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Abstract

Arrestins are a small family of proteins with four isoforms in humans. Remarkably, two arrestins 

regulate signaling from >800 G protein-coupled receptors (GPCRs) or non-receptor activators by 

simultaneously binding an activator and one out of hundreds of other signaling proteins. When 

arrestins are bound to GPCRs or other activators, the affinity for these signaling partners changes. 

Thus, it is proposed that an activator alters arrestin’s ability to transduce a signal. The comparison 

of all available arrestin structures identifies several common conformational rearrangements 

associated with activation. In particular, it identifies elements that are directly involved in binding 

to GPCRs or other activators, elements that likely engage distinct downstream effectors, and 

elements that likely link the activator-binding sites with the effector-binding sites.
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Arrestin signaling overview

Arrestins (see Glossary) are ~ 45 kDa proteins that control information flow in G protein-

coupled receptor (GPCR) signaling. Vertebrates have only four arrestin isoforms [1]. 

Arrestin-1 and -4 are expressed in photoreceptor cells and termed visual arrestins, whereas 

arrestin-2 and -3 (a.k.a. β-arrestin1 and β-arrestin2, respectively) are expressed in virtually 
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every cell. The visual arrestins are dedicated interaction partners of rhodopsin and cone 

opsins, while the non-visual arrestins can interact with >800 GPCRs, other cell surface 

receptors, and non- receptor partners that include clathrin, clathrin adaptor AP2 and various 

signaling proteins [2–4]. Of these, GPCRs are the major activators of arrestin. In addition to 

GPCRs, a naturally abundant small molecule, inositol hexakisphosphate (IP6), has recently 

been shown to activate arrestin-3. IP6 likely facilitates receptor-independent JNK3 activation 

in cells [5]. Following activation, non-visual arrestins directly bind to non-receptor partners, 

including effectors. For example, mitogen-activated protein kinases (MAPKs) and their 

upstream activators, which regulate critical cellular functions, including proliferation, 

differentiation, and apoptotic death, are among the better characterized arrestin-regulated 

signaling proteins [2, 3].

The ability to transmit a signal between a receptor and a non-receptor partner requires that 

non-visual arrestins have at least three types of elements: (1) receptor-binding sites that 

sense and select for distinct functional states of the receptor; (2) effector-binding sites that 

become structurally available when arrestin is associated with a receptor; and (3) allosteric 

connections that allow communication between the receptor- and effector-binding sites. The 

prediction that arrestin activation is accompanied by a global conformational change was 

first made in 1989, long before any structural information became available, based on the 

high Arrhenius activation energy of forming a high-affinity rhodopsin-arrestin complex [6]. 

In light of recent advances in the structural characterization of basal and active states of 

arrestin, here we focus on arrestin activation and signaling from a structural perspective.

Arrestin sensors and activation

Both the activation and phosphorylation of the GPCRs enhance arrestin binding. This was 

first discovered in the visual system, where simultaneous light-activation and 

phosphorylation of rhodopsin yields the binding of arrestin-1 that is >20-fold greater than 

the binding to light-activated unphosphorylated or inactive phosphorylated rhodopsin [7]. 

These data led to the hypothesis that arrestin has two distinct “sensors”. A phosphate sensor 

recognizes that the receptor is phosphorylated, while an activation sensor recognizes that the 

receptor is in activated state. These two sensors are proposed to bind the receptor in two 

steps to promote a high-affinity receptor-arrestin complex. The original model suggested that 

either of these sensors can be engaged first, followed by the engagement of the other in the 

second step [7]. An alternative model suggests that the first phase involves the binding of 

arrestin phosphate sensor to the phosphorylated receptor elements, while the second phase is 

the interaction of the arrestin activation sensor with the active receptor [8]. However, this 

latter model does not explain higher binding of wild type arrestins to active and 

unphosphorylated GPCRs than to inactive and unphosphorylated GPCRs [7, 9, 10]. 

Regardless of the order of binding by these sensors, the phosphate and activation sensors are 

likely common contact sites of the two non-visual arrestins and hundreds of different 

GPCRs, as well as non-receptor activators. For example, elimination of phosphate-binding 

residues in non-visual arrestins significantly reduces their interactions with β2-adrenergic 

and neuropeptide Y receptors [11, 12], whereas mutations in the activation sensor reduce 

arrestin-2 binding to M2 muscarinic and D2 dopamine receptors [5]. Additional contact sites 
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that vary depending on unique properties of individual receptors are likely also involved in 

the interaction [13, 14].

