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Abstract

Arrestins are essential proteins for the regulation of G protein-coupled receptors (GPCRs).
They mediate GPCR desensitization after the activated receptor has been phosphorylated by G
protein receptor kinases (GRKs). In addition, GPCR-arrestin interactions may trigger signaling
pathways that are distinct and independent from G proteins. The non-visual GPCRs encompass
hundreds of receptors with varying phosphorylation patterns and amino acid sequences, which
are regulated by only two human non-visual arrestin isoforms. This review describes recent
findings on GPCR-arrestin complexes, obtained by structural techniques, biophysical,
biochemical, and cellular assays. The solved structures of complete GPCR-arrestin complexes
are of limited resolution ranging from 3.2 to 4.7 A and reveal a high variability in the relative
receptor-arrestin orientation. In contrast, biophysical and functional data indicate that arrestin
recruitment, activation and GPCR-arrestin complex stability depend on the receptor phosphosite
sequence patterns and density. At present, there is still a manifest lack of high-resolution
structural and dynamical information on the interactions of native GPCRs with both GRKs and
arrestins, which could provide a detailed molecular understanding of the genesis of receptor
phosphorylation patterns and the specificity GPCR-arrestin interactions. Such insights seem

crucial for progress in the rational design of advanced, arrestin-specific therapeutics.



Introduction

Arrestins are a small family of cytosolic proteins that play a crucial role in the regulation of
G protein-coupled receptors (GPCRs) by controlling receptor desensitization (1) and mediating
subsequent signaling events (2). Arrestins interact with GPCRs upon phosphorylation of their
C-terminal tail or intracellular loops by GPCR kinases (GRKs) (3). This interaction promotes
the sequestration of the receptor from the plasma membrane and facilitates its internalization.
Once bound to the receptor, arrestins can also initiate independent signaling pathways (4),
thereby regulating various cellular processes such as cell proliferation (5) and transcription (6).

In humans, four genetically and structurally conserved arrestin subtypes regulate hundreds
of GPCRs with poorly conserved sequences and varying phosphorylation patterns. These
subtypes include the visual arrestins (arrestinl and arrestin4), which are expressed in the retina
rods and cones and regulate only photoreceptors, and the non-visual arrestins (arrestin2 and
arrestin3, formerly known as f-arrestinl and B-arrestin2) (7), which are expressed in all other
tissues and cell types, interacting with hundreds of different GPCRs. This raises the fundamental
question: How can only two arrestin isoforms recognize and bind so many different GPCRs?

A barcode hypothesis has been put forward in an attempt to explain how different
phosphorylation patterns recognized by the two non-visual arrestins lead to distinct functional
outcomes (8—10). The hypothesis posits that the presence or absence of specific phosphorylation
sites arranged in a particular manner induces differences in the receptor-arrestin interaction and
the subsequent cellular response. In support of this hypothesis, arrestin binding and
conformational changes have been shown to depend more on the arrangement of phosphates
than their total number (11). Recent studies have revealed the existence of specific
phosphorylation motifs embedded within the receptor C-terminal tail or intracellular loops that
recruit arrestins to a certain receptor (12—16). However, the complexity and dynamic character
of the GPCR interactions with arrestins and GRKs have so far prevented the observation of the

signaling interactions at atomic resolution.



Knowledge on the receptor-arrestin interactions has been obtained primarily by functional
assays and structural studies. Functional assays typically monitor arrestin recruitment to GPCRs
as a function of ligand (17) or GRK subtype (18) within cells. Structural studies using mainly
cryo-EM (19-26), X-ray crystallography (12,27), molecular dynamics (MD) simulations
(11,28,29), FRET (30), or NMR (31) aim to resolve changes in the arrestin and receptor
conformations during complex formation. Due to the transient nature of receptor-arrestin
interactions and their intrinsic structural mobility, obtaining high-resolution structural
information on the full-length complexes is challenging. Thus, structural studies have often been
restricted to arrestin complexes with phosphopeptides mimicking the native C-terminal tail of a
given GPCR.

