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A B S T R A C T

G protein coupled receptors (GPCRs) are critically regulated by arrestins. In this study, high-resolution data was 
combined with molecular dynamics simulations to infer the determinants of β-arrestin 1 (βarr1)-GPCR coupling, 
using the V2 vasopressin receptor (V2R) as a model system.

The study highlighted the extremely high plasticity of βarr1-GPCR complexes, dependent on receptor type, 
state, and membrane environment. The multiple functions of receptor-bound βarr1 are likely determined by the 
interplay of intrinsic flexibility and collective motions both as a bi-domain protein and as a whole. The two major 
collective motions of the whole βarr1, consisting in rotation parallel to the membrane plane and inclination with 
respect to the receptor main axis, are distinctly linked to the two intermolecular interfaces involved in tail and 
core interactions.

The intermolecular dynamic coupling between βarr1 and V2R depends on the allosteric effect of the agonist 
arginine-vasopressin (AVP). In the absence of AVP the dynamic coupling concerns only tail interactions, while in 
the presence of AVP it involves both tail and core interactions. This suggests that constitutive and agonist- 
induced arrestin-receptor dynamic coupling is linked to distinct arrestin functions.

1. Introduction

G-protein-coupled receptors (GPCRs) control numerous cellular re
sponses through the combined interplay of heterotrimeric G proteins, 
GPCR kinases (GRKs), and arrestins [1]. G proteins mediate activation of 
second-messenger-generating enzymes and other effectors [2], GRKs 
phosphorylate activated receptors [1], and arrestins subsequently bind 
phosphorylated receptors resulting in receptor desensitization [3]. 
Arrestins bound to phosphorylated receptors also serve as adaptors to 
link receptors to G-protein-independent signaling, i.e. activation of 
ERK1/2 (extracellular signal-regulated kinase), FAK (focal adhesion 
kinase), and Src tyrosine-kinase [3–6]. The ability of arrestins to trigger 
ERK signaling independently of G proteins is, however, controversial 
[7–10].

GPCRs are characterized by seven transmembrane (7TM) helices (H) 
organized in an up-down bundle architecture, with three intracellular 

and three extracellular loops (IL1–3 and EL1–3, respectively), as well as 
an extracellular N-terminus and a cytosolic C-terminus (C-tail) [11]. 
Most vertebrates express four arrestin subtypes: arrestin-1 (visual or rod 
arrestin), arrestin-2 (β-arrestin 1, βarr1), arrestin-3 (β-arrestin 2, βarr2), 
and arrestin-4 (cone or X-arrestin) [12].

The GPCRs vasopressin receptors (VRs) are coupled to different G 
proteins. The V1aR and V1bR subtypes stimulate phospholipase C by 
coupling to Gq/11, whereas V2R activates adenylyl cyclase by coupling 
to Gs [13]. In the kidneys, upon binding the agonist nonapeptide 
arginine-vasopressin (AVP), V2R activates the cAMP/PKA signal trans
duction pathway that promotes expression and trafficking of the water 
channel aquaporin (AQP2), thereby increasing renal water re- 
absorption [14]. The V2R can stimulate the ERK1/2 pathway via 
β-arrestins (βarrs) [9,15]. Constitutively active mutants (CAMs) of the 
V2R (such as R137L/C and F229V) are linked to the Nephrogenic Syn
drome of Inappropriate Antidiuresis (NSIAD) [16,17], which, in contrast 
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to SIAD, is characterized by low or undetectable levels of AVP. Inter
estingly, these two CAMs, despite being both associated to NSIAD, 
display different constitutive activity towards G protein or βarr as well as 
different responses to ligands such as the agonist AVP and the small- 
molecules inverse agonists tolvaptan and satavaptan (vaptans). The 
R137L mutant constitutively activates Gs, is slightly constitutively 
coupled to βarr1, has reduced sensitivity to AVP, and does not respond to 
vaptan inverse agonists. In contrast, F229V is highly constitutively 
active towards Gs, displays higher AVP-stimulated coupling to both Gs 
and βarr1 compared to the wild type (WT) V2R, and responds to vaptan 
inverse agonists [18].

Arrestins share phosphorylation, activation, and membrane sensors, 
deputed to recognizing, respectively, the phosphorylated regions of the 
receptor, the receptor core in its active conformation, and the membrane 
[19]. Phosphorylation-dependent recruitment of arrestins is a common 
feature for GPCRs, relying on conserved phosphorylation codes [20]. 
The mechanism of sensing receptor phosphorylation by visual arrestin 
and βarr1 is very similar. Indeed, the phosphorylation codes in the C-tail 
of rhodopsin, PxPxxP/E/D (short code, where P is a phosphorylated 
serine or threonine and x is any amino acid except proline in the second 
xx occurrence), and of V2R (PxxPxxP/E/D (long code) are overlapping 
and interact with three corresponding positively charged pockets in 
visual arrestin and βarr1, denoted as A, B, and C [20]. The positions of 
such positively charged residues are highly conserved in arrestins from 
C. elegans to mammals [21]. Alanine scanning mutagenesis on rhodopsin 
and V2R confirmed the hypothesis that a full phosphorylation code, like 
those in rhodopsin and V2R, is critical for arrestin recognition [20]. 
Phosphorylation codes exist in all major GPCR sub-families [20]. Spe
cifically, among 825 annotated GPCRs, 436 were found to contain full or 
partial codes in their C-tails. Of the 389 receptors without codes in their 
tails, 308 (~79 %) were found to belong to the olfactory receptor family, 
which recruits arrestin through phosphorylation sites within their IL3 
[22]. Among the remaining 81 receptors, 48 were found to contain full 
or partial codes within their IL3 and comprised many members from the 
amine sub-family (e.g. dopamine, muscarinic, serotonin), which were 
shown to recruit βarrs in IL3-dependent manner [22–24]. The involve
ment of phosphorylated IL1 and IL2 has been documented as well [23]. 
Collectively, phosphorylation code analysis accounted for 96 % of the 
GPCR proteome [20]. Fluorescence resonance energy transfer (FRET) 
imaging together with focused cellular investigations showed that re
ceptor phosphorylation patterns, in combination with receptor agonism, 
synergistically establish the strength and specificity with which diverse 
downstream βarr-mediated events are directed [25].

For those receptors like V2R, which hold phosphorylation codes in 
their C-tail, it has been hypothesized a stepwise process of arrestin- 
receptor recognition, in which arrestin would first bind to the phos
phorylated receptor C-tail appearing to hang from the receptor (tail/ 
hanging conformation) and successively bind concurrently to the re
ceptor intracellular core (core conformation) [26,27]. In the tail 
conformation, the receptor intracellular core is potentially available for 
interaction with G protein to form a receptor-G protein-βarr ‘mega
complex’ able to stimulate G protein signaling while being internalized 
by βarr [26,28].

The interactions of arrestin with the phosphorylated GPCR C-tail to 
form the interface-1, with the GPCR core regions to form the interface-2, 
and with the membrane, all help determining the conformational 
ensemble, which underlies the multiple arrestin functions [15]. For 
those receptors with phosphorylation codes in the intracellular loops 
and not the C-tail, arrestin recruitment likely relies on core interactions. 
While the engagement of only the phosphorylated tail preserves the 
ability to mediate receptor internalization and βarr signaling, desensi
tization of G protein signaling requires the additional engagement of the 
receptor core [29]. The cryo-electron microscopy (cryoEM) complex 
between βarr1 and glucagon-bound glucagon receptor (GCGR)/V2R C- 
tail (V2RCt) shows a high-resolution view of a tail conformation, char
acterized by the interface-1 and additional interactions between the 

central-crest of βarr1 and H8 of the receptor but not the receptor core 
[30]. Data strongly implied that the tail conformation of βarr1 is largely 
involved in the cellular trafficking of GCGR [30]. Differently from the 
tail conformation emerged by the single-particle EM analysis of the 
βarr1-β2 adrenergic receptor (AR)/V2RCt complex, in which βarr1 is 
perpendicular to the membrane [27], in the complex with GCGR, βarr1 
forms a 45◦ angle with the membrane plane [30]. A combination of in 
vitro and computational experiments on visual arrestin-rhodopsin 
interaction showed that binding to the receptor tail and the receptor 
core can each independently cause the global conformational changes in 
arrestin required for activation [31]. A distinct and additional mecha
nism of βarr activation that does not require stable βarr scaffolding or 
the GPCR tail has been demonstrated as well [32]. It occurs through 
transient engagement of the GPCR core, which promotes capture of βarr 
at the plasma membrane and its accumulation in clathrin-coated endo
cytic structures [32]. Single-molecule experiments showed that βarr 
spontaneously pre-associates with the plasma membrane, allowing it to 
explore space via lateral diffusion and to undergo highly transient in
teractions with receptors that lead to βarr activation [33].