Basal conformation of arrestins: ready to act

Crystal structures of all four vertebrate subtypes in the basal state revealed that arrestins are 

two-domain molecules with a long axis of ~75Å, and a short axis of ~35Å (Figure 1) [15–

20]. There are few interactions between the two domains and disruption of these interactions 

yields arrestins that are more easily activated. One of the interactions stabilizing the relative 

orientation of the two domains is an unusual “polar core”, which includes five charged side 

chains that are buried and almost entirely solvent excluded (Figure 1) [16]. Disrupting the 

polar core by reversing the charges of the participating residues creates arrestin mutants that 

are more easily activated (sometimes called “pre-activated” arrestins) [21, 22]. These 

mutants demonstrate enhanced binding to the non-preferred forms of cognate receptors, 

active unphosphorylated and inactive phosphorylated [7, 23]. The other inter-domain 

interaction in basal arrestin is termed the “three-element interaction” (Figure 1) [16], 

which involves two elements of the N-domain (β-strand I and the α-helix) and a short region 

of the C-terminus (termed C-tail) of arrestin. Disruption of this interaction also “pre-

activates” arrestins, as evidenced by the natural splice variant that lacks the C-tail and 

therefore the three-element interaction [24], and arrestin mutants where key residues that 

anchor C-tail to the N-domain are altered [9, 10, 23]. Collectively these data led to a model 

of arrestin activation by the change in conformation involving the movement of the domains 

relative to each other [25].

Active arrestins and cellular signaling

Identifying the conformational changes associated with arrestin activation posed a major 

challenge to the field. The biologically relevant activated state of arrestin is usually 

stabilized by an interaction with a membrane-spanning cognate GPCR, and methods to 

determine the structures of complexes between a membrane protein and a binding partner 

are still not well developed. As a result, a number of different stabilization methods were 

used to capture arrestin in its active conformation. These included the use of a pre-activated 

form of arrestin-1 fused to phosphorylated and active rhodopsin [13, 14], a splice variant of 

arrestin-1 that is more easily activated [24], a receptor phosphopeptide and a stabilizing 

nanobody for arrestin-2 [26], and a small molecule IP6 that activates arrestin-3 [5], but not 

highly homologous arrestin-2 [27]. The comparison of all active arrestin structures indicates 

that common rearrangements are associated with activation.

The largest activation-associated conformational change is a ~20° rotation between the N- 

and C-domains (Figure 2A) [5, 13, 14, 24, 26]. The domain rotation is accompanied by 

significant rearrangements of the inter-domain interface, including the disruption of both the 

polar core and the three-element interaction. Notably, in the basal state of arrestin, the C-tail 

participates in both the polar core and three-element interaction, and appears to stabilize the 

orientation of the two domains (Figure 1). The structures of active arrestins confirmed that 

another hallmark of activation is the release of the C-tail from the N-domain, which 

destabilizes basal inter-domain interactions.
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Receptor-binding interface

The phosphate sensor

The phosphate sensor of arrestin directly interacts with phosphates either from GPCRs [14, 

26] or non-receptor activators, such as IP6 [5]. The lysines and arginines on the N-domain of 

arrestins directly bind phosphates. This is supported by mutagenesis [28–32] and the 

structures of arrestin-1 in complex with phosphorylated active rhodopsin [14], arrestin-2 

with V2 vasopressin receptor-derived phosphopeptide [26] and arrestin-3 with IP6 [5] 

(Figure 3A-C). All three structures revealed that highly conserved lysines and arginines form 

salt bridges with phosphates either from the receptor C-terminus or from IP6 (Figure 3A-C). 

These charge-charge interactions anchor part of the receptor C-terminus to arrestin, which 

likely enhances receptor binding [14]. Indeed, high-affinity binding of arrestin-1 requires a 

minimum of three phosphates per rhodopsin in vivo [33] and in vitro [34].

