site for the recognition of the active receptor

conformation. Four key residues were identified (Gly-68, Glu-70, and Ile-72 in the finger loop and immediately following

Phe-79 in bovine arrestin-1) ( Figure 3 ) for which mutations had significantly reduced the binding to Rh * but not to other

functional forms of rhodopsin . Interestingly, these four residues are conserved in non-visual subtypes  ( Figure
3 ). The mutagenesis data indicate that these four residues are critical for the activation recognition. This idea is

consistent with observed crosslinking of arrestin-2 finger loop residues (Asp-67, Leu-68, Val-70, and Leu-71) with the

NTSR1 receptor .

4. Additional Receptor-Binding Elements

In addition to the finger loop between β-strands V and VI, structural studies have identified a loop in the C-domain (loop

XVIII-XIX or loop-344) that determines differential binding to distinct functional forms of the receptor . Conformational

changes in the finger loop were directly linked to receptor activation , consistent with the idea that it serves as an

activation sensor. In contrast, loop-344 was involved in receptor binding in a manner independent of the receptor

activation state. Thus, a binding model was proposed in which the finger loop directly engages the activated receptor,

whereas loop-344 engages the membrane or neighboring receptor, regardless of the phosphorylation state of the second

receptor . This model was supported by the observed role of the arrestin C-domain in phosphorylation-independent

low-affinity receptor binding . Molecular dynamics simulation also revealed membrane-touching loops at the distal tip of

the C-domain of arrestin that act as membrane anchors, whose engagement is needed to facilitate GPCR binding by

arrestins .

Structures of arrestin-1 and -2 complexes with several GPCRs revealed other arrestin elements that contact receptors

and therefore likely play a role in binding. In the crystal structure of rhodopsin bound to arrestin-1, the phosphorylated

rhodopsin–arrestin interface is an intermolecular β-sheet with a network of electrostatic interactions formed between the

phosphorylated C-terminus of rhodopsin and the N-terminal domain of arrestin . Phosphorylation was observed at

rhodopsin C-terminus residues Thr-336 and Ser-338, which in conjunction with Glu-341 created an extensive network of

electrostatic interactions with three positively charged pockets in arrestin-1 . These pockets are formed by three groups

of basic residues: Lys-16, Arg-19, and Arg-172 (pocket 1); Lys-16, Arg-30, and Lys-301 (pocket 2); and Lys-15 and Lys-

111 (pocket 3), which interact with the rhodopsin C-terminus phosphate groups at Thr-336 and Ser-338, and the

negatively charged Glu-341, respectively . The structure with improved resolution , as compared to the original one ,

revealed the position of the rhodopsin C-terminus in the complex, which was found to serve as part of the receptor–

arrestin interface. The C-terminal portion from Lys-339 to Thr-342 of rhodopsin becomes a β-strand that forms an

extended intermolecular antiparallel β-sheet with β-strand I from Val-12 to Lys-16 of the N-terminal domain of arrestin-1 .

This rhodopsin β-strand had the same structure in all four complexes in the asymmetric unit, supporting its role as an

important part of the arrestin–rhodopsin interface.

The arrestin-2–neurotensin receptor 1 (NTSR1) complex involves intermolecular interactions that include the core

interface with two separated patches between the central crest loops of arrestin-2 and the intracellular side of the receptor

transmembrane domain, and a tail interface between the arrestin-2 N-domain and the receptor C-terminus . One patch

of the core interface is the finger loop. The finger loop makes a direct contact with the turn between TM7 and helix 8 of the

receptor . In the arrestin-2-NTSR1 complex, the receptor interacts with arrestin-2 via part of its C-terminus, the

transmembrane core, and the C-terminal end of the intracellular loop 3 . Importantly, the C-edge, portions of the 340-

loop (residues 330–340) and 191-loop (residues 186–198), seem to be in contact with the detergent micelle. In arrestin-1,

homologous 344-loop and 197-loop engage the membrane .

Intriguingly, β 1AR  and M2R  have the same orientation relative to arrestin-2 as rhodopsin relative to arrestin-1 ,

whereas NTSR1 is oriented relative to arrestin-2 in a strikingly different manner, rotated by ~90 degrees in both solved

structures . The finding that the same arrestin can engage different receptors in a distinct fashion suggests that more

than one “flavor” of arrestin complex with the same receptor might be possible. In fact, multiple distances were measured

by the pulse EPR technique double electron-electron resonance between selected points in rhodopsin and arrestin-1 .

While the most populated distances matched the structure, the presence of others suggested that different complexes are

formed, only one of which is resolved in crystal. The popular hypothesis that the pattern of receptor phosphorylation

determines the functional outcome of arrestin binding (barcode hypothesis ) also implies that arrestin bound to the

same differentially phosphorylated receptor can have different conformations.
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