To gain insight into the molecular determinants of receptor-arrestin 
coupling, in the present study, all information from structure determi
nation available so far on βarr1 in its isolated inactive state or in com
plex with phosphorylated GPCRs [26,34–42] was integrated with 
atomistic microsecond molecular dynamics (MD) simulations of hex
aphosphorylated V2R in ternary complex with AVP and βarr1. V2R was 
modeled in its WT form and in the two NSIAD-linked R137L and F229V 
mutant forms. The two mutants were also simulated in their apo states. 
The choice of the βarr1-V2R complex as a model system was because of 
the huge availability of valuable information on the recognition between 
the two proteins, considering also the fact that the V2R V2RCt provides 
the GPCR with high-affinity binding to βarrs [43]. The effects of phos
phorylation extent and membrane shape on the architecture and dy
namics of βarr1-V2R complex were also inferred by comparing the 
results of present simulations with previous simulations on an octa- 
phosphorylated version of V2R [44] and with the cryoEM complex of 
βarr1-V2R in lipid micelles [40] released when simulations were 
completed.

Collectively, the results of the present integrative molecular 
modeling study provide significant insights into the dynamic coupling of 
βarr1 and V2R under the allosteric effect of the AVP agonist and the 
interactions with the membrane.

2. Material and methods

2.1. MD simulations

2.1.1. Model building of the ternary complex
The input structural complex between V2R and βarr1 was achieved 

by integrative molecular modeling. The CryoEM structure of the V2R in 
complex with heterotrimeric Gs (Protein Data Bank (PDB): 7DW9) [45] 
was fitted onto the CryoEM structure of the β1AR/phosphorylated 
V2RCt chimera (β1AR) in complex with βarr1 (PDB: 6TKO) [38]. When 
we started modeling and simulations, the available cryoEM complexes 
between βarr1 and a GPCR holding the V2RCt were the 6TKO and 6UON 
structures, both solved in nanodiscs. We selected 6TKO because it had a 
significantly higher resolution than 6U1N. Today, despite the avail
ability of more cryoEM complexes, all solved into micelles, we would 
confirm our original choice because nanodisks are more similar in shape 
than micelles to the membrane model employed in our simulations. The 
V2R structure hence added of the phosphorylated V2RCt from the 6TKO 
complex was subjected to completion of EL2, IL2, IL3, and the C-tail (by 
the loop_model routine of Modeller [46]). As already stated in a previous 
report, IL3 was in great part modeled as a cytosolic protrusion of H5 and 
H6 [44]. During comparative modeling, α-helical restraints were applied 
to the following amino acid stretches: 143–151 (in IL2), 231–246 
(cytosolic extension of H5), 253–267 (cytosolic extension of H6), and 
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334–341 (H8).
Upon addition of the missing residues 332–340 (by Modeller), βarr1 

from the β1AR-βarr1 (6TKO) complex was added to the completed 
model of V2R.

A final structural model of V2R phosphorylated at pS357 (phos
phorylation site 3 (p3), Supplementary Table 1 (Table S1)), pT359 (p4), 
pT360 (p5), pS362 (p6), pS363 (p7), and pS364 (p8) and palmitoylated 
at C341 and C342 (at the C-terminus of H8) in complex with βarr1 was 
achieved. MD simulations concerned such complex in the WT form or 
carrying the R137L or F229V NSIAD-linked mutations in complex with 
the peptide agonist AVP (from the original CryoEM 7DW9 complex 
[45]). The apo forms of the two V2R NSIAD mutants in complex with 
βarr1 were simulated as well.

The agonist AVP is a cyclic peptide due to a disulphide bridge be
tween C1 and C6. In the structure used as an input of MD simulations, it 
docks on the EL2 β-hairpin and makes a number of inter-molecular in
teractions with V2R amino acid residues, e.g. those in: N-term (R8AVP- 
D33V2R), H1 (R8AVP-E40V2R), H2 (Q92V2R-Y2AVP-Q96V2R), EL1 (G9AVP- 
R104V2R), H3 (F3AVP-M129V2R), EL2 (N5AVP-W193V2R), H5 (V206V2R- 
F3AVP-I209V2R and Q4AVP-R202V2R), H6 (Q4AVP-Q291V2R-F3AVP- 
F287V2R, F3AVP-F288V2R, and Y2V2R-F287), and H7 (C1AVP-M311V2R). 
Those interactions are slightly different in the cryoEM complex between 
V2R and βarr1 (PDB: 7R0C), essentially due to the different conforma
tion of the peptide C-tail. The flexibility of the AVP C-tail emerges also 
from structure comparisons of the peptide from other cryoEM complexes 
between V2R and Heterotrimeric Gs (PDBs: 7BB6 and 7BB7 [47]).

2.1.2. MD simulation setup
The structural models of WT and mutated V2R in ternary complex 

with AVP and βarr1 were used as inputs of MD simulations. The apo 
mutants R137L and F229V were also simulated in binary complex with 
βarr1.

The N-termini of both βarr1 and V2R were acetylated, whereas the C- 
termini of βarr1, V2R, and AVP were amidated. Two disulphide bridges 
were allowed to form between C112(3 × 25) (the labeling in parenthesis 
refers to a positional numbering widely used for GPCRs [48,49]) and 
C192 in V2R EL2 and between C1 and C6 both in AVP. Furthermore, the 
highly conserved D85(2 × 50) and D136(3 × 49) from V2R were kept in 
their protonated (neutral) states, consistent with evidences on the cor
responding amino acid residues in rhodopsin [50,51].

Simulations were performed by NAMD2.11 [52] and were conducted 
in the NPT (constant particle Number, Pressure, and Temperature) 
ensemble. Periodic boundary conditions (PBC) were used and the long- 
range electrostatic interactions were treated with the particle-mesh- 
Ewald (PME) method [53]. The cutoff for non-bonded interactions 
was set to 10 Å and the switching function was applied to smooth in
teractions between 9 and 10 Å. The bonds between hydrogens and heavy 
atoms were constrained using the SHAKE algorithm [54], allowing for 
an integration step of 2 fs. The r-RESPA multiple time step method [55] 
was employed, allowing to update long-range electrostatic interactions 
every 4 fs and all the other interactions every 2 fs. The temperature was 
set to 310 K and regulated via a Langevin thermostat, while pressure was 
set to 1 atm and regulated via an isotropic Langevin piston manostat (as 
implemented in NAMD). The CHARMM36 force field was used for 
protein, membrane, phosphoryl, and palmitoyl groups, and counterions, 
and the TIP3P model [56] was used for the water solvent.

Phosphorylated and palmitoylated V2R in complex with both AVP 
and βarr1 was placed in the center of a phosphatidylcholine (1-palmi
toyl-2-oleoyl-sn-glycero-3-phosphocholine, POPC) membrane generated 
exploiting the VMD Membrane Builder plugin [57] (Supplementary 
Fig. 1 (Fig. S1)). Lipids within 1 Å from the protein complex were 
removed and the complex was placed along the z-axis so that the center 
of mass of the receptor coincided with the center of the membrane. The 
POPC-embedded protein complex was then solvated and neutralized 
with 59 Na+ and 64 Cl− , reaching a salt concentration of about 0.05 
mol/L. The final system was simulated in a cubic box of 150x150x150 

Å3, which ensures correct decoupling between the periodic replica; the 
maximum extension of the whole protein complex was not greater than 
110x110x110 Å3.

Energy minimization was carried out, followed by 4-ns equilibration 
of the membrane around the protein, while keeping the protein heavy 
atoms harmonically constrained to their initial positions. The con
straints over the protein were then removed and the system was further 
minimized. After minimization, the system was equilibrated for 100 ns. 
Box dimensions in the equilibrated system were about 138x138x137 Å3. 
Such equilibration was followed by 1.0 μs production, by keeping the 
dimensions of the unit cell constant in the xy-plane, while allowing 
fluctuations along the z-axis.

During the production stage, distance restraints were applied to 
maintain selected inter-molecular contacts or secondary structures in 
V2R, according to experimental evidence [58–60]. In detail, α-helical 
restraints between the backbone oxygen atom at position i and the 
backbone nitrogen atom at position i + 4, excluding proline residues, 
were applied to a) the segment 144–150 in IL2; and b) the segments 
230–242 and 254–267 in cytosolic ends of H5 and H6. Furthermore, 
antiparallel β-sheet restraints were applied to the H-bond-forming sites 
of the EL2 β-hairpin (i.e. positions 179 and 181 in the N-terminal strand 
paired, respectively, with positions 191, and 193 in the C-terminal 
strand). Finally, distance restraints were also applied between selected 
atoms of V2R and AVP such as: a) respectively D33 (OD1) and R8 (NH1), 
A194 (N) and N5 (OD1), R202 (NH2) and Q4 (OE1), as well as Q291 
(OE1) and Q4 (NE2).

2.2. MD analyses

All structural analyses were carried out by the in-house software 
Wordom [61,62] and PSNtools [63].

For each simulated V2R form, comparative structural analysis con
cerned either the whole conformational ensemble from MD simulations 
or the trajectory frame closest in Cα-atom root mean square deviation 
(Cα-RMSD) to the average structure (i.e. representative of the confor
mational ensemble, hereafter named Rframe).