Interestingly, although the potential phosphorylated sites of different GPCRs vary, many 

GPCRs have the common phosphorylation motif Px(x)PxxP, where P is a phosphorylated 

Ser or Thr residue, and x can be any residue [14]. This creates a spatial pattern of negative 

charges that interact with the positively charged residues of arrestin. Because the phosphate 

sensor directly responds to the phosphates regardless of the sequence context, this explains 

how the two non- visual arrestins bind hundreds of GPCRs with little sequence conservation 

in the phosphorylated elements. Obviously, this “code” idea has certain limitations: β2-

adrenergic receptors were used to discover and characterize both non-visual arrestins [35, 

36] but appear to have only a partial phosphorylation code [14]. There is growing evidence 

that different phosphorylation patterns on a few GPCRs lead to distinct functional outcomes, 

as posited by the “barcode” hypothesis [37, 38]. One possibility is that different 

phosphorylation patterns of GPCRs lead to distinct active conformations of arrestins, which 

in turn favor certain downstream signaling pathways. Indeed, NMR spectroscopy using an 

F2Y unnatural amino acid incorporated at various sites revealed that receptor-derived 

phosphopeptides with different phosphorylation patterns caused distinct conformational 

changes in arrestin [39].

But how does this promote arrestin activation? Comparison of the structures of basal [16- 

20, 27] and activated [5, 13, 14, 24, 26] arrestins suggests how triggering the phosphate 

sensor shifts the equilibrium of arrestin to favor the active conformation. The phosphate-

bearing GPCRs (or IP6) bind to arrestin in the same location as the C-tail, so that activators 

directly compete with the C-tail for the N-domain. This physically disrupts the three-element 

interaction that stabilized the basal conformation (Figure 1). Moreover, one of the 

phosphate-binding elements, a conserved lysine (Lys 301 in arrestin-1, Lys 294 in arrestin-2, 

Lys 295 in arrestin-3), is in a region termed the lariat loop (Figure 3A-C) [5, 14, 26]. The 

lariat loop contains two aspartic acid residues of the polar core that stabilize the basal 

conformation (Figure 1, Figure 3D). The binding of the lysine side chain to phosphate 

displaces the lariat loop, disrupts the polar core, and contributes to arrestin activation (Figure 

3D, E). It should be noted that a previous model of activation, in which the polar core was 

proposed to be directly disrupted by the receptor-attached phosphates, was developed before 

the structures of active arrestins became available and was mainly based on mutagenesis 
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[25]. A common feature of the previous [25] and current structure- based model of arrestin 

activation (Figure 3) is that the polar core must be disrupted by the direct action of activator-

attached phosphates.

The activation sensor

The activation sensor of arrestins was proposed to differentiate between active and inactive 

GPCRs [7], although recent data show that it also responds to non-receptor activators, such 

as IP6 [5]. Nevertheless, the activation sensor can best be conceptualized in the context of 

GPCR-dependent activation. One common feature of active GPCRs is the emergence of a 

binding pocket on the intracellular side through the outward shift of TM5 and TM6 [40, 41]. 

This pocket apparently accommodates the C-terminal helix of the G protein α-subunit and 

probably the N-terminal helix of GRKs [42–45]. In arrestin, a region termed the finger loop 
is unstructured in the basal conformation, but upon activation, this element forms an α-helix, 

and directly inserts into this pocket characteristic for the active GPCR (Figure 4A, B), as 

revealed by the structures of active rhodopsin in complex with either a peptide derived from 

the arrestin-1 finger loop [44] or full-length arrestin-1 [13, 14]. This suggests that finger 

loop is a key part of the activation sensor. In the α-helix the two conserved hydrophobic 

residues are aligned, which facilitates their direct interaction with the hydrophobic partners 

in the active receptor core (Figure 4B) [13, 14]. It also places the adjacent residues on the 

arrestin-1 finger loop in the position favorable to form hydrogen bonds with two highly 

conserved motifs in rhodopsin α- helix 8 and the intracellular side of TM3, as revealed by 

the structure of rhodopsin in complex with arrestin-1 finger loop peptide (Figure 4A) [44]. 

Furthermore, it is likely that the α-helix of the finger loop places three charged residues in 

positions favorable to form salt bridges with rhodopsin active core [13]. Thus, the ability of 

the finger loop to form an α-helix is anticipated to be important for receptor association. 

Indeed, disruption of the α-helix by introducing a proline in the middle dramatically 

decreases arrestin-3 binding to the muscarinic M2 and dopamine D2 receptors [5]. The 

helical conformation of the finger loop also appears to assist in arrestin activation by the 

non-receptor partner IP6 [5]. In this case, the α-helical conformation of the finger loop is 

stabilized by interactions with the α-helices of other protomers in a trimer, with 

trimerization stabilizing the active state of arrestin (Figure 4C).