Generally, crystallographic structures of phosphopeptide-arrestin complexes have higher
resolution than structures obtained by single-particle cryo-EM. They have delineated the
individual phosphosites involved in the interaction from various receptors such as V2R (32),
CCRS (13) or ACKR3 (14). Moreover, due to their smaller size, the phosphopeptide-arrestin
complexes are also easier to study by NMR, which has provided unique atom-scale dynamic
and structural information about their interactions (13,15,33) in the absence of stabilizing
antibody fragments. The latter are often used in crystallographic or cryo-EM studies but may
potentially bias the system.

In this review, we describe the currently available structural and functional data on
phosphorylation-governed GPCR-arrestin interactions. The overview demonstrates that an
integrative approach is necessary to further expand our understanding of these important
molecular complexes.

Receptor phosphorylation preceding arrestin binding

The seven mammalian GRKSs phosphorylate and regulate hundreds of GPCRs. These can be

further separated into three subfamilies: GRK1 (GRK1 and GRK7), GRK2 (GRK2 and GRK3),

and GRK4 (GRK4, GRKS5 and GRK®6). The basic structure is conserved across all GRKs and
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comprises a short N-terminal a-helical domain (aN-helix), a regulatory domain, and a catalytic
(kinase) domain with an ATP binding site embedded between the N-terminal small lobe and C-
terminal large lobe. The very C-terminus of GRKs mediates membrane localization via
prenylation (GRK1 and GRK?7), palmitoylation (GRK4 and GRK®6), or direct lipid binding
either via a pleckstrin homology domain (GRK2 and GRK3) or a polybasic/hydrophobic domain
(GRKS5) (3).

The interaction of GRKs with many different receptors is enabled by their low
sequence/structural specificity (3) and their ability to phosphorylate various peptides in the
absence of the receptor transmembrane domain (34). Despite their crucial role, only two
structures of GPCR-GRK complexes (35,36) have been solved by cryo-EM. Neither of them
contains resolved density for the receptor C-terminal tail. Thus, high-resolution information
about site-specific interactions between the kinase and potential phosphosites is currently
missing and site-specific information on GPCR phosphorylation by GRKs has mainly been
obtained by mass spectrometry or phosphospecific antibodies.

Heterogeneities in the degree of serine and threonine phosphorylation have been observed
for the neurotensin receptor 1 (NTR1) phosphorylated by GRKS5 (20) and for the CC chemokine
receptor 5 (CCRS) phosphorylated by GRK2 (13), respectively. Such variations in the
phosphorylation patterns have been shown to activate distinct arrestin-mediated ERK1/2
signaling pathways (37).

Recent studies have also addressed the overall impact of individual GRKs on arrestin
recruitment and GPCR regulation (18,38) in GRK-knockout cell lines generated by the
CRISPR/Cas9 technology (39). Using this strategy, it was shown that GRK6 induces the highest
recruitment of arrestin3 to the f2-adrenergic receptor (B2AR) (18) and that GRK2 is more
important than GRK3 for arrestin3 recruitment to the p-opioid receptor (WOR) (38). However,
these studies also reveal that depending on the specific GPCR, different GRK isoforms may lead

to similar arrestin interactions. This introduces another layer of complexity to the modulation of
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GPCR signaling and trafficking. Therefore, more specifically designed experiments are needed
to provide a comprehensive picture of specific GPCR phosphorylation, its relation to arrestin
binding modes, and the subsequent cellular consequences.

Structures of GPCR-arrestin complexes

In stark contrast to the more than 500 solved GPCR-G protein complex structures, only a
limited number of GPCR complex structures with GRKs or arrestins are currently available (40)
(Figure 1A).

Initial structural studies suggested two modes of arrestin coupling to a phosphorylated
GPCR: a tail-engaged complex, where arrestin binds solely to a receptor’s phosphorylated tail,
and a core-engaged complex, likely formed by the further insertion of arrestin into the
transmembrane core of a GPCR (31,41,42).