2.2.1. Analysis of structural deformations and collective motions
MD trajectories were subjected to a variety of analyses by the Wor

dom software [61,62] aimed at computing: a) geometrical and size/ 
shape descriptors, e.g. inter-atomic distances, intra- and inter-molecular 
angles, and solvent accessible surface area (SASA); b) intrinsic flexi
bility, e.g. Cα-RMSD, Cα-atom root mean square fluctuations (Cα- 
RMSFs), force constants [64–66], overall fluctuations [67], invariant 
core [68], and geometrically stable domains, by GeoStaS [69]; and c) 
collective motions by the principal component analysis (PCA) of the 
atomic fluctuations [70]. Only the most meaningful results are shown.

For estimating the strength and extension of the interfaces-1 and 2, 
the missing side chains and all hydrogens were added to the cryoEM 
structures by means of the Chimera molecular visualization software 
[71]. Side-chain conformations were assigned by a mixture of rotamer 
libraries, i.e. the Dunbrack and Karplus (D&K) [72] and Ponder and 
Richards (P&R) [73]. The C-tail of the neurotensin receptor 1 (NTSR1) 
was phosphorylated at S409, S410, T413, and T416, according to 
experimental evidence [37].

2.2.2. Structural communication by the protein structure network analysis
The structural communication was investigated by the protein 

structure network (PSN) analysis implemented in the PSNtools [63]. 
PSN analysis is a product of graph theory applied to protein structures 
[74]. The methodological approach for computing the structure graph 
and the shortest communication pathways has been described in a 
number of research articles [63,75,76].

Shortly, in a PSN, each linked residue (e.g. amino acid, nucleotide, 
small molecules, ion, etc) is a node [77]. Links form if the non-covalent 
interaction strength between pairs of nodes equals or overcomes a cutoff 
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(Imin). Such interaction strength, expressed as a percentage, is computed 
by the Eq. (1) below: 

IU =
nij
̅̅̅̅̅̅̅̅̅̅
NiNj

√ ×100 (1) 

where Iij is the percentage interaction between residues i and j; nij is the 
number of heavy atom-atom pairs between the side chains of residues i 
and j within a distance cutoff (4.5 Å); Ni and Nj are normalization factors 
for residue types i and j, which account for their propensities to make 
contacts with surrounding residues [74,78]. As for the normalization 
factors, the PSNtools software employs an internal database holding the 
normalization factors for the 20 standard amino acids and the 8 standard 
nucleotides (i.e. dA, dG, dC, dT, A, G, C, and U), as well almost 40,900 
molecules (e.g. small molecules, lipids, sugars, etc) and ions extracted 
from all the structures deposited to date in the PDB.

Thus, the interaction strengths (Iij) are computed for all node pairs. 
At a given interaction strength cutoff, Imin, any residue pair ij for which 
Iij ≥ Imin (see eq. 1) is considered interacting and hence is connected. The 
Imin cutoff is automatically computed as described in a recent paper 
[63]. In more detail, the Imin employed for the PSN analysis on MD 
simulations is the average over all the Imin computed on each trajectory 
frame.

Only those links and hubs present in at least 50 % of the trajectory 
frames were defined as stable and considered for further analysis.

To avoid excessive network fragmentation, which would impair the 
search for the shortest communication pathways, all node clusters (i.e. 
ensembles of nodes connected by at least one link) were iteratively 
connected by the link with the highest sub-cutoff interaction strength.

Allosteric communication was studied by searching for the shortest 
communication pathways. A pathway describes how signals are 

Fig. 1. Topology diagram of inactive βarr1. The topology diagram of inactive βarr1 is shown on the left while cartoons of the 3D structure 1G4M are shown on the 
right colored according to the topology diagram. As for coloring, ND and CD are lemon-green and cyan, respectively, whereas the last strand (β20) is gray; finger, 
middle, C-, lariat, and C-edge loops and the hinge inter-domain linker are, respectively, hotpink, slate-gray, salmon-pink, blue, bright-orange, and purple. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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transferred between sites and consists of a set of residues in dynamic 
contact [79,80]. The procedure for computing the shortest communi
cation pathways, which has been previously described and validated 
[63,76], is based on Dijkstra’s algorithm [81]. The motion correlation 
cutoff of 0.8 was used for path filtering [63,76].

A coarse/global picture of the whole structural communication in the 
considered system is provided by consensus paths or metapaths made of 
the most recurrent links in the path pool (i.e. with a recurrence ≥20 % in 
this study) [63].

In this study, the PSN analysis was used to compute the global 
strength of the links at the two βarr1-receptor interface and the meta
paths from the shortest communication pathways that involve at least 
one node in AVP and its binding site.

3. Results

3.1. Analysis of MD simulations in the framework of high-resolution data 
on βarr1-GPCR complexes

3.1.1. Structural features of βarr1 and βarr1-V2RCt interface
βarr1 holds a β-sandwich architecture and an immunoglobulin-like 

topology made of one N-terminal (residues 6–172) and one C-terminal 
(residues 185–359) domains (ND and CD, respectively) (Fig. 1). Each 
domain consists of two sheets made of four antiparallel β-strands packed 
against each other (i.e. 1,2,4,7 and 6,5,9,10 for the ND and 11,12,14,17 
and 16,15,18,19 for the CD). The two domains are connected by a 12- 
residue hinge (residues 173–184), which is involved in the inter
domain twist linked to arrestin activation [82]. In the inactive state, the 
last strand in the C-terminal tail makes a parallel sheet with the β1- 
strand in the ND (Fig. 1). Three extra-sheet strands, β3, β8, and β13 form 
anti-parallel sheets with β10, the lariat loop (residues 275–318 in the 
CD), and the C-tail (Fig. 1).

Three short helices, which do not contribute to the class and archi
tecture of the domains, are present: one in the β6/β7 loop (h1) and two 
in the lariat loop (h2 and h3) (Fig. 1).

Two intra-sheet loops, finger loop (residues 63–75 in the ND) and C- 
loop (residues 242–246 in the CD), and two inter-sheet loops, middle 
loop (residues 130–140 in the ND) and lariat loop, participate in the 
central crest involved in receptor recognition (Fig. 1). The lariat loop 
comprises the gate (residues 289–298) and back loops (residues 
311–318). The CD holds two edge loops (β11/β12 loop, residues 
189–196, and β18/β19 loop, residues 330–342; Fig. 1), deputed, with 
emphasis on the β18/β19 loop, to interactions with the membrane 
(Fig. 1 and S1).

A number of βarr1 structures in different functional states are 
currently available. The solved states include the inactive state and the 
active states bound to the phosphopeptide from the C-tail or to both the 
C-tail and the core of a number of GPCRs (Tables S1 and S2). Herein, the 
1G4M structure (Fig. 1 [34]) was used as a representative of the inactive 
state in comparison with a number of active-state structures. As for the 
βarr1 state bound to the receptor C-tail phosphopeptide, the following 
complexes with a variedly phosphorylated V2RCt (i.e. with only 
interface-1 formed) were considered: a) fully-phosphorylated (octa- 
phosphorylated) structure (4JQI_pp8 (i.e. a phosphopeptide with eight 
phosphoryl groups), Fig. S2A) [35]; b) hepta-phosphorylated (7DF9_pp- 
1, i.e. with un-phosphorylated site 1, 7DFC_pp-3 and 7DFA_pp-5, 
Fig. S2B-D and Table S1 [36]); and c) hexaphosphorylated (7DFB_pp- 
7,8 [36] and 6NI2_pp-1,2 [26], Fig. S2E, F, and Table S1).

In all βarr1-GPCR/V2RCt complexes holding both interfaces-1 and 2, 
the phosphoryl groups solved at the atomic detail are six (i.e. in 6TKO, 
6U1N, and 7R0C Fig. S3A–C)) or five (i.e., in 8WRZ, Fig. S3D). Liquid 
chromatography-tandem mass spectrometry (LC–MS/MS) on the β2AR- 
V2RCt chimera revealed that while the N-terminal T347 and S350 are 
always phosphorylated independent of receptor stimulation and are not 
essential to βarr1 recruitment, S357, T359, T360, and S362 are instead 
phosphorylated by GRK upon agonist stimulation and are essential to 

βarr1 recruitment [26].
Comparative analysis of the interface-1 involving variedly phos

phorylated V2RCt shows high structural similarity among all compared 
complexes, independently of the degree of V2RCt phosphorylation 
(Figs. S2 and S3). Indeed, the last six phospho-serine/threonine residues 
of V2RCt recognize three cationic sites on βarr1, i.e. sites A (K11 and 
R165), B (K11, R25, and K294), and C (R7, K10, and K107) (Figs. S2 and 
S3). Incidentally, the only residue in the cationic sites that belongs to CD 
is K294 in the lariat loop (specifically in the gate loop). In detail, pS357 
interacts with site A, pT359 and pT360 interact with site B, and pS362, 
pS363, and pS364 interact with site C. The first two phosphorylated 
amino acid residues, pT347 and pS350 (p1 and p2 sites), where present, 
recognize, respectively, an additional cationic site D involving both 
finger loop (R65 and K77) and site A (Fig. S2A,C-E). Thus, in all βarr1- 
V2RCt complexes, in which the p1 and/or p2 sites are phosphorylated 
and only the interface-1 can form, the V2RCt makes tight interactions 
with the finger loop (Fig. S2A-E). In contrast, in all βarr1-receptor 
complexes holding both interfaces-1 and 2, the p1 and p2 sites are not 
solved. In those complexes, the orientation of the finger loop, which 
effectively participates in the interface-2, is such that even if phos
phorylated, the p1 and p2 sites would likely not contribute to the 
interface-1 (Fig. S3). Remarkably, the intermolecular interactions 
characterizing the phosphorylated residues at the interface-1 are 
conserved also in the complex between βarr1 and the Class-B GCGR in 
tail conformation [30].