Interestingly, G proteins and G protein-coupled receptor kinases (GRKs), two other major 

effectors that directly bind active GPCRs, also contain sequence motifs that insert into the 

active receptor core [46–48]. In G proteins, structures of β2AR-Gs-protein complex [43], 

A2AR- mini-Gs complex [49], CTR-Gs complex [50] and GLP-1R-Gs complex [51] 

identified that the C- terminus of the α-subunit forms an α-helix upon interaction with this 

binding pocket in the active receptor. In GRKs, their N terminus was proposed to form an α-

helix and promote receptor binding and kinase activity [45, 52, 53]. The finding that these 

binding partners all use the same pocket on active GPCR provides the mechanistic basis for 

the direct competition of arrestins with G proteins for the activated receptor observed in 

biochemical studies [54, 55], as well as for the reported competition of arrestin-2 with 

GRK2 [56].
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As two non-visual arrestins bind diverse receptors, one critical feature of the activation 

sensor is the broad receptor specificity. Or to put it another way, regardless of the identity of 

the receptor, it must be able to engage the arrestin finger loop. We propose that the 

characteristics of this pocket (hydrophobic on one side, positively charged on the other) 

allow for relatively promiscuous interactions that are required for the observed binding of 

arrestins to various GPCRs (Figure 4A, B). Structural work suggests that the arrestin finger 

loop is on a flexible tether, which may be necessary for binding (Figure 4D). Indeed, the 

finger loop assumes a variety of conformations in different crystal structures [57]; in some 

structures the electron density of the finger loop is uninterpretable, which is commonly 

associated with a dynamic region [24, 58–60] (Figure 4D). Moreover, when arrestin is bound 

to an activator, the finger loop adopts different angles relative to the rest of the arrestin 

molecule (Figure 4D) [5, 13, 14, 57]. This flexibility likely allows the finger loop to adapt to 

the specific binding pocket of each of the >800 active GPCRs. Consistent with this idea, the 

reduction of flexibility of the finger loop by a proline at the base significantly decreases 

binding to all receptors [5].

There is currently little experimental evidence indicating how triggering this activation 

sensor and engaging the finger loop leads to arrestin activation. One model was proposed 

that binding to the phosphorylated receptor C-terminus releases the finger loop from basal 

state and allows it to engage the active receptor core [44, 57]. Here we propose a different 

model explaining how the engagement of the finger loop leads to arrestin activation 

independently of phosphate binding (Figure 4E). The finger loop is located between β-

strands V and VI in the N- domain (Figure 1, Figure 4E, F). These β-strands directly contact 

the C-domain via hydrophobic residues. Receptor engaging the finger loop induces the 

conformational changes in it and shifts these two β-strands. This likely results in a “sliding” 

motion of the two domains due to the rearrangement of the hydrophobic network between 

them (Figure 4E, F). This motion might facilitate the disruption of inter-domain contacts 

including the polar core and the three-element interaction. Indeed, the NMR study revealed 

that the non-phosphorylated active rhodopsin triggers the conformational changes in both 

regions of arrestin-1 [61]. The angle and extent of finger loop interaction with the receptor 

could affect the magnitude of the rotation between the two domains of arrestin, so that 

engagement by different receptors can translate into distinct active states of arrestin.

Other arrestin-GPCR interaction sites and interplay between the two sensors

Additional sites, mainly the loops on the concave side of arrestin, also contribute to receptor 

binding, as suggested by the rhodopsin-arrestin-1 complex structure [13, 14]. Interestingly, 

the comparison of active and basal arrestin structures reveals that these flexible loops display 

large shifts, some of which are uniform in all subtypes (Figure 4 F, G). The middle loop 

(termed 139-loop in arrestin-1) shifts towards the N-domain (Figure 4G) [5, 13, 14, 26, 62]. 

The lariat loop, which supplies two negative charges to the polar core in the basal state, turns 

almost 90° counter-clockwise and moves towards the N-domain, thereby destabilizing the 

polar core (Figure 4G). The C-loop twists away from the interface between the N- and C-

domains, which in turn adjusts the positions of the two β-strands that it connects (Figure 

4F). Some of these contacts require the active conformations of both arrestin and receptor. 