The first structure of active arrestin2 was obtained by forming a complex with the C-terminal
V2R phosphopeptide and a stabilizing Fab fragment (Fab30). It was solved in 2013 by X-ray
crystallography and provided crucial insights into the molecular basis of arrestin2 activation by
this receptor C-terminal phosphopeptide (32). Specifically, arrestin activation involves the
formation of the anti-parallel B-sheet between the arrestin strand B1 and the receptor
phosphopeptide, which replaces strand 20 in the parallel B-sheet of the apo arrestin2, disrupting
the polar core formed by a network of highly conserved ionic interactions (Figure 1B). This
triggers conformational changes in key arrestin core loops, such as the lariat, finger, and middle
loops, and induces a twist of about 20° in the C-domain relative to the N-domain. These
rearrangements are crucial for arrestin activation and its subsequent receptor interaction. The
activated arrestin then inserts into the receptor’s transmembrane bundle via its finger loop.
While the hallmarks of arrestin activation are generally conserved across arrestin isoforms, the
degree of interdomain twist and conformation of the central crest loops can vary depending on

the specific phosphopeptide, lipid composition and arrestin subtype involved (13,14,16,33,43).



In 2015, the first full-length receptor structure of human rhodopsin bound to mouse rod
arrestin was solved using XFEL technology. Initially, this structure offered limited resolution
and the phosphorylation sites on the C-terminal tail were not resolved. Subsequent refinements,
however, improved the overall resolution and enabled the modeling of phosphorylated residues
within the electron density, which suggested a certain phosphorylation barcode [pX(X)pXXp]
responsible for arrestin recruitment (Figure 2A) (12).

For several years, no further high-resolution structures of GPCR-arrestin complexes were
solved until additional cryo-EM hardware and software improvements made it possible to obtain
higher-resolution structures of more dynamic and transient GPCR complexes and obviated the
need for sample crystallization (44).

Until present, this technical progress has provided an additional eight structures of unique
receptor-arrestin2 complexes (Figure 2B,C) (19-26). Due to the weakness of the arrestin
interactions with native receptors, most of the receptor-arrestin complexes have been solved as
receptor fusions with the non-native C-terminal tail of V2R, which is known for its high affinity
and efficient activation of arrestin2. However, this commonly used strategy prevents a direct
assessment of the structural impact of native receptor phosphorylation on the arrestin
interactions. In addition, the complexes are often stabilized by Fab30 (19,23,24) or its
derivatives (21,22,25,26), which may potentially bias the arrestin conformations.

Notably, the arrestin2 structures in complex with V2R (22) and NT1R (20) are the only
arrestin2-receptor high-resolution structures containing native receptor C-terminal tails. The
V2R-arrestin2 complex had been stabilized by the single-chain Fab30 derivative (scFv30) and
the NT1R-arrestin2 complex chemically cross-linked, respectively. Whereas the phosphosites
were modeled in the V2R-arrestin2 complex, this was not the case for the NT1R-arrestin2
complex. Remarkably, the latter structure shows a clear density for a phosphatidylinositol 4,5-
bisphosphate (PIP2) derivative, mediating the receptor interaction with the arrestin2 C-domain

(20,45).



Other arrestin complexes with native wild-type receptors featuring different phosphorylation
motifs or extended loops present a challenge for high-resolution structural analysis. The inherent
difficulties in capturing these interactions are exemplified by the low-resolution cryo-EM
density of the native muscarinic receptor 2 (M2R) complexed with arrestin2 (Figure 2B) (24).
Structures of arrestin complexes with phosphorylated GPCR C-terminal tail peptides solved by
X-ray crystallography have provided higher resolution, thereby revealing the exact position and
coordination of several phosphosites important for arrestin interaction (13,14,32).