In summary, upon binding to βarr1, the V2RCt extends the first sheet 
of the β-sandwich by making an anti-parallel β-sheet with the β1, thus 
displacing the C-terminal β20-strand. This binding mode is the result of a 
general mechanism, by which arrestins recognize the C-terminal tails of 
receptors, leading to formation of the interface-1, which triggers βarr1 
activation [35]. Indeed, displacement of the βarr1 C-tail by the receptor 
V2RCt, which is used as a marker of arrestin activation [25], triggers 
conformational changes of the central loops and a 20◦-twisting of the ND 
and CD around the βarr1 main axis [27], thus disrupting two sets of 
intra-molecular constraints: a) the interactions among β1, α1, and the C- 
tail of arrestin (three-element interaction [83]); and b) the polar core 
consisting of five interacting charged residues: D26, R169, D290, D297, 
and R393 [84,85]. Notably, the side chain of K294, a residue within the 
gate loop, flips towards the ND upon activation and engages pT360 of 
V2RCt as a consequence of a conformational change in the loop. Com
parisons of inactive (1G4M) and V2RCt-bound active (4JQI) βarr1 led to 
the hypothesis that the interaction of K294 with the C-tail phosphates 
provides an additional driving force for the lariat-loop rearrangement 
associated with βarr1 activation [35]. More recent site-directed muta
genesis of the conserved lysine in arrestin-1, -2, and -3 suggests that it 
participates in receptor binding, but does not play a critical role in 
phosphate-induced arrestin activation [86].

3.1.2. Structure comparisons of cryoEM and simulated βarr1-GPCR 
complexes made of both C-tail and core interactions

The first atomistic view of receptor-arrestin core interactions was 
provided by X-ray laser-crystallographic structure determinations of the 
complex between pre-activated visual arrestin and constitutively active 
opsin [87]. The structure revealed that the ~20◦ interdomain twisting 
opens a cleft in arrestin to accommodate a two-turn helix formed in IL2 
of the receptor, thus allowing core interactions [87], which were later 
confirmed by the cryoEM complexes between βarr1 and several GPCRs 
[12].

The structural analysis of the existing βarr1-receptor complexes was 
exploited herein to drive the analysis of the conformational ensembles 
from microsecond MD simulations of βarr1 in complex with AVP-bound 
WT and mutated V2R. The two NSIAD-linked mutants R137L and F229V 
concern, respectively, the arginine of the conserved E/DRY motif at 
position 3 × 50 and a phenylalanine at position 5 × 62. In the WT 
Rframe, R137 is folded, being involved in interactions with both E66 
and D69 in the finger loop of βarr1, whereas F229 is involved in inter- 
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helical van der Waals interactions with V240 (at position 6 × 34). The 
two mutants were also simulated in their apo states (R137LAPO and 
F229VAPO).

The rather high homogeneity of the interface-1 contrasts with the 
high structural variability of the interface-2 (Figs. S2-S4). The latter is 
contributed by the central-crest loops and the C- and N-terms, respec
tively, of β15 and β16 of βarr1 and the cytosolic ends of H3, H5, and H6, 
the N-term of H8, and the three intracellular loops (IL1–3) of the re
ceptor (Fig. S4).

All existing cryoEM complexes holding the interface-2 were consid
ered in the comparative structural analysis, being listed according to the 
release-date: βarr1-NTSR1 (or NTS1, PDB: 6PWC [37]), βarr1-β1AR 
(PDB: 6TKO) [38], βarr1-M2 muscarinic receptor (M2R or M2, PDB: 
6U1N [39]), βarr1-V2R (or V2, PDB: 7R0C [40]), βarr1-5HT2B serotonin 
receptor (5HT2BR or 5HT2B; PDB: 7SRS [41]), and βarr1-CB1-canna
binoid receptor (CB1R or CB1, PDB: 8WRZ [42]) (Tables S1 and S2). It is 
worth recalling that, although the cryoEM structures listed above 
contain stabilizing mutations on βarr1 and/or the GPCR, and are re
ceptor/V2RCt chimeras in three cases, all constructs proved to be 
functional in G protein coupling and/or in arrestin-mediated receptor 
internalization under the effect of the specific agonist (see the relative 
articles). A greater artifact could have been M2R_6U1N that, being an 
M2R/V2RCt chimera, is phosphorylated at the C-tail, whereas in nature 
M2R is phosphorylated at the IL3 [24]. That was not the case. In fact, 
βarr1 was found to enhance the affinity of agonists for M2R/V2RCt to 
the same extent as for natively phosphorylated M2R [39]. Moreover, the 
possibility that phosphorylated IL3 residues influence the relative 
orientation of βarr1 seems unlikely given the length of this loop (152 
residues) and its lack of order in the cryoEM structure [39].

Collectively, all observations above give value to the cryoEM data 
exploited in the present analysis.

As already stated in the Introduction, the 7R0C structure of the βarr1- 
V2R complex was released when the current MD simulations were 
completed. Remarkably, the resolution of 7R0C is such that several 
relevant regions are missing, i.e. portions of EL2, IL2/H4 N-term, IL3, 
and the whole N-terminus, and the whole C-tail but the 356–368 ter
minal stretch of V2R and part of the β18/β19 loop of βarr1. Moreover, 
the high inclination of βarr1, due to its interaction with a curved lipid 
micelle, is not compatible with a realistic interaction with a rather 
planar cell membrane, like the one employed in present simulations.

The high divergences in the architectures exhibited by the interface- 
2 are due, in part, to the structural variability of the central-crest loops of 
βarr1, the cytosolic regions of GPCRs (in particular, IL2, the cytosolic 
extensions of H3, H5 and H6, and the N-term of H8), and βarr1 inter
action with membranes (Fig. S4). Remarkably, the finger loop assumes 
different conformations in all cryoEM complexes, holding differently- 
oriented one-turn α-helix in NTSR1_6PWC, 5HT2BR_7SRS, and 
CB1R_8WRZ and random conformations in the others (Fig. S4). Major 
structural differences in the interface-2, however, reside in the orien
tation of βarr1 with respect to the receptor. This clearly emerges from 
the Cα-RMSD matrices shown in Figs. 2 and S5. Indeed, the Cα-RMSDs 
computed either on the receptor or βarr1 (Fig. S5) are significantly lower 
(i.e. up to 4.24 Å) than those computed on the whole complex (up to 
39.89 Å, Fig. 2). The highest values concern NTSR1_6PWC, the Cα- 
RMSDs ranging from 25.42 Å to 39.89 Å (Fig. 2).

As for the structural comparisons of the V2R WT Rframe from MD 
simulations and the cryoEM complexes, fitting and computing the Cα- 
RMSD on either the receptor or βarr1 (Fig. S5 lower and upper triangular 
matrix, respectively) shows, respectively, the highest similarities with 
βarr1 from β1AR_6TKO (Cα-RMSD: 2.12 Å) and the V2R from V2R_7R0C 
(Cα-RMSD: 2.27 Å), which is consistent with the fact that in the input 
complex of MD simulations βarr1 derives from β1AR_6TKO, whereas 
V2R comes from the cryoEM complex with heterotrimeric Gs (PDB: 
7DW9) (Fig. 2). As for the Cα-RMSDs computed on the whole complexes, 
the highest similarity is always reached with the β1AR_6TKO employed 
as a template to build the input complex (Cα-RMSDs: 3.87 Å and 6.82 Å 

in the lower and upper triangular matrices, respectively, Fig. 2). For 
each trajectory, the Cα-RMSDs with respect to the first frame show 
median values up to 2.54 Å, the highest flexibility concerning F229VAPO 
(Fig. S6). Comparisons of the mutant trajectories with the WT Rframe 
show Cα-RMSD median values around 4 Å for R137LAPO, R137L, and 
F229VAPO, which increase for the AVP-bound F229V (i.e. 6.07 Å median 
value, Fig. S6).

Collectively, structure comparisons of all cryoEM complexes and the 
V2R Rframes from MD simulations indicate that the structural di
vergences essentially reside in the orientation of βarr1 with respect to 
the GPCR and the membrane plane.