Importantly, the conformational change in the middle and C-loop creates a cleft to 
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accommodate the intercellular loop 2 of rhodopsin [13]. These rearrangements support the 

role of the phosphate and activation sensor in stabilization of the active arrestin-GPCR 

complex. However, it is important to note that structures of active arrestins show the end 

result, but do not reveal the sequence of events that lead to it. Moreover, a recent study 

suggests that the edge of arrestin C-domain engages the lipid membrane and facilitates 

receptor binding [63].

The engagement of effectors

Following activator binding, non-visual arrestins change their ability to engage signaling 

effectors. But how do the conformational changes elicited by the activators affect the 

binding of numerous non-receptor partners? Controlling the accessibility of effector binding 

sites is a common way for a signaling protein to switch a specific pathway on and off. 

Considering that most effectors show enhanced binding to arrestin in an activated state [3], 

one possibility is that the effectors bind across the two domains of arrestin, with domain 

rotation aligning different parts of the arrestin molecule to create (or destroy) the effector-

binding site. Different rotation angles could create a range of unique effector-binding 

interfaces (Figure 5A). Consistent with this model, there is growing evidence that arrestins 

engage effectors through multiple contact points that span both domains [64–66]. 

Unfortunately, these considerations have to remain largely theoretical, as the binding sites of 

very few effectors have been identified (discussed in [67]).

In addition to the domain rotation, regions that are predicted to engage the effectors also 

undergo conformational changes upon arrestin activation [5, 13, 14, 24, 26]. These structural 

elements may act as molecular switches that bind effectors and initiate downstream 

signaling [5], and are termed arrestin switch regions (aSw) based upon their proposed 

functional similarity to nucleotide-dependent switch regions in GTP and ATP regulated 

signaling proteins (Figure 5B).

Arrestin switch region I (aSwI) is unique to arrestin-3 (residues 89-97). It is a nine- residue 

segment with seven prolines containing two PPXP motifs, which are consensus recognition 

sites for SH3 domains (Figure 5B) [18, 68]. In IP6-activated arrestin-3, the backbone of 

aSwI shifted significantly from its location in the basal state, with a maximal displacement 

of 5.8 Å [5, 69]. There was also an unusual pair of tandem cis bonds (Pro94-Pro95 and 

Pro95- Arg96) in the best-fitting model [5].

Switch region II (aSwII) is found in all four arrestin isoforms and contains two parts, the 

hinge region (aSwIIa) that connects the N- and C- domains and the entire β-strand XI 

(aSwIIb) that extends from the hinge region (Figure 5B). The aSwIIa also contains an 

additional poly-proline motif that might serve as recognition site for SH3 domains [27]. 

ASwIIa shows a nearly identical conformation in all available active structures [5, 13, 14, 

24, 26], while its conformation in basal arrestins varies [15–20]. A notable feature of aSwIIb 

is a register-shifted β-strand XI that correlates with activation (Figure 5B) [5, 26]. This β-

strand may have some inherent flexibility as this register-shift is also observed in several 

structures of arrestin-2 determined without an activator [17, 18, 27, 60]. Biochemical studies 

support a role for this register shift associated with arrestin-3 activation in effector binding. 
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When a disulfide bond was introduced to trap β-strand XI in the registered-shifted position 

found in the activated state, purified arrestin-3 showed enhanced binding to the downstream 

effector JNK3 [5].

ASwIII is an extension of the lariat loop and likely becomes more dynamic upon activation 

in both arrestin-2 and -3, as suggested by a loss of interpretable electron density in the active 

structures (Figure 5B) [5, 26]. The lariat loop contributes two charged residues to the polar 

core and also contains one phosphate-binding residue (Figure 3A-C). The activation of 

arrestin triggers the conformational changes in the lariat loop (Figure 4G), which likely 

directly increases its dynamics, thus turning on specific signaling.

Finally, the C-tail, which is invariably released upon receptor binding [61, 70–72], should be 

considered aSwIV. It contains the binding sites for clathrin [73] and clathrin adaptor AP2 

[74], two key players in the receptor endocytosis. C-tail release makes clathrin- and AP2-

binding sites accessible, thus promoting receptor internalization.

The connection between activator- and effector-binding sites

The key to arrestin function as a signal transducer is that the activator (GPCR or IP6) binds 

on one side of arrestin, and elicits conformational rearrangements on the other side that 

enhance effector binding. This requires allosteric connections between the activator and the 

effector binding sites. Although underlying mechanism is not clear, there are several 

connections between the activator-binding surface and the switch regions that can be traced 

structurally (Figure 6). The binding of phosphate to the α-helix I likely affect the adjacent 

aSwI (Figure 6A). Engaging the phosphate-binding lysine in the lariat loop is likely involved 

in boosting the local dynamic of the aSwIII, which extends from lariat loop (Figure 6B). 