In addition to complex structures with arrestin fully engaged with the receptor core, also
structures with arrestin bound only to the receptor tail have been reported (Figure 2C) (26,46).
These include the active 2-adrenergic receptor (B2AR) with its C-terminal tail replaced by the
V2R tail, which was found to simultaneously bind the heterotrimeric Gs heterotrimer via core
and arrestin2 via tail interactions (46). This complex had additionally been stabilized by two
nanobodies and Fab30. Another important set of arrestin2 complex structures involves the V2R
tail-fused class B GPCR glucagon receptor (GCGR) in the apo state or bound to the glucagon
agonist. In both cases, arrestin2 coupled to the V2R tail, but not to the receptor core (26).
Surprisingly, the GCGR remained in the inactive conformation in both complexes, indicating
that the arrestin2 engagement only required phosphorylation of the receptor tail, but not an
opening of the receptor intracellular cavity. These B2AR and GCGR complex structures provide
examples of high-resolution tail-engaged complexes, which have also been observed in other
GPCR-arrestin EM studies (47) but were conformationally too heterogeneous for high-
resolution reconstruction (48).

To date, no high-resolution structure of a receptor coupled to arrestin3 has been deposited
in the Protein Data Bank (PDB), indirectly confirming the transient nature of arrestin3
interactions. Recently, however, the cryo-EM structure of the atypical chemokine receptor 3
(ACKR3) in complex with arrestin3 binding only to the C-terminal receptor tail has been

reported as a preprint (49). Despite using a novel Fab fragment for stabilization, the resolution
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of this complex remains limited, allowing only the high-resolution structural refinement of the
arrestin3-Fab part of the complex.
The multiple faces of arrestin coupling

Despite the similar stabilization strategies, which may introduce biases, the described

arrestin2 complexes exhibit a significant variability in the arrestin2-receptor orientations (Figure

2D). These comprise up to 90° rotations around the vertical axis (taken in the direction of the

membrane normal) and tilts along this axis by up to 25°. This indicates a poor conservation of

arrestin interactions with the receptor core and contrasts the G protein-bound structures where
almost always an identical engagement of the receptor with the G protein is observed (50).

This variability in arrestin's relative orientation strongly correlates with conformational
changes of the loops in the central crest region. These loops directly interact with the receptor,
and the interaction interface differs significantly depending on its orientation. Notably, the
finger loop, which directly inserts into a transmembrane bundle of the receptor, can adopt a
helical structure or random coil conformation, influencing the depth of insertion of arrestin to
some degree (Figure 2D). In the tail-engaged complexes of the glucagon receptor, this loop does
not insert into the transmembrane bundle. Instead, it interacts with helix VIII of the receptor,
located near the C-terminal tail (Figure 2C, right). This illustrates the overall structural plasticity
of arrestin.

Recent studies have further elucidated the role of phosphoinositides like PIP2, in GPCR-
arrestin complexes (20,45,22,26,51). It was demonstrated that arrestin2 can spontaneously pre-
associate with the plasma membrane, primarily through its C-edge (51), where it engages with
PIP2, forming multiple ionic interactions with basic residues in the C-lobe, a known inositol
phosphate binding site (20,22,26). This pre-association is crucial as it facilitates the lateral
diffusion of arrestin's on the membrane, allowing it to interact with receptors more efficiently.

While stabilizing, these interactions do not seem to dictate the overall mode of arrestin
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engagement with the receptor. For example, while the PIP2 derivative is present in the NT1R-
arrestin complex (20), where arrestin2 fully engages with the receptor core, similar interactions
with the PIP2 derivative are observed in the GCGR-arrestin complex, where arrestin primarily
engages with the receptor tail (26). This suggests that lipid interactions like those with PIP2 are
crucial for stabilizing the complex, but they do not solely determine the specific engagement
mode of arrestin with different receptors.