3.1.3. Structural plasticity of βarr1-GPCR complexes
A combination of structural indices proved able to comprehensively 

account for the variability in βarr1-receptor complexes (Figs. 3–5 and 
S7, Table S2). These indices include: a) Dist, the minimal distance be
tween the geometrical center of the βarr1 C-loop and any Cα-atom in 
receptor H5; b) Tilt, the angle between the major axes of the receptor 
and βarr1, representing the inclination of βarr1 with respect to the 
receptor-main axis; c) Twist, βarr1 inter-domain twist angle; d) Rot, the 
angle between the major axes of receptor H8 and βarr1, representing the 
rotation of βarr1 parallel to the membrane plane; e) Int1 and Int2, the 
summations of the interaction strengths of all links at the interface-1 and 
the interface-2, respectively; and f) Surf1 and Surf2, the receptor surface 
areas at the interface-1 and the interface-2 buried by βarr1. While Twist 
is a product of the intrinsic flexibility of βarr1, Rot, and Tilt describe the 

Fig. 2. Structural comparisons of the cryoEM βarr1-receptor complexes. The 
pairwise Cα-RMSD matrix concerning six cryoEM complexes (indicated by the 
PDB code) and the most representative frame (Rframe) from MD simulations of 
WT V2R (WT) is shown. Values below the diagonal were obtained by fitting and 
calculating the RMSD on all Cα atoms. In contrast, those above the diagonal 
were obtained by fitting the Cα-atoms of the receptor and calculating the RMSD 
on the Cα-atoms of βarr1. Above and on the right side of the matrix, the cartoon 
representations of WT superimposed on each cryoEM complex are shown. As for 
coloring, WT, 6PWC, 6TKO, 6U1N, 7R0C, 7SRS, and 8WRZ are lithium-violet, 
forest-green, marine-blue, yellow, violet, light-blue, and orange, respectively. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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orientation of βarr1 with respect to the receptor (Fig. 3), Int1 and Surf1 
describe, respectively, strength and shape/extension of the interface-1, 
Int2 and Surf2 describe strength and shape/extension of the interface- 
2, and Dist is inversely related to the tightness of the interface 2.

The combination of the eight descriptors in octagonal radar charts 
properly grasps structural similarities and differences in the cryoEM 
complexes between βarr1 and the six different GPCRs (Figs. 3 and 4, 
Table S2). Collectively, the shapes of the radar charts are quite divergent 
in the six systems (Fig. 3). Consistently with the Cα-RMSD data, the 
radar plot of NTSR1_6PWC displays the most divergent shape, charac
terized by singularly low and high values of Rot and Dist, respectively 
(Fig. 3). The complex β1AR_6TKO is the most divergent one from 
NTSR1_6PWC, holding all indices but Dist and Twist significantly higher 
compared to NTSR1_6PWC (Figs. 3 and 4, Table S2). The radar plots also 
highlight the rather small values of the Int2 and Surf2 indices for 
M2R_6U1R, Surf2 being singularly smaller than Surf1 (Fig. 3 and 
Table S2).

As for the Tilt angle, which is the inverse of the inclination of the 
βarr1 main-axis with respect to the receptor main axis, it is dictated by 
the interaction of βarr1 with the membrane and by the curvature of the 
latter. Indeed, for βarr1-GPCR complexes embedded in micelles of small 
size and high curvature (i.e. NTSR1_6PWC, V2R_7R0C, 5HT2BR_7SRS, 
and CB1R_8WRZ), βarr1 inclination is higher (low Tilt) compared to 
those complexes embedded in lipid nanodiscs (β1AR_6TKO and 
M2R_6U1N) or planar membranes (the forms simulated herein, Fig. 5). 
Incidentally, although embedded in detergent micelles, in 
5HT2BR_7SRS and CB1R_8WRZ βarr1 is less tilted than in NTSR1_6PWC 
and V2R_7R0C (Figs. 3 and 4, Table S2 [37,40,41]).

In contrast to the high variability of all other indices, the inter- 
domain twist angle (Twist), which is an index of the intrinsic flexi
bility of βarr1, is almost invariant in the cryoEM complexes (on average 
19.9 ± 1.33◦, Fig. 3 and Table S2), being slightly lower than the twist 
angle in the βarr1-V2RCt complexes holding only the interface-1 (on 
average 22.7 ± 1.28◦, Fig. 3 and Tables S1 and S2).

The structural plasticity of βarr1-GPCR complexes emerges also from 

the analysis of the MD trajectories of WT and mutated V2R, which 
expand the possible shapes of the octagonal radar charts that, in this 
case, plot the average values of the eight descriptors computed over the 
MD trajectories (Fig. 5, S7, and S8). The radar chart of the V2R WT 
resembles that of β1AR_6TKO for the Tilt, Rot, and Int2 descriptors. V2R 
WT has a larger interface-2 (Surf2) compared to β1AR_6TKO, which, in 
turn, has the highest Surf2 among the cryoEM complexes (Figs. 3 and 5). 
Furthermore, in the simulated V2R WT, all indices but Twist and Dist are 
higher than those of the cryoEM complex V2R_7R0C, which, however, 
exhibits a singular inclination also among the cryoEM complexes 
(Figs. 3–5, S7, and S8). One of the possible causes of these divergences is 
the membrane shape, which is planar in MD simulations whereas it is 
markedly convex in V2R_7R0C. The high inclination of βarr1 interacting 
with micelles likely influences also the rotation of arrestin parallel to the 
membrane plane and weakens/reduces the interface-2. The inclination 
of βarr1 in all simulated complexes, especially those involving the V2R 
mutants, tends to be low (high Tilt value), whereas the indices ac
counting for tightness and shape/extension of the interface-2 (Int2 and 
Surf2, respectively) tend to be high. In the simulated complexes also the 
twist angle tends to be lower than those of the cryoEM complexes (the 
maximal median value, 16.67◦, belongs to the WT, Fig. S8). In each of 
the five conformational ensembles βarr1 explores a wide variety of Twist 
values, which go from sporadic inactive-like values (i.e. around 0◦) to 
various active-like values reaching 28.61◦ at maximum. Collectively, the 
establishment of core interactions (interface-2) in addition to tail in
teractions (interface-1) tends to lower the twist angle compared to the 
tail-only interactions.

All descriptors explore wide ranges of values in the conformational 
ensembles, the complexes involving the F229V mutant being more 
divergent from the other forms (Fig. 5, S7, and S8).

A singular behavior of the F229V forms, in particular the AVP-bound 
one, is the relatively high value of Dist, indicating detachment of the C- 
loop from H5 and changes in the interactions between β15/β16 hairpin 
and the small helix in IL2 (Fig. 5, S7, and S8). Moreover, F229V tends to 
frequently lose contact between the edge loops and the membrane, by 

Fig. 3. Structural descriptors of six cryoEM βarr1-receptor complexes. Eight structural descriptors of six cryoEM complexes (NTSR1_6PWC, β1AR_6TKO, M2R_6U1N, 
V2R_7R0C, 5HT2BR_7SRS, CB1R_8WRZ) are shown in octagonal radar charts, in which each axis is a descriptor. The ranges of values over all systems are: Dist (7.6 
Å–23.7 Å), Tilt (50.8◦–74.9◦), Twist (18.2◦–22.2◦), Rot (42.4◦–142.1◦), Int1 (49.9 %–210.7 %), Int2 (86.4 %–228.8 %), Surf1 (665.1Å2–1031.7Å2), and Surf2 
(817.8Å2–1571.7Å2).
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exhibiting almost no inclination (Figs. 5, S1, S7-S9). Incidentally, while 
in the simulated WT and R137L mutant V2R, similarly to the majority of 
cryoEM complexes, the strength of the interface-1 (Int1) is higher than 
that of the interface-2 (Int2), the contrary happens for the two forms of 
the F229V mutant (Fig. 5 and Table S2).

The β18/β19 edge loop is highly mobile especially in the V2R mu
tants, as inferred by monitoring the distance between the Cα-atom 
centroid of the β14/β15 and β16/β17 loops and the centroid of the β18/ 
β19 C-edge loop (Fig. S10).

Collectively, MD simulations of the five V2R forms show that 
changes in βarr1 inclination, interaction with the membrane, and 
conformational changes in the C-edge loops are all interconnected 
(Figs. 5, S7-S10).

Correlation analysis of the eight descriptors shows some linear trends 
in the merged pool of the six cryoEM βarr1-receptor complexes and the 
five Rframes concerning WT and mutated V2R (Fig. S11). Focusing on 
correlations with coefficients ≥0.70 in absolute values, the Twist index 
inversely correlates with the strength of both interfaces-1 and 2 (i.e. Int1 
and Int2, respectively), indicating that higher values of the twist angle 
are favored by lower strength of the two interfaces. The index inversely 
correlates also with the Tilt index indicating that high values of twist 
angle correspond to high inclination of βarr1. The Tilt index of βarr1 is 
correlated to strength and shape/extension of the interface-2 (Int2 and 
Surf2, respectively), suggesting that high inclination of βarr1 weakens 
its interaction with the receptor core. In contrast, βarr1 rotation parallel 
to the membrane plane (Rot) is related to strength and shape/extension 
of the interface-1. For each of the two interfaces, strength and buried 

receptor surface are correlated (Fig. S11). Some correlation also exists 
between the strength of the two interfaces, which may depend, in part, 
on the lariat loop that participates in both interfaces.