Since aSwIIa is the hinge region connecting the N- and C- domain, the rotation between 

these two domains likely directly results in the conformational change in aSwIIa and 

possibly adjacent aSwIIb. The molecular basis and physiological implications of these 

connections need to be tested experimentally.

Dynamic nature of arrestins

One common functional feature of most signaling pathways, including arrestin-dependent, is 

that there is basal signaling even in the absence of an activator. The mechanism of basal 

signaling is also suggested by recent structural studies. Like most signaling proteins, 

arrestins are dynamic, likely changing conformation even in the absence of activating 

stimuli. Moreover, it is clear that the concept of “active arrestin” is misleading because 

arrestins can adopt multiple active conformations [75]. This can be visualized by 

superpositioning all available crystal structures of arrestin-2 while aligning one of the two 

domains (Figure 2B). This comparison reveals that even in basal arrestin, a range of inter-

domain angles can be achieved, i.e. even in the basal state the orientation of the two domains 

is not fixed by the inter-domain interactions. Importantly, arrestin perhaps has an even 

greater number of conformational options after activation as the change in inter-domain 

angles can be as big as 21°, as evidenced by a similar superposition of arrestins activated by 

distinct stimuli, e.g. receptor phosphopeptide [26] or small molecule activator IP6 (Figure 
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5A) [5]. This conformational flexibility of active arrestins is reflected in recent NMR [61] 

and EPR [62] studies, which reveal dynamics. For example, numerous NMR peaks of 13C-

methyl-arrestin-1 disappeared upon binding to the phosphorylated active rhodopsin, which is 

consistent with a conformational exchange in active arrestin-1 [61]. Distance measurements 

within doubly spin-labeled arrestin-1 showed relatively broad distributions both in free and 

rhodopsin-bound state [62], suggesting high conformational flexibility. The same 

phenomenon was observed in non-visual arrestins [72]. The flexibility likely allows arrestin 

to sample multiple conformations suitable for distinct downstream effectors [75] and/or 

helps a specific receptor in a particular active state to stabilize arrestin in a defined 

conformation that selects for a particular downstream effector.

Concluding remarks

The comparison of recent crystal structures of active arrestin-1, -2, and -3 with basal 

conformations of these proteins revealed the molecular mechanisms of arrestin activation. 

Most importantly, a large domain rotation of the active arrestin changes the alignment of 

effector- binding sites. Within these sites, elements termed arrestin switch regions 

additionally change conformation upon arrestin activation, suggesting a multi-layered 

mechanism of regulating the interaction between arrestin and effectors. The analysis of these 

structures also reveals potential allosteric connections from the activator-binding surface to 

the effector-binding regions. Notably, a single GPCR activated by different agonists or 

bearing different phosphorylation patterns can lead to distinct functional outcomes. One of 

the challenges in the field is identifying how activation of arrestin promotes signaling toward 

a preferred effector.
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Glossary

Arrestins
44-48 kDa proteins that specifically bind active phosphorylated GPCRs. Vertebrates have 

four subtypes: arrestin-1 and -4 are specialized visual, predominantly expressed in 

photoreceptor cells in the retina, whereas arrestin-2 and -3 are non-visual, expressed in 

virtually every cell. These two arrestins bind hundreds of different GPCRs and dozens of 

non- receptor protein partners, mediating numerous signaling pathways.

Arrestin switch regions (ASw)
elements of arrestin that significantly change conformation upon activation. Possible 

docking sites of arrestin binding partners that preferentially bind active or inactive arrestins.

GPCRs
G protein-coupled receptors. Mammals have from ~800 (humans and other primates, bats) to 

~3,400 (elephants) different subtypes, including ~400 non-odorant GPCRs in every 

mammalian species. Common core of all GPCRs consists of seven trans-membrane helices 
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(TM) (hence the synonym of GPCRs, seven trans-membrane domain receptors, or 7TMRs), 

whereas extracellular N-terminus and loops, as well as intracellular C-terminus and loops 

widely vary in size. Three classes of proteins preferentially bind active GPCRs: 

heterotrimeric G proteins, which were the first discovered signal transducers, GPCR kinases 

(GRKs), and arrestins.