The specific orientation of arrestin relative to the receptor seems to result from particular
but relatively weak interactions. Thus independently solved structures of the same receptors
coupled to arrestin2, such as NT1R (20,52) and cannabinoid receptor 1 (CB1R) (23,53), exhibit
variations of about 15° (Figure 2E), which may be the result of variations in the complex
stabilization strategies or receptor phosphorylation procedures. Conversely, the M2R-arrestin2
and CB1R-arrestin2 complexes embedded in lipid nanodiscs and detergent, respectively, adopt
a similar orientation (Figure 2B,D), which may indicate that the variability of the arrestin
complexes is not strongly influenced by the lipid environment.

The role of conserved motifs in arrestin binding

In support of the barcode hypothesis (8—10), several arrestin isoform-specific recognition
phosphorylation patterns have been suggested. Initially, the pX(X)pXXp barcode had been
proposed for arrestinl (12), which was later adjusted to pXXp (15). Then, a pXXpXXp motif
has been proposed for arrestin3 (14). More recently, pXpp has been proposed as a key motif for
arrestin2 binding and activation (13,16), which may also be important for the arrestin3
interaction (16).

To document the prevalence of the pXpp motif, we analyzed the sequences of the C-terminal
tail and intracellular loop 3 (ICL3) of all human GPCRs whose sequences are available in the

GPCRdb (https://gpcrdb.org/). Out of over 400 GPCR sequences examined (Figure 3, Table

S1), nearly half of the receptors feature at least one pXpp motif. This motif predominantly occurs

in the receptor C-terminal tail. However, for some receptor classes (5-hydroxytryptamine
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receptors, muscarinic receptors, o-adrenergic receptors, and histamine receptors), the motif is
almost exclusively found in ICL3. Remarkably, the interacting ICL3 phosphosites constitute a
pXpp motif in a recent low-resolution structure of native M2R in complex with arrestin2 (24).
Of note, very few receptors contain pXpp in both ICL3 and the C-terminal tail, suggesting that
their contribution towards arrestin interaction is mutually exclusive.

The functional significance of individual phosphorylation sites within the pXpp motif has
been demonstrated by solution NMR spectroscopy for arrestin2-CCRS phosphopeptide
complexes (13). In this study, the contributions of individual phosphoresidues to arrestin binding
and activation were quantified, and their significance was further confirmed by cellular assays.
A further analysis of V2R phosphopeptides using fluorescence anisotropy, NMR, and
biochemical assays has revealed distinct classes of phosphorylation sites responsible for
arrestinl-3 interactions (15). The pattern responsible for arrestin2 interaction is compatible with
the pXpp motif.

Interestingly, many receptors bearing the pXpp motif in their C-terminal tail are peptide-
binding GPCRs. Given that the presence of the pXpp motif strongly correlates with robust
arrestin recruitment (13), we hypothesize that the pXpp motif may drive efficient clearance of
peptide ligands from the cell surface.

Summary and future directions

GPCRs activate diverse signaling pathways by coupling to various intracellular partners
such as G proteins, GRKSs, and arrestins. Arrestin interactions are more transient than those of
G proteins and are modulated by intracellular phosphorylation via GRKs. While commonly used
strategies for solving structures of GPCR-arrestin complexes by receptor fusion to strong
phosphopeptide binders have provided valuable insights, they have precluded the direct
assessment of the influence of native receptor phosphorylation on arrestin binding and

conformation.
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A deeper understanding of arrestin signaling will require (i) clarifying the determinants of
GRK isoform recognition and receptor phosphorylation levels, (ii) obtaining additional
structures of native receptors coupled to arrestin2 or arrestin3 to derive general principles of
receptor arrestin interactions from a solid statistical basis, (iii) analysis by NMR, time-resolved
cryo-EM or X-ray crystallography, or other methods for a comprehensive description of the
dynamics of the GPCR-kinase and -arrestin interactions, (iv) elucidating the role of the
membrane, including its chemical composition and physical properties, in GPCR-GRK and -
arrestin interactions (51). Such a broad, high-resolution molecular understanding of arrestin
signaling may be crucial for progress in the rational design of advanced, arrestin-specific

therapeutics.