Collectively, the comparative analysis of high-resolution cryoEM 
structures highlights the extremely high variability in the ways the same 
arrestin, βarr1, recognizes different GPCRs or the same GPCR embedded 
in differently shaped membranes or hit by different functionally-active 
mutations, or found in different ligand-bound states. Tail and core in
teractions are likely independent from each other. Major divergences in 
the architectures of the complexes depend on βarr1 orientation, essen
tially caused by rotation parallel to the membrane plane and inclination 
with respect to the receptor main axis. While the strength/extension of 
tail interactions are linked to βarr1 rotation, strength/extension of core 
interactions are linked to βarr1 inclination.

3.1.4. Essential dynamics of βarr1 in complex with GPCRs
The central role of βarr1 rotation and tilting in determining the ar

chitecture of the complexes with GPCRs was corroborated by the anal
ysis of collective motions. The pseudo-trajectories made of the cryoEM 
complexes were used as a reference framework for the analysis of the 
essential dynamics of the MD trajectories.

Remarkably, the first two collective motions inferred from the PCA 
on the trajectories of the five V2R forms indeed describe changes in 
either the Rot or the Tilt angles of βarr1 and overlap with the first two 
eigenvectors from the PCA on the pool of the cryoEM complexes, 
(Fig. 6). These results suggest that during MD simulations βarr1 expe
riences collective motions similar to the ones inferred from the divergent 

Fig. 4. Graphical representation of the Dist, Rot, and Tilt descriptors. The cartoon representations of six cryoEM complexes are shown, colored according to the 
different portions for βarr1 (see the legend to Fig. 1) and by receptor subtype, i.e. NTSR1: forest-green, β1AR: marine-blue, M2R: yellow, V2R: violet, 5HT2BR: light- 
blue, and CB1R: orange. Each complex is shown according to two views: perpendicular to the membrane plane with the cytosol on top, for the representation of the 
Dist and Tilt descriptors (left panel), and parallel to the membrane plane from the cytosol, for the representation of the Rot index. Dist is represented as a blue bar 
connecting two blue spheres centered on the centroid of the βarr1 C-loop and the closest receptor Cα-atom on H5. The main axes of the receptor (left panel) or H8 
(right panel) are black, whereas the main axis of βarr1 is red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)
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βarr1 orientations in the six cryoEM complexes analyzed in this study. 
This is particularly true for F229V bound to AVP, for which PC1 and PC2 
give high overlap, respectively, with PC1 and PC2 from the pool of the 
cryoEM structures, while for the other forms the overlap is reversed 
(Fig. 6). Both R137L forms give lower overlaps with the collective mo
tions from the cryoEM pool compared to WT and both F229V forms, 

suggesting rather singular dynamics triggered by mutation of the E/DRY 
arginine.

All together comparative PCA remarks the concept that the main 
collective motions of βarr1 as a whole include its rotation parallel to the 
membrane plane and its tilting with respect to the receptor main axis.

Fig. 5. Structural descriptors of the five simulated V2R forms. The radar charts plot the eight structural indices as averages over the trajectory frames of V2R WT, 
R137L, and F229V. The ranges of values overall systems are: Dist (7.7 ± 0.6 Å–17.5 ± 1.7 Å), Tilt (76.7 ± 6.2◦–86.7 ± 2.3◦), Twist (11.7 ± 2.5◦–16.7 ± 2.8◦), Rot 
(120.7 ± 6.8◦–147.9 ± 6.7◦), Int1 (223.1 ± 22.0 %–266.5 ± 26.0 %), Int2 (216.4 ± 27.0 %–292.4 ± 37.9 %), Surf1 (855.5 ± 47.4 Å2–948.8 ± 58.6 Å2), and Surf2 
(1580.3 ± 96.6 Å2–2235.3 ± 188.0 Å2). In the top right panel 3D representations of the Dist, Rot, and Tilt indices are shown for the WT (see the legend to Fig. 4 for 
explanation). The same representations for the mutants are in Fig. S7.
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3.2. Allosteric effects of AVP on βarr1 coupling to V2R WT and NSIAD 
mutants

The comparative structural/dynamics analysis shown in the previous 
sections highlighted divergences between AVP-bound forms of WT and 
NSIAD-linked mutants of V2R as well as between apo and AVP-bound 
forms of the same mutant (Figs. 5, S7-S10).

An important inference in this respect comes from the analysis of the 
geometrically stable substructures (GeoStaS), in other words, the dy
namic protein domains that move as coherent units in a simulation [69], 
which highlighted the allosteric effect of AVP. Indeed, while in the two 
apo forms the intermolecular dynamic cluster of residues involves the C- 

tail of the receptor (and also IL3 for F229VAPO) and the ND of βarr1, i.e. 
it essentially concerns the interface-1 (magenta cluster, Fig. 7), for the 
three AVP-bound states the intermolecular dynamic cluster involves the 
whole βarr1, the C-tail of the receptor participating in the interface-1, 
and a variable number of cytosolic receptor core regions participating 
in the interface-2 (red cluster, Fig. 7). The extension of such core regions 
is maximal in the F229V mutant, in which the whole cytosolic half of the 
receptor is involved (Fig. 7). The clear differences in βarr1-V2R dynamic 
coupling between apo and AVP-bound forms suggest the existence of an 
allosteric communication between the AVP docked in the extracellular 
end of the receptor and βarr1.

The analysis of the AVP-mediated structural sub-networks (i.e. AVP- 

Fig. 6. Essential dynamics of βarr1-receptor complexes. Comparison between the essential motions computed on the ensemble of cryoEM complexes and those 
computed on the MD ensembles of five V2R forms. The covariance matrices were built on a pool of backbone atoms shared by the cryoEM and the MD complexes. The 
six cryoEM structures were first fitted on the receptor backbone atoms, and the frames of each trajectory were then fitted (at the level of receptors) on the average 
structure of the cryoEM ensemble. A. Bar plot of the cumulative variance explained by the first two eigenvectors of the cryoEM ensemble and the five MD trajectories 
is shown. B. The porcupine representations of PC1 (left) and PC2 (right) are shown on the cartoons of 6PWC (in forest-green colour). The extremities of the arrows 
correspond to the Cα-atoms of the structures 6PWC and 8WRZ for PC1 and 6PWC and 7R0C for PC2. C. The pairwise similarity (overlaps) between the first two 
eigenvectors of the cryoEM pool and each MD trajectory is shown. Porcupine representations of PC1 (D) and PC2 (E) concerning the five simulated βarr1-V2R 
complexes are shown. The extremities of the arrows in each system correspond to the trajectory frames with the largest displacement. As for the cartoon colors of the 
V2R forms, WT is lithium-violet, R137L is magenta, and F229V is pink. In all cartoon representations, the ND and CD of βarr1 are, respectively, lemon-green, and 
cyan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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V2R interaction shell) in WT, R137L, and F229V forms, highlights 
substantial similarities, especially in those nodes and links that involve 
the cyclic part of the peptide (Fig. S12A-C). In fact, Y2, F3, Q4, and N5 of 
AVP are connected with the same V2R nodes in all forms, Y2, F3, and Q4 
being always hubs (i.e. nodes involved in at least four links) holding one 
or two links more in the WT compared to the two mutants. Major dif
ferences among the three forms concern the tail of AVP (i.e. P7, R8, and 
G9). In detail, a) P7 participates in the intermolecular interaction shell 
only in the two mutants and not the WT; b) R8 makes only one link 
common to the three forms (with D33 at position 1 × 28), and one link 
shared between WT and F229V (with E303 in E3) or between the two 
mutants (with R32 in the N-terminus); finally, c) G9 is a hub in WT and 
R137L but not in F229V, making two links common to WT and R137L 
but no link common to WT and F229V. While the cyclic part of AVP 
makes slightly stronger interactions (in terms of summation of link- 
strengths, which are expressed as percentages, see Eq. 1 in the Method 

section) with WT V2R compared to the two mutants (127.61 %, 122.13 
%, and 113.84 %, for WT, R137L, and F229V, respectively), the C-tail of 
AVP makes slightly stronger interactions with the two mutants 
compared to WT (32.07 %, 39.46 %, and 38.33 % for WT, R137L, and 
F229V, respectively). These effects remark the existence of a structural 
communication between the two mutation sites in the cytosolic half of 
the receptor and the AVP binding site in the extracellular half of the 
receptor. Collectively, while the cyclic part of AVP, in particular Y2, F3, 
and Q4, makes almost conserved links with the receptor, likely 
responsible for functional signal transfer to βarr1, the tail makes more 
variable links likely responsible for modulating signal transfer. This is 
consistent with evidence from in vitro experiments indicating that the 
main AVP pharmacophoric moiety for activating V2R is the Y2-F3 pair, 
while the rest of the peptide rather seems to be responsible for selectivity 
[47]. In line with that, the metapaths accounting for the most recurrent 
structural communication between the AVP binding site (including 