GRKs
GPCR kinases that preferentially phosphorylate active GPCRs. This reason of this 

specificity is believed to be that GRKs are activated by physical binding to active GPCRs.

Polar core
an arrangement of five interacting charged side chains (two Arg and three Asp) between the 

two domains in all arestins serving as the key component of the phosphate sensor. Receptor-

attached phosphates destabilize the polar core, which is one of the signals for arrestins to 

transition into high-affinity receptor-binding conformation (which is believed to be an active 

state of arrestins).

Three-element interaction
the interaction of the β-strand I, α-helix I in the N-domain and β- strand XX of the C-

terminus of all arrestins, mediated by large hydrophobic side chains. Holds arrestins in their 

basal conformation. Activators (active phosphorylated GPCRs and IP6) disrupt the three-

element interaction and induce the displacement of the C-terminus, which is one of the 

hallmarks of arrestin activation.

Finger loop
the loop between β-strands V and VI on the receptor-binding side of arrestins. This loop 

directly engages GPCRs via the cavity between their trans-membrane helices that opens 

upon receptor activation, likely serving as a critical part of the activation sensor.
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Trends box

Free arrestins have very similar conformations in crystal structures, with the relative 

orientation of the two domains held by several intra-molecular interactions. These 

interactions are destabilized by activators: active phosphorylated GPCRs and inositol-6-

phosphate (IP6), an inositol metabolite abundant in the cytoplasm. The latest high-

resolution structure of the non- visual arrestin-3 with IP6 suggest molecular mechanisms 

of arrestin activation that induce characteristic rearrangements in the arrestin molecule.

Arrestin-1, -2, and -3 activated by different means demonstrate a global conformational 

rearrangemnet. In particular, several elements of activated arrestins dramatically change 

their conformation from basal to active, which is very similar in all arrestins subtypes. 

These elements (that we propose to call “arrestin switches”, by analogy with G protein 

switch regions) are likely docking sites for the signaling and trafficking proteins that 

preferentially bind active arrestins.

As arrestins bind numerous protein partners, narrowing the search of their docking sites 

to arrestin switch regions will greatly facilitate the identification of the elements and 

individual residues specific for each interaction.

Identification of the binding sites of non-receptor signaling proteins paves the way to the 

design of signaling-biased arrestins, where particular capabilities are specifically disabled 

or enhanced, which would be novel potent tools for targeted manipulation of cell 

signaling for research and therapy.
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Outstanding questions box

Do all arrestins in complex with different GPCRs assume similar conformations?

How is the functional outcome of arrestin binding to differentially phosphorylated active 

GPCRs determined by the arrestin conformation and/or its pose on the receptor?

Where the binding sites of numerous non-receptor partners are localized on arrestins?

Are there other than IP6 non-receptor activators of arrestins?

Does arrestin binding to receptors other than GPCRs induce similar conformational 

rearrangements?
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Figure 1. The crystal structure of arrestin-2 in the basal state
Arrestin-2 (PDB ID: 1G4M) contains two domains, the N- (colored grey) and C-domain 

(colored blue), which are linked by a hinge region (colored orange). The C-tail (colored 

pink) of arrestin-2 is attached to the N-domain. One inter-domain contact is the hydrophobic 

interaction involving β-strand I and the α-helix of the N-domain and the C-tail. It is termed 

“three-element interaction” and is shown in detail in the upper left box. Another major 

interaction that holds arrestin-2 in the basal state is the “polar core”, which consists of five 

charged residues from both domains and the C-tail. It is shown in detail in the upper right 

box. All participating residues are shown as yellow stick models.
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Figure 2. The global conformational change of arrestin upon activation
A. Superposition of the N-domain of active (colored blue, PDB entry 4JQI) and basal 

(colored grey, PDB entries 1G4M) arrestin-2 highlights the 20° inter-domain rotation. B. 

Superposition of the N-domain of basal arrestin-2 variants (colored grey and green, PDB 

entries 1G4M, 1G4R, 1ZSH, 1JSY, 2WTR, 3GD1, 3GC3) reveals a narrower range of 

rotational movements between domains in the various basal states.