Perspectives

e GPCRs are the largest and most diverse group of membrane receptors. Arrestins regulate
GPCRs by controlling receptor desensitization and mediating subsequent signaling events.

e While commonly used strategies for solving structures of GPCR-arrestin complexes by
receptor fusion to strong phosphopeptide binders have provided valuable insights, they have
precluded the direct assessment of the influence of native receptor phosphorylation on
arrestin binding and conformation.

e Further elucidation of the dynamics of GPCR-kinase and -arrestin interactions using NMR,
time-resolved cryo-EM, X-ray crystallography, or other advanced methods are needed to
describe native GPCR regulation by GRKSs and arrestins comprehensively. Such a broad,
high-resolution molecular understanding of arrestin signaling may be crucial for progress in
the rational design of advanced, arrestin-specific therapeutics.
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Figures

Figure 1. Structural features of arrestin activation and diversity of the GPCR signaling
partners (A) Diversity of the GPCR signaling partners and number of available complex
structures (as of June 2024) for each signaling subtype. The Figure illustrates the vast array of
G proteins, featuring 16 o subunits, 5 B subunits, and 11 y subunits (54), offering numerous
binding combinations and increased specificity. This often results in more stable complexes,
especially under nucleotide-free conditions. In contrast, the diversity narrows significantly for
subsequent binding partners with only 7 GRKs (two specialized for the visual system)
and 4 arrestins (two visual). The concomitant decreased specificity is expected to reduce the
complex stability, which is reflected in the fewer solved structures. (B) Structural transitions
during arrestin activation. The left panel illustrates the apo (inactive) form of human arrestin2
(PDB:8AS4), highlighting key structural elements including the finger loop, middle loop, lariat
loop, and strands Bl and P20 in the C-domain. Upon binding to the C-terminal GPCR
phosphopeptide (PDB:8AS3), the strand 20 is replaced by the phosphopeptide, leading to
significant conformational changes in the central loops (lariat, finger, and middle loops) and a

twist in the C-domain relative to the N-domain.

Figure 2. X-ray and cryo-EM structures of unique GPCR-arrestin complexes and their
analysis. (A) Electron density of rhodopsin-arrestinl complex solved by XFEL (PDB: SWO0P).
(B-E) Cryo-EM densities and detailed models of various GPCR-arrestin2 complexes. (B) Core
engaged-complexes: V2R (EMDB-14221; PDB:7R0C), NTIR (EMDB-20836; PDB:6UP7),
M2R-V2Rpp (EMDB-20612; PDB:6UIN), M2R native (EMDB-36093), CBIR-V2Rpp
(EMDB-37849; PDB:§WU1), B1AR-V2Rpp (EMDB-10515; PDB:6TKO), SHT2bR-modified
(EMDB-25403; PDB:7SRS). (C) Tail-engaged complexes: B2AR-V2Rpp megaplex (EMDB-
9375 and 9376; PDB:6NI2 and 6NI3); apo GCGR-V2Rpp (EMDB-36606; PDB:8JRU),
glucagon-bound GCRG-V2Rpp (EMDB-36607; PDB:8JRV). In both GCGR structures, this
class B receptor remains in an inactive conformation and is coupled to arrestin only via the C-
terminal tail. Structural resolutions are indicated in panels (A-C). (D) Structural alignment of
arrestin2-core-engaged complexes. The arrestin2 color corresponds to the associated receptor
chain from panel B. The complexes were aligned on the receptor chain and only one chain is
displayed (grey) for simplicity. (E) Structural comparison of identical receptor complexes with

arrestin2: NT1R (PDB:6UP7 and 6PWC) and CB1R-V2Rpp (PDB:8WU1 and 8WRZ).
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Figure 3. The pXpp motif across various receptor classes. Presence of the pXpp motif in
ICL3 or C-terminal receptor tail (C-term) as derived from the GPCR sequences available in the
GPCRdD. The receptors follow the GPCRdb classification. The occurrence of at least one pXpp

motif is marked with an ‘x’.
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