Fig. 7. Identification of dynamic sub-domains that move as coherent units in simulated V2R-βarr1 complexes. These sub-domains were identified using the 
geometrically stable substructures (GeoStaS) method, which groups atoms based on the similarity of their fluctuations using an agglomerative hierarchical clustering 
algorithm with a ward linkage criterion. For each trajectory, the number of sub-domains in which the atoms had to be partitioned was set according to the best 
Silhouette Width Index. The results of the GeoStaS analysis are visualized on the Rframe from each of the five conformational ensembles, with each sub-domain in a 
different colour. Inter-molecular subdomains are red (the most extended one) for WT, R137L, and F229V, whereas they are magenta for R137APO and F229VAPO. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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AVP) and βarr1 highlight clear differences among the three AVP-bound 
forms (Fig. S12D). Common nodes in all metapaths are Y2-F3 on AVP 
and F288(6 × 51) and the highly conserved W284(6 × 48) on V2R, 
remarking their importance for the agonistic activity of AVP and the 
ability of GPCRs to transfer agonistic signals. In synthesis, in the WT, by 
involving the interface-2, the communication reaches NDβarr1 via 
CDβarr1, in R137L by involving the interface-2 the communication rea
ches interface-1, and, finally, in F229V by involving the interface-1 the 
communication reaches the CDβarr1 via NDβarr1. In this respect, by 
different pathways, agonist binding facilitates βarr1 trans-domain 
communication for WT and F229V but not for R137L (Fig. S12D). The 
allosteric communication between AVP and βarr1-coupling regions 
emerges also from the differences in buried surface area between the 
interfaces-1 and 2, which increases significantly (i.e. up to 1670 Å2) in 
the AVP-bound states compared to the apo forms, reaching the maximal 
and minimal differences in F229V and R137LAPO, respectively (Fig. 5
and Table S2). Also, the extension of the buried interface-1 is higher in 
the apo forms compared to the AVP-bound ones, while on the contrary 
the extension of buried interface-2 is higher in the AVP bound forms 
compared to the apo ones (Fig. 5 and Table S2). R137LAPO is singularly 
characterized by a significantly higher strength of the interface-1 
compared to the interface-2 and by a minimal difference in the exten
sion of the two interfaces (i.e. the difference between the Surf2 and Surf1 
indices is 228.11 Å2 and 1434.12 Å2 in the apo and AVP-stimulated 
forms, respectively).

Determinations of BRET coupling of V2R WT, R137L, and F229V to 
βarr1 highlighted differences between the three forms. The coupling 
indices (Emax, for AVP-stimulated coupling, and Bmax for basal (AVP- 
independent) coupling) in BRET ratio units were computed from the 
concentration-response curves of AVP stimulation, which gave also the 
EC50 (or pEC50) values (Table S3) [18]. Surface expression (in the 
presence of βarr1) of the V2R forms, both in basal and AVP-stimulated 
conditions, was taken as a measure of receptor endocytosis (Table S3). 
For all WT and mutated V2R forms, the constitutive coupling to βarr1 
was always significantly lower than the AVP-stimulated coupling 
(Table S3) [18]. The two NSIAD mutants were characterized by clearly 
different behaviors. While R137L showed slightly higher basal coupling 
but lower AVP-stimulated coupling to βarr1 than WT, F229V showed 
similar basal coupling but significantly higher AVP-stimulated coupling 
to βarr1 than WT (Table S3) [18]. In contrast, the R137L mutant showed 
basal and AVP-stimulated endocytosis higher than WT, whereas F229V 
showed constitutive and stimulated endocytosis similar to WT 
(Table S3). Notably, endocytosis may also hold an arrestin-independent 
component.

Interestingly, different combinations of the indices describing the 
structural complexes between βarr1 and the GPCRs (see Figs. 3 and 5) 
and of an index inferred from the GeoStatS method (GeoS, equal to the 
number of residues belonging to the intermolecular dynamic cluster) 
gave good linear correlations with the Bmax/Emax values concerning 
the simulated V2R forms. One of the best correlations with the lowest 
number of indices was obtained by the non-weighed summation of Dist 
and GeoS (R2 = 0.96, Fig. S13), meaning that high βarr1-V2R coupling is 
linked to a combination of extension of the regions in intermolecular 
dynamic coupling and orientation of the β15/β16 βarr1 hairpin with 
respect to IL2 and H5 of the receptor. Remarkably, docking of the two- 
turn α-helix in IL2 onto the βarr1 cavity formed upon inter-domain 
twisting is one of the major contributors to the formation of βarr1- 
V2R core interactions.

Collectively, βarr1-V2R coupling relies on the interplay of internal 
degrees of freedom and orientation of βarr1 as well as the extent of the 
inter-molecular dynamically coupled regions. Signal transfer from the 
agonist-binding site to the cytosolic regions relies on specific amino 
acids, Y2 and F3, in the cyclic part of AVP. While in the absence of the 
agonist the intermolecular βarr1-V2R coupling concerns only the 
interface-1 that involves tail interactions, in the presence of the agonist 
the intermolecular coupling extends to the interface-2 that involves core 

interactions. The extension of the latter (i.e. marked by Surf2) also in
creases under the allosteric effect of the agonist. Modulation of the 
shape/extension of the interface-2 primarily relies on βarr1 interaction 
with IL2 of the receptor.

4. Discussion

In this study, the dynamics of βarr1-V2R complexes was investigated 
by atomistic MD simulations. The V2R was used as a model system 
because the vast majority of structurally resolved complexes between 
βarr1 and GPCRs contain the V2RCt phosphopeptide, which provides 
GPCRs with high-affinity binding to βarrs [25,43]. Simulations of the 
R137L and F229V V2R CAMs were also aimed at inferring the de
terminants of their different coupling to βarr1, despite being both linked 
to NSIAD. Indeed, R137L showed slightly higher basal coupling but 
smaller AVP-stimulated coupling than WT, while F229V showed com
parable basal coupling but significantly higher AVP-stimulated coupling 
than WT [18]. The increased basal coupling to βarr1 of R137L consis
tently resulted in increased βarr1-mediated endocytosis compared to the 
basal endocytosis of WT and F229V.

Simulations of the WT and functionally distinct mutants of the V2R 
in their apo and bound states contributed to expand the conformational 
ensembles of the βarr1-V2R system explored on the short time-scale 
(microsecond) of current simulations. The study did not intend to 
infer the process of βarr1-receptor recognition nor the steps of βarr1 
activation by the receptor, which would require a special-purpose ma
chine able to accelerate the execution of simulation and/or enhanced 
sampling methods [88,89]. The main goal was indeed to investigate the 
plasticity of the βarr1-V2R complexes and the allosteric communication 
inside those systems in the context of the existing high-resolution data. 
Cutting-edge structural analysis methods were employed on the 
purpose.

According to the current view, binding of βarr1 to those GPCRs that, 
like V2R, are phosphorylated in their C-tail would follow a sequential- 
step process, starting with recruitment of the receptor phosphorylated 
C-tail (i.e. formation of the interface-1, “hanging/tail conformation”), 
which induces the conformational changes necessary to form, in a sec
ond step, the secondary interface with the receptor core (i.e. formation 
of the interface-2, “core conformation”) [3,26,27]. The interaction of 
βarr1 with the membrane via the C-edge loops would favor high-affinity 
core interactions [39]. Independently of the hypothetical sequential 
order of the events, engagement of both receptor tail and core is 
necessary for efficient arrestin activation [25]. The tail conformation is 
fully capable of promoting receptor internalization and receptor- 
mediated signaling, whereas desensitization of G protein activation is 
exclusively mediated by the receptor core-engaged βarr [29].