Chen et al. Page 17

Trends Biochem Sci. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. The phosphate-binding residues of arrestins
A. Phosphorylated receptor C-terminus binding sites within the arrestin-1 N-domain (PDB 

entry 5W0P). B. Phospho-peptide binding sites within the arrestin-2 N- domain (PDB entry 

4JQI). C. IP6 binding sites within the arrestin-3 N-domain (PDB entry 5TV1). D. 

Conformation of the lariat loop in basal arrestin-2 (PDB entry 3P2D) with an intact polar 

core. The lariat loop contributes two charged residues to the polar core (D290 and D297) 

and also contains one phosphate-binding residue (K294). E. Conformation of the lariat loop 

in phospho-peptide activated arrestin-2 (PDB entry 4JQI) with the polar core disrupted. The 

lysine 294 binds to one phosphate from the receptor C-terminus phospho-peptide, which 

leads to the conformational change in lariat loop and the disruption of the polar core. The 

salt bridge is shown by dotted line.
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Figure 4. The activation sensor of arrestin
A. The arrestin-1 finger loop peptide (colored blue) directly inserts into rhodopsin active 

core (colored pink) (PDB entry 4PXF). The center of the finger loop forms a short α-helix. 

The finger loop binds the receptor via both hydrogen bonds and hydrophobic interactions. 

The residues in rhodopsin that form hydrogen bonds with arrestin-1 finger loop are from two 

very conserved motifs, NPxxY(x)5,6F and E(D)RY, respectively. B. The center of the finger 

loop (colored blue) forms an α-helix and binds the receptor through hydrophobic 

interactions (colored pink) in the rhodopsin-arrestin complex structure (PDB entry 5W0P). It 

was also proposed that the finger loop interacts with receptor via salt bridges based on Tango 

assay. C. A similar hydrophobic contact is observed in the arrestin-3 trimer (PDB entry 

5TV1). D. Superposition of β-strands V and VI connected by the finger loop from available 

arrestin structures. Basal states (colored grey, PDB entries 2WTR, 4ZRG, 3UGU, 3P2D, 

3UGX, 1G4R, 3GC3, 3GD1, 1JSY, 1G4M); active with a hydrophobic core (colored 

magenta, PDB entries 5TV1, 5W0P, 4ZWJ); active without a hydrophobic core (colored 

blue, PDB entries 4J2Q, 4JQI). E. Superposition of arrestin-3 in the basal (colored grey, 

PDB entry 3P2D) and active state (colored blue and pink, PDB entry 5TV1) highlights 

rearrangement of the hydrophobic interactions (colored yellow and grey), which is shown in 

detail in rectangular box. The proposed model includes three steps: the active receptor core 

directly engages the finger loop (step 1), leads to the rearrangement of the hydrophobic 

interactions between two domains (step 2), which allows the domains to rotate (step 3). F-G. 

The Superposition of β-strands from N- or C- domain of active (colored magenta, PDB 

entries 4J2Q, 4JQI, 4ZWJ, 5TV1, 5W0P) with basal (colored grey, PDB entries 1G4M, 
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1G4R, 1JSY, 3P2D, 3GD1, 3GC1, 1ZSH, 1CF1, 3GUX, 3UGU, 4ZRG, 2WTR) arrestins 

highlights the conformational changes of loops upon activation. The β-strands from 

arrestin-3 in the active state (PDB entry 5TV1) are shown while in the other structures they 

are omitted for clarity.
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Figure 5. Switch regions of arrestin-3
A. The inter-domain twist realigns effector-binding sites that span two domains. The spheres 

mark equivalent residues. The alignment of two potential effector bindings sites (spheres) is 

different in basal arrestin-3 (colored grey, PDB entry 3P2D), active arrestin-3 (colored blue, 

PDB entry 3P2D) and active arrestin-2 (colored pink, PDB entry 4JQI) due to different 

rotational angle between two domains. For an effector, which engages multiple binding sites 

spanning both domains, the change in the alignment of these binding sites can lead to the 

change of its affinity for arrestin. B. Conformations of the arrestin-3 switch regions in the 

active state (colored pink, PDB entry 5TV1) differs from the one in the basal state (colored 

grey, PDB entry 3P2D). The switch regions are enlarged in the insets.
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Figure 6. The connection between activator- and effector-binding sites
A. Engagement of the α-helix 1 by the phosphate likely affects the conformation of aSwI 

(PDB entry 5TV1). B. Engagement of the lysine in the lariat loop likely enhances the 

dynamics of aSwIII (PDB entry 4JQI).
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