The V2RCt holds eight phosphorylation sites 346- 
RTPPSLGPQDESCTTASSSLAKD-368 (i.e. typed in bold). Underlined- 
bold residues are those found phosphorylated in cryoEM de
terminations [38–40] and set phosphorylated in the present simulation 
study. Phosphoproteomics of purified V2R found high phosphorylation 
probability (>0.75) in the presence of AVP for almost all eight sites 
(T360 and S363 holding a probability slightly lower: 0.62 and 0.66, 
respectively) [38,40]. According to the barcode model, V2RCt holds the 
long Px(x)PxxP code with three phosphorylated residues, pS457, pT360, 
and pS363 (typed in bold-italic in the sequence above) likely required 
for high-affinity receptor-arrestin binding [20]. More recent alanine- 
scanning mutagenesis of individual or two/three phosphorylation sites 
in V2RCt showed the synergic relevance in βarr1 recruitment of the six 
sites found phosphorylated in the cryoEM density maps (underlined in 
the sequence above), while the two most N-terminal sites (T347 and 
S350) resulted irrelevant [90]. The role of phosphorylation patterns in 
βarr1 activation and receptor binding was investigated by atomic-level 
molecular simulations of the βarr1-V2RCt complex and site-directed 
spectroscopy [91]. Full phosphorylation (pp8), no phosphorylation, 
and 28 different patterns of mono, bi, and three-phosphorylations were 
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probed. It was inferred that patterns that favor binding differ from those 
that favor activation, selectively promoting a wide variety of βarr1 
conformations and differently affecting arrestin sites implicated in 
scaffolding distinct signaling proteins [91]. The study also suggested 
that fully phosphorylated βarr1 exhibits maximal activation [91]. Yet, in 
that study, full phosphorylation was probed in the absence of the re
ceptor core since control MD simulations on the βarr1-M2R/V2rCt 
complex holding the M2R core (M2R_6U1N) employed a penta- 
phosphorylated V2RCt (pp-1,2,8) [91]. Previous simulations of fully 
phosphorylated V2R-βarr1 complex showed that full phosphorylation of 
V2RCt with persistent interactions between pT347 and the singular 
cationic D site of βarr1 prevents the finger loop from interacting with the 
receptor H6 as in fully productive complexes [44]. Those results, 
together with the findings of the simulations on hexaphosphorylated 
V2R (i.e. with T347 and S350 non-phosphorylated, pp-1,2) reported in 
this study, suggest that the formation of a fully productive βarr1-V2R 
complex either occurs when T347 and S350 are not phosphorylated, or, 
in case of full phosphorylation, excludes the two N-terminal phosphor
ylated sites from interactions with the finger loop, letting it free to adopt 
different conformations/orientations and form high-affinity core in
teractions. These hypotheses are consistent with evidence that βarr1 
binding to a fully phosphorylated receptor with a phosphorylation 
barcode identical to the isolated phosphopeptide is highly inefficient 
[25].

The analysis of the cryoEM complexes between βarr1 and several 
GPCRs highlighted the high dynamicity of βarr1, which undergoes 
conformational changes in its loops, rigid-body twisting of the two do
mains (Twist descriptor) as well as rigid-body rotation parallel to the 
membrane plane (Rot descriptor) and tilting with respect to the receptor 
main axis (Tilt descriptor) as a whole protein. As for the latter descriptor, 
the micelles in several cryoEM structure-determinations tend to exac
erbate the inclination of arrestin (i.e. as seen for the NTSR1_6PWC and 
V2R_7R0C complexes). Independently of the amplitude of tilting, the 
important message from the structural analysis done in this study is that 
arrestin titling is a functionally relevant degree of freedom for arrestin to 
adapt to the different membrane curvatures encountered in its func
tional life when in complex with GPCRs, e.g. from almost planar plasma 
membranes to highly curved endocytic vesicles. The dynamism of βarr1- 
GPCR complexes was also inferred from a study on a Class-B receptor, 
based on the integration of the intermolecular Cβ-Cβ distances estimated 
by in vivo crosslinking with computational modeling [92].

Rotation and tilting of βarr1 appear to distinctly affect tail and core 
interactions: while rotation is linked to the structural features of the 
interface-1, inclination, which depends on membrane interaction, is 
linked to the structural features of the interface-2. Remarkably, rotation 
and tilting are the first two collective motions of βarr1 inferred from the 
pool of cryoEM complexes. Such collective motions overlap in the same 
or in an inverted order with the first two collective motions inferred 
from each of the five conformational ensembles of V2R simulated in this 
study. The relevant message is that the variegated orientations of βarr1 
captured by cryoEM on different systems can be found in each of the 
simulated conformational ensembles of V2R. This is particularly 
remarkable and gives value to the study, considering also the relatively 
short simulation length and the indeterminations of integrative 
modeling. Singularly, F229V experiences higher-amplitude rotation 
than tilting, similar to the cryoEM pool but inversely to all other simu
lated V2R forms.

Motions and intrinsic flexibility of βarr1 depend on AVP-binding as a 
result of allosteric communications between agonist binding site and 
intracellular protein. Remarkably, the predicted structural communi
cation between the agonist and βarr1 involves only two amino acids, Y2 
and F3, out of 9 of the peptide, in perfect agreement with in vitro evi
dence that the agonist action of AVP depends essentially on that amino 
acid pair [47]. The long-range effects of AVP clearly emerge by 
comparing the AVP-bound and apo forms of R137L and F229V. In 
general, in the presence of AVP, the shape/extension of interface-2 

increases, whereas that of the interface-1 diminishes compared to the 
apo forms. Moreover, the presence of AVP favors the extension of those 
βarr1 and V2R regions that move as coherent units, i.e. are dynamically 
coupled. Specifically, when AVP is bound to V2R, βarr1 as a whole be
comes dynamically coupled to all receptor regions participating in both 
interfaces-1 and 2, whereas, when V2R is apo, the intermolecular dy
namic coupling concerns only the interface-1. In other words, the 
intermolecular dynamic coupling of the receptor core regions requires 
the presence of the agonist. This is consistent with the evidence from 
single-molecule FRET that substantial βarr1 tail displacement by phos
phorylated β2AR/V2RCt, a marker of activation, was only observed 
when the receptor was activated by the agonist [25]. The NSIAD mutant 
F229V exhibits the most extended AVP-induced dynamic coupling, 
compared to WT and R137L, which remarkably pairs with its highest 
BRET coupling. Thus, efficient AVP-stimulated coupling to βarr1 is 
linked to an interplay of interface-1 and interface-2, which makes βarr1 
move as a whole, rather than as a bi-domain protein, coherently with the 
cytosolic half of the V2R involved in both tail and core interactions. 
Differently from the AVP-stimulated coupling, basal coupling to βarr1 
aligns with an intermolecular-dynamic coupling limited to the interface- 
1. Moreover, while in all AVP-bound forms the extension of the two 
interfaces is unbalanced towards interface-2, in the apo forms, the dif
ference in extension is reduced, becoming minimal in R137LAPO. This 
data suggests that the basal coupling to βarr1 and endocytosis of R137L 
would essentially depend on the formation of interface-1 (i.e. hanging/ 
tail conformation). These results are consistent with previous findings 
that mutations of the E/DRY arginine in the α1b-AR increase the levels 
of receptor phosphorylation, thus remarking the communication be
tween mutation site and receptor C-tail that participates in the interface- 
1 [93].

In conclusion, the present investigation provides significant insights 
into βarr1-receptor coupling. The combined information from cryoEM 
data and microsecond simulations highlighted the extremely high 
plasticity of βarr1-GPCR complexes, dependent on receptor type, state, 
and membrane environment. The multiple functions of βarr1 are likely 
determined by a complex interplay of βarr1 degrees of freedom, 
including intrinsic flexibility and collective motions both as a bi-domain 
protein and as a whole. The two major collective motions of the whole 
βarr1, consisting in rotation parallel to the membrane plane and incli
nation with respect to the receptor main axis, are distinctly linked to the 
two interfaces involved in tail and core interactions, which are inde
pendent from each other. Modulation of core interactions primarily re
lies on βarr1 interaction with the structurally conserved two-turn α-helix 
in IL2 of the receptor that docks into the βarr1 cavity formed upon inter- 
domain twisting. Such cavity involves the central-crest loops and the C- 
and N-terms, respectively, of the β15 and β16 strands of βarr1. The 
primary role of the receptor IL2 in core interactions is consistent with 
evidence from structure determinations and molecular simulations 
[12,31,87].

The intermolecular dynamic coupling between βarr1 and V2R de
pends on the allosteric effect of AVP. While in the absence of AVP the 
dynamic coupling concerns only tail interactions, in the presence of AVP 
it involves both tail and core interactions. This suggests that while βarr1- 
receptor coupling at the interface-1 is a basal condition linked to both 
agonist-independent and agonist-dependent arrestin functions, coupling 
at the interface-2 depends on the agonist and is likely linked to desen
sitization of G protein signaling. The two spontaneous NSIAD-linked 
mutants R137L and F229V are exemplar in this respect. Indeed, while 
R137L, characterized by enhanced basal BRET coupling to βarr1 and 
endocytosis, in the absence of AVP is dynamically coupled to βarr1 
exclusively at the interface-1, F229V, characterized by highly enhanced 
AVP-stimulated BRET coupling, in the presence of AVP shows both re
ceptor tail and all core regions dynamically coupled to βarr1.

The huge lariat loop of βarr1, which participates both in the 
interface-1 and in the core interactions founding the interface-2, is likely 
to play a leading role in the modulation of the multiple βarr1 functions, 
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in line with 19F NMR determinations highlighting the gate loop as cen
tral in the process of βarr1 activation [94].

The ability of the computational model to grasp the allosteric effects 
of an agonist on the dynamic coupling at the two interfaces can be 
exploited to infer the determinants of biased agonism towards βarr1- 
mediated signaling.
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